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Structural and Mutagenesis Studies of the Thiamine-
Dependent, Ketone-Accepting YerE from Pseudomonas

protegens
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Michael Richter,“ ¥ Alexander Fries,””’ Martina Pohl,”™ Gunter Schneider,®

Doreen Dobritzsch,*™ and Michael Muller*?

A wide range of thiamine diphosphate (ThDP)-dependent en-
zymes catalyze the benzoin-type carboligation of pyruvate
with aldehydes. A few ThDP-dependent enzymes, such as YerE
from Yersinia pseudotuberculosis (YpYerE), are known to accept
ketones as acceptor substrates. Catalysis by YpYerE gives
access to chiral tertiary alcohols, a group of products difficult
to obtain in an enantioenriched form by other means. Hence,
knowledge of the three-dimensional structure of the enzyme is
crucial to identify structure-activity relationships. However,

Introduction

YerE from Yersinia pseudotuberculosis (YpYerE) was the first-
characterized biocatalyst for thiamine diphosphate (ThDP)-de-
pendent aldehyde—ketone cross-coupling.l"? YpYerE is involved
in the biosynthesis of the branched-chain sugar yersiniose A,
which is part of the O-antigen of the host and other bacte-
ria.® The physiologically catalyzed reaction is the transfer of
an activated acetaldehyde, generated by decarboxylation of
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YpYerE has yet to be crystallized, despite several attempts.
Herein, we show that a homologue of YpYerE, namely, PpYerE
from Pseudomonas protegens (59% amino acid identity), dis-
plays similar catalytic activity: benzaldehyde and its derivatives
as well as ketones are converted into chiral 2-hydroxy ketones
by using pyruvate as a donor. To enable comparison of alde-
hyde- and ketone-accepting enzymes and to guide site-direct-
ed mutagenesis studies, PpYerE was crystallized and its struc-
ture was determined to a resolution of 1.55 A.

pyruvate, to a 3,6-dideoxy-4-keto sugar.™ In addition to pyru-
vate, YpYerE accepts 2-oxobutyrate and acetaldehyde as
donors and a broad range of different acceptor substrates with
moderate to high enantioselectivity.”’

In addition to YpYerE, other ThDP-dependent enzymes are
able to accept ketones. Acetohydroxy acid synthases (AHASs)
are a large group of ThDP-dependent enzymes that are dis-
tantly related to YerE. Physiologically, they catalyze the synthe-
sis of acetolactate and acetohydroxy acids.*' AHASs accept -
keto acids but are not known to accept nonactivated ketones.

The enzyme acetoin:dichlorophenolindophenol oxidoreduc-
tase (Ao:DCPIP OR) from Bacillus licheniformis [also named ace-
tylacetoin synthase (AAS)*®”] is able to activate and transfer
2-hydroxy ketones, for example, acetoin and methylacetoin, as
well as 1,2-diketones of different chain lengths (C, and G;).
Moreover, as with YpYerE, esters of pyruvate can act as accept-
or substrates. Compared to YpYerE, Ao:DCPIP OR affords the
same enantioselectivity for the addition of acetaldehyde to cy-
clohexane-1,2-dione but opposite enantiomers with aromatic
acceptor substrates.”) Recently, Giovannini et al. reported the
highly enantioselective synthesis of (S)-phenylacetylcarbinol
[(S)-PAC] and its derivatives in good yields by the wild-type
Ao:DCPIP OR using methylacetoin as a donor substrate.””
Before that, the synthesis of (S)-PAC was achieved only by ra-
tionally designed variants of R-selective enzymes.”

The related enzyme AcoAB from Bacillus subtilis plays a key
role in the biodegradation of methylacetoin. Metabolic engi-
neering proved its ability to generate an activated acetalde-
hyde from pyruvate or acetoin that is transferred to acetone,
generating methylacetoin."” The range of donor and acceptor

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-2375-334X
http://orcid.org/0000-0003-2375-334X
http://orcid.org/0000-0003-2375-334X
http://orcid.org/0000-0001-9935-5183
http://orcid.org/0000-0001-9935-5183
http://orcid.org/0000-0002-1822-6513
http://orcid.org/0000-0002-1822-6513
http://orcid.org/0000-0002-2742-4992
http://orcid.org/0000-0002-2742-4992
https://doi.org/10.1002/cbic.201800325

\\;* ChemPu bSoc

ok

substrates and reactivities is rarely comparable with those of
YpYerE.

ThDP-dependent cyclohexane-1,2-dione hydrolase (CDH)
from Azoarcus sp. strain 22Lin, similar to loID from different or-
ganisms, might play a role in the catabolism of cyclitols and
inositols. CDH catalyzes the cleavage of C—C bonds and can
catalyze the reverse reaction. The double variant CDH-H28A/
N484A was rationally created to accept ketones as acceptor
substrates; this variant shares an overlapping substrate range
with YpYerE. Two notable donor substrates accepted by the
double variant are methyl pyruvate and butane-2,3-dione. This
reactivity is similar to that of the enzymes from acetoin metab-
OIiSm.[”'n]

Despite its fundamental biocatalytic and biosynthetic signifi-
cance, YpYerE has not been structurally characterized as of yet,
although numerous attempts to obtain crystals have been
made. Within this paper, we present our efforts to gain deeper
insight into the catalysis of ketone-accepting, ThDP-dependent
enzymes by identifying an enzyme homologous to YpYerE,
PpYerE from Pseudomonas protegens, for which we were able
to obtain crystals suitable for X-ray structure elucidation; this
enzyme shows homology to YpYerE in terms of the associated
biosynthetic gene cluster and the reactions catalyzed.

