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Summary
Plasmodium and other apicomplexan parasites are deficient in purine biosynthesis, relying instead
on the salvage of purines from their host environment. Therefore interference with the purine salvage
pathway is an attractive therapeutic target. The plasmodial enzyme adenosine deaminase (ADA)
plays a central role in purine salvage and, unlike mammalian ADA homologs, has a further secondary
role in methylthiopurine recycling. For this reason, plasmodial adenosine deaminase accepts a wider
range of substrates, as it is responsible for deamination of both adenosine and 5′-
methylthioadenosine. The latter substrate is not accepted by mammalian ADA homologs. The
structural basis for this natural difference in specificity between plasmodial and mammalian ADA
has not been well understood. We now report crystal structures of Plasmodium vivax adenosine
deaminase in complex with adenosine, guanosine, and the picomolar inhibitor 2′-deoxycoformycin.
These structures highlight a drastic conformational change in plasmodial ADA upon substrate-
binding that has not been observed for mammalian ADA enzymes. Further, these complexes
illuminate the structural basis for the differential substrate specificity and potential drug selectivity
between mammalian and parasite enzymes.
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Introduction
Nearly half of the world's population is at risk of contracting malaria, the devastating disease
caused by protozoan parasites of the genus Plasmodium, and several million malaria-related
deaths occur each year. Of the four species of Plasmodium that cause human disease, P.
falciparum is the most lethal and P. vivax is the most prevalent. The disease burden is greatest
on the world's poorest nations in tropical and subtropical regions and is a major contributing
factor in the perpetuation of poverty in these areas. Complicating efforts to stem the disease is
the emergence and spread of strains that are resistant to the currently available antimalarial
drugs. There is an urgent need for novel drugs against these parasites
(www.searo.who.int/EN/Section10/Section21.htm). The Medical Structural Genomics of
Pathogenic Protozoa Consortium (MSGPP, www.msgpp.org)1 is addressing this need through
the structural characterization of proteins that are essential to these eukaryotic pathogens, in
particular through the identification of potential pharmacophores.

Plasmodium and other apicomplexan parasites lack enzymes critical for de novo purine
synthesis and thus rely on purine salvage to supply precursors for nucleic acid synthesis and
energy metabolism. Thus the purine salvage pathway is an attractive drug target. Indeed,
disruption of this pathway by inhibition of purine nucleoside phosphorylase (PNP) has been
shown to kill malaria parasites cultured in human erythrocytes.2; 3 Adenosine deaminase
(ADA; EC 3.5.4.4) is a metallo-dependent hydrolase that precedes PNP in the salvage pathway.
It catalyzes the irreversible hydrolytic deamination of adenosine/deoxyadenosine to inosine/
deoxyinosine and ammonia. The product of ADA is subsequently converted to hypoxanthine,
the fundamental building block for purine nucleotides in Plasmodium. Though there is
redundancy in purine salvage pathways of many organisms, Plasmodium apparently lacks a
gene that codes for adenosine kinase, suggesting that ADA and PNP are essential enzymes in
the lifecycle of the malaria parasite.4 Supporting the notion that ADA is essential to
Plasmodium survival, a dramatic decrease of parasitemia has been observed in Plasmodium
knowlesi infected primates who have been injected with 2′-deoxycoformycin (DCF), a non-
specific, picomolar inhibitor of ADA that mimics the tetrahedral transition state intermediate.
5 However, DCF does not inhibit Plasmodium falciparum growth in cultured erythrocytes 6
underscoring the difficulties in drawing parallels between the human disease response and that
of other primates and rodents, and also the differences between cultured cells and the more
complex environment of a host organism.

The plasmodial ADA homologs show greater than 70% sequence identity with each other while
the amino acid sequence of Plasmodium ADA is less than 25% identical to the human protein
overall. The active sites show much higher conservation, particularly among the residues that
interact with the catalytic zinc ion and the substrate. Unlike the human host's ADA, however,
Plasmodium ADA has a secondary function in recycling methylthiopurines from the polyamine
biosynthetic pathway. In this role Plasmodium ADA catalyzes the deamination of 5′-
methylthioadenosine (MTA) to 5′-methylthioinosine, though less efficiently than it catalyzes
the deamination of adenosine.4 Human and other mammalian ADAs do not accept MTA as a
substrate. This striking difference in substrate acceptance suggests that an exploitable
difference exists at the active site of the plasmodial enzyme that may be used to create selective
inhibitors relative to the human enzyme. Indeed, knowledge of this expanded activity has led
to the recent design of a series of 5′-substituted deoxycoformycins that selectively inhibit the
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P. falciparum enzyme but not the human or bovine enzymes.7 Insight into the structural basis
of this selectivity has been lacking, however.

We report here the crystal structures of adenosine deaminase from the human malaria parasite
Plasmodium vivax (PvADA) in complex with its natural substrate adenosine, the purine
guanosine, and the picomolar inhibitor DCF, also known as Pentostatin. This provides the first
detailed look at the closed, ligand-bound conformation of the plasmodial enzyme. Comparison
to the open, ligand-free ADA homolog from the rodent malaria parasite, P. yoelii (PDB ID
2AMX)8, highlights a dramatic conformational change that occurs upon ligand binding where
a Plasmodium-specific loop swings approximately 15 Å over the ligand, effectively
sequestering it from the surrounding solvent. Such a large conformational reordering is not
observed in available structures of the apo versus ligand-bound mammalian enzyme.
Additionally, these structures shed light on the observed differences in substrate acceptance of
plasmodial ADA compared to mammalian ADA 4 and in their selective inhibition by 5′-
substituted DCFs 7 while providing a more substantial foundation for continued studies in
molecular modeling, biochemistry, and structure-based drug design.

