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Background: The sumoylation pathway is conserved in Plasmodium falciparum.
Results:The small ubiquitin-relatedmodifier (SUMO) E1 and E2 enzymes are not functionally interchangable between humans
and the malaria parasite, P. falciparum.
Conclusion: P. falciparum E1 and E2 interactions have significantly diverged from humans.
Significance: Divergent E1 and E2 interaction could be exploited for the design of parasite specific inhibitors.

Small ubiquitin-related modifiers (SUMOs) are post-transla-
tionally conjugated to other proteins and are thereby essential
regulators of a wide range of cellular processes. Sumoylation,
and enzymes of the sumoylation pathway, are conserved in the
malaria causing parasite, Plasmodium falciparum. However,
the specific functions of sumoylation in P. falciparum, and the
degree of functional conservation between enzymes of the
human and P. falciparum sumoylation pathways, have not been
characterized. Here, we demonstrate that sumoylation levels
peak during midstages of the intra-erythrocyte developmental
cycle, concomitant with hemoglobin consumption and elevated
oxidative stress. In vitro studies revealed that P. falciparum E1-
and E2-conjugating enzymes interact effectively to recognize
and modify RanGAP1, a model mammalian SUMO substrate.
However, in heterologous reactions, P. falciparum E1 and E2
enzymes failed to interact with cognate human E2 and E1 part-
ners, respectively, to modify RanGAP1. Structural analysis,
binding studies, and functional assays revealed divergent amino
acid residues within the E1-E2 binding interface that define
organism-specific enzyme interactions. Our studies identify
sumoylation as a potentially important regulator of oxidative
stress response during the P. falciparum intra-erythrocyte
developmental cycle, and define E1 and E2 interactions as a
promising target for development of parasite-specific inhibitors
of sumoylation and parasite replication.

Malaria is a mosquito-borne infectious disease caused by
protists of the genus Plasmodium, with Plasmodium falcipa-

rum being themost virulent species infecting humans. It is esti-
mated that malaria affects more than 300 million people each
year, with nearly one million or more of those affected dying of
complications caused by the disease (1). Despite ongoing
efforts, an effective vaccine to prevent malaria still remains an
elusive goal. Current treatment and preventative measures
therefore rely on artemisinin-based combination drug treat-
ments, long-lasting insecticide-treated bed nets and insecticide
spraying. Despite the current effectiveness of these strategies,
resistance to artemisinin-based treatments is an increasingly
serious concern (2). Therefore, there is an urgent need to iden-
tify and develop next generation drugs that can be used to effec-
tively treat malaria.
Themalaria parasite life cycle is complex, involvingmorpho-

logical, biochemical, and physiological transformations that
enable growth and replication in mosquitoes and humans, as
well as transmission between these two hosts. In humans, the
intra-erythrocyte developmental cycle (IDC)3 represents one of
the best studied phases of the parasite life cycle. The IDC con-
sists of three distinct stages: a morphologically defined ring
stage, a trophozoite stage in which the parasite breaks down
hemoglobin into amino acids and toxic heme, and a schizont
stage in which the parasite undergoes 3–5 rounds of asexual
replication (3). Comprehensive transcriptome and proteomic
studies have revealed that a continuous cascade of gene and
protein expression, in which most genes and proteins exhibit
a single peak of expression, is associated with progression
through the IDC (4–6). Given this rigid mode of regulation at
the level of gene and protein expression, it is anticipated
that post-translational protein modifications play particularly
important regulatory roles during the IDC. Consistent with
this, more than half of all P. falciparum proteins detected dur-
ing the IDC are present as two or more post-translationally
modified isoforms (5, 7). Functionally important post-transla-
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tional protein modifications identified and characterized in P.
falciparum during the IDC include phosphorylation, acetyla-
tion, methylation, lipidation, N- and O-linked glycosylation,
ubiquitylation, and sumoylation (8).
Sumoylation involves the covalent attachment of SUMOs

(small ubiquitin-related modifiers), �100 amino acid proteins,
to lysine residues in target proteins (Fig. 1a). Sumoylation reg-
ulates the functions of a wide range of proteins involved in
nearly all aspects of cell function, including proteins involved in
transcription, DNA replication and repair, chromosome segre-
gation, mitochondrial fission, ion transport, and signal trans-
duction (9). Sumoylation is therefore essential in organisms
ranging from yeast to humans. Sumoylation also has vital roles
in promoting cell survival under a variety of stress conditions,
including hypoxia, heat, and oxidative stress (10). Oxidative
stress is of particular significance during the middle and late
stages of the malaria parasite IDC, when the degradation of
hemoglobin results in production of toxic-free heme and the
generation of reactive oxygen species (11). A preliminary list of
�20 sumoylated proteins has been identified in P. falciparum
during the IDC (12).However, the functional significance of the
modification of these proteins, and the importance of sumoy-
lation in progression through the IDC and protection from oxi-
dative stress, remains to be fully characterized. Notably, an
inhibitor of desumoylation blocks P. falciparum replication in
human red blood cell cultures, demonstrating that sumoylation
is essential during the IDC and that inhibitors of the sumoyla-
tion pathway have potential as effective anti-malarial drugs
(13).
The development of anti-malarial drugs targeting the sumoyla-

tion pathway of P. falciparum requires a detailed molecular
understanding of the enzymes involved in conjugation and
deconjugation, andmost importantly, an understanding of how
these enzymes differ from their human counterparts. SUMO-
specific proteases (SENPs) are involved in processing SUMO
precursors to generate mature SUMO, and in cleaving the iso-
peptide bond between theC-terminal glycine of SUMOand the
lysine side chain of target proteins to mediate deconjugation
(Fig. 1a). The P. falciparum genome encodes for two putative
SENPs (PfSENP1 and PfSENP2), of which to date only PfSENP1
has been shown to be functionally active (13) (Fig. 1b). SUMO
conjugation is dependent on an essential heterodimeric E1-ac-
tivating enzyme that activates SUMO through the ATP-depen-
dent formation of a high-energy thioester bond between the
C-terminal glycine of SUMO and an active site cysteine in the
E1. Activated SUMO is subsequently transferred to the active
site cysteine residue of an E2-conjugating enzyme, known as
Ubc9. Ubc9 subsequently binds target proteins, either directly
or assisted by one of several E3 ligases, and catalyzes the forma-
tion of an isopeptide bond between a lysine residue in the target
protein and the C-terminal glycine of SUMO (14). Bioinfor-
matic analysis has identified predicted SUMO E1 (PfAos1/
PfUba2)-activating and E2 (PfUbc9)-conjugating enzymes in
the P. falciparum genome, however, no biochemical analysis of
the encoded proteins has been reported (12) (Fig. 1b). Detailed
biochemical and structural studies of the E1 and E2 enzymes
from human and yeast have been reported, and are available for
guiding comparative studies (15–19).

