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ABSTRACT. Galactose-1-phosphate uridylyltransferase (GalT) catalyzes the reversible transformation of
uridine B8-diphosphate glucose (UDPGIc) and galactose-1-phosphate into uridiighbsphate galactose
(UDPGal) and glucose-1-phosphate through a double displacement mechanism, with the intermediate
formation of a covalent uridylyl-enzyme (UMP-enzyme). The covalent linkage is a phosphoramidate formed
between the UMP moiety and the His 16&6f GalT, with His 166 N! retaining a proton throughout

the catalytic cycle. Cys 160 and Ser 161Hscherichia coliGalT are engaged in hydrogen bonding with

the peripheral phosphoryl oxygen atoms of the substrate in the crystalline UMP-enzyme and in the
crystalline complex of H166G-GalT with UDPGIc [Wedekind, J. E., Frey, P. A., and Rayment, |. (1996)
Biochemistry 3511560-11569; Thoden, J. B., Ruzicka, F. J., Frey, P. A., Rayment, I., and Holden, H.
M. (1997) Biochemistry 361212-1222]. Site-directed mutagenesis, thermodynamic, transient kinetic,
and steady-state kinetic studies have been performed to investigate the roles of Cys 160 and Ser 161 in
catalysis. The absence of the thiol group of Cys 160 in the variants C160S and C160A did not seriously
alter the enzymatic activity. However, the variant S161A displayed 7000-fold less activity than wild-type
GalT. The low activity of S161A was directly related to impaired uridylylation rate constant{3.G-2

s 1) and de-uridylylation rate constant (61072 s™1) resulting from a higher kinetic barrier for uridylyl-

group transfer by the variant S161A as compared with the wild-type GalT. Equilibrium uridylylation
studies showed that neither Cys 160 nor Ser 161 was involved in stabilizing the uridylyl-enzyme
intermediate. The results lead to the conclusion that the conserved Cys 160 does not play a critical role
in catalysis. Ser 161 is most likely involved in donating a hydrogen bond tg-hieosphoryl group of

a substrate, thereby providing proper orientation for nucleophilic catalysis.

GalT* (galactose-1-phosphate uridylyltransferase, EC Scheme 1
2.7.7.12) is an enzyme of the Leloir pathway of galactose GalE
metabolism (Scheme 1)1) It catalyzes the nucleotide
exchange between uridiné@iphosphate glucose (UDPGIc) UDP-Gle UDP-Gal
and galactose-1-phosphate (Gal-1-P) to produce uridine 5 N\ Galk / > GalT i‘ POM
diphosphate galactose (UDPGal) and glucose-1-phosphaté® — —  CGakl-P ———== Glel.P ——— Gle¢-P
(Glc-1-P) by a ping-pong kinetic mechanism, in which His . . )
166 serves as the nucleophilic catalyst. means for equilibrating uridylylated sugars in the c@). (
The UDP-hexoses are needed in the synthesis of disaccha-
rides, glycoproteins, glycolipids, and cellulosg).( The
human autosomal recessive genetic disease galactosemia
results from the impairment of GalT activity, leading to high
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phosphate; PMSF, phenylmethanesulfonyl fluoride; bichbl-bis(2- GalT from Escherichia coliis a dimer of molecular mass
hydroxyethyl)glycine; HEPESN-(2-hydroxyethyl)piperaziné¥-2- 80 kDa and contains 348 amino acids per subujitafhd
ethanesulfonic acid; EDTA, ethylenediaminetetraacetic amd;S_D'S ~1.2 mol of Zr*+ and ~0.7 mol of F&*/mol of subunits.
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p-CMB, p-chloromercuribenzoic acid. for enzymatic activity §—10). The crystal structure oE.
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GalT plays a major role in galactose metabolism, in which
galactose is converted into Glc-1-P. It also provides the
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Ficure 1: Stereoviews of the active sites of UDPGal in complex with H166G-GalT complex and of uridylyl-GalT. (A) Structure of the
active site of H166G-GalT in complex with UDPGal (gray) shows the interactions of GIn 168 with phosphoryl oxygens and the interaction
of Ser 161 @ with the S-phosphoryl group. Note also that the main chain amide proton of Ser 161 is pointing towareptesphoryl

group. The vacant space left by the mutation of H166 to G166 is occupied by a hydraied kot shown). The side chain of Cys 160

is rotated away from the substrate. The distances between relevant atoms are given in the figure. (B) Structure of the active site of uridylyl-
GalT shows the UMP group’s (gray) phosphate oxygen interacting with the side chains of GIn 168 and CysSE8QL61 is rotated away

from the substrate in this structure. Note the backbone carbonyl of His 164 2.5 A away and oriented towafdofhidi®l 166. Figures

were made from coordinates deposited at the Protein Data Bank (1GUP, UBR68G-GalT; 1HXQ, uridylyl-GalT) 12, 14). Mol View

