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ABSTRACT. Galactose-1-phosphate (galactose-1-P) uridylyltransferaseHsaimerichia colicatalyzes the
interconversion of UDP-glucose and galactose-1-P with UDP-galactose and glucose-1-P by a double-
displacement mechanism through a uridylghzyme intermediate, in which the uridineghosphoryl

group is covalently bonded toMf His 166. The point variant H166G displays a UDP-hexose synthase
activity, in that it catalyzes the reaction of uridineghosphoimidazolide (UMPIm) with glucose-1-P to

form UDP-glucose and imidazole. Inasmuch as the wild-type uridylyltransferase catalyzes its cognate
reaction with ping-pong kinetics, an intrinsically ordered substrate binding mechanism, the kinetic
mechanism of the UDP-hexose synthase activity of HL66G became of interest. The synthase activity
follows sequential kinetics [Kim, J., Ruzicka, F., and Frey, P. A. (180rhemistry 2910596-10593].

In this work, product inhibition patterns for the synthase activity of H166G indicate random equilibrium
binding of substrates. Comparison of the synthase activities of the variants H166G and H166A showed
that the glycine variant is about 340- and 600-fold more active than the alanine variant in the forward and
reverse directions, respectively. The kinetic consequences of varying the amino acid at position 166
were largelyke,: effects, with more moded{,, effects. Comparison of the synthase activities of these
variants with that of the wild-type enzyme in the production of glucose-1-P showed that the loss of the
p-carbon of His 166 in the complex H166&MPIm increases the activation energy for uridylyl group
transfer by 2.4 kcal mol, and the presence of two additional hydrogen atoms in the complex H166A
UMPIm increases the activation energy by 6.2 kcal Thollt is concluded that the active site is much

less tolerant of additional steric bulk in the locus of fhearbon of His 166 than it is of the loss of the
p-carbon. The sensitivities to additional steric bulk around other positions of the Hisirbéfazole

ring are much less severe, as indicated by the reactivities of methylated analogues of UMPIm in the
synthase reaction of H166G. Uridiné-fgthosphoN-methylimidazolide is more reactive as a synthase
substrate than UMPIm, and this is attributed to the positive charge of the imidazole ring. The fact that
the imidazole ring of the wild-type covalent uridylyenzyme retains its proton and is positively charged

is supported by the pHrate profile for hydrolysis of the intermediate.

Galactose-1-phosphate uridylyltransferase (hexose-1-phosphate uridylyltransferase, hereafter referred to as uridyl-
phosphate uridylyltransferase, EC 2.7.7.12) is an importantyltransferasé,ensures the appropriate balance of UDPGal,
enzyme in the Leloir pathway for galactose metabolism. The UDPGIc, Glc1P, and GallP, which are required in several
Leloir pathway is the sole means by which galactosyl and important biochemical processes, including glycolysis and
glucosyl groups are interconverted in nature. Galactose-1-the synthesis of disaccharides, glycoproteins, and glycogen
(2). Galactosemia is an inherited disease of humans that is
" Supported by Grant GM30480 from the National Institute of characterized as an autosomal recessive trait and results from

General Medical Sciences. _p . S .
L Abbreviations: uridylyltransferase, galactose-1-phosphate uridy- & deficiency in the activity of this enzym&<6).

lyltransferase; UDPGIc, uridine diphosphoglucose; UDPGal, uridine  Uridylyltransferase catalyzes the reaction of Glc1P with
diphosphogalactose; Glc1&-p-glucose 1-phosphate; Glc6glucose UDPGal to form GallP and UDPGIc by a double-displace-
6-phosphate; Glc1,6dRy-p-glucose 1,6-diphosphate; NADnicoti- ment mechanism involving an enzymsubstrate covalent

namide adenine dinucleotide; NADPnicotinamide adenine dinucle- . . . . .
otide phosphate: UMPIm, uridiné-phosphoimidazole; UMP-2-Melm,  intermediate7—11). A histidyl residue in the enzyme from

uridine B-phospho-2-methylimidazole; UMP-3-Melm, uridiné-5  Escherichia coliserves as a nucleophile by transferring the
phospho-3-methylimidazole; UMP-4-Melm, uridineghospho-4-me-  yridine 3-phosphoryl group according to egs 1 and 2.
thylimidazole; UMP-5-Melm, uridine 'Sphospho-5-methylimidazole; ] ]

UMP-2,4,5-Mglm, uridine 3-phospho-2,4,5-trimethylimidazole; 2-Melm, E-His 166+ UDPGIc= E-His 166-UMP + GIc1P
2-methylimidazole; 4-Melm, 4-methylimidazole; dA®B, 2-deoxy- (1
adeosine 51-thiotriphosphate; Im, imidazole; bicin&,N-bis(2-hy- . .

droxyethyl)glycine; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-  E-His 166-UMP + GallP<= E-His 166+ UDPGal
sulfonic acid; Ches, 2-(cyclohexylamino)ethanesulfonic acid; Mes, (2)

4-morpholineethanesulfonic acid; Mops, 4-morpholinepropanesulfonic ; ; ; &mcoli
acid; EDTA, ethylenediaminetetraacetic acid; PMSF, phenylmethane- The mechanism of action of uridylyltransferase frémcoli

sulfonyl fluoride; SDS-PAGE, sodium dodecy! sulfatolyacrylamide ~ Nas been established by the observation of ping-pong kinetics
gel electrophoresis; LB, Luria broth; MC, main chain; SC, side chain. (7), the isolation and characterization of the covalent
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intermediate §, 12, 13), and the observation of stereochem-
ical inversion at phosphorus in each step with retention of
configuration in the overall reactiori4, 15).

