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ABSTRACT. Synthesis and overexpression of a gene encddsuerichia collUDP-galactose 4-epimerase

and engineered to facilitate cassette mutagenesis are described. Generbhaeidatalysis at the active

site of this epimerase has been studied by kinetic and spectroscopic analysis of the wild-type enzyme and
its specifically mutated forms Y149F, S124A, S124V, and S124T. The X-ray crystal structure of Y149F
as its abortive complex with UDP-glucose is structurally similar to that of the corresponding wild-type
complex, except for the absence of the phenolic oxygen of Tyr 149. The major effects of mutations are
expressed in the values kf;: andkea/Km. The least active mutant is Y149F, for which the valukgf

is 0.010% of that of the wild-type epimerase. The activity of S124A is also very low, with walue

that is 0.035% of that of the native enzyme. The valueKpfor Y149F and S124A are 12 and 21% of

that of the wild-type enzyme, respectively. The valuekgf for S124T is about 30% of that of the
wild-type enzyme, and the value &, is similar to that of the native enzyme. The reactivities of the
mutants in UMP-dependent reductive inactivation by glucose are similarly affectedkwlteing decreased

by 6560-, 370-, and 3.4-fold for Y149F, S124A, and S124T, respectively. The second-order rate constants
for reductive inactivation by NaB¥CN, which does not require general base catalysis, are similar to that
for the native enzyme in the cases of S124A, S124T, and S124V. However, Y149F reacts witg NaBH
CN 12-20-fold faster than the wild-type enzyme at pH 8.5 and 7.0, respectively. The increased rate for
Y149F is attributed to the weakened charge-transfer interaction between Phe 149 ardW#AEh is
present with Tyr 149 in the wild-type enzyme. The charge-transfer band is present in the serine mutants,
and its intensity at 320 nm is pH-dependent. The pH dependencidggodhowed that the kg, values

for Tyr 149 are 6.08 for the wild-type epimerase, 6.71 for S124A, 6.86 for S124V, and 6.28 for S124T.
The low K, value for Tyr 149 is attributed mainly to the positive electrostatic field created by NAD

and Lys 153 (4.5 kcal maot) and partly to hydrogen bonding with Ser 124 (1 kcal mpl The [K; of

Tyr 149 is the same as the kineti&pfor the Bronsted base that facilitates hydride transfer to NAD

We concluded that Tyr 149 provides the driving force for general-aoabe catalysis, with Ser 124
playing an important role in mediating proton transfer.

UDP-galactose 4-epimerase (epimerase) catalyzes thewhich enters the glycolytic pathway. The epimerase regen-
interconversion of UDP-Galand UDP-Glc, a step in the erates UDP-GIc from UDP-Gal, thereby maintaining the
metabolism of galactose. In preceding steps of galactoseproduction of glucose-1-P. Epimerase contains NA®3
catabolism, galactokinase catalyzes the phosporylation ofthe tightly bound coenzyme and is a member of the
o-D-galactose to galactose-1-P by ATP, and galactose-1-Psuperfamily of proteins known as the short-chain dehydro-
uridylyltransferase catalyzes the reaction of UDP-glucose genases/reductasds<3). This family includes mammalian
with galactose-1-P to produce UDP-Gal and glucose-1-P, 35-hydroxysteroid dehydrogenase, plant dihydroflavonol

reductase, Nocardia cholesterol dehydrogenasg20B-

R hydroxysteroid dehydrogenase, dihydropteridine reductase,
N e o et ik and Ta-hycroxysteroid dehycrogenase fschericha col.
Sciences and Grant DK47814 (H.M.H) from the National Institute of High-resolution X-ray crystal structures of epimerase, dihy-

Dié@b:ée? antd Ditﬁeshti\:jegldd Kidnep}\/C%issgstes, tL;\SPHSt. 15 1097 dropteridine reductase,athydroxysteroid dehydrogenase,
stract published im\dvance stract#ugust 15, . : ]
1 Abbreviations: dNTP, 2deoxynucleoside triphosphate; NAD mouse lung carbonyl rEdUCtase’ﬂ‘_i“ﬁydroxyStemId dehy
nicotinamide adenine dinucleotide; NADH, reduced NADDP-Glc, drogenase, anc3203-hydroxysteroid dehydrogenase reveal

uridine 3-diphosphate glucose; UDP-Gal, uriding-diphosphate similarities in the three-dimensional structures of these
galactose; UDP-6-Glc, UDP-glucose with glucose attached to UDP enzymes 4—14).

through its 6-hydroxyl group; UDP-phenol, uridiné-diphosphate . : .
phenol; galactose-1-Ry-b-galactose 1-phosphate; glucose-1aPo- The current working hypothesis for the mechanism of

glucose 1-phosphate; ADPR, adenosiheihosphate ribose; Y149F,  honstereospecific hydride transfer by epimerase is illustrated
epimerase mutant with Tyr 149 changed to Phe; S124A, epimerasein Scheme 1. The binding of UDP-Gal to the enzyme

mutant with Ser 124 changed to Ala; S124T, epimerase mutant with ; i ;
Ser 124 changed to Thr; S124V, epimerase mutant with Ser 124 induces a conformational change in the proteiit)(that

changed to Val: Tris, tris(hydroxymethyl)aminomethane; CHESy2-(  €nhances the reactivity of NADas a hydride acceptor.
cyclohexylamino)ethanesulfonate; EDTA, ethylenediaminetetraacetic Transfer of the C4-hydrogen and two electrons from UDP-
acid; PCR, polymerase chain reaction; bp, base pair. Gal to the nicotinamide f#+o-Sposition of NADH produces

S0006-2960(97)00430-3 CCC: $14.00 © 1997 American Chemical Society
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Scheme 1 used according to the manufacturer's recommendations. T4
o on polynucleotide kinase, T4 DNA ligase, and calf intestine
" _lo o= JJ,\’ phosphatase were from Boerhinger Mannheim. Taq poly-
FE.NAD® _ul —— *EN . . . .
fnap }ﬁoé;? o A 110> o o) merase was obtained from Epicentre Technologies (Madison,

B-Cyanoethyl diisopropylamino phosphoramidites, long-
chain alkylamine controlled pore glass, and all other reagents

E-NAD"

1””*"‘% H WI). [3S]dATP,S (600 Ci/mmol) was from Amersham.