1.4.8 was used for generating the figur@s)(

coli GalT with UDP bound at the active site and the structure  In the first step of the mechanism, His 166 in the active
of the uridylyl-enzyme intermediate have provided informa- site of the E. coli enzyme attacks the-phosphorus of
tion about residues interacting closely with His 166 and the UDPGiIc, displaces Glc-1-P, and forms the high-energy,
uridine-8-phosphoryl groupX(, 12). The structure of UDP-  covalent uridylyl-enzyme (UMP-enzyme) intermediate
hexose synthase, the H166G variant of GalB)( has also (Scheme 2). The uridylyl-enzyme reacts with Gal-1-P in the
been solved with UDPGIc or UDPGal bound to the active next step to produce UDPGal. Because the imidazole ring
site (L4). of His 166 in the uridylyl-enzyme remains protonated

GIn 168, which is conserved in all known GalTs, faces throughout the catalytic cycle (Scheme 2), and the value of
the active site and is near His 166 (Figure 1). In the uridylyl- PKa for the imidazole group in uridine-phosphoimida-
enzyme structure, Gln 168 interacts closely with phosphoryl zolide, a model for the uridylyl-enzyme, is 5.6, the uridylyl-
oxygen atoms (Figure 1). One of the most common natural €nzyme must be stabilized by noncovalent binding interac-
mutations associated with human galactosemia is the sub-tions corresponding ta 4.5 kcal mot* (18). The transition-
stitution of arginine for this glutaminelp, 16). Gin 188 in state leading to uridylyl-enzyme formation and reaction must
the human enzyme corresponds to GIn 168 in GalT feem  also be significantly stabilized by neutralization of the
coli, the amino acid sequence of which is 56% identical to developing charges on phosphoryl oxygens. Because muta-
the human enzyme. We have shown thatEheoli Q168R- tion of GIn 168 to Asn 168, Gly 168, or His 168 affected
GalT is less active than the wild-type enzyme by a factor of catalysis only moderately, we searched for other residues
10°, and it displays similar impairments in its uridylylation that interact with the phosphoryl portion of the substrate and
and de-uridylylation ratesly). that might stabilize the intermediate and the transition states.
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Scheme 2
Step One - Uridylylation
o

O
— !
Gle—0O._1i ~OmP___Undine

Il o
/P—?II;P\O/Undlne

o -4 +Glc-1-P 4 0
¢ 14
/ HN His'“E
AN His'*E
Step Two - De-uridylylation
O
] -1- Gal—O._1l 1]
-omP_ _Uidine TP “P-Owb. _Uidine

0

40 -
4 0.
/ His'*~ E HE%HI,SWQE

Biochemistry, Vol. 39, No. 18, 2006399

technology Center to verify the absence of adventitious
mutations. Plasmids carrying mutated genes pTZ18ROC160A,
pTZ18ROC160S, and pTZ18ROS161A were transformed
into BL21(DE3)pLysS cells and overexpressed as described
previously @1).

Protein Purification Wild-type GalT was purified as
described previously2@). The variants C160A- and S161A-
GalT were purified by a minor modification of the same
procedure. The ammonium sulfate precipitation steps were
excluded, and the supernatant fluid from the streptomycin
sulfate precipitation was diluted to 4 mg miprotein and
applied directly to the Affi-Gel Blue affinity column.
Fractions from the Q-Sepharose column were pooled,
concentrated, and stored in liquid nitrogen. SBFSAGE
analysis indicated that mutated proteins purified under this
protocol showed only one band in an overloaded gel upon

Cys 160 and Ser 161 appeared to contribute the only otherCoomassie staining and appeared to be more than 95% pure.

groups interacting directly with the phosphoryl oxygen atoms

in the three available crystal structurdsl,(12, 14).
In the uridylyl-enzyme, the5-SH of Cys 160 lies at a

distance of 3.3 A from a nonbridging phosphoryl oxygen,

Metal Analysis All metal analyses were performed at the
University of Wisconsir-Madison Plant and Soil Analysis
Laboratory by ICP-MS. Highly purified GalT was diluted
in Nanopure water and submitted for Fe and Zn analysis.

and the other nonbridging oxygen is hydrogen bonded to Each analysis was complemented by appropriate control
Gln 168. Previous work from this laboratory showed that €xperiments. Protein concentrations were measured spectro-

