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Abstract Self-association of protein monomers to high-
er-order oligomers plays an important role in a plethora
of biological phenomena. The classical biophysical
technique of analytical ultracentrifugation is a key
method used to measure protein oligomerisation. Recent
advances in sedimentation data analysis have enabled
the effects of diffusion to be deconvoluted from sample
heterogeneity, permitting the direct identification of
oligomeric species in self-associating systems. Two such
systems are described and reviewed in this study. First,
we examine the enzyme dihydrodipicolinate synthase
(DHDPS), which crystallises as a tetramer. Wild-type
DHDPS plays a critical role in lysine biosynthesis in
microbes and is therefore an important antibiotic target.
To confirm the state of association of DHDPS in
solution, we employed sedimentation velocity and
sedimentation equilibrium studies in an analytical ultra-
centrifuge to show that DHDPS exists in a slow dimer—
tetramer equilibrium with a dissociation constant of
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76 nM. Second, we review works describing the hex-
amerisation of GDP-mannose pyrophosphorylase
(GDP-MP), an enzyme that plays a critical role in
mannose metabolism in Leishmania species. Although
the structure of the GDP-MP hexamer has not yet been
determined, we describe a three-dimensional model of
the hexamer based largely on homology with the ur-
idyltransferase enzyme, Glmu. GDP-MP is a novel drug
target for the treatment of leishmaniasis, a devastating
parasitic disease that infects more than 12 million people
worldwide. Given that both GDP-MP and DHDPS are
only active in their oligomeric states, we propose that
inhibition of the self-association of critical enzymes in
disease is an emerging paradigm for therapeutic inter-
vention.

Keywords Analytical ultracentrifugation - Binding -
Bioinformatics - Drug discovery - Enzyme -
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Introduction

Protein hetero-association and self-association play
essential roles in biology (Marianayagam et al.. 2004).
One example of the importance of protein oligomerisa-
tion in biological mechanisms is allosteric regulation.
This is traditionally illustrated with hemoglobin and
oxygen binding (Yonetani et al. 2002) and in the control
of critical rate-limiting steps with enzymes such as
phosphofructokinase (Fenton et al. 2004). More re-
cently, the modulation of protein function by oligomeric
state has emerged as a common theme in the literature.
A change in quaternary structure is often associated
with a change in function, and transient protein—protein
interactions can thus be important biological regulators
(Nooren and Thornton 2003). For some enzymes, such
as UDP-glucose pyrophosphorylase from barley, the
monomer is the active species and the oligomer is
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apparently inactive (Martz et al. 2002). With other en-
zymes, such as HIV-1 protease, the opposite is the case.
The requirement for a dimeric structure in HIV-1 pro-
tease has been exploited in the design of novel drugs that
disrupt the quaternary structure and inactivate the en-
zyme (Boggetto and Reboud-Ravaux 2002). Similar
principles have been applied to the design of inhibitors
of Plasmodium falciparum triose phosphate isomerase,
with a view to disrupting the homodimeric enzyme in
order to effect inhibition (Singh et al. 2001).

In this paper, we highlight the potential to make
disruption of enzyme self-association a general para-
digm for drug design, and illustrate the concept with a
discussion of two important drug targets: dihydrodipi-
colinate synthase (DHDPS) and GDP-mannose pyro-
phosphorylase (GDP-MP). In addition, we emphasize
that analytical ultracentrifugation is an essential tool for
analysing protein self-association, and review recent
advances that permit detailed analyses of protein—pro-
tein interactions in solution.

