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G. A. Woolley and co-workers show that the largest degree of conformational con-
trol is obtained when the photoswitchable crosslinker is placed at the site of high-
est intrinsic helical propensity in the inhibitor.

NEWS

Spotlights on our sister journals 1704-1707

ChemBioChem 2015, 16, 1695 - 1701 Wiley Online Library 1695 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



L

BELGIUM

CzecH RepuBLIC

N

Chi'rruaué

FRANCE

O

;DCh

HunGARY

AN

ITaLy

KNCV

NETHERLANDS

R
2
§

PORTUGAL

eNs
N e

E
m
3
0
rsam¢
SWEDEN

¢
Npgt®

RSEQ.

Seain

CHEMBIOCHEM

MASTHEAD

science?

Editorial Advisory Board

Chairs:

Thomas Carell (Germany)
Donald Hilvert (Switzerland)
Barbara Imperiali (USA)

Members:
Lia Addadi (Israel)
Frances Arnold (USA)
Lars Baltzer (Sweden)
Hagan Bayley (United Kingdom)
Helen E. Blackwell (USA)
Ronald R. Breaker (USA)
Christopher J. Chang (USA)
Philip A. Cole (USA)
Virginia Cornish (USA)
David Craik (Australia)
Ben Cravatt (USA)
Craig M. Crews (USA)
Ben Davis (United Kingdom)
Marc Fontecave (France)
Athanassios Giannis (Germany)
Carine Giovannangeli (France)
Ernest Giralt (Spain)
Helmut Grubmiiller (Germany)
Itaru Hamachi (Japan)
Albert J. R. Heck

(The Netherlands)
Piet Herdewijn (Belgium)
Paul J. Hergenrother (USA)
Christian Hertweck (Germany)
Michal Hocek (Czech Republic)
Albert Jeltsch (Germany)
Jésus Jiménez-Barbero (Spain)
Kai Johnsson (Switzerland)
Thomas Kiefhaber (Germany)
Eric T. Kool (USA)
Yamuna Krishnan (USA)
Hilal A. Lashuel (Switzerland)
David Liu (USA)
Dongsheng Liu (P. R. China)
Mohamed Marahiel (Germany)
Jose Luis Mascarenas (Spain)
Stefan Matile (Switzerland)
Morten Meldal (Denmark)

ChemBioChem 2015, 16, 1695 -1701

Ronald Micura (Austria)
Hisakazu Mihara (Japan)
Bradley S. Moore (USA)
May C. Morris (France)
Klaus Miiller (Switzerland)
Rolf Miiller (Germany)
Tom Muir (USA)
Shin-ichiro Nishimura (Japan)
Herman Overkleeft
(The Netherlands)
Gisbert Schneider
(Switzerland)
Carsten Schultz (Germany)
Peter G. Schultz (USA)
Harald Schwalbe (Germany)
Peter H. Seeberger (Germany)
Injae Shin (South Korea)
Kevan Shokat (USA)
Scott K. Silverman (USA)
Hanadi F. Sleiman (Canada)
Mikiko M. Sodeoka (Japan)
Hiroaki Suga (Japan)
Hiroshi Sugiyama (Japan)
Weihong Tan (USA)
Dan Tawfik (Israel)
David A. Tirrell (USA)
Claudio Toniolo (Italy)
Dirk Trauner (Germany)
Wilfred A. van der Donk (USA)
Gunnar von Heijne (Sweden)
Herbert Waldmann (Germany)
Chris T. Walsh (USA)
Nicolas Winssinger
(Switzerland)
Stephen G. Withers (Canada)
Chi-Huey Wong (Taiwan, USA)
Ada Yonath (Israel)

1696

Editor:

Peter Golitz
Deputy Editor:
Meghan Campbell

Managing Editor:
Lisa Abel

Editorial Assistant:
Steffi Schieweck

Production:
Stefanie Labonte, Denis Ott

Telephone:
(+ 49) 6201-606-278

Fax:

(+ 49) 6201-606-331 or -328
E-mail:
chembiochem@wiley-vch.de
Courier Services:
BoschstraBe 12

69469 Weinheim (Germany)
Regular Mail:

Postfach 10 11 61

69451 Weinheim (Germany)
Homepage:
http://www.chembiochem.org

Manuscript Submission System:

@Ed itorial Manager*
http://www.editoria|manager.com/cbic

Subscriptions:
Customer Service

(ext. 400, fax: ext. 184,
cs-germany@wiley.com)

Marketing:
Monika Silz (ext. 458, fax: ext. 100,
e-mail: msilz@wiley-vch.de)

Advertising:
Marion Schulz (ext. 565, fax: ext. 550,

e-mail: mschulz@wiley-vch.de; jspiess@wiley-vch.de)

Copyright Permissions:
Bettina Loycke (ext. 280, fax: ext. 447,
e-mail: rights@wiley-vch.de)

Reprints, e-prints, posters:
Carmen Leitner (fax: ext. 226
e-mail: chem-reprints@wiley-vch.de)

Publishers:

WILEY-VCH Verlag GmbH & Co. KGaA,
Postfach 10 11 61

69451 Weinheim (Germany)
http://www.wiley—vch.de/

Coordinating
Managing Editor:
Karen J. Hindson

Publication:
18 issues in 2015

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Further masthead information follows directly

after the Table of Contents,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



HIGHLIGHTS

CHEMBIOCHEM
Contents

New avenues in bacterial engineering:
An azobenzene molecular switch has
been incorporated into an autoinducer
for quorum sensing (QS) in bacteria. The
authors demonstrated that irradiation
with different wavelengths of light influ-
ences the QS system thereby controlling
gene expression as well as the pheno-
type, as exemplified by pyocyanin pro-
duction.

An (X-ray) eye for detail: Modern
high-resolution protein crystallography
allows H atoms to be located. Applied
to nickel-iron hydrogenase, X-ray struc-
tural analysis has finally confirmed the
presence of an active-site hydride and
thiol, as well as unveiling the intricate
pathways that protons take to and from
the active site.