\ for oligodeoxynucleotide synthesis were from Biosearch or
+ UDP-Glc HO. HOJ 1o . . .
Ho%go\mp *FMDHO%@UDP Glen Research. Oligonucleotides used in cassette mutagen-
YENADT H ]P0 Hos © esis were purchased from commercial vendors. The bacterial

strains and plasmids were purchased from United States

UDP-4-ketoglucopyranoside at the active site. A confor- Biochemicals. o
mational change in the keto intermediate, mainly by rota- _Cloning vector pTZ19RB was prepared by modifying
tional reorientation about the bond linking the anomeric PTZ19R so as to replace thidincll restriction site with a
oxygen to R of UDP, allows the opposite face of the 4-keto B3Il site, in order to clone the synthetic duplex BK (Figure
group to approach NADH and accept the hydrogen and two 1) into the vector. This was done by replacing the region
electrons from the 4ro-Sposition of NADH, thus forming ~ between thé>st andXba sites in pTZ19R with a synthetic
UDP-Glc and NAD". A substantial body of kinetic, stereo- duplex that replaced thélincll site with the sequence
chemical, and binding information inspired the formulation corresponding to th&sdll site. _ 3
of this mechanismifs), and it has recently received structural ~ Methods. UDP-galactose 4-epimerase and site-specific
support as well 16). mutants were expressed co_l| BL21 cells and.p.urlﬁed
The active site of epimerase contains three amino acids@S described1(7, 18). One unit of enzyme activity was
that appear to function in important ways in the catalytic d€fined as the amount of enzyme required to prodyeed
process, Lys 153, Tyr 149, and Ser 15417). The other of UDP-Glc per minute _u_nder standard assay C(_)ndltldxﬁ)s(
members of the superfamily also contain the Lys and Tyr All preparations of purified, homogeneous epimerase con-
residues at corresponding amino acid sequence and threet-a'_”ed significant amounts of thg inactive, abortive complexes
dimensional structural positions, and most of them retain the €PIMerastNADH-uridine nucleotideg). Therefore, samples
Ser residue as well, although dihydropteridine reductase doe<Vere analyzed for abortive complexes by spectrophotometric
not contain a residue corresponding to Ser 124. Epimeraseanalys's’ and kinetic data were corrected for the presence of

differs from the other members of the superfamily in that Small amounts of these complexés). Kinetic measure-
NAD* is very tightly bound and functions as a coenzyme ments and spectrophotometric characterization of the charge
rather than as a substrate. Tight binding of NAED transfer bands associated with epimerase and its mutated

epimerase appears to arise through a large number of mairfCrMs S124A, S124T, and S124V were carried out in a
chain and side chain hydrogen-bonded contacts with the Hewlett-Packard 8452 diode array spectrophotometer. The
adenosyl portion of the coenzymé)( mutant Y149F did not display a significant charge-transfer

band.
Procedures for cloning DNA into plasmids were as
described 20). The dideoxy sequencing method using

All crystal structural models of epimerase show that Lys
153 is hydrogen-bonded to the hydroxyl groups of the

nicotinamide riboside portion of NAD(4—6), and it also ] denatured plasmid templatel) was used withTSJdATR.S

plays an important part in the uridine nucleotide-induce X o
conformational change that enhances the chemical reactivityto sequence the entire gene after cloning Into PTz19R. The
universal and the reverse primers that hybridize to sequences

of NAD™ (17). The structure of a stable, abortive complex . . . X

consisting of epimerase to which NADH and UDP-GIc are near the multiple cloning sites in the plasmid pTz19R were

tightly bound (ENADH-UDP-GIc) shows that the phenol used to sequence both ends of the gene. Sequencing of
specific regions of the gene was facilitated by the use of

ring of Tyr 149 is placed near the nicotinamide ring of . . S
NAD*, Ser 124, and the 3-OH group of the glucosyl ring appropriate primers from the pool of synthetic oligodeoxy-
' ' ', nucleotides.

with the hydroxyl group of Ser 124 being hydrogen-bonded Pseudo-first-order rate constants for UMP-dependent

to the 4-OH group of the glucosyl ringX The structure in d reduction of epimeras’lAD™ and specific mutants by 1 M

this region of the abortive complex implicates Tyr 149 an :
Ser 124 in the interactions between the glucosyl group of glucose were measured spectrophotometrically at 340 nm

_ - : : as functions of UMP concentration. The limiting rate
ggge?ifaggg gﬁzsgn ost likely in the chemistry of the constantk andK, for UMP were determined by fitting data

. . . . to the equatiok = kb d UMP)/(JUMP] + K,)). Second-order
In this paper, we describe the synthesis of an engmeeredrate constants for reduction of epimera$&D* and specific

version of t_he epimerase gene d.esigned for use in Cassett'Ia‘nutants by NaBBCN were calculated from initial rates
mutagenesis. We present the kinetic, chemical, and spec-

; ) o : measured at 340 nm in the presence and absence of 5 mM
trophotometric properties of specific mutated versions of UMP
epimerase, including Y149F, S124A, S124T, and S124V. '

. Synthesis of Oligodeoxynucleotides and Assembly into
We also compare the X.—ray crystal structure of Y149F with Gene Fragments HB, BK, and KBDligodeoxynucleotides
that of the wild-type epimerase.

