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Summary

Aldose Reductase (AR) is a NADPH-dependent enzyme implicated in long term diabetic
complications. The protein exhibits the frequently observed (B/o)g TIM barrel fold, a novel
NADPH binding domain. Its crystal structure shows that the coenzyme is buried at the bottom
of a deep hydrophobic cleft, and surrounded by a network of conserved hydrophilic residues.
Extensive biochemical and mutagenesis studies confirm the crucial role of these residues in
enzymatic activity.

A catalytic mechanism is presented, explaining the role of several conserved residues.
H110 functions as the catalytic residue and Y48 stabilises an anion binding well which favours
correct substrate orientation during catalysis. Two water channels link the active site, and in
particular H110, with the bulk solvent and could provide the proton necessary for the reaction.
Sequence comparisons show that these channels are likely to be present in all members of the
aldo-ketoreductase superfamily.
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1. Introduction

Although the physiological role of Aldose Reductase (AR) (EC 1.1.1.21) in healthy
individuals is still a matter of debate, this enzyme is believed to be of primary importance in the
development of severe degenerative complications of diabetes mellitus, through its ability to
reduce excess D-glucose into D-sorbitol in non-insulinodependent tissues [1]. In vitro, AR has
been shown to act on a wide range of substrates, such as aldehydes, aldoses or corticosteroids,
but it is most effective on steroid hormones [2-3]. This NADPH-dependent enzyme reduces a
carbonyl group to a hydroxyl one, in an ordered bi-bi mechanism, where NADPH is bound
first and NADP+ released last. Upon formation of the enzyme-coenzyme-substrate ternary
complex, a hydride is transferred from the C4 carbon atom of the nicotinamide ring (4-pro-R,
A-face) of NADPH [4-5] to the carbonyl carbon of the substrate, while a proton is provided by
the enzyme to the carbonyl oxygen. Like all other NAD(P)-dependent enzymatic reactions
known to date, this reduction is stereospecific with respect to both substrate and coenzyme.

Aldose reductase belongs to a class of monomeric NADPH-dependent oxidoreductases
of molecular weight in the range 35-40 kD, the aldo-ketoreductases [6] (Table 1). Published
sequence data have shown that within this class aldose reductase and the frequently co-
occurring aldehyde reductase have high sequence homology and therefore should fold in very
similar three-dimensional structures [7-10]. In addition, data base searches have indicated
strong sequence similarities between these enzymes and prostaglandin F synthase [11], 2,5-
diketo-D-gluconate reductase [12], p-crystallin [13], chlordecone reductase [14] and a yeast
protein encoded by the GCY gene [15].

Due to the therapeutic interest of AR, several crystallographic analyses have been
performed on the enzyme from porcine, human and bovine sources [16-21]. These studies
reveal highly similar structures of AR through species. The coenzyme is mostly buried, with
the catalytic C4 atom barely accessible at the bottom of a deep pocket opened on one side of the
enzyme. This pocket is clearly the substrate binding site, with the enzymatic activity taking
place at its bottom. Based on the structure of the wild type enzyme, two residues were early
proposed as the possible proton donors in the catalytic process : H110 and Y48 [17). Although
H110 is very favourably located, it was first discarded with preference for Y48, as the
hydrophobic character of the cleft is expected to lower the pKa of H110 and therefore to favour
the unprotonated form of the histidine, making it unsuitable as a proton donor.
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Table 1: Sequence alignment of the members of the aldo-ketoreductase superfamily.

