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Tolrestat and epalrestat have been characterized as noncompetitive inhibitors

of aldo-ketone reductase 1B1 (AKR1B1), a leading drug target for the treat-

ment of type 2 diabetes complications. However, clinical applications are lim-

ited for most AKR1B1 inhibitors due to adverse effects of cross-inhibition

with other AKRs. Here, we report an atypical competitive binding and inhibi-

tory effect of tolrestat on the thermostable AKR Tm1743 from Thermo-

toga maritima. Analysis of the Tm1743 crystal structure in complex with

tolrestat alone and epalrestat-NADP
+
shows that tolrestat, but not epalrestat,

binding triggers dramatic conformational changes in the anionic site and

cofactor binding pocket that prevents accommodation of NADP+. Enzymatic

and molecular dynamics simulation analyses further confirm tolrestat as a

competitive inhibitor of Tm1743.

Keywords: aldo-ketone reductase; competitive inhibitor; diabetes

complications; epalrestat; tolrestat

The aldo-ketone reductase (AKR) superfamily of

NADPH-dependent oxidases is primarily responsible

for catalyzing the reversible reduction of carbonyl

groups in a wide range of aldehydes and ketones to

their corresponding alcohols [1,2]. There are more than

190 known AKR enzymes that fall into 16 families

and which are widely distributed across numerous

metabolic processes, such as xylose metabolism [3],

vitamin C biosynthesis [4], polyketide biosynthesis [5],

and steroid metabolism [6]. Human AKR enzymes

play central roles in the bioactivation or detoxification

of drugs, carcinogens, and reactive aldehydes [7,8]; for

this reason, they are categorized as phase I drug-me-

tabolizing enzymes [1]. Several human AKRs, such as

AKR1B1, AKR1C1-1C3, AKR1D1, and AKR1B10,

have been implicated in diabetes complications [9–12],

steroid hormone-dependent malignancies [13–15], bile

acid deficiency [16,17], and defects in retinoic acid sig-

naling [18–20]. As such, extensive exploration has been

conducted to identify targeted inhibitors of AKRs that

may help in curing these diseases.

A structurally diverse set of compounds has been

found to inhibit the enzymatic activity of several dis-

ease-related AKRs. Among these, tolrestat [21] and

epalrestat [22] are two powerful acetic acid inhibitors

of AKR1B1 (aldose reductase), a leading drug target

for type 2 diabetes complications, due to its ability to

convert high circulating concentrations of glucose into

sorbitol in non-insulin-dependent tissues [23,24]. Tol-

restat also inhibited in vivo and in vitro activities of

AKR1B10 [19], which is used as a marker for tumori-

genesis and is essential in regulating the conversion of

Abbreviations

AKR, aldo-ketone reductase; AU, asymmetric unit; AUC, analytical ultracentrifugation; MD simulation, molecular dynamics simulation; NMA,

normal mode analysis; Tm, Thermotoga maritima.
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all-trans-retinaldehyde to retinol [18,20,25]. However,

development of effective AKR1B inhibitors for clini-

cal applications has been limited by cross-inhibition

with other AKRs, caused by the highly conserved

inhibitor-binding mode [26,27]. Thus, it is necessary

to have a clear understanding of the inhibitor–enzyme

interactions when designing inhibitors for a specific

AKR.

Tolrestat and epalrestat have long been character-

ized, enzymatically and structurally, as noncompetitive

inhibitors. Both inhibitors bind to AKR1B1 and

AKR1B10 in complex with the enzyme cofactor

NADP+, which is a common feature shared by several

inhibitor-bound AKR structures [19,28–31]. In these

structures, the hydrophobic ring of tolrestat and epal-

restat is stacked by aromatic residue side chains

located in a so-called ‘specificity pocket’. The hydro-

philic tails of the inhibitors are typically anchored to

an ‘anionic site’ composed of strictly conserved Tyr,

His residues, and the NADP+ nicotinamide moiety

that interact with the carboxyl group through hydro-

gen bonding. The NADP+ cofactor is bound in an

extended anti-conformation in a conserved binding

pocket adjacent to the active sites that contains an

Asp-Lys-His-Tyr catalytic tetrad.

In previously published work, we characterized the

activity and crystal structure of the novel AKR

Tm1743, cloned from Thermotoga maritima, in

complex with NADP+ at 2.0 �A resolution. We investi-

gated its enantioselectivity in catalyzing the asymmet-

ric synthesis of the angiotensin drug intermediate ethyl

(R)-2-hydroxy-4-phenylbutyrate through semirational

enzyme design [32]. We found that the Trp21 and

Trp86 residues located in the specificity pocket play

crucial roles in determining the enantioselectivity of

Tm1743. As a native AKR, Tm1743 exhibits some

essential properties of an ideal biocatalyst, including

high thermostability, strong chemical tolerance, and

activity toward a broad range of ketone and aldehyde

substrates [33]. These findings therefore warranted fur-

ther structural and functional characterization of the

interactions between Tm1743 and the inhibitors used

in diabetes treatment for potential development in

pharmaceutical applications.

Here, we report the crystal structure of Tm1743 in

complex with the inhibitors tolrestat at 1.6 �A and

epalrestat-NADP+ at 1.9 and 2.07 �A resolution, res-

pectively. Compared to mammalian AKRs, Tm1743

immobilizes tolrestat alone in an atypical binding

mode that triggers conformational changes of the

anionic site and cofactor binding pocket. As a

result, the hydrophilic tail of tolrestat is reposi-

tioned to occupy the nicotinamide binding region of

the anionic site. Concomitantly, the cleft that

accommodates the adenosine ring of NADP+ is

closed due to conformational changes of the amino

acids that maintain the cleft structure. In contrast,

epalrestat binding does not induce conformational

changes that preclude the interaction with NADP+.

The respective binding modes of tolrestat and epal-

restat were further confirmed by enzymatic reduc-

tion of ethyl acetoacetate by Tm1743 and molecular

dynamics (MD) simulation analyses of the complex

structures. This work thus revealed a previously

unrecognized binding mode and inhibitory effect of

tolrestat on an AKR enzyme. Our work provides

the structural basis for the competitive inhibition of

tolrestat on AKR enzymes. It will expand the diver-

sity of inhibition mechanisms of AKR inhibitors

and also contribute to their future pharmaceutical

applications.

