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ABSTRACT. Xylose reductase is a homodimeric oxidoreductase dependent on NADPH or NADH and belongs
to the largely monomeric aldo-keto reductase superfamily of proteins. It catalyzes the first step in the
assimilation of xylose, an aldose found to be a major constituent monosaccharide of renewable plant
hemicellulosic material, into yeast metabolic pathways. It does this by reducing open chain xylose to
xylitol, which is reoxidized to xylulose by xylitol dehydrogenase and metabolically integrated via the
pentose phosphate pathway. No structure has yet been determined for a xylose reductase, a dimeric aldo-
keto reductase or a family 2 aldo-keto reductase. The structures @faheida tenuiscylose reductase

apo- and holoenzyme, which crystallize in spacegré@uwith different unit cells, have been determined

to 2.2 A resolution and an R-factor of 17.9 and 20.8%, respectively. Residues responsible for mediating
the novel dimeric interface include Asp-178, Arg-181, Lys-202, Phe-206, Trp-313, and Pro-319. Alignments
with other superfamily members indicate that these interactions are conserved in other dimeric xylose
reductases but not throughout the remainder of the oligomeric aldo-keto reductases, predicting alternate
modes of oligomerization for other families. An arrangement of side chains in a catalytic triad shows that
Tyr-52 has a conserved function as a general acid. The loop that folds over the NAD(P)H cosubstrate is
disordered in the apo form but becomes ordered upon cosubstrate binding. A slow conformational
isomerization of this loop probably accounts for the observed rate-limiting step involving release of
cosubstrate. Xylose bindind{, = 87 mM) is mediated by interactions with a binding pocket that is
more polar than a typical aldo-keto reductase. Modeling of xylose into the active site of the holoenzyme
using ordered waters as a guide for sugar hydroxyls suggests a convincing mode of substrate binding.

Candida tenuisylose reductase (XR; EC 1.1.1.213 a enzymes which comprise well over 100 different proteins
member of the aldo-keto reductase (AKR) superfamily of (1). These proteins have been found in a wide variety of
organisms but in many cases do not fulfill an obvious
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uncharacterized AKR family 2, which consists of xylose and were directed at understanding the mechanism and inhibition
mannose reductases, XR catalyzes the reversible NAD(P)H-of aldose reductase. The number of proteins confirmed to
dependent reduction af-xylose to xylitol. This reaction is  be members of the family has expanded 10-fold from the
the first step in assimilation of xylose into the glycolytic dozen known at the beginning of the 1990s. Correspondingly,
pathway B). The physiological role of XR is therefore clearly the number that has been structurally characterized has grown
defined. Since xylose is known to be among the most to eight, including members of families 1, 3, 5, and 6 of the
abundant sugars in biomas),(there is considerable interest 12 that are known. In all of these cases, they bind cosubstrate
in improving its metabolic utilization. The structure of XR  similarly by adopting a distinctive, non-Rossman nucleotide
provides information that will lead to engineering of an binding motif, the f/a)s barrel. The current study of XR
enzyme with improved substrate and cosubstrate bindingexplores the structural divergence of family 2 and its novel
properties. Enhanced efficiency of fermentation could lead dimeric nature. It also details substrate and cosubstrate
to the conversion of agricultural byproducts and waste binding and supports a common catalytic mechanism for all
products into useful compounds such as etha)odid the of the AKRs.
sweetener xylitol §).

The majority of the known AKRs are monomeric, but XR EXPERIMENTAL PROCEDURES
functions as a noncooperative, tightly associated dimer
composed of 322-amino acid, 36-kDa subunits. The enzyme
has been shown to follow an ordered bi-bi mechanism with
the cofactor binding first and the carbonyl-containing
substrate second. Although sequence alignments indicate
the active site is very hydrophobic, subsequent kinetic
experiments show that it is adequate for activity with
physiologica_ll concentrgtions of xylosk{ = 87 mM) ). and purification of recombinant proteid1).
Yeasts lacking a functional form of the enzyme, however,

are unable to grow on xylose as a carbon source. Although Column sizing experiments were carried out on an

many AKRs have been shown to accommodate sugars aéAktaexplorer 100 system (Amersham Pharmacia Biotech)

. - . "using a Superdex 75 HR 10/30 column. The column was
substrates, a clear structural understanding of sugar binding_~ " .= . . -
to any of these has not been reached, probably due to theirigg'lﬁﬁtﬁigthpi%f?;zﬂ ;gs\/,yail (;Jlﬂgj ?nHt;éo’sg(r)nnetatl)?Jlf?gr
low affinities. How these enzymes bind and achieve any '

specificity for polar substrates is therefore vague. (1 mL; 0.3 mg/mL) and loaded onto the column. Elution