To begin to understand the sumoylation pathway of P. fal-
ciparum at themolecular level, we reconstituted SUMO conju-
gation in vitro using purified recombinant proteins and solved a
crystal structure of PfUbc9. Our studies, revealed specific fea-
tures of P. falciparum E1 and E2 interactions that are distinct
from human E1 and E2 interactions. We also developed a
monoclonal antibody specific for PfSUMO and found that
sumoylation peaks during midstages of the IDC cycle, consis-
tent with sumoylation having an important role in the oxidative
stress response. Our findings indicate the E1- and E2-conjugat-
ing enzymes of P. falciparum may be viable drug targets, and
that inhibitors of SUMO conjugation might prove effective in
combination therapies with drugs that enhance oxidative
stress, including artemisinin.

EXPERIMENTAL PROCEDURES

P. falciparum Cell Culture, Harvesting, and Lysate Prep-
aration—Pf biotin carboxyl carrier protein (BCCP)-GFP
dd2attB (a gift fromDr. Sean Prigge, JohnsHopkins University)
and 3D7 strain parasites were cultured using a modified stan-
dard procedure (20). The mRPL2 promoter that drives BCCP-
GFP expression is activated consistently across IDC stages (6)
and was therefore used as a protein loading control for immu-
noblot analysis. Parasites were grown at 2% hematocrit in
human O� erythrocytes in malaria culture media, RPMI 1640
media (Invitrogen), supplemented with 25 mM HEPES, 0.2%
sodiumbicarbonate (Invitrogen), 10%humanO� serum (Inter-
state Blood Bank, Inc., Memphis TN), 12.5 �g/ml of hypoxan-
thine (Sigma) in 3% CO2, 3% O2, 96% N2 atmosphere at 37 °C.
RBCs were pelleted at 600 � g, washed with 37 °C RPMI sup-
plemented with 5 mM N-ethylmaleimide (Sigma) to inhibit
SUMO isopeptidases, and treated with 0.2% saponin/PBS (w/v)
for 3 min at room temperature, followed by three rounds of
washing with ice-cold PBS. Parasite pellets were collected by
centrifugation at 20,800 � g for 10 min at 4 °C and stored at
�80 °C. Pellets were lysed in RIPA buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% Nonidet P-40, 0.05% sodium deoxy-
cholate, 0.1% SDS) supplemented with 5mMN-ethylmaleimide
for 30 min on ice with occasional vortexing. Lysates were cen-
trifuged at 20,800 � g for 10 min at 4 °C and supernatants were
quantified by BCA assay (Thermo Scientific, Rockford, IL)
before the addition of reducing SDS-sample buffer.
Parasite Synchronization—PfBCCP-GFP dd2attB strain par-

asites were grown as described above, and synchronized with
three cycles of sorbitol treatment at the ring stage (21). Cultures
were pelleted at 600� g and infected red blood cell pellets were
incubated with 5% sorbitol (Sigma) for 10min at room temper-
ature, with occasional gentle shaking. RBCs were pelleted at
600 � g and washed three times in malaria culture media, and
subcultured. Parasites were harvested at respective stages after
48 h following the third sorbitol treatment and lysates were
prepared as described above.
Immunofluorescence Microscopy—3D7-infected red blood

cells were cultured as indicated and harvested at 500 � g for 3
min. Cells were fixed for 30 min at room temperature with 4%
paraformaldehyde, 0.0075% glutaraldehyde in 1� PBS. Cells
were then washed with PBS and permeabilized for 10 min at
room temperature with 0.1% Triton X-100 in PBS. After wash-
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ing, aldehydes were further reduced for 10 min at room tem-
perature with 0.1 mg/ml of NaBH4 in PBS. Following subse-
quent washing, cells were blocked in 3% BSA in PBS for 1 h at
room temperature and incubated overnight at 4 °C with pri-
mary antibody (1:20 mAb 7E11; 1:500 anti-acyl carrier protein)
in 3% BSA in PBS. After washing with PBS, cells were incubated
overnight at 4 °C in the dark with secondary, Alexa Fluor-con-
jugated antibodies (Invitrogen) were diluted 1:3000 in 3% BSA
in PBS. Cells were washed with PBS and allowed to dry on glass
slides. Dried slides were treated with mounting solution con-
taining 100mMTris, pH 8.8, 50% glycerol, 2.5% Dabco (Sigma),
0.2�g/ml of 4,6-diamidino-2-phenylindole (DAPI), and images
were taken using a Zeiss Observer Z1 microscope. SUMO
images were taken at identical exposure settings.
Immunoblot Analysis, Antibodies—Parasite lysates were heated

to 100 °C for 5 min, resolved by SDS-PAGE, and transferred to
PVDF membrane. Membranes were probed with mAb 7E11,
21C7 (22), 8A2 (23), or anti-GFP (Clontech). HRP-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) were detected by SuperSignal West Femto
chemiluminescent substrate (Thermo Scientific).
mAb 7E11 was produced by immunizing Balb/c mice with

full-length recombinant PfSUMO. Hybridoma cells were pre-
pared by fusing spleen cells with the mouse myeloma cell line,
Sp2/0, and screened using standard procedures.
cDNA Cloning and Plasmid Construction—Human RanGAP1,

SUMO-1, Ubc9, and E1 bacterial expression vectors were as
previously described (24). The coding regions for mature
PfSUMO and full-length PfUbc9 were PCR-amplified from a
3D7 strain cDNA library kindly provided by Dr. Sean Prigge
(Johns Hopkins University) using primers designed to intro-
duce BamHI andXhoI sites at 5� and 3� ends, respectively. PCR-
amplified products were inserted into the expression vectors
pGEX-4T-1 or pGEX-6P-1 (GE Healthcare). PfUba2 and
PfAos1 cDNAs were codon optimized for expression in Esche-
richia coli using the Codon Juggle module of Gene Design (25).
The codon-optimized cDNAs were chemically synthesized
(Genewiz, South Plainfield, NJ) and used as templates for PCR
amplification and cloning. PfUba2 was cloned into NcoI/
BamHI sites of pET32a (EMDMillipore, Billerica, MA), re-am-
plified with the N-terminal His6-S tag and cloned into the
BamHI/XhoI sites of pFastBac1 (Invitrogen). PfAos1 was
amplified without a tag and also cloned into the BamHI/XhoI
sites of pFastBac1. Human and P. falciparumUba2Ufd domains
(HsUba2Ufd, residues 444–561; PfUba2Ufd, residues 508–625)
were subcloned into pGEX-6P-1 expression vectors (GE
Healthcare) using BamHI and XhoI sites.
PfUbc9 N-terminal domain swap mutants were generated by

the fusionPCR technique (26).Additional amino acid substitution
mutantswere producedusing standard site-directedmutagenesis.
All constructs were verified by DNA sequence analysis.
Recombinant Protein Expression and Purification—Human

