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REVIEW

Revolutions in Rapid Amplification of cDNA Ends:
New Strategies for Polymerase Chain Reaction

Cloning of Full-Length cDNA Ends

Brian C. Schaefer

Division of Tumor Virology, Dana-Farber Cancer Institute,
Massachusetts 02115

Rapid amplification of cDNA ends (RACE) is a poly-
merase chain reaction (PCR)-based technique which
was developed to facilitate the cloning of full-length
c¢DNA 5'- and 3’-ends after a partial cDNA sequence
has been obtained by other methods. While RACE can
vield complete sequences of cDNA ends in only a few
days, the RACE procedure frequently results in the
exclusive amplification of truncated cDNA ends, un-
dermining efforts to generate full-length clones. Many
investigators have suggested modifications to the
RACE protocol to improve the effectiveness of the
technique. Based on first-hand experience with RACE,
a critical review of numerous published variations of
the key steps in the RACE method is presented. Also
included is a detailed, effective protocol based on RNA
ligase-mediated RACE/reverse ligation-mediated PCR,
as well as a demonstration of its utility. o 1995 Academic
Press, Inc.

Since the polymerase chain reaction (PCR)' was de-
veloped and the basic reaction conditions were opti-

! Abbreviations used: ACS-water, water meeting American Chemi-
cal Society specifications; AMV-RT, avian myeloblastosis virus re-
verse transcriptase; A-PCR, anchored polymerase chain reaction;
BAP, bacterial alkaline phosphatase; BL, Burkitt’s lymphoma; bp,
base pair; cDNA, complementary DNA; CIP, calf intestinal alkaline
phosphatase; dCTP, deoxycytidine triphosphate; ddA, dideoxy adeno-
sine; ddTTP, dideoxythymidine triphosphate; DEPC-water, diethyl
pyrocarbonate-treated water; dGTP, deoxyguanosine triphosphate;
dNTP, a deoxynucleoside triphosphate; dsDNA, double-stranded
DNA; dTTP, deoxythymidine triphosphate; EBV, Epstein—Barr vi-
rus; IPTG, isopropylthio-3-D-galactoside; kb, kilobase; LA-PCR, liga-
tion-anchored polymerase chain reaction; 7-MeG, 7-methyl guano-
sine; 7-MeGppp, 7-methylguanosine triphosphate; MMLV-RT,
Moloney murine leukemia virus reverse transcriptase; mRNA, mes-
senger RNA; NPC, nasopharyngeal carcinoma; oligo, oligonucleotide;
pCp, cytidine 3’,5'-bisphosphate; PCR, polymerase chain reaction;
poly(A) tail, messenger RNA polyadenosine tail; RACE, rapid ampli-

0003-2697/95 $6.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.

44 Binney Street, Boston,

mized, the technique has been applied to many aspects
of molecular biology research (1,2). One of the most
useful applications of PCR is the amplification and sub-
sequent cloning of low-abundance DNA sequences from
complex mixtures, even using as little as a single cell as
the source of genetic material. Previously, such cloning
projects involved the arduous task of creating a phage
or plasmid library and screening millions of plaques or
colonies to obtain overlapping cDNAs representing the
full-length sequence. This procedure often requires
many months of work to isolate the desired sequence
in entirety. The advent of PCR has made it possible to
reduce this time to weeks or days.

This Review focuses on the application of PCR to the
cloning of unknown flanking ¢cDNA sequences when a
small amount of ¢cDNA sequence is already known.
There were originally several independent descriptions
of similar methods from researchers who named their
techniques rapid amplification of cDNA ends (RACE)
(3), anchored PCR (4), and one-sided PCR (5). There
have since been several modifications of the original
methods, including ligation anchored PCR (LA-PCR)
(6,7), single-strand ligation to ss ¢cDNA ends (SLIC)
(8,9), RNA ligase-mediated RACE (RLM-RACE) (10),
and reverse ligation-mediated PCR (RL-PCR) (11). By
slightly different applications of the protocols, un-
known sequences both 5’ and 3’ of the known sequence
can be reverse transcribed from RNA, amplified by
PCR, and cloned. Generally, the objective of investiga-
tors who use this method is to rapidly generate full-
length ¢cDNA clones after a partial cDNA has been ob-

fication of cDNA ends; RLM-RACE, RNA ligase-mediated rapid am-
plification of ¢cDNA ends; RL-PCR, reverse ligation-mediated poly-
merase chain reaction; RT-PCR, reverse transcriptase polymerase
chain reaction; SLIC, single-strand ligation to ss ¢cDNA ends; ss,
single-stranded; TAP, tobacco acid pyrophosphatase; TdT, terminal
deoxynucleotidyltransferase; X-gal, 5-bromo-4-chloro-3-indolyl-3-D-
galactoside.
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256 BRIAN C.
tained from a cDNA library. While the method is simple
from a theoretical perspective, the actual execution is
often frought with technical difficulties, requiring sub-
stantial optimization before the desired result is ob-
tained. Based on extensive experience with these meth-
ods, the various approaches described in published
protocols will be evaluated, and a number of modifica-
tions which have recently been developed to attempt to
overcome some of the more troublesome and frequently
encountered technical problems will also be reviewed.

HISTORICAL PERSPECTIVE

The basic protocol for the PCR amplification and
cloning of unknown cDNA sequences adjascent to
known sequences was initially described in two inde-
pendent reports. Frohman et al. (3) described the rapid
amplification of cDNA ends (RACE) procedure for clon-
ing unknown 5'- and 3’'-cDNA ends, and Loh et al. (4)
designed the anchored PCR (A-PCR) protocol to clone
the 5'-ends of T cell receptor genes which have a con-
stant 3’-region but variable 5'-sequences. The basic
procedure described by both groups is nearly identical
and is shown in Fig. la. In both protocols, to clone an
unknown 5'-end sequence, cDNA is synthesized from
an RNA sample using either oligo(dT) or an oligonucle-
otide primer complementary to a known sequence in
the target mRNA. The 3’-end of the first strand ¢cDNA
is then modified by the addition of a homopolymer tail
using terminal deoxynucleotidyltransferase (TdT). The
c¢DNA second strand is then synthesized using a primer
consisting of a cloning sites adaptor having a 3’-homo-
polymer tail (anchor(N);5) which is complementary to
the appended ¢cDNA 3'-homopolymer. These double-
stranded ¢cDNAs are amplified by PCR, employing the
cloning adaptor (anchor) as the 5’-end primer and an
oligonucleotide complementary to a known sequence
internal to the cDNA primer as the 3’-end PCR primer.
An aliquot of the products of the PCR is then separated
by electrophoresis through an agarose gel, and specific
products are identified, cloned, and sequenced by estab-
lished methods (see below).

While the A-PCR and RACE protocols are very simi-
lar, there are a few technical differences. First, Loh et
al. (4) chose to TdT tail their cDNAs with poly(dG),
whereas Frohman et al. use poly(dA), and the corre-
sponding primers for second-strand synthesis are thus
anchor(dC),;; and anchor(dT),5, respectively. Frohman
et al. (3) chose to tail with poly(dA) so that the same
anchor(dT),s could be used in both 5’- and 3’-RACE
(see below). Also, they hypothesize that the A:T base
pairing interaction, which is weaker than the G:C base
pairing, should reduce the likelihood of anchor(N),5 hy-
bridization and priming at internal cDNA homopoly-
mer sequences (see discussion below, under TdT Tail-
ing and Second Strand Synthesis), rather than from
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FIG. la. Major enzymatic steps in the standard RACE protocol.

The target mRNA is first reverse transcribed using a specific 3'-
end oligonucleotide primer (3’-end RT). TdT is then used to add a
homopolymer tail (poly(dA), in this diagram) to the first-strand
c¢DNA. Second-strand ¢cDNA synthesis is achieved by the extension
of an anchor primer having a poly(dT) tail, which has annealed to the
first-strand ¢cDNA poly(dA) tail, using Taq polymerase. The double-
stranded cDNA is then amplified by PCR, using the anchor primer
as the 5'-end primer and a 3’-end primer (3’-end PCR) complemen-
tary to known cDNA sequence internal to the 3’-end RT primer.
Arrows at the ends of ¢cDNA (open rectangles) indicate active DNA
synthesis in the indicated direction. Bent arrows indicate the many
cycles of amplification in the PCR.

the target homopolymer sequence added to the 3’-end
of the first-strand ¢cDNA (3).

To accomplish the synthesis of the ¢cDNA second
strand, both groups included the anchor(N),5 primer in
the PCR reaction, which allows second-strand synthe-
sis by Tag polymerase to be followed immediately by
PCR amplification. The RACE protocol specifies that
the anchor and anchor(dT);s primers be combined at a
2.5 to 1 ratio and added, with the specific 3'-end primer,
to a standard PCR mix. The authors found that the
generation of full-length cDNAs was promoted by using
a long extension step (up to 40 min) in the first PCR
cycle, which presumably allowed more priming and
synthesis of full-length second-strand ¢cBDNAs (3). In the
A-PCR protocol, the anchor(dC),5 and anchor primers
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are present at a 1:9 ratio, and no special first cycle is
included to promote full-length second-strand synthe-
sis (4). Another small difference between the two proto-
cols is that whereas the original description of the
RACE method specifies only a single 40 cycle PCR (8),
the A-PCR method includes two 25-cycle PCR amplifi-
cations employing two nested 3'-end primers (4). The
second nested PCR amplification was included to in-
crease specific product yield, while reducing back-
ground (see discussion below, under PCR).

The two groups also used slightly different ap-
proaches to screen for positive PCR products. Frohman
et al. (3) Southern blotted an aliquot of the gel fraction-
ated RACE product and used known cDNA sequences
as a probe to detect the target transcript. They then
digested with the appropriate enzymes to generate 5'-
and 3'-sticky ends, gel-isolated fragments of the appro-
priate size, and cloned the fragments into a plasmid
sequencing vector. Bacterial transformants were then
screened by colony-lift hybridization, again using the
known cDNA sequence as a probe. Plasmids from posi-
tive transformants were sequenced. Loh et al. (4) used
the same approach, but they omitted Southern screen-
ing of their gel-fractionated A-PCR product, since they
knew the approximate size of their expected products.
Instead, they digested their A-PCR product and gel
isolated fragments within the expected size range.
Cloning, colony screening, and sequencing were per-
formed as in the RACE method.

