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Amine transaminase engineering for spatially bulky substrate

acceptance

Martin S. WeiB,® loannis V. Pavlidis,* Paul Spurr, Steven P. Hanlon, Beat Wir

*[a]

and Uwe T. Bornscheuer

Abstract Amine transaminase (ATA) catalysing stereoselective
amination of prochiral ketones is an attractive alternative to transition
metal catalysis. As wild-type ATAs accept only non-sterically
hindered ketones, efforts to widen the substrate scope to more
challenging targets are of general interest. We recently designed
ATAs to accept aromatic and thus planar bulky amines, via a
sequenced based motif that supports the identification of novel
enzymes. However, these variants were not active against 2,2-
dimethyl-1-phenyl-propan-1-one, which carries a spatially bulky tert-
butyl substituent adjacent to the carbonyl function. Here, we report
on a differentiated solution for this type of substrate. The evolved
ATAs can perform asymmetric synthesis of the respective (R)-amine
with high conversions using either alanine or isopropylamine as
amine donors.

Introduction

Amine transaminases (ATAs) are a promising alt
transition-metal catalysis for the stereoselective
chiral amines."! Transaminases are pyridox
(PLP)-dependent transferases that catalyse t
transfer to ketones or aldehydes, using a donor
D- or L-alanine or isopropylamine.”? If prochiral ket
applied for synthesis, amine transaminases perform

intermediates for pharmaceutically
However, the major challenge to d

of the two subunits. Thus,
surrounded by amino acid
encompassing a large

the small binding poc ate only small
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ing,

3 Accordingly, protein
active site for larger
f chiral amines of high
. In the past decade, many
raise ATAs to the spotlight of organic
prominent past example of protein
he synthesis of (R)-sitagliptin. Merck
27 mutations in a fold class IV TA
which exhibited minimal;” but detectable activity towards
prositagliptin.!'? This engineering effort led to the development of
industria‘,ocess. In a more recent and broad study, we
Id iden a sequence based motif comprising four core
tions in ATAs of fold class | that enable them to accept a
bulky aromatic and thus planar ketones. We exhibited
talytic potential by performing preparative asymmetric
corresponding amines, leading to high isolated
ellent optical purities."™ The sequence motif was
demonstrat®d to be transferable to fold-class | ATAs with at least
70 % sequence identity to the Ruegeria sp. TM1040 enzyme
(denoted as 3FCR in the PDB) by incorporating the motif in
sly non-characterized putative ATAs. All synthetic
ts that were expressed as soluble protein were proved to
bit activity towards the interrogated bulky amines (as verified
kinetic resolutions), which underlines the generality of our
equence motif.!"”!

The motif we suggested provides a toolbox of ATAs for
aromatic and aliphatic substrates that have planar bulky
substituents, but these variants are not efficient catalysts for
ketones with spatial bulkiness. Recently, we provided a solution
for the asymmetric synthesis of a bridged bicyclic amine, the first
that was ever reported.”’ The engineering was based on the
same scaffold, but the positions targeted were different, showing
that spatially bulky substrates require a different approach.

In the current study we investigated the acceptance of the
ketone 2,2-dimethyl-1-phenyl-propan-1-one (1), to synthesize
the (R)-2,2-dimethyl-1-phenylpropan-1-amine (2), as shown in
Scheme 1. This substrate is of interest, due to its tert-butyl
substituent in addition to the aromatic ring. Our group
investigated previously the acceptance of ketone 1 by the ATA
from Vibrio fluvialis (VibFlu) in an extensive engineering work,
and several variants were identified that could perform the
asymmetric synthesis.” Just recently, another example was
published were VibFlu was engineered to catalyze the synthesis
of (S)-1-(1,1"-biphenyl-2-yl)ethanamine.

The ATA from Ruegeria sp. TM1040 (3FCR)" that has been
used in the present study differs significantly from VibFlu (~33 %
sequence identity) and in our previous work"™ we could show
that the evolution of the two ATAs of the same fold class | is

moieties such a
engineering is re

synthesis. The m
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different: Although several of the mutations present in a
sequence motif discovered by us in the 3FCR enzyme scaffold
are already present in the wild-type of VibFlu; the latter did not
exhibit any detectable activity against any of the bulky planar
substrates studied.