COMMUNICATIONS

L. Schweighauser, H. A. Wegner*
1709-1711

Chemical Talking with Living Systems:
Molecular Switches Steer Quorum
Sensing in Bacteria

D. Schilter*
1712-1714

Nickel-Iron Hydrogenases: High-
Resolution Crystallography Resolves
the Hydride, but Not the Debate

A vital precolibactin intermediate was
isolated and identified as a new 1H-pyr-
rolo[3,4-c]pyridine-3,6(2H,5H)-dione- and
thiazole-containing compound. Based
on its structure together with gene-
knockout experiments, we mapped its
logical biosynthetic pathway. Our results
lay a foundation for further work to de-
termine the enzymatic events in this
mysterious pathway.
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Colibactin Pathway
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Enzyme
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Turn it on: Rational engineering of

a loop at Shp2’s interdomain interface
yields a protein phosphatase that re-
tains its mechanism of autoinhibitory
regulation but can be target-specifically
activated with a small molecule. This
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Spinning webs: Conversion of spider
silk proteins from soluble dope to in-
soluble fibers involves pH-dependent
dimerization of the N-terminal domain
(NT). We have analyzed the pH depend-
ence of the A. ventricosus minor ampul-
late spidroin NT and determined solu-
tion structures at pH 7.2 and 5.5, reveal-
ing that the dimerization is mediated by
protonation of three glutamic acid resi-
dues.

Hybrid nanomaterials: Super-resolution
imaging was used to quantify organiza-
tional changes in the plasma membrane
after treatment with hybrid nanoconju-
gates. The images were analyzed by
using pair-correlation analysis to deter-
mine the density of bound conjugates,
cluster size, and average number of
molecules per cluster.

We report the first crystal structure of
an oleate hydratase in complex with the
essential flavin cofactor. Elucidation of
the active-site amino acid residues al-
lowed us to propose a structure-based
reaction mechanism for this class of hy-
dratases that accounts for the role of
the flavin moiety. Our findings should
help employment of this enzyme class
in future biocatalytic applications.

N-SH2

C-SH2

Phosphatase
domain

Shp2: ACTIVATED!

strategy for achieving direct chemical
control over enzyme activity may be ap-
plicable to a range of signaling proteins,
many of which are regulated through
domain-domain interactions.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



A heterodimeric membrane protein
species, integrin a,f3;, was synthesised
by ribosomes derived from cell lysates
in the presence of an amphiphilic poly-
meric membrane. Immunolabelling with
a function-blocking antibody in combi-
nation with biochemical analysis re-
vealed functional folding of integrin
o,f3; in a chemically defined and robust
synthetic membrane architecture.
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Controlling the spatial and temporal
aspects of immune signaling would
enable further study of immune syner-
gies and assist in the development of
new vaccines. Here, a caged TLR4 ago-

FULL PAPERS

deprotection

Light-controlled
immune activation

Photo-

NF-xB

nist was synthesized, affording a photo-
controlled agonist that was inactive
while caged, yet effected NF-kB activity
in cells following UV photocontrolled
deprotection.
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(Integrins) in Polymeric Architectures

L. Stutts, A. P. Esser-Kahn*
1744 - 1748

A Light-Controlled TLR4 Agonist and
Selectable Activation of Cell
Subpopulations

IRED in the face: Twenty novel imine
reductases (IREDs) were characterized
chemically by screening them against

a set of cyclic imines and by applying
bioinformatic methods. High yields of
pure product were obtained from all of
them. The IREDs were subgrouped by
an active-site clustering according to
the experimental results.

Systematic testing of potential sites
for cis/trans photoswitchable azoben-
zene-based crosslinkers leads to effec-
tive light-controlled inhibitors of CREB
transcription factors. The largest degree
of photocontrol is achieved when the
crosslinker is in the zipper region be-
tween Cys residues in the heptad seg-
ment showing the highest intrinsic heli-
cal propensity.
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2H-labelled ribosylhopane was convert-
ed into 2H-labelled bacteriohopanetetrol
by a cell-free system derived from Meth-
ylobacterium organophilum in the pres-
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ence of NADPH. This afforded the first
direct evidence of its intermediacy in
the Cy5 hopanoid biosynthetic pathway.

An uncompetitive edge: A new class of
inhibitors against 1-deoxy-p-xylulose-5-
phosphate (DXP) synthase, an essential
enzyme in bacterial central metabolism,
was discovered. Kinetic analysis reveals
that these inhibitors are competitive
against b-GAP and uncompetitive or
noncompetitive against pyruvate, thus
suggesting that they target the unique-
ly stable lactyl-thiamin diphosphate in-
termediate.

Toxoflavin talk: The soil bacterium

P. protegens Pf-5 produces toxoflavin,

a triazine antibiotic. Through gene
knockouts, we showed that the initial
steps in toxoflavin biosynthesis are
identical to those in riboflavin biosyn-
thesis; this led to a revised biosynthetic
scheme. The protein encoded by toxM,
found in the Pf-5 cluster, confers resist-
ance to toxoflavin by degrading it.

Acyltransferase activity of CAL-A:
Analysis of the CAL-A structure suggest-
ed 28 single-mutant variants to favor
the desired acyltransferase activity. After
screening, variant Asp122Leu exhibited
significantly reduced production of free
fatty acids, whereas the catalytic proper-
ties (e.g., thermostability, pH optimum)
were not significantly altered.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Enzyme evolution: Using a liposome- LysZ-RS DNA A. Uyeda, T. Watanabe, Y. Kato,
based in vitro compartmentalization ap- —— r ! H. Watanabe, T. Yomo, T. Hohsaka,*
& in vitro transcription/translation
proach, we screened a randomly muta- LysZ-RS T. Matsuura*
. : GFP mRNA
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L-lysine (LysZ) tRNA synthetases and e s o
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W@ in vitro Liposome-Based in Vitro Evolution of
LysZ incorporation both in vitro and in translation Aminoacyl-tRNA Synthetase for
vivo. The ease and flexibility of this ap- 3 Enhanced Pyrrolysine Derivative
proach should enable evolution of not = LysZ-tRNAcya Incorporation

only the aminoacyl-tRNA synthetases
but also of other enzymes involved in oo
protein translation. LysZ \© &%
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The RNA cleavage activity of the ham- IKTq: 19-49 mM] | Ka=5-65mm S. Nakano,* Y. Kitagawa, H. Yamashita,
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and Catalytic Activities of the
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cient catalysis. This is contrary to the ef-
fects on the Mg”*-induced structural
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amines. Examination of the effects on structure.

