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ABSTRACT. UDP-galactose 4-epimerase catalyzes the interconversion of UDP-glucose and UDP-galactose
during normal galactose metabolism. In humans, deficiencies in this enzyme lead to the complex disorder
referred to as epimerase-deficiency galactosemia. Here, we describe the high-resolution X-ray crystal-
lographic structures of human epimerase in the resting state (i.e., with bound)Nakld in a ternary
complex with bound NADH and UDP-glucose. Those amino acid side chains responsible for anchoring
the NAD" to the protein include Asp 33, Asn 37, Asp 66, Tyr 157, and Lys 161. The glucosyl group of
the substrate is bound to the protein via the side-chain carboxamide groups of Asn 187 and Asn 207.
Additionally, O’ of Ser 132 and @of Tyr 157 lie within 2.4 and 3.1 A, respectively, of thelydroxyl

group of the sugar. Comparison of the polypeptide chains for the resting enzyme and for the protein with
bound NADH and UDP-glucose demonstrates that the major conformational changes which occur upon
substrate binding are limited primarily to the regions defined by Glu 199 to Asp 240 and Gly 274 to Tyr
308. Additionally, this investigation reveals for the first time that a conserved tyrosine, namely Tyr 157,
is in the proper position to interact directly with thelydroxyl group of the sugar substrate and to thus
serve as the active-site base. A low barrier hydrogen bond between-ilyelréxyl group of the sugar

and O of Ser 132 facilitates proton transfer from the sugahydroxyl group to @ of Tyr 157.

The human enzyme UDP-galactose 4-epimerase (hGALE),Scheme 1
hereafter referred to as epimerase, normally catalyzes the

. + Q

second step in the Leloir pathway of galactose metabolism, Ereme NAD™ , Lo Fnayme-NADH N to

namely the interconversion of UDP-galactose and UDP- = ]

glucose as shown in Scheme 1. Impairment of this enzyme O on L oe OH  on

results in the complex disorder epimerase-deficiency galac- galactose etone o
-ketose intermediate

tosemia, which affects as many as 1/6700 individuals, at least

in some ethnic groupd(2). Clinically, epimerase-deficiency

galactosemia can range from benign to sev&re8]. The H
molecular basis of this variance remains unclear, although

allelic heterogeneity observed in the patient populati®n (

|

4, 9, 10) raises the intriguing possibility of a genotype/ onon g o on

phenotype correlation. HO% — J
UDP-galactose 4-epimerase froEscherichia colihas s

been the focus of numerous structural investigations within Enzyme-NaD+ " Enzyme-NADH o7 O

recent yearsl(1—-15). The bacterial enzyme is a homodimer glucose 4-ketose intermediate

with each subunit containing 338 amino acid residues and
one tightly bound NAD or NADH moiety (12, 16, 17).
From these studies, it is now known that each subunit folds

into two distinct domains: an N-terminal or nucleotide-

binding motif consisting of a seven-stranded pargitpleat-

ed sheet flanked on either side byhelices and a smaller
This research was supported in part by grants from the NIH C-terminal domain requnSI.bIe fo.r _blndlng .th.e UDP-sug'ar

(DK47814 to H.M.H. and DK46403 to JL.F.-K). T.MW. was substrates. The active site is positioned within the crevice

supported in part by funds provided by NIH Predoctoral Training Grant between these two domains.

GMO08490. As indicated in Scheme 1, there are three key features in
tt)f‘f%; %??Jgtiﬂﬁf%ig%grtrzfgir‘cgegﬂ?itgiiaé?fegﬁseﬂ g\t‘v %?I'Jﬁbo'the reaction mechanism of epimerase: (1) abstraction of the

;?Nicli/, NJ (1EK5 and 1EK6) and will béJ released upgﬁ publication. 4-hydroxyl hydrOgen. of the sugar by an enzymatic base,
*To whom correspondence should be addressed. E-mail: (2) transfer of a hydride from C4 of the sugar to the C4 of

Hazel_Holden@biochem.wisc.edu. Phone: (608) 262-4988. Fax: (608) NAD ™ leading to a 4ketopyranose intermediate and NADH,

ZGESSS:Etmem of Biochemistry and (3) rotation of the resulting-4etopyranose intermediate
I Graduate Program in Genetics and Molecular Biology. in the active site to allow return of the hydride from NADH
U Department of Genetics. to the opposite face of the sugar. Recent X-ray crystal-

