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Aldose reductases (ARs) belonging to the aldo-keto reductase (AKR)

superfamily catalyze the conversion of carbonyl substrates into their

respective alcohols. Here we report the crystal structures of the yeast

Debaryomyces nepalensis xylose reductase (DnXR, AKR2B10) in the apo

form and as a ternary complex with a novel NADP-DTT adduct. Xylose

reductase, a key enzyme in the conversion of xylose to xylitol, has several

industrial applications. The enzyme displayed the highest catalytic effi-

ciency for L-threose (138 � 7 mM
�1�s�1) followed by D-erythrose

(30 � 3 mM
�1�s�1). The crystal structure of the complex reveals a covalent

linkage between the C4N atom of the nicotinamide ring of the cosubstrate

and the S1 sulfur atom of DTT and provides the first structural evidence

for a protein mediated NADP–low-molecular-mass thiol adduct. We

hypothesize that the formation of the adduct is facilitated by an in-crystallo

Michael addition of the DTT thiolate to the specific conformation of

bound NADPH in the active site of DnXR. The interactions between

DTT, a four-carbon sugar alcohol analog, and the enzyme are representa-

tive of a near-cognate product ternary complex and provide significant

insights into the structural basis of aldose binding and specificity and the

catalytic mechanism of ARs.

Database

Structural data are available in the PDB under the accession numbers 5ZCI and 5ZCM.

Introduction

Aldose reductases (ARs) (EC 1.1.1.21) are members of

the aldo-keto reductase (AKR) superfamily that con-

tains homologs present across all phyla. AKRs cat-

alyze the conversion of a wide variety of carbonyl

substrates to their corresponding alcohols with con-

comitant oxidation of NAD(P)H [1,2]. The superfam-

ily has been classified into 16 families in the AKR

superfamily database [1]. In this scheme, the ARs are

present in the AKR 1, 2, 3, and 4 families. Human

ARs (hARs) belonging to the AKR1 family are impli-

cated in diabetic complications, fatty liver, chronic kid-

ney diseases, and the oxidative stress-induced

activation of NF-kB and AP1 signals [1,3–6]. Fungal
ARs belong to the AKR2 and AKR3 families and are

inducible enzymes with important roles in growth and

metabolism [1,7]. The AKR2 family xylose reductase

Abbreviations

AKR, Aldo-keto reductase; AR, aldose reductase; CtXR, Candida tenuis xylose reductase; DnXR, Debaryomyces nepalensis xylose

reductase; hAR, human aldose reductase; XR, xylose reductase.
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(XR) (EC 1.1.1.307) is the first enzyme in the xylose

utilization pathway and can be exploited for the

biosynthetic production of polyols such as xylitol, ara-

bitol, and erythritol for applications in food and phar-

maceutical industries [7–9]. The ARs of the AKR3

family are plant erythrose reductases involved in the

regulation of plant abiotic stress defense and share

similar substrate preferences of the homologous AKR2

members [1,10–14].
The superfamily members share high levels of

sequence conservation with the human, plant, and fun-

gal ARs displaying nearly 40% sequence identity. The

mostly conserved residues involved in catalysis and

cosubstrate binding suggest a common mode of cat-

alytic mechanism [1]. Numerous crystal structures of

ARs from the AKR1 family have been determined

owing to their therapeutic importance for inhibitor

development. These include the well characterized

Homo sapiens (hARs; PDB: 1ADS, 3V36, 2IKI, 1US0)

[2,15–17], Sus scrofa (SsAR; PDB: 1DLA, 1AH0)

[18,19], Rattus norvegicus (RnAR; PDB: 3O3R, 3QKZ)

[20,21], and Giardia lamblia (GlAR; PDB: 3KRB)

homologs [22]. The AKR fold is a conserved (b/a)8
barrel with the active site located in a large, deep ellip-

tical pocket at the C-terminal end of the barrel and a

bound NADPH in an extended conformation [2,23].

Another structural feature common to all AKRs is the

large conformational change of a ‘safety belt’ element

that acts to sequester the cosubstrate from solvent

[23]. The enzyme follows an ordered bi-bi catalytic

mechanism in which NADPH binds first followed by

the carbonyl substrate and the conformational

changes, primarily of the ‘safety belt’ loops, regulate

the uptake and release of the cosubstrate [24,25]. The

structural basis of substrate recognition and specificity

in this superfamily primarily is derived from studies of

inhibitor bound complexes of AKR1 members [19,26].

The fungal ARs (AKR2 and AKR3 families) have

been poorly characterized with respect to their struc-

ture–function properties despite the potential for use

in biotechnological applications. To date, the XR

(AKR2B5) from Candida tenuis [C. tenuis XR (CtXR);

PDB: 1JEZ, 1K8C] represents the sole instance of a

structurally and biochemically well-characterized fun-

gal AR [27]. It displays dual cosubstrate specificity to

utilize both NADPH and NADH to convert xylose

into xylitol [27–32]. The safety belt loop is disordered

in the apo form of CtXR and also in the wild-type

apo forms of most reported AR structures

[18,27,33,34]. The specific transfer of the 4-pro-R

hydride to the carbonyl carbon atom of the substrate

is known to be highly conserved in this superfamily.

However, despite extensive structural studies (69

inhibitor bound AKR1 structures in the PDB), it is

intriguing that only two structures of a substrate

bound ternary complex of an AKR superfamily

member have been reported, namely, hAR bound to

D-glyceraldehyde (PDB: 3V36) and to glucose-6-

phosphate (PDB: 2ACQ) [15,35].

Here we present the crystal structures of the Debary-

omyces nepalensis XR (DnXR) in the apo form and as

a ternary complex with cosubstrate (NADPH) and a

product analog, DTT. D. nepalensis, a nonpathogenic

saccharomycetes yeast can utilize both hexose and pen-

tose sugars to produce polyols [36]. DnXR, a key

metabolic enzyme in the D-xylose utilization pathway

belongs to the AKR2 family (AKR2B10) and has pre-

viously been shown to have strict dependence on

NADPH and displays activity for a range of aldehydes

[37]. In this study, an ordered conformation of the

safety belt loop was observed in the absence of

the cosubstrate and provides a bonafide depiction of

the apo form of an AR. The structure also showed a

novel covalent adduct between the nicotinamide ring

and DTT (NADP-DTT), a feature hitherto unob-

served in a protein mediated complex. The first struc-

ture of an AKR as a ternary complex with a four-

carbon sugar alcohol analog provides new insights into

substrate binding and specificity and the catalytic

mechanism of AKRs. The results of this study may

help design and develop engineered yeast ARs to fine

tune both substrate and cosubstrate selectivity for

biotechnological applications.

Results

Enzyme activity, kinetics, and inhibition

Recombinant DnXR was overexpressed in

Escherichia coli Rosetta and purified to homogeneity

by Ni-NTA affinity chromatography as described pre-

viously [37]. The protein is composed of 320 amino

acid residues and exists as a dimer in solution as indi-

cated by size-exclusion chromatography (SEC) studies.