RanGAP1, SUMO-1, Ubc9, and E1were expressed and purified
as previously described (24). In general, all other bacterial
expression plasmids were transformed into E. coli host strain
Rosetta 2(DE3) and LB cultures were grown at 37 °C to an A600
of 0.6. Cultures were then induced by the addition of 1 mM

isopropyl�-D-thiogalactopyranoside and continued incubation

at 20 °C overnight. Cells were harvested by centrifugation at
4,500 � g and E. coli pellets were frozen at �80 °C. Frozen pel-
lets were resuspended in 4 °C lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 1 mM DTT, 0.1% Triton X-100, 1 �g/ml of leu-
peptin, 1 �g/ml of pepstatin, 20 �g/ml of aprotinin, 1 mM

PMSF, 10 units/ml of benzonase). After sonication, insoluble
material was removed by centrifugation at 28,000 � g and
supernatants containing GST-tagged proteins were run over glu-
tathione-agarose chromatography columns (GEHealthcare). On-
column cleavage was performed using purified thrombin or
PreScission Proteases (GE Healthcare). Eluted proteins were
further purified using ion exchange on Mono S or Mono Q
columns or size exclusion on a SuperdexTM 200 column (GE
Healthcare). For isothermal titration calorimetry (ITC) analy-
sis, concentrated Ubc9 and Uba2UFD domains were dialyzed
together into 50 mM glycine, pH 8.5, 150 mMNaCl, and 0.5 mM

Tris(2-carboxyethyl)phosphine. Protein concentrations were
determined by UV absorption at 280 nm using a Nanodrop
spectrophotometer (Thermo Scientific), or by Bradford color-
imetric assays (Bio-Rad).
P. falciparum E1 enzyme was purified from baculovirus-in-

fected insect cells. pFastBac1 vectors containing PfUba2 or
PfAos1were used tomake P4 viral stocks according to theman-
ufacturer’s protocol (Invitrogen). For expression of recombi-
nant proteins, 0.1% (v/v) P4 PfUba2 or PfAos1 viral stocks were
added individually to 1 � 106 Sf9 cells/ml in SFMII media
(Invitrogen), and shaken at 110 rpm, for 72 h at 26 °C. Infected
cells were combined, lysed in buffer, and purified on nickel-
nitrilotriacetic acid beads according to the manufacturer’s
instructions (Qiagen).
Isothermal Titration Calorimetry—Binding affinities and

thermodynamic binding parameters for interactions between
Ubc9 and Uba2Ufd domains were determined using aMicroCal
VP-ITC system (GE Healthcare). The ITC cell (1.4 ml) con-
tained either HsUbc9 (18.5–23.9 �M) or PfUbc9 (14.5–20 �M),
and the syringe (300 �l) contained either HsUba2Ufd (216.4–
470.9 �M) or PfUba2Ufd (210.7–371.5 �M). Each run was per-
formed at 15 °C with a 310 rpm rotating syringe, and consisted
of an initial 3-�l injection of 5.1 s duration with 150 s spacing,
followed by 25 additional 10-�l injections of 7.3 s duration with
350 s spacing between injections. Data were obtained with a 2-s
filter period and raw heat signals were normalized to the dilu-
tion heat of the titrant. Binding isothermswere fitted to a single
site model using Origin 7 software (GE Healthcare). Experi-
ments were performed in triplicate.
In Vitro Sumoylation Assays—For assays using in vitro

expressed RanGAP1, protein was transcribed and translated in
rabbit reticulocyte lysate in the presence of [35S]methionine as
recommended by the manufacturer (Invitrogen). Modification
assays were performed in 20-�l reactions containing 15 nM
E1, 45 nM Ubc9, 500 nM SUMO, 2 �l of in vitro translated
RanGAP1, 1 mM ATP, 0.6 units/ml of creatine phosphokinase,
10 mM phosphocreatine, 0.6 units/ml of inorganic pyrophos-
phatase, 20 mM HEPES-KOH, pH 7.3, 110 mM KAc, 2 mM

Mg(Ac)2, and 1mMDTT. Reactions were incubated at 37 °C for
1 h and analyzed by SDS-PAGE and autoradiography. Modifi-
cation assays using recombinant RanGAP1 were performed in
20-�l reactions containing 1 �M GST-RanGAP1 (residues
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419–589), 5 �M HsSUMO-1, 50 nM HsE1, 80 or 800 nM E2, 0.6
units/ml of creatine phosphokinase, 10 mM phosphocreatine,
0.6 units/ml of inorganic pyrophosphatase, 20 mM HEPES, pH
7.4, 2 mM Mg(Ac)2, 110 mM KAc, and 5 mM ATP. Reactions
were incubated at 30 °C and aliquots were combined with sam-
ple buffer for analysis by SDS-PAGE, followed by immunoblot
analysis. Membranes were probed with anti-GST antibodies
(Santa Cruz Biotechnology Inc., Santa Cruz, CA). HRP-conju-
gated secondary antibody (1:15,000 G�M, Jackson) was
detected by ECL Prime (GE Healthcare).
PfUbc9 Structure Determination—PfUbc9 was concentrated

to 7.5mg/ml and crystallization screeningwas performed using
a Mosquito Crystallization Robot (TTP Labtech, Cambridge,
MA). Diffraction quality crystals were grown at 20 °C using the
sitting drop method, and plated as 3 drops per well, with each
drop consisting of amixture of 200 nl of protein (7.5mg/ml), 20
nl of seed crystals from PEGs Suite (Qiagen, 130704) in a buffer
of 0.2MNaF, 20%PEG3350, and 200nl of buffer (0.2MNaF, 19%
PEG3350) from the 60-�l buffer well. Crystals were transferred
into cryogenic buffer consisting of 30% PEG3350, 10% glycerol,
0.2 M NaF, and 100mM glycine, pH 8.5, thenmounted on nylon
loops and flash frozen in liquid nitrogen. Crystals were shipped
to the Brookhaven National Laboratory Synchrotron Light-
source and datasets were collected under cryogenic conditions
at beamline X25.
Although the XDS indexing routine (27) suggested a higher