Dihydrodipicolinate synthase

Given the increasing prevalence of antibiotic resistance,
new targets are sought in antibiotic design. One target of
antibacterial agents that has yet to be fully exploited is

Fig. 1 Tetrameric structure of
DHDPS from E. coli.
Monomers A and B, and A
monomers C and D associate
via an extensive interface to
form the tight-dimer. Two
dimers associate across less
extensive interfaces to produce
the tetramer. Essential active
site residues are shown in red,
and lysine-binding residues are
shown in green. Figure
produced using the open source
program, PyMol, which is
available from http://
www.pymol.org

the biosynthesis of the amino acid lysine and its imme-
diate precursor meso-diaminopimelate (meso-DAP)
(Hutton et al. 2003). The lysine biosynthetic pathway in
plants and bacteria yields the de novo synthesis of lysine
for protein utilisation. More importantly, lysine and
meso-DAP are vital constituents of the bacterial pepti-
doglycan cell wall (Hutton et al. 2003). Hence, blockage
of lysine (and meso-DAP) biosynthesis would inhibit
bacterial growth via two mechanisms, and such inhibi-
tors may provide a new class of antibacterial agents. The
occurrence of the lysine biosynthetic pathway in
microorganisms and plants, but not in mammals, sug-
gests that specific inhibitors of this biosynthetic pathway
may display novel antibacterial properties with low
mammalian toxicity. Thus, the lysine biosynthetic
pathway in general, and the branch point enzyme
DHDPS in particular, have become a focus of attention
in antibiotic design. Despite this, no potent inhibitor has
yet been found for an enzyme in this pathway.
Biochemical and structural analyses demonstrate that
Escherichia. coli DHDPS forms a tetramer with a large
cavity in the centre of the enzyme (Mirwaldt et al. 1995)
(Fig. 1). The product of the reaction, lysine, can bind to a
specific pocket between the tight dimer—dimer interface,
as shown in Fig. 1, and effect negative allosteric feedback
regulation. Since both catalytic and regulatory sites are
contained within the tight dimer, the reason that E. coli




DHDPS adopts the tetrameric form is unclear. A dimeric
form of the enzyme would be expected, ab initio, to retain
the catalytic and regulatory activity of the tetramer.
However, we have recently engineered dimeric forms of E.
coli DHDPS by in vitro mutagenesis, and have demon-
strated that the dimer, although sharing an identical ter-
tiary structure, possesses a significantly lower activity
relative to the wild-type enzyme (Griffin et al., unpub-
lished work). This indicates that tetramerisation is
essential for function and that disruption of the tetrameric
state may offer a novel means of enzyme inhibition.

GDP-mannose pyrophosphorylase

We have recently reported the self-association of GDP-
MP, which forms a stable hexamer under physiological
conditions (Davis et al. 2004b). Similar to DHDPS, the
oligomeric species of GDP-MP represents the active form
of the enzyme, whilst the monomer demonstrates no cata-
lytic activity in vitro (Davis et al., unpublished). The GDP-
MP plays a critical role in mannose metabolism in Leish-
mania species, where it is responsible for catalyzing the
conversion of mannose-1-phosphate to GDP-mannose
using GTP as the nucleoside-diphosphate donor (Davis
etal. 2004b). The GDP-mannose is subsequently used as a
building block for the production of glycoconjugate mol-
ecules. These glycoconjugates, including GPI-anchored
lipids, are found on the outer glycocalyx of the parasite and
are demonstrated to be important virulence factors in
leishmaniasis (Handman 1992). Thisdiseaseisestimated to
infect over 12 million people worldwide and is largely en-
demic throughout tropical and sub-tropical regions,
including northern Africa, southern Europe and South
America (Handman 2001). To date, there is no vaccine
against leishmaniasis and chemotherapy is still the only
means of disease control (Handman 2001). The current
drugs, based primarily on antimonial salts first introduced
in the 1930s, are difficult to administer, are toxic, and drug
resistance is increasing rapidly (Davis et al. 2004a).
Accordingly, thereisanurgentneed for the development of
new drugs, and therefore an urgent need to characterise
novel drug targets. One such target is GDP-MP, and dis-
ruption of its oligomericstate would provide anovel means
of inhibiting this important enzyme.

Experimental

Expression and purification of DHDPS

This was carried out according to previously-published
methods (Dobson et al. 2004).