Frohman et al. (3) also include a protocol for ampli-
fying unknown 3’-ends in their description of the RACE
technique. Their method calls for the use of the an-
chor(dT);5 to prime the synthesis of first-strand cDNAs
via the annealing of the (dT);5 stretch to the mRNA
poly(A) tail. Since the anchor has already been incorpo-
rated during the first-strand synthesis, no TdT tailing
or second-strand cDNA synthesis step is required. In-
stead, the first-strand cDNA is amplified by PCR using
a specific primer complementary to known cDNA se-
quence as the 5'-end primer and the anchor primer as
the 3’-end primer. Positive PCR products are identified
as discussed above.

A somewhat later description of the RACE/A-PCR
method was reported by Ohara et al. (5) who refer to
their method as one-sided PCR. As in the RACE proto-
col, a poly(A) homopolymer tail is added to first-strand
¢DNAs having an unknown 5’-end. Rather than incor-
porating an anchor oligo via a second-strand synthesis
step, the authors use the tailed cDNA directly in a PCR
amplification, employing a (dT)s oligo as the 5'-end
primer. The one-sided PCR protocol, like the A-PCR
method (4), also includes a second PCR amplification in
which an aliquot of the first PCR reaction is reamplified
using the (dT)y, primer and a nested specific primer,
internal to the first. Since, in the one-sided PCR proto-
col, restriction sites are not included in the PCR oligo-
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nucleotides, the PCR products are not cloned, but di-
rectly sequenced. The protocol for the amplification of
3'-ends is essentially identical to the RACE method (3),
except that the (dT)y oligo is used for first-strand
¢DNA synthesis and as the 3’-end PCR primer, instead
of the anchor(dT),s and anchor primers, respectively.

Although the various methods of using PCR to am-
plify and clone unknown regions of ¢cDNA sequence
have proven extremely valuable to many investigators,
numerous groups (6,8,10,12,13) have observed that it
can be extremely difficult to successfully apply these
protocols. Generally speaking, there are two reasons
for this high failure rate. The first is that there are
three sequential enzymatic steps (reverse transcrip-
tion, TdT tailing, and PCR), each of which is subject to
partial or complete failure. The second is that even
when the enzymatic syntheses proceed smoothly, there
is often a high background of nonspecific or truncated
product generated, often to the exclusion of specific,
full-length product. In the following section, a number
of proposed modifications to each of the major steps
involved in the synthesis and amplification of unknown
adjascent cDNA sequences will be reviewed. For sim-
plicity, the basic method will be referred to as RACE
for the remainder of the Review.

MODIFICATIONS AND OPTIMIZATION OF THE RACE
PROTOCOL

Reverse Transcription

The most crucial step influencing the outcome of a
RACE experiment is the generation of first-strand
c¢DNA by reverse transcription of mRNA. This is espe-
cially true when attempting to clone the full-length 5'-
ends of messages, since incomplete cDNAs will still be
tailed by TdT and amplified by PCR. These truncated
molecules have the same ends as the full-length mole-
cules (i.e., both have the same specific 3’-end sequence
internal to the cDNA primer and both also have an
anchor sequence on their 5'-ends), thus both truncated
¢DNAs and full-length ¢cDNAs will be amplified in the
PCR reaction. The presence of these truncated cDNAs
in the PCR mix can substantially reduce or even abol-
ish the generation of PCR products representing full-
length cDNAs, since smaller DNA molecules are often
amplified preferentially in a mixture of heteroge-
neously sized PCR substrates which have identical
ends (14).

The reverse transcription step should thus be opti-
mized to avoid as much as possible the generation of
incomplete ¢cDNAs. It is essential, of course, to use
high-quality mRNA which has not been degraded by
ribonucleases. A thorough discussion of RNA prepara-
tion and handling is outside the scope of this Review.
In short, we recommend the use of the single-step
method (15) for preparation of RNA from tissues or
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258 BRIAN C.
small quantities of tissue culture cells, or the cyto-
plasmic RNA protocol (16) for larger quantities of tis-
sue-culture cells. We also recommend further purifica-
tion of the RNA to eliminate nonpolyadenylated species
by chromatography on oligo(dT) cellulose (17) or via
the use of one of the many commercially available kits.
The use of polyadenylated mRNA should prevent the
generation and cloning of ¢cDNAs which contain in-
tronic sequences. If enough material is available, then
an aliquot of the RNA sample to be used for RACE
should be electrophoresed, Northern blotted, and
probed with the known ¢cDNA sequence to confirm that
the message of interest is present and not detectably
degraded.

However, even with good quality mRNA, many par-
tial cDNAs are generated during reverse transcription.
The truncation of cDNAs is generally thought to be the
result of the reverse transcriptase enzyme being unable
to continue polymerization in regions of the mRNA
molecule which are involved in a stable secondary
structure (18). Transcripts with a higher GC/AU ratio
are more likely to contain regions of stable secondary
structure, given that GC base pairs are substantially
more stable than AU base pairs. Thus, mRNAs having
the highest GC content are most likely to give rise
to truncated ¢cDNAs. An effective way to destabilize
mRNA secondary structure in the reverse transcription
reaction is to raise the temperature of the reaction mix-
ture above the standard synthesis temperature (37
to 42°C). Mesophilic reverse transcriptase enzymes
(AMV-RT, MMLV-RT) can only function at tempera-
tures up to ca. 50°C, but there are now thermostable
DNA polymerases which exhibit reverse transcriptase
activity at substantially elevated temperatures (gener-
ally 60 to 70°C). At these temperatures, RNA secondary
structure is destabilized, allowing reverse tran-
scription to proceed more readily to the 5'-end of the
molecule. Thermophilic DNA polymerases which can
reverse transcribe mRNA under certain defined condi-
tions (19-21) include, but are not limited to, rTth (Per-
kin-Elmer) and TetZ (Amersham). Even Tagq polymer-
ase has been reported to exhibit reverse transcriptase
activity (22).

Although rTth is less susceptible to the effects of
secondary structure than are the mesophilic reverse
transcriptases (19,23), there are certain caveats which
should be considered when using rTth and similar en-
zymes. First, rTth is primarily a DNA-directed DNA
polymerase, and optimal enzyme activity occurs at a
temperature (70°C) more favorable for DNA destabili-
zation than the operational temperatures of mesophilic
reverse transcriptases. Thus, contaminating genomic
DNA is more likely to be primed and extended by rTth
than by the mesophilic enzymes. The problem of DNA
contamination can easily be avoided by pretreatment
of mRNA with ribonuclease-free DNase (24).

SCHAEFER

There is a second potential difficulty related to the
use of enzymes possessing thermophilic reverse tran-
scriptase activity which is due to inherent limitations
which do not affect mesophilic reverse transcriptases.
Specifically, reverse transcription reactions longer
than 15 min favor the production of truncated cDNAs
due to rapid hydrolysis of RNA in the presence of diva-
lent cations (Mn®*) at the high temperatures required
for optimal polymerase activity (19). Partially degraded
RNA molecules can be primed and reverse transcribed,
yielding a partial ¢cDNA. This phenomenon may con-
tribute to the reduced ability of rTth to generate cDNAs
longer than 1 kb (20), given that longer extensions re-
quire longer periods of incubation, and that the proba-
bility of the RNA template being truncated by hydroly-
sis before completion of reverse transcription increases
over time. Thus, the duration of the reverse transcrip-
tion reaction should be limited to 15 min or less, and
the region to be reverse transcribed should be kept to
a minimal length. Thus, for a RACE amplification to
clone a 5’-end, the reverse transcription should employ
a specific primer rather than oligo(dT), and this primer
should be positioned as far toward the 5’-end of the
partial cDNA as possible while retaining enough se-
quence to specify two internal primers for PCR and a
third region for Southern hybridization (25) to detect
specific PCR products. Also, since full-length ¢cDNAs
are only generated efficiently when the ratio of enzyme
molecules to template molecules is one or greater (19),
it is important not to use excessive quantities of RNA
or cDNA primer in the reverse transcription reaction.

What quantity of RNA constitutes too much template
will generally have to be determined empirically, but
there is evidence that primer concentrations can be
reduced orders of magnitude below that which is called
for in most protocols. Templeton et al. (26) have re-
cently reported that when rTth is used to reverse tran-
scribe the elF-23 message from 150 ng of mRNA, as
little as a 1 pM concentration of specific primer was
sufficient to generate the desired RACE amplification
product after two rounds of nested PCR. In contrast,
when the primer concentration was increased from 10
to 100 nM, specific product was no longer generated.
The authors attribute the failure of RACE at the 100
nM primer concentration to an overabundance of the
¢DNA primer, which was then tailed by TdT and prefer-
entially amplified in the subsequent PCR (26).

TdT Tailing and Second-Strand Synthesis

The standard RACE protocol specifies that the first-
strand cDNA is tailed with a deoxyribonucleotide ho-
mopolymer, employing the TdT enzyme (3-5). This tail
then serves as a substrate for a subsequent hybridiza-
tion with an anchor polylinker which has a 3’-end ho-
mopolymer (anchor(N),5) complementary to the cDNA
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homopolymer tail. The anchor(N),5; then primes second-
strand ¢cDNA synthesis. Although this approach can
work effectively, it can also fail or promote the forma-
tion of undesired or artifactual products via various
mechanisms.

In order for homopolymer tailing to be successful,
free nucleotides and excess cDNA primer remaining
after reverse transcription must be eliminated. If free
nucleotides are not eliminated, they will be incorpo-
rated into the 3’-end ¢cDNA tail by TdT, interfering
with hybridization to the complementary homopolymer
tail on the anchor primer. If excess cDNA primer is not
removed, the 3'-end of this primer will compete with
c¢DNA ends for tailing by TdT, lowering the efficiency
of ¢cDNA tailing. Tailed cDNA primers can also anneal
to the tailed anchor primer, again competing with the
¢DNA, lowering the efficiency of the second-strand
c¢DNA synthesis. These small molecules will in turn
be a substrate in the PCR reaction for annealing and
extension by the anchor primer, lowering PCR effi-
ciency (26). To eliminate excess primers and free nucle-
otides, methods based on molecular weight exclusion
such as Centricon microconcentrators (Amicon) can be
used (23), but the simple and inexpensive method of
two sequential precipitations with 1/4 vol of 10 M am-
monium acetate and 3 vol of 100% ethanol (27) also
works very well.