10.1021/bi0002151 CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/19/2000



5692 Biochemistry, Vol. 39, No. 19, 2000 Thoden et al.

lographic and site-directed mutagenesis investigations haveas the initial template for addressing the various structural/
suggested that the active-site base is not a simple amino acidunctional questions outlined above.
residue but rather a combination of side chains contributed
by Ser 124, Tyr 149, and Lys 153 which act in concert to MATERIALS AND METHODS
abstract the '4hydroxyl hydrogen from the UDP-sugat4, Expression of Human Epimerase in Pichia pastoris.
18). Additionally, these studies have shown that the epime- Human UDP-galactose 4-epimerase was overexpressed in
rase is a member of the “short-chain” dehydrogenase family the methylotrophic yead®ichia pastoris In brief, a 1.1 kb
which contains a characteristic Tyr-Lys coupl&9,( 20). EcdRl—Sal fragment containing the wild-type epimerase
Members of this family are involved in a variety of metabolic coding sequence was incubated with Klenow enzyme
processes including fertility, growth, and hypertension, and then ligated into the high copy numb@&ichia
among others A1). With respect to the rotation of the expression plasmid pPIC3.5K (Invitrogen), which had been
presumed 4ketopyranose intermediate, a recent structural linearized withSnaI. Correct orientation of the insert was
investigation has revealed the manner in which both UDP- verified by restriction digestion. The resultant plasmid,
glucose and UDP-galactose are accommodated within thepPIC3.5KhGALE, was then linearized usingal and
active site 15). This study has demonstrated that Asn 179 integrated in multiple copy into the genomeRithia strain
and Tyr 299 form a critical template for the proper position- GS115, as recommended by Invitrogen. Transformants were
ing of the two different sugars and, further, has shown that selected initially on histidine-deficient medium and subse-
the active site is large enough to allow for the presumed quently on increasing concentrations of G418 (U.S. Biologi-
rotation of the &4ketopyranose intermediate. cal) to reveal the highest level expressing clones. Expression
Homology-modeling studies of the human epimerase of human epimerase in these clones was verified by western
sequence onto the. coli protein model have offered useful  blot analysis using a rabbit polyclonal antiserum (EU69)
predictions regarding the functional impact of specific patient raised against purified hexahistidine-tagged human epimerase
mutations on enzyme function. For example, one of the first (8). The clone demonstrating the highest level of epimerase
patient hGALE alleles to be identified encoded a substitution expression was then expanded and cultured in a New
of serine for asparagine at residue 34 (N34S). Under standardBrunswick Scientific Bioflo 3000 fermenter, harvested, and
assay conditions of excess substrate and excess"INthi® lysed by agitation with glass beads in breaking buffer (50
N34S protein demonstrated approximately 70% wild-type MM sodium phosphate pH 7.4, 1 mM PMSF, 1 mM EDTA
levels of activity @). Inspection of theE. coli epimerase  and 5% glycerol) using a Beadbeater (Biospec). Cell lysates
crystal structure revealed that residue N32, which corre- were clarified by centrifugation two times at 12 000 rpm for
sponds to N34 in the human sequence, forms a hydrogenlO min in a Sorvall GS-3 rotor at 2C.
bond with the adenine ring of the enzyme-bound NAD2). Protein Purification. Ammonium sulfate to 5% saturation
A substitution of serine at that position would be expected was added to 500 mL of the cell lysate followed by
to interfere with this interaction. As predicted, subsequent centrifugation with a Beckman JA14 rotor at 10 000 rpm
studies of the N34S protein activity versus wild-type as a for 30 min at 4°C. The precipitate was discarded. Am-
function of NAD" concentration revealed that under condi- monium sulfate was added to the supernatant to 55%
tions where NAD became limiting, the discrepancy between saturation and the solution was allowed to stir for ap-
the mutant and wild-type epimerase activities became muchproximately 30 min. This sample was centrifuged at 12 000
more pronounceddj. rpm for 30 min in a Beckman JA14 rotor at°€ and the
Although the predictions regarding the N34S mutant pellet was recovered and resuspended in 20 mM potassium
protein proved useful, such cross-species predictions are riskyPhosphate (pH 7.4), 1 mM EDTA, and 1 mM PMSF,
at best considering that the human &doli enzymes share followed by overnight dialysis against four liters of the same
only 55% amino acid sequence identity. Strikingly, human Puffer. Next, the sample was centrifuged at 15 000 rpm for
epimerase catalyzes an additional reaction not reported for30 min at 4°C using a Beckman JA20 rotor to remove any
the bacterial enzyme, namely the interconversion of gpp  Particulate matter and then loaded onto a hydroxyapatite
GalNAG and UDP-GICcNAC 8, 22—24). Why can human column (5 cmx 12.5 cm) that had been equilibrated with
epimerase interconvert both sets of substrates, while the20 MM potassium phosphate (pH 7.4), 1 mM EDTA, and 1
bacterial enzyme only interconverts one? Furthermore, why MM PMSF. Fractions of 10.0 mL in size were collected and
do some patient mutations in epimerase, for example, V94M those containing significant amounts of epimerase, as judged
(8), result in differential impairment of the two enzymatic BY SDS gels, were pooled. The protein sample was diluted
activities? Why do some pairs of patient hGALE alleles 1:1 with 20 mM potassium phosphate (pH 7.5) and loaded
interact, at least in a yeast model system, in a partial ONto @ Q-sepharose column (2.5 sn25.0 cm) equilibrated