H1-H10, B1-B10, and K}K10 used in the assembly of
the engineered epimerase gene (Figure 1) were synthesized
EXPERIMENTAL PROCEDURES . .
by use of a Biosearch model 8600 DNA synthesizer.
Materials. Restriction endonucleases were purchased from Standard procedures were employed to deprotect and cleave
Boehringer Mannheim or United States Biochemicals and the oligomers from the solid suppo#3), and stepwise yields
were 9799% per cycle. Following electrophoresis on a
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Ficure 1: Design of an engineered gene for UDP-galactose

4-epimerase. Shown are the nucleotide sequences of oligonucle+y,
e

otides used for the synthesis of an engineered version of the gen
specifying E. coli UDP-galactose 4-epimerase. The synthetic

oligonucleotides are shown aligned in duplexes in the order of their
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containing the complementary oligodeoxynucleotide duplexes
for a given gene fragment, Tris-HCl at pH 7.6 (20 mM) and
MgC1, (10 mM) were heated at % for 30 s, incubated at
65 °C for 20 min, and then cooled to room temperature for
about 30 min. The ligation reaction mixtures (200)
contained five pairs of duplexes (50 pmol each) derived from
the above reactions, Tris-HCI at pH 7.6 (20 mM), MgCl
(10 mM), ATP (1 mM), dithiothreitol (5 mM), and 10 units

of T4 DNA ligase. Incubation was at 1% for 4 h. The
assembled gene fragments HB, BK, and KE were purified
by low-melting temperature agarose gel electrophoresis (25).

PCR Amplifications of Gene Fragments HB and KE and
the Gene HE.Amplifications were carried out by the method
of Saiki et al. g6) with the following modifications.
Amplification reactions with Taq polymerase took place in
50 uL reaction mixtures containing 1 ng of duplex HB, KE,
or HE (the assembled gene) in 67 mM Tris-HCI, 6.7 mM
EDTA, 0.7 ng of each primer, each dNTP at 1 mM, and 1
unit of polymerase at pH 8.8 and 26. The samples were
overlaid with several drops of mineral oil to prevent
evaporation and subjected to 20 cycles of the following
amplification procedure. The samples were heated tt295
for 30 s, cooled to 60C, and incubated at that temperature
for 5 min. Additional Taq polymerase was added to the
samples after the tenth cycle.

Gene fragment BK was cloned into pTZ19RB for ampli-
fication of the DNA, whereas fragments HB and KE were
amplified by PCR. Short extension primers were used for
the PCR, and the ends of the PCR products were trimmed
with the appropriate restriction endonucleases.

Final Assembly of the Engineered Gene for UDP-galactose
4-Epimerase.The PCR product from duplex HB, designated
HB', was restriction digested witBsdIl to duplex HB',
which was blunt on the'®end and sticky on the' @nd. The
duplex KE' was similarly obtained by digestion of PCR
product KE with the endonuclead¢pnl and had a sticky '5
end and a blunt'2end. The duplex BK was excised at the
flanking restriction sites from the plasmid pTZ19RBK. The
full length gene was assembled in a ligation reaction
containing each of the three duplexes'HBK, and KE'
and then amplified with Tag polymerase by use of the
primers that had been employed in the amplification of
duplexes HB (5end) and KE (3end). The amplified gene
as digested by endonucleas¢iadlll and EcaRl, isolated
on an electrophoretic gel of low-melting temperature agarose,
and then cloned into thidindlll and EcaRl sites of pTZ19R.

appearance in the finished gene. The bases shown above and beloWhe nucleotide sequence of the whole gene was determined

the duplexes at selected positions are those that exist in the wild-
type gene and were changed in the engineered gene. The complet
synthetic gene was assembled in two major stages. Duplexes forme
from oligonucleotides HXH10 were hybridized and ligated to form
the major gene fragment HB. Similarly, oligonucleotides-HI10

were used to produce the gene fragment BK, and fragment KE
was synthesized from oligonucleotides KK10. The major frag-
ments were then amplified by PCR and ligated in the order shown
to produce the finished synthetic gene. The shaded boxes indicat
the newly created unique restriction sites, and the open boxes
indicate the unique restriction sites that were retained from the wild-
type gene.

12% polyacrylamide gel, oligonucleotides were purified as
described Z3). All oligodeoxynucleotides, except the two
containing the external fermini of the major gene fragments
HB, BK, and KE (Figure 1), were phosphorylated at the 5
ends R4). The hybridization reaction mixtures (3@L)

e

by using the universal and reverse primers for sequencing
om double-stranded pTHE plasmid DNAs, as well as many
f the synthetic oligodeoxynucleotides used in the synthesis
of the duplexes.

Construction of a High-Expression Vector for the Synthetic
Epimerase GeneAn overexpression vector containing the
synthetic gene was constructed by insertion of the synthetic
gene into the high-expression vector pT7EZ)( which
contained the wild-type gene derived from pl2&)together
with the gal promoter and ribosome binding site behind the
T7 promoter in pTZ18R. The combined effects of the T7
andgal promoters together with the ribosome binding site
ensured high expression of epimerase. The vector pT7E2
was digested wittBstEIl and Pst, which removed all but
11 bp of thegalE gene downstream from the start codon to
the multicloning site, and purified. THest site was blunt-
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Table 1: Intensity Statistics for Y149NADH-UDP-Glc

resolution range (A)

overall 30.6-3.80 3.02 2.63 2.39 2.22 2.09 1.99 1.90
no. of measurements 83309 13853 14800 10231 10051 9362 8763 8303 7941
no. of independent reflections 3546 4445 4270 4157 4176 4167 4149 4103 4050
completeness of data (%) 96 97 97 93 95 96 97 94 91
average intensity 3659 10000 6616 2394 1458 1156 944 701 533
averager 196 267 222 149 146 167 181 190 200
R factor (%) 3.9 2.4 3.8 6.6 9.1 11.0 13.6 16.7 20.7

aR factor= (3|I-1)/31) x 100.

