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ABSTRACT: Galactose-1-phosphate uridylyltransferase catalyzes the reaction of UDP-glucose with galactose
1-phosphate to form UDP-galactose and glucose 1-phosphate during normal cellular metabolism. The
reaction proceeds through a double displacement mechanism characterized by the formation of a stable
nucleotidylated histidine intermediate. This paper describes the preparation of the uridylyl-enzyme complex
on the crystalline enzyme fromEscherichia coliand its subsequent structure determination by X-ray
crystallography. The refined structure has anR-factor of 19.6% (data between 65 and 1.86 Å resolution)
and reveals modest conformational changes at the active site compared to the inactive UMP/UDP-enzyme
complex reported previously [Wedekind, J. E., Frey, P. A., & Rayment, I. (1995)Biochemistry 34, 11049-
11061]. In particular, positions of the respective UMPR-phosphoryl groups differ by∼4 Å. Well-
defined electron density for the nucleotidylated imidazole supports the existence of a covalent bond between
Nε2 of the nucleophile and theR-phosphorus of UMP. A hydrogen bond that is conserved in both
complexes between His 166 Nδ1 and the carbonyl O of His 164 serves to properly orient the nucleophile
and electrostatically stabilize the positively charged imidazolium that results from nucleotidylation.
Hydrogen bonds from side-chain Gln 168 to the nonbridging phosphoryl oxygens of the nucleotidyl
intermediate appear crucial for the formation and reaction of the uridylyl-enzyme complex as well. The
significance of the latter interaction is underscored by the fact that the predominant cause of the metabolic
disease galactosemia is the mutation of the corresponding Gln (Gln 188 in humans) to Arg. A comparison
to other phosphohistidyl enzymes is described, as well as a revised model for the mechanism of the
uridylyltransferase.

Nucleotidyltransferases catalyze the covalent modification
of a variety of biological molecules. These reactions are
crucial for the synthesis of coenzymes, cyclic nucleotides,
polynucleotides, and nucleotide sugars. These reactions
involve substitutions at theR-phosphorus of a nucleotidyl
donor substrate and result in displacement of a phosphoryl
ester or pyrophosphate. Substrates for such reactions may
include nucleoside di- or triphosphates, as well as nucleotide
sugars, such as UDP-Glc.1

Galactose-1-phosphate uridylyltransferase (hexose-1-
phosphate uridylyltransferase EC 2.7.7.12) catalyzes the
exchange of the UMP moiety between the hexose 1-phos-
phates of Glc and Gal and their corresponding UDP-sugars
as depicted in eq 1. The enzyme is distinct among

nucleotidyl transferases that use phosphates as acceptor
groups in that it is the only one that does not utilize
nucleoside di- or triphosphates as the nucleotidyl donor
substrate. The reaction is part of the Leloir pathway of
galactose metabolism required for the normal equilibration
of UDP-hexoses among most organisms. Deficiencies in
uridylyltransferase activity culminate in the metabolic disease
galactosemia, which occurs as an autosomal recessive trait
(Kalckar, 1960; Levy & Hammersen, 1978).
Kinetic and chemical properties of the uridylyltransferase

reaction have been characterized most extensively for the
enzyme fromEscherichia coli. The reaction exhibits ping-
pong kinetics (Wong & Frey, 1974a,b) and proceeds with
retention of configuration about theR-phosphorusVia two
inversion steps (Sheu et al., 1979; Arabshahi et al., 1986).
Kinetic and chemical properties for this enzyme have been
confirmed in part for the yeast and human enzymes as well
(Wu et al., 1974; Markus et al., 1977; Segawa & Fukasawa,
1979). The double displacement reaction scheme is depicted
in eqs 2 and 3. In the course of the reaction, a nucleophilic
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Gal-1-P+ UDP-glucosea UDP-galactose+ Glc-1-P
(1)

UDP-Glc+ E-Hisa Glc-1-P+ E-His-UMP (2)
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histidine is uridylylated, forming a stable covalent uridylyl-
enzyme adduct (Wong & Frey, 1974a; Wong et al., 1977).
The modification was reported to occur at position Nδ1 of
the imidazole ring (Yang & Frey, 1979). This histidine has
been identified as residue 166 in the enzyme fromE. coli
(Field et al., 1989; Kim et al., 1990). Although the pH
optimum for the uridylyltransferase reaction occurs between
pH 8.4 and pH 8.9 for theE. coli, yeast, and calf liver
enzymes (Maxwell et al., 1962; Segawa & Fukasawa, 1979),
the uridylyltranferase from yeast retains approximately 53%
of maximal activity at pH 7.1 (Fukasawa et al., 1982).
The structures of several proteins that contain phospho-

histidyl modifications have been reported recently. Such
structures represent either genuine enzymatic reaction inter-
mediates or the phosphorylated state of specific phospho-
carrier proteins. Wolodko et al. (1994) described the first
such intermediate for succinyl-CoA synthetase. Similarly,
the phosphohistidyl intermediate of NDP kinase has been
characterized by both X-ray crystallographic and NMR
techniques (Lecroisey et al., 1995; More´ra et al., 1995).
Phosphorylated histidines have been examined by NMR for
protein IIIGlc and HPr of the phosphoenolpyruvate-glycose
phosphotransferase system as well (Pelton et al., 1992; van
Nuland et al., 1995). However, there has been (to our
knowledge) no structural report of a phosphoramidate
nucleotidyl-enzyme intermediate.
Here we present the crystal structure of the uridylyl-