DnXR was earlier shown to exhibit broad substrate

specificity, with the highest catalytic efficiency for C5

sugars like arabinose, xylose, and ribose and a strict

preference for cosubstrate NADPH [37]. In this study,

DnXR was tested for activity and kinetic parameters

using two C4 sugars, namely, D-erythrose and its

diastereoisomer, L-threose. Interestingly, DnXR

showed higher activity and catalytic efficiency (20- to

92-fold) for the four-carbon sugars in comparison to

the five-carbon sugars. The enzyme displayed the

highest catalytic efficiency for L-threose (138 � 7

mM
�1�s�1) followed by D-erythrose (30 � 3 mM

�1�s�1)
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and is similar to the pattern of activity displayed by

CtXR [38]. Furthermore, the effect of the product ery-

thritol and its dithio analog DL-DTT, on DnXR activ-

ity were examined. Both alcohols inhibited the

catalytic activity in a concentration-dependent manner.

In order to identify the type of inhibition mechanism,

the kinetics of DnXR were performed using different

concentrations of erythritol/DTT using erythrose as a

substrate. Enzyme kinetics were performed using ery-

thritol in the range 500–1100 mM and showed an

increase in KM from 6.5 � 0.4 to 8.6 � 0.5 mM, while

the Vmax decreased from 176 � 3 to 124 � 3 U�mg�1

(Table 1). The data suggest that erythritol inhibits

DnXR via mixed inhibition mechanism (Fig. 1A,B).

Interestingly, DTT displayed a similar behavior in

affecting the kinetic parameters (Table 1) (Fig. 1C,D).

Although the kinetic studies suggest a mixed inhibition

mechanism for both erythritol and DTT, the latter is a

far stronger inhibitor with an KI value of 1.8 mM in

comparison to erythritol (KI = 1577 mM) (Table 1).

Overall structures of apo DnXR and the ternary

complex with cosubstrate and DTT

The crystal structure of apo DnXR was determined at

a resolution of 2.0 �A in the space group P212121 and

the structure solved by molecular replacement using

one subunit of apo form of CtXR. The tertiary struc-

ture contains the characteristic AKR superfamily (b/
a)8 barrel fold (Fig. 2A) [1,23]. The asymmetric unit

contains two subunits related by a non-crystallo-

graphic twofold axis with the dimeric arrangement

identical to that in CtXR (Fig. 2B). The root-mean-

square deviation (rmsd) between the subunits of DnXR

and CtXR is 0.9 �A, over 298 Ca atoms. The crystal

structure of the complex of DnXR bound to the

cosubstrate and D-DTT was determined at a resolution

of 1.7 �A in the space group C2221 (Fig. 3). The asym-

metric unit in the complex contains one subunit. How-

ever, the crystal packing arrangement reveals an

identical arrangement of the expected dimer, with the

subunits related by a crystallographic twofold axis in

this case. The subunit model in the complex contains

ordered electron density for an additional nine residues

from the N-terminal His6-tag.

The tertiary structure with an eight stranded barrel

(b1–b8) is flanked by eight helices (a1–a8) (Fig. 3A).

A b-hairpin caps the N-terminal end of the barrel

while the C-terminal end contains the conserved active

site groove. The extended C-terminal region containing

two helices reaches over the active site with the termi-

nal loop that is stabilized by interactions with residues

from loop 4. The overall quaternary, tertiary, and sec-

ondary structures are largely identical between the two

forms except for the cosubstrate-binding regions (see

below). The independent subunits in the apo form are

virtually identical with a rmsd of 0.46 �A, over 315

Ca atoms, whereas the rmsd between the subunit in

the apo form and that of the complex is 2.1 �A. The

rmsd between the apo enzyme dimer and the symme-

try-related dimer in the complex is 0.75 �A. A summary

of the data collection, refinement and validation statis-

tics is given in Table 2.

Binding of NADP-DTT covalent adduct

A well-conserved feature of AKRs is the presence of

the cosubstrate-binding groove that spans the region

from the center of the barrel and extends to the sol-

vent exposed edge lined by helix a8 (Fig. 3A,B) [2,27].

Electron density (higher than 3r) for the cosubstrate

and the bound ligand D-DTT can be clearly seen in

Table 1. Kinetic parameters of DnXR in the presence of meso-erythritol (product) and DL-DTT (product analog).

Conc (mM)

Michaelis–Menten plot Lineweaver–Burk plot

KI (mM) Inhibition mechanismKM (mM) Vmax (U�mg�) KM (mM) Vmax (U�mg�1)

Controla – 5.8 � 0.37 236 � 4.6 5.5 � 0.31 221 � 2.0 – –

Meso-Erythritol 500 6.5 � 0.42 176 � 3.5 6.5 � 0.42 174 � 2.9 1577 � 127 Mixed

800 7.8 � 0.73 149 � 4.5 7.3 � 0.45 138 � 2.0

1100 8.6 � 0.56 124 � 2.7 8.2 � 0.12 121 � 4.0

DL-DTT 0.4 6.8 � 0.52 194 � 4.7 6.7 � 0.63 198 � 4.0 1.8 � 0.03 Mixed

0.7 7.5 � 0.82 159 � 5.6 7.7 � 0.18 154 � 3.1

1.0 8.6 � 0.50 127 � 7.5 8.1 � 0.70 119 � 7.6

The kinetic parameters of erythrose reduction by DnXR were determined by using Michaelis–Menten and Lineweaver–Burk plots by linear

and nonlinear regression fitting (R2 > 0.95). Both product and product analog exhibited a similar mechanism of inhibition. The represented

values are mean of three analytical replicates with � SD. P < 0.001. P values are determined by two-way ANOVA method using the GRAPH-

PAD PRISM software. KM, Michaelis–Menten constant; Vmax, maximal velocity; KI, inhibitory constant.
a Kinetic parameters as KM and Vmax.
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the unbiased omit Fo � Fc map and in simulated

annealing omit maps of this region for the ternary

complex. Examination of the maps showed an unex-

pected feature suggestive of a carbon-sulfur covalent

bond between the C4N atom of the nicotinamide ring

and the sulfur atom (S1) of DTT in the linear form

(distance of ~1.8 �A) (Fig. 4A). Hence, a nicotinamide-

DTT adduct was inferred and modeled and refinement

carried out by introducing a covalent link between the

C4N and S1 atoms. There was no evidence for residual

difference electron density after the adduct model was

refined with full occupancy. In the ternary complex,

the average B-factors for the all non-hydrogen protein

atoms (3011 atoms) is 15.7 �A2, while that of all atoms

in the NADP-DTT adduct is 16.7 �A2, indicating a well

ordered conformation of the bound adduct.

The nicotinamide ring is in the boat-like conforma-

tion (anti-antiperiplanar) and the attached ribose ring

in the C20-exo conformation. The deviation of the posi-

tions of the N1 and C4 atoms of the nicotinamide ring

from planarity can be described by the angle (aN)
between the planes N1N-C2N-C6N and C2N-C3N-C6N

and the angle (aC) between the planes C2N-C3N-C6N

and C3N-C4N-C5N, respectively [39]. The values of

Fig. 1. DnXR kinetic parameters for reduction of erythrose in the presence of meso-erythritol (product) and DL-DTT (product analog). The

kinetic parameters were measured in the presence of three different concentrations of meso-erythritol (A and B) and DL-DTT (C and D) at

standard assay conditions. The obtained data were analyzed by Michaelis–Menten plot (A and C) and Lineweaver–Burk plot (B and D). Both

meso-erythritol and DL-DTT showed mixed inhibition of DnXR by affecting KM and Vmax of the enzyme. Results are means of triplicates and

error bars denote � SD. The determination coefficients of regression (R2) were found to be > 0.95; P < 0.001.