ended with T4 DNA polymerase and dNTPs. The vector nitrogen stream as previously describet). ( The X-ray
pKFHE containing the synthetic epimerase gene was source was Cul radiation from a Rigaku RU200 rotating
digested withEcdRl; the linearized DNA was blunt-ended anode generator operated at 50 kV and 90 mA and equipped
with the Klenow fragment and dNTPs, purified by phenol with a 300um focal cup. The X-ray data were processed
extraction and ethanol precipitation, and partially digested with the data reduction software package SAINT (Siemens
with BstEll to produce a 1010 bp insert, which was purified Analytical X-ray Instruments) and internally scaled according
by low-melting temperature agarose gel electrophoresis. Thisto a procedure developed in the laboratory by G. Wesenberg.
insert, containing all but 11 bp of the synthetic gene, was Relevant X-ray data collection statistics are given in Table
ligated into the linearized plasmid obtained BgEll and 1.
Pst digestion of pT7E2 to obtain the expression vector  pgaocause the crystals of Y149FADH-UDP-Glc were
PTZsynE. The construct was first transformed into BHS i1 0rphous with respect to those previously described for
cells, and plasmid DNA obtained from the”_‘ was u_sed 0 the wild-type epimerasBlADH-UDP-Glc (), the structure
transform BL21(DE3)pLysS cells for expression. Thie- presented here was solved by difference Fourier techniques
dill and EcaRl sites in the original synthetic gene (Figure 5,4 refined by least-squares analysis with the program TNT
1) were sacrificed in the construction of this expression to a resolution of 1.9 AZ0). The finalR factor was 17.9%
system. _ _ o for all measured X-ray data between 30.0 and 1.9 A with
Construction of the Mutant Plasmid Containing the Gene qot-mean-square deviations from “ideal” geometry of 0.016
for Y149F. The plasmid containing the mutant gene encod- & for hond lengths, 2.5for bond angles, and 0.013 A for
ing Y149F was constructed by cassette mutagenesis usingrigonal planes. The model included 2705 protein atoms and
the plasmid pTZSynE containing the synthetic gene. Mu- g47 solvent molecules. The-carbon atoms for the wild-

tagenesis was performed as described in the following Paperyne and mutant proteins were superimposed with a root-
(28). The codon for Tyr 149 was located within the five mean-square deviation of 0.08 A.

nonspecific bases ofBgll restriction site. Because multiple

Bgll restriction sites exist in the wild-type pTZSynE plasmid, RgsuULTS

it was digested briefly withBgll, and the linear 3835 bp

fragments were purified from an agarose gel. The linear Synthesis and Expression of an Engineered Gene for E.
DNA was treated with T4 DNA polymerase to remove the coli EpimeraseTo facilitate the production of desired mutant
3" overhang 29) which contained the Tyr 149 codon. The forms of epimerase by cassette mutagenesis tieeli gene
DNA was then cut withNdd, and the resulting 3793 bp  has been engineered to incorporate new, unique restriction
fragment was purified from an agarose gel and used as vectokites at convenient locations throughout its length. The
DNA, into which the Y149F cassette was inserted. The nucleotide sequences of the wild-type and engineered genes
Y149F oligonucleotides (Y149F-top, ATATGTTGAAA-  are shown in Figure 1 in the form of the sequences of
GCTTTCCGACCGGTACACCGCAAAGCCCTTT; Y149F-  gligonucleotide duplexes and of three gene fragments (HP,
bottom, AAAGGGCTTTGCGGTGTACCGGTCGGAAAG-  BK, and KE) from which the complete gene was assembled.
CTTTCAAC) contained a silenHindlll site to facilitate  The oligonucleotide duplexes were ligated by the action of
identification of the Y149F mutation. The plasmids were DNA ligase to form the fragments HP, BK, and KE,

sequenced over the length of the mutagenic cassette. respectively. The gene fragments were purified, amplified,
X-ray Structural Determination.The Y149F epimerase and finally ligated into the full length gene. The gene was
was transformed into the abortive complex Y149ADH- then excised from pTZ19RB and cloned into the over

UDP-GIc by reduction with the dimethylamirdorane expression vector pT7E2, to produce pTZsynE (Figure 2)
complex as previously describe8)( Large single crystals  which contains the T7 andal promoters in tandem ahead
were grown by the hanging drop method of vapor diffusion of a ribosome binding site and the epimerase start site. This
against 20% poly(ethylene glycol) 8000, 600 mM NaCl, and vector expresses epimerase at very high levelk.iroli.
50 mM CHES buffer at pH 9.0 and 4C. The crystals  Nucleotide sequence analysis of the ligated gene revealed a
belonged to the space grof3,21 with the following unit few mistakes that had been introduced by the PCR ampli-
cell dimensions:a=b = 83.8 A,c = 107.8 A, and one fication of gene fragments and in the synthesis of one
subunit per asymmetric unit. fragment. After correction of these mistakes by site-directed
X-ray data were collected from a single crystal using a mutagenesis, using either the Kunkel meth&t) or cassette
Siemens HI-STAR area detector system equipped with mutagenesis, the epimerase was expressed from the synthetic
Supper Long double-focusing murrors. Prior to X-ray data gene inE. coli at levels approximatel§/; of that of the wild-
collection, the crystal was flash-cooled t6150 °C in a type gene expressed by the same vector. Cells grown with
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;Zomoter EcoRl To interpret the kinetic parameters in Table 2 for the

mutant enzymes properly, consideration must be given to
the possible effects of trace contamination by the wild-type
epimerase. The mutant epimerases were expressed from
plasmids inE. coli BL21 cells, which require galactose for
growth. Whether the genetic lesion in BL21 cells prevents
expression of the host epimerase gene was not known.
Therefore, it was necessary to evaluate the mutant enzymes
for wild-type contamination. The smaller valuesk for
Y149F and S124A relative to those of the wild-type
epimerase indicated that the observed activities were not due
to wild-type contamination. However, the following inde-
pendent biochemical evidence proved that the activities
recorded for the mutant enzymes in Table 2 could not be
attributed to wild-type epimerase.

