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Abstract: The asymmetric mixed carboligation of al-
dehydes with thiamine diphosphate (ThDP)-depen-
dent enzymes is an excellent example where activity
as well as changes in chemo- and stereoselectivity
can be followed sensitively. To elucidate the influ-
ence of organic additives in enzymatic carboligation
reactions of mixed 2-hydroxy ketones, we present
a comparative study of six ThDP-dependent enzymes
in 13 water-miscible organic solvents under equiva-
lent reaction conditions. The influence of the addi-
tives on the stereoselectivity is most pronounced and
follows a general trend. If the enzyme stereoselectiv-
ity in aqueous buffer is already >99.9% ee, none of
the solvents reduces this high selectivity. In contrast,
both stereoselectivity and chemoselectivity are
strongly influenced if the enzyme is rather unselec-
tive in aqueous buffer. For the S-selective enzyme
with the largest active site, we were able to prove
a general correlation of the solvent-excluded volume
of the additives with the effect on selectivity
changes: the smaller the organic solvent molecule,
the higher the impact of this additive. Further, a cor-
relation to logP of the additives on selectivity was
detected if two additives have almost the same sol-
vent-excluded volume. The observed results are dis-
cussed in terms of structural, biochemical and ener-
getic effects. This work demonstrates the potential of
medium engineering as a powerful additional tool

for varying enzyme selectivity and thus engineering
the product range of biotransformations. It further
demonstrates that the use of cosolvents should be
carefully planned, as the solvents may compete with
the substrate(s) for binding sites in the enzyme
active site.

Abbreviations: ApPDC: pyruvate decarboxylase
from Acetobacter pasteurianus; DCM: dichlorome-
thane; DIPE: diisopropyl ether; DMSO: dimethyl
sulfoxide; ee: enantiomeric excess; EtOAc: ethyl
acetate; EtOH: ethanol; GC: gas chromatography;
HPLC: high-performance liquid chromatography;
HPP: 2-hydroxy-1-phenylpropan-1-one; iProp: iso-
propyl alcohol; LI/KdcA: branched-chain keto acid
decarboxylase from Lactococcus lactis; MIBK:
methyl isobutyl ketone; MTBE: methyl fert-butyl
ether; MTHF: 2-methyltetrahydrofuran; PAC: 1-hy-
droxy-1-phenylpropan-2-one; PfBAL: benzaldehyde
lyase from Pseudomonas fluorescens; PpBFD: ben-
zoylformate decarboxylase from Pseudomonas
putida; rpd: relative product distribution; TCM: tri-
chloromethane; THF; tetrahydrofuran

Keywords: bimolecular carboligation; chemoselectiv-
ity; 2-hydroxy ketones; S-pocket; stereoselectivity;
thiamine diphosphate-dependent enzymes; water-
miscible organic solvents

Introduction

Thiamine diphosphate (ThDP)-dependent enzymes
catalyze the reversible cleavage of C—C bonds."
Many of these enzymes catalyze the carboligation of
two aldehydes to form pharmaceutically potent 2-hy-
droxy ketones in an often highly selective manner.”!
A well-known example is the carboligation of acet-
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aldehyde and benzaldehyde catalyzed by pyruvate de-
carboxylases in fermenting yeasts yielding (R)-1-hy-
droxy-1-phenylpropan-2-one (PAC), a precursor of
ephedrine, with an ee >98%. In recent years, we
have created a toolbox of ThDP-dependent enzymes
including wild-type and engineered enzymes with
varying selectivities to access a broad range of pre-
dominantly mixed aromatic and aliphatic chiral 2-hy-
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droxy ketones.”* In doing so, different organic cosol-
vents [e.g., dimethyl sulfoxide (DMSO)," methyl tert-
butyl ether (MTBE),” 2-methyltetrahydrofuran
(MTHF)!"] were used in order to increase the solubil-
ity of the aromatic compounds in the aqueous reac-
tion system. Depending on the enzyme and the reac-
tion studied, the influence of the organic cosolvents
ranged between no effect relative to the aqueous
system to significant influence on enzyme activity, sta-
bility and selectivity. Here, especially DMSO is
known to have a stabilizing effect on enzymes'® and
also on one of the ThDP-dependent enzymes, namely
benzaldehyde lyase from Pseudomonas fluorescens.”

Thus, the goal of the present work was to analyze
the influence of organic cosolvents in a more system-
atic way, using six different enzymes and 13 cosol-
vents in different concentrations under similar reac-
tion conditions. All six ThDP-dependent enzymes cat-
alyze the carboligation of acetaldehyde and benzalde-
hyde. This reaction theoretically yields eight different
enantiomeric products (Figure 1) each of them in the
R- or S-configuration. However, the product range
and the stereochemistry are different for the respec-
tive enzymes, which makes them an interesting tool
for studying the influence of non-conventional media.

The ThDP-catalyzed carboligation of aldehydes in-
volves a multistep mechanism, which starts with the
binding of the donor aldehyde to the ThDP-ylide re-
sulting in an umpolung of the carbonyl reactivity
yielding a so-called “activated aldehyde” (for details
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see the Supporting Information, Figure S1). Subse-
quently, this “activated aldehyde” nucleophilically at-
tacks an acceptor aldehyde. The products acetoin and
PAC (Figure 1) result from an acetaldehyde donor
and an acetaldehyde or benzaldehyde acceptor, re-
spectively. Benzoin and 2-hydroxy-1-phenylpropan-1-
one (HPP) are derived from benzaldehyde as the
donor and benzaldehyde or acetaldehyde as the ac-
ceptor, respectively. ThDP itself, as the actual catalyt-
ic species, and its enzymatic surrounding thus provide
a hydrophobic environment in the active site and
define the available space for donor and acceptor. As
a consequence, many ThDP-dependent enzymes are
highly selective for only one or two of the possible
products of Figure 1. This donor and acceptor concept
directs the chemoselectivity (product range) of ThDP-
dependent enzymes.'"

Similar steric principles also control the stereoselec-
tivity. As demonstrated in Figure 2 stereoselectivity
can be explained by the relative orientation of the
ThDP-bound donor aldehyde to the acceptor alde-
hyde prior to C—C bond formation.!}

A special structural element, the so-called S-
pocket, allows the antiparallel orientation of the two
substrate aldehydes in the active site (Figure 2, B),
yielding the S-product. Due to this principle, most of
the currently known ThDP-dependent enzymes are
R-selective, because an S-pocket is missing or blocked
by bulky amino acid side chains (Figure 2, A). How-
ever, the two available S-selective enzymes, benzoyl-
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Figure 1. The eight possible different enantiomeric products derived from the carboligation of acetaldehyde and benzalde-

hyde.
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Figure 2. Schematic representation of the active site of
ThDP-dependent enzymes showing the situation prior to C—
C bond formation. The parallel orientation of donor and ac-
ceptor leads to the R-product (A), while an antiparallel ar-
rangement in the active site yields the S-enantiomer (B).
The S-configuration is possible due to a steric specialty, the
so-called S-pocket.!"!

formate decarboxylase from Pseudomonas putida
(PpBFD™) and a variant of the pyruvate decarboxy-
lase from Acetobacter pasteurianus (ApPDC-
E469G!"'Y) are selective for the carboligation of (S)-
HPP and (S5)-PAC, respectively. Both were included
in this study together with four R-selective enzymes:
branched-chain keto acid decarboxylase from Lacto-
bacillus lactis (LIKdcA"™), benzaldehyde lyase from
Pseudomonas fluorescens (PfBAL"™), a variant of
PpBFD  (PpBFDH281A!"“)  and  wild-type
ApPDC."" This set of enzymes with different chemo-
and stereoselectivities is well suited for studying ef-
fects due to environmental changes.