symmetry space group and the program POINTLESS (28)
determined P21212 as the most likely space group, refinement
in any of the eight possible P2x2x2x point groups resulted in
Rwork/Rfree combinations of 40/45%.The best case scenarios did
not decrease below an Rwork �38% despite exhibiting a well
defined electron density map with clear side chain densities.
Only when using a lower symmetry space group, in combina-
tion with twin refinement, could a successful refinement be
carried out yielding a finalRwork� 13.7% andRfree� 17.3%.The
twin fraction was refined to 49%, indicating an almost perfect
twin, explaining the apparent higher symmetry space group
during the indexing steps.
The PfUbc9 crystals belonged to the space group P21 with

cell dimensions of a � 28.9 Å, b � 94.4 Å, c � 124.9 Å, and � �
90.02°, and contained four molecules in the asymmetric unit.
Data reduction and scaling was performed with XDS/XSCALE
(27). A molecular replacement solution was obtained with
BALBES, using a predicted homology model based on the
structure ofmammalianUbc9 (PDB code 1U9A), with an initial
Rfactor of 0.35 (29). Model building and refinement was per-
formed with Coot (30) and REFMAC 5 (31) in the CCP4 and
PHENIX suites (32). The final structure was analyzed with val-
idation tools in Coot as well asMolProbity (33), indicating zero
Ramachandran outliers. Although PfUbc9 crystallized as a
dimer, a buried surface area of 1870 Å2 for the 4 chain assembly
and its predicted size based on gel filtration chromatography
are consistent with a monomer in solution.
A second crystal form was obtained at a protein concentra-

tion of 12.35 mg/ml using the Morpheus screen (Molecular
Dimensions) condition of 0.12 M alcohols (1,6-hexanediol,
1-butanol, 1,2-propanediol (racemic), 2-propanol, 1,4-butane-
diol, and 1,3-propanediol), 0.1 M buffer (imidazole, MES, pH

6.5), and 30% precipitant (PEGMME 550; PEG 20K) yielding
well diffracting crystals to 1.25 Å. These crystals belonged to
space group C2 2 21 with three molecules in the asymmetric
unit. Refinement was carried out using 1.5 Å as suggested high-
resolution cutoff based on the recently introduced CC1/2 crite-
ria for significant data (34). Details of the refinement statistics
are shown in Table 1.
Sequence Alignment and Structure Prediction—Saccharomy-

ces cerevisiae, human, and P. falciparum Uba2Ufd and E2
sequences were aligned using the T-Coffee Expresso server (35)
and determined or predicted structures. The PfUba2Ufd struc-
ture was predicted using the I-Tasser server (36).

RESULTS

Sumoylation Peaks during Late Stages of the P. falciparum
IDC—Genes coding for SUMO, and enzymes of the sumoyla-
tion pathway, have been identified through bioinformatic anal-
ysis of theP. falciparum genome (12, 13) (Fig. 1b). This includes
a gene coding for a protein with an SP-RING domain and
belonging to the family of PIAS E3 ligases (Fig. 1c). To aid in
characterizing the functional roles of sumoylation in parasites,
we cloned and expressed PfSUMO and generated a mouse
monoclonal antibody, mAb 7E11. By immunoblot analysis,
mAb 7E11 reactedwith recombinant PfSUMO, but did not rec-
ognize recombinant human SUMO-1, SUMO-2, or SUMO
conjugates in uninfected human red blood cells (Fig. 2a). Anal-
ysis of P. falciparum cell lysates, prepared from parasites puri-
fied from an asynchronous culture of infected red blood cells,
revealed a smear of high molecular weight proteins consistent
with previous detection of P. falciparum SUMO conjugates
(12). To gain insights into possible stage-specific roles for
sumoylation during the IDC, we synchronized P. falciparum-
infected red blood cell cultures and performed immunoblot
analysis of lysates prepared frompurified ring, trophozoite, and
schizont stage parasites. To control for protein loading, para-
sites expressing GFP-tagged BCCP were used and lysates were
normalized so that roughly equivalent BCCP-GFP signals were
obtained using an antibody recognizing GFP (Fig. 2b). As in
lysates of parasites from asynchronous cultures, a smear of high
molecular weight conjugates was readily detectable at all three
stages, with little if any detectable free SUMO. Notably, how-
ever, the levels of highmolecular weight SUMOconjugates var-
ied greatly between stages, with levels being lowest in ring-stage
parasites and peaking in trophozoites (Fig. 2b).
To further evaluate sumoylation during the P. falciparum IDC,

we performed indirect immunofluorescence microscopy on
infected red blood cells. Cells were fixed and stained with mAb
7E11 together with an antibody to acyl carrier protein, an apico-
plastmarker protein (37). SUMOwas concentrated in the nucleus
of parasites at all three stages, with no discernible associationwith
Maurer’s clefts, as previously reported (12). Consistent with
immunoblot analysis, levels of detectable SUMO signal were
greatest in trophozoite- and schizont-stage parasites (Fig. 2c).
P. falciparum E1- and E2-conjugating Enzymes Modify

RanGAP1 at the �KXE Consensus Site—To characterize the P.
falciparum sumoylation pathway at the molecular level, we
next cloned, expressed, and purified the predicted heterodi-
meric E1-activating enzyme, consisting of proteins PfAos1 and
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PfUba2, as well as the E2-conjugating enzyme, PfUbc9. Enzyme
activities were preliminarily evaluated using in vitro sumoyla-
tion assays containing in vitro transcribed and translatedmam-
malian RanGAP1. RanGAP1 is a well characterized and effi-
cient sumoylation substrate, modified at a single consensus
sumoylation motif, �KXE (where � is a hydrophobic amino
acid, K is themodified lysine residue,X is any amino acid, and E
is glutamic acid) that is recognized through direct interactions
withUbc9 (15, 38). In the absence of exogenously added factors,
expression of wild type RanGAP1 in rabbit reticulocyte lysate
produces predominantly unmodified protein migrating at �70
kDa, and also aminor fraction of sumoylated proteinmigrating
at �85 kDa. In reactions containing purified human E1 and E2
enzymes, wild type RanGAP1 is sumoylated quantitatively and
migrates at�85 kDa, consistent withmodification at the single

consensus site (38) (Fig. 3a). As predicted, modification of
mutant forms of RanGAP1, in which the consensus site glu-
tamic acid or lysine residues were substituted with alanine, was
significantly reduced or undetectable (Fig. 3a). In reactions
containing purified P. falciparum E1 and E2 enzymes, wild type
RanGAP1 also shifted from �70 to 85 kDa, again consistent
with modification at the single consensus site. Consensus site
mutations also reduced or inhibited modification by the P. fal-
ciparum enzymes (Fig. 3a). These findings validate the ortholo-
gous identity of the predicted P. falciparum SUMO-activating
and -conjugating enzymes and demonstrate a conservation of
consensus site recognition by PfUbc9.
Interactions between Human and P. falciparum E1- and

