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( Not for submission under 37 CFR 1.99)

First Named Inventor | Benjamin Flusberg

Art Unit 1671

Examiner Name JERRY LIN

Attorney Docket Number 49217.4013/US02

JONES et al., "A Blueprint for a Human Epigenome Project: The AACR Human Epigenome Workshop," Cancer D
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citation if not in conformance and not considered. Inciude copy of this form with next communication to applicant.
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Application Number 18189084

Filing Date 2023-03-23

INFORMATION DISCLOSURE

First Named Inventor | Benjamin Flusberg

STATEMENT BY APPLICANT

., Art Unit 1671
( Not for submission under 37 CFR 1.99)

Examiner Name JERRY LIN

Attorney Docket Number 49217.4013/US02

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[ | from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonabile inquiry, no item of information contained in the information disclosure statement was known to

[ 1 any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

See attached certification statement.
[[] The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

[] A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature Hennifer Ng/ Date (YYYY-MM-DD) 2023-09-15

Name/Print Jennifer Ng Registration Number 70938

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant o 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of faw or regulation.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Appl. No. : 18/189,084 Confirmation No.. 7958
Applicant : Pacific Biosciences of California, Inc.

Filing Date : March 23, 2023

Title : CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Group Art Unit : 1671

Examiner : JERRY LIN

Docket No. : 49217 . 4013/U802

Customer No. : 34313

EFS Web

Commissioner for Patents
INFORMATION DISCLOSURE STATEMENT TRANSMITTAL
Sir:
In accordance with 37 CFR §§ 1.97 and 1.98, the items identified in this Information
Disclosure Statement (“IDS”) are brought to the attention of the Office. The items are listed on
the attached form PTO/SB/08a (PTO-1449). In accordance with 37 CFR § 1.98(a)(2), only

copies of foreign patent documents and non-patent literature are enclosed for the convenience
of the Examiner.

The items identified in this IDS may or may not be “material’ pursuant to 37 CFR § 1.56.
The submission thereof by Applicant is not to be construed as an admission that any such
patent, publication or other information referred to therein is material or considered to be
material (37 CFR § 1.97(h)), or even qualifies as “prior art” under 35 USC § 102 with respect to
this invention unless specifically designated by Applicant as such.

INFORMATION DISCLOSURE STATEMENT FILING PROVISION:
] This IDS is believed to be timely in that it is being submitted under 37 CFR § 1.97(b),
that is (1) within three months of the filing date of the application, which is not a continued
prosecution application filed under § 1.53(d); or (2) within three months of entry of the national
stage as set forth in 37 CFR § 1.491; or (3) before the mailing of a first Office Action on the
merits; or (4) before the mailing of a first Office Action after filing a request for continued
examination under § 1.114. Thus, no fee is required.

4143-0710-9962
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Applicant : Pacific Biosciences of Califomia, Inc.

Appl. No. : 18/189,084
Examiner : JERRY LIN
Docket No. : 49217.4013/US02

] However, if the undersigned is in error in this regard, Applicant respectfully
requests that the Office consider this IDS as filed under 37 CFR § 1.97(c), if
applicable, and charge the fee due under 37 CFR §1.17(p) to the deposit
account referenced below.

] However, if the undersigned is in error in this regard, Applicant respectfully
requests that the Office consider this IDS as filed under 37 CFR § 1.97(c), if
applicable, and a statement under 37 CFR § 1.97(e) is included below, thus
no fee is required.

] This IDS is being submitted under 37 CFR § 1.97(c), that is after mailing of a first Office
Action on the merits, but before a Final Action under 37 CFR § 1.113 or a Notice of Allowance
under 37 CFR § 1.311.

] The fee due under 37 CFR § 1.17(p) is submitted herewith.

[] A statement under 37 CFR § 1.97(e) is included below, thus no fee is
required. In the event that this IDS is not received before a Final Action or a
Notice of Allowance, then Applicant respectfully requests that the Office
consider the filing of these papers to be submitted under 37 CFR § 1.97(d)
and charge the fee due under 37 CFR § 1.17(p) to the deposit account below.

X This IDS is being submitted under 37 CFR § 1.97(d), that is after a Final Action under
37 CFR § 1.113 or a Notice of Allowance under 37 CFR § 1.311, but before payment of the
issue fee. A statement under 37 CFR § 1.97(e) is included below. The fee due under 37 CFR
§ 1.17(p) is submitted herewith.

] This IDS is being submitted with a Request for Continued Examination under 37 CFR
§ 1.114 and before payment of the issue fee. The RCE fee due under 37 CFR § 1.17(e) and
the IDS fee due under 37 CFR § 1.17(p) are submitted herewith.

] This IDS is being submitted after a payment of the issue fee. A statement under 37
CFR § 1.97(e) is included below. The Certification and Request for Reconsideration of an IDS
filed after payment of the issue fee under QPDIS Pilot Program is included. The EFS-Web e-
petition is included. The fee due under 37 CFR § 1.17(p) is submitted herewith.

4143-0710-9962
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Applicant : Pacific Biosciences of Califomia, Inc.

Appl. No. : 18/189,084
Examiner : JERRY LIN
Docket No. : 49217.4013/US02

STATEMENT UNDER 37 CFR § 1.97(e):
] Each item contained in this IDS was first cited in any communication from a foreign

patent office in a counterpart foreign application not more than three months prior to the filing of
this IDS.

X No item contained in this IDS was cited in a communication from a foreign patent office
in a counterpart foreign application, and, to the knowledge of the person signing this statement
after making reasonable inquiry, no item of information contained in this IDS was known to any
individual designated in 37 CFR § 1.56(c) more than three months prior to the filing of this IDS.

STATEMENT UNDER 37 CFR § 1.98(d)(1):
] Copies of patents, publications, pending US applications or other information, as

specified in 37 CFR § 1.98(a), listed on the Information Disclosure Statement are NOT
required. The subject application is a continuation, divisional, or continuation-in-part, and relies
on the earlier application for an effective filing date under 35 USC § 120.

McKESSON STATEMENT
] In accordance with M.P.E.P. 2001.06(b) and in view of McKesson Information Solutions
v. Bridge Medical (Fed. Cir. 2007), Applicant wishes to inform/remind the Examiner that this
application is related to the following U.S. Patent Application(s):

U.S. Application No. **, filed **

The Examiner is encouraged to review the art made of record, any Office Action, and
any Notice of Allowance in the above-mentioned related application(s). Applicant assumes that
due to the ease of review on PAIR by the Examiner, Applicant need not submit copies of the
individual Office Actions and/or Notices of Allowance. Applicant assumes that the Examiner is
aware that prosecution is ongoing in the identified application(s) and that the Examiner will
continue to evaluate the application(s) as needed. The identification of the above related
application(s) is not to be construed as a waiver of secrecy as to the application(s) now or upon
issuance of the present application as a patent.

4143-0710-9962
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Applicant : Pacific Biosciences of Califomia, Inc.
Appl. No. : 18/189,084

Examiner : JERRY LIN

Docket No. : 49217.4013/US02

STATEMENT UNDER 37 CFR § 1.704(d):
] Each item contained in this IDS was first cited in any communication from a patent office

in a counterpart foreign or international application or from the Office, and this communication
was not received by any individual designated in § 1.56(c) more than thirty days prior to the
filing of the information disclosure statement; or

] Each item contained in this IDS was a communication that was issued by a patent office
in a counterpart foreign or international application or by the Office, and this communication
was not received by any individual designated in § 1.56(c) more than thirty days prior to the
filing of the information disclosure statement.

PAYMENT AND/OR AUTHORIZATION TO CHARGE FEES:
] A check inthe amount of ____is enclosed for the above fee(s).
X Please charge $260 to Deposit Account No. 156-0665 for the above fee(s).
X The Commissioner is authorized to charge any fees required by the filing of these
papers, and to credit any overpayment to Orrick, Herrington & Sutcliffe’s Deposit Account
No. 15-0665.

Respectfully submitted,
ORRICK, HERRINGTON & SUTCLIFFE LLP
Dated: September 15, 2023 By: /[Jennifer Ng/

Jennifer Ng, Reg. No. 70938, for
Gargi Talukder, Reg. No. 61368

ORRICK, HERRINGTON & SUTCLIFFE LLP
2050 Main Street, Suite 1100

Irvine, CA 92614-8255

949/567-6700 Telephone 949/567-6710 Facsimile

4143-0710-9962
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UNITED STATES P.0.Box 1450
m PATENT AND TRADEMARK OFFICE Ao, e o ooy

ELECTRONIC PAYMENT RECEIPT

APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
18/189,084 09/15/2023 04:04:10 PM ET 49217.4013/US02

Title of Invention
CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Application Information

APPLICATION TYPE  Utility - Nonprovisional Application PATENT #
under 35 USC 111(a)

CONFIRMATION # 7958 FILED BY Victor Santos
PATENT CENTER # 62807208 AUTHORIZED BY | ennifer Ng
CUSTOMER # 34313 FILING DATE (3/23/2023
CORRESPONDENCE - FIRST NAMED Benjamin Flusberg
ADDRESS INVENTOR

Payment Information
ST AT TR ATHonaso BY
FEE CODE DESCRIPTION ITEM PRICE($) QUANTITY ITEMTOTAL($)
1806 SUBMISSION OF AN INFORMATION 260.00 1 260.00

DISCLOSURE STATEMENT

TOTAL $260.00
AMOUNT:

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, characterized
by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a Post Card, as
described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for filing date (see 37 CFR 1.53(b)-(d)
and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this Acknowledgement
Receipt will establish the filing date of the application

National Stage of an International Application under 35 U.8.C. 371
Pg. 09
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If a imely submission to enter the national stage of an international application is compliant with the conditions of 35 U.5.C.
371 and cther applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a national stage
submission under 35 U.5.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for an
international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number and of the
International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning national security,
and the date shown on this Acknowledgement Receipt will establish the international filing date of the application.
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NT AND TRADEMARK OFFICE WWW.uspto.gov

UNITED STATES . P.O. Bo>§ 1450
m PATE Alexandria, VA 22313 - 1450

ELECTRONIC ACKNOWLEDGEMENT RECEIPT

APPLICATION #
18/189,084

RECEIPT DATE / TIME ATTORNEY DOCKET #
09/15/2023 04:04:10 PM ET 49217.4013/US02

Title of Invention

CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Application Information

APPLICATION TYPE

Utility - Nonprovisional Application PATENT # -
under 35 USC 111(a)

CONFIRMATION # 7958 FILED BY Victor Santos
PATENT CENTER # 62807208 FILING DATE  03/23/2023
CUSTOMER # 34313 FIRST NAMED Benjamin Flusberg
INVENTOR
CORRESPONDENCE AUTHORIZED BY | ennifer Ng
ADDRESS

Documents TOTAL DOCUMENTS: 3
DOCUMENT PAGES DESCRIPTION SIZE (KB)
49217.4013U502-IDS 4 Transmittal Letter 132 KB
Transmittal.pdf
49217.4013US02- 4 information Disclosure 1241 KB

IDS_SB08.pdf

NPL-JONES.PDF

Digest

DOCUMENT

Statement (IDS) Form (SB08)

6 Non Patent Literature 976 KB

MESSAGE DIGEST(SHA-512)
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49217.4013U502-IDS
Transmittal.pdf

49217.4013US02-
IDS_SBO08.pdf

NPL-JONES.PDF

Page 2 of 2

EBD955691AA359C4B648802A061FEDA1835E314B8F 2FF5767
CE8861C7C5AA46F9CC508176D6AB2FBBFB8A99699285A2488F
2C861DE01086264E85E2DDE189FES]

D6ADZ2BE7CT771B1D56A3DEESABE(Q1C3059486B4B4F8CT70E63
4EE654655D506D6A0012571D2497FCD5C88D328F0C8213D7D
B7640E9FFDCA46C2ECEOQLIF3EFB8B155

FOTDCCCOFD44FESCS5EB24FCACAB20909EA9774119A8C5412
14B1ACT7ABB3AE32FAS7BDOEOABDC34FA4E32CE122F1889DA
E40D7B8D59ES9F7BFC1D16798D322E3C

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, characterized
by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a Post Card, as

described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for filing date (see 37 CFR 1.53(b)-(d)
and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this Acknowledgement
Receipt will establish the filing date of the application

National Stage of an International Application under 35 U.8.C. 371

If a imely submission to enter the national stage of an international application is compliant with the conditions of 35 U.5.C.
371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a national stage
submission under 35 U.5.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for an
international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number and of the
International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning national security,
and the date shown on this Acknowledgement Receipt will establish the international filing date of the application.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

| EXAMINER |
34313 7590 09/13/2023
ORRICK, HERRINGTON & SUTCLIFFE LLP LIN, JERRY
IP PROSECUTION DEPARTMENT
2050 Main Street, Suite 1100 | ART UNIT | papsrnuMBER |
IRVINE, CA 92614 1671
DATE MAILED: 09/13/2023
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION NO. |
18/189,084 03/23/2023 Benjamin Flusberg 49217.4013/US02 7958

TITLE OF INVENTION: CLASSIFICATION OF NUCLEIC ACID TEMPLATES

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional UNDISCOUNTED $1200 $0.00 $0.00 $1200 12/13/2023

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE MAILING
DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS STATUTORY PERIOD
CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES NOT REFLECT A CREDIT
FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS PREVIOUSLY BEEN PAID IN
THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM WILL BE CONSIDERED A REQUEST
TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW DUE.

HOW TO REPLY TO THIS NOTICE:

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 40% the amount of undiscounted fees, and micro entity fees are 20% the amount of
undiscounted fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed. If an equivalent of Part B is filed, a request to reapply a previously paid issue fee must be
clearly made, and delays in processing may occur due to the difficulty in recognizing the paper as an equivalent of Part B.

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to Mail
Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Maintenance fees are due in utility patents issuing on applications filed on or after Dec. 12, 1980.
It is patentee's responsibility to ensure timely payment of maintenance fees when due. More information is available at
www.uspto.gov/PatentMaintenanceFees.

Page 1 of 3
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), by mail or fax, or via EFS-Web.

By mail, send to: Mail Stop ISSUE FEE By fax, send to:  (571)-273-2885
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where appropriate.
All further correspondence will be mailed to the current correspondence address as indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new
correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for maintenance fee notifications. Because electronic patent issuance may occur shortly after issue
fee payment, any desired continuing application should preferably be filed prior to payment of this issue fee in order not to jeopardize copendency.

Note: A certificate of mailing can only be used for domestic mailings of the

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) Fee(s) Transmittal. This certificate cannot be used for any other accompanying
papers. Each additional paper, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.

34313 7590 09/13/2023 Certificate of Mailing or Transmission
ORRICK, HERRINGTON & SUTCLIFFE LLP I hereby certify that this Fee(s) Transmittal is being deposited with the United
States Postal Service with sufficient postage for first class mail in an envelope
Ip PROSECUTION ]?EPARTMENT addressed to the Mail Stop ISSUE FEE address above, or being transmitted to
2050 Main Street, Suite 1100 the USPTO via EFS-Web or by facsimile to (571) 273-2885, on the date below.
IRVINE, CA 926 14 (Typed or printed name)
(Signature)|
(Date)|
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
18/189,084 03/23/2023 Benjamin Flusberg 49217.4013/US02 7958

TITLE OF INVENTION: CLASSIFICATION OF NUCLEIC ACID TEMPLATES

| APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE
nonprovisional UNDISCOUNTED $1200 $0.00 $0.00 $1200 12/13/2023
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
LIN, JERRY 1671 702-020000
1. Change of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list
CFR 1.363). (1) The names of up to 3 registered patent attorneys
or agents OR, alternatively, 1

M| Change of correspondence address (or Change of Correspondence

Address form PTO/AIA/122 or PTO/SB/122) attached. (2) The name of a single firm (having as a member a

registered attorney or agent) and the names of up to 2
2 registered patent attorneys or agents. If no name is
listed, no name will be printed.

(] "Fee Address” indication (or "Fee Address" Indication form PTO/
AIA/A7 or PTO/SB/47; Rev 03-02 or more recent) attached. Use of a
Customer Number is required.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document must have been previously
recorded, or filed for recordation, as set forth in 37 CFR 3.11 and 37 CFR 3.81(a). Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)

Please check the appropriate assignee category or categories (will not be printed on the patent) : (] Individuat [ Corporation or other private group entity (] Government

4a. Fees submitted: [Missue Fee [IPublication Fee (if required)
4b. Method of Payment: (Please first reapply any previously paid fee shown above)

(] Electronic Payment via Patent Center or EFS-Web (] Enclosed check (L] Non-electronic payment by credit card (Attach form PTO-2038)

(] The Director is hereby authorized to charge the required fee(s), any deficiency, or credit any overpayment to Deposit Account No.

5. Change in Entity Status (from status indicated above)
NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue

4 Applicant certifying micro entity status. See 37 CFR 1.29 fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

NOTE: If the application was previously under micro entity status, checking this box will be taken

[ Applicant asserting small entity status. See 37 CFR 1.27 to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro

M| Applicant changing to regular undiscounted fee status. entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature Date

Typed or printed name Registration No.

Page 2 of 3
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
18/189,084 03/23/2023 Benjamin Flusberg 49217.4013/US02 7958
34313 7590 09/13/2023 | EXAMINER |
ORRICK, HERRINGTON & SUTCLIFFE LLP LIN, JERRY
IP PROSECUTION DEPARTMENT
2050 Main Street, Suite 1100 | ART UNIT PAPERNUMBER |
IRVINE, CA 92614 1671

DATE MAILED: 09/13/2023

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the requirement
that the Office provide a patent term adjustment determination with the notice of allowance. See Revisions to Patent
Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer providing an initial
patent term adjustment determination with the notice of allowance. The Office will continue to provide a patent term
adjustment determination with the Issue Notification Letter that is mailed to applicant approximately three weeks prior
to the issue date of the patent, and will include the patent term adjustment on the patent. Any request for reconsideration
of the patent term adjustment determination (or reinstatement of patent term adjustment) should follow the process
outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.

Page 3 of 3
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and Budget
approval before requesting most types of information from the public. When OMB approves an agency request to
collect information from the public, OMB (i) provides a valid OMB Control Number and expiration date for the
agency to display on the instrument that will be used to collect the information and (ii) requires the agency to inform
the public about the OMB Control Number’s legal significance in accordance with 5 CFR 1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 30 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon
the individual case. Any comments on the amount of time you require to complete this form and/or suggestions
for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office,
U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection
of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements
of the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)
(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information
is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent
application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not
be able to process and/or examine your submission, which may result in termination of proceedings or abandonment
of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting
a request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility
to recommend improvements in records management practices and programs, under authority of 44 U.S.C.
2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection
of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall
not be used to make determinations about individuals.

8. Arecord from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed
in an application which became abandoned or in which the proceedings were terminated and which application
is referenced by either a published application, an application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law Pg. 16
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.



Application No. Applicant(s)
; . 18/189,084 Flusberg et al.
Notice of Allowabilily Examiner ArtUnit | AlA (FITF) Status
JERRY LIN 1671 No

-- The MAILING DATE of this communication appears on the cover sheet with the corresponderice address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included

herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1.4} This communication is responsive to the reply filed August 31, 2023.

[J A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

2.[J An election was made by the applicant in response to a restriction requirement set forth during the interview on ; the
restriction requirement and election have been incorporated into this action.

3. The allowed claim(s) isfare 1-2,4-23,25-26,28 and 30 . As a result of the allowed claim(s), you may be eligible to benefit from the
Patent Prosecution Highway program at a participating intellectual property office for the corresponding application. For more

information, please see http://www._uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to
PPHfeedback@uspto.gov.

4[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:
a) JAIl b) (J Some* ¢) [J None of the:
1. [J Certified copies of the priority documents have been received.
2. [ Certified copies of the priority documents have been received in Application No.

3. [ Copies of the certified copies of the priority documents have been received in this national stage application from the
International Bureau (PCT Rule 17.2(a)).

* Certified copies not received:

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5] CORRECTED DRAWINGS (as "replacement sheets") must be submitted.

(3 including changes required by the attached Examiner's Amendment / Comment or in the Office action of
Paper No./Mail Date .

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of each
sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6.[] DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1.[J Notice of References Cited (PTO-892) 5. (J Examiner's Amendment/Comment

2.(1J Information Disclosure Statements (PTO/SB/08), 6. Examiner's Statement of Reasons for Allowance
Paper No./Mail Date .

3.0 Examiner's Comment Regarding Requirement for Deposit 7. [0 Other .

of Biological Material
4.7 Interview Summary (PTO-413),
Paper No./Mail Date.
/JERRY LIN/
Primary Examiner, Art Unit 1671

U.S. Patent and Trademark Office i
PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date 20230907

Pg. 17




Application/Control Number: 18/189,084 Page 2
Art Unit: 1671

Notice of Pre-AIlA or AIA Status

The present application is being examined under the pre-AlA first to invent provisions.

Reasons for Allowance

The following is an examiner’s statement of reasons for allowance: The instant claims recite a
“sequencing-by-synthesis sequencing reaction in which fluorescently labeled nucleotides are incorporated
into a nascent strand by a polymerase enzyme, wherein the template nucleic acid is in an optical
confinement, and wherein each of the fluorescently labeled nucleotides comprise a detectable fluorescent
dye attached to the terminal phosphate of the base of the nucleotide.” This step requires the use of a
particular machine, which integrates the judicial exception into a practical application, and is not
conventional or routine. Thus, the rejection made under 35 U.S.C. §101 is withdrawn. Furthermore, the
amendments are sufficient to overcome the rejections made under 35 U.S.C. §112.

Any comments considered necessary by applicant must be submitted no later thanthe payment
of the issue fee and, to avoid processing delays, should preferably accompany the issue fee. Such

submissions should be clearly labeled “Comments on Statement of Reasons for Allowance.”

Conclusion

Any inquiry concerning this communication or earlier communications from the examiner should
be directed to JERRY LIN whose telephone number is (571)272-2561. The examiner can normally be
reached M, W-F 7am-5:30pm.

Examiner interviews are available via telephone, in-person, and video conferencing using a
USPTO supplied web-based collaboration tool. To schedule an interview, applicant is encouraged to use
the USPTO Automated Interview Request (AIR) at http://www.uspto.gov/interviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s supervisor, Karl
Skowronek canbe reached on (571) 272-4517. The fax phone number for the organization where this
application or proceeding is assigned is 571-273-8300.

Information regarding the status of published or unpublished applications may be obtained from

Patent Center. Unpublished application information in Patent Center is available to registered users. To

Pg. 18



Application/Control Number: 18/189,084 Page 3
Art Unit: 1671

file and manage patent submissions in Patent Center, visit: https://patentcenter.uspto.gov. Visit
https://www.uspto.gov/patents/apply/patent-center for more information about Patent Center and
https://www.uspto.gov/patents/docx for information about filing in DOCX format. For additional questions,
contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance
from a USPTO Customer Service Representative, call 800-786-9199 (IN USA OR CANADA) or 571-272-
1000.

/JERRY LIN/
Primary Examiner, Art Unit 1671

Pg. 19



Application/Control No.

Applicant(s)/Patent Under Reexamination

Search Notes 18/189,084 Flusberg et al.
T e
JERRY LIN 1671
CPC - Searched*
Symbol Date Examiner
G16B30/00 09/07/2023 JL
CPC Combination Sets - Searched*
Symbol Date Examiner
US Classification - Searched*
Class Subclass Date Examiner

* See search history printout included with this form or the SEARCH NOTES box below to determine the scope of

the search.
Search Notes
Search Notes Date Examiner
See Printout 09/07/2023 JL
Inventor Search in PALM 09/07/2023 JL
Interference Search
US Class/CPC US Subclass/CPC Group Date Examiner
Symbol
G16B30 00 09/07/2023 JL

U.S. Patent and Trademark Office

Page 1 of 1

Part of Paper No.: 212?9020



Application/Control No. Applicant(s)/Patent Under Reexamination
Issue Classification |g1g9 034 Flusberg etal.
H “ ‘H“ Examiner Art Unit
JERRY LIN 1671
CPC
Symbol Type Version
AG1F 30721 F 2013-01-01
c12Q 6858 | 2013-01-01
c12Q 6869 | 2013-01-01
G16B 00 | 2019-02-01
AG1F 30767 A 2013-01-01
AG1F 30965 A 2013-01-01
AB1F 32 A 2013-01-01
AB1F 40 A 2013-01-01
AB1F 30004 A 2013-01-01
AB1F 30062 A 2013-01-01
AG1F 30235 A 2013-01-01
AG1F 30242 A 2013-01-01
AG1F 30245 A 2013-01-01
AG1F 30324 A 2013-01-01
AG1F 30593 A 2013-01-01
AG1F 30757 A 2013-01-01
AG1F 30971 A 2013-01-01
AG1F 4635 A 2013-01-01
AG1F 0004 A 2013-01-01
AG1F 0069 A 2013-01-01
AG1F 0071 A 2013-01-01
AB1F 0014 A 2013-01-01
AG1F 0036 A 2013-01-01
CPC Combination Sets
Symbol Type Set Ranking Version
NONE
Total Claims Allowed:
(Assistant Examiner) (Date) 26
gfgsg IE_!(’\;/miner, Art Unit 1671 07 September 2023 O.G. Print Claim(s}] O.G. Print Figure
(Primary Examiner) (Date) None None

U.S. Patent and Trademark Office

Page 1 of 3

Part of Paper No.: 20230907
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Application/Control No. Applicant(s)/Patent Under Reexamination
Issue Classification |g1g9 034 Flusberg ot al.
H “ ‘H“ Examiner Art Unit

JERRY LIN 1671

INTERNATIONAL CLASSIFICATION
CLAIMED

G16B30/00

NON-CLAIMED

US ORIGINAL CLASSIFICATION

CLASS SUBCLASS

CROSS REFERENCES(S)

CLASS SUBCLASS (ONE SUBCLASS PER BLOCK)
NONE
Total Claims Allowed:
(Assistant Examiner) (Date) 26
NJERRY LIN/ 07 September 2023 . . A
Primary Examiner, Art Unit 1671 O.G. Print Claim(s}] O.G. Print Figure
(Primary Examiner) (Date) None None

U.S. Patent and Trademark Office Part of Paper No.: 20230907
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/ssue Classification

Application/Control No. Applicant(s)/Patent Under Reexamination
18/189,084 Flusberg et al.

Examiner Art Unit

JERRY LIN 1671

CLAIMS

Claims renumbered in the same order as presented by applicant (J CPA (3 T.D. ([J R.1.47

Final |Original|Final |Original|Final [Original|Final [Original|Final

Original|Final |Original]Final |Original]Final [Original

NONE

(Assistant Examiner)

Total Claims Allowed:

(Date) 26

NJERRY LIN/
Primary Examiner, Art Unit 1671

(Primary Examiner)

07 September 2023 O.G. Print Claim(s}] O.G. Print Figure

(Date) None None

U.S. Patent and Trademark Office

Part of Paper No.: 20230907
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Bibliographic Data
Application No: 18/1 89,084

Foreign Priority claimed: O Yes ®nNo

35 USC 119 (a-d) conditions met: D Yes No D Met After Allowance

Verified and Acknowledged: |/J ERRY LIN/ | |

Examiner's Signature Initials

Title: |CLAS SIFICATION OF NUCLEIC ACID TEMPLATES
FILING or 371(c) DATE CLASS GROUP ART UNIT ATTORNEY DOCKET NO.
03/23/2023 702 1671 49217.4013/US02
RULE

APPLICANTS

Pacific Biosciences of California, Inc., Menlo Park, CA, UNITED STATES
INVENTORS

Benjamin Flusberg, Atlanta, GA, UNITED STATES
Jonas Korlach, Camas, WA, UNITED STATES
Andrey Kislyuk, San Ramon, CA, UNITED STATES
Stephen Turner, Seattle, WA, UNITED STATES
Jon Sorenson, Alameda, CA, UNITED STATES
Kevin Travers, Menlo Park, CA, UNITED STATES
Cheryl Heiner, La Honda, CA, UNITED STATES
Austin B. Tomaney, Burlingame, CA, UNITED STATES
Patrick Marks, San Francisco, CA, UNITED STATES
Dale Webster, San Mateo, CA, UNITED STATES
Jeremiah Hanes, Menlo Park, CA, UNITED STATES
CONTINUING DATA
This application is a CON of 17003388 08/26/2020
17003388 is a CON of 15278835 09/28/2016 PAT 10793903
15278835 is a CON of 14863133 09/23/2015 PAT 10294523
14863133 is a CON of 12945767 11/12/2010 PAT 9175338
12945767 is a CIP of 12635618 12/10/2009 PAT 9175341
12635618 has PRO of 61186661 06/12/2009
12635618 has PRO of 61180350 05/21/2009
12635618 has PRO of 61201551 12/11/2008
FOREIGN APPLICATIONS
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IF REQUIRED, FOREIGN LICENSE GRANTED**
05/15/2023

STATE OR COUNTRY
UNITED STATES

ADDRESS

ORRICK, HERRINGTON & SUTCLIFFE LLP
IP PROSECUTION DEPARTMENT

2050 Main Street, Suite 1100

IRVINE, CA 92614

UNITED STATES

FILING FEE RECEIVED
$7,580
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PE2E SEARCH - Search History (Prior Art)

Ref # Hits Search Query DBs Default Plurals British Time Stamp
Operator Equivalents
L1 86 nucleic SAME acid (US-PGPUB; USPAT; |OR ON ON 2023/07/15
SAME basecall EPO; JPO; 11:15 AM
DERWENT)
L2 826660 (nucleic SAME acid) (US-PGPUB; USPAT; |OR ON ON 2023/07/15
EPO; JPO; 11:15 AM
DERWENT)
L3 470 L2 AND basecall (US-PGPUB; USPAT; |OR ON ON 2023/07/15
EPO; JPO; 11:15 AM
DERWENT)
L4 94 L3 AND bayesian (US-PGPUB; USPAT; |OR ON ON 2023/07/15
EPO; JPO; 11:16 AM
DERWENT)
L5 9649 g16b30/00.cpc. (US-PGPUB; USPAT; |OR ON ON 2023/07/15
EPO; JPO; 11:16 AM
DERWENT)
L6 99 L5 AND L3 (US-PGPUB; USPAT; |OR ON ON 2023/07/15
EPO; JPO; 11:17 AM
DERWENT)
L7 89 nucleic SAME acid (US-PGPUB; USPAT; |OR ON ON 2023/09/07
SAME basecall EPO; JPO; 03:04 PM
DERWENT)
L8 834714 (nucleic SAME acid) (US-PGPUB; USPAT; |OR ON ON 2023/09/07
EPO; JPO; 03:04 PM
DERWENT)
L9 479 L2 AND basecall (US-PGPUB; USPAT; |OR ON ON 2023/09/07
EPO; JPO; 03:04 PM
DERWENT)
L10 98 L3 AND bayesian (US-PGPUB; USPAT; |OR ON ON 2023/09/07
EPO; JPO; 03:04 PM
DERWENT)
L11 9819 g16b30/00.cpc. (US-PGPUB; USPAT; |OR ON ON 2023/09/07
EPO; JPO; 03:04 PM
DERWENT)
L12 106 L5 AND L3 (US-PGPUB; USPAT; |OR ON ON 2023/09/07
EPO; JPO; 03:04 PM
DERWENT)

PE2E SEARCH - Search History (Interference)

There are no Interference searches to show.

09/07/2023 03:05:01 PM
Workspace: 18189084
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UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.Q. Box 1450

Q. Box 145
Alexandria, Virginia 22313-1450
WWW.uspto.gov

| APPLICATION NUMBER FILING OR 371(C) DATE | FIRST NAMED APPLICANT |

ATTY. DOCKET NO./TITLE |
18/189,084 03/23/2023 Benjamin Flusberg 49217.4013/US02

CONFIRMATION NO. 7958
34313 POA ACCEPTANCE LETTER
ORRICK, HERRINGTON & SUTCLIFFE LLP

IP PROSECUTION DEPARTMENT KA A00CA IR
0C000000061465969

2050 Main Street, Suite 1100
IRVINE, CA 92614

Date Mailed: 09/07/2023

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY
This is in response to the Power of Attorney filed 08/31/2023.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/zabraha/

page 1 of 1
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(f
O r r l C k THIS IS NOT AN OFFICIAL USPTO FORM

POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO

| hereby revoke all previous powers of attorney given in the application identified in the
attached statement under 37 CFR 3.73 (¢).

| hereby appoint:
X Practitioners associated with Customer Number: 34313

as attorney(s) or agent(s) to represent the undersigned before the United States Patent and
Trademark Office (USPTQO) and in countries other than the United States, and to do all things
necessary or appropriate therefore before any competent International Authority in connection
with any and all patent applications assigned only to the undersigned according to the USPTO
assignment records or assignment documents attached to this form in accordance with 37
CFR 1.73; and

Please change the correspondence address for the application identified in the attached
statement under 37 CFR 3.73(c) to:

X The address associated with Customer Number: 34313

Assignee Name and Address:

PACIFIC BIOSCIENCES OF CALIFORNIA, INC.
1305 O’Brien Drive
Menlo Park, California 94025

A copy of this form, together with a statement under 37 CFR 3.73(c) (Form PTO/AIA/96 or equivalent) is
required to be filed in each application in which this form is used. The statement under 37 CFR 3.73(c)
may be completed by one of the practitioners appointed in this form if the appointed practitioner is
authorized to act on behalf of the assignee, and must identify the application in which this Power of
Attorney is to be filed. The undersigned hereby authorizes and empowers the registered practitioners
associated with Customer Number 34313 to sign statements under 37 CFR 3.73(c) on behalf of the
undersigned.

SIGNATURE of Assignee of Record
The undersigned (whose signature and title is supplied below) is authorized to act on behalf of the

applicant (e.g., where the applicant is a juristic entity)

Digitally signed by Robert H. Reamey
Signature o maleameyepmcacom cus | Date 2022-01-27
Date:2022.01.27 17:38:13 -08'00'

Signatory’s Name | Robert Reamey Signatory’s Vice President
Title

Assignhee Name: | Pacific Biosciences of California, Inc. | Type of Corporation
Assignee
(corporation,
partnership,
university)

Pg. 29



PTO/AIA/96 (08-12)

Approved for use through 11/30/2020. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

STATEMENT UNDER 37 CFR 3.73(c)
Pacific Biosciences of California, Inc.

Application No./Patent No.: 18/189,084
Titleq: CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Pacific Biosciences of California, Inc. a corporation

Applicant/Patent Owner:

Filed/Issue Date: March 23, 2023

(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)
states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

|_| The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

|:] There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel 063082 , Frame 0634 , or for which a copy
thereof is attached.

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: To:

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.
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3. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

4. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

5. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

6. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:| Additional documents in the chain of title are listed on a supplemental sheet(s).

As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/Jennifer K. Ng/ August 31, 2023
Signature Date

Jennifer K. Ng 70,938

Printed or Typed Name Title or Registration Number
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 35
U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related
to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark
Office may not be able to process and/or examine your submission, which may result in termination of proceedings
or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is
required by the Freedom of Information Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the
course of settlement negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).
A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under
authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C.
151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to
public inspection or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Patent

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor: Examiner: Jerry Lin
Benjamin Flusberg Art Unit: 1671
U.S. Serial No.: 18/189,084 Confirmation No.: 7958
Filing Date: March 23,2023 Attorney Docket: 49217.4013/US02

For: CLASSIFICATION OF NUCLEIC
ACID TEMPLATES

Patent Center
Commissioner for Patents

RESPONSE TO NON-FINAL OFFICE ACTION

Commissioner:

This paper is in response to the Non-Final Office Action mailed July 20, 2023,
and is timely filed on or before October 20, 2023, with no extension of time believed to
be required. Applicant respectfully requests entry of the following amendments and

remarks.

Amendments to the Claims begin on page 2 of this paper.

Remarks begin on page 6 of this paper.

4150-9328-6984
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Attorney Docket No. 49217.4013/US02
U.S. Application No. 18/189,084 (Track I)
Response to Non-Final Office Action dated July 20, 2023

Amendments to the Claims

This listing of claims will replace all prior versions and listing of claims in the

application.

Listing of Claims

1. (Currently Amended) A method of identifying modified bases [[is]]in a template
nucleic acid, comprising:
a) subjecting a template nucleic acid to a real-time single molecule sequencing-
by-synthesis sequencing reaction in which fluorescently labeled nucleotides are

incorporated into a nascent strand by a polymerase enzyme, wherein the template

nucleic acid is in an optical confinement, and wherein each of the fluorescently labeled

nucleotides comprise a detectable fluorescent dye attached to the terminal phosphate of

the base of the nucleotide;

b) obtaining reaction data from the real-time single molecule sequencing-by-
synthesis sequencing reaction;

wherein the reaction data is for a series of successive fluorescence pulses; and

wherein the reaction data is indicative of progress of the reaction and can serve
as a signal for the presence of a modification in the template nucleic acid;

¢) converting signal emissions from the fluorescent nucleotides of the single-
molecule sequencing reaction into basecalls;

d) inputting pulse features from the single-molecule sequencing reaction into a
statistical algorithm for identifying a modification from a feature vector, wherein the
pulse features comprise:

basecalls;
pulse widths; and
interpulse durations;

wherein the statistical algorithm comprises architecture for segmentation to
determine a probability of pausing and a Bayesian likelihood model for identifying

modified bases;

4150-9328-6984
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wherein the architecture for segmentation uses a conditional random field

framework (CRF) that predicts a conditional probability of a signal arising from a pause:

AY
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wherein y is the sequence of desired labels, x is the observed pulse data
comprising basecalls and other pulse features, wherein the other pulse features comprise
pulse widths and interpulse durations, w is a weight vector determined from training
data, and the F function is a feature vector;

wherein the architecture integrates interpulse duration, sequence context and
additional information; and

wherein the probability of pausing is incorporated by a Bayesian likelihood
model to identify modified bases; and

e) identifying modifications of bases in the template nucleic acid using the

statistical algorithmmedel.

2. (Original) The method of claim 1, further comprising converting of basecalls into

consensus sequences for the template nucleic acid.

3. (Canceled)

4. (Currently Amended) The method of claim [[3]]1, wherein the teeal-sequence context

that-influences the activity of the polymerase and extends for at least two nucleotide positions.

5. (Currently Amended) The method of claim 4, wherein the leeal-sequence context-that

influences the activity of the polymerase and extends for at least ten nucleotide positions.

6. (Original) The method of claim 5, wherein the nucleotide positions lie upstream or

downstream of a modification, or flank a modification in the template.

7. (Original) The method of claim 6, wherein the nucleotide positions flank the

modification in the template.

4150-9328-6984
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8. (Currently Amended) The method of claim 1, wherein the statistical algorithm

comprises a classifier that distinguishes between true incorporations and stochastic pulses.

9. (Original) The method of claim 1, wherein the CRF was trained using labeled

sequences.

10. (Original) The method of claim 1, wherein the modifications are associated with

cancer or another disease processes.

11. (Original) The method of claim 10, wherein the modifications are associated with

cancer.
12. (Original) The method of claim 1, wherein the modifications comprise methylation.

13. (Original) The method of claim 12, wherein the modified bases comprise

methyladenosine.

14. (Original) The method of claim 12, wherein the modified bases comprise 5-

methylcytosine.

15. (Original) The method of claim 14, further comprising discriminating methylation

modifications for each cytosine pulse in the template.

16. (Original) The method of claim 12, wherein the modifications comprise methylation

at CpG sites.

17. (Currently Amended) The method of claim 1, further comprising repeated

sequencing of the template nucleic acidsame-DNA-meleenle to generate multiple sequence

reads.

18. (Original) The method of claim 1, wherein detecting uses statistical distribution of

interpulse durations obtained at a particular template site indicate a methylation state.

19. (Original) The method of claim 17, wherein the multiple sequencing reads is

generated by rolling circle replication.

4150-9328-6984
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20. (Currently Amended) The method of claim 1, wherein the length of the template
nucleic acid-template is in the kilobase range.

21. (Original) The method of claim 1, further comprising identifying modifications in a

plurality of nucleic acid sequences.

22. (Original) The method of claim 21, further comprising aligning sequence of the

nucleic acid templates to a genomic sequence.

23. (Currently Amended) The method of claim 1, wherein the step of identifying uses
data from duplex strands of the template nucleic acid-template.

24. (Canceled)

25. (Original) The method of claim 1, further comprising enriching nucleic acid

templates comprising the modification.

26. (Original) The method of claim 25, wherein enriching uses a binding agent that

specifically binds the modification.
27. (Canceled)

28. (Currently Amended) The method of claim [[27]]1, wherein the optical confinement
isvolumes-are a zero-mode waveguide (ZMWs).

29. (Canceled)

30. (Currently Amended) A single-molecule, real-time (SMRT) sequencing system

comprising computer-readable medium configured to carry out the steps of method claim 1, the

system further comprising ZMW optical confinements-velumes.

4150-9328-6984
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REMARKS

Status of the Claims

Upon entry of this amendment, claims 1, 2, 4-23, 25-26, 28, and 30 are pending. Claims
3, 24, 27, and 29 have been canceled without prejudice. Claims 1,4, 5, 8, 17, 20, 23, 28, and 30

are currently amended.

Support for the amendments can be found throughout the application as filed including
the original claims. Support for amended claim 1 can be found in paragraphs [0021], [0070],
and [0077]-[0079] of the application as filed. Support for amended claims 4, 5, 8, 17, 20, and
23 can be found in the original claims. Support for amended claims 28 and 30 can be found in

paragraph [0079] and the original claims.

No new matter has been added by the amendment. Applicant respectfully requests entry

of the claims as amended.

Applicant-Initiated Interview Summary

Applicant would like to thank Examiner Lin for the video conference on August 25,
2023 with Applicant’s representatives Jennifer Ng and Colin Thom. During the interview,
proposed claim amendments and the rejections set forth in the Office Action dated July 20,

2023 were discussed.

Applicant notes that the Examiner’s summary of the substance of the interview is
complete and accurate, except for the reference to the participants on the interview. Colin

Thom is a representative of the Applicant.

Response to Rejections under 35 U.S.C. § 112(b)

Claims 1-30 are rejected under 35 U.S.C. § 112(b) as being indefinite for failing to point

out and distinctly claim the subject matter which the inventors regard as the invention.

Without conceding to the basis of the rejection and solely to expedite the prosecution of

this application, Applicant has amended claims 1, 4, 5, 8, and 17 to provide proper antecedent

4150-9328-6984
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basis to the terms “the statistical algorithm” (claims 1 and 8), “the sequence context” (claims 4

and 5), and “the template nucleic acid” (claim 17).

Applicant has also amended claims 28 and 30 to provide clarification to the
abbreviations “ZMW,” and “SMRT,” respectively. Applicant submits that the term “the CRF”

in claim 9 depends on claim 1 which recites “a conditional random field framework (CRF)”.

No new matter has been added and Applicant respectfully requests entry of the

amendment.

Response to Rejection under 35 U.S.C. § 101

Claims 1-30 are rejected under 35 U.S.C. § 101 as being directed to a judicial exception

without significantly more.

Without conceding to the basis of the rejection and solely to expedite the prosecution of
this application, Applicant has amended claim 1 to state in step (a): “wherein the template
nucleic acid is in an optical confinement, and wherein each of the fluorescently labeled
nucleotides comprise a detectable fluorescent dye attached to the terminal phosphate of the base

of the nucleotide”.

Applicant submits that the claims should be found to be subject matter eligible under at
least: Step 2A Prong Two (the claims recite additional elements that integrate the judicial
exception into a practical application) and Step 2B (the claims recite additional elements that
amount to significantly more than the judicial exception, as they recite elements that are not

well-understood, routine, or conventional).

Regarding Step 2A Prong Two, the pending claims recite elements that implement the
judicial exception with a particular machine or system. In particular, the claims require
subjecting a template nucleic acid to a real-time single molecule sequencing-by-synthesis
sequencing reaction in which fluorescently labeled nucleotides are incorporated into a nascent
strand by a polymerase enzyme, wherein the template nucleic acid is in an optical confinement
and wherein each of the fluorescently labeled nucleotides comprise a detectable fluorescent dye

attached to the terminal phosphate of the base of the nucleotide. As such, the judicial exception

4150-9328-6984
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is integrated into a particular machine or system in a manner that imposes a meaningful

limitation on the judicial exception.

Regarding Step 2B, the pending claims recite additional elements that amount to
significantly more than the judicial exception, and are not well-understood, routine, and
conventional. Applicant submits that it was not well-understood, routine or conventional to: (i)
use of a real time, single molecule sequencing-by-synthesis reaction which is a unique
sequencing-by-synthesis approach, and (ii) identify modification of bases (such as methylated
bases) based on the kinetic signature, for instance, pulse widths and interpulse durations,

obtained from such a real time, single molecule sequencing approach.

Further, the elements of the claims that are not well-understood, routine, and
conventional resulted in a method that is technically superior to contemporaneous methods such
as standard sequencing-by-synthesis methods and bisulfite sequencing described in paragraphs
[0007]-[0009] of the application as filed. As such, the claimed method sets forth an
improvement in the technical fields of sequencing-by-synthesis and nucleic acid modification

profiling.

Accordingly, Applicant respectfully submits that claim 1 as amended is directed to
patent eligible subject matter under 35 U.S.C § 101. Moreover, each of the dependent claims
depend directly or indirectly on amended claim 1. Therefore dependent claims 2, 4-26, 28 and
30 are also directed to patent eligible subject matter. For this reason, Applicant respectfully

requests withdrawal of the 35 U.S.C § 101 rejection.

4150-9328-6984
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CONCLUSION

For at least the reasons set forth above, Applicant submits that the pending claims are in

condition for allowance. A Notice of Allowance is earnestly solicited.

If the Examiner believes, for any reason, that personal communication will expedite
prosecution of this application, the Examiner is invited to telephone the undersigned at the

telephone number (415) 773-5727.

Except for issue fees payable under 37 CFR § 1.18, the Commissioner is hereby
authorized by this paper to charge any necessary fees including fees due under 37 CFR § 1.16
and 1.17, which may be required, and including any required extension of time fees, or credit

any overpayment to Deposit Account 15-0665 (Docket Reference: 49217.4013/US02).

Respectfully submitted,
ORRICK, HERRINGTON & SUTCLIFFE LLP

Dated:_August 31, 2023 By:/Jennifer K. Ng/
Jennifer K. Ng, Ph.D., Reg No. 70,938
Jfor Gargi Talukder, Ph.D., Reg. No. 61,368

Orrick, Herrington & Sutcliffe LLP
2050 Main Street, Suite 1100
Irvine, CA 92614-8255

Tel. 949-567-6700

Fax: 949-567-6710
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JERRY LIN Primary Examiner Video Conference
Jennifer Ng Attorney of Record
Thom Colin Inventor

Date of Interview: 25 August 2023

Issues Discussed:

35U.S8.C. 101

Applicants provided proposed amendments to address the rejection. Applicants discussed the SMRT
sequencing system and optical confinement, which are unigue to their method and apparatus. Applicants
suggested that these limitations are drawn to a particular machine as well as unconventional physical
steps. The Examiner indicated that the amendments and arguments would be sufficient to overcome the
rejection.

35U.S8.C. 112

Applicants provided proposed amendments to address the rejection. The Examiner indicated that the
proposed amendments would be sufficient to overcome the rejection.

Attachment

/{JERRY LIN/
Primary Examiner, Art Unit 1671

Applicant is reminded that a complete written statement as to the substance of the interview must be made of record in
the application file. It is the applicants responsibility to provide the written statement, unless the interview was initiated
by the Examiner and the Examiner has indicated that a written summary will be provided. See MPEP 713.04

Please further see:

MPEP 713.04

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews, paragraph (b)

37 CFR § 1.2 Business to be transacted in writing

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the
interview. (See MPEP section 713.04). If a reply to the last Office action has already been filed, applicant is given a
non-extendable period of the longer of one month or thirty days from this interview date, or the mailing date of this
interview summary form, whichever is later, to file a statement of the substance of the interview.

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete
and proper recordation of the substance of an interview should include the items listed in MPEP 713.04 for complete
and proper recordation including the identification of the general thrust of each argument or issue discussed, a general
indication of any other pertinent matters discussed regarding patentability and the general results or outcome of the
interview, to include an indication as to whether or not agreement was reached on the issues raised.

