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ABSTRACT. UDP-galactose 4-epimerase catalyzes the interconversion of UDP-galactose and UDP-glucose
during normal galactose metabolism. Within recent years the enzymeHsmmerichia colihas been
studied extensively by both biochemical and X-ray crystallographic techniques. One of several key features
in the catalytic mechanism of the enzyme involves the putative rotation ‘eketdpyranose intermediate
within the active site region. The mode of binding of UDP-glucose to epimerase is well understood on
the basis of previous high-resolution X-ray crystallographic investigations from this laboratory with an
enzyme/NADH/UDP-glucose abortive complex. Attempts to prepare an enzyme/NADH/UDP-galactose
abortive complex always failed, however, in that UDP-glucose rather than UDP-galactose was observed
binding in the active site. In an effort to prepare an abortive complex with UDP-galactose, a site-directed
mutant protein was constructed in which Ser 124 and Tyr 149, known to play critical roles in catalysis,
were substituted with alanine and phenylalanine residues, respectively. With this double mutant it was
possible to crystallize and solve the three-dimensional structures of reduced epimerase in the presence of
UDP-glucose or UDP-galactose to high resolution. This study represents the first direct observation of
UDP-galactose binding to epimerase and lends strong structural support for a catalytic mechanism in
which there is free rotation of d-ketopyranose intermediate within the active site cleft of the enzyme.

UDP-galactose 4-epimerase, hereafter referred to as epi-nicotinamide ring of NADH to the '4ketopyranose inter-
merase, catalyzes the interconversion of UDP-galactose andnediate and the putative rotation of this intermediate during
UDP-glucose and as such plays a critical role in galactosethe reaction mechanism.

metabolism. As isolated froescherichia colithe enzyme  |n recent years, substantial structural progress has been
is @ homodimer with each subunit containing 338 amino acid made toward elucidating the identity of the catalytic base
residues and one tightly bound NADr NADH moiety (1— (4,6, 7. From both X-ray crystallographic and site-directed

3). On the basis of high-resolution X-ray crystallographic mutagenesis studies it is now known that Ser 124, Tyr 149,
studies, the enzyme froi. coli is known to fold into two  and Lys 153, in concert, most likely function to abstract the
distinct motifs as can be seen in Figure 1. an N-terminal or 4'-hydroxyl hydrogen from the sugar substrate. Indeed, it
nucleotide-binding domain dominated by a seven-strandedhas become apparent that the epimerase belongs to the
parallelf-pleated sheet flanked on either sidedoyrelices  superfamily of “short-chain” dehydrogenases which contain
and a smaller C-terminal domain responsible for the proper such a characteristic TyiLys couple thought to function in
positioning of the UDP-sugar substrat@s-6). The active  catalysis §, 8, 9. Other enzymes in this family, for which
site cleft is wedged between these two domains. three-dimensional structures are available, includg@@s-

According to all presently available biochemical and hydroxysteroid dehydrogenas&0&12), dihydropteridine
kinetic data, the reaction mechanism of epimerase is pre-reductase(3, 14), 7a-hydroxysteroid dehydrogenasis),
sumed to occur through d-ketopyranose intermediate as  mouse lung carbonyl reductas6j, 178-hydroxysteroid
shown in Scheme 1. Key features in this mechanism include dehydrogenasd{, 18, and dTDP-glucose 4,6-dehydratase
the abstraction of the'4ydroxyl hydrogen of the sugar by (Thoden, unpublished results), among others.

an enzymatic base, the transfer of a hydride from C4 10 \yith regard to the rotation of the'4etopyranose inter-
NAD*, and the rotation of the resulting-Ketopyranose  mediate in the active site, the structures of reduced epimerase
intermediate in the active site to allow return of the hydride complexed with UDP-glucose, UDP-mannose, UDP-4-deoxy-
from NADH to the opposite face of the sugar. UDP- 4-fluoro-o-p-galactose, or UDP-4-deoxy-4-fluom-p-glu-
galactose 4-epimerase has attracted research attention dugyse have been determined and have shed light on the ability
to several of its unique features including this nonste- 4 the enzyme to accommodate different sugats 19.
reospecificity of hydride return from the B-side of the opyiously one of the critical candidates for additional
structural studies is the epimerase/NADH/UDP-galactose
' This research was supported in part by grants from the NIH abortive complex. Interestingly, all experiments designed