enzyme intermediate of galactose-1-phosphate uridylyltrans-
ferase at a resolution of 1.86 Å. This study was undertaken
to provide a structural framework for understanding the
existing structural and mechanistic studies of this enzyme.
In particular, we wished to identify the groups involved in
the formation and stabilization of the covalent intermediate,
as well as the localized structural changes involved in
intermediate formation, since a significant conformational
change in the position of the UMPR-phosphorus was
anticipated (Wedekind et al., 1995). It was observed in the
present study that the phosphoramidate forms between the
R-phosphorus of UMP and Nε2 of His 166 which requires
reevaluation of the earlier chemical studies that reported
modification at position Nδ1 (Yang & Frey, 1979). The
structure also provides a molecular explanation for the
predominant form of human galactosemia that arises from
mutation of a residue that forms a significant number of
hydrogen bond interactions to the nucleotidylated histidine.
In addition, a comparison to other phosphohistidyl-containing
enzymes illustrates common features that contribute to
phosphoramidate stability. The structure forms the basis for
a revised model for the reaction and presents new questions
regarding the binding site for the hexose 1-phosphate.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization. Galactose-1-
phosphate uridylyltransferase was purified and crystallized
as described previously (Wedekind et al., 1994). Crystals
were grown by vapor diffusion from∼14% (w/v) PEG
10000, 0.40 M Li2SO4, 0.25 M NaCl, and 0.10 M sodium
succinate at pH 6. Phenyl-UDP (0.004 M) was substituted
with 0.005 M sodium UMP (Sigma Chemical Co., St. Louis,
MO). â-Mercaptoethanol (BME) (1 mM) was present during

the subsequent manipulation of the crystals, rather than the
10 mM incorporated in the original crystallization.

Formation of the Uridylyl-Enzyme and Cryoprotection.
Single crystals approximately 0.2× 0.3 × 1.0 mm were
transferred into 0.3 mL volumes of a synthetic mother liquor
devoid of Li2SO4. Sulfate was removed from the crystals
in order to avoid competition for the UDP-hexose binding
site on the enzyme. The initial synthetic mother liquor was
composed of 18% (w/v) PEG 10000, 0.80 M NaCl, and 0.10
M sodium succinate at pH 6.0. Crystals were incubated in
this solution for 45 min at 4°C and subsequently transferred
to a fresh “reaction” solution containing 0.005 M NaUDP-
Glc (approximately 25-fold greater thanKm; Wong & Frey,
1974a). An increase in the concentration of PEG in the
absence of substrate was necessary to prevent severe cracking
of the crystals in the ensuing reaction steps. Even so, crystals
developed minor cracks upon initial introduction of substrate,
although these promptly reannealed.

At 30 min intervals, crystals were transferred to fresh
reaction solutions buffered at successively higher pH values.
Under such conditions the enzyme is more active whereas
the rate of acid-catalyzed hydrolysis of the intermediate is
reduced. First, the pH was increased to 6.4 by substitution
of sodium succinate with NaMES; the pH was raised
subsequently to 7.1 by substitution with NaHEPES. At-
tempts to increase the crystal pH beyond 7.9 were unsuc-
cessful as judged by the quality of the resulting X-ray
diffraction data and electron density maps. Prolonged
exposure to elevated pHg7 causes crystals to dissolve. Prior
to the introduction of cryoprotectant, crystals were transferred
to a reaction solution of 22% (w/v) PEG 10000, 0.95 M
NaCl, and 0.005 M UDP-glucose buffered by 0.10 M
HEPES; crystals were incubated for 2 h. At 6 min intervals,
crystals were transferred to the latter synthetic mother liquor
containing successively higher amounts of ethylene glycol
(5.3%, 10.7%, and 16%). Crystals were captured on thin
nylon loops (approximately 0.8 mm in diameter) and flash
cooled in a stream of nitrogen gas to approximately-160
°C (Teng, 1990; Rodgers, 1994).

X-ray Data Collection and Processing. X-ray intensities
were recorded on a Siemens Hi-STAR dual detector system
at crystal-to-detector distances of 15.0 and 24.2 cm using
the 1024 and 512 pixel formats, respectively. X-rays were
generated by a Rigaku RU200 rotating anode operated at
50 kV by 50 mA equipped with Supper double-focusing
mirrors. Crystals of the uridylyltransferase belong to space
groupP21212 (Wedekind et al., 1994). Upon cooling, the
unit cell volume decreased by approximately 4%. The
resulting lattice parameters werea ) 57.2 Å,b ) 215.4 Å,
and c ) 68.9 Å. An initial low-resolution data set was
collected to 2.4 Å resolution in order to verify uridylylation,
followed by subsequent data collection from a second crystal
to 1.86 Å resolution. The data frames from the two crystals
were processed with the SAINT data reduction software and
scaled with the program XSCALIBRE (G. Wesenberg and
I. Rayment, unpublished results). TheRmerge for 206 202
observations between 65 and 1.86 Å resolution was 6.4%.
This reduced to 70 581 independent reflections, providing a