The sequences search and alignment were performed using the programs of the GCG package
[28] using the SwissProt, GenEMBL and PIR-Prot data bases. The following sequences were
included : soybean 6'-deoxychalcone synthase (6dcs-soy), barley AR (Aldr-hor), human
chlordecone reductase (Chlr-hum), human dihydrodiol dehydrogenase (Hsdhd). bovine

prostaglandin F synthase (Pgfs-bov), rat 3a-hydroxysteroid dehydrogenase (Didh-rat), frog p-
crystalline (Cro-ranc), rat D(4)-3-ketosteroid reductase (Ksbr), bovine lens AR (Aldr-bov), pig
lens AR [29] (Aldr-pig), human AR (Aldr-hum), kidney rabbit AR (Aldr-rab), rat lens AR
(Aldr-rat), human aldehyde reductase (Aldx-hum), a protein coded by the GCY gene of baker's
yeast (Gcy-yeas), a reductase from gene P100/11E of Leishmania major (P100-lei), D-sorbitol-
6-phosphate dehydrogenase (S6pd-mal), xylose reductase from P. stipitis XYL1-gene
(Psxyllre) and the 2,5-diketogluconic acid reductase from Corynebacterium Sp. (2dkg-cor).
The first line indicates the numbering used in the text. in multipies of 10, corresponding to the
sequence of pig AR. The residues of groups I and II (see table 2) are indicated by + and x
respectively. The last line indicates the strands (s) and the helices (h) as observed in the pig
enzyme. Highlighted letters correspond to residues conserved in at least all the compared
sequences but one.
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2. X-Ray structures :

2.1 The enzyme structure ;

The structure of apo AR from pig lens, initially solved at 2.5A resolution in a triclinic
crystal form with 4 monomers in the asymmetric unit [16,18], has now been refined at 2.0 A
resolution. The structure of the corresponding holoenzyme has been obtained at 2.8 A
resolution from a tetragonal crystal form with one monomer per asymmetric unit.

Figure 1: Overall schematic drawing of the holo form of Aldose Reductase, obtained with the
program MOLSCRIPT [30].

Mumbering of strands (51, 52, ..., S8). helices (H|, H2, ..., H9), and loops (L4 and L7) is
shown., NADP* (ball-and-stick) lies between strands 7 and 8, with loop LT bent on it. The
water molecules (balls) of the channels, connected by hydrogen bonds (dotted lines), link the
outside of the protein to residues H110 and N 160 (balls and sticks).
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Pig lens aldose reductase comprises a single polypeptide chain of 314 aminoacids with an
acetylated N-terminal serine. The enzyme is globular with a single structural domain, very
similar to the archetypical structure of the triose phosphate isomerase (B/a)g barrel {16]
(Figure 1). It is legitimate to think that the above mentioned homologous proteins exhibit a
similar fold.

2.2. Coenzyme binding :

NADP* lies in a very extended conformation at the C-terminal side of the strands
(figure 1). Its binding involves numerous interactions similar to those reported for the human
holoenzyme [17]. Significant conformational changes are observed : the most important one
concerns loop 7 which spreads over the coenzyme. During this change, P222 and P225 switch
from a trans peptide bond in the apoenzyme to a cis peptide bond in the holoenzyme. W20 and
K21 occupy two different positions corresponding to the opening and the closing of a latch
formed by the bulky aromatic residue and a salt bridge between K21 and D216. These
conformational changes probably account for the ordered bi-bi mechanism displayed by the
enzyme and also possibly for its low turnover. Indeed, it has been shown that NADP* release
is the rate limiting step of the AR-catalysed reduction of D-glyceraldehyde [22,23].

2.3. The active site :

The nicotinamide ring of the coenzyme is largely buried at the bottom of a deep cleft
with approximate dimensions of 4 x 15 A wide and 15 A deep, situated at the C-terminal side of
the cylindrical sheet above strands S1 and S2. The only accessible atoms of NADP* are C5 and
the hydride donor C4, defining thus the cleft as the only possible active site. The residues lining
the cleft can be divided into 2 groups (table 2) :