The essential histidyl nucleophile of uridylyltransferase
from E. coliwas identified by site-directed mutagenesis and
chemical rescue. The activities of His Asn point variants
revealed that of the 15 His residues, only His 164 and His
166 were essential for activityl§). Chemical rescue

Ruzicka et al.

NAD™*, NADP", bicine, Mes, Ches, Mops, Hepes, EDTA,
PMSF, carbenicillin, and chloramphenicol were purchased

from Sigma Chemical Co. Ampicillin was purchased from

Boehringer Mannheim. All the necessary components
required for site-directed mutagenesis were obtained from
the Muta-Gene Phagemid Vitro Mutagenesis Kit (version
2) from Bio-Rad. For sequencingy{**S]dATPaS and the
T7 Sequenase version 2.0 DNA sequencing kit were pur-

experiments showed His 166 to be the essential nucleophilechased from Amersham Life Science. Bactotryptone and

.

In the chemical rescue, the two point variants H164G and
H166G of the uridylyltransferase were tested for activity in
the reaction of eq 3.

UMPIm + Glc1P= UDPGIc+ imidazole  (3)
The rationale was that uridine-phosphoimidazolate (UMPIm)
might bind to the active site and function in place of the
uridylyl—enzyme intermediate, with the imidazole ring
occupying the imidazole binding site vacated in one of the
point variants. In the reverse direction, imidazole itself
would bind to the site and cleave UDPGIc. The variant
H166G catalyzed reaction 3, and H164G did not, which led
to the assignment of His 166 as the nucleophilic catalyst.
Reaction 3 was not catalyzed by the wild-type enzyme, and
the variant H166G did not catalyze reaction 1 or 2. The
variant also catalyzed the similar reaction of UMPIm with

Bacto yeast extract were obtained from Difco.
UMPIm and the isomers of UMPMelm were synthesized

with the procedure of Ruzicka and FrepQ]. 2,4,5-

Trimethylimidazole was synthesized with the method of
Cowgill and Clark 21).

Bacterial Strains, Plasmids, and Bacteriophage. E. coli

BL21(DE3)plysS was obtained from NovageB. coli strain
CJ236 (dut, ung’), MV1190, and helper phage M13K07

were purchased from Bio-Rad. Plasmid pTZ18R was

obtained from U.S. Biochemicals, while plasmid pTZ18ROT

was a gift from J. Wedekind (this laboratory).

Preparation of Mutant Enzymes H166G and H166Fe
mutant gene specifying the H166G mutant Bf coli
uridylyltransferase was prepared by site-directed mutagenesis
of the replicative form of M13 containing the wild-type gene
(). The mutant gene was transferred to the expression

vector, pKK222-3 (Pharmacia), and expressed as the pKF6

GallP. In recognition that H166G was a new enzyme, it_ vector inE. coli CA13 (galT118, relAl, 1-spoT1) celld)
was named UDP-hexose synthase. The assignment of HiSrpe mtant gene specifying H166A was made from the wild-

166 as the nucleophilic catalyst was verified by the crystal
structures of the uridylyltransferase and the covalent uridyl-
yl—enzyme intermediatel{, 18). The structures also
showed that His 164 was a ligand to Zn(ll), which had been
found to be required for activity but not to participate in the
chemical mechanisnig).

In this paper, we examine two issues regarding the activity
of UDP-hexose synthase in reaction 3. The ping-pong

kinetic mechanism of the parent uridylyltransferase neces-

sarily entails ordered binding of substrates. The kinetic
mechanism for reaction 3 is not ping-pong, however, but

rather sequential, which raises the question of whether the

type E. coli uridylyltransferase gene contained in the
expression plasmid pTZ18ROTLY) by site-directed mu-
tagenesis using the method of Kunk2R) with the Muta-
Gene Phagemith Vitro Mutagenesis Kit (version 2). The
H166A gene was expressed as the pTZ18ROT H166A vector
in E. coliBL21(DE3)pLysS cells. Both mutant genes were
sequenced in their entirety either by the dideoxy NTP method
(23) using [p-3°S]dATP and the Sequenase version 2.0 DNA
sequencing kit or by the ABI Prism Dye Termination Cycle
Sequencing method (Perkin-Elmer) at the University of

Wisconsin Biotechnology Center (Madison, WI).

mechanism requires ordered binding of substrates and release Cell Culture. E. colicells, CA13 cells with the plasmid
of products. This issue has been addressed in productPKF6 (H166G), and BL21(DE3)pLysS cells with the plasmid

inhibition studies. Second, the design of the point variant
as H166G rather than H166A for chemical rescue experi-

pTZ18ROT (H166A) were grown at 3T from seed stocks
prepared from frozen cells plated on LB agar (10 g of

ments was rationalized on the basis that the putative substratéactotryptone5 g of Bacto yeast extract, 10 g of NaCl, and

complexes of H166A would be sterically crowded, with two

15 g of Bacto agar per liter of distilled water) and carbeni-

additional hydrogen atoms compared to the correspondingcillin (100 xg/mL) (CA13) and LB, carbenicillin (10@g/

complexes of the parent enzymsubstrate complexes. Here
we examine the issue of crowding in the imidazole binding
site, both by testing H166A for activity in reaction 3 and by
evaluating the efficacy of various isomers of uridine 5
phosphomethylimidazolide and of methylated imidazole itself
as substrates for H166G (UDP-hexose synthase).