GalT activity could be eliminated by treatment with cysteine-

modifying agents such gsCMB (19). Therefore, Cys 160

photometrically using the extinction coefficient (72 400M
cm™?) for GalT at 280 nm 10).

was a candidate for stabilization of the intermediate and SpPectroscopyUV—visible spectrophotometry was per-
transition states in catalysis. In the structure of H166G-GalT formed either on a Hewlett-Packard model 8452A diode array

with UDPGIc or UDPGal bound in the active site, Ser 161 SPectrophotometer or on a Shimadzu model 1601PC spec-

interacts with a nonbridging3-phosphoryl oxygen at a

trophotometer. Fluorescence spectra were obtained on a

distance of 2.6 A. Interestingly, in the structure of the Perkin-Elmer model MPF-3 spectrofluorometer. Circular

uridylyl-enzyme, Ser 161 is rotated away from the uridylyl-

dichroism spectra were obtained on an Aviv model 62ADS

group to a distance of 7.5 A from the phosphory| oxygen CD Spectrometer at the BiophySiCS Instrumentation FaClllty
atoms. Both Cys 160 and Ser 161 are highly conserved, andof the Department of Biochemistry at the University of
their role in the mechanism is of interest. We therefore Wisconsin—-Madison.

constructed variants C160S, C160A, and S161A and char-

Enzymatic AssaysGalT activity was measured by a

acterized them kinetically and thermodynamically. The Standard coupled ass&g|. Assays were carried out in 1-mL
present results and conclusions are presented in this papercuvettes in sodium bicinate buffer at pH 8.5 in the presence

MATERIALS AND METHODS
Materials Glc-1-P, Gal-1-P, UDPGIc, NAD NADP,

of 10 mM -mercaptoethanol. The formation of Glc-1-P was
coupled to NADPH formation by PGM and Glc-6-phosphate
dehydrogenase. The formation of the uridylyl-enzyme was
observed and quantified spectrophotometrically under the

glucose-6-phosphate dehydrogenase, phosphoglucomutasepnditions of the standard assay with the omission of Gal-

UDPGlIc dehydrogenasg;mercaptoethanol, PMSF, bicine,
and HEPES were from Sigma. Affi-Gel Blue was from Bio-

1-P. Under these conditions, the amount of NADPH formed
is equal to the amount of uridylyl-enzyme formed. The

Rad. Amicon membranes and Microcon Concentrators wereuridylyl-enzyme content of GalT was measured and quanti-

from Amicon. Q-Sepharose was from Pharmacia. All mo-

lecular biology supplies were from Promega and Fisher.
SiteDirected MutagenesisSite-directed mutagenesis was

fied spectrophotometrically by adding Glc-1-P to the uri-
dylyl-enzyme. The UDPGIc formed was coupled to NADH
production by UDPGIc dehydrogenase. In this reaction, 2

performed by using the Bio-Rad Mutagene site-directed mol of NADH/mol of UDPGlIc are produced.

mutagenesis kit, which is based on the method of Kunkel

Steady-state kinetic parameters for C160A- and S161A-

(20). ThegalT gene has previously been cloned into the high GalT at 27°C were measured using coupled enzyme systems

expression vector pTZ18ROT2Y). All oligonucleotide

(PGM, Glc-6-P dehydrogenase, forward direction; UDPGlc

primers were purchased from Life Technologies. The mu- dehydrogenase, reverse direction) described above. In the
tagenic primers were 22 bases long and contained the centraforward direction, the rates of formation of Glc-1-P were

coding mutations TGC—~ GCC for Cys 160— Ala 160;
TGC— TCC for Cys 160— Ser 160; and TCT> GCT for
Ser 161— Ala 161. The Cys— Ala codon change introduced
a Narl site, and the Cys—~ Ser codon change introduced a
BanHlI site. Mutant colonies were identified by restriction

measured at varying UDPGIc and Gal-1-P concentrations.
In the reverse direction, the rates of formation of UDPGIc

were measured at varying UDPGal and Glc-1-P concentra-
tions. Necessary control experiments were performed to
ensure that GalT limited the observed rates in the assay.

digestion or by DNA sequencing. The mutated genes were Measured rates were normalized for the amount of enzyme
sequenced in their entire length, by ABI Prism Ampli Taq added and were computer-fitted to the following equation

sequencing in the University of WisconstiMadison Bio-

for the ping-pong kinetic mechanism as describ2d):( v
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= VIA][B)/ {K4[B] + Kg[A] +_[A][_B] }, where A is either Table 1: Zinc and Iron Contents of GalT and Point Variants C160A
UDPGIc or UDPGal, and B is either Gal-1-P or Glc-1-P. and s161A