dominant negative mannef)( while others do notg)? What ~ With 20 mM potassium phosphate (pH 7.5). The column was
is the active-site base in the human enzyme? washed with N&/K*™ phosphate until the flow-through

reached a background absorbance level as measured at 280
nm and no protein could be observed in the SDS gels. A
linear gradient from 20 to 300 mM N#& ™ phosphate was
applied to the column. Fractions of 4.0 mL in size were
collected, and these were pooled on the basis of purity as
! Abbreviations: EDTA, ethylenediaminetetraacetic acid; Hepps, judged by SDS gels. The pooled fractions were concentrated

N-2-hydroxyethylpiperazin®-3-propanesulfonic acid; Mes, A ; ; : ; ;
morpholino)ethanesulfonic acid; PMSF, phenylmethanesulfonyl fluo- with an Amicon pressure filtration stirred cell and then

ride; SDS, sodium dodecyl sulfate; UDP-GalNAc, UDPacetyl- dialyzed overnight against 10 mM potassium phosphate (pH
galactosamine; UDP-GIcNAc, UDR-acetylglucosamine. 7.5) and 150 mM NaCl. Subsequently, the protein sample

Here we describe the high-resolution X-ray crystal struc-
tures of human epimerase with bound NABnd in a ternary
complex with NADH and UDP-glucose. These studies serve
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Table 1: X-ray Data Collection Statistics

resolution independent completeness Rsyn?
data set A reflections (%) redundancy avjavgo(l) (%)
Epimerase/NAD Complex
native 30.6-1.80 34184 95.2 2.9 16.5 5.9
1.88-1.80P 3761 87.0 1.8 3.0 25.8
methylHgOAc 30.6-2.00 24 826 94.3 25 14.6 7.5
2.09-2.00 2516 78.3 15 2.9 25.1
KAU(CN), 30.0-3.00 22 555 85.7 2.2 11.8 7.3
2.09-2.00 1926 60.0 14 2.9 24.0
Epimerase/NADH/UDP-Glucose Complex
native 30.6-1.50 96 156 96.1 5.5 29.9 5.0
1.55-1.50 8401 84.7 3.6 2.9 28.6
aRym = (3|l — 1]/31) x 100." Statistics for the highest resolution bin.

