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Abstract: An aldo-keto reductase AKR5C3 from Gluconobacter oxydans (designated as Gox0644) is
a useful enzyme with various substrates, including aldehydes, diacetyl, keto esters, and a-
ketocarbonyl compounds. The crystal structures of AKR5C3 in apoform in complex with NADPH
and the D53A mutant (AKR5C3™°%*4) in complex with NADPH are presented herein. Structure com-
parison and site-directed mutagenesis combined with biochemical kinetics analysis reveal that the
conserved Asp53 in the AKR5C3 catalytic tetrad has a crucial role in securing active pocket confor-
mation. The gain-of-function Asp53 to Ala mutation triggers conformational changes on the Trp30
and Trp191 side chains, improving NADPH affinity to AKR5C3, which helps increase catalytic effi-
ciency. The highly conserved Trp30 and Trp191 residues interact with the nicotinamide moiety of
NADPH and help form the NADPH-binding pocket. The AKR5C3W3%* and AKR5C3™W'®"Y mutants
show decreased activities, confirming that both residues facilitate catalysis. Residue Trp191 is in
the loop structure, and the AKR5C3™W'°!"Y mutant does not react with benzaldehyde, which might
also determine substrate recognition. Arg192, which is involved in the substrate binding, is another
important residue. The introduction of R192G increases substrate-binding affinity by improving
hydrophobicity in the substrate-binding pocket. These results not only supplement the AKRs
superfamily with crystal structures but also provide useful information for understanding the cata-
lytic properties of AKR5C3 and guiding further engineering of this enzyme.
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Introduction
Aldo-keto reductases (AKRs) are a large group of
NAD(P)H-dependent oxidoreductases that catalyze
the reversible reduction of carbonyl compounds (e.g.,
aliphatic and aromatic aldehydes/ketones, monosac-
charides, steroids, prostaglandins, polycyclic aro-
matic carbons, and polyketides) found in various
species including plants, animals, and prokar-
yotes.”™ AKRs usually share less than 30% amino
acid sequence identities, but they possess the canon-
ical (a/B)g TIM-barrel structure and have a common
reaction mechanism based on the highly conserved
catalytic tetrad of Tyr, Lys, His, and Asp, also
known as the DYKH tetrad. The His in the DYKH
tetrad reportedly aids in catalytic substrate molecule
arrangement and protonation.® A “push—pull” mech-
anism has been proposed to highlight Tyr to be
bifunctional between His and Lys.® The assembled
Asp-Lys-Tyr protonation system has a salt bridge
between Asp and Lys and a hydrogen bond between
Lys and Tyr to maintain the cage.” The function of
Asp in the catalytic process is putatively indirect,
although the D43N variant of human aldose reduc-
tase increases K., nappu fivefold and increases K.
~nappu 5.7-fold.® AKR generally hosts its active site
on the carboxyl-terminal face of the central B-barrel,
where several highly variable loops affect substrate
specificity.* Many AKRs have been characterized,
and their structure-function relationships have been
revealed, enabling enzyme engineering in view of
their vital roles in physiological metabolism and
their versatile potential in pharmaceutical and
organic compound synthesis.®1”

The AKR Gox0644 from Gluconobacter oxydans
(G. oxydans), designated as “AKR5C3” according to
the AKR nomenclature system (http:/www.med.u-
penn.edu/akr), possesses broad substrate specificities
with important biological functions and great bio-
technological interests, for example, reduction of ali-
phatic and aromatic aldehydes involved in aldehyde
metabolism and detoxification in G. oxydans, regio-
and stereoselective reduction of a-ketoaldehydes, a-
diketones, and a-keto esters to the corresponding o-
hydroxyaldehyde and «-hydroxyl esters, which are
key intermediates in the production of numerous
pharmaceuticals and natural products.’®>® AKR5C3
reportedly reduces diacetyl to highly optically pure
(8S)-acetoin, which is an important platform
chemical.?®