Analytical ultracentrifugation

Sedimentation experiments were performed in a Beck-
man Model XL-A analytical ultracentrifuge equipped
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with UV/Vis scanning optics and An-60 Ti 4-hole rotor
at 20 °C. Protein sample (0.05-1.0 mg/ml) and reference
(20 mM Tris—HCI, 150 mM NaCl, pH 8.0) solutions
were loaded into 12 mm double sector cells with quartz
windows. Prior to sedimentation, the protein samples
were purified to homogeneity by size-exclusion liquid
chromatography on a 16 x 600 mm Sephacryl S400
column (Pharmacia). For sedimentation velocity exper-
iments, 380 ul of sample and 400 pl of reference were
centrifuged at 40,000 rpm and data was collected at 230
or 280 nm every 6 min without averaging. For sedi-
mentation equilibrium experiments, 100 pl of sample
and 120 pl of reference were centrifuged at 10,000 or
16,000 rpm until sedimentation equilibrium was at-
tained (24-36 h) and radial absorbance scans were taken
at 230, 235 or 280 nm with ten averages. High-speed
depletion was then performed at 40,000 rpm for up to
5 h and the baseline offset (E) was determined by aver-
aging the absorbance over a 0.1 cm radial range in the
solution plateau near the sample meniscus. The value of
E in all cases, including sedimentation velocity experi-
ments, represented <5% of the total initial absorbance
and was employed as a fixed parameter in the non-linear
analyses described below. The partial specific volume ©
of the sample and the density and viscosity of the buffer
were computed using the program SEDNTERP (Laue
et al. 1992). Sedimentation velocity data was fitted to a
single discrete species, multiple discrete species or a
continuous size-distribution model using the program
SEDFIT (Schuck 2000). Sedimentation equilibrium data
were fitted globally at multiple speeds and wavelengths
with and without sedimentation velocity data to a single
discrete species, multiple discrete species or self-associ-
ating models using the program SEDPHAT (Vistica
et al. 2004). The SEDFIT and SEDPHAT programs are
available from http://www.analyticalultracentrifuga-
tion.com.

Molecular modeling

The MODELLER (6v2) package (Sali and Blundell
1993) was used to generate models of trimeric GDP-MP
based on the sequence alignment generated by FUGUE
(Shi et al. 2001) with N-acetyl-glucosamine-1-phosphate
uridyltransferase (Glmu) from Streptococcus pneumo-
niae (Sulzenbacher et al. 2001), and glucose-1-phosphate
thymidylyltransferase (RmlA) from Pseudomonas aeru-
ginosa (Blankenfeldt et al. 2000). Initially, 25 models
were generated and the model with lowest MODELLER
objective function was used for further model building.
Assessment of this model using Profiles-3D (Luthy et al.
1992) analysis indicated good amino acid environment
compatibility. The FTDock (Gabb et al. 1997) program
was used to generate hexameric models of GDP-MP by
docking two trimeric GDP-MPs with a grid span of
0.8 A, a surface thickness of 1.2 A, and angle step of 12°
applied to construct a total of 4000 hexameric models.
These were then ranked according to an empirical pair
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potential (Moont et al. 1999). Refinement of the inter-
faces was performed using the MULTIDOCK program
(Jackson et al. 1998). Buried surface areas were calcu-
lated as the difference in solvent accessible surface areas
in uncomplexed and complexed structures using the
program NACCESS Version 2.1.1 (Hubbard and
Thornton 1993).