EXPERIMENTAL PROCEDURES

Materials Imidazole, 1-methylimidazole, 2-methylimi-
dazole, 4-methylimidazole, triphenylphosphine, and’-2,2
dipyridyl disulfide were obtained from Aldrich. UMP (free
acid), UDP-glucose dehydrogenase (type VI), phosphoglu-

mL), and chloramphenicol (34g/mL) [BL21(DE3)pLysS].
Seed stocks were used to prepare 500 mL batch stocks in 2
L shake flasks containing>2 YT medium (16 g of bactot-
ryptone, 10 g of Bacto yeast extract,dab g of NaCl per
liter of distilled water) with either 10Q«g/mL ampicillin
(CA13 cells) or 100ug/mL ampicillin and 34 ug/mL
chloramphenicol [BL21(DE3)pLysS cells]. Cells were al-
lowed to grow to a density corresponding te-1L5 absor-
bance at 600 nm, after which they were harvested by
centrifugation at 6009for 20 min, frozen in liquid nitrogen,
and stored at-70 °C.

Purification of UDP-Hexose Synthase (H166G) and

comutase (rabbit muscle), glucose-6-phosphate dehydrogeMutant (H166A). UDP-hexose synthase froin coli CA13

nase (type VII, baker's yeasty-p-glucose-1-P, UDPGIc,

cells and the mutant protein (H166A) from BL21(DE3)plysS
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cells were purified essentially according to the method of
Arabshabhi et al.X5) with several modifications. All buffers
contained 10 mMpg-mercaptoethanol and 1 mM PMSF.
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0.05to 0.5 mM. Concentrations of methylated imidazolides
were varied as above with the exception of UMP-2Melm
for which the range was 0-:2 mM. Initial reverse rates

Q-Sepharose Fast Flow (Pharmacia) was substituted forwere also measured under the assay conditions, except that
DEAE-Sephadex A-50 in the last chromatographic step, andthe concentration of UDPGIc was varied from 0.03 to 0.4

a linear salt gradient was instituted consistirfgld_ each

of 0.05 M NaCl and 0.25 M NaCl in 0.01 M Na-Hepes buffer

(pH 7.5). The purified enzyme was concentrated in an
Amicon ultrafiltration stirred cell with a PM 30 membrane

prior to drop-freezing in liquid nitrogen. The frozen droplets
were stored in liquid nitrogen. The protein was analyzed
by measurement of the absorbance at 280 «ux € 7.24

x 10* M~ cm! subunit) @9).

Polyacrylamide Gel ElectrophoresidNative and SDS
polyacrylamide gel electrophoresis of purified proteins were
conducted on mini gels either with the Phast Gel Electro-
phoresis system (Pharmacia) or with the Mini-PROTEAN
Il cell (Bio-Rad). Proteins for SDSPAGE were denatured
by treatment with 0.5 MB-mercaptoethanol and 1% SDS at
95 °C for 5 min. The purity of the isolated proteins was
estimated to be greater than 95% by native and SDS
polyacrylamide gel electrophoresis.

Metal Analysis. The zinc and iron content of UDP-hexose

mM and imidazole from 0.05 to 0.2 M. Complications arose
because of secondary effects of several substrates on the
coupling enzymes. In the forward reaction, UDPGIc dehy-
drogenase is the coupling enzyme, but UMPIm is a potent
inhibitor (Kj = 36 £ 2.8 uM), and the value oK, for
UDPGIc is 13.5+ 1.3uM. Therefore, at the concentrations

of UMPIm used to measure the activity of UDP-hexose
synthase (0.1 mM), the activity of the coupling enzyme

is inhibited. To overcome inhibition, large amounts of
UDPGIc dehydrogenase with a high specific activity were
used. Furthermore, measured rates were routinely checked
for proportionality to the amount of UDP-hexose synthase
used at all concentrations of UMPIm. In the reverse reaction,
imidazole, at concentrations at or beldt, inhibits the
coupled phosphoglucomutas&Ilc6P dehydrogenase activ-
ity. At 0.5 M imidazole, the coupled enzymes are 85%
inhibited. Therefore, the reverse rates were measured at
imidazole concentrations af0.2 M, and with sufficiently

synthase (H166G) and the mutant protein (H166A) were high concentrations of coupling enzymes to overcome
measured by ICP mass spectrometry at the University of inhibition.

Wisconsin Department of Soil Sciences (Madison, WI)
facility.

Assay of UDP-Hexose SynthaseDP-hexose synthase
activity was routinely measured either in the forward
direction (UDPGlIc production from UMPIm and Glc1P) or
in the reverse direction (Glc1P production from UDPGIc and
Im) during purification of the enzyme. In the forward

direction, enzyme activity was measured spectrophotometri-

cally at 340 nm (NADH) under the following conditions:
1.0 MM UMPIm, 1.0 mM Glc1P, 1.25 mM NAD 10 mM

p-mercaptoethanol, 0.04 unit/mL UDPGIc dehydrogenase,

and 90 mM sodium bicinate at pH 8.5 and Z7. When 1
mol of UDPGiIc is oxidized to UDP-glucuronic acid, 2 mol
of NADH is produced. In the reverse direction, enzyme
activity was measured at 340 nm (NADPH) under the
following conditions: 0.4 mM UDPGIc, 0.2 M imidazole,
330 uM NADPT, 10 mM S-mercaptoethanol, 4 units/mL

phosphoglucomutase, 0.3 unit/mL Glc6P dehydrogenase, 10

uM Glcl,6dP, and 90 mM sodium bicinate at pH 8.5 in a
total volume of 1 mL at 27C. When 1 mol of GIcl1P is
oxidized to 6-phosphogluconate, 1 mol of NADPH is
produced.