Gal-1-P+ E-His-UMPa UDP-Gal+ E-His (3)
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data set that is 90% complete in the highest resolution shell.
Data collection statistics are shown in Table 1.
Structure Determination and Refinement. The starting

model for refinement was based upon the atomic coordinates
of the UMP/UDP enzyme structure reported at 1.8 Å
resolution [Wedekind et al., 1995; see PDB entry 1HXP
(Bernstein et al., 1977)]. Solvent molecules and the uridine
nucleotides were removed from the dimeric model prior to
the initiation of refinement. In addition, the following
residues were excluded: His 27 through Ala 36 (subunit I)
and His 27 through Ala 29 (subunit II). The initialR-factor
calculated for all data between 65 and 2.4 Å resolution was
36.7%. The model was refined against data between 65 and
2.0 Å resolution with the program TNT (Tronrud et al., 1987)
to anR-factor of 25.7%. Subsequent manual rebuilding and
adjustments to the model were made with the program
FRODO (Jones, 1985). Electron density maps with coef-
ficients (2Fo - Fc) and (Fo - Fc) were displayed on an Evans
and Sutherland PS390 interactive graphics system. Solvent
atoms were initially assigned by use of the programs
PEAKMAX, WATPEAK, and DISTANG in the CCP4
program suite (CCP4, 1994). Atoms were assigned as
solvent, provided they appearede4.0 Å from a suitable
hydrogen bond partner and provided a signalg2.0σ in (Fo
- Fc) electron density maps. After further refinement with
all of the data to 1.86 Å resolution the uridylylated histidine
was modeled. Target geometries for the intermediate model
were derived from the structures of 1-(carboxymethyl)-2-
imino-3-phosphonoimidazolidine (Phillips et al., 1979) and
Na2UMP (Seshadri et al., 1980).

RESULTS AND DISCUSSION

Refined Model. The present dimeric model is composed
of residues 2 through 35 and 45 through 348 of subunit I
and residues 2 through 30 and 44 through 346 of subunit II.
The model includes 730 solvent molecules that all have
B-factors<99 Å2. Uridylylated His 166 has been modeled
with full occupancy in both subunits. The present crystal-
lographicR-factor is 19.6% for all measured data between
65 and 1.86 Å resolution. The rms deviation from the target
geometry is 0.013 Å for bond lengths, 2.1° for bond angles,
16.2° for torsional angles, 0.003 Å for trigonal planes, and
0.005 Å for groups of atoms expected to be coplanar. A
Ramachandran plot of all main-chain non-glycinyl dihedral
angles is provided in Figure 1.
Polypeptide Fold. Galactose-1-phosphate uridylyltrans-

ferase fromE. coli is a dimer of chemically identical subunits.
Each subunit is composed of 348 amino acids and includes
two tightly associated metal ions, identified as iron and zinc
(Ruzicka et al., 1995). The dimeric structure of the UMP/

UDP uridylyltransferase complex fromE. coli has been
described previously to 1.8 Å resolution (Wedekind et al.,
1995). Each subunit folds as a singleâ6Râ2R2â3Râ2RâR
domain. Due to the modification of Cys 160 by a BME in
the UMP/UDP complex, the original structure is that of an
inactive enzyme. Inhibition by BME blocks access to the
active site nucleophile, resulting in nonproductive binding
and partial disorder of the nucleotide at itsR- andâ-phos-
phates. There is no modification of Cys 160 in the present
structure. Thus, even though the uridylyl intermediate
structure closely resembles the starting model, the model
reported here represents a genuine intermediate of the
nucleotidyltransferase reaction in which theR-phosphorus
of UMP forms a covalent bond to His 166. The average
error in the model is estimated to be between 0.15 and 0.175
Å, based upon a Luzzati analysis (Luzzati, 1952) shown in
Figure 2. A representative section of electron density is
shown in Figure 3.
The rms deviation for the superposition of all atoms from

the respective dyad-related subunits of the refined uridylyl-

Table 1: Intensity Statistics for the Native Data X-ray Data Set

shell (Å)

total 65-3.38 -2.68 -2.34 -2.13 -1.98 -1.86

exptl observations 206202 64170 47934 32187 22351 20475 19085
singlet measurements 15045 389 252 1806 3655 4289 4654
independent reflections 70581 12490 12136 12004 11667 11300 10989
completeness (%) 97 99 99 99 99 96 90
intensity (av) 4268 10000 3005 1338 1017 837 599
σ (av) 141 181 144 106 105 118 122
R-factor (%)a 6.25 5.6 7.0 8.7 9.4 12.1 16.5

a R-factor) ∑|Ij - Ih|/∑|Ij| × 100.

FIGURE 1: Ramachandran plot of the main-chain non-glycinyl
dihedral angles for the dimeric enzyme model. Fully allowedφ, ψ
values are shown by solid enclosures. Partially allowed regions are
enclosed by broken lines. Outliers such as Asp 68 (subunit I), Ala
320 (subunits I and II), and Lys 194 can be attributed to hydrogen
bonding [as seen in the previous structure by Wedekind et al.
(1995)]. Tyr 276 (subunit I) and Val 314 (subunit II) were not
outliers in the previous structure. The hydroxyl group of Tyr 276
forms hydrogen bonds to Oε of Glu 152 (strandâ7) and an ordered
solvent molecule in both subunits. Its dihedral angles reside in the
unallowed (φ ) 171°,ψ ) 169°) and partially allowed (φ ) -179°,
ψ ) 177°) regions. As a result of UMP binding (strandsâ3, â6,
â7, andâ8), changes in the local solvent distribution may explain
the unfavorable dihedral angle changes compared to the previous
structure. Val 314 is an outlier in subunit II, due to the absence of
an intermolecular hydrogen bond contact observed in subunit I. In
the latter subunit, the amide of Gly 315 interacts with Oδ of Asn
153 to provide stability to this surface loop. This region has been
made asymmetric by crystal contacts.
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enzyme model is 0.27 Å. Superpositions were calculated
with the program LSQKAB implemented in the CCP4
program package (Kabsch, 1976; CCP4, 1994). The rms
deviation between the UMP/UDP complex and the uridylyl
intermediate for all equivalent pairs of protein atoms is 0.74
Å, excluding residues 30 through 35 of subunit I. The latter
region is located on the protein surface and appears to adopt
a conformation different from that reported previously
(Wedekind et al., 1995). Changes are due possibly to the
introduction of cryoprotectant or elevation of the crystal pH
from 5.9 to 7.1, which was necessary to prepare the uridylyl
intermediate within the crystal lattice.
Temperature Factors. The average temperature factor for