was carried out at a flow rate of 0.5 mL/min. Protein elution

In g_eneral, the AKRs ca_ta_lyze the NADPH-dependent was detected by absorbance at 280 nm. Calibration for
reduct_|on of carbonyl-containing sub_strates to the_|r corre- | olecular mass determination was done by using the
L enUiSXR) and severalother ARG, the enzyme can also. 010%ig prolein siandards (Pharmacia): BSA (66 KDa);
accommodate NADH as a cosubstrate. Although the reactiong;]/‘?orrlljg(]:lr(ll(z_3 kD:))., carbonic anhydrase ( a); cyto
is reversible, the majority of the AKRs favor the direction
in which the carbonyl substrate is reduced. There is usually
little substrate specificity among these enzymes. Hydrophobic ) . : .
compounds are generally preferred over hydrophilic com- ghﬁ proteltn .cqnceln(t)ratll\c;lnl_\{vas app|r_(|)x7|r23tely 1mg/mLina
pounds, however, by several orders of magnitude with respect utier containing 1U-m €pes, pr 7.4 o
to catalytic efficiency. Organisms expressing multiple AKRs Crystallization and X-ray Data CoIIectlorCrystalllgatlon
often exhibit overlapping substrate specificity among those °f the apo form of xylose reductase was achieved by
enzymes. While the majority of the AKRs have no well- concentrating the purified protein to 16 mg/mL and c_hanglng
defined role assigned to them, many are believed to act asthe buffer to 10 mM Hepes, pH 7.4, for use in hanging drop
general detoxification catalysts by reducing reactive carbonyl- VaPor diffusion experiments. Crystals were obtained in
containing compoundsr). It has also been proposed that several different mdependent condltlons,_ put the best were
they function in osmotic regulation by controlling levels of 9rown by suspending a AL drop containing 8 mg/mL
intracellular polyols 8). Clinical interest in the AKRs stems ~ Protéin, 15% wiv poly(ethylene glycol) 4000, 100 mM
primarily from the ability of human aldose reductase to @mmonium acetate, 50 mM sodium citrate, pH 5.6, over a
reduce the open chain form of glucose to sorbitol, a reaction Well containing 30 % wiv poly(ethylene glycol) 4000, 200
that becomes physiologically significant when blood glucose ™M @mmonium acetate, 100 mM sodium citrate, pH 5.6.
levels are elevated in diabetic patiers. Compounds that  !'régularly shaped crystals measuring approximately>0.3
inhibit human aldose reductase have been studied for mored-1 % 0.1 mm appeared after several days and were used

than two decades to develop drugs that could potentially for diffraction experiments. o
combat these complications. Crystals were flash cooled in a buffer containing 25% v/v

The AKR superfamily of enzymes has been the subject €thylene glycol and 75% v/v well solution. Diffraction
of a number of different structural studies. Initially, these Ntensities were collected on an R-AXIS IV imaging plate
detector, and the program DENZQLZ) was used to
determine lattice constants af= 110.84 A b = 63.35 A,

! Abbreviations: hAR, human aldose reductase; AKR, aldo-keto . _— — ; ;
reductase; XRCandida tenuixylose reductase;oc3HSD, 3x-hydroxy- ¢ 103.16 A’ﬁ 111.28. The lattice and systematic

steroid dehydrogenase; K2, voltage-dependent-K channe)s subunit; extinctions indicated the spacegroup V& C_alcu_lation of
TIM, triosephosphate isomerase. the Matthews’ constant\,) of 2.34 A¥Da implied two

Expression, Purification, and Molecular Mass Determi-
nation. The expression vector pBEAct.1li was used for the
heterologous production of xylose reductase fl@ntenuis

BS 4435 and has been described previoukly. Compe-
entEscherichia colBL21(DE3) cells were transformed with
this construct, and the resulting strain was grown at@5
using recently reported conditions for cultivation, induction,

Dynamic light scattering experiments were performed on
a Protein Solutions DynaPro 99 molecular sizing instrument.




Crystal Structure of Dimeric Xylose Reductase

Biochemistry, Vol. 41, No. 28, 2008787

Table 1: Summary of XR Data Collection, Refinement, and Mddels

Apo-XR Holo-XR
Data Collection R-AXIS Il /rotating anode MAR 345/ SSRL 7-1
space group Cc2 Cc2
unit cell a=110.65 A a=182.20A
b=63.45A b=127.81A
c=103.05A c=80.25A
f=111.239 S =90.366
monomers per asymmetric unit 2 4
resolution range (A) 1002.2 30-2.2
no. of observations/reflections 109,237/33,457 325,247/93,492
Rmerge(OVerall/high-resolution shell) 0.089/0.406 0.074/0.374
completeness (overall/high-resolution shell) (%) 98.8/97.3 99.5/98.7
mosaicity €) 0.58 0.51
1/o(1) (overall/high-resolution shell) 12.8/3.1 17.2/13.7
Model
protein atoms 4,770 10,111
NADP* atoms 192
water molecules 407 734
overall temperature factors R
monomer A 27.68 30.93
monomer B 27.82 22.89
monomer C 27.00
monomer D 32.72
Refinement
reflections used! (> 0) 30,391 92,623
Reryst 0.179 0.208
Riree 0.233 0.237
rms deviation from ideal bond length (A) 0.009 0.009
rms deviation from ideal bond angl®) ( 1.35 1.44

a High-resolution shell for apo-XR is 2.28.20 A, for holo-XR, 2.24-2.20 A.