E2-conjugating Enzymes Are Functionally Unique—To identify
potentially distinct properties of the P. falciparum E1 and E2

FIGURE 1. The sumoylation pathway is conserved in P. falciparum. a, SUMO is conjugated to proteins through an enzymatic cascade involving E1-activating and
E2-conjugating enzymes and E3 ligases. Deconjugation is catalyzed by isopeptidases. b, enzymes of the P. falciparum sumoylation pathway identified by sequence
similarity searches (% identity to human proteins is indicated). Gene ID and predicted molecular weights (MW) were obtained from PlasmoDB. c, amino acid sequence
alignment of SP-RING domains from human (Hs), S. cerevisiae (Sc), Schizosaccharomyces pombe (Sp), and Plasmodium falciparum (Pf) SUMO E3 ligases, as well as RING
domains from c-Cbl and BRCA1. Sequence conservation is highlighted in gray and black. The SP-RING domain is indicated by the top bar and Zn2� coordinating
cysteine and histidine residues are indicated by black dots. Cysteine and histidine residues unique to SP-RING domains are indicated with asterisks.
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enzymes, we next performed a series of in vitro assays using
heterologous conditions in which purified recombinant human
and P. falciparum proteins were interchanged. First, we inves-
tigated the ability of human and P. falciparum E1 enzymes to
activate human and P. falciparum SUMOs. E1 enzymes were
incubated with SUMO in the presence of ATP, and E1�SUMO
thioester intermediates were identified by non-reducing SDS-
PAGE and immunoblot analysis (Fig. 3b). This analysis revealed
that both human andP. falciparumE1-activating enzymes have
the ability to recognize and activate both human and P. falcip-
arum SUMOs. As exemplified in the assays shown, the human
E1-activating enzyme consistently produced higher levels of
E1�SUMO intermediates, suggesting either more efficient
SUMO activation or formation of a more stable thioester
intermediate.
We next performed RanGAP1-conjugation assays in which

human and P. falciparum SUMOs were interchanged (Fig. 3c).
In reactions containing human E1 and E2 enzymes, RanGAP1

was modified by both human and P. falciparum SUMOs, indi-
cating conservation of SUMO features required for both E1
activation, E2 loading, and substrate modification. Similarly,
both human and P. falciparum SUMOs were conjugated to
RanGAP1 in reactions containing P. falciparum E1 and E2
enzymes. In another series of conjugation assays, human and P.
falciparum E1 and E2 enzymes were interchanged (Fig. 3d). In
contrast to reactions containing all human components, mod-
ification of RanGAP1 was not observed in reactions containing
human E1, human SUMO-2, and P. falciparum E2. Similarly,
and in contrast to reactions containing all P. falciparum com-
ponents, modification of RanGAP1 was undetectable in reac-
tions containing P. falciparum E1, P. falciparum SUMO, and
human E2. Thus, although human and P. falciparum SUMOs
are functionally interchangeable, human and P. falciparum E1-
and E2-conjugating enzymes are not.
The finding that RanGAP1 sumoylation did not occur in

reactions containing a heterologous mixture of human and P.

FIGURE 2. Sumoylation is differentially regulated during P. falciparum red blood cell stages. a, uninfected red blood cell lysate (RBC), 3D7 parasite lysate,
and recombinant PfSUMO, HsSUMO-1, and HsSUMO-2, were analyzed using mAb 7E11 (�-PfSUMO). To demonstrate antibody specificity, lower portions of the
blot were also probed with mAbs 21C7 (�-HsSUMO-1) and 8A2 (�-HsSUMO-2). b, immunoblot analysis of stage-specific P. falciparum parasite lysates using mAb
7E11 (�-PfSUMO). Detection of GFP-BCCP and Coomassie Blue staining of the immunoblot membrane are included as loading controls. c, indirect immuno-
fluorescence microscopy of synchronized 3D7 parasites probed with anti-PfSUMO mAb 7E11 and anti-acyl carrier protein (ACP) antibodies. DNA was detected
using DAPI. Bar indicates 2 �m.
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falciparum E1 and E2 enzymes, suggested a possible defect in
the transfer of activated SUMO from the E1 enzyme to Ubc9
under these assay conditions. We therefore assayed for E2
thioester formation in reactions performed in the absence of
RanGAP1. Reaction products were separated by non-reducing
SDS-PAGE and analyzed by immunoblot analysis (Fig. 3e). In
reactions containing all human or all P. falciparum compo-
nents, E2�SUMO thioester intermediates were detected in an
E2 concentration-dependent manner. In contrast, E2�SUMO
thioester intermediates were not detected in reactions contain-
ing heterologous mixtures of human and P. falciparum E1 and
E2 enzymes. These findings indicate a possible defect in func-
tional interactions betweenhuman andP. falciparumE1 andE2
enzymes.
To investigate themolecular basis for the observed defects in

human and P. falciparum E1 and E2 functional interactions, we
performed ITC to evaluate the relative binding affinities of the
enzymes. For this analysis, we expressed and purified the C-ter-
minal ubiquitin-fold domains of human and P. falciparum
Uba2 (Uba2ufd), which are predicted to mediate interactions
with Ubc9 (16, 19). Consistent with this prediction, we observed
endothermic binding between human Ubc9 and human Uba2ufd
with the following characteristics: stoichiometry (N) � 1.3 �
0.13, Kd � 1.26 � 0.4 �M, 	H � 2700 � 67 kcal mol�1, and
	S � 36 � 0.9 cal mol�1 K�1 (mean � S.D. from three inde-
pendent trials) (Fig. 4a). Similarly, endothermic binding
between P. falciparum Ubc9 and P. falciparum Uba2ufd was

also observed: stoichiometry (N) � 0.92 � 0.06, Kd � 0.5 � 0.1
�M,	H� 8867� 500 kcalmol�1, and	S� 60� 1.4 calmol�1