* Author to whom correspondence should be addressed.

g Supporting information on www.chembiochem.org (y A video clip is available as Supporting Information
(see article for access details). on the WWW (see article for access details).

d\This is an open-access article, published under the terms and Contributions labeled with this symbol have been
conditions of a Creative Commons license; the specific license judged as “Very Important Papers” by the referees.

and details about the permitted reuse can be found on the
first page of the article.

All the Tables of Contents ji\ay be found on the WWW under: http://www.chembiochem.org

ChemBioChem 2015, 16, 1695 - 1701 1701 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



®~ChemPubSoc
- Europe

DOI: 10.1002/cbic.201500218

CHEMBIOCHEM
Full Papers

‘ This material may be protected by Copyright law (Title 17 U.S. Code)

Expanding the Imine Reductase Toolbox by Exploring the
Bacterial Protein-Sequence Space

Dennis Wetzl,”’ Marco Berrera,™ < Nicolas Sandon,™ Dan Fishlock,® Martin Ebeling,® ¢
Michael Miiller,”” Steven Hanlon,”” Beat Wirz,” and Hans Iding*®

Recent investigations on imine reductases (IREDs) have en-
riched the toolbox of potential catalysts for accessing chiral
amines, which are important building blocks for the pharma-
ceutical industry. Herein, we describe the characterization of 20
new IREDs. A C-terminal domain clustering of the bacterial pro-
tein-sequence space was performed to identify the novel IRED
candidates. Each of the identified enzymes was characterized
against a set of nine cyclic imine model substrates. A refined

Introduction

Chiral amines are important building blocks for pharmaceutical
and agrochemical target compounds, because they are abun-
dant structural and functional elements in natural chemical
scaffolds with biological activities."" Yet despite their impor-
tance and the continued need for chiral amines, their accessi-
bility by asymmetric synthesis is still rather limited. Non-enzy-
matic approaches for the asymmetric synthesis of chiral
amines include transition-metal and organocatalyzed reac-
tions.”” Nevertheless, for industrial applications the chiral reso-
lution of optically active amines remains very important, de-
spite the limitation of a maximum vyield of 50%.” In this case,
biocatalysis could help to fill the gap, which would give an
asymmetric synthetic approach towards chiral amines.” A
number of enzyme classes have recently been investigated to
assess their utility for the preparation of optically active
amines.”’ These classes include transaminases, ammonia lyases,
and monoamine oxidases, of which some catalysts have been
engineered to a degree of sophistication that enables their use
in industrial settings.”’ Recently, Mitsukura et al. described
imine-reducing enzymes from Streptomyces sp. GF3546 and
Streptomyces sp. GF3587 that have been shown to reduce

[a] Dr. D. Wetzl, Dr. M. Berrera, Dr. N. Sandon, Dr. D. Fishlock, Dr. M. Ebeling,
Dr. S. Hanlon, Dr. B. Wirz, Dr. H. Iding
Process Research and Development, F. Hoffmann-La Roche Ltd.
Grenzacherstrasse 124, 4070 Basel (Switzerland)
E-mail: hans.iding@roche.com
Prof. Dr. M. Miiller
Institute of Pharmaceutical Sciences, Albert-Ludwigs-Universitét Freiburg
Albertstrasse 25, 79104 Freiburg (Germany)
[c] Dr. M. Berrera, Dr. M. Ebeling

Pharmaceutical Research and Early Development

F. Hoffmann-La Roche Ltd.

Grenzacherstrasse 124, 4070 Basel (Switzerland)

s

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.201500218.
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clustering towards putative active-site residues was performed
and was consistent both with our screening and previously
reported results. Finally, preparative scale experiments on a
100 mg scale with two purified IREDs, IR_20 from Streptomyces
tsukubaensis and IR_23 from Streptomyces vidiochromogenes,
were carried out to provide (R)-2-methylpiperidine in 98% ee
(71% yield) and (R)-1-methyl-1,2,3,4-tetrahydroisoquinoline in
>98% ee (82% yield).

a broad range of substrates.® Turner and co-workers have
demonstrated the utility of these imine reductases (IREDs) for
the asymmetric reduction of a broad panel of cyclic imines
producing chiral secondary and tertiary amines, which was
also highlighted in the review of Gamanera and Dominguez.”*
By resolving the first crystal structure of an NADPH-dependent
IRED, Grogan and co-workers have paved the way for a deeper
understanding of this class of enzymes.” The first description
of a direct reductive alkylamination of ketones catalyzed by
IREDs gave a hint of their applicability to the reduction of acy-
clic imines.” In this approach, the imine could be formed
in situ, and chemical synthesis of the substrate prior to the
reduction step could be omitted. In spite of these results, the
synthetic potential and substrate scope of IREDs has not yet
been fully explored, especially because the number of avail-
able, well-described IREDs remains low. Various strategies exist
for the discovery of novel enzymes with a desired function."”
Given that there is a known and well-described enzyme as a
starting point, additional enzymes can easily be identified to
give similar reaction types by using bioinformatic tools, such
as BLAST search, to mine the steadily expanding protein-se-
quence data space. In combination with the decreasing prices
of synthetic genes, this approach opens the way for the fast
and efficient discovery of novel biocatalysts with desired cata-
lytic properties. Hauer and co-workers gave an example of
how these tools can be used to identify further enzymes with
imine reducing properties and shed light on the catalytic prop-
erties of these biocatalysts."” They set up a database of pro-
teins that have the potential to bear imine-reducing properties
(Imine Reductase Engineering Database; abbreviated IDB) and
demonstrated the usefulness of this approach by identifying
three new enzymes from that database and giving a hint on
the catalytic properties in terms of their selectivity."" With over
400 bacterial protein sequences being annotated as putative

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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IREDs in the IDB and only ten enzymes having been character-
ized so far, the surface of the IRED sequence space has barely
been scratched. Herein, we present the characterization of 20
new IREDs, thus significantly expanding the IRED toolbox.

