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ABSTRACT. UDP-galactose 4-epimerase is one of three enzymes in the metabolic pathway that converts
galactose into glucosel-phosphate. Specifically this enzyme catalyzes the interconversion of UDP-galactose
and UDP-glucose. The molecular structure of the NADH/UDP-glucose abortive complex of the enzyme
from Escherichia colhas been determined by X-ray diffraction analysis to a nominal resolution of 1.8 A
and refined to aiR-factor of 18.2% for all measured X-ray data. The nicotinamide ring of the dinucleotide
adopts thesynconformation in relationship to the ribose. Both the NADH and the UDP-glucose are in
the proper orientation for a B-side specific hydride transfer from C4 of the sugar to C4 of the dinucleotide.
Those residues implicated in glucose binding include Ser 124, Tyr 149, Asn 179, Asn 199, Arg 231, and
Tyr 299. An amino acid sequence alignment of various prokaryotic and eukaryotic epimerases reveals a
high degree of conservation with respect to those residues involved in both NADH and substrate binding.
The nonstereospecificity displayed by epimerase was originally thought to occur through a simple rotation
about the bond between the glycosyl C1 oxygen of the 4-ketose intermediate ghghbsephorus of the

UDP moiety, thereby allowing the opposite side of the sugar to face the NADH. The present structure
reveals that additional rotations about the phosphate backbone of UDP are necessary. Furthermore, the
abortive complex model described here suggests that Ser 124 and Tyr 149 are likely to play important
roles in the catalytic mechanism of the enzyme.

In most organisms, the conversion of galactose to glucoseScheme 1
1-phosphate is accomplished by the actions of three enzymes Galactokinase
as shown in Scheme 1. Through this pathway galactose is

Galactose >
first phosphorylated to galactose 1-phosphate by galactoki-
nase. The second enzyme in the process, galactose-1- m
phosphate uridylyltransferase, catalyzes the transfer of a ATP ADP

uridylyl group from UDP-glucose to galactose 1-phosphate,

thereby yielding UDP-galactose and the more metabolically uridylyltransferase

useful glucose 1-phosphate. The third enzyme in the Galactose-1-P - Glucose-1-P
pathway, UDP-galactose 4-epimerase, carries out an epimer-

ization reaction through the transient reduction of NAD /—\

In Escherichia coli all the above-mentioned enzymes are

encoded by thgal operon. Deficiencies in any one of these UDP-glucose UDP-galactose
enzymes in humans result in the diseased state referred to

as galactosemia (Segal, 1995). While the most common

form of galactosemia arises from a deficiency in the

galactose-1-phosphate uridylyltransferase, epimerase defi-
ciencies have also been described (Segal, 1995).
The epimerase, as isolated fr@éncoli, has been the focus
of numerous mechanistic and structural investigations within Lemaire & Muler-Hill, 1986; Baueret al.,1992). According
recent years. The enzyme is a homodimer with each subunitto all presently available biochemical data, the reaction
containing 338 amino acid residues and one tightly bound mechanism of the enzyme is thought to occur through the
nicotinamide adenine dinucleotide (Wilson & Hogness, 1969; abstraction of the C4 hydroxyl hydrogen of the sugar by an
enzymatic base and the transfer of a hydride from C4 to
t This research was supported in part by grants from the NIH NADT resulting in a 4-ketose intermediate and a reduced
(DK47814 to H.M.H., GM15950 to J.B.T., and GM30480 to P.A.F.). cofactor (Frey, 1987). Rotation of the 4-ketose intermediate
* Coordinates have been deposited in the Brookhaven Protein Datagpgyt the phosphort®xygen bond connecting the UDP and
Bank (filename 1XEL). . .
*To whom correspondence should be addressed. the sugar is thought to occur, thereby allowing return of the
® Abstract published irAdvance ACS Abstractdpril 1, 1996. hydride from NADH to the opposite face of the sugar.
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Table 1: Intensity Statistics
resolution range (A)
overall 30.06-4.00 3.11 2.63 2.32 2.10 1.93 1.80
no. of measurements 69535 10297 8187 10569 10643 10174 9854 9629
no. of independent reflections 39398 3854 4230 5202 5961 6544 6873 6734
completeness of data (%) 95 97 98 929 99 98 93 87
average intensity 1244 1600 1307 495 247 178 117 88
averager 39.6 45.6 36.3 16.4 13.4 13.8 135 13.0
R-factor (%) 2.4 15 1.8 2.4 4.1 6.2 10.4 13.7
aR-factor= (3|l — D|/3I) x 100.
The three-dimensional structures of both the oxidized and Table 2: Least-Squares Refinement Statistics
reduceq forms of epimerase cryste_lllized with.UDP bound at resolution limits (A) 30.6-1.8
the active site are now known to high resolution (Thodén R-factor (%} 18.2
al., 1996). As typically observed in the NARdependent no. of reflections used 39401
dehydrogenases, the epimerase folds into two distinct no. of protein atoms 2705
. . . . o . no. of solvent atoms 479
domains, with the z_;lctlve site p03|t!0ned in the_cleft form_ed weighted rms deviations from ideality
between these motifs. The N-terminal domain is responsible bond length (&) 0.014