Steady-state kinetic studies for S161A-GalT atGlwere

. . . - Zn Fe Zn+ Fe
performed by using“C-labeled UDPGIc in a timed point (mol/moly: (mol/mol) (mol/mol)
assay as described previoushyr). _ _ C160A 128003  050+0.10  1.78t0.10

TransientState KineticsUridylylation and de-uridylylation S161A 1.18+ 0.01 0.37+0.10 1.54+ 0.10

rates for S161A-GalT at 4C were measured as described  wild type 1.2140.09 0.67£0.14 1.88+0.14
previously (7). The uridylylation rate was measured at 5.1 ~ aoles per mole of enzyme subunitsErom ref10.

mM UDPGIc, and the de-uridylylation rate was measured
at 5.1 mM Glc-1-P to facilitate comparison with values
previously obtained for wild-type GalT.

Free Energy of UridylylationEquilibrium constant mea-
surements and free energy calculations were performed a
described previously2@). Wild-type or mutated forms of
GalT were permitted to react with excess UDPGIc to
uridylylation equilibrium, quenched by heating with EDTA,
and the Glc-1-P produced was measured enzymatically.
Uridylylation follows the course of eqs-13, where E-UMP
represents the uridylyl-enzyme, with the UMP group co-

were 14.9 and 9.9 U (mg of proteirt) for C160S- and
C160A-GalT, respectively. A similar extract of cells contain-
é'ng the wild-type GalT gene in the same plasmid displayed
a specific activity of 16.3 U (mg of protein). In contrast,
the specific activity of the cell extract from the expression
of S161A-GalT was 9.3x 10# U (mg of protein)*. An
extract of cells transformed with a similar plasmid that did
not contain a wild-type or mutated GalT gene displayed a
specific activity of 8.82x 107> U (mg of protein)* under
the same conditions. These results indicated that the mutation
E + UDPGIc=E UDPGIc (1) of Ser 161 (;]aused GalT toflose most %f its cagal;gic ak‘CtiViwd
However, the presence of activity above the backgroun
E UDPGlc== E-UMP Glc-1-P (2)  activity levels indicated catalysis by the mutated enzyme at
E—UMP Glc-1-P== E—UMP + Glc-1-P 3) a very slow rate.
, . . . The S161A-GalT, purified as described in Materials and
valently bonded to His 166. In the uridylylation reactions, \jethods, displayed a specific activity of 231072 U (mg
the apparent equ!I!brlum constarks™ corresponded to €4 of protein), which is much lower than 180 U (mg of
4. Under the conditions ofthe experiments, the concentratlonsproteinrl observed for wild-type GalT. Therefore, the
of UDPGIc were saturating, so that [Ef [E UDPGIc], as  ytation Ser 162+ Ala 161 caused a 7000-fold loss in GalT
activity. In contrast, the purified variant C160A-GalT
[E-UMP] + [E-UMP Glc-1-P}[Glc-1-P] (4) displayed a specific activity of 79.5 U (mg of proteit)
{[E] + [E UDPGIc[} [UDPGIc] which is about half the activity of wild-type GalT. Because
. . C160S- and C160A-GalT both displayed similar activities
assured by the value of the dissociation constant for UDPGIC, g extracts, C160S-GalT was not purified. The activity

of 0.30+ 0.07 mM, which had been determined from the ¢ c160A-GalT should be representative of the consequences
kinetics for isotope exchange at equilibriugb). Therefore, of deleting the thiol group in the active site.

tge_S‘Kﬁ;reggﬁg;‘"g’r:ié‘sr“toc‘t’r?gtg?;lis E(;"el”la?g a5 m;ere Metal Content of C160Aand S161AGalT. Ruzicka et al,
[ Jo P urayly ZYME. showed that GalT contained tightly bound zinc and irb) (

Kapp — {

To test whether the low activity of S161A-GalT might due
E—-UMP] [Glc-1-P X . . .
app [E-UMP][Glc ] (5) to a loss of metal ions, we subjected this variant to metal
[E UDPGIc][UDPGic] analysis by ICP-MS. The results are shown in Table 1 along

with the values for C160A-GalT and wild-type GalT. Both
the variants C160A-GalT and S161A-GalT contain the full
complement of Zn and Fe, so that the low activity of S161A-
GalT cannot be attributed to any loss of metal ions.
Circular Dichroism Spectra of GalT Variant3o assess

whether there were major secondary structural differences
fmong the variant and wild-type enzymes, CD spectra were
obtained. The spectra of the variant and wild-type enzymes
appeared identical (data not shown), indicating similar or
identical secondary structures, unlike the zinc-depleted
variant H164N-GalT in a recent study, which displayed a

Chemical Modification of C160&alT with pCMB.
C160A-GalT was dialyzed against sodium bicinate buffer
at pH 8.5 to remov@-mercaptoethanol that had been added
during the purification. The dialyzed variant (18/1) was
treated with 200 or 100@M p-CMB in sodium bicinate
buffer. Aliquots were withdrawn at various time intervals,
and enzymatic activities were measured using the standar
assay. A similar positive control was set up with wild-type
enzyme. The measured activities were normalized for the
enzyme content added and then plotted as a function of time.