Epimerase is reductively inactivated by NaBHowever,
Sphl reduction is sluggish in the absence of UMP and requires
HindIIl millimolar borohydride to go to completion. Moreover,
although UMP stabilizes the epimerdd&DH complex, the
NADH is reoxidized under aerobic conditions in the absence
FiGure 2: Vector for overexpression of the epimerase genE.in ,Of UMP (32). The m.utated enzyme Y1,49F differs, as s_hown
coli. in a later section, in that the associated NAB easily

) , i .. reduced by submillimolar concentrations of NaBEnd
this expression system produced epimerase and specifiGemains reduced under aerobic conditions in the absence of
mutants at levels that allowed the purification of about 200 UMP, as determined spectrophotometrically and by activity

mg of enzyme from 50 g of packed cells. _ measurements. The epimerase activity of the purified Y149F
Structural Slmllarlty of Y149F with WIId-Type Eplmerase. (GOﬂM subunits at pH 8.5 and ch) is abolished within

The crystal structures of the abortive complex forms of 14 min by 69uM NaBH, and does not return within 24 h
épimerase (eplmeraM_DH-UDP-GIC) and Y149F ShOW under aerobic conditions. The activity of wild-type epime-
that the overall polypeptide chain folds are the same (Figure 450 (8Q«M subunits at pH 8.5 and 2%) is decreased only

3a). The structure of Y149F differs from that of the wild- 4q04 by 690uM NaBH,, and the enzyme is reactivated to
type enzyme mainly in the absence of the hydroxyl group jis griginal activity afte 1 h under aerobic conditions.

In the side chain of Tyr 149. The inte_ract!ons among Tyr Therefore, the effect of NaBtbn the epimerase activity of
149, Ser 124, NAD, and _the glucosyl ring in the abortive v 49r does not correspond to the wild-type enzyme.
complex are shown in Figure 3b. The hydroxyl group of Furthermore, the pH dependence of the epimerase activity

Ser 124 is within 2.6 A of the glucosyl 4-hydroxyl group di ;
, A splayed by Y149F does not correspond to that of the wild-
(5). The phenolic oxygen of Tyr 149 is within hydrogen type enzyme, as shown in Figure 4. The break in the-pH

bonding distance of the 3-OH group of the glucosyl moiety e profile on the acidic side for Y149F takes place at a

(3.1 A), and it is also near N-1 of the nicotinamide ring of much hi .

L ) gher pH than that of the wild-type enzyme. If the
NADH (?'6 A), as well as within _hyd_roger_1 bor_1d|ng range epimerase activity of Y149F could be attributed to contami-
of the 2-hydroxyl group of the nicotinamide ribotide (2.9 - a4 by wild-type enzyme, it would display the wild-type
Ar)]' %Otm Serh124 and Tyr_ 149 _arehln ke_é/ pOSI/tIOQS that pH dependence; therefore, the observed activity cannot be
should allow them to participate in the oxidation/reduction yqcyineq to wild-type contamination and must be assigned

mechanism.
e . h .
Kinetic Properties of Y149F, S124A, S124T, and 8124V.to the mutant

The kinetic parameters for catalysis of the overall transfor-  EPIMerase is subject to gradual inactivation at pHs lower
mation of UDP-Gal into UDP-GIc by the wild-type epime- tha_n 6.0, and S124A is even Ies_s _stable than the wild-type
rase and the mutated forms Y149F, S124A, and S124T are€Pimerase, as determined by activity measurements. At pH
given in Table 2. In general, the values kef; are much 5.5, the epimerase a_ct|V|ty of the purified S124A is decr_eased
more sensitive thak, to substitutions for Tyr 149 and Ser  BY 70% within 40 min at 25C, whereas that of the wild-
124, although both are affected. Substitution of Phe for Tyr YP€ enzyme decreases only 20% under the same conditions.
149 severely impairs catalysis, decreasig to about !f the epimerase activity of S124A were caused by wild-
1/10000th of that of the wild-type epimerase. Mutation of YP€ contamination, it should display the same stability at
Ser 124 to Ala also decreasks; to about 1/2900th of the ~ PH 5.5. Because it cannot be ascribed to wild-type con-
value for wild-type epimerase, leaving S124A about 3.5 times tamination, it can be assigned to the mutant. S124V is also
as active as Y149F. Threonine at position 124 is functional, more labile to low pHs than the wild-type enzyme.
however, at aboufs of the rate for serine. Although kinetic Reactiities of Y149F, S124A, S124V, and S124T in UMP-
parameters are not available for S124V, its specific activity Dependent Reduet Inactvation. Epimerase undergoes

in the standard assay is 0.032 unit Thgwhich is 0.008% UMP-dependent reductive inactivation by reducing sugars,
of that of the wild-type enzyme (400 units my. The NaBH,, and NaBHCN, and even by Tris buffer33—36).
epimerase activity is compromised to a greater degree byIn reductive inactivation, NAD at the active site is reduced
the loss of the Tyr 149 phenolic oxygen than by the loss of to NADH. The rate is greatly enhanced by UMP, which
the Ser 124 hydroxyl group; however, both are important. binds to the reduced enzyme to form a complex that is

