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Abstract

Crystal structures have been determined for free Escherichia coli hypoxanthine phosphoribosyltransferase
(HPRT) (2.9 Å resolution) and for the enzyme in complex with the reaction products, inosine 5�-mono-
phosphate (IMP) and guanosine 5�-monophosphate (GMP) (2.8 Å resolution). Of the known 6-oxopurine
phosphoribosyltransferase (PRTase) structures, E. coli HPRT is most similar in structure to that of Tri-
trichomonas foetus HGXPRT, with a rmsd for 150 C� atoms of 1.0 Å. Comparison of the free and product
bound structures shows that the side chain of Phe156 and the polypeptide backbone in this vicinity move
to bind IMP or GMP. A nonproline cis peptide bond, also found in some other 6-oxopurine PRTases, is
observed between Leu46 and Arg47 in both the free and complexed structures. For catalysis to occur, the
6-oxopurine PRTases have a requirement for divalent metal ion, usually Mg2+ in vivo. In the free structure,
a Mg2+ is coordinated to the side chains of Glu103 and Asp104. This interaction may be important for
stabilization of the enzyme before catalysis. E. coli HPRT is unique among the known 6-oxopurine PRTases
in that it exhibits a marked preference for hypoxanthine as substrate over both xanthine and guanine. The
structures suggest that its substrate specificity is due to the modes of binding of the bases. In E. coli HPRT,
the carbonyl oxygen of Asp163 would likely form a hydrogen bond with the 2-exocyclic nitrogen of guanine
(in the HPRT-guanine-PRib-PP-Mg2+ complex). However, hypoxanthine does not have a 2-exocyclic atom
and the HPRT-IMP structure suggests that hypoxanthine is likely to occupy a different position in the
purine-binding pocket.
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Purine nucleoside monophosphates are either synthesized
de novo from simple precursors or through a salvage path-
way. Most organisms, including bacteria, possess both the

de novo and salvage pathways. However, some microorgan-
isms such as the protozoan parasites do not possess the de
novo pathway and therefore, depend entirely on the trans-
port of preformed purine bases from their host cells for
production of their 6-oxopurine nucleoside monophos-
phates (Ullman 1995). The key enzymes in the salvage path-
way are the 6-oxopurine phosphoribosyltransferases (H/G/
XPRTases), which catalyze the synthesis of the purine
nucleoside monophosphates inosine 5�-monophosphate
(IMP), guanosine 5�-monophosphate (GMP), or xanthosine
5�-monophosphate (XMP) from 5-phospho-�-D-ribosyl-1-
pyrophosphate (PRib-PP) and hypoxanthine, guanine, or
xanthine. A divalent cation, usually magnesium, is essential
for catalysis (Musick 1981).

In contrast with most eukaryotes, which have only one
6-oxopurine PRTase, enteric bacteria such as Escherichia
coli possesses two, HPRT (E.C. 2.4.2.8) and XGPRT (E.C.
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2.4.2.22), the former preferentially salvaging hypoxanthine
and the latter guanine and xanthine (Gots and Benson 1973;
Neuhard and Nygaard 1987). Although the two enzymes
share a common function, their amino acid sequence iden-
tity, 23%, is surprisingly low. In comparison, human
HGPRT and E. coli HPRT are more similar, with a se-
quence identity of 33%. In addition to this low sequence
identity, there is also considerable variation in the length of
each of the polypeptides, with E. coli HPRT comprising 182
amino acids, E. coli XGPRT 152 amino acids, and human
HGPRT 213 amino acids.

To date, the crystal structures of 6-oxopurine PRTases
from seven different sources have been determined. These
include human HGPRT (Eads et al. 1994; Balendiran et al.
1999; Shi et al. 1999b), Tritrichomonas foetus HGXPRT
(Somoza et al. 1996), Toxoplasma gondii HGXPRT (Schu-
macher et al. 1996; Héroux 1999), E. coli XGPRT (Vos et
al. 1997, 1998), Plasmodium falciparum HGXPRT (Shi et
al. 1999a), Trypanosoma cruzi HGPRT (Focia et al.
1998a,b), and Giardia lamblia GPRT (Shi et al. 2000).
Apart from E. coli XGPRT and T. gondii HGXPRT, all
other structures have been determined only in the presence
of substrates or substrate analogs, transition state analogs, or
products. Thus, although there is a large volume of struc-
tural data available on the PRTases from several sources
and in the presence of many different ligands, there is a
relative lack of data showing the conformation of these
enzymes in their unliganded state.

The 6-oxopurine PRTases have a highly conserved
“core” domain with an �/� fold consisting of a four- or
five-stranded parallel �-sheet flanked by three or four �-he-
lices. They also possess a “hood domain” located above the
core and consisting of amino acid residues from both the
amino and carboxyl termini of the polypeptide. Unlike the
core domain, the structure of the hood is poorly conserved
across the 6-oxopurine PRTases. For example, it can be a
very small unit, such as in E. coli XGPRT, which has only
29 residues arranged in two short parallel �-stands and an
arm of 12 residues that extends into a different subunit of
the tetramer (Vos et al. 1997). At the other extreme, the
hood of Giardia lamblia GPRT is ∼97 residues and com-
prises four �-strands and three �-helices (Shi et al. 2000).

The active site in the 6-oxopurine PRTases is situated at
the interface of the hood and core domains. The phosphate
group of the purine nucleotide product binds to a cluster of
residues in a loop that protrudes from the core domain. In all
of the 6-oxopurine PRTase structures, the phosphate-bind-
ing loop consists of a five-residue peptide segment arranged
such that the main chain nitrogen atoms form hydrogen
bonds with the phosphate oxygen atoms from the nucleo-
tide. In general, the purine bases use amino acid residues
from both the core and hood domains for binding. In par-
ticular, a conserved lysine residue forms a hydrogen bond to
the 6-oxo oxygen and a conserved aspartate forms a hydro-

gen bond to the N7 atom of the purine base. The interaction
with the lysine residue allows the 6-oxopurine PRTases to
discriminate between the 6-oxopurines and the 6-aminopu-
rine, adenine. The aspartate has been proposed to function
as a general base by facilitating deprotonation of the N7
atom during formation of the nucleotide product (Xu and
Grubmeyer 1998).