Initial rates were fitted to eq 4

v = Vol AlB(K'A[B] + K'g[A] + [A][B] + KAK'B()4

where A and B represent substrat&$, andK's are the
Michaelis constants of the substrates, &pads the dissocia-
tion constant of the substrate. Data were computer fitted
by the nonlinear least-squares methad)(

Equilibrium constants were calculated from the respective
Haldane equations for the equilibrium random bi-bi mech-
anism. The following equations were used, and the result
was reported as an average of the calculdggof each
equation:

K = kcat(r)K'UMPImKGIclP_ kcat(r)KUMPImK'GIclP_
e kcat(f)KUDPGk,K'Im kcat(f)K'UDPGIcKIm

kcat(r)K'UMPImKGIclp . kcat(r)KUMPImK’GIclP
I(cat(f)K'UDF’GIcKIm kcat(f)KUDPGIcK' Im

Product Inhibition Studies Determining the effect on the
rate of varying the concentration of each product versus each

The concentrations of substrates, except for the imidazoles,of two substrates was required to establish a complete product
were established by enzymatic assays as follows. UMPIm inhibition pattern. This necessitated changes in the manner
was assayed as NADH in the presence of UDP-hexosein which some rates were measured. When appropriate, the
synthase and UDPGIc dehydrogenase. GIclP was assayedates were measured by the coupled enzyme assay procedures
as NADPH in the presence of phosphoglucomutase anddescribed above. The following measurements were made
Glc6P dehydrogenase. UDPGIc was assayed as NADH inwith the variable and fixed substrate and the product inhibitor
the presence of UDPGIc dehydrogenase. The purity of using the coupled enzyme assays: forward direction (varied

UMPIm was further assessed by HPLEQ), and it was
found to contain less than 3% UMP. Imidazoles were

substrate UMPIm), UMPIm (0.690.35 mM), Glc1P (0.2
mM), and Im (56-215 mM); forward direction (varied

recrystallized from benzene, dried in vacuo under phosphorussubstrate Glc1P), Glc1P (0.046.51 mM), UMPIm (0.2

pentoxide, and weighed.
Steady-State Kinetic Measurementsitial forward rates

mM), and Im (50-215 mM); reverse direction (varied
substrate UDPGIc), UDPGIc (0.048.47 mM), Im (83

were measured under the same conditions described fomM), and UMPIm (0.6-6 mM); and reverse direction
assaying the enzyme, except that the concentration of(varied substrate Im), Im (8165 mM), UDPGIc (0.3 mM),

UMPIm was varied from 0.05 to 0.5 mM and Glc1P from

and UMPIm (0.58-6.4 mM). The temperature and assay
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components, including buffers, coupling enzymes, and co-

Ruzicka et al.

Table 1: Zinc and Iron Content of UDP-Hexose Synthase (H166G)

factors, were as described above for steady-state kineticand Mutant H166A

assays.

The other product inhibition experiments required the use
of fixed time assay methods, either because of severe
inhibition of coupling enzyme by product inhibitors or
because of incompatibiity of the product inhibitor with a
coupled assay. Each 6 mL reaction mixture contained 10
mM S-mercaptoethanol and 90 mM sodium bicinate at pH
8.5. The varied substrate and product inhibitors were as
follows: forward reaction (varied substrate Glc1P), Glc1P
(0.13-0.56 mM), UMPIm (0.4 mM), and UDPGIc (0.66
0.5 mM); forward reaction (varied substrate UMPIm),
UMPIm (0.19-2.1 mM), Glc1P (0.4 mM), and UDPGlc

preparation Zn (mol/mot) Fe (mol/mol}
H166G (1) 1.16+ 0.04 0.70+ 0.04
H166G (2) 0.99+ 0.04 0.76+ 0.03
H166A 1.33+ 0.05 0.59+ 0.11
wild type® 1.21+0.09 0.67+ 0.14

aMoles per mole of enzyme subunits SD. ® GallP uridylyltrans-
ferase data from ref9.

which allowed the measurement of-EIMP hydrolysis over

time. Pseudo-first-order kinetics were observed for hydroly-
sis up to four half-lives, except when rates were very slow.
Rate constants were calculated by fitting rate data to the first-

(0.06-0.27 mM); reverse reaction (varied substrate UD- order rate equation. First-order rate constants for the

PGIc), UDPGIc (0.09-0.8 mM), Im (170 mM), and Glc1P ~ hydrolysis of the uridylyt-enzyme measured as a function

(0.3—2.4 mM); and reverse reaction (variable substrate Im), of pH were fitted to the equation

Im (76—280 mM), UDPGIc (0.3 mM), and GIc1P (0-3.8 kK

mM). At time intervals of 0.252 min, 0.5 mL of the Koos = Ky 1 ko801

reaction solution was mixed with 2.5 mL of boiling 1 mM : .