protein monomers in the asymmetric unit3). Data to 2.2 Iterations of manual refitting were followed by crystal-
A were integrated and used for structure determination andlographic refinement against reflections whére 0 using
refinement (Table 1). the program CNSI@). Statistics for the final structure appear

Crystals of holo XR were grown by hanging drop vapor in Table 1.
diffusion by mixing equal volumes of protein solution The structure of holo XR was also determined using
containing 16 mg/mL protein, 5 mM NADPH, 10 mM EPMR (14) with the apo XR structure, stripped of ordered
Hepes, pH 7.4, and well solution containing 32% w/v water molecules, used as a search model. The initial solution
monomethyl ether poly(ethylene glycol) 5000, 300 mM for two dimers per asymmetric unit using data in the
ammonium sulfate, 100 mM sodium citrate, pH 5.6 and resolution range from 20 to 4.0 A yielded a correlation
suspending over a reservoir of well solution. Crystals were coefficient of 0.59 antR.ys:0f 0.39. Again, 5% of data were
flash cooled in a buffer of 25% v/v ethylene glycol and 75% flagged forRyee, and after rigid body refinement, maps were
v/v well solution. Diffraction intensities were collected at calculated in which electron density for the NADPH was
Stanford Synchrotron Radiation Laboratory beamline 7-1 on obvious. Inclusion of the cofactor in the model reduced
a MAR 345 image plate detector. The program DENZO was Rgys: to 0.28 andRyee to 0.33. Loops containing residues
used to determine the lattice constantsacE 182.20 A,b 218-238 were built and ordered water molecules were added
= 127.81 A,c = 80.25 A, 8 = 90.37 and indicated that  to the model. Iterations of manual fitting and refinement
the spacegroup wa2. Data to 2.2 A were processed using using the programs O and CNS resulted in the final structure
the programs DENZO and SCALEPA;&CKZ). Calculation for which statistics appear in Table 1.
of a Matthews’ constant\{,) of 3.24 A¥Da implied four
protein monomers in the asymmetric unit. RESULTS AND DISCUSSION

Structure Determination and RefinemeMolecular re- Overall Structure. The models of XR derived from
placement as implemented by the program EPNI& (vas refinement against 2.2 A data for the apo and holo forms
used to determine the structure of the apo form of xylose (Table 1) show that the protein folds into A/d)s barrel
reductase. The search model was a modified human aldoselso known as a triose phosphate isomerase or TIM barrel
reductase 15) with the waters and the NADPH cofactor (Figure 1). The f/o)s barrel has emerged as the most
removed and residues that were not identical to those incommon fold seen in enzymes, regardless of functid).
xylose reductase mutated to alanine. An initial solution using The structure contained within the asymmetric unit of the
diffraction data between 20 dn5 A was found for two apo structure consists of two monomers related by a
monomers that yielded a correlation coefficient of 0.56 and noncrystallographic 2-fold. The holo form packs differently,
an initial Reyst Of 0.44 within this resolution range. Before and four monomers are found in the asymmetric unit. The
refinement commenced, 5% of the data were flagged for overall dimensions of the dimer in both cases are ap-
calculation ofRyee. Side chains were added to the initial proximately 90x 60 x 60 A (Figure 1A).
structure followed by manual fitting and addition of ordered =~ Apo monomer A consists of 300 amino acidsit of the
water molecules using the programs CHADG) and O (7). 322 predicted from sequence data. The first three amino
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Ficure 1: (A) Stereoview of the alpha carbon trace of holo XR dimer AB looking down the noncrystallographic 2-fold symmetry axis and
colored by temperature factors. Axes of the barrel are depicted by arrows. Colors range from purpls feitiCtemperature factors 15

A2 to red for Gx temperature factors 55 A2 (B) Stereoview of the alpha carbon trace of holo XR monomer B looking dowp trerel

with helices colored green, strands are lavender, and loops are blue. Loops within repeats 4 and 7, and the C-terminal loop are colored
crimson. Side chains corresponding to the catalytic residues Asp-47, Lys-81, and Tyr-52 are also shown. The NADPH extends right from
the center of the barrel and through the groove formed between repeats 7 and 8.