for NAD™ binding while the C-terminal domain provides
those amino acid side chains necessary for substrate position-
ing. The most striking structural difference between the
oxidized and the reduced forms of epimerase is the confor-

bond angle (deg) 2.1

planarity (trigonal) (A) 0.007
planarity (other planes) (A) 0.013
torsional angle (de§) 14.7

mation of the nicotinamide ring of the NADNADH. In
the reduced form, the nicotinamide ring adopts Hrdi

aR-factor= Y |F, — F¢|/Y|Fo|, whereF, is the observed structure
factor amplitude and-. is the calculated structure factor amplitude.
b The torsional angles were not restrained during the refinement.

conformation while in the oxidized enzyme, thgnconfor-
mation is observed. The published structures do not
implicate a general base within the active site region. The
only potential candidates within approximately 5 A of both
the NAD' and the UDP are Asp 31, Asp 58, and Asp 295.
These amino acid residues, however, are intimately involved
in nucleotide binding and most likely do not play a role in
the actual catalytic mechanism of the enzyme. In order to

more fully characteri.ze _the gctive site of epimera;e and to andc = 108.4 A and one subunit per asymmetric unit. These
identify the sugar binding site, we have crystallized and ¢y tais were isomorphous to those previously described for
solved the structure of the NADH/UDP-glucose abortive a NADH/UDP/epimerase complex (Thodenal., 1996).
complex of the enzyme. As Qescribed .he.re, these stugjies X-ray Data Collection and ProcessindPrior to X-ray data
h_ave allowed for a more detailed descnpho_n of the active collection, the crystals were transferred to a solution contain-
site geometry with regard to sugar binding and have ing 25% poly(ethylene glycol) 8000, 750 mM NaCl, 20%
;uggesteq that Ser 124 and Tyr 149 may play critical roles ethylene glycol, and 50 mM CHES (pH 9.0). Each crystal
in catalysis. was subsequently suspended in a thin film of the cryopro-
tectant mixture using a loop composed of fine surgical thread
and flash-cooled ta-150 °C in a nitrogen stream.

X-ray data were collected at150°C with a Siemens HI-

Purification and Crystallization ProcedureRecombinant ~ STAR dual area detector system equipped with double-
UDP-galactose 4-epimerase was expressed inEtheoli focusing mirrors. The X-ray source was CuwKadiation
strain BL21(DE3), pLysS, carrying the expression plasmid from a Rigaku RU200 rotating anode generator operated at
pT7E2 (Swanson & Frey, 1993) The enzyme was purified 50 kV and 90 mA and equipped with a 3@@n focal cup.
according to previously described methods (Baetal., Only one crystal was required for data collection.
1991; Thoderet al., 1996). As isolated, the enzyme contains  The X-ray data were processed according to the procedure
tightly bound and mostly oxidized pyridine nucleotide. After of Kabsch (1988a,b) and internally scaled according to the
concentration to 30 mg/mL, the enzyme was incubated with algorithm of Fox and Holmes (1966) as implemented by Dr.
75 mM dimethylamine/borane complex for 2 h at room Phil Evans. The X-ray data set was 95% complete to 1.8 A
temperature. Solid UDP-glucose was then added until aresolution. Relevant X-ray data collection statistics may be
concentration of 15 mM was obtained. This mixture was found in Table 1.
incubated for 4 h at room temperature after which time  Computational Methods The previously determined
additional dimethylamine/borane complex was added to yield structure of the epimerase/UDP/NADH complex served
a final concentration of 150 mM. Following incubation at as the starting model for the least-squares refinement of
4 °C for approximately 12 h, the reaction mixture was the abortive complex with the software package TNT
dialyzed against 10 mM potassium phosphate, (pH 8.0) for (Tronrudet al.,1987). Ideal stereochemistries for the NADH
24 h at 4°C. The protein was subsequently concentrated to and UDP moieties were based on the small molecule
50 mg/mL, and additional UDP-glucose was added to a final structural determinations of Reddyal.(1981), Viswamitra
concentration of 10 mM. et al. (1979), and Glasfel@t al. (1988). Alternate cycles

