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Abstract Purine phosphoribosyltransferases are mem-
bers of a group of enzymes that are responsible for the
formation of purine, pyrimidine and pyridine nucleo-
tides. One feature of this family is a flexible loop, which
isinvolved in the catalytic mechanism. This loop is vari-
able both in sequence and structure in the phosphoribo-
syltransferase family. This paper describes the modelling
and validation of a model of Plasmodium falciparum hy-
poxanthine-guanidine- phosphoribosyltransferase in an
open conformation. A comparison of this model with
3D-structures of other members of the phosphorybosyl-
transferase family has allowed an assessment of the role
of the open and closed conformations of the loop in the
catalytic mechanism.
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Introduction

Purine PRTases are members of a group of enzymes that
are responsible for the formation of purine, pyrimidine
and pyridine nucleotides. This family of enzymes uses
PRPP and a nitrogenous base to form a nucleoside
monophosphate with liberation of PPi [1].

The PRTase enzymes can be classified into two unre-
lated groups, types | and Il [2]. The type | PRTases are
characterised by a PRPP binding site motif, which fea-
tures two adjacent acidic residues surrounded by hydro-
phobic residues. All known type | PRTases have a ca-
nonical fold characterised by a sheet of five B-strands
surrounded by three or four a-helices [3]. The other fea
ture of this family is the flexible loop, which is involved
in the catalytic mechanism [4]. Thisloop is variable both
in sequence and structure in the PRTase family. The type
Il PRTases are less well described than type I. Members
of this class of enzyme do not have the binding-site mo-
tif and their structures comprise a mixed a/f3 N-terminal
domain and an a/f3 barrel-like C-terminal domain [2].

The type | PRTase superfamily consists of XGPRTS,
HGXPRTs, GPATs, HGPRTs and OPRTs. The first four
PRTase families are involved in purine salvage, whereas
members of the fifth family are involved in the salvage
of pyrimidine (Table 1).

The PRTase enzymes follow an Sy1-type mechanism
that results in an oxocarbonium-like TS[5]. This TS can-
not occur in an active site that is exposed to solvent be-
cause the TS complex would be hydrolysed immediately,
rather than going on to product formation. It has been
proposed that the flexible loop plays arole in oxocarbon-
ium stabilisation by moving to cover the active site [4].
Thus, the enzymes adopt two different conformations,
one described as open or “inactive’, where the flexible
loop is far away from the active site, and the second as



Table1l Summary of PRTase structures available in the Brookha-
ven Protein Data Bank (PDB). a active, i inactive

PDB Resolution  Source PRTase  Form
code  (A)

1cjb 20 P. falciparum HPRT a
pfma - P. falciparum HPRT i
1bzy 20 Human HPRT a
lhmp 25 Human HPRT i
1dbr 24 Toxoplasma gondii HPRT a
1gk3 16 Toxoplasma gondii HPRT i
Inul 18 E. coli XPRT a
lecc 24 E. coli GAT a
lech 2.7 E.coli GAT i
loro 24 E.coli OPRT a
lopr 2.6 S tryphimurium OPRT i

aModel of Pf HGPRT

closed or “active’, where the flexible loop covers the ac-
tive site.

Most of the HGPRTSs follow a ternary complex mech-
anism where both the substrates bind to the enzyme to-
gether to form a TS complex. The mechanism has been
studied for the cases involving human [6], Schistosoma
mansoni [7] and Tritrichomonas foetus [8], where the
PRPP binds to the enzyme first followed by the purine
base. PPi release is followed by the release of the respec-
tive monophosphate. In comparison, the Pf HGPRT
follows a ping-pong type of mechanism (D. Sarkar,
I. Ghosh, S. Datta manuscript in preparation). This might
indicate different dynamics for Pf HGPRT.

Recently, several crystal structures of the open and
closed conformations of the PRTases have been solved.
Structures with the open conformation are available for
human HGPRT (PDB code: 1hmp [4]), Toxoplasma gon-
dii HXGPRT (PDB code: 1dbr [5]), Escherichia cali
OPRT (PDB code: 1loro [9]) and E.coli GPRT (PDB
code: lecc [10]) and the structures of closed forms in-
clude human HGPRT (PDB code: 1bzy [11]), Toxoplas-
ma gondii HXGPRT (PDB code: 1gk3 [12],) and Plas-
modium falciparum HXGPRT (PDB code: 1cjb [13]).
The availahility of these structures prompted us to make
a detailed comparative structural analysis of the flexible
loop in both conformations and its interactions with the
substrate. Since there is no experimental structure avail-
able for P. falciparum HGPRT in open conformation, we
built amodel using comparative modelling techniques.