To wunderstand the three-dimensional (3D)
enzyme structural information and its role in deter-
mining specificity and catalysis of this enzyme, we
solved the structures of AKR5C3 in apoform and
binary complex with NADPH. A distinct NADPH-
binding conformation of mutant AKR5C37D534/
NADPH was also found through crystal structure
analysis. Tryptophan residue (Trp191) and arginine
residue (Argl92) are the critical determinants for
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.
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Figure 1. Sequence analysis, secondary structure elements,
and overall structure of AKR5C3. (A) Sequence and secondary
structure of AKR5C3. The secondary structure diagram for
AKR5C3 is shown at the top of the sequence. The a-helices
and B-strands are indicated. Conserved catalytic tetrad DYKH
are highlighted with red asterisks. (B) Stereo-view cartoon rep-
resentation of AKR5C3 apoform showing the typical (3/a)g fold.
Two molecules of a dimer are colored in orange and cyan,
respectively. An interactive view is available in the electronic
version of the article.

substrate binding to the enzyme. The structural
AKR5C3 71926 model and the substrate docking show
stronger substrate-binding pocket hydrophobicity.

Results and Discussion

Overall structure of AKR5C3

AKR5C3 showed 51% identity and 72% similarity to
a biochemical characterized as 2,5-diketone-p-gluco-
nate reductase from Escherichia coli (E. coli)(DkgA),
which could catalyze the reduction of 2,5-diketo-D-
gluconate to 2-keto-L-gulonate. Phylogenetic analysis
using ClustalW indicated that AKR5C3 diverged
from an ancient common ancestor with 2,5-diketo-D-
gluconic acid reductases from E. coli.*® The AKR5C3
apoform structure was determined through molecu-
lar replacement using E. coli DkgA (AKR5C2)%! as
the search model (PDBID: 1MZR) and was refined
using space group P2,2,2; to 2.3 A resolution (Fig.
1). Two molecules were present per asymmetric unit,
and Matthews coefficient was ~2.1 with approxi-
mately 45% solvent content. AKR5C3 formed a
dimer in one asymmetric unit, and the model
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Table I. Data Collection and Refinement Statistics

AKR5C3 /NADPH
AKR5C3 apoform binary complex AKR5C3 P34/ NADPH

PDBID 3WBX 3WBW 3WBY
Space group P212121 P212121 P212121
Cell dimensions

a A) 55.879 55.989 55.638

b (A) 75.780 75.778 76.587

¢ Q) 125.585 125.604 125.624
Protein molecules/ASU 2 2 2
Wavelength A) 1.54178 0.97916 1.079
Resolution (A) 2 2.3 (2.38-2.3) 1.85 (1.92—-1.85) 3.2 (3.26—3.2)
Ryym (%) * 11.9 (67.3) 5.2 (38.4) 16.6 (63.9)
I/o(I) 23.1(3.4) 31.2 (4.3) 13.5 (3.2)
Completeness (%)* 99.4 (98.9) 99.6 (94.6) 100 (100)
Redundancy? 13.8 (13.1) 7.2 (7.3) 7.0 (7.0)
Resolution (A) 2.3 1.85 3.2
No. reflections 20,012 44,086 8821
Ryork Rpree) (%) 22.4 (30.0) 21.6 (25.7) 22.1(29.1)
No. atoms

Protein 4366 4364 4358

NADPH — 96 96

Sulfate 20 10 -

Water . 214 304 —
B-factors (A%)

Protein 24.339 28.954 68.323

NADPH — 38.544 81.793

Sulfate 42.672 42.107 -

Water 22.795 31.265 -
R.m.s. deviationso

Bond lengths (A) 0.011 0.017 0.012

Bond angles (°) 1.285 1.589 1.641

% favored (allowed) in Ramachandran plot 89.8 (10.2) 92.8 (7.2) 86.2 (13.6)

2 Values for the highest-resolution shell are in parentheses.

comprised residues 9-279. The AKR5C3/NADPH
binary complex structure was initially refined to
2.2 A. The crystallographic statistics are summar-
ized in Table I.

The overall AKR5C3 structure resembles canon-
ical AKR structures with a typical TIM-barrel,??
with eight B-strands (B1-B8) in the middle sur-
rounded by eight a-helices (al-a6 and a8-a9) and
interrupted by two extra a-helices (a7 and «10) [Fig.
1(A)]. Three well-ordered short loops linking «a2—34,
B5—a4, and B8-—a7 are in both structures. These
loops are located above the bound NADPH molecule
and form an open pocket for substrate binding. The
length and the sequence of these loops possibly play
important roles in substrate selection.?