Materials and methods

Protein expression and purification

The gene sequence encoding Tm1743 from T. maritima was

inserted into pET28a vector between the NdeI and HindIII

restriction sites [33]. A plasmid with the correct insert

confirmed by sequencing was then transformed into

Escherichia coli BL21 (DE3) cells for expression of the N-

terminal His6-tagged recombinant protein. The transformed

cells were grown in 1 L of LB medium containing

100 mg�mL�1 kanamycin at 37 °C until the OD600 reached

0.6–0.8. The gene expression was then induced with 0.1 mM

isopropyl-b-D-thiogalactopyranoside (IPTG) overnight at

25 °C.
Cells were harvested by centrifugation at 7903 g for

15 min at 4 °C and resuspended in 40 mL wash buffer con-

taining 25 mM Tris/HCl pH 8.0, 150 mM NaCl, 20 mM imi-

dazole, and 0.1 mM phenylmethylsulfonylfluoride prior to

homogenization with a high-pressure homogenizer (Union,

People’s Republic of China). The insoluble cell debris was

removed by centrifugation at 23 269 g for 40 min at 4 °C.
The supernatant containing crude soluble proteins was

boiled at 100 °C for 10 min to precipitate the majority of

E. coli proteins. After centrifugation at 34 310 g for

20 min, the supernatant containing primarily Tm1743 pro-

tein was loaded onto a Ni2+-chelating affinity chromatogra-

phy column (2 mL; GE Healthcare, Waukesha, WI, USA)

and was rinsed with 100 mL buffer A (25 mM Tris–HCl

pH 8.5, 200 mM NaCl, 20–40 mM imidazole) to remove

nonspecifically bound proteins. The bound Tm1743 protein

was eluted with buffer B (25 mM Tris–HCl pH 8.5, 200 mM

NaCl, 50–100 mM imidazole). The eluates were further

purified by a HiLoad 16/600 Superdex 200 PG size exclu-

sion column (GE Healthcare) to 95% purity.

565FEBS Letters 594 (2020) 564–580 ª 2019 Federation of European Biochemical Societies

C. Zhang et al. Tolrestat acts as a competitive AKR inhibitor



Crystallization of Tm1743 in complex with

tolrestat and epalrestat

The purified Tm1743 enzyme was concentrated to

20 mg�mL�1 in buffer (25 mM Hepes pH 7.5 and 50 mM

NaCl) at 4 °C using an Amicon Ultra centrifugal filter device

(10-kDa molecular weight cutoff; Millipore, Danvers, MA,

USA). Protein concentration was determined using a Nano-

Drop (Thermo Scientific, Waltham, MA, USA) to measure

absorption at 280 nm. The enzyme was incubated with

NADP+ and individual inhibitors (tolrestat or epalrestat) at a

1 : 1.5 : 1.5 molar ratio for 2 h before crystallization. Crystal-

lization was performed using the hanging-drop vapor diffusion

method at 4 °C. 1.5 lL of protein sample was mixed with an

equal volume of the reservoir solution, and the mixture was

equilibrated against 200 lL reservoir solution. Crystals of tol-

restat-bound Tm1743 were obtained at 15 mg�mL�1 with the

reservoir solution (10% PEG10 000, 0.1 M sodium acetate tri-

hydrate pH 4.5) at 16 °C. The epalrestat-bound Tm1743 was

crystallized with 10% Jeffamine M600 pH 7.0 and 0.1 M

sodium acetate trihydrate pH 4.0 at 16 °C. The crystals of

epalrestat-bound Tm1743 in P3221 space group were obtained

in reservoir solution containing 10% PEG 20 000, 0.2 M

MgCl2, and 0.1 M sodium acetate trihydrate pH 4.5 at 16 °C.

Crystal data collection, structure determination,

and refinement

The optimized Tm1743 crystals were cryoprotected by add-

ing 25% glycerol to the reservoir solution and flash-freezing

with liquid nitrogen. A 1.6 �A resolution dataset of tolrestat-

bound Tm1743 was collected at SSRF beamline BL18U1

with a 300-mm crystal-to-detector distance at wavelength of

0.97861 �A. Three hundred and sixty diffraction frames were

collected with 1° oscillation per image. The crystal belongs to

space group P3121 with unit cell dimensions a = b =
84.594 �A, c = 92.990 �A, a = b = 90°, c = 120°. The crystal

diffraction data of epalrestat-bound Tm1743 were also col-

lected at SSRF BL18U1 under the same conditions. A 1.9 �A

dataset was collected belonging to space group P3121 with

unit cell dimensions a = b = 84.172 �A, c = 93.166 �A,

a = b = 90°, c = 120°. The diffraction dataset of the crystal

grown in 10% PEG 20 000 was collected at 2.07 �A resolu-

tion, with space group P3221 and unit cell dimensions

a = b = 84.128 �A, c = 185.765 �A, a = b = 90°, c = 120°
(Table 1).

Diffraction data were processed, integrated, and scaled

with HKL3000R software [34]. The data quality was assessed

using SFCHECK [35], and the solvent content was calculated

using MATTHEWS_COEF from CCP4 [36,37]. The inhibi-

tor-bound structures were determined by the molecular

replacement method using the coordinates of NADP+-

bound Tm1743 (PDB ID 5DAN) [32] as a search model.

The PHASER program [38] from the CCP4 package was

employed to determine the initial phases; iterative model

building and refinement were performed using COOT [39]

and REFMAC5 [40] to obtain the final model (Table 1).

Enzymatic assays

The enzymatic activity of Tm1743 in reducing the soluble

ethyl acetoacetate substrate was assayed spectrophotometri-

cally at 30 °C by measuring the change in the absorbance

of NADPH at 340 nm (e = 6.22 mM
�1�cm�1). The standard

assay mixture (200 lL) was composed of 50.0 mM Tris/HCl

pH 9.0, 0–25.0 mM ethyl acetoacetate, 0.12 mM NADPH,

and 4.0 lM Tm1743 enzyme. One unit of enzymatic activity

was defined as the amount of enzyme that catalyzes the

oxidation of 1.0 lmol NADPH per min. The apparent

Michaelis–Menten constants (Km) and Vm were measured

by Lineweaver–Burk double-reciprocal plots of the reaction

velocity and substrate concentrations at 0, 1.5, 2.5, 5.0,

10.0 and 25.0 mM (Table 2).

The inhibitory effects of tolrestat and epalrestat were

investigated by double-reciprocal plot of the reaction veloc-

ity and substrate concentrations, by varying the concentra-

tions of tolrestat at 0, 20.0, 40.0, 50.0, and 60.0 nM, and the

concentrations of epalrestat at 0, 25.0, 50.0, 60.0, and

75.0 nM. The values of Km and Vm at different inhibitor

concentrations were the apparent Km and Vm, hereinafter

denoted as K app
m and V app

m , respectively. The apparent inhibi-

tory constant (Ki) of tolrestat and epalrestat was calculated

by plotting the K app
m =V app

m against different inhibitor concen-

trations. To check whether NADPH could displace the

bound tolrestat from Tm1743 enzyme, the enzymatic assay

was carried out in reaction mixture (200 lL) with 50.0 mM

Tris/HCl pH 9.0, 4.0 lM Tm1743, 25.0 mM ethyl acetoac-

etate, 25 nM tolrestat, and NADPH concentrations at 50,

100, and 150 nM.

Molecular dynamics simulation and binding free

energy calculations

Molecular dynamics simulations were performed by using

the AMBER 12 software [41]. The tolrestat-, NADP+- and

epalrestat-NADP+-bound Tm1743 structures were individu-

ally immersed into the center of a truncated octahedron box

of TIP3P water molecules with a margin distance of 12.0 �A.

The environmental sodium counterions were added to keep

the system in electric neutrality. The AMBER ff14SB force

field was applied for Tm1743 [42]. The force field parameter

of NADP+ was retrieved from previous report [43]. For the

inhibitor tolrestat and epalrestat, their atomic partial

charges were calculated using the restricted electrostatic

potential (RESP) method with a basis set of HF/6-31G(d)

on the DFT B3LYP/6-31G(d) optimized structures [44]. By

following the same procedure in our previous report [45],

each simulation was conducted with a time scale of 60 ns.