terminal residues were disordered, as were residuesmonomer A consists of 317 amino acids. The first three
219-237, which compose loop 7 (the loop betweehand residues as well as residues 227 and 228 were disordered.
B7). Apo monomer B has 299 residues modeled. RegionsHolo monomers B, C, and D each consist of 319 amino acids
containing residues 15 and 224-238 (loop 7) were corresponding to residues 4 through 322. There are four
disordered and not fit. Also found in the apo structures were NADPH molecules, each associated with one of the four
407 ordered water molecules which were placed in sphericalmonomers. In addition, the holo model also contains 734
densities in thé,—F. map exceeding@and making atleast  ordered water molecules. There is a notable difference in
one plausible hydrogen bond with either protein or other the overall temperature factors of the holo monomers which
solvent molecules. Examination of a Ramachandran plot aSyary from 22.89 & for monomer B to 32.72 Afor monomer
implemented by the program PROCHEC20(indicates that  y (Tapje 1). A PROCHECK Ramachandran plot indicates
90.7% of the nonglycine residues fall in the most favored 5 g9 9oy, of the nonglycine residues fall in the most favored
regions, 8.7% in the additionally allowed regions, 0.6% in regions, 9.8% in the additionally allowed regions, 0.3% in
the generously allowed regions, and none in the disallowed the gen,erc.)usly allowed regions, and none in the (’Jliséllowed

regions. ' . regions
In the holo asymmetric unit, monomers A and B form '

dimer 1 while dimer 2 contains monomers C and D. Holo  In both cases, the secondary structural features are
substantially similar. The amino-terminal end of the barrel

2 Note that amino acid numbering used within includes the initiator 1S C@Pped by @ hairpin turn. The carboxyl end of the internal
methionine as residue number one. p barrel contains two loops between fhstrand andx helix
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300 structural difference between the two is a conformational

change in a loop involved in cosubstrate binding (discussed
below). Also noted are minor side chain conformational
differences in the cosubstrate binding site.

The intersubunit interaction buries 2328 &f the total
surface area in the apo dimer. Since this is much larger in
comparison to the areas mediating crystallographic contacts,
it is presumed to represent the structure of the dimer.
Virtually identical interactions are observed in the structures
of the holo dimers, sequestering 2297 #om solvent in
the A—B dimer and 2335 Ain the C-D dimer. Since the
apo and holo structures were determined from two different
crystal forms utilizing different lattice contacts, this confirms
the relevance of these protein surfaces.

250 +
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40 42 44 46 48 50
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Ficure 2: Elution profile of XR during gel filtration on a Superdex

75 HR 10/30 sizing column. The inset shows molecular mass
determination for XR (open circle) using a calibration obtained with
molecular mass standards (full circleg).is the elution volume of
the sample or the standard, and a value of 7.77 mL for the null
volume V, of the column was provided by the supplier. The
calculated molecular weight for XR is 60 000.

in Bla. repeats 4 and 7. Another loop is found at the

The interface between the monomers is mediated mainly
by hydrophilic interactions, but some hydrophobic contacts
are present also (Figure 3). Heli®b is the most important
secondary structural element providing these interactions.
Other important contributions are made by residues at the
end of loop 4 (betweepfi4 anda4), a6 and the end of the
carboxyl terminal meander (Table 2).

An analysis of the apo structure indicates that the dimer

C-terminus and is observed in other aldo-keto reductaseinterface is largely hydrated with 11 buried waters and an
structures. Two extra helices inserted befoig and after additional 12 solvent-accessible waters that mediate hydrogen
o8 also interrupt the regularity of the structure (Figure 1B). bonding between the monomers. Only six direct hydrogen
Another common feature present is a groove beginning in bonds involving residues Pro-116, lle-147, Gly-173, Asp178,
the center of the carboxyl terminal end of théarrel and Argl181, and Val-322 are observed between the two subunits
continuing to the edge betwe@ha repeats 7 and 8, which Hydrophobic interfaces, which often mediate quaternary
corresponds to the NADPH binding site. Important compo- interactions 25), are limited. Primarily, these consist of Leu-
nents of this groove are two loops that fold over the 177 froma5 and Lys-202 and Phe-206 from6 forming a
cosubstrate, similar to those found in some of the other AKR hydrophobic patch that contacts Trp-313, lle-320, Pro-319,
structures. These two segments interact over the cosubstrateand Val-322 from the C-terminus of the other monomer. A
binding site via two hydrogen bonds and sequester a largekey interaction in this hydrophobic region producing a large

region of the NADPH from solvent in the holo structure.
Dimeric Interface Xylose reductases have been reported

to be monomeric inSaccharomyces cersiae (21), and

dimeric in Neurospora crassé22) andPichia stipitis (23).

number of contacts (Table 2) is the stacking between the
aliphatic portion of Lys-202 and the Trp-313 side chain. As
a result of the noncrystallographic 2-fold symmetry, both
the hydrophobic and the hydrophilic interactions are pre-

Sizing column experiments have clearly demonstrated thatserved for the most part on both copies.

C. tenuisXR exists exclusively as a dimer in solution (Figure

The interface observed in the two dimers present in the

2). Dynamic light scattering experiments indicate a mono- holo structure demonstrates that the interface is virtually
disperse molecular mass of 69.7 kDa, confirming the dimeric identical when compared to the apo dimer. Side chain
nature of the protein. In all enzymes that have been conformations and quaternary interactions are nearly indis-
kinetically characterized, no cooperativity has been observed.tinguishable. Even water molecules are for the most part
Nothing is currently known about the nature of the dimeric conserved, except for two solvent-accessible waters that
interface or whether the formation of this interface is a mediate hydrogen bonds between apo monomers that are not
prerequisite for activity. Examination of the structure suggests present at the holo dimer interface, and one buried solvent
that the dimeric interface is probably necessary for structural molecule in the apo dimer (that does not mediate hydrogen
stability of the protein rather than for catalysis. bonds) that is absent in the holo dimer.