Thus, to understand the engineering of the enzymes and
the features that enable the acceptance of this challenging
substrate, herein we suggest another engineering solution
based on the 3FCR scaffold, and with hindsight we provide a
comparison of the most prominent variants of the two protein
scaffolds with littte homology to each other to understand the
binding and conversion of this specific target compound to
facilitate the engineering of ATA acceptance of further bulky
ketones of this type.

NH, o)

PN PN

R "R, R R,

Scheme 1. Asymmetric synthesis of (R)-2,2-dimethyl-1-phenylpropan-1-amine
(2) via amino group transfer to 2,2-dimethyl-1-phenyl-propan-1-one (1)
catalysed by ATAs. Isopropylamine (R1=R,=—CHj3) or alanine (R1=—CHj; , Ry=—
COOH) served as amine donors.

Results and Discussion

Protein engineering for acceptance of amine 2. T
3FCR has a narrow substrate scope with low activi
standard substrates such as 1-phenylethylamj
reason, our engineering efforts started with the

ild-type

residues for this position, as they n
hydrophobic group. The variants 3FCR_Y59
3FCR_Y59W/Y87L/T231A exhil

towards the desired amine (T,
interesting as first of
developed in our pr
ur theory that a
interestingly, the
han the valine mutant. This is
smaller residues would be
ch a sterically challenging
seems hydrophobicity of the
ller residues may provide more space;
ight be occupied by water molecules
ophobic substrates in the binding
pocket is disfav c contrary, when the mutation
provides just enough space for the binding, then hydrophobic
interactions between position 87 and the substrate can take
place, leading to higher specific activity.
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Our rational analysis on the quinonoid intermediate did not
suggest any other position of interest. In this scaffold — for which
we observed the first measurable activity — we incorporated the
mutation L382M that was identifiedags beneficial in our previous
work dealing with a bridged bic ine. In parallel, we
performed error-prone PCR, the variant
3FCR_Y59W/Y87L/T231A as a templa ning about
5000 colonies of three diff libraries With our solid
phase assay,’® using amin e donor, we identified a
variant with increased activity in resolution mode (Table
1). The variant 31A/P281S/G429A
exhibited almost 3 compared to the
template, 3FCR_Y t by the incorporation of
two mutations. Po d to be located close to
the large binding used on this mutation.
Indeed, the m i ave a negative effect on
the specific a us it was discarded. When
the  mutation was  incorporated into  the
1A/L382M scaffold, the effect was
ation G429A led to a 4-fold increase
; of the effect of the mutation at
position 429 on the sp activity of the ATA is not clear, and
the epPCR random mutagenesis might not provide the best
given position, we performed a saturation
i@@At position 429, but no variant better than G429A
found (data not shown).

almost

cific activity (mU/mg) of 3FCR variants towards rac-amine 2
d in kinetic resolution mode using pyruvate as amine

acceptor (2 at 30°C, pH 9.0 (CHES, 50 mM).

Variant Activity

\ (mU/mg)

3F,Y59W/T231A n.a.

IR_YSQW/YS?FIT231A n.a.

3FCR_Y59W/Y87V/T231A 6.5+0.4
3FCR_Y59W/Y87L/T231A 11.5+0.8
3FCR_Y59W/Y87L/T231A/L382M 19.0+1.9
3FCR_Y59W/Y87L/T231A/P281S/G429A 324+0.1
3FCR_Y59W/Y87L/T231A/G429A 44.8+0.9
3FCR_Y59W/Y87L/T231A/L382M/G429A (3FCR_WLAMA) 771+£55

n.a.: not active or below detection limit (<1 mU/mg)

In parallel to the protein engineering experiments, we
investigated the synthetic usefulness of the identified variants.
First, we performed a preparative scale experiment (100 mg) in
kinetic resolution mode, using the 3FCR_Y59W/F87L/T231A
mutant. The findings were striking, as the isolated residual
enantiomer of amine 2 (38 mg) had (S)-configuration with
96.2% ee. This shows that the enzyme did not prefer the (S)-
enantiomer for this specific compound as one would have
assumed for an enzyme of fold class |. With this new elucidated
result, we performed another round of in silico analysis, where
we docked the fert-butyl moiety in the large binding pocket, a
conformation that is in line with the preferentially converted (R)-
enantiomer. In this position the hydrophobic group interacts with

For internal use, please do not delete. Submitted Manuscript

This article is protected by copyright. All rights reserved.