Results and Discussion

Identification of novel IRED candidates for synthetic
applications

The sequences of 'six IREDs known from literature (IREDs from
Streptomyces sp.GF3587, Streptomyces sp. GF3546, Streptomyces
kanamyceticus, Streptosporangium roseum, Streptomyces ipo-
moeae, Paenibacillus elgii) were used as a starting point for
searching similar protein sequences in the available bacterial
protein-sequence space.®8®911-12l We hypothesized that the
C-terminal domain of the IREDs, as opposed to the NADPH co-
factor that is bound to the N-terminal domain, might more sig-
nificantly influence the catalytic properties of the enzymes in
terms of substrate scope and selectivity. The N-terminal Ross-
man fold is, unlike the C terminus, rather conserved between
the members of this class of enzymes.” Based on this hypothe-
sis we built a Hidden Markov model (HMM) of the C-terminal
domain of the IREDs reported in the literature and performed
a clustering of all bacterial protein sequences that matched
this initial HMM. The corresponding clustering resulted in 85
clusters denoted as RC1-RC85 (see Supporting Information,
Table S1), of which only 15 clusters contained more than three
candidates. The majority of the IRED proteins were grouped
into eight of the 85 clusters, including all of the IREDs known
in the literature being located within the first two clusters.
Given the previously described clustering and annotation from
Hauer and co-workers, we compared the cluster annotation of
all literature-known enzymes with our clustering. Interestingly,
the enzymes that were described as R-selective enzymes in the
literature were all located within cluster RC1, while the en-
zymes that were denoted as S-selective were located within
cluster RC2. For setting up our IRED toolbox, we chose 14 new
IRED candidates from the first round (Table 1). Two previously
known IREDs from Streptomyces virginae and from Streptomy-
ces sp. GF3546 were added to our library as reference enzymes
(IR_7 and IR_8, respectively).**® The novel enzyme candi-
dates were chosen to be diverse with respect to the C-terminal
clustering and the IDB, because we wanted to gain an over-
view of the IRED sequence space. Additionally, we selected en-
zymes from different organisms to further increase the diversi-
ty. According to the IDB, four of our enzyme candidates were
annotated to be S-selective (IR_1-IR_4) and six as R-selective
(IR_9-IR_14). Some of our candidates (IR_5, IR_6, IR_15, and
IR_16) were not listed in the IDB, therefore no annotation for
the stereo-preference was known (see Table S3).

Screening of the novel IRED library

The enzymes of the initial library were heterologously ex-
pressed in Escherichia coli and 13 out of 14 novel candidates
were well expressed and could be purified by using standard
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Table 1. IRED candidates used in the initial screening.

IRED Organism Protein identifier ~ Cluster®

WP_008741284.1 RC2
WP_015611605.1 RC2
WP_007131315.1 RC2
WP_012921542.1 RC2
WP_023264430.1 RC5

IR_1 Streptomyces sp. Mg1

IR_2 Streptomyces fulvissimus
IR_3 Bacillales sp.

IR_4 Kribbella flavida DSM 17836
IR_5 Cupriavidus sp. HPC(L)

IR_6 Saccharomonospora WP_006236994.1 RC8
xinjiangensis
IR_7 S. aurantiacus WP_016644884 RC2

IR_8 Streptomyces sp. GF3546
IR_9 Frankia sp. QA3

BAM99301.1 RC2
WP_009737838.1 RC1

IR_10  Mycobacterium smegmatis WP_011731218.1 RC10
IR_11 Verrucosispora maris WP_013733165.1 RC11
IR_12 Streptomyces sp. CNB091 WP_018958796.1 RC4
IR_13  Saccharopolyspora erythraea YP_001108711.1 RC1
NRRL 2338
IR_14 Nocardia cyriacigeorgica GUH-2 ~ YP_005263141.1 RC1
IR_15 Actinomadura rifamycini WP_026403156.1 RC16
IR_16 Actinomadura oligospora WP_026413575.1 RC16

[a] Clustering, as determined in our study, based on the C-terminal se-
quence.

immobilized-metal-ion affinity chromatography (IMAC). For the
expression of these enzymes, we used a standardized protocol
without any further optimization. The IR_14 was the only
enzyme not expressed under the tested conditions and was
thus excluded from further characterization. The screening of
the novel IRED candidates was performed with purified en-
zymes, to ensure unambiguous characterization of catalytic
properties, and with the application of a cofactor recycling
system. All IREDs were screened against a set of substrates
(depicted in Scheme 1) by using a deep-well based screening
method that allowed the screening of one substrate against
the entire library. Our model substrates comprised different
monocyclic (1, 3, and 5) and bicyclic aliphatic imines (7, 9, and
11) as well as arylic substrates with a benzylic imine functional
group (13, 15, and 17).

The results of this screen are summarized in Table 2 (for de-
tailed conversions see Table S4). We found that 10 of the 13
new IRED candidates were active against most of the screened
substrates, while only a few candidates seemed to have a
rather limited substrate scope with low conversions under the
screened conditions. The vast majority of the tested IRED can-
didates displayed good conversions (>90%) against nearly all
of the tested substrates as well as good to excellent enantiose-
lectivities, often yielding the corresponding product with an
enantiomeric excess >90%. These results emphasized the ver-
satility of these enzymes and encouraged us to use our library
as a basis for further investigations. IR_2, IR_3, and IR_6, how-
ever, seemed to represent exceptions; they showed a more
limited substrate scope than the other IREDs and displayed
poor conversions and selectivities for most of the aliphatic
substrates, although both the conversions and selectivities
were significantly higher for the arylic substrates (15 and 17).