Results and Discussion
Structure of Plasmodium vivax adenosine deaminase (PvADA)

The structure of PvADA has been solved in complex with the natural substrate adenosine
(Figure 1), the purine guanosine, and the picomolar inhibitor 2′-deoxycoformycin (DCF,
Pentostatin) and refined to final resolution of 1.89 Å, 2.19 Å, and 2.30 Å, respectively. Despite
the different ligands bound in the active sites of the three complexes, their structures are
essentially identical. The backbones superimpose 9 on one another with a root mean square
deviation of less than 0.15 Å for all modeled Cα atoms. PvADA is an α/β protein displaying a
TIM-barrel fold and is very similar to previously determined adenosine deaminase (ADA)
structures with the exception of a Plasmodium-specific loop that has undergone a major
conformational change upon substrate/inhibitor binding. The core is composed of an 8-
stranded, parallel β-sheet of strand order 12345678 that closes into a slightly distorted barrel
and is surrounded by twenty-four α-helices. Notably in all three models His253, which lies at
the C-terminus of strand β6, deviates from typical φ/ψ backbone torsion angles. This histidine
is conserved in ADAs from bacteria to mammals and is involved in the catalytic reaction,
interacting with the leaving amine on the substrate.10 It is a Ramachandran outlier in nearly
all ADA structures currently available in the PDB, suggesting that a strained backbone
conformation at this particular histidine is structurally important for catalysis.

ADA is a metallo-dependent hydrolase that utilizes a catalytic Zn2+. Though Zn2+ was not
present in the buffers used for purification or crystallization, a strong anomalous difference
density peak exists at the site suggesting the presence of a metal. Therefore, a Zn2+ ion was
modeled in the active sites of the adenosine and DCF complexes. The occupancy of the metal,
however, was decreased to 0.6 so that the B factors are more comparable to the surrounding
residues. The catalytic Zn2+ ion sits roughly in the center of the C-terminal end of the barrel
and is coordinated by three histidines (His42 and His44 of β1 and His226 of β5) and one aspartic
acid (Asp310 in the β8/α21 loop). The coordination geometry of the bound Zn2+ is roughly
trigonal bipyramidal with atom Nε from both His42 and His44 occupying two of the three
triangle vertexes and atoms Nε from His226 and Oδ from Asp310 occupying the apex of each
pyramid. Atoms N6 from adenosine or O8 from DCF occupy the last vertex of the triangle and
the coordination geometry is much less distorted when bound to DCF (Figure 2a). This
geometry is identical to that described for the coordination environment for the bound zinc ion
in the murine enzyme.11 In the case of the guanosine complex, the Zn2+ site was modeled as
a water molecule despite the presence of a very weak anomalous peak. The coordinating
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residues are shifted slightly yielding donor atom to metal distances greater than would be
expected in this coordination environment.

The ligands, adenosine (PDB ID 2PGF), 2′-deoxycoformycin (DCF; PDB ID 2PGR), and
guanosine (PDB ID 2QVN), are situated adjacent to the Zn2+ ion in a tight cavity that is almost
completely enclosed by the protein (Figure 2 and Figure 3). The purine(-like) rings lie roughly
perpendicular to the β-barrel above the Zn2+ ion and the sugar groups are situated between β-
strands 2, 3, and 4. Helices α7 and α8 lie above the ligands on one side of the barrel and loops
β3/α12 and β4/α13 comprise the other side. The sidechains of residues Glu229, His253,
Asp310, and Asp311, and the main chain nitrogen of Gly201 make hydrogen bonds with the
adenosine base and stereospecifically position the leaving amine group adjacent to the bound
Zn2+ ion (Figure 2b).

DCF is a transition state analog of adenosine deamination in that it mimics the tetrahedral
intermediate at the C6 position of adenine, from which the amine is abstracted. The hydroxyl
group of DCF occupies the transition state position of the leaving amine, lying at a near-optimal
distance to fill the sixth coordination spot on the Zn2+ ion. It also forms an additional hydrogen
bond with the sidechain of His226, which is also involved in Zn2+ coordination. These
additional interactions are responsible for the extremely high affinity of this picomolar inhibitor
(Figure 2c). Guanosine is not able to form as favorable of a hydrogen-bonding network due to
the presence of the additional chemical group attached to the purine ring (Figure 2d). In all
three cases, the sugar group is hydrogen bonded by the sidechains of His44, Asp46, and
Asp172. In addition to coordinating the Zn2+, His44 hydrogen bonds with the ether oxygen of
the ribose ring and with the 5′-hydroxyl group. Asp46 also hydrogen bonds with the 5′-hydroxyl
group suggesting that its positioning within the substrate pocket is important. Asp172 hydrogen
bonds with the ribose 3′-hydroxyl group and, as discussed later, this interaction induces a
different sugar ring pucker than previously observed in complexes with mammalian ADAs.
There are no interactions between the protein and the ribose 2′-hydroxyl group, which makes
sense because the enzyme acts on both adenosine and deoxyadenosine.