Gal
Promoter
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Ficure 3: Structure of the abortive complex epimer&&DH-UDP-Glc and the corresponding complex of Y149F. (a, top) An overlay of

the abortive complexes in the active site region, including the nicotinamide ring oftNakiD the glucosyl ring of UDP-Glc. The wild-type

enzyme is shown in red, with Y149F shown in black. Note the absence of the phenolic oxygen at position 149 in the structure of Y149F
and the close structural correspondence in other respects. (b, bottom) The active site region of the wild-type abortive complex in closeup,
showing the positions of Ser 124, Tyr 149, and the nicotinamide ring of NAD

analogous to the abortive complex, with UMP in place of wild-type epimerase. Mutation of Ser 124 to Ala also dec-
UDP-GIc. Rates for UMP-dependent reductive inactivation reases the rate to 1/370th of the wild-type rate. Mutation of
by glucose in Table 3 are expressed as pseudo-first-orderSer 124 to Thr moderately decreases the rate to about 30%
rate constants at less than glucose saturation (1 M). Mutationof the wild-type rate, showing that Thr can substitute for Ser
of Tyr 149 to Phe decreases the rate to 1/6560th of that for 124 reasonably well, as in the overall reaction (Table 2).
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Table 2: Kinetic Parameters for the Catalytic Activities of ' ' NN
Epimerase and Specific Mutahts A v
0.025 | 4
epimerase Keat (571 Km (MM) KealKm (ST MM <§
wild-type 760+ 11 0.225+ 0.008 3380t 170 o
Y149F 0.073+£ 0.003  0.026% 0.004 2.85k 0.55 0.0125 P
S124A 0.265+ 0.004 0.048t 0.002 5.52+ 0.31 } } ! = | ]
S124T 248+ 2 0.256+ 0.005 967+ 25
0 o
a Parameters were measured at pH 8.5 in 0.1 M sodium bicinate 0.025 | B = |
buffer at 27°C. <§
10 . ] | . 6 0.0125 [ .
o | 1s Pt
<
o~ 8t 44 3 c —o
» 5 . 0016 | ° i
t 7 -4 3 : <&
Y 6 42 °‘_.5
X 5F 11 é 0.004 - ! ! | | | ]
; i i 0 ” T T 1 T T
> 4 < D o0
3 11 g 002 | .
2 ! ! I I 2 <
5 6 7 8 9 10
PH ) o ) 0.011 [ . | | | | 4
FiIGURE 4: pH dependence of enzymatic activity for wild-type and ! ! ! ! '
Y149F epimerases. The initial rates for the transformation of UDP- E
galactose into UDP-glucose are plotted versus pH for wild-type ~ _ 0:025 - .
epimerase and Y149F. Rates were measured a€2at 0.05 mM <&
UDP-galactose at various pHs from 5.5 to 10D) (wild-type o
epimerase and®) Y149F epimerase. 001 L o o o o o © o |
1 ° Il | 1 I
Table 3: Rates of UMP-Dependent Reductive Inactivation by 5 6 7 8 9 10 11
Glucosé
pH
epimerase min~t KmnUMP (mM
F_) Koo ) m ™ (mM) Ficure 5: pH dependence of charge-transfer bands in free
wild-type 4.75+ 0.12 0.441+ 0.042 epimerase and active site mutants. Shown in partArespec-
Y149F 0.000724¢ 0.000038 0.394- 0.051 tively, are the variations with pH of the intensities of the charge-
S124A 0.0129k 0.0003 0.115t 0.022 transfer bands in epimerase and its mutated forms S124A, S124V,
S1241 1.39+0.03 0.564+ 0.040 and S124T. Part E shows comparable data on Y149F, which show
a Parameters were measuradlaM Glc in 0.1 M KPR buffer at pH that this mutant does not display the same charge-transfer band.
7.0 and 27°C. The decreased charge transfer in this mutant implicates Tyr 149 in

the charge-transfer interaction observed in the wild-type enzyme
and serine mutants. The pH dependence of the charge transfer in
Table 4: Second-Order Rate Constants for Reductive Inactivation  the wild-type enzyme and serine mutants indicates that the phenolate

by NaBHCN of Tyr 149 is responsible for most of the charge-transfer band. The

K > 107 (MM min-Y) ;/alltJes of K, determined from the fitted curves are given in the

ext.
pH 8.3 pH 7.0

epimerase  with UMP  without UMP  with UMP  without UMP in the native enzyme attenuates the reactivity of NAD
wild-type  1.45+0.08 ND 16.6+ 0.9 0.0248+ 0.0023 toward NaBHCN. This will be attributed in the next section
Y149F 2942 0.96+0.11 208+13  3.32£0.32 to charge-transfer complexation between Tyr 149 and NAD
S124A 136£0.07 ND 15.74+ 1.0 0.098+ 0.013 Finally, UMP enhances the reduction rates of all epimerase
S124T 1.45£0.11 ND 17.0+ 1.5 0.0253+ 0.0095 : : ;
5124V 137+ 027 ND 3.3+ 0.9 0.0261+ 0.0075 mutants in Table 4, 126670-fold in the cases of the wild

2 Rates measured in 0.1 M sodium bicinate buffer at@7° Rates type and Ser 124 mutants, and somewhat less in the case of
measured in 0.1 M KPbuffer at 27°C. Y149F.

Participation of Tyr 149 and Ser 124 in Charge-Transfer
Rates of reductive inactivation by sodium cyanoborohy- Complexation. The near-UV absorption spectrum of epi-
dride are expressed in Table 4 as second-order rate constantsnerase reveals the presence of a charge-transfer band, which