Results and Discussion

We identified the putative enzyme PpYerE by BLAST analysis
using the protein sequence of YpYerE. Both proteins are nearly
equal in length with 568 and 565 amino acids, respectively, of
which 336 are identical (59.3%)."® The biosynthetic gene clus-
ters for the synthesis of yersiniose A and ascarylose were ana-
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lyzed and compared with the putative biosynthetic gene clus-
ter containing the pp-yerE gene on the genetic level."' Ascar-
ylose is a 3,6-dideoxysugar included in the O-antigen of differ-
ent Y. pseudotuberculosis strains.

Chen et al. identified four homologous genes in the biosyn-
thetic gene clusters of yersiniose A and ascarylose."” Those
genes (ddhA-D) encode four enzymes that catalyze the conver-
sion of a-b-glucose 1-phosphate (1) into CDP-4-keto-3,6-di-
deoxy-b-glucose (2), namely, a-b-glucose-1-phosphate cyti-
dylyltransferase (E,), CDP-p-glucose-4,6-dehydratase (E,q), CDP-
6-deoxy-L-threo-p-glycero-4-hexulose-3-dehydratase  (E,), and
CDP-6-deoxy-L-threo-p-glycero-4-hexulose-3-dehydratase reduc-
tase (E;) (Figure 1A)."™ Four similar genes are also part of a ho-
mologous biosynthetic gene cluster of P. protegens and, more-
over, are arranged in the same order. Comparison of each
translated protein gives amino-acid sequence identities of 40—
80% compared to the proteins from the yersiniose A biosyn-
thetic gene cluster (Figure 1B). From this observation, we con-
clude that the substrate biosynthetically converted by PpYerE
is likely CDP-4-keto-3,6-dideoxy-p-glucose (2) or a related keto
sugar.

In the biosynthesis of CDP-yersiniose A (4), the coupling of
CDP-4-keto-3,6-dideoxy-bp-glucose (2) and the ThDP-bound ac-
tivated acetaldehyde is followed by reduction of ketone 3."
Chen et al. postulated that YpYerF, an NAD(P)H-dependent re-
ductase, catalyzes this reaction.! A gene (pp-yerF) with moder-
ate identity to yp-yerF (37 %) was found. The gene product, an-
notated as an epimerase, was named PpYerF. Further in silico
investigation has not given conclusive proof of its function.
Nevertheless, the low sequence homology to ascE (25%), the
epimerase from the ascarylose biosynthetic gene cluster, is

OCDP
2

g | [ | ddh

Yersiniose A

[a] 43.3% 79.4% 61.5%

—{ - "ddhD - — ddhA - >— ddhB- >— -
|

biosynthetic gene cluster from Pseudomonas protegens

Figure 1. A) Biosynthesis of cytidine diphosphate (CDP)-yersiniose A (4) according to Chen et al. B) Schematic representation of the biosynthetic gene cluster
of ascarylose and yersiniose A compared to a section of the cluster harboring PpYerE. [a] Percentage of identity between translated genes of Y. pseudotubercu-

losis O:VI and P. protegens.
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noteworthy. "> We found four open reading frames in the
biosynthetic gene cluster harboring the pp-yerE gene that pos-
sibly code for glycosyltransferases; however, none of them
showed any homology to YerG. Another open reading frame
encodes conserved domains that are common in acyltransfer-
ases.

Regrettably, the structure of the physiological donor sub-
strate could not be directly deduced from sequence analysis of
the biosynthetic gene cluster. We did not find any genes en-
coding enzymes that might play a role in the synthesis of a
donor substrate other than pyruvate, for example, an aldolase
that chain elongates pyruvate. As pyruvate was a good donor
in the in vitro assays (see below) and is ubiquitous in the cell,
we propose that pyruvate is the physiological donor substrate
of PpYerkE.

To gain deeper insight into the catalytic mechanism of
ketone-accepting ThDP-dependent enzymes, we investigated
whether PpYerE could substitute YpYerE in several of the reac-
tions known to be catalyzed by the latter, with pyruvate or
acetaldehyde being used as the donor substrate.

Formation of phenylacetylcarbinol (PAC, 7)

The synthesis of PAC and derivatives thereof from benz-
aldehydes 5 and pyruvate (6) can be performed by using well-
known reactions catalyzed by many ThDP-dependent en-
zymes."® Benzaldehydes 5a-f were accepted and nearly quan-
titatively converted into the R enantiomer of PAC and respec-
tive derivatives 7 a-f by PpYerE as well as YpYerE (Table 1). For
the studied conversions, the enantioselectivity of PpYerE was
significantly lower, except for the reaction of 3-hydroxybenzal-
dehyde (5f) with 6 (Table 1). However, we observed a steady
decrease in the enantiomeric excess (ee) in the products over
time. We also observed a decrease of the ee of previously puri-
fied (R)-PAC (7 a; without enzyme) after 1, 3, and 24 h in buffer
from >99 to 98, and 94 % ee, respectively.

Table 1. Enzymatic synthesis of PAC and derivatives 7 a-f by PpYerE and
YpYerE.®!

R ? R' OH
2 e} N 2
R + )J\ CO+2 R 0
co, *H o
5a-f 6 Ta—f
a b 4 d e f

R, R? H, H FH C,H Br, H I, H H, OH
PpYerE

ee [%] (24 h) 84 76 74 74 68 75
conversion [%)] (48 h) 96 97 98 29 >99 >99
YpYerE

ee [%] (24 h) 97 94 94 94 80 61
conversion [%)] (48 h) 82 98 97 97 95 88

[a] Conditions: benzaldehyde or derivative 5a-f (20 mwm), pyruvate (6,
50 mm), PpYerE [1.0 mgmL~" (Bradford)], YpYerE (crude extract), 20-30%
DMSO, KP; buffer (50 mm, pH 8.0, containing 3 mm MgCl,, 0.5 mm ThDP),
30°C. Conversion was determined by GC-MS analysis; ee was determined
by chiral-phase HPLC.
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Formation of acetolactate and acetoin

Incubation of PpYerE with pyruvate (6) as the sole substrate
yielded nearly racemic acetoin. Experiments with [2-"*C]-6
showed the enzymatic synthesis of acetolactate, followed by a
probably non-enzymatic decarboxylation. This is in line with
the (low) enantioselectivity observed for the enzymatic reac-
tion of two molecules of acetaldehyde [(S)-acetoin, 26% ee]
and of pyruvate (6) and acetaldehyde [(S)-acetoin, 21 % ee].