Interestingly, the substrates themselves seemed to play an
important role in the stereochemical outcome of the reaction
for some of the tested enzymes. For example, IR_14 produced
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Scheme 1. Substrates used in the screening of the novel IRED candidates.

the corresponding R-amine with substrates 1, 3, 5 and 13 with
good selectivities, while also forming the S-amine with sub-
strates 15 and 17 (bearing a bromo- or cyano substituent),
which were sterically as well as electronically dissimilar to 13.
Additionally, the enantiomeric excess of the corresponding
products formed by IR_11, IR_12, and IR_15 for these sub-
strates seemed to decrease drastically in comparison to the
biotransformations with the other substrates. Inversion of the
stereochemistry of the corresponding amine for 15 and 17
compared to 13 means that the hydride transfer for the en-
zymes showing this phenomenon, such as IR_14, seems to be
directly dependent on the imine substrate.

To yield the product amine with inverted stereochemistry,
the hydride needs to be transferred from the opposite face of
the prochiral substrates (re face, as opposed to si), as was
found in the case of the above-mentioned biotransformation
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with IR_14. Similar findings were reported, by the groups of
Grogan and Turner for an IRED from Nocardiopsis halophila."
This enzyme converted sterically less-demanding substrates to
the corresponding S-amines, while for sterically more-demand-
ing substrates the hydride attack occurred from the opposite
face of the prochiral substrate, which resulted in either the cor-
responding R-amines or, due to an inverted priority of the sub-
stituents, again in the formation of the corresponding S-amine.

Expanding the IRED library

Characterization of the library showed that the initially selected
candidates had a strong bias towards the formation of the cor-
responding S-product. To counteract this bias, we enlarged our
library by adding five more enzymes (IR_19-IR_23) from the
cluster RC1, which contained the enzymes that were reported
in the literature to display R selectivity on 1.

Furthermore, although IR_10 was annotated to have R selec-
tivity in the IDB, it was found to strictly produce the S-amine
for all the tested substrates, thus indicating that clustering of
IREDs based on their global sequence might suffer from a bias
of conserved domains that are not responsible for selectivity.
This enzyme was part of cluster RC10, one of the smaller clus-
ters, from which we chose two more candidates (IR_17 and IR_
18) to check for consistency in the catalytic properties of this
cluster.

The novel candidates (IR_17-IR_23) of the second screen
were expressed and purified according to the method of the
initial library and tested against the same set of substrates. All
of the selected enzymes were well expressed and active
against most of the screened substrates. The results of this

Table 2. Screen of the initial IRED library. Conversions have been determined based on percent area of the product and are indicated by color. The enan-
tiomeric excess of the formed product is indicated by numbers and given in % ee. Positive values indicate the predominant formation of the S enantiomer
while negative values indicate R enantiomer as the main product. The enantiomeric excess of biotransformations with conversions below 25% was not
determined. Conversions are coded as follows: green = 100%- > 75%, yellow < 75 %- > 50%, orange < 50 %->25%, and red <25%-0%.

IR_7"

Substrate IR_1 IR_2 IR_3 IR_4 IR_S IR_6 IR8% RS IR10 IR11 IR12 IR13 IR14 IR_15 NI

"
13
15

17

n.d.: not determined owing to low conversions (< 25%) or complex stereochemistry (substrates 7, 9, and 11) with two or more stereocenters; [a] IR_7 and
IR_8 are the known enzymes from S. aurantiacus (IR_7) and Streptomyces sp. GF3546 (IR_8);"® [b] Negative control biotransformations, with a complete re-
action mixture where the IRED is replaced by potassium phosphate buffer. * due to the low stability, these enzyme candidates were omitted from the
screen using deep-well plates and characterized directly after purification.
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Table 3. Screen of the second IRED library. Conversions have been deter-
mined based on percent area of the product and are indicated by color.
The enantiomeric excess of the formed product is indicated by numbers
and given in % ee. Positive values indicate the predominant formation of
the S enantiomer while negative values indicate R enantiomer as the
main product. The enantiomeric excess of biotransformations with con-
versions below 25% was not determined. Conversions are coded as
follows: green=100%->75%, yellow <75%->50%, orange <50%->
25%, and red < 25 %-0%.

Substrate IR_17 IR_18 IR_19

IR_20

IR_.21 IR_22 IR_23

1 8 o8

1
13
15

17

n.d.: not determined owing to low conversions (< 25%) or complex ste-

reochemistry (substrates 7, 9, and 11) with two or more stereocenters.

second screen of enzymes are summarized in Table 3 (for de-
tailed conversions see Table S5). We were pleased to find that
IR_17 and IR_18 displayed similar activities and selectivities to
the initially characterized IR_10, which supported our initial hy-
pothesis of the clustering approach. IR_17 and IR_18 converted
all of the tested substrates to the corresponding S enantiomer
with good to excellent selectivities. The conversions for the
biotransformations were found to be generally good, exceed-
ing 90% for all arylic substrates as well as for most of the ali-
phatic substrates.

The five additional candidates from cluster RC1 (IR_19-IR_
23) were found to convert all of the tested substrates with
good conversions, predominantly forming the R-product. Inter-
estingly, IR_20 and IR_22, like IR_14, seemed to be influenced
by the substituents of the substrates 15 and 17. Once again
15 was found to be converted preferentially to the corre-
sponding S enantiomer, whereas for the other substrates both
enzymes formed the corresponding R enantiomer with good
to excellent selectivities.