These rates are revealing on three planes. First, mutationsappears as a tail extending from 300 to 360 d).( Such
at either Tyr 149 or Ser 124 do not significantly hamper bands are often observed in enzyMAD* complexes but
reduction by sodium cyanoborohydride, which is a nonspe- have not often been structurally characteriZ2d.( The close
cific reducing agent that would not require general base proximity between the nicotinamide ring of NADand the
catalysis in hydride transfer to NAD Second, mutation of  phenolic oxygen of Tyr 149 in epimerase (Figure 3) suggests
Tyr 149 to Phe significantlincreasedhe reduction rate, by  that they may interact in charge-transfer complexation. That
20-fold at pH 8.5 and 12-fold at pH 7.0. Given the fact that this is the case is strongly supported by the data in Figure 5,
the main structural difference between the wild-type epime- where the pH dependencies of charge-transfer intensities for
rase and Y149F is the absence of the phenolic oxygen inthe wild-type and mutant epimerases appear as plotgef
the mutant, it appears that the phenolic oxygen of Tyr 149 against pH. The charge-transfer bands in the wild-type and
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Ser 124 mutant epimerases decrease in intensity withScheme 2

decreasing pH. Thelf values are 6.08& 0.10 for wild- 4 _—_H
type epimerase, 6.71 0.06 for S124A, 6.86+ 0.17 for 7N@'” I\Qﬂ{
S124V, and 6.28 0.08 for S124T. The Y149F epimerase N ° %ﬁ‘\cx 1N o’
does not display a significant charge-transfer band. The o7 )“/‘/ P o-n_ M7 ‘L\‘C,
simplest interpretation of these results is that the charge- Tyrwl Q? no' Tyrul 0 wd ?
transfer band arises from complexation between the phenolic Ser!2t Ser!2*

oxygen of Tyr 149 and the nicotinamide ring of NARnd ] )

is weakened in Y149F. The pH dependence indicates thati" the UMP-dependent reduction by glucose (Tables 2 and
the charge-transfer interaction is strongest between the3)- Moreover, the K, of 6.08 for Tyr 149 correlates very
phenolate form of tyrosine (Tyr 1490-) and NAD', and well with the kinetically measuredi for the reduction of

it is weakened by protonation of the side chain to Tyr349 ~epimeraseNAD " by UDP-6-Glc, which is 6.36.2 after
OH. The pH dependence indicates that thg f Tyr 149 correction for the pH dependence of the deuterium kinetic
in wild-type epimerase is 6.08. Charge-transfer complexation iSotope effect in the reaction of UDP-6-fH]Glc (41).

also involves Ser 124 indirectly, presumably through hy- ~ Ser 124 also participates in an important way in the
drogen bond donation from its hydroxyl group to Tyr ¥49  chemical mechanism. Mutation of this residue to Ala
O~. That this is the case is indicated by the high&r p  decreases epimerase activity and UMP-dependent reactivity
values for S124A and S124V, which would lack hydrogen With glucose by factors of 2.9« 10° and 3.7 x 1(%,
bond stabilization from Ser 124. This interpretation is respectively. However, S124A retains 3.6 times the epime-
reinforced by the near normalKp for S124T, which rase activity of Y149F and is about 17 times as reactive in

presumably retains the capacity of the wild-type enzyme to UMP-dependent reductive inactivation by glucose, so the role

donate a hydrogen bond to Tyr 140 of Ser 124 appears to be secondary to that of Tyr 149.
The crystal stucture of the abortive complex (epimerase
DISCUSSION NADH-UDP-GIc) shows the hydroxyl group of Ser 124

o ) i i _within 2.6 A of the 4-hydroxyl group of glucose. The most

In considering the biochemical properties of specific qpyious correlation of the kinetic, spectrophotometric, and
mutant enzymes, it is important to know the structural x_ray structural facts is that both Tyr 149 and Ser 124
consequences of the mutations. Substitutions of Ala, Thr, haricipate in general aciebase catalysis. Proton transfer
or Val for Ser at position 124 do not cause major structural 5 griven by Tyr 149 and mediated by Ser 124 as illustrated
changes, apart from the local differences that attend thej, scheme 2. 'In this way, Tyr 149 provides the driving force
substitutions themselve2§). Similarly, the only significant ¢4, general acigtbase catalysis and Ser 124 mediates
structural change upon replacing Tyr 149 with Phe is the catalysis by a proton relay mechanism. Inasmuch as the
loss of the phenolic oxygen (Figure 3a). Therefore, this x_ray structures compared in Figure 3 are those of abortive
discussion is based on the premise that the structures of thecomplexes, in which the substrate and coenzyme are not in
mutant epimerases are similar to that of wild-type enzyme oyjgation states that would exist in catalytically competent
except in the altered amino acid side chains. complexes, alternative possibilities may exist. The abortive

Catalytic Functions of Tyr 149 and Ser 124A major  complex can be regarded either as an analog of a Michaelis
mechanistic issue in the action of epimerase has been thecomplex (epimerasBblAD*-UDP-GIc) or as an analog of the
identification of a general aciebase catalyst that would  central intermediate (epimeraBRADH-4-keto-Glc). In the
facilitate hydride transfer from galactosyl or glucosyl C-4 case of the wild-type enzyme, the abortive complex is more
substrates to nicotinamide C-4 of NAD Chemical modi-  similar to the central intermediate than to a Michaelis
fication experiments in this laboratory have not been useful. complex for the following reasons. First, the uridine
For example, diethyl pyrocarbonate inactivates the enzymenucleotide is more tightly bound in the abortive complex
rapidly, and UDP-phenol protects against inactivation. than in Michaelis complexes, and enhanced binding of
However, hydroxylamine does not reactivate the enzyme uridine nucleotides is a characteristic property of the central
(38). Therefore, the group modified by diethyl pyrocarbonate intermediate42). The tighter binding of UDP to epimerase
could not have been histidine, and another modified amino NADH compared with that to epimeradAD* has been
acid could not be identified. Furthermore, two efforts to attributed to the larger number of close contacts between
derivatize a general base at the active site by affinity labeling the reduced enzyme and UDB).( Second, in both the wild-
failed, both times because the affinity labeling agent reactedtype central complex and the abortive complex, the phenol
with NAD™* at the active site and not with an amino acid ring of Tyr 149 and nicotinamide ring of NADH are both
(39, 40). electrostatically neutral. In contrast, in the Michaelis

