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Aldose reductase, which catalyzes the reduced form of nicotinarnide adenine dinucleotide 
phosphate (NADPH)Aependent reduction of a wide variety of aromatic and aliphatic 
carbonyl compounds, is implicated in the development of diabetic and galadosemic com- 
plications involving the lens, retina, nerves, and kidney. A 1.65 angstrom refined structure 
of a recombinant human placenta aldose reductase reveals that the enzyme contains a 
parallel p81a8-barrel motif and establishes a new motif for NADP-binding oxidoreductases. 
The substrate-binding site is located in a large, deep elliptical pocket at the COOH-terminal 
end of the 8 barrel with a bound NADPH in an extended conformation. The highly hy- 
drophobic nature of the active site pocket greatly favors aromatic and apolar substrates 
over highly polar monosaccharides. The structure should allow for the rational design of 
specific inhibiirs that might provide molecular understanding of the catalytic mechanism, 
as well as possible therapeutic agents. 

Lhdose reductase (E.C. 1.1.1.2 1) catalyzes 
the NADPHdependent reduction of a wide 
variety of carbonyl-containing compounds 
to their corresponding alcohols with a 
broad range of catalytic efficiencies. The 
k,&, values (k,,, catalytic constant; K,, 
Michaelis constant) of aldose reductase are 
in the range of 104 to lo5 s-I M-I f or a 
number of aromatic and hydrophobic wm- 
pounds (I). Several polar hexose sugars are 
the least favored and nonspecific substrates, 
exhibiting kc,& values of -1 s-I M-I 
(I). The enormous differences in catalytic 
efficiency between hydrophobic and polar 
substrates are highly correlated to differ- 
ences in Km values (< M for steroids to 
10-I M for glucose). 

A normal physiological role for the en- 
zyme has not been established, but its abil- 
ity to reduce the excess glucose resultant 
from the hyperglycemia of diabetes mellitus 
is believed to be linked to diabetic compli- 
cations affecting the lens, retina, peripheral 
nerves, and kidney (2). A variety of non- 
specific planar aromatic inhibitors of the 
enzyme have been shown to be effective in 
preventing some of the complications in 
animal models but were found to be either 
ineffective or toxic in clinical studies (3). 

The recombinant human aldose reduc- 
tase consists of a single polypeptide chain of 
315 residues with a molecular mass of 35.8 
kD (4). We have obtained crystals of the 
purified holoenzyme that diffract to 1.5 A 
(5). The phases, solved by combined single 
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isomorphous replacement and anomalous 
scattering from a three-site uranyl deriva- 
tive, yielded a highquality electron density 
map with a resolution of 2.5 A to which all 
but the last 30 residues of the amino acid 
sequence were fitted readily. A complete 
atomic model of the enzyme and a bound 
NADPH were obtained in the wurse of 
several cycles of model building with the 
CHAIN program (6) and with r e h n g  the 
atomic coordinates with the XPLOR pack- 
age (7). Ultimately, the structure refinement 
of the entire coordinates, which consisted of 
2517 nonhydrogen protein atoms, 48 
NADPH atoms, and 95 solvent atoms, was 
carried out against the 1.65 A resolution 
x-ray data to an R factor of 0.20. A complete 

Flg. 1. Perspective view of the a-carbon back- 
bone trace (schematic diagram) of the aldose 
reductase structure with bound NADPH. (A) 
The enzyme viewed perpendicular to the $/a 
barrel with the NADPH shown in yellow space- 
filling model. The colors of the backbone trace 
only represent the temperature factor of the a 
carbons: purple, isotropic 6 values below 5 A2; 
blue, between 5 and 10 A2; green, between 10 
and 15 A2; yellow, between 15 and 20 A2; and 
red, greater than 20 A2. AS a whole the $-strand 
core of the barrel has the lowest average 6 
factor that then increases radially. Two loops 
with red color (residues 122 to 132, top right, 
and residues 214 to 228, top left) protruding 
above the active site have the highest average 
6 factors. The loop of residues 21 4 to 228 folds 
wer the pyrophosphate bridge of NADPH (see 
text and also Fig. 2C). Figure drawn with the 
program RIBBONS (22). (6) The structure 
viewed down the COOH-terminal end of the $ 
barrel with the NADPH molecule drawn in stick 
model. The eight a helices and eight $ strands 
associated with the barrel are identlied. The 
two extra helices are labeled HI  and H2. Figure 
drawn with the program RIBBON (23). 

description of the structure determination 
and the model will appear elsewhere. 