Large single crystals were grown by the hanging drop
method of vapor diffusion against 20% poly(ethylene glycol)
8000, 600 mM NacCl, and 50 mM CHES (pH 9.0) at@.
Crystal growth was generally complete within 5 days with
some crystals achieving maximum dimensions of 0.5 mm
x 0.5 mmx 0.5 mm. The crystals belonged to the space
group P321 with unit cell dimensions o = b= 83.8 A

MATERIALS AND METHODS
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Ficure 1: Electron density corresponding to NADH and UDP-glucose. The electron density shown was calculated to 1.8 A resolution with
coefficients of the form (B, — F¢) whereF, andF. were the native and calculated structure factor amplitudes, respectively. The map was
contoured at &.

FiIGuRe 2: o-Carbon trace of one subunit of epimerase with bound substrate and NADH. This figure was prepared with the software
package MOLSCRIPT (Kraulis, 1991). Both the NADH and UDP-glucose are displayed in ball-and-stick representation.

of manual model building with the program FRODO these water molecules, two sodium ions, an ethylene glycol

(Jones, 1985) and least-squares refinement reduced thenoiety, and one di(ethylene glycol) molecule were also

R-factor to 18.2% for all measured X-ray data from 30.0 included in the model. Both sodium ions were coordinated

to 1.8 A. Relevant refinement statistics may be found in by oxygen-containing ligands in an octahedral arrangement.

Table 2. These cations were originally modeled as waters but their
Quality of the X-ray Model Electron density correspond- respective temperature factors refined to anomalously low

ing to the reduced dinucleotide cofactor and the UDP-glucose vValues.

is shown in Figure 1. As can be seen, the electron density

is very well ordered and is representative of the entire RESULTS AND DISCUSSION

map. The only two significantly disordered side chains were

Lys 282 and Glu 293. The averagg-value for the Abortive complexes of epimerase were originally defined

polypeptide chain backbone atoms was 1927 A Ram- in mechanistic, spectrophotometric, and kinetic studies as

achandran plot of all non-glycinyl main chain dihedral angles complexes of epimerase/NADH with UDP-sugars. These

revealed only one significant outlier, namely, Phe 178 with complexes were shown to be formed vuitro by the

¢ = —93.00 andy = —109.5. Small peaks of electron replacement of enzyme-bound UDP-4-ketoglucose in the

density located within approximately 3.2 A of potential catalytic intermediate with UDP-sugars (Wee & Frey, 1973;

hydrogen-bonding groups were modeled as water moleculesWong & Frey, 1977). Additionally, abortive complexes have

Of the 479 solvent molecules that were located in the electronbeen found as inactive components of the enzyme as purified

density map, 148 had temperature factors below 30TAe from E. coli (Vanhooke & Frey, 1994). The structure of

averageB-value for the solvent was 39.9%A In addition to such an abortive complex, namely, the complex of UDP-
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FiGURE 3: Close-up view of the active site for the abortive complex. (a, top) Those amino acid residues that are located within 3.2 A of
the NADH and the UDP-glucose are shown. Ordered water molecules are represented as red spheres. For the sake of clarity, Ala 216, Phe
218, and Arg 231 were omitted from the figure. Their role in the binding of UDP-glucose is indicated in Figure 4a. (b, bottom) Enlarged
view of the region near the nicotinamide ring of NADH. The solvent molecules and Phe 178 have been omitted for clearer viewing.