K�1 (Fig. 4b). In contrast, no measurable interactions between
human Ubc9 and P. falciparum Uba2ufd or between P. falcipa-
rum Ubc9 and human Uba2ufd were detected by ITC (Fig. 4, c
and d). Collectively, these findings reveal evolutionarily diver-
gent modes of interaction between human and P. falciparum
E1-activating and E2-conjugating enzymes.
Divergent Interfaces Mediate Human and P. falciparum E1

and E2 Interactions—To further define the defects in binding
between human and P. falciparum E1 and E2 enzymes at the
molecular level, we determined a crystal structure of PfUbc9 at
1.85-Å resolution (Fig. 5a, Table 1). PfUbc9 and HsUbc9 share
63% sequence identity and a high degree of backbone conser-
vation, as reflected by a small root mean square deviation value
of 0.72 Å over all C� atoms. Comparison of the overall electro-
static potential on the surface of PfUbc9 and HsUbc9 revealed
potentially significant charge differences due to divergent
amino acid residues in the �1 helix and the �1-�2 loop (Fig. 5,
b–d). Based on crystallographic analysis of S. cerevisiae E1 and
E2 interactions (19), the �1 helix and the �1-�2 loop are pre-
dicted to form the E1 interaction interface. Of particular inter-
est, several residues within this region of PfUbc9, including
Lys-5 and Lys-6, Ala-13 and Glu-14, and Pro-29 and Lys-34
have diverged from residues in HsUbc9 (Fig. 6b). Residues at
several of these positions are conserved between human and
yeast Ubc9, and in the case of yeast Ubc9, are known to be

FIGURE 3. Human and P. falciparum SUMO E1 and E2 enzyme interactions are distinct. a, P. falciparum enzymes modify RanGAP1 at the consensus site
lysine. In vitro transcribed and translated wild type RanGAP1 (WT) or consensus sumoylation site mutants (E528A and K526A), were incubated with recombi-
nant human (Hs) or P. falciparum (Pf)-conjugating enzymes. Conjugation was detected by autoradiography. b, human and P. falciparum E1-conjugating
enzymes activate both human and P. falciparum SUMOs. Increasing concentrations of E1-activating enzymes were incubated with human or P. falciparum
GFP-SUMO in the presence of ATP and reaction products were separated by non-reducing SDS-PAGE and analyzed by immunoblot analysis. The asterisk
indicates a nonspecific GFP-SUMO-2 band. c, P. falciparum and human SUMOs are interchangeable. SUMO conjugation assays were performed in the presence
of the indicated recombinant human or P. falciparum proteins. Reaction products were analyzed by immunoblot analysis. d, human and P. falciparum SUMO E2
enzymes are not interchangeable. SUMO conjugation assays were performed in the presence of the indicated recombinant human or P. falciparum proteins.
Reaction products were analyzed by immunoblot analysis. e, E2�SUMO thioesters are not formed in reactions containing heterologous E1 enzymes. The
indicated recombinant proteins were incubated in the presence of ATP and reaction products were separated by non-reducing SDS-PAGE and analyzed by
immunoblot analysis.
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directly involved in E1 binding (19) (Fig. 6b). Residues within
the �4 helix ofHsUbc9 are also important for low affinity inter-
actionswith the catalytic cysteine domain ofHsUba2 (39), how-
ever, these residues are conserved in PfUbc9.
Because known structures of E1 and E2 enzyme complexes

for human or P. falciparum proteins are not available, we
used in silico approaches to superimpose known or predicted
structures of individual Uba2ufd domains and Ubc9. The
solved structure of a complex between S. cerevisiae Uba2ufd
(ScUba2ufd) and ScUbc9 was used to guide protein alignment
and build homology models (19). Results from this analysis
indicated that the E1 and E2 enzymes have co-evolved tomain-
tain surface residues compatible for interaction. As one exam-
ple, Leu-6 of ScUbc9makes hydrophobic contactswith Leu-511
and Leu-478 in ScUba2ufd (Fig. 6c). In humans, Leu-6 of
HsUbc9 is conserved and predicted to be surrounded by a
loop in HsUba2ufd also containing hydrophobic residues,
including Ile-489, Gly-485, Gly-487, and Ile-482. In contrast,
Lys-5 replaces Leu-6 in PfUbc9. To accommodate this basic
amino acid substitution, the predicted interaction surface of the
PfUba2ufd has co-evolved to contain a cluster of acidic residues,
including Asp-544, Asp-546, andAsp-547 (Fig. 6c). As a second
example, Lys-14 of ScUbc9, also in the �1 helix, forms a salt
bridge with Asp-474 of ScUba2ufd (Fig. 6d). Again, this lysine
residue is conserved in HsUbc9, as is the acidic nature of the

interacting surface on HsUba2ufd, including conservation of a
complimentary aspartic acid at position 479. In PfUbc9, Lys-14 is
replaced byAla-13. To accommodate this small, non-polar amino
acid substitution, the predicted interaction surface of PfUba2ufd,
formed inpart byPhe-587 andPhe-542, has co-evolved tobecome
bulkier andmore hydrophobic in nature (Fig. 6d).

Several other notable substitutions occur within the �1-�2
loop regions ofHsUbc9 and PfUbc9.HsUbc9 Lys-30, for exam-
ple, is positioned to potentially interact with Glu-497 of
HsUba2ufd. This interaction is conserved in S. cerevisiae (Fig.
6e). However, Lys-30 is replaced by Pro-29 in PfUbc9 and is
predicted to make no direct contacts with PfUba2ufd (Fig. 6e).
Another key difference between the human and P. falciparum
�1-�2 loops is the insertion of Lys-34 in PfUbc9, creating a
longer loop. This lysine residue clashes with Trp-574 in the
predicted PfUba2Ufd structure, suggesting that binding leads to
changes in the topology of the loop (Fig. 6e). Lys-34 of PfUbc9
may also, however, interfere with binding to HsUba2Ufd, as the
predicted E1 interface presents potential clashes with Lys-486,
Asn-501, and Lys-504 (not shown). Collectively, these findings
reveal that co-evolution of substitutions in the E1 and E2
enzyme interfaces can account for the observed specificity in
interactions between the human and P. falciparum proteins.
We next took an experimental approach to identify residues

in PfUbc9 that are critical for functional E1 enzyme interac-

FIGURE 4. HsUbc9 and PfUbc9 interact specifically with human and P. falciparum E1-activating enzymes, respectively. Representative isotherms of ITC
binding data for (a) HsUba2Ufd and HsUbc9, (b) PfUba2Ufd and PfUbc9, (c) HsUba2Ufd and PfUbc9, and (d) PfUba2Ufd and HsUbc9.