Aldose reductase folds into a @/a or 
triosephosphate isomerase barrel with a 
core of eight parallel @ strands (Fig. 1). 
Adjacent strands are connected by eight 
peripheral a-helical segments running anti- 
parallel to the @ sheet. This general motif is 
similar to those found in approximately two 
dozen enzymes (8) that are unrelated in 
primary sequences and functions, several 
requiring cofactors including the Fe-S clus- 
ter, metal, flavin, and heme, and now 
NADPH for aldose reductase. The aldose 
reductase structure is completely different 
from other reductases such as the dihydro- 
folate reductase and the superfamily typical- 
ly represented by glutathione reductase (9) 
as it is, to our knowledge, the first NADPW 
NADH-dependent oxidoreductase with 
solely a @/a-barrel motif. 

Several secondary structure elements 
break up the regularity of the (@/a)8 barrel 
of aldose reductase (Fig. 1). The first strand 
(8 1) of the barrel is preceded by a @-hairpin 
turn that lies across the NH2-terminal end 
of the @ barrel. There are also two auxiliary 
helices (H 1 and H2), one preceding a 7  and 
the other following u8, that are packed 
parallel to each other. The 24-residue, 
COOH-terminal peptide meanders from 
the end of H2 on the NH2-terminal side of 
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the molecule to the top of the COOH- 
terminal end of the $ barrel. ' 

As observed in all other p/a-barrel en- 
zymes (8), the active site of aldose reduc- 
tase is located at the COOH-terminal end 
of the $ barrel (Fig. 1). In this site is a 
large, deep, elliptical cavity, bounded 
mainly by the termini of the $ strands and 
loops, wherein the niwtinamide ring of the 
NADPH cofactor and the substrate binding 
site are found. As might be expected of a 
structure refined at 1.65 A, the electron 
density of the NADPH (Fig. 2A) and the 
residues in the cavity, and indeed of the 
entire protein molecule, are well resolved. 

The NADPH is bound in an unusual 
extended conformation across the barrel 
with the niwtinamide ring centered in the 
deep part of the active site cavity and the 
adenosine-2'-monophosphate wedged in a 
shallow depression outside the $ barrel, 
between a wuple of $ strands and a helices 
(Fig. 1). The p p p h q h a t e  bridge of 
NADPH straddles the lip of the barrel. 
Relative to the ribose moiety, both the 
niwtinamide and the adenine adopt the 
anti conformation. The NADPH is held in 
place by a total of 19 hydrogen bonds and 
three salt links (Fig. 2B). 

The bound NADPH is barely accessible 
to solvent (Fig. 2C); the accessible surface 

areas, as defined by Lee and Richards (IO), 
of 20.0 A2 of the bound NADPH represent 
only about 7.5% of the accessible area of the 
corresponding free coenzyme. The C-4 car- 
bon of the bound nicotinamide is the only 
atom of that ring that retains any solvent 
accessibility. The remaining solvent-accessi- 
ble atoms are contained in the adenosine 
monophosphate (AMP) moiety. 

The partial stacking of the A face (I I) of 
the niwtinamide ring against TyF'  (Figs. 
2A and 3) located in the bottom of the 
active site pocket is largely responsible for 
orienting the ring and in making that face 
completely inaccessible. Similar stacking in- 
teractions have also been observed in a 
number of dehydrogenases and reductases. 
The orientation of the B face of the nicoti- 
namide group toward the opening of the 
cavity (Fig. 3) is consistent with the finding 
that the axial 4-jnmR hydrogen of the nico- 
tinamide is transfixred to substrates (12). 
The niwtinamide is further held in place by 
hydrogen bonding of the amide group with 
Glnla3, Asn16", and Ser159 residues, These 
interactions orient the niwtinamide ring so 
that the 4-jnmR hydrogen is always directed 
toward the opening of the pocket. 