Apo versus substrate-bound conformations of plasmodial ADA
Prior to this work, the structure of apo adenosine deaminase from the rodent malaria parasite,
Plasmodium yoelii (PyADA), was reported (PDB ID 2AMX).8 In the PyADA structure, two
copies are present in the asymmetric unit and residues Thr186- Ile193, which make up a large
part of an extended surface loop, are only modeled in the A chain due to conformational
flexibility. As would be expected from protein sequences that are 71% identical, the structures
of the enzymes from the two closely related parasites are nearly identical with a backbone root
mean squared deviation (RMSD)9 of approximately 1 Å along the entire length of the protein.
This global value, however, masks pronounced conformational changes localized around the
active site that occur in the enzyme when it is bound to substrate, particularly at the previously
mentioned flexible loop in the PyADA structure. The equivalent loop in the ligand-bound P.
vivax structures, the β3/α12 loop, is well-ordered and adopts a significantly different
conformation from the completed loop in chain A of the PyADA structure, shifting
approximately 15 Å (Figure 3a). SSM superposition9 of only the regions of greatest change
around the active site (α7, the β3/α12 loop, the β4/α13 loop, and α13 into α14; emphasized in
Figure 3) yields an RMSD of 2.4 Å for 42 of 49 alpha carbons whereas the remainder of the
proteins superimpose with an RMSD of 0.66 Å for 307 of 308 alpha carbons. Structures of
ADAs from other organisms show conformational changes between the apo and bound states
so these structural differences between PyADA and PvADA are likewise the result of closure
of the substrate pocket upon substrate binding rather than being due to the minute differences
in primary sequence. Therefore the P. yoelii structure represents an open form of the plasmodial
enzyme (Figure 3b) while the P. vivax structure represents a closed form (Figure 3c).
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Closure of ADA upon substrate binding has been previously described for structures of the
murine and bovine enzymes (MmADA and BtADA, respectively).10; 12; 13; 14 The
mammalian enzyme has been described as being in an "open" conformation in the ligand-free
state and as a "closed" form when bound by a ligand. However, neither the open nor the closed
states observed for the mammalian structures correspond in detail to those observed for the
plasmodial structures. Ligand binding in the mammalian enzymes induces shifts in a leucine-
containing helix called the “structural gate,”14 equivalent to PvADA α7 (colored green in
Figures 3b and 3c), and in a loop and helix on the opposite wall of the pocket, equivalent to
the β4/α13 loop, α13, and much of α14 in PvADA (colored pink in Figures 3b and 3c). This
produces a tighter fit to the base moiety of the substrate, the site of catalysis, but the sugar
moiety remains largely accessible to the solvent. In contrast, the entire substrate is completely
sequestered in the binding pocket of the P. vivax enzyme (Figure 3c). In addition to the
conformational changes observed in the mammalian enzymes, substrate binding by the
plasmodial enzyme is accompanied by a partial unwinding at the N-terminus of helix α12 and
a dramatic shift of approximately 15 Å in the loop leading from the β-barrel to this helix, the
β3/α12 loop (Figure 3a). These additional structural elements that undergo conformational
change in the plasmodial enzyme are colored yellow in Figures 3b and 3c. Given that the β3/
α12 loop is well-ordered in only one copy of P. yoelii crystal structure, the “open” conformation
of this loop may not constitute a distinct stable state of the plasmodial enzyme. Therefore, the
dramatic conformational change of this loop between the P. yoelii apo structure and the ligand-
bound P. vivax structure may more properly be considered as a transition from disorder to order
rather than “open” to “closed.” The result of the ordering of these additional structural elements
in the plasmodial enzyme is the closure of the active site pocket into a cavity that is nearly
completely filled by the substrate (Figures 3b and 3c), in contrast to the “closed” conformation
of the mammalian enzyme where the bound substrate is still largely accessible by the solvent.

The active site cavity and ammonium channel
Upon substrate binding, plasmodial ADA assumes a closed conformation in which a boot-
shaped cavity is created that is sealed off from the surrounding solvent and nearly completely
filled by the substrate (Figures 4a and 4b). The base of the adenosine/inhibitor occupies the
"heel" adjacent to the catalytic zinc ion while the sugar moiety occupies much of the "toe" area
(Figure 4a). Considering only the substrate, there appears to be a significant volume of free
space in the cavity off the 2′-position of the ribose. Two well-ordered water molecules form
hydrogen bonds with the substrate and occupy this region, however, leaving very little
unoccupied space (Figure 4b). As previously mentioned, the conformational changes
associated with substrate-binding in the Plasmodium structures are much more dramatic than
those seen in the mammalian structures, where a wide channel extends away from the sugar
moiety of the substrate to the bulk solvent. Thus, whereas the substrate is completely
sequestered in the closed Plasmodium enzyme (Figure 3c), it is still largely solvent accessible
in the closed mammalian structures.

Leading out of the heel and extending towards the surface from the zinc ion and the leaving
amine group of the substrate is a narrow solvent-filled channel (Figure 4a). This channel runs
between the C-termini of β-strands 4 and 5 of the TIM barrel, along the β4/α13 loop, and
reaches the surface between helices α13 and α15. At the surface, the sidechain of Asp205 at
the N-terminus of α13 closes off the channel, serving as a gate. In the open conformation, this
residue adopts a slightly different conformation and, in conjunction with a slight backbone
shift, the channel extends from the active site through the surface (Figures 4c, 4d, and 4e).
Interestingly, a similar channel exists in mammalian enzymes in the same vicinity but it is
much shorter than seen in the Plasmodium structures. The position of this channel in relation
to the catalytic site suggests that it is the likely path followed by the ammonium product but,
like the inosine product, a conformational change is necessary to allow its release. In support
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of this notion, the hydroxyl group on the DCF inhibitor equivalent to the leaving amine group
of the adenosine is oriented toward this putative channel (Figures 4a and 4b).

Structural basis for differing substrate acceptance by human and plasmodial ADA
Sequence and especially structure conservation among ADAs across species, particularly in
the region of the active site, is apparent from available sequences and structures (Figure 5).
The structure of the closed Plasmodium ADA (PDB ID 2PGF) superimposes 9 on the closed
MmADA (PDB ID 1ADD) with an RMSD of 1.74 Å for 308 aligned Cα atoms and on the
closed BtADA (PDB ID 1KRM) with an RMSD of 1.75 Å for 308 aligned Cα atoms. It has
not been clear from the available structures how the alternate substrate, MTA,4 or the specific
substituted inhibitors, 5′-MeS-DCF, 5′-PrS-DCF, and 5′-PhS-DCF 7 bind selectively to the
plasmodial enzyme over the mammalian counterparts.

Structural differences in the mammalian and plasmodial active sites in the vicinity of the 5′-
position of the ribose of the bound substrate have been suggested to create a larger pocket that
may accommodate 5′-functionalized compounds.7 In particular, the structural changes
implicated are a 1 Å shift in the backbone away from the substrate at conserved Tyr128 and
an additional backbone shift in the vicinity of Ile170 and Asp172 of plasmodial ADA 7 (residue
numbering is from PvADA). The shift at this second location was attributed to substitutions
of Cys153 to Ile170 and Met155 to Asp172 between mammalian and plasmodial ADA
sequences (Figure 6). However, this hypothesis was based on a comparison of the open, ligand-
free form of the plasmodial enzyme, represented by the P. yoelii structure (PDB ID 2AMX),
to the closed, ligand-bound form of the mammalian enzyme (PDB ID 1ADD), which do not
represent structurally equivalent states of the enzyme.