* I) A mainly hydrophilic basis is constituted by residues D43, Y48, K77, H110, S159,
N160, Q183 and Y209. Highly conserved in all the enzymes of the superfamily, they form a
tight network of hydrogen bonds linked to the nicotinamide (figure 2a). S159, N160 and Q183,
H-bonded to the amide group of the nicotinamide, assure the precise positioning of the
nicotinamide ring for stereo selective transfer of the 4-pro-R hydrogen. Noteworthy also is the
stacking interaction with Y209 which suggests stabilisation of the positively charged aromatic
system formed upon oxidation of NADPH to NADP* (observed in the holoenzyme crystal
form) by a charge-transfer complex (figure 2b).
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amino Countacts Exposure to Sequence

acid H-Bond V.d.Waals Other substrate conservation
D43 Q183 salt bridge no yes
NADP+ K77

Y48 K77 strand 1 small T in Cro

strand 2

K77 Y48 HI110 salt bridge no yes
CO 44 D43

H110 H20 (Cht) w79 medium E in Ksbr

WIlill hydrophilic

S159 NADP+ no C in ARhorvu

N160 NADP+ Wiltl no yes
Y209

H20 (Ch2)

Q183 D43 no yes
NADP*

Y209 N160 charge small aromatic
transfer hydrophobic conserved
complex
NADP*

Table 2a
amino Contacts Exposure to Sequence
acid H-Bond V.d.Waals substrate conservation
w20 w219 large aromatic
C298 possible H-bond conserved
NADP* (T in Didh)
W79 residues other H110 medium P in 2dkg
than groups 1,2 hydrophobic
Wil w79 medium aromatic
H110 possible H-bond conserved
N160 (S in Pgfs,
M in Ksbr)
F122 w79 large no
L300
P218 w219 medium no
W219 | residues other w20 large no
than groups 1,2 P218
C298
C298 w219 small no
L300 WIill small no
Table 2b

Table 2 : The 2 groups of residues in the active site pocket of AR. a) Group I : Residues of
the hydrophilic network around nicotinamide at the basis of the active site. Ch1 and Ch2
correspond to water chanels 1 and 2 respectively.b) Group II : Residues of the hydrophilic
sides of the active site.
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Figure 2: Deetails of the active site of pig lens Aldose Reductase.

a) Residues of group I, NADP* and water molecules of the channels are shown in balls and
sticks. The network of hydrogen bonds is shown in dotted lines. For clarity, helices and N-
terminal parts of AR were omitted,

b) Stacking of Y209 and the nicotinamide ring. The view direction is perpendicular to the plane
of the rings, which are 3.5 A apart. Note that the arrangement of the rings corresponds to the
geometry of a charge transfer complex.
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= II} Above the coenzyme, residues W20, W79, W1l1, Fi22, P218, W219, C298,
L300 form the walls of the hydrophobic cleft. W20, F122 and W219 face the active site, and
are thus expected to make the major contacts with potential substrates (figure 3), as confirmed
by the structure of the complex between Zopolrestat and the human holo AR [20]. In this
group, the more the residues are near the outlets of the cleft, the less they are conserved.

Figure 3 : Model of isocortisol fitied in the active site. AR is represented as a ribbon,
isocortisol, NADP*, H110, and residues of group II with balls and sticks. The thin lines show

A) the catalytic contact (2.9 A) between C21 of isocortisol and C4 of NADFPH; B) the catalytic
contact (3.3 A) between 021 of socortisol and Ne2 of H110; C) the possible hydrogen bond
(2.8 A) between 020 of isocortisol and Nel of W111. The isocortisol model was derived from
the crystal structure of corticosterone [31]. To dock it, the protein was kept rigid and a
multidimensional search of optimal substrate-protein contacts was performed varying the
position and orientation of the substrate and its dihedral angles C17-C20 and C20-C21 in the
range allowed by substrate-substrate contacts. During this search, the subsirate positions with
distances between O21 and Ne1 of H110 and between C21 and C4 of the coenzyme larger than
4A or with bad steric contacts were excluded. For the solutions of this search, the dihedral
angles C17-C20 and C20-C21 were varied to check also possible contacts with Y48,
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2.3. Two water channels :