All of the residues making hydrogen- 
bonding and charge-coupling interactions 
with the polar groups of the adenosine-2'- 

monophosphate wme from an 11-residue 
loop (residues 262 to 272) (Fig. 2B). The 
faces of the adenine ring are exposed to two 
difFerent environments; the A face is close 
to e6', whereas the B face abuts Leu212 
and Leutm. The adenosine mononucleotide 
is M y  secured by the interactions with its 
2'-phosphate group (Fig. 2B). The phos- 
phate forms four hydrogen bonds with three 
residues (two hydroxyl side chains and one 
main chain NH) and one water. It is also 
involved in salt-linking and hydrogen- 
bonding interactions with the side chains of 
Lys and Arg residues. These interactions 
account for the observed preference of 
NADPH over NADH (I). 

The placement and interaction of the 
ppphosphate bridge of NADPH are in- 
triguing. The ppphosphate, along with 
parts of the &inking ribose units, is thread- 
ed through a short tunnel (Fig. 2C) with 
one side occupied by residues 213 to 21 7 
that initiate a loop of residues from 213 to 
227. The other side is lined with residues 
Trpto, Lys2', Prot6', and Lys262. These 
residues and the loop fold over the pym- 
phosphate and are mainly held together in a 
fashion akin to a safety belt or drawbridge 
by the salt links between AsP2l6 on one side 
and Lys2' and Lys262 on the opposite side. 

With the ppphosphate tied down by 

7 I I 04- 

Flg. 2. The NADPH bound to aldose reductase. 
The mode of binding of NADPH is described in 
the text. (A) Difference electron density surface 

,' ; '2, (blue) of the NADPH and superimposed refined 
- -  structure. The density (contoured at 3 U) was 

calculated with coefficients (IFJ - IFJ) and a, 
phases calculated from the refined 1.65 A struc- 
ture with the contribution of the NADPH omitted. 

The arrow points to an unidentified region of electron density not associated with the NADPH or water molecules. The difference in electron density of 
this region on average is only about 50% of the NADPH density. Immediately to the left of the nicotinamide ring is T y P  that partially stacks against 
the A face of the ring. To the right and above the ring are TyFB and Hisl'O, respectively, that are potential hydrogen donors in the mechanism. (8) 
Schematic diagram of the hydrogen-bonding and salt-linking interactions between aldose reductase and NADPH. Also depicted is the partial stacking 
of the nicotinamide ring against Tyrm. (C) Space-filling model of the nonhydrogen atoms of the aldose reductase structure (red) and the NADPH 
(yellow) with an orientation similar to Fig. 1 B. A portion of the nicotinamide (center) is seen in the substrate-binding pocket. To the left of that is the 
5'-phosphate and a part of a ribose of the adenosine. The pyrophosphate bridge of the NADPH is hidden or made inaccessible by a "drawbridge" or 
"safety belt" with one section consisting of residues 21. 22. 262. and 263 and the other section made up of the loop of residues 214 to 228 (Fig. 1). 
A conformational change, possibly a drawing up and down of the loop section, is necessary for the association and dissociation of the NADPH. 
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the safety belt, dissociation of the NADPH 
would require a conformational change. 
This change can be accomplished by a 
hinged flap or lid motion of the loop of 
residues Gly213 to Leuzz7, which is akin to 
those suggested for other barrel enzymes (8, 
13). This loop (excluding the residues in- 
volved in salt links) has an average thermal 
motion that is one of the highest of the 
entire backbone (Fig. 1). The that 
the NADPH is tiehtlv held in dace bv the 
belt and by the iargee number bf hyd&en 
bonds, salt linkages, and van der Waals 
contacts provides a structural basis for the 
slow release of the coenzyme in the catalyt- 
ic reaction sequence (1 4). 