A feature of the active site in the 6-oxopurine PRTases is
a highly flexible section of polypeptide called the mobile
loop, which has been proposed to move during catalysis to
sequester the active site from solvent (Scapin et al. 1994). In
general, the loop is disordered in crystal structures of the
complexes of the 6-oxopurine PRTases with nucleoside
monophosphates (Eads et al. 1994; Somoza et al. 1996; Vos
et al. 1997). In the presence of the substrate analog HPP or
9-deazaguanine, PRib-PP and Mg2+ (Focia et al. 1998a;
Balendiran et al. 1999; Héroux et al. 2000) or the transition
state analog inhibitors immucillinHP or immucillinGP plus
pyrophosphate and Mg2+, the loop has a well-defined struc-
ture positioned directly over the active site (Shi et al.
1999a,b; Shi et al. 2000).

One of the two E. coli 6-oxopurine PRTases, XGPRT has
been studied using X-ray crystallography and kinetic analy-
sis (Vos et al. 1997, 1998), but to date there are no published
data for the second E. coli PRTase, HPRT except for activ-
ity in crude preparations (Deo et al. 1985). In this paper, we
report the cloning, expression, purification, and kinetic data
for E. coli HPRT, the 2.9 Å resolution crystal structure of
the free enzyme and the 2.8 Å resolution crystal structures
of the E. coli HPRT-IMP and E. coli HPRT-GMP com-
plexes. Comparison of the structures of the free and com-
plexed enzymes provides further insights into the extent of
structural flexibility possible in the 6-oxopurine PRTases.
Analysis of the structures of the complexes provides a basis
for understanding the appreciable differences in kcat and Km

values for hypoxanthine, guanine, and xanthine between the
two E. coli 6-oxopurine PRTase enzymes.

Results and Discussion

Cloning, expression, and purification of E. coli HPRT

The cDNA coding for E. coli HPRT was cloned into the
expression vector pT7-7 as described in the Materials and
Methods section. The sequence of the cloned cDNA is iden-
tical to that previously determined as part of the E. coli
genome project (Fujita et al. 1994). Expression of this en-
zyme in S�606 (ara, �pro-gpt-lac, thi, hpt, F−) cells re-
sulted in a specific activity of 98 �mol min−1 mL−1 of cell
lysate using hypoxanthine as substrate, confirming that the
cDNA encoded a 6-oxopurine PRTase. The enzyme was
purified to homogeneity as assessed by SDS-PAGE and
mass spectrometry. The specific activity toward the three
naturally occurring purine bases and the corresponding data
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on the specificity of E. coli XGPRT are given in Table 1.
The data show that E. coli HPRT exhibits a high specific
activity toward hypoxanthine, whereas E. coli XGPRT fa-
vors xanthine and guanine. This difference in base speci-
ficity is discussed later in terms of kinetic constants and
structure.

Kinetic constants for E. coli HPRT: Comparison with
E. coli XGPRT

E. coli HPRT exhibits a marked preference for hypoxan-
thine as the purine substrate. The kcat/Km for hypoxanthine
is 160-fold greater than that for guanine and 16,000-fold
greater than that for xanthine (Table 1). In comparison, E.
coli XGPRT prefers xanthine or guanine as its purine sub-
strates (Table 1). The kcat value for E. coli HPRT for hy-
poxanthine is the highest reported in the literature, being at
least ninefold higher than for human HGPRT (Keough et al.
1999). The Ki values for IMP and GMP for E. coli HPRT
are 247 ± 55 �M and 526 ± 68 �M, respectively, showing
that the nucleoside monophosphates bind more weakly to E.
coli HPRT than to human HGPRT, which has Kd values for
IMP and GMP of 61 �M and 7.1 �M, respectively (Xu et
al. 1997).

Unlike mammals and most parasites, E. coli cells express
two distinct 6-oxopurine PRTases, with very different
specificities for hypoxanthine, guanine, and xanthine. Sal-
vage enzymes allow a more energy efficient synthesis of
purine nucleoside monophosphates compared with the de
novo pathway. The kinetic analysis suggests that E. coli
HPRT is mainly responsible for the synthesis of IMP and
that XGPRT primarily salvages guanine and xanthine. Con-
sidering the relatively small size of its genome, it is some-
what surprising that E. coli cells have not evolved so as to
produce only one 6-oxopurine PRTase, which is able to use

all three bases efficiently. In this context, it is instructive to
compare the efficiency of the E. coli enzymes (Table 1) to
that of T. foetus HGXPRT, which can use all three 6-oxo-
purine bases. T. foetus HGXPRT has kcat/Km values for
guanine, hypoxanthine, and xanthine of 3.0, 1.0, and 0.8
�M−1s−1 (Munagala and Wang 1998). No example has yet
been found of a single 6-oxopurine PRTase that can match
the combined efficiency of the two E. coli enzymes.

Subunit mass and quaternary structure of E.
coli HPRT

The subunit molecular mass of purified preparations of E.
coli HPRT was determined by electrospray ionization mass
spectrometry. The major component had a molecular mass
of 20,620 ± 3 daltons, which is in excellent agreement with
the molecular mass of 20,617 daltons calculated from the
complete 182 amino acid sequence. A minor component
(∼3% of the total) had a mass of 20,487 ± 3 daltons, indi-
cating that, in some molecules, the amino-terminal methio-
nine had been cleaved. Analytical ultracentrifugation
showed the molecular mass of E. coli HPRT to be 79 kD,
confirming that, in solution, E. coli HPRT exists as a te-
tramer. There was no evidence for the presence of either
monomeric or dimeric forms of E. coli HPRT under these
conditions. Of the 6-oxopurine PRTase structures currently
in the literature, four are tetramers (human HGPRT, T. gon-
dii HGXPRT, E. coli XGPRT, and P. falciparum HGXPRT)
and three are dimers (G. lamblia GPRT, T. foetus HGXPRT,
and T. cruzi HGPRT).