Comparison of the now available ligand-bound form of plasmodial ADA, represented by the
P. vivax structures, to the ligand-bound mammalian structures, however, indicates that the
structural differences suggested by Tyler, et al.7 do not actually have a significant effect on
the pocket size in the bound state. The indicated mammalian Cys to plasmodial Ile substitution
is located at the beginning of the β3/α12 loop that undergoes a 15 Å shift upon substrate binding.
Due to this large conformational change, the Cα of Asp172 in the plasmodial ADA moves
approximately 4 Å to end up almost 1 Å closer to the substrate than the corresponding Cα of
Met155 in the mammalian ADA. Indeed, the structures of the ligand-bound plasmodial enzyme
show that its active site pocket is even more tightly constrained than that of the mammalian
enzyme in their substrate/inhibitor-bound states. Obviously, some other property of the protein
is responsible for the observed differences in substrate/inhibitor acceptance between
Plasmodium and mammalian ADAs. The large, Plasmodium-specific conformational change
in the β3/α12 loop may be responsible for facilitating a favorable interaction with a 5′-
functionalized substrate. It creates a surface that can favorably interact with the additional
chemical groups upon rotation of the 5′-carbon of the sugar. The additional chemical substituent
would primarily remain solvent-exposed in the current closed mammalian enzyme structures.
As a side note, it is plausible that the plasmodial ADA cannot reach its fully closed active
conformation when acting on the larger substrate, MTA, and this may explain why it is not as
efficient as when acting on adenosine (Km adenosine ~ 5× Km MTA, kcat adenosine ~ 5× kcat
MTA).4

Molecular modeling of Plasmodium ADA-specific inhibitors
In the interest of designing drugs that selectively inhibit Plasmodium ADA, an understanding
of the binding mode of the substituted deoxycoformycins, 5′-MeS-DCF, 5′-PrS-DCF, and 5′-
PhS-DCF 7 would be invaluable. It is important to understand how the plasmodial ADA active
site pocket is able to accommodate the largest of these three inhibitors, 5′-PhS-DCF, while
mammalian ADA is not able to form a favorable interaction even with the smallest inhibitor,
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5′-MeS-DCF. Thus, these compounds were modeled into the closed active site cavities of the
PvADA:DCF complex (PDB ID 2PGR) and the MmADA:DCF complex (PDB ID 1A4L)11
with the crystallographically determined conformation of the bound DCF as the starting point
for a direct comparison. Residues in the active site adjacent to the 5′-position of the bound
inhibitors were allowed conformational freedom throughout the docking, while the remainder
of the protein was fixed (see Methods section). The catalytic zinc ion and the base moiety of
the substituted DCFs were also fixed because coordination of the Zn2+ by the 8R-hydroxyl of
the base greatly contributes to the high potency of this transition state intermediate analog.11

Role of ribose sugar pucker in ADA substrate range and inhibitor selectivity
These modeling experiments help to illuminate why 5′-substituted DCF inhibitors selectively
bind to the plasmodial enzyme. To a small extent, the Plasmodium-specific conformational
change, whereby the β3/α12 loop swings down over the ribose, creates a surface for additional
chemical groups to interact with. In the absence of this conformational change in mammalian
ADAs, the additional, hydrophobic chemical groups are left largely exposed to the solvent.
More importantly, the Met to Asp172 substitution between the mammalian and plasmodial
enzymes (Figure 5 and Figure 6) plays a key role in the expanded substrate range by altering
the preferred ribose sugar pucker of bound nucleoside(-like) ligands.15 The ribose ring in all
complexes of mammalian ADA with adenosine-like compounds 10; 11; 13; 16; 17 is observed
to adopt a C4′-exo or a nearly superimposable C3′-endo pucker, which allows the sugar O3′ to
avoid interaction with the bulky hydrophobic Met155 sidechain. These puckers cause the sugar
5′-carbon to be nearly equatorial to the ribose ring. In plasmodial ADA, the hydrogen-bond
between the sugar O3′ and Asp172 instead stabilizes a C2′-endo sugar pucker, which
concomitantly results in the sugar C5′ being more axial to the ribose ring. C5′-substituents on
a C2′-endo ribose are thereby positioned to interact with the binding site at a different angle
than would be possible for substituents on a C4′-exo or C3′-endo ribose (Figures 6a and 6b).

Models based on the sugar conformation observed in the present P. vivax ADA:ligand
complexes indicate that the plasmodial enzyme can accommodate addition even of the large
thiophenyl substituent at the 5′-position with only minor conformational changes to the protein
and the ligand (Figure 6c). The glycosidic bond anti-conformation observed
crystallographically is preserved in the models, and the primary conformational change is a
rotation about the C4′-C5′ bond. The 5′-sulfur of the thio-substituted compounds, which takes
the place of the 5′-hydroxyl group of ribose, is oriented more towards the purine-like ring so
that the phenyl group may occupy the opposite side of the pocket from the ribose 5′-hydroxyl
group in the crystal structures. To accommodate the phenyl group, the sidechain of Phe132
must adopt an alternate rotamer that both enlarges the toe area of the boot-shaped cavity and
helps stabilize the inhibitor by π-stacking with the phenyl substituent (Figure 6c). To the
contrary, the C4′-exo/C3′-endo conformation favored by the mammalian enzymes would cause
even the smallest chemical substituent at the 5′-position, a thiomethyl group, to clash with the
backbone in the vicinity of Ser103 unless the conformation of the glycosidic bond is altered
to the syn-conformation. The biological relevance of such syn-docking poses is questionable,
however, because ADA activity is dependent on the substrate being in the anti- conformation.
11; 18 Further, in all structures of ADA that contain a nucleoside or nucleoside-like substrate
or an inhibitor available in the protein data bank (www.pdb.org), the glycosidic bond is in an
approximately anti- conformation with the 5′-position of the sugar oriented towards the same
side of the pocket as seen in the structures described here, including the mouse ADA:ligand
structures. It should be noted that PvADA Ser129 is equivalent to MmADA Ser103 and that
the backbones of the mouse and P. vivax structures superimpose to within 1 Å of each other
in this region; so the clashes observed in modeling the 5′-substituted DCF molecules in the
mammalian active site while maintaining an anti-conformation of the glycosidic bond are
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predominantly due to differences in the sugar pucker adopted by the bound substrates/
inhibitors.