NADPH binding-induced structural alteration

The NADPH molecule is located in a deep cavity
within the (B/a)g barrel in the binary structure. The
NADPH molecule with anti-conformation is deep
inside a channel connected to the central active site
cavity in the binary complex structure. The nicotina-
mide and ribose moieties are stabilized by potential
hydrogen bonds and n-stacking interactions from the
highly conserved residues Asp53, Tyr58, Lys79,
His112, Trp30, Trpll3, and Trpl9 [Fig. 2(A)]l. The
well-conserved DYKH tetrad catalytic residues are
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above the nicotinamide moiety of NADPH, with the
side chains pointing toward the nicotinamide moiety.
The phosphate group and the NADPH adenine moi-
eties are surrounded by Argl92, Lys234, Asn237,
and Arg240. A direct hydrogen bond is formed
between the Lys234 side chain and the phosphate
group, which proves that NADPH, not NADH, is a
natural AKR5C3 cofactor. The Lys234 side chain
also fits the crescent groove of the extended NADPH
molecule, whereas the Arg240 side chain partially
stacks over the adenine moiety of the NADPH mole-
cule to secure tight binding of AKR5C3 and NADPH.
Hydrogen bonds were also observed between Asn237
side chain and NADPH phosphate group.

The AKR5C3 crystal structures in apoform and
in complex with NADPH are superimposed, assum-
ing that the mechanistic clues for the cofactor
dependence lie in the conformational plasticity of
AKR5C3 upon NADPH binding [Fig. 2(B)]. The two
structures trace almost identical chain arrange-
ments, but significant conformational changes are at
the NADPH-binding pocket and the putative
substrate-binding cleft. The NADPH binding rotates
the Trp30 side chain ~90° away from Trpl191 and
opens the cofactor binding pocket to be accessible to
NADPH. By contrast, the Lys234 side chain rotates
by ~60° to tightly fit into the crescent groove of the

Crystal Structure of AKRBC3



This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.
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Figure 2. Residues involved in NADPH-binding. (A) Structural
details of the (B/a)g of AKR5C3/NADPH and key residues
involved in NADPH-binding pocket. Catalytic tetrad of D53,
Y58, K79, and H112 are colored in red, NADPH nicotinamide
moiety recognition residues (W30, W113, and W191) are col-
ored in blue, potential NADPH-binding residues (R192 and
K234) are colored in magenta, and putative adenine moiety
recognition residues (N237 and R240) are colored in green.
(B) Superposition of the apoform AKR5C3 and AKR5C3/
NADPH binary complex. The ribbon representation of apo-
form is in green, the binary complex form is in magenta, and
NADPH is in red. The detailed NADPH binding-induced con-
formational alterations are observed in residues W30 and
K234. Residues with conformational change are in marine
(AKR5C3/NADPH binary complex) and purple (AKR5C3 apo-
form). An interactive view is available in the electronic version
of the article.

extended NADPH molecule. Trp30 plasticity sug-
gests a function in NADPH binding, thereby affect-
ing AKR5C3 catalytic activity. Thus, Trp30 was
mutated to Ala to avoid any side chain tension. The
AKR5C3W3%A yariant showed decreased activity
toward the tested substrate (Supporting Informa-
tion Fig. S2). This result is consistent with
AKR11B4 - Tp23Ala  activity.  Residue Trp23 in
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AKR11B4 was proven to be a key residue for
NADP*/NADPH and substrate turnover.?