Up to now, the influence of non-conventional
media has mainly been studied with lipases in neat or-
ganic solvents.'”! Some studies proved an influence on
the stereoselectivity of lipases!' and proteases.'”!
With lipases also stereoinversions were reported, for
example, from 39% ee (S) to 39% ee (R)!®" or even
from 60% (R) to 67% (S)."*) Furthermore, several
publications describe the effects of mixtures of water
and organic solvents on enzymes, for example, the
impact of such solvents on the structures of lipases,'®l
alcohol dehydrogenases!'” and monooxygenases.”
Kaul et al. identified some general trends of different
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water-miscible solvents with respect to the conversion
and the stereoselectivity of a nitrilase by correlating
the logP value and dielectric constant of a solvent to
conversion and initial reaction rates.*!!

Although some studies have been conducted, for
example, for the kinetic behaviour of alpha-chymo-
trypsin in organic solvents,” up to now it was not
possible to generalize the influence of organic sol-
vents on enzyme behaviour. Mechanistic explanations
are only applicable for very specific systems™ and
solvent effects in general are by no means completely
understood.

First results concerning the application of ThDP-
dependent enzymes in non-conventional media and
their effects on the reaction mechanism have recently
been published. As already mentioned above, espe-
cially the behaviours of benzaldehyde lyase from
Pseudomonas fluorescens (PfBALP?) and benzoyl-
formate decarboxylase from Pseudomonas putida
(PpBFD) in monophasic buffer-organic solvent mix-
tures have been examined.”*! However, these studies
only focused on the syntheses of benzoin and HPP, re-
spectively.

In the present study, we report on the first compre-
hensive analysis of six representatives of the well-
characterized group of ThDP-dependent enzymes in
combination with 13 organic solvents of different con-
centrations. We provide one of the most extensive
and reliable databases published so far, which allows
us to identify general trends of different organic co-
solvents not only with respect to the stereoselectivity
but also the product range (chemoselectivity) of these
enzymes. The results range from almost no effect on
both stereo- and chemoselectivity to significant altera-
tions of one or even both selectivities. As a conse-
quence, we were able to elucidate size- and polarity-
dependent effects of the different solvents which can
be explained by solvent binding to the active site.

Results

To analyze the influence of organic cosolvents on the
behaviour of ThDP-dependent enzymes in detail, we
performed about 400 independent batch reactions,
which were analyzed by more than 1100 HPLC and
GC runs. It would not be appropriate to discuss all
these results in detail. A collection of the complete
results and thus the influence of every single organic
solvent on enzyme behavior can be found in the sup-
porting information. In order to deduce common ef-
fects from this extensive data set, we combine the es-
sential values graphically (Figure 3 and Figure 4).

asc.wiley-vch.de 2807


http://asc.wiley-vch.de

FULL PAPERS

A

Tina Gerhards et al.

PAC

PpBFDH281A
LIKdcA
ApPDCE469G

HPP

B PpBFDH281A
@ LI/KdcA

Benzoin
@ PpBFDH281A

A ApPDCE469G

Acetoin

B PpBFDH281A
@ LIKdcA
A ApPDCE469G

@ PBAL & PBAL

1 ApPDC

O bem

ApPDC O ApPDC

O PpBFD

>+

O PpBFD

~200
C

! DCM 1 %

T ® DMSO 10 %
TCM 0.5 %
O DMSO 30 %
DIPE 1 %
DMSO 20 %
3 MTHF 2.5 %
MIBK 1.8 %
dioxane 5 %
¢ O iProp 5 %
/ Dioxane 10 %
/ EtOAC7 %
)/

iProp 10 %
. EtOH 10 %

' ' l/ V// MTBE 45 %
o s 7 8 9

acetone 10 %

'/
j/////fpropzo% g

change of product concentration (%

EtOH 20 %
s
THF2.5%
% dioxane 20 %
'/ acetone 20 %

E ‘ ~___— acetone 30 %

~————EtOH30 %

-<

product concentration [mM]

B PAC HPP Benzoin Acetoin

B PpBFDH281A B PpBFDH281A @ PpBFDH281A B PpBFDH281A

@ LIKdcA @ LIKdcA @ LIKdcA

A ApPDCE469G A ApPDCE469G A ApPDCE469G

@ PBAL < PBAL
7 O ApPDC 1 ApPDC O ApPDC
A = O PpBFD O PpBFD
400 - N
g 300 H = N
o \\
(7] AN
g T ] (CIAN
®© = A
g’ 200 — u
c A g 8
© ] N
[e) ' N
- . \\\
) .
3 100 H
e
b R
-  FPFA B 0 oRABApER B~ a0 Tl
°c A BB @ z88bEg 4 OCAa O Tl -
[0) e
8’ 0_ T T T T T §| T T T 1
o 0.6 7 .8 0.9 1.0
[$]
v 100 4-----@------------
1
| relative product distribution (rpd)
2808 asc.Wiley-Vch.de © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Ady. Synth. Catal. 2012, 354, 2805 -2820


http://asc.wiley-vch.de

Advanced
Synthesis &

Influence of Organic Solvents on Enzymatic Asymmetric Carboligations Catalysis

PAC HPP Benzoin Acetoin
B PpBFDH281A B PpBFDH281A O PpBFDH281A B PpBFDH281A
@ L/KdcA @ LIKdecA @ L/IKdcA
A ApPDCE469G A ApPDCE469G
@ PMBAL & PBAL
O ApPDC ApPDC [ ApPDC
O PpBFD O PpBFD
200 —

(99)
oo

>(S)

100

1
>

jmi
(@)

change of ee (%)
=
Q
@)
0 _
o
o _
o
N
)
iy
N
9
N
O 0O OO ‘
“W_{- oO® Ccapo
L\
N
o
o _
o
® _
o
_-?.
od—
o

(R) <

200 -

(S) eein aqueous buffer (R)

Figure 4. Correlation between the influence of organic solvents after 24 h on the enantiomeric excess (ee) relative to the ee
in aqueous buffer (given on the x-axis). The symbols represent the respective enzymes and the colors refer to the respective
products. Each data point represents the change induced by one solvent in one concentration (for details, see Supporting In-
formation, Figure S2 to Figure S7). The grey areas mark results where stereoinversion was observed. On the x-axis, the ee
of the buffer control in aqueous media is plotted in a range between 100% (S) and 100% (R). In the vertical direction, the
change in the ee relative to the buffer control is plotted. The letters A-K refer to examples discussed in the text. The hatch-
ed grey area is addressed in the discussion.

Chemoselectivity added to six enzymes and the concentration of all the

products formed was determined after 24 h by HPLC
To study possible changes in the productivity and che- and GC analyses (for detailed results see the Support-
moselectivity of ThDP-dependent enzymes, 13 differ- ing Information). The complex results are summar-
ent organic solvents in different concentrations were ized in Figure 3, A.