Upon the equilibrium of MD simulations, the binding

free energies (DGbind) between Tm1743 and bound

566 FEBS Letters 594 (2020) 564–580 ª 2019 Federation of European Biochemical Societies

Tolrestat acts as a competitive AKR inhibitor C. Zhang et al.

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5DAN


inhibitors tolrestat, epalrestat, and cofactor NADP+ were

obtained through the molecular mechanics/generalized

Born surface area (MM/GBSA) calculation approach [46]:

DGbind ¼ Gcomplex�ðGprotein þ GligandÞ ð1Þ

DGbind ¼ DH�TDS � DEMM þ DGsolv�TDS ð2Þ

DEMM ¼ DEvdW þ DEele ð3Þ

DGsolv ¼ DGGB þ DGSA ð4Þ

where EMM is the gas phase interaction energy com-

prising van der Waals energy (EvdW) and electrostatic

energy (Eele). Gsolv is the solvation free energy,

Table 1. Data collection and refinement statistics.

Tm 1743 bound

with tolrestat (6KIK)

Tm 1743 bound with

epalrestat and NADP+_1

(6KIY)

Tm 1743 bound

with epalrestat and

NADP+_2 (6KY6)

Data collection

Diffraction source BL18U1, SSRF BL18U1, SSRF BL18U1, SSRF

Wavelength (�A) 0.97861 0.97861 0.97861

Space group P3121 P3121 P3221

Cell parameters (�A) a = b = 84.594 �A a = b = 84.172 �A a = b = 84.128 �A

c = 92.990 �A c = 93.166 �A c = 185.765 �A

a = b = 90° a = b = 90° a = b = 90°

c = 120° c = 120° c = 120°

Resolution (�A) 50 (1.63)a – 1.60 50 (1.93) – 1.90 50 (2.11) – 2.07

Total no. of reflections 1 004 056 (50 700) 588 966 (27 844) 492 392 (24 440)

No. of unique reflections 51 163 (2535) 30 676 (1497) 47 317 (2350)

Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)

Redundancy 19.6 (20.0) 19.2 (18.6) 10.4 (10.4)

I/r(I)〉 5.3 (5.5) 27.2 (4.9) 26.0 (5.4)

Rmerge (%) 10.5 (43.6) 16.4 (75.0) 17.7 (92.8)

Overall B factors from Wilson plot (�A2) 19.0 14.8 19.6

Matthews coefficient

VM (�A3�Da�1)

3.04 3.02 3.12

Solvent content (%) 59.6 59.3 60.6

Refinement

Resolution (�A) 50.0–1.60 50.0–1.90 50.0–2.07

Total no. of reflections 51 118 29 156 44 894

No. of reflections used 48 525 27 668 42 530

Rwork/Rfree (%)b 17.3/19.1 17.2/20.3 21.7/25.6

No. of atoms 2585 2365 4857

Protein 2212 2212 4426

Tolrestat 1 0 0

Epalrestat 0 1 2

NADP+ 0 1 2

Cl� 0 0 5

Water 332 92 305

Wilson B factors (�A2) 16.8 18.3 22.4

Average B factors (�A2) 22.0 21.0 28.7

Protein 20.2 20.9 27.5

Ligands 21.5 32.8 44.8

R.m.s. deviations

Bond angle (°) 0.83 1.40 1.46

Bond length 0.005 0.009 0.009

Ramachandran plot

Favored (%) 98.9 99.6 99.3

Allowed (%) 1.1 0.4 0.7

Outliers (%) 0.0 0 0

a Values in parentheses are for the highest resolution shell.; b Rfree was calculated using 5% of randomly selected reflections that were

excluded from the refinement.
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including the contributions form a polar part (GGB)

and a nonpolar part (GSA). DGGB was estimated using

the generalized Born model with the interior and exte-

rior dielectric constants set to 4 and 80, respectively

[47]. DGSA was estimated using the LCPO algorithm:

DGSA = cDSASA + b, where c and b were set to

0.0072 and 0, respectively [48]. By performing the nor-

mal mode analysis (NMA), TDS that represents the

entropy contribution was estimated using the NMODE

module. Two hundred snapshots were evenly extracted

from the last 20 ns trajectories for the calculations of

DEvdW, DEele, DGGB, and DGSA. For the calculation of

entropy, only 40 snapshots were evenly extracted from

the last 20 ns trajectories due to the expensive compu-

tational cost of NMA [49].

Gel filtration and sedimentation velocity

analytical ultracentrifugation

To check the oligomerization state of Tm1743 in the solu-

tion, we performed gel filtration and sedimentation velocity

analytical ultracentrifugation (AUC) of Tm1743 alone, and

in complex with inhibitors and cofactor NADP+, respec-

tively. The Tm1743 enzyme (23 mM) was incubated with

NADP+ and individual inhibitors (tolrestat or epalrestat) at

a 1 : 1.5 : 1.5 molar ratio for 2 h before gel filtration and

AUC analyses. Then, the samples were loaded on a Super-

dex 75 10/300 GL size exclusion column (GE Healthcare)

and eluted with buffer containing 25 mM Tris/Cl pH 8.5,

20 mM NaCl at 0.4 mL�min�1. Sedimentation experiments

were performed on a Beckman Coulter ProteomeLab XL-I

ultracentrifuge using a 4-hole An-60Ti rotor. Samples with

an initial absorbance at 280 nm of approximately 0.5–0.8
were equilibrated for 2 h at 20 °C under a vacuum prior to

sedimentation. The absorbance at 280 nm was measured

using a continuous scan mode during sedimentation at

220 220 g in 12 mm double-sector cells. The data were

analyzed using sedfit.

Results

Tm1743 inhibitor-binding mode is different for

tolrestat than epalrestat and NADP+

The crystal structure of tolrestat-bound Tm1743 (PDB

6KIK) was determined by the molecular replacement

method and refined to an Rwork of 17.3% and Rfree of

19.1% at 1.6 �A resolution (Table 1). The P3121 trigo-

nal crystal contains only one Tm1743 molecule per

asymmetric unit (AU). The refined structure covers

full-length Tm1743 (Met1-Gly274) which is composed

of an N-terminal b hairpin (b1 and b2), a central b7/a8
TIM barrel, and two additional a helices, a8 (Glu208-

Gln220) and a11 (Glu264-Ser272), in the C-terminal

domain (Fig. 1A). Unlike typical AKR enzymes,

Tm1743 lacks one b strand in the TIM barrel, and

thus, its C terminus possesses a stable a-helix (a11)
instead of long, random coils.

To obtain the complex structure of tolrestat-bound

Tm1743, we incubated Tm1743 with the enzyme cofac-

tor NADP+ and tolrestat before crystallization. How-

ever, no electron density indicating the presence of

NADP+ was observed in the cofactor binding site, and

instead, a tolrestat molecule was resolved in the loop

regions above the TIM barrel (Fig. 1A and Fig. S1A).