Na-EDTA and the mixture heated for an additional 5 min using the HBBELL program written by W. W. Cleland.

at 100 °C and cooled to room temperature. For the ResuLTS

measurement of UDPGIc, NAD(100 xM) and UDPGlc _ . _

dehydrogenase (0.015 unit) were added. Aftdr atroom Metal Analyses.The wild-type uridylyltransferase is a

temperature, the increase iAsp was measured. For Mmetalloenzyme that contains both zinc and iratg)(

measurement of Glc1P, the following reagents were added:Enzymatic activity requires the presence of these metal ions,

NADP* (30 uM), Glc1,6dP (3xM), MgCl, (2 mM), which serve to maintain the structure of the active enzyme.

phosphoglucomutase (1.4 units/mL), and Glc6P dehydroge-The X-ray crystal structure showed that His 164, the other

nase (0.1 unit/mL). The samples were incubatedifb at ~ essential histidine, was a ligand for ziric7. To properly

room temperature, and the increaseﬁbao was measured. interpret the rate data on pOint variants at pOSition 166, two
Product inhibition patterns were obtained by fitting the residues away from His 164, it was important to measure

e it to o product mition models based on the %21 210 F€ Corlef, Toe dle re gven  Tae 1o
following rate equations: P

the wild-type enzymel9). The Zn and Fe content of the
variant enzymes is essentially the same as that of the wild-
type enzyme. Therefore, the differences in kinetics and
reaction specificity cannot be attributed to any difference in
the structural metal ions.

Product Inhibition Patterns.It is known that the substrate
concentration dependence for the reaction of UDP-hexose
synthase is consistent with eq B).( Both the steady-state
ordered and random equilibrium kinetic mechanisms are

competitive product inhibitiony =
Vinad AL Kin(1 + [I/K)) + [A]] (5)

noncompetitive product inhibitiony =
Vinad AV Kin(1 + [T/ Kig) + [AI(L + [IV/K;)] (6)

in which [A] is the concentration of variable substrate, [1] is

the concentration of inhibitoi, is the Michaelis constant compatible with eq 325). The two mechanisms can in
for the variable substrate, ariis and K;; are inhibition pyinciple be distinguished by product inhibition patterns. If
constants for the competitive and noncompetitive binding, the inhibition patterns of both products with respect to both
respectively. The data were computer fitted by use of gypstrates are competitive, the kinetic mechanism is most
nonlinear least-squares fitting prograr@d), The inhibition  |ikely equilibrium random. However, one or two noncom-
type for each assay was determined both by visual inspectionyetitive inhibition patterns may be observed in an equilibrium
of the fitted curve with the experimental data and by an (3ndom mechanism if a product also engages in dead-end
assessment of the error produced in the estimation of thejnnibition, that is, if it binds to the wrong complex to form
various kinetic parameters. an unproductive ternary complex. If, however, six out of
Rate Measurements for the Hydrolysis of the Uridylyl the eight possible product inhibition patterns are noncompeti-
Enzyme IntermediateWild-type uridylyl enzyme (E-UMP, tive, a steady-state ordered substrate binding mechanism must
subunit concentration of 77,8M) was incubated at 27C be considered.
in 0.1 M buffer and 10 mM3-mercaptoethanol adjusted to The results of the product inhibition studies are given in
an ionic strength of 1.0 by NaCl addition. Buffers and pH Table 2. All but one of the product inhibition patterns are
ranges used were as follows: Mes for pH-5%50, Mops competitive. Inasmuch as seven of the eight patterns are
for pH 6.5-8.0, and Ches for pH 8:59.8. Aliquots were competitive, the basic kinetic mechanism is likely to be
removed periodically and added to an assay mixture contain-random equilibrium. The deviation from purely random
ing GlclP (4.5 mM), UDPGIc dehydrogenase (0.03 unit/ equilibrium behavior is noncompetitive inhibition by UMPIm
mL), f-mercaptoethanol (10 mM), and NADQ(1.25 mM). with imidazole as the variable substrate. The simplest
E—UMP groups not hydrolyzed were converted to UDPGIc rationale for the inhibition pattterns in Table 2 is that the
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Table 2: Product Inhibition of UDP-Hexose Synthase synthase activity (reaction 3). _ o
Steric Effects of Methyl Groups in the Imidazole Binding

product variable inhibition . e P ;
inhibitor substrate K: (mM) type Camty._ To evaluate the sensitivity of the |m[dazole cavity
A UDPGIe Glolp 0,066 0.005 c to steric bulk at other positions around the ring, a series of
B UDPGle UMPIm 0.088% 0.005 c me_thylated |m|da;oles and UMP-phosphomethylimida-
C  imidazole  GlclP 96.% 5.3 C zolides were studied as substrates for H166®P-hexose
D Imlldazole Ul\/IF’lnl1 78.5£ 6.1 c synthase in reaction 3. The methyl groups appended to the
E GlelP UDPGle 0.16-0.05 = imidazole rings in the methylated substrates allowed the
F GlclP imidazole 1.18 0.05 C . . . .
G UMPImM UDPGlc 3.09 0.11 C sensitivity of the reaction to moderate increases in bulk
H UMPIm imidazole 10.10.74 NC around the imidazole ring to be assessed. The results are
aK; = 3.9+ 0.61 mMM. displayed in Table 4. Modest increases-@fold) in the

Michaelis constants were observed with the methylimidazole
substrates. The addition of a single methyl group to position
4 or 5 on the imidazole ring loweks,: by 2—3-fold. When