all atoms of the model is 21.6 Å2. The average temperature
factors for all atoms of subunits I and II are 19.0 and 19.9
Å2, respectively. The average solvent temperature factor is
36.6 Å2. Plots of the subunit I mean main-chain temperature
factors for the uridylyl-enzyme (-160 °C) and UMP/UDP
enzyme complexes (4°C) (Wedekind et al., 1995) are shown
in Figure 4, where the mean temperature factor for subunit
I in the UMP/UDP complex was 23.3 Å2. This plot indicates

that corresponding temperature factors follow similar trends,
although the solvent-exposed loop containing Cys 160
(residues 156 through 163) has significantly lowerB-factors
in the uridylyl-enzyme complex (Figure 4). This result is
best explained by the direct interaction of the Cys 160 thiol
with O1 of the UMP phosphoryl group. An explanation for
the reduction of temperature factors in the C-terminus of the
protein is less obvious.
Uridylylated His 166. Figure 5 shows representative (Fo

- Fc) electron density calculated from the final refined
phases in which the uridylylated histidine was excluded from
the model beginning at the CR of residue 166. It is apparent
that Nε2 is uridylylated rather than position Nδ1 that was
deduced from earlier chemical studies (Wong et al., 1977;
Yang & Frey, 1979). This is a well-defined part of the
electron density where the averageB-factor for the UMP
moiety is 19.8 Å, which is comparable to the average main-
chainB-factors reported for each subunit. The imidazole
orientation is in agreement with the previous model of the
enzyme reported to 1.8 Å resolution (Wedekind et al., 1995).
Small rotations about theø1 side-chain dihedral angle have
unfavorable steric consequences in the presence and absence
of covalently bound UMP. Similarly, it is impossible to
rotate the imidazole ring by a 180° rotation aboutø2 since
this places Cδ2 unfavorably close to the His 164 carbonyl
oxygen. Such a rotation also precludes access to the
R-phosphorus by either imidazolium nitrogen. In both the
present and previous uridylyltransferase structures, Nδ1 is
likely to be protonated, since the non-hydrogen distance
between Nδ1 and the carbonyl oxygen of His 164 is
approximately 2.5 Å. This observation has important
implications for both the nucleophile orientation and the
electrostatic state of the imidazolium leaving group during
the course of the double-displacement reaction.
Previous studies of the uridylyl-enzyme intermediate

concluded that the phosphoramidate linkage occurs between
Nδ1 of the imidazole and theR-phosphorus of UMP (Wong
et al., 1977; Yang & Frey, 1979). This report was based on
a procedure designed to isolate the nucleotidylated amino
acid, followed by chemical degradation of the furanose and
subsequent chromatographic characterization of the remain-
ing phosphohistidyl adduct (Yang & Frey, 1979). Since the
peptide bonds of the uridylyl-enzyme were hydrolyzed by

FIGURE 2: Plot of the crystallographicR-factor for the uridylyl-
enzyme intermediate as a function of resolution (expressed as sin2

θ/λ2). Theoretical variations of theR-factor,∆r, for coordinate errors
0.15, 0.175, and 0.20 Å are indicated by the broken curves labeled
a, b, and c, respectively.

FIGURE 3: Stereoview of representative (2Fo - Fc ) electron density for theâ-sheet that underlies the active site of the Gal-1-P
uridylyltransferase uridylyl-enzyme complex calculated with the final refined phases. The electron density is contoured at 1σ.
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use of 3 M sodium hydroxide at 110°C, it appears likely
that the phosphohistidine underwent extensive transphos-
phorylation to produce the favored Nδ1-phosphohistidine
product. Rapid conversion of UMP-4-MeIm into a mixture
of UMP-4-MeIm and UMP-5-MeIm occurs under mild
conditions at ambient temperatures where the UMP-5-MeIm
product is thermodynamically favored 3 to 1 over UMP-4-
MeIm (Ruzicka & Frey, 1993). This may account for the
predominant amount of Nδ1-phosphohistidine over Nε2-
phosphohistidine reported (Yang & Frey, 1979). It should
be noted that uridylylation of Nε2 is fully consistent with
the stereochemical course of the reaction (Sheu et al., 1979;
Arabshahi et al., 1986), whose determination was indepen-
dent of the assignment of a particular nitrogen as the
participant in phosphoramidate formation.
Nucleotide Binding. A portion of the active site obtained

from a superposition of the UMP/UDP structure upon that
of the uridylyl-enzyme complex is shown in Figure 6a. The
superposition was prepared by a least-squares fit of the
corresponding subunit CR atoms, excluding residues 159