The tolrestat molecule entered the active-site pocket of

Tm1743 from the upper face of the TIM barrel, with

its polar tail inserted into the anionic site and the

hydrophobic head pointing outwards the TIM barrel

(Fig. 1B). The hydrophobic ring of tolrestat was

stacked against the indole rings of Trp86 and Trp21;

its trifluoromethyl group was located within a 3.0 �A

distance of the hydroxyl group of Glu27 at the TIM

barrel surface. The carboxyl group was directed into a

hydrophilic pocket formed by Tyr57 and the catalytic

tetrad Asp53-Lys84-His117-Tyr58, wherein it was

hydrogen-bonded with the tyrosyl group of Tyr57

(2.7 �A) and the amine group of Lys84 (3.0 �A) (Fig. 1B).

The crystal structure of Tm1743 in complex with

NADP+ and epalrestat (PDB 6KIY) was determined

and refined to an Rwork of 17.2% and Rfree of 20.3%

at 1.9 �A resolution (Table 1). Another crystal structure

with space group of P3221 (PDB 6KY6) was refined to

Rwork of 21.7% and Rfree of 25.6% at 2.07 �A resolu-

tion (Table 1). The P3221 crystal contains two Tm1743

monomers per AU, each monomer bound with one

epalrestat and one NADP+ molecules that symmetri-

cally sit on the two sides of the two fold axis (Fig. S2).

Table 2. Kinetic parameters of the Tm1743 alone and with the

addition of inhibitors tolrestat and epalrestat in reducing ethyl

acetoacetate.

Enzymes Vm (lM�s�1) Km (mM) kcat (s�1)

Tm1743 0.87 � 0.02 14.46 � 0.50 0.22 � 0.00

Tolrestat (nM)a

20 0.90 � 0.02 18.72 � 0.91 0.23 � 0.01

40 0.94 � 0.04 22.20 � 1.52 0.24 � 0.02

50 0.94 � 0.05 24.75 � 2.23 0.23 � 0.01

60 0.97 � 0.03 27.51 � 1.41 0.24 � 0.01

Epalrestat (nM)a

25 0.91 � 0.04 28.61 � 2.17 0.23 � 0.01

50 0.92 � 0.04 37.63 � 2.45 0.23 � 0.01

60 0.86 � 0.06 40.79 � 4.33 0.22 � 0.01

75 0.82 � 0.08 44.98 � 6.19 0.21 � 0.02

a The values of Km and Vm at different inhibitor concentrations are

the apparent Km and Vm, hereinafter denoted as K
app
m and V

app
m ,

respectively.
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Gel filtration and AUC analyses demonstrated that

either Tm1743 alone or in complex with tolrestat, epal-

restat, and NADP+ existed as a monomer in the solu-

tion (Fig. S3). Therefore, the monomer association

observed in the P3221 crystal of epalrestat-bound

Tm1743 is a result of crystal packing.

In the two epalrestat-bound structures, both the

NADP+ cofactor and the epalrestat head were

resolved with clear electron densities (Fig. 1C and

Figs S1B and S2C). The hydrophobic ring of epal-

restat was trapped in the specificity pocket formed by

side chains of Trp21, Trp86, and Tyr57; it was

parallel with the indole rings of Trp21 and Trp86 and

perpendicular to the tryptophanyl ring of Trp118. The

carboxyl group of epalrestat was immobilized by

hydrogen bonding interactions with His117 (2.7 �A)

and Tyr58 (2.5 �A) in the anionic site, where the

nicotinamide ring of NADP+ was stacked against the

side chain of Tyr198, leaving the other side of the

nicotinamide ring facing the catalytic tetrad from

above (Fig. 1D). NADP+ was coordinated into the

cofactor binding pocket through extensive hydrogen

bonding interactions with residues from b6, b8, b9,
and a10 (Fig. 1D).
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Fig. 1. Tm1743 inhibitor-binding mode is different for tolrestat than epalrestat and NADP+. (A) Overall structure of tolrestat-bound Tm1743

(PDB 6KIK). Tolrestat (magenta stick model) enters the Tm1743 active-site pocket from the upper face of the TIM barrel, with its polar tail

inserted into the barrel and the hydrophobic head pointing outwards. The secondary structures are colored in blue (a helices), green (b

strands), and gray (coils). (B) Binding of tolrestat in the loop regions of the TIM barrel. The hydrophobic ring is stacked against the indole

rings of Trp86 and Trp21; the hydrophilic tail is hydrogen-bonded with the Tyr57 and Lys84 side chains. The Asp53-Lys84-His117-Tyr58

catalytic tetrad (red) and amino acid residues essential for coordinating tolrestat are shown as stick models; hydrogen bonding is indicated

by a black dashed line. (C) Overall structure of Tm1743 bound to epalrestat in complex with NADP+ (PDB 6KIY). The epalrestat (yellow) is

immobilized above the TIM barrel that harbors the NADP+ (orange) binding pocket. (D) Immobilization of epalrestat and NADP+ in Tm1743.

The hydrophobic ring of epalrestat (yellow) is trapped in the specificity pocket formed by Trp21, Trp86, and Tyr57; the carboxyl group is

hydrogen-bonded with His117 and Tyr58. NADP+ (orange) is coordinated by extensive hydrogen bonding interactions in the cofactor binding

pocket. The amino acid residues essential for coordinating epalrestat and NADP+ are shown as stick models; dashed lines represent

hydrogen bonding interactions.
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Tm1743 contains an atypical tolrestat binding

pocket

Both tolrestat and epalrestat have been previously

characterized as noncompetitive AKR inhibitors that

were bound in complex with the enzyme cofactor

NADP+ [19,28–31]. To investigate the mechanisms of

tolrestat binding with Tm1743, we compared all of the

deposited tolrestat-bound AKR structures. Superimpo-

sition analyses showed that these AKR structures

matched well at the central TIM barrel, as well as with

the conformations of bound NADP+ molecules. Inter-

estingly, the tolrestat molecule was immobilized in a

completely distinct conformation in Tm1743 compared

to its conformation in mammalian AKRs; the

hydrophobic ring was rotated about 60° relative to its

position in mammalian AKRs (Fig. 2A).

All mammalian AKRs examined in this study con-

tained three additional loops not found in Tm1743

which surround the tolrestat binding sites, namely loop

A, loop B, and loop C. Loop C is comprised of the

24-amino acid extension found at the C terminus of

mammalian AKRs that fold into one or two short a-
helices (Fig. 2A, Figs S4A and S5). The extended loop

A and loop C were essential for accommodating the

tolrestat ring in a narrow specificity pocket, while loop

B was involved in binding the pyrophosphate group

and adenine ring of NADP+ (Fig. 2A, Fig. S6A,B).