For YpYerE, the formation of both products of the homo-
coupling of pyruvate (6), acetolactate, and acetoin was also
shown. The "H NMR spectroscopy data (in D,0) indicated the
quantitative synthesis of acetolactate, and we also identified
small amounts of acetoin. After extraction with ethyl acetate,
only the decarboxylation product acetoin (< 5% ee) was identi-
fied, which was probably due to the low solubility of aceto-
lactate in ethyl acetate. Hence, the mechanism for acetolactate
formation followed by non-enzymatic decarboxylation to yield
nearly racemic acetoin is assumed to be the same for both en-
zymes.

Cross-coupling of aldehydes and (di)ketones

For the synthesis of tertiary alcohols, different cyclic and acyclic
ketones were studied, and most of them were known sub-
strates of YpYerE (for all tested ketones, see Table S3 in the
Supporting Information). Pyruvate (6) was used as a donor
substrate.

The selectivities for cyclic ketones differed between PpYerE
and YpYerE: the conversion of cyclohexanone (8) was lower
with PpYerE than with YpYerE, whereas cyclopentanone and cy-
cloheptanone were not accepted at all. Both YpYerE and
PpYerE did not accept cyclooctanone or o-tetralone [3,4-dihy-
dro-1(2H)-naphthalenone]. Cyclohexane-1,2-dione (9) was a
substrate of PpYerE, but a low conversion (5%) was observed
even after variation of the substrate ratios. -Tetralone [3,4-di-
hydro-2(1H)-naphthalenone, 10] was converted by PpYerE to
give 37% of tertiary alcohol 14 with 48% ee. In the analogous
transformation by YpYerE, the conversion was higher (75%),
yet the enantioselectivity was lower (9% ee). Hexane-3,4-dione
(18) was converted by PpYerE, but the yield was lower (Table 2)
than that given by YpYerE. In this case, both products showed
the same absolute S stereochemistry with an inverse specific
optical rotation relative to the product obtained by Ao:DCPIP
OR catalysis.”) The conversion and enantioselectivity with 1-
phenoxypropan-2-one (11) were lower with PpYerE catalysis
than with YpYerE catalysis (Scheme 1, Table S3).

In summary, YpYerE and PpYerE exhibit high amino acid se-
quence identity, are located in homologous biosynthetic gene
clusters, and, in general, behave similarly with respect to sub-
strate range and stereoselectivity in biocatalytic C—C bond for-
mation. Most probably, these enzymes are homologues and
are involved in the biosynthesis of yersiniose or a structurally
related derivative. Hence, we set out to elucidate the struc-
tures of both enzymes but obtained crystals only of PpYerE.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Enantioselectivity of PpYerE variants for the carboligation of pyruvate (6) with benzaldehyde (5a), propanal (16), n-pentanal (17), and 3,4-hexan-

dione (18).”!
o} o) co,
R1JJ\R2 + )J\CO_Z —%» product
5a, 16-18 6
Product R, R? PpYerE PpYerE V479A PpYerE V479G
ee [%] Conv. [%] ee [%)] Conv. [%] ee [%] Conv. [%]
OH
©)\n/ Ph, H >99 (R) 29 95 (R) 88 >99 (R) 97
O
7a
(0]
/\)k Et, H 40 (5) nd. 57 (5) nd. 55 (R) nd.
OH
19
(e}
WJ\ nBu, H 16 (R) 98 31(9) 30 29 (R) 14
OH
20
(6]
\féé\ﬁ EtCO, Et 19® n.d. —27" n.d. —4® nd.
(@]
21

[a] Conditions: acceptor substrate (20-50 mm), pyruvate (6, 50 mm), PpYerE variant (1.0 mgmL™"), 30°C. Conversions were determined after 1 h by HPLC
for aromatic products and by GC-MS for aliphatic products; ee values were determined after 1 h by chiral-phase HPLC or chiral-phase GC-MS analysis;
n.d.: not determined. [b] For reactions with hexane-3,4-dione (18), the ee value was measured after 24 h.

Structure determination and quality of the models

Crystals of N-terminally His-tagged, full-length PpYerE (2x588
amino acids, 129.7 kDa) were grown in the presence of 3 mm
MgCl, and 1 mm ThDP by using PEG-4000 as a precipitant.
They diffract to 1.55 A resolution, belong to space group P2,,
and contain two polypeptide chains (one homodimer) per
asymmetric unit. With the unit-cell dimension a being equal in
length to ¢, these crystals fulfill one of the possible sets of re-
quirements that allow twinning in the P2, space group, and
twinning was indeed observed. Structure determination was
achieved by molecular replacement by using a subunit of Ara-
bidopsis thaliana AHAS (PDB ID: 1YBH, 32% sequence identity)
as a search model.

The final model was refined to R/Rqe. values of 15.1%/
17.4% and has excellent stereochemistry (Table S1). It contains
one flavin adenine dinucleotide (FAD), one ThDP, and one
magnesium ion per chain and a total of 878 water molecules.
The observed electron density is well defined for all cofactors
and almost the entire polypeptide chain, with the exception of
an approximately ten-residue stretch that links the first two
domains in both subunits (A183-192, B182-194) and parts of a
loop and helix located at the entrance to the active site in
chain B (B483-491). The N-terminal His tags, as well as the
three C-terminal residues of chain A, are not visible in the elec-
tron-density map.