was concentrated tev17 mg/mL as determined with a The positions of the heavy-atom binding sites were
Bradford assay employing bovine serum albumin and the determined by inspection of difference Patterson maps
epimerase fromE. coli as standards. An approximate calculated with X-ray data from 30 to 5.0 A. Five heavy-
extinction coefficient at 280 nm of 0.85 mL/(rm@n) was atom binding sites for the mercury derivative and two heavy-
determined. The total yield of purified epimerase wat)0 atom binding sites for the gold derivative were identified.
mg. These heavy-atom derivatives were placed on a common
Crystallization of the Epimerase/NATGComplexA search ~ origin by difference Fourier maps and the positions and
for suitable crystallization conditions was conducted both occupancies for each heavy-atom binding site were refined
at room temperature and af@ using a sparse matrix screen by the origin-removed Patterson-function correlation method
and the hanging drop method of vapor diffusion. These to 2.0 A resolution 25). Protein phases were calculated with
crystallization trials were conducted both in the presence (2 the program HEAVY 25). The overall figure-of-merit was
mM) and absence of NAD The best crystals were observed 0.55 from 30 to 2.0 A.
growing from poly(ethylene glycol) 8000 and potassium A model of human epimerase was built into an electron
chloride and in the presence of 2 mM NADTypically large density map calculated to 2.0 A resolution. The model was
crystals were obtained from 18 to 20% poly(ethylene glycol) subsequently refined to 1.8 A resolution by least-squares
8000, 100 mM Hepps (pH 7.5), and 250 mM KCI at room analysis as implemented in TN2§). Relevant refinement
temperature. The protein concentration was 17 mg/mL, and statistics are given in Table 2. The firifactor was 19.0%
the sample contained 2 mM NAD Crystals achieved for all measured X-ray data from 30 to 1.8 A resolution.
maximum dimensions of 0.2 mm 0.2 mmx 1.0 mm in The only significant outlier on the Ramachandran plot of
about 1 week. These crystals belonged to the space grougall nonglycinyl residues was Phe 186 which adopts dihedral
C222; with unit cell dimensions o = 50.3 A,b = 116.4 angles ofp = —97.8 andy = —104.8. The electron density
A, andc = 130.4 A. The asymmetric unit contained one was unambiguous in this region. For the refinement of the
monomer. human epimerase model, 10% of the X-ray data were
Structural Analysis of the Epimerase/NABomplex An excluded for the required calculation®fee as listed in Table
initial native X-ray data set was collected to 1.8 A resolution 2. In that all X-ray data are important for the Fourier
at 0°C with a Bruker HiStar area detector system. The X-ray synthesis; however, these data were ultimately included in
source was nickel-filtered Cukradiation from a Rigaku the final stages of the refinement and model building. A
RU200 X-ray generator operated at 50 kV and 90 mA and portion of the electron density map corresponding to the
equipped with a 30um focal cup. The X-ray data were bound cofactor is shown in Figure 1. The average temper-
processed with the software package SAINT (Bruker AXS, ature factors for the waters, the polypeptide chain, and the
Inc.) and internally scaled with XCALIBRE (Drs. G. NADT were 51.2, 34.7, and 19.4%Arespectively.
Wesenberg and |. Rayment, unpublished results). Relevant Crystallization of the Epimerase/NADH/UDP-Glucose
X-ray data collection statistics are presented in Table 1.  Ternary ComplexThe abortive complex was prepared by
Two isomorphous heavy-atom derivatives were prepared treating the epimerase (17 mg/mL in the final dialysis buffer)
by soaking native epimerase crystals in either 1. mM methyl with 10 mM NADH and 10 mM UDP-glucose and allowing
mercury acetate for 1.5 days or 5 mM KAu(GNgr 3 days. the solution to stand for 24 h at 4C. The sample was
X-ray data sets for these derivatives were collected to 2.0 A subsequently frozen in 100L aliquots. A sparse matrix
resolution in a manner similar to that described for the native screen, conducted at both room temperature and &, 4
X-ray data set. Each heavy-atom derivative data set wasyielded several crystal forms. The form initially demonstrat-
placed on the same scale as the native data set by a “local'ing the best X-ray diffraction properties grew in the presence
scaling procedure developed by Drs. G. Wesenberg, W. of poly(ethylene glycol) 3400 and Mgght 4 °C. Large
Rypniewski, and |. Rayment. ThB-factors between the crystals employed for the X-ray analysis described here were
native and the mercury and gold heavy-atom derivative dataprepared by macroseeding in batch setups. Specifically, the
sets were 29.7 and 21.0%, respectively, to 2.0 A resolution abortive complex, after thawing, was diluted 1:1 with 100
(whereR= (3 |Fn — Ful/> |Fn]) x 100 andFy| is the native mM Mes (pH 6.0). This solution was then mixed 1:1 with a
structure factor amplitude anBy| is the derivative structure  precipitant solution such that the final mother liquor con-
factor amplitude). tained 8.5% poly(ethylene glycol) 3400 and 75 mM MgClI
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Table 2: Relevant Least-Squares Refinement Statistics

epimerase/NAD epimerase/NADH/
model complex UDP-glucose complex
resolution limits (A) 30.6-1.80 30.6-1.50
R-factor (overall) (%)/no. of rflns 19.1/34 153 16.9/96 012
R-factor (working) (%)/no. of rflns 19.0/30 738 16.8/86 401
R-factor (free) (%)/no. of rfins 22.3/3415 19.8/9611
no. of protein atoms 2676 5528
no. of heteroatoms 240 1033
weighted root-mean-square
deviations from ideality
bond lengths (A) 0.011 0.010
bond angles (dei) 2.36 2.04
trigonal planes (A) 0.006 0.007
general planes (A) 0.010 0.011
torsional angles (deg) 16.6 15.7

aR-factor= (Z|F, — F¢|/Z|Fo]) x 100 whereF, is the observed structure-factor amplitude &ids the calculated structure-factor amplitude.
b These include multiple conformations for E61, M65, M83, E96, T110, M167, K176, and D231 in subunit | and E3, E63, K78, T110, K120, T134,
M167, E221, and C307 in subunit AThese include 196 water molecules and one NAfolecule.? These include two NADH molecules, two
UDP-glucose molecules, 856 waters, two magnesium ions, and three tetramethylammonium ions.

lﬁ‘ S132 @

FiGURE 1: Representative electron density for the human epimerase/Ndiplex. The map was contoured at 4nd calculated with
coefficients of the form (B, — F¢), whereF, was the native structure factor amplitude &hdvas the calculated structure factor amplitude.
The nicotinamide ring of the cofactor is displayed in red contours. Ordered solvent molecules are indicated by the green contours.