glucose bound to epimerase/NADH, has now been deter-bound at the active site, the position of the nicotinamide ring
mined to 1.8 A resolution. From previous studies with UDP of the dinucleotide was found to be dependent upon the
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oxidation state of the cofactor, with the reduced and oxidized gy W )
forms adopting thanti andsynconformations, respectively
(Thodenet al.,1996). Since the structure described here is
of a reduced form, it was anticipated that the nicotinamide
ring would adopt thenti conformation. Ano-carbon trace
for one subunit of the NADH/UDP-glucose complex of : g
epimerase is displayed in Figure 2. As can be seen, however, o\ 5 @

the syn conformation is actually observed. Consequently, P e ¢ - @
the orientation of the nicotinamide ring, in relation to the
ribose, is dependent not only upon the oxidation state of the
cofactor but also upon the presence or absence of a sugar
moiety attached to UDP. Other than the position of the
nicotinamide ring, however, the backbone and side chain HN
atoms for the NADH/UDP/epimerase and the NADH/UDP-

glucose/epimerase models are superimposed with a root-a
mean-square (rms) deviation of 0.37 A. Thearbon atoms

for these models correspond with a root-mean-square devia-
tion of 0.12 A.

UDP-galactose 4-epimerase is known to transfer a hydride
to the B-side of the nicotinamide ring of NAD Close-up
views of the active site and the region immediately sur-
rounding the nicotinamide ring of NADH are displayed in
Figure 3. As can be seen, the glucose moiety adopts the
chair conformation. Both the UDP-glucose and the NADH
are in the proper orientation for a B-side specific hydride
transfer from C4 of the sugar to C4 of the nicotinamide.
These two atoms are separated by 3.8 A. Schematics of the
potential hydrogen bonds between the nucleotides and the

[CvS-84)
protein are given in Figure 4a,b. As shown in Figure 4a, (U:ym g >

the hydrogen-bonding pattern observed between the proteinb

SER-124]

and the UDP moiety of the substrate is similar to that [REEES
observed in the NADH/UDP/epimerase complex (Thoden @ )
etal.,1996). Likewise, the interactions between the protein H M

and the NADH, as indicated in Figure 4b, are similar within &3
experimental error to those described for the NADDP/
epimerase structure (Thodehal., 1996). The only major
differences occur in the region of the nicotinamide ring. As

can be seen in Figure 4c, in the NAIUDP/epimerase

i O
structure, @ of Tyr 177 interacts with both the nicotinamide =R o.
ring and the ribose whereas in the structure reported here,

Oy YD

H N
ILE-59

“HN

[ASN-32

the side chain hydroxyl group of Tyr 177 lies within Ry ',3""' &
hydrogen-bonding distance of Ser 122 and His 243 and does %u 0 =
not directly participate in dinucleotide binding. In addition, &C

the carboxamide group of the dinucleotide interacts with Lys ¢ W e L

84 in the NAD'/UDP/epimerase structure but only with

. . Ficure 4: Schematic representation of hydrogen bonds between
water molecules in the NADH/UDP-glucose/epimerase model. yq orotein and the nucleotides. Possible interactions within 3.2 A
Those amino acid residues responsible for anchoring thebetween epimerase and the UDP-glucose and NADH moieties are
glucose to the protein are Ser 124, Tyr 149, Asn 179, Asn shown in (a) and (b), respectively. For comparison purposes, the
199, and Tyr 299. All of the interactions shown in Figure hydrogen-bonding pattern around the dinucleotide in the NAD
4a for these residues are below 3.1 A. UDP/epimerase structure is shown in (c).