The results described above lead to a prediction that substitution of Met155 in mammalian
ADA by any residue capable of interacting with the 3′-hydroxyl of the substrate ribose moiety
may permit the broader substrate range observed for the plasmodial enzyme. Further, the
resultant enzyme would likewise be inhibited by this series of 5′-substituted inhibitors. The
converse should also hold true for the substitution of Asp172 in the plasmodial enzyme by a
bulky hydrophobic residue. To test the plausibility of these hypotheses, the reciprocal in
silico mutations were made in PvADA and MmADA, specifically Asp172Met in PvADA and
Met155Asp in MmADA, and the docking calculations repeated on the mutant enzymes. The
mutant enzymes did show altered binding energetics from the native proteins. As anticipated,
the predicted binding modes of the 5′-functionalized DCF inhibitors in the Asp172Met mutant
plasmodial enzyme are very unfavorable energetically and more closely resemble those of the
docked native mouse enzyme. Conversely, the binding modes of the thio-substituted inhibitors
in the Met155Asp mutant mouse enzyme are now much more favorable and resemble those of
the docked native plasmodial enzyme. Though the energies associated with these docking
studies are less favorable overall than those observed with docking in the native enzymes, they
do suggest that Met155Asp MmADA is able to bind 5′-PhS-DCF while Asp172Met PvADA
is not likely to bind even 5′-MeS-DCF in a biologically relevant manner. These results
strengthen the suggestion that the selective inhibition and expanded substrate range of
plasmodial ADA in comparison to mammalian ADA is largely a result of the altered sugar
pucker induced by the change of a hydrophobic residue to one capable of forming an additional
hydrogen bond with the sugar O3′.

Conclusion
The ADA structures from P. vivax presented here provide the first look at the substrate-bound
conformation of the plasmodial enzyme in the presence of two different purines and a picomolar
inhibitor. The overall fold of the enzyme and the ligand-filled active site pocket are virtually
identical in these three complexes. The structures are reminiscent of the closed form of the
enzyme described for substrate-bound mammalian homologs; 10; 12; 13; 14 however, a
significant Plasmodium-specific conformational change is observed in comparison to the
previously solved apo structure of the plasmodial enzyme8 that is not observed in comparison
of mammalian apo and substrate complex structures. The unique conformational change
involves a 15 Å shift in the β3α12 loop whereby it closes over the ribose moiety of the substrate
and results in an active site cavity that is completely sealed off from the surrounding solvent.
This is in sharp contrast to the mammalian enzyme whose substrate remains largely solvent
accessible.

Inspection of the substrate-filled cavity of the closed plasmodial structures reveals a sealed,
solvent-filled channel extending from the active site adjacent to the leaving amine group of the
substrate towards the surface of the protein. In the plasmodial apo structure, this channel is
open to the surrounding solvent due to a slight conformational change in the protein at the N-
terminus of helix α13. The location of this channel suggests that it is the path followed by the
reaction product ammonium.

These structures of distinct ligand complexes of Plasmodium ADA also provide an explanation
for the ability of this enzyme to deaminate the alternate substrate methylthioadenosine, an
activity not observed in mammalian enzymes, and for the selectivity of 5′-functionalized 2′-
deoxycoformycin inhibitors for the plasmodial enzyme over the mammalian enzyme. Two
specific differences between the Plasmodium and mammalian enzymes are suggested to be
responsible for these observations. Firstly, the Plasmodium-specific loop that closes over the
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active site provides a favorable interaction surface for the additional 5′ hydrophobic chemical
groups that would otherwise remain solvent exposed. Secondly, and probably more
importantly, the substitution of a Met in the mammalian enzyme to an Asp in the plasmodial
enzyme at a key location within the active site adjacent to the 3′-position of the bound substrate
modulates the sugar pucker adopted by the ribose moiety. The C2′-endo sugar pucker observed
in the plasmodial structures allows substituents at the 5'-position of the substrate or inhibitor
to sample a favorable environment within the active site. This favorable orientation is not
accessible to 5′-substituents of the C4′-exo or C3′-endo sugar puckers observed in complexes
of mammalian ADA. As the ligand-bound structures reported here shed light on observed
exploitable differences between plasmodial and mammalian ADA, they will be invaluable to
ongoing structure-based drug design efforts that target this key enzyme in the life cycle of the
deadly malaria parasite.

Materials and Methods
Target selection, protein expression and purification

Plasmodium adenosine deaminase (TargetDB: Pfal005676AAA and Pviv005676AAA) was
selected as a medically relevant target because it is a key enzyme in the essential purine salvage
pathway of these purine auxotrophs. The protein sequences for P. falciparum and P. vivax
adenosine deaminase are 72% identical. An established research base exists in inhibition of
the activity of this enzyme class (EC 3.5.4.4) and potent inhibitors, both nucleoside-like (e.g.
2′-deoxycoformycin) and non-nucleoside-like [e.g. erythro-9-(2-hydroxy-3-nonyl)adenine],
are well-characterized, providing the opportunity to piggyback on these molecules to aid in the
drug design process. Further, several inhibitor-bound structures of murine 10; 11 and bovine
13; 14; 19; 20; 21; 22 ADAs are available for comparison of the active site environments
between mammalian and parasite enzymes.