4448 The FEBS Journal 285 (2018) 4445–4464 ª 2018 Federation of European Biochemical Societies

Xylose reductase in complex with NADP-DTT adduct B. Paidimuddala et al.



aN = 160° and aC = 156° indicate significant depar-

tures of the nicotinamide ring from planarity (Fig. 4B–
D). The resultant configuration of the C4N atom is

sp3 like, resembling the reduced NADPH form. The

carboxamide group is almost in plane with respect to

the pyridine ring and maintains a dihedral angle

(C2N-C3N-C7N-N7N) of 3°. The S1 atom of the

adduct occupies the structurally equivalent position of

the HR atom on the A-side (4-pro-R) face of the

cosubstrate (Fig. 4D).

The cosubstrate adopts an extended anti-conforma-

tion with only one intramolecular hydrogen bond pre-

sent between atoms O3D of ribose and O2N of

pyrophosphate. A large number of specific nonbonded

interactions are involved in the binding. Among, these,

the side chain of Tyr212 stacks with the nicotinamide

ring and hydrogen bond interactions between the side

chains of Ser164, Asn165, and Gln186 with the car-

boxamide group orient the A-side of the nicotinamide

group toward the substrate binding cavity. The

Fig. 2. Overall structure of apo DnXR. (A) Ribbon representation of a subunit showing the TIM-barrel fold. Helices are colored cyan, except

helix a8 in orange, strands are magenta. Loops are brown, except loop 1 (gray), loop 7 region with associated helices (pink), and loop 8

(yellow). In this figure and in Fig. 3, secondary structure elements corresponding to the standard TIM-barrel nomenclature are labeled (b1–

b8) and (a1–a8) and the loops are numbered according to the elements that they connect. (B) Ribbon diagram of the DnXR dimer (apo form)

with the corresponding protein surface (gray) in the background. Rainbow coloring from blue to red follows the N- to C-terminal positions of

the residues in each subunit.

Fig. 3. Structure of the DnXR–NADP-DTT adduct complex. (A) Ribbon diagram of a subunit of the DnXR complex shows bound cosubstrate

NADP and DTT. Loop 1 (red), loop 8 (black), helix a8 (blue), and loop 7 (lemon) that are involved in cosubstrate binding are highlighted. (B)

Surface representation showing bound DTT at the catalytic site and bound NADP at the cosubstrate-binding site. NADP and DTT are

displayed as green and cyan stick representation, respectively. Two structural elements, loop 1 (red) and loop 7 region (lemon) that undergo

conformational changes upon binding the cosubstrate are highlighted. These two regions together constitute the ‘safety belt’ interaction to

fasten the cosubstrate. Other regions, namely, loop 8 (black) and helix a8 (blue) also undergo concomitant conformational changes. In this

figure and Figs 4, 5, 6, 7, 8, and 11, the oxygen, nitrogen, phosphorous, and sulfur atoms are shown in red, blue, orange, and yellow,

respectively.
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nicotinamide-ribose and the pyrophosphate are mostly

buried by the residues of loop 7 and loop 1, whereas

the adenosine and the associated ribose 20-phosphate
are located at the distal solvent exposed edge of the

groove formed between helices a7 and a8 (Fig. 3).

Extensive attempts to obtain crystals of cognate

substrate/product bound ternary complexes with

tetrose, pentose, and hexose sugar/sugar alcohols using

co-crystallization and soaking techniques proved unsuc-

cessful. Crystals containing the NADP-DTT adduct

were obtained in a co-crystallization experiment condi-

tion which contained 10 mM racemic DL-DTT, in

addition to the cosubstrate. It is noteworthy that the D-

isomer of DTT is preferentially bound at the putative

substrate-binding pocket. Examination of the crystal

packing interactions of the ternary complex showed that

the substrate-binding pocket is occluded from bulk sol-

vent by crystal packing interactions from a neighboring

symmetry-related molecule. The S4 atom of DTT makes

multiple van der Waals interactions (< 4.0 �A) with two

residues (Arg-5 and Pro-6) of the N-terminal His6-tag of

a neighboring subunit, locking the ligand in place

(Fig. 5A). However, in the apo form crystal packing,

the substrate-binding pocket is accessible to the bulk

solvent in both subunits. Furthermore, differences in the

crystal packing interactions have not induced any con-

formational changes of residues lining the substrate-

binding site. Apparently, a Michael addition of the

DTT thiolate to the double bond of the a,b-unsaturated
nicotinamide is favored and resulted in a derivative

under these conditions (Fig. 5B).

Covalent NADP-thiol adducts have previously been

reported in the structures of oxido-reductases. How-

ever, all these instances are adducts between the pyri-

dine and a Cys residue from the protein (Fig. 5C–E)
[40–42]. To the best of our knowledge, this is the first

structural evidence of a protein mediated NADP–low-
molecular-mass thiol adduct bound to a protein active

site. Based on earlier reports of NADP-thiol adducts

being identified in solution, we attempted to detect the

formation of the adduct in the presence and absence

of the enzyme using spectrophotometric measurements

under conditions used for the crystallization [41–43].
However, the expected increase in absorbance around

340 nm, indicating the formation of an adduct was

not observed in solution (data not shown). In our case,

it is probably a result of insufficient thiol oxidation of

DTT compared to that of cysteine, at pH 7.5.

Comparison of apo form and ternary complex of

DnXR

In the reported structures of apo forms of wild-type

ARs, the loop 7 is disordered and consequently,

description of conformational changes upon cosub-

strate binding is incomplete in the ARs [18,27,33].

DnXR undergoes significant conformational changes

upon formation of the complex with the adduct. The

rearrangements and conformational changes results in

burying 1011 �A2 out of 1200 �A2 the total accessible

surface area of the adduct. Loop 7 (residues 213–237),
together with loop 1 constitutes the ‘safety belt’ that

sequesters the cosubstrate from the bulk solvent

(Fig. 3). Cosubstrate binding causes the side chain of

Trp19 of loop 1 to move out (by ~2.1 �A) of the

Table 2. Summary of crystal parameters, data collection, and

refinement statistics of DnXR

Data set Apo form

NADP-DTT

complex

PDB ID 5ZCI 5ZCM

Data collection

Wavelength (�A) 1.54 1.54

Space group P212121 C2221

Unit cell parameters

a, b, c (�A)

61.8, 69.4, 159.7 99.6, 108.2, 71.8

Molecules in

asymmetric unit

2 1

Resolution range (�A)a 52.4–2.0

(2.11–2.0)

36.6–1.7

(1.73–1.70)

Rmerge on I (%)a 15.7 (74.5) 14.7 (76.9)

Mean (I/r (I))a 12.6 (3.1) 13.0 (3.6)

Total reflections 442 170 569 904

Unique reflections 42 060 42 718

Completeness (%)a 89.2 (81.1) 99.4 (98.3)

Multiplicitya 10.5 (10.7) 13.3 (13.1)

CC1/2
a,b 99.7 (77.9) 99.4 (70.6)

Model and refinement statistics

Free R reflections (%) 5.0 5.0

Rwork/Rfree (%)c 18.8/21.8 16.2/18.5

Non-hydrogen

protein atoms

5431 3011

Solvent atoms 399 308

Ligand atoms 0 56

Mean B value,

all atoms (�A2)