An amino acid sequence alignment of various prokaryotic given in Figure 5 except for the protein isolated from
and eukaryotic epimerases is given in Figure 5. Those aminOSaccharomyces cansiae If, however, the amino acid
acid residues containing side chains that directly interact with sequence of th8. cereisiae protein is shifted by one residue
the NADH in theE. coli epimerase are Asp 31, Asn 35, Ser in this region, then both the tyrosine and lysine residues
36, Lys 84, Asn 99, Tyr 149, and Lys 153 and are highlighted would align with the other proteins. The amino acid side
inyellow. Asp 31, which serves as an anchor for the adenine chains important for binding the UDP-glucose substrate in
ribose, is highly conserved among all the examples with the the E. coli protein include Ser 124, Tyr 149, Asn 179, Asn
exception of the enzyme frof@treptomyces didens Asn 199, Arg 231, Arg 292, Asp 295, and Tyr 299. Ser 124 is
99, which hydrogen bonds to the amino group attached to of special interest due to its close contact of 2.6 A with the
C6 of the adenine ring, is also conserved except in the 4'-hydroxyl group of glucose. In all the examples listed in
enzymes from human ariRhttus norvegicus Both Tyr 149 Figure 5, there is either a serine or threonine at this position,
and Lys 153 are absolutely conserved among all the exampleghereby suggesting the importance of a hydroxyl group in
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1 HEVINTGGESGY IGENTOVOLLONGHD . VITT DNTLESKRF‘ ------ VLEPVIERLGGKHETFVEGDIRNEALMTE LLHDH
3 ERVIVTGGAGY TGSHTVLELLEAGY L. PUUIDNFFINI\FHG‘CGQI FESLREVOELTGREVEFEEHDILOQGALORLIEKY
2 ERILVITGGTGF IGSHTVVSLLESGHD . ?VIL[}NL’CNBSIN ....... [LPRLETITGOEIPFYQGDIRDREILRRIFALRN
1 MIVLITGGTGFIGSHTAVSLVOSGEY D, a'Li?ILDNL’CHSSM

3 EEVIVTGGEASY TESHTVLELLEMYS . P‘\l"'u"IDNFHHﬁIRbED‘iHFR&:ERR"."I}FI TEREVEFEEMDILDOARLOHLFEKH
1 J'!IJ'LIL".FIA:(:MzYI(:S[IHVDRI-UEKGQEKUVUVD.&I\F'EQHTH\. ...... AVH. - v es
3
1
1

GEYLVTGGEAGYVEEVVAQTLVEAGHE |
HETLVTGEGAGY IGSHTVLSLLORGDD .
HATLAVTEEAGY IGSHTYVELLNVGHE .
4 HHILVYGGASY IGSHTCLOLAAKGY(.
10 PRVLATGGAGY IGSHVLHALTDAGTP.

31 3536

...... VLPRLROTTGRNI PFYOGDIRDCD T LROIFEEH

‘JWLHNLSTGFRE ...... VORRVPRESRIHPGREQVREGR . o o v va v v u s L
I LDNLENHSHE ...... SINRVEELTGKTATFFEGDLLODRECLREVESMH
vvaDmLLmSSPK ......
BPYVY DNLSNGH]:.E
AVTTODLSAGRRE. . . . ., AIPRA, ...