Results and discussion
Techniques for measuring protein self-association

A number of techniques have been employed to measure
self-association and hetero-association of proteins.
Qualitatively, the common methods are analytical gel
permeation liquid chromatography (Andrews 1964) and
blue native PAGE (Schagger et al. 1994). These techniques
are relatively simple and inexpensive, but can lead to
aberrant results when analysing asymmetric macromole-
cules and rapidly diffusing or dissociating systems.
Quantitatively, analytical ultracentrifugation is a superior
method for measuring self-association or hetero-associa-
tion (Peruginietal. 2000, 2002; Schuck et al. 2002). Despite
the fact that the technique was first pioneered by Svedberg
in the 1920s (van Holde and Hansen 1998), the major
bottleneck of analytical ultracentrifugation for almost
80 years up to the turn of the millennium has been data
analysis. The speed of the modern day computer now
makes it possible to perform a billion iterations in a few
seconds and so one can solve complicated algorithms in
little time, including the Lamm equation, which describes
the rate of movement of a macromolecule in a gravita-
tional field (Schuck 2000). The development of continuous
size-distribution [c¢(s)] analysis using the program SED-
FIT (Schuck 2000) has provided an efficient approach to
generating size-distribution profiles of heterogeneous
macromolecular systems (Davis et al. 2004b; Perugini
et al. 2000, 2002; Schuck et al. 2002). When compared to
more traditional size-distribution analysis tools, including
the van Holde—Weischet method and the g*(s) method, the
¢(s) algorithm is superior in terms of sensitivity and reso-
lution (Schuck et al. 2002). Accordingly, the identity of
multiple species in the analytical ultracentrifuge can now
be determined from a simple sedimentation velocity
experiment without the need for time-laborious sedimen-
tation equilibrium data (Perugini et al. 2000; Schuck et al.
2002). However, this analysis is restricted to non-inter-
acting or slow equilibrium systems (Perugini et al. 2000;
Schuck 2000). For characterisation of self-associating or
hetero-associating systems, the recent development of the
program SEDPHAT (Vistica et al. 2004) has enabled
efficient global analyses to be performed with sedimenta-
tion equilibrium data with and without sedimentation
velocity data sets. This approach has recently been suc-
cessful in determining the hexamerisation of GDP-MP
(Davis et al. 2004b) and is demonstrated below for the
characterisation of the oligomeric structure of DHDPS.

Tetramerisation of DHDPS

To characterise the quaternary structure of DHDPS in
aqueous solution, sedimentation velocity studies were
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Fig. 2A-C Sedimentation velocity analyses of DHDPS. A Absor-
bance at 280 nm plotted as a function of radial position (cm) from
axis of rotation for DHDPS at an initial concentration of 1.0 mg/
ml. Raw data (open symbols) are plotted at time intervals of 12 min
and are overlaid with the continuous size-distribution best-fit (solid
lines) shown in B. B Continuous sedimentation coefficient [c(s)]
plotted as a function of standardised sedimentation coefficient
($20.w) for DHDPS at an initial protein concentration of 1.0 mg/ml.
The RMSD and runs test Z values for the ¢(s) distribution best fit
shown were calculated to be 0.011 and 4.6, respectively. Inset
Residuals plotted as a function of radial position (cm) from the axis
of rotation. C ¢(s) distribution plotted as a function of sy for
DHDPS at an initial protein concentration of 50 pg/ml. The
RMSD and runs test Z-value values for the ¢(s) distribution best fit
shown were calculated to be 0.0047 and 13, respectively. Inset
Residuals plotted as a function of radial position (cm) from the axis
of rotation. Continuous size-distribution analysis was performed
using the program SEDFIT (Schuck 2000) at a resolution of 200
sedimentation coefficients between 0.5 and 12.5 S, with rotor speed
ramping, at P=0.95 and f/f,=1.25 (B) and f/f,=1.62 (C)
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Table 1 Summary of the hydrodynamic properties of wild-type DHDPS

Oligomer $20.0 (S) M? (kDa) M ¢ (kDa) a/b? K (nM) kot (571
Dimer 3.9 62.5 69.8 4.5 - -
Tetramer 6.9 125 128 2.6 76 3.2x107°

? Standardised sedimentation coefficient taken from the ordinate
maximum of the ¢(s) distribution best-fit (Figs. 2B and C)