Figure 3. (A) Correlation between the change of the final product concentrations (mM) after 24 h influenced by the addition
of organic solvents relative to the final product concentrations in aqueous buffer without solvent addition is shown. (B) Cor-
relation between the change of relative product distribution (rpd) and rpd in aqueous buffer without solvent addition is pre-
sented. The symbols represent the respective enzymes and the colors refer to the respective products. Every data point rep-
resents the influence of one organic solvent in one defined concentration (for details of every single organic solvent and its
effect on each enzyme see the more extensive graphs in the Supporting Information). Data points in the first quadrant refer
to a higher final product concentration (A) or relative product distribution (B) after 24 h relative to the control in buffer,
whereas data points in the fourth quadrant relate to reduced product concentration (A) or reduced relative product distribu-
tion (B) due to the cosolvents. A-B (A) and A-D (B) refer to examples discussed in the text. Box C (A) shows once as ex-
ample the solvents which induce the respective change in HPP production of LIKdcA. The dashed lines in the 1% quadrant
and at 100% in the 4™ quadrant give the limitations in which values due to the percentage plotting may appear. Substrate
concentrations: 18 mM benzaldehyde (all enzymes) and 18 mM (ApPDC, ApPDCE469G, PfBAL) or 180 mM (LI/KdcA,
PpBFD, PpBFDH281A) acetaldehyde.
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In this plot, each of the four possible products is
considered independently. An example is given in
order to help the reader understand this highly com-
plex diagram. Acetoin is produced by ApPDCE469G
catalysis in a concentration of 0.68 mM (Figure 3, A,
point A on the x-axis). Upon addition of an organic
solvent (here 20 vol% DMSO), productivity was in-
creased to 1.05 mM. The relative increase of 54.4% of
the product concentration is plotted against the start-
ing concentration of 0.68 mM (Figure 3, A, point B in
the 1% quadrant). The second example to understand
this graph is the production of HPP by L/KdcA. For
that combination, all solvents are correlated to their
influence (Figure 3, A, C) to demonstrate, that every
data point represents the influence of one organic sol-
vent in one concentration. Reduced product concen-
trations, which can be explained by reduced activities
and/or stabilities in the presence of organic solvents,
are also often detectable, leading to a negative
change of the final product concentration.

Taking all the results into account, in 26.1% of
cases we found increased productivity upon addition
of an organic solvent, whereas in 73.9% of cases sol-
vent addition led to a reduction of enzyme productivi-
ty. In the buffer control without organic cosolvent,
the conversion of benzaldehyde in the given set-up
was in the best case 89% with PfBAL and in the
worst case 5% for ApPDCE469G after 24 h.

For a better understanding of how the solvent influ-
ences chemoselectivity, changes in the relative prod-
uct distribution (rpd) are given in Figure 3, B (a step-
wise guideline to read this plot can be found in the
Supporting Information). The rpd is defined as the
concentration of one product in relation to the sum of
the concentrations of all observed products in the re-
spective carboligation reaction {[product A]/([product
A]+ [product B]+ [product C]+ [product D])}.

Although Figure 3, A and Figure 3, B are complex,
they very clearly show the great influence of organic
solvents on enzyme productivity and chemoselectivity.
The most pronounced effects for each enzyme are dis-
cussed in the following.

LIKdcA accepts aliphatic and aromatic donor and
acceptor aldehydes comparatively well and is thus
very unselective with respect to its chemoselectivity.
Consequently, it is one of the enzymes in our study
with the broadest product range, including HPP, PAC
and acetoin.'”” Only the bulky benzoin, derived from
the ligation of two molecules of benzaldehyde, is not
accessible. In the absence of cosolvents, PAC and ace-
toin are formed in almost equal amounts under the
chosen conditions [18 mM benzaldehyde, 180 mM
acetaldehyde, rpd=0.24 (PAC, Figure 3, B, A), rpd=
0.27 (acetoin, Figure 3, B, B)], while HPP production
was higher by a factor of 2 (rpd=0.49, Figure 3, B,
C). As demonstrated in Figure 3, A, L/KdcA repre-
sents one of the examples where some organic cosol-
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vents cause an increased product concentration. This
is true for acetoin and PAC, whereas the productivity
for HPP was reduced by almost all organic solvents
(Figure 3, B). Beneficial cosolvents for acetoin syn-
thesis with LI/KdcA are: 10vol% ethanol (EtOH),
10-30 vol% acetone, 10-30vol% DMSO, 10 and
20 vol% isopropyl alcohol (iProp), 5 and 10 vol% di-
oxane, 1 vol% dichloromethane (DCM), 1 vol% diiso-
propyl ether (DIPE), 7 vol% ethyl acetate (EtOAc),
0.5vol% trichloromethane (TCM) and 1.8 vol%
methyl isobutyl ketone (MIBK). If one solvent was
tested in different concentrations, the improving
effect often increased with rising concentration. In
the presence of these cosolvents, the final product
concentration was enhanced from 2.3mM in the
buffer control to 2.9-25.4 mM. Moreover, the produc-
tion of PAC was enhanced from 2.1 mM in the buffer
control to 2.2-47mM by 0.5vol% TCM, 1vol%
DCM, 10vol% EtOH, 20vol% iProp, 10 and
30 vol% DMSO, 5 and 10 vol% dioxane and 10 vol%
acetone (Figure 3 A, Supporting Information, Fig-
ure S2).

In conclusion, in the presence of the organic solvent
a clear shift was observed toward products derived
from the smaller aldehyde (acetaldehyde) donor,
whereas HPP, which is derived from benzaldehyde as
the donor, is reduced.

With benzoylformate decarboxylase from Pseudo-
monas putida (PpBFD) only the production of HPP
(9.8 mM, rdp 0.78) and acetoin (2.8 mM) was ob-
served under the chosen conditions (18 mM benzalde-
hyde, 180 mM acetaldehyde), whereas benzoin, al-
though found under different reaction conditions in
previous work,” and PAC could not be detected.
With a few exceptions, the productivity for both prod-
ucts was reduced by the cosolvents (Figure 3, A, Sup-
porting Information, Figure S3). Regarding the rela-
tive product distribution (rpd), only minor effects are
visible for the production of HPP, while the rpd of
acetoin varies in the range of —58% to +65% relative
to the buffer control (rpd=0.2, Figure 3, B, Support-
ing Information, Figure S3). The highest rpd for ace-
toin was observed in the presence of 30 vol% iProp
(Figure 3B, D, +65% to a value of rpd=0.36). With
respect to the distribution of the data for HPP and
acetoin, the product with the higher rpd value in
buffer (HPP, 0.78) is less prone to reduction by organ-
ic solvents, since the influence of organic solvents and
thus the reduction of the product with the lower rpd
(acetoin, 0.22) is greater (Figure 3, B).

The variant PpPBFDH281A has an enlarged active
site relative to the wild-type enzyme PpBFD and was
designed for improved benzoin synthesis.'”? In the
chosen experimental setup (18 mM benzaldehyde,
180 mM acetaldehyde), the enzyme catalyzes the syn-
thesis of all four possible products of the mixed car-
boligation, thus being very unselective. In aqueous
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buffer, all respective products were obtained in a con-
centration <3 mM (which is related to <16% conver-
sion of benzaldehyde to each product). As has already
been found for the wild-type enzyme, productivity is
in most cases reduced by the organic cosolvents
(Figure 3, A). However, with 10vol% DMSO,
0.5vol% TCM and 1vol% DCM, the product con-
centration of HPP can be slightly enhanced. Addi-
tionally, 10-20 vol% DMSO, 10 vol% EtOH, 10 vol%
iProp, 10 vol% acetone, 1 vol% DCM, 0.5 vol% TCM
and 1 vol% DIPE enhance the product concentration
of benzoin to 3.7 mM after 24 h of reaction (Figure 3,
A, Supporting Information Figure S4). Again we ob-
served an enhancement of the rpd for acetoin and
PAC, which contain acetaldehyde as the donor, while
the productivity for benzoin and especially HPP (both
originating from benzaldehyde as the donor) is re-
duced (Figure 3, B). Consequently, the addition of or-
ganic additives seems to hamper the binding of the
more bulky substrate benzaldehyde to the donor
binding site more than the acceptor binding site,
yielding smaller 2-hydroxy ketones.