27.2 16.9

RMS deviations from ideal geometry

Bond angle (°) 0.484 1.12

Bond length (�A) 0.002 0.01

Ramachandran plot analysis (%)

Favored 96.6 97.9

Allowed 3.2 2.1

Outliers 0.2 0.0

a Value in parentheses refer to the highest resolution shell.
b CC1/2 is the correlation coefficient of the mean intensities

between two random half-sets of data [81].
c Rwork = Σ||Fobs| � |Fcalc||/Σ|Fobs|, Rfree is calculated for a set of 5%

of reflections randomly chosen and not used for refinement; Rwork

is calculated for the rest of the reflections.
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binding pocket to accommodate the nicotinamide ring

and the pyrophosphate. The largest change is in the

conformation of loop 7 that shows a rmsd value of

3.96 �A for the Ca atoms of the region containing resi-

dues 218–231 (Fig. 6A). The Oc atom of Ser219 in

loop 7 shifts as much as 8.4 �A toward the cosubstrate

to interact with the O1N atom of pyrophosphate

(Fig. 6B). These changes place the nicotinamide ring

deep in the center of the barrel close to active site

(Fig. 3B).

Another major conformational change associated

with cosubstrate binding involves the region containing

loop 8 and helix a8. In the complex, the helix

undergoes a rotation of ~6°, toward the cosubstrate,

clamping it and allowing for the formation of non-

bonded interactions between residues 269–279 (rmsd

of ~1.0 �A for Ca atoms) and the ribose 20-phosphate
and adenosine groups (Fig. 6A). This is accompanied

by several side-chain rearrangements as well, resulting

in the key interactions that enable the binding of the

ribose 20-phosphate via two hydrogen bonds with Oc
atom of Ser270 and the main chain amide group from

residue Asn271 and two ionic interactions with the

side chains of Lys269 and Arg275. The side chain of

the highly conserved Arg275 is however disordered in

the apo form and appears to be stabilized on binding

Fig. 4. NADP-DTT adduct. (A) Stereo view of the difference electron density (Fo � Fc) (marine mesh surface) contoured at 3r representing

bound NADP-DTT adduct. The density corresponds to a simulated annealing omit map (5000 K) calculated from a model lacking the atoms

of the adduct. The covalent bond is present between C4N of the pyridine ring and the sulfur (S1) of the DTT with a bond length of 1.8 �A.

Carbon atoms in NADP and DTT are represented as green and cyan stick representation, respectively. (B) Structure of the nicotinamide ring

of the NADP-DTT adduct. Front view showing bond lengths in �A and atom numbers. (C) Side view showing the angle aN (160°) is that

formed by the planes defined by N1N-C2N-C6N (green) and C2N-C3N-C6N (magenta). (D) Side view showing the angle aC (156°) is that

between the planes defined by C2N-C3N-C6N (magenta) and C3N-C4N-C5N (purple). The dihedral angle (3°) is that defined by C2N-C3N-

C7N-N7N. The atom S1 belongs to DTT.
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of the cosubstrate (Fig. 6B). These interactions appear

to be primarily responsible for the specificity of the

enzyme for NADPH over NADH. Finally, the side

chain of Asn279 shifts by ~2.2 �A to establish bidentate

hydrogen bond interactions with the N6A and N7A

atoms of adenosine.

Substrate-binding site and catalytic mechanism

The catalytic site architecture of AKRs includes a

highly conserved tetrad of residues Asp42, Tyr47,

Lys76, and His109 (DnXR numbering) lining the bot-

tom of a deep open cavity. Superposition of DnXR on

Fig. 5. Crystal packing interactions at the substrate-binding pocket of DnXR and comparison of NADP adducts observed in different enzymes.

(A) Bound DTT in the subunit (white ribbon) is locked in place via van der Waals interactions (< 4.0 �A) of the S4 atom with two residues, Arg-5

and Pro-6 located in the N-terminal His6-tag region of a symmetry-related subunit (lemon ribbon). The NADP-DTT adduct and the interacting

residues of the symmetry-related subunit are displayed as white and lemon-colored sticks, respectively. (B) NADP-DTT in DnXR (this study). (C)

NADP-Cys in Rat 10-formyltetrahydrofolate dehydrogenase (PDB: 2O2Q). (D) NADP-Cys in Synechococcus Succinic semialdehyde

dehydrogenase (PDB: 4ITA). (E) NADPH-Cys in Pseudomonas aeruginosa aldehyde dehydrogenase (PDB: 2WOX). NADP(H), Cysteine, and DTT

are displayed as green, white, and cyan-colored carbon sticks. The Cys residue in each case is the catalytic residue of the protein.

Fig. 6. Conformational changes upon

cosubstrate binding. (A) Ribbon

representation of the superposition of the

DnXR apo and complex forms. The

structural elements that undergo major

conformational changes are highlighted in

both forms. (B) Stereo view of the

arrangement of specific side chains of

residues in the regions that undergo

significant conformational changes upon

cosubstrate binding. Residues are

represented in sticks in corresponding

colors of their structural elements. In both

illustrations, the structural elements, loop 7

(apo form-pink; complex-lemon), loop 8 (apo

form-yellow; complex-black), and helix a8

(apo form-orange; complex-blue) are

highlighted. NADP and DTT are represented

in green and cyan, respectively.
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the hAR ternary complexes (PDBs: 3V36, 2ACQ)

[15,35] reflects the high degree of structural conserva-

tion of the tetrad across the families (Fig. 7). The

shape of the open substrate-binding pocket in AKRs is

defined by loop 2, loop 4, and the C-terminal loop. To

the best of our knowledge, the structures of

hAR�NADP+ with D-glyceraldehyde and glucose-

6-phosphate represent the only examples of substrate

bound ternary complexes of an AKR superfamily

member [15,35]. Although Zheng et al. [15] have not

described the enzyme–glyceraldehyde interactions in

detail, the structure shows that the acceptor carbonyl

oxygen atom is 3.1 �A from the donor C4N atom of

NADP+ and 2.9 �A from the OH group of Tyr48, a

catalytic residue. However, in the complex with glu-

cose-6-phosphate, the substrate is bound in a ‘back-

ward’ and unproductive cyclic sugar conformation

with the phosphate group occupying the position

equivalent to the carbonyl group of an aldehyde sub-

strate [35]. The equivalent distances of the O1P atom

are 3.3 and 2.9 �A from the C4N atom and the OH

group of Tyr48, respectively (Fig. 7).

In the absence of relevant complexes, numerous

studies of AKRs have utilized molecular modeling of

substrates into the putative active sites of holo forms

to establish the enzyme–substrate interactions and

explain key features, including the enzyme mechanism,

substrate specificity, and active site plasticity of the

AKRs [27,44–49]. In the DnXR complex, DTT is

bound in the substrate-binding pocket in an orienta-

tion expected for a four-carbon open chain sugar alco-

hol, reminiscent of a product-bound form (Fig. 7).