ChemBioChem

the positions 58, 59, 85, 231 and 422. Based on the best variant
created so far (3FCR_WLAMA, Figure 1) further saturation
mutagenesis libraries were designed. Position 59 was fully
saturated using a NNK library, while L58 was mutated to alanine,
valine, methionine, isoleucine and cysteine to provide more
space and potentially trigger specific interactions with the
substrate in the large binding pocket. At position H85, two
hydrophobic residues (valine or leucine) were incorporated.
Nevertheless, these rational variants did not exhibit any

improved activity (data not shown).

Figure 1. 3FCR_WLAMA with the quinonoid of 2,2-dimethyl-1-p
1-one 1. The side chains of the engineered positions are colore

Next, all interesting variants were applied in
asymmetric synthesis reactions, which is the desired
theoretically can yield 100% product. We used (L)-alanine
alanine) or isopropylamine as amine donors. Despite the lo
activity in kinetic resolutions, all variants were activ
asymmetric synthesis. Interestingly,
amine donor, using the lactat

conversion after 42 h. Isopropylamine was
amine donor, albeit at lower congersions (Table
from the kinetic
3FCR_WLAMA exhibit
to increase the produ
the mutation Y152F, as
significant stabilization of
conditions.""™ Nevertheless, mutation did not provide any
benefit for the hile it also decreased the
specific activity t ine.
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Table 2. Asymmetric synthesis of (R)-amine 2 catalysed by the most
interesting variants. Reaction conditions: 4 mM ketone (1), HEPES buffer (50
mM, pH 8.0), 5 % (v/v) DMSO, 1.35 mg/mL ATA, 1 mM PLP at 30°C and 600
rpm. As amine donor 200 mM IPA or 200 mM L-alanine were applied. In case
of L-alanine, 150 mM D-glucose, 45 U/ DH, 15 U/mL GDH and 1 mM
NADH were added. Samples were taken h incubation at 30 °C and
600 rpm.

mersion (ee)

[%]
e) (w/ IPA)

Variant

3FCR_Y59W/Y87L/T231A‘- 100 (>99 2223 (nd)
3FCR_Y59W/YS7L/T23 100 ‘ 38+ 1.4 (>99)
L382M ‘
3FCR_Y59W/YS7L/T2 100 (>’ 45+ 0.8 (>99)
GA429A é A &
~|

arcr_ysowrve7 N | I e00) 71+ 3.5 (>99)
L382M/G429A
(3FCR_WLAMA)

s ‘L
3FCR_~‘ 100 (>99) 40 £ 2.8 (>99)
T231A/L382M/G429 —

rthermoroe' compared our most active 3FCR variants under
tical coffitions with the two most active VibFlu variants.?
Thse were the VibFlu_H1_A, which was reported to be the
mo3d@Aactive variant in kinetic resolution using pentanal as amine
acceMr and VibFlu_H3_RAV, which was reported to be the
that reached full conversion in asymmetric synthesis
of 10 Pne 1 using alanine as amine donor, however with
a significarfy higher protein load (3.8-4.6 mg/mL).”! In direct
comparison, the variants of 3FCR reached significantly higher
conversions than the variants of VibFlu (Table 3).

3. Comparison of the most active 3FCR variants with the most active
ants of VibFlu in analytical scale asymmetric synthesis reactions using
anine or isopropylamine as amine donors. Reaction conditions: 4 mM ketone
1), HEPES buffer (50 mM, pH 8.0), 5 % (v/v) DMSO, 1 mM PLP at 30°C and
600 rpm. In case of isopropylamine as amine donor 0.725 mg/mL ATA and
200 mM isopropylamine were applied. In case of alanine as amine donor, 0.25
mg/mL ATA, 200 mM L-alanine, 150 mM D-glucose, 45 U/mL LDH, 15 U/mL
GDH and 1 mM NADH were applied. Samples were taken after 23 hours.

Conversion Conversion
[%] [%]
(w/ L-alanine) (w/ Isopropylamine)

Variant

VibFlu_H3_RAV 24 +2 3+04
VibFlu_H1_A 0£0 17 1
3FCR_WLAMA 757 281
3FCR_WLAMA/152F 69+ 4 15+£1.7

Additionally, we were interested to compare the stability of the
3FCR_WLAMA to the 3FCR variant including mutation 152F that
was previously reported to stabilize the 3FCR scaffold.
Therefore we prepared asymmetric synthesis reactions without
pre-incubation and with a 6 hours pre-incubation of the solution
before the reaction was started by addition of the keto substrate.
Both scaffolds lose some of their activity during the 6 hours of
incubation with 200 mM isopropylamine resulting in 4 % lower
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conversion for the variant with Y152F and 8 % lower conversion
for the 3FCR_WLAMA compared to the conversion without pre-
incubation. However, the 3FCR_WLAMA still provides the
highest overall conversions despite 6 hours of pre-incubation
(Table 4).