Acetoin, PAC and traces of benzoin were produced
by catalysis of ApPDC under the selected reaction
conditions (18 mM benzaldehyde, 18 mM acetalde-
hyde) without solvent addition. In the buffer control,
acetoin accumulates to a concentration of 4 mM after
24 h, which can be increased to 5 mM in the presence
of 30 vol% acetone. Although some solvents reduce
the productivity, an enhancement of the PAC produc-
tion from 1.8 mM in the buffer control to 3.1 mM is
also possible, for example with 5vol% MTHF. The
other solvents which enhance the PAC production are
DMSO, dioxane, EtOAc and iProp (Supporting Infor-
mation, Figure S5). Compared to the other products,
the concentration of benzoin is very low (0.06 mM)
and is further decreased by the addition of most sol-
vents (Figure3, A, Supporting Information, Fig-
ure S5). Regarding the rpd values for the buffer con-
trols in comparison to each other, taking into account
the reduction of the rpd values in the vertical direc-
tion, it seems that the production of acetoin (rdp=
0.69) is more resistant to the addition of organic sol-
vents than the production of PAC (rpd=0.3) and ben-
zoin (rpd < 0.01) (Figure 3, B).

In previous work, an ApPDC variant with a muta-
tion of position 469 from glutamate (E) to glycine
(G) was successfully prepared in order to generate an
S-selective enzyme for the production of (S)-PAC and
derivatives thereof."'") The productivity of ApPDC-
E469G is reduced by almost all cosolvents relative to
the control in aqueous buffer under the chosen condi-
tions (18 mM benzaldehyde, 18 mM acetaldehyde,
Figure 3, A), except for 10 vol% and 20 vol% DMSO,
which increase the final product concentration for
acetoin with this variant (Figure 3, A, Supporting In-
formation, Figure S6). Although the overall produc-
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tivity is often reduced, we observed a shift to the
smaller product by some of the cosolvents, because
the rpd for acetoin is enhanced at the expense of PAC
(Figure 3, B).

PfBAL, a highly active carboligase preferring benz-
aldehyde as the donor aldehyde,*" catalyzes the for-
mation of HPP and benzoin. Some studies have al-
ready been conducted for this enzyme analyzing the
influence of organic solvents. It was found that the
stability of PfBAL can be enhanced in the presence
of DMSO.P! In the buffer control of the present ex-
perimental set-up (18 mM benzaldehyde, 18 mM acet-
aldehyde), 3.7mM HPP and 7.5 mM benzoin were
observed after 24 h. As demonstrated in Figure 3, A,
EtOH, iProp, acetone, dioxane and DMSO enhance
the product concentration of HPP after 24 h to values
of up to 89 mM, 8§ mM, 9.3 mM, 9 mM and 8.1 mM,
respectively (see also Supporting Information, Fig-
ure S7). For DMSO the enhancement is proportional
to the increase of its concentration. Moreover, all co-
solvents (except TCM) enhance the rpd for HPP and
reduce it for benzoin (Figure 3, B, Supporting Infor-
mation, Figure S7).

In conclusion, we observed a general trend con-
cerning the influence of organic cosolvents on the
chemoselectivity of the six ThDP-dependent enzymes.
Regarding the final product concentration of a certain
product relative to all products formed (described as
rpd in Figure 3, B), it becomes obvious that the lower
the chemoselectivity of the enzyme (and therefore the
less selective the enzyme is for the formation of only
one product, represented by a low rpd value), the
higher is the decrease of rpd by the organic solvent.
The second obvious trend of the organic cosolvents is
a shift of the chemoselectivity towards the smaller 2-
hydroxy ketone in most cases, except for the PAC
production catalyzed by LI/IKdcA and PpBFDH281A,
where HPP is reduced while both PAC and acetoin
rpd values are increased. Here a trend to a smaller
donor aldehyde seems to occur. The other exceptions
are PpBFD, which shows a variation of rpd of acetoin
and HPP, but no shift to acetoin and ApPDC, where
no shift in any direction was detectable. Although the
productivity is often reduced by the cosolvents, there
are also some examples of increased productivity, for
example, acetoin formation by L/KdcA, HPP forma-
tion by PfBAL and PAC formation by ApPDC. These
increased product concentrations can be induced by
different solvents, but DMSO is always one of them.
The only exception to this rule is PpBFD, where none
of the solvents were able to increase any product con-
centration.
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Stereoselectivity

The influence of organic cosolvents on the stereose-
lectivity of the mixed carboligation reaction catalyzed
by ThDP-dependent enzymes was of special interest
to determine the potential of medium engineering on
asymmetric syntheses. The results of the stereoselec-
tivity studies are summarized in Figure 4.

It can be clearly seen that the variations in stereo-
selectivity due to the influences of the cosolvents are
very different, depending on the enzyme and its ste-
reoselectivity observed in the buffer control. Changes
for the respective product were observed in the direc-
tion of the R-enantiomer (quadrants III and IV) as
well as the S-enantiomer (quadrants I and II). All
data in quadrants I and III above 100% show stereo-
inversion (gray areas), due to the presentation of per-
centage changes. Data in quadrants II and IV show
values with improved stereoselectivity for the respec-
tive products. Here, values above 100% relate to
a more than doubled enantiomeric excess (ee) for the
respective enantiomer relative to the control in buffer
(x-axis). The most pronounced effects on the stereose-
lectivity for each enzyme are discussed in the follow-
ing:

LIKdcA catalysis yields the mixed products PAC
and HPP with very good ees [PAC >99% ee (R),
HPP 95% ee (R)]. This selectivity is not changed in
the presence of organic solvents (Figure 4, A; Sup-
porting Information, Figure S2). In contrast, the ste-
reoselectivity for acetoin in buffer is low [19% ee
(R)]. Although it was not possible to increase the se-
lectivity of LIKdcA for acetoin in the R-direction, the
addition of, for example 10-30 vol% acetone resulted
in a proportional increase of the S-enantiomer con-
centration yielding a maximal ee of 21% (S) with the
highest concentration (Figure 4, B; Supporting Infor-
mation, Figure S2).

A similar trend was observed for PpBFD. The
enzyme stereoselectivity for the rather selectively pro-
duced product (S)-HPP (ee=91% in buffer) is only
slightly affected compared to the unselectively pro-
duced acetoin, where the ee of (R)-acetoin (17% ee in
buffer) was more than doubled by some of the cosol-
vents, for example, 30 vol% iProp [46% ee (R)]
(Figure 4, C and D; Supporting Information, Fig-
ure S3).