The conserved catalytic tetrad DYKH

Similar to other AKR members, DYKH tetrad joins
synchrony to catalyze the reduction of carbonyl sub-
strates. Tyr58 is flanked in the AKR5C3 active sites,
and is hydrogen-bonded to Asp53 and Lys79, whereas
His112 is next to Lys79 and is closely located to the
bound NADPH. The phenolic hydroxyl group of Tyr58
provides general acid catalytic assistance to carbonyl
group reduction [Fig. 3(A)l. The four residues were
separately mutated to Ala to decrease steric hin-
drance and partially disrupt the hydrogen-bond net-
work to confirm whether the conserved catalytic
tetrad residues are involved in substrate catalysis.
The second group of mutants was designed such that
the size of side chains would minimally deviate,
namely D53N, Y58F, K79R, and H112F. The site-
directed mutagenesis of these residues confirms their
role in catalysis because neither mutant exhibited
decreased or detectable benzaldehyde reduction activ-
ity, except for the D53A mutant [Fig. 3(B)]. The D53A
mutant exhibited slightly increased benzaldehyde
catalysis (27% increase) [Fig. 3(B)]l. The other five
substrates (glyceraldehyde, glutaraldehyde, octalde-
hyde, o-chlorobenzaldehyde, and butanedione) were
catalyzed by the variant AKR5C3 %A with higher
activities (by 0.5~2-fold improvement) than the wild-
type enzyme [Fig. 4(C)].

The GIn165 residue located in B7 near the active
sites interacts with Asp53 via hydrogen bond. It was
noted that GIn165 is conserved in the vast majority of
bacterial AKRs. The decreased activity toward benz-
aldehyde of the variant AKR5C3 91%%4 indicates the
effect of the position of the GIn165 side chain. The
GIn165 hydrogen bonded with Asp53 helps stabilize
the catalytic tetrad. Therefore, a hydrogen bond net-
work of GIn165-Asp53-Lys79-Tyr58 was proposed to
facilitate hydrogen donation to the carbonyl oxygen of
the bound substrate from Tyr58.

Catalytic residue Asp53 and the Crystal
structure of AKR5C3™°°**/NADPH

The ecrystal structure of AKR5C3P%4 in complex
with NADPH was determined to investigate how Ala
mutation on the catalytic Asp residue affects cataly-
sis. The overall AKR5C3%%A conformation is almost
identical to the wild type, but significant conforma-
tional changes exist on the Trp30 and Trpl91 side
chains. The Trp30 side chain adopts a rotamer from
that of AKR5C3/NADPH or that of AKR5C3 at free
form [Fig. 4(A-B)]. The Trp30 side chain in the
AKR5C3P34/NADPH mutant structure rotates
~90° away from the original position in the
AKR5C3/NADPH binary complex structure. The
Trpl191 side chain remarkably rotates ~90° toward
the Trp30 side chain. Thus, the pocket used for the
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Figure 3. The proposed catalytic mechanisms and reductive activity determined for AKR5C3 mutants. (A) Schematic represen-
tation of NADPH-dependent reduction of the carbonyl group. Hydride transfer occurs from the pro-R-hydrogen of NADPH to
the carbonyl group of substrate, whereas C carbonyl is polarized by both Tyr58 and His112. Dashed lines show hydrogen bond
network. (B) The relative activity of AKR5C3 and its mutants using benzaldehyde as substrate. The enzyme activity was meas-
ured as described in “Materials and methods”. The reaction mixture contains 0.05M potassium phosphate (pH 6.5), 1 mM
NADPH and 2.5 mM substrate, initiated at 30°C by the addition of NADPH. One unit enzyme activity was defined as the amount
of enzyme activity catalyzing the conversion of 1.0 pmol pyridine nucleotide per minute at optimum temperature. The 100%
activity of wild AKR5C3 with benzaldehyde was 2.91 U mg™".