Materials and methods

Comparative modelling
Template structures and sequence alignment

The modelling of the Pf HGPRT in its open conformation was ini-
tiated before the crystal structure of its closed conformation was
published. Structural homologues that show appreciable sequence
similarity with Pf HGPRT are given in Table 2. Of these, human
HGPRT and Toxoplasma gondii HGPRT show significant se-
quence similarity with Pf HGPRT and both have open conforma-
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Table 2 Pf HGPRT homologues of known 3D structure

Homologue PDB  Sequence  References
code identity
(PFHGPRT)
(%)
HGPRT lhmp 49.1 [4]
(Homo sapiens)-Chain A
HGPRT 1dbr 493 [5]
(Toxoplasma gondii)-Chain A
HGPRT lhgx 27.4 [8]
(T. foetus)-Chain A
Table 3 Optionsused in )
MODELLER program Option
Set starting_model Refine
Set deviation 4.0
Set hetatm_|O Off
Set watr_|O Off
Set hydrogen Off
Call routine Model

tion crystal structures available. We therefore, chose these as the
template structures for comparative modelling of Pf HGPRT.

In order to obtain an accurate model, a correct sequence align-
ment of the target sequence with the homologues used as basis
structures is essential. To achieve an accurate sequence alignment,
we have used a structure-assisted approach [14] consisting of three

steps.

1. A structure-based sequence alignment of the template struc-
tures was obtained using the COMPARER [15,16] suite of pro-
grams, and formatted using the program JOY [17].

2. From the alignment, a sequence profile was constructed using
the sequence alignment program CLUSTALW [18,19].

3. The target sequence was then aligned to this profile. The align-
ment is shownin Fig. 1.

Model building

We adopted a recursive approach comprising sequence alignment
and model building [14]. From the best alignment of template
structures to target sequences, 15 3D models containing all non-
hydrogen atoms were obtained automatically using the method im-
plemented in MODELLER (version 4.0) [20]. Minimisation of the
models was performed automatically by the program. The models
had to satisfy most restraints used to calculate them, particularly
those restraining to their stereochemistry. The one corresponding
to the lowest value of the objective function was used for further
analysis. The cycle of realignment, modelling and structure vali-
dation was repeated until no further improvement on the structure
was observed. Table 3 shows the options used for running the
MODELLER program.

Results
Pf HGPRT model
The alignment used for the final model is shown in Fig. 2.

Note that region 100-139 of 1dbr has not been included in
thefinal alignment asit is very poorly defined in the struc-
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Fig. 1 Alignment of Pf HGPRT with 1hmp (Chain A) and 1dbrm

Table 4 Values of Ramachandran plot of the initial, intermediate

as the structural templates. 1dbrm is a truncated version of 1dbra and final models of HGPRT

with the poorly defined section from residues 100-139 removed.

Alignment was generated using COMPARER [15,16] and format- Residues Initial  Intermediate  Final
ted with JOY [17]. Residue numbers are shown in parentheses (%) (%) (%)
Key to JOY alignments In most favoured region 75.7 75.2 811
In additional allowed region 184 189 15.0
Solvent inaccesible UPPER CASE z In generously allowed region 39 4.4 34
Solvent accesible Lower case z In disallowed region 4.0 15 0.5
Positive @ Italic z
cis-Peptide Breve
Hydrogen bond to other sidechain Tilde 4
Eygrogen gong to mai “Cﬂa!“ am't?e | [BJOI(;:I ' z From the alignment in Fig. 2, the sequence similarity
Diywrl%%?ge tc))gndto manchan caboy! - e (Z; in the SCRs is strong, and all important residues in the
a-helix Red 7 active site are well conserved. Of the SVRs, the length
B-helix Blue z of segments in the target enzyme varies from 3 to 27, of
3p-helix Maroon z  which the longest are flexible loops.

ture. Target sequence to structural template alignments
was used as input to the program MODELLER. The re-
sulting output was a comparative model of the target se-
guence. It is worth mentioning the improvement of the
final model with respect to the rest of the models. Ta-
ble 4 shows the values of the Ramachandran plot [21] for
the initial model, for an intermediate model that only
used 1hmp as template and for the final model. As can
be seen, the final model shows the best values.

The final model was built and the variable regions
were modelled. Three variable regions were found to be
unsatisfactory; these were the N-termina region
(1-16), the loop (97-106) between an a-helix and (-
strand and the previously mentioned flexible loop
(112-127). Loop 1-16 was remodelled using the equiv-
alent segment from 1dbr. Loop 97-106 is characterised
by three insertions. To model this loop, no suitable
structural fragment was available from the family of
PRTases. Therefore, we searched for a fragment outside
the family. The search was made using the LOOP-
SEARCH option in the SYBYL software suite [22]
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Fig. 3 Energy profile of Pf HGPRT model, obtained from VERI-
FY3D program [23]. A window of 10 residues was used to com-
pute the energy profile

coupled database. This database has been built from a
large set of high-resolution protein structural frag-
ments. The best 25 fragments from the search were se-
lected and fitted to the model and visually inspected for