The variant PpBFDH281A is the only enzyme in
this study which catalyzes the formation of all four
possible products (Figure 1) in sufficient amounts to
allow the determination of stereoselectivity for all of
them. (R)-Benzoin is produced in an enantiomerically
pure form (ee >99%) and the ee is not affected by
any cosolvent tested. (R)-PAC is also produced with
a good ee of 93%. Its stereoselectivity is shifted
toward the S-product by, for example, 20 vol% diox-
ane [25% ee (R)] (Figure 4, E). A similar effect was
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observed for (S)-HPP, where the initial ee of 47% in
buffer was decreased to 17% ee (S) by, for example,
7 vol% EtOAc (Figure 4, F). For the smallest product,
(R)-acetoin, the stereoselectivity was significantly en-
hanced from 25% to 56% ee (R) by 7 vol% EtOAc
(Figure 4, G; Supporting Information, Figure S4).

In comparison to the other enzymes, the effect of
organic solvents on ApPDC stereoselectivity is limit-
ed. PAC [ee >99% (R) in buffer] and benzoin [ee
>99% (R) in buffer] are produced with high ees and
again no influence of cosolvent addition can be de-
tected. The situation is different for ($)-acetoin for-
mation where the initial ee of 28% in buffer was re-
duced to 13% (S) in the presence of 5 vol% tetrahy-
drofuran (THF) (Figure 4, H; Supporting Informa-
tion, Figure S5).

Compared to the wild-type enzyme, the stereoselec-
tivity of the S-selective variant ApPDCE469G is very
sensitive to the addition of organic solvent. The var-
iant catalyzes the synthesis of (S)-PAC (87% ee) in
buffer. The addition of, for example, 0.5 vol% TCM
led to stereoinversion yielding predominantly the R-
enantiomer [49% ee (R)] (Figure 4, I; Supporting In-
formation, Figure S6). This example shows one of the
most pronounced effects of this study on stereoselec-
tivity shifts by the addition of an organic solvent. The
same trend was observed with acetoin, which was
formed with an ee of 85% () in buffer, but with only
28% ee (S) in the presence of 30vol% EtOH
(Figure 4, J; Supporting Information, Figure S6). For
the selectivity of the ApPDCE469G often an impact
was found, which is commensurate to an increase of
cosolvent concentration.

In contrast, the stereoselectivity of the highly selec-
tive P/BAL is not affected by the different organic
solvents at all. (R)-Benzoin and (R)-HPP are formed
in an enantiomerically pure form (>99% ee), inde-
pendent of any added cosolvent (Figure 4 K; Support-
ing Information, Figure S7).

In summary, it can be stated that in all cases where
the stereoselectivity of the products was already very
high (approximately ee >95%) in buffer, the organic
solvents have no effect on stereoselectivity. In con-
trast, for products which are formed less selectively,
inversions from S- to R-selectivity were observed,
whereas it seems to be impossible to improve an ini-
tial S-selectivity. However, starting from an R-selec-
tivity both, the inversion to the S-enantiomer in
excess or the improvement of that R-selectivity were

possible.
Taking the results of the overall product concentra-
tions (Figure3, A) and stereoselectivity shifts

(Figure 4) into account, it becomes obvious that in
some cases a change in stereoselectivity is accompa-
nied by reduced overall activity. In such cases, it is
most likely that one of the pathways [(R)- or (S)-,
Figure 2] is blocked, but that the other pathway is still
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accessible. In that case, stereoselectivity is shifted due
to selective activity reduction.

Discussion

Some general trends can be concluded from the be-
haviour of the different ThDP-dependent enzymes in
the presence of water-miscible organic solvents. (i)
The chemoselectivity of the enzymes seems to be
more resistant to the addition of organic solvents if
the enzyme is highly selective for the respective prod-
uct in aqueous buffer (Figure 3, B). (i) Solvent-in-
duced shifts in chemoselectivity are often related to
a shift to the respective smaller 2-hydroxy ketone
(Figure 3, B). (iii) In all the reactions where an in-
creased product concentration was detectable, DMSO
was always one of the improving solvents. (iv) The
stereoselectivity of the enzymes is not influenced by
organic cosolvents if the stereoselectivity in buffer for
the respective product is high (ee >95%, Figure 4).
This characteristic is in accordance with the observa-
tions for solvent-induced chemoselectivity shifts [see
trend (i)]. (v) In the case of acetoin, inversion from §-
to R-selectivity was observed (Figure 4). (vi) It is im-
possible to further improve an initial S-selectivity by
organic cosolvents (Figure 4).

Possible reasons for the strong influence of organic
solvents on ThDP-dependent enzymes are as follows.
Firstly, an influence of the solvents on the three-di-
mensional structure and on the flexibility of the
active site is possible. For example, only small changes
in the three-dimensional structure of the active site
would change the spatial constraints enabling the sub-
strates to be arranged in a defined position in the
active site thus affecting both chemo- and stereoselec-
tivity. These structural shifts would additionally influ-
ence the kinetic parameters of the enzymes. Further-
more, the organic solvent itself might influence the af-
finity of the substrate to the active site as well as the
kinetic parameters of the different steps in the cata-
lytic cycle (Supporting Information, Figure S1), tran-
sition state formation and/or product formation and
release. On the one hand, this can be explained by
changes in the hydrophobicity/hydrophilicity of the
surrounding media. Small organic molecules might be
able to enter the active site and thus block parts of it,
which would result in changes in the overall activity
and selectivity. It has already been shown that a cosol-
vent was able to enter the active site of PfBAL and
attach to hydrophobic patches.”® On the other hand,
the solubility of the substrate, intermediates and prod-
ucts can be enhanced or impaired by shifting kinetic
parameters, equilibria and final product concentra-
tions.

There are enthalpic differences between the enan-
tiomers during catalysis.”” The difference in activa-
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tion free energy between the enantiomers [AG=
—RTIn(100+4-¢¢) x (100—ee)™'] can be influenced by
structural or kinetic shifts, causing ee changes.

In the following paragraphs, the different possibili-
ties will be analyzed and discussed.

Effects on Enzyme Flexibility

Concerning the influence of cosolvents on enzyme
flexibility, several diverging results can be found in
the literature. Examples were given showing that in-
creased flexibility decreases stereoselectivity. There
are also examples where no shifts in selectivity oc-
curred due to rising flexibilities, at least in pure or-
ganic solvents.” This seems to vary depending on the
biocatalyst, its structure and its reaction mechanism.
At the same time, enhanced flexibility makes the
enzyme more prone to unfolding® and reduces the
overall activity. To shed light on this topic with re-
spect to our ThDP-dependent enzymes, the carboliga-
tion of benzaldehyde and acetaldehyde was studied at
different temperatures in the absence of cosolvents.
This approach was used as an alternative to increase
enzyme flexibility. The results are presented in
Figure 5.

The results demonstrate that a temperature rise has
a significant impact on enzyme chemoselectivity. In
the case of LI/KdcA, the chemoselectivity is shifted
from HPP to acetoin with increasing temperature.
The same holds for PpBFD. In the case of the variant
PpBFDH281A the synthesis of benzoin decreases
with increasing temperature, whereas acetoin and
HPP increase. Also in the case of PfBAL, we ob-
served a shift from benzoin to HPP. Altogether, an in-
creased reaction temperature resulted in a shift from
the larger 2-hydroxy ketone to the smaller one. Exact-
ly the same trend was observed with organic cosol-
vents in the case of P/BAL, PpBFD and L/KdcA. By
contrast, the chemoselectivity of ApPDC and the var-
iant ApPDCE469G is not temperature-sensitive. This
might be due to the fact that these are the only en-
zymes in the series tested which strongly prefer acet-
aldehyde to benzaldehyde as the donor. The effect of
higher molecular movements due to the elevated tem-
perature is therefore less pronounced, since these two
enzymes are not able to accept benzaldehyde instead
of acetaldehyde as the donor. However, the other en-
zymes tested have two alternative donor substrates
since they accept acetaldehyde as well as benzalde-
hyde. And for them a clear tendency can be seen
from the larger to the smaller donor aldehyde with in-
creasing temperature.