Structure determination

Crystals of free E. coli HPRT and the HPRT-IMP and
HPRT-GMP complexes were obtained in the presence of

Table 1. Comparison of kinetic constants and purine base specificities for E. coli HPRT and XGPRT a

Substrate
Specific activity

(�mol � min−1 � mg−1)
Km (app)

(�M)
kcat

b

(s−1)
kcat/Km

(�M−1 � s−1)

E. coli HPRT
Hypoxanthine 177 12.5 ± 2.4 59.0 ± 3.5 4.9 ± 1.2
Guanine 30 294 ± 20 10.2 ± 0.7 0.03 ± 0.005
Xanthine 0.02 25 ± 6.1 0.008 ± 0.0001 0.0003 ± 0.00003
PRib-PPc 177 192 ± 7.0 50.0 ± 2 0.26 ± 0.04

E. coli XGPRTd

Hypoxanthine 23 90.8 ± 11.3 13.7 ± 1.1 0.2 ± 0.02
Guanine 95 4.3 ± 0.3 28.0 ± 0.4 6.5 ± 0.5
Xanthine 114 30.5 ± 2.6 37.5 ± 0.7 1.2 ± 0.1
PRib-PPe 95 139 ± 16 28.0 ± 2 0.2 ± 0.25

a The kcat and Km(app) values were measured in 0.1 M Tris-HCl, 0.11 M MgCl2 at pH 8.5 and at 25°C.
b kcat calculated in terms of the concentration of subunits with four active sites per molecule of enzyme.
c Hypoxanthine as the 6-oxopurine base substrate.
d Vos et al. 1997.
e Guanine as the 6-oxopurine base substrate.
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MgCl2, sodium citrate, and DTT (see Materials and Meth-
ods). The three-unit cells are isomorphous, except that the c
axis is 2 Å longer in crystals of the free enzyme. Because
the quality of the X-ray data was best for the E. coli HPRT-
IMP complex, this structure was determined first using mo-
lecular replacement. The crystallographic asymmetric unit
consists of two subunits, referred to as A and B, which are
packed in a similar dimeric arrangement to that observed in
other 6-oxopurine PRTase structures. Two other subunits
located across a twofold crystallographic axis of symmetry
make up the tetramer. Because the three crystals were es-
sentially identical, the structures of the E.coli HPRT-GMP
complex and the free enzyme required only refinement from
the coordinates of the E. coli HPRT-IMP complex. The final
Rfree, Rfactor, and model geometry for the three structures are
presented in Table 2. All of these values are within the
normal range for protein structures at 2.8 or 2.9 Å resolu-
tion. Inspection of the 2Fo–Fc electron density maps for
both complexes and the free enzyme showed the polypep-
tide chain could be unambiguously traced for residues 5–72
and 83–181 in both subunits of the asymmetric unit. Beyond
these residues, the electron density could not be clearly
assigned. Residues 73–82 correspond to the mobile loop
that closes over the active site during catalysis. Electron

density for this loop has also not been observed in most
other crystal structures of 6-oxopurine PRTase nucleoside
monophosphate complexes. In both complexes there was
sufficient electron density to assign coordinates to all of the
nucleoside monophosphate in subunit A, but in subunit B
there was insufficient density to unambiguously locate the
purine base. The structure in subunit B may give insights
into the reaction by which the nucleoside monophosphate is
released from the active site—the purine base may dissoci-
ate first, followed by the rest of the molecule.

Structure of E. coli HPRT subunits

E. coli HPRT has a similar overall structure to other known
6-oxopurine PRTases, in that it comprises a core and hood
domain. Subunit A of the E.coli HPRT-GMP complex is
displayed in Figure 1. The secondary structure of the core
domain is essentially identical to that found in other 6-oxo-
purine PRTases. However, E. coli HPRT has a small hood
relative to most other 6-oxopurine PRTases, consisting of
only 37 residues, 13 from the amino terminus and 24 from
the carboxyl terminus. The predominant secondary structure
in the hood is a small three-stranded antiparallel �-sheet
(S1, 8–13; S8, 156–158; and S9, 174–178). As has been

Table 2. Data collection and refinement statistics

HPRT HPRT-IMP HPRT-GMP

Data collection
Temperature (K) 100 100 100
Unit cell length (Å) a = b � 83.9, c � 169.4 a = b � 84.1, c � 167.3 a = b � 84.1, c � 167.3
Unit cell angle (°) � � � � 90 � � 120 � � � � 90 � � 120 � � � � 90 � � 120
Space group P3121 P3121 P3121
Resolution range (Å) 50.0–2.9 50.0–2.8 50.0–2.8
Unique reflections [I > 0�(I)] 14,653 17,473 15,697
Total observations [I > 0�(I)] 60.922 58,776 45,289
Completeness (%) 92.0 (56.0) 99.7 (99.8) 88.9 (89.8)
Rsym (%)a 0.103 (0.293) 0.071 (0.276) 0.072 (0.294)
〈I〉/〈�(I)〉 7.2 (2.8) 8.7 (4.5) 9.1 (4.1)
Tetramers per asymmetric unit 1/2 1/2 1/2
Solvent content (%) 70.6 70.3 70.3

Refinement
Resolution range (Å) 50.0–2.9 50.0–2.8 50.0–2.8
Rfactor [F > 0�(F)]b 0.214 0.201 0.199
Rfree [F > 0�(F)]b 0.238 0.243 0.244
Average B-factor (Å2) 30.8 41.7 37.5

RMS deviations from ideal
Bond length (Å) 0.007 0.006 0.007
Bond angle (°) 1.37 1.37 1.38

Ramachandran plot statistics
Residues in most favored regions (%) 88.9 87.2 86.5
Total number 264 262 258
Residues in disallowed regions (%) 0.0 0.3 0.3
Total number 0 1 1

Values in parentheses are for the outer shell of data; 3.0–2.9 Å for the free enzyme and 2.90–2.80 Å for the HPRT-IMP and HPRT-GMP complexes.
a Rsym � ∑|I � 〈I〉|/∑〈I〉.
b Rfactor � ∑�Fobs| − |Fcalc�/∑|Fobs|, where the Rfactor is calculated based on the reflections used in the refinement (90% of the total data) and Rfree (Brünger
1992a) is calculated using the remaining 10% of the data.
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shown with other 6-oxopurine PRTases, the nucleoside
monophosphate is bound in a cleft between the hood and
core domains. Although Mg2+ was present in the crystalli-
zation conditions, no Mg2+ ions could be placed in the ac-
tive site in the structures of the complexes, although one
Mg2+ ion was observed in the free structure (see active site
structure below).