The crystallographic asymmetric unit contains one (apo) The prototypical §/a)s barrel is often considered to be
or two XR dimers (holo), with the dimer(s) being generated the dimeric enzyme triosephosphate isomerase (TR@). (
by noncrystallographic 2-fold symmetry. The monomers are A comparison of TIM with XR indicates that their modes
arranged in a side-to-side fashion with the axes of the barrelsof dimerization are different both at the gross and detailed
approximately 30 of being antiparallel (Figure 1A). Aleast- levels. TIM dimerizes using residues derived from, a3,
squares fit using LSQKAB as implemented in the CCP4 suite and loop 3 (the loop preceding3) and over 1500 Aof
of programs 24) shows that in all cases, the molecules are surface area are buried per subunit upon dimerization. This
very similar. The rms deviations between the alpha carbonscorresponds to 1620% of accessible surface area buried
of the dimers are 0.50 A for the holo#8 versus holo €D depending on the organism the enzyme is derived fi2B (
and 0.73 and 0.88 A for the apo versus the holeBAand In contrast, XR dimerizes by utilizing residues fram, loop
holo C—D dimers, respectively. R.m.s. deviations when 4, o5, a6, and the C-terminal loop, burying 11642 Af
comparing all atoms are 0.72, 1.10, and 1.23 A for the samesurface area per subunit corresponding to approximately 9%
pairs of dimers. The structures of the apo and holo forms of of the accessible surface area. When the nature of the TIM
the enzyme are therefore substantially similar. The major dimeric interface is examined, the hydrophobic interactions
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Ficure 3: A stereoview of the interactions mediating the apo dimer interface. Residues with the most contacts across the interface are
labeled. Water molecules and the intricate solvent-mediated hydrogen-bonding network are shown in gold. The six direct hydrogen bonds
between the monomers are shown in orange.

Table 2: Contributions of Various Residues to the Dimeric Interface in the Apoerzyme

secondary monomer A monomer A hydrogen monomer B monomer B hydrogen
residue structural element VDW contacts bonds (direct/indirect) VDW contacts bonds (direct/indirect)
Pro-116 loop 4 0 1/1 0 1/1
Asp-144 loop 4 2 0/0 4 0/1
Pro-146 loop 4 5 0/0 4 0/0
lle-147 od 5 1/0 5 1/0
Pro-172 o5 2 0/0 2 0/0
Gly-173 o5 2 1/0 2 1/0
Ala-174 o5 3 0/0 3 0/0
Leu-175 o5 2 0/0 2 0/0
Asp-178 o5 9 1/0 9 1/2
Arg-181 o5 10 1/2 13 1/3
Lys-202 o6 20 0/1 16 0/1
Leu-203 o6 2 0/0 3 0/0
Glu-205 o6 2 0/0 2 0/1
Phe-206 o6 10 0/0 10 0/0
Asp-311 C-terminal loop 0 0/1 0 0/1
Trp-313 C-terminal loop 19 0/0 21 0/0
Asn-317 C-terminal loop 1 0/1 1 0/1
Pro-319 C-terminal loop 10 0/0 10 0/0
Val-322 C-terminal loop 4 1/2 5 1/2

avan der Waals interactions are defined as side chain atogsif@luded) making< 4 A contact with any atom on the other subunit. Hydrogen
bonds are< 3.2 A between proton donor and acceptor atoms. Indirect hydrogen bonds are mediated by a single water molecule between donor and
acceptor atoms.
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Table 3: Conservation of Residues Responsible for Dimerizatid®aimdida TenuisR among Yeast Monomeric and Dimeric Aldo-Keto
Reductasés

Enzyme Loop4  Helix o5 Helix 06 C-terminal loop
ctenXR (dimer) MDVPI “"PGALLLDLLR “"*KLIEF “'DPWDWDNIPIFV
psXR (dimer) 14pypr  ‘**PGALLLDLLRE '""RLIEF ““'DPWDWDKIPIFV
ctropXR (dimer) 1°pvPL  ‘*TGALIYDLIR *"“KLIEY “’DPWDWDNIPIFV
scGeylp (monomer) YINWNE  YSINNLKDLLA  ‘““ELINF “*°RVVHPNWSPFEVFK
scXR (monomer) YSHvpI  ''QGSLIQDLLR  ““HLVEF *"'DPWTWLDGKFPTEA

aUnderlined residues are those making direct intersubunit contaét® A in theCandida tenuisXR structure. Residues highlighted in yellow
are identical to these. ctenXRCandida tenuisxylose reductase; psXRPichia stipitis xylose reductase; ctropXRCandida tropicalisxylose
reductase; scGecylpSaccharomyces cersiae GCY1 gene product; scXRSaccharomyces cersiae xylose reductase.