A major problem with the tailing strategy in 5’-end
RACE is that all cDNAs are tailed by TdT regardless
of whether they are full-length. Once the anchor has
been added in the second-strand synthesis, these trun-
cated cDNAs will compete in the PCR with full-length
product for amplification (23). If the truncated products
are much shorter than the full-length cDNAs, they may
be preferentially amplified (14), preventing detectable
levels of full-length product from accumulating in the
PCR. The only way to reduce the generation of these
truncated cDNAs is to optimize the reverse transcrip-
tion (23), as discussed previously.

A related problem which leads to the production of
truncated ¢cDNAs can occur during the second-strand
synthesis. If the target cDNA contains a homopolymer
region of several nucleotides which is complementary
to the anchor(N);; homopolymer tail, second-strand
synthesis can be primed from that internal sequence,
instead of from the terminal homopolymer region, gen-
erating a truncated second-strand. As discussed above,
such truncated products will be amplified during PCR.

Internal priming by the anchor(N),;s can be dimin-
ished in a number of ways. Since A:T base pairing in-
volves a significantly weaker hydrogen bonding inter-
action than G:C base pairing (23,24), the use of A and
T homopolymer tails tends to generate fewer internal
priming events (23,24). However, in species which have
A- and T-rich genomes, internal priming by anchor (dT
or dA);5 can be a frequent occurrence (10). Another way
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to minimize nonspecific anchor(N),; priming events is
to avoid using too much primer or too low a hybridiza-
tion temperature during the second-strand ¢cDNA syn-
thesis. In this laboratory, reproducible success has
been achieved using 0.5 pmol of an anchor(dT),5 primer
per microgram of mRNA starting material in a 20-pl
volume. Hybridization to the (dA), tailed ¢cDNA is con-
ducted at room temperature for 30 min prior to second-
strand synthesis.

Alternatives to TdT tailing. Citing the numerous
shortcomings inherent in the homopolymer tailing
strategy, several groups have independently devised
modifications of the RACE method which circumvent
TdT-mediated tailing of the ¢cDNA. These methods all
incorporate the use of RNA ligase to covalently attach
an anchor oligonucleotide to the 5’-end of the cDNA
(6~9,12) or directly to the starting RNA population
(10,11,13,28-30). Such strategies thereby eliminate
both the TdT tailing step and the need for anchor(N),;-
primed second-strand cDNA synthesis. The possibility
of internal priming by the anchor(N);; is thus entirely
avoided (9,12). In the protocols which specify ligation
of the anchor directly to RNA, the generation of any
truncated ¢cDNAs possessing a 3’-terminal anchor se-
quence can theoretically be avoided (10). These innova-
tions thus represent a considerable improvement to the
original RACE protocol.

Over the past 3 years, several groups have published
protocols which describe the ligation of a DNA anchor
oligonucleotide to the first-strand cDNA (6-9,12). This
RACE variation is generally referred to as ligation-
anchored PCR (LA-PCR) (6,7) or single-strand ligation
to ss-cDNA ends (SLIC) (8,9) (Fig. 1b). The ligation
reaction is catalyzed by the enzyme T4 RNA ligase,
which has the ability to ligate single-stranded deoxyri-
bonucleotides, as well as ribonucleotides (31,32). The
anchor-ligated ¢cDNA is then used directly in the PCR
reaction, using a specific 3'-end primer and an anchor
primer, as in the standard RACE protocols (6—-9,12).

The anchor oligo must incorporate two modifications
before it can be used for ligation. First, it must be phos-
phorylated at the 5'-end so that it is a substrate for
the T4 RNA ligase enzyme (31). Phosphorylation can be
accomplished either during oligonucleotide synthesis
(8,12), or enzymatically by T4 polynucleotide kinase
and ATP (6). Second, the anchor oligo must be blocked
on its 3'-end to prevent the formation of oligo concate-
mers. This modification can also be incorporated during
in vitro synthesis by using a blocked aminonucleotide
analog as the final base (12), or a dideoxyribonucleotide
can be added to the 3'-end in a TdT-mediated step,
following oligo synthesis (8,9).

An additional requirement is that the oligo used for
c¢DNA synthesis must have a 5'-hydroxyl group (i.e.,
the oligo has not been phosphorylated during or follow-
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FIG. 1b. Major enzymatic steps in the ligation anchored PCR (LA-
PCR) protocol. The target mRNA is first reverse transcribed using a
specific 3'-end oligonucleotide primer (3’-end RT). A single-stranded
DNA anchor oligo (Anchor(-)) is then ligated to the 3’-end of the
c¢DNA using T4 RNA ligase. The Anchor(—) oligo has been modified
by the addition of a phosphate group (P) to the 5’-end and a dideoxy-
nucleotide (ddA) to the 3’-end. The anchor-ligated cDNA is then am-
plified by PCR, using a complementary-sequence anchor primer
(Anchor{+)) as the 5'-end primer and a 38’-end primer (3’-end PCR)
complementary to known ¢cDNA sequence internal to the 3'-end RT
primer. Arrows at the ends of cDNA (open rectangles) indicate active
DNA synthesis in the indicated direction. Bent arrows indicate the
many cycles of amplification in the PCR.

ing synthesis) so that the 5’-ends of cDNA molecules
are not substrates for RNA ligase (6,8). Following
cDNA synthesis, the RNA template is chemically de-
graded by treatment with sodium hydroxide at an ele-
vated temperature. The base treatment hydrolyzes the
RNA to ribonucleotides bearing 5’-hydroxyl and 3’- or
2'-phosphate groups, thus converting the RNA to a
form that is not a substrate for T4 RNA ligase (7).
After the above steps have been executed to remove
or inactivate all competitive inhibitors of the desired
ligation reaction, the only available substrates for the
ligase enzyme are the phosphorylated 5'-ends of the
anchor oligo and the 3’-hydroxyl groups of the cDNA
molecules. The anchor-ligated ¢cDNA is then used di-
rectly in a PCR containing the specific 3’-end primer
and the anchor primer.

SCHAEFER

While the LA-PCR method avoids the generation of
cDNAs which have been truncated during second-
strand ¢cDNA synthesis via the anchor(N)s annealing
to an internal homopolymer in the first-strand ¢cDNA,
the other pathway for the generation of truncated 5'-
ends remains uninhibited. Specifically, any incomplete
first-strand ¢cDNAs generated during cDNA synthesis
will be substrates for T4 RNA ligase and will thus have
the anchor oligo appended to their 3'-ends. PCR will
then amplify these truncated cDNAs as discussed pre-
viously.

In contrast, RNA ligase-mediated RACE (RLM-
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FIG. 1le. Major enzymatic steps in the RNA ligase-mediated RACE
(RLM-RACE) protocol. Degraded mRNA and non-mRNA molecules
are first dephosphorylated using an alkaline phosphatase (e.g., CIP).
The 7-methy] guanosine triphosphate cap (7MeGP-P-P) is then re-
moved by TAP, which leaves a phosphate (P) on the mRNA 5’-end.
A single-stranded RNA anchor oligo (rAnchor(+)) is then ligated to
the 5’-end of these mRNA molecules, using T4 RNA ligase. The an-
chor-ligated mRNA target molecules are reverse transcribed using
a specific 3'-end oligonucleotide primer (3’-end RT). The resulting
single-stranded ¢cDNA is then amplified by PCR, using a DNA anchor
primer (Anchor(+)) as the 5'-end primer and a 3’-end primer (3’-end
PCR) complementary to known ¢DNA sequence internal to the 3'-
end RT primer. The diagonal arrow from the TAP enzyme indicates
the bond hydrolyzed. Arrows at the ends of cDNA (open rectangles)
indicate active DNA synthesis in the indicated direction. Bent arrows
indicate the many cycles of amplification in the PCR.
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RACE) (10), also called reverse ligation-mediated PCR
(RLPCR) (11) (Fig. 1c¢), can circumvent all mechanisms
by which truncated 5'-ends are generated. In this
method, an RNA oligonucleotide anchor sequence is
ligated to the 5’-ends of the mRNA. The anchor-modi-
fied mRNA is reverse transcribed to generate first-
strand ¢cDNA which is then amplified by PCR, using
a 3’-end specific primer and a (DNA) anchor primer
(10,11,13,28,30). Since only those cDNAs which are ex-
tended to full-length will have the anchor sequence at
their 3'-ends, truncated ¢cDNAs will not be amplified
in the PCR (10). The only way that truncated products
could be generated would be via nonspecific internal
annealing of the DNA anchor primer during PCR. Such
artifacts can be avoided by careful design of primers
and adjustment of PCR parameters (see section on PCR
below).

In order to prepare the mRNA for RLM-RACE, the
mRNA must be treated chemically (10) or enzymati-
cally (11,13,28,30,33) to remove the 7-MeGppp cap
which is covalently attached to the 5'-end of all mRNA
transcripts (34). The chemical cap removal protocol uti-
lizes the S-elimination method (35) in which the RNA
is oxidized by sequential treatment with a sodium peri-
odate/sodium dodecyl sulfate solution and glycerol. Ox-
idized mRNA is then treated with cyclohexylamine to
remove the 7-MeG cap. The pyrophosphates which re-
main on the 5’-end following decapping are removed
by treatment with CIP, and the mRNA is then rephos-
phorylated by T4 polynucleotide kinase and ATP, to
make the 5'-end a substrate for polynucleotide kinase
(5'-pyrophosphates are not a substrate for T4 RNA
ligase) (31). The major shortcoming of the chemical
decapping method is that degraded RNAs and non-
mRNAs can be phosphorylated by polynucleotide ki-
nase, creating unwanted substrates for the ligase reac-
tion (10). The non-mRNAs will compete for the RNA
anchor, potentially decreasing the efficiency of ligation
to mRNAs. More detrimental, however, is the potential
for degraded mRNAs to have an anchor ligated to their
5’-ends. When reverse transcribed, these truncated
mRNAs will give rise to truncated ¢cDNAs having a
3’-terminal anchor which will be amplified in the
PCR (10).