Tetrameric structure of E.coli HPRT

Comparison of the three E. coli HPRT structures shows that
the overall quaternary structure is conserved between the
native enzyme and the product complexes. In all three struc-

tures, two subunits in the asymmetric unit and two subunits
located across a crystallographic twofold axis of symmetry
(Fig. 1) form the tetramer. The total buried surface area
between subunits A and B for the three structures is on
average 2410 Å2. The intersubunit contacts at this interface
include a cluster of six salt bridges involving Arg47, Asp55,
Arg58, Glu65, Asp91, Asp92, and Arg169. A hydrogen
bond is also observed between the side chains of Ser63 and
Arg47. In addition, there are ∼28 van der Waals contacts
between atoms from the side chains of Leu46, Phe50,
Met51, Ala54, Cys57, and Val66. E. coli HPRT has only
two cysteine residues. Cys57 is completely buried at this
dimer interface and Cys130, located in strand S6 (the fifth

Fig. 1. (A) Two orthogonal views of the structure of subunit A from the E. coli HPRT-GMP complex. The �-strands, shown as
direction arrows are yellow in the core domain and pink in the hood domain. The mobile loop, which includes residues 73–82, is not
observed in the crystal structure. To complete the structure, a hypothetical mobile loop has been modeled in and depicted as white coil.
The GMP molecule is drawn as solid spheres and the atoms colored green for carbon, blue for nitrogen, red for oxygen, and pink for
phosphorous. (B) The structure of the E. coli HPRT-GMP tetramer viewed down the crystallographic twofold axes. (C) The active site
of subunit A of E. coli HPRT. (Top) The IMP complex. (Middle) The GMP complex. (Bottom) Free enzyme showing bound water
molecules (red) and Mg2+ (pink) as solid spheres.
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strand in the core �-sheet) is also buried. Thus, neither
cysteine residue appears capable of forming inter- or intra-
molecular or intersubunit disulfide bonds.

The interface between subunits A and B� or B and A� is
significantly smaller than that for the A and B interface and
buries on average, for the three structures, 1235 Å2 of the
accessible surface area. This interface is stabilized by hy-
drogen bonds and salt bridges between residues Ala82,
Asp83, Lys85, Asp89, Asp93, and Lys114 from subunit A
and Asp83, Lys85, Asp89, Leu90, Asp93, and Lys114 from
subunit B�. Van der Waals contacts, involving the side
chains of Ala82, Leu90, Leu94, and Leu121 from both sub-
units also help to stabilize the A/B� interface. Subunits A
and A� or B and B� do not form any interactions in the E.
coli HPRT-IMP or GMP structures.

T. foetus HGXPRT crystallizes as a dimer, yet E. coli
HPRT, which has a very similar overall structure, crystal-
lizes as a tetramer. A comparison of the five-amino-acid
residues that form the hydrogen bonds and salt bridges to
stabilize the tetramer interface in E. coli HPRT with the
equivalent residues in T. foetus HGXPRT suggests reasons
for this difference. Of these five residues, only Asp89 is
conserved between the two enzymes. On the other hand,
Asp83 is changed to Asn in T. foetus HGXPRT, Lys85 to
Thr, Asp93 to Asn, and Lys114 to Gln. Thus, four of the
five charged residues forming the tetramer interface in E.
coli HPRT are altered to uncharged residues in T. foetus
HGXPRT. The loss of the bonding energy from the ion pair
formed between Lys85 and Asp93 would seem to be of
particular importance. The PRTases from T. gondii and T.
cruzi also form dimers. In T. gondii, the equivalent five
residues are Gln, Thr, Asp, Ile, and Glu, whereas in T. cruzi,
they are Gly, Val, Asp, Ser, and Tyr. Again, in both en-
zymes, there is a significant reduction in the electrostatic
binding potential for these amino acid residues when com-
pared with E. coli HPRT. On the other hand, in human
HGPRT, which does form tetramers, two of the three as-
partate residues (Asp83 and Asp89 in E. coli HPRT) and
Lys85 are conserved. We are currently preparing mutants of
E. coli HPRT to further test our hypothesis that these five
residues are critical for tetramer formation and whether it
will be possible to make an active E. coli HPRT dimer by
appropriate mutation.

Crystal packing

In the three E. coli HPRT structures, the solvent content is
close to 70%, which is at the high end of the normal values
(30%–70%) observed for most protein crystals (Matthews
1968). Analysis of the crystal packing explains the high
solvent content. Neighboring molecules that are related by
the 31 screw axis make contact with four small patches on
a central tetramer. These contacts are at diametrically op-

posite corners of the central tetramer and are the only crystal
packing contacts observed. There are 15 direct crystal con-
tacts between tetramers and 7 water molecules that form
bridges between adjacent tetramers. Two of the direct crys-
tal contacts are hydrogen bonds, whereas the remainder are
van der Waals interactions. Amino acid residues that form
direct contacts include Glu17, Ser137, Phe150, Ser151,
Ile152, Pro153, and Glu155 from subunit A and Met12,
Pro14, Ser137, Ser151, Ile152, Pro153, and Lys176 from
subunit B. None of these residues is predicted to be used in
catalysis or involved in substrate specificity.

Comparison of the structure of E. coli HPRT with
other PRTases

Despite the overall similarity in the core structure between
E. coli XGPRT, E. coli HPRT, and human HGPRT, there is
little amino acid sequence identity between these three en-
zymes. Between E. coli HPRT and E. coli XGPRT, the
identity is only 22% and between E. coli HPRT and human
HGPRT, only 33%. For E. coli HPRT, the highest amino
acid sequence identity known is with T. foetus HGXPRT,
although this is only 36%. The T. foetus enzyme uses all
three purine bases with similar efficiency whereas E. coli
HPRT uses only hypoxanthine efficiently. Because there are
many conserved residues in the sequence, this difference in
the base specificity must be due to subtle changes in the
active site structures.