binding of nicotinamide and NADPH ribose moieties = NAD(P)(H) cofactor binds ahead of the substrate
is occupied by the Trp30 and Trpl91 side chains. and leaves last.!® The major rate-limiting step of the
The nicotinamide and ribose moieties of NADPH  catalysis is often cofactor binding and release rate
subsequently rotate 60° away from the original bind-  instead of substrate recognition.?*2®> These observa-
ing pocket and partially n-stacks over the Trpl91  tions confirm that cofactor turnover is the major
and Argl92 side chains in the mutant AKR5C3P5%4  rate determinant in AKR5C3 activity. The AKR5C3"
structure. The significant conformational changes on  P%*#/NADPH crystal structure shows that the contri-
Trp30 and Trp191 side chains and the nicotinamide  bution of Alanine in Asp53 changes the conforma-
and ribose moieties of NADPH significantly changed  tion of the Trp30 and Trpl91 side chains, thus
the shape, size, and location of the substrate-binding  reorienting the nicotinamide and ribose moieties of
pocket. The structure shows that the affinity  NADPH. Asp53 does not specifically go in contact
between NADPH and enzyme should be largely  with Trp30 or Trpl91, but ionic Asp53 is predicted
affected, thus facilitating substrate catalysis. to tightly hold the oxidized cofactor through Trp30
To elucidate the reason for the increases in  and Trpl91 in the binding pocket, which could be
activity from a biochemical perspective, the apparent  the driving force of the catalysis.
kinetic parameters of the K, nappu and K, putane-
dione Pairs were measured according to Lineweaver—  Trp191 and Arg192 are key residues in
Burk plots (Supporting Information Fig. S3) to  substrate-binding pocket
determine why activity increases from a biochemical = The substrate-binding pocket in the AKR5C3 struc-
perspective. The K, value of NADPH and the K, of ture is formed by the tetrad catalytic residues at the
the substrates are largely affected (Table II). The  top; conserved Trp30, Trpl1l3, and C-terminal tail
K,-value of AKR5C3P%A for NADPH is signifi- (Phe279) bracketed on both sides; and conserved
cantly reduced from 0.36 mM (wild type) to 0.04 Trpl91 and variable Argl92 at the bottom [Fig.
mM, indicating about ninefold stronger binding  5(B), right panel]l. The modeled butanedione mole-
affinity. Although k.. decreased to 104.22 s™ !, k.,/  cule is partially sandwiched between the m-electron
K., is 2.68-fold compared to that of the wild atmosphere formed by the nicotinamide moiety of
AKR5C3, showing that the catalytic efficiency of = NADPH, Trpl191, and Argl192. Residues Trp191 and
cofactor NADPH improved. The K, putanedione Of  Argl92 are in the loop structure, which presumably
AKR5C3 534 glightly increased by 1.38-fold com-  contributes to substrate recognition. We searched all
pared to that of AKR5C3. The turnover number the sequences of bacterial AKRs in database (http:/
(kear) of AKR5C3 534 increased from 42.80 s™! to www.med.upenn.edu/akr/tree.shtml) whose structure
77.82 s ! and thus, catalytic efficiency (keat/Km) are reported and found Trp191 to be relatively con-
increased by 1.31-fold. AKRs follow an ordered bi—bi  served residue, while Arg192 a variable residue [Fig.
reaction kinetic mechanism within which the 5(A)l. Tyr is another conserved residue in the
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.
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Figure 4. Structural observations of AKR5C3™P%3*/NADPH
and reduction activity assays. (A) Electrostatic potential sur-
face view of AKR5C3. D53 is shown in red and side chains of
residues W30 and W191 are shown in magenta. (B) Electro-
static potential surface view of AKR5C3P%%A. A53 is shown in
green and side chains of residues W30 and W191 are shown
in magenta. Compared with the corresponding residues in
wild AKR5C3 binary complex, the side chains of W30 and
W191 in AKR5C3™5*/NADPH showed a rotation and the
bound NADPH molecule rearranged the nicotimide moiety.
(C) Enzyme activity of AKR5C3 and mutant AKR5C3P%A, An
interactive view is available in the electronic version of the
article.

Trpl91 relative position, whereas Gly and Ser are
two common residues in the Argl92 relative posi-
tion. The -catalytic characterization shows that

B7
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AKR5C3/ /Butanedione |
vs

AKR11B4 apoform

AKR11B4 apoform

Figure 5. Key residues W191 and R192 involved in substrate
catalysis. (A) Sequences (involved in substrate binding or rec-
ognition) alignment between AKR5C3 and other bacterial
AKRs. The listed bacterial AKRs are from http://www.med.u-
penn.edu/akr/tree.shtml. W191 is relatively conserved while
R192 is much variable. AKR11B4 and AKR5C3 shared a simi-
lar substrate spectrum but neither W191 nor R192 is con-
served. (B) Structural superimposition of AKR5C3/NADPH/
Butanedione (colored in green) and AKR11B4 in apoform
(colored in magenta). The bound NADPH is highlighted in
stick and colored in yellow. The right panel is cartoon presen-
tation of the detailed substrate-binding pocket. The catalytic
tetrad residues are colored in magenta, NADPH recognition
residues are colored in blue, conserved GiIn residue is col-
ored in orange, whereas the putative aromatic cage residues
for substrate binding are colored in marine. Substrate buta-
nedione is colored in cyan.