U.S. Patent and Trademark Office
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US Application No. 18/189,084
PacBio Ref: 01-008712US
Orrick Ref: 49217.4013/US02

PROPOSED CLAIM AMENDMENTS

1. (Currently Amended) A method of identifying modified bases [[is]]in a template
nucleic acid, comprising:
a) subjecting a template nucleic acid to a real-time single molecule sequencing-
by-synthesis sequencing reaction in which fluorescently labeled nucleotides are

incorporated into a nascent strand by a polymerase enzyme, wherein the template nucleic

acid is in an optical confinement, and wherein each of the fluorescently labeled

nucleotides comprise a detectable fluorescent dye attached to the terminal phosphate of

the base of the nucleotide;

b) obtaining reaction data from the real-time single molecule sequencing-by-
synthesis sequencing reaction;

wherein the reaction data is for a series of successive fluorescence pulses; and

wherein the reaction data is indicative of progress of the reaction and can serve as
a signal for the presence of a modification in the template nucleic acid;

¢) converting signal emissions from the fluorescent nucleotides of the single-
molecule sequencing reaction into basecalls;

d) inputting pulse features from the single-molecule sequencing reaction into a
statistical algorithm for identifying a modification from a feature vector, wherein the
pulse features comprise:

basecalls;
pulse widths; and
interpulse durations;

wherein the statistical algorithm comprises architecture for segmentation to
determine a probability of pausing and a Bayesian likelihood model for identifying
modified bases;

wherein the architecture for segmentation uses a conditional random field

framework (CRF) that predicts a conditional probability of a signal arising from a pause:

p <ylix)

~ a - -
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wherein y is the sequence of desired labels, x is the observed pulse data
comprising basecalls and other pulse features, wherein the other pulse features comprise
pulse widths and interpulse durations, w is a weight vector determined from training data,
and the [/ function is a feature vector;

wherein the architecture integrates interpulse duration, sequence context and
additional information; and

wherein the probability of pausing is incorporated by a Bayesian likelihood model
to identify modified bases; and

e) identifying modifications of bases in the template nucleic acid using the

statistical algorithmmedel.

2. (Original) The method of claim 1, further comprising converting of basecalls into

consensus sequences for the template nucleic acid.
3. (Canceled)

4. (Currently Amended) The method of claim [[3]]1, wherein the teeal-sequence context

that-influences the activity of the polymerase and extends for at least two nucleotide positions.

5. (Currently Amended) The method of claim 4, wherein the leeal-sequence context-that

influences the activity of the polymerase and extends for at least ten nucleotide positions.

6. (Original) The method of claim 5, wherein the nucleotide positions lie upstream or

downstream of a modification, or flank a modification in the template.

7. (Original) The method of claim 6, wherein the nucleotide positions flank the

modification in the template.

8. (Currently Amended) The method of claim 1, wherein the statistical algorithm

comprises a classifier that distinguishes between true incorporations and stochastic pulses.

9. (Original) The method of claim 1, wherein the CRF was trained using labeled

sequences.
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10. (Original) The method of claim 1, wherein the modifications are associated with

cancer or another disease processes.

11. (Original) The method of claim 10, wherein the modifications are associated with

cancer.
12. (Original) The method of claim 1, wherein the modifications comprise methylation.

13. (Original) The method of claim 12, wherein the modified bases comprise

methyladenosine.

14. (Original) The method of claim 12, wherein the modified bases comprise 5-

methylcytosine.

15. (Original) The method of claim 14, further comprising discriminating methylation

modifications for each cytosine pulse in the template.

16. (Original) The method of claim 12, wherein the modifications comprise methylation

at CpG sites.

17. (Currently Amended) The method of claim 1, further comprising repeated sequencing

of the template nucleic acidsameDNA-meleeute to generate multiple sequence reads.

18. (Original) The method of claim 1, wherein detecting uses statistical distribution of

interpulse durations obtained at a particular template site indicate a methylation state.

19. (Original) The method of claim 17, wherein the multiple sequencing reads is

generated by rolling circle replication.

20. (Currently Amended) The method of claim 1, wherein the length of the template
nucleic acid-template is in the kilobase range.

21. (Original) The method of claim 1, further comprising identifying modifications in a

plurality of nucleic acid sequences.
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22. (Original) The method of claim 21, further comprising aligning sequence of the

nucleic acid templates to a genomic sequence.

23. (Currently Amended) The method of claim 1, wherein the step of identifying uses
data from duplex strands of the template nucleic acid-template.

24. (Original) The method of claim 21, wherein detecting comprises using statistical

distribution for the fraction of sites that are hemi-methylated versus fully methylated.

25. (Original) The method of claim 1, further comprising enriching nucleic acid templates

comprising the modification.

26. (Original) The method of claim 25, wherein enriching uses a binding agent that

specifically binds the modification.
27. (Canceled)

28. (Currently Amended) The method of claim [[27]]1, wherein the optical confinement
isvelumes-are a zero-mode waveguide (ZMWs).

29. (Canceled)

30. (Currently Amended) A single-molecule, real-time (SMRT) sequencing system

comprising computer-readable medium configured to carry out the steps of method claim 1, the

system further comprising ZMW optical confinements-velumes.

4158-0787-7449.1
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DETAILED ACTION

Notice of Pre-AIA or AlA Status

1. The present application is being examined under the pre-AlA first to invent provisions.

Status of the Claims

Claims 1-30 are under examination.

Claim Rejections-35USC§ 112
2. The following is a quotation of 35 U.S.C. 112(b):
(b) CONCLUSION.—The specification shall conclude with one or more claims particularly

pointing outand distinctlyclaiming the subject matter which the inventor or a jointinventor
regards as the invention.

The following is a quotation of 35 U.S.C. 112 (pre-AlA), second paragraph:
The specificationshall conclude with one or more claims particuladypointing outand distinctly
claiming the subjectmatter which the applicantregards as his invention.

Claims 1-30 are rejected under 35 U.S.C. 112(b) or 35 U.S.C. 112 (pre-AlA), second paragraph,
as being indefinite for failing to particularly point out and distinctly claim the subject matter which the
inventor or a joint inventor (or for applications subject to pre-AlA 35 U.S.C. 112, the applicant), regards as
the invention.

Claim 1 recites the limitation "the statistical model" in the lasttwo lines. There is insufficient
antecedent basis for this limitation in the claim. This term was not mentioned previously in the instant
claim or in the claim from which it depends. It is unclear to what “the statistical model” refers. Claims 2-30
are also rejected for depending from claim 3.

Claim 3 recites the limitation "the local sequence” in line 1. There is insufficient antecedent basis
for this limitation in the claim. This term was not mentioned previously in the instant claim or in the claim
from which it depends. It is unclear to what “the local sequence” refers. Claims 2-7 are also rejected for
depending from claim 3.

Claim 8 recites the limitation "the algorithm” in line 1. There is insufficient antecedent basis for
this limitation in the claim. This term was not mentioned previously in the instant claim or in the claim from

which it depends. It is unclear to what “the algorithm” refers.
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Claim 9 recites the limitation "the CRF"in line 1. There is insufficient antecedent basis for this
limitation in the claim. This term was not mentioned previously in the instant claim or in the claim from
which it depends. It is unclear to what “the CRF” refers.

Claim 9 recites the abbreviation “CRF”. It is unclear what this abbreviation represents.
Clarification via clearer claim language is required.

Claim 17 recites the limitation "the same DNA" in line 1. There is insufficient antecedent basis for
this limitation in the claim. This term was not mentioned previously in the instant claim or in the claim from
which it depends. It is unclear to what “the same DNA” refers. Claim 19 is also rejected for depending
from claim 17.

Claim 24 recites the limitation "the fraction of sites" in line 1. There is insufficient antecedent
basis for this limitation in the claim. This term was not mentioned previously in the instant claim or in the
claim from which it depends. It is unclear to what “the fraction of sites” refers.

Claims 28 and 30 recites the abbreviation “ZMW?”. It is unclear what this abbreviation represents.
Clarification via clearer claim language is required.

Claim 30 recites the abbreviation “SMRT". It is unclear what this abbreviation represents.

Clarification via clearer claim language is required.

Claim Rejections-35USC § 101
3. 35 U.S.C. 101 reads as follows:
Whoever invents or discovers anynew and useful process, machine, manufacture, or
composition ofmatter,orany new and useful improvementthereof, mayobtain a patent
therefor, subjectto the conditions and requirements of this title.

Claims 1-30 are rejected under 35 U.S.C. 101 because the claimed invention is directed to a

judicial exception without significantly more.

Claims 1-30 are direcied to method identifving modified bases. As dascribed in Afie Cop. Piv.
Lid V. CLS Bank Intd, 873008 1345 Cr 2347, 110 L 8. P.Q 20 1878 (2014}, a two-step analysisis
requirad in considering the patent eligibility of the claimed subiject matter. The first step requires

determining i the clalmed subject malter is direciad to a judicial exception. The instant dlaims require the
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subiecting a lemplate nuclsic acld to a real-time single molecule seguencing by synthesis, obilaining data
from the sequencing reaction, convarting signal emissions info basecalls, inputling pulse lsatresinto a
statistical algorithm, and identifving modifications of bases in the template nueleic ackd. The instant
claims recite a mathematical algorithm, by addition, claims 2-30 reclts addiional mathematical steps, the
data to be inputied inlo the algorithm, or dala gathering steps. The courts have found mathematical
algorithms 1o be drawn 1o the judicial excegiion of an absiractidea {Inre Grams, 888 F.2d 835, 12

LS. P.O2d 1824 (Fed. Gir, 19890, Thus, the instant claims are drawn ie a judicial exception.

This judicial exception is not integrated into a practical application. The instant claims do not
recite an element that reflects an improvement in the functioning of a computer or other technology, an
element that applies the judicial exception to effect a particular treatment, an element that implements the
judicial exception with a particular machine, or an element that effects a transformation of a particular
article to a different state or thing. The instant claims do recite sequencing-by-synthesis, obtaining data,
and an apparatus. However, sequencing-by-synthesis and obtaining data are extra solution data
gathering steps. Thus, these steps are not sufficient to integrate the judicial exception into a practical
application. In addition, the instant claims do not recite any structural limitations of the apparatus. Thus,
the instant claims do not recite a particular machine that integrates the judicial exception in to a practical
application.

The second part of the analvsis requires determining i the clalms indlude additional elements
that are sufficient 1o amount o signfficantly more than the judicial exception. The instant claims recits
the additional elements of sequencing-by-synthesis, obtaining data, and an apparatus. Howsyer, the
stens of sequencing-by-synthesle and obtaining data are well-understood, routine, and convertional dala
gathering sleps. Ushg an apparatus 1o implement is judicial exceplion is well-undersicod, routing and
conventional. Raciting such well-understood, routing, and conventional elemenis do not transform a
judicial exception inte patent eligible subject matier. In addition, the racitation of the specific types of data,
to be used in the judicial exception does not fransform the abstract idea into a non-absiract idea.

{Ses buySAFE, Inc. v Google, Inc. 765 .34 1350, 112 LS P.Q.2d 1093 (Fad. Cir 2014}, Furthermore,

the elements taken as a combination are also well-undersiond, routine, and comentional, since the

Pg. 57



Application/Control Number: 18/189,084 Page 5
Art Unit: 1671

slemeants are mearsly apediying the vpes of data for a dats gathering step. Thus, the instani clabms do nat

inciude additional elemenis that are sufficient to amount to significantly mors than the judicial exception.

Contact Information

Any inquiry concerning this communication or earlier communications from the examiner should
be directed to JERRY LIN whose telephone number is (571)272-2561. The examiner can normally be
reached M, W-F 7am-5:30pm.

Examiner interviews are available via telephone, in-person, and video conferencing using a
USPTO supplied web-based collaboration tool. To schedule an interview, applicant is encouraged to use
the USPTO Automated Interview Request (AIR) at http://www.uspto.goviinterviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s supenisor, Karl
Skowronek can be reached on (571) 272-4517. The fax phone number for the organization where this
application or proceeding is assigned is 571-273-8300.

Information regarding the status of published or unpublished applications may be obtained from
Patent Center. Unpublished application information in Patent Center is available to registered users. To
file and manage patent submissions in Patent Center, visit: https://patentcenter.uspto.gov. Visit
https://www.uspto.gov/ patents/apply/patent-center for more information about Patent Center and
https://www.uspto.gov/patents/docx for information about filing in DOCXformat. For additional questions,
contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance
from a USPTO Customer Senvice Representative, call 800-786-9199 (IN USA OR CANADA) or 571-272-
1000.

/JERRY LIN/
Primary Examiner, Art Unit 1671
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That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[ ] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

See attached certification statement.
The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

X A certification statement is not submitted herewith.
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A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
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This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file {and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.5.C. 552) and the Privacy Act (5 U.5.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(¢)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
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A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
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result in termination of proceedings or abandonment of the application or expiration of the patent.
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court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.
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request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1874, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.5.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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( Not for submission under 37 CFR 1.9%)

Examiner Name Not Yet Assigned

Aftorney Docket Number 49217 .4013/US02

34 International Search Report and Written Opinion issued June 26, 2012 for corresponding PCT application PCT/
115201 1/060338

35 First Office Action for related case CN 200980156796.7 dated 11/26/12

CHEETHAM et al. "Structural basis for initiation of transcription from an RNA polymerase-promoter complex,” Natura

36 1999):80-83.

37 CLARK et al. "DNA methylation: bisulphate modification and analysis," Nature Protocols (2006) 1:2353-2364.

38 DeHASETH et al. "RNA polymerase-promoter interactions: the comings and goings of RNA polymerase,” Journal of
Bacteriology (1998) 180:1019-2025.

DENG, J. "Targeted Bisulfite Sequencing Reveals Changeas in DNA Methylation Associated with Nuclear

39 Programming,” Nature Biotechnology (2009) 27(4):353-360

40 FROMMER, M. et al. "A Genemic Sequencing Protocol That Yields a Positive Display of 5-Methylcytosine Residues in
Individual DNA Strands,” PNAS (1992) 89:1827-1831

41 GUO et al. "Weakening of the T7 promoter-polymerase interaction facilitates promoter release," J. Biol. Cham. (2005)
P80:14956-14961.

472 (GUPTA "Single-molecule DNA sequencing technologies for future genomics research,” Trends in Biotechnology
2008) 26:602-611.
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STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.9%)

First Named Inventor | Benjamin Flusberg
Art Unit

Examiner Name Not Yet Assigned

Aftorney Docket Number 49217 .4013/US02

45 | AIRD, C.D. et al. "Hairpin-Bisulfite PCR: Assessing Epigenetic Methylation Patterns on Complementary Strands of
Individual DNA Molecules,” PNAS (2004) 101{1)-204-209

MATSUMURA et al. "Photochemical Transition of 5-Methylcytosine to Thymine by DNA Photo ligation,” Nucleic Acids

46 Bymposium Series {2007) No.51:233-234.

47 IMORRIS et al. "Isolation and analysis of double-stranded RNA from 12 virus-infected plant and fungal tissue,"
Phytopathology (1979) 69:854-858.

48 |MUNROE et al. "Third-generation sequencing fireworks at Macro Island," Nature Biotechnology (2010) 28: 426-428.

49 Pacific Biosciences Presentation, "Harnessing Nature's Powerful Sequencing Engines: Single Melecule Real-Time
PDNA Sequencing,” Cold Spring Harbor Personal Genomics Meeting, October 12, 2008

50 PRIVAT et al. "Photochemical deamination and demthylation of methylcytosine,” Chem. Res. Toxicol. {1996)
D 745-750.

If you wish to add additional non-patent literature document citation information please click the Add button| Add

EXAMINER SIGNATURE

Examiner Signature Date Considered

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO

Standard ST.3). 2 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPQ Standard ST.16 if possible.  Applicant is to place a check mark here if
English language translation is attached.
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Filing Date 2023-03-23

INFORMATION DISCLOSURE
STATEMENT BY APPLICANT

First Named Inventor | Benjamin Flusberg

. Art Unit
( Not for submission under 37 CFR 1.9%)

Examiner Name Not Yet Assigned

Aftorney Docket Number 49217 .4013/US02

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection({s):

That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[ ] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e){(2).

See attached certification statement.
The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

X A certification statement is not submitted herewith.

SIGNATURE

A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature {Jennifer K. Ng/ Date (YYYY-MM-DD) 2023-05-24
Name/Print Jennifer K. Ng Registration Number 70,938

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.5.C. 552) and the Privacy Act (5 U.5.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1874, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.5.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor: Examiner: To be determined
Benjamin Flusberg Art Unit: To be determined

U.S. Serial No.: 18/189,084 Confirmation No.: 7958

Filing Date: March 23, 2023 Attorney Docket: 49217.4013/US02

For. CLASSIFICATION OF NUCLEIC
ACID TEMPLATES

Via Patent Center
Commissioner for Patents

INFORMATION DISCLOSURE STATEMENT TRANSMITTAL
Sir:
In accordance with 37 CFR §§ 1.97 and 1.98, the items identified in this Information
Disclosure Statement (“IDS”) are brought to the attention of the Office. The items are listed on
the attached form PTO/SB/08a (PTO-1449). In accordance with the USPTO waiver of the

requirement under 37 CFR § 1.98(a)(2)(i), only copies of foreign patent documents and non-

patent literature are enclosed for the convenience of the Examiner.

The items identified in this IDS may or may not be “material” pursuant to 37 CFR § 1.56.
The submission thereof by Applicant is not to be construed as an admission that any such
patent, publication or other information referred to therein is material or considered to be
material (37 CFR § 1.97(h)), or even qualifies as “prior art” under 35 USC § 102 with respect to
this invention unless specifically designated by Applicant as such.

INFORMATION DISCLOSURE STATEMENT FILING PROVISION:
= This IDS is believed to be timely in that it is being submitted under 37 CFR § 1.97(b),
that is (1) within three months of the filing date of the application, which is not a continued
prosecution application filed under § 1.53(d); or (2) within three months of entry of the national
stage as set forth in 37 CFR § 1.491; or (3) before the mailing of a first Office Action on the
merits; or (4) before the mailing of a first Office Action after filing a request for continued

examination under § 1.114. Thus, no fee is required.
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Application No. 18/189,084
Attorney Docket No. 49217.4013/US02

] However, if the undersigned is in error in this regard, Applicant respectfully
requests that the Office consider this IDS as filed under 37 CFR § 1.97(c), if
applicable, and charge the fee due under 37 CFR §1.17(p) to the deposit
account referenced below.

] However, if the undersigned is in error in this regard, Applicant respectfully
requests that the Office consider this IDS as filed under 37 CFR § 1.97(c), if
applicable, and a statement under 37 CFR § 1.97(e) is included below, thus
no fee is required.

] This IDS is being submitted under 37 CFR § 1.97(c), that is after mailing of a first Office
Action on the merits, but before a Final Action under 37 CFR § 1.113 or a Notice of Allowance
under 37 CFR § 1.311.

] The fee due under 37 CFR § 1.17(p) is submitted herewith.

] A statement under 37 CFR § 1.97(e) is included below, thus no fee is
required. In the event that this IDS is not received before a Final Action or a
Notice of Allowance, then Applicant respectfully requests that the Office
consider the filing of these papers to be submitted under 37 CFR § 1.97(d)
and charge the fee due under 37 CFR § 1.17(p) to the deposit account below.

] This IDS is being submitted under 37 CFR § 1.97(d), that is after a Final Action under
37 CFR § 1.113 or a Notice of Allowance under 37 CFR § 1.311, but before payment of the
issue fee. A statement under 37 CFR § 1.97(e) is included below. The fee due under 37 CFR
§ 1.17(p) is submitted herewith ($260.00 — large entity).

] This IDS is being submitted after a payment of the issue fee. A statement under 37
CFR § 1.97(e) is included below. The Certification and Request for Reconsideration of an IDS
filed after payment of the issue fee under QPDIS Pilot Program is included. The EFS-Web e-
petition is included. The fee due under 37 CFR § 1.17(p) is submitted herewith ($260.00 — large
entity).
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Application No. 18/189,084
Attorney Docket No. 49217.4013/US02

STATEMENT UNDER 37 CFR § 1.97(e):
] Each item contained in this IDS was first cited in any communication from a foreign

patent office in a counterpart foreign application not more than three months prior to the filing of
this IDS.

] No item contained in this IDS was cited in a communication from a foreign patent office
in a counterpart foreign application, and, to the knowledge of the person signing this statement
after making reasonable inquiry, no item of information contained in this IDS was known to any
individual designated in 37 CFR § 1.56(c) more than three months prior to the filing of this IDS.

STATEMENT UNDER 37 CFR § 1.98(d)(1):
X Copies of patents, publications, pending US applications or other information, as

specified in 37 CFR § 1.98(a), listed on the Information Disclosure Statement are NOT
required. The subject application is a continuation, divisional, or continuation-in-part, and relies
on the earlier application for an effective filing date under 35 USC § 120.

McKESSON STATEMENT
H In accordance with M.P.E.P. 2001.06(b) and in view of McKesson Information Solutions
v. Bridge Medical (Fed. Cir. 2007), Applicant wishes to inform/remind the Examiner that this
application is related to the following U.S. Patent Application(s):

U.S. Application No. **, filed **

The Examiner is encouraged to review the art made of record, any Office Action, and
any Notice of Allowance in the above-mentioned related application(s). Applicant assumes that
due to the ease of review on PAIR by the Examiner, Applicant need not submit copies of the
individual Office Actions and/or Notices of Allowance. Applicant assumes that the Examiner is
aware that prosecution is ongoing in the identified application(s) and that the Examiner will
continue to evaluate the application(s) as needed. The identification of the above related
application(s) is not to be construed as a waiver of secrecy as to the application(s) now or upon
issuance of the present application as a patent.
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Application No. 18/189,084
Attorney Docket No. 49217.4013/US02

STATEMENT UNDER 37 CFR § 1.704(d):

] Each item contained in this IDS was first cited in any communication from a patent office

in a counterpart foreign or international application or from the Office, and this communication

was not received by any individual designated in § 1.56(c) more than thirty days prior to the

filing of the information disclosure statement; or

] Each item contained in this IDS was a communication that was issued by a patent office

in a counterpart foreign or international application or by the Office, and this communication
was not received by any individual designated in § 1.56(c) more than thirty days prior to the

filing of the information disclosure statement.

PAYMENT AND/OR AUTHORIZATION TO CHARGE FEES:
] A check inthe amount of ___is enclosed for the above fee(s).
] Please charge __ to Deposit Account No. 15-0665 for the above fee(s).
X The Commissioner is authorized to charge any fees required by the filing of these
papers, and to credit any overpayment to Orrick, Herrington & Sutcliffe’s Deposit Account
No. 15-0665.

Respectfully submitted,

Orrick, Herrington & Sutcliffe LLP

Dated: May 24, 2023 By: [Jennifer K. Na/

Jennifer K. Ng, Reg. No. 70,938, for
Gargi Talukder, Reg. No. 61,368

ORRICK, HERRINGTON & SUTCLIFFE LLP
2050 Main Street, Suite 1100

Irvine, CA 92614-8255

949/567-6700 Telephone 949/567-6710 Facsimile
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ELECTRONIC ACKNOWLEDGEMENT RECEIPT

APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #

18/189,084 05/24/2023 07:20:02 PM ET 49217.4013/US02
Title of Invention
CLASSIFICATION OF NUCLEIC ACID TEMPLATES
Application Information
APPLICATION TYPE  Utility - Nonprovisional Application PATENT #
under 35 USC 111(a)
CONFIRMATION # 7958 FILED BY Sheila Gloss

PATENT CENTER # 62150220 FILING DATE 03/23/2023

CUSTOMER # 34313 FIRST NAMED Benjamin Flusberg

INVENTOR

CORRESPONDENCE AUTHORIZED BY  Jennifer Ng

ADDRESS

Documents TOTAL DOCUMENTS: 4
DOCOUMENTY FAGES  DESCRIPTION SIZE (KR
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A\ UNITED STATES PATENT AND TRADEMARK OFFIGE
N

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.0. Box 1450

Alexandria, Virginia 22313-1450

‘www.uspto.gov

APNP{‘JIISIEE;ON 3${EL)N]§;A?;E GI?JII;?"IIST FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMS | IND CLAIMS
18/189,084 03/23/2023 3240 49217.4013/US02 30 1
CONFIRMATION NO. 7958
34313 FILING RECEIPT
CRFIGK HEFRINGTON & SUTCLEFE 1P O

2050 Main Street, Suite 1100
IRVINE, CA 92614

Date Mailed: 05/16/2023

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER,
FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are
subject to collection.

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes
with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts" or
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt
with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another
Filing Receipt incorporating the requested corrections provided that the request is grantable.

Inventor(s)
Benjamin Flusberg, Atlanta, GA;
Jonas Korlach, Camas, WA;
Andrey Kislyuk, San Ramon, CA;
Stephen Turner, Seattle, WA;
Jon Sorenson, Alameda, CA;
Kevin Travers, Menlo Park, CA;
Cheryl Heiner, La Honda, CA;
Austin B. Tomaney, Burlingame, CA;
Patrick Marks, San Francisco, CA;
Dale Webster, San Mateo, CA;
Jeremiah Hanes, Menlo Park, CA;
Applicant(s)
Pacific Biosciences of California, Inc., Menlo Park, CA;

Power of Attorney: None

Domestic Priority data as claimed by applicant

This application is a CON of 17/003,388 08/26/2020
which is a CON of 15/278,835 09/28/2016 PAT 10,793,903
which is a CON of 14/863,133 09/23/2015 PAT 10,294,523
which is a CON of 12/945,767 11/12/2010 PAT 9,175,338
which is a CIP of 12/635,618 12/10/2009 PAT 9,175,341
which claims benefit of 61/201,551 12/11/2008
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and claims benefit of 61/180,350 05/21/2009
and claims benefit of 61/186,661 06/12/2009

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: Yes
Permission to Access Search Results: Yes

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 05/15/2023

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 18/189,084

Projected Publication Date: 08/24/2023

Non-Publication Request: No

Early Publication Request: No

Title

CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.
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Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the
section entitled "Treaties and Foreign Patents™} for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).
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SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number
Substitute for Form PTO-875 18/189,084
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 OFR 1.16(3), b), or (©) N/A N/A N/A N/A 320
SEARCH FEE
AT o N/A N/A N/A N/A 700
EXAMINATION FEE
(37 CFR 1.16(0). (). or (a) N/A N/A N/A N/A 800
T GLAIMS 30  minus20-|" 10 OR |x 100 1000
INDEPENDENT CLAIMS ’ *
(37 GFR 1.16(h)) 1 minus 8 = X 0
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 420
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0
* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 2240
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
w Total g i - =
> (37 CF?{ ?.160)) Minus X = OR X
[m] - - =
E ((ISI;%erRe? .?g(ﬂt)) s x = OR |x
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16())) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
(Column 1) (Column 2) (Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
U1] Total * Minus o = X =
% @7 CF?{ ?.160)) OR |x
Independent * Minus | *** = ~
E (37 CFR 1.16(h}) x B OR |x
<§( Application Size Fee (37 CFR 1.16(s))
R
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16())) ©
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
he "Hi i Pai l nial} a b I box in column ]



Application Number: 18189084

Reviewed by: 97C1N/eHed4d jhmn5GMimwpAP70alPRU2kNiDwvOWHBrv8bggC4kdzMg==

Note: This validation report concerns the sequence listing filed 04-21-2023 14:42:36
and indicates that NO errors were found by the USPTO during wvalidation of the sequence
listing. This wvalidation report should not be construed as meaning that the seqguence
listing complies with all of the requirements of 37 CFR §§ 1.821-1.825, 37 CFR §8§
1.831-1.835 and 1.839, WIPC Standard ST.25, or WIPO Standard ST.Z26.

For any sequence listing related questions or concerns, the Applicant is invited to
contact the USPTO Sequence Listing Help Desk at 571-272-2510 or
SequenceHelpDesk@USPTO.GOV.

Timestamp: [year=2023; month=4; day=24; hr=23; min=30; sec=10; ms=947]
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Validated By CRFValidator v 1.5.0

Application No: 18189084 Version No: 2.1
CRF Copy Request from application Version :
Input Set: /slic/CRF_WORKFLOW/18/189/084/2.1/report_18189084_2_1.x
ml
Output Set: /slic/CRF_WORKFLOW/18/189/084/2.1/report_18189084_2_ 1.x
ml.pdf
Started: 2023-04-21 16:41:05.000
Finished: 2023-04-21 16:41:26.186
Elapsed: 0 hr(s) 0 min(s) 21 sec(s) 186 ms
Total Warnings: 1
Total Errors: 0
No. of SeqIDs Defined: 6
Actual SeqlID Count: 6
Error code Error Description
W 26117 DataElement : PROPERTY_ NAMES.ORIGINAL_FREE_TEXT_ LANGUAGE_CODE;Messag
8 eKey:ORIGINAL_FREE_TEXT_ LANGUAGE_CODE_MISSING; LocalizedMessage:An

original free text language code has not been entered.;
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<?xml version="1.0" encoding="UTF-8"7?>

<!DOCTYPE ST26Sequencelisting PUBLIC "-//WIPO//DTD Sequence Listing 1.3//EN"
"ST26Sequencelisting V1 _3.dtd">

<8ST26Sequencelisting dtdVersion="V1l_ 3" fileName="4013US02.xml" softwareName="WIPO
Sequence" softwareVersion="2.2.0" productionDate="2023-04-19">
<ApplicationIdentification>

<IPOfficeCode>US</IPOfficeCode>
<ApplicationNumberText>18/189,084</ApplicationNumberText>
<FilingDate>2023-03-23</FilingDate>
</ApplicationIdentification>
<ApplicantFileReference>49217.4013/US02</ApplicantFileReference>
<EarliestPriorityApplicationIdentification>
<IPOfficeCode>UsS</IPOfficeCode>
<ApplicationNumberText>61/201,551</ApplicationNumberText>
<FilingDate>2008-12-11</FilingDate>
</EarliestPriorityApplicationIdentification>

<ApplicantName languageCode="en">Pacific Biosciences of California,
Inc.</ApplicantName>

<InventionTitle languageCode="en">CLASSIFICATION OF NUCLEIC ACID
TEMPLATES</InventionTitle>
<SequenceTotalQuantity>6</SequenceTotalQuantity>

<SequenceData s

equenceIDNumber="1">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>
<INSDSeq_division>PAT</INSDSeq_division>

<INSDSeq_ feature-table>

<INSDFeature>

<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>

<INSDFeature quals>

<INSDQualifier id="ql">
<INSDQualifier_pame>note</INSDQualifier_pame>

<INSDQualifier value>Ribo A template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>15</INSDFeature_;ocation>

<INSDFeature quals>

<INSDQualifier id="q2">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>RNA</INSDQualifie;_value>

</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>
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<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature

_location>31</INSDFeature_location>

<INSDFeature quals>

<INSDQualifier id="q3">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature_ quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="q4">
<INSDQualifier_name>organism</INSDQualifier_name>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..14</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qg21">

<INSDQua

lifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>DNA</INSDQualifie;_Value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>16..30</INSDFeature_location>
<INSDFeature_ quals>

<INSDQualifier id="q22">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie:_value>DNA</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>

Pg. 135



<INSDFeature_;ocation>32..44</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="q23">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>DNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</IN

SDSeqg>

</SequenceData>

<SequenceData sequenceIDNumber="2">

<INSDSeqg>

<INSDSeq length>36</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>

<INSDSeq division>PAT</INSDSeq division>

<INSDSeq feature-table>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>1..36</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="g5">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifier wvalue>Complement to Ribo A, C, U, and G, templates; complement to
control template</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>source</INSDFeature_key>
<INSDFeature_;ocation>1..36</INSDFeature_;ocation>
<INSDFeature gquals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="gq6">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ttccgcctatgcatggtcgatcaagtatgcccgagt</INSDSeq;sequence>
</INSDSeq>

</SequenceData>
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<SequenceData sequenceIDNumber="3">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>
<INSDSeq_division>PAT</INSDSeq_division>
<INSDSeq feature-table>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="gq7">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifier value>Ribo C template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature location>16<

/INSDFeature location>

<INSDFeature quals>

<INSDQualifier id="g8">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>30</INSDFeature_;ocation>
<INSDFeature gquals>

<INSDQualifier id="q9">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_name>mol_ﬁype</INSDQualifier_name>
<INSDQualifier value>other DNA</INSDQualifie:_value>
</INSDQualifier>

<INSDQualifier id="qlO0">
<INSDQualifier_pame>organism</INSDQualifie;_

name>
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<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..15</INSDFeature_;ocation>
<INSDFeature gquals>

<INSDQualifier id="gq26">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>DNA</INSDQualifie;_Value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>17..29</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="q27">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie:_value>DNA</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_location>31..44</INSDFeature_location>
<I

NSDFeature quals>

<INSDQualifier id="g28">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifie;_value>DNA</INSDQualifie;_Value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="4">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>

<INSDSeq division>PAT</INSDSeq division>

<INSDSeq feature-table>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_location>1..44</INSDFeature_location>

Pg. 138



<INSDFeature quals>

<INSDQualifier id="qll">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifier wvalue>Ribo U template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature_ quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_key>misc_feature</INSD

Feature_ key>
<INSDFeature_;ocation>17</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qgql2">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>32</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="ql3">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>source</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="ql4">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>1..16</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="q29">

<INSDQualifier_pame>note</INSDQualifier_pame>
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<INSDQualifie:_value>DNA</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>18..31</INSDFeature_location>
<INSDFeature gquals>

<INSDQualifier id="g30">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>DNA</INSDQualifie;_Value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature 1
ocation>33..44</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="gq31">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie:_value>DNA</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeqg>

</SequenceData>

<SequenceData sequenceIDNumber="5">

<INSDSeqg>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>

<INSDSeq division>PAT</INSDSeq division>
<INSDSeq feature-table>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qlb5">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifier value>Ribo G template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeat

ure>

<INSDFeature_key>misc_feature</INSDFeature_key>
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<INSDFeature_;ocation>11</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qlé6">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>29</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="ql7">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>RNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_ﬁype</INSDQualifier_name>
<INsSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQua

lifier>

<INSDQualifier id="gl8">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>1..10</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="q32">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>DNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>12..28</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="q33">
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<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>DNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature key>misc__

feature</INSDFeature key>
<INSDFeature_;ocation>30..44</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="gq34">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>DNA</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="6">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>
<INSDSeq_division>PAT</INSDSeq_division>

<INSDSeq feature-table>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature gquals>

<INSDQualifier id="qgl9">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifier value>Control template</INSDQualifie:_value>
</INSDQualifier>

</INSDFe

ature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_name>mol_ﬁype</INSDQualifier_name>
<INSDQualifier value>other DNA</INSDQualifie:_value>
</INSDQualifier>

<INSDQualifier id="q20">
<INSDQualifier_pame>organism</INSDQualifier_pame>

<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
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</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

</8T26SequencelListing>

Pg. 143



Page 1 of 2

PO Box 1480

UNITED STATES oxangria, A ans o 1R
PATENT AND TRADEMARK OFFICE AN Yt topto G0
ELECTRONIC ACKNOWLEDGEMENT RECEIPT
APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
18/189,084 04/21/2023 02:42:36 PM ET 49217.4013/US02
Title of Invention
CLASSIFICATION OF NUCLEIC ACID TEMPLATES
Application Information
APPLICATION TYPE  Utility - Nonprovisional Application PATENT #
under 35 USC 111(a)
CONFIRMATION # 7958 FILED BY Sheila Gloss
PATENT CENTER # 61959489 FILING DATE
CUSTOMER # 34313 FIRST NAMED  Benjamin Flusberg
INVENTOR
CORRESPONDENCE - AUTHORIZED BY  Jennifer Ng
ADDRESS
Documents TOTAL DOCUMENTS: 2
DOCUMENTY PAGES  DESCRIPTION SIZE (KB}
49217 _4013US02 xmi - Sequence Listing (8T.26 XML 18 KB
File)
Warning: Please note that ST.23 and 5T.25 sequence iistings are required for
applications with a filing dale belore July 1, 2022
48217 4013U802 Preliminar 4 Prefiminary Amendment 128 KB
v.pdi
Digest
DOCUMENY MESSAGE DIGEST{SHA-S12)

Pg. 144



49217 _4013US02 amd

49217 _4013US802_FPreliminary.
it

This Acknowledgement Receipt evid
by the applicant, and in
desaribed in MPER 508

New Applications Under 35 U.8.0. T

# anew applicationis b
and MPEP 508}, a Fiii*‘,g Raceint
Racaint will estabiish

Mationa! Stage ©
H atimely submission o enter the v
371 and other appd

HT%
submission under 35 11L.8.C. 37

‘i)g’:{:c_js ?"1)."

aciuding pags counts, where applicabls, It serv

eing filedt and i application inciudes tha necessary components for fiing dale (see 87 CFR |
1.54) will ba issued in due course
application

.
\\J-’ C—- R

& Hiling dale of the

ational Qidf}9 OE
ab:w sequ--ﬂ"}oz is a Form PCT
will be issue

Page 2 of 2

E4AGEODCTCA484058B0E45FACAZBEEEFAABASDOOTOT112C050
2ABEATOR033CCRB44C37HIG7EABRECDESR48558R 1008807 3A8
19EOFBRIETER4224745F 380248000

SEBCATARSTRECITCCIEFOABARTCDERTREOFI4TERDASZDECECY
DDAFGSS7R7FDMSBDOFOCFDDFBATI4DTBERCCEARSDT 14805
AB1Z261FBOAAGIADSOI0CEE48B22051834

eipt on the noted date by the USPTO of the indicat J

/es as evidence of receipt sim

ocuiments, characierize
arto a Post Card, as

>

in
o]
(o2

B3(bi-(d)

& and the dale shown on this Acknowledgemen

=

 an international Application under 38 US.C. 3™

s intsrnational application is compliant with the conditions of 35 .80
AICHEOQMBGS indh c-i ng accagiance of tha apglication as a naiss:mai stage
in addition 10 the Féing Recsipt, in dus courss

Now International Application Fllad with the USPTO as a Recelving Qffies

{ a new inbarmadion
international filing date (se
international Fiiir*@; Date {(Farm PCT/R
and the date shown on thi

|
s

al application s baing Had and the
e POT Article 1

international apph iy includes the nacassary components for an
1 and MPERP 1810}, a Notifization of the International Application Number and of the

W3/108) will be issued in due course, subject to preseriptions concerning national sacurily,

Acknowledgement Raceipl will esliablish the internationad filing date ¢

tihe uppis(..alsan‘

Pg. 145



PATENT
Attorney Docket No.: 49217.4013/US02
Client Ref.: 01-008712US

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of: Examiner: not yet assigned
Flusberg et al. Art Unit: not yet assigned

U.S. Serial No.: 18/189,084 Confirmation No.: 7958

Filing Date: March 23,2023 Attorney Docket: 49217.4013/US02

For: CLASSIFICATION OF NUCLEIC
ACID TEMPLATES

Via Patent Center
Commissioner for Patents

PRELIMINARY AMENDMENT

Commissioner:

Responsive to the “Sequence Listing in Computer Readable Format is Defective”
mailed March 28, 2023 and prior to examination of the application, the Applicant

respectfully requests entry of the following amendments and remarks.

Amendments to the Specification begin on page 2 of this paper.

Amendments to the Sequence Listing begin on page 3 of this paper.

Remarks begin on page 4 of this paper.

Pg. 146



Attorney Docket No.: 49217.4013/US02
Preliminary Amendment

Amendments to the Specification

Please amend paragraph [0003] of the specification as follows:

[0003] The instant application contains a Sequence Listing which has been submitted
electronically in XML format and is hereby incorporated by reference in its entirety. The XML

copy, created on Eebraary24;2623 April 19, 2023, is named 49217 4013US02 xml and is
16,130 bytes in size.
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Attorney Docket No.: 49217.4013/US02
Preliminary Amendment

Amendments to the Sequence Listing

Please replace the Sequence Listing submitted March 23, 2023 with the Sequence Listing
submitted herewith. No new matter has been added, and thus entry of this amendment is

respectfully requested.
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Attorney Docket No.: 49217.4013/US02
Preliminary Amendment

REMARKS

Responsive to the “Sequence Listing in Computer Readable Format is Defective” mailed
March 28, 2023, Applicant (1) submits herewith a revised Sequence Listing in which the errors
identified therein have been corrected; and (2) amends the Sequence Listing paragraph on page 1
of the Specification to correctly identify the revised file name and creation date. No new matter

has been added, and thus entry of the amendments is respectfully requested.

Except for the issue fees payable under 37 C.F R § 1.18, the Commissioner is authorized
to charge any additional required fees, including fees for extensions of time, or credit any
overpayment to Orrick, Herrington & Sutcliffe LLP Deposit Account No. 15-0665 (File No.:
49217.4013/US02). This paragraph is intended to be a constructive petition for extension of time
in accordance with 37 C.F R. § 1.136(a)(3).

Please direct any calls in connection with this application to the undersigned at (415)

773-5727.

Respectfully submitted,

ORRICK, HERRINGTON & SUTCLIFFE LLP

Dated:  April 21, 2023 /Jennifer K. Ng/
Orrick, Herrington & Sutcliffe LLP Jennifer K. Ng, Reg. No. 70,938
2050 Main Street, Suite 1100 for Gargi Talukder, Reg. No. 61,368

Irvine, CA 92614-8255
Tel: 949-567-6700

Fax: 949-567-6710
Customer Number: 34313

4128-4081-1077.1
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Doc Code - SEQ.XML
WIPO Type Code -

SLIC Placeholder Sheet for P-ELP (CMS) Content

Application Number: 18189084 Document Date: 04/21/2023

The presence of this form in the CMS record indicates that the following document type was
received in electronic format on the date identified above. This content is stored in CMS.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist.

Sequence Listing

At the time of document entry (noted above):
e USPTO employees may access CMS content via DAV or via the SLIC web page.

e External customers may access CMS content via PAIR/Patent Center Retrieval using the
Supplemental Content tab.

Form Revision Date: 07 January 2022
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Sequence Listing Report for Application No: 18189084

File Name: 18189084 1 1.xml (11767 B), Created: March 24, 2023, 03:41 PM
USPTO Receipt Date: March 23, 2023, 06:37 PM

Validation Date: March 24, 2023, 03:41 PM

Reviewed by: NLZbJdE5uKOAgxu8NS3SzMgOrZmtbgAviG]

DEFECTIVE: This validation report concerns the sequence listing filed 03-23-2023
18:37:26 and indicates the errors found by the USPTO during wvalidation of the sequence
listing. Any resolution of the errors identified in this wvalidation report should not
be construed as meaning that the sequence listing will comply with all of the
requirements of 37 CFR §§ 1.821- 1.825, WIPO Standard 3T.25, 37 CFR §§ 1.831-1.835 and
1.832, or WIPO Standard ST.26.

For any sequence listing related questions or concerns, the Applicant is invited to
contact the USPTO Sequence Help Desk at 571-272-2510 or SsguenceHelpleskdUIbTo. ooy

Reviewer's Comments

Example of error in SEQ ID NO 1:

15
misc feature
- note = Adenosine
31
misc feature
note = Adenosine

It is not clear if this sequence is a DNA/RNA hybrid molecule. The "moltype" is DNA,
but "Adenosine™ at position 15 and 31 indicate they are RNA molecules at these
positions. If it is a DNA/RNA hybrid sequence, the sequence must be included in the
sequence listing with the molecule type “DNA”, and the value for the mandatory

Ymol type” qualifier of the “source” feature key is “other DNA”. WIRQ Standexd 8T.2%,
paragraph 55, specifically requires that “[e]ach DNA and RNA segment of the combined
DNA/RNA molecule must be further described with the feature key “misc feature” and the
qualifier “note”, which indicates whether the segment is DNA or RNA.” Thus, in a
DNA/RNA hybrid molecule, the DNA segments must be indicated with a “misc feature”
despite the fact that the molecule type is DNA. This will ensure a complete and
accurate description of every segment in the molecule.

Please correct similar errors in other SEQ ID NOs.
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Validated By CRFValidator v 1.5.0

Application No: 18189084 Version No: 1.1
CRF Copy Request from application Version :
Input Set: /slic/CRF_WORKFLOW/18/189/084/1.1/report_18189084_1_1.x
ml
Output Set: /slic/CRF_WORKFLOW/18/189/084/1.1/report_18189084_1 1.x
ml.pdf

Started: 2023-03-24 15:41:23.000

Finished: 2023-03-24 15:41:44.172
Elapsed: 0 hr(s) 0 min(s) 21 sec(s) 172 ms
Total Warnings: 0
Total Errors: 0
No. of SeqIDs Defined: 6
Actual SeqlID Count: 6
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<?xml version="1.0" encoding="UTF-8"7?>

<!DOCTYPE ST26Sequencelisting PUBLIC "-//WIPO//DTD Sequence Listing 1.3//EN"
"ST26Sequencelisting V1 _3.dtd">

<ST26Sequencelisting originalFreeTextLanguageCode="en" dtdVersion="V1l_ 3"
fileName="PacBio 4013.xml" softwareName="WIPO Sequence" softwareVersion="2.2.0"
productionDate="2023-02-24">

<ApplicationIdentification>

<IPOfficeCode>US</IPOfficeCode>
<ApplicationNumberText>18/189,084</ApplicationNumberText>
<FilingDate>2023-03-23</FilingDate>
</ApplicationIdentification>
<ApplicantFileReference>49217_4013</ApplicantFileReference>
<EarliestPriorityApplicationIdentification>
<IPOfficeCode>UsS</IPOfficeCode>
<ApplicationNumberText>61/201,551</ApplicationNumberText>
<FilingDate>2008-12-11</FilingDate>
</EarliestPriorityApplicationIdentification>

<ApplicantName languageCode="en">Pacific Biosciences of California,
Inc.</ApplicantName>

<InventionTitle languageCode="en">Classification of Nucleic Acid
Templates</InventionTitle>

<SequenceTotalQuantity>6</Seq

uenceTotalQuantity>

<SequenceData sequenceIDNumber="1">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>
<INSDSeq_division>PAT</INSDSeq_division>

<INSDSeq_ feature-table>

<INSDFeature>

<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>

<INSDFeature quals>

<INSDQualifier id="ql">
<INSDQualifier_pame>note</INSDQualifier_pame>

<INSDQualifier wvalue>Ribo A template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>15</INSDFeature_;ocation>

<INSDFeature quals>

<INSDQualifier id="q2">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifie;_value>Adenosine</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>
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</INSDFeature>

<INSDFeature>

<INSDFeature key>misc fe

ature</INSDFeature key>
<INSDFeature_location>31</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="q3">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>Adenosine</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier wvalue>other DNA</INSDQualifie:_value>
</INSDQualifier>

<INSDQualifier id="q4">
<INSDQualifier_name>organism</INSDQualifier_name>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

<Sequen

ceData sequenceIDNumber="2">

<INSDSeqg>

<INSDSeq length>36</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>

<INSDSeq division>PAT</INSDSeq division>

<INSDSeq feature-table>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>1..36</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="gb5">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifier value>Complement to Ribo A, C, U, and G, templates; complement to
control template</INSDQualifier value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>
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<INSDFeature>

<INSDFeature key>source</INSDFeature key>
<INSDFeature_;ocation>1..36</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="g6é6">
<INSDQualifier_pame>organism</I

NSDQualifier name>

<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ttccgcctatgcatggtcgatcaagtatgcccgagt</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="3">

<INSDSeq>

<INSDSeq length>44</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>

<INSDSeq division>PAT</INSDSeq division>

<INSDSeq feature-table>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="gq7">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifier value>Ribo C template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>16</INSDFeature_;ocation>
<INSD

Feature_ gquals>

<INSDQualifier id="gq8">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie:_value>Cytidine</INSDQualifier;value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
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<INSDFeature_;ocation>30</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="q9">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>Cytidine</INSDQualifier;value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>source</INSDFeature_key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier wvalue>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="qlO">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQuali

fier value>synthetic construct</INSDQualifier value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

</INSDSeq feature-table>
<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>
</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="4">

<INSDSeqg>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>
<INSDSeq_division>PAT</INSDSeq_division>

<INSDSeq_ feature-table>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qll">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifier value>Ribo U template</INSDQualifier_yalue>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>17</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQ
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uvalifier id="gl2">
<INSDQualifier_pame>note</INSDQualifier_name>
<INSDQualifie;_value>Uridine</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_;ocation>32</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="qgl3">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifie;_value>Uridine</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_name>mol_ﬁype</INSDQualifier_name>

<INSDQualifier wvalue>other DNA</INSDQualifie:_value>

</INSDQualifier>

<INSDQualifier id="ql4">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQualifier wvalue>synthetic constru
ct</INSDQualifier value>

</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

</INSDSeq feature-table>

<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>

</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="5">

<INSDSeqg>

<INSDSeq_ length>44</INSDSeq length>

<INSDSeq moltype>DNA</INSDSeq moltype>
<INSDSeq_division>PAT</INSDSeq_division>
<INSDSeq feature-table>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="ql5">

<INSDQualifier_pame>note</INSDQualifier_pame>

<INSDQualifier wvalue>Ribo G template</INSDQualifier_yalue>
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</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>misc_feature</INSDFeature_key>
<INSDFeature_location>11</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="glé">

<

INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie;_value>Guanosine</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>misc_feature</INSDFeature_ key>
<INSDFeature_;ocation>29</INSDFeature_;ocation>
<INSDFeature quals>

<INSDQualifier id="ql7">
<INSDQualifier_name>note</INSDQualifier_name>
<INSDQualifie:_value>Guanosine</INSDQualifie:_value>
</INSDQualifier>

</INSDFeature quals>

</INSDFeature>

<INSDFeature>
<INSDFeature_key>source</INSDFeature_key>
<INSDFeature_location>1..44</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier>
<INSDQualifier_pame>mol_type</INSDQualifier_pame>
<INSDQualifier value>other DNA</INSDQualifie;_value>
</INSDQualifier>

<INSDQualifier id="qgl8">
<INSDQualifier_pame>organism</INSDQualifier_pame>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>

</INSDQualifier>
</INSDFeature quals>
</INSDFeature>
</INSDSeq feature-table>

<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>

</INSDSeq>

</SequenceData>

<SequenceData sequenceIDNumber="6">
<INSDSeq>

<INSDSeq length>44</INSDSeq length>
<INSDSeq_moltype>DNA</INSDSeq_moltype>
<INSDSeq_division>PAT</INSDSeq_division>
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<INSDSeq feature-table>

<INSDFeature>
<INSDFeature key>misc feature</INSDFeature key>
<INSDFeature_location>1..44</INSDFeature_location>
<INSDFeature quals>

<INSDQualifier id="ql9">
<INSDQualifier_pame>note</INSDQualifier_pame>
<INSDQualifier value>Control template</INSDQualifie;_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

<INSDFeature>

<INSDFeature_ key>source</INSDFeature key>
<INSDFeature_;ocation>1..44</INSDFeature_;ocation>
<INSDFeature_ quals>

<INSDQualifier>
<INSDQualifier name>mol type</INSDQu

alifier name>

<INSDQualifier wvalue>other DNA</INSDQualifie:_value>
</INSDQualifier>

<INSDQualifier id="q20">
<INSDQualifier_name>organism</INSDQualifier_name>
<INSDQualifier wvalue>synthetic construct</INSDQualifier_value>
</INSDQualifier>

</INSDFeature_quals>

</INSDFeature>

</INSDSeq feature-table>

<INSDSeq;sequence>ccagactcgggcatacttgatcgaccatgcataggcggaacaac</INSDSeq;sequence>

</INSDSeq>
</SequenceData>
</8T26SequencelListing>
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PTO/AIA/15 (10-17)

Approved for use through 05/31/2024. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number.