Apparently, DTT, a dithio analog of erythritol, can

occupy the substrate-binding pocket since it is a pro-

duct inhibitor of the forward reaction of D-erythrose

reduction. The configuration of the DTT C1 atom

(equivalent of the carbonyl carbon of the substrate) is

tetrahedral sp3 like and is present on the C4N-pro-R

side of the cosubstrate. Superposition of the DnXR

complex and the two hAR complexes shows that the

ligands occupy the same location in the substrate-binding

site (Fig. 7). The positions of the glyceraldehyde car-

bonyl oxygen atom, the phosphate O1P atom, and the

equivalent S1 atom of DTT are within 0.6 �A. The S1

atom of DTT is within hydrogen bonding distance to

the conserved catalytic residues, namely, OH group of

Tyr47 (3.2 �A) and Ne2 atom of His109 (3.5 �A). In the

hAR-glyceraldehyde complex, the corresponding dis-

tances from the carbonyl oxygen atom are 2.9 and

3.0 �A, respectively, while the corresponding distances

of the O1P atom in the hAR-glucose-6-phosphate

complex are 2.9 and 3.4 �A, respectively. Thus, it is

Fig. 7. Stereo representation of the superposition of the catalytic tetrads of DnXR complex and hAR complexes with glyceraldehyde and

glucose 6-phosphate. The catalytic residues (D42, Y47, K76, and H109) and bound NADP-DTT are labeled according to DnXR numbering and

shown in stick representation. White (DnXR; this study), blue (hAR; PDB: 3V36), and green (hAR; PDB: 2ACQ). Non-carbon atoms of the

bound glyceraldehyde and glucose 6-phosphate in hAR ternary complexes and DTT in DnXR are labeled. The product analog DTT in DnXR

occupies the substrate-binding site in an orientation that permits the hydride transfer as evident by comparison with the position of the

cognate substrate glyceraldehyde in an hAR. However, in another the hAR ternary complex, glucose-6-phosphate is bound in a ‘backward’

and unproductive cyclic sugar conformation with the phosphate group occupying the position equivalent to the carbonyl group of an

aldehyde substrate.
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reasonable to suppose that the E�NADP-DTT complex

obtained here represents the geometry of the enzyme–
near-cognate sugar alcohol product complex, allowing

for a precise description of the substrate-binding site

and the putative interactions in an AKR-four-carbon

linear sugar substrate complex for the first time.

The DTT moiety maintains an extended conforma-

tion (2R, 3R configuration) with the S4 thiol group

exposed to the bulk solvent (Fig. 8A,B). The S1 atom

occupies the position equivalent to the carbonyl

oxygen of the substrate at the bottom of the pocket.

The binding mode of DTT is primarily determined by

two specific hydrogen bond interactions anchoring the

ligand hydroxyls on either side, namely, between Nd2
atom of Asn305 and the C2 hydroxyl group (3.0 �A)

and between the Od2 atom of Asp46 (2.7 �A) and the

C3 hydroxyl group. Additionally, DTT makes multiple

van der Waals contacts with the side-chain groups of

nonpolar residues that line the active site cavity. These

involve the C1 atom with Trp19 (3.5 �A), the C4 atom

Fig. 8. Substrate-binding pocket. (A) Interactions between bound DTT and DnXR. Close-up view of the proposed substrate-binding pocket

showing nonbonded interactions (distances in the range 2.3–4.0 �A) of the DTT moiety with residues lining the active site pocket. The

catalytic tetrad residues and the substrate-binding residues are shown in yellow and gray stick representation, respectively. Hydrogen bond

interactions are displayed as dashed black lines. NADP and DTT are depicted in green and cyan stick representation, respectively. (B)

Surface representation of the substrate-binding pocket of the DnXR complex. The outer edge of the pocket is wide and lined by side chains

of nonpolar residues (W310, F110, F127, W78, W19). The bottom of the pocket constituting the catalytic site (residues D42, K76, Y47,

H109) and accommodating the carbonyl carbon and the oxygen atom, is far narrower. The substrate-binding residues and catalytic tetrad are

depicted as green and yellow-colored carbon sticks, respectively. NADP and DTT in the adduct are shown as white and cyan-colored carbon

sticks. (C) Close up view of the superposition of the active sites of the DnXR apo and complex forms depicting conformational changes of

catalytic and substrate-binding residues of DnXR upon binding of the adduct. Active site residues are shown as blue and orange-colored

carbon sticks for the apo and ternary complex forms, respectively. Substrate-binding residues are depicted as yellow- and white-colored

carbon sticks for the apo and complex forms, respectively. No significant changes occur except for the change in the side-chain

conformations of W19 and D46. (D) Comparison of substrate-binding residues of DnXR (yeast), hAR (human), and HvAR (barley). Close-up

view of the substrate-binding residues in stick representation showing superposition of DnXR (white), hAR (blue, PDB: 3V36), and HvAR

(green, PDB: 2BGQ). The bound cognate substrate glyceraldehyde in hAR and NADP-DTT adduct in DnXR are shown as blue- and white-

colored carbon sticks, respectively. The residues corresponding to positions N305, D46, and F127 in DnXR are found to be divergent across

different lineages.
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with the Trp78 (3.7 �A), and the S4 thiol group with

Phe127 (3.9 �A) and Trp310 (3.8 �A). The substrate-

binding site remains mostly unchanged upon ligand

binding suggesting the existence of a rigid and pre-

formed cavity for sugar substrates (Fig. 8C). An

induced rearrangement occurs in the side chain of

Asp46 where the Od2 atom moves toward the C3

hydroxyl group by ~0.8 �A to form a hydrogen bond.

The slight rearrangement observed in the substrate-

binding pocket involving the side chain of Trp19 of

loop 1 is induced by cosubstrate binding to the protein

(Fig. 8C). This rearrangement results in significant van

der Waals contacts between the Trp residue and the

C1 atom (equivalent of the carbonyl carbon of the

substrate) and has been observed in the cosubstrate

bound holo forms of hAR, pig AR, CtXR, and plant

AR [2,18,27,33]. Furthermore, conformations of sev-

eral conserved residues lining this pocket are nearly

identical between the yeast, human, and plant AR

homologs (Fig. 8D).

The reaction mechanism and the roles of the cat-

alytic tetrad in the AKRs (Asp42, Tyr47, Lys76,

His109) have been dissected in detail using crystal

structures of numerous apo and holo forms in combi-

nation with biochemical and kinetic data from substi-

tution mutants and computational studies involving

docking and QM/MM calculations [1,2,23,27,31,44–
53]. The observed geometry of nonbonded interactions

between the enzyme and the adduct is consistent with

the general mechanism for erythrose reduction by

DnXR (Fig. 9A). The C4N group of the nicotinamide

moiety in the reduced puckered geometry is poised for

the stereospecific hydride transfer to the re side of the

C1 atom of the ligand, the distance being 2.7 �A. The

typical donor-acceptor hydride transfer distances in

similar enzymes, for example in alcohol dehydroge-

nases, are in the range of 2.8–3.9 �A [51,52]. The phe-

nolic oxygen of Tyr47 is expected to have a lowered

pKa as a result of the hydrogen bond to Lys76 amino

group (3.1 �A), which in turn maintains a salt bridge

with the Od2 of Asp42 (2.5 �A). The reprotonation of

Tyr47 is expected to be assisted by a proton relay

involving His109 and to the bulk solvent, in turn

[1,23,50].

Discussion

Fungal XRs, in general, have been poorly studied with

respect to their detailed structure–function properties.