To analyze the differences in overall structure between
the 6-oxopurine PRTases, the C� atoms from subunit A of
the E. coli HPRT-GMP complex were superimposed onto
the C� atoms of the structures of the T. foetus HGXPRT-
GMP complex, E. coli XGPRT-GMP complex, and human
HGPRT-GMP complex. A structure-based sequence align-
ment of these four enzymes is presented in Figure 2. The
structure of E. coli HPRT is most similar to that of T. foetus
HGXPRT with a root mean square standard deviation
(rmsd) for 150 C� atoms of 1.0 Å. The rmsd values for E.
coli HPRT with E. coli XGPRT and human HGPRT are 1.7
Å for 105 C� atoms and 1.2 Å for 135 atoms, respectively.
In all four, the structure of the core is highly conserved,
whereas there are significant differences in the structures of
the hood. The most similar hood domains are E. coli HPRT
and T. foetus HGXPRT, which have a rmsd of 1.5 Å for 32
pairs of C� atoms (residues 7–13 and 155–179). E.coli
XGPRT has a very small hood comprising 7 amino-terminal
residues and 20 carboxy-terminal residues. The carboxy-
terminal residues in E. coli XGPRT adopt an extended con-
formation that makes interactions with a neighboring sub-
unit and probably stabilizes the tetramer (Vos et al. 1997).
The very last residue in the sequence, Arg152, forms part of
the active site of a symmetry-related subunit. This does not
occur in E. coli HPRT.

Crystal structure of E. coli HPRT
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Active site structure in the enzyme complexes

The nucleoside monophosphates are located in a crevice on
the surface between the hood and core domains (Fig. 1A). In
both E. coli HPRT complexes, the purine base in subunit
B could not be unambiguously placed in the electron den-
sity and is not included in the final set of coordinates. The
better density observed in subunit A correlated with lower
overall B factors for this subunit. Figure 3A shows the
electron density for the active site of subunit A in the E. coli
HPRT-GMP complex. A comparison of the modes of
binding of IMP and GMP with E. coli HPRT is presented
in Figure 1C and Table 3, which lists interactions be-
tween the nucleoside monophosphates and E. coli HPRT.
The phosphate oxygen atoms in the nucleoside monophos-
phates form an extensive network of hydrogen bonds
with the main chain amide nitrogen atoms of Asp107,
Gly109, Asn110, Thr111, and Leu112 and the side chain
of Ser108. There are no direct interactions between the
ribose ring in the GMP complex and the enzyme. However,
in the IMP complex there is one van der Waals contact
between the C3� atom and C�2 of Ile105. Thus, there
appears to be little difference in the binding of the phos-
phate and ribose rings between the two complexes with
the exception of Thr111, which adopts slightly different
orientations. The major difference lies in the mode of
binding of the purine bases. In both cases, a hydrogen bond
is formed between the O6 atom of the purine and the amino

group of Lys135. This is the highly conserved lysine
that distinguishes between 6-oxopurines and 6-aminopu-
rines (Eads et al. 1994). In the GMP complex, there is
a hydrogen bond between the N2 atom in the purine base
of the nucleoside monophosphate and the carbonyl oxygen
of Asp163. In IMP, the N2 atom is not present. As a result,
two differences are observed: first, the purine base of GMP
moves 0.3 Å relative to that in IMP and second, the
side chain of Asp107 is less constrained in the GMP com-
plex than in the IMP complex, allowing it to rotate away
from the purine base. In all, the distance between the N7
atom in the purine base and OD1 in Asp107 expands from
3.2 Å in the IMP complex to 3.7 Å in the GMP complex.
The interaction between the Asp107 and N7 has been sug-
gested to be important for catalysis as this residue could act
as a general base to cause deprotonation of N7 (Eads et al.
1994; Xu and Grubmeyer 1998). If this closer interaction
between these two atoms in IMP compared to GMP is also
shown when hypoxanthine and guanine are bound in the
ternary complex (Enzyme-PRib-PP-Base), it is a possible
reason as to why the kcat value for hypoxanthine is fivefold
faster than for guanine. Similarly, this could also explain
the slow kcat for xanthine (Table 1). The 2-exocyclic oxygen
in xanthine would be repelled by the carbonyl oxygen of
Asp163, forcing it to adopt a different mode of binding
(Km 25 �M) to the enzyme where a close approach of
the N7 atom of the purine and the side chain of Asp107 is
not possible.

Fig. 2. Structure-based sequence alignment of E. coli HPRT, E. coli XGPRT, human HGPRT, and T. foetus HGXPRT. The structures
were aligned using the least squares fitting algorithm in the program O (Jones et al. 1991). The secondary structure for E. coli HPRT
is shown above the enzyme sequences and was calculated using the program DSSP (Kabsch and Sander 1983). Helices and strands start
from the letter identifier (i.e., S1 for the first strand) and end at the arrow point. (cp) Position of the nonproline cis peptide bond; (pbl)
the residues in the phosphate-binding loop; (ml) the residues in the mobile loop.
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The structures of the enzyme in complex with the nucleo-
side monophosphates do not fully explain the 40-fold Km

difference between the two purine bases hypoxanthine and
guanine (9 �M vs. 311 �M). It is possible that structures of
the enzyme in complex with one of the transition state ana-
logs, ImmucillinHP or ImmucillinGP, or a structure of the
enzyme in the presence of the stable PRib-PP analog,
cPRib-PP, and the purine base could help answer this ques-
tion.

There is very little difference in the Km value for PRib-
PP for all the 6-oxopurine PRTases. This, together with the
current structural data, suggests that the binding site for this
substrate is highly conserved across the species. Therefore,
it can be hypothesized that the wide disparity in kcat/Km

values for these enzymes can be attributed to the differences
in binding of the purine bases. In all of the enzymes studied
kinetically to date, PRib-PP binds before the purine in an
ordered sequential mechanism (Xu et al. 1997).

Active site structure in the free enzyme

At 2.9 Å resolution, two water molecules are visible in the
active site of the free enzyme. One of the water molecules
forms hydrogen bonds to the side chains of both Lys135 and
Asp107. The second water molecule is hydrogen bonded
only to Asp107. In addition to these two water molecules, a
large cluster of electron density between Asp103 and

Fig. 3. (A) 2Fo–Fc electron density contoured at 1� above the mean for the active site of subunit A of the E. coli HPRT-GMP complex.
Two water molecules are shown as spheres. (B) Left image: 2Fo–Fc electron density contoured at 2� above the mean for the
Leu46–Arg47 dipeptide in subunit A of the free enzyme structure. In this model, the dipeptide is in the cis configuration. Right image:
The same electron density for a model where the dipeptide is modeled in the trans conformation. Fo–Fc electron density −3.5� below
the mean is shown as dashed lines. This negative density is centered around the incorrectly placed backbone nitrogen atom.
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Glu104 is observed in both subunits in the asymmetric unit.
This density has been assigned to a Mg2+ ion and three
associated water ligands. To complete the octahedral geom-
etry for Mg2+, a fourth water is also likely to be bound to the
Mg2+, but in the present structure this could not be located.
The interaction between the Mg2+ and the enzyme may be
important for stabilization of the enzyme before catalysis.
For catalysis to occur, the 6-oxopurine PRTases have an
absolute requirement for a divalent metal, usually magne-
sium in vivo.