ChemBioChem 2018, 19, 1-11 www.chembiochem.org

Overall structure

The structures of the two crystallographically independent
monomers per asymmetric unit are essentially identical, with a
root-mean-square deviation (RMSD) for the corresponding C,
positions of 0.22 A. The fold of the PpYerE subunit closely re-
sembles that of other ThDP-dependent enzymes. It is divided
into three domains called Pyr or a domain (1-182), central or §
domain (193-363), and PP or y domain (364-568). All have an
o/p-architecture comprising a central six-stranded, parallel
P sheet with several helices packed against both sides
(Figure 2).

PpYerE is a homodimer in the crystalline state and in solu-
tion (Figure 2A), a feature it shares with, for example, trans-
ketolase but not the majority of known ThDP-dependent en-
zymes, which instead are homotetramers assembled from two
such dimers. The mode of dimer assembly is shared by all
ThDP-dependent enzymes and is also conserved in PpYerE; the
interface is formed between the respective Pyr and PP do-
mains of the two monomers. It buries approximately 3400 A2
(15.8%) of the solvent-accessible surface area of each mono-
mer and involves the formation of 57 hydrogen bonds and
two salt bridges.

The closest structural homologue to PpYerE is, according to
the criteria used by PDBeFOLD, the Pseudomonas fluorescens
benzaldehyde lyase (BAL; PDB entry 2ag0, 25.3% sequence
identity), which shows a Q-score of 0.60 and a RMSD of 1.8 A
for 501 aligned C, atoms. BAL is a homotetrameric enzyme
that does not bind FAD. Accordingly, the largest structural de-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0 YerE OH
+ )]\ - »
CO, ., y*
-CO,
8 6 12
YpYerE: 78 %
PpYerE: 16 %
o O
(0]
i )]\ _ YerE OH
o CO;  +h*
-CO, (¢}
9 6 13
YpYerE: 32 % (22 %)
PpYerE: 5 %@ (n.d.)
o O
" )Ol\ YerE OH
= >
CO, +H*
-CO,
10 6 14
YpYerE: 75 % (9 %)
PpYerE: 37 % (48 %)
a (e}
o YerE OH
+ )]\ - —
o COz  +hr
-Co, o]
1" 6 15

YpYerE: 45 % (91 %)
PpYerE: 10 % (81 %)

Scheme 1. Ketone substrates 8-11 and products 12-15 of PpYerE-catalyzed
transformations. Conditions: ketone 8-11 (20 mm), pyruvate (6, 50 mm),
PpYerE (1 mgmL™"), KP; buffer (50 mm, pH 8.0, containing 3 mm MgCl,,

0.5 mm ThDP), 20% DMSO [only added for assays with -tetralone (10) and
1-phenoxypropan-2-one (11)], total volume 1.5 mL;* cyclohexane-1,2-dione
(9, 100 mm), pyruvate (6, 20 mm). Conversions [%] were determined after
24 h by GC-MS analysis; ee values [%] (in brackets) were determined by
chiral-phase HPLC analysis (n.d.: not determined). Results for YpYerE were
published by Lehwald et al. and added for comparison.”

central (B)

Figure 2. Overall structure of PpYerE. A) The PpYerE dimer. Both subunits are
shown in cartoon representation, with subunit A colored cream, and subu-
nit B colored in different shades of green for the three distinct domains (Pyr,
forest green; central, mid-green; PP, lime green) and covered by a corre-
spondingly colored semitransparent surface. The cofactors are shown as
sticks, with ThDP in red and dark blue and FAD in pink and cyan for subunits
A and B, respectively. B) The PpYerE subunit in cartoon representation. The
three distinct domains are labeled and colored differently. ThDP and FAD
are shown as sticks in brown and hot pink, respectively. The magnesium ion
is shown as a black sphere, and the metal-coordinating water molecule is
shown as a red sphere. Amino acids connecting the Pyr and central domains
are not resolved in electron density.

viations are observed in the central FAD-binding domain and
regions involved in subunit interface formation. The DALI

ChemBioChem 2018, 19, 1-11
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server identifies the homotetrameric A. thaliana AHAS, the
search model used in molecular replacement, as the closest
structural homologue, with a Z-score of 43.4 (PDB ID: RMSD =
2.2 A for 539 aligned C, positions).

ThDP binding

Binding of the ThDP cofactor is mediated by the Pyr and PP
domains, with residues of the former surrounding the pyrimi-
dine ring, whereas the diphosphate is, primarily via an Mg*"
ion, anchored in the PP domain of the other subunit, which re-
sults in binding of two ThDP molecules per homodimer. The
two hydrogen bonds between the protein and the ThDP py-
rimidine ring, formed by E48 to the N1’ atom and by G420 to
the N4’ atom, are crucial for catalytic activity. They are con-
served in almost all ThDP-dependent enzymes and are known
to induce the 1’,4-imino tautomer™ and to orient the 4-imino
group, which facilitates deprotonation of the thiazolium C2
atom to a carbanion as the first step in the reaction cycle. In
PpYerE, M422 is the hydrophobic residue that stabilizes the
canonical V conformation of the ThDP.

For the present structure of PpYerE, additional electron den-
sity was observed to extend from the thiazolium ring of ThDP,
and this is indicative of covalent attachment of an unknown
moiety, possibly an oxygen atom (Figure 3). Thiazolone deriva-
tives of ThDP have also been observed in other crystal struc-
tures of ThDP-dependent enzymes and are likely a result of ex-
posure to intense X-ray radiation during data collection.!'”

Figure 3. ThDP modification observed in the crystal structure of PpYerE. Ste-
reoview of the final 2F,—F. map contoured at 10 (blue) and the final Ff,—F,
map contoured at +3 o (green) and —3 o (red) around ThDP. Both maps in-
dicate modification of the cofactor at the C2 position.