RESULTS major difference in its CD spectrum as compared with wild-
type GalT @7).
Preparation and Preliminary Assays of C160S8160A, SteadyState Kinetic Parameters for C160And S161A

and S161AGalT. The variants C160S and C160A of GalT GalT. Steady-state kinetic parameters for C160A-GalT and
were produced by changing the TGC codon for Cys to TCC S161A-GalT were measured at ZZ with the results shown
for Ser and GCC for Ala by use of the Kunkel method for in Table 2. Kinetic parameters for wild-type and C160A-
site-directed mutagenesig(). Similarly, the TCT codon for ~ GalT are similar within a factor of ¥, values are somewhat
Ser 161 was changed to GCT for Ala to construct the gene smaller than for the wild-type enzyme, and the valuégf
expressing S161A-GalT. The resulting mutated genes wereis similarly smaller, so that the valueskf/Kr, are similar.
overexpressed iB. coli. Specific activities of the cell extracts Somewhat similar results were found for the reaction in the



Characterization of C160A and S161A-Uridylyltransferases

Table 2: Steady-State Kinetic Parameters for Native and Variant
Uridylyltransferases at 27C

WT?2 C160A S161A
Forward Direction
Keat (571 780+ 19 265+ 19 (5.4£0.3) x 1072

KnYPPCle(mM) 0.200+ 0.016 0.082+ 0.009 0.072+ 0.007
Km®3 1P (mM) 0.303+ 0.033 0.125+ 0.016 0.223+ 0.017

Reverse Direction
Keal(S™%) 283+ 19 55+ 3 (9.64+0.4)x 1072
KnUPPGal(mM) 0.1214 0.037 0.078= 0.005 0.062+ 0.004
KmCe1-P(mM) 0.157+ 0.007 0.138+ 0.010 0.195+ 0.011

aFrom ref23.

Table 3: First-Order Rate Constants for Uridylyl Transfer by
S161A-GalT at £C

WT/
WT? S161A-GalT S161A-GalT
uridylylation 2814+18 (3.7£0.02)x 102 7.5x 10°
(UDPGIc)k (s™)
de-uridylylation 2264+ 10 (1.5£0.02)x 102 1.5x 10
(Glc-1-P)k (sY)
de-uridylylation 166+ 13 (0.5+=0.05)x 102 3.3x 10*

(Gal-1-P)k (sh)
aFrom refl7.

reverse direction, except that bolg, and ke.o/Km were
somewhat smaller than for wild-type GalT.
A striking observation in Table 2 is that the valueskgf

Biochemistry, Vol. 39, No. 18, 200%401

active sites can undergo the second step of the mechanism
rapidly. In essence, C160A behaves similarly to the wild-
type enzyme in uridylylation and de-uridylylation.

The variant S161A-GalT underwent 100% uridylylation
upon treatment with UDPGlc, but at a much slower rate than
GalT or C160A-GalT. S161A-GalT also showed the char-
acteristic biphasic time course for uridylylatiod7( 18).
Uridylyl-S161A-GalT could be isolated and treated with Glc-
1-P to release all bound uridylyl-groups as UDPGlIc, again
at a slower rate. These results indicate that all the active
sites in S161A-GalT remain functional, and that it can
undergo uridylylation and de-uridylylation.

The 7000-fold lower activity of S161A-GalT relative to
the wild-type enzyme could be correlated with slow uri-
dylylation and de-uridylylation of the mutated enzyme. We
measured uridylylation and de-uridylylation rates &CAto
compare them with the available uridylylation and de-
uridylylation rates for the wild-type enzyme, which were
available at 4°C (17). The rate constants were measured
under single turnover conditions at saturating concentrations
of UDPGiIc (uridylylation) or hexose-1-P (de-uridylylation)
in the absence of the cosubstrate &4and compared with
published values for the wild-type enzyme. These rate
constants are collected in Table 3. Comparison with the
transient kinetic uridylylation rate constant of 281! or
wild-type enzyme shows that the rate is %510° times
faster for the wild-type enzyme. The rate difference corre-
sponds to a 4.9 kcal mol higher activation energy for the

are smaller by more than 4 orders of magnitude for S161A- variant S161A-GalT than for the wild-type enzyme. The de-