Table 3: Kinetic Parameters for UDP-Hexose Synthase

parameter H166G H166A the additional methyl group is in position 2 of the imidazole
K'umpim (MM) 0.26+0.033 0.78:0.16 ring, keat is decreased 15-fold relative to that of UMPIm.
Kuweim (MM) 0.60+ 0.083 1.63£ 0.30 However, when methyl groups are introduced at all three
K’ Gierp (MM) 0.21+0.033 0.30+ 0.07 " i th d hospho-2 methvl
Kereip (MM) 0.49+ 0.061 0.63+ 0.089 positions in the compound UMP-phospho-2,4,5-trimethyl-
K'uopaic (MM) 0.344+0.03 0.65+0.19 imidazole, the value ok, decreases an additional 60-fold
Kuppcic (MM) 0.051+ 0.003 0.093t 0.008 o -
KoM 9701 110 1090L 390 compareg :o ttna: o]f Sl\l\/l/lglz Melm and a total of 900-fold
Kim (MM) 150+ 10 160+ 0.02 compared to that of UMFIm. _
Keatn (571 5.52+ 0.52 0.0162+ 0.001 In the reverse direction, only minor changes, no greater
Keai (™) 13.54+1.3 0.0215+ 0.005 than 2-fold in the values oK, were observed for meth-
Keq 0.00617 0.00634

ylimidazoles relative to imidazole. However, there were 6-
and 300-fold decreases i, for 4-Melm and 2-Melm,
basic random equilibrium mechanism allows the additional respectively. Although at very high enzyme concentrations
formation of a dead-end complex, in which UMPIm binds and long incubation times>@24 h) at 27°C, a small
to two forms of the enzyme, the free enzyme and the conversion to product occurred with 1-Melm, the rate was
enzyme-Im complex. The steady-state ordered binding too slow to be practical for enzymatic rate measurements.
mechanism is ruled out by the results in Table 1. Protonation State of the His 168midazole Ring.It is a
Kinetics of UDP-Hexose Synthase Variants H166G and matter of mechanistic significance that the valuekgffor
H166A. The Michaelis constants in Table 3 for UDPGIc the reaction of UMP-3-Melm as a substrate in reaction 3 is
(0.34 mM) and GIclP (0.21 mM) in H166G catalysis of significantly larger than that for UMPIm. The methyl
reaction 3 are comparable to the corresponding constants foisubstituent in this substrate is on N3, and its presence has
wild-type uridylyltransferase, which are reported to be 0.20 the electronic effect of a proton, in that it results in the

and 0.16 mM, respectively’). Furthermore, th&, of 0.26 imidazole ring being positively charged, as shown.
mM for UMPIm as a substrate for H166G indicates a good

fit of UMPIm in the active site. The high value &f,, for (o) —

imidazole suggests that imidazole is weakly bound to the I / \

cavity left by the substitution of glycine for His 166. The Urd—O—Ii’—N\;N- CH;

keat Of 5.5 51 for H166G is approximately/,qo of that for O

the wild-type uridylyltransferase. The 200-fold smaller

activity of H166G in reaction 3 relative to that of wild-type UMP-3-Melm

uridylyltransferase in reactions 1 and 2 suggests that the
positioning of the imidazole ring in His 166 relative to the Because their I§;s lie between 5.68 and 6.2, the
a-phosphorus of UDPGIc, which is fixed by covalent imidazole rings of UMPIm and the other methylated
bonding to the peptide backbone, facilitates high catalytic analogues are not protonated in solutions above pH 7.
activity in uridylyltransferase. The 200-fold difference in Inasmuch as H166G6UDP-hexose synthase accepts UMP-
activities of H166G and wild-type uridylyltransferase for their 3-Melm as a better substrate than UMPIm, at least in terms
cognate reactions, while substantial, is modest in comparisonof maximum velocity, it seems that a positive charge in the
to the absence of any detectable activity of H166G in the ring may be the normal state of the uridylyl group in the
wild-type reactions 1 and 2 or of the wild-type uridylyl- covalent intermediate of the wild-type uridylyltransferase (E-
transferase in reaction 3. His 166-UMP of eq 1).

The kinetic parameters of the UDP-hexose synthase variant A further implication of imidazolyl protonation in the
H166A are also given in Table 3 for comparison with those uridylyl—enzyme intermediate involves the pirate profile
of H166G. The Michaelis constants for UMPIm and GIc1P for the hydrolysis of the covalent intermediate, as shown in
in the forward direction and UDPGIc in the reverse direction Figure 1. The uridylyt-enzyme intermediate is normally a
are approximately 1:52-fold larger for H166A than for  free intermediate in the mechanism for the action of the wild-
H166G, and theKy values for imidazole are similar. type uridylyltransferase in catalyzing reactions 1 and 2.
However, the values df., for HL66G are 340- and 600- However, in the absence of hexose 1-phosphate, the uridyl-
fold larger for the forward and reverse reactions, respectively, yl—enzyme intermediate will gradually undergo hydrolysis
than those for H166A. Thg-methyl group of Ala 166 in to the free enzyme and UMP at a slow rate. The first-order
the variant H166A dramatically interferes with UDP-hexose rate constant for hydrolysis is plotted as a function of pH in
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Table 4: Kinetic Parameters for UDP-Hexose Synthase with Methylated UMP Imidazolates and Imidazoles
substrate A/B K'a (mM) Ka (MM) K's (mMM) Kg (mM) Keat (571