FIGURE 5. Crystallographic structure of PfUbc9. a, ribbon diagram of the determined structure of PfUbc9 with secondary structures comprising the predicted
E1 interface numbered. The active site cysteine is highlighted in yellow. b and c, electrostatic surface representations of the �1 helix and �1-�2 loop regions of
PfUbc9 and HsUbc9. Electrostatic potentials were calculated using APBS (52) and colored from positive (�5kT/e; blue) to negative (�5kT/e; red). d, specific
divergent residues in the �1 helix and �1-�2 loop region of HsUbc9 and PfUbc9 are indicated.
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tions. We designed and expressed PfUbc9 mutants in which
domains or specific residues within the predicted E1 interface
were substituted with their human counterparts (Fig. 7a).
These mutants included a substitution of the first 81 amino
acids of PfUbc9 with residues from HsUbc9(1–81), as well as
more limited swaps encompassing the �1 helix and �1-�2
loop together (helix � loop), or individually (helix and loop).
Mutants HP2 and HP3 contained loop or helix swaps in com-
bination with other point mutations, respectively. The HP1
mutant contained substitutions at 5 residues predicted tomake
E1 contacts based on ScUbc9 and ScUba2ufd interactions
(including residues Lys-5, Ala-13, and Pro-29 highlighted in
Fig. 6, c–e) (19).
RanGAP1 conjugation assays were performed to test whether

the humanized PfUbc9 mutants could restore functional inter-
actions with human E1. High and low E2 concentrations (80
and 800 nM) were used to detect a potentially broad range of E1
interactions (Fig. 7b). The 1–81 mutant exhibited RanGAP1
conjugation activity equivalent to that detected withHsUbc9 at
low andhighE2 concentrations, consistentwith E1 interactions
being mediated almost exclusively through the N-terminal
domain. The helix � loop mutant also displayed conjugation
activity at low E2 concentrations, but unexpectedly the
observed activity was lower than that of the 1–81 mutant.
When individual helix or loop substitution mutants were
assayed at low E2 concentrations, no detectable activity was
observed. RanGAP1 sumoylation was, however, detected with
the individual�1 helixmutantwhen assayed at high E2 concen-

trations, indicating partial restoration of E1 interactions. In
assays containing P. falciparum E1, the �1 helix substitution
mutant also displayed partial activity, whereas the helix � loop
mutant exhibited no detectable activity (Fig. 8). These findings
indicate that amino acid substitutions in both the �1 helix and
�1-�2 loop of PfUbc9 contribute to the observed specificity in
E1 binding. Consistent with this, the HP2 mutant, combining
the �1-�2 loop swap with two amino acid substitutions in the
�1 helix, also showed partial activity at high E2 concentrations.
Notably, the HP1 mutant showed no sumoylation activity at
low or high E2 concentrations, indicating an important role for
other residues in addition to those predicted to make direct E1
contacts based on yeast E1 and E2 interactions (Fig. 7b).

DISCUSSION

Sumoylation is essential for cell viability. This, in combina-
tion with a dependence on multiple distinct enzymatic steps,
makes the sumoylation pathway an attractive target for patho-
gen drug design. Although expected to be conserved and essen-
tial in protozoans, relatively few studies have investigated the
roles of sumoylation in this important class of organisms. Pre-
vious studies have identified genes encoding for putative com-
ponents of the sumoylation pathway in P. falciparum (12, 13),
however, biochemical characterization of these components
has not been extensively investigated. Biochemical analysis of
factors involved in SUMO conjugation is of particular impor-
tance, given the high degree of primary sequence identity
between the E1 and E2 enzymes involved in ubiquitylation,
sumoylation, and neddylation. Using in vitro biochemical
assays, we have demonstrated that genes coding for predicted
SUMO E1 and E2 enzymes are true SUMO pathway orthologs.
Importantly, we have also provided evidence that functional
interactions between P. falciparum and human E1 and E2
enzymes are molecularly distinct due to a divergence of resi-
dues in the E1 and E2 interface.
SUMO Functions—Sumoylation is an essential regulator of

gene expression, DNA repair, and chromosome segregation,
and has also emerged as a vital component of cellular stress
tolerance pathways (10, 40–42). In response to a variety of
stresses, including heat shock, hypoxia, and oxidative stress,
sumoylation of awide variety of proteins is dramatically up-reg-
ulated (43, 44). The enhanced sumoylation that occurs in
response to stress promotes cell survival, although the under-
lying mechanisms are still not fully understood. Our analysis of
sumoylation levels in malaria parasites revealed a notable
increase in high molecular weight conjugates in trophozoites,
consistentwith up-regulation of SUMOgene expressionduring
mid to late stages of the IDC (45). It is during this stage of
parasite development that hemoglobin is taken up from the
host erythrocyte and digested into amino acids and free heme.
Althoughmost free heme is sequestered into non-toxic crystal-
line hemozoin, heme that escapes sequestration is oxidized,
leading to elevated levels of reactive oxygen species including
superoxide and hydrogen peroxide (11).P. falciparum is known
to utilize thioredoxin- and glutathione-based systems to main-
tain redox equilibrium and limit oxidative stress (46), and our
findings reveal that sumoylationmay also be an important part of
the oxidative stress response during the IDC. Of particular inter-

TABLE 1
Data collection, phasing, and refinement statistics

* Highest resolution shell is shown in parentheses.
** According to Molprobity (53).
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est, the toxicity of a number of antimalarial drugs, including chlo-
roquine-related drugs and artemisinin, is related at least in part to
inductionofheme-mediatedoxidative stress (47).Thus, inhibitors
of the natural oxidative stress response pathways in the parasite,
including sumoylation, could prove effective in combination ther-
apieswith these drugs.Although it remains to be formally demon-
strated that sumoylation itself is essential for P. falciparum devel-
opment and replication, inhibitors of PfSENP1 block parasite
replication during late stages of the IDC (13).
P. falciparum SUMO Substrate Recognition—As in other

organisms, the P. falciparum sumoylation pathway is
predicted to contain a single heterodimeric E1-activating
enzyme and a single E2-conjugating enzyme (Fig. 1b). We
also identified a single PIAS-like E3 ligase encoded by the P.
falciparum genome, which is predicted to regulate the mod-
ification of specific SUMO substrates (14). In addition to
being E3-mediated, SUMO substrate recognition may also
occur through direct binding of the E2-conjugating enzyme

to �KXE consensus motifs in protein targets (15, 38, 48).
Our in vitro biochemical studies revealed that PfUbc9 recog-
nizes the �KXE consensus motif in RanGAP1, and is there-
fore capable of also playing a direct role in substrate recog-
nition (15). Although direct evidence for conjugation to
lysines within this same motif remains to be obtained in P.
falciparum, at least a subset of candidate SUMO substrates
identified in red blood cell-cultured parasites contains
�KXE motifs (12).
The first enzymatic step in sumoylation involves ATP-de-

pendent activation of the C-terminal residue of SUMO and
formation of a thioester intermediate with the active site cys-
teine of the E1-activating enzyme. SUMO is subsequently
transferred from the E1 enzyme to the E2-conjugating enzyme,
a step that also involves formation of a thioester intermediate
(49). The transfer of SUMO from E1 to E2 involves direct bind-
ing between the two enzymes, as revealed by both biochemical
and structural studies of yeast and human enzymes (16, 19, 39).