4 UTILITY
PATENT APPLICATION
TRANSMITTAL

k (Only for new nonprovisional applications under 37 CFR 1.53(b}}

Attorney Docket No.  [49217.4013/US02
First Named Inventor Benjamin F|USberg
Title CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Priority Mail Express®
Label No.

_/

APPLICATION ELEMENTS

See MPEP chapter 600 concerning utility patent application contents.

ADDRESS TO:

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

1. |:| Fee Transmittal Form
(PTO/SB/17 or equivalent)

2. I:' Applicant asserts small entity status.
See 37 CFR 1.27

3. I:' Applicant certifies micro entity status. See 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.

4, Specification [Total Pages 111 ]
Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a) for information on the preferred arrangement}

5. Drawing(s) (35 U.S.C. 113) [Total Sheets 28 ]

6. Inventor’s Oath or Declaration [Total Pages 11
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e})

a. I:' Newly executed (original or copy)
b. A copy from a prior application (37 CFR 1.63(d))

7. Application Data Sheet  * See note below.
See 37 CFR 1.76 (PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R
in duplicate, large table, or Computer Program (Appendix)

I:' Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. Computer Readable Form (CRF)
b.|:| Specification Sequence Listing on:
i |:| CD-ROM or CD-R (2 copies); or

ii.I:l Paper

c. I:l Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

10. I:l Assignment Papers
(cover sheet & document(s))
Name of Assignee

11. |:| 37 CFR 3.73(c) Statement |:| Power of Attorney
(when there is an assignee)

12. l:' English Translation Document

(if applicable)

13. l:' Information Disclosure Statement
(PTO/SB/08 or PTO-1449)

I:l Copies of citations attached
14. l:' Preliminary Amendment

15. l:' Return Receipt Postcard
(MPEP § 503) (Should be specifically itemized)

16. l:' Certified Copy of Priority Document(s)
(if foreign priority is claimed)

17. l:' Nonpublication Request
Under 35 U.S.C. 122(b){(2){B){i). Applicant must attach form PTO/SB/35

or equivalent.

18. Other: Track 1 Request

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet (ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number; 34313

OR I:' Correspondence address below
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Zip Code

Country Telephone

Email
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Jennifer K. Ng
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(Attorney/Agent) 70 ’ 938

A Federal agency may not conduct or sponsor, and a person is not required to respond to, nor shall a person be subject to a penalty for failure to comply with an
information collection subject to the requirements of the Paperwork Reduction Act of 1995, unless the information collection has a currently valid OMB Control
Number. The OMB Control Number for this information collection is 0651-0032. Public burden for this form is estimated to average 12 minutes per response, including
the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the information
collection. Send comments regarding this burden estimate or any other aspect of this information collection, including suggestions for reducing this burden to the Chief
Administrative Officer, United States Patent and Trademark Office, P.0. Box 1450, Alexandria, VA 22313-1450 or email InformationCollection@uspto.gov. DO NOT
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. If filing this completed form by mail, send to: Commissioner for Patents, P.O. Box 1450, Alexandria, VA

22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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PO Box 1450

UNITED STATES ‘ Alexangr 22313 - 1450
PATENT AND TRADEMARK OFFICE T e usplo.gov
APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
18/18%,084 03/23/2023 083726 PM EY 49217 4 3USE2
Title of Invention
CLASSHIFICATION OF NUCLEIC ACID TEMPLATES
Application Information
APPLICATION TYPE Uity - f\,gi’}pyr}\,;\ anal Appifcation PATENT # -
under 35 USC 111(a)
CONFIRMATION # 7958 FILED BY Sheila Gloss
PATENT CENTER # §1748757 AUTHORIZED BY .janifar Ng
CUSTOMER # 234313 FILING DATE
CORRESPONDENCE - FIRST NAMED  Renjamin Flusharg
ADDRESS INVENTOR
Payment Information
PAYMENT METHOD PAYMENT TRANSACTION ID PAYMENT AUTHORIZED BY
B8 7180665 E30233MMI8408300 Shalla Gloss
PRE-AUTHORIZED ACCOUNT PRE-AUTHORIZED CATEGORY
180888 F¥ OFR 117 (Patent application and reexamination processing fees); 37 CFR

1.21 (Miscellaneous fees and chargses)

FEE CODE DESCRIPTION ITEM PRICE($) QUANTITY ITEM TOTAL($)
1830 PF’Q””E SING FEE, EXCEPTIN 140.00 1 140,00

PROVISIONAL APPLICATIONS

817 RECQUEST FOR PRIORITIEE 4200.60 1 4260 .00
EXAMINATION

T UTHITY PATENT APPL. SEARCH TO0.G0 1 700.00
FEE

1011 BARIC F'EUN FEE - UTILITY (PAPER 32000 1 320.00

FILING ALSO BEQLIBRES NON-
FLECTRONIC FHLING FEE UNDER
18T

f

Pg. 161



Page 2 of 2

13711 PATENT APPL. EXAMINATION FEE 3000 1 800,00
1081 UTHATY APPL. BIZE FtE = THAN 100 420.00 1 42000

PAGES (FEE X PAGES »= 101 IN 80
FAGE SN SREMENTS]

1ege EACH CLAIM IN EXCERS OF 20 HLIRED H

)
o]
oo

s

TOTAL §7.580.00
AMOUNT:

g

his Ackrowlsdgaement Receipt svidences recsipt on the noted date by the USPTD of the indicaled documenis, characierized
oy he apolicant, and including '
dascriped in MPERP 508

eh

sharg applicable. it serves ag evidence of receipt similar o a Post Card, as

New Applications Under 35 US.C. 111

i g new application is being Hlsd and the applicalion inciudes the necessary componends for filing date (s
and MPEP 508), a Filing Receipt (37 OFR 1.54) wil he issued in due course and the dals shown on this
Raceipt will esla the filing dale of the application

"5 w

k" “chem@ i

National Stage of an intermnational Spplication under 38 US.C, 371
if a timaly submission to enter the natdional stags of an international apphcation is compliant with the conditions of 35 U.8.C.
371 and other applicable requirements a Farm PCT/A f’") EOANE indinating accaptance of the application as a national stags

subrmiasion under 35 ULB.C 871 will be igsuad in addition 1o the Fiing Recelpl, in due course.

New Infernational Application Filed with the USPTO as a Recelving Office

anew é;‘aiemai‘ic‘-rmé apgiication is baing fled and the international application includes the nacessary cormponeants for an

irternational ing dale (see PCT Article 11 and MPEF 1810}, a Notdification of the Infermational Application Number and of the
International Filing Date (Form PCTAODI05) will be issued in due course, subject 1o K}i'@tﬁ::g)i!i}::\: concarning national securily,
and ihe date shown on this Acknowlsdgemant Rec u,:;i will sstablish the internationat filing date of the agpiiw eigh
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R0, Box 1450

UNITED STATES Aexandrin, VA 35000 1a5n
PATENT AND TRADEMARK OFFICE T e uento. goy
ELECTRONIC ACKNOWLEDGEMENT RECEIPT
APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
18/189,084 03/23/2023 06:37:26 PM ET 49217.4013/US02
Title of Invention
CLASSIFICATION OF NUCLEIC ACID TEMPLATES
Application Information
APPLICATION TYPE  Utility - Nonprovisional Application PATENT #
under 35 USC 111(a)
CONFIRMATION # 7958 FILED BY Sheila Gloss
PATENT CENTER # 61796757 FILING DATE
CUSTOMER # 34313 FIRST NAMED  Benjamin Flusberg
INVENTOR
CORRESPONDENCE - AUTHORIZED BY  Jennifer Ng
ADDRESS
Documents TOTAL DOCUMENTS: 7
DOCOUMENTY RFAGES  DESCRIPTION SIZE (KB
449217 _4013U802_ADS pdf 12 Application Data Sheet S180 KB
49217 4013US02_TRKIRaq 2 Track One Request 112 KB
uast.pdt
49217 4013US02 Transmitt i Transmitial of New Applicatlio 488 KB
al.pdt
14863133 Declarations. PLOR 1 Oath or Declaration filed 520 KB
44217 _4013US02_Specificat 111 Specification 729 KB
on.pdi
489217 4013USO1_Figures.p 28 Urawings-only Mack and white 1434 KB
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oif fine drawings

482174013 - Sequence Listing {(5T.26 XML 11 KB
Filel

Digest

DOOUMERNT MESSAGE DIGEST{SHA-SZ)

49217 4013US02_ADS pdl SBRZCAAQZEFIOESTIF3R322A0RRE7OF4ABROLF10540CEESTS

BODAG050025CE42030AFEE22 100 FALGBDERLY ,53\3 O64BRE3AE
3G48ER7EDFOTREGRDTH08CCETE08E

49217 _4013US02_TRK1Reque  DBESVB43CCOFCEFATTARSB416BUR4FIF384 1 FOUATECATFEASRD
todt SAETEOVDGDRZEDCOLGOAZETRFETDOSE3SARBAFBE22068F4B24
DRO7AZRUBLC4CAZEEEERTERTEDLE3E03

Q?

49217 _4013US02_Tranamiltal, FOBST1S0D0AR1880DG4ECADI420BEAERBEZI6FE20E20E38E0E
pdf SEFZAZIE0ARSEBORSER2COCDEET2OCNE4ER8D446312FDOAS
214427188021743814913048FBC282

14863133 _Declarations . FOF SFECFEBEZESCEZ4TBOEADARSBDOSATICE01 602221 5B8CHF AR
D04D2DE4TDO384DCC202EF2ABSDONOEETFICS787RTRBCCEEE

E403804352212700BATBARAASTRET4AD

49217 _4013US02_Specilication BRSSBE4TOFTROOBFTAZT4FFOFB4TTIEROCETTA4ZOEECHEFDF
e QESBTCAZBLET4CORDERRTCF104E1ATA7BREEOEATABOABRILED
SACHESEACEFBDECFISO3EASRTDECC

£y

49217 _A013USH_Figures.pdf FOROCO7EG07BCIODTIFR4ATACEI08747EDOBESASSTEDAARBERO
1D105074B0T7ASRETFBAF0TC2152CEOCEOS D BEFDEAT4302E
SES043GEEFT4FSATZ2AZ0480808F 6

49217 _ 4013 xmi OFBAEFAZETEB4A07I98742C I FBAAZRZRY 3{}1&”%5(}4?{4&35"“
40C0AB2EERB183T41FBZ373CCH 14530520880 800042410150

A7ABBESERESESARERCOZTEEDERF28]

his Acknowledgerent Recaipt evidances racaint on the notad dale by the USPTO of the indicated documents, characierizad
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~

by the applicant, and including page counts, where ap
describred in MPEP 504

ie. It serves as evidence of receipt similar 1o a Post Card, as

New Applications Under 35 LS.C, 111

i anew application is being fled and the application inciudas the necessary componanis for filing date (see 37 CFR 1.583{(b)-(dh
Filing Receipt (87 GFR1.54) will ba issued in dus courss and the date shown on this Acknowledgement

h the filing dale of the application

\

National Sia gg of an nternational Appleation under 35 US.E. 371

& imely submission o enter the national slage of an s*terrai-ur‘ it application s compliant wilh the conditions of 35 U.8.C.
371 and othe swpisrab- requiremenis a Form POT/DO/EG/R03 i acceptancs of the application a5 a national stage
% SRION und@: 35 UB.8.C. 371 will he issued in addition o ih{- Fiiing Reacsipt, in dus cowrsa.

cali

ulry

s

New international Applicadion Filed with the USPTO as a Recsiving Office
H g new international application is hein j§i ed and the infernational application includes the necessary compor

nternational filing date {(ses PCT Article 11 and MFER 1810}, a Notification of the Infernational Appli hc.ior MNumbes iof the
International Filing Date (Form PCT/ROTES will be issuad in due course, subject to prescriptions concarning national securty,
and the daiﬁ shown on this Acknowledgerment Receint will eslablish the infernational filing dale of the application.
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Doc Code: TRACK1.REQ

Document Description: TrackOne Request
PTO/AIAM424 (D4-14)

CERTIFICATION AND REQUEST FOR PRIORITIZED EXAMINATION
UNDER 37 CFR 1.102(e) (Page 1 of 1)

First Named

Frs Nar Benjamin Flusberg Itlr?;vsrr]c;:visional Apglication Number (if
e ot CLASSIFICATION OF NUCLEIC ACID TEMPLATES

APPLICANT HEREBY CERTIFIES THE FOLLOWING AND REQUESTS PRIORITIZED EXAMINATION FOR
THE ABOVE-IDENTIFIED APPLICATION.

1. The processing fee set forth in 37 CFR 1.17(i)(1) and the prioritized examination fee set forth in
37 CFR 1.17(c) have been filed with the request. The publication fee requirement is met
because that fee, set forth in 37 CFR 1.18(d), is currently $0. The basic filing fee, search fee,
and examination fee are filed with the request or have been already been paid. | understand
that any required excess claims fees or application size fee must be paid for the application.

2. lunderstand that the application may not contain, or be amended to contain, more than four
independent claims, more than thirty total claims, or any multiple dependent claims, and that
any request for an extension of time will cause an outstanding Track | request to be dismissed.

3. The applicable box is checked below:

L Original Application (Track One) - Prioritized Examination under § 1.102(e}{1)

i. (a) The application is an criginal nonprovisional utility application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the utility application via EFS-Web.
—-OR---
(b} The application is an criginal nonprovisional plant application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the plant application in paper.

ii. An executed inventor's oath or declaration under 37 CFR 1.63 or 37 CFR 1.64 for each
inventor, or the application data sheet meeting the conditions specified in 37 CFR 1.53(f)(3)(i) is
filed with the application.

. || Request for Continued Examination - Prioritized Examination under § 1.102(e)(2)

i. Arequest for continued examination has been filed with, or prior to, this form.

ii. If the application is a utility application, this certification and request is being filed via EFS-Web.

iii. The application is an criginal nonprovisional utility application filed under 35 U.S.C. 111{a), oris
a national stage entry under 35 U.S.C. 371.

iv. This certification and request is being filed prior to the mailing of a first Office action responsive
to the request for continued examination.

v. No prior request for continued examination has been granted prioritized examination status
under 37 CFR 1.102(e)(2).

snatre 1JENNITEr K. Ng/ . March 23, 2023
EmmpegdENNIfEr K. Ng P umber / 0930

Note: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications.
Submit muttiple forms if more than one signature is required.*

forms are submitted.

D *Total of
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements of
the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b){2); (2)
furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the
U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or
patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not be able to
process and/or examine your submission, which may result in termination of proceedings or abandonment of the
application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act {5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from
the Member with respect to the subject matter of the record.

4.  Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U_.S.C. 181) and for review pursuant to the Atomic Energy Act (42 US.C.
218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under authority of
44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing
inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such
disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.8.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record
was filed in an application which became abandoned or in which the proceedings were terminated and which
application is referenced by either a published application, an application open to public inspection or an issued
patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Serial No.: 14/863,133
Declaration

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Title of Invention | IDENTIFICATION OF NUCLEIC ACID TEMPLATE-LINKED BARCODES
COMPRISING NUCLEIC ACID MODIFICATIONS (AS AMENDED)

As the below named inventor(s), I/we declare that:

This declaration is directed to:

0 The attached application, or
x] Application No. _14/863,133 , filed on September 23, 2015
O as amended on (if applicable)

The above-identified application was made or authorized to be made by me/us.
I/we believe that I/we am/are the original inventor/original joint inventors of a claimed invention in the application;

I/we acknowledge the duty to disclose to the United States Patent and Trademark Office all information known to
me/us to be material to patentability as defined in 37 CFR 1.56.

I/we hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.S.C.
1001 by fine or imprisonment of not more than five {3} years, ot both.

FULL NAME OF INVENTOR(S)
Inventor one: Benjamin Flusberg Date: 3/ g } Zo| 9
! % -
Signature: \ 24 :1( /Q}"-/ﬂ———————ehizen of: United States
o— i (/ /
Inventor two: Jonas Korlach Date:
Signature: Citizen of: _United States
Inventor three: Jeffrey Wegener Date:
Signature: Citizen of: _United States
Inventor four: Tyson A. Clark Date:
Signature: ‘k Citizen of: _United States
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Serial No.: 14/863,133
Declaration

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Title of Invention | IDENTIFICATION OF NUCLEIC ACID TEMPLATE-LINKED BARCODES
COMPRISING NUCLEIC ACID MODIFICATIONS (AS AMENDED)

As the below named inventor(s), I/we declare that:

This declaration is directed to:

] The attached application, or
Application No. _14/863.133 , filed on September 23, 2015
] as amended on (if applicable)

The above-identified application was made or authorized to be made by me/us.
I/we believe that I/we am/are the original inventor/original joint inventors of a claimed invention in the application;

I/we acknowledge the duty to disclose to the United States Patent and Trademark Office all information known to
me/us to be material to patentability as defined in 37 CFR 1.56.

I/we hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.S.C.
1001 by fine or imprisonment of not more than five (5) years, or both.

FULL NAME OF INVENTOR(S)

Inventor one: Benjamin Flusberg Date:
Signature: Citizen of: _United States
Inventor two: Jonas Korlach Date: 3/4/2019
Signature: (,7 Jenas %&% Citizen of: _ United States
\/ e
v
Inventor three: Jeffrey Wegener ‘ Date:
Signature: Citizen of: _ United States
Inventor four: Tyson A. Clark Date:
Signature: Citizen of: _United States
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Serial No.: 14/863,133
Declaration

Inventor five: Igor Drasko Vilfan Date:
Signature: Citizen of: _Republic of Slovenia
Inventor six: Andrey Kislyuk m Date: March 18, 2019
Signature: Citizen of: _United States
/Al
4

Inventor seven:  Stephen Tumer Date:
Signature: Citizen of: _United States
Inventor eight: Jon Sorenson Date:
Signature: Citizen of:  United States
Inventor nine: Kevin Travers Date:
Signature; Citizen of: _ United States
Inventor ten: Cheryl Heiner Date:
Signature: Citizen of: _ United States
Inventor eleven: Austin B. Tomaney Date:
Signature: Citizen of: _ United States
Inventor twelve: Patrick Marks Date:
Signature: Citizen of: Canada
Inventor thirteen: Jessica Lee Date:
Signature: Citizen of: _United States
Inventor fourteen: Lei Jia Date:

Citizen of: _ United States

Signature:
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Serial No.: 14/863,133

Beclaration
Inventor six: Andrey Kislyuk Date:
Stznature; Citizen off _United States
I |
Inventor seven; ..-Stephen Tugher Date: § % ) §-.’,<i..'>§ RS A

Signature:

&

Citizen oft

United States

Inventor sight;

Jon Sorenson

Date:

Signature:

Citizen of’

United States

Inventor nine: Kevin Travers Date:
Signature: Citizen off _United States
Inventor ten Cheryl Heiner Date:
Signature: Citizen off  United States-
fnventor eleven: Austin B. Tomaney Date:
Signature: Citizen of:  United States
Inventor twelve: Pairick Marks Date:
Citizenof:  Carada

Signature:

Inventor thirtsen:

Signature:

Jessica Lee

Date:

Citizen of:

United States

Inventor fourteen:

kLei Jia

Date;

Signature: Citizen of: _People’s Republic of China
Inventor fifteen: Dale Webster Date:
Signature: Citizen oft _ LUnited States

Inventor sixteen:

Signature:

John Lyle

Date:

Citizen of:

United States
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Serial No.: 14/863,133
Declaration

Signature: Citizen of: _Repubiic of Slovenia
Inventor six: Andrey Kislyuk Date:
Signature: Citizen of: _United States
Inventor seven: __ Stephen Tumer Date:
Signature: Citizen of: _United States
N
Inventor eight: An Sorlnson /\ Date: 3 / 1 / | 0\
H 1
Signature: \ / S L\\Dﬂ"‘\f\ Citizen of: United States
| -
Inventor nine: Kevin ‘}ravers Date:
[
Signature: Citizen of: _United States
Inventor ten: Cheryl Heiner Date:
Signature: Citizen of: _United States
Inventor eleven: Austin B. Tomaney Date:
Signature: Citizen of: United States
Inventor twelve: Patrick Marks Date:
Signature: Citizen of: _Canada
Inventor thirteen: Jessica Lee Date:
Signature: Citizen of: _United States
Inventor fourteen: Lei Jia Date:
Signature: Citizen of: _United States
Inventor fifteen: Dale Webster Date:
Signature: Citizen of:  United States
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Serial No.: 14/863,133

Declaration

Inventor six: Andrey Kislyuk Date:
Signature: Citizen of: _United States
Inventor seven:  Stephen Turner Date:
Signature: Citizen of: _United States
Inventor eight: Jon Sorenson Date:
Signature: ' Citizen of: _United States
Inventor nine: Kevin Travers Date: 3 // /&U) 9

/ 4
Signature: -;'Z:IZ——-——— Citizen of. _ United States
Inventor ten: Cheryl Heiner Date:
Signature: Citizen of: _ United States
Inventor eleven: Austin B. Tomaney Date:
Signature: Citizen of: _United States
Inventor twelve: Patrick Marks ' Date:
Signature: Citizen of: _Canada
Inventor thirteen: Jessica Lee Date:
Signature: Citizen of: _United States
Inventor fourteen: Lei Jia Date:
Signature: Citizen of: _United States
Inventor fifteen: Dale Webster Date:
Signature: Citizen of: _United States
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Serial No.; 14/863,133

Declaration

Inventor five:

Igor Drasko Vilfan

Date:

Signature: Citizen oft _Republic of Slovenia
Inventor six: Andrey Kislyuk Date:
Signature: Citizen of _United States

Inventor seven;

Stephen Tumer

Date:

Signature: Citizenoft _United States
Inventor eight: Jon Sorenson Date:
Signature: Chtizen off _United States
Inventor nine: Kevin Travers Date:

Signature:

Citizen oft  United States

Inventor tem: Chexyl Heiner Date: ‘?/}5‘,44?
ey
Signature: ?f"%?f“‘f AL Citizen of  United States
. -

Inventor eleven:

Austin B, Tomaney

Date:

Signature: Citizenn of:  United States
Inventor twelve: Patrick Marks Date:
Signature; Citizen oft _Canada

Inventor thirteen;

Signatuore:

Jessica Lee

Date:

Cittzen 6 United States

Inventor fourteen:

Signature:

Lei Jia

Date:

Citizen of:  United States
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Serial No.

: 14/863.133

Declaration

Inventor five:

Igor Drasko Vilfan

Date;

Signature:

Citizen of: _Republic of Slovenia

Inventor six:

Andrey Kislyuk

Date:

Signature:

Citizen of:  United States

Inventor seven:

Stephen Turner

Date:

Signature:

Citizen of:  United States

Inventor eight:

Jon Sorenson

Date:

Signature:

Citizen of:  United States

Inventor nine:

Kevin Travers

Date:

Signature:

Citizen of:  United States

Inventor ten:

Cheryl Heiner

Date:

Signature:

Citizen of:  United States

Inventor eleven:

Signature:

Austin B, Tomaney

pae: MAR 2L, 201q

!
bughjonar
LAY / “

Citizen of:  United States

Inventor twelve:

Signature:

Patrick Marks

Date:

Citizen of:  Canada

Inventor thirteen:

Signature:

Jessica Lee

Date:

Citizen of:  United States

Inventor fourteen:

Signature:

Lei Jia

Date:

Citizen of:  United States
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Serial No.: 14/863,133
Declaration

Inventor five: ‘ Igor Drasko Vilfan Date:

Signature: Citizen of: _Republic of Slovenia
Inventor six: Andrey Kislyuk Date:

Signature: Citizen of: _United States

Inventor seven:;  Stephen Turner

Date:

Citizen of:  United States

Signature:

Inventor eight: ; Jon Sorenson Date:

Signature: Citizen of: _United States

] ;

Inventor nine: . Kevin Travers Date:

Signature: Citizen of: Unifed States
Inventor ten: . Cheryl Heiner Date:

Signature: Citizen of: _United States
Inventor eleven; Austin B. Tomaney Date:

Signature: Citizen of: _United States

Inventor twelve§ Patrick Marks

Signature: %ﬁ\

//,4/1/\/\\

Date: 3/&6}/&0 /6{

Citizen of: Cané':lda

Inventor thirteex%): Jessica Lee Date:

Signature: Citizen of: _United States

Inventor fourteeh: Lei Jia Date:

Signature: Citizen of: _United States
T .

e
R

H—
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Serial No.; 14/863,133
Declaration

fiventor six:

Andrey Kishvuk

Date:

Signature:

Citizen of?

United States

Inventor seven:

Stephien Turner

Signature:

Citizen of

United States

Inventor eight:

Jon Sorenson

Date:

Signature:

Citizen of’

United States

{rventor nine:

Kevin Travers

Date:

Signature:

Citizen oft

United States

Iyventor ten:

Cheryl Heiner

Date:

Stguarure:

Citizen of?

Inventor eleven:

Stgnature:

Austin B, Tomanev

Date:

Citizen of:

United States

ventor twelve:

Siznawure:

Patrick Marks

Date:

Citizen of}

Canada

Inventor thirteen:

Signature:

Jessica Lee

alel

Citizen of

United States

Inventor fourteen:

Sranature:

Let lia

Date:

Citizen of:

Unired States

Inventor fifteen:

Signaure:

Dale Webster

Date: _%’/Z ?//Z"d’ (7

Citizen of:

United States

Pg. 177
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rial No.; 14/863,133
Declaration

Inventor fiftecn; Dale Webster Datet
Signature: Citizen of: _United States
. i i
Inventor sixteen: John Lyle Date: B et e
T

s ’ e v
Signature: A M«’ﬁg- W R
g

Citizenof  United States

P
i

Tnventor sevéntesin: Jeremiah Hanes

e
w‘.’_,..ﬁ"? 8

Y

. ey
AR AR AR AR A A
R

4
Signature:  { cofmatrspn S

Date; ~?/ f":fxzw £ c}«

Citizen of  United States

{3 Additional fnventors are being named on

additional form(s) autached hiereto.
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PTO/AIA/M 4 (01-22)

Approved for use through 05/31/2024. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid CMB control number.

) ) Attorney Docket Number | 49217.4013/US02
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | CLASSIFICATION OF NUCLEIC ACID TEMPLATES

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2:

[ Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

Inventor Information:

Remove
Inventor [1

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
[+ Benjamin Flusberg [+

Residence Information (Select One) e US Residency Non US Residency Active US Military Service

City | [Atianta State/Province | [GA | Country of Residencd | IS

Mailing Address of Inventor:

Address 1 b/o Pacific Biosciences of California, Inc.

Address 2 1305 O'Brien Drive

City | I\/Ienlo Park State/Province | |CA
Postal Code 04025 Countryi | us

Remove
Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix

+|| Ponas Korlach |
Resﬁience Information (Select One) (8 US Residency Non US Residency Active US Military Service -
City | [camas State/Province INA Country of Residencd | s

Mailing Address of Inventor:

Address 1 b/o Pacific Biosciences of California, Inc.

Address 2 1305 O'Brien Drive

City | I\/Ienlo Park State/Province | ICA

Postal Code 94025 Countryi | |US

Inventor 3

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
| It\ndrey Kislyuk B

Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service

Pg 179
EFS Web 2.2.13



PTO/AIA/M4 (01-22)
Approved for use through 05/31/2024. OMB 0651-0032
U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

. Attorney Docket Number | 49217.4013/US02
Application Data Sheet 37 CFR 1.76 —
Application Number
Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES
City | pan Ramon State/Province | [CA Country of Residencd | s

Mailing Address of Inventor:

Address 1 b/o Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | lVIenIo Park State/Province | |CA
Postal Code 94025 Countryi | |US
Inventor U4
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
| Blephen Irumer <
Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service
City | Ppeattle State/Province INA Country of Residencd | s
Mailing Address of Inventor:
Address 1 b/o Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | [Menlo Park State/Province | |CA
Postal Code 04025 Countryi | s
Inventor |5
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
-| Pon Borenson -
Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service
City |£\Iameda State/Province | [CA Country of Residence | S
Mailing Address of Inventor:
Address 1 bio Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | l\llenlo Park State/Province | ICA
Postal Code 94025 Countryi | |US
Inventor |6
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
E Kevin Il'ravers E
Residence Information (Select One) (®) US Residency Non US Residency Active US Military Service
City I\Ilenlo Park State/Province | [CA Country of Residencd | S Pg_1
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. Attorney Docket Number | 49217.4013/US02
Application Data Sheet 37 CFR 1.76 —
Application Number
Title of Invention | CLASSIFICATION OF NUCLEIC ACID TEMPLATES
Mailing Address of Inventor:
Address 1 bio Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | l\llenlo Park State/Province | |CA
Postal Code 94025 Countryi | |US
Inventor |7
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
| Cheryl Heiner |
Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service
City | a Honda State/Province | [CA Country of Residencd S
Mailing Address of Inventor:
Address 1 b/o Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | l\llenlo Park State/Province | |CA
Postal Code 04025 Countryi | s
Inventor B
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
+| JAwustin B. Il'omaney v
Residence Information (Select One) (®) US Residency Non US Residency Active US Military Service
City | Burlingame State/Province | [CA Country of Residencd | [US
Mailing Address of Inventor:
Address 1 b/o Pacific Biosciences of California, Inc.
Address 2 1305 O'Brien Drive
City | l\llenlo Park State/Province | ICA
Postal Code 94025 Countryi | |US
Inventor |9
Legal Name
Prefix| Given Name Middle Name Family Name Suffix
«| patrick Marks |
Residence Information (Select One) (®) US Residency Non US Residency Active US Military Service
City | [Ban Francisco State/Province | CA Country of Residencd | US
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Attorney Docket Number | 49217.4013/US02

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Mailing Address of Inventor:

Address 1 b/o Pacific Biosciences of California, Inc.

Address 2 1305 O'Brien Drive

City | [Menlo Park State/Province | ICA
Postal Code 04025 Countryi | [us

Inventor {10

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
-] bale INebster |

Residence Information (Select One) (®) US Residency Non US Residency Active US Military Service

City | |pan Mateo State/Province | [CA Country of Residencd | US

Mailing Address of Inventor:

Address 1 bio Pacific Biosciences of California, Inc.

Address 2 1305 O'Brien Drive

City | I\llenlo Park State/Province | ICA
Postal Code 94025 Countryi | |US

R
Inventor (11

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
+|| Peremiah Hanes |

Residence Information (Select One) (®) US Residency Non US Residency Active US Military Service

City | [Menlo Park State/Province | [cCA | Country of Residencd | IS

Mailing Address of Inventor:

Address 1 b/o Pacific Biosciences of California, Inc.

Address 2 1305 O'Brien Drive

City | I\/Ienlo Park State/Province | |CA
Postal Code 04025 Countryi | us

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button. Add

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number 34313

Email Address rpprosecution@orrick.com | AddEmail | [Remove Famail| 182
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Application Data Sheet 37 CFR 1.76

Attorney Docket Number

49217 4013/US02

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Application Information:

Title of the Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Attorney Docket Number| 49217.4013/US02 Small Entity Status Claimed [ |

Application Type Nonprovisional -
Subject Matter tility -

Total Number of Drawing Sheets (if any)

28

Suggested Figure for Publication (if any)

Filing By Reference:

Only complete this section when filing an applicaticn by reference under 35 U.S.C. 111(c) and 37 CFR 1.57{a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any demestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the descripticn and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a).

Application number of the previcusly

filed application

Filing date {YYYY-MM-DD)

Intellectual Property Authority or Country N

Publication Information:

[ ] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Req uest Not to Publish. | hereby request that the attached application not be published under

35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires

publication at eighteen months after filing.

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.

Please Select One:

e Customer Number

US Patent Practitioner

O Limited Recognition (37 CFR 11.9)

Customer Number

34313

EFS Web 2.2.13
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Application Data Sheet 37 CFR 1.76

Attorney Docket Number

49217 4013/US02

Application Number

Title of Invention

CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, 365(c), or 386(c) or indicate
National Stage entry from a PCT application. Providing benefit claim information in the Application Data Sheet constitutes
the specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78.

When referring to the current application, please leave the “Application Number” field blank.

Prior Application Status | Pending v Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
[Continuation of | 17003388 P020-08-26
Prior Application Status | Patented Remove
Application - Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
17003388 (Continuation of ~| (15278835 2016-09-28 10793903 2020-10-06
Prior Application Status | Patented - Remove
Application - Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
15278835 Continuation of | 14863133 2015-09-23 10294523 2019-05-01
Prior Application Status | Patented v
Application - Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
14863133 (Continuation of «| (12945767 2010-11-12 9175338 2015-11-03
Prior Application Status | Patented - Remove
Application .- Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
12945767 Continuation in part of ] 12635618 2009-12-10 9175341 2015-11-03
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
12635618 [Claims benefit of provisional | 61201551 2008-12-11
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
12635618 [Claims benefit of provisional ~| 61180350 2009-05-21
Prior Application Status | [Expired v Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
12635618 [Claims benefit of provisional | 61186661 2009-06-12
Additional Domestic Benefit/National Stage Data may be generated within this form
. Add
by selecting the Add button.
Fg. 138
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. Attorney Docket Number | 49217.4013/US02
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.8.C. 119(b) and 37 CFR 1.55. When pricrity is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX)I the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(i)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

Remove

Application Number Cc>untryi Filing Date (YYYY-MM-DD) Access Codé (if applicable)

Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.
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. Attorney Docket Number | 49217.4013/US02
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly signed and filed with the application, applicant has provided written
authority to permit a participating foreign intellectual property {IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office {(EPO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 below, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authorization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPQ), the Japan Patent Office
{(JPO), the Korean Intellectual Property Office (KIPQ), the State Intellectual Property Office of the People’s Republic of
China (SIPQO)}, the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related bibliographic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)

(1).

B. Search Results from U.S. Application to EPO - Unless box B in subsection 2 {opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2. Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s)

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
[ ] application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authorize the USPTO to transmit to the EPO any search results from the instant patent
[ ] application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.
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Attorney Docket Number | 49217.4013/US02

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant {1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {(assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

® Assignee Legal Representative under 35 U.S.C. 117 Joint Inventor

Person to whom the inventor is obligated to assign. Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

vI

Name of the Deceased or Legally Incapacitated Inventor:

If the Applicant is an Organization check here. X

Organization Name Pacific Biosciences of California, Inc.

Mailing Address Information For Applicant:

Address 1 1305 O'Brien Drive

Address 2

City enlo Park State/Province CA
Country | s Postal Code 94025
Phone Number Fax Number

Email Address

Additional Applicant Data may be generated within this form by selecting the Add button. Add

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title
37 of CFR to have an assighment recorded by the Office.

Pg. 187
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Attorney Docket Number | 49217.4013/US02

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

Assignee 1

Complete this section if assighee information, including non-applicant assignee information, is desired to be included on the patent
application publication. An assignee-applicant identified in the "Applicant Information™ section will appear on the patent application
publication as an applicant. For an assighee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. []

Prefix Given Name Middle Name Family Name Suffix
Mailing Address Information For Assignee including Non-Applicant Assignee:

Address 1

Address 2

City State/Province

Countryi Postal Code

Phone Number Fax Number

Email Address

Additional Assignee or Non-Applicant Assignee Data may be generated within this form by 2

selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14(c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
patent practitioner, all joint inventors who are the applicant, or one or mare joint inventor-applicants who have been given
power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature | /Jennifer Ng/ Date (YYYY-MM-DD)| [2023-03-23
First Name | Jennifer Last Name | Ng Registration Number | [70938
Additional Signature may be generated within this form by selecting the Add button. Add
Pg. 188
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Attorney Docket Number

49217 4013/US02

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention CLASSIFICATION OF NUCLEIC ACID TEMPLATES

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which

is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This

collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and

Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandna, VA 22313-1450. DO NOT SEND FEES OR

COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

EFS Web 2.2.13
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related tc a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.5.C. 2(b}(2); {2) furnishing of the informaticn solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject tc the following routine uses:

1

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.5.C. 552) and the Privacy
Act (5 US.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

Arecord in this system of reccerds may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect tc the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the Internaticnal Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.S.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations geverning inspection of
records for this purpose, and any other relevant (i.e,, GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.5.C.
122(b) or issuance of a patent pursuant to 35 US.C. 151. Further, a record may be disclesed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned cr in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.
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Attorney Docket No.: 49217.4013/US02
Client Ref.: 01-008712US

CLASSIFICATION OF NUCLEIC ACID TEMPLATES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation of U.S. Patent Application No. 17/003,388, filed
August 26, 2020, which is a continuation of U.S. Patent Application No. 15/278,835, filed
September 28, 2016, now U.S. Patent No. 10,793,903, which is a continuation of U.S. Patent
Application No. 14/863,133, filed September 23, 2015, now U.S. Patent No. 10,294,523, which is a
continuation of U.S. Patent Application No. 12/945,767, filed November 12, 2010, now U.S. Patent
No. 9,175,338, which is a continuation-in-part of U.S. Patent Application No. 12/635,618, filed
December 10, 2009, now U.S. Patent No. 9,175,341, which claims the benefit of Provisional U.S.
Patent Application No. 61/201,551, filed December 11, 2008; Provisional U.S. Patent Application
No. 61/180,350, filed May 21, 2009, and Provisional U.S. Patent Application No. 61/186,661, filed
June 12, 2009, the full disclosures of which are hereby incorporated herein by reference in their

entireties for all purposes.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] The U.S. government has a paid-up license in this invention and the right in limited
circumstances to require the patent owner to license others on reasonable terms as provided for by
the terms of Grant No. SRC2HG005618-02 awarded by the National Human Genome Research
Institute (NHGRI) of the National Institutes of Health (NIH).

SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing which has been submitted
electronically in XML format and is hereby incorporated by reference in its entirety. The XML
copy, created on February 24, 2023, is named 49217 4013 xml and is 11,583 bytes in size.

BACKGROUND OF THE INVENTION

[0004] Assays for analysis of biological processes are exploited for a variety of desired

applications. For example, monitoring the activity of key biological pathways can lead to a better
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understanding of the functioning of those systems as well as those factors that might disrupt the
proper functioning of those systems. In fact, various different disease states caused by operation or
disruption of specific biological pathways are the focus of much medical research. By
understanding these pathways, one can model approaches for affecting them to prevent the onset of
the disease or mitigate its effects once manifested.

[0005] A stereotypical example of the exploitation of biological process monitoring is in the
area of pharmaceutical research and development. In particular, therapeutically relevant biological
pathways, or individual steps or subsets of individual steps in those pathways, are often reproduced
or modeled in in vitro systems to facilitate analysis. By observing the progress of these steps or
whole pathways in the presence and absence of potential therapeutic compositions, e.g.,
pharmaceutical compounds or other materials, one can identify the ability of those compositions to
affect the in vitro system, and potentially beneficially affect an organism in which the pathway is
functioning in a detrimental way. By way of specific example, reversible methylation of the 5'
position of cytosine by methyltransferases is one of the most widely studied epigenetic
modifications. In mammals, 5-methylcytosine (5-MeC) frequently occurs at CpG dinucleotides,
which often cluster in regions called CpG islands that are at or near transcription start sites.
Methylation of cytosine in CpG islands can interfere with transcription factor binding and is
associated with transcription repression and gene regulation. In addition, DNA methylation is
known to be essential for mammalian development and has been associated with cancer and other
disease processes. Recently, a new S-hydroxymethylcytosine epigenetic marker has been identified
in certain cell types in the brain, suggesting that it plays a role in epigenetic control of neuronal
function (S. Kriaucionis, et al., Science 2009, 324(5929): 929-30, incorporated herein by reference
in its entirety for all purposes). Further information on cytosine methylation and its impact on gene
regulation, development, and disease processes is provided in the art, e.g., in A. Bird, Genes Dev
2002, /6, 6; M. Gardiner-Garden, et al., J Mol Biol 1987, 196, 261; S. Saxonov, et al., Proc Natl
Acad Sci U S A 2006, /03, 1412; R. Jaenisch, et al., Nat Genet 2003, 33 Suppl, 245; E. Li, et al .,
Cell 1992, 69, 915; A. Razin, et al., Hum Mol Genet 1995, 4 Spec No, 1751; P. A. Jones, et al., Nat
Rev Genet 2002, 3, 415; P. A. Jones, et al., Nat Genet 1999, 21/, 163; and K. D. Robertson, Nat Rev
Genet 20085, 6, 597, all of which are incorporated herein by reference in their entireties for all
purposes.

[0006] In contrast to determining a human genome, mapping of the human methylome is a

more complex task because the methylation status differs between tissue types, changes with age,
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and is altered by environmental factors (P. A. Jones, et al., Cancer Res 2005, 65, 11241,
incorporated herein by reference in its entirety for all purposes). Comprehensive, high-resolution
determination of genome-wide methylation patterns from a given sample has been challenging due
to the sample preparation demands and short read lengths characteristic of current DNA sequencing
technologies (K. R. Pomraning, et al., Methods 2009, 47, 142, incorporated herein by reference in
its entirety for all purposes).

[0007] Bisulfite sequencing is the current method of choice for single-nucleotide resolution
methylation profiling (S. Beck, et al., Trends Genet 2008, 24, 231; and S. J. Cokus, et al., Nature
2008, 452, 215, the disclosures of which are incorporated herein by reference in their entireties for
all purposes). Treatment of DNA with bisulfite converts unmethylated cytosine, but not 5-MeC, to
uracil (M. Frommer, et al., Proc Natl Acad Sci U S A 1992, 89, 1827, incorporated herein by
reference in its entirety for all purposes). The DNA is then amplified (which converts all uracils into
thymines) and subsequently analyzed with various methods, including microarray-based techniques
(R. S. Gitan, et al., Genome Res 2002, 12, 158, incorporated herein by reference in its entirety for
all purposes) or 2nd-generation sequencing (K. H. Taylor, et al., Cancer Res 2007, 67, 8511 ; and R.
Lister, et al., Cell 2008, 133, 523, both incorporated herein by reference in their entireties for all
purposes). While bisulfite-based techniques have greatly advanced the analysis of methylated DNA,
they also have several drawbacks. First, bisulfite sequencing requires a significant amount of
sample preparation time (K. R. Pomraning, et al., supra). Second, the harsh reaction conditions
necessary for complete conversion of unmethylated cytosine to uracil lead to degradation of DNA
(C. Grunau, et al., Nucleic Acids Res 2001, 29, E65, incorporated herein by reference in its entirety
for all purposes), and thus necessitate large starting amounts of the sample, which can be
problematic for some applications.

[0008] Furthermore, because bisulfite sequencing relies on either microarray or 2nd-
generation DNA sequencing technologies for its readout of methylation status, it also suffers from
the same limitations as do these methodologies. For array-based procedures, the reduction in
sequence complexity caused by bisulfite conversion makes it difficult to design enough unique
probes for genome-wide profiling (S. Beck, et al., supra). Most 2nd-generation DNA sequencing
techniques employ short reads and thus have difficulties aligning to highly repetitive genomic
regions (K. R. Pomraning, et al., supra). This is especially problematic, since many CpG islands
reside in such regions. Given these limitations, bisulfite sequencing is also not well suited for de

novo methylation profiling (S. Beck, et al., supra).
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[0009] In another widely used technique, methylated DNA immunoprecipitation (MeDIP),
an antibody against 5-MeC is used to enrich for methylated DNA sequences (M. Weber, et al., Nat
Genet 2005, 37, 853, incorporated herein by reference in its entirety for all purposes). MeDIP has
many advantageous attributes for genome-wide assessment of methylation status, but it does not
offer as high base resolution as bisulfite treatment-based methods. In addition, it is also hampered
by the same limitations of current microarray and 2nd-generation sequencing technologies.

[0010] Research efforts aimed at increasing our understanding of the human methylome
would benefit greatly from the development of a new methylation profiling technology that does not
suffer from the limitations described above. Accordingly, there exists a need for improved
techniques for detection of modifications in nucleic acid sequences, and particularly nucleic acid
methylation.

[0011] Typically, modeled biological systems rely on bulk reactions that ascertain general
trends of biological reactions and provide indications of how such bulk systems react to different
effectors. While such systems are useful as models of bulk reactions in vivo, a substantial amount of
information is lost in the averaging of these bulk reaction results. In particular, the activity of and
effects on individual molecular complexes cannot generally be teased out of such bulk data
collection strategies.

[0012] Single-molecule real-time analysis of nucleic acid synthesis has been shown to
provide powerful advantages over nucleic acid synthesis monitoring that is commonly exploited in
sequencing processes. In particular, by concurrently monitoring the synthesis process of nucleic
acid polymerases as they work in replicating nucleic acids, one gains advantages of a system that
has been perfected over millions of years of evolution. In particular, the natural DNA synthesis
processes provide the ability to replicate whole genomes in extremely short periods of time, and do
so with an extremely high level of fidelity to the underlying template being replicated.

[0013] The present invention is directed to a variety of different single-molecule real-time
analyses for monitoring the progress and eftectors of biological reactions, and in particular
detecting modifications in nucleic acid sequences. For example, the present invention provides a
direct methylation sequencing technology based on observing the kinetics of single polymerase
molecules in real time and with high multiplex. This technique will provide for fast and economical

analysis of methylation patterns, even in repetitive genomic regions.
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BRIEF SUMMARY OF THE INVENTION

[0014] The present invention is generally directed to the detection of modified nucleic acid
sequences, and particularly the detection of methylated bases within nucleic acid sequences using a
real time direct detection of such methylated sites. The present invention is expected to have a
major impact on research aiming to illuminate the role of DNA methylation in human health.
[0015] In certain aspects of the invention, methods are provided for identification of a
modification in a nucleic acid molecule. In general, a template nucleic acid comprising the
modification and an enzyme capable of processing the template are provided. The template nucleic
acid is contacted with the enzyme, and the subsequent processing of the template by the enzyme is
monitored. A change in the processing is detected, and this change is indicative of the presence of
the modification in the template. Exemplary modifications that can be detected by the methods of
the invention include, but are not limited to methylated bases (e.g., S-methylcytosine, N6-
methyladenosine, etc.), pseudouridine bases, 7,8-dihydro-8-oxoguanine bases, 2’-O-methyl
derivative bases, base J, s4U, s6G, nicks, apurinic sites, apyrimidic sites, pyrimidine dimers, a cis-
platen crosslinking products, oxidation damage, hydrolysis damage, bulky base adducts, thymine
dimers, photochemistry reaction products, interstrand crosslinking products, mismatched bases,
secondary structures, and bound agents. In preferred embodiments, nucleotides or analogs thereof
that are incorporated into a nascent strand synthesized by the enzyme are distinctly labeled to allow
identification of a sequence of specific nucleotides or nucleotide analogs so incorporated. In certain
preferred embodiments, labels are linked to nucleotides or nucleotide analogs through a phosphate
group, e.g., a phosphate group other than the alpha phosphate group. As such, the labels are
removed from the nucleotide or nucleotide analog upon incorporation into the nascent strand.
[0016] In some embodiments, the template nucleic acid is treated prior to processing by the
enzyme, €.g., to alter the modification. The treatment may be chemical or enzymatic, and includes,
e.g., glycosylase modification, bisulfite modification, DMS modification, cytosine
methyltransferase modification, hydroxylation, TET1 modification, and cytidine deaminase
modification. In some embodiments, non-natural nucleotide analogs (e.g., pyrene analogs) are
incorporated into a nascent strand synthesized by the enzyme. In some embodiments, the methods
comprise both treatment of the template and incorporation of non-natural nucleotide analogs into
the nascent strand. In some embodiments, non-natural nucleotides are incorporated into a nascent
strand in a position to pair with a modification in the template. For example, a methylated cytosine

in the template can be paired with a modified guanine nucleotide analog; a template modification
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can pair with a non-natural nucleotide analog to form a non-natural base pair, e.g., isocytosine and
isoguanine; S-methylisocytosine and isoguanine; Im-NO and Im-ON; A* and T*; and 8-oxoG and
adenine. In some embodiments, non-incorporatable nucleotide analogs bind the template/enzyme
complex, but are not incorporated into the nascent strand, and detection of this “nonproductive”
binding serves as an indication of the modification in the template. Such non-incorporatable
nucleotide analogs are preferably distinctly labeled to facilitate monitoring, and optionally to
distinguish such binding from incorporation of incorporatable nucleotide analogs that comprise
labels.