In particular, the structural basis of the broad speci-

ficity for in vitro substrates that include aldoses of

varying lengths and a range of non-sugar substituent

groups at the non-reacting end of the aldehyde is not

clear. Furthermore, the ability of the enzyme to select

the physiological substrate xylose in the promiscuous

substrate-binding pocket has not been established pri-

marily due to the lack of structural data from an

appropriate ternary complex. This report describes the

structures of DnXR in the apo form and as a complex

of the holo form with DTT, a dithio C4 sugar alcohol

analog, and shows how recognition and selectivity for

aldoses is achieved in the enzyme.

Formation of NADP-DTT adduct

Attempts to generate ternary complexes of AKRs with

cognate substrates/products appear to have been gen-

erally unsuccessful. A likely explanation could be the

Fig. 9. Proposed reaction mechanisms of DnXR catalysis and NADP-DTT adduct formation. (A) Catalytic mechanism of the AR activity by

DnXR (see text for details). The arrangement of catalytic residues, their interactions with the cosubstrate and the substrate erythrose, and

the orientations of the re-/si- sides are as observed in the structure of the DnXR complex. Hydrogen bonds interactions are shown as short

dashed lines. (B) Mechanism for the in-crystallo formation of the NADP-DTT adduct. The oxidized form of NADPH (I) participates in the

addition reaction when the thiolate (DTT) performs a nucleophilic attack at the C4N atom of the pyridine ring (II), thus producing a

nicotinamide derivative, the NADP-DTT adduct (III).
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presence of an electrostatic barrier created by bound

NADP+, a substrate inhibitor that may form during

the crystal growth phase preventing the entry of neu-

tral substrates into the active site [54]. Alternatively,

the open substrate-binding cavity is lined by multiple

nonpolar residues and hence the binding energy pro-

vided by these secondary hydrophobic interactions

under crystallization conditions may not be favorable

for the formation of complexes with polar substrates

like sugars. The structure presented here is the first

structure of a holo AKR in its active conformation

with the substrate-binding site occupied by a tetrose

sugar alcohol analog. This complex appears to be a

result of a serendipitous in-crystallo formation of a

covalent NADP-DTT adduct. Under alkaline condi-

tions, NADP+ is known to participate in nucleophilic

addition reactions with sulfhydryl compounds like sul-

fides, cysteines and a range of mercaptans, including

dithiols to form 1,2- or 1,4-adducts with the nicoti-

namide moiety [43]. Structural evidence for the

NADP-Cys adduct has been reported earlier in

Synechococcus succinic semialdehyde dehydrogenase

(SySSADH), Rattus 10-formyltetrahydrofolate dehy-

drogenase (RaFDH), and Pseudomonas aeruginosa

betaine aldehyde dehydrogenase [40–42]. Although

these complexes may result from ‘charge-transfer’ reac-

tions, the ability to purify the adducts suggests an

actual addition reaction [40–42,55].
The crystallographic evidence in DnXR for the

NADP-DTT covalent linkage provides the first

demonstrated evidence for the formation of a protein-

mediated NADP–low-molecular-mass thiol adduct. We

propose a mechanism where the thiolate group of

DTT performs a nucleophilic attack on the elec-

trophilic C4N atom of the oxidized nicotinamide, pro-

ducing the 1,4-nicotinamide adduct (Fig. 9B).

Although NADPH and reduced DTT were initially

present in the crystallization cocktail, it is likely that

coupled auto-oxidation has occurred under the alka-

line pH (HEPES pH 7.5) and aerobic nature of the

crystallization conditions, thus favoring the reaction

[42,56,57]. We also propose a structural argument

where competitive inhibition by DTT, a thiol analog

of the reaction product, helps retain an appropriate

orientation that favors the interaction of the C4N

atom of the nicotinamide ring and the thiolate.

Finally, the crystal packing environment appears to be

crucial to hamper the cleavage of the adduct by an

elimination reaction. While the adduct species may not

be an intermediate in the catalytic cycle of AKRs,

given the widely prevalent practice of adding DTT as

a reducing agent for many biochemical experiments,

the side effect of such adduct formation may not

always be negligible.

Cosubstrate binding and specificity in ARs

The mode of cosubstrate binding in the AKR super-

family is highly conserved with mostly identical and

structurally conserved residues and water molecules

involved in the interactions. Unlike in the apo forms

of most other wild-type ARs, loop 7 is present in an

ordered form in DnXR. Interestingly, in a

hAR�NADP+ complex with citrate in the substrate-

binding pocket, two discrete conformations corre-

sponding to a fully closed and a ‘half-open’ state of

loop 7 were observed. This transition induced by con-

formational changes in bound citrate is representative

of a situation where reorientation of the product could

trigger the release of the cosubstrate via its interactions

with loop 7 [58]. Together, changes observed in loop 7

corroborate the two-step kinetic mechanism of car-

bonyl group reduction in the AKR superfamily where

the release of NADP+ from the E�NADP+ complex is

known to be the rate limiting step [1,23,24]. Further-

more, it is likely that the divergence in the length and

residue composition of this loop across the superfamily

is an evolutionary mechanism for the modulation of

the kinetic properties of its members [1,23] (Fig. 10).

For instance, in the plant AKR4 family, specific inter-

actions of a shortened loop 7 that stabilize the closed

conformation of the loop were held responsible for the

lower cosubstrate affinity and activity of ZmAR in

comparison to hAR [33,59].

Although the AKRs in general are specific for

NADPH, the CtXR represents an example of an

AR that can utilize both NADPH and NADH

[28,30]. However, DnXR, the closest homolog of

Fig. 10. Structure-based sequence alignment of ARs belong to fungal (AKR 2, 3 families), animals (AKR 1 family), and plants (AKR 4 family).

The multiple sequence alignment was performed for each family by considering more than 200 nonredundant sequences with identities in

range 99–45%. A set of divergent sequences from each family are represented here. The secondary structure elements corresponding to

DnXR are indicated on top and conserved residues are highlighted in red. The colored circles at the bottom of alignment indicate the

residues involving in catalysis (black), substrate binding (green), and cosubstrate binding (blue) in DnXR. The sequence similarities and

secondary structure information from aligned sequences are rendered using the program ESPript 3.0 for representation. The analysis of

multiple sequence alignment of the AKR 1–4 families revealed that the catalytic tetrad (Asp42, Lys76, Tyr47, and His109), substrate-binding

residues Trp19 and Trp78, and cosubstrate-binding residues Asn165, Gln186, Tyr212, Ser213, Lys269, Ser270, Arg275, and Asn 279 (DnXR

numbering) are conserved among all four families.
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CtXR, displays strict specificity for NADPH. The

structural basis of the dual specificity was previously

explained for CtXR based on the structures of

NADP+ and NAD+ bound holo complexes [28].

The enzyme was shown to adopt different side-chain

conformations of two residues, namely Glu227 and

Asn276, (Glu222 and Asn271 in DnXR) that present

different hydrogen bonding interaction patterns in

the presence and absence of the ribose 20-phosphate
[28]. Comparison of the DnXR-NADP complex and

the CtXR-NADP+ complex shows that all residues

and their interactions with the entire cosubstrate are

completely identical and structurally conserved

between the two homologs. The only difference is

that of Asn272 (Leu in CtXR) lining the outer edge

of the 20-phosphate-binding cavity that does not

make direct interactions with the phosphate (dis-

tances 4.2–4.9 �A) (Fig. 11). Together, these observa-

tions strongly suggest that the side chain interactions

that were earlier proposed to determine the dual

specificity in the CtXR may not be the sole determi-

nants of cosubstrate specificity within the AKR2

family. Reengineering of cosubstrate specificity from

NADPH to NADH is of particular importance for

biocatalytic applications due to the higher stability

and lower cost of NADH [30,60,61]. Our analysis

here of the two almost identical cosubstrate-binding

sites reveals the limitations of generalizing the struc-

tural basis of cosubstrate specificity based solely on

comparisons of crystal structures. Considering the

pleotropic nature of residue changes, a systematic

mutagenesis strategy at multiple locations scanning

different substitutions is imperative here. For

instance, in a similar effort in the 2,5-DKG AKR,

only one out of 40 unique substitution mutants

yielded a significant improvement in NADH utiliza-

tion over NADPH [62].