GalT than for wild-type GalT in the forward direction and

uridylylation rate with Gal-1-P is 3.% 10*fold slower for

more than 3 orders of magnitude smaller in the reverse S161A-GalT, and this translates to an activation energy
direction. Ser 161 is clearly an important residue supporting difference of 5.7 kcal mot. Therefore at 4°C, both

catalysis by GalT.

uridylylation of S161A-GalT with UDPGIc and de-uridyly-

We also measured the steady-state kinetic parameters fotation of its uridylyl-form with Gal-1-P display significantly

S161A-GalT in the forward direction at 4C to compare

with the single-turnover kinetic parameters, which were

available for wild-type GalT at this temperatur&7). The
values ofK,, are essentially similar at4C (K,,\"PPGc=0.12
+ 0.01 andK,,%317P = 0.574 0.04 mM). The value ok
is (9.0+ 0.5) x 10 s1. We compared this value df4

higher kinetic barriers than the wild-type enzyme.
Equilibrium Energetics of Uridylylation for C16GAand
S161AGalT. Measurement of the equilibrium constant for
uridylyl-group transfer to His 166 allows the free energy
change associated with the uridylylation reaction to be
calculated. We have previously reported values of the

with the rate constants for uridylylation and de-uridylylation equilibrium constant for uridylylation of the wild-type
at 4 °C (Table 3, and discussed below). The uridylylation enzyme (7). We performed similar measurements on
rate is 40-fold faster than the overall rate, as expressed byC160A-GalT and S161A-GalT to investigate the effect of
keaw and the de-uridylylation rate is 5 times faster. These the mutations on the thermodynamics of uridylylation. The
results indicate that de-uridylylation may be slightly more apparent equilibrium constanki? for uridylylation of
impaired than uridylylation in the case of S161A-GalT. C160A-GalT measured in triplicate is 0.0200.008, and
However, neither step is fully rate-limiting. the corresponding standard free energy change at pH 8.5 is
Uridylylation and Deuridylylation of GalT VariantsWe +2.3 £ 0.9 kcal mof®. The equilibrium constant for
added UDPGiIc to the purified C160A-GalT and S161A-GalT uridylylation of S161A-GalT measured in triplicate is 0.022
at pH 8.5 at 27°C. C160A-GalT underwent uridylylation  + 0.002, corresponding to a standard free energy change at
rapidly, and the amount of Glc-1-P released showed that all pH 8.5 of +2.3 4 0.2 kcal mot?. The equilibrium constant
of the active sites in the enzyme were uridylylated. Extended reported for uridylylation of wild-type GalT is 0.0G5 0.002,
incubation of C160A-GalT with UDPGiIc resulted in biphasic corresponding to a standard free energy change3o2 kcal
kinetics, which was best explained on the basis of the rapid mol™* (17). These results indicate that the side chain of
uridylylation of active sites to form the uridylyl-enzyme in  neither Cys 160 nor Ser 161 provides stabilization for the
the fast phase, followed by the slow hydrolysis of the uridylyl-enzyme at equilibrium. We previously observed a
uridylyl-enzyme to UMP and free enzyme, which reacted similar behavior in the case of the GIn 168 variants and
further with UDPGiIc to release additional Glc-1-P in the slow concluded that GIn 168 was not involved in stabilizing the
phase. This phenomenon was also observed in wild-type anduridylyl-enzyme intermediatel{). In fact, the absence of
other variants of GalT1(7, 18). The uridylyl-enzyme form  the side chains of Cys 160, Ser 161, or GIn 168 increases
of C160A-GalT can be isolated, and upon reaction with Glc- the value ofK#"®, which indicates apparent stabilization of
1-P it produces UDPGlIc (data not shown). All uridylylated the uridylyl-enzyme in these variants. Examination of eqs
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1.2 the proton at Rt (18). Therefore, inasmuch as the apparent
pK, for the imidazolyl group is elevated by at least 3.3 units,
e the uridylyl-enzyme must be stabilized by noncovalent
interactions by at least 4.5 kcal mél The transition states
for uridylylation and de-uridylylation should be stabilized
for efficient catalysis. GIn 168, Cys 160, and Ser 161 seemed
to be likely candidates to provide such stabilization of the
transition states and intermediate. It had been found,
however, that GIn 168 did not stabilize the uridylyl-enzyme
intermediate and that Q168N and Q168G variants retained
significant enzymatic activity1(7). Therefore, we focused