Clustering refinement based on active-site residues

Encouraged by the results of the screen, we were interested in
refining the initial C-terminal clustering to better explain and
predict the catalytic properties of the enzyme candidates, such
as IR_13. IR_13 was located in cluster RC1, grouped together
with enzymes that were found or reported to produce almost
exclusively the corresponding R enantiomers of the tested sub-
strates (IR_14, IR_20, and IR_22 were exceptions to this, and
produced the S enantiomer of 15 and/or 17). In addition, we
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were interested in identifying positions in the active site of the
enzymes that might be responsible for the catalytic properties.
Therefore, the clustering was refined by reducing the number
of residues considered to only those that are in close proximity
to the enzyme’s hydride donor, namely the C4 atom of the
NADPH cofactor. Residues that lined the interdomain active-
site cleft were selected by visual inspection of the X-ray struc-
ture from the S. kanamyceticus IRED (see Figure 1). By using
these positions, a pseudo-sequence was created and aligned
for all IRED candidates (see Figure S1). Thus, the corresponding
positions of the other enzymes from this study were also ex-
tracted and pseudo-sequences were created, just as for the
S. kanamyceticus IRED. We found from the sequence alignment
of the IREDs in this study (Figure S1) that some of the enzymes
possessed residues at the putative “catalytic” position 187 (ac-
cording to the numbering in S. kanamyceticus IRED) that seem
to contradict some of the previous considerations about IREDs.
While IREDs having an aspartate at that position were reported
to display R selectivity with substrate 1, IR_10 formed the cor-
responding S enantiomer of all of the substrates tested in this
screen with medium to good selectivities, despite being an
“aspartate-IRED".""" Furthermore, IR_6 and IR_13 possessed, ac-
cording to our sequence alignment, a phenylalanine and an as-
paragine at the respective position, where the previously char-
acterized enzymes possessed a tyrosine or an aspartate resi-
due. Certainly these findings need to be underpinned by fur-
ther investigations to conclusively prove the replacement of
these putative catalytically active residues by the residues
found in the sequence alignment. IR_6, for example, possesses
a glutamate at the position next to the phenylalanine putative-
ly capable of taking the function of the catalytically “active”
residue at position 187. In the clustering, according to the cal-
culated sequence distances of the pseudo-sequences, all en-
zymes displaying distinct selectivities towards the tested sub-
strates were well grouped together and separated from the
enzymes displaying opposing selectivities (see Figure 1). To
challenge our clustering approach, we included the literature
known IREDs from the groups of Mitsukura, Turner, Hauer,
Midiller, and Hoéhne (IREDs Sgf3587, Sgf3546, S. kanamyceticus
(Sk), S. roseum (Sr), S.ipomoeae (Si), P.elgii (Pe), Streptomyces
turgidiscabies (St), Streptomyces aurantiacus (Sa)) to see wheth-
er their allocation within the clustering fits the reported experi-
mental data.®>>#5211-12 Gratifyingly, the previously reported
IREDs were grouped together with enzymes that behaved simi-
larly in terms of their stereopreference towards the tested sub-
strates. The refined clustering also revealed that the IREDs
described in the literature were not so diverse in terms of se-
quence distance of the active site, while the IREDs from our
study were found to be distributed more broadly over the
sequence space (Figure 1). The residues contained in these
pseudo-sequences might include amino acid positions that sig-
nificantly influence the substrate scope and selectivity of the
enzymes. Based on the experimental results, a consensus se-
quence was extracted from the IREDs displaying R- and S-ster-
eopreference, respectively, for the substrates tested in this
study as well as from the IREDs reported in the literature (Fig-
ure S2).
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Figure 1. Refined clustering based on the defined active site residues:

A) Residues that were taken into account for the refined clustering, high-
lighted in the crystal structure of S. kanamyceticus (3ZHB) as cyan balls.”
The enzyme consists of two subunits that are depicted as blue and red rib-
bons here. The NADP cofactor is depicted as green balls. B) Sequence-dis-
tance plot of the refined clustering. Enzymes producing the S and R enantio-
mers of the tested substrates are indicated by a blue or red patch, respec-
tively. IR_5 was found to be located at the interface of the clusters.

Future investigations on these amino acid positions by mu-
tational analysis might shed light on the residues responsible
for the selectivity of these enzymes. Yet, even with this refined
clustering, phenomena such as the altered hydride-transfer (as
observed for the conversion 15 and 17 with IR_14, IR_20, and
IR_22, which lead to the formation of the opposite enantio-
mer) are difficult to explain.

While this manuscript was in preparation, Turner and co-
workers published the further characterization of the IRED
from Streptomyces sp. GF3587.%% In this work, the authors iden-
tified some residues being conserved among the two IREDs
from Streptomyces sp. GF3587 and S. kanamyceticus.®™ These
residues, including the positions Leu137, Asp187, Trp232, and
Thr258 (with Asp187 formerly having been assigned to be the
catalytically active residue) are also present in our sequences,
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corroborating our assumption on the function of the active-
site residues chosen for our refined clustering. Shortly the pub-
lication by Turner and co-workers, Grogan and co-workers
solved the crystal structures of two new IREDs. They empha-
sized that the differences between IREDs displaying R and S se-
lectivity towards substrates like 1 are very subtle. They
hypothesized that the stereoselectivity of the IREDs might be
governed by a more complex mode of action possibly involv-
ing motion of the different domains, as has been observed
upon binding of the cofactor, NADPH.""

Preparative-scale experiments

To demonstrate the suitability of our biocatalysts for large-
scale chemical synthesis, biotransformations on a preparative
100 mg scale were conducted. We first investigated how to in-
crease the potential substrate loading and solvent concentra-
tions to better meet the requirements of preparative applica-
tions. For this, IR_1, IR_10, IR_20, and IR_23 were chosen as
model enzymes owing to their good activities and selectivities.
We found that methanol concentrations up to 5% did not
have a negative effect on the overall conversions of the bio-
transformations for these IREDs (data not shown). This is in
good accordance with what was reported by Mitsukura et al.,
who demonstrated that methanol was well tolerated by IRED
S. sp. GF3546.%) Additionally, we showed for substrates 3 and
13 that even at substrate concentrations of 20 mm the reac-
tion was almost complete within 3 h, with conversions exceed-
ing 90% (Table S8). This prompted us to follow a feeding strat-
egy for these biotransformations, avoiding possible substrate
inhibition that was reported for some substrates and had also
been observed in our lab (data not shown).”® ™ Preliminary
experiments showed that feeding a reaction that contained
20 mm 3 with another equivalent of substrate equal to 20 mm
after 3 h still led to full conversion. Thus, we tested substrates
3 and 13 at a synthetically relevant substrate concentration of
1% w/v on 100 mg scale (see the Experimental Section). Start-
ing with 0.4% w/v of the substrate (40 mg) and feeding anoth-
er 0.6% w/v (60 mg) after 3.5 h, the biotransformation of 3
using IR_20 as well as the biotransformation of 13 using IR_23
led to >99% conversion. With this outcome these IREDs have
taken another step on their way to being synthetically useful
enzymatic tools for the asymmetric synthesis of amines.