Structural basis of substrate recognition

The ARs accept open chain form of aldoses of varying

lengths and different configurations for the carbon

atoms at the non-reacting end of the sugars

[1,23,27,31]. The outer edge of the AR active site

pocket is solvent exposed, wide and lined by side

chains of nonpolar residues, whereas the bottom con-

stituting the catalytic site accommodating the carbonyl

carbon and the oxygen atoms is far narrower (Fig. 8).

It appears that access and activity for a wide range of

aldose substrates is facilitated by the open active site.

In the structure presented here, assuming a struc-

tural mimic of a bound prochiral substrate, the signifi-

cant van der Waals interactions that C1 atom makes

with the side chain of the Trp19 (six interactions

< 4.0 �A) suggests its important steric role in position-

ing the carbonyl carbon. This residue is completely

conserved across the AKR superfamily (Fig. 10). As

expected, the catalytic efficiency of a CtXR mutant

where the equivalent Trp is substituted by Phe/Tyr

shows a decrease of 95% of the value for the wild-

type. This is primarily due to a large increase in the

KM (16-fold), while the kcat decreased by 1.5-fold [32].

The interaction between Trp and the substrate is a

result of a conformational change occurring in the

holo form, subsequent to binding of the cosubstrate.

This observation supports the notion that it is indeed

the cosubstrate binding that induces the formation of

the competent substrate-binding pocket in the AKRs

via the Trp residue.

The orientation of DTT places the C2(R) hydroxyl

group within hydrogen bonding distance with the Nd2
of Asn305, strongly indicating that this interaction is

the primary determinant of the stereospecificity of the

Fig. 11. Comparison of residues located in the neighborhood of

the ribose 20-phosphate moieties between DnXR (strict NADPH

specificity) and CtXR (dual specificity, NADPH/NADH). The bound

cosubstrate and interacting residues in DnXR and CtXR (PDB:

1K8C) are shown as white- and cyan-colored carbon sticks,

respectively. All the residues directly interacting with ribose 20-
phosphate of cosubstrate are completely conserved in both XRs

despite the differences in their cosubstrate specificities. The only

residue variance between these XRs is observed at position L277

in CtXR, which is substituted by N272 in DnXR and are positioned

at distances larger than 4.2 �A from the phosphate groups.
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carbonyl reduction (Fig. 8). Asn305 is completely con-

served across diverse members of AKR family 2. The

crucial role of Asn305 is also supported by data from

kinetic studies of CtXR (Asn309), which revealed that

a substitution with Ala caused serious disruption of

activity and efficiency [32]. For instance, a 29-fold

reduction in catalytic efficiency is observed in the

mutant for the reduction reaction of D-galactose. Fur-

thermore, the 30-fold preference in catalytic efficiency

of CtXR for D-galactose over 2-deoxy-D-galactose was

completely lost in the mutant [32]. Thus, within the

AKR family 2, the hydrogen bond between the Asn

residue and C2 hydroxyl group also appears to be a

determinant of the regioselectivity of the C2 hydroxyl

group of aldose substrates, irrespective of the number

or the configuration of the carbon atoms at the non-

reacting part.

The C-3(R) hydroxyl group of DTT is hydrogen

bonded to Od2 of Asp46 of DnXR suggesting that

this interaction is another key element for binding of

polyhydroxylated substrates (Fig. 8). Asp46 is the sole

ionizable group in the DnXR directly interacting with

the non-reacting part of the substrate and is com-

pletely conserved within AKR family 2. Mutation of

the equivalent Asp in CtXR (Asp50) lowered the cat-

alytic efficiency for the reduction of D-xylose by ~1.2-
fold [32]. Furthermore, the mutant also showed no

change in substrate specificity profile compared with

the wild-type when tested with other aldoses like D-

glucose and D-galactose suggesting that this residue

may not be a strong structural determinant for the

regioselectivity of hydroxyl groups at carbon positions

C3 and further. Taken together, it is evident that the

specific sequence features of residues at these two

positions may play crucial roles in determining the

substrate specificity and selectivity profiles of the

AKR family 2.

Among the aldose substrates tested in this study,

DnXR has the highest catalytic efficiency for four-

carbon sugars compared to five- or six-carbon sugars.

Examination of residues that interact with the non-

reacting end of the substrate indicate the presence of

hydrophobic residues (Trp19, Trp78, Phe110, Phe127,

and Trp310 in DnXR) that primarily contribute

through van der Waals and hydrophobic interactions

[63]. Given the funnel-shaped geometry of the active

site and the nonspecific nature of the interactions with

the hydroxyl at carbon position C4, it is reasonable to

suppose that sugars longer than C4 may possess higher

flexibility at the non-reacting end, potentially resulting

in fewer/less favorable interactions and thereby affect-

ing the optimal orientation of the substrate in the cat-

alytic site (Fig. 8B).

Interestingly, comparison of the available structures

of ARs from AKR families 1, 2, and 4 shows that the

main chain positions of residues at the outer edge of

the pocket are structurally conserved, whereas some

side chains form divergent patterns (Fig. 8D). Trp19

and Trp78 are conserved in all ARs, whereas Phe110

is replaced by Trp in hAR and HvAR. Phe127 in

DnXR is conserved in hAR and is substituted by

Met132 in HvAR. Trp310 in DnXR is substituted by

Leu301 and Phe301 in hAR and HvAR, respectively

[15,33] (Fig. 10). We propose that the precise surface

geometry presented by variations localized to this

region of the substrate-binding pocket provides a

structural basis for the extended substrate specificity in

the ARs of the superfamily and a similar rationale

may be extended for the divergence across the entire

superfamily as well. It is likely that protein engineering

strategies employing rational or semi-rational redesign

of residues identified in our study can be an appropri-

ate starting point to generate variants with desirable

biocatalytic properties like enhanced activity, improved

enantioselectivity, thermal stability, among others. Pre-

vious studies on AKR superfamily members report

successful efforts at engineering such variants [64–66].
For instance, in CtXR, a redesign of loop 1 that con-

tains residue Trp19 (in DnXR), yielded a variant with

enhanced turnover number and enantioselectivity for

bulky ketones of industrial relevance [67].

The structural basis of the broad substrate specificity

of the AKR superfamily has been hampered by the

lack of the structure of an appropriate complex. The

crystal structure of a yeast XR resembling the near-

cognate ternary complex presented here provides a

structural rationale for the catalytic mechanism, sub-

strate binding, and specificity in the AKR family 2, in

particular and in the superfamily, in general.