clearly predominate. Therefore, XRs dimeric interface is not There are a large number of specific interactions involved
only different in nature when compared to TIM, but the in cosubstrate binding (Figure 5). Initial modeling of the
dimeric interaction is much less extensive. Although it cosubstrate into the binding site of the apo structure indicated
remains to be determined whether dimerization is necessarythat nucleotide binding to XR would require movement of
for XR activity, there is no apparent chemical reason the Lys-274 and Ser-275, which occupy the region where the
XR monomer could not be catalytically active. In fact, since pyrophosphate should be located. Rotation of the side chain
water molecules extensively mediate the dimeric interface, of Trp-24 to a position roughly perpendicular to the pyro-
the monomeric form of the enzyme and the resulting exposedphosphate is also required to remove any steric conflict
interface could very well be stable in solution. (Figure 4). The holoenzyme structure confirmed the pertur-
Oligomerization of other AKR€xcept for the structure  bations predicted from docking an NADPH molecule into
of a K* channels subunit (K\32) (27), which is a tetramer,  the apoenzyme structure. In fact, the alpha carbon of Lys-
all aldo-keto reductase structures determined to date have274 shifts 3.5 A upon nucleotide binding. The side chain of
been monomeric. Aside from the obvious difference in Tyr-217 stacks with the nicotinamide ring providing numer-
symmetry, the quaternary interactions between subunits areous contacts. The side chains of Ser-169, Asn-170, and Gin-
different in XR when compared to k2. The Ky32 191 orient the 4sro-R face of the nicotinamide ring toward
protomers associate by allowing the side of {kefs barrel the opening of the cavity by contributing hydrogen bonds
to interact with the amino terminal end of the next barrel in to the amide group. These interactions coupled with the
a “head to side” interaction rather than the “side to side” stacking atop Tyr-217 are consistent with the observation
fashion seen in XR. that the enzyme promotes a transfer that is stereospecific
A comparison of several monomeric and dimeric yeast for the 4pro-R hydride. This agrees with biochemical studies
XR sequences reveals that residues responsible for dimerdemonstrating that XR is a reductase specific for the hydride
ization are almost completely conserved among those thatresiding on the A side of the nicotinamid&2j. Conservation
dimerize and are more divergent in those that are functional of the serine and asparagine residues throughout the majority
as monomers (Table 3). Residues such as Arg-181, Lys-202of the AKR family strongly suggests that the stereospecificity
Phe-206, Trp-313, and Pro-319, which account for a rela- of hydride transfer is also conserved among these members.
tively large number of contacts (Table 2), are either strictly The structure of the more divergent B& reveals that the
conserved or have very conservative substitutions among thenteraction with a serine is conserved, but the asparagine is
dimers. replaced by an arginine. Greater sequence divergence in the
In an attempt to identify any other proteins in the super- hydride specificity region and the amino acids responsible
family that might function as a homologous dimer, a broader for nicotinamide orientation is observed in AKR families 6,
examination of AKR sequence alignments was conducted. 7, 8, 9, 10, 11, and 12, suggesting that transfer may not
This failed to locate any other enzymes that show sequencealways be specific for the gro-R hydride. This is indeed
conservation in these regions. In particular, aflatoxin reduc- the case with a human succinic semialdehyde reductase (also
tase, an enzyme that may be functional as a dir@€), (  know as aflatoxin reductase), a member of family 7, which
showed no homology in the residues responsible for dimer- has been characterized as being specific for thgodS
ization. We therefore conclude that these dimeric AKRs hydride 33).
either form their interfaces on other regions of the protein  While most of the residues that contribute hydrogen bonds
surface or the same surface as XR is used with very divergentand salt links to the cofactor are conserved in hAR and XR,
amino acids mediating the contacts. there are two notable exceptions: Ser-214 in hAR, which
Cosubstrate Bindingrhe current holo structures show that contributes main chain amide and side chain hydrogen bonds
the NAD(P)H binding pocket is substantially structurally to the pyrophosphate is replaced by Pro-222 in XR, and Thr-
conserved and the cofactor is bound in the same extended65 in hAR, which contributes a side chain hydrogen bond
anti conformation that is seen in other AKR structurgs, ( to the 2 phosphate of the adenosine is replaced by Leu-277
27, 29—-31). Comparing the apo and holo structures, loop 7 in XR. These two substitutions as well as a lack of the salt-
(residues 218242, betwee7 anda.7) is found to become  linked “safety belt” seen in hAR probably contribute to the
ordered upon cofactor binding and is held in place by lower affinity for NADPH in XR versus hAR. This hydro-
hydrogen bonds between Lys-25 and Ser-224 (Figure 4).phobic residue at position 277 is unique in any of the AKR
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Arg280

. Ser224

Ficure 4: (A) Stereoview of the main chain ordering and conformational changes involved in cosubstrate binding. Apo monomer A (grey)
has been superpositioned on holo monomer B (blue with side chains colored by atom type). Loop fastening hydrogen bonds between
Lys-25 and Ser-224 are represented as dashed yellow lines. Lys-274 is shown interacting with the NADPRb&ine phosphate. Loop