® Relative molecular weight calculated from the amino acid se-
quence

¢ Apparent molar mass taken from the ordinate maximum of the
¢(M) distribution best-fit (data not shown)

initially employed in the analytical ultracentrifuge. The
data for DHDPS at an initial protein concentration of
1.0 mg/ml is plotted at 12 min intervals in Fig. 2A.
These data were fitted to a continuous size-distribution
model (Schuck 2000) yielding the ¢(s) distribution shown
in Fig. 2B, which indicates that DHDPS exists as a
single species with a standardised sedimentation coeffi-
cient (s29.w) of 6.9 S (Table 1). The molar mass of this
species taken from the ordinate maximum of the c(M)
distribution is consistent with the mass of the DHDPS
tetramer (Table 1). This suggests that DHDPS exists as
a stable tetrameric species in aqueous solution at an
initial protein concentration of 1.0 mg/ml, consistent
with the crystal structure of the E. coli enzyme (Fig. 1),
as well as gel permeation liquid chromatography and
blue native PAGE studies described elsewhere (Griffin
et al., unpublished work).

To determine whether the tetramerisation of DHDPS
is concentration-dependent, particularly given the
structure of the weak dimer—dimer interface (Fig. 1),
sedimentation velocity experiments were also performed
at an initial protein concentration of 0.05 mg/ml or
1.6 uM (Fig. 2C). The c(s) distribution plotted in
Fig. 2C shows that DHDPS exists as a mixture of two
species with sy9 values of 3.9S and 6.9S that are not
baseline-resolved (Fig. 2C, Table 1). Similar data was
obtained using the g*(s) method (data not shown). This
suggests that the enzyme resides in an equilibrium mix-
ture of dimers and tetramers. Assuming a prolate ellip-
soidal shape, the axial ratio for the dimer and tetramer
are calculated to be 4.5 and 2.6, respectively, indicating
that the dimeric species is more asymmetric in shape
(Table 1). This may be due to increased flexibility in the
dimer, as seen with dimeric mutants of DHDPS de-
scribed elsewhere (Griffin et al., unpublished work). To
confirm the state of association of the wild-type enzyme
at low protein concentrations, and to quantitate the
tetramerisation constant, sedimentation equilibrium
experiments were subsequently performed at two rotor
speeds, multiple wavelengths and varying initial protein
concentrations of 0.05 and 0.3 mg/ml. These data were
fitted globally with sedimentation velocity data obtained
at an initial enzyme concentration of 0.05 mg/ml
(Fig. 3A). The global non-linear least-squares best-fit
yielded a tetramerisation constant (K,4) of
1.32x10” M~! (Kp =76 nM) and a rate constant for the

4 Axial ratio assuming a prolate ellipsoid shape calculated using the
? method (Laue et al. 1992)

¢ Tetramer dissociation constant, calculated from a global non-
linear least squares best-fit to a dimer—tetramer equilibrium (Fig. 3)
f Rate constant for the dissociation of tetramer to dimer, calculated
from the global non-linear least-squares best-fit described in Fig. 3

dissociation of tetramer (ko,q) of approximately
3.2x107°s~' (Fig. 3, Table 1). This indicates that
DHDPS exists in a slow dimer—tetramer equilibrium. By
comparison, poor fits were obtained to a rapid
(kor=0.1 s~!) dimer—tetramer model (data not shown).
Furthermore, poor fits were also calculated when the
data shown in Fig. 3 were fitted to monomer—tetramer,
monomer—trimer or dimer—hexamer equilibria (data not
shown).