There are several possible explanations for the sim-
ilar effects observed with increased temperature and
organic cosolvents. On the one hand, the organic sol-
vents might affect the flexibility of the enzymes as the
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Figure 5. Influence of different reaction temperatures on the chemoselectivity of the six investigated ThDP-dependent en-
zymes catalyzing the carboligation of benzaldehyde and acetaldehyde. Substrate concentrations: 18 mM benzaldehyde (all en-
zymes) and 18 mM (ApPDC, ApPDCE469G, PfBAL) or 180 mM (L/KdcA, PpBFD, PpBFDH281A) acetaldehyde.

temperature does. It might therefore be possible that aqueous media (<1 mM), it precipitates during the
the increased flexibility only allows the production of course of the reaction. As a consequence, the concen-
the smaller products because of steric hindrances due tration of benzoin as one donor-delivering compound
to the increased molecular movements of side chains is reduced. Thus, besides flexibility changes, the result
in the active site. On the other hand, the organic sol- of a temperature increase on P/BAL might be an in-
vents as well as the temperature might have an dicator for the influence of temperature on the avail-
impact on the microreaction rates of the reaction and able substrate concentration and thus on the reaction
the affinity of the substrates, which might result in the kinetics. Both elevated temperatures as well as organ-
preferred synthesis of one product to the other. Fur- ic cosolvents increase the solubility of benzoin and
thermore, the solubility of the different compounds of thus the production of HPP relative to benzoin. How-
the reaction is influenced by the organic solvents and  ever, this cannot be the whole explanation, since only
the temperature. PfBAL with its special reaction cycle®™ is prone to
solubility limitations. No solubility limitations were
observed with the other tested enzymes, but equilibri-
Effects on the Solubility of Substrates, Intermediates um shifts are possible.
and Products

Organic cosolvents influence the solubility of all com-  Direct Interaction of Solvents with the Active Site
pounds in the reaction mixture, especially if aromatic

compounds such as benzoin are involved. This might Furthermore, a direct interaction of the solvent mole-
influence the kinetic parameters. The temperature- cules with the enzyme active sites can be assumed.
sensitive chemoselectivity of P/BAL is a good exam- The active site of ThDP-dependent enzymes is locat-
ple to study this effect. Previous investigations strong- ed in a cleft between two monomers of the homodi-
ly suggested that the BAL-catalyzed formation of mer. Apart from L/KdcA, in all other cases two ho-
HPP involves the intermediate formation of benzoin modimers associate to form a homotetramer. ThDP,
from benzaldehyde. Benzoin is subsequently cleaved as the catalytically active species, is located at the
again, yielding ThDP-bound benzaldehyde which then  bottom of the active site, which is connected to the
reacts with acetaldehyde as an acceptor yielding enzyme surface by a channel. As the active sites of all
HPP.*™ As benzoin shows a very low solubility in enzymes contain several hydrophobic residues,
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Table 1. Overview of the substrates and products of bimolec-
ular carboligation (highlighted in italics) and the implement-
ed organic solvents, sorted according to their calculated sol-
vent-excluding volume (calculated by ChemDraw for Excel
Add-In). The concentration range is also given in which the
organic solvents were used (exact concentration values are
given in the Supporting Information; values in parentheses
are those used for Figure 6).

Name % (VIv) logP Solvent-excluded
volume [A?]

acetaldehyde 42.7
EtOH 5-30 (30) —0.28 48.3
DCM 1(1) 1.25 49.4
acetone 2-30 (10) -0.24 59.1
TCM 0.5 (0.5) 1.94 59.1
DMSO 5-30 (20) —1.35 61.5
iProp 5-30 (20) 0.05 62.5
THF 2.5-5(25) 0.34 71.2
dioxane 5-30 (10) —0.35 79.0
acetoin 80.5
EtOAc 7(7) 0.85 82.7
MTHF 2.5-5(2.5) 1.39 85.0
MTBE 4.5 (4.5) 0.94 86.2
benzaldehyde 94.6
MIBK 1.8 (1.8) 1.15 105.5
DIPE 1) 1.52 106.6
PAC 127.3
HPP 128.9
benzoin 175.7

a direct interaction with the solvent molecules can be
assumed. In Table 1, we compare the solvent-excluded
volumes of the substrates and products of the carboli-
gation reaction to the different solvents.

It can be clearly seen that as a function of their size
all the solvents should be generally able to access the
active sites.

As described in the introduction, the stereoselectiv-
ity of ThDP-dependent enzymes can be mainly ex-
plained by steric factors influencing the relative posi-
tion of donor and acceptor in the active site prior to
C—C bond formation (Figure 2).

Especially for ApPDCEA469G, extensive structure-
function investigations have been conducted explain-
ing chemo- and stereoselectivity in bimolecular carbo-
ligation reactions.''¥ In this enzyme, a very large S-
pocket was designed where the side chain of benzal-
dehyde can be optimally stabilized in an antiparallel
manner and at a reactive distance to the ThDP-bound
donor aldehyde (acetaldehyde). None of the other en-
zymes possesses such a large pocket for S-selective
carboligation.

The fact that it is almost impossible to improve ini-
tial S-selectivity by the addition of cosolvents
(Figure 4) may be explained by a blockade of the S-
pocket by small organic solvents. If this is the case,
the residue of the acceptor aldehyde would no longer
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be able to enter the S-pocket and the S-pathway
would be blocked, resulting in an increase of the R-
enantiomer. All of the tested organic solvents except
for MIBK and DIPE are smaller than the substrate
benzaldehyde (Table 1) and therefore theoretically
able to enter and block the S-pocket in an enzyme ca-
pable of catalyzing the formation of (S)-PAC.

Since ApPDCE469G has the largest S-pocket and
is the only known biocatalyst for the production of
(5)-PAC," any blockade effects by organic solvents
at this part of the active site should be detectable by
a decrease of the S-selectivity. It was precisely this
shift from highly S-selective product formation to-
wards R-product formed in excess that was measured.
In order to further analyze the effects, we plotted the
changes observed in the stereoselectivity of ApPDC-
E469G from (S)-PAC to (R)-PAC against the size of
the solvents inducing these changes (Figure 6).

Figure 6 shows a clear correlation between the size
of the solvent and its influence on the stereoselectiv-
ity of the ApPDCE469G-catalyzed (S)-PAC forma-
tion: smaller solvents reduce the initially good ee of
87% (S) (in buffer) more strongly than larger ones. A
stereoinversion is observed in the presence of EtOH,
DCM, acetone and TCM. The smaller the solvent, the
higher is the possibility of an occupied S-pocket. This
result in a blockade of the antiparallel arrangement
of both substrates in the active site and thus the paral-
lel arrangement yielding R-product is preferred
(Figure 2). A similar size-dependent influence on the
stereoselectivity was described earlier for lipases in
neat organic solvents.””l However, the size of the sol-
vent is not the only correlation. There are some pairs
of organic solvents of almost the same size, which
have a different impact on enzyme selectivity. Here,
the second important fact is the polarity, namely logP,
of the solvents, where P is the partition coefficient of
the solvent between octanol and water. No correla-
tion became obvious by plotting only the logP against
the ee shifts. However, if both factors are included,
a correlation of the size of the solvent and its logP
becomes clearly visible. An example is the case of
EtOH and DCM, which have almost the same sol-
vent-excluded volume. However, DCM which is less
polar than EtOH has a stronger impact on the stereo-
selectivity. The same is true for the following pairs:
acetone and TCM, DMSO and iProp, THF and diox-
ane, and EtOAc and dioxane. It can be concluded
that the less polar solvent can better accumulate in
the non-polar S-pocket, since it is mainly built of hy-
drophobic amino acid side chains!*!.