7, which contains Ser-224, is disordered in the apo structure. (B) Representative.2lectron density surrounding the cosubstrate in an
orientation similar to panel A. Density is a simulated annealing omit map contoured at 2

structures so far determined and may allow the dual cofactorwith NC on Lys-81. Lys-81 in turn engages in a salt link

specificity that has been observed in X84). with the Asp-47 side chain carboxylate. These roles have
Catalysis and Substrate Binding Siléhe active site cavity =~ been confirmed by assaying relevant mutants in hBR (

of the apo XR enzyme is approximately 8511 A wide 36). His-114 is believed to serve in orienting the substrate

and 14 A deep. Positioned near the bottom of the active sitecarbonyl, a function analogous to His-110 in human aldose

pocket are side chains from Tyr-52, Asp-47, and Lys-81 that reductase 36).

are poised to form a catalytic triad activating the tyrosineto  The apparent affinity K, = 87 mM) for the xylose

function as the general acidg). The proton on the phenolic ~ substrate is explained structurally by examining the nature

oxygen will have a depresse&pas a result of interactions  of the substrate-binding pocket. It is predominantly hydro-
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HoN include Tyr-52 of the catalytic triad and His-114. Other polar
O residues possibly involved in binding are Asp-51, GIn-230,
T and Asn-310, which are interspersed among the aromatic and
N e O—(Ser 169] aliphatic side chains (Figure 6). Asn-310 in XR is structurally
homologous to Cys-298 in human aldose reductase. This

O] cysteine has been identified as the target of inactivation in
____________ A hAR by oxidizing physiological disulfides such as GSSG
and cystine 37). This inactivation is not observed in XR
HN

(34) and is very likely to be due to the replacement of this

A HN solvent accessible cysteine. GIn-230 resides at the lip of the
cavity approximately 10 A from the nicotinamide C4 and

may be too far removed to contribute substantially to sub-

HN — strate binding, particularly for smaller polar substrates. Asp-
e 51 contributes most to the relative increase in binding site

THO polarity since the structurally analogous residue is an lle,

HN~] Ser 224 Leu, or Ala in all previous AKR structures. Despite the hy-

. drophobic character of the substrate-binding site, seven and
Gly 221 . .
=2z five ordered water molecules are observed in each of the
s apo monomer binding sites and six, five, five, and four are
seen in the active sites of the holo enzyme. There is addi-
H Phe 220 . .
tional density near the Asp-51 carboxylate greater than 5.5
o on aF,—F; map that was not accounted for in the model
/>— for holo monomers B, C, and D and apo monomer B.
o

To gain an understanding of how XR might bind its
aldehydic substrate, modeling experiments were conducted
to place open chain xylose into the active site. Ordered water
molecules found in the holo structure were used as a guide
to manually dock the substrate so the C1 was within hydride
FIGURE 5: A schematic representation of interactions mediating ¢ ansfer distance above the nicotinamide C4 and the carbonyl
NADPH binding to XR taken from holo monomer B, oxygen hydrogen-bonded to the phenolic oxygen of Tyr-52
phobic and lined with Trp-24, Trp-83, Phe-115, Pro-129, and Ne2 of His-114. This is equivalent to the calculated
Phe-132, Pro-312, and Trp-315 in the apo structure. Whencarbonyl position for the binding af-xylose to hAR 88).
comparing the apo and holo forms of the enzyme Phe-225,In this orientation, the aldehyde proton points toward Trp-
Met-228, and GIn-230 are additionally seen in the substrate-24, and thee face of the carbonyl is positioned toward and
binding site as a result of loop 7 (residues 2P32) parallel with the nicotinamide ring consistent with the
becoming ordered upon binding of the cosubstrate (Figure predicted stereochemistry of the reactiéh [he side chains
6). Polar residues able to engage in hydrogen bonding, aof residues Asp-51 and Asn-310 are subsequently available
necessary component for a high-affinity xylose binding site, to bind the xylose C2 hydroxyl. Specific interactions between
are slightly more numerous than in other AKRs but too few XR and the C2(R) hydroxyl group are important to transition
to compose an high affinity xylose binding site. Two residues state stabilization). Asp-51 contributes the most to the
likely to be accessible to a carbonyl oxygen in the substrate relative polarity of the binding site, but attempts to hydrogen

Ore..