In addition to one salt link to LyPZ, the 
pyrophosphate makes five hydrogen bonds 
(Fig. 28). The two oxygens of one of the 
phosphoryl units are involved solely in 
chargedipole interactions with three-pep- 
tide-unit NH groups. Similar charge stabi- 
lization by local dipoles (including those of 
hydroxyl groups) of otherwise uncompen- 
sated ionic groups have been observed in a 
number of proteins (1 5). 

The presence of the nicotinamide ring, 
with its exposed B face, at the bottom of the 
elliptical pocket dictates the location of the 

TI#. 1. Crystallographic and refinement data. 
The resolution for the native crystals is 1.65 A, 
and for the &~O,~,-soaked crystals was 2.5 A. 
Definitions: R merge is the R factor on intensi- 
ties for merging symmetry-related reflections; R 
Cullis - Z 11 F, + Fp I - FH I Z I F, - Fp ! , 
where the structure factors are for the protein 
(Fp), the heavy atom (FJ, or their complex 
(FpH); R B ~ K W ~  (ms) = [Z(Ae - Ae):l 
Z(Ae)qIn, where Fo is the observed and Fc is 
the calculated structure factor; and R factor = 
Z I Fo- Fc I I2 I Fo I ; Iistheintensity,where 
u, is the standard deviation of the intensity. 

Parameter 
crystal 

Native &UO,F, 

Diffractitm data 
Observations (no.) 128,951 76,568 
Reflections (no.) 35,859 20,201 
Completeness of 92.7 90.4 

data (%) 
</>la, 22.6 25.1 
R merge (%) 4.5 5.6 

PYlasing and structure refinement statistics 
lsornorphous 10,363 

diierences (no.) 
Anomalous 8,406 

diierences (no.) 
FHlresidual (rms) 3.49 
R Cullis 0.43 
Ranom 0.40 
Figure of merit 0.74 
R factor 0.20 
Bond deviation from 0.014 

ideality (A) (rms) 
Angle deviation from 3.13 

ideal i  0 (rms) 

active site of aldose r e d u c e  (Fig. 3). An 
as-yet-unidentified region of weak electron 
density sits on top of the B face or accessible 
side of the nicotinamide ring where the 
substrate or product would presumably be 
found. As can be seen in Fig. 2A, the 
density in the (IF,,] - IF,I, a,) map is not as 
well defined as that of the NADPH d8er- 
ence density, indicating that it is either 

disordered or a composite of unknown li- 
gands. Attempts made at modeling and re- 
fining carbon atoms in the density were 
unsuccessful. 

The pocket (Fig. 3), with a depth of 
about 12Aandabaseofabout7by 13A,is 
very hydrophobic, being lined by seven aro- 
matic residues (TrpzO, TyP, Trp79, Trplll, 
PhelZ1, PhelZz, and TrpZl9) and four apolar 

Rg. 9. A stereo view of the large, deep, elliptical actii  site pocket with the niwtinam.de ring lying 
at the bottom of the pocket. Clearly shawn are many of the aromatic and aliphatic side chains that 
line the pocket. (A) The individual van der Waals radii used for the atomic surfaces were C = 1.7 
A (green), N = 1.6 A (blue), and 0 = 1.5 A (red). The pocket has a depth of about 10 A and a base 
of about 7 A by 13 A. (B) Similar to (A) but without the dot atomic surfaces. Many of the aromatic 
and aliphatic residues that line the pocket are identified in light green and with residue numbers. 
The C-4 carbon of the nicotinamide is labeled in purple. The tm possible hydrogen donors, T y P  
and His1Io, in the catalytic mechanism are shown in red. 
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residues (Val47, Pro218, Leu300, and Leu301). 
Many of the aromatic residues are depicted 
in Fig. 3. Gin49, Cys298, and His110 are the 
only polar side chains lining the pocket; the 
Gin residue is located on the rim of the 
pocket, whereas the Cys and His residues are 
within 4 A of the nicotinamide ring. 