The more elegant enzymatic method of decapping
employs fewer steps and avoids the shortcomings of the
chemical protocol (10). The RNA sample is first treated
with an alkaline phosphatase to remove the 5'-phos-
phates from any degraded RNAs and noncapped (non-
messenger) RNA species (11,13). After removal of phos-
phatase activity by heat inactivation and/or phenol/
chloroform extraction (13), the mRNAs are decapped
by treatment with the enzyme tobacco acid pyrophos-
phatase (TAP) which hydrolyzes the phosphoric acid
anhydride bonds in the triphosphate bridge of the
mRNA cap (33). The TAP enzyme thus leaves a 5'-
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phosphate on decapped mRNAs. Thus, only 5'-mRNA
ends which have a 7-MeGppp cap are converted to sub-
strates for T4 RNA ligase. Truncated mRNAs are left
with a 5’-hydroxyl group to which an anchor cannot be
ligated. Thus, when ¢cDNA is synthesized, only ¢cDNAs
which are extended to full-length using a nondegraded
mRNA as a template will have an anchor sequence at
the 3'-end (13).

The RNA anchor oligo can either be synthesized
chemically (13,30) or transcribed in vitro from a linear-
ized plasmid template having an appropriate promoter
(e.g., T7, T3, or SP6) (10,28,29,36). In either case, the
5’-ends of the RNA oligos do not need to be modified
following synthesis, since the in vitro transcription
product has a 5'-triphosphate and the chemically syn-
thesized oligo has a 5'-hydroxyl group, neither of which
is a substrate for RNA ligase. The formation of oligo
concatemers is thus prevented. The RNA anchor oligo
can theoretically be any length which includes at least
the minimal number of nucleotides to ensure specificity
during the PCR reaction. A length of 30 nucleotides
or less is suggested simply to limit possible secondary
structures within the oligo and annealing of the oligo
to partially complementary sequences in the mRNA
population, which could contribute to decreased effi-
ciency in the ligation reaction. The parameters for the
design of PCR primers (see PCR below) should also be
followed when designing the RNA anchor.

Once an appropriate oligo has been designed and
synthesized, it is ligated to the phosphorylated mRNA
using T4 RNA ligase (10,13,28,30,36). Maruyama and
Sugano (13) and others (30,37) report that ligation effi-
ciency can be enhanced by the addition of polyethylene
glycol 8000 to a 25% concentration in the ligation reac-
tion. Also, to block circularization of mRNAs, pCp can
be ligated to the 3’-ends of the mRNA molecules before
decapping (13,38), or RNA can be treated with sodium
periodate to remove the 3’-hydroxyl group (28). Others
have used the RLM-RACE protocol without taking this
precaution (10,30,36).

Gorovsky and Liu (10) and Volloch et al. (29) have
also applied the RLM-RACE method to the amplifica-
tion and cloning of 3’'-ends of transcripts. In this appli-
cation of the RLM-RACE protocol, a DNA (10) or RNA
(29) anchor oligonucleotide is used for ligation to the
3’-ends of mRNA molecules. Although DNA oligonucle-
otides are not efficient acceptors in RNA ligase-cata-
lyzed reactions, they are good donors (31), and thus the
more easily handled DNA anchor can be used instead
of an oligoribonucleotide anchor. The DNA anchor oligo
is simply phosphorylated by T4 polynucleotide kinase
and ligated to the 3’-mRNA ends using T4 RNA ligase.
Reverse transeription is primed by another DNA
oligonucleotide which is exactly complementary to the
ligated anchor, and PCR is performed using this an-
chor-complement as the 3'-end primer with a specific
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5’-end primer which is complementary to known cDNA
sequence (10,29).

Because the 3'-anchor is ligated to the mRNA tail,
the entire mRNA tail is preserved in the resulting
RACE product. Thus, in addition to being able to unam-
biguously determine that the entire 3'-end of the tran-
script has been cloned, biochemical information is ob-
tained concerning the 3’-end of the transcript. The
interested investigator can determine the length of the
poly(A) tail from individual clones and thus the vari-
ance in that length within the population. Also, one
can determine whether canonical polyadenylation sig-
nals are used in a given transcript (10,29).

PCR Amplification

While an exhaustive exploration of techniques to op-
timize the parameters of the PCR is well outside the
scope of this Review, certain parameters which simplify
and enhance the reproducibility of the PCR will be dis-
cussed. Also, a small amount of literature will be re-
viewed which describes methods by which some of the
more commonly encountered problems in PCR may be
overcome. For further information, see the review on
PCR strategy by Arnheim and Erlich (1), general dis-
cussions of PCR optimization by Innis and Gelfand (2),
and PCR-related laboratory technique by Kwok (39),
and a report discussing decontamination of PCR re-
agents by Sarkar and Sommer (40).

Fidelity concerns. One very important issue which
should be considered in the PCR amplification of
¢DNAs is polymerase fidelity. Since the RACE tech-
nique is designed for the determination of unknown
cDNA sequences, it is important that precautions are
taken to minimize the introduction of mutations during
the PCR. There are now commercially available ther-
mophilic polymerases which have 3’ — 5’ proofreading
exonuclease activity, such as pfu (Stratagene) and Vent
(New England Biolabs). Of these two enzymes, pfu has
the highest fidelity, measured at 1.6 X 10 ® mutations
per nucleotide (21). In contrast, the frequency of nucleo-
tide misincorporation by Taq polymerase has been re-
ported to be 2.5 x 107° or 12-fold higher than pfu (21).
The pfu enzyme is also characterized by extreme ther-
mostability, remaining 95% active after 60 min at 95°C
(21). Thus, longer and higher temperature denatur-
ation cycles can be performed without losing significant
polymerase activity.

In a recent paper by Barnes (41), a mixture of pfu
and KlenTaql (a genetically modified Tag polymerase)
at a 1:15 ratio was found to have at least as high a
fidelity as pfu by itself, and much longer amplifications
were possible than with either enzyme alone. Barnes
speculates that the quantity of pfu in the reaction mix
is sufficient to remove mismatched bases added by the
Taq derivative. He further speculates that PCR ampli-
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fications are normally limited to templates of less than
10 kb because Tag polymerase misincorporations pre-
maturely terminate primer extensions. Thus, when
molecules of 10 kb and greater are the targets of the
PCR, such misincorporations occur too frequently for
the desired product to be efficiently amplified. The ad-
dition of the proofreading activity of pfu polymerase is
sufficient to overcome that barrier (41,42).

In order to enhance the product yield and specificity
of PCR, protocols have been designed in which template
(43), template and polymerase (44), or biochemically
active enzyme (45) are not added to the other PCR
components until the reagents have been prewarmed
to a temperature above the primer annealing tempera-
ture. This technique, called “hot start,” is assumed to
improve the specificity of the primer:template interac-
tion by preventing the nonspecific annealing of primer
to previously denatured templates during the room-
temperature assembly of reagents (43,45). Taq poly-
merase can extend templates at the slow but significant
rate of approximately 15 nucleotides per minute at
room temperature (21,46), and thus nonspecifically an-
nealed primer:template or primer:primer pairs can be
extended during assembly of reagents and further am-
plified during PCR, resulting in a high background of
nonspecific products (43,45).

Since the pfu enzyme has negligible polymerase and
exonuclease activity at low temperatures (21), all reac-
tion components can be assembled on ice (or at 4°C in
the thermocycler) without worry of extension of non-
specifically annealed primers or degradation of primer
and template by the 3’ — 5’ proofreading exonuclease
activity of the enzyme. Due to the extreme thermosta-
bility of pfu, an initial denaturation of 98°C for 5 min
can be performed without significantly diminishing en-
zyme activity (unpublished observations), although
long denaturations may result in damage to the PCR
template (see Thermocycling Parameters, below). The
entire reaction mix can thus be denatured under very
stringent conditions, then immediately cooled to the
appropriate temperature to allow primer annealing fol-
lowed by primer extension. Thus renaturation of the
template and nonspecific primer annealing should both
be minimized. The method of denaturation in the pres-
ence of the pfu polymerase allows the generation of
specific products with minimal contamination by non-
specific template extension products and primer—di-
mers (unpublished observations).

Primer design. Primer design is another parameter
which has a large impact on the outcome of the PCR.
There are many “rules of thumb” followed by users of
the PCR technique which have no basis in experimen-
tal data (14). There are, however, a few basic rules
and simple calculations which allow the investigator to
successfully design primers which will yield the desired
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PCR product with little to no background, as is thor-
oughly discussed by Rychlik (14) and briefly summa-
rized here.

The need for well-designed primers is somewhat de-
pendent on the length of the target molecule to be am-
plified. Targets of 200 to 400 bp in length are amplified
most efficiently in PCR, and thus many poorly designed
primers will still generate the desired product within
this size range (14). Since the size of the desired full-
length RACE product is very often not known before
PCR, primers should be designed to conform to as many
parameters of optimization as possible. First, primer
pairs with 3'-terminal complementarity must be
avoided to prevent the formation of primer-dimers.
Even a few complementary bases at the 3’-ends of the
primers can be enough to generate primer—dimers,
since Taq and related polymerases extend primers rap-
idly (high processivity). Also, primers with self-comple-
mentarity involving their 3’-ends must be avoided,
since such primers will be extended using themselves
as a template, instead of the target molecule. Addition-
ally, the 3’-ends of all PCR primers should be designed
to be unstable to minimize the probability of priming
from nontarget sites. At the target site, hybridization
stability is provided by the 5'- and midregions of the
primer, and the primer is successfully extended. In
contrast, where the primer has short regions of comple-
mentarity with nontarget sequences, the unstable 3'-
end is not likely to anneal nonspecifically and be ex-
tended before the brief hybrid formation event has
ended. Rychlik has constructed a table in which free
energy values for DNA duplex formation based on near-
est neighbor nucleotide analysis (14,47) are given.
These values can be used to estimate DNA duplex sta-
bility for any given sequence. Rychlik suggests that the
five 3’-terminal bases of a given primer not have a
stability greater than —9 kcal/mol, which generally
means that there are no more than two G or C residues
in the last five bases (14).

Rychlik also suggests that primer length be kept
short (16—18 nucleotides) for targets less than 500 bp,
while longer targets (5 kb) should be amplified by
longer primers of about 24 nucleotides (14). While these
guidelines may be difficult to follow when primers with
cloning adaptors are used, the region of primer comple-
mentarity to the target molecule can be kept within the
16—-18 nucleotide range. Primer GC/AT ratio should be
as close to the GC/AT ratio of the template as possible
(14). While the majority of the base pair composition
of a RACE target may be unknown, the GC/AT ratio
can be estimated from the known ¢cDNA sequence or
from the GC/AT ratio in the target genome, if such
statistics are available.