In the case of (S)-PAC formation, it can be as-
sumed that there is always a competition between the
organic solvent and the benzaldehyde for the binding
positions in the S-pocket. Taking into account the
molar proportion of the different compounds, it be-
comes obvious that in a synthesis reaction employing
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Figure 6. Influence of different organic cosolvents (concentrations are given in parenthesis in Table 1, sorted according to
their size-excluded volume [A%]) on the stereoselectivity of PAC formation catalyzed by ApPDCE469G. Respective logP
values are indicated next to the data points. In buffer, (S)-PAC is obtained with an ee of 87% (horizontal dashed line, com-
pare Figure 4). Also the size of benzaldehyde is given (vertical dashed line), because the phenyl side chain has to fit into the

S-pocket to yield (S)-PAC.

18 mM benzaldehyde and, for example, 8.24 mol/L
EtOH (=30vol%, Supporting Information, Table S1)
the solvent is in a 500-fold excess. Even the lowest
concentration of 0.03 mol/L TCM (=0.5 vol%, sup-
porting information, Table S1), is still present in a 1.7-
fold excess relative to the competing benzaldehyde.

The second piece of evidence for the blocking
theory is provided by another S-selective reaction cat-
alyzed by the enzyme PpBFD, where acetaldehyde
acts as the acceptor of the reaction yielding acetoin
and HPP as products.""™ Again, the initial S-selectivi-
ty for HPP in buffer (ee 90.7%) cannot be improved
by any of the cosolvents. However, in contrast to PAC
production by ApPDCE469G, we observed no signifi-
cant shifts towards the R-enantiomer in the presence
of the cosolvents (Supporting Information, Figure S3).
Since the S-pocket is much smaller in PpBFD, only
very small solvent molecules would theoretically be
able to enter. However, in our set-up there is no sol-
vent smaller than acetaldehyde (Table 1), which ex-
plains the constant stereoselectivity of PpBFD for the
synthesis of (S)-HPP (Supporting Information, Fig-
ure S9).

But how can an initial predominant R-selectivity be
shifted to an S-selectivity, as was observed in the case
of the LIKdcA-catalyzed formation of acetoin? To
answer this question, the stereoselectivity of the (S)-
HPP production in LIKdcA has to be considered.
Here the acetaldehyde also has to be arranged in an
antiparallel manner to the donor aldehyde. The S§-
pocket in L/KdcA is blocked by amino acid side
chains and thus not accessible according to the avail-
able crystal structure.'” However, also in a buffered
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system the enzyme is able to produce small amounts
of the S-product, yielding an ee of 95.6% for (R)-HPP
(Figure 4, Figure 8). This means that 97.8% of the R-
product and 2.2% of the S-product are synthesized.
Maybe an antiparallel orientation of the acetaldehyde
is possible without a distinct S-pocket because of the
small size of the methyl group. These data might, on
the other hand, also suggest that L/KdcA possibly
offer something like an alternative S-pathway. This al-
ternative S-pathway has been discussed recently for
the ApPDC.""Y Here, we would expect not an anti-
parallel Re-site attack to yield the S-product, but
a parallel Si-attack from the rear of the ThDP as
shown in Figure 7.

The other explanation could be that it is not S-se-
lectivity that is enhanced by the organic solvent, but

[

o}
OH
(S)-HPP

Figure 7. Schematic representation of the active site of
LIKdcA showing the situation prior to C—C bond formation.
The Si-site attack of acetaldehyde as an acceptor may offer
an alternative route to (S)-HPP (compare Figure 2).
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Figure 8. Correlation between the influence of organic solvents after 24 h on the enantiomeric excess (ee), represented by
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colors refer to the respective products. Each data point represents the change induced by one solvent in one concentration
(for details see the Supporting Information, Figure S2 to Figure S7). On the x-axis, the ee of the buffer control in aqueous
media is plotted in a range between 100% (S) and 100% (R). In the vertical direction, the change of the ee, represented by
AAG, relative to the buffer control is plotted. The values are calculated with AG =—RTIn(1004-ee) x (100—ee)~". The hatched
grey area refers to the discussion of this picture in comparison to Figure 4 in the text.

the R-pathway (Figure 2, A) that is blocked, which re-
duces the R-product and therefore enhances the ee of
the S-product. An indication of this is the fact that
EtOH (20 vol%) and THF (2.5vol%) not only in-
crease the S-selective production of acetoin (5.9% ee
and unselective, respectively), but simultaneously
reduce the overall activity of LI/KdcA for acetoin
(Supporting InformationSupporting Information, Fig-
ure S2). This explanation also holds for effects ob-
served with PpBFDH281A: 7 vol% EtOAc shifts the
initial ee from 47% (S)-HPP to 17% (S)-HPP. This
observation can be explained by a partial suppression
of the S-path, which is accompanied by a reduced
overall HPP-forming activity from 1.85mM in the
buffer control to 0.45 mM in the presence of 7 vol%
EtOAc.

Although the solvent-induced shifts in stereoselec-
tivity seem to be pronounced (Figure 4), analyses of
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the free energy of activation yield a different picture,
since the energy differences in the moderate range of
the ee are much lower compared to those above 90%
ee (for the logarithmic correlation of the free energy
of activation and ee see Supporting Information, Fig-
ure S8). Figure 8 shows the ee of the different prod-
ucts correlated with the respective AAG values.

Although for the initial ee values in the buffer con-
trols in the range of 50% (S) to 30% (R) (Figure 4,
hatched gray area on the x-axis) significant ee shifts
were observed, they correlate with only very small
changes of the free energy of activation (Figure 8,
hatched gray area on the x-axis). The situation is dif-
ferent with high ee values (>90%), where the energy
required for increasing the ee value further is much
higher. This is due to the fact that AG increases loga-
rithmically with increasing ees (Supporting Informa-
tion, Figure S8).
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A comparison of Figure 4 and Figure 8 demon-
strates that organic solvents are able to induce a pro-
nounced change in stereoselectivity in almost all
tested enzymatic reactions. The energy difference in-
duced by a change of the reaction medium is high
enough to change a low ee to the opposite enantiomer
[e.g., LIKdcA in buffer 19.7% (R)-acetoin to 21%
(S)-acetoin in 30 vol% acetone] as well as a high ee
into an even higher one [e.g., P/BAL in buffer: 99.8
(R)-HPP to 99.9 (R)-HPP in 30 vol% acetone]. How-
ever, the energy differences are not sufficient to de-
crease the stereoselectivity in the case of very high ee
values (>99.9%). To obtain an idea of how strong
this energy is: a hydrogen bond has a strength of
—8.6 kcalmol '.*®! The strongest impact found in the
present study was 1/2 of this strength (PpBFDH281A
enhancement of the ee for PAC).

In Figure 4, the value, above which no influence on
the ee was observed, seemed to be >95% ee, but in
this plot it now becomes obvious that this value was
misleading since higher energy has to be expended to
increase the already high ee values even further.