The full-length ADA genes from P. falciparum and P. vivax were cloned and expressed, and
protein from the P. vivax construct yielded diffraction-quality crystals. The gene sequence
(PlasmoDB: Pv111245)23 was PCR-amplified from genomic DNA and cloned into expression
construct BG1861, a modified version of pET14b that includes a noncleavable hexahistidine
tag.24 Protein was expressed in Escherichia coli BL21 [DE3] and purified using immobilized
metal affinity chromatography on a Ni-NTA column followed by size exclusion
chromatography on a HiLoad Superdex 200 column (Amersham Pharmacia Biotech). Protein
was eluted in a standard buffer (0.5M NaCl, 2mM DTT, 0.025% NaN3, 5% glycerol, 20 mM
HEPES at pH 7.5), concentrated to greater than 10 mg/mL, flash frozen in liquid nitrogen, and
stored at 80° C.25 Selenomethionyl-derivative protein was produced according to the protocols
of Studier 26 and SGPP 27 and purified as described for the native protein.

Protein crystallization
Purified protein was screened at the high-throughput facility at the Hauptman Woodward
Institute to identify initial crystallization conditions.28 Crystallization leads identified in the
high-throughput screen were optimized in-house using sitting-drop vapor diffusion to produce
crystals suitable for data collection. Frozen selenomethionyl protein stocks were thawed and
diluted with adenosine or guanosine stock solutions in standard buffer to a final concentration
of 7 mg/ml protein and 5 mM adenosine or guanosine for cocrystallization experiments. The
adenosine cocrystallization drop consisted of 1 µl protein + adenosine mixed with 1 µl reservoir
solution (33% PEG 20K, 0.1 M NaH2PO4, 0.1 M TAPS at pH 9.0) and a final concentration
of 16% acetonitrile. The guanosine cocrystallization drop consisted of 1 µl protein + guanosine
mixed with 1 µl reservoir solution (27.3% PEG 20K, 0.1 M NaH2PO4, 0.1 M CHES at pH
9.5). In both cases, the drop was equilibrated over 100 µl reservoir solution at 25° C and needle-
shaped crystals appeared within two days. For the picomolar inhibitor 2′-deoxycoformycin
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(DCF, Pentostatin) complex, DCF stock solution was added to a drop containing crystals from
an adenosine cocrystallization experiment to a final concentration of 10 mM. Crystals were
soaked in this solution for 75 minutes. Crystals were directly mounted in cryoloops and frozen
directly in liquid nitrogen in preparation for diffraction experiments.

Data collection and structure determination
Crystals of PvADA were screened at the Stanford Synchrotron Research Laboratory (SSRL)
on beamlines 9-2 and 11-1 using the SSRL automated mounting (SAM) system.29 Single
wavelength data from single crystals were collected using the Blu-Ice software package30 and
processed using HKL2000.31 The crystals belong to space group C2221 with unit cell
dimensions of 144.0 Å × 146.6 Å × 50.4 Å. The Matthews coefficient is approximately 3.1
Å3/Da and one protein molecule is present in the asymmetric unit. The structure of the P.
vivax ADA (PvADA) – adenosine complex was solved by molecular replacement with a
resolution limit of 3.0 Å and a search model consisting of each separate chain from the
Plasmodium yoelii ADA (PyADA) structure 8 (PDB ID 2AMX, 71% sequence identity) using
MOLREP.32 Though both chains present in 2AMX successfully led to a solution of the P.
vivax structure, the B chain produced a slightly better score likely owing to it lacking residues
equivalent to 173–180 in the P. vivax structures. These residues adopt a significantly different
conformation upon ligand binding. The resulting MOLREP model was rigid body refined using
Refmac5 33 and then manually edited using Coot.34 All steps after the initial molecular
replacement phase assignment utilized the full dataset to a resolution of 1.89 Å. The presence
of adenosine in the active site was immediately obvious from a very strong difference density
peak displaying the characteristic shape of adenosine. Adenosine and waters were placed and
refinement continued by iteration of manual editing in Coot followed by restrained refinement
in Refmac5. In the final cycles of refinement, perturbational displacement of the protein chain
was described by twenty TLS groups identified by the TLSMD server 35; 36 and TLS
parameters were refined for each group prior to restrained refinement in Refmac5. Model
quality was validated using Coot and MolProbity.37 The final model consists of residues 5–
363, the adenosine substrate, the catalytic divalent zinc ion, and 270 water molecules.
Additionally, two acetonitrile molecules were placed in the final model corresponding to
distinct difference density peaks that did not appear to be waters since the crystallization
conditions included 16% acetonitrile. The N-terminal His-tag and the first four residues of the
protein sequence are not visible in the model, presumably due to disorder in this region of the
protein.

The structures of the guanosine and 2′-deoxycoformycin (DCF; Pentostatin) complexes were
solved by placing a protein-only model from the adenosine complex into the isomorphous unit
cells by rigid body refinement in Refmac5. The presence of the respective ligands in the active
sites was immediately obvious from large difference density peaks of characteristic shape, and
clearly distinct from the shape of adenosine. Again, the models were completed by cycles of
manual editing in Coot followed by restrained refinement with Refmac5, with the final rounds
using TLS groups identified by the TLSMD server (ten groups for the guanosine complex and
nine groups for the DCF complex). The final model of the DCF complex also contains two
acetonitrile molecules, though they are in different locations than those in the adenosine
complex. The final model of the guanosine complex includes residue 4 and also contains an
N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) molecule from the crystallization
conditions. The resolution of the final, refined structure is 2.19 Å for PvADA:guanosine
complex and 2.30 Å for the PvADA:DCF complex. Data collection and model refinement
statistics are presented in Table 1 and Table 2, respectively.
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Molecular modeling of Plasmodium-specific inhibitors
Inhibitors derived from 2′-deoxycoformycin (DCF) with various chemical substituents at the
5′ position of the deoxyribose moiety selectively inhibit plasmodial ADA but not the
mammalian homolog.7 To gain insight into the observed selectivity, molecular docking studies
were carried out using QXP/FLO 38 and the crystal structures of the DCF-bound ADA from
Plasmodium vivax (PDB ID 2pgr) and mouse (MmADA; PDB ID 1a4l).11 The specific
inhibitors 5′-methylthio- (5′-MeS-), 5′-propylthio-(5′-PrS-), and 5′-phenylthio- (5′-PhS-) DCF
were modeled by building the additional chemical groups onto the crystallographically
observed conformation of DCF in each enzyme. Polar hydrogens were added to protein and
ligand atoms and water molecules were removed. The active sites were defined as residues
within 12.0 Å of DCF. Because the QXP force field is not parameterized for transition state
metals and the interaction between the hydroxyl group on the purine-like ring of DCF with the
zinc ion coordinated by the protein is critical for the high affinity interaction, the positions of
the zinc ion and the atoms in the purine ring of the modeled ligands were fixed during the
docking calculations. Protein atoms were fixed except for the sidechains of Asp46, Phe132,
Ile170, and Asp172 adjacent to the substituted deoxyribose in PvADA and the corresponding
structurally aligned residues Asp19, Leu106, Cys153, and Met155 in MmADA. Docking of
each substituted DCF into the plasmodial and mammalian enzymes was carried out using 1000
cycles of Metropolis Monte Carlo conformational searching followed by energy minimization.
The 25 lowest energy ligand poses from each run were visually inspected.