Thermocycling parameters. Thermocycling param-
eters also have a dramatic influence on the degree of
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success achieved in any given PCR amplification (1),
particularly as the target size enters the several kilo-
base range (41,48). The denaturing cycle must be hot
enough and long enough to successfully denature at
least a subset of target molecules. Theoretically, maxi-
mally efficient PCR can only be achieved if all target
molecules are denatured in each denaturation cycle.
However, an important consideration is that the rate
of DNA depurination increases dramatically as temper-
ature is increased and pH is decreased (49). During
PCR, temperatures of 94°C or more are reached while
a Tris-based PCR buffer which is pH 8.3 at 25°C will
drop to pH 6.1 at 95°C. Taq polymerase is not able to
continue primer extension when a depurinated site is
encountered (41). By the calculations of Barnes (41),
there is reason to believe that depurination occurs at
a rate which is significant for the PCR amplification of
targets in the kilobases size range (41) or perhaps even
smaller targets (50). Thus, denaturation times should
be limited to what is minimally required for successful
PCR. Denaturation cycles of as short as 10 s at 94°C
have been used to successfully amplify targets of 20 kb
and greater (41,48), although the inclusion of cosol-
vents such as glycerol and DMSO improved yields in
some of these experiments, presumably by lowering the
strand-separation temperature (48). Cheng et al. (48)
also note that the detrimental effects of high tempera-
ture in the PCR reaction may be reduced by using a
PCR buffer which suffers less dramatic changes in pH
during the denaturation cycle. If a buffer having a tem-
perature coefficient lower than that of Tris is used (tric-
ine, bicine, or EPPS, for example) (51), the pH will
be held higher during denaturation, and depurination
should be reduced (48).

There are numerous formulas available to calculate
the ideal hybridization temperature for given PCR
oligo pairs (2,25), and the calculation of ideal hybridiza-
tion temperature reportedly requires nearest neighbor
nucleotide analysis of the template, as well (52). How-
ever, Rychlik states (14) that if the primers are de-
signed properly, incorporating 3’'-terminal instability
(as discussed above), the optimal temperature range
for primer annealing is quite broad. We have found
that even the most basic estimate for annealing tem-
perature, {2*(A/T) + 4*(G/C)) — 5 = Ty, works well
with most primer pairs. In this formula, the primer
annealing temperature is calculated by assigning 2°C
for each A or T and 4°C for each G or C. The hybridiza-
tion temperature is then calculated as 5° below the
annealing temperature of the primer with the lowest
annealing temperature (2). It is best to use primers
with matching annealing temperatures whenever pos-
sible. Cheng et al. (48) report that when primers with
an optimal calculated annealing temperature of 68°C
are used, a two-temperature thermal cycling profile
with a 94°C denaturation and a 68°C annealing/exten-
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sion works well. The extension step should generally
include 1 min per kilobase in the amplification target
(1), although for targets over a few kilobases, longer
extensions may be required (41,48). For RACE ampli-
fications in which the target size is unknown, the maxi-
mal extension time required can be estimated from the
size of the mRNA transcript as determined by Northern
blotting.

Increasing specificity. Unless the target cDNA for
RACE cloning is abundant, a single PCR amplification
may be insufficient to generate the desired product at
a yield sufficient for cloning. In the RACE technique,
there are many nontarget ¢cDNAs generated which
have an anchor sequence at the 5'-end. Thus, compared
to PCR using two primers with unique specificity, the
RACE PCR amplification has a reduced efficiency be-
cause a considerable quantity of anchor primer is con-
sumed by annealing to and extension of these nontar-
get ¢cDNA sequences. The accumulation of nontarget
single-stranded ¢cDNA increases the probability that
the specific (3'-end) primer will anneal nonspecifically
and be extended by polymerase, thereby generating a
substrate which will compete in future cycles for nucle-
otides, polymerase molecules, and both primers.

However, the products of the first PCR can be puri-
fied away from remaining primers (see below) and sub-
jected to another PCR amplification employing the an-
chor primer and a second specific 3'-end primer which
is complementary to a known ¢cDNA sequence within
the region amplified by the first 3’-end PCR primer
(4,5,23). Frohman (23) reports that if the number of
cycles in the two PCR amplifications totals 60, the de-
sired RACE product should appear as a specific ethid-
ium staining band on an agarose gel.

Another method which has potential for enhance-
ment of specific PCR product yield is referred to as
affinity capture (53). There are a number of variations
of this protocol, but the basic method involves the use
of an appropriately tagged oligo to capture the desired
products on an affinity matrix which specifically binds
the tag. For example, a biotinylated oligo complemen-
tary to a target cDNA sequence is hybridized in solu-
tion to denatured cDNA, and hybrids are captured on
a streptavidin affinity matrix. Appropriately stringent
washes (53) are then used to remove nonspecifically
annealed hybrids. The ¢cDNA, now significantly en-
riched for the specific target sequence, is eluted from
the column and amplified by PCR (53). Although RACE
protocols which incorporate affinity capture were not
found during the preparation of this Review, the re-
moval of a substantial amount of contaminating se-
quences by affinity capture could dramatically enhance
the yield of the RACE PCR.

Cloning

Once product is obtained at a detectable level, puri-
fication, recovery, and cloning must be achieved. Since
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a considerable percentage of PCR product is often lost
during recovery via phenol/chloroform extraction fol-
lowed by ethanol precipitation (27), it is best to use kits
specifically designed for the recovery of PCR products.
The Wizard PCR Preps (Promega) system is rapid and
gives high yields of PCR products of at least 200 bp
in length, while effectively removing primers, primer—
dimers, and free nucleotides (54). The purified product
can then be cut with the appropriate restriction endo-
nucleases, size selected in low-melting point agarose,
and ligated directly in the agarose (25) to a sequencing
vector.

Although protocols for the direct sequencing of RACE
products have been described (5,23), there is often het-
erogeneity at the 5'-ends of cDNAs, due to alternative
transcription start sites (10,13) and non-template-
directed addition of nucleotides to the 3’-ends of
first-strand ¢cDNAs by reverse transcriptase enzymes
(23,24,55). RACE products should thus be cloned, and
several individual clones should be sequenced.

The cloning of RACE products is facilitated by incor-
porating restriction endonuclease sites into the se-
quences of the anchor and specific 3'-end oligos. Since
the anchor primer is not complementary to specific
transcript sequences, the anchor sequence can easily
be designed to incorporate three or four 6-bp restriction
endonuclease recognition sequences. In contrast, the
3’-end PCR primer must be complementary to a known
¢DNA sequence, so an extragenomic endonuclease rec-
ognition sequence usually must be included on the 5'-
end of the oligo. The choice of restriction sites is ex-
tremely important and will dramatically influence the
efficiency of the subsequent ligation to the sequencing
vector. Enzymes which generate sticky ends with a 4-
bp overhang are ligated much more efficiently than
blunt ends or ends with shorter overhangs (56). Restric-
tion sites for enzymes which demonstrate marked site
preferences (56) or which are recut inefficiently follow-
ing ligation (56) should be avoided entirely. Addition-
ally, several restriction endonucleases cut poorly or not
at all when their restriction recognition sites are placed
close to the end of a DNA molecule (56). As a general
rule, the restriction endonuclease site should be pre-
ceded by a minimum of four bases at the 5'-end of the
PCR oligo. Even with four or more extra 5-end bases,
however, some enzymes (Notl, Ndel, BstXI, etc.) still
cut poorly. Upon further limiting the choice of enzyme
recognition sites to those which have compatible sites
for ligation in common sequencing vectors, the list of
remaining sites is actually quite small. BamHI, Bgl1I,
EcoRI, Kpnl, Pstl, Sacl, and Xbal (New England Bio-
labs) work well for digestion and subsequent ligation
of PCR products. If other sites are necessary or desired
in a particular cloning strategy, the method of Jung et
al. (57) can enhance the cleavage efficiency of PCR-
primer cloning sites. In this method, sites at the ends
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of PCR primers are converted into internal restriction
sites by end-to-end ligase-mediated concatemerization
of the PCR products, thereby making the restriction
site a better substrate for enzyme cleavage.

A final but crucial concern is that the restriction sites
chosen for cloning may be present within the sequence
of the RACE product as well. When designing primers,
it can be helpful to consider the relative frequency of
candidate recognition sequences in the target genome,
if this information is available. Once the primers have
been designed and the RACE product has been gener-
ated, cut and uncut product can be electrophoresed side
by side on an agarose gel to determine if there are
internal restriction sites in the RACE product. If there
is an internal site corresponding to the enzyme used
to cut the anchor primer, the product can instead be
cut with an enzyme specific for one of the two or three
other restriction sites encoded in the anchor. If, how-
ever, there is an internal site corresponding to the
unique enzyme site incorporated in the specific 3'-end
PCR oligo, the simplest alternative would be to cut the
RACE product with an enzyme which recognizes a rare
site within the previously known sequence included in
the RACE product. In the very likely event that there
are no rare restriction sites in the known region of
c¢DNA sequence, the 3'-end PCR primer can be rede-
signed to incorporate a different restriction endonucle-
ase site. Aliquots of the RACE product can be digested
with candidate endonucleases until one is found which
does not cut, and the new primer can be designed to
include this site. Then, an aliquot of purified RACE
product can be reamplified with the anchor primer and
the new 3'-end primer for a small number of cycles to
incorporate the new oligo with the new restriction site.
The RACE product may then be cloned as discussed
above.

Methods for the cloning of PCR products have also
been developed which do not require the use of restric-
tion endonucleases. Many, if not all, DNA polymerases
have an evolutionarily conserved enzymatic activity
which results in the non-template-directed addition of
one or several nucleotides to the 3’-end of the DNA
molecule, beyond the final nucleotide of the template
(65). Specifically, Taq polymerase adds a single non-
template-directed adenosine to 3’-DNA ends at very
high frequency (55). This property was exploited by
several different groups who described essentially iden-
tical cloning strategies in which Tag-synthesized PCR
products are directly ligated into linearized vectors
having a single thymidine overhang at both 3’-ends
(58-60). The site of PCR product ligation interrupts
the coding sequence of the f-galactosidase gene,
allowing transformants with insert-containing plas-
mids to be distinguished from empty vector (there is a
background of vector religation, despite the fact that
the thymidine overhangs on the vector ends are not
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compatible cohesive ends) by blue/white color selection
of colonies plated on media containing IPTG and X-gal.
Vectors with restriction sites engineered to generate
the thymidine single base-pair overhangs have been
described (58) and are available commercially [In-
vitrogen]. Alternatively, pBluescript [Stratagene] (or
any other cloning vector with a unique restriction site
for a blunt end-generating endonuclease within the
lacZ gene) can be linearized with Smal or EcoRV and
then modified by incubation with Tag polymerase and
dTTP at 70°C for 2 h (59), or with terminal transferase
and ddTTP at 37°C for 1 h (60), thereby generating
a blue/white-selectable vector having the appropriate
thymidine overhangs.