A UMPIm/Glc1P 0.26+ 0.03 0.60+ 0.08 0.21+ 0.033 0.49+ 0.06 5.52+ 0.52

B UMP-3-Melm/GIc1P 0.23t 0.10 1.03+0.15 0.42+ 0.055 1.83t 0.40 10.50+ 2.78

C UMP-4-Melm/Glc1P 0.2%0.11 0.67+ 0.20 0.74+ 0.33 1.71+0.43 2.63+ 0.59

D UMP-5-Melm/GIc1P 0.13t 0.05 0.37+ 0.03 0.26+ 0.05 0.74+ 0.03 1.17+0.14

E UMP-2-Melm/GIc1P 0.56- 0.07 2.45+0.23 0.20+ 0.024 0.86+ 0.08 0.35+ 0.018

F UMP-2,4,5-Melm/Glc1P 0.49-0.29 5.98+ 0.80 0.43+ 0.082 5.33+2.95 0.006+ 0.00059

G imidazole/UDPGlc 97@ 110 150+ 10 0.34+ 0.03 0.051+ 0.003 13.5£1.3

H 4-Melm/UDPGlc 539+ 93 76+ 7 0.38+ 0.07 0.054+ 0.003 2.06+ 0.32

| 2-Melm/UDPGiIc 802+ 220 79+ 12 0.46+0.14 0.046+ 0.005 0.044-0.010

1

. -
............

log kops (h-1)

-2

10 12

pH

Ficure 1: pH-rate profile for the hydrolysis of the uridylyltrans-
ferase-UMP (E—UMP) complex. The observed first-order rate
constantsK,g for the hydrolysis of EUMP, measured at 27C

as described in Experimental Procedures, are plotted as closeqS 0.0215 st
squares vs pH. The line is calculated from the parameters obtained ™ -

by fitting the data points to the equatid@,s = k; + koaon. The
upper curve (dashed) is the ptrate profile for the hydrolysis of
UMP-3-Melm at 27°C (20).

rium binding of substrates and products with one dead-end
complex. The rate law for the mechanism is given by eq 7
in Scheme 1, where A is UMPIm, B is GIc1P, P is Im, and
Q is UDPGIc. The parenthetical term {1 [A]/K,') in the
denominator accounts for noncompetitive product inhibition
by UMPIm with respect to Im in the reverse of reaction 3.
Equation 7 reduces to eq 4, 5, or 6 under the appropriate
conditions, that is, in the absence of one or both products.

UDP-Hexose Synthase Adgty of HL66A. The calculated
value of ke, for the production of GIc1P by the wild-type
uridylyltransferase is 7807% at 27 °C and pH 8.5. The
calculated value is based on a maximum rate of/8r®l
min~t unit™? (7), a specific activity of 180 units mg of
proteint (19), and a subunit molecular weight of 40 000.
The value ok, for the production of Glc1P by the H1666G
UDP-hexose synthase is 13.2%'sso that the wild-type
enzyme is 58 times more active than H166G. The value of
keat for HL66A—UDP-hexose synthase in the same reaction
so that the wild-type enzyme is 36 000 times
more active than H166A.

The difference between H166G and H166A in UDP-
hexose synthase activity is of interest. In the original work
to determine which of the two essential histidine residues,

Figure 1, which shows that the hydrolysis is pH-independent His 164 and His 166, was the nucleophilic catalyst, the

at low to neutral pHs and increases at higher pHs. The yeision was made to prepare the point variants H164G and
profile is similar to that for the hydrolysis of UMP-3-Melm 11565 and test them for activity in reaction B.( H166G

(Figure 1), in which the increased rate at higher pHs was
attributed to hydrolytic cleavage by hydroxide ions. At lower
pHs, the reaction rate is dominated by the reaction of water
with the protonated imidazolide or, in the case of UMP-3-
Melm, with the N-methylated imidazolide. The phiate
profile for hydrolysis of the uridylyt-enzyme intermediate

is analogous to that for UMP-3-Melm but slightly displaced
to the acid side, indicating a slightly greater sensitivity of
the reaction to hydroxide ion. The profile is very different
from those for UMPIm and the other UMP methylimida-
zolides, which display acid dependence in their—gkte
profiles 0).

DISCUSSION

Kinetic Mechanism of the Action of HL66®DP-Hexose
Synthase.The ping-pong bi-bi kinetic mechanism of uridyl-
yltransferase is intrinsically ordered with respect to substrate
binding and product release. The point variant H166G

catalyzes the UDP-hexose synthase reaction, which is similar

to one step of the ping-pong mechanism, reaction 3, differing
in the fact that the uridylyl group is not covalently bonded

to the protein, and the kinetics is sequentidl (The question

of whether substrate binding would be ordered or random
in the UDP-hexose synthase activity of H166G arose in

was active, and H164G was not; therefore, His 166 was
assigned as the nucleophilic catalyst. The glycine variants
were chosen for testing instead of the alanine variants for
steric reasons. A significant difference between the Michae-
lis complex H166A-UMPIm and the wild-type UMP
enzyme intermediate is the absence of a covalent bond and
the presence of two additional hydrogen atoms in the variant,
as illustrated below.