The major difference between the structures of the free
and product bound enzymes occurs in the purine-binding
site (Fig. 4). A superposition of subunit A from the free
enzyme and subunit A from the IMP complex shows the
most significant conformational change can be attributed to
the main chain dihedral angles in amino acids Asp154,
Glu155, Phe156, and Val157 (Table 4) and to a rotation of
the 	2 dihedral angle of the side chain of Phe156. These
changes result in the side chain of Phe156 moving from a
position that points away from the purine-binding site to a
location where it makes van der Waals contact with the
purine base in either IMP or GMP.

A comparison of subunits A and B in the free enzyme
structure shows there is little variation in dihedral angle for
the residues between Pro153 and Val158 with the largest
deviation being 1.5 degrees. Comparison of subunit A in the
free enzyme with subunit A in the two complexes shows
that changes in dihedral angle of up to 20 degrees can occur.
A comparison of subunit A in the free enzyme with subunit

B in the complexes shows changes in dihedral angles of up
to 10 degrees. Analysis of rmsd values for C� atoms in this
region also support this idea (Table 4). Thus, these data
provide further evidence that subunit B molecules represent
an intermediate structure between free and fully bound en-
zyme. As mentioned above, comparison of the electron den-
sity in the structures support this notion, as the purine base
portion of IMP or GMP is visualized only in subunit A and
not in subunit B.

Although main chain dihedral angles vary over a wide
range for all of the 20 amino acids, when each amino acid
is analyzed individually the allowed (most favored) dihedral
angles are restricted to a much narrower range (Laskowski
et al. 1993). Comparison of dihedral angles of Asp154 to
Val157 in the free, partially bound and fully bound com-
plexes, shows that there is a gradual progression from rela-
tively unfavored dihedral angles in the free enzyme through
to more favored dihedral angles in the complexes. Thus, the
structure of the complex (in this mobile region) represents a
lower energy structure than that observed for the free en-
zyme.

Analysis of the 	2 angle of Phe156 in all of the structures
shows similar variations as to those observed for the main
chain dihedral angles. In the free enzyme and in subunit B
molecules, the 	2 values range from 165 to 175 degrees,
which are not energetically favorable, whereas in the fully
bound complexes the 	2 values for Phe156 are 65 degrees
for GMP and 86 degrees for IMP, both of which are close
to the most favored angles. Thus, the side chain of Phe156
is in the same orientation in the native structure and in
subunit B molecules of the complex. However, in the pres-
ence of a complete nucleoside monophosphate (subunit A)
the side chain orientation changes. Thus again, the fully
bound complex represents a lower energy structure than that
observed for the free enzyme. Analysis of the free and com-
plexed E. coli XGPRT structures (Vos et al. 1998) reveals

Fig. 4. Superposition of subunit A from the E. coli HPRT-IMP complex
and subunit A from the free enzyme.

Table 3. Interactions between E. coli HPRT and GMP or IMP

GMP/IMP Protein
Distance in
GMP (Å)

Distant in
IMP (Å)

Interactions with base
N2 D 163 O 2.8 a

N7 D 107 ODI (3.7) 3.1
O6 K 135 NZ 3.0 3.1
C2 I 162 CG2 3.7 (4.5)
C6 F 156 CE1 3.8 3.9
C8 D 107 CD 3.5 3.9
C2 F 156 CZ (4.3) 3.7
C8 I 105 CG2 (4.2) 3.8

Interactions with ribose ring
C3 I 105 CD2 (4.1) 3.7

Interactions with phosphate
O1P G 109 N 2.8 2.7
O1P S 108 OG 3.0 (3.5)
O1P D 107 N 2.9 3.0
O2P L 112 N 3.2 3.1
O3P T 111 OD1 3.1 (4.4)
O3P T 111 N 2.9 3.0
O3P N 110 N 3.2 3.0
O3P S 108 OG 2.7 3.1

a The N2 atom is not present in IMP. Numbers in brackets are measured
distances, but atoms are not within ionic or van der Waals contact.
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that similar changes in dihedral angles are observed in that
enzyme, resulting in Trp134 (the equivalent residue to
Phe156) moving from a position away from the active site
in the free structure to where it forms hydrophobic interac-
tions with the purine base in the purine nucleoside mono-
phosphate enzyme complex.

Comparison of the active sites of the two E.
coli enzymes

The two E. coli 6-oxopurine PRTases adopt different bind-
ing modes for the purine bases. In most 6-oxopurine
PRTases, the 6-oxo group forms a hydrogen bond with a
conserved lysine residue. However, in E. coli XGPRT, al-
though this lysine is present, the 6-oxo group is stabilized by
a hydrogen bond to the backbone amide of Ile135. E. coli
XGPRT has a water molecule that bridges the protein and
the 2-exo group of either xanthine or guanine. This water
has two contacts to the protein, one through the side chain
of Glu136 and the other through Asp140. Under some cir-
cumstances, the interaction between the N7 atom of the
purine and the conserved Asp (107 in E. coli HPRT) is
maintained in both E. coli proteins. In the XGPRT-GMP
complex the distance between the N7 atom and the carboxyl
oxygen is 3.4 Å, which reduces to 2.8 Å in both XGPRT-
guanine-cPRPP-Mg2+ and XGPRT-xanthine-cPRPP-Mg2+

complexes. The change in distance is due to two effects:
first, there is a minor change in orientation of the purine
base in the XGPRT-GMP complex compared with its
position in the XGPRT-guanine-cPRPP-Mg2+ complex;
second, a rotation of the side chain of Asp107 brings it
closer to the N7 atom in the XGPRT-guanine-cPRPP-Mg2+

than in XGPRT-GMP. The structure of the XGPRT-XMP
complex is not known, but presumably the same effect
would be observed in that complex as is observed with the
XGPRT complexes. In the E. coli HPRT-IMP complex, the
N7 atom and side chain of Asp107 are already within hy-
drogen bonding distance (3.2 Å) and would, by analogy
with XGRPT, presumably be in closer contact when hypo-
xanthine is bound together with cPRPP and Mg2+. In the

E. coli HPRT-GMP complex, this distance is 3.7 Å, but,
again, this distance may be reduced if guanine, cPRPP, and
Mg2+, rather than GMP were bound.