Typically, the crystals achieved maximum dimensions of 0.10 electron density map was subsequently improved by molec-
mm x 0.15 mmx 0.80 mm in approximately-12 weeks. ular averaging with the software AVE found in the RAVE

Structural Analysis of the Epimerase/NADH/UDP-Glucose Package of program9, 30). On the basis of this averaged
Complex For X-ray data collection, the crystals were first €lectron density, the model was adjusted and placed back
transferred into a synthetic mother liquor containing 15% into the unit cell, and another cycle of least-squares refine-
poly(ethylene glycol) 3400, 75 mM Mggl2.5 mM NADH, ment applied. TheR-factor dropped to~24%. Next the
2.5 mM UDP-glucose, and 100 mM Mes (pH 6.0). After 1 model was adjusted within the unit cell and solvent molecules
h of equilibration, the crystals were transferred (for-i ~ Were added to the X-ray coordinate file. The fifiafactor
s) to a cryoprotectant solution containing 20% poly(ethylene Was 16.9% for all measured X-ray data from 30 to 1.5 A.
glycol) 3400, 75 mM MgGJ, 500 mM NaCJ) 1 M tetram- Relevant refinement statistics can be found in Table 2. The
ethylammonium chloride, 2.5 mM NADH, 2.5 mM UDP-  electron density map near the bound NADH and UDP-
g|ucose1 and 100 mM Mes (pH 60) These Crysta's were glucose molecules is shown in Figure 2. As in the human

suspended in a loop of 20m surgical thread and im-  €pimerase/NAD complex, the only significant outlier in the
mediate'y flash-frozen in a stream of nitrogen gas_ Ramachandran plot was Phe 186 in both subunits. The

average temperature factors for the waters, the polypeptide
chain, the NADH, and the UDP-glucose were 34.5, 19.2,
11.4, and 18.3 A respectively

The crystals belonged to the space gré2g?,2; with unit
cell dimensions o= 74.7 A,b=86.9 A, andc = 95.3 A.
The asymmetric unit contained one dimer. A native X-ray
data set to 1.5 A resolution was collected at the Advanced
Photon Source, Structural Biology Center beamline 19-ID. RESULTS AND DISCUSSION
These data were processed with HKL2000 and scaled with
SCALEPACK 7). The structure was solved via molecular Molecular Structure of the Epimerase/NABComplex
replacement with the program AMORRS8) employing as Mammalian UDP-galactose 4-epimerases are known to be
the search model the structure of the human epimerase dimedimers in solution §1). A ribbon representation of one
with bound NAD'. Initial refinement with the package TNT  subunit of the human epimerase dimer is shown in Figure
reduced theR-factor to ~36% at 1.5 A resolution. The 3. As color-coded in blue and green, respectively, the
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Ficure 2: Representative electron density for the human epimerase/NADH/UDP-glucose ternary complex. The map was calculated and
contoured in the same manner as described in Figure 1. The nicotinamide ring of the dinucleotide and the glucosyl moiety of the substrate
are displayed in red and green, respectively.

Ficure 3: Ribbon representation of one subunit of human epimerase. The N-terminal and C-terminal domains are color-coded in blue and
green, respectively. The NADmolecule is drawn in a ball-and-stick representation.

molecule folds into two structural domains delineated by Met conformation with an intramolecular hydrogen bond occur-
1to Thr 189 and Gly 190 to Ala 346. The N-terminal motif ring between the nitrogen of its carboxamide group and a
is dominated by a seven-stranded parghaheet with the phosphoryl oxygen. This type of conformation was also
p-strands ranging in length from 4 to 11 amino acid residues. observed for théE. coli epimerase which is known to be a
Five a-helices, two on one side and three on the other, abut B-side specific enzymel @). Both riboses of the NAD adopt

this 5-sheet. These helices contain anywhere from 6 to 19 the G-endo conformation. Note that Phe 186, whose dihedral
amino acid residues. This domain is responsible for position- angles lie outside of the allowed regions in the Ramachandran
ing the NAD' at the C-terminal end of thg-sheet as plot, is located at the top of the binding pocket in Figure 4a.

indicated in Figqre 3. In addition to thesehelices and A cartoon of the hydrogen-bonding pattern observed
f-strands, there is another sharhelix from Val 9410 GIn - pepween the oxidized cofactor and the protein is displayed
99 and eight classical reverse turns (six type I, one type Il, j, Figure 4b. Five side chains, namely those provided by
and one type ll). Asp 33, Asn 37, Asp 66, Tyr 157, and Lys 161, are directly