(DK47814) and the NSF (BIR-9317398). i ; ; i
*X-ray coordinates have been deposited in the Brookhaven Protein o produce such a crystalline complex with native epimerase

Data Bank (1A9Y and 1A9Z) and will be released upon publication. Nave been unsuccessful thus fa). (These attempts have
* To whom correspondence should be addressed. included reduction of the enzyme with the dimethylamine/
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Ficure 1: Ribbon representation of one subunit of UDP-galactose 4-epimeraseEfraali. This figure and Figures 3, 5, and 6 were
prepared with the software package MOLSCRIR®)( X-ray coordinates employed for this drawing were from Thoden etdyl. The
p-strands andi-helices are depicted in yellow and blue, respectively, while the NADH and UDP-glucose moieties are shown in ball-and-
stick representations.
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borane complex in the presence of UDP-galactose, UDP, parison of the modes of binding of UDP-glucose and UDP-
UMP, or TMP and exchange of these nucleotides with UDP- galactose in the epimerase active site and, indeed, provides
galactose. In each case, the resulting electron density mapstructural support for a catalytic mechanism in which the
have clearly indicated the presence of UDP-glucose, rathersugar moiety freely rotates in the active site cleft.
than UDP-galactose, in the epimerase active ¢ije Ad-
ditionally, the same attempts with recombinant enzyme in MATERIALS AND METHODS
which either Ser 124 or Tyr 149 had been changed to an Construction of the Plasmid Containing the S124P9F
alanine or phenylalanine residue, respectively, always re- Mutations The S124AY149F mutant plasmid was con-
sulted in UDP-glucose in the active site. structed starting with the Y149F mutant plasmi). ( The

In attempt to explore the manner in which UDP-galactose Y149F plasmid was digested wiBsdHIl and Ndd, the 5-
binds in the epimerase active site, a double mutant of the phosphate groups removed by treatment with calf intestinal
protein, namely S124A149F, was constructed, purified, phosphatase, and the resulting digested plasmid purified on
and crystallized. Here we describe the successful attempta 1% agarose gel. A new mutagenic cassette was inserted
to prepare and solve the structure of a complex of epimeraseinto the resulting gap with the following complementary
with UDP-galactose. As a control, the three-dimensional oligonucleotides: (1) S124A-top, CGCGCCCCAACGTCA-
structure of the S124A149F protein with bound UDP-  AAAACTTTATTTTCTCGTCCGCGGCGGCCACCGTT-
glucose was also determined to high resolution and describedTATGGCGATCAGCCCAAAATTCCA,; (2) S124A-bottom,
here. This investigation has allowed for a detailed com- TATGGAATTTTGGGCTGATCGCCATAAACGGT-
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Table 1: Intensity Statistics

S124AY149F/NADH/UDP-Glucose Complex
resolution range (A)
overall 30.0-3.6 2.86 2.50 2.27 211 1.98 1.88 1.80
no. of measurements 84014 16461 20068 12161 9404 8188 7061 6140 4531
no. of independent reflections 37966 5366 5275 5067 4939 4761 4505 4347 3706
% completeness 91 98 100 98 94 94 83 83 74
avl/avo(l) 15.0 29.9 17.6 9.4 5.8 4.2 3.0 2.3 19
R-factor (%) 4.1 2.3 4.4 7.3 10.1 13.1 16.2 18.6 20.4
S124AY149F/NADH/UDP-Galactose Complex
resolution range (A)
overall 30.0-3.8 3.02 2.63 2.39 2.22 2.09 1.99 1.90
no. of measurements 112562 22615 23568 18088 12824 11544 10094 8.117 5712
no. of independent reflections 32710 4566 4.374 4278 4187 4149 4017 3851 3288
% completeness 93 99 99 96 95 95 93 93 74
avl/avo(l) 24.6 53.5 29.2 13.5 8.9 6.5 5.1 3.8 2.9
R-factor (%) 4.6 2.8 4.1 8.2 10.6 13.2 16.3 19.9 22.8

aR-factor= (3|l — 1|/31) x 100.