SLERVE(ITEREAKFYEGDILDRALLOEIFAEN
KWGVLEKGDTRORORTLOEVLARH
VELVEGDIGSAELLORVHRDH

PRAITYOQGDLEDODEFHREVIELH

T4
B0
13
13
]
G4
G3
T2
12
6y
L
73

2 BYTLVTGGAGY TGSHTVVELVHNGY N .
KIVLVYTGEAGY IGSHTYVELIENGYD.
LCIVVDHNLEHESYE . .. v SVARMELLTGOEIKFAKIDLOELEPLNELE DY

12
b

73
Bl
74
13
Bl
67
G4
]
73
LT
75
T4
]
T

146
154
147
146
153
L4 0
136

146 ¢
146

Lda
L4y
154
L&l

153

220
228
221
220
227
211
206
220
220
212
219
234
235
226

292

300
293

292

299 #

283

276 |

292
282
2ad
291
299
311
289

K¥CLVTGEAGY IGESHTYVVELCEAGY K

28
M IiYJ."-'If!I'MJBHNH:T‘“TQKPI EYYDNNVNGTLRLISANRAANVENFIFSSHATVYGDOPK, . .
5. FHAVIAFAGLEAVGESVORPLDY Y RVNLTGTIQLLEL. r'lKMiG‘ﬂ(HL\"FES ATVYGHIQY . . ..
R. IDE"-"IIIl"‘PLGLiEF;VGEEVAEPHH‘1'IDNNUEGS‘I.UL}'LEEMERAGUFS'J."-"l"SS NVYEDPGK. . .
E. IESVIHFAGLEAVGES VAR PTEY YGNNVYGELVLAREMARAGVLE I'I-"FHS ATVYGDAEK. . . . VEYTEDHRPGDT
H.FEAVI HL"J\GLKHUGEH‘U’QK l?LI}YTRﬁ:?NLTGTTQLT:RTHH J\.HGWSI.\I’FSE ATVYG . KPV. . .

L FRGVLHFAAFSOVGESYYE PERYWONNVGETMALLEAMRCAGYRRLYFSSEARTYCEPED. . .
L ISAVIHFAGLEAVGASTREPLEY YOHNVTGTLVLLEEMRSAGVHNOF I FESEATVYGADAR. . .
. INSUIFII"RGL&J’LVGESVQK 1"1'EYYM[_@NVAG'PLULI QEHEEAGVWNFVFSSHATVYGDPKT . . .
. Pn?&lLT{L“MMIEVGESVKDPMF‘IDNH\.I'IG'I‘L'I‘I L ‘:MLI\?LGIDAFVF'SS ATYGLEDS. . .
NEAVHHEAGSTVVPESVVE PLDY Y RHNTANSLTLLGACLRAGIDRVVISERAAVYGAPES

S IRAVLHFARLEAVGESTEFIL NY?‘ENHFCGRISLLK\?MEENNURNI‘JFSSH.'I"JYGDA'ERE- ENHII’IP‘E}ILPTE' P
- LRSVIHFACGLEAVGESTOI PLEY Y HEN I LEIVVLLELMOOY NVEKFYFSS
. IBSVLUFAGLEAVGESTDIPLIY YFHRIVGTI NLLECHKSHDVEKLVF 5SS

VIVVINLVRSSYD. ... ., VIVRIEVLTREQIPFFEIDLHDHDALOOVFKLY
C'u'UAEIiNLSH_STHI). e SVARLEVLTEHHIPFYEVDLOCDREGLERVFERY

124

A PYVESFETGTE
LPLDEAHPTGGE
YEYTEDHPPGDT

+PREGRGPPHRGC
IPILETTPE. QNP
JVPIVESAPT . RP
SNPYVETTPIGGT
- IFPITEDCEVGGET
- VPMBES . HKQAEP
SWPIREDAPT VP

BATVYGDATRFFNNIPIPEECPLGPT
HATYYGDATRFENMI PIPETCETG ., B

/3
16

145
153
lae
145
152
139
135
Ldh
145
139
146
149
Lad
152

149

GESRLMHETI . .

A3l

: GHF];]:;EHUEQ]'.LTDLQKP-.QPDHSIRL, .
: GKS;}FFIEEHIRDMDADK‘HQW?L. .
HEASKESMVERILTDIQEADERWSMIL. |
MEASHE ANVE RMLTDTORADPRWEVI L. . 1,
HGESKFFTEENTIQDLORADTAWHAVL. .
; MEWSDOAYGIKYVELRYFHR
[ GJ\EISLF&'UDI[HITG.EhhhHGLG}%US. :
CrERLMVEQL LEDY AKANPEFETT A, .
HETER Y MVEQT LRDTAKAEPRFENTT . . 1,
GRTEWICEQALEDYGLYRGLREY . I. .
GASKLETEQOMLREDAGRANGLRSY . 1. .
: GETEITIENT IRDYVY ANDKEWECAT . |
; HTEYATENILNGLY HSDEESWEFAL . |
HCETELTIEDMMRDLHFSDESFEFAT ., . L