It seems that a complex interaction between several
structural and kinetic factors shifts the chemo- and
stereoselectivity. Our results show that medium engi-
neering has a high impact on the selectivity of ThDP-
dependent enzymes as well as on the final product
concentration and is therefore a good tool for com-
plementing enzyme and reaction engineering in bio-
transformations to improve or vary an enzyme for
a certain reaction. It further demonstrates that the
use of organic cosolvents should be carefully planned,
as the solvents may compete with the substrate(s) for
binding sites or show further influences in the enzyme
active site.

In the case of the ThDP-dependent enzymes stud-
ied, the improvement of the stereoselectivity is not
only observed with one solvent. Often we saw an im-
provement of the ee in the presence of EtOH, ace-
tone, DMSO and iProp. With acetone, for example,
we found an inversion from (R)-acetoin to (S)-acetoin
by LIKdcA catalysis. The same solvent was also able
to increase an almost perfect (R)-HPP ee in P/BAL
catalysis from 99.8% to 99.9% ee.

The solvents that never increased any of the pro-
ductivities of ThDP-dependent enzymes significantly
were: THF, MTBE, MIBK and DIPE. For some reac-
tions these solvents were inert and could be used to
merely improve the solubility of aromatic compounds.
Due to the limited solubility of these solvents in
buffer this effect is not very pronounced. All other
cosolvents yielded either an increase or a decrease in
the final product concentration. Here, a test for the
desired application is more meaningful. However, in
order to improve the overall activity of a ThDP-de-
pendent enzyme, priority should be given to testing
DMSO. For five reactions, we found an improvement
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in performance (L/KdcA: acetoin from 2.3 mM in
buffer to 25.4 mM, ApPDCE469G: acetoin from
0.7mM to 1.1 mM, PpBFDH281A: benzoin from
25mM to 3.4mM, PfBAL: HPP from 3.6 mM to
8.1 mM, ApPDC: PAC from 1.4 mM to 2.6 mM) in
mixed carboligation reactions.

Conclusions

Taking together, the chemical nature of the organic
solvent and its concentration has a crucial impact on
the enzymatic reaction. Our data show that this effect
cannot fully be generalized although we work within
an enzyme family with very similar structures and
mechanisms. An organic cosolvent as solubility en-
hancer for hardly soluble compounds should not be
used, until the influence of this cosolvent on the
enzyme behaviour has been examined.

Outlook

To verify the hypothesis that the organic solvents
bind specifically to the active site and especially to
the S-pocket of the ThDP-dependent enzyme
ApPDCE469G, molecular modelling studies are cur-
rently being conducted. In this way, we try to identify
potential binding sites for the solvents in the active
site or on the surface of the enzyme. In addition, the
flexibility of the ThDP-dependent enzymes in water-
miscible organic solvents will be studied further.

Experimental Section

Enzymes

All enzymes were purified by Ni-chelate chromatography as
described elsewhere (PfBAL,!* PpBFD,*! PpBFDH281A:
purified as PpBFD, LIKdcA,"™ ApPDC/ApPDCE469G!)
and used as lyophilizates.

Reactions

All reactions were performed at an 800-pL scale. The sub-
strates benzaldehyde (18 mM final concentration) and acet-
aldehyde [18 mM (ApPDC, ApPDCE469G, PfBAL)/
180 mM (LIKdcA, PpBFD, PpBFDH281A) final concentra-
tion] were dissolved in triethanolamine buffer [50 mM,
0.1 mM ThDP, 2.5 mM MgSO,, pH7.5 (for all enzymes
except PfBAL) or pH&80 (for PfBAL)]. 0.02 mg/mL
(PfBAL)/0.1 mg/mL (for all other enzymes) was used. If the
productivity was so low that the stereoselectivity could not
be determined reliably, the approach was repeated with
0.4 mg/mL enzyme. The catalyst was dissolved in buffer and
finally added to the reaction mixture. Reactions were per-
formed in a thermomixer (Eppendorff, Germany) for 24 h
at 20°C.
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The reactions were performed in 1-4 replicates. The error
bars are given in the plots in the Supporting Information.

Reaction batches containing organic cosolvents were pre-
pared as described above, but the volume of the buffer was
reduced according to the volume of the respective solvent.

Sample Preparation and Analysis

Achiral HPLC: 200 pL of the sample were mixed with an
equal amount of acetonitrile (v/v) containing 2-methoxy-
benzaldehyde as internal injection standard. Achiral HPLC
analysis was performed with a Dionex P680 HPLC pump
connected to an ASI-100 automated sample injector and
a Dionex UVD170U detector. A LiChrosphere 100 RP-8
(5 um) Hibar 250-4 (Merck KGaA, Germany) column was
operated with a flow of 1 mLmin™', an injection volume of
20 uL and a temperature of 25°C. The mobile phase was
a mixture of 25-60% acetonitrile (ACN) and water (min 0-
12: 25% ACN, min 12-13: gradient 25%-60% ACN, min
13-20: 60% ACN, min 20-23: gradient 60%—-25% ACN, min
23-25: 25% ACN). The products of the reaction mixture
were detected at 200 nm (PAC) and 250 nm (HPP, benzoin,
benzaldehyde) with the following typical retention times:
PAC: 11.2 min, HPP: 13.6 min, benzaldehyde: 21 min, ben-
zoin: 23.6 min. (For the detection of acetoin chiral GC was
applied). The system was calibrated by at least three inde-
pendent series of measurements until the standard deviation
of the calibrations to each other was smaller than 10%.
Benzaldehyde and benzoin are commercially available
(Sigma Aldrich, Steinheim, Germany), while PAC and HPP
were synthesized as described elsewhere.”!

Chiral HPLC: 200 uL of the sample were mixed with an
equal amount of an n-heptane:iProp [75:25 (v/v)] mixture.
After extraction 20 pL of the organic phase was injected.
Chiral analysis was performed on an HPLC system with
a Gynkotek high-precision pump model 480, a Dionex
GINA 50 autosampler, a Dionex UVD170U detector and
a Gynkotek Degasys DG 1310. The column Chiralpak IC,
4.6 mmx250 mmL, 5pm (Daicel Chemical IND., LTD,
France) was operated with a flow of 0.5 mLmin™' using an
iProp:n-heptane mixture (25:75) at 25°C. The compounds
were detected at a wavelength of 210 nm (PAC) and 250 nm
(HPP, benzoin, benzaldehyde) with the following typical re-
tention times: benzaldehyde: 11.3 min, PAC: 12.5 (R) 13.1
(S), HPP: 14.2 (R) 15.6 (S), BZ: 16.8 (R) 17.8 (S).

Chiral gas GC: For the determination of acetoin, 200 pL
of the sample were mixed with an equal amount of EtOAc,
including the injection standard decane and centrifuged.
1 uL of the organic phase was injected. Acetoin production
was monitored on an Agilent Technologies 6§890N Network
GC system equipped with an FS-Cyclodex beta-I/P column.
Heating of the oven: 75°C (5.3 min), 10°Cmin* to 180°C
(maintained for 3 min). Typical retention times: acetoin:
53 min (R) and 5.6 min (S). The analytical systems were
calibrated with three independent samples of racemic ace-
toin (Sigma Aldrich, Steinheim, Germany). The standard
deviation of the different calibrations to each other was
4.6%.
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Organic Solvents

The organic solvents used including the applied concentra-
tion range, their logP values and solvent excluded volume
are listed in Table 1.
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