Table 2: Least-Squares Refinement Statistics for the
Epimerase/Sugar Complexes

UDP-glucose UDP-galactose
resolution limits (A) 30.6-1.8 30.0-1.9
R-factor (%} 18.2 18.9
no. of reflections used 37966 32710
no. of protein atoms 2704 2703
no. of solvent atoms 545 554
weighted RMSD from ideality

bond length (A) 0.012 0.008

bond angle (deg) 2.56 2.52

planarity (trigonal) (A) 0.008 0.006

planarity (other’gzlanes) A 0.012 0.013
averageB-factors (%)

backbone atoms 20.6 27.0

all atoms 25.9 32.6

aR-factor= Y |F, — F¢|/Y|Fo|, whereF, is the observed structure
factor amplitude andr. is the calculated structure factor amplitude.
b These include 541 water molecules and 4 sodium ibfibese include
541 water molecules, 3 sodium ions, and 1 tri(ethylene glycol) molecule.

GGCCGCGGACGAGAAAATAAAGTTTTTGACGTTG-
GCGG. These oligonucleotides were obtained from Gibco
BRL (Grand lIsland, NY). A silentSadl restriction site
was designed into the cassette to facilitate identification
of the plasmid carrying the S124A mutation.

Purification and Crystallization ProceduresRecombinant
UDP-galactose 4-epimerase was expresseH.icoli and
purified according to previously published procedurgs (
The standard assay for activit9Q) revealed no measurable
activity for this recombinant protein.

For crystallization trials, the recombinant enzyme, in 10
mM potassium phosphate (pH 7.0), was first incubated with
the reducing agent, 50 mM dimethylamine/borane complex,
for 1 h atroom temperature. Subsequently, UDP-galactose
(or UDP-glucose) was added to a concentration of 10 mM.
The reaction was allowed to continue for 2 h, after which
time additional reducing agent was added to a concentration
of 150 mM. The reaction mixture was incubated overnight
at 4 °C and then dialyzed against 10 mM potassium
phosphate (pH 8.0) for 24 h at*4C. Following dialysis,
the protein was concentrated to 35 mg/mL.

Large single crystals of both S12/A149F/NADH/UDP-
sugar complexes were grown by the hanging drop method

of vapor diffusion against 1825% (w/v) poly(ethylene
glycol) 8000, 406-800 mM NacCl, and 50 mM CHES (pH
9.0) at 4°C. Crystals typically appeared within-@2 h,
and growth was generally complete withir-8 days. The
crystals, which were isomorphous to those previously
described for the epimerase/NADH/UDP-glucose abortive
complex @), belonged to the trigonal space grde®21 and
contained one subunit per asymmetric unit. The unit cell
dimensions for the S124X149F/NADH/UDP-galactose
complex and the S124X149F/NADH/UDP-glucose com-
plex werea=b =839 A,c=108.1 A anda=b =85.0

A, ¢ =106.7 A, respectively.

X-ray Data Collection and ProcessingPrior to X-ray data
collection, the crystals were transferred to 25% (w/v) poly-
(ethylene glycol) 8000, 750 mM NacCl, 50 mM CHES (pH
9.0), 10 mM UDP-sugar, and 20% (v/v) ethylene glycol.
Each crystal was suspended in a thin film of this cryopro-
tectant solution in a loop of fine surgical thread and flash-
cooled in a nitrogen stream. All X-ray data were collected
at—150°C with a Siemens (Bruker) HI-STAR area detector
system equipped with Goebel focusing optics. The X-ray
source was CKa. radiation from a Rigaku RU200 rotating
anode generator operated at 50 kV and 90 mA and equipped
with a 300um focal cup. Only one crystal was required
per X-ray data set. These X-ray data were processed with
the data reduction software package SAINT (Bruker AXS
Inc.) and scaled with the program XCALIBRE (G. Wesen-
berg and I. Rayment, unpublished results). Relevant X-ray
data collection statistics for the two crystalline complexes
can be found in Table 1.

Structural Determination The previously solved structure
of the epimerase/NADH/UDP-glucose complel éerved
as the starting model for the least-squares refinements of the
two S124AY149F/NADH/UDP-sugar complexes described
here. The software package TNZ1f was employed for
the refinements with ideal stereochemistries of the NADH,
UDP, and sugar moieties based on the small molecule
structural determinations of Reddy et &2, Viswamitra
et al. @3), Glasfeld et al. Z4), and Lonchambon et al2).
Alternate cycles of manual model building with the program
FRODO @6) and least-squares refinement reduced the
R-factors to 18.9% (1.90 A resolution) and 18.2% (1.8 A
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UDP-galactose