Conclusion

We created a library of 20 novel IREDs, significantly enlarging
the number of characterized IREDs. These enzymes were
screened against a set of nine model substrates, representing
different classes of imines, comprising aliphatic (monocyclic as
well as bicyclic) and arylic substrates. Most of the enzymes
showed a broad substrate scope and yielded the correspond-
ing products at good to excellent conversions with high enan-
tioselectivity. By choosing the appropriate enzyme candidates
and applying them in biotransformations under preparative
conditions, we demonstrated that the library can serve as a
starting point for potential synthetic applications. Additionally,
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we refined our initial C-terminal domain clustering of the
IREDs. Therefore the number of residues taken into account
was significantly reduced to those lining the active-site cleft.
These residues include positions that are possibly involved in
the stereochemical control of the reaction. By using this
method, the enzymes described in this study and those previ-
ously known from the literature, could be clustered to better
fit the experimental results for their described stereoprefer-
ence. Additionally a consensus sequence was extracted for en-
zymes forming the corresponding R and S enantiomers of the
tested substrates. Further investigations on these positions
might help to unravel the catalytic mode of action for IREDs in
general.

Experimental Section

General remarks: Chemicals were purchased from Sigma-Aldrich
at the highest purity grade available. The cofactor NADPH was
sourced from Roche Diagnostics. Protein purification steps were
carried out at 4°C and, if not stated otherwise, all steps involving
protein samples were carried out on ice. All biotransformations
were carried out in quadruplicate. The stereochemistry of the prod-
ucts was assigned by using reference substances. In the case of
substrates 15 and 17, no reference substances were available and
the absolute configuration was assigned by Mosher’s amide NMR
analysis, as described in the Supporting Information.

Gene synthesis: The genes of the novel IREDs characterized in this
work were synthesized by GenScript (GenScript Inc., USA) with
codons optimized for expression in E. coli. The full sequences of
the corresponding IRED genes, as well as their protein sequences
and identifiers can be found in the Table S3. All genes were pur-
chased as plasmids with the genes and an additional N-terminal
Hiss-tag having been subcloned in a pET22b(+) vector. The result-
ing plasmids pRDW_IR1-23 were used directly without any further
purification or processing to transform E. coli BL21(DE3), which
gave the final expression strains.

Protein expression and purification: Expression and purification
of the Hiss-tagged IREDs were carried out in E. coli BL21(DE3) cells
harboring the corresponding pET22b(+)-based plasmid using am-
picillin (100 pgmL™") as a selection marker. The cells were grown at
37°C in LB-medium (low salt) until the ODq,, reached 0.4-0.6 and
isopropyl B-thio-galactoside (IPTG) was added to a final concentra-
tion of 0.5 mm. After induction, the cells were incubated at 25°C
overnight and harvested by centrifugation. Cells were resuspended
in 2 mL binding buffer (potassium phosphate buffer (50 mm, pH 7),
imidazole (20 mm), sodium chloride (300 mm)) per gram of cell wet
weight. Disruption of the cells was performed by sonication (Bran-
son sonifier W250) with 3x60 s bursts and 60 s intervals with both
steps being carried out on ice. The resulting solution was clarified
by centrifugation (JA 18 rotor at 35000 x g for 45 min) and the tar-
geted protein was purified on His GraviTrap TALON columns (GE
Healthcare) according to the manufacturer’s instructions. The elu-
tion buffer contained potassium phosphate (50 mm), sodium chlo-
ride (300 mm), imidazole (300 mm) and was adjusted to pH 7. After
purification, the enzyme preparation was desalted against potassi-
um phosphate buffer (50 mm, pH 7), using PD-10 desalting col-
umns (GE Healthcare). If necessary, the enzyme preparation was
concentrated using a VivaSpin concentrator columns (10 kDa mo-
lecular weight cut-off; GE Healthcare) until the targeted protein
concentration was reached. Protein concentrations were deter-
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mined using a Pierce BCA protein kit (Thermo Scientific) according
to the manufacturer’s instructions.

Screen plate preparation and biotransformations: To determine
the substrate range of the IRED candidates (IR_1-IR_23), biotrans-
formations were performed using the purified enzyme with
NADPH-recycling. Biotransformations were performed on a 0.5 mL
scale in deep-well plates (Eppendorf). Plates for the screen were
prepared with 0.3 mg of the respective IRED in potassium phos-
phate buffer (50 mm), NADP* (0.25 mm), and ddH,0. The plates
were stored at —20°C until further use. Prior to use, plates were
thawed overnight at 4°C and the biotransformations reaction mix-
ture was completed by adding the residual components. The final
biotransformation of the IRED screen contained 0.6 mgmL~" of the
pure IRED in potassium phosphate buffer (100 mm, pH 7) contain-
ing NADPH (0.5 mm), NADP* (0.1 mm, from the plate preparation),
magnesium chloride (2 mm), glucose (20 mm), and glucose dehy-
drogenase (0.26 mgmL~', GDH-105 from Codexis). The biotransfor-
mation was started by adding 10 mm of the corresponding sub-
strate from a stock solution (1M in methanol). The final concentra-
tion of methanol in the reactions performed for the screen was 1%
(v/v). Following overnight incubation (18 h, 30°C) in an Eppendorf
Themomixer C with a ThermoTop at 850 rpm, the reaction was
stopped by adding 10 pL of sodium hydroxide solution (32% (w/
v)) and 300 pL CH,CI, for extraction. Conversions of substrates 1-
11 were determined by GC analysis, while the biotransformations
of the substrates 13, 15, and 17 were analyzed by HPLC.

GC-analysis: Conversions of the substrates 1-11 were determined
based on percent area of the product. Samples were directly inject-
ed from the CH,Cl, phase in the deep well plate, without isolation
and derivatization, using a GC-coupled CTC combi-PAL injector
system (CTC Analytics AG, Switzerland). Analysis was performed on
an Agilent 7890B system equipped with an HP-5 capillary column
(Agilent, 30 mx0.25 mmx0.25 um; N,; 8.3 mLmin~", linear velocity
30 cms™'; split mode 1:10; 2 min at 40°C, 50°Cmin~' to 200°C,
hold 1 min). Chiral analyses were performed as described in the
Supporting Information (for columns and temperature programs
see Table S6).