199

lcgUGnHPEGDMGHDPQGIPNH
W IGAHASGC TEEDPOGT PHY
HPIGAHESGLIGEQPRGIPHY
HFPIGAHESCLIGEQPRGYENY
P TGAHRSARTGEDEQGI PN
VAGRNLMVRLVRTRSE . , TH
HVAGRYGEYGERHDEES . . .
PV G R ESGOMGE DENGE P
M PVCANESGLIGEDFRG I FHY
HAAGALFEGRIGEWHE PETHS
HVAGADPACRTGOAT  PYAT
P I GANPSGLIGEDFLGI PR
P IGAHPSCLIGEDPLGI PN
HPIGAIPSGVIGE . AFGIPHN

REYFTEDGTGY

GDYETPDGTGH
DOYATEDGTGY

TOYDTPRGTCT

DDY¥DSROGTEL
DDYDSVDETPI

?‘?? .!'H‘_'n 299
AHADASKADRELHWREVT . BT

..: TANPSLAQEELGWTMAA . TG
BY ADPSYTEAQIGHITO . RD .
BY ADPSHTECOTGHETE . RG .
BYANPSLANEELGWTAA, LG,
BIASSERARTVLGWEFQFDH .
VA SACTAREKLGHNES . RA.
Wﬂi}ﬁTL}".l‘.lKl-'}T.N‘l.‘!R‘i.F.’i RG.

[ L

HOY INVHDLADGHVVANEKLARKERG., . |
R DTEDGTGVH
DY FTPRGTGHMY
BOY IHVMDLARGH LARMEAKGGVAG. . |
BOY THVVDLAKGHTARLEKLKEQCG. | |
DY NTPDETHVE
DY FITPOREVOR
DOYPTEDGTGVE
SDYDTHDGTGVH
TYDTREGTOY I
HOY THVSDLADANYLALLHLRRGGS ., |
EDYHSKDGTPIH

ROY THYVDLARGHLAMNEYLERYMNG . |

SHPPORVACADR TREQLOWV I, .
TANPERANTELEWEAD . 1.2
BN i TAEPDEAKRELEWOTE .
BV LNETAKCDRATHNELEWKTE

DY INVVDLAKGHIAALRELKEQCG. . . .
DY IHNVHDLAEGHVARMONKENVAG. | .

DY VHPFDLAGRILLAVEY LREGHE. | .
TTETSETWE. . RFTCWPCAAAPGE. . .
DY THVHDLAEGHLEALDHLSAIRG. | .
DY THVVDLAVGHLEATORHENDAG . . .
DY THYLOLADAHVRAVDYLLEGGE . | .

XD,

HORLDGIVRSALSWE

. LOEMAQDTHEWOSRHPOGY PD
LDMRCEDLWRWOKOQHPSGERGT
LA'QMHEDSWRWYSHNHPRGY DD
LOQMMEDSWRREYVSRNPERYGD
LDREMCE DLWREWOKONFSGLGM
IEKIIASAWAWHESHERGYDD
DLAIVEDAWELPORRAGD
TIDEMHRDTHNWOSONEPOGEDS

+ LEKMHOD TWNWOKHNSKGY RD
LAATTESAWHWHSRRHOG

L INDACK DLWNWTTENPFGIO I
L VEDSCEDLWEWT TENFFGY QL
LD VHEACVDLWEWTODNPFGEYOT

MEY TAOVAVGRREDSLATLFG
SMPYVESOVATGRREALNVIG
LLEY ICOVARGKLEFQLAVEG
LEY ICOVASGRLPQLEVEG
ME¥VEQVATGRREATNVFG
APTTLOVAQGYRERTHIFG
HLIPLVLOVAQGRREATSEVYG
LEYTARQVAIGRLEKLGIFG
ILLPY TEQVATGRLADLSVEG
 PLATDAALGRREGFRVEG
BLIEVACOALLGRRPPLAIFG
LLEFLAQVATGRREKLSVEG
PYHAOVAVGRREKLY IFG
PEMAOVATGRAFELY VG