AKR5C3 shares a relatively similar substrate spec-
trum (carbonyl compound reduction) with the
AKR11B4 from G. oxydans.'®%26 AKR5C3 displayed

Table IL. Kinetic Constants of AKR5C3, AKR5C3 %4 and AKR5C3F192¢

Apparent kinetic Km—NADPH kcat/ Km—Butanedione kcaJKm
parameters (mM) Feat (s71) Kp(s 'mM™ 1 (mM) Peat (571 (s 'mM Y
AKR5C3 0.36 349.54 970.94 4.62 42.80 9.26
AKR5C3D534 0.04 104.22 2605.50 6.39 77.82 12.18
AKR5(C3R192G 0.67 18.67 27.87 1.08 75.49 69.90

Liu et al.
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higher activities with 2,3-diones, a-keto esters, and
2,5-diketo-gluconate than aldehydes, whereas
AKR11B4 was less active with these keto substrates,
but displayed preference for aliphatic, branched, and
aromatic aldehydes. Neither Trp191 nor Argl92 in
AKR5C3 are conserved in AKR11B4. The Trp191 of
AKR5C3 is replaced by Tyr208 in the AKR11B4
structure, whereas Argl92 is replaced by Gly209.
AKR5C3 structure was superimposed on AKR11B4
structure (3N2T, Z score 27.3, rm.s.d. 2.3 A, 253 Ca
atoms) to investigate the difference of substrate
binding pocket?® using the DaliLite server. AKR5C3
and AKR11B4 superimposed well at the (B/a)g barrel
portion, but AKR5C3 has shorter flexible loops sur-
rounding the putative substrate-binding pocket than
the AKR11B4 structure [Fig. 5(B), left panel]. The
location of the C-terminal tail in the AKR5C3 struc-
ture is partially occupied by two flexible loops in
AKR11B4. The AKR5C3 C-terminus participates in
substrate binding pocket formation, whereas the
AKR11B4 C-terminus is swung away from the
pocket. These differences in C-terminal tail orienta-
tions noticeably affect the sizes of the substrate-
binding pockets of AKR5C3 and AKRI11B4.
AKR11B4 has a slightly bigger substrate-binding
pocket than that of AKR5C3.

Based on the structural differences, we made sin-
gle mutants to replace Trp191 and Arg192 with their
corresponding residue at AKR11B4, respectively. The
n-electron atmosphere disruption at the substrate-
binding pocket of AKR5C3 was expected to contribute
to substrate preference. AKR5C3™V191Y gingle mutant
exhibited decreased activity with glutaldehyde, octal-
dehyde, or benzaldehyde (Supporting Information
Fig. S2). Almost no activity was detected toward benz-
aldehyde when Trpl191 was mutated to Tyr, suggest-
ing that Trp191 is a critical and strictly conservative
residue for benzaldehyde reduction. The structure
observation and the previous description suggest that
Trp191 supports NADPH binding, thus affecting cata-
lytic activity. The AKR5C3™VY mutant also dis-
played decreased activity with glutaraldehyde or
octaldehyde (Supporting Information Fig. S2). This
result, the structure observation, and the previous
description suggest that Trp191 plays a key roles in
catalytic activity, which supports NADPH binding
and n-n packing formation against the aromatic ring
of substrates (e.g., benzaldehyde). The removal of the
bulky Argl92 side chain by mutation was also
expected to create a large cavity suitable for sub-
strates with long aliphatic chains. The AKR5C3®192G
mutant expectedly increased reductive activity to the
tested substrates, and the activity increase rate
toward long-chain aliphatic aldehydes (glutaldehyde
and octaldehyde) was higher than that of the other
aldehydes or ketone [Fig. 6(C)]. The structural
insights into AKR5C3192¢ were based on a 3D model
generated through homology modeling using Discov-
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Figure 6. Structural insights into the AKR5C3™192¢/NADPH/
butanedione model and the improved reductive activity of
AKR5C3 192G (A) The substrate-binding pocket was puta-
tively identified upon butanedione docking in AKR5C3/
NADPH modeled structure. (B) The identical view of (A) is
shown with AKR5C3"926/NADPH/ butanedione model. The
residues involved in the substrate-binding pocket were
shown and marked. Hydrophobicity surface of substrate-
binding pocket was demonstrated respectively in AKR5C3/
NADPH crystal structure (A) and AKR5C3™7192G/NADPH (B).
(C) Enzyme activity of AKR5C3192¢,