Taking a slightly different approach, Liu and
Schwartz (61) have described a high-efficiency method
for the blunt-end cloning of PCR products. Following
PCR with Taq polymerase, the PCR product was incu-
bated with the Klenow fragment of DNA polymerase I
at 22°C for 30 min, resulting in the blunting of the PCR
product ends (via the 3’ to 5’ exonuclease activity of
the Klenow enzyme). The blunted PCR product was
then mixed with Smal-digested pBluescript [Stra-
tagene] in the presence of T4 DNA ligase and the Smal
enzyme. The Smal enzyme thus recuts any vector mol-
ecule which recircularizes without an insert, whereas
vectors containing inserts are protected from Smal di-
gestion (as long as the primer ends do not specify Smal
half-sites). The only potential caveat with this method
is that a PCR product containing a Smal site(s) will
also be cut during ligation, and will thus not be clonable
by this protocol. A kit employing an improved version
of this method is now commercially available [Stra-
tagene] which, in place of Smal, utilizes the blunt-cut-
ting endonuclease Srf1 which has an infrequently en-
countered 8-bp recognition sequence, dramatically
decreasing the probability that the PCR product will
be cut in the ligation reaction.

It has been shown that thermostable DNA polymer-
ase Vent [New England Biolabs], which has a 3’ to 5’
proofreading exonuclease activity, generates PCR prod-
ucts with greater than 95% blunt ends (56). This is
presumably also true of pfu [Stratagene] and other
polymerases with 3’ to 5’ proofreading activity, and
thus the PCR products of such polymerases are excel-
lent substrates for blunt cloning, without further modi-
fication (62). The blunt cloning strategy should be the
most efficient restriction endonuclease-independent
method of cloning the PCR products of proofreading
polymerases (62), although it has been reported that
cloning into vectors with thymidine overhangs (see
above) also works well with these enzymes (58).

Several groups have reported similar methods for the
cloning of PCR products independent of both restriction
endonucleases and DNA ligase, via the generation of
PCR products and vectors having long (ca. 12 bp) com-
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plementary single-stranded ends (63—66). However, to
achieve the small advantage of avoiding an enzymatic
ligation step, the authors employ longer PCR primers,
an additional set of PCR primers, and at least one addi-
tional PCR amplification. Because these protocols do
not seem to offer any clear advantage to the cloning
methods outlined above, they will not be discussed fur-
ther. The interested investigator is referred to the ref-
erences cited above, particularly the chapter by Shul-
diner and Tanner (65), which includes a detailed
protocol.

Once the RACE product has been cloned into the
desired sequencing vector and transformed into an
Escherichia coli host, colonies can be screened for posi-
tives by colony hybridization (25) using the previously
known region of the RACE product as a probe. If the
RACE product has been amplified in two rounds of PCR
using nested 3'-end primers, colony screening is not
generally necessary since the majority of clones should
contain a specific RACE insert. Ideally, the sequencing
of several RACE clones will reveal both the nucleotide
sequence of the 5’-end (or 3’-end) of the target mRNA
and give convincing evidence that the entire end se-
quence has been obtained.

A major problem encountered when using standard
RACE or LA-PCR for cloning 5'-end sequences is that
truncated RACE products cannot generally be distin-
guished from full-length RACE clones, since truncated
first-strand ¢cDNAs are terminated in an anchor(N);;
(standard RACE) or ligated anchor (LA-PCR), as are
the full-length ¢cDNAs (discussed above). There have
been reports that the 5’-terminal 7-MeGppp cap can be
reverse transcribed fairly efficiently during first-strand
c¢DNA synthesis (67,68). The authors of these reports
assert that the presence of a nongenomic cytidine at
the 3’-end of a first-strand ¢cDNA can be interpreted as
evidence that the ¢cDNA is full-length (67,68). Thus,
when using the standard RACE protocol, a nucleotide
other than dCTP should be used in the TdT tailing
step so that the nongenomic first-strand 3'-terminal
cytidine can be recognized (67). In addition to the obvi-
ous limitation that the genomic sequence in the vicinity
of the putative transcription initiation site must be
known to determine whether the 3’-terminal cytidine
is nongenomic, reverse transcriptases often add one or
several bases at the 3’-end of ¢cDNAs in a template-
independent fashion (23,24,55). In fact, AMV reverse
transcriptase has been shown to add, with equal effi-
ciency, a single template-independent adenosine or cy-
tidine (but not a guanine or thymidine) to the 3’-end
of DNA molecules (55). It may thus be unwise to as-
sume that a nongenomic cytidine added to the 3’-end
of the first-strand ¢cDNA is the result of reverse tran-
scription of the cap structure. As discussed above, we
recommend using the RLM-RACE method and isolat-
ing several independent clones from at least two sepa-
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rate PCR amplifications to assess whether the complete
5’-end of the transcript has been cloned.

OTHER APPLICATIONS OF RACE

Although most RACE protocols have been designed
with the cloning of full-length ¢cDNA ends as the goal,
some investigators have modified the basic protocol to
clone neighboring internal sequences. Confronted with
the problem of obtaining additional 3’ sequence from
the 21-kb titin mRNA, Fritz et al. (69) devised a RACE
technique to clone unknown neighboring internal se-
quences for use when the poly(A) tail is too distant to
allow cloning by standard 3’ RACE methodology (24).
Their modification is simply to use an anchor oligo ter-
minating in six random nucleotides (Anchor(N)) for
c¢cDNA synthesis, instead of the Anchor(dT),5. The
¢DNA 1is thus randomly primed. The specific target is
amplified using a specific 5’-end primer and the anchor
primer, as in the standard 3 RACE protocol. The re-
sulting product contains additional target transcript
sequences 3’ to the original clone. This process can be
repeated with new 5'-end primers to “walk” the length
of the transcript.

Struck and Collins (70) have used a similar method
to clone unknown neighboring 5’ sequences which in-
volves using a specific 3’-end primer and a spurious
(i.e., any) 5'-end primer. Even though the 5'-end primer
is not complementary to target transcript sequences, a
small number of amplification products will be gener-
ated by nonspecific priming of the target cDNA by the
spurious primer. The first PCR thus results in the in-
corporation of the spurious primer in a few specific
amplification products. The products of this initial re-
action are amplified in a second PCR, employing the
same spurious 5’-end primer, and using a second spe-
cific 3'-end primer, internal to the sequence of the first.
This PCR results in very efficient amplification of the
few target molecules from the first PCR which have
incorporated the spurious primer. The amplification
products contain novel sequence 5’ of the original par-
tial cDNA terminus.

Whitcomb et al. (71) have devised a method which
they call random-primed/anchored-PCR (RPA-PCR) to
generate nested deletions from a target sequence which
has been cloned into a plasmid vector. Denatured plas-
mid DNA is hybridized with an anchor(N),, random
primer, and these primers are extended by T7 polymer-
ase. After excess primers and short extension products
have been removed, the ssDNA is amplified with the
anchor primer and a primer specific for the constant
end of the desired nested deletion products. The PCR
products are then separated on a low-melting-point
agarose gel, and fragments of the desired size are iso-
lated and cloned into a plasmid vector. In this manner,
clones with nested deletions at one end, which are
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evenly spread over at least 2 kb, can be isolated from
a single PCR reaction (71).

Although most investigators use RACE to avoid fur-
ther screening of a ¢cDNA library, some have found the
basic methodology useful for the generation of general
c¢DNA libraries from very small numbers of cells. Belya-
vavsky et al. (72) generated a library containing 10°
clones from total RNA isolated from only 10 myeloma
cells. First-strand ¢cDNA was primed with an an-
chor(dT),¢ primer and homopolymer tailed with dGTP
using terminal transferase. The cDNA was then ampli-
fied with an anchor 2(dC),3 primer and the anchor(dT)4
primer to generate the library. Inserts cloned and re-
covered were up to 1.5 kb in length and representative
of high-, moderate-, and low-abundance mRNA species.
Domec et al. (73) used the same approach to achieve
equally good results. The SLIC/LA-PCR method has
also been successfully used to generate cDNA libraries
(8,9). Others have followed conventional cDNA synthe-
sis and linker ligation with PCR amplification to
generate libraries from small amounts of starting ma-
terial (74).

An alternative to generating anchor(dT)x-primed li-
braries is to prime the cDNA with random hexamers.
One can then add a homopolymer tail to the cDNA
using TdT (75), or ligate a single-stranded DNA anchor
to the 3’-ends using T4 RNA ligase (12). The resulting
single-stranded material is a library of 5'-ends, from
which any target 5'-cDNA end can be amplified using
standard RACE or LA-PCR/SLIC, respectively. Al-
though amplification of random-primed ¢DNA may
generate more background than PCR of ¢cDNA made
by specific priming, random-primed libraries have been
shown to be a useful source of specific RACE products
(12,75).

RLM-RACE CLONING OF 705-bp GC-RICH
5’cDNA END

In order to evaluate the utility of the RLM-RACE/
RL-PCR method, the 5-end of a GC-rich (59.4%), low-
abundance Epstein—Barr virus (EBV) mRNA was
cloned from the Burkitt’s lymphoma cell line, Rael, us-
ing a protocol adapted principally from Maruyama and
Sugano (13) (see Appendix). The RNA anchor oligo was
designed to have no stable internal secondary struc-
tures at 37°C, as assessed by the MFold (76) sequence
analysis program. The final three base pairs (AAA) are
a “tag” sequence not included in the RLM-RACE An-
chor 2 oligo. Thus, anwanted PCR products which have
been derived from spurious hybridization of the RLM-
RACE Anchor 2 to a nonanchor sequence will not in-
clude this tag, and can be identified during sequencing
(Table 1). The oligo was chemically synthesized (77),
deprotected (77), size-fractionated by PAGE (25), and
purified by reverse-phase chromatography on a Sep-
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Pak C18 column [Waters]. DNA anchor oligos (Table 1)
were designed according to the specifications of Rychlik
(14). The use of two nested DNA anchors for the RACE
PCR amplifications results in enhanced specificity
(4,5,23).