[0017] In certain embodiments, the template nucleic acid comprises regions of internal
complementarity (e.g., a double-stranded portion) and at least one single-stranded portion, and
preferably the modification is located within at least one of the regions of internal complementarity.
In certain embodiments, the template is a circular template. In certain embodiments, the template is
a circular template comprising at least two regions of internal complementarity. In certain
embodiments, the enzyme is a polymerase, such as a DNA polymerase, and RNA polymerase, a
reverse transcriptase, or a derivative or variant thereof. In preferred embodiments, the enzyme is a
polymerase enzyme capable of strand displacement. In specific embodiments, the enzyme isa ®29
polymerase, optionally comprising at least one mutation at a position selected from the group
consisting of K392, K422, 193, M188, K392, V399, T421, K422; $95, Y101, M102; Q99, L123,
K124, T189, A190; G191, S388; P127, L384, N387, S388; and L389, Y390, and G391.

[0018] Examples of changes in the processing of the template by the enzyme that are
monitored in various embodiments of the invention include, but are not limited to, kinetics,
processivity, affinity, rate, strand-displacement activity, signal characteristics, error metrics, signal
context, and the like. In some embodiments, a change occurs only at the modification, and in other
embodiments the change occurs at one or more positions proximal to the modification, which may
also include the modification position.

[0019] In certain aspects, the methods further comprise mapping the modification. In certain
preferred embodiments, mapping the modification comprises analyzing a portion of the sequence
read that was generated immediately prior to, during, and/or immediately after detecting the change
in processing to determine a sequence complementary to the template nucleic acid; determining the
complement of the sequence complementary to the template nucleic acid; and mapping the
modification at a position in the template nucleic acid that is proximal to the complement of the

sequence complementary to the template nucleic acid.
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[0020] In certain embodiments, a change in the processing that is indicative of the
modification is a kinetic difference in the processing (e.g., detected as an alteration in one or more
of interpulse duration, interpulse width, processivity, cessation of processing, etc.) and/or a change
in an error metric (e.g., accuracy, an increase in binding events that do not result in incorporation,
etc.) The change in processing can be indicative of the type of modification is present in the
template nucleic acid, since different types of modifications have different effects on the activity
and/or fidelity of the enzyme.

[0021] In preferred embodiments, the monitoring occurs in real time during the processing
of the template by the enzyme. In preferred embodiments, the template nucleic acid and the enzyme
form a complex that is immobilized at a reaction site on a substrate, and in more preferred
embodiments a plurality of complexes are immobilized at optically resolvable reaction sites on the
substrate, wherein a single complex immobilized at one of the reaction sites is optically resolvable
from any other of the complexes immobilized at any other of the reaction sites. In certain
embodiments, the optically resolvable reaction sites are nanometer-scale apertures in the substrate,
and can be optical confinements, such as zero-mode waveguides. In preferred embodiments, the
template nucleic acid is plurality of template nucleic acids that are optically resolvable from one
another during the monitoring. Preferably, the template nucleic acid is not amplified prior to
contacting it with the enzyme.

[0022] In some embodiments, the modification is secondary structure in the template
nucleic acid, e.g., a hairpin loop, supercoiling, internal hybridization, etc., and the change in the
modification is a kinetic change, e.g., an increased interpulse duration or increased pulse width.
Certain methods for identifying such a secondary structure generally comprise generating a
sequence read for the template nucleic acid before, during, and after the kinetic change; identifying
a first portion of the sequence read generated before and/or during the kinetic change that is
complementary to a second portion of the sequence read generated during and/or after the kinetic
change; and determining a likelihood that the first and second portions may have been annealed in
the template nucleic acid during the processing, e.g. to form a hairpin loop, based at least upon the
nucleotide composition of the first portion and the second portions.

[0023] In another aspect of the invention, methods for detecting binding of an agent to a
single nucleic acid template are provided. In certain embodiments, such methods generally
comprise providing the single nucleic acid template in complex with a polymerase; introducing a

reaction mixture to the complex, wherein the reaction mixture comprises the agent; and monitoring
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synthesis of a polynucleotide by the polymerase, wherein the polynucleotide is complementary to
the single nucleic acid template, and wherein a change in the synthesis is indicative of binding of
the agent to the single nucleic acid template. Examples of agents appropriate for use in such
methods include, but are not limited to, transcription factors, polymerases, reverse transcriptases,
histones, restriction enzymes, antibodies, nucleic acid binding proteins, and nucleic acid binding
agents. Examples of single nucleic acid templates appropriate for use in such methods include, but
are not limited to, double-stranded DNA, double-stranded RNA, single-stranded DNA, single-
stranded RNA, DNA/RNA hybrids, and templates comprising both double-stranded and single-
stranded regions.

[0024] In certain aspects of the invention, a consensus binding site of the agent is
determined. This determination can comprise, €.g., performing a plurality of sequencing-by-
synthesis reactions on a set of single nucleic acid templates in the presence of the agent to generate
a set of binding-affected nascent polynucleotide sequences; performing a plurality of sequencing-
by-synthesis reactions on the set of single nucleic acid templates in the absence of the agent to
generate a set of full-length nascent polynucleotide sequences; analyzing the binding-affected
nascent polynucleotide sequences to determine a location at which the agent bound the single
nucleic acid template during the sequencing-by-synthesis reactions in the presence of the agent; and
identifying a sequence common to the full-length nascent polynucleotide sequences at the location,
thereby identifying the consensus binding site of the agent. In certain embodiments, the binding-
affected nascent polynucleotide sequences are truncated nascent polynucleotide sequences; and in
other embodiments, the binding-affected nascent polynucleotide sequences are nascent
polynucleotide sequences whose synthesis was paused at the location at which the agent bound.
[0025] In yet further aspects of the invention, methods for detecting modifications in a
single nucleic acid template during a sequencing-by-synthesis reaction are provided. For example,
such a method can comprise providing the single nucleic acid template in complex with a
polymerase; introducing a reaction mixture to the complex, wherein the reaction mixture comprises
an agent that specifically binds to the modification; and monitoring synthesis of a polynucleotide by
the polymerase, wherein the polynucleotide is complementary to the single nucleic acid template,
and wherein a pause or cessation of the synthesis of the polynucleotide is indicative of binding of
the agent to the single nucleic acid template, thereby detecting the modification in the single nucleic
acid template. In certain embodiments, the modification is an 8-0xoG lesion and/or the agent is a

protein is selected from the group consisting of hOGGT1, FPG, yOGGI1, AlkA, Nth, Nei, MutY,
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UDG, SMUG, TDG, NEIL, an antibody against 8-0xo0G, or a binding domain thereof. In other
embodiments, the modification is a methylated base and/or the agent is a protein selected from the
group consisting of MECP2, MBD1, MBD2, MBD4, UHRF1, an antibody against the methylated
base, or a binding domain thereof. In further embodiments, the modification is a secondary structure
formation in the nucleic acid template. Preferably, the complex is immobilized in an optical
confinement. The template can comprise, e.g., single-stranded linear nucleic acid, single-stranded
circular nucleic acid, double-stranded linear nucleic acid, double-stranded circular nucleic acid, or a
combination thereof.

[0026] In certain embodiments, a modification in a template nucleic acid can be repaired by
including components of damage repair machinery in the reaction mixture, e.g., during a
sequencing-by-synthesis reaction. In certain embodiments, the readlength of the sequencing-by-
synthesis reaction is longer than that for a further sequencing-by-synthesis reaction performed with
the single nucleic acid template in complex with the polymerase, but absent the agent and the
damage repair machinery.

[0027] In other aspects of the invention, methods for bypassing one or more modifications
in a single nucleic acid template during a sequencing-by-synthesis reaction are provided. Certain
exemplary methods include providing the single nucleic acid template in complex with a
sequencing engine; introducing a reaction mixture to the complex, wherein the reaction mixture
comprises a bypass polymerase; initiating the sequencing-by-synthesis reaction, monitoring
synthesis of a polynucleotide by the sequencing engine, wherein the polynucleotide is
complementary to the single nucleic acid template, and wherein a pause or cessation of the
synthesis of the polynucleotide is indicative that the sequencing engine has encountered a
modification in the single nucleic acid template; subsequently monitoring synthesis of the
polynucleotide by the bypass polymerase, which is indicative that the modification is being
bypassed; and repeating the monitoring steps each time a further modification is encountered in the
single nucleic acid template, thereby bypassing one or more modifications in a single nucleic acid
template during a sequencing-by-synthesis reaction. In certain embodiments, the bypass polymerase
comprises a detectable label and detection of a signal from the detectable label during the
sequencing-by-synthesis reaction is indicative that the bypass polymerase is actively synthesizing
the polynucleotide. In preferred embodiments, the readlength of the sequencing-by-synthesis
reaction is longer than that for a further sequencing-by-synthesis reaction performed with the single

nucleic acid template in complex with the sequencing engine, but absent the bypass polymerase. In
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specific embodiments, the reaction mixture comprises multiple different bypass polymerases and a
processivity factor. Preferably, at least one of the single nucleic acid template, the sequencing
engine, and the bypass polymerase is immobilized, directly or indirectly, in an optical confinement.
For example, the template can be immobilized by hybridization to an oligonucleotide primer
immobilized in the optical confinement. In certain preferred embodiments, the single nucleic acid
template is processed by the sequencing engine multiple times at a single reaction site, and further
wherein redundant sequence data is generated. Nucleic acid templates for use with the methods can
be circular and/or can comprise multiple copies of a nucleic acid segment of interest. Further, in
certain embodiments the sequencing-by-synthesis reaction generates a polynucleotide comprising
multiple copies of a segment complementary to the segment of interest, and further wherein
redundant sequence data is generated.

[0028] In further aspects, novel compositions are provided. For example, in certain
embodiments a composition of the invention comprises a substrate having a reaction site that is
optically resolvable from any other reaction site on the substrate; a single complex of a template and
sequencing engine immobilized at the reaction site; a mixture of incorporatable nucleotides or
nucleotide analogs; and at least one modification in the template nucleic acid, wherein the template
at or proximal to the modification is processed differently than the template distal from the
modification. In some embodiments the modification is a non-natural base in the template. The
modification can be located in either a strand of the template nucleic acid that is complementary to a
nascent strand synthesized by the sequencing engine, or a strand of the template nucleic acid that is
displaced by the sequencing engine. In certain preferred embodiments, the template nucleic acid
comprises internally complementary regions, and optionally, the modification is located within one
of the internally complementary regions. Certain embodiments further comprise at least one type of
non-incorporatable nucleotide analog. Certain embodiments comprise at least one type of non-
natural incorporatable nucleotide analog. Preferably, one or more or all of the nucleotides or
nucleotide analogs in a composition of the invention are tagged with distinct labels that distinguish
different types of nucleotides or nucleotide analogs from one another. Compositions of the
invention can also include an agent other than the sequencing engine that binds to the modification
and/or chemically or enzymatically alters the modification. Preferably, compositions of the
invention comprise a nascent strand generated by the sequencing engine, wherein the nascent strand
is complementary to the template nucleic acid, and, optionally, comprises multiple copies of regions

complementary to the template nucleic acid. Further, certain compositions comprise a nanometer-
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scale aperture in the substrate, where the reaction site is disposed within the nanometer-scale
aperture, e.g., a zero-mode waveguide.

[0029] In further aspects of the invention, systems for identification of modifications within
a nucleic acid template are provided. In certain preferred embodiments, a system of the invention
comprises a solid support having a polymerase complex disposed thereon (e.g., at a reaction site,
e.g., in a nanoscale aperture, e.g., in a zero-mode waveguide), the polymerase complex comprising
a nucleic acid template comprising a modification; a mounting stage configured to receive the solid
support; an optical train positioned to be in optical communication with at least a portion of the
solid support to detect signals emanating therefrom; a translation system operably coupled to the
mounting stage or the optical train for moving one of the optical train and the solid support relative
to the other; and a data processing system operably coupled to the optical train. Preferably, the
polymerase complex comprises a polymerase enzyme that is actively processing the nucleic acid
template. More preferably, the polymerase complex comprises a polymerase enzyme that is
processively synthesizing a nascent strand by template-directed synthesis. In preferred
embodiments, the optical train detects signals emanating from the solid support during the
processing of the nucleic acid template.

[0030] In certain aspects, the invention provides method for identifying modifications
within nucleic acids molecules comprising introducing a further modification into a template
nucleic acid already comprising a modification of interest. An enzyme processes the template
nucleic acid, and the processing of the template by the enzyme is monitored. Changes in the
processing are indicative of the further modification, and therefore, indirectly, the modification of
interest is identified. The modification of interest can be any modification useful for directing or
marking the template to facilitate introduction of the further modification. For example, the
modification of interest can be chosen from the following: a methylated base, a hydroxymethylated
base, HOMedU, B-D-glucosyl-HOMedU, cytosine-5-methylenesulfonate, a pseudouridine base, an
7,8-dihydro-8-oxoguanine base, a 2’-O-methyl derivative base, a nick, an apurinic site, an
apyrimidic site, a pyrimidine dimer, a cis-platen crosslinking, oxidation damage, hydrolysis
damage, a bulky base adduct, a thymine dimer, a photochemistry reaction product, an interstrand
crosslinking product, a mismatched base, a secondary structure, and a bound agent. In some
preferred embodiments, the template nucleic acid comprises a single-stranded portion and a double-
stranded portion, and in some cases the double-stranded portion is a result of complementarity

between two separate portions of the template nucleic acid. In some embodiments, the template
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nucleic acid comprises a first polynucleotide region comprising the modification and a second
polynucleotide region complementary to the first polynucleotide region, where the first
polynucleotide region and the second polynucleotide region are on a single strand of the template
nucleic acid, e.g., in different regions of a single-stranded circular template nucleic acid. Typically,
the template nucleic acid is subjected to a treatment to introduce the further modification, and such
a treatment can comprise exposure to a modifying agent, e.g., a glycosylase, bisulfite, DMS, a
cytosine methyltransferase, a hydroxylase (e.g., TET1 protein), a restriction enzyme, a
glucosyltransferase, NMIA, CDI, and a cytidine deaminase. For example, the treatment can
comprise exposure to bisulfite that converts S-hmC to CMS in the template. The treatment can also
comprise addition of a sugar moiety (e.g., sucrose, glucose, maltose, galactose, dextrose, lactose,
etc.) or group to a nucleobase comprising the modification. The addition of the sugar moiety serves
to increase the response of the enzyme, e.g., polymerase, resulting in a greater change is processing
that would occur in the absence of the sugar moiety. For example, the nucleobase can be a
hydroxymethylcytosine nucleobase, which is converted to B-glucosyl-5-hydroxymethylcytosine by
the addition of the sugar moiety. Addition of the sugar moiety can occur via an alpha or beta
linkage. Further, a plurality of sugar moieties can be added. In further embodiments, the treatment
comprises replacement of the modification with the further modification, e.g., when the
modification is a methylated base and the further modification is an abasic site or a pyrene analog.
In certain preferred embodiments, the processing of the template is monitored for kinetic changes,
which can be indicative of a modification or a further modification. The nucleic acid template can
be RNA or DNA, or can comprise both ribo- and deoxyribonucleotides, is preferably not amplified.
The enzyme is preferably a polymerase enzyme, e.g., a DNA polymerase, and RNA polymerase, a
reverse transcriptase, or a derivative thereof. Preferably, the processing is a sequencing reaction
(e.g., a single-molecule sequencing reaction), and where the template is a closed circular template
and the polymerase is capable of strand displacement, the processing can comprise rolling-circle
replication of the template, which can generate redundant sequence data for the template. The
change in processing can occur at the modification or further modification, or can occur at one or
more positions upstream or downstream of the modification or further modification, and can be a
kinetic change such as an alteration in interpulse duration or pulse width. The change in processing
is preferably indicative of the type of modification and/or further modification present in the
template. In certain embodiments, mapping the modification further comprises analyzing a portion

of the sequence read that was generated immediately prior to, during, or immediately after the
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detecting the change in processing to determine a sequence complementary to the template nucleic
acid; determining the complement of the sequence complementary to the template nucleic acid in f;
and mapping the modification at a position in the template nucleic acid that is proximal to the
complement of the sequence complementary to the template nucleic acid in f. In preferred
embodiments, the monitoring occurs in real time during the processing. In further aspects, the
template nucleic acid and enzyme form a complex that is immobilized at a reaction site on a
substrate, and a plurality of such complexes can be immobilized at optically resolvable reaction
sites on the substrate. Optionally, these optically resolvable reaction sites are nanometer-scale
apertures in the substrate, preferably with optical confinement properties, e.g., such as zero-mode
waveguides.

[0031] Methods are also provided for mapping binding sites of binding agents bound to or
previously bound to a nucleic acid template. In certain embodiments, a method of mapping a
binding site comprises exposing a single nucleic acid template to a binding agent, subjecting the
template to a template-directed synthesis reaction, and monitoring the reaction for a change
indicative of the binding site. The binding agent can be any agent that binds to the template,
including transcription factors, polymerases, reverse transcriptases, histones, restriction enzymes,
antibodies, nucleic acid binding proteins, nucleic acid binding agents, and nucleic acid damage
binding agents. The single nucleic acid template is typically one of a double-stranded DNA, a
double-stranded RNA, a single-stranded DNA, a single-stranded RNA, a DNA/RNA hybrid, and a
combination thereof. In certain embodiments, the methods further comprise crosslinking the binding
agent to the single nucleic acid template prior to the template-directed synthesis, and in some cases
the crosslinking is photoactivatable crosslinking. Optionally, prior to the template-directed synthesis
the crosslinked binding agent can be removed from the single nucleic acid template, e.g., by
protease or other degradative treatment. In certain embodiments, the change in the synthesis
reaction is detected at or proximal to a remnant of the crosslinking that remains on the nucleic acid
template after removal of the binding agent. In some embodiments, an affinity purification is
performed to isolate portions of the nucleic acid template to which the binding agent is associated,
e.g., after crosslinking. Optionally, the single nucleic acid template can comprise thiol-modified
nucleosides, e.g., 4-thiouridine, 6-thioguanosine, 2-thiocytosine, or 4-thiothymidine. In certain
embodiments, the binding agent is linked to a modifying agent that introduces a modification into
the single nucleic acid template proximal to the binding site, and further wherein the modification

causes the change in the synthesis. A modifying agent linked to a binding agent can be one or more
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reactants that introduce modifications into a nucleic acid, e.g., methyltransferases, glycosylases,
glucosytransferases, hydroxylases (e.g., TET1), and nucleic acid damaging agents. For example, a
Dam adenine methyltransferase linked to a transcription factor will convert adenosine to N6-
methyladenosine at loci proximal to the binding site of the transcription factor. In certain
embodiments, a plurality of different binding agents can be assayed simultaneously, e.g., with each
linked to a different modifying agent such that the detection of a particular modification in the
template is indicative of the binding of a particular one of the binding agents proximal to that
modification. Optionally, where the nucleotide sequences of binding sites for multiple different
binding agents are distinct from one another, the same modifying agent can be linked to the
different binding agents. In such an embodiment, the presence of a modification indicates there was
a binding event, and nucleotide sequence information from that region coupled with prior
knowledge of the consensus binding sites for the binding agents informs as to which binding agent
was bound. The sequence data is preferably generated during the monitoring of the template-
directed synthesis reaction, e.g., in real time. In further embodiments, both sequence data and
modification detection and identification are used in combination to determine a binding site of a
binding agent linked to a modifying agent. Preferably, the single nucleic acid template is in an
optical confinement, e.g., a zero mode waveguide.

[0032] In yet further aspects, the invention provides methods for mapping a modification in
a single nucleic acid sample that comprises splitting the sample and subjecting different portions of
the sample to different treatments and/or manipulations. For example, a single nucleic acid sample
comprising multiple nucleic acid molecules having a modification at a particular locus can be
divided into two aliquots. A first aliquot is subjected to an amplification reaction that does not
maintain the modification in the amplicons, and the second aliquot is not amplified. Both aliquots
are subjected to a sequencing reaction, together or separately, and the nucleotide sequence reads
generated are analyzed to determine the locus at which the modification occurred, that is, to “map”
the modification. A optional procedure can be employed to enrich the nucleic acids comprising the
modification in the single nucleic acid sample. For example, a binding agent that specifically binds
the modification can be used to select the molecules having the modification by forming a binding
agent/modification complex that is retained, e.g., by immobilization, while the nucleic acids not
bound to the binding agent (e.g., those not comprising the modification) are removed. The selected
nucleic acids are subsequently subjected to sequencing, e.g., after being released from the binding

agents, or optionally, with the binding agents still bound to enhance the response of the polymerase
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to the modification site. The enrichment procedure can occur before or after the amplification of the
first aliquot. In yet further embodiments, barcode sequences are added to nucleic acids in one or
both aliquots. These barcodes are sequenced along with the template, and they serve to identify the
source of a particular template, e.g., whether it came from the first or second aliquot. For example, a
first barcode can be included in the nucleic acid templates in the first aliquot (e.g., before or after
amplifications), and a second barcode can be included in the nucleic acid templates in the second
aliquot. The two aliquots are combined and sequenced in a single sequencing reaction mixture and
the sequence data generated not only provides information about the location of any modifications,
but also provides the barcode sequence data to identify the source of the template. Preferably, the
sequencing reactions are performed on single, optically resolvable templates to produce a separate
individual sequence read for each template molecule.

[0033] In yet further aspects, the invention provides machine-implemented methods for
transforming reaction data into modification detection data, wherein the reaction data is
representative of a series of events during a sequencing-by-synthesis reaction wherein a nascent
strand is synthesized based upon a nucleotide sequence of a template nucleic acid, and the
modification detection data is representative of a presence of one or more modifications within a
template nucleic acid. Preferably, one or more steps of the machine-implemented method are
performed via a user interface implemented in a machine that comprises instructions stored in
machine-readable medium and a processor that executes the instructions. In a final aspect of the
invention, a computer program products are provided. In certain embodiments, machine-
implemented methods for transforming reaction data comprise a classifier to distinguish between
true incorporations and stochastic pulses, a segmenting algorithm based on a hidden Markov model
architecture, and/or a segmenting algorithm based on a conditional random field framework. In
certain specific embodiments, the methods identify regions in the template having a higher density
of stochastic pulses than true incorporations. In certain specific embodiments, the methods identify
regions in the template having higher IPD. Exemplary computer program products of the invention
typically comprise a computer usable medium having a computer readable program code embodied
therein, said computer readable program code adapted to be executed to implement the machine-
implemented methods of the invention; and the machine-readable medium on which the results of

one or more steps of the machine-implemented method are stored.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Figures 1A and 1B provide an exemplary illustration of single-molecule, real-time
(SMRT™) nucleic acid sequencing.

[0035] Figures 2A and 2B provide illustrative examples of various types of reaction data in
the context of a pulse trace.

[0036] Figure 3 schematically illustrates a structural model of 5-MeC positioned one base in
the 5' direction relative to the DNA polymerase active site.

[0037] Figures 4A and 4B illustrate an exemplary embodiment of five-base DNA
methylation sequencing. Figure 4A depicts fragmentation of genomic DNA to generate the DNA
template. Figure 4B illustrates DNA glycosylase excising a 5-MeC from the template.

[0038] Figure 5 provides a schematic illustration of addition of bulky adducts to 5-hmC by
treatment with NMIA (A) and CDI (B).

[0039] Figure 6 provides an illustrative embodiment of a reaction comprising a linear
template and a damage-binding agent that recognizes a lesion in a single-stranded template.

[0040] Figures 7A, 7B and 7C illustrate an embodiment of the invention comprising a
circular template and a damage-binding agent that recognizes a lesion in a double-stranded
template.

[0041] Figure 8 illustrates an observation of true incorporations (solid line) versus stochastic
pulses (dashed line) across time.

[0042] Figure 9 provides an illustrative example of a simple hidden Markov model for
classifying pause (P) versus sequencing (S) states within a sequencing trace.

[0043] Figure 10 provides an illustrative example of a system of the invention.

[0044] Figures 11A-11B: Figure 11A provides a schematic for exemplary template nucleic
acids of the invention. Figure 11B provides graphs plotting interpulse duration for template nucleic
acids as depicted in 11A.

[0045] Figure 12 provides a graph plotting IPD ratio against template position for a template
nucleic acid comprising S-methylcytosine modifications.

[0046] Figure 13 provides a graph plotting IPD ratio against template position for a template
nucleic acid comprising S-methylcytosine modifications.

[0047] Figures 14A-14C: Figure 14A provides a schematic for exemplary template nucleic
acids of the invention. Figure 14B provides graphs plotting interpulse duration for template nucleic

acids as depicted in 14A. Figure 14C provides a ROC curve for the data provided in 14B.
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[0048] Figure 15 provides a graph plotting IPD ratio against template position for a template
nucleic acid comprising N6-methyladenosine modifications.

[0049] Figure 16 provides a graph plotting IPD ratio against template position for a template
nucleic acid comprising S-hydroxymethylcytosine modifications.

[0050] Figure 17 provides a graph plotting pulse width ratio against template position for a
template nucleic acid comprising 5-hydroxymethylcytosine modifications.

[0051] Figure 18 provides a graph plotting IPD ratio against template position for a template
nucleic acid comprising 8-oxoguanosine modifications.

[0052] Figure 19 provides a graph plotting pulse width ratio against template position for a
template nucleic acid comprising 8-oxoguanosine modifications.

[0053] Figure 20 provides nucleic acid sequences from the templates used to generate the
data depicted in Figures 21-24.

[0054] Figure 21 provides a graph plotting IPD ratio against template position for a template
deoxyribonucleic acid comprising adenosine ribonucleosides.

[0055] Figure 22 provides a graph plotting IPD ratio against template position for a template
deoxyribonucleic acid comprising cytidine ribonucleosides.

[0056] Figure 23 provides a graph plotting IPD ratio against template position for a template
deoxyribonucleic acid comprising guanosine ribonucleosides.

[0057] Figure 24 provides a graph plotting IPD ratio against template position for a template
deoxyribonucleic acid comprising uridine ribonucleosides.

[0058] Figure 25 provides a graph plotting IPD ratio against template position for a template
deoxyribonucleic acid comprising glucose-modified 5-hydroxymethylcytosine.

[0059] Figure 26 provides a graph plotting block times for a template ribonucleic acid
comprising N6-methyladenosine and a template ribonucleic acid lacking N6-methyladenosine.
[0060] Figure 27 provides graphs plotting IPDs in the presence and absence of N6-

methyladenosine modifications in RNA templates.

DETAILED DESCRIPTION OF THE INVENTION

L General
[0061] The present invention is generally directed to methods, compositions, and systems
for detecting modifications within nucleic acid sequences, and in particularly preferred aspects,

methylated nucleotides within sequence templates through the use of single molecule nucleic acid
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analysis. The ability to detect modifications within nucleic acid sequences is useful for mapping
such modifications in various types and/or sets of nucleic acid sequences, e.g., across a set of
mRNA transcripts, across a chromosomal region of interest, or across an entire genome. The
modifications so mapped can then be related to transcriptional activity, secondary structure of the
nucleic acid, siRNA activity, mRNA translation dynamics, kinetics and/or affinities of DNA- and
RNA-binding proteins, and other aspects of nucleic acid (e.g., DNA and/or RNA) metabolism.
[0062] Although certain embodiments of the invention are described in terms of detection of
modified nucleotides or other modifications in a single-stranded DNA molecule (e.g., a single-
stranded template DNA), various aspects of the invention are applicable to many different types of
nucleic acids, including e.g., single- and double-stranded nucleic acids that may comprise DNA
(e.g., genomic DNA, mitochondrial DNA, viral DNA, etc.), RNA (e.g., mRNA, siRNA, microRNA,
rRNA, tRNA, snRNA, ribozymes, etc.), RNA-DNA hybrids, PNA, LNA, morpholino, and other
RNA and/or DNA hybrids, analogs, mimetics, and derivatives thereof, and combinations of any of
the foregoing. Nucleic acids for use with the methods, compositions, and systems provided herein
may consist entirely of native nucleotides, or may comprise non-natural bases/nucleotides (e.g.,
synthetic and/or engineered) that may be paired with native nucleotides or may be paired with the
same or a different non-natural base/nucleotide. In certain preferred embodiments, the nucleic acid
comprises a combination of single-stranded and double-stranded regions, e.g., such as the templates
described in U.S.S.N. 12/383,855 and 12/413,258, both filed on March 27, 2009 and incorporated
herein by reference in their entireties for all purposes. In particular, nRNA modifications are
difficult to detect by technologies that require reverse transcriptase PCR amplification because such
treatment does not maintain the modification in the amplicons. The present invention provides
methods for analyzing modifications in RNA molecules that do not require such amplification. In
certain embodiments, methods are provided that do not require amplification of a modification-
containing nucleic acid. In other embodiments, methods are provided for amplification of a
modification-containing nucleic acid such that the modifications are maintained in the amplicons.
[0063] Generally speaking, the methods of the invention involve monitoring of an analytical
reaction to collect “reaction data,” wherein the reaction data is indicative of the progress of the
reaction. Reaction data includes data collected directly from the reaction, as well as the results of
various manipulations of that directly collected data, any or a combination of which can serve as a
signal for the presence of a modification in the template nucleic acid. For example, certain types of

reaction data are collected in real time during the course of the reaction, such as metrics related to
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reaction kinetics, affinity, rate, processivity, signal characteristics, and the like. As used herein,

2%

“kinetics,” “kinetic signature,” “kinetic response,” “activity,” and “behavior” of an enzyme (or
other reaction component, or the reaction as a whole) generally refer to reaction data related to the
function/progress of the enzyme (or component or reaction) under investigation and are often used
interchangeably herein. Signal characteristics vary depending on the type of analytical reaction
being monitored. For example, some reactions use detectable labels to tag one or more reaction
components, and signal characteristics for a detectable label include, but are not limited to, the type
of signal (e.g., wavelength, charge, etc.) and the shape of the signal (e.g., height, width, curve, etc.).
Further, signal characteristics for multiple signals (e.g., temporally adjacent signals) can also be
used, including, e.g., the distance between signals during a reaction, the number of extra signals
(e.g., that do not correspond to the progress of the reaction), internal complementarity, and the local
signal context (i.e., one or more signal that precede and/or follow a given signal). For example,
template-directed sequencing reactions often combine signal data from multiple nucleotide
incorporation events to generate a sequence read for a nascent strand synthesized, and this sequence
read is used to derive, e.g., by complementarity, the sequence of the template strand. Other types of
reaction data are generated from statistical analysis of real time reaction data, including, e.g.,
accuracy, precision, conformance, etc. In some embodiments, data from a source other than the
reaction being monitored is also used. For example, a sequence read generated during a nucleic acid
sequencing reaction can be compared to sequence reads generated in replicate experiments, or to
known or derived reference sequences from the same or a related biological source. Alternatively or
additionally, a portion of a template nucleic acid preparation can be amplified using unmodified
nucleotides and subsequently sequenced to provide an experimental reference sequence to be
compared to the sequence of the original template in the absence of amplification. Although certain
specific embodiments of the use of particular types of reaction data to detect certain kinds of
modifications are described at length herein, it is to be understood that the methods, compositions,
and systems are not limited to these specific embodiments. Different types of reaction data can be
combined to detect various kinds of modifications, and in certain embodiments more than one type
of modification can be detected and identified during a single reaction on a single template. Such
variations to the detailed embodiments of the invention will be clear to one of ordinary skill based
upon the teachings provided herein.

[0064] In certain embodiments, redundant sequence information is generated and analyzed

to detect one or more modifications in a template nucleic acid. Redundancy can be achieved in
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various ways, including carrying out multiple sequencing reactions using the same original
template, e.g., in an array format, e.g., a ZMW array. In some embodiments in which a lesion is
unlikely to occur in all the copies of a given template, reaction data (e.g., sequence reads, kinetics,
signal characteristics, signal context, and/or results from further statistical analyses) generated for
the multiple reactions can be combined and subjected to statistical analysis to determine a
consensus sequence for the template. In this way, the reaction data from a region in a first copy of
the template can be supplemented and/or corrected with reaction data from the same region in a
second copy of the template. Similarly, a template can be amplified (e.g., via rolling circle
amplification) to generate a concatemer comprising multiple copies of the template, and the
concatemer can be subjected to sequencing, thereby generating a sequencing read that is internally
redundant. As such, the sequence data from a first segment of the concatemer (corresponding to a
first region of the template) can be supplemented and/or corrected with sequence data from a second
segment of the concatemer also corresponding to the first region of the template. Alternatively or
additionally, a template can be subjected to repeated sequencing reactions to generate redundant
sequence information that can be analyzed to more thoroughly characterize the modification(s)
present in the template.

[0065] The term “modification” as used herein is intended to refer not only to a chemical
modification of a nucleic acids, but also to a variation in nucleic acid conformation or composition,
interaction of an agent with a nucleic acid (e.g., bound to the nucleic acid), and other perturbations
associated with the nucleic acid. As such, a location or position of a modification is a locus (e.g., a
single nucleotide or multiple contiguous or noncontiguous nucleotides) at which such modification
occurs within the nucleic acid. For a double-stranded template, such a modification may occur in
the strand complementary to a nascent strand synthesized by a polymerase processing the template,
or may occur in the displaced strand. Although certain specific embodiments of the invention are
described in terms of S-methylcytosine detection, detection of other types of modified nucleotides
(e.g., N6-methyladenosine, N3-methyladenosine, N7-methylguanosine, S-hydroxymethylcytosine,
other methylated nucleotides, pseudouridine, thiouridine, isoguanosine, isocytosine, dihydrouridine,
queuosine, wyosine, inosine, triazole, diaminopurine, B-D-glucopyranosyloxymethyluracil (a.k.a.,
B-D-glucosyl-HOMedU, B-glucosyl-hydroxymethyluracil, “dJ,” or “base J”), 8-oxoguanosine, and
2’-O-methyl derivatives of adenosine, cytidine, guanosine, and uridine) are also contemplated.
Further, although described primarily in terms of DNA templates, such modified bases can be
modified RNA bases and can be detected in RNA (or primarily RNA) templates. These and other
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modifications are known to those of ordinary skill in the art and are further described, e.g., in
Narayan P, et al. (1987) Mol Cell Biol 7(4):1572-5;, Horowitz S, et al. (1984) Proc Natl Acad Sci
U.S.A. 81(18):5667-71; “RNA’s Outfits: The nucleic acid has dozens of chemical costumes,”
(2009) C&EN; 87(36):65-68; Kriaucionis, et al. (2009) Science 324 (5929): 929-30; and Tahiliani,
et al. (2009) Science 324 (5929): 930-35; Matray, et al. (1999) Nature 399(6737):704-8; Ooi, et al.
(2008) Cell 133: 1145-8; Petersson, et al. (2005) J Am Chem Soc. 127(5):1424-30; Johnson, et al.
(2004) 32(6):1937-41; Kimoto, et al. (2007) Nucleic Acids Res. 35(16):5360-9; Ahle, et al. (2005)
Nucleic Acids Res 33(10):3176; Krueger, et al., Curr Opinions in Chem Biology 2007, 11(6):588);
Krueger, et al. (2009) Chemistry & Biology 16(3):242; McCullough, et al. (1999) Annual Rev of
Biochem 68:255; Liu, et al. (2003) Science 302(5646):868-71; Limbach, et al. (1994) Nucl. Acids
Res. 22(12):2183-2196; Wyatt, et al. (1953) Biochem. J. 55:774-782; Josse, et al. (1962) J. Biol.
Chem. 237:1968-1976; Lariviere, et al. (2004) J. Biol. Chem. 279:34715-34720; and in
International Application Publication No. W0O/2009/037473, the disclosures of which are
incorporated herein by reference in their entireties for all purposes. Modifications further include
the presence of non-natural base pairs in the template nucleic acid, including but not limited to
hydroxypyridone and pyridopurine homo- and hetero-base pairs, pyridine-2,6-dicarboxylate and
pyridine metallo-base pairs, pyridine-2,6-dicarboxamide and a pyridine metallo-base pairs, metal-
mediated pyrimidine base pairs T-Hg(II)-T and C-Ag(I)-C, and metallo-homo-basepairs of 2,6-
bis(ethylthiomethyl)pyridine nucleobases Spy, and alkyne-, enamine-, alcohol-, imidazole-,
guanidine-, and pyridyl-substitutions to the purine or pyridimine base (Wettig, et al. (2003) J Inorg
Biochem 94:94-99; Clever, et al. (2005) Angew Chem Int Ed 117:7370-7374; Schlegel, et al.
(2009) Org Biomol Chem 7(3):476-82; Zimmerman, et al. (2004) Bioorg Chem 32(1):13-25;
Yanagida, et al. (2007) Nucleic Acids Symp Ser (Oxf) 51:179-80; Zimmerman (2002) J Am Chem
Soc 124(46):13684-5; Buncel, et al. (1985) Inorg Biochem 25:61-73; Ono, et al. (2004) Angew
Chem 43:4300-4302; Lee, et al. (1993) Biochem Cell Biol 71:162-168; Loakes, et al. (2009), Chem
Commun 4619-4631; and Seo, et al. (2009) J Am Chem Soc 131:3246-3252, all incorporated herein
by reference in their entireties for all purposes). Other types of modifications include, e.g, a nick, a
missing base (e.g., apurinic or apyridinic sites), a ribonucleoside (or modified ribonucleoside)
within a deoxyribonucleoside-based nucleic acid, a deoxyribonucleoside (or modified
deoxyribonucleoside) within a ribonucleoside-based nucleic acid, a pyrimidine dimer (e.g., thymine
dimer or cyclobutane pyrimidine dimer), a cis-platin crosslinking, oxidation damage, hydrolysis

damage, other methylated bases, bulky DNA or RNA base adducts, photochemistry reaction
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products, interstrand crosslinking products, mismatched bases, and other types of “damage” to the
nucleic acid. As such, certain embodiments described herein refer to “damage” and such damage is
also considered a modification of the nucleic acid in accordance with the present invention.
Modified nucleotides can be caused by exposure of the DNA to radiation (e.g., UV), carcinogenic
chemicals, crosslinking agents (e.g., formaldehyde), certain enzymes (e.g., nickases, glycosylases,
exonucleases, methylases, other nucleases, glucosyltransferases, etc.), viruses, toxins and other
chemicals, thermal disruptions, and the like. In vivo, DNA damage is a major source of mutations
leading to various diseases including cancer, cardiovascular disease, and nervous system diseases
(see, e.g., Lindahl, T. (1993) Nature 362(6422): 709-15, which is incorporated herein by reference
in its entirety for all purposes). The methods and systems provided herein can also be used to detect
various conformations of DNA, in particular, secondary structure forms such as hairpin loops, stem-
loops, internal loops, bulges, pseudoknots, base-triples, supercoiling, internal hybridization, and the
like; and are also useful for detection of agents interacting with the nucleic acid, e.g., bound
proteins or other moieties.

[0066] In certain aspects, methods, compositions, and systems for detection and/or reversal
of modifications in a template for single-molecule sequencing are provided, as well as
determination of their location (i.e. “mapping”) within a nucleic acid molecule. In certain preferred
embodiments, high-throughput, real-time, single-molecule, template-directed sequencing assays are
used to detect the presence of such modified sites and to determine their location on the DNA
template, e.g., by monitoring the progress and/or kinetics of a polymerase enzyme processing the
template. For example, when a polymerase enzyme encounters certain types of damage or other
modifications in a DNA template, the progress of the polymerase can be temporarily or permanently
blocked, e.g., resulting in a paused or dissociated polymerase. As such, the detection of a pause in
or termination of nascent strand synthesis is indicative of the presence of such damage or lesion. By
analysis of the sequence reads produced prior to the pause or stop in synthesis, and alternatively or
additionally after reinitiation of synthesis, one can map the site of the damage or lesion on the
template. Since different types of lesions can have different effects on the progress of the
polymerase on the substrate, in certain cases the behavior of the polymerase on the template not
only informs as to where the lesion occurs, but also what type of lesion is present. Further, in certain
embodiments a modification may be bypassed by incorporation of a non-nucleotide binding partner
with the lesion in the template strand. For example, abasic sites (e.g., produced by glycosylases) can

be “paired” with pyrenes or other similar analogs. (See, e.g., Matray, et al. (1999) Nature
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399(6737): 704-8). Such an analog can also be labeled with a detectable label optically
distinguishable from those on the nucleotides in the reaction mixture to allow optical detection of its
incorporation. Certain aspects of the invention provide a means for reversing such modifications in
real time, thereby allowing reinitation of the sequencing reaction and continued generation of
sequence information for the template nucleic acid. Such methods can additionally be used to study
effects of various agents (e.g., drugs, chemicals, enzymes, etc.) and reaction conditions on the
creation, association with, and/or repair of such lesions and/or damage, as described elsewhere
herein. These and other aspects of the invention are described in greater detail in the description and

examples that follow.

IL. Single Molecule Sequencing

[0067] In certain aspects of the invention, single molecule real time sequencing systems are
applied to the detection of modified nucleic acid templates through analysis of the sequence and/or
kinetic data derived from such systems. In particular, modifications in a template nucleic acid strand
alter the enzymatic activity of a nucleic acid polymerase in various ways, e.g., by increasing the
time for a bound nucleotide to be incorporated and/or increasing the time between incorporation
events. In certain embodiments, polymerase activity is detected using a single molecule nucleic acid
sequencing technology. In certain embodiments, polymerase activity is detected using a nucleic acid
sequencing technology that detects incorporation of nucleotides into a nascent strand in real time. In
preferred embodiments, a single molecule nucleic acid sequencing technology is capable of real-
time detection of nucleotide incorporation events. Such sequencing technologies are known in the
art and include, e.g., the SMRT™ sequencing and nanopore sequencing technologies. For more
information on nanopore sequencing, see, e.g., U.S. Patent No. 5,795,782; Kasianowicz, et al.
(1996) Proc Natl Acad Sci USA 93(24):13770-3; Ashkenas, et al. (2005) Angew Chem Int Ed Engl
44(9):1401-4; Howorka, et al. (2001) Nat Biotechnology 19(7):636-9; and Astier, et al. (2006) J] Am
Chem Soc 128(5):1705-10, all of which are incorporated herein by reference in their entireties for
all purposes. With regards to nucleic acid sequencing, the term “template” refers to a nucleic acid
molecule subjected to template-directed synthesis of a nascent strand. A template may comprise,
e.g., DNA, or analogs, mimetics or derivatives thereof, as described elsewhere herein. Further, a
template may be single-stranded, double-stranded, or may comprise both single- and double-

stranded regions. A modification in a double-stranded template may be in the strand complementary
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to the newly synthesized nascent strand, or may by in the strand identical to the newly synthesized
strand, i.e., the strand that is displaced by the polymerase.

[0068] The preferred direct methylation sequencing described herein may generally be
carried out using single molecule real time sequencing systems, i.e., that illuminate and observe
individual reaction complexes continuously over time, such as those developed for SMRT™ DNA
sequencing (see, e.g., P. M. Lundquist, et al., Optics Letters 2008, 33, 1026, which is incorporated
herein by reference in its entirety for all purposes). The foregoing SMRT™ sequencing instrument
generally detects fluorescence signals from an array of thousands of ZMWs simultaneously,
resulting in highly parallel operation. Each ZMW, separated from others by distances of a few
micrometers, represents an isolated sequencing chamber.

[0069] Detection of single molecules or molecular complexes in real time, e.g., during the
course of an analytical reaction, generally involves direct or indirect disposal of the analytical
reaction such that each molecule or molecular complex to be detected is individually resolvable. In
this way, each analytical reaction can be monitored individually, even where multiple such reactions
are immobilized on a single substrate. Individually resolvable configurations of analytical reactions
can be accomplished through a number of mechanisms, and typically involve immobilization of at
least one component of a reaction at a reaction site. Various methods of providing such individually
resolvable configurations are known in the art, e.g., see European Patent No.1105529 to
Balasubramanian, et al.; and Published International Patent Application No. WO 2007/041394, the
full disclosures of which are incorporated herein by reference in their entireties for all purposes. A
reaction site on a substrate is generally a location on the substrate at which a single analytical
reaction is performed and monitored, preferably in real time. A reaction site may be on a planar
surface of the substrate, or may be in an aperture in the surface of the substrate, e.g., a well,
nanohole, or other aperture. In preferred embodiments, such apertures are “nanoholes,” which are
nanometer-scale holes or wells that provide structural confinement of analytic materials of interest
within a nanometer-scale diameter, e.g., ~1-300 nm. In some embodiments, such apertures comprise
optical confinement characteristics, such as zero-mode waveguides, which are also nanometer-scale
apertures and are further described elsewhere herein. Typically, the observation volume (i.e., the
volume within which detection of the reaction takes place) of such an aperture is at the attoliter (10-
18 L) to zeptoliter (10-21 L) scale, a volume suitable for detection and analysis of single molecules

and single molecular complexes.
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[0070] The immobilization of a component of an analytical reaction can be engineered in
various ways. For example, an enzyme (e.g., polymerase, reverse transcriptase, kinase, etc.) may be
attached to the substrate at a reaction site, e.g., within an optical confinement or other nanometer-
scale aperture. In other embodiments, a substrate in an analytical reaction (for example, a nucleic
acid template, e.g., DNA, RNA, or hybrids, analogs, derivatives, and mimetics thereof, or a target
molecule for a kinase) may be attached to the substrate at a reaction site. Certain embodiments of
template immobilization are provided, e.g., in U.S. Patent Application No. 12/562,690, filed
September 18, 2009 and incorporated herein by reference in its entirety for all purposes. One skilled
in the art will appreciate that there are many ways of immobilizing nucleic acids and proteins into
an optical confinement, whether covalently or non-covalently, via a linker moiety, or tethering them
to an immobilized moiety. These methods are well known in the field of solid phase synthesis and
micro-arrays (Beier et al., Nucleic Acids Res. 27:1970-1-977 (1999)). Non-limiting exemplary
binding moieties for attaching either nucleic acids or polymerases to a solid support include
streptavidin or avidin/biotin linkages, carbamate linkages, ester linkages, amide, thiolester, (N)-
functionalized thiourea, functionalized maleimide, amino, disulfide, amide, hydrazone linkages,
among others. Antibodies that specifically bind to one or more reaction components can also be
employed as the binding moieties. In addition, a silyl moiety can be attached to a nucleic acid
directly to a substrate such as glass using methods known in the art.

[0071] In some embodiments, a nucleic acid template is immobilized onto a reaction site
(e.g., within an optical confinement) by attaching a primer comprising a complementary region at
the reaction site that is capable of hybridizing with the template, thereby immobilizing it in a
position suitable for monitoring. In certain embodiments, an enzyme complex is assembled in an
optical confinement, e.g., by first immobilizing an enzyme component. In other embodiments, an
enzyme complex is assembled in solution prior to immobilization. Where desired, an enzyme or
other protein reaction component to be immobilized may be modified to contain one or more
epitopes for which specific antibodies are commercially available. In addition, proteins can be
modified to contain heterologous domains such as glutathione S-transferase (GST), maltose-binding
protein (MBP), specific binding peptide regions (see e.g., U.S. Patent Nos. 5,723,584, 5,874,239
and 5,932,433), or the Fc portion of an immunoglobulin. The respective binding agents for these
domains, namely glutathione, maltose, and antibodies directed to the Fc portion of an
immunoglobulin, are available and can be used to coat the surface of an optical confinement of the

present invention. The binding moieties or agents of the reaction components they immobilize can

4164-1219-5397.1 25

Pg. 243



Attorney Docket No.: 49217.4013/US02

be applied to a support by conventional chemical techniques which are well known in the art. In
general, these procedures can involve standard chemical surface modifications of a support,
incubation of the support at different temperature levels in different media comprising the binding
moieties or agents, and possible subsequent steps of washing and cleaning.