Hexamerisation and 3-D model of GDP-MP

Given the importance of GDP-MP as a novel drug
target for leishmaniasis, there is considerable interest in
determining the three-dimensional structure of GDP-
MP. Previously we have shown in the analytical ultra-
centrifuge that GDP-MP self-associates as a dimer of
trimers to form an asymmetric hexamer that is stable
under physiological conditions (Davis et al. 2004b).
Nevertheless, these studies do not provide insight into
how the hexamer assembles. In particular, we are
interested in elucidating whether the trimeric form of the
enzyme associates to form a hexamer in a head-to-head
(N-terminal to N-terminal) or tail-to-tail (C-terminal to
C-terminal) manner. Both models are feasible based on
the hydrodynamic shape calculated from sedimentation
velocity studies (Davis et al. 2004b). Three-dimensional
modeling of the enzyme was therefore performed.
Comparative sequence analysis suggests that GDP-
MP from L. mexicana consists of two domains: an N-
terminal nucleoside triphosphate (NTP) transferase do-
main and a C-terminal left-handed B-helix (LBH) do-
main (Fig. 4A). Its most closely related homologues in
the PDB are Glmu, a uridyltransferase enzyme from
Steptococcus pneumoniae, and RmlA, a thymidylyl-
transferase from Pseudomonas aeruginosa. A model of
trimeric GDP-MP was therefore generated using the
MODELLER program based on the known three-
dimensional structures of Glmu (Sulzenbacher et al.
2001) and RmlA (Blankenfeldt et al. 2000) (PDB
accession codes 1hm9 and 1fxo, respectively). The core
subdomain (residues 1-245) of RmlA and the N-termi-
nal domain of Glmu (residues 1-245), which adopt
identical folds, were used as the templates for the N-
terminal domain of GDP-MP. The LBH domain of
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Fig. 3A-C Global dimer—tetramer self-association analysis of
DHDPS sedimentation data. A Absorbance at 230 nm plotted as
a function of radial position (cm) for DHDPS at an initial protein
concentration of 0.05 mg/ml. Sedimentation velocity data (open
symbols) are plotted at time intervals of 6 min and overlaid with the
non-linear least-squares best-fit (solid lines) to a dimer—tetramer
self-association model yielding K> 4=1.3 x 10’ M~! (K, =76 nM)
and kor=3.2x107"°s7!. Inset Residuals plotted as a function of
radial position (cm) from the axis of rotation. The RMSD and runs
test Z values were calculated as 0.0051 and 22, respectively.
B Sedimentation equilibrium absorbance data at a wavelength of
230 nm for DHDPS at an initial protein concentration of 0.05 mg/
ml at 10,000 rpm (diamonds) and 16,000 rpm (circles). The global
non-linear least-square best-fit to a dimer—tetramer self-association
model yielding parameters described in A above is represented by a
solid line. Insets Residuals plotted as a function of radial position
(cm)—10,000 rpm (solid diamonds) and 16,000 rpm (solid circles).
The RMSD and runs test Z values were calculated as 0.0054 and
8.1, respectively. C Sedimentation equilibrium absorbance data at a
wavelength of 280 nm for DHDPS at an initial protein concentra-
tion of 0.3 mg/ml at 10,000 rpm (diamonds) and 16,000 rpm
(circles). Global non-linear least-square best-fit to the dimer—
tetramer self-association model described above is represented by a
solid line. Insets Residuals plotted as a function of radial position
(cm)—10,000 rpm (solid diamonds) and 16,000 rpm (solid circles).
The RMSD and runs test Z values were calculated as 0.0074 and
4.8, respectively

Glmu was used as a template for the C-terminal domain
of GDP-MP. In Glmu, this domain packs tightly against
the LBH domain of two other Glmu monomers to form
a trimeric assembly. The LBPH domain of Glmu consists
of approximately 200 residues, constituting ten coils,
with the final four coils forming the acetyl CoA binding
site of enzyme. In comparison, the C-terminal domain of
GDP-MP consists of approximately 120 residues form-
ing six coils, and thus lacks the acyltransferase activity
that Glmu possesses. A trimeric model of GDP-MP was
constructed using the Glmu trimer as a template.
Analysis of this model using Profiles-3D (Luthy et al.
1992) showed that most residues had a positive com-
patibility score, indicating favourable geometry. The
total compatibility score of 386 for this structure com-
pared favourably with the expected value for a protein
of this size of 527 (Eisenberg et al. 1997).