through 164. The resulting rms deviation was 0.34 Å for
the protein atoms and a range of 0.63-7.0 Å for atoms of
the nucleotide. It is apparent from Figure 6a that there are
only subtle changes in the position of the uracil ring, whereas
the ribose and phosphate positions have been altered
significantly. Figure 6b shows a schematic representation
of the interactions between the enzyme and nucleotide
observed in the UMP/UDP enzyme complex compared to
those of the uridylyl-enzyme structure. Interestingly, the
hydrogen bond interactions to the respective nucleosides are
maintained well despite the 4 Å migration of theR-phos-
phorus toward the nucleophile. The adjustments between
the nucleotide and enzyme that contribute to the preservation
of specific interactions between the uridylyltransferase
structures suggest these changes might occur when proceed-
ing from a precatalytic to a reaction intermediate state.

The Cys 160 Loop and the Phosphoryl Group. The
nonbridging oxygens of theR-phosphoryl group, O1 and O2,
make close contacts to the side chains of Cys 160 and Gln
168, as well as two ordered solvent molecules in the uridylyl-
enzyme complex (Figure 6b). These interactions were not
present in the previous inactive structure (Wedekind et al.,
1995) due to the obstruction of the active site by BME-
modified Cys 160 (Figure 6a). In the present structure, Cys
160 is unmodified, and O1 and O2 are deprotonated since
uridylylation of His 166 occurred at pH 7. Consequently,
the loop containing Cys 160 (residues 159-165) has moved
0.45-0.65 Å as measured by changes in the positions of its
R-carbons (Sγ of Cys 160 has moved∼2.4 Å) relative to
its location in the UMP/UDP enzyme complex. This
suggests that a significant, though modest, conformational
adjustment may be necessary to properly bind the nucleotide.
Loop movement originates about theφ dihedral angle of Gly
159 (Figure 6a), which is a strictly conserved residue (Table
2). Flexibility of the backbone appears to terminate at His
164 due to coordination of the latter residue to a “structural”
Zn2+ ion (Figure 6a). This ligation assures that the nucleo-
phile His 166 will be positioned productively for catalysis.

A significant aspect of the Cys 160 loop movement
appears to be the formation of hydrogen bonds to O1, O2,
and O5′ of the nucleotide phosphoryl group. The thiol of

FIGURE 4: Plot of the meanmain-chainatomic temperature factor
Versusamino acid residue for subunit I of the uridylyl-enzyme
complex (solid dark lines) and the UMP/UDP enzyme complex
(broken lines). Temperature factors are shown for residues 2 through
35 and residues 45 through 348 of the uridylyl-enzyme intermediate
and residues 2 through 35 and residues 44 through 348 of the UMP/
UDP enzyme complex (PDB entry 1HXP). X-ray data were
collected at-160° and 4°C, respectively.

FIGURE 5: Stereoview of representative (Fo - Fc) electron density for uridylylated His 166 of subunit I, calculated with the final refined
phases. The UMP moiety and the imidazolium side chain were removed from the model (beginning at CR) prior to refinement. The electron
density map, contoured at 3σ, indicates the phosphoramidate bond is in the imidazolium plane. Additional residues of the enzyme are
shown to indicate important elements of nucleotide recognition; this includes the side chains of Asn 77, Asp 78, Phe 79, and Gln 168.
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Cys 160 is positioned approximately 3.3 Å from O1 of the
R-phosphoryl group (Figure 6b). Although this distance is
slightly shorter than the normal range of thiol-oxygen
hydrogen bond distances of 3.5( 0.1 Å (Ippolito et al.,
1990), this interaction is not anticipated to be a major
thermodynamic contributor to the coordination of the phos-
phate. In addition, a single ordered solvent molecule
mediates an interaction between O2 of the phosphoryl group
and the backbone amide of Asn 153 (of the Cys 160 loop)

as well as the carbonyl O of His 166 (strandâ8); Figure 6b
depicts these interactions. A second ordered solvent is shared
between O1 and O2, although this water is displaced most
likely in the presence of the hexose-1-P. Collectively, the
latter interactions provide evidence for at least two hydrogen
bonds to theR-phosphoryl. Perhaps the most significant
side-chain interaction to the phosphoryl group is that
observed to Gln 168. The NH2moiety may form a bifurcated
interaction with O2 and O5′ of the nucleotide (Figure 6).

FIGURE 6: The nucleotide binding site of the uridylyl-enzyme complex (subunit II). The orientation is similar to that in Figure 5. (a) Stereo
diagram illustrating the active site topology. Antiparallel strandsâ3, â6, â7, andâ8 contribute to the formation of the nucleotide binding
cleft. Red lines indicate the superimposed coordinates of the Cys 160 loop from the UMP/UDP complex (PDB entry 1HXP) upon the
uridylyl-enzyme complex. The uridylyl-enzyme complex and Cys 160 loop are shown as ball-and-stick representations, where carbon,
nitrogen, oxygen, phosphorus, and sulfur are depicted in black, blue, red, magenta, and yellow, respectively. Small spheres (light) represent
ordered solvent molecules; a single large sphere indicates zinc. (b). Schematic diagram showing the superposition of UDP from the UMP/
UDP enzyme complex upon UMP of the uridylyl-enzyme complex in the same color scheme as in (a). Non-hydrogen atom distances are
indicated by dashed lines. Values shown indicate the average from both subunits. Parenthetical values are for the UMP/UDP enzyme.
Residues identified in red boxes indicate interactions not present in the uridylyl-enzyme complex. Generated by use of MOLSCRIPT
(Kraulis, 1991).
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This may allow the second amide hydrogen to participate in
interactions to theâ-phosphoryl group as it enters or exits
the active site as UDP-hexose or hexose-1-P. Gln 168 is
conserved strictly in all known sequences of the uridylyl-
transferase (Table 2). In the human enzyme, the mutation
of Gln 168 to Arg (E. coli numbering system) renders the
enzyme completely inactive (Fridovich-Keil & Jinks-Rob-
ertson, 1993). This latter mutation is the predominant cause
of galactosemia among the Caucasian population (Reichardt
et al., 1991; Leslie et al., 1992; Elsas et al., 1994).
Ribose Pucker. The change in theR-phosphorus position