[0072] In some embodiments, a substrate comprising an array of reaction sites is used to
monitor multiple biological reactions, each taking place at a single one of the reaction sites. Various
means of loading multiple biological reactions onto an arrayed substrate are known to those of
ordinary skill in the art and are described further, e.g., in USSN 61/072,641, incorporated herein by
reference in its entirety for all purposes. For example, basic approaches include: creating a single
binding site for a reaction component at the reaction site; removing excess binding sites at the
reaction site via catalytic or secondary binding methods; adjusting the size or charge of the reaction
component to be immobilized; packaging or binding the reaction component within (or on) a
particle (e.g., within a viral capsid), where a single such particle fits into the relevant reaction site
(due to size or charge of the particle and/or observation volume); using non-diffusion limited
loading; controllably loading the reaction component (e.g., using microfluidic or optical or electrical
control); sizing or selecting charges in the reaction sites/observation volumes (e.g., the sizes of
optical confinements in an array) to control which reaction components will fit (spatially or
electrostatically) into which reaction sites/observation volumes; iterative loading of reaction
components, e.g., by masking active sites between loading cycles; enriching the activity of the
reaction components that are loaded; using self-assembling nucleic acids to sterically control
loading; adjusting the size of the reaction site/observation volume; and many others. Such methods
and compositions provide for the possibility of completely loading single-molecule array reaction
sites (instead of about 30% of such sites as occurs in “Poisson limited” loading methods) with
single reaction components (e.g., molecular complexes).

[0073] In preferred aspects, the methods, compositions, and systems provided herein utilize
optical confinements to facilitate single molecule resolution of analytical reactions. In preferred
embodiments, such optical confinements are configured to provide tight optical confinement so only
a small volume of the reaction mixture is observable. Some such optical confinements and methods
of manufacture and use thereof are described at length in, e.g., U.S. Patent. Nos. 7,302,146.
7,476,503, 7,313,308, 7,315,019, 7,170,050, 6,917,726, 7,013,054, 7,181,122, and 7,292,742; U.S.
Patent Publication Nos. 20080128627, 20080152281, and 200801552280; and U.S.S.N. 11/981,740

and 12/560,308, all of which are incorporated herein by reference in their entireties for all purposes.
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[0074] Where reaction sites are located in optical confinements, the optical confinements
can be further tailored in various ways for optimal confinement of an analytical reaction of interest.
In particular, the size, shape, and composition of the optical confinement can be specifically
designed for containment of a given enzyme complex and for the particular label and illumination
scheme used.

[0075] In certain preferred embodiments of the invention, single-molecule real-time
sequencing systems already developed are applied to the detection of modified nucleic acid
templates through analysis of the sequence and kinetic data derived from such systems. As
described below, methylated cytosine and other modifications in a template nucleic acid will alter
the enzymatic activity of a polymerase processing the template nucleic acid. In certain
embodiments, polymerase kinetics in addition to sequence read data are detected using a single
molecule nucleic acid sequencing technology, e.g., the SMRT™ sequencing technology developed
by Pacific Biosciences (Eid, J. et al. (2009) Science 2009, 323, 133, the disclosure of which is
incorporated herein by reference in its entirety for all purposes). This technique is capable of long
sequencing reads and provides high-throughput methylation profiling even in highly repetitive
genomic regions, facilitating de novo sequencing of modifications such as methylated bases.
SMRT™ sequencing systems typically utilize state-of-the-art single-molecule detection
instruments, production-line nanofabrication chip manufacturing, organic chemistry, protein
mutagenesis, selection and production facilities, and software and data analysis infrastructures.
[0076] Certain preferred methods of the invention employ real-time sequencing of single
DNA molecules (Eid, et al., supra), with intrinsic sequencing rates of several bases per second and
average read lengths in the kilobase range. In such sequencing, sequential base additions catalyzed
by DNA polymerase into the growing complementary nucleic acid strand are detected with
fluorescently labeled nucleotides. The kinetics of base additions and polymerase translocation are
sensitive to the structure of the DNA double-helix, which is impacted by the presence of base
modifications, e.g, 5-MeC, 5-hmC, base J, etc., and other perturbations (secondary structure, bound
agents, etc.) in the template. By monitoring the activity of DNA polymerase during sequencing,
sequence read information and base modifications can be simultaneously detected. Long,
continuous sequence reads that are readily achievable using SMRT™ sequencing facilitate
modification (e.g., methylation) profiling in low complexity regions that are inaccessible to some

technologies, such as certain short-read sequencing technologies. Carried out in a highly parallel

4164-1219-5397.1 27

Pg. 245



Attorney Docket No.: 49217.4013/US02

manner, methylomes can be sequenced directly, with single base-pair resolution and high
throughput.

[0077] The principle of SMRT™ sequencing is illustrated in Figure 1. Two important
technology components of certain embodiments of this process are: (i) optical confinement
technology that allows single-molecule detection at concentrations of labeled nucleotides relevant to
the enzyme, and (i) phospholinked nucleotides that enable observation of uninterrupted
polymerization.

[0078] In preferred embodiments, optical confinements are ZMW nanostructures, preferably
in an arrayed format. Typically, ZMWs arrays comprise dense arrays of holes, ~100 nm in diameter,
fabricated in a ~100 nm thick metal film deposited on a transparent substrate (e.g., silicon dioxide).
These structures are further described in the art, e.g., in M. J. Levene, et al., Science 2003, 299,

682 ; and M. Foquet, et al., J. Appl. Phys. 2008, 103, 034301, the disclosures of which are
incorporated herein by reference in their entireties for all purposes. Each ZMW becomes a
nanophotonic visualization chamber for recording an individual polymerization reaction, providing
a detection volume of just 100 zeptoliters (10-21 liters). This volume represents a ~1000-fold
improvement over diffraction-limited confocal microscopy, facilitating observation of single
incorporation events against the background created by the relatively high concentration of
fluorescently labeled nucleotides. Polyphosphonate and silane-based surface coatings mediate
enzyme immobilization to the transparent floor of the ZMW while blocking non-specific
attachments to the metal top and side wall surfaces (Eid, et al., supra; and J. Korlach, et al., Proc
Natl Acad Sci U S A 2008, 105, 1176, the disclosures of which are incorporated herein by reference
in their entireties for all purposes). While certain methods described herein involve the use of ZMW
confinements, it will be readily understood by those of ordinary skill in the art upon review of the
teachings herein that these methods may also be practiced using other reaction formats, e.g., on
planar substrates or in nanometer-scale apertures other than zero-mode waveguides. (See, e.g.,
U.S.S.N. 12/560,308, filed September 15, 2009; and U.S. Patent Publication No. 20080128627,
incorporated herein supra.)

[0079] The second important component is phospholinked nucleotides for which a
detectable label (e.g., comprising a fluorescent dye) is attached to the terminal phosphate rather than
the base (Figure 1). (See, e.g., J. Korlach, et al., Nucleos. Nucleot. Nucleic Acids 2008, 27, 1072,
which is incorporated herein by reference in its entirety for all purposes.) 100% replacement of

unmodified nucleotides by phospholinked nucleotides is performed, and the enzyme cleaves away
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the label as part of the incorporation process, leaving behind a completely natural, double-stranded
nucleic acid product. Each of the four different nucleobases is labeled with a distinct detectable
label to discriminate base identities during incorporation events, thus enabling sequence
determination of the complementary DNA template. During incorporation, the enzyme holds the
labeled nucleotide in the ZMW’s detection volume for tens of milliseconds, orders of magnitude
longer than the average diffusing nucleotide is present. Signal (e.g., fluorescence) is emitted
continuously from the detectable label during the duration of incorporation, causing a detectable
pulse of increased fluorescence in the corresponding color channel. The pulse is terminated
naturally by the polymerase releasing the pyrophosphate-linker-label group. Preferably, the removal
of the linker and label during incorporation is complete such that the nucleotide incorporated has no
remnants of the linker or label remaining. The polymerase then translocates to the next base, and the
process repeats.

[0080] As shown in Figure 1A, single DNA polymerase molecules with bound DNA
template are attached to a substrate, e.g., at the bottom of each zero-mode waveguide.
Polymerization of the complementary DNA strand is observed in real time by detecting
fluorescently labeled nucleotides. Reactions steps involved in SMRT™ sequencing are as follows:
Step 1: The DNA template/primer/polymerase complex is surrounded by diffusing fluorescently
labeled nucleotides which probe the active site. Step 2: A labeled nucleotide makes a cognate
binding interaction with the next base in the DNA template that lasts for tens of milliseconds,
during which fluorescence is emitted continuously. Step 3: The polymerase incorporates the
nucleotide into the growing nucleic acid chain, thereby cleaving the a-§ phosphodiester bond,
followed by release of the nucleotide. Steps 4-5: The process repeats. A prophetic trace is shown in
Figure 1B that comprises each step shown in 1A. At steps 2 and 4, a fluorescent signal is emitted
during binding and incorporation of a nucleotide into the growing nucleic acid chain, and
monitoring of these fluorescent signals provides a sequence of nucleotide incorporations that can be
used to derive the sequence of the template nucleic acid. For example, a 5’-G-A-3’ sequence in the
growing chain indicates a 5’-T-C-3’ sequence in the complementary template strand.

[0081] As described above, reaction data is indicative of the progress of a reaction and can
serve as a signal for the presence of a modification in the template nucleic acid. Reaction data in
single molecule sequencing reaction reactions using fluorescently labeled bases is generally
centered around characterization of detected fluorescence pulses, a series of successive pulses

(“pulse trace” or one or more portions thereof), and other downstream statistical analyses of the
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pulse and trace data. Fluorescence pulses are characterized not only by their spectrum, but also by
other metrics including their duration, shape, intensity, and by the interval between successive
pulses (see, e.g., Fid, et al., supra; and U.S. Patent Publication No. 20090024331, incorporated
herein by reference in its entirety for all purposes). While not all of these metrics are generally
required for sequence determination, they add valuable information about the processing of a
template, e.g., the kinetics of nucleotide incorporation and DNA polymerase processivity and other
aspects of the reaction. Further, the context in which a pulse is detected (i.e., the one or more pulses
that precede and/or follow the pulse) can contribute to the identification of the pulse. For example,
the presence of certain modifications alters not only the processing of the template at the site of the
modification, but also the processing of the template upstream and/or downstream of the
modification. For example, the presence of modified bases in a template nucleic acid has been
shown to change the width of a pulse and/or the interpulse duration (IPD), either at the modified
base or at one or more positions proximal to it. A change in pulse width may or may not be
accompanied by a change in IPD. In addition, the types of nucleotides or nucleotide analogs being
incorporated into a nascent strand can also affect the sensitivity and response of a polymerase to a
modification. For example, certain nucleotide analogs increase the sensitivity and/or response of the
enzyme as compared to that in the presence of native nucleotides or different nucleotide analogs,
thereby facilitating detection of a modification. In particular, nucleotide analogs comprising
different types of linkers and/or fluorescent dyes have been shown to have different effects on
polymerase activity, and can impact the incorporation of a base into a nascent strand opposite a
modification, and/or can impact the incorporation kinetics for a polynucleotide region proximal to
(e.g., upstream or downstream of) the modification. The region proximal to the modification can, in
certain embodiments, correspond to the region of the template complementary to the portion of the
nascent strand synthesized while the footprint of the polymerase overlapped the locus of the
modification. These analog-based differences in polymerase sensitivity and response can be used in
redundant sequencing strategies to further enhance the detection of modifications. For example,
exchanging nucleotide analogs between iterations of an iterative sequencing reaction elicits changes
in polymerase activity between the iterations. Statistical analysis of the differences in the
sequencing reads from each iteration combined with the knowledge of how each type of nucleotide
analog affects polymerase activity can facilitate identification of modifications present in the
reaction. Figure 2 provides illustrative examples of various types of reaction data in the context of a

pulse trace including IPD, pulse width (PW), pulse height (PH), and context. Figure 2A illustrates
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these reaction data on a pulse trace generated on an unmodified template, and Figure 2B illustrates
how the presence of a modification (5-MeC) can elicit a change in one of these reaction data (IPD)
to generate a signal (increased IPD) indicative of the presence of the modification.

[0082] In yet further embodiments, reaction data is generated by analysis of the pulse and
trace data to determine error metrics for the reaction. Such error metrics include not only raw error
rate, but also more specific error metrics, e.g., identification of pulses that did not correspond to an
incorporation event, incorporations that were not accompanied by a detected pulse, incorrect
incorporation events, and the like. Any of these error metrics, or combinations thereof, can serve as
a signal indicative of the presence of one or more modifications in the template nucleic acid. In
some embodiments, such analysis involves comparison to a reference sequence and/or comparison
to replicate sequence information from the same or an identical template, e.g., using a standard or
modified multiple sequence alignment. Certain types of modifications cause an increase in one or
more error metrics. For example, some modifications can be “paired” with more than one type of
incoming nucleotide or analog thereof, so replicate sequence reads for the region comprising the
modification will show variable base incorporation opposite such a modification. Such variable
incorporation is thereby indicative of the presence of the modification. Certain types of
modifications cause an increase in one or more error metrics proximal to the modification, e.g.,
immediately upstream or downstream. The error metrics at a locus or within a region of a template
are generally indicative of the type of modification(s) present at that locus or in that region of the
template, and therefore serve as a signal of such modification(s). In preferred embodiments, at least
some reaction data is collected in real time during the course of the reaction, e.g., pulse and/or trace
characteristics.

[0083] Although described herein primarily with regards to fluorescently labeled
nucleotides, other types of detectable labels and labeling systems can also be used with the methods,
compositions, and systems described herein including, e.g., quantum dots, surface enhanced Raman
scattering particles, scattering metallic nanoparticles, FRET systems, intrinsic fluorescence, non-
fluorescent chromophores, and the like. Such labels are generally known in the art and are further
described in Provisional U.S. Patent Application No. 61/186,661, filed June 12, 2009; U.S. Patent
Nos. 6,399,335, 5,866,366, 7,476,503, and 4,981,977; U.S. Patent Pub. No. 2003/0124576;
U.S.SN. 61/164567; WO 01/16375; Mujumdar, et al Bioconjugate Chem. 4(2):105-111, 1993;
Ernst, et al, Cytometry 10:3-10, 1989; Mujumdar, et al, Cytometry 10:1119, 1989; Southwick, et al,
Cytometry 11:418-430, 1990; Hung, et al, Anal. Biochem. 243(1):15-27, 1996; Nucleic Acids Res.
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20(11):2803-2812, 1992; and Mujumdar, et al, Bioconjugate Chem. 7:356-362, 1996; Intrinsic
Fluorescence of Proteins, vol. 6, publisher: Springer US, ©2001; Kronman, M.J. and Holmes, L.G.
(2008) Photochem and Photobio 14(2): 113-134; Yanushevich, Y.G,, et al. (2003) Russian J.
Bioorganic Chem 29(4) 325-329; and Ray, K., et al. (2008) J. Phys. Chem. C 112(46): 17957-
17963, all of which are incorporated herein by reference in their entireties for all purposes. Many
such labeling groups are commercially available, e.g., from the Amersham Biosciences division of
GE Healthcare, and Molecular Probes/Invitrogen Inc. (Carlsbad, CA)., and are described in ‘The
Handbook — A Guide to Fluorescent Probes and Labeling Technologies, Tenth Edition” (2005)
(available from Invitrogen, Inc./Molecular Probes and incorporated herein in its entirety for all
purposes). Further, a combination of the labeling strategies described herein and known in the art
for labeling reaction components can be used.

[0084] Various strategies, methods, compositions, and systems are provided herein for
detecting modifications in a nucleic acid, e.g., during real-time nascent strand synthesis. For
example, since DNA polymerases can typically bypass 5-MeC in a template nucleic acid and
properly incorporate a guanine in the complementary strand opposite the 5-MeC, additional
strategies are desired to detect such altered nucleotides in the template. Various such strategies are
provided herein, such as, e.g., a) modification of the polymerase to introduce an specific interaction
with the modified nucleotide; b) detecting variations in enzyme kinetics, e.g., pausing, retention
time, etc.; ¢) use of a detectable and optionally modified nucleotide analog that specifically base-
pairs with the modification and is potentially incorporated into the nascent strand; d) chemical
treatment of the template prior to sequencing that specifically alters 5-MeC sites in the template; e)
use of a protein that specifically binds to the modification in the template nucleic acid, e.g.,
delaying or blocking progression of a polymerase during replication; and f) use of sequence context
(e.g., the higher frequency of 5-MeC nucleotides in CpG islands) to focus modification detection
efforts on regions of the template that are more likely to contain such a modification (e.g., GC-rich
regions for 5-MeC detection). These strategies may be used alone or in combination to detect 5-

MeC sites in a template nucleic acid during nascent strand synthesis.

L Polymerase Modifications
[0085] Various different polymerases may be used in template-directed sequence reactions,
e.g., those described at length, e.g., in U.S. Pat. No. 7,476,503, the disclosure of which is

incorporated herein by reference in its entirety for all purposes. In brief, the polymerase enzymes
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suitable for the present invention can be any nucleic acid polymerases that are capable of catalyzing
template-directed polymerization with reasonable synthesis fidelity. The polymerases can be DNA
polymerases or RNA polymerases (including, e.g., reverse transcriptases), DNA-dependent or
RNA-dependent polymerases, thermostable polymerases or thermally degradable polymerases, and
wildtype or modified polymerases. In some embodiments, the polymerases exhibit enhanced
efficiency as compared to the wildtype enzymes for incorporating unconventional or modified
nucleotides, e.g., nucleotides linked with fluorophores. In certain preferred embodiments, the
methods are carried out with polymerases exhibiting a high degree of processivity, i.e., the ability to
synthesize long stretches (e.g., over about 10 kilobases) of nucleic acid by maintaining a stable
nucleic acid/enzyme complex. In certain preferred embodiments, sequencing is performed with
polymerases capable of rolling circle replication. A preferred rolling circle polymerase exhibits
strand-displacement activity, and as such, a single circular template can be sequenced repeatedly to
produce a sequence read comprising multiple copies of the complement of the template strand by
displacing the nascent strand ahead of the translocating polymerase. Since the methods of the
invention can increase processivity of the polymerase by removing lesions that block continued
polymerization, they are particularly useful for applications in which a long nascent strand is
desired, e.g. as in the case of rolling-circle replication. Non-limiting examples of rolling circle
polymerases suitable for the present invention include but are not limited to TS DNA polymerase,
T4 DNA polymerase holoenzyme, phage M2 DNA polymerase, phage PRD1 DNA polymerase,
Klenow fragment of DNA polymerase, and certain polymerases that are modified or unmodified
and chosen or derived from the phages ®29 (Phi29), PRD1, Cp-1, Cp-5, Cp-7, @15, @1, ®21, ®25,
BS 32 L17, PZE, PZA, Nf, M2Y (or M2), PR4, PR5, PR722, B103, SF5, GA-1, and related
members of the Podoviridae family. In certain preferred embodiments, the polymerase is a modified
Phi29 DNA polymerase, e.g., as described in U.S. Patent Publication No. 20080108082,
incorporated herein by reference in its entirety for all purposes. Additional polymerases are
provided, e.g., in U.S.S.N. 11/645,125, filed December 21, 2006; 11/645,135, filed December 21,
2006; 12/384,112, filed March 30, 2009; and 61/094,843, filed September 5, 2008; as well as in
U.S. Patent Publication No. 20070196846, the disclosures of which are incorporated herein by
reference in their entireties for all purposes.

[0086] Further optimization is achieved through improvement of enzyme kinetics, either
through the screening of polymerase libraries and/or the engineering of polymerases, which include,

e.g., DNA polymerases, RNA polymerases, reverse transcriptases, and the like. In particular, DNA

4164-1219-5397.1 33

Pg. 251



Attorney Docket No.: 49217.4013/US02

polymerases may be screened to identify those that have desirable properties for detection of
nucleic acid modifications described herein. Further, polymerases can be engineered through
directed mutagenesis of one or more residues involved in various aspects of template-directed
nascent strand synthesis. For example, careful examination of the crystal structure of the
polymerase-DNA-nucleotide complex for certain polymerase enzymes has shown that the
polymerase rotates and flips out the base on the single-stranded region of the template DNA that is
adjacent to the active site in the 5’ direction (i.e., the base in the “-1” position). During the
subsequent DNA translocation process, this base is flipped into the active site. As such, amino acids
that interact with a modified base in the -1 position or during the subsequent translocation can be
altered or substituted to increase the enzyme’s sensitivity to the modified base. In fact, any protein
residues that come into close contact with a modification in the template are candidates for
substitution or alteration. For example, family B polymerases mostly contain replicative
polymerases and include the major eukaryotic DNA polymerases a, 9, €, and also DNA polymerase
{. Family B also includes DNA polymerases encoded by some bacteria and bacteriophages, e.g., T4,
Phi29, and RB69 bacteriophages. Most family B polymerases share common structural features for
DNA binding, and the residues along the DNA primer-template junction and the residues around the
base binding pocket at the -1 location (pre-insertion position) can be mutated and the resulting
mutants screened for enhanced response to a modification of interest. Specifically, when 5-MeC is
in the “flipped-out” (-1) position, it is surrounded by several ®29 polymerase amino acid residues,
such as K392 and K422 which are positioned close to the methyl group (Figure 3). Mutations such
as K392R/W/M and K422R/W/M that substitute the native lysine residue with amino acids with
larger side chains (e.g., arginine, tryptophan, or methionine) may increase the polymerase’s
sensitivity to modified bases, potentially delaying the translocation step and slowing incorporation
of the complementary dGTP. This is schematically illustrated with reference to Figure 3, which
shows a structural model of 5-MeC positioned one base in the 5' direction relative to the ®29 DNA
polymerase active site. As shown, two polymerase residues, K392 and K422, are close to the
methyl group of 5-MeC. These two residues are potential targets for site-specific mutagenesis to
amino acids with larger side chains that will interact sterically with the methyl group. 5-MeC is
shown as the chemical structure in the right center, while the K392 and K422 residues are left
center.

[0087] Any residues that come in close contact with a modified base are candidates for

mutation. For example, using molecular morphing and energy minimization to model the
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translocation path of 5-MeC, a number of protein residues in the ®29 polymerase have been
identified within 5 A of the methyl moiety as it is being flipped into the active site during the
translocation step. The following groups of residues (listed in the order of the translocation path) are
targets of mutations to residues with larger side chains: 193, M 188, K392, V399, T421, K422; S95,
Y101, M102; Q99, 123, K124, T189, A190; G191, S388; P127, L384, N387, S388; and L389,
Y390, G391. In particular, I93Y and V399Y may introduce a S-methylcytosine specific binding
region, analogous to those shown by the crystal structures of the SRA/S-methylcytosine binding
complex. For example, see G. V. Avvakumov, et al., Nature 2008, 455, 822; and H. Hashimoto, et
al., Nature 2008, 455, 826, the disclosures of both of which are incorporated herein by reference in
their entireties for all purposes. Although the residues identified above are specific to the ®29
polymerase, one of ordinary skill will readily recognize that the structural similarity between the
family B polymerases, and to a lesser extent family A polymerases and other polymerases, allows
identification of homologous positions on related polymerases as targets for mutation based on the
teachings herein.

[0088] In addition to the foregoing, additional improvements are derived from a molecular
evolution program using these polymerases to enhance their ability to sense 5-MeC. Such programs
have already been used to successfully improve large numbers of different enzymes for a variety of
applications, including improving DNA polymerases for sequencing. Such methods may include
diversification of the amino acid sequence space by mutagenic PCR and DNA shuffling, and/or
yeast displays for expression and selection (see, e.g., S. A. Gai, et al., Curr Opin Struct Biol 2007,
17, 467; and D. Lipovsek, et al., Chem Biol 2007, 14, 1176, which are incorporated herein by
reference in their entireties for all purposes, in which ~104 copies of a recombinant protein are
displayed on the surface of a single yeast cell carrying the transgene for the protein. The genotype-
phenotype linkage is provided by the yeast cell, but no protein purification is necessary as the
displayed proteins have the same properties as bulk solutions of polymerase. With the available
infrastructure in house, this program can be initiated without startup costs as soon as polymerase

candidates emerge.

Iv. Secondary Structure Detection
[0089] During single molecule sequencing as described supra, an otherwise highly
processive trace is sometimes interrupted by a long pause or complete cessation of sequencing, or

other change in the kinetics of the reaction. Such kinetic changes can be caused by secondary
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structure, e.g., a hairpin loop, supercoiling, internal hybridization, etc. in the template strand. In
certain aspects, the invention provides methods for not only identifying secondary structure in a
template nucleic acid, but also for improving the overall accuracy of single molecule sequencing.
[0090] In certain embodiments, a sequencing read or “trace” is generated by subjecting a
template nucleic acid to a real-time, template-directed sequencing reaction. The trace is examined to
identify long pauses by finding portions of the trace at which the interpulse duration (IPD) is
significantly longer than the average IPD. For example, find pauses that are at least 2-, 3-, 5-, 10-,
or 20-times longer than the average IPD. In some embodiments, an IPD averaged over a few
neighboring bases is used, in other embodiments an IPD averaged over a window of about 20, 30,
50, 70, or 100 bases is used, and in yet other embodiments, an IPD averaged over all or
substantially all of the template is used. It will be understood that a “pause” as used herein includes
cases in which the reaction does not reinitiate, e.g., where the reaction is effectively terminated. For
example, a polymerase may dissociate or may be unable to translocate past a modification, and the
detection of the resulting interruption in sequencing is indicative of the presence of the modification
in a template nucleic acid.

[0091] The sequence reads generated before and after the pause are analyzed within about a
20-, 30-, 50-, 70-, or 100-base window centered on the pause, and regions that flank the pause site
and are complementary to one another are identified. Based upon the complementary sequences,
their spacing, and other known factors that impact secondary structure formation (e.g., GC content,
pH, salt concentration, and the like), the probability of a hairpin loop at that location in the template
is determined. If this probability is high, the sequence reads flanking the pause site are re-examined
to identify basecalls that do not match the complementarity of the hairpin, e.g., a non-
complementary basecall or missing basecall within a stretch of complementary basecalls. Such non-
complementary or missing basecalls have a higher probability of being errors than basecalls in the
region that do not interrupt the complementarity between the regions upstream and downstream of
the pause site. As such, the basecalls at these positions are reevaluated to determine if the initial
basecall was erroneous. Further, knowledge of a given template’s propensity for forming secondary
structures that interfere with processivity of a polymerase can be used in future rounds of template-
directed sequencing of the template to better call base positions in the vicinity of the interfering
secondary structure, thereby improving accuracy of basecalls in the future rounds.

[0092] Additionally, since the duration of the pause is likely related to the strength of the

secondary structure formed within the template, the duration can be used as a metric in determining
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the type, size, compositions, and likelihood of a secondary structure in the template molecule.
Further, other non-limiting examples of kinetic changes that can be indicative of secondary
structure in the template include changes in rate, fidelity, processivity, and the amount of non-
cognate binding prior to an incorporation event. In addition, for applications in which a single
template is repeatedly subjected to template-directed synthesis, the replicate sequence reads that are
generated are compared to one another to determine if a given portion of the template consistently
produces a pause in the synthesis reaction, which provides further evidence that the pause is due to

the sequence context, e.g., secondary structure spontaneously forming in the template.

V. Modified and Non-natural Nucleotide Analogs and Base Pairing

[0093] In certain aspects, methods, compositions, and systems are provided that utilize
modified and/or non-natural nucleotide analogs and/or base pairing. For example, certain non-
natural nucleotide analogs can be incorporated by a polymerase into a nascent strand opposite a
modification, e.g., missing or damaged base. In certain embodiments, such non-natural nucleotide
analogs are detectably labeled such that their incorporation can be distinguished from incorporation
of a natural nucleotide or nucleotide analog, e.g., during template-directed nascent strand synthesis.
This strategy allows real-time sequencing that generates reads that not only provide base sequence
information for native bases in the template, but also modified bases without requiring further
modifications to the standard methods (Eid, et al, supra). This method facilitates modification
profiling in the absence of repeated sequencing of each DNA template, and is particularly well
suited to de novo applications. In certain embodiments, the modified or non-natural nucleotide
analogs are not incorporatable into the nascent strand and the polymerase can bypass the
modification using a native nucleotide or nucleotide analog, which may or may not be labeled.
Since the modified or non-natural analog has a higher affinity for the modification than a native
analog, it will bind to the polymerase complex multiple times before a native analog is incorporated,
resulting in multiple signals for a single incorporation event, and thereby increasing the likelihood
of accurate detection of the modification. Similar methods for use in sequencing unmodified
template nucleic acids are described in greater detail in U.S.S.N. 61/186,661, filed June 12, 2009
and incorporated herein by reference in its entirety for all purposes.

[0094] Since 5-MeC retains Watson-Crick hydrogen bonding with guanine, a modified
guanine nucleotide analog can be used to detect S-MeC in the template strand. For example, a

guanine nucleotide analog can be constructed to cross the major groove and sense the modified
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cytosine therein. In particular embodiments, a fused aromatic ring is linked to the N7 atom of the
guanine of the nucleotide analog. This modified guanine nucleotide analog can “sense” the methyl
group of 5-MeC and affect the base-pairing as compared to an unmodified guanine nucleotide
analog. Such guanine nucleotide analogs are further described elsewhere, e.g., in International
Application Pub. No. WO/2006/005064 and U.S. Patent No. 7,399,614. Similar modifications can
be made to nucleotide analogs appropriate for SMRT™ sequencing applications, e.g., those with
terminal-phosphate labels, e.g., as described in U.S. Patent Nos. 7,056,661 and 7,405,281; U.S.
Patent Pub. Nos. 20070196846 and 20090246791; and U.S.S.N. 12/403,090, all of which are
incorporated herein by reference in their entireties for all purposes. In certain embodiments, 5-MeC
detection may be carried out using a modified guanine nucleotide analog described above that
carries a detectable label that is distinguishable from detectable labels on other reaction
components, e.g., other nucleotide analogs being incorporated. Such a strategy allows 5-MeC
detection by observation of a signal, rather than or in addition to altered polymerase kinetics, which
facilitates methylation profiling even in the absence of redundant or replicate sequencing of the
template.

[0095] Certain embodiments use other non-natural base pairs that are orthogonal to the
natural nucleobases pairs. For example, isoguanine (isoG) can be incorporated by a polymerase into
DNA at sites complementary to isocytosine (isoC) or 5-methylisocytosine (M¢isoC), and vice versa,
as shown by the following chemical structure and described in A.T. Krueger, et al., “Redesigning
the Architecture of the Base Pair: Toward Biochemical and Biological Function of New Genetic

Sets.” Chemistry & Biology 2009, 16(3), 242, incorporated herein by reference in its entirety for all

purposes.
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Other non-natural base pairs that are orthogonal to the natural nucleobases pairs can also be used,
e.g., Im-N%Im-ON or A*/T* (described further in J. D. Ahle, et al., Nucleic Acids Res 2005, 33(10),
3176; A.T. Krueger, et al., supra;, and A.T. Krueger, et al., Curr Opinions in Chem Biology 2007,
11(6), 588).

[0096] In certain embodiments, a nucleic acid modification to be detected by the methods
herein is 7,8-dihydro-8-oxoguanine (“8-0x0G”) (also known as 8-oxo-7,8-dihydroguanine, 8-
oxoguanine, and 8-hydroxyguanine). 8-oxoG is the major oxidative DNA lesion found in human
tissue. Due to the relatively subtle modification to guanine in 8-0x0G, it may be bypassed by
replicative DNA polymerases, which preferentially incorporate an adenine nucleotide into the
nascent nucleic acid strand at the position where the complementary cytosine should be
incorporated, thereby resulting in a mutation in the nascent strand (see, e.g., Hsu, et al. (2004)
Nature 431(7005): 217-21; and Hanes, et al. (2006) J. Biol. Chem. 281:36241-8, which are
incorporated herein by reference in their entireties for all purposes). As well as introducing
mutations in vivo, the bypass of such lesions by a polymerase during template-dependent
sequencing reactions introduces errors into the sequence reads generated, and the presence of the
damaged guanine nucleotide can also cause base misalignment, potentially adding further errors
into a resulting sequence read. DNA synthesis opposite an 8-0x0G lesion has relatively very low
specificity (kcat/Km) that is about 10°-fold lower than incorporating a C opposite an unmodified G.
See, e.g., Hsu, et al., supra. Further, due to its very low redox potential 8-0xoG can be more easily
oxidized than unmodified guanine, and the 8-oxoG oxidation products are very effective blockers of
DNA polymerases. See, e.g., Duarte, et al. (1999) Nucleic Acids Res 27(2):496-502; and
Kornyushyna, et al. (2002) Biochemistry 41(51): 15304-14, the disclosures of which are
incorporated herein by reference in their entireties for all purposes.

[0097] It has been shown that 8-0xo0G alters both kcas and K of steady-state incorporation
kinetics, which are likely to cause altered pulse widths and IPD before incorporation of a nucleotide
(G or A) into the complementary position in the nascent strand during template-directed sequencing
reactions (see, e.g., Hsu, et al. and Hanes, et al., supra). These altered kinetic characteristics can be
used to detect 8-0xoG in a template nucleic acid during real-time sequencing reactions. Further, a
circular template that comprises both complementary strands of a region of interest (e.g., as
described in U.S.SN. 12/383,855 and 12/413,258, both filed March 27, 2009 and incorporated
herein by reference in their entireties for all purposes) can be used to repeatedly sequence both

strands of a region of interest, thereby generating redundant sequence information that can be
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analyzed to statistically determine how often a given position in the template has an A-G mismatch
as compared to how often the correct base is incorporated at that position. The redundant sequence
information increases the accuracy of correctly calling a position as a G or an 8-oxoG. For example,
if the mismatch rate is 100%, then if one detects an A at the position, but then a G at the
complementary position, then it is highly likely that the A detected was Hoogsteen base pairing
with an 8-0x0G in the template. This strategy is similar to detection of 5-MeC modifications that
have been deaminated to uracil prior to sequencing, as described in greater detail below.

[0098] The mismatch incorporation rate opposite 8-oxoG sites, as well as the degree to
which IPD and pulse width are affected by 8-oxoG depend on the type of polymerase used in the
reaction (see, e.g., Hsu, et al. and Hanes, et al., supra). As such, polymerase mutants can be
designed to have increased kinetic sensitivity to 8-0xoG, or increased/decreased misincorporation
rate opposite an 8-oxoG. Methods for designing polymerases for various embodiments of the
invention are known in the art and provided elsewhere herein. Further, multiple binding events are
very likely at the site of modification, resulting in one or more signals not associated with
incorporation into the nascent strand, and these multiple binding events can also occur at positions
proximal to the modification, e.g., continuing for a few bases after the site of damage. These
additional signaling events would provide a robust indicator of the site of modification. In addition,
multiple sequencing reads for the region of the template comprising the modification are expected
to contain variable numbers of extra signaling events at or proximal to the modification. As such,
comparison of this redundant sequence data will also facilitate identification of loci comprising the
modification.

[0099] In some aspects, base J is detected and/or mapped in a sample nucleic acid. Base J is a DNA
modification found in certain species of trypanosomes, including the one responsible for African
sleeping sickness, which afflicts hundreds of thousands of people per year. It is the result of two
enzymatic steps. First, thymidine-hydroxylase converts dT into hydroxymethyluracil (HOMedU);
second, B-glucosyl-transferase converts HOMedU into base J (B-D-glucosyl-HOMedU or “dJ”).
Base J is found predominantly in telomeric repeat genomic regions and is involved in expression of
variant surface glycoproteins (VSG), which are important for mammalian host infection. The
present invention provides methods for precise mapping of genomic locations of base J that do not
require the conventional detection methods of thin layer chromatography, mass spectrometry, or
base J-specific antibodies. The single-molecule sequencing-by-incorporation methods described

herein facilitate real-time detection of base J in a template during polymerase-mediated nascent
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strand synthesis. The impact of base J on polymerase activity allow detection of the base in a
template nucleic acid, and the sequence data generated during the reaction provides the nucleotide
sequence of the region comprising the modified base. Further, sequencing kinetics can also
distinguish between HOMedU and base J in a template, thus providing information about the
efficiency and rate of enzymatic conversion from one modified base to the other. As such, such
sequencing operations can be used to map precise locations of base J and HOMedU in the
trypanosome genome, and this information will help elucidate its role in disease. For more
information on base J, see Borst, et al. (2008) Annu. Rev. Microbiol. 62:235-51, incorporated by

reference herein in its entirety for all purposes.

VL Chemical Modification of Template

[00100] Direct detection of modifications (e.g., methylated bases as described above) without
pre-treatment of the DNA sample, has many benefits. Alternatively or additionally, complementary
techniques may be employed, such as the use of non-natural or modified nucleotide analogs and/or
base pairing described elsewhere herein. In general, such complementary techniques serve to
enhance the detection of the modification, e.g., by amplifying a signal indicative of the
modification. Further, while the methods described herein focus primarily on detection of 5-MeC
nucleotides, it will be clear to those of ordinary skill in the art that these methods can also be
extended to detection of other types of nucleotide modifications or damage. In addition, since
certain sequencing technologies (e.g., SMRT™ sequencing) do not require amplification of the
template, e.g., by PCR, other chemical modifications of the 5-MeC or other modifications can be
employed to facilitate detection of these modified nucleotides in the template, e.g., by employing
modifying agents that introduce additional modifications into the template at or proximal to the
modified nucleotides. For example, the difference in redox potential between normal cytosine and
5-MeC can be used to selectively oxidize 5-MeC and further distinguish it from the nonmethylated
base. Such methods are further described elsewhere, and include halogen modification (S. Bareyt, et
al., Angew Chem Int Fd Engl 2008, 47(1), 181) and selective osmium oxidation (A. Okamoto,
Nucleosides Nucleotides Nucleic Acids 2007, 26(10-12), 1601; and K. Tanaka, et al., J Am Chem
Soc 2007, 129(17), 5612), and these references are incorporated herein by reference in their
entireties for all purposes.

Glycosylase Modification
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[00101] By way of example, DNA glycosylases are a family of repair enzymes that excise
altered (e.g., methylated), damaged, or mismatched nucleotide residues in DNA while leaving the
sugar-phosphate backbone intact. Additional information on glycosylase mechanisms and structures
is provided in the art, e.g., in A. K. McCullough, et al., Annual Rev of Biochem 1999, 68, 255. In
particular, four DNA glycosylases (ROS1, DME, DML2, and DML3) have been identified in
Arabidopsis thaliana that remove methylated cytosine from double-stranded DNA, leaving an
abasic site. (See, e.g., S. K. Ooi, et al., Cell 2008, /33, 1145, incorporated herein by reference in its
entirety for all purposes.) Furthermore, it has been shown that a 5'-triphosphate derivative of the
pyrene nucleoside (dPTP) is efficiently and specifically inserted by certain DNA polymerases into
abasic DNA sites through steric complementarity. (See, e.g., T. J. Matray, et al., Nature 1999,
399(6737), 704, incorporated herein by reference in its entirety for all purposes.)

[00102] In certain embodiments of single-molecule, five-color DNA methylation sequencing,
DNA glycosylase activity can be combined with polymerase incorporation of a non-natural
nucleotide analog (e.g., a pyrene analog (dPTP) as shown in Figure 4). For example, in certain
embodiments, methylated cytosines are excised from a DNA sample treated with an Arabidopsis
DNA glycosylase. Covalent linkage of a fifth fluorophore to the terminal phosphate of dPTP allows
detection of abasic sites during polymerase-mediated DNA synthesis.

[00103] Figure 4 shows the principle of five-base DNA methylation sequencing. As shown in
Figure 4A, genomic DNA is fragmented into pieces up to several kilobases in length, which serve
as the DNA template. Figure 4B illustrates DNA glycosylase excising a 5-MeC from the template
(black), leaving an abasic site. During SMRT™ sequencing, the DNA polymerase synthesizes the
complementary strand and preferentially incorporates a fluorophore-phospholinked pyrene analog
opposite the abasic site. This fluorophore has spectral characteristics distinct from those of the other
four labeled nucleotides and indicates the presence of a 5-MeC in the original template. Further,
error metrics can also be used to identify the modification, e.g., an increase in binding events for the
pyrene analog may occur at the abasic site, as well as at downstream positions as the incorporated
pyrene analog is “buried” in the nascent strand during subsequent incorporation events. In certain
embodiments, a non-hydrolyzable pyrene analog carrying a detectable label is used at a
concentration sufficient to bind (and be detected) several times at the abasic site before a
hydrolyzable (and, preferably, distinctly labeled) analog is incorporated. Methods using non-
hydrolyzable analogs are further described below.
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[00104] A potential challenge in carrying out the above-described methods is that many DNA
glycosylases display some lyase activity, e.g., bifunctional DNA glycosylase/AP lyases. These
enzymes can cleave the phosphodiester backbone 3’ to the AP (abasic) site generated by the
glycosylase activity resulting in an abasic and unsaturated ribose derivative at that site, which could
prevent a polymerase from incorporating the pyrene analog complementary to this site. In certain
cases, it may be desirable to suppress any lyase activity of the Arabidopsis repair enzymes and
enhance the desired glycosylase activity. Strategies for achieving this include site directed
mutagenesis and the addition of a catalytically inactive AP endonuclease to the glycosylase
reaction. (See, e.g., A. E. Vidal, et al., Nucleic Acids Res 2001, 29, 1285, incorporated herein by
reference in its entirety for all purposes.) A parallel protein mutagenesis program aims to enhance
polymerase processivity in the presence of a dPTP analog. Other variations exploit ways in which
the kinetics of pyrene incorporation into the abasic site are effected by fluorophore identity, the
number of phosphates attached to the pyrene analog, and the structure of the linker connecting the
fluorophore to the terminal phosphate group.

[00105] In other embodiments of single-molecule, five-color DNA methylation sequencing,
DNA glycosylase activity can be combined with addition of a non-natural base (e.g., an otherwise
modified cytosine) to replace the methylated base. Briefly, after glycosylase-catalyzed excision of
5-MeC (with or without cleavage of the phosphodiester backbone), a class I or class IT AP
endonuclease is added to remove the abasic ribose derivative by cleavage at the phosphate groups 3’
and 5’ to the abasic site, thereby leaving 3’-OH and 5’-phosphate termini. A polymerase capable of
extending from the free 3’-OH (e.g., Pol I or human pol 8) and a non-natural base (e.g., isoC, is0oG,
or Meis0C) are added to incorporate the non-natural base into the abasic site. A DNA ligase (e.g.,
Liglll) is added to close the phosphodiester backbone by forming covalent phosphodiester bonds
between the free 3’-OH and 5’ -phosphates via ATP hydrolysis. Finally, a processive polymerase
(e.g., 29 DNA polymerase) is used to synthesize a nascent nucleic acid strand complementary to
the template strand, where the fifth nucleotide analog is the complement of the non-natural base that
replaced 5-MeC in the template. For example, if the replacement base was isoC or M¢isoC, then the
fifth analog would be isoG. As such, the fifth analog would only incorporate into the nascent strand
at positions complementary to 5-MeC sites in the template nucleic acid. In preferred embodiments,
the fifth analog has a detectable label (e.g., fluorescent dye) that is distinct from labels on other
reaction components, e.g, detectable labels on other nucleotide analogs in the reaction mixture.

Further, in certain embodiments, a non-natural or altered nucleotide that can base pair with one of
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the four nucleotide analogs, e.g., A, G, C, or T, can be used to replace the excised base in the
template. In such embodiments no fifth fluorophore is required, and the non-natural or altered
nucleotide in the template is detected primarily by virtue of the polymerase behavior during
template-directed synthesis, as described at length elsewhere herein. This is particularly beneficial
where the presence of the excised base causes a smaller response by the polymerase than the
presence of the base with which it is replaced. As such, by removing the initial modified base and
replacing it with a different modified base at which a polymerase has a more distinct or extreme
kinetic signature, the practitioner enhances detection of the modified locus in the template.
[00106] Further, glycosylases exist or can be engineered for various DNA modifications,
damage, or mismatches, so the methods described above are applicable not only for detection of 5-
MeC, but also provide methods for detecting those other types of modifications, as well. Methods
for the use of glycosylases for detection of other types of DNA damage are described in U.S.S.N.
61/186,661, filed June 12, 2009 and incorporated herein by reference in its entirety for all purposes.
In certain embodiments, the pyrene (or similar) nucleotide analog can be non-hydrolyzable to
increase the residence time and, therefore, lengthen the emitted signal indicative of the presence of
the particular lesion of interest. A non-hydrolyzable fifth-base is eventually displaced by a
hydrolysable analog and synthesis of the nascent strand continues. Alternatively, a fifth-base may
be hydrolysable but may produce multiple separate signals prior to incorporation to increase the
likelithood of detection.

Bisulfite Modification

[00107] In certain embodiments, the template may be modified by treatment with bisulfite.
Bisulfite sequencing is a common method for analyzing CpG methylation patterns in DNA.
Bisulfite treatment deaminates unmethylated cytosine in a single-stranded nucleic acid to form
uracil (P. W. Laird, Nat Rev Cancer 2003, 3(4), 253; and H. Hayatsu, Mutation Research 2008, 659,
77, incorporated herein by reference in their entireties for all purposes). In contrast, the modified 5-
MeC base is resistant to treatment with bisulfite. As such, pretreatment of template DNA with
bisulfite will convert cytosines to uracils, and subsequent sequencing reads will contain guanine
incorporations opposite 5-MeC nucleotides in the template and adenine incorporations opposite the
uracil (previously unmethylated cytosine) nucleotides. If a nucleic acid to be treated with bisulfite is
double-stranded, it is denatured prior to treatment. In conventional methods, amplification, e.g.,
PCR, typically precedes sequencing, which amplifies the modified nucleic acid, but does not

preserve information about the complementary strand. In contrast, certain embodiments of the
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present invention include use of a template molecule comprising both strands of a double-stranded
nucleic acid that can be converted to a single-stranded molecule, e.g., by adjusting pH, temperature,
etc. Treatment of the single-stranded molecule with bisulfite is followed by single-molecule
sequencing, and because the template retains both strands of the original nucleic acid, sequence
information from both is generated. Comparison of the resulting sequence reads for each strand of
the double-stranded nucleic acid will identify positions at which an unmethylated cytosine was
converted to uracil in the original templates since the reads from the two templates will be non-
complementary at that position (A-C mismatch). Likewise, reads from the two templates will be
complementary at a cytosine position (G-C match) where the cytosine position was methylated in
the original template. In certain preferred embodiments, a circular template is used, preferably
having regions of internal complementarity that can hybridize to form a double-stranded region,
e.g., as described in U.S. 12/383,855 and U.S. 12/413,258, both filed on March 27, 2009, and both
incorporated herein by reference in their entireties for all purposes.

[00108] As described elsewhere herein, methylcytosine has an effect on IPD over a number
of neighboring positions when compared to non-methylated cytosine. Uracil compared to thymine is
like unmethylated cytosine compared to methylcytosine (i.e. the only difference between U and T is
that T has an additional methyl group). Thus, the invention provides methods for performing
bisulfite sequencing in which the polymerase kinetics (e.g., IPD and pulse width) or the mismatch
incorporation rate are monitored in addition to the actual nucleotides being incorporated. Detection
of a change in either of these kinetic parameters or in the mismatch rate at the position in question,
or at neighboring positions, is used to determine whether or not a position was always a T oris a U
that was originally an unmethylated cytosine.

[00109] In certain embodiments, polymerase mutants are designed that are more sensitive to
the difference between thymine and uracil in order to enhance the effect described above. Methods
for designing polymerase variants are described in detail above and need not be repeated here.
[00110] Additionally or alternatively, PCR of uracil-containing oligonucleotides is not
necessarily as efficient as PCR without uracil. This issue can bias the PCR amplification of
bisulfite-converted DNA. Certain methods of sequencing-by-synthesis using bisulfite-modified
templates described herein circumvent this problem by not using PCR amplification. However, the
kinetics of these sequencing-by-synthesis reactions can be monitored to detect changes in kinetics

due to the presence of uracil residues.
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[00111] Further, the methods presented herein are useful for detecting PCR bias in the
amplification of bisulfite-treated nucleic acids. For example, a few rounds of PCR can be performed
on various oligos, some with uracil and some without (including controls with the same sequence
but containing thymine in place of uracil). After performing sequencing-by-synthesis on all the
resulting oligos, one could determine the percentage of oligos that still contain uracil. If it’s
different than the expected percentage given ideal (unbiased) PCR amplification, then a bias has
been detected.

[00112] In yet further embodiments, a template nucleic acid is exposed to a reagent that
transforms a modified nucleotide to a different nucleotide structure. For example, a bacterial
cytosine methyl transferase converts 5-MeC to thymine (M. J. Yebra, et al., Biochemistry 1995,
34(45), 14752, incorporated herein by reference in its entirety for all purposes). Alternatively, the
reagent may convert a methyl-cytosine to 5-hydroxy-methylcytosine, e.g., the hydroxylase enzyme
TET1 (M. Tahiliani, et al., Science 2009, 324(5929), 930, incorporated herein by reference in its
entirety for all purposes). In further embodiments, the reagent may include a cytidine deaminase
that converts methyl-cytosine to thymine (H. D. Morgan, et al., J Biological Chem 2004, 279,
52353, incorporated herein by reference in its entirety for all purposes). In yet further embodiments,
a restriction enzyme that specifically alters a modification of interest can be used to create a lesion
at the modification site. For example, DPNI cleaves at a recognition site comprising
methyladenosine. Optionally, the cleaved template could be repaired during an analytical reaction
by inclusion of a ligase enzyme in the reaction mixture. As noted elsewhere herein, nucleotides
other than 5-MeC can also be modified and detected by the methods provided herein. For example,
adenine can be converted to inosine through deamination, and this conversion affected by
methylation of adenine, allowing differential treatment and detection of adenine and MeA.