FAD binding

FAD is located in a deep crevice at the interface between all
three domains, with most of the enzyme residues involved in
its binding originating from the central domain, which is,
therefore, also termed the FAD-binding domain. The surface of
this crevice is covered by an approximately 20-residue seg-
ment inserted between B4 strand and a5 helix of the Pyr
domain that protrudes from the second subunit in the dimer.
It largely sequesters what would otherwise be the more ex-
posed face of the flavin cofactor from the surrounding solvent.
FAD is bound in an extended conformation with the flavin ring
placed near the thiazolium ring of ThDP; this is basically identi-
cal to the conformation observed in the crystal structures of
other flavin-containing ThDP-dependent enzymes."® All resi-
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dues located within van der Waals distance to the FAD are
shown in Figure S3.

As for ScAHAS, no catalytic function for FAD has been dis-
cerned, as no electron transfer to or from FAD is required for
the catalyzed carboligation reaction. The hypothesis of FAD
being an evolutionary relict from POX-like ancestors formulat-
ed for AHAS by Chang and Cronan may thus also apply to FAD
binding by PpYerE."”

The substrate-binding site

The active site can be accessed by substrates through a rela-
tively narrow tunnel, the walls of which are formed by residues
from the PP- and FAD-binding domains of one subunit and the
Pyr domain of the other subunit. The catalytically crucial C2
and N4’ atoms of ThDP and the C7 methyl group of FAD are
thereby the most solvent exposed. Part of helix 022 and the
following loop that contribute to formation of the active-site
entrance are disordered in the B subunit, which does, however,
not affect the regions of the active site nearest to the cofactors
(Figure 4). It is feasible that partial disorder of this residue
stretch is indicative of mobility with functional importance, for
example, in terms of facilitating exchange of products by sub-

A)
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strates after the reaction has occurred and closing off the
active site during catalysis or of adjusting active-site dimen-
sions to the sizes and shapes of different acceptor substrates,
especially as the corresponding residue stretch in the crystal
structure of SCAHAS is also partially disordered.

In the immediate vicinity of the cofactors, the active site of
PpYerE is highly similar to that of AtAHAS (Figure 4). From the
residues forming this part of the cavity, all but L22" and 123’
are conserved at (almost) the same positions in the two en-
zymes. The degree of sequence conservation is significantly
lower at the outskirts of the substrate-binding cavity towards
the herbicide-binding site identified for plant (and also yeast)
AHAS. Here, the PpYerE residues M26, F482, and Y264 are re-
placed by alanine, tryptophan, and histidine, respectively,
which may indicate differing substrate specificities or inhibition
behavior of both enzymes.

Mutagenesis studies to invert enantioselectivity

PpYerE catalyzes the formation of (R)-PAC (7 a) with high enan-
tioselectivity (Table 1), and this can be explained by parallel ori-
entation of the side chains of the donor (pyruvate, 6) and ac-
ceptor (benzaldehyde, 5a) prior to C—C bond formation.”" In

ThDP
Q119° G24'+G25°+M26’/A

Figure 4. Comparison of PpYerE with AtAHAS (PDB ID: 1Y10).?% A) Stereoview of the superimposed subunits of PpYerE (green) and AtAHAS (gray) in cartoon
representation. ThDP and FAD bound to PpYerE are shown as sticks in brown and pink, respectively. The sulfonylurea-type inhibitor bound to the AtAHAS
crystal structure selected for the superimposition is shown as sticks in blue, and the ThDP derivative and FAD are shown as black sticks. B) Stereoview of the
superimposed PpYerE and AtAHAS substrate-binding sites. The substrate- and cofactor-binding cavity of PpYerE is outlined by a semitransparent surface, and
all PpYerE residues forming its walls near the substrate-binding site are shown with carbon atoms in yellow if derived from subunit A and in green if belong-
ing to subunit B. ThDP and FAD are depicted with carbon atoms in cyan. Helix 22 is shown as a cartoon, with the residue stretch not resolved in electron den-
sity in one of the subunits indicated in red. The corresponding AtAHAS secondary structure element is shown in white, and cofactors and amino-acid residues
with carbon atoms are shown in white. The labels indicate the PpYerE residue, with the residue type of the corresponding AtAHAS residue given after a slash
only if it is not conserved.
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many ThDP-dependent decarboxylases, a potential antiparallel
acceptor-binding pocket (also referred to as the “S-pocket”)
has been found that is blocked by amino-acid side chains.??
The pocket can be opened by a few amino-acid exchanges, en-
abling antiparallel orientation of substrate side chains, which is
a prerequisite for S selectivity. This concept was successfully
applied to the R-selective pyruvate decarboxylase from Aceto-
bacter pasteurianus (ApPDC) as well as 2-succinyl-5-enolpyruv-
yl-6-hydroxy-3-cyclohexene-1-carboxylate synthase from both
Escherichia coli and B. subtilis (EcMenD, BsMenD) to yield S-se-
lective variants.'>2¥

In PpYerE, the S-pocket is defined by L22, 123, G24, G25,
L476, and V479 (see Figure S2A). V479 is located at the stan-
dard position 477 (according to the standard numbering
scheme for ThDP-dependent decarboxylases of the BioCatNet
database system), which was found to be decisive for the in-
version of enantioselectivity of ApPDC, EcMenD, and
BsMenD.” In PpYerE, the size of the S-pocket is restricted by
the backbone of helix 22 that is shifted by about 2 A into the
area of the potential pocket compared to ApPDC. Modeling of
benzaldehyde (5a) into a pocket that was opened by ex-
change of V479 to alanine and glycine, respectively, indicated
that the available space was not sufficient for antiparallel bind-
ing of 5a, as it clashed with the a-helix (Figure S2B). This was
confirmed by experimental results in which the ee value of (R)-
PAC (7a) was not altered for the variant V479G and was only
slightly reduced for variant V479A (Table 2). Consequently,
propanal (16) and n-pentanal (17) were tested as smaller, ali-
phatic acceptors. The respective products, 3-hydroxypentan-2-
one (19) and 3-hydroxyheptan-2-one (20), are nature-identical
flavor ingredients used for aroma production.”® The absolute
configuration was determined by circular dichroism (CD) spec-
troscopy, in accordance with the spectrum of (R)-19 recorded
by Vinogradov et al. (Figure S3).*”