The target mRNA is a highly spliced 4.8-kb tran-
script of unknown function which appears to be ex-
pressed in all cells latently infected by EBV. The 5’-end
of this mRNA was previously identified by screening a
nasopharyngeal carcinoma (NPC) ¢cDNA library (78),
but no information regarding the 5'-end structure of
the 4.8-kb mRNA in Burkitt’s lymphoma (BL) cell lines
has been published. The strategy was to generate and
PCR amplify the 5'-end of the cDNA using three nested
primers located ca. 80-100 bp downstream of the
mRNA exon 5 splice acceptor (Fig. 2a, Table 1). Details
of the RLM-RACE procedure used to amplify the 5'-
end can be found in the protocol (see Appendix).

Initially, the primary and secondary RLM-RACE
products were analyzed by Southern blotting (25) with
a 3?P-labeled exon 5 probe (Fig. 2b, lanes A and B).
Numerous discrete products distributed over a range
extending up to ca. 1100 bp were observed in the pri-
mary PCR, but amplification of the smallest products
was favored at the expense of larger species in the sec-
ondary PCR. Since there was a prominent hybridiza-
tion signal at ca. 750 bp (band 4; the approximate size
anticipated if the 4.8-kb Rael BL transcript has the
same structure as the NPC transcript), primary RLM-
RACE material was size-selected for 700- to 800-bp
species and reamplified according to the secondary
PCR parameters (see Appendix). This amplification re-
sulted in a prominent ethidium-staining 734-bp prod-
uct (Fig. 2b, lane E), which was cloned, sequenced, and
found to have an exon structure (Fig. 2a) identical to
that reported for the major NPC 4.8-kb transcript (78).
The 5’-ends of 19 clones were sequenced, identifying
two discreet start sites (Fig. 2¢). These sites have been
confirmed to be the major start sites by S1 nuclease
analysis (data not shown). As a comparison, standard
RACE methodology was used to attempt to clone this
same 5'-end region. The longest specific products iden-
tified by Southern blotting in either the primary or
secondary PCR were truncated cDNAs which extended
only into the middle of exon 4, as assessed by cloning
and sequencing (data not shown).

A control RT-PCR was performed using the Ex5-
¢DNA oligo for reverse transcription and the Ex5PCR
1 oligo paired with a specific 5’-end exon 1 oligo (Table
1). The products of this control PCR and the RLM-
RACE products were analyzed by Southern blotting
using an exon 1 probe (Fig. 2b, lane G). Eight discreet
species were detected in this analysis and designated
1-8, from highest to lowest molecular weight, and
these have been correlated with RLM-RACE products
having a similar size (the corresponding RLM-RACE
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TABLE 1
RLM-RACE Oligonucleotides

Oligo® Oligo Sequence Ty (°C)
rAnchor (RNA) AGAGUCUUGACAAGCUUAGGUACCAGUAAA N/A
RLM-RACE Anchorl? TGATCGTAAGAGTCTTGACAAGCT 41

EcoRl  Hindlll Kpnl 45
RLM-RACE Anchor2* ——— N R
AGATGAATTCAAGCTTAGGTACCAGT
Ex5¢cDNA CTTCGATATCGAGTGTCTG 56
Ex5PCR 1 ACCAACGAGGCTGACCTGA 60
Ex5PCR 2 ACCTGATCCTGCAGATATC 56
Ex1PCR (5'-end) AGCAACATGGAGACCTCGAA 60

7 Oligos were synthesized by the Dana-Farber Cancer Institute Molecular Biology Core Facility.
b Ty calculated for nucleotides homologous to rAnchor sequences are underlined.

products are expected to be 69 bp larger). Most of the
larger species appear to be represented in the primary
PCR at a relative abundance similar to that seen in
the control (Fig. 2b, lanes C and G). The very abundant
low-molecular-weight species of the unselected second-
ary RLM-RACE amplification, which gave intense hy-
bridization signals with the exon 5 probe, were not de-
tected by the exon 1 probe (Fig. 2b, lanes B and D).
These species were cloned and found to be partial cDNA
clones resulting from RNA anchor ligation to partially
degraded RNA molecules, demonstrating that CIP pre-
treatment of mRNA is not 100% effective. However,
only a few distinct species were identified by cloning
(i.e., in screening many clones, few unique 5’-ends were
identified), suggesting that the population of truncated
cDNA species having a terminal anchor sequence is
small compared to the population of full-length species.
Titration of cDNA to high dilution might thus be ex-

151000 1000 7000 9000 11000 153000 155000 157000 158000
150000 152012 ;; 6000 8000 10000 152013 154000 156000 158000
F%Ev/%!%%%i}I}I%%I%
Exon: 1 2 3a 3b 4 5 6
=l T T
~ ExSCcDNA
~Ex3PCR#1
= Ex5PCR#2
FIG. 2a. Exon structure of the 5’-end of the major BL. 4.8-kb RNA

as determined by RLM-RACE cloning. Clones containing exons 1, 2,
3a, 3b, 4, and the 5’-end of exon 5 were obtained from the BL cell
line Rael using the RLM-RACE method. EBV genome coordinates
are indicated along the top of the figure (the idiosyncratic numbering
of the EBV genome results in the interruption of nucleotides 152,012
and 152,013 by nucleotides 1-11,835). Nucleotides between 1000
and 6000 have been deleted from the figure for aesthetic reasons.
The location of ¢cDNA and 3’-end PCR primers are indicated below
exon 5. The exon nomenclature reflects that used for the identical
NPC transeript (78).

pected to eliminate truncated species from the PCR
(see protocol notes in Appendix).

The RLM-RACE/RL-PCR method is thus an effective
method of cloning full-length ¢cDNA ends. Although

RLM-RACE Products
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FIG. 2b. Southern hybridization analysis of RLM-RACE amplifi-
cation products. Products of the RLM-RACE primary PCR amplifi-
cation (lanes A and C), secondary PCR amplification (lanes B and
D), secondary PCR amplifications of primary PCR product which had
been size-selected for band 4 (lane E) or band 2 (lane F), and a
control exon 1/exon 5 PCR amplification (lane G), were analyzed by
hybridization with an exon 5 (lanes A and B) or exon 1 {lanes C-G)
probe. Distinct PCR products in the control amplification (lane G)
are numbered consecutively (1-8) from highest to lowest molecular
weight. RLM-RACE products (lanes A—F) were assigned the same
number if they migrated with a corresponding mobility and hybrid-
ized to the exon 1 probe. Products marked with an asterisk (*) are
truncated ¢cDNAs (see text) which hybridize only with the exon 5
probe (lanes A and B) or a product of unknown origin (lane C) which
was not amplified in the secondary PCR (lane D). PCR products were
separated by electrophoresis through 1.5% LMPA agarose, trans-
ferred to a nylon membrane, and hybridized with **P-labeled dsDNA
probes corresponding to exon 5 or exon 1 sequences. The migration
of the molecular weight standard (PhiX174/Haelll digest) is indi-
cated at the extreme left.
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Initiation Sites

AGGAGCTGCCGGTTGCCATTTTTCAAGCTGCTAAACCACGAGTGGC

+1 +3
150645 i
50648 Genome
1 Coordinates

FIG. 2¢. Transcription initiation sites of the major BL 4.8-kb RNA
as determined by RLM-RACE cloning. Two sites of transcription
initiation were indicated by sequencing 19 RLM-RACE clones which
have the structure shown in Fig. 2a. The +1 initiation site was ob-
served in 13 clones, and the +3 initiation site was observed in the
remaining 6. These start sites were confirmed to be the major sites
of initiation by S1 nuclease mapping (data not shown). The same
sites of initiation were identified for the NPC transcript (78), as well
as a third site at —4.

clones having truncated ends can be generated, full-
length cDNA templates probably form the majority of
the preamplification population. Empirical optimiza-
tion of PCR conditions (see Appendix) should thus be
expected to result in exclusive generation of full-length
species in most cases.

APPENDIX
RLM-RACE Protocol for Cloning of cDNA 5’-Ends

The protocol can easily be adapted to the cloning of
3’-ends using the modifications described by Liu and
Gorovsky (10).

RLM-RACE Protocol

A. Dephosphorylation of degraded RNAs and non-
mRNAs

1. Resuspend 1-5 ug of poly(A)-selected RNA in 20
1l of DEPC-water. Heat to 55°C for 5 min and resus-
pend thoroughly with a pipetman to ensure that all
RNA enters solution.

2. Add:
10x CIP buffer 5.0 ul
CIP enzyme (2 U) 0.2 ul
RNAsin (50 U) 1.25 ul
DEPC-water 23.5 ul

Gently pipet mixture up and down several times to
miX.

3. Incubate at 37°C for at least 1 h (see notes).

4. Add:

DEPC-water 250 ul
10 M ammonium acetate 75 ul
Phenol:chloroform, 1:1 375 ul

Vortex at high speed for 15-30 s. Spin at 12,000g for
5 min.

5. Recover aqueous phase and repeat extraction
with an equal volume of phenol:chloroform, 1:1.
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6. Recover aqueous phase and add 900 ul of absolute
ethanol. Mix by inverting several times, then spin at
12,000g for 20 min.

7. Pour off supernatant, add 400 ul of 70% ethanol,
vortex briefly, and spin at 12,000g for 5 min.

8. Pour off supernatant. Remove residual liquid with
a pipetman, taking care not to dislodge pellet. Air dry
briefly on bench.

B. Enzymatic decapping of mRNA molecules.
1. Resuspend RNA pellet in 20 ul of DEPC-water,
as described above (step A.1).

2. Add:
10x TAP buffer 5.0 ul
TAP enzyme (2.5 U) 0.5 ul
RNAsin (50 U) 1.25 ul
DEPC-water 23.5 ul

Gently pipet mixture up and down several times to
mix.

3. Incubate at 37°C for 1 h.

4. Follow step A.4 for phenol:chloroform extraction.

5. Follow steps A.6 through A.8 for ethanol precipi-
tation (precipitate only 1 pg of decapped RNA. The
remainder can be stored at —70°C for further experi-
ments).

C. Ligation of oligoribonucleotide to mRNA 5'-
ends.

1. Resuspend RNA pellet in 4 pl of DEPC-water, as
described above (step A.1).

2. Add:

10x RNA ligase buffer 5.0 ul
RNA oligo (2 ug) 10.0 pl
T4 RNA ligase (100 U) 5.0 ul
RNAsin (50 U) 1.25 pl
40% polyethylene glycol 25.0 nl

Gently pipet mixture up and down several times to
mix.