The C-terminal motif, or substrate binding domain, is involved in nucleotide binding. Additionally, two peptidic
composed of six strands @gfsheet ranging in length from  NH groups contributed by Tyr 13 and Ile 14 form hydrogen
three to six amino acid residues. The thitestrand of the  bonds with the phosphoryl oxygens of the dinucleotide. There
C-terminal domain, delineated by Cys 264 to Asn 268, forms are 19 hydrogen bonds formed between NABNd the
the seventh strand of the parallgisheet located in the  protein or solvent. Strikingly, five of the eight water
N-terminal domain. Additionally, the C-terminal domain molecules shown in Figure 4b are located in nearly identical
contains fivea-helices, ranging in length from 6 to 14 amino  positions to those observed in the NAIinding pocket for
acid residues, one type Ill turn and four type | turns. the E. coli epimerase1?2). In the E. coli enzyme, removal

A close-up view of the NAD-binding pocket is shown  of the dinucleotide cofactor results in irreversible denatur-
in Figure 4a. There are 14 water molecules located within ation of the enzyme, while in the human protein, the NAD
approximately 4.0 A of the dinucleotide cofactor, eight of can be readily removed. Not surprisingly, a comparison of
which participate directly in hydrogen bonds to the NAD  the two NAD'-binding pockets for the human and bacterial
The nicotinamide ring of the cofactor adopts thgn enzymes reveals significantly more interactions between the
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Ficure 4: Close-up view of the human epimerase dinucleotide cofactor binding pocket. Those residues that lie within approximately 4.0
A of atoms of the NAD are displayed in panel a. A cartoon of potential hydrogen-bonding interactions between the dinucleotide cofactor

and the protein is shown in panel b. The dashed lines represent potential hydrogen bonds.

protein and the dinucleotide in tH& coli protein. Specifi- state. All attempts to produce crystals of the epimerase from
cally, in theE. coli epimerase, there are 19 hydrogen bonds E. colithat are amenable for such a study have thus far been
between the dinucleotide and the protein as opposed to elevemnsuccessful. Consequently, the structure of the human
in the human enzyme. enzyme described here is particularly informative in that it
Perhaps the best characterized epimerase to date is thatepresents the first glimpse of an epimerase in its resting
from E. coliwhich has been the subject of numerous X-ray state, i.e., without bound UDP-sugar or UDP.
crystallographic analysed1—15). Previously, it was pos- A superposition of the-carbon traces for the models of
tulated that substrate binding to epimerase leads to a largethe E. coliepimerase and the human protein/NAEmplex
conformational change in the enzyme which activates the is displayed in Figure 5. The two molecules superimpose
cofactor toward reductior8@, 33). In every structure solved ~ with a root-mean-square deviation of 0.98 A for 299
thus far for the bacterial enzyme, however, there has alwaysstructurally equivalent.-carbon atoms. Note that the X-ray
been either UDP or some type of UDP-sugar analogue boundcoordinates for theE. coli epimerase employed for this
in the substrate-binding pocket. To address the conforma-comparison were those from the previously reported enzyme/
tional changes that occur upon substrate binding, it is NAD/UDP complex 12). As can be seen, there is a six-
necessary to solve the structure of the enzyme in its restingresidue insertion in the human enzyme relative to the
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FicurRe 5: Superposition of the polypeptide chain backbones for the epimerases from huntancatidThe human epimerase polypeptide
chain is displayed in black while the bacterial enzyme is shown in red. Note that the model for the bacterial enzyme contained, in addition
to NAD™, UDP as indicated by the ball-and-stick representation.

bacterial protein starting at Phe 39. The biological role of between the two monomers in the dimer are limited primarily
this insertion is not immediately obvious. What is clear, to those regions defined by Glu 199 to Asp 240 and Gly
however, is that the C-terminal motifs of the bacterial and 274 to Tyr 308.

human enzymes are in slightly different orientations with ~ Shown in Figure 7 is a close-up view of the active site
respect to their N-terminal domains. As would be predicted, for subunit Il. As can be seen, Phe 226 forms a striking
the C-terminal domain of thE. colienzyme, which contains  stacking interaction with the uracil ring of the substrate. In
bound UDP, is closed down relative to that observed for the addition, the uracil ring is linked to the protein via the
C-terminal domain of the human resting enzyme. From this backbone amide group of Phe 226 and the carbonyl group
superposition, it can be postulated that the major conforma- of Asn 224. The 2hydroxyl group of the uridine ribose lies
tional changes that occur upon UDP or UDP-sugar binding with hydrogen-bonding distance to the carboxylate group of
to epimerase are confined primarily within the regions Asp 303. Asn 187, Asn 207, Arg 239, and Arg 300 form
defined by Asp 200 to Asp 231 and Lys 290 to Val 304 -electrostatic interactions with the phosphoryl oxygens of the
(human enzyme numbering). UDP-glucose. With respect to the glucosyl moiety, four

Molecular Structure of the Epimerase/NADH/UDP- amino acid side chains provide key electrostatic interactions
Glucose Ternary CompleA superposition of the polypep-  to the sugar hydroxyl groups: Ser 132, Tyr 157, Asn 187,
tide chains for the epimerase/NADand the epimerase/ and Asn 207.