Experimental procedures

Protein expression, purification, and oligomeric

state

DnXR (GenBank: KT239024) in the vector pET28a(+) was
overexpressed and purified as described previously [37]. The

plasmid construct contains a 21-residue-long N-terminal

expression and purification tag including a His6 region. A

brief description of DnXR purification as follows: the pro-

tein was expressed in E. coli Rosetta under the IPTG

induction and the harvested cell pellet was lysed by sonica-

tion. The obtained supernatant containing overexpressed

protein was taken for purification by Ni-NTA affinity chro-

matography. The 100 and 200 mM imidazole elutions of

purification were subjected to buffer exchange with 20 mM
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Tris/HCl (pH 7.5) and the protein was concentrated using

30 kDa cutoff centrifugal filters. The purity of the obtained

protein sample was evaluated on SDS/PAGE (data not

shown). The protein concentration was measured by the

bicinchoninic acid method and the purified protein was

stored at �80 °C until use [68]. The oligomeric state of the

purified protein was determined by performing size-exclu-

sion chromatography using BIO-RAD FPLC system at

4 °C. Two milliliter of 20 mM Tris/HCl (pH 7.5) buffer

containing 6 mg protein was loaded onto the Superdex 200

GE Healthcare column which was pre-equilibrated with

20 mM Tris/HCl (pH 7.5). The elution was carried out with

same buffer at the flow rate of 0.5 mL�min�1 while record-

ing the chromatograms by measuring the absorbance at

280 nm.

Enzyme assays and kinetics

The enzymatic activity of purified protein was measured at

optimal pH 7.0 and temperature 45 °C as determined previ-

ously [37]. The change in A340 was monitored continuously

at least for 1 min at every 1 s time point in a 500 lL reaction

mixture containing 50 mM sodium phosphate buffer (pH

7.0), 0.3 mM NADPH (cosubstrate), and 6 mM erythrose

(substrate) using Lamda 25 UV-VIS spectrophotometer

(Perkin Elmer, Wellesley, MA, USA). The linear curve

(absorbance vs. time) at least for 1 min was obtained by the

addition of a specific amount of enzyme (0.3 lg) into the

reaction mixture. One enzyme unit (U) was defined as the

amount of enzyme that caused the oxidation of 1 lmol of

NADPH per minute [37]. The heat inactivated enzyme and

sodium phosphate buffer (pH 7.0) were considered as a refer-

ences [37]. The C4 sugars D-erythrose and L-threose were

assayed for enzyme activity. The kinetic parameters were

determined at constant NADPH (0.3 mM as determined pre-

viously [37] and different D-erythrose/L-threose concentra-

tions (0.1–60 mM). The obtained data were used to calculate

the kinetic constants by fitting for the Michaelis–Menten

equation using the software GRAPHPAD PRISM 5 (GraphPad

Software, La Jolla, CA, USA).

The effect of product erythritol and its analog DTT on

enzyme activity was studied at various concentrations of

erythritol (0–2000 mM) and DTT (0–10 mM) at the same

assay conditions as mentioned above and the obtained data

were used to calculate half maximal inhibitory concentra-

tions (IC50) and minimal inhibitory concentrations (MIC)

using linear regression function of GRAPHPAD PRISM 5 (data

not shown). Using the obtained information on IC50 and

MIC values, the inhibition kinetics of DnXR was per-

formed at a particular concentration of erythritol/DTT by

measuring the initial velocities of enzyme at different ery-

throse concentrations (0.1–60 mM). The obtained data were

used to calculate the kinetic parameters by fitting to the

standard noncompetitive/mixed inhibition model for

Michaelis–Menten and Lineweaver–Burk plots [69]. The

Michaelis–Menten equation for noncompetitive/mixed inhi-

bition model used was

v ¼ Vmax ½S�
1þ ½I�

KI

� �
KM þ 1þ ½I�

KI

� �
½S�

The plot of KM vs. [I] yielded a linear trend upon linear

regression analysis and the values with intercept KM and

slope KM/KI and was used for calculation of the inhibitory

constant KI.

Protein crystallization

The protein DnXR was concentrated to 15 mg�mL�1 in

buffer (20 mM Tris/HCl, pH 7.5). Crystallization experi-

ments were performed in 24-well plates by hanging drop

vapor diffusion method at 20 °C using commercial screens

(Hampton Research) and each drop was prepared by mix-

ing 1 lL each of protein solution and reservoir solution

and equilibrated over 1 mL of reservoir solution. Crystals

of the apo form of DnXR (rod shaped) appeared in 2 days

in the crystallization condition containing 24% polyethy-

lene glycol 4000, 0.1 M sodium citrate (pH 6.2), and 0.15 M

ammonium acetate. Crystals of the NADP-DTT complex

were obtained using a protein solution containing

15 mg�mL�1 protein, 10 mM NADPH and 10 mM DTT

which was preincubated at 4 °C for 4 h. The plate shaped

crystals were formed after 3 days with the reservoir solu-

tion containing 22% polyethylene glycol 3350, 0.1 M

HEPES (pH 7.5), and 0.2 M ammonium sulfate.

Data collection, structure determination, and

refinement

Diffraction data for DnXR crystals were collected at an in-

house X-ray source with a MAR345 image plate detector

mounted on a Bruker Microstar rotating anode X-ray gener-

ator (Cu Ka = 1.5418 �A). Crystals were mounted on cry-

oloops using the higher concentrations of the reservoir

solutions as cryoprotectants and flash-frozen in a nitrogen

gas stream at 100 K. All X-ray data were processed and

scaled using MOSFLM and SCALA programs as imple-

mented in the CCP4 software package [70–72]. The apo form

data were processed to 2.0 �A resolution and the data were

indexed in the P212121 space group. The structure was solved

by molecular replacement with the PHASER program using

one subunit of apo form of C. tenuis XR (PDB: 1JEZ, 71%

sequence identity) as the search model [27,73]. The final

model of a dimer in the asymmetric unit contains all 320

amino acids encoded in the protein, while the N-terminal

(His)6-tag is disordered. The complex data was processed to

1.7 �A resolution and indexed in the space group C2221 and

structure was solved using the refined DnXR apo form as a

model. The software package PHENIX was used to carry

out iterative rounds of restrained refinement and the
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program COOT was used for model building [74–76]. The

refinement included simulated annealing protocols to remove

model bias. R-free calculations were performed to cross vali-

date the refinement with a test set containing 5% of the

reflections. The structure and restraints for the adduct were

generated using the electronic Ligand Builder and Optimiza-

tion Workbench (eLBOW) program, as implemented in the

PHENIX suite [77]. The coordinates of NADPH and D-DTT

available in the PDB Chemical Components dictionary were

used to generate the structure and determine the ligand

geometry. The resulting model was further optimized using

the AM1 semiempirical quantum-chemical method and cor-

responding restraints were generated as a CIF format file.

The output coordinates and the restraints were examined

manually using the Restraints Editor Especially Ligand

(REEL) tool for validity. The model was then manually fit-

ted into the electron density map and followed by refinement

carried out in PHENIX incorporating the generated ligand

restraints. The MolProbity program was used for the evalua-

tion of stereochemical quality of the final models [78].

PyMoL was used for the graphical representation of struc-

tures [79]. The structure based sequence alignment was car-

ried out using the online program ESPRIPT 3.0 [80].

Protein Data Bank accession numbers

The atomic coordinates and the corresponding structure

factors of the apo form and the ternary complex of DnXR

have been deposited in the Protein Data Bank under the

accession numbers 5ZCI and 5ZCM, respectively.
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