Among the water molecules localised in the triclinic structure of the pig lens apo
enzyme, two sets are highly conserved in the four monomers which constitute the asymmetric
unit of the crystal. A difference electron density map (Fobs - Fcal, O.cal) clearly shows the
density corresponding to the same water molecules in the tetragonal holoenzyme crystals. A
strong independent evidence for the conservation of these water molecules is provided by the
crystal structure at 1.65 A of the human holoenzyme [17]. Despite the differences in source,
crystallisation conditions and space group, this structure exhibits these water molecules at the
same locations. These molecules have been reported to the PDB (entry 1ADS) without being
explicitly described by the authors. The high level of order of these water molecules, which is
reflected in the low values of the temperature factors, can be explained by the existence of a
tight network of hydrogen bonds to the protein.

The two sets of linked water molecules form two channels which go from the surface of
the protein to the residues of group I in its core (figure 4). The first channel consists of 8
molecules and leads to N§1 of H110. The water molecules are directly linked to each other by
hydrogen bonds, except the one nearest to H110, which is connected to the rest through the
main chain carbonyl of K77. The three waters nearest to the histidine are totally buried, isolated
from the solvent by V47 and P121. Seven molecules constitute the second channel which leads
to N160. All but one water molecule, the seventh, are completely isolated from the bulk
solvent, mainly by residues A299 and R296.

3. Discussion

3.1. Functional implications

The presence of the two water channels could be particularly relevant to the proton
transfer step involved in the catalytic mechanism of this class of enzymes. The proton
transferred from the enzyme to the substrate is taken from one of the residues of group I, which
embed the nicotinamide ring in a hydrophilic environment at the bottom of a hydrophobic active
site. Among the residues neighbouring the coenzyme, a natural candidate for providing the
proton is H110, which had originally been discarded due to its hydrophobic environment. The
discovery of the hydrophilic link leading to H110 sheds a new light on the structural
environment of this crucial residue and undermines the former argument. Indeed, this water
channel allows stabilisation of the protonated form of H110 and facilitates the exchange of
protons with the solvent.



Figure 4: The water channels in Aldose Reductase.a) Space-filling model, viewed along the
barrel axis. NADP* (green) is buried in the protein, the only accessible atoms of the
nicotinamide ring being C5 and the hydrogen donor C4. Note the accessibility of HI 10
{magenta) and the outlet of the buried water channels (red). Since the channel leading 1o N160
(top channel) is almost totally buried, an additional water molecule, fully exposed, has been
highlighted in red in order to mark the entry. Other of the complex are in light blue. b)
Cut view of the same space-filling model than in 4a. full water channels in red lead to the
magenta residues H110 (bottom) and N160 (top). NADP* is in n, and the other of
the complex are in light blue. . s s
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The role of the second water channel leading to N160 is less clear. It should be noted
that, although N160 directly interacts with the nicotinamide, and is totally conserved through
the aldo-ketoreductase superfamily, no mutagenesis experiment was never made for this
residue. This channel role could be to shield the charge of the salt bridge betwen R296 and
E185 from the rest of the molecule. It could also allow water pressure equilibration during
enzyme turnover, as both binding of substrates and release of products implies a concomitant
flow of water molecules from or to the active site cleft [24].

The analysis of activity as a function of pH does not resolve the question of the proton
donor : even if the optimum pH for the substrate reduction strongly accounts for H110 (see
[25] for bovine AR, and [4] for pig AR, where the optimum pH is 4.8 for a aldehydic
substrate, which is an unlikely value for proton donation by the hydroxyl group of Y48), the
local environment of a residue can modify its pKa, leading to uncertain conclusions. Clearly,
site-directed mutagenesis experiments aimed at blocking either or both water channels would be
extremely welcome to ascertain their role in the mechanism of aldo-ketoreductases.