observed in the uridylyl intermediate relative to the UMP/
UDP complex is due mostly to a rotation about the exocyclic
C4′-C5′ bond. However, changes in the ribose ring pucker
also play a role in the movement of theR-phosphorus toward
the nucleophile, while maintaining the specific hydrogen
bond interactions between the uracil base and NH 61, NH
78, and Oδ of Asp 78 (Figure 6b) as reported for the UMP/
UDP enzyme complex (Wedekind et al., 1995). This
conformational change in the ring pucker may be described
in terms of the furanose phase angle,P (Altona & Sundral-
ingham, 1972). The furanose phase angles for the riboses
of the UMP/UDP enzyme complex are 164° and 183°,
respectively. These values are typical of “S-conformation”
nucleotides that exhibit a C2′-endo pucker (Saenger, 1984).
In contrast, theP values for the uridylyl-enzyme complex
are 128° and 121° (subunits I and II), which are consistent
with a C1′-exo pucker. Figure 6b shows a superposition of
the respective nucleotides, whereas Figure 6a emphasizes
the influence this pucker change has made upon the environ-
ment of the ribose hydroxyl groups and theR-phosphoryl
group. The ribose appears to act as a hinge that enables
conformational adjustments to be made in the hexose
diphosphate portion of the substrate, while keeping the uracil
immobilized. Thus it is possible that the nucleotide binding
mode observed for the inhibited UMP/UDP enzyme repre-
sents a normal though nonproductive substrate binding state
prior to the first chemical displacement step. Since there is
little energetic difference between C2′- endo and C1′-exo
puckers, it appears that subtle alterations in the Cys 160 loop
are essential for productive binding of theR-phosphoryl
group whereas the uracil binding pocket is comparatively
unchanged (Figure 6a).
Comparison to Other Phosphohistidines.Phosphorylated

histidine residues have been observed previously in nucleo-
side diphosphate kinase (NDP) and succinyl-CoA synthetase

(SCS) (Wolodko et al., 1994; More´ra et al., 1995). In both
cases these structures represent genuine reaction intermedi-
ates since the modified residue functions as an enzymatic
nucleophile. Despite the absence of a nucleoside or analog
thereof for these intermediates, it is useful to compare their
structures to the uridylyl-enzyme in an effort to understand
the structural attributes that contribute to phosphohistidine
stability. Schematic drawings of the protein interactions to
the phosphohistidines of these structures are shown in Figure
7. In the uridylyltransferase, the residues that coordinate
the phosphoramidate are Cys 160 and Gln 168 (Figure 7a).
Both NDP kinase and SCS utilize side chains as hydrogen
bond donors to stabilize their intermediates as well. Hy-
droxyl groups from Tyr 56 of NDP kinase (Figure 7b) and
SerR153 and ThrR155 of SCS (Figure 7c) serve in this
role. Both the uridylyltransferase and NDP kinase utilize
water molecules to mediate interactions between the phos-
phoryl oxygens and the protein backbone in addition to direct
backbone contacts (Figure 7a,b). Conformational changes

Table 2: Gal-1-P Uridylyltransferase Active Site Consensus
Sequence

organisma amino acid

E. coli 158M G C S N P H P H G Q168

H. influenzae 159M G C S N P H P H G Q169

H. sapiens 178M G C S N P H P H c Q188

M. musculus 159M G C S N P H P H c Q169

S. cereVisiae 174M G C S N l H P H G Q184

S. liVidans 159i G v t l g H P H G Q169

S. typhimurium 156M G C S N P H P H G Q166

consensus M G C S N P H P H G Q
a References: Lemaire & Mueller-Hill (1986) and Cornwell et al.

(1987),Escherichia coli; Maskell et al. (1992),Haemophilus influenzae;
Reichardt & Berg (1988) and Flach et al. (1990),Homo sapiens; Leslie
et al. (1992),Mus musculus; Citron & Donelson (1984),Saccharomyces
cereVisiae; Adams et al. (1988),Streptomyces liVidans; Houng et al.
(1990),Salmonella typhimurium.