The docking simulations were also performed allowing for more conformational freedom in
the binding pocket. The sidechains of every residue of the protein in contact with the sugar and
its 5' substituent were given full conformational freedom. In addition, flexibility of the protein
backbone atoms was permitted for His44, Asp46, Leu47, Val89, Tyr128, Ser129, Phe132,
Val133, Asp172, Thr173, Gly174, His175, His202 of PvADA and for His17, Asp19, Leu62,
His65, Tyr102, Ser103, Leu106, Leu107, Met157, Asp185 of MmADA. The results of these
more elaborate simulations were essentially identical to the earlier ones where only a restricted
set of side chains in the immediate vicinity of the 5' substituent were treated as flexible.

To investigate the effect of the substitution of Asp172 in PvADA for Met155 in MmADA on
the ability to bind the 5'-substituted DCF inhibitors, these mutations were made in silico and
the docking experiments repeated using QXP/FLO as described above for the wild type
proteins.
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Figure 1.
Stereo view of Plasmodium vivax adenosine deaminase in complex with adenosine. The color
of the protein ramps from blue at the N-terminus to red at the C-terminus. Since the structure
of all the complexes is essentially identical, only the adenosine complex (2PGF) is shown. The
bound adenosine is shown as a gray ball and stick model and the catalytic zinc ion is shown
as a magenta sphere. Features discussed in the text are labeled. The view is into the active site.
Figures were prepared with PyMol.39
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Figure 2.
(a) Stereo view of the coordination environment of the catalytic Zn2+ ion (magenta sphere).
Nitrogen atoms involved in coordination are shown as blue spheres and oxygen atoms as red
spheres. The view is rotated −60° along the x-axis with respect to figure 1. (b–d) Stereo views
of the ligand environments. Residues that make polar contacts within 3.5 Å of the ligand or
that coordinate the catalytic zinc ion (magenta sphere; water 601 in the case of the guanosine
complex) are shown as sticks. Waters that are in contact with the ligand are shown as red
spheres. 2Fo-dFc ligand-omit difference density is shown as green mesh around the ligands at
a contour level of 5σ. In all three cases the ribose 2′-endo sugar pucker is clearly defined by
the electron density. The view is rotated −90° around the X-axis with respect to figure 1. (b)
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Adenosine environment (2PGF). (c) Guanosine environment (2QVN). (d) 2'-deoxycoformycin
environment (2PGR).
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Figure 3.
Ligand-binding induces a large conformational change around the active site of the enzyme.
(a) Stereo view highlighting the conformational changes associated with ligand-binding. The
P. yoelii structure (2AMX; orange), corresponding to the open form, is superimposed 9 onto
the P. vivax structure (2PGF, 2PGR, 2QVN; cyan), corresponding to the closed form. In
addition to the relatively small rigid body movements of α7 and β4/α13 loop-α13- α14 toward
the substrate associated with the closed state of the mammalian enzymes, the β3/α12 loop of
plasmodial ADA undergoes a reordering and is stabilized over the substrate, blocking access
to the active site. The dashed line runs between PvADA Ala177 (cyan loop) and PyADA
Ala190 (orange loop), which are the equivalent alpha carbons at the maximal displacement of
this conformational change, approximately 15.5 Å. The features of greatest change between
the apo, open, form and the substrate-bound, closed form are highlighted as tubes of slightly
darker color. The view is rotated 45° around the Y-axis in relation to that of figure 1 to
emphasize the changes upon substrate-binding. (b) Surface representation of PyADA (2AMX;
the plasmodial open form) with adenosine (spheres) modeled in the active site pocket by
superposition. (c) Surface representation of the PvADA: adenosine complex (2PGF; the
plasmodial closed form). In panels b and c, the surface corresponding to the regions of greatest
conformational change between the apo and ligand-bound forms are highlighted. α7, the
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structural gate, is highlighted green; the β3/α12 loop and the N-terminus of α12 are highlighted
yellow; and the β4/α13 loop, α13, and the N-terminus of α14 is highlighted pink. The surface
is transparent to allow visualization of the backbone and, in the case of the closed form, the
bound substrate. The view is the same as depicted in figure 1.
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Figure 4.
The boot-shaped active site cavity and putative ammonium channel gate of the active
conformation of plasmodial ADA. (a) Side view of the cavity, looking into the side opposite
the catalytic zinc. The enclosed adenosine and DCF (yellow and orange sticks, respectively)
and waters (red spheres) that occupy the cavity are displayed. The catalytic zinc (magenta
spheres) makes up one wall of the "heel" of the boot. (b) The view has been rotated −100°
along the Y-axis and is now into the "toe" of the boot. Note that the hydroxyl group of DCF
that is equivalent to the leaving amine group of adenosine is oriented toward the putative
ammonium channel. (c) The ammonia channel gate. Conformational changes in α13 and in the
side chain of Asp205 exist between the closed, substrate-bound (d) and open, apo (e) forms of
ADA. In the closed form, the solvent-filled channel leading to the surface from the active site
is blocked by the side chain of Asp205. When the enzyme is not bound to ligand, the Asp205
side chain adopts an alternate conformation that allows the channel access to the surrounding
solvent, presumably facilitating the release of the ammonia product.
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Figure 5.
Structure-based sequence alignment of the "closed" forms of plasmodial and mammalian
ADAs. The structure-based sequence alignment was created using CE-MC 40 with the
structures of ADA enzymes reported to be in the closed, inhibitor-bound form; P. vivax (2PGR),
cow (1KRM), and mouse (1A4L). The sequences of P. falciparum, P. yoelii, and human ADA,
which lack structures in the closed form, were then manually aligned to the structure-based
sequence alignment. For conciseness, residues at the termini that do not structurally align are
not shown. Absolutely conserved residues are shaded dark gray and residues conserved in at
least four of the sequences are shaded light gray. Secondary structural elements corresponding
to the P. vivax structures are presented at the top of the alignment. Zn2+-coordinating residues
and the structural gate, which are common to mammalian and plasmodial ADAs, are indicated
by red dots and a labeled bar. The loop that makes a large, Plasmodium-specific conformational
change upon substrate/inhibitor binding is indicated by a labeled bar. The critical amino acid
difference between plasmodial and mammalian ADA that facilitates the broader substrate range
for plasmodial ADA and its selective inhibition (D172M) is highlighted green. The putative
ammonium channel gate is indicated by the purple triangle and the phenylalanine that adopts
an alternate rotamer in plasmodial ADA to facilitate binding to 5′-functionalized substrates/
inhibitors is indicated by a blue star.
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Figure 6.
(a) and (b) Alternate sugar pucker of substrate/inhibitor induced by the plasmodial ADA
Asp172 : mammalian ADA Met155 sequence difference. Plasmodial ADA is cyan and its
bound DCF in orange while mammalian ADA is green and its bound DCF in pink. Plasmodial
ADA Asp172 hydrogen bonds with the ribose 3′-hydroxyl group, an interaction that
mammalian Met155 is incapable of making. This causes the plasmodial ADA-bound inhibitor
to adopt a C2′-endo sugar pucker while the mammalian ADA-bound inhibitor adopts a C4′-
exo pucker. The result is that the 5′-carbon of the two riboses are oriented significantly
differently with respect to the ribose ring although the 5′-hydroxyl groups occupy nearly the
same location and are less than 0.4 Å apart. The different orientations of the 5′-carbon, however,
has a great affect on the space that additions at this position may occupy while maintaining a
biologically relevant glycosidic linkage with the purine ring. (c) Stereo view of 5′-PhS-DCF
(purple sticks) docked into the active site cavity of plasmodial ADA and superimposed on the
crystallographically observed DCF (orange sticks). The plasmodial ADA crystal structure is
cyan, while the protein following docking is green. The most significant change in the structure
of plasmodial ADA in order to accommodate the 5′-thiophenyl addition is an alternate rotamer
adopted by Phe132, which both enlarges the cavity and stabilizes the 5′-addition.
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Table 1
Data collection statistics