NADH/UDP-glucose (subunit Il of the asymmetric unit) What are the structural consequences resulting from the
complexes is displayed in Figure 6a. As can be seen, themovement of the polypeptide chain in subunit Il relative to
net effect of UDP-glucose binding to human epimerase is subunit I? As can be seen in Figure 8, the hydrogen-bonding
the clamping down of the C-domain over the active-site pattern around the'<4hydroxyl group of the glucosyl moiety
region. Indeed, the-carbons for the two polypeptide chains has been modified. Recall that, during the reaction mecha-
superimpose with a remarkably high root-mean-square nism, the hydride from C4 of the sugar is transferred to C4
deviation of 2.5 A. Again, as discussed above, the major of the nicotinamide ring. In subunit I, C4 of the sugar lies
conformational changes are confined to the regions definedwithin 3.6 A of C4 of the nicotinamide ring. This distance
by Glu 199 to Asp 240 and Gly 274 to Tyr 308. If these is comparable to that observed in subunit Il (3.5 A). Likewise
regions are omitted from the calculation, however, the two O of Ser 132 is positioned at 2.4 A from thé-Hydroxyl
polypeptide chains correspond with a root-mean-squaregroup of the sugar in subunit | and is located at 2.5 A from
deviation of 0.92 A. the sugar hydroxyl group in subunit II.

Crystals of the epimerase/NADH/UDP-glucose ternary  The significant changes occur, however, at Tyr 157. In
complex employed for this structural analysis contained a subunit I, @ of Tyr 157 is hydrogen-bonded to the
complete dimer in the asymmetric unit. A superposition of 2'-hydroxyl group of the nicotinamide ribose. The distance
the o-carbon traces for subunits | and Il in the asymmetric between these two atoms is 2.7 A. With respect to the
unit is displayed in Figure 6b. It was anticipated that the glucosyl moiety, @ of Tyr 157 is positioned at 3.2 and 4.1
two subunits would be nearly identical in their three- A from the 3-hydroxyl and 4-hydroxyl groups, respectively.
dimensional folds. As can be seen, however, there are several hese distances are comparable to those observed f&: the
very significant differences between the two monomers coli abortive complex model (3.1 and 4.3 A, respectively).
contained within the asymmetric unit. Indeed, thearbons In subunit Il of human epimerase, where the C-terminal
for these two polypeptide chains superimpose with a root- domain has clamped down more tightly] & Tyr 157 now
mean-square deviation of 1.0 A. Again, the differences lies within hydrogen-bonding distance not only to the
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(b)

Ficure 6: Comparison of the open and closed forms of human epimerase. Shown in panel a is a superposition of the models for the resting
enzyme, depicted in red, and for the enzyme in a ternary complex (subunit Il of the asymmetric unit), displayed in black. Note the movement
of the C-terminal domain upon substrate binding. Shown in panel b is a superposition of the two subunits contained within the asymmetric
unit of the epimerase/NADH/UDP-glucose abortive complex. Subunit | is displayed in red while subunit Il is drawn in black.

nicotinamide ribose '2hydroxyl group (2.8 A) and the'3 phenolic side chain of Tyr 1491(). Indeed, there was
hydroxyl group of the glucosyl moiety (2.9 A), but also to nothing unusual in the active site to suggest that the side-
the 4-hydroxyl group of the UDP-sugar (3.1 A). Note that chain hydroxyl group of Ser 124 would be ionized, and
it is the 4-hydroxyl hydrogen that is presumably removed hence, the proton shuttle hypothesis was a reasonable
by an active-site base during catalysis. Not surprisingly, the assumption given the available structural evidence at the
average temperature factor for the UDP-glucose in subunittime. The one caveat of this hypothesis, however, was that
I is 22.3 A2, while in subunit Il it is 16.7 A the observed distance between the side chain hydroxyls of
Until this investigation, all X-ray crystallographic models Ser 124 and Tyr 149 was quite long at 4.6 A. It was argued,
of the E. coli epimerase indicated that’@f Tyr 149 (Tyr however, that this distance was based on dead-end complexes
157 in the human enzyme) was invariably located at and might be significantly different in the epimerase/N&D
approximately 4.3 A from the 'dydroxyl group of the UDP-glucose complex.
glucosyl substrate. This distance seemed to preclude the role The results described here for the human epimerase are
of Tyr 149 interacting directly with the'4ydroxyl group especially revealing with regard to the catalytic mechanism
of the glucosyl moiety as the active-site base. Accordingly, of the enzyme. From subunit Il, it is now known that the
a proposal was put forth whereby Ser 124 (Ser 132 in the C-terminal domain moves down upon the active site more
human enzyme), which is located at 2.6 A from the than originally envisioned or observed and this three-
4'-hydroxyl group of the glucose in the. coli epimerase, dimensional shift results in 'Oof Tyr 157 lying within
acts as a proton shuttle between the sugar and the presumekllydrogen-bonding distance to thekdydroxyl group of the
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D66 D66