FIGURE 7: Schematic comparison of the uridylyl intermediate to
other phosphohistidine enzymes. Dashed lines indicate potential
hydrogen bond contacts. Residues were positioned for the sake of
clarity rather than tertiary structure interpretation. Panels: (a) the
uridylyl-enzyme; (b) NDP kinase fromDictyostelium(Moréra et
al., 1995); (c) SCS fromE. coli (Wolodko et al., 1994).
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that may exclude the bound solvent have been invoked for
the second half-reaction (More´ra et al., 1995) of NDP kinase
in which a nucleoside diphosphate is phosphorylated. There-
fore, in NDP kinase the interactions with water serve only
to stabilize the intermediate. No such significant reorienta-
tion of the uridylylated histidine appears necessary for the
uridylyltransferase. In contrast to the uridylyltransferase and
NDP kinase, two of the phosphoryl oxygens of the SCS
intermediate project toward the amino-terminal ends of two
adjacent helices (Figure 7c). The favorable positive dipole
of theseR-helices, as well as direct hydrogen bonds to the
amides from GlyR154, Alaâ266, and Glyâ267, has been
proposed to contribute to the stability of the intermediate as
well as theR-â dimer fold (Wolodko et al., 1994).

A significant difference between the phosphoryl-binding
requirements for the uridylyl-enzyme on one hand and
phosphoryl-enzymes on the other appears to be the use of
more positive electrostatic binding of phosphoryl groups. Arg
92 interacts through a water molecule with the PO3

2- of
phospho-NDP kinase, and two positive helix dipoles interact
with the PO32- of phospho-SCS. The apparent greater
electrostatic stabilization in the phosphoenzymes may be
correlated with the fact that UDP-Glc is a higher energy
uridylyl phosphotransfer agent (∆G′° ) -10.3 kcal mol-1

(Frey & Arabshahi, 1995)) than ATP is as a phosphotransfer
agent (∆G′° ) -7.8 kcal mol-1).2 Less stabilization may
be required to secure the UMP group from UDP-Glc than
to stabilize theγ-phosphate from ATP on a histidine.3 In
contrast to the present structure, most kinases and ATPases
include a metal ion and a lysine that serve to stabilize and
orient the phosphoryl group that undergoes transfer (Her-
schlag & Jencks, 1990; Zheng et al., 1993; Smith &
Rayment, 1996). For the uridylyltransferase, positional
stability of reactive atoms is achieved though the presence
of the phosphoryl monoester linkage to UMP, whereas a
minimal electrostatic stabilization is provided by the side
chains of Cys 160 and Gln 168.

The phosphohistidine of each structure described in Figure
7 appears to maintain a positively charged imidazole. In
NDP kinase and SCS this observation is supported by the
close proximity of the unphosphorylated imidazole nitrogen
to the carboxylate oxygen of a nearby Glu (Figure 7b,c). In
the uridylyltransferase Nδ2 is close to the carbonyl oxygen
of His 164 (Figures 6b and 7a); the average C166-Nδ2-
O164 angle is 125°. This falls within the range (119° (
21°) tabulated by Ippolito et al. (1990) for imidazolium
hydrogen bond donor/acceptor interactions in protein struc-
tures. The average Nδ2 166-O 164 distance is 2.5 Å with
an estimated coordinate error of 0.15-0.175 Å (Figure 2).
This interaction between Nδ2 166 and O 164 may be
important in maintaining the orientation of the histidine in
the active site.

The need to maintain a positively charged imidazolium
group reflects the superior leaving group ability of the
charged versus uncharged state. This is supported by model
studies for the pH-dependent hydrolysis of UMPIm (Ruzicka

& Frey, 1993). Rate constants from this study indicate that
hydrolysis of zwitterionic UMPIm occurs 1500 times faster
than for the corresponding monoanion. These studies reveal
a large negativeâleaving group, indicative of a reaction rate
dependent on leaving group (LG) stability with significant
bond cleavage to the LG during the transition state (Ruzicka
& Frey, 1993). The short hydrogen bond between Nδ2 166
and O 164 may serve as a means of temporarily eliminating
charge on the modified imidazole and thus stabilize the
intermediate uridylylhistidine until the initiation of the next
partial reaction.
PerspectiVes on Catalysis. Figure 8 shows a schematic

representation of the first displacement reaction. The uridyl-
yl-enzyme complex represents the intermediate product of
this reaction (Figure 7a). Upon binding the UDP-hexose
substrate, His 166 attacks theR-phosphorus as shown in
Figure 8a. On the basis of the present structure (Figure 6a)
the hexose-1-P moiety must leave (and attack) opposite to
Nε2, according to the known stereochemistry of each
displacement reaction (eqs 2 and 3); the overall reaction
proceeds with net retention of configuration about the
R-phosphorus (Sheu et al., 1979; Arabshahi et al., 1986).
Given this knowledge it may be speculated that the amide
NH2 group of Gln 168 interacts with the oxygens of both
the R- andâ-phosphoryl groups as depicted in Figure 8a.
This seems reasonable given the position of this residue on
sheetâ8 (Figure 6a) and the importance of this residue as
established by mutagenesis (Fridovich-Keil & Jinks-Rob-
ertson, 1993). Since the hexose-1-P leaving group has a pKa

of ∼7, there is no thermodynamic advantage in protonation
of this position during the bond-breaking step of catalysis
(Jencks, 1972). Instead, Gln 168 may serve to attenuate
charge buildup at theâ-phosphate position, which is con-
sistent with its role as a simple hydrogen bond donor.
The role of Cys 160 is unclear even though it appears to

interact with a nonbridging oxygen. A residue equivalent
to Cys 160 exists in every uridylyltransferase sequence (Table
2) with the exception of that fromStreptomyces liVidans,
which is reported to be a valine; however, this might be a
sequence error.4 If this is true, then conservation of this
cysteine implies an important functional role for this amino
acid residue. In general, cysteine is regarded as a weak
hydrogen bond donor and very poor hydrogen bond acceptor
(except when ionized). It is conceivable that the role of this

2 The standard free energy of hydrolysis,∆G′°, is determined at pH
7.0, 25°C, and 1 mM free Mg2+.

3 ATP is also a high-energy AMP-group transferring molecule (ATP
) AMP + PPi; ∆G′° ) -10.9 kcal mol-1). The high energy of PR-Pâ
cleavage in ATP is used to good effect in biological reactions (Frey &
Arabshahi, 1995).