Ficure 2: Electron density corresponding to the UDP-galactose ligand bound in the active site. The map shown was calculated with
coefficients of the formK, — F¢), whereF, was the native structure factor amplitude &hdvas the calculated structure factor amplitude

from the model lacking the coordinates for the UDP-galactose. The map was contoured. &tt2ssfigure and Figure 4 were prepared

with the software package FROST, written by Dr. Gary Wesenberg.

resolution) for the S124A149F/NADH/UDP-galactose and  enzyme, the nicotinamide ring of the reduced cofactor adopts
S124AY149F/NADH/UDP-glucose complexes, respectively. the syn conformation, thereby presenting the prapéace
Refinement statistics are given in Table 2. Ramachandranfor hydride transfer from C4 of the UDP-galactose to C4 of
plots demonstrate that all non-glycinyl main chain dihedral the dinucleotide cofactor. The observed distance between
angles lie within or near the allowed regions with the C4 of the galactose and C4 of the nicotinamide ring is 3.5
exception of Phe 178. In each complex, this residue adoptsA. In the native epimerase/NADH/UDP-glucose model, this
averageg,y angles of—96.0° and —118.0, respectively. distance is comparable at 3.7 A. On the basis of both X-ray
Previous studies have shown that the side chain conformationcrystallographic and site-directed mutagenesis studies, it has
of Phe 178, like that of Phe 218, is dependent upon the been postulated that Ser 124 and Tyr 149 play critical roles
oxidation state of the dinucleotide cofact8}.( Also, in the in catalysis 4—7). While these positions have been changed
S124AY149F/NADH/UDP-galactose and S124A49F/ to an alanine and phenylalanine, respectively, for the
NADH/UDP-glucose complexes, position 131 was modeled investigation described here, they still adopt exceedingly
as an asparagine or glutamine, respectively. The electronsimilar positions within the epimerase active site. Specifi-
density at position 131 was unambiguous for both complexes. cally, in the Y149FS124A/NADH/UDP-galactose complex,
This type of heterogeneity was previously observed in the the 4-hydroxyl group of the sugar moiety is located at 3.3
structural analysis of the epimerase/NADH/UDP-mannose and 5.1 A, respectively, from/Qf Ala 124 and € of Phe
complex (L9) and most likely reflects heterogeneity in the 149. These distances in the native epimerase/NADH/UDP-
protein sample employed for the crystallization trials. glucose are 3.8 and 4.4 A

RESULTS Potential hydrogen-bonding interactions between the pro-
tein and the sugar substrate are indicated by the dashed lines

Description of the Y149S124A/NADH/UDP-Galactose in Figure 3b. There are 16 electrostatic interactions within
Complex The electron density corresponding to the UDP- 3.0 A between the enzyme and the UDP-galactose ligand
galactose ligand is shown in Figure 2, and as can be seenand 5 well-ordered water molecules surrounding the sub-
the sugar moiety is clearly that of galactose. The averagestrate. The uracil ring is anchored to the protein via the
B-factors for the UDP-galactose and NADH moieties are 30.5 backbone carbonyl and amide groups of Ala 216 and Phe
and 21.9 & respectively. The polypeptide chain backbone 218, respectively, while the'-hydroxyl group of the ribose
of the Y149FS124A/NADH/UDP-galactose complex is interacts with the carboxylate side chain of Asp 295. Those
strikingly similar to that of the native epimerase such that amino acids responsible for hydrogen bonding to the
the two proteins superimpose with a root-mean-square phosphate groups of the ligand include Asn 179, Arg 231,
deviation (RMSD) of 0.13 A for all backbone atoms. and Arg 292. The 2hydroxyl group of the galactose is

A close-up view of the active site for this complex is hydrogen bonded to Tyr 299 and Asn 179 while the
shown in Figure 3a. As expected for a B-side specific 3'-hydroxyl group lies within 3.0 A of the carbonyl groups
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Tyr 208  Arg 231 Arg 202  Asp 205

Ficure 3: Close-up view of the active site for the S124A49F/NADH/UDP-galactose complex. Shown in (a) are those amino acid
residues located within approximately 3.2 A of atoms of the NADH and UDP-galactose molecules. For the sake of clarity near the UDP
molecule, Ala 216, Phe 218, and Arg 231 were omitted from this drawing. The interactions between the UDP-galactose molecule and these
residues are indicated in the cartoon drawing given in (b). Potential hydrogen bonds, within 3.0 A, between the UDP-galactose molecule
and the protein are indicated by the dashed lines.