Table 4. The effect of mutation Y152F on the 3FCR_WLAMA stability was
evaluated in terms of conversion (%) after 42 h reaction time with and without
previous 6 hours pre-incubation (one sample at 30°C and 600 rpm without
isopropylamine and another sample with 200 mM isopropylamine). Final
reaction conditions: 4 mM ketone (1), HEPES buffer (50 mM, pH 8.0), 5 %
(v/v) DMSO, 1 mM PLP, 200 mM IPA and 1.15 mg/mL TA at 30°C, 600 rpm
for 42 h.

Conditions 3FCR_WLAMA 3FCR_WLAMA/Y152F
No pre-incubation 43+25% 30£1.9%
Pre-incubation without 41+£2.0% 30+2.0%

IPA (6 h)

Pre-incubation with IPA 35+0.0 % 26+1.8%

(6 h)

Bioinformatic and structural comparison of active variants
of 3FCR and VibFlu. We now identified two different solutions
to synthesize (R)-2,2-dimethyl-1-phenylpropan-1-amine using
engineered ATAs: one is based on the 3FCR scaffold and one
on the well-studied VibFlu scaffold. Hence, it would
interesting to analyze in detail, which mutations lead to a
enzyme variants in the two ATA-scaffolds. VibFlu and
share only 33% sequence identity and only 54% sequence
similarity. However, the structures of them (PDB-cod
and 4E3Q) are quite similar as the alignment of their
results in an RMSD of only 1.154 A. Moreover,
residues that are in a radius of 10 A from the en
atom of the external aldimine of PLP and the su

amino acids were similar (65%). both wild-
enzymes did not accept the spatially b

The best variants of VibFlu identifie

Notably,

but in fact only 2240 va
improved variants. Position
the current study and did not
interesting pos ;
position a cyst
Interestingly, in 3F

idue 59: in VibFlu at this
as beneficial mutation.
bon was found to be the

t identify any residue resulting in
higher activity The most important mutation
however was at position 87. Mutations Y87L or Y87V were the
ones that created activity for amine 2 in the first place in the
3FCR_59W/231A variant. In VibFlu this mutation is not crucial,
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as there are variants that accept the amine without the mutation
F85V, although the variants that included this mutation led to
higher conversion in asymmetric synthesis. So, although the
side chain of the position is not diggetly interacting with the tert-
butyl moiety of the interrogated nd in the quinonoid
intermediate, an aliphatic hydrophobic ain is required.
This can be related to the i of the
microenvironment and the dj to the large
binding pocket. Finally, mu was incorporated in the
on literature reports.!"%
ate, as the residue
does not interact
eparation of the alanine

position in  3FCR
ivity in kinetic resolution
utations identified in our
231A, L382M) are already
pe VibFlu. The mutation G429A is also a
nd seems to be specific for the 3FCR

mutation  at
(BFCR_WLAMA/S
(data not sho
best variant 3
present in the
second shell resid
scaffol

) reduced the
ut of the fj

be seen that despite the structural
similarity and the cons n of the residues that constitute the
active site, there is no motif that can be easily identified. The
ost crucial ition for substrates with a tert-butyl substitutent
osition (B3FCR)/F85(VibFlu) as its mutation to aliphatic
ophobic residues had a beneficial effect in both enzymes.

The amine ¥ransaminase of Ruegeria sp. TM1040 (3FCR) was
engineered to enable the synthesis of the spatially bulky amine
(R)-2,2-dimethyl-1-phenylpropan-1-amine. Although the wild-
nzyme did not exhibit any detectable activity towards this

ate, the incorporation of five mutations led to the
ptance of the corresponding bulky ketone and allowed the
ymmetric synthesis of (R)-amine 2, even with isopropylamine
s amine donor. We could show that these mutations are
different from the ones required to convert planar bulky
compounds, and hence a different protein-engineering strategy
was needed. The most critical mutation that enabled the
acceptance of the bulky substrate was Y87L, a position that was
also important for VibFlu; thus this seems to be a critical residue
for the identification of ATAs that are active towards compounds
with a tertiary carbon substituent.
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Experimental Section