3.2.The anionic site :

In addition to the water channels, another remarkable feature of the active site of AR is
the existence of an anion binding well constituted with D43, Y48, K77, and the nicotinamide
ring of NADP [26]. Experimental evidence for the existence of this anion well was provided
by the identification of a previously unexplained electron density in the active site of the
holoenzyme as a citrate ion. The bound citrate can be replaced in the crystal by cacodylate or
glucose 6-phosphate. Analysis of electrostatic potentials in pig lens AR confirm the presence of
this anionic site. The enzyme can thus accommodate the negatively charged transition state that
appears during substrate reduction.

3.3. Proposed mechanism and mutagenesis experiments :

Altogether, the structural features of AR active site support the following views on the
enzymatic reduction of aldehydes by AR:

1 Upon formation of the ternary complex, polarisation of the carbonyl bond of the
substrate through hydrogen bonding to Hi10 Ne2 facilitates the nucleophilic attack of the
carbonyl atom by the hydride originating from the nicotinamide C4 atom.

2 The positively charged aromatic system on the nicotinamide ring is stabilised by
charge-transfer interactions with Y209.

3 The anion well favours the formation of the negatively charged alkoxide.

4 A proton is transferred from the N2 of H110 to the alkoxide oxygen.
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Site directed mutagenesis experiments concern residues D43, Y48, K77 and H110 in
group I aminoacids [21,27]. Their modification considerably affects the enzyme activity. The
very low residual activities are differently perceived by the authors : for example, H! ION, with
a catalytic efficiency Kcat/Km of 0.00009% of that of the wild type, is still active in [27], while
Y48S is not, with 0.0003% in [21]. Furthermore, the three dimensional structure of the Y48H
mutant of human AR revealed that additive water molecules can replace the functional group of
the mutated residue, preventing unambiguous conclusions. Thus from site-directed mutagenesis
combined with kinetic and crystallographic studies, Bohren et al. [21] proposed that Y48 is the
proton donor and H110 directs stereochemical selectivity in the reduction of the human AR.

Howewer H110 cannot be excluded as the proton donor, since the water channels
invalidate the argument of an unprotonated state of the residue at the bottom of a hydrophobic
cleft. Furthermore, this hypothesis fits the site-directed mutagenesis data which show that the
modification of either the proton donor (H110) or any of the amino-acids involved in the
formation of the anion binding site (as Y48, D43, K77...) considerably affects the enzyme
activity, and even suppresses it (depending on the choice of the replacing residue, and the
potential surrogate role of water molecules).

4. Conclusion

The complete enzymatic mechanism of AR is still uncertain but several points are now
well established : NADPH binds first to the enzyme and induces some structural changes, in
particular the movement of a loop which completes the arrangement of the substrate binding
site. Subsequently the ternary complex is formed, the hydride of the nicotinamide ring is
transferred to substrate, with NADP stabilised by a charge transfer complex with Y209. Then
a proton is delivered to the substrate, by either Y48 or H110. This second amino-acid is the
best candidate, since its protonated state is assured by one of the water channels observed in the
structure of AR.

To verify the agreement of the proposed active site structure with the known substrate
specificity of Aldose reductase, 20-0-isocortisol was docked in the active site (figure 3). The
study showed a position that correctly places the atoms for reaction, consistent with H110 as
the proton donor. It emphasised the capability of the bottom of the cleft (W20 and Wil1) to
maintain a substrate in the active site, while the larger top of the cleft accommodates the shape
and the properties of the different substrates.

Although some drugs designed to inhibit AR already exist, the conception of more
efficient molecules still constitutes a major pharmaceutical aim. AR possess a large substrate

specificity; furthermore, it belongs to the aldo-ketoreductase superfamily, which contains
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several highly homologous enzymes. This explains the difficulty to conceive specific inhibitors.
The specificity of AR comes from residues located on loops of variable length probably liable to
move, leading to difficulties in making use of them in the rational conception of inhibitors.
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