©
®

Enzyme Specific Activity
(Normalized)
=) =]
B (]

o
o

0 attention on Cys 160 and Ser 161 and investigations of their
0 5 10 15 : : e .
i ) roles in uridylyl-enzyme stabilization and transition-state
Time (min) . .
) o ) stabilization.
Ficure 2: Chemical modification of C160A-GalT witp-CMB. The present results show that neither Cys 160 nor Ser 161

C160A enzyme was dialyzed against sodium bicinate buffer at pH tabili th idvivl int diate in t f1h
8.5 to removes-mercaptoethanol that had been added as a reductant>'@0!112€S he uridylyl-enzyme intermediate in terms or the
during the purification. Thiol-free variant enzyme (18) was free energy of uridylyl-group transfer. If the uridylyl-enzyme

treated with O (open triangles), 200 (closed circles), or 1000 had been stabilized, the standard free energy for uridylylation

(open circles)p-CMB in sodium bicinate buffer. Aliquots were  of C160A- and S161A-GalT would be less favorable than

taken at various time intervals, and the activity of the enzyme was for wild-type GalT. However, the free energies for uridyly-
measured using the standard assay. A similar positive control was ) .

set up with wild-type enzyme with 0 (closed diamonds), 200 (open Iatio_n of these two intermediates_ are more favorabl_e (less
squares), or 1000M (closed trianglesp-CMB. Measured activities ~ Positive) than in the case of wild-type GalT. A simple
were normalized 100% activity at time zero, and the residual rationale for this observation is that the loss of the respective

a(;tivities were plotted as afunct!on of time. Results show that both sijde chains makes other noncovalent interactions stronger
wild-type and C160A-GalT are inactivated pyCMB. in the uridylyl-enzyme intermediate, thereby lending an
apparent minor stabilization to the intermediate. Alterna-

3—5 indicates that stabilization may arise either from more ¢ . o
y tively, Ser 161 and Cys 160 may slightly destabilize the

favorable binding interactions between the mutated forms

of GalT and the UMP-moiety of EUMP or from stronger urid.ylyl-.enzym.e relative to the free enzyme.
binding of Glc-1-P to the mutated forms of-EIMP. Kinetic studies on C160A-GalT and S161A-GalT show

; PR, ; that S161A-, but not C160A-GalT, is significantly less active
Chemical Modification of C160&alT with pCMB. Earl ' '
! reat with p 4 t than wild-type GalT. S161A-GalT behaves similarly to wild-

results indicated a sensitivity of GalT toward reagents tha ) o L

selectively modify cysteine residue49. GalT loses its type Gall durmg.punﬁcatlon, It d|_sp|ays the same mgtal

activity when treated with the cysteine modifying reagent content, all the active sites are functional (100% uridylylation
and de-uridylylation), and the steady-state kinetic parameters

p-CMB. Because Cys 160 was found in the active site, it il id | hich 1 h
seemed that its chemical modification might cause a loss of &€ Similar to wild-type values except flg, which is much
smaller (104x wild type). Therefore the loss of activity is

enzyme activity. We carried out chemical modification of ictlv a Kinetic ph
wild-type and C160A-GalT witp-CMB, with the results ~ Strictly @ kinetic phenomenon.

shown in Figure 2. Wild-type GalT was inactivated by 0.2 Our measurement of uridylylation and de-uridylylation
or 1.0 mMp-CMB within 1 min, and the enzyme remained rates for S161A-GalT shows that both steps in the mechanism

inactive for longer than 15 min. The control experiment in &€ affected. The higher kinetic barriers for individual steps

which p-CMB was excluded showed no activity loss. If Cys result in a 7000-fold loss in overall turnover for the variant
160 were the residue whose modification inactivated GalT, €nZyme. In the crystal structure of the complex of H166G-

then similar treatment witp-CMB would not cause C160A- GalT with UDPGIc, Ser 161 is only_ 2.6 A from th?
GalT to lose activity. However, the C160A variant showed f-phosphoryl oxygens. Ser 161 may be involved in donating

activity losses similar to wild-type enzyme at 0.2 and 1.0 & hydrogen bond to A-phosphoryl oxygen in the ternary
mM p-CMB levels. These results allow us to conclude that comp_lex ano! during the t_ranS|t|_on stz_;ttes for uridylylation and
inactivation byp-CMB cannot be attributed to the chemical d€-uridylylation. The main chain amide hydrogen of Ser 161
modification of Cys 160. An alternative scenario is that IS0 forms a hydrogen bond to arphosphoryl oxygen.
chemical modification of either Cys 160 or one or more of The.rgfo're, it is likely that Ser 161 is involved in correctl_y
the other five cysteine residues can inactivate the enzyme.POSONINg thea- and f-phosphate groups, such that His
In this case, chemical modification of Cys 160 would 166 N is aligned with thea-phosphorus and poised for

inactivate the wild-type enzyme by blocking the active site; nucleophilic attack. Ch‘?mica”y’ the don_ation of a proton to
however, in C160A-GalT, no reaction occurs in the active ©/¢-1-P does not facilitate the reaction. However, the
site, and Cys 160 is not required for activity. Inactivation of donation of a hydrogen bond to tfigphosphoryl group could