The nonproline cis peptide bond

The electron density is of sufficient quality to unambigu-
ously define a cis peptide bond between Leu46 and
Arg47(Fig. 3B). The cis conformation is observed in both
subunits and in all three structures. Thus, in both free en-
zyme and in the product bound enzymes this energetically
unfavorable backbone conformation is maintained. The ef-
fect of the cis peptide bond is to allow the main chain
nitrogen of Arg47 to become exposed to the active site (Fig.
3). In the current structures, there are no direct contacts
between this atom and any of the ligands in the active site.
However, in the structures of human HGPRT-Immucil-
linGP-PPi-Mg2+ (Shi et al. 1999b) and P. falciparum HGX-
PRT-ImucilliinHP-PPi-Mg2+ (Shi et al. 1999a), where a cis
peptide bond is also observed, this nitrogen forms hydrogen
bonds to the pyrophosphate oxygen atoms. The same cis
peptide bond has also been noted in several other 6-oxopu-
rine PRTase crystal structures including T. cruzi, T. foetus,
and E. coli XGPRT, whereas in other structures this peptide
bond has been reported in the trans conformation (Eads et
al. 1994; Schumacher et al. 1996; Xu et al. 1997; Héroux et
al. 1999). It has been suggested that a cis to trans isomer-
ization may occur during catalysis with the binding of PRib-
PP converting the peptide bond from trans to cis, whereas
the release of pyrophosphate results in conversion of cis
back to trans (Héroux et al. 1999). In E. coli HPRT, this
does not appear to be the case, as in both the free and
product bound structures the cis conformation is observed.
These results suggest that the cis conformation is main-
tained throughout the catalytic cycle for this enzyme.

In E. coli HPRT, the side chain of Arg47 forms an ion
pair with Glu65 from subunit B, whereas the side chain of
Leu46 inserts into a hydrophobic pocket bounded by Phe68
from both subunits and Leu46 in subunit B. Comparison of
the side chain orientations in the cis and trans conforma-

Table 4. Selected main chain dihedral angles (
, �)° and rmsd (Å) values in E. coli HPRT

Residue
HPRT

Subunit A
HPRT

Subunit B
HPRT-IMP
Subunit A

HPRT-IMP
Subunit B

HPRT-GMP
Subunit A

HPRT-GMP
Subunit B

Pro153 (−72.9,169.1) (−71.9,170.3) (−69.5,169.5) (−74.8,177.6) (−67.0,167.9) (−70.4,172.0)
Asp154 (−69.7,69.7) (−70.7,66.7) (−75.1,77.1) (−74.6,69.3) (−83.7,79.1) (69.1,70.8)
Glu155 (−94.4,153.4) (−92.9,153.7) (−111.6,155.3) (−90.4,152.4) (−107.5,162.4) (−96.4,148.0)
Phe156 (−75.8,96.6) (−76.1,97.4) (−91.2,97.2) (−81.5,88.9) (−92.8,103.7) (−75.7,97.5)
Val157 (−107.7,147.3) (−108.1,147.7) (−87.2,154.0) (−101.6,156.6) (−92.4,147.2) (−110.9,153.3)
Val158 (−142.6,163.8) (−142.5,164.4) (−145.3,178.7) (−150.8,169.5) (−141.1,172.1) (−144.6,173.0)
153–158a 0.00 0.02 0.32 0.11 0.30 0.10

a rmsd values for the C� atoms when the segment from Pro153 to Val158 is superimposed.
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tions (Fig. 3) suggests that in a trans form of E. coli HPRT
similar side chain interactions are possible. Thus, these
structures do not reveal how this cis peptide bond is ener-
getically stabilized. However, in the structure of a mutant
form of the human HGPRT-HPP-PRibPP complex (Balen-
diran et al. 1999) where Lys68 (the equivalent residue to
Arg47) was replaced by alanine a trans conformation was
modeled, suggesting that disruption of the ionic interaction
alone may be enough to revert the peptide bond back to the
trans conformation.

The very high solvent content and relatively few crystal
packing contacts means that these structures are likely to be
highly representative of the solution structure. It has been
suggested that tight packing in the human HGPRT-IMP
crystals may have forced this structure into the higher en-
ergy cis configuration (Héroux et al. 1999). However, in E.
coli HPRT this appears not to be the case.

Materials and methods

Materials

Guanine, xanthine, hypoxanthine, PRib-PP, IMP, and GMP were
purchased from Sigma Chemical Company. DEAE-Trisacryl and
Sepharose CL-4B were obtained from Amersham Pharmacia Bio-
tech.

Amplification of the cDNA coding for E. coli HPRT

The nucleotide sequence of the gene coding for this enzyme was
identified from the published genome sequence (Fujita et al. 1994).
E. coli chromosomal DNA was prepared from DE3 cells (Sam-
brook et al. 1989) and primers were designed to amplify the cDNA
based on the known nucleotide sequence. Automatic sequencing
was performed at the Australian Genome Research Facility, The
University of Queensland, and confirmed that the DNA sequence
was identical to that previously published (Fujita et al. 1994).

Cloning, expression, and purification of E. coli HPRT

The cDNA coding for E. coli HPRT was cloned into pT7-7 as
described for the cloning of human HGPRT (Free et al. 1990), P.
falciparum HGXPRT (Keough et al. 1999), and E. coli XGPRT
(Vos et al. 1997). The enzyme was then expressed and the cells
lysed (Free et al. 1990). E. coli HPRT was purified to homogeneity
by chromatography on DEAE-Trisacryl in 0.01 M phosphate at pH
7.0, 0.1 mM MgCl2, 1 mM DTT and eluted with a 0–0.3 M KCl
gradient followed by chromatography on Sepharose CL-4B equili-
brated in 0.05 M Tris-HCl, 0.01 M MgCl2, 1 mM DTT at pH 7.4.
Fractions containing maximum specific activity were pooled and
concentrated to 18 mg/mL and stored at −70 °C.