A B

D

TOL
loop T

K84

W21

  W86

E27

H117

  Y57

Y58  W118
α1

α8
β8

β5α4 K84

W21

H117

  Y57

Y58  W118 2.7Å

3.0Å

NADP+

TOL
TOL

α8

β8

α11

α1

α4

C

C

loop B

loop A

loop C

loop T

N292

Y315

D230

G214

W21

D34T113

D136

K21

F122
W219

H110
W111

Y48

loop A

loop B

loop C

NADP+

TOL

T113 L300

L228

2.9Å

F122
W219

H110

W111
Y48

L300

W79

W20V472.8Å

2.6Å

2.7Å

NADP+

E

NADP+

TOL
TOL

loop B

loop A

loop C

TOL

TOL

C

F

W86

Fig. 2. The tolrestat binding pocket of Tm1743 and mammalian AKR1B1. (A) Superimposition of Tm1743 (blue, PDB 6KIK) with AKR1B1

(yellow, PDB 2FZD) and AKR1B10 (pink, PDB 1ZUA). The space-filling model of the Tm1743 structure is shown with the three additional

loops (loops A, B, and C) present in mammalian AKRs. Bound tolrestat is shown as a stick model in Tm1743 (magenta) and in mammalian

AKRs (green). (B) The tolrestat binding pocket in Tm1743. The tolrestat molecule (magenta) is immobilized in a pocket formed by loop T and

residues located in the loops a4-b5 and b8-a8. The hydrophobic ring of tolrestat is stacked by Trp21 and Trp86 in the specificity pocket, and

the hydrophilic tail was hydrogen-bonded with Tyr57 and Lys84 in the anionic site. The critical secondary structures (ribbon diagram) and

specific amino acids (stick models) that form the binding pocket are shown with tolrestat and enlarged in (C). (D) Superimposition of

tolrestat-bound Tm1743 (blue) with AKR1B1 (yellow). The three additional loops in mammalian AKRs are positioned around the tolrestat

binding pocket, while loop T covers the tolrestat binding pocket from the top in Tm1743. Residues located at the terminus of a loop are

shown as black dots. (E) Immobilization of tolrestat (green) and NADP+ (orange) in human AKR1B1. Three residues (Phe122, Trp219, and

L300) bring the flipped loops A, B, and C together to cover the top of the tolrestat binding pocket. The hydrophobic ring of tolrestat is

deflected into the cleft between loop A and loop C, while the hydrophilic tail is hydrogen-bonded (dashed lines) with Trp111, His110, and

Tyr48 in the anionic site. Lys21 and Leu228 are essential for binding the NADP+ molecule. (F) Enlargement of tolrestat and cofactor

interactions with binding pocket residues in human AKR1B1.
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Additionally, an insertion (Gly24-Asp34), designated

as loop T (Gly24-Asp34), was present only in Tm1743

and absent in mammalian AKRs (Fig. 2B,D, Figs

S4A and S5). Due to absence of the three additional

loops, loop T in Tm1743 was flipped toward the tol-

restat binding pocket from above. Within this loop,

Glu27 was positioned on the tip close to the trifluo-

romethyl group, and the indole ring of Trp21 was

essential for stacking the tolrestat ring in a flat confor-

mation through steric hindrance with Trp86 on the

opposite side of the tolrestat hydrophobic ring

(Fig. 2B,C). As a result, the hydrophilic tail moved

down into the anionic site, where the side chains of

Trp118 and His117 had been rotated away, and there

the carboxylate was hydrogen-bonded by a noncon-

served Tyr57 residue and the Lys84 catalytic residue

(Fig. 2B,C).

In mammalian AKR1B1 (PDB 2FZD and 1AH3),

the hydrophobic ring of tolrestat was immobilized in a

hydrophobic pocket formed by Phe122 from loop A

(Thr113-Asp136), Trp219 from loop B (Gly214-

Asp230), and L300 from loop C (Asn292-Tyr315)

(Fig. 2D). These three residues (Phe122, Trp219, and

L300) were positioned in a triangle 8 �A apart, bringing

the flipped loops A, B, and C together to cover the top

of the tolrestat binding pocket (Fig. 2E). The steric hin-

drance generated by the phenyl ring of Phe122 and the

indole ring of Trp219 deflected the tolrestat hydropho-

bic ring into the cleft between loop A and loop C.

Appearance of these three extended loops lifted the tol-

restat ring up above the anionic site, wherein the back-

bone of the hydrophilic tail was accommodated by the

side chains of Trp79 (Trp86 in Tm1743) and Val47

(Tyr57 in Tm1743) on one side of the hydrophilic tail,

and Trp20 (Trp21 in Tm1743) on the opposite side of

the tail (Fig. 2F).

The fact that Val47 in mammalian AKR1B1 is posi-

tionally equivalent to Tyr57 in Tm1743 prevents the

hydrogen bonding interaction necessary for immobiliza-

tion of the tolrestat carboxyl group, which was hydro-

gen-bonded with Trp111 (2.8 �A), His110 (2.6 �A), and

Tyr48 (2.7 �A) (Fig. 2F). In contrast, the side chains of

Trp86, Trp21, Trp118, and His117 in tolrestat-bound

Tm1743 all underwent obvious conformational changes

as that in AKR1B1 (Fig. S4B). The tolrestat binding

mode in AKR1B10 (PDB 1ZUA) thus resembles that of

AKR1B1 (Fig. S4C–F).

The hydrophilic tail of tolrestat occupied the

anionic site in Tm1743

In contrast to tolrestat, the inhibitor epalrestat bound

to NADP+-Tm1743 in a conformation that is different

to human AKR1B1 (PDB 4JIR) and AKR1B10 (PDB

4JIH) (Fig. 3A,B, Fig. S7A–D). Although the

hydrophobic ring adopted different conformations

from mammalian AKR1B1 and AKR1B10, the hydro-

philic tails of the epalrestat were all immobilized by

the highly conserved Trp, His, and Tyr residues above

the anionic site, leaving enough space to accommodate

the nicotinamide ring of NADP+ (Fig. 3C and

Fig. S7). Conformational changes in the epalrestat ring

in human AKR1B10 resulted from the planar flip of

the Trp112 side chain, which determines the inhibitor

specificity between AKR1B1 and AKR1B10 [31]. The

catalytic tetrad residues Asp53, Lys84, Tyr58, and

His117 did not undergo conformational changes upon

epalrestat binding (Fig. 3C). However, the side chain

orientations of Tyr57, His117, and Trp118 in tolrestat-

bound Tm1743 are dramatically different from that in

AKR1B1 and AKR1B10, as well as epalrestat-bound

Tm1743. In particular, the side chain orientation of

Trp118 in tolrestat-bound Tm1743 resembles that of

Trp112 in epalrestat-bound AKR1B10 (Fig. 3D).

Superimposition of the Tm1743 inhibitor-binding

pockets revealed that the orientations of the Tyr57,

His117, and Trp118 side chains play functional roles

in immobilizing tolrestat and epalrestat in different

binding modes (Fig. 4A). The hydrophobic rings of

tolrestat and epalrestat were both sandwiched between

the indole rings of Trp21 and Trp86, which did not

undergo dramatic conformational changes, whereas in

the tolrestat-bound structure, the side chains of His117

and Trp118 were all rotated away to broaden the anio-

nic site (Fig. 4A). The longer hydrophilic tail of tol-

restat was then mobilized into the nicotinamide ring

binding region, where it was stabilized by the drasti-

cally flipped tyrosyl group of Tyr57 and the catalytic

residue Lys84 (Fig. 4A). Interestingly, these essential

inhibitor-binding residues share the same side chain

orientations in epalrestat- and NADP+-bound (PDB

5DAN) structures but not in the tolrestat-bound

Tm1743 (Fig. 4B).