Ky
y
"
s
\

Ficure 6: Stereoview of the XR active site with the xylose substrate (green carbons, red oxygens) modeled. The polar amino acids not
present in other AKRs are labeled in three-letter code. Secondary structure is colored as in Figure 1B, and the NADPH cofactor in gray
extends to the right. Two crystallographically observed water molecules are represented as transparent yellow spheres and possible hydrogen
bonds between xylose and the enzyme are shown as dashed yellow lines.
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bond this hydroxyl to Asp-51 resulted in steric conflict respectively. Examination of aligned sequences shows that
between Trp-24 and the remainder of the xylose chain. XR has a glutamate present at position 227 homologous to
Alternatively, if the C2 hydroxyl is placed within hydrogen Asp-216 in hAR. Upon the basis of sequence information
bond distance of the side chain nitrogen of Asn-310 no steric alone, it is plausible that Lys-25 and Lys-274 would fulfill
collisions are observed, and several potential hydrogen bondsa role analogous to Lys-21 and Lys-262 in the human form.
can be made between side chains of Trp-24, Asp-51, Asn-This is not what is observed in the holo XR structure,
310 and hydroxyls on xylose carbons 3, 4, and 5. We however. The alpha carbons of Lys-274 and Glu-227 are
therefore predict that the xylose C2 hydroxyl forms a situated too far apart( 13 A) for their side chains to interact
hydrogen bond to Bl of Asn-310. This is in agreement with  directly. In lieu of a direct interaction, there are two solvent
data suggesting that the C2 hydroxyl acts primarily as an mediated contacts between Lys-274 and Glu-227 creating a
acceptor of hydrogen bond§)( In a series of experiments  safety belt that is more weakly fastened. Thé &f Lys-
designed to elucidate how XR uses noncovalent interactions274 also interacts with the' Zdenosine phosphate group.
to bind its substrate, Neuhauser et al. measured activity withLys-25 is close enough to interact with Glu-227 but is
stereoisomers of polyhydroxylated aldehydes and deoxy andoriented toward Trp-24 instead, and the loop is alternatively
deoxyfluoro analogues of galactose. They concluded (i) that fastened by hydrogen bonds between tlgedfiLys-25 and
hydrogen bonding between XR and the C2(R) hydroxyl is the side chain hydroxyl and main chain carbonyl of Ser-224
crucial to transition state binding and can be partially replaced (Figure 4). This weaker interaction relative to that found in
by fluorine suggesting that the C2 hydroxyl acts primarily hAR and some other AKRs may explain the experimentally
as a hydrogen bond acceptor, and (ii) substitution of observed 200-fold increase in the ctXR rate constant describ-
hydroxyls by hydrogens at other carbon position had no effect ing the conformational isomerization preceding cosubstrate
on catalytic efficiency, but correct stereochemistry at carbon release42). AKRs such as @HSD have rate-limiting steps
positions 3-5 avoids nonfavorable interactions. A binding that are not determined by dissociation of the cosubstrate
conformation consistent with these findings is shown in (43). The enzymes in this class are either missing this loop,
Figure 6 with the carbonyl oxygen and C2 hydroxyl or, in the case of @HSD, this loop is fastened via weaker,
superimposing upon ordered water molecules found in the nonhomologous interactiong4).
holo structures. There has also been plasticity observed in the substrate
Although we are unaware of any experiments that have binding site of AKRs. Structural studies of the 2,5-diketo-
looked at inhibition of XR by zopolrestat, a well-studied and bp-gluconic acid reductase apoenzyme show that cosubstrate
potent inhibitor of most other AKRs, modeling attempts binding causes large conformational rearrangements in the
placing zopolrestat into the enzyme substrate-binding site active site. The NADPH is therefore not only chemically
were not successful. Binding in the same position that is seennecessary for catalysis but also for proper placement of side
in hAR and another AKR, FR-1 (murine fibroblast growth chains necessary for catalysis and substrate bindify A
factor induced protein-1) would bring the benzyl portion of similar isomerization may also occur in Geylp, an AKR from
the phthalazinone ring within 2.2 A of Asp-51 and would Saccharomyces cerisiae (46). XR shows no such large
require insertion of the tri-fluoro methyl group into a tight scale movement indicating that this is not a general phe-
hydrophobic pocket made up of residues Pro-116, lle-117, nomenon in AKRs.
lle-318, Pro-312, and lle-320 near the C-terminus. These The structure of XR demonstrates a new quaternary
residues are held in place by a hydrophobic dimer interaction. organization for aldo-keto reductases which is likely to be
It should be noted that modeling studies of zopolrestat and conserved among the xylose and mannose reductases but not
other AKR inhibitors have been unsuccessful in the past among more distantly related dimeric families. Although its
using holoenzyme structures due to the plasticity of the active catalytic mechanism is identical to that found in other AKRs,
site. Crystal structures of the hAR holoenzyri§)(and hAR  the substrate binding site is more hydrophilic, allowing for
holoenzyme-zopolrestat ternary comple®)(demonstrate  specific hydrogen bond formation with xylose. The structure
large conformational changes upon zopolrestat binding. Suchalso defines how the enzyme recognizes its NADPH cosub-
unpredictable changes are possible and perhaps even likelgtrate and suggests how the specificity might be altered to
upon an inhibitor binding to XR. produce an exclusively NADH-dependent activity that is
Conformational Flexibility in Cosubstrate Bindinin the more amenable to in vivo metabolism of xylose.
forward (reducing) direction, some AKRs such as human
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