The large size and extremely hydropho
bic nature of the active site pocket are 
consistent with the observations that aro
matic compounds (such as isocorticoster-
oids) are the best substrates of aldose reduc
tase (1). The active site pocket is not 
designed for binding sugars with high spec
ificity and affinity, as seen in all other 
known structures of proteins (including en
zymes) that bind carbohydrates (16). This 
is fully consistent with the observations 
that a variety of hexoses are extremely poor 
substrates of the aldose reductase. With the 
exception of one histidine, the active site of 
the reductase is devoid of polar residues that 
confer, through hydrogen bonds, the high 
specificity and affinity of all the other car
bohydrate-binding proteins (16). 

The catalytic mechanism of aldose re
ductase appears to be relatively simple, 
consisting of a stereospecific transfer of the 
4-pro-R hydrogen from the exposed C-4 of 
the nicotinamide to the carbon of the 
carbonyl group of the substrate and ab
straction of a hydrogen from a donor group 
by the incipient negatively charged carbo
nyl oxygen. Assuming that the location of 
the substrate's reactive carbonyl group is 
close to the C-4 of the nicotinamide, we 
see only three residues that are potential 
sources of the requisite hydrogen—Tyr48, 
His110, or Cys298 (Figs. 2A and 3). The 
hydroxy 1 of Tyr48, the nitrogen Ne of 
His110, and the SH of Cys298 are at a 
distance of 4.52, 5.12, and 4.13 A, re
spectively, of the C-4. Either Tyr48 or 
His110 could be the hydrogen donor (Fig. 
3B) because both residues are conserved in 
the enzyme superfamily, whereas Cys298 is 
not conserved. From a structural point of 
view, Tyr48 is favored because the hydrogen-
bonding interaction of its hydroxyl group 
with the ammonium side chain of Lys77 (Fig. 
3B), which is in turn salt-linked with Asp43, 
would help facilitate hydrogen transfer. 
His110 is less favored because it is close to 
three hydrophobic residues (Trp79, Val47, 
and Trp111) and, hence, is likely to have an 
abnormally low pKa, the negative logarithm 
of the acid constant. It would then be 
predominantly unprotonated at about pH 
6.5 where aldose reductase exhibits maxi
mum activity (1). 

A variety of inhibitors of aldose reduc
tase, most consisting of a planar aromatic 
ring system with an electrophilic group, are 
not specific for the enzyme (17)* Neverthe
less, some inhibitors have been shown to be 
effective in preventing some of the compli

cations due to diabetes in animal models 
but were either ineffective or toxic in clin
ical studies (3). To date, there are no 
known competitive inhibitors, and kinetic 
studies of a variety of compounds show 
uncompetitive inhibitions indicating that 
the inhibitors bind at a site independent of 
that of the substrate or the cofactor (18). 
As the inhibitors rely chiefly on hydropho
bic interactions, these endow them with 
the ability to bind nonspecifically in the 
hydrophobic pockets equally well in other 
proteins or enzymes. 

A 2.2 A electron density map generat
ed from data collected from a crystal of 
aldose reductase soaked in 1.3 mM tolr-
estat, an uncompetitive inhibitor (inhibi
tion constant in the nanomolar range) 
that is being clinically tested and even 
marketed (19), did not clearly reveal an 
inhibitor-binding site. A well-designed 
specific inhibitor of aldose reductase 
should make use of the shape and hydro
phobic nature of the pocket as well as the 
few polar groups in it. The aldose reduc
tase structure establishes the general motif 
for a number of other enzymes with which 
it shares significant sequence similarities, 
namely aldehyde reductase, prostaglandin 
F synthase, frog p crystallin, 2,5 diketo-
gluconic acid reductase, and chlordecone 
reductase (4, 20, 21). Our sequence com
parison of these proteins shows that most 
of the critical NADPH binding residues 
are conserved across all or most of these 
enzymes. The residues in the substrate-
binding pocket in the aldose reductase, 
however, are less conserved across the rest 
of the proteins. Although the enzyme has 
been implicated with diabetic complica
tions, it has an unlikely binding site for 
hexoses—the very substrates that are be
lieved to be responsible in the pathogen
esis of these complications. 
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