Tolrestat binding dismantled the cofactor

binding pocket in Tm1743

To further elucidate the structural basis underlying the

absence of NADP+ in tolrestat-bound Tm1743, we

superimposed the structure with a previously deter-

mined NADP+-bound structure (PDB 5DAN). The

overall tolrestat- and NADP+-bound structures

matched well with a main chain r.m.s.d. of 0.261 �A.

Minor structural differences were observed at b5 and

the connecting loop between b8 and a8 (corresponding

to the mammalian loop B; Fig. 5A). Upon tolrestat
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binding, b5 shifted toward the anionic site, wherein

the tyrosyl group of Tyr57 was rotated approxi-

mately 115° and inserted into the anionic site to

form a hydrogen bond with the carboxyl group of

tolrestat. In this bound state, the imidazole ring of

His117 and the indole ring of Trp118 were flipped

90° and 180°, respectively (Fig. 5B). The reposition-

ing of the side chains in these conformational

changes broadened the anionic site of Tm1743 for

trapping the hydrophilic tail of tolrestat, which

moved into and occupied the entire anionic site. If

NADP+ was manually docked in the tolrestat-bound

structure, a 1.8 �A distance between the C15 atom of

tolrestat and the C3N atom of the nicotinamide ring

would not allow binding of the nicotinamide ring in

the anionic site (Fig. 5C).

Other conformational changes were observed in

regions corresponding to loop B that are involved in

accommodating the pyrophosphate group and adenine

ring of NADP+ in both mammalian AKRs and

Tm1743 (Figs 2D, 3A and 5A). In NADP+-bound

Tm1743, the pyrophosphate group of NADP+ was

sandwiched by hydrogen bond interactions between

the Arg203 and Ser199 side chains and the main chain

nitrogen atoms of Lys244, Leu201, and Pro200 [32].

Whereas in the tolrestat-bound structure, the side

chains of Arg202, Arg203, and Lys244 were dramati-

cally shifted or flipped 180°, resulting in movement of

the b8-a8 loop toward the NADP+ binding pocket. In

particular, the drastic side chain flip of Arg203 uncov-

ered the ribose binding region but closed the cleft that

accommodates the adenine ring of NADP+ (Fig. 5B–D
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Fig. 3. Comparison of the epalrestat binding in Tm1743 with mammalian AKRs. (A) Overview of the epalrestat binding pocket in Tm1743

(PDB 6KIY). The epalrestat molecule (yellow) is immobilized in a pocket formed by loop T and residues located in loops a4-b5 and b8-a8.

NADP+ (orange) is bound in the cofactor binding pocket located in the TIM barrel. The secondary structures (cyan ribbons) and amino acids

(cyan stick models) that participate in forming the epalrestat binding pocket are shown. (B) Enlargement of the epalrestat (yellow) and

cofactor (orange) interactions with the binding residues in Tm1743. The hydrophobic ring of epalrestat is immobilized by Trp21, Tyr57, and

Trp86 (cyan) in the specificity pocket, and the hydrophilic tail is hydrogen-bonded (dashed lines) with His117 and Tyr58 (cyan) in the anionic

site. (C) Superimposition of the amino acids essential for binding the epalrestat in Tm1743 (cyan, PDB 6KIY), AKR1B1 (yellow, PDB 4JIR),

and AKR1B10 (pink, PDB 4JIH). The epalrestat molecules are shown in stick models and colored yellow in Tm1743, dark green in AKR1B1,

and hot pink in AKR1B10. The orientation of the epalrestat hydrophobic ring in AKR1B10 is different from that in Tm1743 and AKR1B1. The

side chain orientations of Tyr57 and Trp118 in Tm1743 (cyan) are different from those in AKR1B10 (pink). (D) Side chain orientations of the

amino acids for immobilizing tolrestat (blue), epalrestat (cyan) in Tm1743, AKR1B1 (yellow), and AKR1B10 (pink). Tyr57 residue replaced the

Val in AKR1B1 and AKR1B10. The side chain of Tyr57 is rotated into the anionic site in tolrestat-bound Tm1743 (blue) relative to its position

in the epalrestat-bound (cyan) structure. The side chain orientation of Trp118 in tolrestat-bound Tm1743 (blue) is similar to that in epalrestat-

bound AKR1B10 (pink).
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and Fig. S6C–D). The amine side chain of Arg203 was

thus positioned directly against the imidazole ring of

His250, 3.5 �A apart; in this conformation, the Arg203

side chain comes in immediate clash with the adeno-

sine ring of NADP+ (Fig. 5B,D).

Therefore, tolrestat binding resulted in dramatic

conformational changes at the anionic site and cofac-

tor binding pockets of Tm1743, which dismantled the

anionic site as well as the optimal local environment

for accommodating NADP+.
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Fig. 4. Comparison of the tolrestat and epalrestat binding in Tm1743. (A) Conformational changes of the residues binding the tolrestat (blue,

PDB 6KIK) and epalrestat (cyan, PDB 6KIY) in Tm1743. Upon tolrestat binding, the side chain orientations of Tyr57, Trp118, and His117 are

dramatically shifted. The hydrophilic tail of tolrestat (magenta) moves down below the position of epalrestat (yellow) in the anionic site,

where it is hydrogen-bonded with Tyr57 and Lys84. (B) Side chain orientations of the essential amino acids in Tm1743 when bound with

tolrestat, epalrestat, and NADP+. The side chain orientations of Tyr57, Trp118, and His117 in the tolrestat-bound structure (blue) are

different from those in the epalrestat-NADP+- (cyan) and NADP+-bound (gray, PDB 5DAN) Tm1743.
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binding with tolrestat (blue) and NADP+ (gray). Flipped side chains of Tyr57, His117, and Trp118 in the anionic site, and Arg202, Arg203, and

Thr204 in the adenosine ring binding region are shown in contrast to their positions in the NADP+-bound structure. (C) 3D space-filling

models of the tolrestat-bound Tm1743 docked with NADP+ molecule (orange) to show the conformational changes (dashed circles) at the

tolrestat and cofactor binding pocket. A 1.8 �A distance was observed between the C15 atom of tolrestat (magenta) and the C3N atom of

the NADP+ nicotinamide ring. (D) 3D space-filling models of the NADP+-bound Tm1743 docked with tolrestat (magenta) to show the
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Enzymatic assays confirmed tolrestat as a

competitive inhibitor of Tm1743

To verify the competitive binding mode and inhibi-

tory effect of tolrestat, we spectrophotometrically

measured the enzymatic reduction of soluble ethyl

acetoacetate by Tm1743 and subsequent depletion of

NADPH at 340 nm. Addition of tolrestat and epal-

restat in the standard reaction system showed a clear

inhibitory effect on the overall enzyme activity of

Tm1743 (Fig. 6A). As the tolrestat concentration

increased, the double-reciprocal plots of the reaction

velocity and the substrate concentrations showed an

increase in the slopes and an intersection at the y-axis

(Fig. 6B). Compared to Tm1743 without inhibitor,

the apparent Michaelis–Menten constant K app
m

increased but the V app
m stay stable as the tolrestat

concentrations increased (Fig. S8A and Table 2).