Materials. Ketone 1 and amine 2 — as racemic mixture as well as its
individual enantiomers — were made available by F. Hoffmann-La Roche.
All other reagents were of analytical grade. Recombinant expressions of
the ATA from Ruegeria sp. TM1040 (3FCR) and all variants were
performed as described previously."® The glycine oxidase was produced
as described previously.®

Directed evolution libraries — point and site-saturation mutagenesis.
For the preparation of error-prone PCR libraries the gene of the
respective template of the ATA from Ruegeria sp. TM1040 was amplified
using the GeneMorph |l Random Mutagenesis Kit from Agilent
Technologies according to the manual instructions and using the flanking
primers as described before with 40 ng, 50 ng and 60 ng of plasmid DNA
template.” All other variants were prepared using a modified version of
the QuikChange PCR method.”! All subsequent steps were performed as
described before.™

Protein
4]

Protein expression and purification.
purification was performed as described previously.

expression and

Kinetic resolution experiments. For determination of specific activities
and for screening libraries in crude lysate a direct spectrophotometric
assay was applied as described previously.[“’] Formation of the
corresponding ketone (1) was monitored at the optimum wavelength at
245 nm (extinction coefficient: 7953 M™'cm™). Saturation libraries based
on the 3FCR_59W/87L/231A were screened in crude lysate using the
glycine oxidase assay as described previously.™

Solid-phase assay screening of error-prone PCR libraries. The,
PCR libraries were screened using the glycine oxidase solid-phase
and all subsequent steps were performed as described before.
assay plates contained 4.44 mM of racemic 2,2-di
phenylpropan-1-amine and 10 mM glyoxylate as
substrates.

Asymmetric synthesis experiments. These wer
analytical scale in a total volume of 0.5 or 1 mL in

a 150 yL sample was used for extraction as described previol
Chiral GC-analysis was performed as descrjped previously.”! In G
ketone eluted after 35.26 min, the (S)-amj uted after 35.9 mi
the (R)-amine after 37.58 min. Conversi

detection
min: 60%

at 210 nm. 0—4 min: 10% ace
acetonitrile, 40% water, 1
standard curve from O
slope of 10 094 443 AU/m
achiral HPLC the amine pea
with full conversion, it was cert
consumed.

jine 2. In 89.75 mL reaction
g sodium pyruvate and the
nsaminase 3FCR_Y59W/Y87L/T231A (18.5
added subsequently and stirred for 5
was started by the addition 100 mg
MSO. After 48 h and a conversion of
roughly 55 area% (IPC-H eaction was acidified to pH 2.0 to
precipitate the enzymes and was stirred 20 minutes. Subsequently, the
reaction mixture was filtrated through 25 g filter aid (Dicalite) bed and
subsequently the filter cake was washed with deionized water and 50 mL

Preparative scale
buffer (TRIS 50 mM p
purified solution of muta
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methyl tert-butyl ether (MTBE). After phase separation the aqueous
phase was extracted with 50 ml MTBE to remove the 2,2-dimethyl-1-
phenyl-propan-1-one (1). The combined organic phases were dried over
anhydrous MgSO;,, filtrated and evaporated under vacuum at 40°C
yielding 25 mg (26.5%; chiral HPLC: a%) 2,2-dimethyl-1-phenyl-
propan-1-one (1) as yellow vicious oil. Th e aqueous phase was
adjusted to 12 using 2 N NaOH and subseque ted twice with 50
ml MTBE. The combined organic phases r anhydrous
MgSO;,, filtrated and evaporate,
(40%) (S)-2,2-dimethyl-1-phen

Chiral HPLC: 98.1 area%
[220 nm; Chiracel OD-3,
acetonitrile (ACN), B:
ml ACNJ; "H NMR (6
J=6.0, 2.6 Hz, 1 H),

formate in 950 ml H,O : 50
27 -7.31 (m, 4 H), 7.24 (dt,
; GC-MS: 162 (M).

Hz, CDClI3) d pp
(s, 1 H),0.91 (s,

a Menyes for her support in the HPLC

Keywords: amine transaminase * asymmetric synthesis *

zyme cat?s « protein engineering
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FULL PAPER

An amine transaminase was evolved
to accept the spatially bulky 2,2-
dimethyl-1-phenyl-propan-1-one,
which carries a tert-butyl substituent
adjacent to the carbonyl function. The
evolved ATAs are able to perform
asymmetric synthesis of the
respective (R)-amine at high
conversions and excellent
stereoselectivities with either alanine
or isopropylamine as donors.
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