HPLC-analysis: Biotransformations of the imine compounds 13,
15, and 17 were analyzed using a combined approach for the de-
termination of conversions as well as chiral analysis. For sample
preparation, the reaction mixtures were extracted as described
above and 100 pL of the CH,Cl, phase were transferred to an HPLC
vial with insert. After evaporating the sample to dryness, the
sample volume was filled up to 100 pL with ethanol and subjected
to analysis. The analysis was performed on Agilent 1100 and 1290
HPLC systems equipped with either a UV or a DAD detector by
normal phase chiral HPLC using varying isocratic mixtures of run-
ning solvents (n-heptane/ethanol, containing 0.1% diethylamine as
additive) with the following columns: Daicel CHIRALPAK IE 150 x
4.6 mm, 5 um for the analysis of the biotransformations of com-
pounds 13 and 17 and Daicel CHIRALPAK IF 150x 4.6 mm, 5 pum for
15. The flow rates were set to 1.5 mLmin~' and 1.75 mLmin~', re-
spectively. For detailed information about the chiral HPLC methods
(wavelengths and solvent systems), see Table S7.

Substrate-feeding experiments: Feeding experiments were car-
ried out by using a modified biotransformation method. Therefore
varying substrate concentrations were added to the reaction step-
wise to a total volume of 25 pL of a methanolic substrate solution,
corresponding to a final methanol concentration of 5% (v/v) in
every reaction. The corresponding substrate solutions were pre-
pared from 2 m substrate stock solutions in methanol. Glucose con-
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centrations were adjusted accordingly to have an excess of glucose
compared to the imine substrate in the reaction.

Preparative scale biotransformations: The preparative biotrans-
formations on a 100 mg scale were performed in a 10 mL reaction
volume at 30°C using the above-mentioned feeding approach for
the IREDs.

For the conversion of 13, 104 mg (716 umol) of the substrate was
dissolved in methanol to a total volume of 500 L. The final reac-
tion mixture contained purified IRED (0.6 mgmL™'), NADPH
(0.5 mm), potassium phosphate buffer (100 mm, pH 7), glucose de-
hydrogenase (0.26 mgmL~', GDH-105 from Codexis), magnesium
chloride (2 mm), and glucose (120 mm). After adding all reaction
components besides the IRED, 200 uL of the substrate solution,
which corresponds to 42 mg of the substrate, were added in por-
tions to avoid high local methanol concentrations. The reaction
was started by addition of the IRED. After 3.5 h the residual 62 mg
of the substrate, corresponding to a volume of 300 uL, was added
in portions. The reaction was stopped after 21 h by adding sodium
hydroxide solution (32% (w/v)) and adjusting the pH to >12. The
reaction mixture of compound 13 was extracted three times with
4 mL of CH,Cl,. The combined organic phases were dried by evap-
orating the solvent under a slight nitrogen stream to yield 97 mg
(92%) of (R)-14 in 98% ee and 88.5% purity according to 'H NMR
spectroscopy (the main impurity was found to be residual solvent;
there was <1% residual imine 13; for NMR spectra see Fig-
ures $14-516) corresponding to an overall yield of 82% (588 umol
purity corrected).

For the preparative scale conversion of 3, 100 mg (1.03 mmol) of
the substrate were dissolved in methanol to a total volume of
500 pL. The reaction was carried out as described above for the
conversion of 13. After 21 h the reaction was stopped by adding
sodium hydroxide solution (32% (w/v)) and adjusting the pH to
>12. The reaction mixture was extracted six times with 4 mL of
CH,Cl,. The combined organic phases were dried over magnesium
sulfate and 5 mL of HCl (2m) in diethylether was added. The sol-
vent was evaporated under a slight nitrogen stream to yield 99 mg
(728 umol; 71%) of (R)-4 as the corresponding HCI salt in 98% ee
and >95% purity according to 'H NMR spectroscopy (the main
impurity was found to be residual solvent; < 1% residual imine 3;
for the chiral analysis and NMR spectra see Figures S17 and S18).

Substrates: The substrates 1, 3, 9, and 13 were commercially avail-
able and sourced from the Sigma-Aldrich, Enamine (Kiev, Ukraine),
and ChemStep (Martillac, France) at the highest purity grade avail-
able. The other substrates that were not commercially available
have been synthesized as described in the Supporting Information.

Position-specific sequence alignment and enzyme clustering:
The C-terminal domain was defined based on the crystal structure
from S. kanamyceticus (IR_Sk) in complex with the nicotinamide co-
factor (NADPH) and solved at a resolution of 2.73 A (PDB ID:
3ZHB).

A profile Hidden Markov model (HMM) of the C-terminal domain,
which in IR_Sk starts from His180, was built using the program
HMMER v.3.0 (http://hmmerjanelia.org) from the sequence align-
ment of a set of six proteins known in the literature (comprising
WP_006374254, WPv010497949, BAM99301, BAM99302, YP_
003336672, and 3ZGY_A); this alignment was obtained using the
program MUSCLE."¥ The 702 proteins from the RefSeq non-redun-
dant bacterial protein database that matched the C-terminal HMM
profile were grouped based on sequence similarity into 85 clusters,
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by using the program BlastClust (ftp://ftp.ncbi.nih.gov/blast/docu-
ments/blastclust.html).""”!

For the refined, active-site-based clustering, the residues from both
domains lining the interdomain active-site cleft were extracted
from the x-ray structure of IR_Sk by visual inspection. Positions of
the novel IREDs from this study as well as the IREDs from the litera-
ture were extracted from the aligned sequences. Pairwise sequence
distances were calculated by using the PROTDIST program from
the PHYLIP package (Phylogeny Inference Package (version 3.2).
Cladistics 5: 164-166) and visualized by using the R-function,
cmdscale."
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