I: conserved regions

Table 5 Candidate structural fragments for modelling the loop
(97-106)

Source Local The RMSDs (A)
sequence of the anchor
similarity regions

1 1the A 4271 0.22
2 1the-B 4271 0.23
3 lhuc B 4271 0.26
4 3pga 4 42.71 0.29
5 3pga 4 45.83 0.29
6 1cg2 C 51.04 0.28
7 2gbp 45.83 0.29
8a lcgb 61.46 0.34
9 lhuc 4271 0.34
10 lego 61.46 0.35

aThe fragment selected for modelling the loop

stereochemical compatibility. Table 5 gives the list of
the ten best segments. Loop 112-127 corresponds to
the flexible loop. In 1hmp and 1dbr it is a poorly de-
fined region (in addition, 1dbr has three resi-
dues,116-119, completely missing). However, the
1hmp structure provides a crude framework for the en-
tire loop and this was used as the basis for its construc-
tion. To model the N-terminal region (1-16) we used
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obtained from

Plot statistics

Residues in most favoured regions (A, B, L) 167 81.1%

Residuesin additional allowed regions[a, b,l,p] 31 15.0%

Residues in generously allowed regions 7  34%
[~a, ~b, ~I, ~p]

Residues in disallowed regions 1 05%

Number of non-glycine and non-prolineresidues 206 100.0%

Number of end-residues (excluding Gly and Pro) 2

Number of glycine residues (shown as triangles) 14

Number of proline residues 9

Total number of residues 231

1dbr as a template because in this region the target se-
guence has a high sequence similarity with 1dbr. Thus,
of the three loops only one was modelled using a frag-
ment selected from outside the family.

After the refinement process the model was validated
using the VERIFY 3D [23] and PROCHECK [21] pro-
grams. Figure 3 shows the energy profile, obtained with
VERIFY3D. The stereochemical quality of the final
model was examined with PROCHECK. The Ramac-
handran plot (Fig. 4) shows that only a few residues
(0.5%) arein disallowed regions.

Sequence and structural variability in the PRTase family

We investigated the 3D-structures of several PRTases en-
zymes. HGPRT from human, T. foetus, and T. gondii,
HXGPRT from P. falciparum, XPRT from E. coli as well
as OPRT and GPRT, both from E. coli. The structural
alignment of these structures generated usng COMPARER
isshownin Fig. 5.

Only 17 residues that are common to all these pro-
teins are identified in the sequence alignment. However,

high local sequence similarity exists between residues
140-150 (1cjb numbering). This region corresponds to
the PRPP binding site motif.

Figure 6 shows schematically the alignment of the
secondary structures of known PRTase family sequence
structures. The canonical core derived from their con-
sensus consists of eight B-strands (3;-Bg) and four a-
helices (a,-a,). It is interesting to note that each indi-
vidual structure is characterised by a few insertions of
secondary structure with respect to the canonical core.
For example, the HGPRTs (PDB codes. 1cjb, pfm,
1lhmp, 1lbzy, 1dbr and 1gk3) have insertions of two [-
strands and one a-helix, the OPRTs (PDB codes. 1oro
and lopr) have an insertion of one a-helix and the
GPRTs (PDB codes. lecc and lech) have insertions of
two a-helices.

Structural changes between open and closed forms
of PRTases

The major structural change during enzymatic activity
occurs in the flexible loop, which moves to cover the
active site in order to shield the substrate in the TS from
the surrounding agueous environment (Fig. 7). Compar-
ison of the open and closed forms indicates that the loop
might sweep out at an angle of about 400 in order to
cover the active site. In most of the PRTases the loop
covers the active site of the same subunit; however, in
OPRT the loop covers the active site of the adjacent
subunit. This is necessary since the loop is considerably
shorter, compared to the other PRTases, and cannot cov-
er the active site of the same subunit.

The structural change that occurs in the loop in-
volves large conformational changes [24] in the compo-
nent residues. However, it is still not understood how
exactly such large changes are being effected. Further-
more, the flexible loop consists of polar residues,
which demand hydrogen-bonding partners. One may
postulate that in the inactive enzyme the loop swings
between the fully open conformation (where all the side
chains are fully accessible to the surrounding water) to
the near-closed conformation (some of the side chains
becoming inaccessible to the water). When the sub-
strateisin the TS, new interactions, probably involving
the side chains of the inaccessible residues of the flexi-
ble loop, must stabilise the near-closed conformational
state. In order to test this we computed the interactions
between the inhibitor IMU300, POP and the two mag-
nesium ions together representing the TS analogue of
the substrate and the flexible loop in human HXGPRT.
There are indeed three such hydrogen bonds (Table 6)
formed between the flexible loop and the TS analogue.
However, it is difficult to say whether these three hy-
drogen bonds are sufficient for the stabilisation of the
closed conformation.