Dataset Adenosine complex DCF complex Guanosine complex

Beamline SSRL 9-2 SSRL 9-2 SSRL 11-1
Spacegroup C2221 C2221 C2221
Unit cell parameters a=144.0, b=146.6, a=143.5, b=146.4, a=144.6, b=146.9,
(Å; α=β=γ=90°) c=50.40 c=50.03 c=50.45
Wavelength (Å) 0.980 0.917 0.918
Resolution (Å) 34.2-1.89 (1.97-1.89) 36.6-2.30 (2.38-2.30) 34.4-2.19 (2.28-2.19)
Unique reflections 42,835 (4,009) 23,772 (2,375) 27,968 (2,662)
Completeness (%) 99.2 (94.6) 99.6 (99.8) 99.6 (97.1)
Rsym 0.073 (0.473) 0.103 (0.427) 0.146 (0.678)
I/σ(I) 10.3 (2.4) 6.6 (3.1) 5.6 (1.7)
Redundancy 7.6 (5.6) 4.1 (4.1) 6.6 (5.0)
Wilson B factor (Å2) 24.8 32.4 30.2

a
Values in parenthesis are for the highest resolution shell.
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Table 2
Model refinement statistics

Dataset Adenosine complex DCF complex Guanosine complex

Resolution (Å) 34.2-1.89 36.6-2.30 34.3-2.19
Rwork 0.157 0.168 0.172
Rfree 0.201 0.220 0.232
RMSD bonds (Å) 0.008 0.006 0.008
RMSD angles (°) 1.058 0.883 1.043
Protein atoms 2,998 2,948 2,971
Nonprotein atoms 274 136 162
Residues in favored regions (%)a 99.0 98.9 98.9
Residues in allowed regions (%)a 99.7 99.7 99.7
Ramachandran outlier a His253 His253 His253
Unmodeled residues −7 to 4 −7 to 4 −7 to 3
TLS groups (residues) 5–14, 15–28, 29–47, 48–65, 66–75,

76–88, 89–100, 101–111, 112–153,
154–166, 167–189, 190–203, 204–
218, 219–278, 279–288, 289–318,
319–329, 330–337, 338– 351, 352–
363

5–28, 29–64, 65–99,
100–167, 168–194, 195–
258, 259–269, 270–322,
323–363

4–15, 16–38, 39–79, 80–99,
100–110, 111–172, 173–210,
211–270, 271–324, 325–363

Mean Biso + BTLS protein atoms
(Å2)

37.0 31.2 46.6

Mean Biso non-protein or slovent
atoms (Å2)

35.9 28.7 52.5

Mean Biso solvent atoms (Å2) 43.2 29.0 43.2
PDB entry ID 2PGF 2PGR 2QVN

a
Determined using the MolProbity Server.37
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