Enzyme assays and determination of
protein concentrations

Protein concentrations were determined by measuring the A280 and
using a molar absorption coefficient calculated by the method of
Gill and Von Hippel (1989). The A1%

1cm is 3.84. The activity of E.

coli HPRT toward hypoxanthine, guanine, and xanthine was de-
termined spectrophotometrically (Keough et al. 1998). The Ki val-
ues for the nucleoside monophosphates were determined in 0.1 M
Tris-HCl, 12 mM MgCl2 at pH 7.4 and at 25°C.

Analytical ultracentrifugation and mass spectrometry

Before analytical ultracentrifugation, E. coli HPRT was dialyzed
against 0.05 M Tris-HCl at pH 7.5, 1 mM MgCl2, 1 mM DTT. The
molecular mass was determined by sedimentation equilibrium in a
Beckman XL-I analytical ultracentrifuge operated at 4°C (Keough
et al. 1999). Mass spectrometry was performed using a PESCIEX
API 165 single quadrupole mass spectrometer equipped with an
Ionspray atmospheric pressure ionization source, used in the posi-
tive mode. Before mass spectrometry the enzyme was diluted to ∼1
mg/mL and dialyzed against 0.1% acetic acid.

Crystallization

E. coli HPRT at 18 mg/mL (0.88 mM in terms of subunits) in 0.05
M Tris-HCl, 0.01 M MgCl2, 1 mM DTT at pH 7.4 was used for
crystallization of the free enzyme. To prepare the enzyme–nucleo-
side monophosphate complexes, concentrated E. coli HPRT was
incubated for 15 min with 2 mM IMP or GMP. Crystallization
experiments were carried out using hanging drop vapor diffusion
in VDX trays stored at 20°C; 1 �L of well solution and 1 �L of
protein or complex solution were mixed together. Within 24 h,
well solution consisting of 0.1 M HEPES at pH 7.5, 0.1 M sodium
citrate produced diamond-shaped crystals (0.15 mm × 0.15 mm ×
0.10 mm). Cryoprotection was achieved by soaking crystals for 5
min in well solution enhanced with 30% glycerol.

Data collection

X-ray data for the three structures were collected at the Advanced
Photon Source, Chicago, on beam line 14D, � � 1.000 Å using a
Q1 CCD detector. Crystals were cryocooled to 100 K using an
Oxford Cryosystems, Cryostream. Diffraction images were pro-
cessed using the programs DENZO and SCALEPACK
(Otwinowksi and Minor 1997). Results of the data collection and
processing are summarized in Table 2.

Structure determination

The first of the three structures solved was the E. coli HPRT-IMP
complex. The T. foetus HGXPRT dimer (Somoza et al. 1996) was
used as the starting model for molecular replacement. Solutions for
the rotation and translation functions were found using the pro-
gram X-PLOR v3.851 (Brünger 1992b). The maximum peak in the
rotation function was 4.0 � above the mean. Translation searches
were calculated for the space groups P3121 and P3221. The space
group P3121 provided the strongest peak, 7.2 � above the mean,
and 2.0 � above the next highest peak. Inspection of the packing
of the molecules showed tetramers generated by crystallographic
symmetry. Further analysis of this solution did not reveal any
interpenetrating symmetry molecules. The initial Rfactor for data in
the resolution range 15–4 Å was 0.498. Model building was per-
formed using 2Fo–Fc and Fo–Fc electron density maps and the
program O (Jones et al. 1991). Cycles of model building were
alternated with molecular dynamics refinement, initially using X-
PLOR v3.851 (Brünger 1992b) and later with program CNS
(Brünger et al. 1998). Because there were two subunits per asym-
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metric unit and the resolution of the data moderate, noncrystallo-
graphic symmetry restraints were used until the Rfree was 0.30.
Once these restraints were released, the Rfree value dropped to
0.28. 2Fo–Fc and Fo–Fc electron density was observed in both
subunits for the phosphate group and ribose ring of the IMP mol-
ecule. However, only subunit A showed significant density for the
base. As a result, the base in subunit B was not included in the final
model. Incorporation of the nucleoside monophosphates, 98 water
molecules, and fitting the cis peptide bond reduced the final Rfree

to 0.243. There was insufficient electron density to model residues
1–4, 73–82, and the two carboxy-terminal residues 181–182 in
both monomers. The side chains of Lys6 in both monomers and
Gln166 in monomer B were modeled as alanine in the final struc-
ture.

Crystals of E.coli HPRT-GMP complex were isomorphous with
crystals of the E. coli HPRT-IMP complex, thus the coordinates of
the protein in the E.coli HPRT-IMP complex were used as the
starting point for refinement of the GMP structure. Rfree was 0.289
after a cycle of rigid body refinement. Model building in O and
simulated annealing refinement with CNS reduced Rfree to 0.260.
As with the HPRT-IMP complex, 2Fo–Fc and Fo–Fc electron den-
sity was observed in both subunits for the phosphate group and
ribose ring, and again only subunit A had significant density for
the base. Residues and side chains not included in the HPRT-GMP
structure were the same as for the HPRT-IMP structure, except that
there was no side chain density for Arg82 in subunit B; therefore,
this amino acid was modeled as alanine. Inclusion of 114 water
molecules, individual B-factor refinement, and the cis peptide
bond gave a final Rfree of 0.244.

Crystals of free E. coli HPRT had similar unit cell dimensions
and the same space group as the complexes. Therefore, rigid body
refinement using the protein coordinates of E.coli-HPRT-IMP was
initially performed, resulting in an Rfree value of 0.270. Simulated
annealing and a round of model building lowered the Rfree to
0.257. Placement of two magnesium ions (one in each monomer),
74 water molecules, the cis peptide bond, and individual B-factor
refinement reduced the Rfree to a final value of 0.238. Residues and
side chains not included in the free structure were the same as for
the HPRT-GMP structure.

Ramachandran plots from PROCHECK (Laskowski et al. 1993)
for the three structures showed all the residues, except for Leu179
of subunit A in the HPRT-GMP complex, in the most favored or
allowed regions. When comparing the structures of the enzymes
from E. coli, T. foetus, and human, the program lsq_improve in O
(Jones et al. 1991) was used to calculate the rmsd values. The
distance cutoff for inclusion of atoms in the alignment is the de-
fault value of 3.8 Å.

Accession numbers

The refined coordinates and structure factors have been deposited
in the RCSB protein data bank and have the codes 1G9S and 1G9T
for the IMP and GMP complexes, and 1GRV for the free enzyme,
respectively.
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