ery Studio based on the existing AKR5C3/NADPH
crystal structure [Fig. 6(A,B)l. The bound butane-
dione substrate fits into a pre-formed hydrophobic
aromatic cage formed by several aromatic rings and
hydrophobic residues, including Trp81, Trpl13,
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Phe279, and Leub7. The stronger hydrophobicity of
the substrate-binding pocket in AKR5C37192¢ pene-
fits catalysis. The kinetic data of AKR5C3®192% and
its comparison with the wild enzyme are consistent
with the model structure-based predictions. The K,
constants of AKR5C38192¢ for butanedione decreased
significantly when compared to that of AKR5C3, thus
indicating an over fourfold stronger binding affinity.
Although the K, nappu increased, the k., value of
butanedione exhibited a 1.76-fold to that of AKR5C3
and therefore the catalytic efficiency (kea/Km)
increased 7.55-fold. A small-scale reduction of 2,3-
butanedione was performed through simultaneous
regeneration of NADPH using glucose and GDH. The
concentration of acetoin increased rapidly during the
first 15 min in AKR5C3%192% mediated catalysis. The
catalysis course of AKR5CS3, AKR5C3 %A and
AKR5C3 792G were presented in Supporting Informa-
tion Figure S4.

In summary, we solved the crystal structures of
AKR5C3 in apo and cofactor bound forms, as well as
the AKR5C3P%*4/NADPH binary complex. Struc-
tural comparison between AKR5C3/NADPH and
AKR5C3DP534/NADPH identified a conformational
alteration of Trp30 and Trp191. The D53A mutation-
induced conformational change included 60° rotation
of the nicotinamide and ribose moieties of NADPH
away from the original position and partial =n-
stacking over the Trpl91 and Argl92 side chains,
which contributed to the improved activity. The
highly conserved Trp191 replaced by Tyr resulted in
an inactive form with benzaldehyde, which showed
that the m-electron atmosphere facilitated AKR5C3
to catalyze aromatic substrate reduction. The vari-
able Argl92 was a key residue involved in the
substrate-binding pocket, and the mutant AKR5C3"
R192G showed better reaction turnover than the
improved hydrophobicity in its substrate-binding
pocket. The AKR5C3 crystal structures at different
conformations provided mechanistic details of
cofactor-dependent AKR activity and new functional
sights into Asp53 and Argl92 residues.

Materials and Methods

Site-directed mutagenesis

AKR5C3 (Gox0644) open reading frame (ORF) was
amplified from G. oxydans genomic DNA via PCR,
cloned into pET28b (Novagen) vector, and expressed
into pSE380 vector (Novagen) using an N-terminal
6xHis-tag from pET28b. Site-directed mutagenesis
studies were performed through inverse PCR (iPCR)
using mutation primers according to KOD-Plus-
Mutagenesis Kit (TOYOBO, Osaka, Japan).

Protein expression and purification
Recombinant E. coli BL21 (DE3) containing
AKR5C3 mutant plasmids were induced by 0.4 mM
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isopropyl B-d-thiogalactoside for 12 h at 20°C. The
bacterial culture was harvested through centrifuga-
tion at 10,000g for 10 min at 4°C and resuspended
in buffer (20 mM phosphate buffer, pH 7.4). The
cells were sonicated for 10 min under 300 W and
centrifuged at 10,000g for 20 min to remove debris.
Proteins were purified using Ni?" affinity column
followed by HiLoad Superdex S-75 26/60 column.