C160A-GalT byp-CMB would result from chemical modi- fix it in position for optimal nucleophi_lic attack. The
fication at other sites. hydrogen bond between the Ser 161 main chain amide and

the a-phosphoryl oxygen may provide stabilization to the
DISCUSSION transition state.
Once the uridylyl-enzyme is formed, Ser 161 rotates
GalT catalyzes nucleotidyl transfer with the formation of approximately 90away from the active sitel@, 14). When
a high-energy uridylyl-enzyme intermediate. It is known that the hexose-1-phosphate acceptor binds to the uridylyl-enzyme
His 166, which is transiently nucleotidylated a?Nretains for the second step, Ser 161 probably rotates back toward
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Ficure 3: Schematic diagram interactions in a Michaelis complex
and the transition state for uridylyl-transfer by GalT. (A) UDPGIc
bound at the active site is oriented for nucleophilic attack by
hydrogen bonds between phosphoryl oxygens and Ser 161 sid
chain (3-phosphoryl), Ser 161 main chain (MC) Nk-phosphoryl),
and GIn 168 ¢-phosphoryl). (B) In the transition state Sgphos-
phoryl oxygen is properly oriented by hydrogen bonding with the
side chain of Ser 161. The side chain of GIn 168 and the main
chain NH of Ser 161 attenuates the build-up of negative charge
thereby stabilizing the transition state. The imidazole ring of His

166 ring acquires positive charge in the transition state, and the 2.

N°1 proton is held in place by an interaction with the backbone
carbonyl group of His 164.

the substrate and donates a hydrogen bond to the hexos

1-phosphate oxygen. This probably guides and orients the °-
phosphoryl group to attack the uridylyl-enzyme. On the basis

of these results, we have proposed a model for GalT catalysi
(Figure 3), in which GIn 168 and Ser 161 donate hydrogen
bonds to thex- andS-phosphoryl oxygen atoms, respectively,
in the transition state for uridylyl-group transfer.

The rotation of Ser 161 away from the active site results
in Cys 160 being rotated toward thephosphoryl group and
apparently forming a hydrogen bond2j. However, the
presence of cysteine in this position is not critical for activity,
and our results show that either Ser or Ala at this position
supports catalysis equally. The overkll; in the forward
direction for C160A is 265 ¢ at 27 °C, and this is only
3-fold slower than the wild-type enzyme. Rate constants for
uridylylation and de-uridylylation have to be faster than 265
s%, and it is unlikely that either step has been slowed
significantly as compared to wild-type values. Tgvalues
for C160A remain essentially the same as for wild-type GalT.

It has been hypothesized that having a Cys interacting with

the uridylyl-enzyme provided a weak hydrogen bond to
stabilize the uridylyl-enzyme while preventing nonproductive
hydrolysis of the uridylyl-enzyme 1@). But, the high
activities of C160S- and C160A-GalT suggest that such
hydrolysis, even if it occurs, is catalytically insignificant.
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Chemical modification studies show that Cys 160 is unlikely
to be the residue modified bg-CMB that inactivates the
wild-type enzyme. Therefore, despite being highly conserved
and showing an interaction with the uridylyl-group in the
crystal structure, Cys 160 does not make a significant
contribution to catalysis.

Our results leave a few more questions about GalT
unanswered. While we have been successful in identifying
a residue that is involved in transition-state stabilization and
substrate orientation, it is still unclear how the uridylyl-
enzyme is stabilized. Even though the protonated His 166
N° has a direct interaction with the backbone carbonyl
oxygen of His 164, it is unlikely that this alone can account
for the stabilization. We have shown in this and previous
work that three residues directly interacting with phosphoryl
oxygens do not contribute to uridylyl-enzyme stabilization.
Therefore, this stabilization must occur by interactions at the
other portions of the substrate. Asp 78, Asn 77, and Val 61
interact with the uridine portion and may play a role in
uridylyl-enzyme stabilization by hydrogen bond donation and
hydrophobic interactions.
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