With respect to the product 3-hydroxypentan-2-one (19),
wild-type PpYerE catalyzed the formation of the S enantiomer
with 40% ee, which could be further increased to 57% ee by
the mutation V479A. Variation V479G, on the other hand, in-
verted the enantioselectivity to an excess of the R enantiomer
(55% ee; Table 2). For product 3-hydroxyheptan-2-one (20),
wild-type PpYerE gave a low excess (16 %) of the R enantiomer.
Again, mutation V479A increased the relative amount of the S
enantiomer (31% ee), whereas mutation V479G increased the
relative amount of the R enantiomer (29% ee; Table 2). Wild-
type PpYerE showed a high n-pentanal (17) conversion of 98 %
within 1 h. The conversions with variants V479A and V479G
were reduced to 30 and 14 %, respectively, indicating lower en-
zymatic activity and/or stability of the variants.

From the acceptor ketones described above, hexane-3,4-
dione (18) was selected for further investigations with the
PpYerE variants, as it is less sterically demanding than benz-
aldehyde (5a) and, therefore, could theoretically fit into the
engineered acceptor-binding pocket. Owing to the nomencla-
ture based on the CIP priority rules, parallel orientation of the
donor side chain and the longer acceptor side chain of 18
(—COCH,CH;) before C—C bond formation results in the forma-
tion of the S enantiomer. It was thus expected that opening of
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the S-pocket would increase the formation of the R enantiomer
of 3-hydroxy-3-ethylhexane-2,4-dione (21). Wild-type PpYerE
showed low enantioselectivity, which was inverted for variant
V479A; ee values for both conversions were below 30%. Var-
iant V479G gave almost racemic 21.

Even though high enantioselectivities could not be ob-
tained, variant V479A showed a shift in the enantioselectivity
towards increased formation of the S product in all reactions.
This indicates that the pocket concept is generally applicable,
although a high percentage of the acceptor substrate still
binds in parallel orientation. The enantioselectivity of the var-
iants could probably be increased by destabilization of the par-
allel orientation, as described by Westphal et al.?”

Interestingly, for variant V479G the enantioselectivity was
shifted towards the R product if propanal (16) and n-pentanal
(17) were used as acceptor substrates, even though more
space should be available within the alternative acceptor-bind-
ing pocket. This might be due to an accumulation of glycine
residues, as glycine is also found in positions 477 and 481 in
helix 022 as well as in positions 24 and 25, which line the po-
tential pocket (Figure S2A). It can be assumed that introduc-
tion of another glycine destabilizes the secondary structure
and leads to disintegration of the S pocket.

As exchange of V479 by alanine and glycine did not result in
effective opening of the S pocket in PpYerE, other amino acids
lining the pocket were exchanged to smaller residues, but this
was also not successful, as tested for products 3-hydroxy-
pentan-2-one (19) and 3-hydroxyheptan-2-one (20). Replace-
ment of L476 by alanine and glycine yielded inactive variants.
Exchange of 123 by alanine and glycine did not have a signifi-
cant impact on the ee of 19 and increased the formation of
the R enantiomer for 20.

Conclusion

Although many ThDP-dependent enzymes catalyze carboliga-
tion reactions of pyruvate as a donor with aldehydes as ac-
ceptors, only few ThDP-dependent enzymes, such as YpYerE
and PpYerE (59% amino acid identity), utilize ketones to form
tertiary alcohols. The numerous attempts to crystallize YpYerE
have not been successful; nevertheless, we were able to crys-
tallize PpYerE and determine its structure to 1.55 A resolution.
PpYerE displayed catalytic activity similar to that shown by
YpYerk, that is, benzaldehyde and its derivatives in addition to
cyclic and acyclic ketones and 1,2-diketones as acceptors and
pyruvate as a donor were converted into the respective sec-
ondary and tertiary 2-hydroxy ketones. In the frame of site-di-
rected mutagenesis studies, the S-pocket concept could also
be applied to PpYerE but was limited for larger acceptor sub-
strates owing to the structurally restricted size of the pocket.

Detailed structural and catalytic characterization of PpYerE
and comparison with homologous YpYerE showed that both
enzymes share the same amino-acid residues in their active
sites, have very similar substrate ranges, and are encoded by
genes that are located in highly similar biosynthetic gene clus-
ters. Hence, our results pave the way for the identification of
putatively related enzymes that should also be able to accept
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ketones as substrates. Moreover, rational modification of ThDP-
dependent decarboxylases and related enzymes resulting in
ketone-accepting enzymes, as previously shown by Loschonsky
et al" for the variant CDH-H28A/N484A, could enlarge the
product range towards sterically demanding 2-hydroxy ke-
tones.