These catalytic features indicate that tolrestat acts as

a competitive inhibitor of Tm1743 in reducing ethyl

acetoacetate. Although the double-reciprocal plots

and kinetic constants under different epalrestat con-

centrations showed a concentration-dependent inhibi-

tion, it could not firmly conclude a typical

competitive inhibition of epalrestat on the Tm1743

enzyme activity (Fig. S8B and Table 2). By assaying

a range of inhibitor concentrations, the apparent inhi-

bitory constant (Ki) of tolrestat and epalrestat was

determined to be 87.0 and 55.4 nM, respectively

(Fig. 6C and Fig. S8C).

To further elucidate the structural analyses that tol-

restat dismantled the NADP+ binding, we measured the

enzyme activity of Tm1743 by increasing NADPH con-

centrations but keep tolrestat at a constant concentra-

tion. In the absence of tolrestat, the initial reaction

velocities in reducing high concentrations of ethyl ace-

toacetate were similar at different NADPH concentra-

tions (Fig. S8D). In presence of 25 nM tolrestat, the
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Fig. 6. Enzymatic analyses of the inhibitory effects of tolrestat and epalrestat on Tm1743. (A) Addition of tolrestat and epalrestat individually

inhibited the enzymatic activity of Tm1743 in reducing ethyl acetoacetate. Changes in the NADP concentrations were measured over 8 min.

(B) Lineweaver–Burk double-reciprocal plot of the reaction velocity and substrate concentrations during exposure to tolrestat concentrations

at 0, 20.0, 40.0, 50.0, and 60.0 nM. As the tolrestat concentration increased, the linear regression with increased slopes intersected at one

point of the y-axis. (C) The apparent kinetic constants K
app
m =V app

m were plotted against different inhibitor concentrations to calculate the Ki of

tolrestat. The values of Ki are calculated from the x intercept. (D) The enzyme activity of Tm1743 was measured by keeping tolrestat

concentration at 25 nM and NADPH concentrations at 50.0, 100.0, and 150.0 nM. Changes in the NADP concentrations were measured over

25 min. All the data were obtained from triplicate experiments. Error bars represent SEM as indicated.
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initial reaction velocity was decreased but also not

affected by the increased NADPH concentrations

(Fig. 6D), indicating that NADPH is not able to displace

the bound tolrestat molecule from Tm1743 enzyme.

These analyses confirmed tolrestat as a competitive inhi-

bitor of Tm1743 and verified our structural observations

that tolrestat binding triggered dramatic conformational

changes at the cofactor binding pocket of Tm1743 which

prevent NADPH binding (Figs 4 and 5).

Binding features characterized from molecular

dynamics simulation

To further explore the binding characteristics of tolrestat

and epalrestat with Tm1743, MD simulations were per-

formed on the tolrestat-, epalrestat-, and NADP+-bound

Tm1743 structures. No drastic fluctuations occurred at

the RMSD values during the MD simulations, indicating

the conformations of these binding structures are rather

stable (Fig. S9A–C). The binding free energies of tol-

restat (DGbind = �8.31 kcal�mol�1) and epalrestat

(DGbind = �8.83 kcal�mol�1) agreed well with our

experimental results in both the binding strength order

(epalrestat > tolrestat) and the values (tolrestat

DGbind,exp = �9.69 kcal�mol�1, epalrestat DGbind,exp =
�9.96 kcal�mol�1), validating the reliability of our MD

simulations (Table 3). Compared to the inhibitors,

NADP+ was more favorable for binding to Tm1743, as

implied by the much lower binding free energy (Table 3).

However, the binding free energy of NADP+ became less

negative upon epalrestat binding, which supports our

conclusion from the structural and enzymatic analyses

that epalrestat concomitantly binds to Tm1743 with

NADP+, and noncompetitively inhibits the enzyme activ-

ity of Tm1743 (Fig. 3A,B and Fig. S8B).

The binding free energy was further decomposed to

identify the per-residue contribution (Fig. 7). As

shown in Fig. 7A, residues that involved in hydrogen

bonding interactions with the hydrophilic tail of tol-

restat, including Tyr57 and Lys84, displayed major

favorable contributions to the binding. The residues

Trp21 and Trp86 for stacking to the hydrophobic ring,

and Tyr58 and His117 for forming the anionic site also

contribute to the tolrestat binding (Fig. 2B,C). How-

ever, the catalytic residue Asp53 that did not undergo

conformational changes is energetically unfavorable

for tolrestat binding, which most likely because of

the electrostatic repulsions between the two carboxyl

groups (Figs 1B and 7A).

For epalrestat, the major favorable contributions

were from the catalytic residue His117 that forms

hydrogen bond with the hydrophilic tail, and Trp21

that parallel stacks with the hydrophobic ring (Figs 1D

and 3B). Compared to tolrestat, the binding free energy

of Tyr57 was decreased, since the hydrogen bond was

disrupted in epalrestat binding (Fig. 3B). Notably,

NADP+ also displayed favorable contributions to the

binding free energy of epalrestat, indicating NADP+ is

favorable to the epalrestat binding, which is consistent

with their concomitant binding in the crystal structures.

On the other side, epalrestat showed minor unfavorable

contribution to the NADP+ binding (Fig. 7C,D), which

is in accordance with the enzymatic analyses and bind-

ing free energy calculations (Fig. 6A and Table 3).

Therefore, epalrestat acts as a noncompetitive inhibitor

of Tm1743, the concomitant binding with NADP+ is

necessary for its inhibition on the enzyme activity.

Discussion

The AKR superfamily of NADP(H)-dependent alde-

hyde and ketone reductases has been exploited exten-

sively as drug targets in pharmaceutical and clinical

trials. AKR inhibitors such as tolrestat and epalrestat

have been developed to target AKR1B1 for treatment

of complications that accompany type 2 diabetes.

However, clinical application of these inhibitors has

been limited due to their adverse off-target effects of

cross-inhibition on other AKRs, such as AKR1A1,

which shares a 65% amino acid sequence identity with

AKR1B1 [26,27]. Therefore, in order to successfully

develop effective AKR-specific inhibitors, it is

Table 3. Binding free energies between Tm1743 and the inhibitors and cofactor.

Substrates

Energy componentsa

DGbind,exp
bDEele DEvdW DGGB DGSAAA DH �TDS DGbind

Tolrestatc 69.72 �23.76 �64.57 �4.07 �22.64 14.33 �8.31 �9.69

Epalrestatd 57.84 �16.98 �57.26 �2.59 �18.99 10.16 �8.83 �9.96

NADP+d �335.97 �73.54 307.97 �9.29 �110.83 37.13 �73.70 –

NADP+e �355.50 �82.20 319.85 �9.22 �127.07 38.41 �88.66 –

a Energies are in kcal�mol�1.; b DGbind,exp = RT�lnKdissociated.;
c Tolrestat was independently bound to Tm1743.; d Epalrestat and NADP+ were

concomitantly bound to Tm1743.; e NADP+ was independently bound to Tm1743.
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necessary to improve the inhibitor selectivity. We pre-

viously investigated the enantioselectivity of Tm1743,

a native AKR from T. maritima, which was character-

ized as an efficient biocatalyst in chiral alcohol pro-

duction. Here, in this work, we determined the crystal

structure of Tm1743 in complex, individually, with the

two AKR1B1 inhibitors tolrestat and epalrestat.