SHIYNLGAGVGNEVLDVVNAFSEACGEPYRYHEARR,

CRIYNLGTGTGYSVLOMVOANEEASGREKIPYKVVAR

EXT
346
3ag
38
345
330
319
337
kL)
327
337
345
357
45

RELEQSYOO

< THLLNLGSGRASSVLEIIRAFEAASGLTIPYEVEFPR
- VHLFNLGEGRAYSVLEIIRATEAMASGLEIPYRIOPR
CRIYNLGTGETGY SVLOMVOAMEEASGEET PYEVVAR
BTAFNLGSS TG SHLOTLEARRKVTGEE I PARKADR
« HLICHWLGHGNGF SVREVVETVRRVITGHPIFPEIMAPR
 YEAYNLGAGRGY SVLEMVEAFEKASGGTVAYQTSPR
-LHIYNLGTGHGY SWLDNVEAFEKANNITIPYRKLVER
SVALNLGTGTGTTVEELLDATERVARKRPFHIGYAER
BLLMRCGYGRGASVREVVRTLEEVSGEOV PATFADR
Y THVIDLARGHIARMLRYLFNHKDR. GT-*-"HEUNI.-C'I‘GNGS'I“JFEUF NAFCERVGEELPFEVVGR
{0 THVY DLAKGH I ARLOY LEAY HENEGLOREWNLGEGKGSTVFEVY HAFCKASGIDLI Y KVTGR
S PCREWHLGTGHETTY LOMY RAFCDATGFNFEY YV TAR

Esefrerichun colr
Hunner sapniens

Mesasernn puenfgifidis
Meisaerer gonorifoeie
Raflus norvegicns | Sesch

{Baver &

Streptocaecis Howmeoplilns . ( Poolman of ol ,
LaBE)
1904}

Steepammyces Wofdens
Ermvinin amlovora

Haeemapiittes dflaereeae
Rhitzobi melitots
Azospirillum brasilenss

(Ada

fal.,
{ Dance o af,,
{ Fennings el al. ,
{Robartson el . ,
1990y

(Metzger of @l. ,
(Maskeall dal.,
{Buandiachal., 1991}

{DeTrach o al, ,

219
247
220
219
226
2140
205
219
219
211
218
223
234
225

291
289%
282
291
298
282
275
291
291
283
290
298
30
294

1991}
1995y
igk otal.,

me ef al. ,

Thoden et al.

1993
1993

1990

1981}

1994

Pachysolen tunnophiilus*  (8krzypek & Haleszka, 1994)

Secclarprniees cerevisite®
Eliyeronngoes nctis*

(Bmits elal.,
(Webater & Dickson,

1994
1988



Active Site of UDP-galactose 4-Epimerase Biochemistry, Vol. 35, No. 16, 1996143

Ficure 5: Amino acid sequence alignment of various prokaryotic and eukaryotic epimerases. The alignment was made according to
the algorithm of Smith and Waterman (1981) as implemented in the GCG software package (Deseiayx1984). Residues

involved in binding the NADH and the UDP-glucose are highlighted in yellow and red, respectively. Those epimerase sequences indi-
cated by the asterisks are approximately 700 amino acid residues in length. The N-terminal halves of these enzymes correspond to the
epimerase functionalities and were utilized in the alignment. In these larger enzymes, the carboxyl-terminal halves contain a mutarotase
activity.

sugar binding. Except for the enzyme fr@nlividens Arg In summary, the abortive complex of epimerase described
231, which hydrogen bonds to a phosphoryl oxygen of the here has now defined the binding site for the glucose moiety.
UDP, is absolutely conserved. Both Arg 292, which provides Furthermore, these studies have demonstrated that the
another hydrogen bond to a phosphoryl oxygen, and Asp position of the nicotinamide ring of NADH, in relation-
295, which hydrogen bonds to théltydroxyl group of the ship to the ribose, is dependent not only upon the oxidation
adenine ribose, are strictly conserved among all the listed State but also upon the presence or absence of a sugar
enzymes. moiety attached to UDP. The abortive complex model has
suggested that Ser 124 and Tyr 149 may be important for
catalysis. Site-directed mutagenesis experiments, kinetic
analyses, and X-ray crystallographic studies are currently
underway to more fully define the functional roles of these
residues.

The nonstereospecificity displayed by epimerase is thought
to occur through a rotation of the 4-ketose intermediate about
the bond connecting the glycosyl oxygen atom and the
B-phosphorus atom in the pyrophosphoryl linkage (Kahg
al., 1975). In light of the present structural model, however,
the movement of the sugar within the active site is probably AcKNOWLEDGMENT
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