Experimental Section

Construction of plasmids for gene expression: The gene ilvb (pp-
yerE, UniProtKB accession number Q4K6F7_PSEF5) was amplified
by PCR according to standard protocols from the genomic DNA
isolated from Pseudomonas protegens Pf-5 that was kindly provided
by the Department of Environmental Systems Science ETH (Zurich,
Switzerland). Therefore, the forward primer 5'-AATAA TCATA TGAAA
GCCTC GGATG CAGTA GC-3' introducing an Ndel restriction site
and the reverse primer 5-AATAA TGCGG CCGCT CCATC GTGTC
GGGGT GATTG-3' introducing a Notl restriction site were used (re-
striction sites underlined). The PCR product was then inserted into
the expression vector pET22b(+) through restriction and ligation
steps, which resulted in the plasmid pET22b*Pf-5 that contained
the gene coding for the target protein llvb (PpYerE) with a Hisg tag
attached at the Cterminus. Moreover, to obtain the N-terminally
His¢-tag-carrying protein variant, the gene was further subcloned
into the pET28a(+) expression vector. For this purpose, pET22b*Pf-
5 was used as a template, and the gene was amplified by PCR by
using the forward primer 5-TATAT ATACA TATGA AAGCC TCGGA
TGCAG TAGC-3' and the reverse primer 5-TATAT AGGAT CCTTA
TCCAT CGTGT CGGG-3' harboring Ndel and BamHI restriction sites
(underlined), respectively. This amplified cDNA was inserted into
the vector backbone in a manner similar to that described above
to yield vector pET28b*Pf-5 encoding the target protein llvb
(PpYerE) with an N-terminal His, tag. In-frame cloning and correct-
ness of the sequence of the genes in all vector constructs used for
further experiments were confirmed by DNA sequencing (GATC
Biotech, Germany). For plasmid amplification, E. coli DH5a cells
were used routinely.

Expression of the gene pp-yerE constructs: After transformation
of pET22b*Pf-5 or pET28b*Pf-5 into BL21(DE3) cells, single clones
were used to inoculate 20 mL lysogeny broth (LB) nutrient
medium containing 100 pygmL~" ampicillin or 50 pgmL~" kanamy-
cin, respectively (representative example). These cultures were
grown overnight at 37 °C under agitation (120-180 rpm). After dilu-
tion (1:100) in LB medium, 1 L cultures were cultivated under aero-
bic conditions in baffled flasks at 37°C with agitation (120-
180 rpm) until an optical density (ODgy,) of 0.6 was reached. Then,
isopropyl-p3-p-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.1 mm and expression was performed overnight
at 25°C and 120-180 rpm. Cells were harvested by centrifugation
at 6000g at 4°C for 45-60 min. Lysis of the cells was accomplished
by sonication (duty cycle=50%, control=>5, Sonifier 250, Branson,
Danbury USA) by using 30 s pulses (3x), each with intervals of 30 s
on ice in between (in KP; buffer A: 100 mm, pH 8.0 containing
0.5 mm ThDP, 3 mm MgCl,). Alternatively, cells were lysed by using
CelLytic B Cell Lysis Reagent (Sigma-Aldrich) and incubation for
30-60 min at 200 rpm and 37 °C. Cell debris was removed by cen-
trifugation (6000g at 4°C for 45-60 min). The supernatant was
used for purification of the target protein by immobilized metal-
ion affinity chromatography (IMAC) on an Ni-NTA matrix by using
KP; buffer B (50 mm, pH 8.0 containing 0.5 mm ThDP and 3 mm
MgCl, supplemented with different concentrations of imidazole: 20
and 50 mm for the consecutive washing steps and 300 mm for elu-
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tion of the target protein). The target protein eluate was desalted
by using PD-10 columns (Sephadex G-25M, GE Healthcare) accord-
ing to a protocol of the manufacturer and using KP; buffer A. For
crystallization, target proteins were purified through an additional
step by gel-permeation chromatography. Thus, a Superdex S200
10/300 column was equilibrated overnight with Tris buffer (20 mm,
3 mm MgCl,, 1 mm ThDP, pH 8.0) and a flow rate of 0.3 mLmin™".
After loading the protein sample obtained from the previous IMAC
purification and additional desalting, the flow rate was increased
to 0.5 mLmin~". The target protein appeared as dimers in solution,
and the respective fractions were collected, pooled, and then con-
centrated by using Amicon Ultra centrifugal filter units (30 K) and
Vivaspin 6 centrifugal devices (30 K), each at 3700g for 25 min at
4°C. Purification to homogeneity was confirmed by SDS-PAGE anal-
ysis. Full functionality of the enzymes was demonstrated by mea-
suring activity towards a range of substrates for both the C-termi-
nally and N-terminally Hiss-tagged enzymes.

Site-directed mutagenesis: PpYerE variants were created with a
PCR-based method by using synthetic mutagenic primers and the
KOD Hot Start Polymerase Kit (Novagen). PCR reactions were per-
formed in 50 pL and contained template DNA (3 nguL™'), primer
(0.5 pm), dNTP mix (200 um), MgSO, (1.5 mm), and KOD polymerase
(0.02 UpL™"). The PCR temperature profile was: initial denaturation
at 95°C for 120 s, followed by 18 cycles of denaturation (95 °C for
20 s), annealing (62°C for 30 s), and elongation (72°C for 220 s). A
final elongation step at 72°C for 10 min was added. After the PCR,
reaction samples were purified by using the GeneJET PCR Purifica-
tion Kit (Thermo Scientific) according to the manufacturer’s infor-
mation. Parental DNA was removed by Dpnl digestion on a 20 pL
scale. DNA (<50 nguL™") was incubated with FastDigest Dpnl
(1 pL, Thermo Scientific) at 37°C for 3 h. Subsequently, a sample
(8 uL) was used to transform chemically competent E. coli DH5a
cells (Thermo Scientific) according to a standard protocol. Individu-
al colonies were cultivated in LB medium overnight, and plasmids
were isolated with the QlAprep Spin Miniprep Kit (Qiagen). Gene
sequences were confirmed by DNA sequencing (LGC Genomics,
Berlin).