Catalytic activity assay

The substrate solution (concentration: 100 mM) was
supplemented with dimethyl sulfoxide to improve
substrate solubility. The final dimethyl sulfoxide
concentration [2.5% (v/v)] had no detectable effect on
AKR5C3 activity, as shown when the same protocol
was tested in glyoxal catalytic assay (data not
shown). The reaction mixture contained 50 mM
potassium phosphate (pH 6.5), 1 mM NADPH, and
2.5 mM substrate and enzyme. Reactions were initi-
ated by adding cofactor at 30°C. The enzyme activity
was determined through spectrophotometric NADPH
quantification (Agy) within 1 min.2? Because
NADPH easily oxidizes, the Assq was calibrated by
the negative control which included the substrate
and NADPH but without enzyme. One unit of cata-
lytic activity was defined as the amount of enzyme
to consume 1 pmol NADPH per minute. The
apparent kinetic parameter was determined by
constructing a Lineweaver—Burk plot with incre-
mental cofactor concentrations (0.01-2 mM) and
glutaraldehyde (2.5 mM) as substrate. All measure-
ments were performed in triplicate based on the cor-
responding negative control, which ensured enzyme
activity data.

A GC system was used to measure substrate (2,3-
butanedione) decrease and product (acetoin) forma-
tion to determine positive mutant function. The 10
mL reaction mixture contained 20 mM phosphate
buffer (pH 7.4), 3 g/Li 2,3-butanedione, 6 g/L glucose,
crude AKR5C3 and GDH. The mixtures were shaken
at 30°C for 30 min. Samples were taken every 15 min
and centrifuged at 12,000 rpm. The supernatant was
extracted using ethyl acetate (1:1, v:v), and analysis
was performed using a gas chromatographer (Agilent
Technologies 7890A GC system) fitted with a flame
ionization detector. Samples and chemical standards
were analyzed on a DB-WAX capillary column
(80m X 0.25mm X 0.25um, Agilent Technologies).
The injector temperature was 215°C. The oven tem-
perature was maintained at 50°C for 1.5 min, then
rose to 180°C at a rate of 25°C/min, and held for 1
min. The detector temperature was 250°C.

Crystallization and data collection

AKR5C3 crystals were grown by hanging drop vapor
diffusion at 20°C. A 2.0 puL hanging drop typically
contains 1.0 pL of protein (~15 mg/mL) mixed with
1.0 uL of reservoir containing 29.5% PEG3350, 190
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mM Liy,SO4, and 100 mM Bis-Tris (pH 6.3) equili-
brated over 1 mL of reservoir solution. The crystals
grew to maximum size of 0.2 X 0.1 X 0.1 mm? over
6 h. Both AKR5C3/NADPH and AKR5C3D%%%/
NADPH complex crystals were obtained at the same
condition by mixing different ratios of the enzyme
and NADPH for 3 days. The crystals were directly
flash frozen in liquid nitrogen (100 K) for data col-
lection. A total of 360 frames of 1° oscillation were
collected at 0.98 A wavelength for AKR5C3/NADPH
binary complex, which were subsequently processed
using HKL2000 (www.hkl-xray.com). The AKR5C3/
NADPH crystals belong to the space group P2,2,2;,
with the following unit cell dimensions: a = 55.989
A, b=175.778 A, ¢=125.604 A, and «=f=7y=90°,
with two molecules per asymmetric unit (Table I).
The crystallographic statistics of AKR5C3, AKR5C3/
NADPH, and AKR5C3P°*4/NADPH are shown in
Table 1.

Structure determination

The AKR5C3 crystal structure was determined
through molecular replacement using the 2,5-diketo-
D-gluconic acid reductase (AKR5C2) crystal struc-
ture from E. coli as the search model (PDBID:
1MZR). The model was built using O program
(http://xray.bmc.uu.se/alwyn), and was refined using
REFMAC/CCP4 (www.ccp4.ac.uk). Structure deter-
mination and model validation were performed
using the MOLREP and PROCHECK software,
respectively. The R-free set containing 5% of the
reflections was randomly chosen. The model com-
prised 9-279 residues. Docking was performed using
CDDOCKER?® of the Discovery Studio version 3.5
program package (Accelrys, Inc.).
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