[00113] Another modified base that can be detected using the methods provided herein is 5-
hydroxymethylcytosine (5-hmC). It was recently found to be abundant in human and mouse brains,
as well as in embryonic stem cells (see, e.g., Kriaucionis, et al. (2009) "The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the brain" Science 324 (5929): 929-30;
Tahiliani M et al. (May 2009) "Conversion of S-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1" Science 324 (5929): 930-35; and W0O/2010/037001,
incorporated herein by reference in their entireties for all purposes). In mammals, it can be
generated by oxidation of 5-methylcytosine, a reaction mediated by the Tet family of enzymes.

Conventional bisulfite sequencing does not effectively distinguish 5-hmC from 5-MeC because 5-
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hmC tends to remain unmodified like 5-MeC. As such, mass spectrometry is the typical means of
detecting 5-hmC in a nucleic acid sample. The methods described herein provide a high-throughput,
real-time method to distinguish between C, 5-MeC, and 5-hmC by monitoring deviations from
normal polymerase kinetics, including IPD and pulse width.

[00114] In certain embodiments, bisulfite conversion can be used in methods for
distinguishing 5-MeC from 5-hydroxymethylcytosine (5-hmC). As noted above, bisulfite
conversion changes cytosine into uracil and does not change 5-MeC. Bisulfite conversion also
changes hydroxymethyl-cytosine (5-hmC) to cytosine-5-methylenesulfonate (CMS), which contains
a bulky SOs adduct in place of the OH adduct of 5-hmC. Like methyl-cytosine, CMS base-pairs
with guanine. As such, simply knowing the identity of the base (G) incorporated at a position
complementary to a modified base does not alone distinguish between a 5-MeC modified base and a
5-hmC modified base. Furthermore, PCR amplification of hmC-containing oligonucleotides is
highly inefficient, which hinders identification of hmC in a template by methods that require PCR
amplification prior to detection, at least in part because there will be fewer hmC-containing
amplicons produced. The present invention provides strategies that overcome these issues by
combining bisulfite conversion with detection of changes in polymerase activity during template-
directed nascent strand synthesis. For example, a duplex nucleic acid suspected of containing 5-
MeC and/or 5-hmC can be subjected to bisulfite conversion, which converts cytosine to uracil, does
not change 5-MeC, and converts 5-hmC to CMS. The template is subsequently subjected to a
single-molecule template-directed sequencing reaction. The uracils present in the template (due to
bisulfite conversion) can be distinguished from thymines using polymerase behavior, e.g., interpulse
duration, pulse width, frequency of cognate sampling, accuracy of pairing, etc. If a complementary
strand is also subjected to sequencing, then the complementary nucleotide sequence information can
also be used to identify bases, as described above. Further, the SO3; adduct added during the
conversion of 5-hmC to CMS will enhance the response of the polymerase to the modified base
(e.g., causing increased pausing) and thereby facilitate identification of CMS versus 5-MeC in the
template.

[00115] As such, in certain embodiments a nucleic acid sample is fragmented and universal
primers are attached to each resulting fragment. Bisulfite conversion is performed; the nucleic acid
fragments are single-stranded and comprise the primer site, which facilitates subsequent priming
and sequencing of the fragments. U is discriminated from T based on polymerase kinetics and

standard bisulfite sequencing algorithms, with those bases detected as U known to have originally
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been C. Bases detected as C based on their base-pairing with G are known to be 5-MeC or CMS
(originally 5-hmC). 5-MeC and CMS are discriminated based upon their relatively different
kinetics, due at least in part to the SOz adduct present in CMS and absent in 5-MeC. Further, as with
other modification-detection methods, nucleic acids known to have or suspected of having one or
more modifications of interest can be targeted, e.g., using antibodies or other binding agents
specific to the one or more modifications, and the nucleic acids containing the one or more
modifications can be selected or “captured” by various methods known in the art, e.g.,
immunoprecipitation, column chromatography, bead separations, etc. Once the nucleic acids that do
not contain the one or more modifications are removed, e.g., by washing, buffer exchange, etc., the
selected nucleic acids can be subjected to template-directed sequencing to identify and/or map the
one or more modifications. For additional information on the behavior of 5-hydroxymethylcytosine
in conventional bisulfite sequencing, see Huang, et al. (2010) PLoS ONE 5(1):e8888, the disclosure
of which is incorporated herein by reference in its entirety for all purposes.

[00116] Although methods are described in which bisulfite conversion is used to sequence
unamplified nucleic acid templates, the invention also contemplates methods for improving
amplification of bisulfite converted nucleic acids. In particular, amplification of bisulfite converted
DNA is challenging, at least in part because it is difficult to design primers that can anneal to the
converted DNA. This leads to amplification bias and a lower yield of amplicons from certain
regions of the original nucleic acid sample. Multiple displacement amplification (MDA) is an
isothermal, highly branched amplification technique that utilizes random hexamer primers and
strand-displacing polymerases (e.g., phi29). In certain aspects, the present invention provides a
method of performing amplification of bisulfite converted nucleic acid using MDA. This avoids the
need to design PCR primers since the primers used are randomly generated. In certain
embodiments, the primers can be modified to bind to bisulfite converted fragments by replacing the
Gs with Ts. (Such modified primers could also be used in conventional PCR.) This strategy could
improve the efficiency of and reduce the bias in MDA using post-bisulfite-conversion nucleic acids.
The resulting amplicons can be sequenced, e.g., using single-molecule sequencing methods
described herein, and compared to sequences generated using unconverted and optionally amplified
nucleic acids to identify the modified bases (e.g., 5-MeC or 5-hmC) in the original nucleic acids.
Further, the amplicons could be incorporated into circular constructs (e.g., as described in U.S.S.N.

12/383,855 and 12/413,258, both filed on March 27, 2009 and incorporated herein by reference in
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their entireties for all purposes) for iterative sequencing reactions to generate redundant sequence
information.

Electrophile Modification of 5-hmC

[00117] In certain embodiments, modification of the template by addition of bulky group to
5-hmC facilitates detection of 5-hmC and its discrimination from 5-MeC and unmodified cytosine.
In particular, certain electrophilic compounds have been shown to react specifically with hydroxyl
groups of nucleic acids under mild conditions in aqueous solution, resulting in addition of a bulky
adduct to the nucleic acids. For example, selective acylation of the ribose 2°-hydroxyl position
using N-methylisatoic anhydride (NMIA) and selective 2’-hydroxyl acylation analyzed by primer
extension (SHAPE) to analyze local tRNA” transcript structure in yeast tRNA* have been
demonstrated. (See, e.g., Merino, et al. (2005) J. Am. Chem. Soc. 127: 4223-4231, which is
incorporated herein by reference in its entirety for all purposes.) Additionally, procedures for
selective modification of RNA with the spin label N-(2,2',5,5") tetramethyl-3-carboxypyrrolidine-1-
oxyl)-imidazole have been developed. This spin label was shown to interact with hydroxyl groups
of 5-hydroxymethyl-2 deoxycytidines and the 2' OH ribose groups of polynucleotides and to
transfer a bulky adduct to the bases. The modification did not affect secondary structure,
conformation, or template properties in a cell-free system. (See, e.g., Petrov, A .1 (1980) Nuc. Ac.
Res. 8(23):5913-5929; Petrov, et al. (1980) Nuc. Ac. Res. 8(18):4221-4234; and Kamzolova, S.G.
(1987) Biokhimiia 52(9):1577-82, the disclosures of which are incorporated herein by reference in
their entireties for all purposes.) In addition, carbonyldiimidazone (CDI) also reacts with
hydroxymethyl groups to transfer a bulky adduct. Figure 5 provides a schematic showing addition
of bulky base adducts to 5-hmC by treatment with NMIA (A) and CDI (B). One potential outcome
of the instant methods is the additional modification of terminal phosphate or other hydroxyl groups
of a nucleoside. Addition of a bulky group at the OH group of 5-hmC alters the kinetics of the DNA
polymerase-mediated incorporation of a nucleoside into a nascent strand opposite the modified 5-
hmC, and this alteration facilitates detection and mapping of the S-hmC within a template nucleic
acid. These and other electrophilic compounds known in the art can be used similarly to those
described above to add bulky adducts to nucleic acids and, thereby, provide a characteristic kinetic
signature during single molecule sequencing reactions that is indicative of the presence of a given
base so modified.

Glucosyltransferase Modification
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[00118] In certain embodiments, DNA glucosyltransferases are used to transfer a glucose
group to 5-hmC. DNA glucosyltransferases found in bacteriophage-infected L. coli transfer glucose
from uridine diphosphate glucose (UDP-glucose) to hmC nucleotides in DNA. These enzymes are
similar to the glucosyltransferase in trypanosomes that converts hydroxymethyluracil to base J, as
described above. The enzymes can attach the glucose to hmC through an a or B linkage, as shown

here:

Exemplary enzymes for transferring glucose groups to hmC include, but are not limited to, T2-
hmC-a-glucosyltransferase, T4-hmC-a-glucosyltransferase, T6-hmC-a-glucosyltransferase, and T2-
hmC-B-glucosyltransferase. Other enzymes can be used to create diglucosylated hmC, such as T6-
glucosyl-hmC-B-glucosyltransferase, which creates diglucosylated hmC with a 3 linkage between
the two glucose groups. These enzymes are generally specific for hmC and do not typically alter
other bases such as A, C, MeC, T, or G. As such, treating hmC-containing nucleic acids with such
enzymes creates nucleic acids in which the hmC residues have been converted to
monoglucosylated-hmC or multi-glucosylated-hmC. Glucosylated-hmC is much larger and bulkier
than hmC, and therefore has a distinctive effect on polymerase activity when present in a template
nucleic acid. Details on the glucosylation of 5-hmC by glucosyltransferases are known in the art,
e.g., in Josse, et al. (1962) J. Biol. Chem. 237:1968-1976; and Lariviere, et al. (2004) J. Biol. Chem.
279:34715-34720.

[00119] The strategy for addition of glucose moieties to hmC described above can be
modified in various ways. For example, currently known glucosylating enzymes (e.g., those that
selectively glucosylate hmC or hmU) can be subjected to directed or molecular evolution to
introduce mutations that improve the efficiency and/or specificity with which hmC is glucosylated,
or that permit addition of adducts other than glucose to hmC. Alternatively or additionally, (a) the
glucose adducts added could comprise a detectable label to provide another mode of detection, e.g.,
in addition to monitoring the kinetics of the reaction, and/or (b) further steps can be performed to

add modifications in addition to the glucose adduct, e.g., that are linked to the nucleic acid through
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the glucose adduct. In yet further embodiments, a glucosyltransferase enzyme can be used that
binds to the template but does not dissociate, and therefore results in a further modification (e.g.,
bound agent) that can be detected during single-molecule sequencing, e.g., by detection of a
significant pause of nascent strand synthesis. Methods and strategies for detecting agent-nucleic
acid interactions are detailed in section VI, below.

[00120] In further embodiments, both hmC and 5-MeC and be modified prior to sequencing.
For example, the nucleic acid can be subjected to glucosylation to convert hmC to glucose-hmC,
and subsequently the 5-MeC bases can be converted to hmC, e.g., using TET1 protein. Detection of
glucose-hmC will be indicative of an hmC in the original nucleic acid, and detection of hmC will be
indicative of a 5-MeC in the original nucleic acid. Alternatively, the hmC generated by conversion
of 5-MeC can be further modified to produce a greater enhancement of detection while maintaining
a signal distinct from that of the glucose-hmC generated by conversion of hmC in the original
nucleic acid. For example, an alpha linkage can be used to attach a glucose moiety to the original
hmC, while a beta linkage is used to attach a glucose moiety to the 5-MeC-converted hmC.
Alternatively or additionally, a different sugar group can be added to each, e.g., selected from
glucose, maltose, sucrose, lactose, galactose, or multiples (e.g., di- or tri-glucosyl (or other sugar)
groups) or combinations thereof.

[00121] Further, modifications to the template can be performed at many different stages of
the method. For example, they can be introduced to a genomic DNA sample before or after
fragmentation or shearing; they can be introduced after a nucleic acid fragment is incorporated into
a sequencing template; they can be introduced in solution or at the reaction site, e.g., where a
reaction component is immobilized; and/or they can be introduced within the reaction mixture, e.g.,
in the presence of a polymerase or other sequencing enzyme.

DMS Modification

[00122] In certain embodiments, the template may be modified by treatment with dimethyl
sulfate (DMS) prior to sequencing. DMS is a chemical that methylates the N7 position of guanine in
dsDNA, and to a lesser extent the N3 position of adenine in dsDNA. If proteins are bound to a DNA
treated with DMS, the proteins will block the methylation of the sequences to which they are bound.
The bound proteins can then be removed and the DNA treated with piperidine, which breaks the
DNA backbone by removal of the methylated bases. Protected regions of the DNA are identified as
having been bound to the proteins during the DMS treatment. DMS also modifies the N3 position of

cytosine and the N1 position of adenine in single-stranded DNA or RNA so these bases can no

4164-1219-5397.1 51

Pg. 269



Attorney Docket No.: 49217.4013/US02

longer base pair with their complement. Since both these positions are involved in base-pairing,
regions that are double-stranded during DMS treatment are protected from modification. Reverse
transcriptase PCR and gel analysis is subsequently used to identify regions that were unmodified,
and are therefore likely regions that adopt secondary structures that protect them from DMS
treatment.

[00123] The present invention provides methods for real-time, single-molecule sequencing of
nucleic acids that have been subjected to DMS treatment as a means for detecting both binding sites
of nucleic acid binding agents, as well as sites of secondary structure formation, e.g., G-quadruplex
structures (also known as G-tetrads or Gs3-DNA; see, e.g., Zheng, et al. (2009) “Molecular crowding
creates an essential environment for the formation of stable G-quadruplexes in long double-stranded
DNA,” Nuc Ac Res 1-12, incorporated herein by reference in its entirety for all purposes). For
example, dsSDNA bound to one or more nucleic acid binding agents is subjected to DMS treatment,
and the binding agents are subsequently removed. The resulting dsDNA 1is subjected to template-
directed sequencing and pulse metrics are monitored to identify locations where guanine or adenine
were methylated. For example, A and G template nucleotides that cause a distinguishable change in
one or more pulse metrics are identified as not having been bound by the agent(s), and A and G
template nucleotides that do not cause a distinguishable change in one or more pulse metrics are
identified as having been bound by the agent(s). In certain embodiments, the DMS treatment takes
place in vivo, and the dsDNA is subsequently extracted and sequenced to study transcription factor
binding in the cell. Alternatively, dSDNA can be extracted from cells and subsequently exposed to
one or more nucleic acid binding agents prior to treatment with DMS in vitro. The DMS treatment
can performed in solution, or can be performed after the dsDNA is immobilized, e.g., at a reaction
site. The nucleic acid binding agents that can be studied include, but are not limited to, transcription
factors, polymerases, ribosomes, and associated cofactors to DNA. Investigators can thereby study
which DNA regions are being actively transcribed in different cells, in healthy vs. diseased tissue,
in different cell cycle stages, in response to various environmental stimuli, and the like. For
example, in certain embodiments DMS is applied in vivo or in vitro to mRNAs bound by actively
translating or stalled ribosomes. The resulting mRNA templates are subsequently sequenced in real
time, and the reactions are monitored for altered kinetics, which are indicative of modified bases.
Alternatively, the DMS-treated mRNAs can be heated to degrade modified regions, leaving only
unmodified regions for sequencing. The sequence data so generated is used to identify the mRNAs

to which a ribosome was bound, and therefore the mRNAs that were being actively translated in the
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sample from which they were extracted. Other methods of ribosome profiling are known in the art,
e.g., Ingolia, et al. (2009) Science 324(5924):218-23, the disclosure of which is incorporated herein
by reference in its entirety for all purposes.

[00124] In further embodiments, DNA and RNA secondary structure profiling can be
performed by applying DMS to single-stranded DNA or RNA (e.g., mRNA, siRNA, microRNA,
rRNA, tRNA, snRNA, ribozymes, etc.) and sequencing the DMS-modified nucleic acid using an
appropriate polymerase. (Methods for sequencing RNA molecules using RNA dependent
polymerases are described in detail in U.S.S.N 61/186,661, filed June 12, 2009 and incorporated
herein by reference in its entirety for all purposes.) Regions of the treated nucleic acid that elicit
altered polymerase kinetics are identified as regions that were single-stranded during the DMS
treatment, and regions of the treated nucleic acid that do not elicit altered polymerase kinetics are
identified as regions that were double-stranded during the DMS treatment and therefore likely
contained duplex secondary structure, e.g., hairpins. In certain embodiments, the nucleic acid is
heated prior to sequencing to cause degradation of the modified regions. The remaining, undegraded
nucleic acid is subsequently subjected to sequencing and the sequence data so generated is used to
identify regions of the original nucleic acid that formed secondary structures that prevent DMS
modification.

[00125] DMS modification can also be used to map regions that form non-B-form secondary
structures, some of which have regulatory roles in vivo. For example, G-quadruplexes consist of
stacks of Gs that protect the guanosines from DMS-modification, even in the absence of a nucleic
acid binding agent. Subsequent sequence analysis is used to identify regions that were protected
from DMS modification, and therefore are likely to have had some protective secondary structure.
[00126] Further, although described primarily in terms of DMS modification, other types of
chemical and/or enzymatic modifications can also be used in an analogous fashion, as will be clear
to one of ordinary skill in the art based on the teachings herein. For example, other methods of
DNA or RNA footprinting are particularly useful in the methods herein, including, e.g., use of
DNasel, hydroxyl radicals, UV crosslinking between an agent and a nucleic acid to which it is
bound, or UV irradiation for cleavage of nucleic acid that is not bound by an agent. Such methods
are described more fully in the published literature and elsewhere herein.

[00127] The template altered by exposure to the reagent is sequenced, e.g., using a real-time,
single-molecule methodology such as SMRT™ sequencing. In certain preferred embodiments, the

sequencing is performed multiple times on the same template, e.g., by rolling-circle synthesis or
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another form of molecular redundant sequencing. The loci in the template containing altered
nucleotides are identified by analysis of the resulting sequence reads. In cases in which the 5-MeC
nucleotides were converted to non-altered nucleotide (e.g., thymine), molecular redundant
sequencing on both the forward and reverse strands is useful for further refining the identification of
the altered nucleotides since the transformation disrupts the normal Watson-Crick base pairing. For
example, if MeC+G pair is converted to TG, the forward and reverse reads will show non-
complementary nucleotides at that position (A and C), indicating that the base pair in the template
was non-standard, likely due to an alteration of a 5-MeC at that position. Methods for molecular
redundant sequencing are further described in U.S. Patent No. 7,476,503 and U.S. Application
Serial Nos. 12/383,855 (filed March 27, 2009), 12/413,258 (filed March 27, 2009), 12/413,226
(filed March 27, 2009), and 12/561,221 (filed September 16, 2009), all of which are incorporated
herein by reference in their entireties for all purposes.

Maintenance Methyltransferases

[00128] In certain situations, such as when the amount of sample nucleic acid is limiting, it is
desirable to amplify the nucleic acid sample to increase the number of template molecules that can
be subjected to analysis. However, as noted above, conventional amplification strategies such as
PCR may not maintain modifications in the original nucleic acid sample, and the resulting
amplicons would therefore lack the modifications. For example, methylation patterns in a template
nucleic acid are not reproduced in amplicons from a PCR reactions. After a first round, the resulting
amplicons are hemimethylated, and after a second round amplicons are produced that are entirely
unmethylated from the nonmethylated strands synthesized in the first round. In each subsequent
round, a greater majority of fully unmethylated strands are produced, effectively erasing the
methylation pattern from the original nucleic acid. The present invention provides strategies for
amplification of modification-containing nucleic acid template that maintain the modification in the
amplicons so produced.

[00129] In some embodiments, a methylation pattern present in an original nucleic acid is
maintained in amplicons produced in an amplification reaction. Maintenance methyltransferases
function in an organism to ensure that methylation patterns are maintained during genome
replication by catalyzing the transfer of a methyl group, e.g., from S-adenosyl methionine (SAM),
to an unmethylated strand of a hemimethylated duplex. For example, DNMT1 predominantly
methylates CpG di-nucleotides in hemimethylated portions of the mammalian genome, although it

also has some activity on unmethylated DNA. This enzyme can be included in a reaction in which a
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methylated nucleic acid is being amplified, and during the amplification DNMT1 would methylate
nascent strands at loci opposite the methylation in the parent strands. Additionally or alternatively,
other types of maintenance methyltransferases can be included in the amplification reaction, e.g., F.
coli DNA adenine methyltransferase (Dam). For standard PCR, either a thermo-stable form of the
methyltransferase can be used, or fresh methyltransferase can be added between each cycle.
Alternatively, isothermal amplification, such as multiple displacement amplification or loop-
mediated isothermal amplification (LAMP) can be performed. For a review of a variety of
isothermal amplification techniques, see Gill, et al. (2008) Nucleosides, Nucleotides & Nucleic
Acids 27(3):224-243, the disclosure of which is incorporated herein by reference in its entirety for
all purposes.

[00130] In some embodiments, a fusion protein comprising a polymerase and a modifying
agent is used to introduce additional modifications to the template during a polymerase reaction.
For example, the modifying agent could be linked to the polymerase in an orientation to associate
with the template and introduce modifications ahead of the polymerase enzyme. As such, the
modifications so introduced would be encountered by the polymerase and would elicit a response
indicative of the presence of the modification. Alternatively, the modifying agent can bind to the
template ahead of the polymerase, which would also produce a detectable kinetic response from the
enzyme as it is either blocked by the bound modifying agent, or must displace it. Likewise, the
modifying agent can bind to the duplex formed by the polymerase, and thereby cause a change in
polymerase activity by serving as an “anchor,” at least until it dissociates. It will be clear to one of
ordinary skill in the art that various different modifying agents can be fused to the polymerase,
including, but not limited to glycosylases, glucosyltransferases, hydroxylases (e.g., TET1),
maintenance methyltransferases, and other agents that associate with and/or introduce nucleic acid
modifications.

[00131] In further embodiments, a nucleic acid sample can be divided into aliquots, each of
which is subsequently subjected to a different treatment (including “no treatment”) prior to
sequencing. For example, one aliquot may be left untreated while another is subjected to
glucosylation, glycosylation, chemical modification, etc. The sequence data generated from the
different aliquots is analyzed and compared, and differences in the sequence reads are indicative of
modifications in the original template and/or in the modified template. For example, a genomic
sample suspected of comprising 5-MeC and/or hmC nucleobases can be split into two aliquots, A

and B. Aliquot A is treated with a glucosyltransferase to convert all hmC nucleobases to glucose-
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hmC, and is subsequently sequenced. Aliquot B is subjected to TET1 treatment to convert 5-MeC
nucleobases to hmC, followed by treatment with a glucosyltransferase to convert all hmC (including
those in the original nucleic acid sample) to glucose-hmC. After the two conversion steps, aliquot B
is sequenced. The kinetic signatures from the sequencing of the nucleic acids in aliquot A are
compared to the kinetic signatures from the sequencing of the nucleic acids in aliquot B. Those loci
that have glucose-hmC in both aliquots were originally hmC, and those loci that have glucose-hmC
in only aliquot B were originally 5-MeC. In this way, the distinct kinetic signature associated with
hmC during single-molecule sequencing can be used to identify both hmC and 5-MeC within a

nucleic acid sample.

VIL Detection of Agent-Nucleic Acid Interactions

[00132] Another example of a biological process that may be monitored in accordance with
the invention is association of a nucleic acid binding agent (e.g., a protein, nucleic acid, or small
molecule) with a single nucleic acid molecule. As for the chemical modifications to the template
described above, use of such agents can serve to enhance the detection of the modification, e.g., by
amplifying a signal indicative of the modification. Further, the methods are useful for mapping
binding sites of binding agents that bind to a natural or unmodified nucleotide in a nucleic acid
molecule. Many types of agents bind to nucleic acids, such as transcription factors, RNA and DNA
polymerases, reverse transcriptases, histones, nucleases, restriction enzymes, replication protein A
(RPA), single-stranded binding protein (SSB), RNA-binding proteins, microRNA-containing
ribonucleoprotein complexes, anti-DNA antibodies, DNA damage-binding agents, modifying
agents, agents that bind altered nucleotides (e.g., methylated), small RNAs, microRNAs, drug
targets, etc. In particular, transcription factors are involved in gene expression regulation and are
thus very important for the study of diseases such as cancer. Further, RPA binds single-stranded
DNA during replication to keep DNA unwound and accessible to the polymerase. Current
technologies for detecting the binding of a protein transcription factor to a DNA molecule involve
bulk detection. Certain aspects of the invention provide methods for detecting the binding of a
transcription factor or other nucleic acid binding agent to a single molecule of DNA. In some
embodiments, the binding agents are detected while bound to a nucleic acid template; in some
embodiments the positions at which the binding agents were associated are detected after the

binding agents have dissociated or been removed from the template. The advantages of the methods
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described herein include, but are not limited to, improved resolution of kinetics (e.g., of association
and dissociation), binding loci, and statistical analysis; and greater sensitivity and simplicity.
[00133] In certain aspects, the invention provides detection of binding of a nucleic acid
binding agent onto a single nucleic acid molecule through a technology that involves observing the
activities of single molecules of polymerases in real time and with high multiplex capabilities,
thereby allowing the screening of multiple nucleic acid binding agents (or other components of the
reaction) with high throughput. In particular, the invention employs analogous processes used for
single-molecule, real-time DNA sequencing, and with some modifications, exploits such processes
to characterize various aspects of binding of nucleic acids by proteins of interest. Such sequencing
technology has been previously described, e.g., in Eid, et al. (incorporated herein above). In certain
preferred embodiments, one or more components of the reaction are immobilized at a reaction site,
e.g., in an optical confinement such as a ZMW. Alternatively or additionally, multiple reactions can
be simultaneously monitored by immobilizing them at discrete, preferably optically resolvable,
locations on a substrate, e.g. in an array of optical confinements. Further, to prevent displacement of
the agent prior to a detectable affect on the reaction (e.g., a pause), the binding may be enhanced
through various alterations to the reaction mixture (e.g., salt concentration, pH, temperature, etc.),
or through alterations to the agent itself. For example, a DNA-binding protein may comprise
various mutations that enhance binding under the conditions of the sequencing reaction, e.g., by
lowering the Kd of the binding domain (e.g., a methyl binding domain) or by duplicating the
domain to increase the effective concentration of the binding domain in the vicinity of the DNA
template.

[00134] In certain preferred embodiments, a single nucleic acid template is bound to a
sequencing engine (e.g., a polymerase or reverse transcriptase) that is synthesizing a nascent nucleic
acid strand, e.g., during a template-directed sequencing reaction or a sequencing-by-synthesis
reaction. The template can be any nucleic acid template appropriate for template-directed
sequencing, e.g. single-stranded or double-stranded DNA, RNA, or a DNA/RNA hybrid. Further,
the nucleic acid template can be linear or circular. For example, a dsSDNA template can be bound by
a polymerase in an optical confinement, e.g., a ZMW, as described above and in, e.g., Foquet, et al.,
and Levene, et al., both of which are incorporated herein supra. A nucleic acid binding agent, such
as a transcription factor or DNA damage-binding agent, is added to the reaction mixture under
conditions that promote binding of the agent to the template. If the template is bound by the agent in

a location ahead of the polymerase, the bound agent impedes the translocation of the polymerase
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along the template, resulting in a pause or full stop in polymerization at or adjacent to the position at
which the agent bound. Real-time monitoring of the ongoing sequencing reaction will allow
detection of the pause or stop, which is indicative of (i) the fact that the agent bound the template,
and (i1) the position on the template that was bound by the agent, e.g., based on the sequence of
nucleotides incorporated immediately prior to the pause or stop. Further, a consensus sequence for
the binding site of the agent can be determined by statistical analysis of the “binding-affected” (e.g.,
containing a pause or truncated) sequence reads generated in the presence of the agent and the non-
binding-affected (e.g., full-length) sequence reads generated in the absence of the agent. For
example, truncated sequence reads (or sequence reads having detectable pauses) generated in the
presence of the agent provide a location on the template at which the polymerase was blocked, and
full-length reads generated in the absence of the agent provide the binding site sequence. In certain
embodiments, sequence reads from the region of the template immediately downstream of the point
at which the polymerase is blocked are analyzed together to find a sequence (specific or degenerate)
they have in common, and this common sequence is identified as the consensus binding site for the
agent. Such analyses are routine in nucleic acid sequence analysis and require no further elaboration
here.

[00135] In certain embodiments, a nucleic acid binding protein of interest is introduced into a
reaction mixture comprising a pool of nucleic acid templates. The pool of templates is exposed to
the protein under conditions that promote binding, and polymerase enzymes are subsequently added
to the reaction mixture and allowed to bind the templates, e.g., at a single-stranded region
comprising a bound oligonucleotide primer. The reaction mixture further comprises a set of
detectably labeled nucleotides, wherein each type of nucleotide in the set is linked to a distinct label
that 1s optically identifiable during polymerization, thereby providing a distinct signal for each
nucleotide incorporation event that identifies the base incorporated into the nascent strand. The
polymerase-template complexes are immobilized on a substrate such that signals emitted from each
complex are optically resolvable from signals emitted from every other complex on the substrate.
Preferably, the reaction mixture is lacking a component required for polymerization to prevent
polymerase activity prior to immobilization. Such a component is subsequently added to the
reaction mixture allowing the polymerase to commence synthesis of a nucleic acid strand
complementary to the template to which it is bound. For those templates that were not bound by the
protein, synthesis continues unimpeded and the template is fully sequenced in the optical

confinement, generating a full-length sequence read for the template. In contrast, the templates that
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were bound by the protein are processed by the polymerase until the bound protein is encountered
on the template, at which time the polymerase will pause or stop polymerizing the complementary
strand. The truncated sequence read generated from such a stalled polymerase-template complex
will provide sequence information for the template upstream of the protein binding site. Statistical
analysis of this sequence information, both at the single molecule level and across the pool of
templates, can be used to both identify the particular nucleic acid templates bound (or not bound) by
the protein, as well as identifying the position at which the protein binds. For example, this
technique can be used to map specific protein binding sites on the template, e.g., sequence-specific
or lesion/damage-specific binding sites.

[00136] This assay can be easily modified to test the impact of various reaction conditions,
e.g., pH, ionic strength, temperature, ion concentrations (e.g., divalent metal ion concentrations),
and presence or absence of agents such as drugs, antibodies, or binding competitors. Other reaction
condition variations that can affect incorporation kinetics include the number of phosphates
attached to a nucleotide analog to be incorporated into a nascent strand, and the structure of the
linker connecting a fluorophore to a phosphate group, e.g., a terminal phosphate group. These tests
can be used to identify optimal reaction conditions, e.g., for causing a pause or stop in an ongoing
sequencing reaction or for binding to a particular subset of the pool of template nucleic acids.
Further, the assay can be used to test variants and/or mutants of known nucleic acid binding proteins
to screen such mutants for desired characteristics, such as binding under stringent conditions or
having altered sequence specificity for binding. The assay can also be used to test variants and/or
mutants of polymerase enzymes for desired characteristics, such as the ability to bypass a particular
nucleic acid binding protein. Further, the specificity of binding can be explored by performing the
assay with different pools of nucleic acid templates.

[00137] In certain embodiments, the nucleic acid binding protein is a transcription factor (TF)
with a specific consensus binding sequence, e.g., TGACTCA for AP1 or GGACTTCC for NF-kB.
DNA template molecules that contain the consensus binding sequence are bound by the TF at that
sequence, and those that do not are not bound by the TF. When the translocating polymerase
encounters a bound TF, the polymerase stops polymerizing, and the cessation of signals emitted
from the complex is indicative that the TF bound the template and, therefore, that the template
contains the consensus binding sequence. As noted above, various reaction conditions can be tested
for their effect on either the binding of the TF or the ability of the polymerase to bypass it or

displace it from the template.

4164-1219-5397.1 59

Pg. 277



Attorney Docket No.: 49217.4013/US02

[00138] Statistical analysis of the sequence information from DNA templates that were
bound by a TF can be used to further characterize the TF, e.g., by (1) identifying genes targeted by
the TF, e.g., using publicly available genome sequence data; (i1) identifying the consensus binding
sequence, e.g., using sequence data generated from the same templates in the absence of the TF;
(1i1) studying the interaction of multiple transcription factors; (iv) modulation of TF binding by
other proteins, small molecules, etc.; (v) testing the temperature sensitivity of binding; (vi)
identifying and characterizing the abundance of particular DNA-binding proteins, e.g., in a cell
extract; and the like. For example, the identity and abundance of DNA-binding proteins can be
compared between a) different tissues, cell lines, cell developmental stages, species, or subspecies;
b) healthy and diseased samples; and c) in the presence and absence of environmental stressors
and/or various agents (e.g., drugs, toxins, etc.). Yet further, variants and mutants of different
components of the reaction mixture, e.g., TF, polymerase, template, etc., can be tested to identify
those with particularly desirable characteristics, e.g., tight binding, protein displacement activity,
non-consensus binding sequences with higher binding affinity to the TF, etc.

Mapping of Previously Bound Agents

[00139] In certain aspects, the invention provides methods to map binding sites on a nucleic
acid after a binding agent has dissociated or been removed from the nucleic acid. In certain
preferred embodiments, a binding/modifying agent introduces one or more modifications to the
nucleic acid that can be detected during single-molecule sequencing after the agent is no longer
associated with the nucleic acid. For example, such a binding/modifying agent can be a complex
between a binding agent and a modifying agent that introduces one or more modifications into a
nucleic acid molecule to which the binding agent is associated. After the one or more modifications
are introduced, the binding/modifying agent is removed from the nucleic acid molecule, and the
modifications are detected during single-molecule sequencing to map the portion(s) of the nucleic
acid molecule at which the binding agent was previously associated, e.g., using both the sequence
data and the polymerase activity during the reaction. In certain preferred embodiments, the binding
agent is a transcription factor and the modifying agent introduces a modification (e.g., methyl
group, sugar group, damage, etc.) at one or more nucleotides within or near the binding site of the
transcription factor. For example, DamID is a technique in which a transcription factor-Dam
methyltransferase fusion protein is used to map binding sites for the transcription factor by exposing
a nucleic acid sample to the fusion protein under conditions in which binding and conversion of

adenosine to N®-methyladenosine occurs, and detecting the methylated bases by methylation-
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sensitive PCR. (See, e.g., van Steensel, et al. (2000) Nat. Biotechnol. 18(4):424-428; van Steensel,
et al. (2001) Nat. Genet. 27(3):304-308; Orian, A. (2006) Curr. Opin. Genet. Dev. 16(2):1-8;
Moorman, et al. (2006) Proc. Natl. Acad. Sci. USA 103(32):12027-12032; and Greil, et al. (2006)
Methods Enzymol. 410:342-359, all of which are incorporated herein by reference in their entireties
for all purposes.) The present invention improves upon this method, at least in part, with more
efficient and high-throughput methods for detection of the modified bases during single-molecule
sequencing, in which the transcription factor’s binding site is mapped at the same time as a nucleic
acid molecule to which it is or was bound is being sequenced. Single-molecule sequencing of N°-
methyladenosine is further described elsewhere herein.

[00140] In certain embodiments, the methods herein are also useful for examining the affinity
of binding agent (e.g., transcription factor, histone, etc.) association with different nucleic acid
sequences within a single reaction mixture. For example, a nucleic acid preparation (e.g., genomic
DNA) is exposed to a limiting amount of a particular binding/modifying agent subsequently
sequenced to identify not only the modified bases but also the one or more binding sites to which
the agent bound. This sequence data is compared to the nucleic acid sequence of the nucleic acid
preparation sans modification to determine the frequency of the binding sites within the preparation.
These data are analyzed to determine the affinity of the binding agent for each binding site. For
example, binding sites that are rare in the nucleic acid preparation but are frequently bound by the
binding/modifying agent are identified as those to which the binding agent has a high aftinity.
Likewise, binding sites that are common in the nucleic acid preparation but are infrequently bound
by the binding/modifying agent are identified as those to which the binding agent has a low affinity.
[00141] Binding/modifying agents comprise any modifying agent that can be linked to a
binding agent and carry out modification to one or more bases in the vicinity of the binding site of
the binding agent. Certain exemplary and nonlimiting modifying agents appropriate for inclusion in
a binding/modifying agent include Dam methyltransferase (described above), Dcm cytosine
methyltransferase, CpG cytosine methyltransferases (e.g., DNMTI, Sssl, etc.), C4-cytosine
methyltransferases, hydroxylases (e.g., TET1 protein, which converts methylcytosine to
hydroxymethylcytosine), glycosylases, nucleic acid damaging agents (e.g., nucleases), or
combinations thereof. Additional enzymes that can function as modifying agents are provided in
Lakshminarayan, et al. (2009) Cell Cycle 8(11):1698-1710, incorporated herein by reference in its

entirety for all purposes.
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[00142] In certain embodiments, a single modifying agent linked to a single binding agent
can introduce multiple modifications into a nucleic acid to which the binding agent is bound, e.g.,
where multiple different recognition sequences for the modifying agent are present and within reach
of the modifying agent. For example, a linker connecting the binding agent can be of a length and
flexibility to facilitate multiple modifications at or around the binding site, e.g., both upstream and
downstream of the binding site. Such multiple modification events at or around a binding site can
facilitate more specific mapping of the exact binding site, e.g., by both increasing the likelihood that
the modifying agent will find a sequence to be modified. For example, modifications made
upstream and downstream of the binding site are indicative of a binding site located at an
intermediate location on the template. However, such flexibility in modification location can also
complicate the mapping of the binding site where only one or a few modifications in close
proximity to one another are introduced. For example, if a modifying agent is tethered to the
binding agent by a flexible linker that allows both upstream and downstream modifications, it may
not be clear where the binding site is relative to a single modification. As such, in some
embodiments a stiff linker can help to orient the modification site with the binding site.

[00143] In some embodiments, a combination of modifying agents are linked to a single
binding agent such that multiple different types of modifications can be introduced at or near the
binding site. Multiple different modifications will have a greater effect on the activity of the
polymerase enzyme at the binding site during nascent strand synthesis than would a single
modification, and would thereby enhance detection and mapping of the binding site by effectively
increasing the “signal” in that region. In addition, given that certain modifying agents exhibit
sequence specificity, and sequence context around a binding site sequence at one locus can vary
from the sequence context around the same binding site sequence at a different locus, having
multiple different kinds of modifying agents on a single binding agent increases the likelihood that a
modification will be introduced at a given binding site sequence within an unknown sequence
context by effectively broadening the sequence context within which a modification will occur (e.g.,
CpG dinucleotides occur more frequently in the genome than do GATC tetranucleotides). Flexible
or stiff linkers, or a combination of different linker types, can be used to link the modifying agents
to the binding agent.

[00144] Further, precise mapping of the binding site can also be advanced by recognition of
one or more nucleosides that are not modified near a modified nucleoside. The presence of the

modification is indicative of the presence of the modifying agent, and the absence of a modification
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to a base that could have been modified provides information about the conformation and placement
of the binding/modifying agent on the nucleic acid molecule. As such, where a given region has two
sites for modification and only one is modified, the /ack of a modification at the other site can be
indicative of its presence within the “footprint” of the binding agent or, alternatively, that it was
outside of the reach of the binding/modifying agent. Yet further, multiple modifications, whether by
a single or multiple modifying agents linked to a binding agent, can further distinguish between
these two possibilities.

[00145] In certain embodiments, the association of multiple different binding agents on one
or more nucleic acid templates are tested in a single reaction mixture. Each different binding agent
is linked to a distinct modifying agent (or plurality thereof) such that a modification detected within
the template is indicative of the presence of a particular binding/modifying agent. For example, the
associations of two different binding agents having the same or unknown consensus binding sites
can be differentiated based on the type of modification introduced. Alternatively or in addition,
where information about the sequence of the binding site of the binding agent is known, sequence
data from the modified region can also be used to identify the binding agent that associated with
that region. For example, two different binding agents having two different consensus binding sites
can be linked to the same type of modifying agent. The presence of the modification indicates that a
binding/modifying agent was bound, and the sequence of the region identifies the particular binding
agent. Multiple different binding/modifying agents can be tested simultaneously or sequentially
within a given experiment, e.g., by being present together or by being added separately, e.g., via
buffer exchange. Experiments in which different binding agents having the same or overlapping
binding sites are present together also allow for the examination of competition and affinity for the
binding sites.

[00146] Yet further, complex formation can also be monitored where two different modifying
agents are linked to two different components of a complex of interest. The identification of two
different modifications introduced into the nucleic acid at a given locus is indicative of complex
formation at that locus. Both of the components can be binding agents that bind to the nucleic acid
during complex formation, or a first may bind to the nucleic acid while the second binds to the first.
[00147] Although the methods are particularly useful for detection and mapping of
transcription factor binding sites, use of these methods to map binding sites for other classes of
binding agents is also contemplated. Further, combinations of different classes of binding agents

can be simultaneously tested, e.g., on an arrayed format. Of particular interest is the mapping of
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binding sites for histones, replication protein A (RPA), single-stranded binding protein (SSB),
RNA-binding proteins, microRNA-containing ribonucleoprotein complexes, anti-DNA antibodies,
and agents that bind altered or damaged nucleotides that are not otherwise detectable by alterations
in polymerase activity during single-molecule sequencing reactions, which maps not only the
location of the binding agents on the nucleic acid molecule, but the modified or damaged
nucleotides themselves. Finally, although it is preferred to remove the binding/modifying agent
prior to sequencing, in certain embodiments the sequencing can be performed in the presence of the
bound agents, e.g., where a polymerase is capable of displacing the bound agents during the
reaction, or a researcher is desirous of only collecting sequence data upstream of the bound agents.
In such cases, the additional modifications can serve to enhance a pause or other kinetic response
otherwise detected when the polymerase encounters a bound agent not linked to a modifying agent.

Crosslinking-facilitated Detection/Mapping of Binding Agents

[00148] In certain aspects, detection of bound agents is facilitated by crosslinking the bound
agents to the nucleic acid to which they are bound. CLIP (crosslinking and immunoprecipitation) is
one commonly used technique in which bound proteins are crosslinked to RNA in vivo in an effort
to determine where on the RNA the protein has bound. Following crosslinking, the RNA is removed
from the cells, fragmented, subjected to RNase digestion, immunoprecipitated, and SDS-PAGE
purified to isolate RNA fragments bound by the proteins while removing unbound fragments. The
bound proteins are subsequently removed from the fragments, e.g., by degradation. The resulting
~20-40 nucleotide RNA fragments are termed “sequence tags” and represent the regions of the
original RNA that were bound by protein at the time of the crosslinking. The sequence tags (or
“CLIP tags”) are subjected to RT-PCR to generate cDNA “copies” of the RNA fragments. The
cDNA copies are sequenced to identify specific regions in the RNA to which the proteins were
bound, but even after sequencing the exact position of crosslinking cannot be determined. Rather, it
is simply inferred that the protein was bound somewhere within the 20-40 nucleotides in the RNA
that correspond to a given sequence tag.

[00149] The present invention provides a more precise method for determining the site of
crosslinking between a nucleic acid and a bound agent, and therefore a more accurate means of
determining exactly where the agent was bound to the nucleic acid. In certain embodiments, a
nucleic acid of interest is prepared by standard CLIP methods through the removal of the bound
agents. However, removal of the bound agent(s) results in modified nucleosides since remnants of

the crosslinks remain on the nucleosides that were previously crosslinked to the binding agents.
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While these modified nucleotides are not detectable by conventional CLIP sequencing, the single-
molecule real-time sequencing methods provided herein are sensitive to modified nucleotides, as
described at length herein. Briefly, these modifications can be detected by observing polymerase
activity during nascent strand synthesis using the modified nucleic acids as templates since changes
in the kinetic signature (e.g., rate, error profile, etc.) of the polymerase are indicative of a modified
base in the template. As such, this method provides not only the sequence of the nucleic acid
fragment to which a binding agent was crosslinked, but also the exact position of the previously
crosslinked nucleoside(s) within the fragment. One beneficial aspect of this method is that cDNA
conversion is not necessary for RNA nucleic acids (as is it in the CLIP protocol) because the RNA
is sequenced directly by an RNA-dependent polymerase (e.g., reverse transcriptase).

[00150] Various modifications of this method can be implemented. For example, it can be
used to map binding sites on any kind of nucleic acid that can undergo crosslinking with a bound
agent and subsequent sequencing, e.g., RNA, DNA, RNA-DNA hybrids, nucleic acids comprising
additional modifications, etc. Further, the crosslinking need not occur in vivo, and can instead be
carried out in vitro, e.g. to screen binding agents from a biological sample against an array of
known nucleic acids, or to screen nucleic acids from a biological sample against an array of known
binding agents. Further, RNase digestion is also unnecessary since the sequencing methods herein
are capable of sequencing long nucleic acid fragments, and because the crosslinking sites can be
determined specifically rather than being inferred. Yet further, standard CLIP uses gel purification
to isolate fragments prior to protein removal, but this step is not necessary for single-molecule real-
time sequencing since each fragment is individually sequenced. However, in certain embodiments
enrichment of previously crosslinked fragments may be desired, e.g., by gel purification, column
chromatography, and other methods known in the art. Additionally, in certain embodiments the
bound agents are not removed prior to sequencing. As described elsewhere herein, agents bound to
the template strand alter polymerase activity, and the sequence read information immediately prior
to the alteration allow mapping of the bound agent on the template. However, in preferred
embodiments it is beneficial to remove the bound agents, e.g., when their presence would
permanently block the polymerase and sequence reads downstream of the binding site are desired.
In yet further embodiments, the immunoprecipitation step can occur at a reaction site at which
subsequent sequencing of a bound nucleic acid will occur. For example, a reaction site can comprise
a bound antibody to immunoprecipitate a binding agent of interest, as well as a polymerase enzyme

to sequence a bound nucleic acid molecule. In arrays of reaction sites, one could control which
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binding sites are sequenced at each reaction site on an array by controlling which antibody is
localized at each. The bound agent can optionally be removed from the nucleic acid subsequent to
binding of the polymerase to the nucleic acid, and before initiation of the sequencing reaction.
[00151] In certain aspects, crosslinking is facilitated by incorporating modified bases into a
nucleic acid prior to exposure to a binding agent of interest. Photoactivatable ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-CLIP) is a technique in which cells are
grown in the presence of a photoactivatable nucleoside (preferably thiol-modified 4-thiouridine
(s4U), although other photoactivatable nucleosides can be used, e.g., 6-thioguanosine (s6G), 2-
thiocytosine (s2C), and 4-thiothymidine (s4T)) and subsequently exposed to UV light to crosslink
RNA comprising the photoactivatable nucleoside to RNA-binding proteins (RBPs) and/or
microRNA-containing ribonucleoprotein complexes (miRNPs) that are interacting with it. After
immunoprecipitation and RNase treatment to degrade the RNA template not bound by the RBPs
and/or miRNPs, the remaining portion of the bound template is isolated, e.g., by radioactive
labeling followed by SDS-PAGE. Once the template is isolated, the bound agent(s) can be removed
and the template converted to cDNA with a reverse transcriptase. The resulting cDNA is subjected
to sequencing and misincorporation events are used to identify and map the modified base. For
example, the presence of a crosslinked s4U nucleoside in a cDNA template causes a G to be
misincorporated into the complementary strand opposite the s4U nucleoside during sequencing.
Scoring for T to C transition in the resulting sequence read data (as compared to the known wild-
type polynucleotide sequence) enables mapping of the binding sites of RBPs and/or miRNPs within
the RNA.

[00152] The present invention provides various improvements to the conventional PAR-CLIP
technique using single-molecule sequencing to determine primary nucleic acid sequence at the same
time as measuring polymerase kinetics to detect modified and/or crosslinked (or previously
crosslinked) nucleobases. Similar to the conventional PAR-CLIP method described above, the
photoactivatable nucleoside in a nucleic acid of interest is crosslinked to an agent bound to the
nucleic acid. This crosslinking can be performed in vitro, or it can optionally be performed in vitro,
in which case the crosslinked nucleic acids would need to be removed from the cells by methods
known to those skilled in the art. Unlike conventional PAR-CLIP, the present invention provides a
method for directly sequencing a crosslinked RNA without converting it to cDNA, e.g., by carrying
out a single-molecule real-time sequencing reaction with a reverse transcriptase or other RNA-

dependent polymerase. The polymerase kinetics will be altered by the presence of the crosslink
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and/or the bound agent, facilitating detection of the same. For example, the location of s4U can be
mapped directly by detection of G misincorporations into the nascent strand, detection of altered
error rates compared to uridine (e.g., a high rate of cognate or non-cognate sampling), and detection
of altered kinetics (pulse width and interpulse duration) compared to uridine.