FiGURE 7: Close-up view of the human epimerase active site. Those residues that are located within approximately 3.0 A of atoms of the
NADH and UDP-glucose are displayed.

glucosyl substrate. Additionally, its side-chain hydroxyl reveal the necessity for studying not just one member of a
group is positioned within 3.7 A of the nicotinamide nitrogen superfamily but rather a series of proteins. In today’s
that would carry a positive charge if the cofactor was in the scientific climate, it could have been argued that since the
oxidized state. This type of interaction could clearly aid in epimerases from human aid coli are 55% identical, there
lowering the (K, of the side chain of Tyr 157 to allow itto  was no compelling reason or need to study the human
function directly as the active-site base. Indeed,0DTyr enzyme, given the previous extensive structural work on the
157 is still positioned at 4.1 A from the hydroxyl side chain bacterial protein. The investigation of the human enzyme,
of Ser 132, indicating that, at least in the case of the humanhowever, revealed important molecular features that were
epimerase, the proton shuttle mechanism most likely doeselusive in the X-ray crystallographic studies of tBecoli

not occur. epimerase. Contrary to what is being purported by those

What is the role of Ser 132 in human epimerase? The shortinvolved in structural genomics, knowledge of the three-
distance between'Of Ser 132 and the'4ydroxyl group dimensional arch|tecture_ for only one, or even a few,
of the UDP-glucose substrate (2.5 A), even in light of X-ray members of a superfamily may not be sufficient to fully
coordinate errors, suggests the formation of a low-barrier define either the structures or functions of other members.
hydrogen bond 34—36) whereby the K, values of both How successful were the previous homology-modeling
alcoholic groups are similar leading to a proton being shared studies of the human epimerase sequence ontdthmli
between the two oxygen atoms. Indeed, this close interactionprotein? As described in the introductory portion of this
would facilitate removal of the'4ydroxyl hydrogen of the  paper, one of the first patient hGALE alleles to be identified
sugar by the phenolic side chain of Tyr 157 and the transfer encoded an N34S substitutiod) ( On the basis of thé&.
of the hydride from C4 of the sugar to C4 of the dinucleotide coli structure, it was assumed that Asn 34 in the human
cofactor. The energy released by forming the low-barrier enzyme formed a hydrogen bond with the adenine ring of
hydrogen bond would permit transfer of the proton from the the bound NAD. In fact, while this residue abuts the adenine
4'-hydroxyl group of the sugar to Tyr 157, which would ring, no such hydrogen bond occurs. Rather the carboxamide
normally be a thermodynamically unfavorable event. A functional group of Asn 34 participates in an electrostatic
similar type of scenario has been recently described for horseinteraction with the carboxylate group of Asp 66, which in
liver alcohol dehydrogenase whereby a zinc-bound alkoxide turn, interacts with the adenine ring of the NADAgain,
forms a low-barrier hydrogen bond with the hydroxyl group this points to the danger of a scientific philosophy whereby
of a serine residued). Site-directed mutagensis experiments one molecular fold defines an entire family.

are underway to further test the roles of Ser 132 and Tyr  \yhile the model described here answers several interesting
157 in the catalytic mechanism of the human epimerase.  stryctural/functional questions, many remain. For example,
The present study has revealed both the conformationalhow are UDP-GalNAc and UDP-GIcNAc accommodated
changes that occur upon substrate binding to human epimewithin the active site of the human enzyme? Why does the
rase and the identity of the active-site base, namely Tyr 157. protein fromE. coli not interconvert UDP-GalNAc and
Perhaps more importantly, however, these investigations UDP-GIcNAc? How is UDP-galactose bound in the active
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I UDP-glucose ’ UDP-glucose

NADH

(a)

(b)

Ficure 8: Differences in the hydrogen-bonding patterns around t#edroxyl groups of the glucosyl moieties in subunits | and Il. The
hydrogen-bonding patterns for subunits | and Il are displayed in panels a and b, respectively.

site of the human enzyme? Both X-ray crystallographic Use of the Argonne National Laboratory Structural Biology
studies and site-directed mutagenesis experiments designe€enter beamlines at the Advanced Photon Source was
to address these and other issues are presently underway.supported by the U.S. Department of Energy, Office of
Energy Research, under Contract W-31-109-ENG-38.
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