of Tyr 177 and Phe 178. Note that thehydroxyl group glucose complex was also determined and compared to that
does not interact with the protein within 3.0 A. In the native previously determined for the native epimerase abortive
epimerase/NADH/UDP-glucose model this hydroxyl group complex @). Electron density corresponding to the UDP-
is located at 2.6 A from Oof Ser 124 4). glucose ligand is displayed in Figure 4. The average
Description of the Y149/5124A/NADH/UDP-Glucose  B-values for the UDP-glucose and NADH moieties are 20.5
Complex In an effort to ensure that the observed binding and 16.1 &, respectively. The polypeptide chain backbone
of UDP-galactose to the Y1498124A protein was not an  atoms for the Y149f5124A/NADH/UDP-glucose complex
artifact resulting from the employment of a site-directed and the epimerase/NADH/UDP-glucose abortive compigx (
mutant, the structure of the Y149124A/NADH/UDP- superimpose with a RMSD of 0.16 A for all backbone atoms.
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Ficure 4: Electron density corresponding to the UDP-glucose ligand bound in the active site. The map shown was calculated according
to the method described in Figure 2 and was contouredat 4

Clearly, the replacement of the amino acids at positions 124 DISCUSSION
and 149 resulted in little perturbation of the overall molecular ) o )
architecture of the enzyme. As a further indication of the ~ One of the unique features characterizing the epimerase

three-dimensional similarities between the two models, the '€action mechanism is the putative rotation of the 4
UDP-glucose and NADH moieties superimpose with a ketopyranose within the active site. Over 20 years ago, the
RMSD of 0.19 A. nonstereospecificity displayed by epimerase was suggested

to occur through a simple rotation of the intermediate about
the bond connecting the glycosyl oxygen atom and the
B-phosphorus atom in the pyrophosphoryl linka@@( The

A close-up view of the active site for the Y145124A/
NADH/UDP-glucose complex is shown in Figure 5. Again,

the nicotinamide ring presents ti face to the glucose gt from this study have shown that, indeed, there is such
moiety with C4 of the cofactor lying within 3.9 Aof C4of . yation. albeit not as simple as once envisioned. Shown
the glucose. The'4ydroxyl group of the glucose moiety i, Figure 6 is the superposition of the Y148 24A/NADH/

IS p05|t|0ned at 3.5 A from €of Ala 124 and 5.0 A from UDP-gaIaCtose and Y14%124A/NADH/UDP'Q|UCOSQ com-

C¢ of Phe 149. There are 10 well-ordered water molecules piayes near the sugar residues. Although not shown in Figure
surrounding the UDP-glucose as indicated in Figure 5b and 6, it should be noted that the uridine portions of the two
22 potential hydrogen bonds within 3.0 A between the g psirates superimpose with a RMSD of 0.13 A. As can be
protein, the substrate, and the solvent. As described aboveseen in Figure 6, significant structural changes between the
for the Y149FS124A/NADH/UDP-galactose complex, the  two hound substrates begin to occur at fehosphorus
uracil ring forms hydrogen bonds with the backbone carbonyl atoms where their positions differ relative to one another by
and amide groups of Ala 216 and Phe 218, respectively, andg 51 A. Due to this translation, the corresponding glycosyl
the carboxylate group of Asp 295 serves to anchor the 2 oxygens differ by 1.2 A. Significant changes also occur in
hydroxy!l group of the ribose to the protein. In addition to two of the dihedral angles defining the substrate conforma-
Asn 179, Arg 231, and Arg 292, the carboxamide group of tion, namely, those delineated by thgs-bridging oxygen,
Asn 199 and the backbone amide group of Leu 200 also the 8-phosphorus, the glycosyl oxygen, and the hexose C1
participate in hydrogen-bonding interactions with the phos- and those delineated by th&phosphorus, the glycosyl
phoryl oxygens due to a translation, relative to that observed oxygen, and the hexose C1 and C2. These differences in
for UDP-galactose, of these atoms within the active site. As torsional angles allow for the C4 position of the sugar to be
observed in the binding of UDP-galactose, both Tyr 299 and oriented appropriately for B-side specific hydride transfer
Asn 179 interact with the hexose portion of the substrate. In to the nicotinamide ring of the NAD In the UDP-glucose
this case, however, both’@f Tyr 299 and @ of Asn 179 and UDP-galactose substrates discussed here, these two
hydrogen bond to the'fydroxyl, rather than the' Zydroxyl dihedral angles differ by approximately 183@nd 30,
group. Clearly, the side chain groups of Asn 179 and Tyr respectively. Both changes in these two dihedral angles and
299 provide, in combination, a proper template for productive translations of the pyrophosphoryl backbones also allow for
substrate binding of either UDP-glucose or UDP-galactose. the 4-hydroxyl groups of the glucose and galactose substrates
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(a)