3. Pulse reaction briefly in microfuge to force liquid
to bottom of tube and eliminate large bubbles. Overlay
with mineral oil.

4. Incubate at 17°C for 16 h.

5. Transfer ligation mix to a fresh tube, taking care
not to transfer any mineral oil.

6. Follow steps A.4 and A.5 for phenol:chloroform
extraction.

7. Follow steps A.6 through A.8 for ethanol precipi-
tation.

D. Reverse transcription.
1. Resuspend RNA in 11 pl of DEPC-water, follow-
ing the procedure described in step A.1.
2. Add:
5x Superscript buffer 4.0 ul
c¢DNA primer (50 pmol) 1.0 ul
3. Denature mixture at 68°C for 10 min, then imme-
diately cool in ice for 5 min.

4. Add:
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10 mM dNTP mix 1.0 pl
0.1 M DTT 2.0 ul
Superscript enzyme (200 U) 1.0 ul

Gently pipet mixture up and down several times to
mix.
5. Incubate at 42°C for 1 h.

6. Add:
ACS-water 280 pl
10M ammonium acetate 75 ul
Phenol:chloroform, 1:1 375 ul

Vortex at high speed for 15-30 s. Spin at 12,000g for
5 min.

7. Recover aqueous phase and repeat extraction
with an equal volume of chloroform.

8. Follow steps A.6 through A.8 for ethanol precipi-
tation.

E. RNA removal.
1. Resuspend RNA/cDNA pellet in 25 pl of ACS-wa-
ter, following the procedure described in step A.1.
2. Add:
0.5 M EDTA, pH 8.0 1.0 pl
0.15 N sodium hydroxide 12.5 pul
3. Incubate at 68°C for 15 min.
4. Add:

1 M Tris, pH 8.0 12.5 4l
1 N hydrochloric acid 12.5 ul
10 M ammonium acetate  13.0 ul
Absolute ethanol 190.0 pl

5. Mix by inverting several times, then spin at
12,000g for 20 min.

6. Follow steps A.7 and A.8 for 70% ethanol wash.

7. Resuspend ¢cDNA pellet in 100 ul of ACS-water,
following the procedure described in step A.1.

F. Primary PCR.

1. Aliquot 5 ul of cDNA into a 500-ul-capacity thin-
walled PCR tube. Place tube on ice.

2. Add:

10x pfu buffer 50 ul
2 mM dNTP mix 5.0l
RLM-RACE Anchor 1 (40 pmol) 4.0 ul
pfu enzyme (1.25 U) 0.5 11
ACS-water 29.5 ul

Gently pipet mixture up and down several times to
mix.

3. Cover mixture with light mineral oil and place
tube in thermal cycler.

4. PCR

1 cycle: 98°C, 1-5 min
43°C, 1 min
72°C, 2.5 min

4 cycles: 97°C, 1 min
43°C, 1 min
72°C, 2 min

Soak: 85°C

5. As soon as the soak file begins, add 1 y1 (40 pmol)
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of 3'-PCR primer 1. Make sure to add under the min-
eral oil. Gently mix by pipetting up and down a few
times, taking care not to make air bubbles in the sam-

ple.
6. PCR
30 cycles: 97°C, 1 min
55°C, 1 min
72°C, 2 min
Soak: 4°C

7. Remove 15 ul of primary PCR product and trans-
fer to a fresh 1.5-ml microfuge tube, taking care not to
transfer any mineral oil.

8. Add 15 pl of ACS-water. Purify PCR product using
the Wizard PCR Preps system (Promega), following the
instructions of the manufacturer. Use 50 ul of ACS-
water for the final elution.

G. Secondary PCR.

1. Aliquot 5 ul of purified primary PCR product into
a 500-ul-capacity thin-walled PCR tube. Place tube on
ice.

2. Add:

10x pfu buffer 5.0 ul
2 mM dNTP mix 5.0 ul
3'-PCR primer 2 (40 pmol) 4.0 ul
pfu enzyme (1.25 U) 0.5 ul
ACS-water 29.5 pl

Gently pipet mixture up and down several times to
mix.

3. Cover mixture with light mineral oil and place
tube in thermal cycler.

4. PCR

1 cycle: 98°C, 1-5 min
51°C, 1 min
72°C, 2.5 min

9 cycles: 97°C, 1 min
51°C, 1 min
72°C, 2 min

Soak: 85°C

5. As soon as the soak file begins, add 1 xl (40 pmol)
of RLM-RACE Anchor 2. Make sure to add under the
mineral oil. Gently mix by pipetting up and down a
few times, taking care not to make air bubbles in the

sample.
6. PCR

4 cycles: 97°C, 1 min
45°C, 1 min
72°C, 2 min

26 cycles: 97°C, 1 min
51°C, 1 min
72°C, 2 min

Soak: 4°C

7. Purify 15 ul of secondary PCR product as de-
scribed in step F.8.
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H. Analysis and cloning of RLM-RACE products.

1. Digest 10 ul of purified secondary PCR product
with restriction enzymes which will create “sticky” 5’'-
and 3’-ends. (Alternatively, one of the restriction endo-
nuclease-independent cloning methods can be used, as
discussed under Cloning in the text.)

2. Run the following on a 1.5% agarose gel with the
appropriate molecular weight markers: 2.5 ul of unpu-
rified primary PCR reaction, 2.5 pul of unpurified sec-
ondary PCR reaction, 5.0 ul of purified secondary PCR
reaction, and 25% of purified, digested secondary PCR
product.

3. Photograph (ethidium bromide-stained) gel with
ruler next to molecular weight markers.

4. Southern blot gel and probe blot with the specific
3’-end probe. Visualize positive PCR products by auto-
radiography.

5. Compare the autoradiogram with the photograph
of the ethidium-stained gel to ascertain the following:

a. Are all ethidium-staining bands in secondary PCR
specific?

b. Were any specific products of the primary PCR
lost in the secondary PCR?

¢. Are all specific products of the secondary PCR visi-
ble as ethidium-staining bands?

d. Were secondary PCR products recovered with
high yield in the purification step?

e. Does digestion of secondary PCR products reveal
cutting at internal sites by the selected restriction en-
zymes?

6. Provided that the RACE product has been suc-
cessfully amplified, purified, and digested according to
the criteria listed above, the remainder of the digested
product can be ligated into an appropriately digested
sequencing vector and transformed into E. coli.

7. Grow overnight cultures of individual colonies,
purify plasmid DNA, and digest with appropriate re-
striction enzymes to determine size of inserts. Se-
quence plasmids containing desired inserts.

Notes

General. DEPC-water and Tris-equilibrated phenol
should be prepared as described in Sambrook et al. (25).
ACS-water can be purchased from Aldrich. Solutions
used with RNA should be prepared with DEPC-water
and autoclaved. Solutions used with cDNA and for PCR
should be prepared with ACS-water and autoclaved.
Divide solutions into small aliquots to guard against
contamination. The use of tips with aerosol-blocking
plugs greatly reduces the chance of DNA contamina-
tion from pipetting devices.

A. CIP should be used instead of BAP, because BAP
activity is very difficult to remove (25). CIP is obtained
from New England Biolabs at a concentration of (10 U/
pl) with a 10X buffer. A small quantity of degraded,
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phosphorylated RNA can survive the 1 h CIP treat-
ment, so longer incubations may yield improved results
in certain cases. CIP should not be heat-inactivated,
since this will promote RNA hydrolysis, leading to the
production of more degraded RNA molecules with 5'-
terminal phosphates. RNAsin is obtained from Pro-
mega at a concentration of (40 U/ul).

B. TAP is obtained from Epicentre at a concentra-
tion of (6 U/ul) with a 10X buffer. The 3'-hydroxyl
group can be removed (28) or blocked (13,38) to prevent
RNA self-ligation, but this step is not necessary.

C. T4 RNA ligase is obtained from New England
BioLabs at a concentration of (20 U/ul) with a 10x
buffer. To improve the efficiency of RNA oligo ligation,
the oligo should be at high molar excess relative to the
decapped RNA. The RNA oligo must be PAGE-purified
in order to remove molecules shorter than full-length.

D. Superscript reverse transcriptase is obtained
from Gibco-BRL at a concentration of (200 U/ul) with
a 5X buffer. This enzyme can effectively generate
full-length ¢DNA molecules from GC-rich templates
at 42°C.

Fand G. The quantity of cDNA required to gener-
ate the desired PCR product will need to be empirically
determined in each case, but should be no more than
5% of the final product. Since a small quantity of par-
tially degraded molecules may survive CIP treatment
and ultimately appear in the final cDNA population as
partial clones with a terminal anchor, we recommend
titrating the amount of input cDNA to the lowest possi-
ble quantity. If good quality RNA was used, the full-
length molecules should be present in excess, and thus,
at high dilution, there should only be full-length tem-
plates present.

Recombinant pfu enzyme is obtained from Stra-
tagene at a concentration of (2.5 U/ul) with a 10X
buffer. The denaturation times and temperatures
have been chosen to maximize template denaturation.
Since DNA is clearly damaged at high temperatures
(41,49,50), it is probably advisable to limit the time and
temperature of denaturation to 15 s and 95°C, respec-
tively, when the target of amplification is over a few
hundred base pairs. Primers are specified in Table 1,
and annealing temperatures are specific for the prim-
ers listed. Extension time of 2 min/kb of target se-
quence works well when using pfu. The PCR profile
is a modification of the two-step protocol described by
Barnard et al. (79). Several cycles of asymmetric ampli-
fication with one primer are carried out in order to
achieve amplification of a desired subset of target mole-
cules. The template mixture is thereby enriched for a
desired target before addition of the second primer. A
lower number of cycles in one or both amplifications
may be sufficient for many targets.

Seikagaku Corporation Exhibit 2066 - Page 17 of 19
Charles River Laboratories, Inc. v. Seikagaku Corporation
IPR2025-00440



272 BRIAN C.

H. If certain products of the primary PCR appear
to be lost due to competition with smaller or more abun-
dant species in the secondary PCR, the primary PCR
product can be size-selected by fractionation in low-
melting-point agarose, purified, and amplified by the
secondary PCR protocol. Other suggestions for optimiz-
ing cloning are contained within the text.
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