[00153] Along with no requirement for cDNA conversion, there are additional benefits to the
direct sequencing methods provided here. For example, it can be used to map binding sites on any
kind of nucleic acid that comprises a modified base that undergoes crosslinking with a bound agent
and can undergo subsequent sequencing, e.g., RNA, DNA, RNA-DNA hybrids, nucleic acids
comprising additional modifications, etc. Further, there is no need for RNase (or other nuclease)
treatment because the methods herein can distinguish between the modified bases that are
crosslinked and those that are not crosslinked. In fact, it is preferable to sequence a long template
because a long sequencing read is generally easier to align and map to a known sequence, e.g., from
a genomic sequence database. However, if it is desired to reduce the size of the template or to
remove non-crosslinked modified nucleosides, RNase treatment can optionally be performed. There
is also no requirement that the crosslinked nucleic acids be radioactively labeled and gel purified.
Rather, a preparation of crosslinked and non-crosslinked nucleic acids can be applied to an array of
optically resolvable polymerase enzymes, and sequencing can be carried out on single molecules of
nucleic acid at each polymerase. Both the sequence reads and enzyme kinetics on each of the single
molecules is used to identify which have modified nucleosides, and which of those are or were
crosslinked to bound agents. Nevertheless, if it is desired to reduce the complexity of the nucleic
acid sample, or to only subject crosslinked nucleic acids to sequencing, one can isolate those
molecules by SDS-PAGE or other methods known in the art. Finally, in certain embodiments the
bound agents are not removed prior to sequencing. As described elsewhere herein, agents bound to
the template strand alter polymerase activity, and the sequence read information immediately prior
to the alteration allow mapping of the bound agent on the template. However, in other embodiments
it is beneficial to remove the bound agents, e.g., if their presence would permanently block the
polymerase and sequence reads downstream of the binding site are desired. In this way, single-
molecule real-time sequencing can be used for directly mapping binding sites to RNA without the
additional step of cDNA conversion. In addition, simply converting a natural base to a modified
base can facilitate sequencing of the template by altering the behavior of the polymerase at the
modified base, as described elsewhere herein. This is of particular importance where a long

template having a plurality of modified bases, only some of which are crosslinked to bound agents,
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is to be sequenced. In such embodiments, both the non-crosslinked and crosslinked modified bases
are distinguishable from one another and also from the non-modified bases of the template. In yet
further embodiments, the immunoprecipitation step can occur at a reaction site at which subsequent
sequencing of a bound nucleic acid will occur. For example, a reaction site can comprise a bound
antibody to immunoprecipitate a binding agent of interest, as well as a polymerase enzyme to
sequence a bound nucleic acid molecule. In arrays of reaction sites, one could control which binding
sites are sequenced at each reaction site on an array by controlling which antibody is localized at
each. The bound agent can optionally be removed from the nucleic acid subsequent to binding of
the polymerase to the nucleic acid, and before initiation of the sequencing reaction. For more
information on the use of CLIP and PAR-CLIP in transcriptome studies, see Hafner, et. al. (2010)
Cell 141: 129-141; Wang, et al. (2009) Methods 48(3):287-93; Ule, et al. (2003) Science 302:1212-
1215; and Ule, et al. (2005) Methods 37(4):376-86, which are incorporated herein by reference in
their entireties for all purposes.

[00154] When implemented on in an arrayed format, such investigations would be highly
parallel, enabling high-throughput screening assays. Arrays of reactions are carried out on highly
multiplexed confocal fluorescence microscope systems (see, e.g., Lundquist, et al., incorporated
herein above) in which the instrument detects fluorescent signals from each reaction site on the
array, resulting in a highly parallel operation. Although preferred embodiments use arrays of zero
mode waveguides, as described elsewhere herein, these assays could also be performed in other
systems capable of real-time single-molecule detection, e.g., using total internal reflection
fluorescence (TIRF) microscopy or waveguide technology.

[00155] Although certain embodiments are described in terms of nucleic acid binding
proteins, it will be appreciated that the methods and systems described herein are equally applicable
to other nucleic acid binding agents capable of pausing, stopping, or otherwise disrupting processive
template-directed synthesis of a nascent nucleic acid molecule, e.g., nucleic acids and analogs and
mimetics thereof (e.g., protein nucleic acids), lipids, sugar-oligoamides, intercalating dyes, major

and minor groove binders, etc.

VIIL Nucleic Acid Binding Agents as Analytical Tools
[00156] In certain aspects, nucleic acid binding agents are used in the methods, compositions,
and systems of the invention to detect and/or reverse modifications in nucleic acid molecules. Such

agents are typically used to enhance the response of a polymerase to a modification in the template
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nucleic acid. That is, the methods herein can be used to detect binding of an agent to the template,
whether in response to a modification as described below, or simply an unmodified recognition site
within the sequence of the template, as described above. Further, the effects of various agents on the
creation, detection, or bypass of a nucleotide modification can also be tested and compared. For
example, a template can be treated in various different ways (e.g., with and without a nucleic acid
binding agent) and subsequently subjected to single-molecule sequencing-by-synthesis, which is
monitored for a disruption in sequence read generation that is characteristic of binding of the agent
to the template. In other embodiments, a template containing a known modification can be
subjected to single-molecule sequencing-by-synthesis in the presence of various agents and/or
reaction conditions. The reaction is monitored for the activity of the polymerase on the modified
template to determine if the presence of any of the agents or other conditions impacts the ability of
the polymerase to bypass or pause at the modification.

[00157] In certain specific embodiments, accentuating the differences in interpulse duration
and/or pulse width between methylated and unmethylated DNA involves DNA binding proteins. It
has been shown that some DNA polymerases stall when they encounter a DNA-bound protein
complex. (See, e.g., M. Elias-Arnanz, et al., EMBO J 1997, 16, 5775, incorporated herein by
reference in its entirety for all purposes.) In SMRT™ sequencing, this stall is detected as an
unusually long interpulse duration that would end when the binding protein dissociates from the
DNA template or is displaced by the translocating polymerase. There are a number of proteins that
can bind stably and specifically to methylated DNA including members of the MBD family of
human proteins, all of which contain a methyl-CpG binding domain (MBD). For example, MECP2,
MBD1, MBD2, and MBD4 all bind specifically to methylated DNA, and are involved in repressing
transcription from methylated gene promoters. Binding of these proteins to a template nucleic acid
is expected to cause a translocating polymerase to pause proximal to the bound protein. As such, an
increased pause duration during single-molecule sequencing reactions is indicative of a methylated
base in the template nucleic acid. It is therefore important that the protein bind tightly to its target
nucleic acid sequence. Natural MBD proteins only have micromolar Kd affinities for methyl-CpG
sequences, so engineered MBD proteins that bind more tightly to the methylated template sequence
can enhance detectability of methylated bases. For example, a multimerized MBD1 protein is
provided in Jorgensen, et al., Nucleic Acids Research 2006, 34(13), €96. Such engineered proteins
can have a single methyl binding domain with a lower Kd (sub-micromolar) or multiple methyl-

binding domains that increase the effective concentration of the methyl-binding domain in the
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vicinity of the methylated DNA template. More information on the MBD family of proteins is
provided, e.g., in B. Hendrich, et al., Mol Cell Biol 1998, 18(11), 6538; and I. Ohki, et al., EMBO J
2000, 18(23), 6653.

[00158] In addition, the mammalian UHRF1 (ubiquitin-like, containing PHD and RING
finger domains 1) protein binds tightly to methylated DNA and is required for its maintenance.
Crystal structures of the SRA domain of this protein bound to DNA show that the 5-MeC is flipped
out of the DNA duplex and stabilized by hydrophobic stacking and hydrogen bonding to SRA
protein residues. (See, e.g., G. V. Avvakumov, et al. and H. Hashimoto, et al., both supra.) Further,
McrBC is an endonuclease that cleaves DNA containing S-methylcytosine or 5-
hydroxymethylcytosine or N4-methylcytosine on one or both strands, but does not act upon
unmethylated DNA. McrBC requires GTP for cleavage, but in the presence of a non-hydrolyzable
analog of GTP, the enzyme will bind to methylated DNA specifically, without cleavage. (See, e.g.,
Irizarry, R A. et al. (2008) Genome Res., 18, 780-790; and Hublarova, P. et al. (2009) Int J Gynecol
Cancer, 19, 321-325, the disclosures of which are incorporated herein by reference in their
entireties for all purposes.) Finally, the monoclonal antibody to 5-MeC, used for methylated DNA
immunoprecipitation, also binds specifically to methylated cytosine. (See, e.g., N. Rougier, et al,
Genes Dev 1998, 12,2108 ; and M. Weber, et al., supra, which are incorporated herein by reference
in their entireties for all purposes.) All of the above-mentioned proteins are candidates for
interfering with normal DNA polymerase processivity during SMRT™ sequencing. In order to
enhance, decrease, or otherwise modify their polymerase stalling effects, any of these proteins can
be engineered to alter their affinity for methylated DNA sites, e.g., by introducing mutations into
their active sites or other domains involved in binding. See, e.g., H. F. Jorgensen, et al., Nucleic
Acids Res 2006, 34, €96, the disclosure of which is incorporated by reference herein in its entirety
for all purposes. For example, in order to ensure the protein can cause a pause prior to displacement,
a weakly binding protein can be altered to increase the binding strength. Likewise, in order to allow
eventual displacement of the protein by the polymerase, a protein with a high binding strength can
be altered to weaken the binding strength.

[00159] In yet further embodiments, an antibody against 5-MeC could be used to bind 5-MeC
in a template nucleic acid, similar to the process used in methylated DNA immunoprecipitation
assays (M. Weber, et al., Nar Gener 2005, 37, 853). As such, the antibody essentially acts as an
enhancer of the signal indicating the presence of the modification in the template by virtue of

altering the polymerase dynamics. Various components of such reactions can be detectably labeled,
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e.g., the antibody, template, incorporated nucleotides, and combinations thereof, as described
further elsewhere herein.

[00160] In still further embodiments, methyltransferases can be used to further facilitate
detection of methyl-modified template nucleic acids. As described above, DNA methyltransferases
catalyze the addition of methyl groups to DNA based upon recognition of methylation sites. For
some methyltransferases (e.g., maintenance methyltransferases), the most active binding site in a
nucleic acid is a hemi-methylated site in which one strand of the nucleic acid is methylated and the
opposite strand is not. An enzymatically inactive methyl transferase (i.e., one that is unable to
methylate nucleic acids) will therefore preferably bind to a hemi-methylated strand of DNA. In a
real-time, template-directed sequencing reaction, a methylated single-stranded template becomes
hemimethylated after nascent strand synthesis. A detectably labeled methyltransferase can therefore
be detected interacting with the hemimethylated product of the synthesis reaction in real-time.
[00161] In certain embodiments, a circular template is used to permit rolling-circle synthesis
by the polymerase in which a single-stranded circular template is converted to a double-stranded
circular template. In preferred embodiments, the polymerase is capable of strand displacement such
that after proceeding around the template once it begins to displace the nascent strand ahead of it as
synthesis continues. This process eventually results in long concatemer containing multiple copies
of the complement to the original template molecule. In such a system, a single-stranded methylated
template is converted to a double-stranded hemimethylated template. A methyltransferase present in
the reaction mixture can bind the hemimethylated sites and, if detectably labeled, this binding can
be readily monitored in real time. When the polymerase encounters a bound methyltransferase, a
pause may be detected prior to dissociation of the methyltransferase. The location of the pause in
the resulting sequence reads can be used to map the position of the methylated site within the
template molecule, even in the absence of a detectable label on the methyltransferase. For example,
the pause can be used to identify the binding of the methyltransferase, e.g., in cases in which the
methyltransferase is not detectably labeled, and in such cases the methyltransferase would
essentially serve to extend the pause at a methylated site, thereby facilitating identification of such a
site in the template nucleic acid.

[00162] Other types of modifications can also be detected and/or reversed by nucleic acid
binding agents. For example, among all types of DNA damage, oxidative base damage by reactive
oxygen species (ROS) has been recognized as a major cause of cell death and mutagenesis in

aerobic organisms (see, e.g., Finkel, et al. (2000) Nature 408(6809): 239-47, which is incorporated
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herein by reference in its entirety for all purposes). DNA oxidative lesions (e.g., abasic sites) are
primarily recognized and repaired by base excision repair (BER) pathways (see, e.g., Fromme et al.
(2004) Adv Protein Chem 69: 1-41, which is incorporated herein by reference in its entirety for all
purposes). In humans, the BER pathway for detecting and repairing a common oxidative lesion, 7,8-
dihydro-8-oxoguanine (“8-0x0G”), begins with recognition of the lesion by a human oxoguanine
DNA glycosylase 1 (hOggl), which is a DNA glycosylase/apurinic (AP) lyase (see, e.g., Klungland,
et al. (2007) DNA Repair (Amst) 6(4): 481-8, which is incorporated herein by reference in its
entirety for all purposes).

[00163] The modified base 8-oxoG is discussed at length supra. Recent fluorescence and
crystallography studies of hOggl found that this DNA glycosylase recognizes the oxidative DNA
lesion 8-0x0G by scanning the DNA duplex, flipping the DNA base out, and transferring the
damaged base from a pre-sampling binding site to the damage recognition binding site. Single-
molecule experiments revealed the rapid sliding activity of hOggl on DNA duplex. For more
detailed information on these studies, see Banerjee, et al. (2005) Nature 434(7033): 612-8, and
Blainey, et al. (2006) Proc Natl Acad Sci USA 103(15): 5752-7, the disclosures of which are
incorporated herein by reference in their entireties for all purposes.

[00164] In certain embodiments, the methods provided by the invention expose a nucleic acid
template to a damage-recognition agent that binds to the template at a damaged nucleotide in a
manner that blocks bypass of the lesion by a polymerase translocating along the template. The
blockage causes a cessation of incorporation-dependent signaling from the reaction site, thereby
indicating the damage-recognition agent has bound a damaged nucleotide in the template. In some
aspects, the methods further include exposing a damaged template to additional reaction
components that act to repair the damage, restoring the template and allowing dissociation of the
damage-recognition agent from the previously damaged nucleotide. Elements of the damage-repair
(e.g., base excision repair (BER)) machinery can be provided in the original reaction mixture, or can
be added to an ongoing reaction. If the polymerase pauses but does not dissociate, the
polymerization reaction can continue after DNA repair has been completed and the repair
machinery has dissociated from the template or translocated away from the previously-damaged
site.

[00165] In preferred embodiments, the damage-recognition agent is a protein involved in
BER such as DNA gycosylases/apurinic (AP) lyases, e.g., hOGG1 (human oxoguanine DNA
glycosylase 1), yOGG1 (yeast homolog of hOGG1), FPG protein (MutM; bacterial homolog of
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hOGGT1); and others known in the art. Other proteins that can be used as a damage-recognition
agent include other DNA glycosylases, e.g., AlkA, Nth, Nei, MutY, uracil DNA glycosylases
(UDQG), single-strand selective monofunctional uracil-DNA glycosylase (SMUG), thymine DNA
glycosylase (TDG), NEIL (e.g., hNEIL1 and hNEIL2), etc. Reaction components for repair of a
damaged template bound by the damage-recognition agent include, e.g., AP endonucleases, DNA
polymerase beta, and ligase, among others known in the art. See, e.g., McCullough, et al. (1999)
Annu Rev Biochem 68: 255-85, which is incorporated herein by reference in its entirety for all
purposes. Further, additional proteins that stimulate damage recognition may also be included in an
analytical reaction; e.g., HAP1 (APE1) protein has been found to stimulate hOGGT1 activity (Vidal,
et al. (2001) Nuc. Ac. Res. 29(6):1285-1292).

[00166] In certain embodiments, more than one polymerase may be present in a template-
directed sequencing reaction in which one or more lesions may be present on the template nucleic
acid. For example, “bypass polymerases” have been discovered in both prokaryotes and eukaryotes,
most of which belong to the Y-family of polymerases and/or are considered to be repair
polymerases. In contrast to replicative polymerases, they operate at low speed, low fidelity, and low
processivity. However, because their active sites adopt a more open configuration than replicative
polymerases they are less stringent and can accommodate altered bases in their active sites. For
more information on bypass polymerases, see, e.g., Cordonnier, et al. (1999) Mol Cell Biol
19(3):2206-11; Friedberg, et al. (2005) Nat Rev Mol Cell Biol 6(12):943-53; Holmquist, et al.
(2002) Mutat Res 510(1-2):1-7; Lehmann, A R. (2002) Mutat Res 509(1-2):23-34; Lehmann, A R.
(2006) Exp Cell Res 312(14):2673-6; Masutani, et al. (1999) Nature 399(6737):700-4; and Ohmort,
et al. (2001) Mol Cell 8(1):7-8, the disclosures of which are incorporated herein by reference in
their entireties for all purposes. Certain of these polymerases can bypass lesions in a nucleic acid
template and carry out “translesion synthesis” or TLS. As such, DNA replication in the presence of
such lesions was found to require multiple polymerases and the “polymerase switch model” was
developed (see, e.g., Friedberg, et al. (2005) Nat Rev Mol Cell Biol 6(12):943-53; Kannouche, et al.
(2004) Cell Cycle 3(8):1011-3; Kannouche, et al. (2004) Mol Cell 14(4):491-500; and Lehmann, et
al. (2007) DNA Repair (Amst) 6(7):891-9, all of which are incorporated herein by reference in their
entireties for all purposes). In brief, the polymerase switch model is model for lesion bypass during
replication that involves replacement of a replicative polymerase with a bypass polymerase at a

lesion, synthesis of the nascent strand by the bypass polymerase until past the lesion, and
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subsequent replacement of the bypass polymerase with the more processive, higher fidelity
replicative polymerase for continued replication past the lesion.

[00167] In certain preferred embodiments, one or more bypass polymerases are included in a
template-directed nucleic acid sequencing reaction. For example, during the course of a reaction in
which a replicative polymerase encounters and is blocked by a lesion in a template nucleic acid, the
replicative polymerase is replaced by a bypass polymerase at the site of the lesion, and the bypass
polymerase synthesizes a segment of the nascent strand that is capable of base-pairing with the
damaged base, and may further include one or more bases prior to and/or past the site of the lesion
in a process called “translesion synthesis.” The limited processivity of the bypass polymerase
causes it to dissociate and be replaced by the replicative polymerase following translesion synthesis.
The replicative polymerase continues to synthesize the nascent strand until another blocking lesion
is encountered in the template, at which point it is once again replaced by a bypass polymerase for
translesion synthesis. (See, e.g., Friedberg, et al. (2005) Nat Rev Mol Cell Biol 6(12):943-53; and
Kannouche, et al. (2004) Mol Cell 14(4):491-500, incorporated herein by reference above.) The
process continues until the template has been replicated or the reaction is terminated, e.g., by the
investigatior. One particular advantage of the polymerase switch method of template-dependent
sequencing is that is it tolerant of most types of lesions in the template nucleic acid. As such the
damaged template can be sequenced through a lesion, thereby allowing reinitiation of synthesis
downstream of the lesion and increasing read lengths on lesion-containing templates.

[00168] Various different bypass polymerases known to those of ordinary skill in the art can
be used with the methods and compositions provided herein, include prokaryotic polymerases (e.g.,
DNA polymerase IV, polymerase V, Dpo4, Dbh, and UmuC) and eukaryotic polymerases (e.g.,
DNA polymerase 1, DNA polymerase 1, DNA polymerase «k, and Rev1). In eukaryotes, multiple
bypass polymerases participate in translesion synthesis, and a processivity factor, proliferating cell
nuclear antigen (“PCNA”), is also required and can be included in a sequencing reaction.

[00169] In certain preferred embodiments, the template or primer is immobilized during the
template-dependent synthesis reaction to ensure that the template remains at the reaction site during
polymerase switching. Alternatively or additionally, one or more polymerases can be immobilized
at the reaction site. Various immobilization strategies useful in different aspects of the invention are
provided elsewhere herein.

[00170] Since the portion of the nascent strand corresponding to the site of the lesion in the

template is synthesized by a bypass polymerase, the sequence reads generated therefrom are

4164-1219-5397.1 74

Pg. 292



Attorney Docket No.: 49217.4013/US02

expected to be less reliable than those generated from regions of the nascent strand synthesized by
the replicative polymerase. As such, generation of redundant sequence information during a
sequencing reaction is a preferred means of generating complete and accurate sequence reads.
Redundancy can be achieved in various ways described elsewhere herein, including carrying out
multiple sequencing reactions using the same original template with the sequence data generated in
the multiple reactions combined and subjected to statistical analysis to determine a consensus
sequence for the template. For example, the sequence data from a region in a first copy of the
template that was replicated by a lower fidelity bypass polymerase can be supplemented and/or
corrected with sequence data from the same region in a second copy of the template that was
replicated with a higher fidelity replicative polymerase. Further, a template can be amplified (e.g.,
via rolling circle amplification) to generate a concatemer comprising multiple copies of the template
that is subsequently sequenced to generate, a sequencing read that is internally redundant. The
sequence data from a first segment of the concatemer (corresponding to a first region of the
template) that was replicated by the bypass polymerase can be supplemented and/or corrected with
sequence data from a second segment of the concatemer (that also corresponds to the first region of
the template) that was replicated by the replicative polymerase. Further, as noted above, redundancy
can also benefit identification and characterization of lesions that occur in the same position in a
plurality of templates, or that occur at a single position in a template that is subjected to
resequencing. For example, since base incorporation by the bypass polymerase is promiscuous,
replicate sequencing reads for the region containing the lesion may show more than one
“complementary base” being incorporated at the same position in different reads (of the same or an
identical template), and detection of such promiscuity is indicative that there is a lesion at that
position in the template nucleic acid(s).

[00171] In certain embodiments, a polymerase in the reaction mixture may comprise a
detectable label to indicate when that polymerase is associated with the template nucleic acid. For
example, a bypass polymerase can comprise a detectable label that will indicate when the bypass
polymerase is carrying out translesion synthesis. The nucleotides incorporated into the nascent
strand during that time can therefore be identified and “tagged” as corresponding to a region of the
template that contains one or more lesions, thereby allowing targeting of statistical analysis to these
sequence reads, e.g., as described above.

[00172] In yet further embodiments, a nucleic acid binding agent specifically binds to

secondary structure in the nucleic acid template, e.g., hairpin loops, stem-loops, internal loops,
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bulges, pseudoknots, base-triples, supercoiling, internal hybridization, and the like. Binding of an
agent to such structures inhibits passage of the polymerase through the structures to a greater extent
than the enzyme is inhibited in the absence of the agent, thereby increasing the resulting pause time
and facilitating detection of the secondary structure. Examples of agents that have binding
specificity for specific structures and/or strandedness in nucleic acids include, e.g., intercalating
agents, nuclease-deficient endonucleases (e.g., with a specificity for a double-stranded region within
a stem-loop structure), polymerases, and various eukaryotic initiator proteins.

[00173] As noted above, various different types of templates for template-directed
polymerization reactions can be used, e.g., single-stranded or double-stranded DNA, single-stranded
or double-stranded RNA, DNA/RNA hybrids, and analogs, hybrids, derivatives, and mimetics
thereof. Further, the template can contain a combination of single-stranded and double-stranded
regions, e.g., such as the templates described in U.S.S.N. 12/383,855 and 12/413,258, both filed on
March 27, 2009 and incorporated herein by reference in their entireties for all purposes. The type of
template used is limited only by the substrate specificity of the polymerase and damage-binding
agent in the reaction. For example, Figure 6 provides an illustrative embodiment of such a reaction
comprising a linear template and a damage-binding agent that recognizes a lesion in a single-
stranded template. In A, the damage-binding agent (305) is scanning a linear, single-stranded
nucleic acid template (310) ahead of a polymerase (315) performing template-directed
polymerization of a nascent nucleic acid strand (320). In B, the damage-binding agent (305) has
detected and bound to a lesion (325) in the single-stranded template (310). In C, the polymerase
(315) has caught up with the damage-binding agent (305) and its progress along the template (310)
is blocked. In D, the lesion has been repaired by repair machinery (330) recruited by the damage-
binding agent (305). In E, the repair machinery has dissociated from the template (310) and the
damage-binding agent (305) has translocated away from the previously damaged site, thereby
allowing the polymerase (315) to resume synthesis of the nascent strand (320).

[00174] In some embodiments, a damage-binding agent with specificity for double-stranded
nucleic acid may be used in a reaction comprising a single-stranded template, e.g., when the
scanning and damage detection/binding is expected to occur after the polymerase has converted the
single-stranded template to a double-stranded template by template-dependent polymerization, e.g.,
after a single-stranded circle has been converted to a double-stranded circle during “rolling-circle
replication.” For example, although an initial substrate in a reaction is a circular single-stranded

nucleic acid template, after a polymerase has processed the template one time it becomes a double-
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stranded template and an appropriate substrate for a damage-binding agent that specifically scans
and binds double-stranded nucleic acid. For example, Figure 7 illustrates an embodiment
comprising a circular template and a damage-binding agent that recognizes a lesion in a double-
stranded template. In A, the damage-binding agent (405) is scanning a circular, double-stranded
nucleic acid template (435) ahead of a polymerase (415) performing template-directed
polymerization while displacing the 5° end of the nascent nucleic acid strand being synthesized
(440). In B, the damage-binding agent (405) has detected and bound to a lesion (425) in the double-
stranded template (435), and the progress of the polymerase (415) is blocked by the bound damage-
binding agent (405). In C, the lesion has been repaired and the damage-binding agent (405) has
translocated away from the previously damaged site, thereby allowing the polymerase (415) to
resume synthesis of the nascent strand (420).

[00175] Although various embodiments are described in terms of recognition and, optionally
repair of 8-oxoG lesions, other types of DNA damage can also be addressed by the methods herein.
For example, in the case of hOGGI, the N-glycosylase activity releases damaged purines from
double-stranded DNA, generating an apurinic (AP) site. The AP-lyase activity cleaves 3" to the AP
site leaving a 5" phosphate and a 3"-phospho-a, B-unsaturated aldehyde. In addition to 8-oxoG
(when paired with cytosine), hOGG1 also recognizes and removes 8-oxoA (when base paired with
cytosine), foramidopyrimidine (fapy)-guanine and methy-fapy-guanine (Bjoras, M. et al. (1997)
EMBO J., 16, 6314-6322; and Boiteux, S. and Radicella, J. (1999) Biochimie, 81, 59-67, the
disclosures of which are incorporated herein by reference in their entireties for all purposes). Other
types of DNA damage that can be bound and, optionally, repaired by the methods herein include
BER enzymes that repair other DNA base lesions (small DNA base modifications, abasic sites,
etc.), e.g. AAG/MPG for methylated lesions, UDG/SUMGT for repairing uracil in DNA, apurinic
endonuclease (APE) for abasic sites, etc. Also included are nucleotide excision repair (NER)
enzymes that repair more bulky DNA lesions, such as DNA base adducts and DNA intra- and inter-
strand crosslinks. Furthermore, although the DNA polymerase switch methods described above are
suitable for detecting and bypassing most DNA lesions that block a replicative polymerase, certain
small base modifications like 8-0x0G can be bypassed by a replicative polymerase, and thus
methods that include binding agents that block the polymerase at the site of a lesion can help ensure
that such lesions are detected, and optionally removed, from the template to prevent the sequence

data generated from the template-dependent sequencing reactions to be adversely affected.
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[00176] In certain embodiments, hOGG1 is included in a template-directed DNA sequencing
reaction in the presence of a polymerase and a set of nucleotides, each of which bears a label that is
optically detectable and that distinctively identifies the base (e.g., A, G, T, or C). Detection of an
optical signal upon interaction with the polymerase and incorporation into the nascent strand allows
the practitioner to identify the base incorporated and, by complementarity, the sequence of the
template DNA molecule. In preferred embodiments, the incorporation of nucleotides into the
nascent strand continues in a processive fashion, generating an ordered set of optical signals that
can be analyzed to provide a sequence for both the nascent strand and, by complementarity, the
template strand. The hOGGT1 enzyme associates with the template, “scans” for damage, and
specifically binds to locations at which such damage occurs. As such, if the template DNA molecule
contains or acquires (e.g. during the course of the analytical reaction) DNA damage recognized by
hOGGT1, it is bound by hOGGI, bypass of the lesion by the polymerase is blocked, and the
incorporation-based signal is slowed or stopped (e.g., by stalling or dissociation of the polymerase).
Although such a blockage can cause dissociation of the polymerase, in certain preferred
embodiments the polymerase merely pauses until the damaged nucleotide is repaired and hOGG1
and any other repair machinery dissociates from the template, at which time polymerization
resumes and additional sequence data is generated from the template at and downstream of the site
of the previously damaged nucleotide.

[00177] In certain preferred embodiments, one or more reaction components is immobilized
at a reaction site, e.g., in an optical confinement such as a zero mode waveguide (ZMW). In some
embodiments, the polymerase is immobilized and the nucleic acid template and damage-binding
agent are free in solution. Methods for immobilizing a polymerase enzyme are available in the art
and provided elsewhere herein. In other embodiments, the nucleic acid template can be immobilized
at the reaction site with the polymerase and damage-binding agent free in solution. For example, in
preferred embodiments the damage-binding agent translocates upon the template faster than the
polymerase so it does not impede progress of the template-dependent sequencing reaction on an
undamaged template. However, upon binding a lesion, the damage-binding agent will stop and bind
to the site, blocking progress of a translocating polymerase past the lesion. For example, hOGG1
translocates much faster than phi29 polymerase on undamaged DNA, but after encountering a
damaged nucleotide the enzyme will bind to the site and wait for other components of the BER
machinery. Alternatively or additionally, the damage-binding agent may be immobilized at the

reaction site. For example, in the case of hOGG1 only a single enzyme is required for DNA
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binding, scanning, and lesion recognition. Immobilization of a single damage-binding agent at the
reaction site increases the likelihood that a single template at each reaction site will be scanned for
damage. Methods for immobilizing various reaction components are known in the art as described
elsewhere herein.

[00178] In certain aspects, the methods for detection of nucleic acid damage can be used to
test various elements of an experimental system to identify sources of such damage. For example,
various buffer conditions or other components of an analytical reaction (e.g., reaction components
or radiation that can induce production of oxygen radicals) can be tested to identify those that cause
the least amount of damage for use in an experimental system. Further, such damage can be
intentionally introduced into a nucleic acid template by the practitioner, e.g., at one or more specific
locations in a template. This provides a means for controlling the progress of the polymerase, and
therefore controlling the timing of production of sequence reads from different portions of the
template. For example, if the template is extremely long (e.g., thousands or tens of thousands of
base pairs in length), it may be beneficial to temporarily pause the reaction at one or more points on
the template to allow orientation of the sequence read to the template. In particular, a pause in
emission of signal pulses is indicative that the polymerase has reached a particular location on the
template, and the investigator can reinitiate polymerization by addition of repair agents/proteins to
the reaction mixture. Such repair agents may be washed out of the reaction mixture and, optionally,
reintroduced at a later point during the course of the reaction, e.g., by buffer exchange.

[00179] In certain aspects, the use of binding agents specific for modifications of interest can
facilitate enrichment of a nucleic acid preparation of those modifications. As described at length
herein, a plethora of agents can specifically bind a variety of modifications within a nucleic acid
molecule. While described elsewhere as having a direct impact on a single molecule sequencing
reaction, these agents can also be used as a “tag” for isolating nucleic acids having modifications
from a mixture of nucleic acids. In some embodiments, an antibody specific for a modification of
interest is introduced to a nucleic acid sample suspected of having the modification under
conditions that promote binding of the antibody to the modification. The antibody is typically linked
to a solid support, e.g., a bead or column, such that nucleic acids that are not bound can be removed,
e.g., by washing or buffer exchange. Subsequently, the nucleic acids bound to the antibody are
released and subjected to sequencing with most or all of the nucleic acids sequenced having the
modification of interest. In other embodiments, proteins that specifically recognize and bind to a

modification of interest are used to target and enrich the modification in a nucleic acid mixture. For
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example, J-binding protein 1 (JBP1) binds specifically to base J-containing duplex DNA (see, e.g.,
Cross, et al. (1999) EMBO J. 18:6573-6571; and Borst, et al. (2008) Annu. Rev. Microbiol. 62:235-
251.) JBP1 can be immobilized to allow base J-containing nucleic acids to be captured while
nucleic acids lacking base J are not bound and can be removed. In yet further embodiments, a
modification-comprising nucleic acid may be further modified to facilitate capture. For example, T4
phage B-glucosyl-transferases can add a glucose moiety to S-hydroxymethylcytosine within a
nucleic acid template, and binding agents (e.g., antibodies) specific to the resulting glucosyl-5-
hydroxymethylcytosine can be used to enrich for nucleic acids comprising this modified base. It
will be clear to one of ordinary skill that other binding agents, e.g., those described herein, can also
be used for such enrichment procedures, to the extent that they can either be immobilized
themselves, or be bound by an immobilized binding agent, e.g. an antibody other binding partner.
Further, where multiple different modifications are to be sequenced, multiple enrichments can be
performed, e.g., within a single reaction mixture where all modifications are collected together, or
in separate aliquots of the original nucleic acid sample where each modification is separately
enriched.

[00180] Enrichment strategies are beneficial, both for reducing experimental variation and
increasing efficiency of identifying modifications within a nucleic acid sample. For example, in
certain preferred embodiments a nucleic acid sample is exposed to a binding agent that specifically
binds a modification of interest, the nucleic acid sample is fragmented, and fragments comprising
the modification are retained by virtue of their association with the binding agent. In doing so, the
resulting nucleic acid sample is less complex and more enriched for fragments of interest than was
the original nucleic acid sample. This “enriched sample” is divided into two aliquots, only one of
which is subjected to an amplification reaction that does not maintain the modifications in the
resulting amplicons. These amplicons represent the regions of the original nucleic acid sample that
comprised the modifications, but since the modifications are no longer present they serve as the
reference sequence to which the sequence of the unamplified fragments in the enriched sample (i.e.,
which still comprise the modifications) will be compared. The fragments in both the amplified
unamplified aliquots are sequenced and statistically analyzed to determine positions at which they
differ, which are indicative of modifications in the original template. Although the complexity
reduction step is preferred, it is not required. For example, the original nucleic acid sample can also
be divided and only a portion amplified to remove the modifications and provide a “reference”

sample. In certain embodiments, the amplified and unamplified fragments (whether enriched or not)
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are capped with hairpins or stem-loop structures to create closed, circular sequencing templates.
Optionally, the hairpins or stem-loop structures comprise different sequences or “barcodes” that
allow sequenced-based identification of the origin of the fragment contained therein. For example,
the amplified fragments will be ligated to a first pair of hairpins, and the unamplified fragments will
be ligated to a second pair of hairpins, wherein the sequence of the first pair is distinct from the
sequence of the second pair, e.g., in either one or both hairpins within each pair. In such
embodiments, the two template preparations can be included in the same sequencing reaction, e.g.,
in an arrayed format, and the resulting sequence information can be analyzed to both determine
whether a particular fragment is from the amplified or unamplified aliquot, and to identify
modifications present in the unamplified fragments, and therefore the original nucleic acid sample.
Sequencing both amplified and unamplified fragments together is particularly beneficial to ensure
that sequencing reaction conditions are identical for both, thereby reducing experimental variation.
Other alterations to the described methods will be recognized by those of ordinary skill in the art in
light of the teachings herein. For example, the sequence determination can be carried out by other

methodologies well known in the art.

X Data analysis

[00181] Analysis of the data generated by the methods described herein is generally
performed using software and/or statistical algorithms that perform various data conversions, e.g.,
conversion of signal emissions into basecalls, conversion of basecalls into consensus sequences for
a nucleic acid template, and conversion of various aspects of the basecalls and/or consensus
sequence to derive a reliability metric for the resulting values. Such software, statistical algorithms,
and use thereof are described in detail, e.g., in U.S. Patent Publication No. 20090024331 and
U.S.S.N. 61/116,439, the disclosures of which are incorporated herein by reference in their
entireties for all purposes. Specific methods for discerning altered nucleotides in a template nucleic
acid are provided in U.S.S.N. 61/201,551, filed December 11, 2008, and incorporated herein by
reference in its entirety for all purposes. These methods include use of statistical classification
algorithms that analyze the signal from a single-molecule sequencing technology and detect
significant changes in one or more aspects of signal morphology, variation of reaction conditions,
and adjustment of data collection parameters to increase sensitivity to changes in signal due to the

presence of modified or damaged nucleotides.
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[00182] In certain aspects, the invention provides methods for detecting changes in the
kinetics (e.g., slowing or pausing) or other reaction data for real-time DNA sequencing. As
discussed at length above, detection of a change in such sequencing applications can be indicative
of secondary structure in the template, the presence of modifications in the template, the presence of
an agent bound to the template, and the like. It is appreciated that the kinetic activity of single
molecules does not follow the regular and simple picture implied by traditional chemical kinetics, a
view dominated by single-rate exponentials and the smooth results of ensemble averaging. In a
large multi-dimensional molecular system, such as the polymerase-DNA complex, there are
processes taking place on many different time scales, and the resultant kinetic picture can be quite
complex at the molecular level. (See, e.g., Herbert, et al. (2008) Ann Rev Biochem 77:149.) As
such, a real-time single-molecule sequencing technology should be adaptable to such non-
exponential behavior. For example, pauses during a real-time sequencing reaction are detectable as
regions in the trace of observed signals over time in which it appears that the enzyme has
significantly slowed as compared to the average rate of incorporation. As such, methods are
provided to analyze the data generated in the vicinity of a pause site, and in particular algorithmic
methods for classifying and removing or down-weighting the occurrence of pauses in the context of
single-molecule sequencing. General information on algorithms for use in sequence analysis can be
found, e.g., in Braun, et al. (1998) Statist Sci 13:142; and Durbin, et al. (1998) Biological sequence
analysis: Probabilistic models of proteins and nucleic acids, Cambridge University Press:
Cambridge, UK.

[00183] In certain preferred embodiments, the methods utilize a segmentation algorithm for
discriminating pause regions in a real-time signal generated by monitoring single-molecule kinetics,
in particular by monitoring DNA synthesis by DNA polymerase. The central observation is that
during a pause the density of signal events (incorporations) is lowered, where the density refers to
the number of events per a fixed unit of time. At the same time, stochastic events arising from
Poisson processes, such as sticks (signals that do not correspond to an incorporation event, e.g.,
dyes that enter the detection volume but are not linked to nucleotides that are incorporated into the
nascent strand) should continue at the same density as normally observed. Figure 8 illustrates an
observation of true incorporations (solid line) versus stochastic pulses (dashed line) across time. A
pause is identified in the region of the trace in which the observation of true incorporations dips
below the observation of stochastic pulses. As such, by observation of differences in local densities,

pauses in incorporation activity can be identified.
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[00184] In some embodiments, a basic detection approach uses higher order summary
statistics. IPD is typically distributed exponentially with different rates assigned to different hidden
states, e.g., Ac for unmethylated states and Acys for methylated states. Modifications are detected by
examining the ratio Acas /Ac between two samples. For example, where Acm/Ac >> 1, there is
evidence of a 5-MeC in the template nucleic acid. It follows that I/PDc ~ Exponential (4c) and
IPDcuy ~ Exponential (Acy), then Z = Acvd PDcv/AcIPDc has a probability density function f(z) =
1/(z + 1)>. However, while this ratio-based approach can be effective, it is a basic approach that
does not take advantage of all aspects of the reaction data.

[00185] Other features that are related to pausing and can contribute to a full model of the
phenomenon. In particular, the local sequence context of the template strand can also influence and
inhibit the activity of the polymerase along the template. For example, the local sequence context
that influences and/or inhibits activity of the polymerase may extend for at least about one, two,
three, four, five, seven, ten, fifteen, twenty nucleotide positions, and these positions may lie
upstream or downstream of the modification, or may flank the modification in the template. Other
known models can also be used in the methods described herein, as will be clear to one of ordinary
skill upon review of the teachings herein.

[00186] In certain embodiments, a mixture model is used to specifically model the multiple
states that can exist for a given site in a given sample. For example, a given site can be both
methylated and unmethylated over the space of multiple molecules, and the state at a given site can
also influence rate variation at neighboring sites. Assuming IPDs are distributed as described above,
the probability density function for the mixture model is given by:

fUPD; | 0) = wic exp(-AcIPD;) + (1 — m)Acu exp(-Acad PD;), for molecules i =1,... .M.

7 represents the unknown fraction of molecules in a given sample that are unmethylated. 1/4¢ and

1/Acu are the means of the two exponential distributions, and 8 = (x, Ac, Acyr). Therefore,
M

L =[] expl=24_IPD, )+ (1-7)Aer, exp(— ey, IPD,))
i=1

Further, consider a random class vector C = (C1,...,C), where C can take on multiple rates. A

general prior probability for a given realization of this rate class vector can be written as:

eH(c)

d

Pr(C=c)= . The following potential function can provide a way to consider site-to-site

k n—j

interactions: H(c) = Zn: Ao #2000y

i=1 j=1 i=l
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[00187] In a preferred embodiment, an algorithm for use in detecting changes during
template-directed nucleic acid synthesis comprises the following general steps. First, a classifier is
created that can distinguish between true incorporations and stochastic pulses. Features that can
help discriminate between the two include, e.g., pulse height, pulse width, local signal-to-noise
ratio, dye channel, and the > metric for the measured spectrum. Many different statistical
classification algorithms known in the art can be used in this classifier. Certain preferred algorithms
include classification-and-regression trees (CART), naive Bayesian classifiers, kernel density
methods, linear discriminant functions, and neural networks. Further, the pulse classifier does not
need to be particularly powerful (in an optimal specificity/sensitivity sense), because a strength of
the approach relies on the greater significance associated with observing clusters of weakly
significant events.

[00188] A second step is to slide a fixed-length window across the observed signal trace and
count the number of incorporations versus stochastic pulses in each window using the classifier.
Choice of the window size is determined by the length scale of events to be detected; a reasonable
choice in practice is 10 seconds, but a practitioner may increase or decrease the window size
according to a particular implementation of the invention. Regions of the trace in which the
stochastic pulse density exceeds the incorporation density for an extended period of time, e.g., 5-15
seconds, or more preferably about 10 seconds, are identified as corresponding to a likely pause site.
These regions can be found using standard peak-finding techniques, e.g., threshold detection, finite-
state machines, multi-scale methods, etc. This method has the further advantage of focusing on
pause regions that have detrimental effects in the downstream use of sequencing data. The mere
occurrence of a pause during sequencing is not consequential to the use of the data for DNA
sequence analysis, however the occurrence of a large number of stochastic pulses in the pause
region does complicate the use of the resulting data.

[00189] A variation on this exemplary algorithm is to use the time between true pulses that
are identified by the classifier as a discriminator for finding pause regions, where regions that have
a large difference between true pulses are candidate regions for pauses. For example, A plot of At
(the time between true pulses) versus time will have local maxima at the location of candidate
pauses.

[00190] A more sophisticated algorithm for use in detecting pause regions is a segmenting
algorithm based on a hidden Markov model (HMM) architecture. Figure 9 provides an illustrative

example of a simple hidden Markov model for classifying pause (P) versus sequencing (S) states
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within a sequencing trace. The use of this model assumes that each pulse can be labeled as either a
probable incorporation (As, Cs, Gs, Ts) or a stochastic pulse (Ap, Cp, Gp, Tp). By fitting this model
on multiple instances of sequence data (using e.g. the Baum-Welch algorithm), good emission and
transition probabilities that correspond to the hidden pause and sequencing states can be generated.
When subsequently presented with any particular signal (observed labels), the model can be queried
for the underlying sequencing of hidden states using the Viterbi algorithm. This model is more
powerful than the more simple algorithmic approaches suggested above in several ways. First, this
model permits the modeling of per-nucleotide likelihoods for incorporations or sticks during the
pauses or sequencing states. An example where this is useful is if a stick/incorporation classifier for
one nucleotide is particularly effective and if the pulses for another nucleotide are difficult to
classify in this way. This model permits some nucleotide-specific differences in the classification
power for stochastic pulses versus incorporations. A further advantage of this approach is that it is
more adaptable to detecting regions across multiple time scales, where HMM segmentation
approaches are usually better able to handle multi-time scale classification. The final assignment of
p(Plx.)

pause regions is made by computing the log-odds ratio log
p(S xi>

across the pulses (x;) and

identifying regions of high pause likelihood.

[00191] A more powerful algorithmic architecture for segmentation is the use of the
conditional random field framework (CRF). The object is to predict the conditional probability of a
signal arising from a pause or sequencing state given the observed pulses:

_ exp[wTF(x,y)]
Z expleF(x, y')J ’

p< y| x> where y is the sequence of desired labels (pause, sequencing), x is the
observed pulse data (both basecalls and other pulse features), w is the weight vector learned from
the training data, and the F function is the feature vector. The weights in the CRF can be trained
using labeled sequences using standard techniques from the CRF literature (for example, Lafferty et
al (2001) Proc. 18" International Conference on Machine Learning, 282-289, which is incorporated
herein by reference in its entirety for all purposes). By labeling the sequence in this way, regions of
high pause probability can be identified using the methods described above. One advantage of this
method is the lack of a requirement for a per-pulse classifier for distinguishing between
incorporation and stochastic pulses. It can also better integrate knowledge of the inter-pulse spacing

and other information, such as sequence context, into a broad model. Potential disadvantages are the
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large amount of training data required to build the model and the algorithmic complexity involved
in constructing a CRF model.

[00192] The application of such algorithmic methods to identify pause sites and/or regions
with locally high stochastic pulses in sequencing trace data is useful in a number of contexts. For
example, pulses in regions that are predicted to exhibit enzyme pausing can be labeled as less
confident (lower quality value) for their use in downstream analyses such as sequence variant
detection in resequencing applications or overlap detection for de novo assembly. In other
embodiments, pulses from regions with a high probability of containing a cluster of stochastic
pulses can be removed from the reported basecalled sequence, thereby improving the accuracy of
sequence data for downstream use without resorting to secondary information such as quality
values. In other embodiments, the occurrence of pauses can be associated with other observables of
interest, such as the probable DNA sequence or the occurrence of modified nucleotide bases. For
example, sequences upstream of a pause site can be called in part based on their known effect on
pausing. That is, if a pause occurs downstream of a sequence, then the sequence is more likely to be
one that facilitates or exacerbates pausing than one that has no effect or that reduces the likelihood
of pausing. As such, if sequencing of a modification is known to increase the likelihood of pausing,
then this information can be incorporated into a Bayesian likelihood model for identifying modified
bases. In further embodiments, the pause detection methods described herein can also be used to
increase the understanding of the biophysics of polymerase activity, thereby providing useful
feedback to efforts to better develop single-molecule, real-time sequencing techniques.

[00193] Algorithms for the identification of regions in sequence data belong to the general
category of sequence labeling or segmentation algorithms, which are generally known in the art.
The mapping of this problem to sliding-window analysis, HMMs, or CRFs is natural in this context.
Other algorithms that approach the same problem are multiple change-point analysis such as the
Gibbs sampler (see, e.g., Lee, P.M. (2004) Bayesian Statistics: An Introduction, Oxford University
Press: New York, NY, the disclosure of which is incorporated herein by reference in its entirety for
all purposes), or locally weighted polynomial regression (see, e.g., Braun, et al., supra).

[00194] In general, data analysis methods benefit when the sequencing technology generates
redundant sequence data for a given template molecule, e.g. by molecular redundant sequencing as
described above. The distribution of IPDs for each read at that position is an exponential. The decay
constant for the exponential of a methylated base and for that of an unmethylated base may be

different. However, because of the large amount of overlap between two exponentials, it is still
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challenging to use one read to distinguish between the two populations. However, if one takes the
mean of multiple reads at a single position, the distribution of this mean is a gamma function
(convolution of several exponentials), which is more Gaussian-like and better separated than
exponentials. This enables better distinguishability of the two populations. For example, Figure 14
provides actual data showing that for two different positions in a single circular template, one
always unmethylated, and one differentially methylated, an increase in the number of reads for the
template corresponds to an increased resolution between IPDs for methylated vs. unmethylated
adenosines. If the underlying distributions are exponential, as just discussed, then the mean value is
the only metric that can be used for making the distinction (the standard deviation is the same as the
mean). If the distribution is non-exponential for each read position, as it would be for the
methylcytosine IPD' that is weighted over numerous neighboring positions and thus itself has a
gamma-like distribution, then when doing consensus reads of the same position, one can take into
account the mean of the gamma-like weighted IPD' distributions along with other information, e.g.
its standard deviation, its skewness, or other characteristics of the distribution. Figure 11 shows
actual molecular consensus distributions for methylcytosine, given the underlying gamma-like
weighted IPD' distributions of individual reads, but in this figure only the means of these underlying
distributions were utilized. The plotted distributions could become even more well-separated if
other characteristics had been taken into account. The data used to generate Figures 14 and 11 is
more fully described in the Examples herein.
[00195] In certain embodiments, methods may be employed that use weighted sums of signal
features at multiple positions to determine the status of a base, e.g., whether or not it is methylated
in a template nucleic acid. In particular, interpulse duration (IPD) information from multiple
positions can be used to determine whether or not a given cytosine is methylated, e.g., by
comparing nascent strand synthesis data for a differentially methylated template (Me+) to such data
for a fully unmethylated template (Me-). In certain preferred embodiments, a pseudo IPD is created
for a given template position that is actually a weighted sum of the IPDs for the surrounding

. ' IPD
positions. More specifically, /PD) => w, x ———

= (D))

o—

, where j is the index of the cytosine in

question; 7 is an index that ranges over all the neighboring positions that yield a change in IPD due
to cytosine being either methylated or unmethylated; and <IPDi>w. is the average IPD at that
particular position in the Me- template. The individual weights for the multiple positions (all

together which would likely sum to 1) could be based on a combination of the following metrics,
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assuming we are comparing two templates that are identical aside for one being methylated and the
other being unmethylated at a given position: the ratio of or difference in IPD between the two
templates at that given position; the statistical significance of the distinguishability between the IPD
distributions of the two templates at that given positions; the number of observations used when

creating the IPD distributions; and the neighboring sequence context. An example w; could be

(1PD,)

w, = log{%} . This signal can also be weighted by the prior probability of seeing a
Me—

Me+ signal.