Biocatalytic transformations: For all carboligation reactions, puri-
fied and lyophilized PpYerE variants were used. The final protein
concentration was adjusted to 1 mgmL~'. The preparations were
incubated at 30°C. Samples were analyzed by chiral-phase HPLC
after dilution in acetonitrile or chiral-phase GC-MS after extraction
with ethyl acetate (Supporting Information). Buffer conditions and
substrate concentrations depended on the respective acceptor
substrate:

Transformations comparing YpYerE and PpYerE (Table 1 and
Scheme 1)

Pyruvate (6)+ benzaldehydes 5a-f: 50 mm Potassium phosphate,
0.5 mm ThDP, 3 mm MgCl,, 50 mm pyruvate (6), 20 mm benzalde-
hyde or derivative 5a-f, YpYerE (crude extract), 20-30% DMSO,
pH 8.0.

Pyruvate (6)+ ketones 8-11: 50 mm Potassium phosphate, 0.5 mm
ThDP, 3 mm MgCl,, 50 mm pyruvate (6), 20 mm ketone 8-11, 20%
DMSO (only added for assays with B-tetralone (10) and 1-phenoxy-
propan-2-one) (11), pH 8.0.

Transformations with variants (Table 2)

Pyruvate (6)+ benzaldehyde (5a): 50 mm Potassium phosphate,
0.5mm ThDP, 3mm MgCl,, 50 mm pyruvate (6), 20 mm benz-
aldehyde (5a), pH 8.
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Pyruvate (6)+ aliphatic aldehydes 16 and 17: 100 mm Potassium
phosphate, 2.4 mm ThDP, 3 mm MgCl,, 50 um FAD, 50 mm pyruvate
(6), 50 mm propanal (16), and n-pentanal (17), pH 8.

Pyruvate (6)+ hexane-3,4-dione (18): 100 mm Potassium phosphate,
2.4 mm ThDP, 3 mm MgCl,-6H,0, 50 um FAD, 50 mm pyruvate (6),
20 mMm hexane-3,4-dione (18), pH 7.

Crystallization: Initial crystallization screens were performed by
using 96-well sparse matrix screens in sitting-drop setups at 20°C.
Several hits obtained with the Morpheus crystallization screen (Mo-
lecular Dimensions) were further optimized. The crystal used for
data collection was obtained by sitting-drop vapor diffusion
against a 1 mL reservoir containing 10% (w/v) PEG-4000, 0.1 ™M 2-
(N-morpholino)ethanesulfonic acid (MES)/imidazole pH 6.5, 0.3m
MgCl,, 0.3m CaCl,, and 17% (v/v) glycerol at 20°C. The 1 uL drop
consisted of equal volumes of reservoir and protein solution
(10.3 mg mL~" PpYerE in Tris (20 mm, pH 8.0), 3 mm MgCl,, 1 mm
ThDP). Crystals appeared within 1 day of equilibration.

Data collection, structure determination, and refinement: Crys-
tals were flash frozen without additional cryoprotection by rapid
transfer into liquid nitrogen. Crystallographic data were collected
at 100 K at beamline 14.1 of the Berliner Elektronenspeicherring-
Gesellschaft fur Synchrotronstrahlung (BESSY) (Berlin, Germany).
Details of data collection and refinement statistics are given in
Table S1. The data were originally indexed in space group €222,
but subsequent analysis revealed them to be twinned (twin opera-
tor —I, —k, —h; twin fraction=0.44). The crystal thus belongs to
space group P2, with unit-cell parameters of a=c=653 A, b=
139.9 A, =97.9° and contains two polypeptide chains (one homo-
dimer) per asymmetric unit. Integration of the diffraction data was
performed with iIMOSFLM.?® Intensities were merged and scaled
by using AIMLESS,® and structure factor amplitudes were calculat-
ed with CTRUNCATE of the CCP4 suite of programs.”

Phases were obtained by molecular replacement by using
PHASERE" with a high-resolution limit of 2.5 A and a subunit of
Arabidopsis thaliana acetohydroxy acid synthase (PDB ID: 1YBH,
32% sequence identity)?” as search model.

After initial rigid body and restraint refinement and extension of
the phases to 1.55 A resolution, iterations of model building in
COOTR? were alternated with TLS and restrained refinement with
intensity-based twin refinement in REFMAC5" until the crystallo-
graphic R factor and R, converged. All reflections in the given res-
olution range (Table S1) were used with the exception of 5% ran-
domly selected reflections for monitoring Ry... Automatically deter-
mined local NCS restraints were applied. Water molecules were
added manually or by using the search routine implemented in
COOT.

The refined model contains residues 1-182 and 193-565 and resi-
dues 1-181, 195-482, and 492-568 for chains A and B, respective-
ly; two ThDP; two FAD; two Mg**; and 876 water molecules. It has
excellent stereochemistry, as determined with RAMPAGER* and
MOLPROBITY,* with 98.8% of the residues in the favored region
and none in outlier regions of the Ramachandran plot, respectively.
Further details about model quality are given in Table S1. Structure
comparisons and similarity searches were performed by using the
DALI server® and PDBeFOLD®” at the European Bioinformatics In-
stitute  (http://www.ebi.ac.uk/msd-srv/ssm). Molecular surfaces
were analyzed with the Protein Interfaces, Surfaces, and Assemblies
Service at the European Bioinformatics Institute.*® Figures 2-4
were prepared with PyMOL (http://www.pymol.org). The crystallo-
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graphic data and structure were deposited in the Protein Data
Bank under ID: 5AHK.
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tert alert! A thiamine diphosphate
(ThDP)-dependent enzyme catalyzing
the cross-condensation of a keto acid
with several activated and nonactivated
ketones gives chiral tertiary alcohols,
products that are otherwise difficult to
obtain in an enantioenriched form. To
enable comparison of aldehyde-/
ketone-accepting enzymes and to guide
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site-directed mutagenesis studies, we protegens

solved the crystal structure of this

enzyme.
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