Ficure 5: Close-up view of the active site for the S124449F/NADH/UDP-glucose complex. Shown in (a) are those amino acid residues
located within approximately 3.2 A of atoms of the NADH and UDP-glucose molecules. A cartoon depicting the potential hydrogen-
bonding interactions between the UDP-glucose molecule and the protein, within 3.0 A, is given in (b). Hydrogen bonds are indicated by
the dashed lines. As in Figure 3, Ala 216, Phe 218, and Arg 231 were omitted from (a) for the sake of clarity.

to interact with Ala 124 (Ser in the native enzyme) and Phe two protein complexes are virtually identical with all atoms,
149 (Tyr in the native enzyme) in analogous manners. Otherincluding side chains, superimposing with a RMSD of 0.41
than the changes shown in Figure 6, the structures of theA. The active site of the enzyme is clearly large enough to
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[

FiGurRe 6: Superposition of the active sites for the S124249F/NADH/UDP-galactose and S1244149F/NADH/UDP-glucose complexes.
The S124AY149F/NADH/UDP-galactose and S1244149F/NADH/UDP-glucose complexes are displayed in red and black, respectively.

easily accommodate the two sugar substrates without anybonds with the Bhydroxyl group of the sugar. Taken
concomitant movements in either polypeptide chain backbonetogether, the two X-ray crystallographic models presented
or side chain atoms. here, indeed, strongly support a catalytic mechanism requir-
Although it was possible to successfully solve the structure ing the rotation of an intermediate within the active site.
of the epimerase/NADH/UDP-glucose abortive cOmplex  There are two very important structural issues concerning
several years ago, until this present study, all efforts 10 i tascinating enzyme that still need to be addressed,
prepare an epimerase/ N.ADH/ pDI?-gaIactos_e abortive COM-however. One of these concerns the conformational changes
plex failed. From the investigation described here it is that occur when the enzyme binds the UDP-sugar substrate.

apparent that the greater number of mteractl(_)ns within 3.0 According to present theories, substrate binding to epimerase
A between the UDP-glucose substrate and epimerase versus . . .
eads to a conformational change in the enzyme which has

the UDP-galactose ligand and the enzyme may have been R .
contributing factor to such failure. Any residual activity left a%he effect of activating the cofactp ' toward reductia (
28). To date, all known three-dimensional structures of

in the enzyme, even after reduction with dimethylamine/ <™. h it henol
borane, resulted in the conversion of the UDP-galactose to€PIMerase have either UDP, UDP-sugar, or UDP-pheno

UDP-glucose, which is more tightly bound to the reduced Pound within the active site3t-7, 19. To more fully
enzyme. By employing the Y1496124A mutant protein understand_ thpse _con_formatlonal changes that occur upon
as described here, it was possible to slow the conversion ofSubstrate binding, it will be necessary to solve the structure
UDP-galactose to UDP-glucose enough to allow for its Of the resting enzyme in which the UDP-sugar binding site
investigation by X-ray crystallographic techniques. is unoccupied. This work is in progress. The second issue
In summary, this structural analysis has allowed for the concerns the catalytic mechanism which presumably involves
first direct visualization of UDP-galactose binding within the P0th Ser 124 and Tyr 149. The working model at the present
active site of epimerase. Until now, the presumed manner fime implicates Ser 124, which is located at 2.6 A from the
in which this substrate bound to the enzyme was based solely? -nydroxyl group of glucose, and presumably galactose as
on model-building studies. In addition, this research has Well, as a proton shuttle between the sugar and the phenolic
revealed that Asn 179 and Tyr 299 form a template that side chain of Tyr 149. Accordingly, Tyr 149, rather than
allows for the proper positioning of the appropriate sugar Ser 124, is the ultimate catalytic bas®).( The distance
residue within the active site. In the case of UDP-galactose, between @ of Tyr 149 and @ of Ser 124 is 4.6 A in the
these side chain functional groups interact with tHe 2 epimerase/NADH/UDP-glucose model, however, which is
hydroxyl group, while for UDP-glucose, they form hydrogen longer than would be expected for an efficient proton
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