FIGURE 8: Schematic diagram of a single uridylyltransferase
displacement reaction. Potential hydrogen bonds that may provide
a significant means of stabilization are indicated as dashed lines.
Panels (a) Attack of His 166 Nε2 on the substrate, UDP-Glc. (b)
The trigonal-bipyramidal transition state indicating significant
charge buildup on the His 166 imidazolium ring. The product of
the displacement reaction is the present uridylyl-enzyme complex
schematized in Figure 7a.
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side chain is to prevent hydrolysis of the phosphohistidine
by water by failing to provide a suitable hydrogen-bonding
partner for an attacking water molecule. A hydroxyl side
chain in the same position as Cys 160 would provide an
avenue for the transfer of a proton from an attacking water
molecule to theR-phosphate via hydrogen exchange. In
contrast, a cysteine residue is able to provide a weak
hydrogen bond to theR-phosphate group but would not be
expected to participate in proton transfer.
The present structure implies that a single solvent molecule

and the side chains of Gln 168 and Cys 160 are the only
significant contributors to the electrostatic binding of the
phosphoryl group. This observation is consistent with the
standard free energy,∆G′°, of the hydrolysis for the
uridylyl-histidine bond and that for the conversion of
UMPIm to UMP and imidazole, which are-14.7 and-15.4
kcal mol-1, respectively (Arabshahi et al., 1996). Col-
lectively, this implies that the formation of the enzyme
intermediate at pH 7.0 is not associated with any significant
increase in the stability of the phosphohistidine bond. Other
conserved residues that were associated with the pyrophos-
phoryl oxygens of the previous UMP/UDP enzyme complex
(Wedekind et al., 1995) appear to be unimportant in the
overall reaction. Figure 6b emphasizes that Arg 31, Ser 161,
and Asn 162 play no role in stabilizing the present uridylyl-
enzyme complex, although these residues may participate
in the initial binding of the substrate prior to its adoption of
a productive conformation for catalysis.
It is interesting to question what is thermodynamically and

kinetically necessary for this enzyme to function as a uridylyl
transferase. The first requirement is a match between the
free energy of hydrolysis of the phosphohistidine and the
phosphoanhydride bond of UDP-Glc. At pH 7.0∆G′° for
the hydrolysis of the phosphoanhydride bond of UDP-Glc
is -10.3 kcal mol-1. This is more comparable to the∆G′°
for the uridylyl-enzyme intermediate (-15.4 kcal mol-1) than
previously believed (Frey & Arabshahi, 1995; Arabshahi et
al., 1996). Furthermore, under physiological conditions the
thermodynamic difference between the uridylyl intermediate
and the UDP-hexose is ameliorated by the greater concentra-
tion of substrates than enzyme. However, since the enzyme
serves to equilibrate the thermodynamic distribution of UDP-
hexoses with their corresponding hexose 1-phosphates in
solution, its substantial rate constants for the transfer reactions
are equally important to its function (Wong & Frey, 1974b).
At higher pH, 8.5, the corresponding∆G′° values are-10.3,
-9.9, and-12.6 kcal mol-1 for UDP-Glc, the enzyme
intermediate, and UMPIm. The structural origin of the
increased stability of the phosphohistidine bond at higher
pH is not obvious, although it is certainly influenced by the
protonation state of the His 166 imidazolium. Thus it
appears that the structural role of the enzyme is to present
the hexose phosphate to the phosphohistidine, while inhibit-
ing the competing reaction with water or other substrates.
In the absence of the structure of a complex with UDP-Glc

or UDP-Gal it is difficult to predict exactly how this is
accomplished.

CONCLUSIONS

The structure of the uridylyl-enzyme complex of galactose-
1-phosphate uridylyltransferase has been determined. This
reveals the covalent attachment of the UMPR-phosphorus
to Nε2 of His 166 and represents a genuine reaction
intermediate in the double-displacement mechanism. The
specific interactions to the uracil and ribose moieties of the
substrate appear to support those interactions reported
previously (Wedekind et al., 1995). However, theR-phos-
phorus has moved 4 Å toward the nucleophile to engage in
the formation of a phosphoramidate linkage. Rotations about
the C4′-C5′ bond of UMP and the adoption of a C1′-exo
pucker by ribose have facilitated intermediate formation. The
side chains of Cys 160 and Gln 168 interact directly with
the phosphoryl oxygens of the intermediate. Although the
hexose-1-P substrate/product has not been located, it is likely
that itsâ-phosphoryl oxygens interact with the side chain
of Gln 168. The specific interactions of Gln 168 with the
uridylyl intermediate suggest a possible source of enzyme
dysfunction in the disease galactosemia. The stereochemistry
of the reaction also suggests the importance of the NH2 group
of Asn 153 in recognition of the hexose-1-Pâ-phosphoryl
group. Additional structural information for the uridylyl-
transferase will be necessary to locate the binding site of
the hexose-1-P moiety.
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