FIGURE 6. Human and P. falciparum Uba2Ufd and Ubc9 interfaces are divergent. a, sequence alignment of S. cerevisiae (Sc) Uba2Ufd sequence, with
corresponding regions from human (Hs) and P. falciparum (Pf) Uba2. Secondary structure is indicated with arrows for � sheets, and dashed closed lines for
�-helices. Residues shown to be important for interactions between S. cerevisiae Uba2Ufd and Ubc9 are indicated in blue (19). Conserved residues are high-
lighted in green, and similarity is highlighted in yellow, with shading corresponding to degree of shared identity between the sequences. b, sequence alignment
of S. cerevisiae, human and P. falciparum Ubc9. Residues involved in the S. cerevisiae Uba2Ufd and Ubc9 interaction, but which have diverged between human
and P. falciparum Ubc9, are highlighted as black asterisks. Conservation is indicated as above. c– e, comparison of determined interactions between S. cerevisiae
Uba2Ufd and Ubc9, and predicted interactions between the human and P. falciparum E1 and E2 enzyme interfaces.
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Our analysis of the P. falciparum E1 and E2 enzymes, PfAos1/
PfUba2 and PfUbc9, respectively, provided several lines of evi-
dence to indicate that the interactions between these enzymes
aremolecularly distinct from interactions between their human
counterparts. First, we found that SUMO was effectively con-

jugated to RanGAP1 in reactions containingP. falciparumE1 and
E2 enzymes, but not in reactions containing combinations of
human and P. falciparum enzymes. Second, ITC analysis revealed
robust interactions between PfUbc9 and PfUba2ufd as well as
betweenHsUbc9 andHsUba2ufd, but failed to detect interactions
between the P. falciparum and human enzymes. Last, we solved a
crystal structureofPfUbc9andused in silicoprotein-proteindock-
ing to reveal interactions with the predicted structure of the
PfUba2ufd domain. In comparisonwith known or predicted struc-
tures of yeast and human E1 and E2 interactions, this analysis
revealed amino acid substitutions in PfUbc9 that explain its spe-
cific interactions with the P. falciparum E1 enzyme.
In particular, our analysis revealed divergent residues in the

�1 helix and the �1-�2 loop of PfUbc9 that enable interactions
with P. falciparum E1 but prevent interactions with the human
E1. Analysis of chimeric Ubc9 proteins indicated that residues
in both the �1 helix and the �1-�2 loop contribute to specific
binding, as substituting one region or the other of PfUbc9
with residues from HsUbc9 was insufficient to promote full
RanGAP1 conjugation activity in reactions with human E1.
Similarly, substitution of the �1 helix alone in PfUbc9 only par-
tially reduced activity in reactions with P. falciparum E1. Sub-
stituting both the �1 helix and the �1-�2 loop regions of
PfUbc9 with residues from HsUbc9 was sufficient to enable
interactions with human E1, as indicated by RanGAP1 conju-
gation activity. Surprisingly, however, full activity was only seen
when residues 1–81 of PfUbc9 were substituted with residues
fromHsUbc9. It is not clear how the additional residues C-ter-
minal to the �1-�2 loop region affect RanGAP1 conjugation, as
these residues are not predicted to affect E1 binding or Ran-
GAP1 interactions based on available structures (15, 19). It is
possible that these additional residuesmay allow formore opti-
mal folding of the chimeric protein. Notably, however, the

FIGURE 7. Ubc9 chimeras restore E1 and E2 interaction. a, sequence of N-terminal residues of PfUbc9, HsUbc9, and humanized PfUbc9 chimeras. HsUbc9-
specific residues are highlighted in dark red. Residues predicted to be critical for E1-E2 interactions are indicated in blue. Secondary structure is illustrated, as
described above. b, GST-RanGAP1 conjugation assays comparing low and high PfUbc9 chimera concentrations. Reactions were performed in the presence of
human E1-activating enzyme and human SUMO-1. Products were analyzed by immunoblot analysis with anti-GST antibodies.

FIGURE 8. Ubc9 chimeras affect human and P. falciparum E1 enzyme inter-
actions. a, schematic of wild type and chimeric Ubc9 proteins. b, assays were
performed in the presence of human GFP-tagged SUMO-1, human E1-acti-
vating enzyme, and the indicted Ubc9 protein. c, assays were performed in
the presence of human GFP-tagged SUMO-1, P. falciparum E1-activating
enzyme, and the indicated Ubc9 protein. Reaction products were detected by
immunoblot analysis with anti-GFP antibodies.
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majority of residues divergent between human and P. falcipa-
rum are surface exposed, whereas the hydrophobic core is
highly conserved. Within the �1 helix and �1-�2 loop region,
for example, all divergent residues are surface exposed. Thus, it
is not expected that the domain swapsmade to generate chime-
ric proteins should have major effects on overall structural
integrity. Similar heterologous conjugation studies have been
performed withHsUbc9 and with ScE1 (50). Unlike human and
P. falciparum enzymes, human and yeast enzymes formed
functional interactions, although at low efficiency.
PfUbc9 Conservation—Ubc9 is highly conserved across spe-

cies, sharing 
60% identity between human and P. falciparum
and 
95% identity among Plasmodium species. This high
degree of conservation likely reflects selective pressure tomain-
tain functional interactions with multiple factors, including
SUMO, the E1-activating enzyme, E3 ligases, as well as sub-
strates containing consensus modification sites. Our findings
that PfUbc9 effectively conjugates human SUMOs to mamma-
lian RanGAP1 are consistent with the high degree of conserva-
tion of residues that form the PfUbc9 active site and that are
required for both substrate recognition and SUMO thioester
formation. The less stringent conservation of residues required
for E1 interaction is consistent with observations regarding
related ubiquitin E2-conjugating enzymes, which in general
share a highly conserved catalytic core and a more divergent
outer “shell” important for selective E1 binding (51). Impor-
tantly, amino acid substitutions inPfUbc9 believed to be critical
for SUMO E1 interaction, as exemplified by K5 and A13, are
accompanied by compensatory amino acid substitutionswithin
the PfUba2ufd interface, indicative of co-evolution of the two
proteins to support species-specific functionality.
In summary, we have definitively identified the P. falciparum

SUMOE1-activating and E2-conjugating enzymes and demon-
strated that themolecular basis for their functional interactions
is distinct from that of their human counterparts. These find-
ings provide the basis for identification of smallmolecule inhib-
itors that could be used to selectively block parasite sumoyla-
tion. In addition to their clinical value, these inhibitors could
also be used to investigate the essential functions of sumoyla-
tion during P. falciparum development that, as indicated by our
findings, are likely to include an important role in oxidative
stress response.
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