[00196] In certain aspects, the invention provides a general-purpose approach to
discriminating between Me+ and Me- using features in a real-time sequencing-by-synthesis trace
comprising signals emitted during the incorporation of optically detectable nucleotides into a
nascent strand by a polymerase enzyme. Such traces and various methods of analysis thereof are
further described elsewhere, e.g., in U.S. Patent Publication No. 20090024331, incorporated herein
by reference in its entirety for all purposes. A first stage of this approach includes the development
of a classifier for distinguishing methylated from unmethylated cytosines in a nucleic acid template.
A set of features is measured for every pulse (discrete event or signal) in the trace. For example, a
set of measurable features might be {pulse width, pulse duration, pulse height, pulse amplitude

variability}. Call the values of these features f,, f, ,..., f. for pulse i. For each cytosine pulse in

the methylated and unmethylated template data sets (which may or may not be restricted to CpG),

tabulation is performed for the local pulse features

YV E R /A O A N A S i

In this example, a local context extending 3 pulses to the left and right of the pulse of interest is
assumed, but this context size is flexible and, in certain embodiments, can be application-specific.
[00197] The observed data likelihoods p(f|]\/[e+) and p(j‘|Me—) are derived, e.g., by a

kernel density method or simple binning and tabulation of the features. Thus, a generalized signal

for determining methylation status on the trace has been determined:

w, =1lo {p(ﬂMe +)p(Me +)
o plfMe (e -)

or un-methylated positions, respectively.

}, where p(Me+) and p(Me-) are the prior probabilities of methylated

[00198] Various standard classification algorithm development techniques known to those of

ordinary skill in the art may be applied to refine this approach, both to reduce training set bias and
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to improve sensitivity. Such techniques include but are not limited to cross-validation, boosting, and
bootstrap aggregating (bagging). In certain embodiments, the set of feature inputs is restricted to
those that are most correlated with the Me+ and Me- status of a position. In certain embodiments,
the major component in a principal components analysis can serve as a better weighted combination
of the most important features. In further embodiments, leave-one-out cross-validation can be
valuable in selecting a robust predictive algorithm, e.g., by mitigating overfitting to the observed
data that can occur when developing a classifier on a training set. Further, in some embodiments a
boosting approach (training of a hierarchy of classifiers on the progressively more difficult regions
of feature space) is applied to improve sensitivity.

[00199] More sophisticated signals can be employed to detect multiple, closely spaced CpGs.
In certain embodiments, the data likelihoods described above can be measured for the case of two
CpG sites with a known methylation state located a known distance apart, e.g., 2 base pairs apart.

The signal generalizes to

w, = argmax log p(ff,ff‘,u)p(u)
S e
"

2

where p(1y) and p(ui’) are the prior probabilities of (methylated,un-methylated) configurations (this
joint distribution would be assumed to be independent unless otherwise shown).

[00200] Although described primarily in the context of detection of methyl cytosine, these
methods are also applicable to methyl-adenosine or any other base modification for which IPDs are
used as a metric for detection. Figure 15 provides data showing differences between ratios of IPDs
for methylated adenosines and unmethylated adenosines in a template nucleic acid, and the data
used to generate Figure 15 is further described in the Examples herein. This data also shows that
NS-methyladenosine, like methylcytosine, has an effect on IPD not only at the methylated base but
also at multiple, neighboring positions, as well. Further, in light of the above teachings it will be
clear to one of ordinary skill that the approach can be extended to pulse metrics other than IPD,
such as pulse width, branch rate, mismatch rate, deletion rate, etc. In addition, the general classifier
approach suggested in steps 2+3 can be implemented with many standard statistical classification
algorithms, i.e. linear discriminant analysis, multi-dimensional regression, kernel methods,
classification and regression trees, neural networks, and support vector machines. The approach can
also incorporate data from multiple strands of a duplex template. For example, because the CG
sequence for cytosine methylation and the GATC sequence for adenosine methylation is the same
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on the reverse complement strand, these bases can be methylated on both complementary strands. If
the general statistical distribution for the fraction of sites that are hemi-methylated vs. fully
methylated is known, then information regarding IPD or other metrics gained from the
complementary strand can be used to increase the accuracy with which a call is made on a particular
strand. For example, if after analyzing each strand separately it is concluded that there is a 95%
chance that stand A is methylated and a 55% chance that complementary strand B is methylated, but
it is known that there is a 80% chance that if one strand is methylated then so is the other, then the
confidence in calling strand B as methylated is increased.

[00201] Further, the incorporation of a double-stranded nucleic acid fragment into a closed
circular single-stranded template (e.g., as described in U.S. Patent Publication No. 20090298075)
elegantly allows comparison of the polymerase kinetics on the forward and reverse strand. Since the
forward and reverse strands are reverse complements of each other, one must construct the
expectation of the ratios of the parameters of interest (e.g., pulse width, IPD, etc.) from an entirely
unmodified sample, e.g., using amplification to produce amplicons that do not comprise the
modification(s). The subsequent analysis on the sample comprising the modifications comprises
performing a likelihood analysis that the ratio observed is sufficiently different from the expected
ratio. This means that all other aspects of the experiment are normalized out since they are identical
for sequencing on the forward and reverse strands. For example, in SMRT™ sequencing, such
aspects of the experiment include, but are not limited to, the specific polymerase, its position in the
reaction site (e.g., within a ZMW), the illumination (e.g., beamlet alignment, power, wavelengths,
etc.), temperature at that reaction site, local concentrations of reactants (e.g., polymerase,
nucleotides, etc.), and the like. Each time the modification is sequenced as the polymerase
repeatedly translocates around the template, the sequence data generated directly adds to the
confidence in the ration and informs the p-value confidence in whether a modification is present at a
specific position within the template.

[00202] As noted elsewhere herein, another modified base for which IPDs may be used as a
metric for detection is S-hydroxymethylcytosine (5-hmC). It was recently found to be abundant in
human and mouse brains, as well as in embryonic stem cells (see, e.g., Kriaucionis, et al. (2009)
"The nuclear DNA base 5-hydroxymethylcytosine is present in Purkinje neurons and the brain"
Science 324 (5929): 929-30; and Tahiliani M et al. (May 2009) "Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1" Science 324 (5929): 930-35,

incorporated herein by reference in their entireties for all purposes). In mammals, it can be
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generated by oxidation of 5-methylcytosine, a reaction mediated by the Tet family of enzymes.
Conventional bisulfite sequencing does not effectively distinguish 5-hmC from 5-MeC because 5-
hmC tends to remain unmodified like 5-MeC. As such, mass spectrometry is the typical means of
detecting 5-hmC in a nucleic acid sample. The methods described herein provide a high-throughput,
real-time method to distinguish between C, 5-MeC, and 5-hmC by monitoring deviations from
normal polymerase kinetics, including IPD and pulse width.

[00203] Experiments were carried out to test the ability of the methods of the invention to
distinguish between 5-MeC and 5-hmC, and it was found that 5-hmC causes an increase in IPD at
certain positions surrounding the 5-hmC site in the template, and also decreases the pulse width at
that position. Further, the data generated suggests that S-hmC may also increase the pulse width at
the position following the 5-hmC site. Both the difference in IPD and the difference in pulse width
between C and 5-hmC were larger in magnitude than were the differences in IPD and pulse width
between C and 5-MeC, and these larger magnitudes are likely to make 5S-hmC even more detectable
than 5-MeC. Without being bound by theory, the reason for the higher magnitude differences for
these two measures may be due to the additional oxygen atom present in 5-hmC as compared to 5-
MeC. This additional oxygen could yield additional steric and charge-based interactions between
the polymerase and the DNA template that slow the binding and/or incorporation of the
complementary base into the nascent strand.

[00204] Based on the findings that indicate the easier detection of 5-hmC as compared to 5-
MeC, in certain embodiments template nucleic acids can be treated to convert 5-MeC to the more
easily detected 5-hmC, e.g., by treatment with an enzyme such as TET1, which converts 5-
methylcytosine to S-hydroxymethylcytosine in mammalian DNA (see, e.g., Tahiliani M et al ,
supra). Although this technique would not permit distinction between 5-MeC and 5-hmC in the
template (since the 5-MeC converted to 5S-hmC would be indistinguishable from any 5-hmC
originally present in the template), it will nonetheless be useful for facilitating detection 5-MeC
patterns in template nucleic acids with the caveat that the patterns so discovered may, in vivo, also
include 5-hmC bases.

[00205] In order to maximally use the IPD and pulse width signals from multiple positions
surrounded the 5-hmC site, one could use a technique to find the optimal weighting of different
positions for IPD and pulse width in order to distinguish 5-hmC, 5-MeC, and C from one another.
An example of one such technique is principle component analysis, and others are known in the art.

Principle component analysis can be described as finding the eigenvector (using each metric such as
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IPD or pulse width at each position as a different basis vector, such that if you have 10 positions in
question and two metrics, your basis will have 2x10=20 dimensions) with the greatest eigenvalue.
For a review of principle component analysis, see e.g. Jolliffe L. T. Principal Component Analysis,
Series: Springer Series in Statistics, 2nd ed., Springer, NY, 2002, the disclosure of which is

incorporated herein by reference in its entirety for all purposes.

X. Systems

[00206] The invention also provides systems that are used in conjunction with the compositions
and methods of the invention in order to provide for real-time single-molecule detection of
analytical reactions. In particular, such systems typically include the reagent systems described
herein, in conjunction with an analytical system, e.g., for detecting data from those reagent systems.
In certain preferred embodiments, analytical reactions are monitored using an optical system
capable of detecting and/or monitoring interactions between reactants at the single-molecule level.
For example, such an optical system can achieve these functions by first generating and transmitting
an incident wavelength to the reactants, followed by collecting and analyzing the optical signals
from the reactants. Such systems typically employ an optical train that directs signals from the
reactions to a detector, and in certain embodiments in which a plurality of reactions is disposed on a
solid surface, such systems typically direct signals from the solid surface (e.g., array of
confinements) onto different locations of an array-based detector to simultaneously detect multiple
different optical signals from each of multiple different reactions. In particular, the optical trains
typically include optical gratings or wedge prisms to simultaneously direct and separate signals
having differing spectral characteristics from each confinement in an array to different locations on
an array based detector, e.g., a CCD, and may also comprise additional optical transmission
elements and optical reflection elements.

[00207] An optical system applicable for use with the present invention preferably comprises at
least an excitation source and a photon detector. The excitation source generates and transmits
incident light used to optically excite the reactants in the reaction. Depending on the intended
application, the source of the incident light can be a laser, laser diode, a light-emitting diode (LED),
a ultra-violet light bulb, and/or a white light source. Further, the excitation light may be evanescent
light, e.g., as in total internal reflection microscopy, certain types of waveguides that carry light to a
reaction site (see, e.g., U.S. Application Pub. Nos. 20080128627, 20080152281, and

200801552280), or zero mode waveguides, described below. Where desired, more than one source
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can be employed simultaneously. The use of multiple sources is particularly desirable in
applications that employ multiple different reagent compounds having differing excitation spectra,
consequently allowing detection of more than one fluorescent signal to track the interactions of
more than one or one type of molecules simultaneously (e.g., multiple types of differentially labeled
reaction components). A wide variety of photon detectors or detector arrays are available in the art.
Representative detectors include but are not limited to an optical reader, a high-efficiency photon
detection system, a photodiode (e.g. avalanche photo diodes (APD)), a camera, a charge-coupled
device (CCD), an electron-multiplying charge-coupled device (EMCCD), an intensified charge
coupled device (ICCD), and a confocal microscope equipped with any of the foregoing detectors.
For example, in some embodiments an optical train includes a fluorescence microscope capable of
resolving fluorescent signals from individual sequencing complexes. Where desired, the subject
arrays of optical confinements contain various alignment aides or keys to facilitate a proper spatial
placement of the optical confinement and the excitation sources, the photon detectors, or the optical
train as described below.

[00208] The subject optical system may also include an optical train whose function can be
manifold and may comprise one or more optical transmission or reflection elements. Such optical
trains preferably encompass a variety of optical devices that channel light from one location to
another in either an altered or unaltered state. First, the optical train collects and/or directs the
incident wavelength to the reaction site (e.g., optical confinement). Second, it transmits and/or
directs the optical signals emitted from the reactants to the photon detector. Third, it may select
and/or modify the optical properties of the incident wavelengths or the emitted wavelengths from
the reactants. Illustrative examples of such optical transmission or reflection elements are
diffraction gratings, arrayed waveguide gratings (AWGQG), optical fibers, optical switches, mirrors
(including dichroic mirrors), lenses (including microlenses, nanolenses, objective lenses, imaging
lenses, and the like), collimators, optical attenuators, filters (e.g., polarization or dichroic filters),
prisms, wavelength filters (low-pass, band-pass, or high-pass), planar waveguides, wave-plates,
delay lines, and any other devices that guide the transmission of light through proper refractive
indices and geometries. One example of a particularly preferred optical train is described in U.S.
Patent Pub. No. 20070036511, filed August 11, 2005, and incorporated by reference herein in its
entirety for all purposes.

[00209] In a preferred embodiment, a reaction site (e.g., optical confinement) containing a reaction

of interest is operatively coupled to a photon detector. The reaction site and the respective detector
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can be spatially aligned (e.g., 1:1 mapping) to permit an efficient collection of optical signals from
the reactants. In certain preferred embodiments, a reaction substrate is disposed upon a translation
stage, which is typically coupled to appropriate robotics to provide lateral translation of the
substrate in two dimensions over a fixed optical train. Alternative embodiments could couple the
translation system to the optical train to move that aspect of the system relative to the substrate. For
example, a translation stage provides a means of removing a reaction substrate (or a portion thereof)
out of the path of illumination to create a non-illuminated period for the reaction substrate (or a
portion thereof), and returning the substrate at a later time to initiate a subsequent illuminated
period. An exemplary embodiment is provided in U.S. Patent Pub. No. 20070161017, filed
December 1, 2006.

[00210] In particularly preferred aspects, such systems include arrays of reaction regions, e.g., zero
mode waveguide arrays, that are illuminated by the system, in order to detect signals (e.g.,
fluorescent signals) therefrom, that are in conjunction with analytical reactions being carried out
within each reaction region. Each individual reaction region can be operatively coupled to a
respective microlens or a nanolens, preferably spatially aligned to optimize the signal collection
efficiency. Alternatively, a combination of an objective lens, a spectral filter set or prism for
resolving signals of different wavelengths, and an imaging lens can be used in an optical train, to
direct optical signals from each confinement to an array detector, e.g., a CCD, and concurrently
separate signals from each different confinement into multiple constituent signal elements, e.g.,
different wavelength spectra, that correspond to different reaction events occurring within each
confinement. In preferred embodiments, the setup further comprises means to control illumination
of each confinement, and such means may be a feature of the optical system or may be found
elsewhere is the system, e.g., as a mask positioned over an array of confinements. Detailed
descriptions of such optical systems are provided, e.g., in U.S. Patent Pub. No. 20060063264, filed
September 16, 2005, which is incorporated herein by reference in its entirety for all purposes.
[00211] The systems of the invention also typically include information processors or computers
operably coupled to the detection portions of the systems, in order to store the signal data obtained
from the detector(s) on a computer readable medium, e.g., hard disk, CD, DVD or other optical
medium, flash memory device, or the like. For purposes of this aspect of the invention, such
operable connection provides for the electronic transfer of data from the detection system to the
processor for subsequent analysis and conversion. Operable connections may be accomplished

through any of a variety of well known computer networking or connecting methods, e.g.,
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Firewire®, USB connections, wireless connections, WAN or LAN connections, or other
connections that preferably include high data transfer rates. The computers also typically include
software that analyzes the raw signal data, identifies signal pulses that are likely associated with
incorporation events, and identifies bases incorporated during the sequencing reaction, in order to
convert or transform the raw signal data into user interpretable sequence data (see, e.g., Published
U.S. Patent Application No. 2009-0024331, the full disclosure of which is incorporated herein by
reference in its entirety for all purposes).

[00212] Exemplary systems are described in detail in, e.g., U.S. Patent Application No.
11/901,273, filed September 14, 2007 and U.S. Patent Application No. 12/134,186, filed June 5,
2008, the full disclosures of which are incorporated herein by reference in their entirety for all
purposes.

[00213] Further, the invention provides data processing systems for transforming raw data
generated in an analytical reaction into analytical data that provides a measure of one or more
aspects of the reaction under investigation, e.g., transforming signals from a sequencing-by-
synthesis reaction into nucleic acid sequence read data, which can then be transformed into
consensus sequence data. In certain embodiments, the data processing systems include machines for
generating nucleic acid sequence read data by polymerase-mediated processing of a template
nucleic acid molecule (e.g., DNA or RNA). The nucleic acid sequence read data generated is
representative of the nucleic acid sequence of the nascent polynucleotide synthesized by a
polymerase translocating along a nucleic acid template only to the extent that a given sequencing
technology is able to generate such data, and so may not be identical to the actual sequence of the
nascent polynucleotide molecule. For example, it may contain a deletion or a different nucleotide at
a given position as compared to the actual sequence of the polynucleotide, e.g., when a nucleotide
incorporation is missed or incorrectly determined, respectively. As such, it is beneficial to generate
redundant nucleic acid sequence read data, and to transform the redundant nucleic acid sequence
read data into consensus nucleic acid sequence data that is generally more representative of the
actual sequence of the polynucleotide molecule than nucleic acid sequence read data from a single
read of the nucleic acid molecule. Redundant nucleic acid sequence read data comprises multiple
reads, each of which includes at least a portion of nucleic acid sequence read that overlaps with at
least a portion of at least one other of the multiple nucleic acid sequence reads. As such, the
multiple reads need not all overlap with one another, and a first subset may overlap for a different

portion of the nucleic acid sequence than does a second subset. Such redundant sequence read data
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can be generated by various methods, including repeated synthesis of nascent polynucleotides from
a single nucleic acid template, synthesis of polynucleotides from multiple identical nucleic acid
templates, or a combination thereof.

[00214] In another aspect, the data processing systems can include software and algorithm
implementations provided herein, e.g. those configured to transform redundant nucleic acid
sequence read data into consensus nucleic acid sequence data, which, as noted above, is generally
more representative of the actual sequence of the nascent polynucleotide molecule than nucleic acid
sequence read data from a single read of a single nucleic acid molecule. Further, the transformation
of the redundant nucleic acid sequence read data into consensus nucleic acid sequence data
identifies and negates some or all of the single-read variation between the multiple reads in the
redundant nucleic acid sequence read data. As such, the transformation provides a representation of
the actual nucleic acid sequence of the nascent polynucleotide complementary to the nucleic acid
template that is more accurate than a representation based on a single read.

[00215] Various methods and algorithms for data transformation employ data analysis techniques
that are familiar in a number of technical fields, and are generally referred to herein as statistical
analysis. For clarity of description, details of known techniques are not provided herein. These
techniques are discussed in a number of available reference works, such as those provided in U.S.
Patent Publication No. 20090024331 and U.S.S.N. 61/116,439, filed November 20, 2008, the
disclosures of which are incorporated herein by reference in their entireties for all purposes.
[00216] The software and algorithm implementations provided herein are preferably machine-
implemented methods, e.g., carried out on a machine comprising computer-readable medium
configured to carry out various aspects of the methods herein. For example, the computer-readable
medium preferably comprises at least one or more of the following: a) a user interface; b) memory
for storing raw analytical reaction data; ¢) memory storing software-implemented instructions for
carrying out the algorithms for transforming the raw analytical reaction data into transformed data
that characterizes one or more aspects of the reaction (e.g., rate, consensus sequence data, etc.); d) a
processor for executing the instructions; e) software for recording the results of the transformation
into memory; and f) memory for recordation and storage of the transformed data. In preferred
embodiments, the user interface is used by the practitioner to manage various aspects of the
machine, e.g., to direct the machine to carry out the various steps in the transformation of raw data
into transformed data, recordation of the results of the transformation, and management of the

transformed data stored in memory.
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[00217] As such, in preferred embodiments, the methods further comprise a transformation of the
computer-readable medium by recordation of the raw analytical reaction data and/or the
transformed data generated by the methods. Further, the computer-readable medium may comprise
software for providing a graphical representation of the raw analytical reaction data and/or the
transformed data, and the graphical representation may be provided, e.g., in soft-copy (e.g., on an
electronic display) and/or hard-copy (e.g., on a print-out) form.

[00218] The invention also provides a computer program product comprising a computer-readable
medium having a computer-readable program code embodied therein, the computer readable
program code adapted to implement one or more of the methods described herein, and optionally
also providing storage for the results of the methods of the invention. In certain preferred
embodiments, the computer program product comprises the computer-readable medium described
above.

[00219] In another aspect, the invention provides data processing systems for transforming raw
analytical reaction data from one or more analytical reactions into transformed data representative
of a particular characteristic of an analytical reaction, e.g., an actual sequence of one or more
template nucleic acids analyzed, a rate of an enzyme-mediated reaction, an identity of a kinase
target molecule, and the like. Such data processing systems typically comprise a computer processor
for processing the raw data according to the steps and methods described herein, and computer
usable medium for storage of the raw data and/or the results of one or more steps of the
transformation, such as the computer-readable medium described above.

[00220] As shown in Figure 10, the system 900 includes a substrate 902 that includes a plurality of
discrete sources of chromophore emission signals, e.g., an array of zero mode waveguides 904. An
excitation illumination source, e.g., laser 906, is provided in the system and is positioned to direct
excitation radiation at the various signal sources. This is typically done by directing excitation
radiation at or through appropriate optical components, e.g., dichroic 908 and objective lens 910,
that direct the excitation radiation at the substrate 902, and particularly the signal sources 904.
Emitted signals from the sources 904 are then collected by the optical components, e.g., objective
910, and passed through additional optical elements, e.g., dichroic 908, prism 912 and lens 914,
until they are directed to and impinge upon an optical detection system, e.g., detector array 916.
The signals are then detected by detector array 916, and the data from that detection is transmitted
to an appropriate data processing system, e.g., computer 918, where the data is subjected to

interpretation, analysis, and ultimately presented in a user ready format, e.g., on display 920, or
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printout 922, from printer 924. As will be appreciated, a variety of modifications may be made to
such systems, including, for example, the use of multiplexing components to direct multiple discrete
beams at different locations on the substrate, the use of spatial filter components, such as confocal
masks, to filter out-of focus components, beam shaping elements to modify the spot configuration
incident upon the substrates, and the like (See, e.g., Published U.S. Patent Application Nos.
2007/0036511 and 2007/095119, and U.S. Patent Application No. 11/901,273, all of which are

incorporated herein by reference in their entireties for all purposes.)

X1 Bar Coding Applications

[00221] Many genomic applications use unique non-natural DNA sequences (“bar codes™) to
provide sequence-encoded sample tracking. DNA bar codes are designed to be highly detectable
against the dominant sequence composition expected for a particular genomic sample. Current
methods rely exclusively on the differences in the base sequence composition of the bar codes.
However, these base-sequence-based bar-coding methods can fail due to base-calling errors that are
inherent to in single-molecule sequencing methods, thereby limiting the ability to experimentally
distinguish the bar codes from each other and from the biological nucleic acid under investigation.
[00222] In certain aspects, the present invention provides methods for improving the ability to
distinguish between different bar codes, as well as between bar code sequence reads and template
sequence reads. In certain embodiments, the methods comprise addition of modifications to a bar
code sequence in order to facilitate detection during single-molecule sequencing. For example, a bar
code sequence can be subjected to methylation, hydroxymethylation, glycosylation, or addition of
other moieties that cause a distinct change in polymerase kinetics. In other embodiments, a bar code
sequence can be modified to contain non-natural bases. (See, e.g., Krueger, et al. (2009) Chem.
Biol. 16(3):242-248, incorporated herein by reference in its entirety for all purposes.) Alternatively,
a bar code sequence can comprise a binding site for a binding agent that, when bound to the
template, detectably alters polymerase activity. Other methods for modifying nucleic acids to alter
the kinetic signature of a polymerase during nascent strand synthesis described elsewhere herein can
also be used. During a sequencing reaction, the resulting bar-code sequence read is identifiable not
only on the basis of the base sequence information generated, but also on the basis of the activity of

the polymerase enzyme as it processed the template molecule.

XIL Metagenomic Identification
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[00223] Metagenomics is an important, emerging field. For example, researchers are interested in
characterizing the human microbiome in both healthy and diseased individuals. Determining the
identity and distribution of microbial organisms from a metagenomic sample can be challenging
using primary sequence information alone. SMRT™sequencing provides reaction data related to
both reaction kinetics and primary sequence information, which can provide information about
DNA methylation or modifications. In particular, one can utilize the additional reaction kinetics
data provided by SMRT™sequencing to aid in metagenomic analysis and identification. For
example, if a particular organism’s genome is known to have a specific DNA methylation pattern
that 1s distinct from another organism, despite their primary sequences being very similar, the
kinetic signatures can be detected by SMRT™sequencing and used to help identify the organism by
association with the known methylation patterns. Furthermore, various DNA modifications have
different kinetic signatures as detected by SMRT™sequencing, enabling them to be distinguished
from one another. Coupled with the fact that some organisms contain certain DNA modifications
while others do not, this could enhance metagenomic analysis. For example, it is known that certain
bacterial phases have glucosylated-hydroxymethylcytosine in their genomes, whereas certain
bacteria contain N°-methyladenosine, 5-methylcytosine, and N4-methylcytosine, and certain
trypanosome contain glucosylated-hydroxymethyluracil (Base J), and other organisms may contain
ribonucleotides in their genomes. Furthermore, some organisms’ genomes may be more susceptible
to damage (e.g., 8-oxoG, thymidine dimers) than others. Detection of the kinetic signature from one
of these DNA modifications makes it more likely that the read came from a specific organism, even
if the primary sequence itself is not unique enough to identify with a specific organism. Much
metagenomic analysis is performed on ribosomal RNA (rRNA), which is known to contain many
modifications (many of which could be organism-specific). This invention could also be applied to
SMRT, direct RNA sequencing (10401) that does not comprise cDNA conversion, which has also

been shown to have kinetic signatures sensitive to modified bases (e.g., pseudouridine).

XIIL Examples
Detection of 5-methylcytosine (5-MeC)

[00224] Methylation sequencing on a SMRT™ Sequencing platform (see, e.g., P. M.
Lundquist, et al., supra) was performed on short, synthetic DNA oligos with contrived patterns of
methylated and unmethylated bases, along with control sequences having the same primary

sequence but without any methylation. These templates provided unequivocal fluorescence pulse
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patterns and tempos that demonstrated how the combination of sequence context and methylation
status affected interpulse duration. For example, SMRT™ sequencing experiments were performed
using synthetic DNA templates that only differed by a single methylated vs. unmethylated cytosine.
The difference in average interpulse durations between the two templates was visible both at the 5-
MeC position and in the vicinity of the 5-MeC position.

[00225] Because the interpulse duration between any two successive incorporation events is
stochastic in nature and has an exponential distribution (Eid, et al., supra), a single sequencing
measurement may not always yield enough information to determine methylation status with
certainty. Therefore, in certain embodiments a highly processive, strand-displacing polymerase is
used, and this polymerase carries out multiple laps of synthesis around a circular DNA template (J.
Korlach, et al., Proc Natl Acad Sci U S A 2008, supra). This mode of operation provides repeated
sequencing of the same DNA molecule to generate multiple sequence reads, e.g., by rolling circle
replication. The statistical distribution of interpulse durations obtained at a particular template site
will thus indicate its methylation state.

[00226] In particular, Figure 11A shows a schematic of two templates for use in SMRT™
sequencing. Both are comprises a double-stranded region flanked by two single-stranded hairpins or
stem-loop structures. A polymerase binds to a primed location on the template, e.g., via a primer
hybridized to one of the single-stranded hairpins, and commences processing the template to
generate a nascent strand complementary to the strand upon which the polymerase is translocating.
The strand displacement activity of the polymerase permits passage through the double-stranded
region which is unwound to transform the template into a circular form. The polymerase then
proceeds around the other single-stranded hairpin and on through the previously displaced strand of
the double-stranded region. The polymerase can continue to process the template in a “rolling-
circle” fashion to generate a concatemer comprising multiple copies of complements to both strands
of the double-stranded region, as well as the hairpins. The two templates are identical except at
position 2, where the top template comprises a methylated cytosine (5-MeC) and the bottom
template comprises a non-methylated cytosine. (Position 1 is a non-methylated cytosine in both
templates.) Figure 11B provides an illustrative depiction of the difference in IPD for the methylated
template as compared to the unmethylated template. For each row, the histograms depict the
distributions of mean weighted IPD (averaged over the labeled number of circular consensus
sequencing subreads (in this context, a sequence read generated from a single pass of the

polymerase around the template). Specifically, “1” indicates the sequencing data was derived from a
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sequence read generated in a single pass around the template; “3” indicates the data was derived
from a sequence read generated in three passes around the template; and “5” indicates the data was
derived from a sequence read generated in five passes around the template. The data from the
methylated template is shown as a solid line, and the data from the unmethylated template is shown
as a dotted line. At Position 1, the distributions of weighted IPD for the two templates are very
similar. At Position 2, the average weighted IPD after a single subread (top histogram) is longer in
the methylated template than in the unmethylated template. After 3 and 5 circular subreads, the
distributions overlap even less. The interpulse duration (IPD) was clearly lengthened by the
presence of 5-MeC. These results demonstrated the ability to use SMRT™ sequencing technology
to perform methylation sequencing of DNA. Weighted IPDs are described elsewhere herein.
[00227] Further, methylcytosine was shown to have an effect on interpulse duration (IPD) not
only at the methylated base, but over a range of several bases upstream and downstream of the
position of the methylcytosine. Specifically, an increase in IPD was observed at some positions in
the presence of methylcytosine relative to the same position in the absence of methylcytosine.
Figure 12 provides a plot depicting the ratio of the average IPD in the methylated template to the
average IPD in the unmethylated template, plotted versus DNA template position. The two
templates are identical except for the methylated bases in the methylated template, which are
indicated by arrowheads in Figure 12.
[00228] Figure 13 provides another data set illustrating the ratio of IPD for a different
methylated template vs. an identical but unmethylated template as a function of position. Seven
cytosines (shown with crosshatching) were differentially methylated (5-MeC) between the two
templates. That data clearly showed that IPD was increased in the region comprising the methylated
bases. Interestingly, the effect on IPD occurred mostly downstream of the methylated positions. As
such, data from nascent strand synthesis at positions in the template that are near the differentially
methylated site, in addition to the differentially methylated site itself, is useful for methylation
detection during real-time nascent strand synthesis.

Detection of N®-methyladenosine (N®-MeA)
[00229] Similar methods as those used to detect 5-MeC were used to detect N°-MeA in

similarly constructed template nucleic acids. Figure 14A shows a schematic of two templates, both
of which comprise a double-stranded region flanked by two single-stranded hairpins or stem-loop
structures. The methylated template has an A within a GATC context at Position 1 and a ™A within

a GATC context at Position 2, whereas the unmethylated template has an A at both positions.
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Otherwise, the two templates are identical. As described above, a polymerase binds to a primed
location on the template and commences processing the template to generate a nascent strand, using
its strand displacement activity to unwind the double-stranded region and proceed around the
template. Figure 14B shows plots of mean IPD generated from sequencing data using these two
templates for varying numbers of consensus reads, as described above. The data from the
methylated template is shown as a solid line, and the data from the unmethylated template is shown
as a dotted line. For each row in Figure 14B, the histograms depict the distributions of mean IPD
(averaged over the labeled number of consensus sequencing subreads, i.e. the number of times the
polymerase made one complete pass around the template to generate a complementary nascent
strand). At Position 1, the distributions of IPD for the two templates are very similar. At Position 2,
the average IPD after a single subread (top histogram) is ~5x longer in the methylated template than
in the unmethylated template. After 3 and 5 circular subreads, the distributions overlap even less.
The interpulse duration (IPD) was clearly lengthened by the presence of N°-MeA, demonstrating
that the SMRT™ sequencing technology can be used to perform methylation sequencing of DNA
comprising a methylated base other than 5-MeC. Further details on the detection of N®-MeA, as
well as other modifications within a template nucleic acid, are provided in Flusberg, et al. (2010)
Nature Methods 7(6):461-465, incorporated herein by reference in its entirety for all purposes.
[00230] Receiver operating characteristic (ROC) curves, parameterized by IPD threshold, for
assigning a methylation status to an adenosine nucleotide are provided in Figure 14C. True positive
means that an ™A is correctly called as ™A, whereas a false positive means that an A is mistakenly
called as "A. These ROC curves, based on the IPD distributions from Position 2 in Figure 14B, are
shown for a single read (solid line), and for 3 (long-dashed line) or 5 (short-dashed line) molecular
redundant sequencing reads produced by the polymerase processing the template one, three, or five
times, respectively. The dotted horizonal line bisecting the graph depicts the ROC curve for
randomly guessing the methylation status. The normalized area under the ROC curve is 0.80 after
the first circular subread but increases to 0.92 and 0.96 after three and five circular subreads,
respectively. In fact, after five subreads, >85% of ™A bases can be detected at this template position
with a false positive rate of only ~5%.

[00231] Like methylcytosine, methyladenosine was also shown to have an effect on IPD over
a range of several bases upstream and downstream of the position of the methyladenosine.
Specifically, an increase in IPD was observed at some positions in the presence of methyladenosine

relative to the same position in the absence of methyladenosine. Figure 15 provides a plot depicting
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the ratio of the average IPD in the methylated template to the average IPD in the unmethylated
template, plotted versus DNA template position. The two templates are identical except for the
methylated bases in the methylated template, which are indicated by arrowheads in Figure 15.

Detection of 5-hvdroxymethylcytosine

[00232] Similar to 5-MeC and N°-MeA, 5-hydroxymethylcytosine was also tested and shown
to have an effect on IPD over a range of several bases upstream and downstream of the position of
the 5-hydroxymethylcytosine. Specifically, an increase in IPD was observed at some positions in
the presence of 5-hydroxymethylcytosine relative to the same position in the absence of 5-
hydroxymethylcytosine. Figure 16 provides a plot depicting the ratio of the average IPD in the
hydroxymethylated template to the average IPD in the unmethylated template, plotted versus DNA
template position. The two templates are identical except for the hydroxymethylcytosine in the
hydroxymethylated template, which are indicated by arrowheads in Figure 16. Templates
comprising 5-hydroxymethylcytosine bases were also tested and the presence of these modifications
was shown to have an effect on pulse width. Figure 17 provides a plot of pulse width ratio (pulse
width for methylated template divided by pulse width for unmethylated template) vs. template
position where the modified positions comprise 5-hydroxymethylcytosine bases. Variably
hydroxymethylated positions are indicated by the arrowheads.

Detection of 8-oxoguanosine (8-0x0G)

[00233] 8-oxoguanosine was also subjected to single molecule real-time sequencing and was
shown to affect IPD both at the site of the modifications as well as at proximal unmodified positions
in the template. An increase in IPD was observed at some positions in the presence of 8-
oxoguanosine relative to the same position in the absence of 8-oxoguanosine. Figure 18 provides a
plot depicting the ratio of the average IPD in the 8-oxoguanosine template to the average IPD in the
unmodified template, plotted versus DNA template position. The two templates are identical except
for the 8-oxoguanosine in the modified template, which are indicated by arrowheads in Figure 18.
These data showed that, compared to G, 8-oxoG altered IPD significantly over a window of ~10
neighboring bases surrounding the 8-oxoG position. Some positions saw an increase in IPD by a
factor of as much as 6.5x. Templates comprising 8-oxoG bases were also tested and the presence of
these modifications was shown to have an effect on pulse width. Figure 19 provides a plot of pulse
width ratio (pulse width for an 8-oxoG template divided by pulse width for template with no 8-
oxo(@) vs. template position where the modified positions comprise 8-oxoG bases. Variable

positions are indicated by the arrowheads. Further, 8-oxoG altered pulse width over a window of 7-
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8 neighboring bases by as much as 40%, and such alteration included both increases and decreases
in pulse width.

Detection of ribonucleosides within DNA

[00234] The presence of ribonucleotides within DNA has recently been shown in yeast, e.g.,
in Nick McElhinny, et al. (2010) Proc. Natl. Acad. Sci. USA 107(11):4949-4954; Nick McElhinny,
et al. (2010) Nat. Chem. Biol. 6(10):774-781, the disclosures of which are incorporated herein by
reference in their entireties for all purposes. At least one functionally significant role for
ribonucleosides within DNA is known, namely in yeast mate pair switching. They also represent
potential sites of genomic instability. Conventional sequencing methods are not generally capable of
distinguishing deoxyribonucleotides from ribonucleotides, e.g., dA from rA, dC from rC, etc. In
contrast, the methods provided here in are able to distinguish deoxyribonucleotides from
ribonucleotides within a template nucleic acid molecule. Closed circular DNA templates were
constructed comprising the sequences provided in Figure 20 within a double-stranded portion
(comprising two complementary oligonucleotides ordered from Integrated DNA Technologies)
flanked by two hairpin or stem-loop structures using methods described elsewhere herein and in
Flusberg, et al. (2010) Nature Methods 7:461-465, incorporated herein by reference in its entirety
for all purposes. The templates are identical except for the two adenosines, cytidines, uridines, or
guanosines in the modified Ribo A, Ribo C, Ribo U, and Ribo G templates, respectively. The
templates were subjected to single molecule real-time sequencing, and the presence of
ribonucleosides was shown to affect IPD both at the site of the modifications as well as at proximal
unmodified positions in the template. An increase in IPD was observed at some positions in the
presence of a ribonucleoside relative to the same position in the absence of the ribonucleoside in the
control template. Figures 21, 22, 23, and 24 provide plots depicting the ratio of the average IPD in
the Ribo A, Ribo C, Ribo G, and Ribo U templates, respectively, to the average IPD in the control
template, plotted versus DNA template position. The ribonucleosides in the modified templates are
indicated by arrowheads in Figures 21-24. These data showed that, compared to
deoxyribonucleoside, a ribonucleoside altered IPD significantly over a window of ~10 neighboring
bases surrounding the modified position. Some positions saw an increase in IPD by a factor of as
much as 6.5x.

Detection of glucose-modified 5-hydroxymethylcytosine

[00235] Glucose-modified S5-hydroxymethylcytosine was also tested and shown to have an

effect on IPD over a range of several bases upstream and downstream of the position of the glucose-
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modified 5-hydroxymethylcytosine. Closed, circular single-stranded templates were constructed
containing a synthetic template containing two hmC residues in a duplex region flanked by single
stranded linkers. Two micrograms of this template was labeled with a glucose moiety using T4
phage B-glucosyltransferase (New England Biolabs, Inc.). The samples were incubated at 37°C for
60 minutes in the presence of 40 pM UDP-glucose following the manufacturer’s recommendation.
The resulting samples were cleaned up using a QTAGEN PCR Purification column and sequenced
using previously described methods (Flusberg, et al. (2010) Nature Methods 7:461-465). An
increase in IPD was observed at some positions in the presence of glucose-modified 5-
hydroxymethylcytosine relative to the same positions in the absence of glucose-modified 5-
hydroxymethylcytosine. Figure 25 provides a plot depicting the ratio of the average IPD in the
glucose-modified template to the average IPD in the unmodified template, plotted versus DNA
template position. The two templates are identical except for the glucose-modified
hydroxymethylcytosines in the modified template, which are indicated by arrowheads in Figure 25.
Average IPD ratios for glucose-modified hydroxymethylcytosine increased by as much as five-fold
relative to detection of unmodified hydroxymethylcytosine (Figure 16.)

Detection of modified bases in RNA templates

[00236] As noted elsewhere herein, the methods described herein can also be used for
detection of modified nucleotides in RNA templates during template-dependent RNA sequencing.
Né-methyladenosine is a common post-translational modification of cellular and viral RNAs. RNA
templates containing N°-methyladenosine modifications at defined positions were produced by
solid-phase nucleic acid synthesis. In addition, control RNA templates with identical sequences
were synthesized without the above-mentioned modification. All RNA oligomers were hybridized
to a complementary DNA primer that had been previously biotinylated at its 5’-end. Each DNA
primer-RNA template hybrid was then immobilized via a biotin-streptavidin linkage in a ZMW.
Single-molecule real-time RNA sequencing (as described in U.S. Patent Application No.
12/767,673, filed April 26, 2010, and incorporated herein by reference in its entirety for all
purposes) was initiated by the addition of reverse transcriptase under the following reaction
conditions: 50 mM Tris pH 8.25, 10 mM KCI, 5 mM DDT, 0.1 mM CacCl,, 2.5 mM MgCl,, and
0.05 mM EGTA at 25 °C. The kinetics of incorporation of complementary bases across from the
modified site was evaluated and compared to the same sequence context lacking the modification.
In these RNA sequencing reactions, base incorporations are detected as a combination of pulses of

cognate sampling and incorporation. A “block™ is defined as part of a sequencing trace containing

4164-1219-5397.1 105

Pg. 323



Attorney Docket No.: 49217.4013/US02

pulses of the same base, indicating at least one of that base was incorporated into the nascent strand.
“Block time” is defined as the time from the start of the first pulse of a block to the end of the last
pulse of that block. Figure 26 provides a plot depicting the relative cumulative count of events
relative to observed block time in the N®-methyladenosine modified template (filled squares) and
the unmodified template (open squares). This plot clearly shows that the N®-methyladenosine bases
generally exhibit substantially longer block times than do the unmodified adenosine bases, and they
can be distinguished from one another during single-molecule, real-time RNA sequencing. Further,
the pulses within each block are characterized by standard parameters, including interpulse
duration. For example, the values for IPD are sensitive to the presence of N®-methyladenosine
modifications, e.g., the distances between individual pulses increase in the presence of this
modification. These increased IPDs are reflected in a higher Ko obtained from the distributions of

IPDs shown in Figure 27.

[00237] It is to be understood that the above description is intended to be illustrative and not
restrictive. It readily should be apparent to one skilled in the art that various embodiments and-
modifications may be made to the invention disclosed in this application without departing from the
scope and spirit of the invention. The scope of the invention should, therefore, be determined not
with reference to the above description, but should instead be determined with reference to the
appended claims, along with the full scope of equivalents to which such claims are entitled. All
publications mentioned herein are cited for the purpose of describing and disclosing reagents,
methodologies and concepts that may be used in connection with the present invention. Nothing
herein is to be construed as an admission that these references are prior art in relation to the
inventions described herein. Throughout the disclosure various patents, patent applications, and
publications are referenced. To the extent not already expressly incorporated herein, all published
references and patent documents referred to in this disclosure are incorporated herein by reference

in their entirety for all purposes.
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What is claimed is:

1. A method of identifying modified bases is a template nucleic acid, comprising:

a) subjecting a template nucleic acid to a real-time single molecule sequencing-by-
synthesis sequencing reaction in which fluorescently labeled nucleotides are incorporated
into a nascent strand by a polymerase enzyme;

b) obtaining reaction data from the real-time single molecule sequencing-by-
synthesis sequencing reaction;

wherein the reaction data is for a series of successive fluorescence pulses; and

wherein the reaction data is indicative of progress of the reaction and can serve as a
signal for the presence of a modification in the template nucleic acid,

¢) converting signal emissions from the fluorescent nucleotides of the single-
molecule sequencing reaction into basecalls;

d) inputting pulse features from the single-molecule sequencing reaction into a
statistical algorithm for identifying a modification from a feature vector, wherein the pulse
features comprise:

basecalls;
pulse widths; and
interpulse durations;

wherein the statistical algorithm comprises architecture for segmentation to
determine a probability of pausing and a Bayesian likelihood model for identifying modified
bases;

wherein the architecture for segmentation uses a conditional random field framework

(CRF) that predicts a conditional probability of a signal arising from a pause:

¢ 5, VY -fi “Ti;il' » "3
p {ylxy = ZR B
L T, Lt Foy )l

wherein y is the sequence of desired labels, x is the observed pulse data comprising
basecalls and other pulse features, wherein the other pulse features comprise pulse widths
and interpulse durations, w is a weight vector determined from training data, and the F
function is a feature vector;

wherein the architecture integrates interpulse duration, sequence context and

additional information; and
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wherein the probability of pausing is incorporated by a Bayesian likelihood model to
identify modified bases; and
e) identifying modifications of bases in the template nucleic acid using the statistical

model.

2. The method of claim 1, further comprising converting of basecalls into consensus

sequences for the template nucleic acid.

3. The method of claim 1, wherein the local sequence context of the template strand

influences the activity of the polymerase along the template.

4. The method of claim 3, wherein the local sequence context that influences the activity of

the polymerase extends for at least two nucleotide positions.

5. The method of claim 4, wherein the local sequence context that influences the activity of

the polymerase extends for at least ten nucleotide positions.

6. The method of claim 5, wherein the nucleotide positions lie upstream or downstream of a

modification, or flank a modification in the template.

7. The method of claim 6, wherein the nucleotide positions flank the modification in the

template.

8. The method of claim 1, wherein the algorithm comprises a classifier that distinguishes

between true incorporations and stochastic pulses.
9. The method of claim 1, wherein the CRF was trained using labeled sequences.

10. The method of claim 1, wherein the modifications are associated with cancer or another

disease processes.
11. The method of claim 10, wherein the modifications are associated with cancer.
12. The method of claim 1, wherein the modifications comprise methylation.
13. The method of claim 12, wherein the modified bases comprise methyladenosine.

14. The method of claim 12, wherein the modified bases comprise S-methylcytosine.
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15. The method of claim 14, further comprising discriminating methylation modifications

for each cytosine pulse in the template.
16. The method of claim 12, wherein the modifications comprise methylation at CpG sites.

17. The method of claim 1, further comprising repeated sequencing of the same DNA

molecule to generate multiple sequence reads.

18. The method of claim 1, wherein detecting uses statistical distribution of interpulse

durations obtained at a particular template site indicate a methylation state.

19. The method of claim 17, wherein the multiple sequencing reads is generated by rolling

circle replication.

20. The method of claim 1, wherein the length of the nucleic acid template is in the kilobase

range.

21. The method of claim 1, further comprising identifying modifications in a plurality of

nucleic acid sequences.

22. The method of claim 21, further comprising aligning sequence of the nucleic acid

templates to a genomic sequence.

23. The method of claim 1, wherein the step of identifying uses data from duplex strands of

the nucleic acid template.

24. The method of claim 21, wherein detecting comprises using statistical distribution for

the fraction of sites that are hemi-methylated versus fully methylated.

25. The method of claim 1, further comprising enriching nucleic acid templates comprising

the modification.

26. The method of claim 25, wherein enriching uses a binding agent that specifically binds

the modification.

27. The method of claim 1, comprising obtaining the features for every pulse with optical

confinement technology that allows single-molecule detection at concentrations of fluorescently
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labeled nucleotides relevant to the polymerase enzyme, wherein the fluorescently labeled

nucleotides are phospholinked nucleotides that enable observation of uninterrupted polymerization.
28. The method of claim 27, wherein the confinement volumes are ZMWs.

29. The method of claim 27, wherein the phosopholinked nucleotides comprise a fluorescent

dye attached to the terminal phosphate.

30. A SMRT sequencing system comprising computer-readable medium configured to carry

out the steps of method claim 1, the system further comprising ZMW confinement volumes.
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ABSTRACT

Methods, compositions, and systems are provided for characterization of modified nucleic acids. In
certain preferred embodiments, single molecule sequencing methods are provided for identification
of modified nucleotides within nucleic acid sequences. Modifications detectable by the methods
provided herein include chemically modified bases, enzymatically modified bases, abasic sites, non-

natural bases, secondary structures, and agents bound to a template nucleic acid.
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