In addition to the flexible loop structural changes
other changes might occur in some other regions of the
enzyme. To examine this, we superposed the active and



Fig. 5 Structural alignment of
the PRTase family. The flexible
loop and the conserved binding
site motif are indicated with
yellow and green boxes respec-
tively.* Theresiduesinvolved
in the cis-peptide

Table 6 Hydrogen bonds between residues of the flexible loop Table7 RMS of the human en-
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inactive forms of the human PRTase and listed only
those regions (flexible loop excluded) which show
RMSD values greater than 1.0 A (Table 7). It is interest-
ing to note that some of the residues undergo apprecia-
ble structural changes and these regions are located in
the vicinity of the active site. These are due to the con-
tributions not only of local conformational changes but
also of the rigid body shifts of some of the secondary
structural elements.

Of the conformational changes, one striking feature is
the change of peptide bond conformation from cis to
trans [25] (Fig. 5). In not one case is there a proline on
the C-terminal side of the cis peptide. In most of the

open structures, the exception being GPRT, the peptide
bond is in the trans conformation, while in the corre-
sponding closed formsiit is in the cis conformation. This
association of a particular peptide bond conformation
with the active and inactive forms of the enzyme points
to cis-trans isomerisation of the peptide bond as the en-
zyme changes between the two forms. If thisis so, then
how is the energy cost for the peptide bond isomerisation
compensated? One possibility is the stabilisation of the
TS by interactions in the cis peptide conformation. In
fact there are extensive hydrogen bonding interactions
between the TS analogue and the enzyme (Table 8). In
particular, as can be seen in Fig. 8a, the amide nitrogen
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Table 8 Hydrogen bonds be- i . .
tween residues in the TS ana- Residue Atom Ligand atom Distance (A)
logue Gly 139 N O,P (IMU) 29
Asp 137 N 0,P(IMU) 30
Thr 141 N O,P(IMU) 2.7
Thr 141 0G1 O,P(IMU) 2.7
Lys 140 N O,P(IMU) 3.4
Thr 138 OG1 O;P(IMU) 2.6
Glu 133 OE2 0z*(IMU) 2.8
Asp 134 oD2 0,*(IMU) 25
Asp 137 0oD2 N5(IMU) 2.8
Tyr 104 OH No(IMU) 39
Lys 165 NZ Og(IMU) 2.7
Val 187 N Og(IMU) 35
val 187 o N,(IMU) 2.7
Asp 193 0 N,(IMU) 2.8
Val 187 0 N,(IMU) 2.8
Asp193 N N,(IMU) 34
Lys 68 N 0,(POP) 3.0
Arg 199 NH2 0,(POP) 32
Gly 69 N O,(POP) 2.8
Lys 68 N O,(POP) 3.2
Arg 199 NH2 O4(POP) 26
Asp193 oD1 O,(POP) 2.7
Arg 199 NH1 O,4(POP) 2.8
Ser 103 N Og(POP) 2.7

Tyr 104 N Og(POP) 2.9
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Fig. 7 a Human enzyme in closed conformation (1bzy). The flexi-
ble loop is shown in magenta. PPi and IMU are shown as solid
bonds and the residue Lys-68 as a ball-and-stick model. b Human
enzyme in open conformation (1hmp). The flexible loop is shown
in magenta. GMP is shown as solid bond and the residue Lys-68
as a ball-and-stick model. This figure was generated using MOL-
SCRIPT [26] and RASTER 3D [27]

Lys—6#

Fig. 8 a Interactions of Lys-68 residue of human enzyme (1hmp)
with PPi in the closed conformation. The Lys-68 residue is shown
as a ball-and-stick model, PPi and IMU are shown as black solid
bonds. The hydrogen bonds formed by Lys-68 and PPi are indicat-
ed with red dashed lines. b Superposition of the enzyme in the
open conformation (1bzy) with PPi and IMU. The Lys-68 is
shown as a ball-and-stick model, PPi and IMU are shown as black
solid bonds and GMP in red. This figure was generated with
MOLSCRIPT and RASTER 3D



of Lys-68 forms a hydrogen bond with both oxygens of
PPi, whereas in the open conformation (Fig. 8b), this is
not possible.

The emphasis in our work, modelling of Pf HGPRT
and the comparative analysis, was to check the differences
and similarity among the HPRT family in order to know a
bit more about the structural changes that happen during
enzymatic activity and their influence on the rest of the
residues. Thus, the modelling of Pf HGPRT has helped us
to carry out acomparison in both conformations.

In addition to the flexible loop structural changes,
other changes occur in the vicinity of the active site.
These changes are due to the contributions of local con-
formation changes and to the rigid body shifts of some
of the secondary structure elements.
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