Docked conformations of two GDP-MP trimers,
forming hexamers, were calculated using the 3D-Dock
suite of programs. Pair potentials were used to score the
interactions across the interface of each hexameric
complex (Moont et al. 1999), and the top 100 ranked
models were then subjected to refinement using the
program MULTIDOCK (Jackson et al. 1998). The
structure with the highest rank after refinement is pre-
sented in Fig. 4B. In this structure, the two trimeric
assemblies contact each other in a head-to-head manner
involving only the N-terminal domain in such a way as
to retain threefold symmetry. The structure is composed
of 30% B strand, 25% a-helix and 13% turn, as deter-
mined using the program DSSP (Kabsch and Sander
1983), which is consistent with circular dichroism spec-
troscopy studies previously reported (Davis et al.
2004b). The modelled structure is approximately 140 A
long x 85 A wide, which agrees well with the asymmetric
shape of the hexamer calculated from sedimentation
studies (Davis et al. 2004b), and buries 1209 A? of sur-
face at the trimer—trimer interface (Fig. 4B). This inter-
face is formed by the interaction between a single
monomer in each of the trimers and is thus composed of
three unconnected regions forming a large cavity in the
middle of the structure. The next highest ranked inter-
action presents an identical hexameric complex. The top
two structures were ranked initially 40 and 79 from the
shape complementary screen in FTDock, and 89 and 71,
respectively, using the pair potential score. Examination
of the top ten ranking hexamers reveals that only the top
two complexes are precluded from forming higher order
oligomers, which is consistent with analytical ultracen-
trifugation data described earlier (Davis et al. 2004b). By
contrast, the alternative tail-to-tail arrangement, in
which C-terminal domains form the interface, was
ranked 1811 based on shape complementarity, and near
the bottom of the ranking using the pair potential score.
This arrangement buries only 945 A? of surface at the
interface. Accordingly, the top ranking structural model
of GDP-MP (Fig. 4B) suggests that the enzyme self-
associates to form a head-to-head hexameric structure.
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NTP transferase domain

379

14

Fig. 4A-B Structure of GDP-MP from Leishmania mexicana.
A Two-dimensional representation of the domain architecture of
GDP-MP based on bioinformatics analyses using the Conserved
Domain Database (CDD), which is available from http://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml. The N-terminal
nucleoside triphosphate (NTP) transferase domain spans residues
14-247, whilst the C-terminal left-handed B-helix domain (LBH) is
predicted to comprise of amino acids 265-379. B Three-dimen-
sional model of the GDP-MP hexamer. The model reveals that the
N-terminal domains of each trimer contact one another in a head-
to-head manner that retains a threefold symmetry. To aid in
visualizing how the hexamer is assembled, one monomer is
represented in /ight grey and the other in dark grey. The dimensions
of the hexamer shown are 140 A long x 85 A wide. The figure was
generated using the programs MOLSCRIPT (Kraulis 1991) and
Raster3D (Merritt and Bacon 1997)

This provides insight into the design of novel drugs that
can inhibit the activity of this key enzyme in Leishmania.

Conclusions

In this study, we describe the structure of the DHDPS
tetramer (Figs. 1, 2, 3) and a model of the GDP-MP
hexamer (Fig. 4B). These structural analyses provide
insight into the design of agents that can bind to and
disrupt the oligomerisation interfaces of these enzymes.
Disruption of protein interfaces in HIV-1 protease and
triose phosphate isomerase has already been shown to
provide new lead compounds in drug development. We
propose that peptidomimetics or monoclonal antibodies
can be generated to target the oligomerisation interfaces
of key self-associating enzymes and thus be used as
therapeutic agents for the treatment of infectious dis-
eases, such as leishmaniasis. We foresee huge potential
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for drug development in this area and for the use of
analytical ultracentrifugation as an essential tool in
assessing the efficacy of this emerging class of thera-
peutics. Many drug targets, including DHDPS and
GDP-MP, may be inhibited using this general paradigm.
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