o O
H I Il
HA’—C C/CN AH o
H — Cu, H H H, C_ Cc:u H
P = Nor 0 = H o
Urd—O—ll’— N\,/+NH Urd—O—ll’— N\?+NH
(o o
wt UMP-enzyme UMPIm-H166A
(0}
I
Cwr
/
H HHGH
P =\ N
Urd—O— F— N\//+NH
o
UMPIm-H166G

connection with the compulsory orderedness of the parent
reaction (eqs 1 and 2). These results show that the kineticThe steric requirements of two additional hydrogen atoms
mechanism can be described by Scheme 1, random equilibin the complex UMPIm-H166A relative to the wild-type
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Scheme 1
A B P Q
K Kp' Kp Ko
EA EQ
E ke E
EAB — EPQ
EB r EP
Kg Ka' Kq' \ Kp
B A Q P\ ppa
K,
A
o [Al[B] + KA'[B] + Kg[A] + KoKg' + KAII::,Z][Q] + KAQ?S'[P% + %) + —K’I‘(IZB'[Q]

uridylyl—enzyme intermediate were expected to work against about 1000-fold and increased the valuekaf by 10-fold

the expression of activity in reaction 3. The complex relative to those of UMPIm. In the reaction of the tri-
UMPIm—H166G would not include added bulk but would methylated substrate, one of the methyl groups can be
differ sterically from the wild-type complex in the absence expected to be forced into the site normally occupied by the
of theS-carbon atom of His 166. These results are consistent 3-methylene group of His 166 in the wild-type uridylyl-
with the original expectation; that is, H166G is 340 times transferase, and this seems to be the most sterically restricted
more active in producing UDPGIc and 600 times more position around the imidazole ring.

reactive in producing GlclP than is H166A, and the Mechanistic Significance of Imidazolyl Protonation in the
difference resides mainly in the values ki for these Uridylyl—Enzyme IntermediateThe reactivity of UMP-3-
variants rather than in the Michaelis constants. Melm as a substrate for the UDP-hexose synthase activity

These results allow us to estimate the effects of varying of H166G (Table 4), together with the pHiate profile for
steric bulk at the His 1668-methylene locus on the the hydrolysis of the uridylytenzyme intermediate (Figure
activation energy for production of Glc1P by the wild-type 1), indicates that the imidazole ring in the intermediate is
and variant uridylyltransferases. The complex UMPim  protonated. The propensity of the imidazole binding locus
H166G illustrated above differs from the UMRnzyme in 0 accommodate a positive charge is accented by the fact
the absence of a covalent bond andfhearbon atom. The  that, as shown in the crystal structure of the complex
58-fold difference inkes for Glc1P production corresponds H166G-UDPGIc, the cavity normally occupied by the
to an activation energy for the reaction of H166G 2.4 kcal imidazole ring of His 166 is occupied by potassium hexahy-
mol~! higher than for that for the wild-type enzyme. The drate [K"(H20)e] (26). It has been pointed out, on the basis
complex H166A-UMPIm differs from the wild-type UMP- of the structures of H1666UDPGIc and the uridylyt
enzyme in the absence of a covalent bond and the presenc&€nzyme intermediate, that the imidazole ring is likely to be
of two additional hydrogen atoms. The 36000-fold differ- Protonated6). The present chemical and kinetic evidence
ence inke:corresponds to an activation energy 6.2 kcalthol ~ SUppOrts the conclusion that the imidazole ring is protonated
higher than that for the wild-type enzyme. The steric inthe intermediate. Retention of the imidazole proton upon
requirements of two additional hydrogen atoms in H166A formation of the intermediate, as indicated in eq 8, appears
exert a dramatically greater effect on catalysis and activation t0 be an important aspect of the mechanism. The protonated
energy than the loss of th&carbon atom in H166G.

o o
Effects of Methyl Substituents at Other Imidazolyl Posi- AL Urd 'l',/\ '1', * GlelP
tions. To further examine the steric sensitivity around the HN N:\_‘/O/c(l)to’ i ~o- Gl
imidazole ring of His 166, we evaluated methylated sub- ) 166_)=/ o
strates for the UDP-hexose synthase activity of H166G E-His
kinetically. As shown in Table 4, the effects of methyl o
substituents at N3, C4, and C5 of the imidazole ring in UMP Il
5'-imidazolides were modest, with respect to b&th and HN%\:N/IT\O—Urd ®)
Km, in the forward and reverse reactions. The effects of _):/ o”
methyl substitution at C2 were larger in both directions, but E—His'6°

still not comparable to the difference between the activities
of H166G and H166A. However, the three methyl substit- intermediate exists in a chemically poised and activated state
uents in UMP-2,4,5-Mgm decreased the value &, by for the subsequent uridylyl group transfer in the second step.
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Removal of the imidazole proton, which might be expected
to promote uridylyt-enzyme intermediate formation, would
not necessarily promote the overall reaction. Retention of
the proton on the imidazole ring at pHs well above ik p
must be made possible by stabilization through binding
interactions between the uridylyl group and the active site.
The uridylyl group is engaged in close, apparently hydrogen-
bonded interactions with Ser 161 (SC), Cys 160 (SC), GlIn
168 (SC), Asn 77 (SC), Asp 78 (SC and MC), and Val 61
(MC). His 164 (MC C=0O) forms a potential H bond
interaction with the His 166 Nproton (L8, 26) which may
help stabilize the protonated form of-®IMP. Further
studies of the structural and functional aspects of point
variants at these amino acid positions may provide informa-
tion about the stabilization of the uridylyenzyme inter-
mediate.

SUPPORTING INFORMATION AVAILABLE

Six figures (Figures 27) of double-reciprocal plots of
the kinetic and product inhibition data of UDP-hexose
synthase (6 pages). Ordering information is given on any
current masthead page.
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