Through structural and enzymatic analyses, we found

that tolrestat competitively binds Tm1743 as part of

its inhibitory effect. Furthermore, tolrestat binding

triggered dramatic conformational changes at the anio-

nic site and the cofactor binding pocket that directly

blocked NADP+ binding.

We found three amino acids that were responsible

for tolrestat binding in the anionic pocket and that the

conformations of these three amino acids differed from

their spatial dispositions in other AKRs. Specifically,

in mammalian AKRs, three extensions appeared in the

loops connecting a4-b5 (loop A), b8-a8 (loop B), and

the C terminus of Tm1743, which lifted tolrestat up

into a hydrophobic cleft above the anionic site.

Therein, the hydrophilic tail of tolrestat is hydrogen-

bonded with conserved Trp, His, and Tyr residues

(Fig. 2E,F and Fig. S4E,F). Due to lack of these three

insertions in Tm1743, the hydrophobic ring of tolrestat

is instead sandwiched between the indole rings of

strictly conserved Trp86 and Trp21, which typically

accommodate the backbone of the tolrestat hydrophi-

lic tail in mammalian AKRs (Fig. 2F and Fig. S4F).

In our previous research, Trp21 and Trp86 were

shown to play preeminent roles in determining the

enantioselectivity of Tm1743 [32]. In the simulated

complex structure, the phenyl rings of ethyl 2-oxo-4-

phenylbutyrate (EOPB) are located in a hydrophobic

pocket formed by the tyrosyl group of Tyr57 and the

tryptophanyl groups of Trp21 and Trp86 [32]. Thus,

these three amino acids are essential for immobilizing

the hydrophobic portion of the substrate.

This study also found that three side chains belonging

to Tyr57, Trp118, and His117 are repositioned by tol-

restat binding, and this conformational change pre-

cludes accommodation of NADP+, thus determining the

competitive binding mode for tolrestat. In tolrestat-

bound Tm1743, Tyr57 replaces the Val in mammalian

AKRs, the tyrosyl group of which is rotated 115° and

inserted into the anionic site, where it forms a hydrogen

bond with the tolrestat carboxyl group, subsequently

instigating a reorientation of the Trp118 and His117

side chains (Fig. 4A,B). These side chain conformational

changes of Tyr57, His117, and His118 were consistent

with their binding free energy differences between the

tolrestat- and epalrestat-bound Tm1743 (Fig. 7A,B).

The side chain flip of Trp118 (or its functional counter-

part, Trp112) not only broadens the anionic site, but
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Fig. 7. The per-residue decomposition of the binding free energy of Tm1743 in binding with tolrestat (A), epalrestat (B), epalrestat-bound

NADP+ (C), and NADP+ alone (D). The binding free energy values (kcal�mol�1) are plotted against the amino acid numbers to show their

contributions.
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also abolishes the hydrogen bonding interactions that

would otherwise stabilize the hydrophilic tail of tolrestat

or epalrestat (Fig. 2C,F, Fig. S7B,D).

Trp118 is also a highly conserved amino acid; its

counterparts, Trp112 or Trp111 in mammalian

AKRs, were reported to be essential for determining

the inhibitor selectivity of AKR1B1 and AR1B10

through a side chain flip that controls the opening

and closing of the anionic site [31]. The side chain

orientation of Trp118 in tolrestat-bound Tm1743 is

similar to that of Trp112 in epalrestat- but not tol-

restat-bound AKR1B10 (Fig. 3D), wherein the epal-

restat molecule also adopts a different conformation

comparable to that in AKR1B1 (Fig. S7A–D). These

structural features indicate that the side chain orien-

tation of Tyr57, Trp118, and His117 in the anionic

site is a decisive factor in determining the inhibitor-

binding mode of AKRs.

Based on the exclusion of NADP+ from its binding

site when tolrestat is bound (Figs 2B and 6D), we spec-

ulate that occupation of the NADP+ binding pocket is

related to the specificity and binding mode of the inhi-

bitor. In other NADP+-bound AKRs, the hydrophilic

tails of the inhibitors are located above the anionic

site, allowing binding of the NADP+ cofactor. The

hydrogen bond formed between the hydrophilic tail

and the catalytic residue Lys84 ensures a much stron-

ger tolrestat binding, as implied by its major contribu-

tion in the binding free energy of tolrestat (Fig. 7A).

Therefore, occupation of the NADP+ binding region is

ostensibly the likeliest cause of inhibitory binding by

tolrestat in Tm1743, and capacity to bind tolrestat in

this region can be exploited for improvement of speci-

ficity in the design of mammalian AKR inhibitors. For

example, we could plausibly modify inhibitors to

switch from the typical noncompetitive binding mode

to the competitive mode by elongating the hydrophilic

tail, resulting in its insertion into the anionic site and

subsequent occupation of the NADP+ binding pocket.

In contrast, the side chain reorientation of Tyr57 in

tolrestat-bound Tm1743 provides a new amino acid

site for semirational engineering of Tm1743. We previ-

ously identified the importance of Trp21, Trp86, and

His118 in the enantioselectivity of Tm1743 [32]. Com-

binations of mutations in these three residues not only

changed the conformation of the bound substrate, but

also improved the optical purity ratio of the products.

Therefore, incorporation of the Tyr57 mutation in the

engineering of Tm1743 would benefit the synthesis of

optically pure alcohol intermediates for pharmaceutical

industry applications. For reactions that require

NADP+ as a cofactor, mutation of Tyr57 to a Val or

other neutral amino acid in mammalian AKRs may

result in a noncompetitive binding mode for different

aldehyde and ketone substrates.

The different binding modes and inhibitory effects

of tolrestat and epalrestat in the same enzyme, as well

as our previous enantioselectivity studies, indicate the

flexibility of Tm1743 structure and suggest its potential

application as a natural biocatalyst useful for inhibitor

design and synthesis of pharmaceuticals. Our work has

therefore revealed a previously unrecognized competi-

tive binding mode of tolrestat and illustrated the struc-

tural basis for inhibitor and substrate binding in

AKRs. These findings will contribute to AKR-targeted

drug development and open a wide range of potential

pharmaceutical applications for Tm1743 in the future.
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Fig. S1. The electron density of tolrestat (A), epal-

restat and cofactor NADP+ (B) resolved in Tm1743.

Fig. S2. Overall structure of epalrestat-bound Tm1743

with P3221 space group (PDB 6KY6).

Fig. S3. Gel filtration and analytical ultracentrifuga-

tion (AUC) of Tm1743.

Fig. S4. Comparison of the tolrestat binding pocket in

Tm1743 with mammalian AKR1B and AKR1B10.

Fig. S5. Structure-based sequence alignment of

Tm1743 with mammalian AKR1B1 and AKR1B10.

Fig. S6. Comparison of the tolrestat and cofactor

binding pocket in Tm1743 with mammalian AKRs.

Fig. S7. The epalrestat binding pocket in mammalian

AKRs.

Fig. S8. Enzymatic characterization of Tm1743 in

reducing ethyl acetoacetate.

Fig. S9. Root-mean-square deviations (RMSDs) of

Tm1743 and the bound inhibitors and NADP+ during

MD simulations.
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