The X-ray crystal structure of the abortive complex complexes, the phenolate moiety of Tyr 149 forms a charge-
epimeraseNADH-UDP-GlIc has drawn attention to Tyr 149  transfer interaction with the positively charged nicotinamide
and Ser 124 as amino acids that interact directly with NAD  ring of NAD*,
and UDP-Glc §). The mechanistic roles of these amino  Because the central complex is epimerbigeDH-UDP-
acids could include general aeithase catalysis of hydride  4-keto-Glc, there can be no assurance that the hydrogen
transfer from C-4 or/and orienting the pyranose ring through bonding observed for UDP-GlIc in the abortive complex will
hydrogen bonding to the C-3-hydroxyl group. The present be the same as that for UDP-4-keto-Glc. In particular, the
results implicate Tyr 149 as the principal driving force for 4-oxo group of UDP-4-keto-Glc is exclusively a hydrogen
general acig-base catalysis in the active site of epimerase. bond acceptor, whereas the 4-hydroxyl group of UDP-Glc
Among the mutated epimerases studied, Y149F is the mostcan either donate or accept hydrogen bonds. This difference
severely compromised kinetically, both as an epimerase andmight perturb the hydrogen bonding network in the active



Role of Tyr 149 and Ser 124 in UDPgalactose 4-Epimerase

Scheme 3
P = H
—N —N
= Y
JLoNIL NES ! /
o HIT o—H" 4
/o G /7 G5~
Tyrl49 H o .0 Tyr'4 H -0

SCI124

Serl24

site. It is significant in this connection that the binding
affinity of epimeraseNADH for UDP-4-keto-Glc is 100
times that for UDP-GIc42), which suggests that binding of
the hexopyranosyl ring may be perturbed in the abortive
complex.

Until the structure of the catalytically functional central
complex or that of a Michaelis complex such as epimerase
NAD*-UDP-Glc is determined, the exact role of Ser 124
cannot be determined. For the present, two mechanisms o
general acietbase catalysis should be considered, Scheme
2 above and one in which Tyr 149 acts directly on the 4-OH
groups of the pyranosyl portions of substrates, with Ser 124

hydrogen bonded to Tyr 149 and perhaps also to substrate

hydroxyl groups. Such a mechanism is illustrated in Scheme
3. Afinal distinction between these mechanisms would be
provided by a structure for a Michaelis complex or the central
intermediate (epimeraddADH-UDP-4-keto-Glc).

Charge-Transfer Interaction and Uridine Nucleotide-
Dependent Conformational Changé&he value of K, for
Tyr 149 (6.08) is 4 units lower than the corresponding value
in agueous solution (10.1). This difference corresponds to
5.5 kcal mot* of additional free energy of stabilization for
the phenolate form that is provided by the microenvironment
of the active site relative to an aqueous environment. Much
of this stabilization can be attributed to the positive elec-
trostatic field created by the nearby positive charges on the
nicotinamide ring and Lys 153, which is hydrogen bonded
to the 2- and 3-hydroxyl groups of the nicotinamide ribose
moiety of NAD'. The electrostatic field has been implicated
in the uridine nucleotide-dependent conformational change
and in its effect on the reactivity of NAD (17, 43).
Mutation of Lys 153 to Met or Ala abolishes the UMP
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alters the charge-transfer interaction, as shown by the fact
that the charge-transfer band is bleached by UMP or UDP
(19). Evidently, the conformational change alters the
interactions of both Lys 153 and Tyr 149 with NAD These
changes have the following effects. The reactivity of NAD

is increased through an enhancement of the positive elec-
trostatic field, and the charge-transfer interaction is perturbed,

feither through a change in the angular orientation of Tyr

149 relative to the nicotinamide ring or by an increase in
the distance between them. These changes are given a
conceptual framework in Scheme 4; however, the true nature
of the conformational change and its effects on interactions
of NAD™ cannot be determined until the structure of the free
enzyme becomes available.

Tyrosine as a General AcieBase Catalyst in Short-Chain
Dehydrogenase/Reductaselhe tyrosine and serine residues
in other short-chain dehydrogenase/reductases that cor-
respond to Tyr 149 and Ser 124 of epimerase have been
postulated to function in general acibase catalysis on the
basis of X-ray crystallographic structural mode3s9). Tyr
151 and Lys 155 have been shown to be important for
activity in 15-hydroxyprostaglandin dehydrogenase through
site-directed mutagenesis and kinetic studi&$,(as have
Tyr 179 and Lys 183 in 13-hydroxysteroid dehydrogenase
(45). The present work demonstrates the importance of Tyr
149 and Ser 124 in epimerase through X-ray crystallogrphic,
kinetic, and spectrophotometric analysis of specific mutants.
The importance of the corresponding Ser 138 in 15-
hydroxyprostaglandin dehydrogenase has recently been
proven through site-directed mutagenesis and kinetic analysis
(46).

dependence of reductive inactivation by sodium cyanoboro- o ckNOWLEDGMENT

hydride. The positive electrostatic field would stabilize the
phenolate form of Tyr 149 and thereby account for a low
value of K. However, Ser 124 also participates in
stabilizing the phenolate form of Tyr 149, as shown by the
fact that mutation to Ala or Val leads to higher values of
the K, 6.7 and 6.8, respectively. These differences
correspond to about 1 kcal mdlof decreased stabilization
in the mutants. Therefore, about 4.5 kcal nalf stabiliza-
tion may be attributed to the positive electrostatic field and
the balance to Ser 124. Threonine in this position is slightly
less stabilizing (K, = 6.28) than serine.

The charge-transfer interaction of Tyr 149 with NADbas
consequences for the chemical reactivity of NARs shown
by the fact Y149F is more reactive with sodium cyanoboro-
hydride than the wild-type epimerase, both in the presence
and in the absence of UMP (Table 4). The phenolate of
Tyr 149 attenuates the reactivity of NAThy opposing the
positive electrostatic field, which has been implicated in the
enhanced reactivity of NAD that is brought about by the
uridine nucleotide-dependent conformational chadge43).
The uridine nucleotide-induced conformational change also
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