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Background: Pf12 is the archetypal member of the 6-Cys protein family, members of which are important Plasmodium
vaccine targets.
Results: Purifying selection and apical localization of Pf12, crystal structure of tandem 6-Cys domains, and mass spectrometry
of cross-linked Pf12-Pf41 heterodimer are shown.
Conclusion: A functionally important role for Pf12 and potential for antiparallel heterodimer is provided.
Significance: First full-length 6-Cys protein structure and first details of heterodimer organization are revealed.

Plasmodium falciparum is the most devastating agent of
human malaria. A major contributor to its virulence is a com-
plex lifecycle with multiple parasite forms, each presenting a
different repertoire of surface antigens. Importantly, members
of the 6-Cys s48/45 family of proteins are foundon the surface of
P. falciparum in every stage, and several of these antigens have
been investigated as vaccine targets.Pf12 is the archetypalmem-
ber of the 6-Cys protein family, containing just two s48/45
domains, whereas other members have up to 14 of these
domains. Pf12 is strongly recognized by immune sera from nat-
urally infected patients. Here we show that Pf12 is highly con-
served andunder purifying selection. Immunofluorescence data
reveals a punctate staining pattern with an apical organization
in late schizonts. Together, these data are consistent with an
important functional role for Pf12 in parasite-host cell attach-
ment or invasion. To infer the structural and functional diver-
sity between Pf12 and the other 11 6-Cys domain proteins, we
solved the 1.90 Å resolution crystal structure of thePf12 ectodo-
main. Structural analysis reveals a unique organization between
the membrane proximal and membrane distal domains and

clear homology with the SRS-domain containing proteins of
Toxoplasma gondii. Cross-linking and mass spectrometry con-
firm the previously identified Pf12-Pf41 heterodimeric com-
plex, and analysis of individual cross-links supports an unex-
pected antiparallel organization. Collectively, the localization
and structure of Pf12 and details of its interaction with Pf41
reveal important insight into the structural and functional prop-
erties of this archetypal member of the 6-Cys protein family.

Protozoan parasites in phylum Apicomplexa cause substan-
tial morbidity and mortality worldwide. The most widely stud-
ied of these parasites are the Plasmodium species, the etiologi-
cal agents of malaria. Plasmodium falciparum is of particular
interest as themajor cause of humanmalaria and is responsible
for 0.8–1.2 million deaths every year (1, 2). Success of these
parasites is based on a complex lifecycle supported by a sophis-
ticated molecular arsenal of proteins that promotes infection,
replication, and dissemination. Structural and functional char-
acterization of stage-specific antigens in particular offers
intriguing potential for vaccine and small molecule therapeutic
development to limit the infectivity of these pathogens.
During the Plasmodium lifecycle, humans become infected

with the sporozoite formofP. falciparum through the bite of an
infected mosquito. Sporozoites migrate from the site of infec-
tion to the liver, where they invade hepatocytes, replicate, and
differentiate into merozoites, which subsequently enter the
blood stream and invade erythrocytes. After multiple rounds of
asexual replication and rupture of the erythrocytes, most para-
sites re-invade in a cycle that leads to acute disease pathology,
whereas someparasites differentiate into nonpathogenic sexual
gametocytes. These gametocytes are taken up by a female
Anopheles mosquito, where they undergo fertilization, invade
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the midgut epithelium, and subsequently differentiate into
sporozoites that travel to the salivary glands ready for transmis-
sion to a human host, thus completing the lifecycle.
During each lifecycle stage, various antigens coat the surface

of the parasite. Among these, the 6-Cysteine (6-Cys) family of
12 s48/45 domain-containing proteins, originally identified in
Plasmodium nearly 20 years ago (3), have garnered significant
interest. Since their identification, 6-Cys domains have been
found in proteins expressed on all Plasmodium lifecycle stages
(4). More recently, homologues have been identified in all
members of the aconoidasidan clade in the phylum Apicompl-
exa (5). The 6-Cys s48/45 domain is presented in copy numbers
of 1–14 and generally in tandem pairs of A-type and B-type
domains, termed Plasmodium gamete surface homology frag-
ments (4). Of the 12 s48/45 domain-containing proteins in
P. falciparum (5), only a select few have a known function. Two
are essential to male/female gamete fusion (Pfs48/45 and
Pfs230) (6–8), and one of these is also important for male
gamete exflagellation and interaction with erythrocytes
(Pfs230) (9), whereas others (Pf36 and Pf52) have roles in sporo-
zoite infection of hepatocytes and replication therein (10, 11).
Of note, Pfs230, which contains 14 s48/45 domains (7 Plasmo-
dium gamete surface homology fragments), and Pfs48/45 are
major transmission-blocking vaccine candidates (8, 12, 13),
whereas Pf36 and Pf52 knockouts lead to attenuated parasites
(11, 14–16). Four s48/45 family members are expressed on
asexual blood stage parasites: Pf12, Pf38, Pf41, and Pf92. Impor-
tantly, Pf12, Pf38 and Pf41 are strongly recognized by immune
sera from naturally infected patients (17–19). Although Pf12,
Pf38, and Pf92 are associated with the membrane through a
GPI4 anchor (20), it was recently established that soluble Pf41
(17) heterodimerizes with Pf12 to maintain membrane associ-
ation (21), similar to the association of soluble Pfs230withGPI-
anchored Pfs48/45 (7, 22). In addition, negative results were
reported for Pf12 in erythrocyte binding assays, and the Pf12
knock-out showed normal invasion (21). Ultimately, no well
defined functional role has yet been ascribed to any of the four
blood-stage 6-Cys proteins.
Pf12 is the archetypal member of the s48/45 family of pro-

teins, containing two s48/45 domains (4). The recently pub-
lished NMR solution structure of the membrane proximal
domain (domain 2 (D2); B-type) of Pf12 represents an impor-
tant step toward describing the s48/45 domains (5). However,
no structure of anA-type s48/45 domain or of a tandempair has
been reported, limiting our understanding of the natural pres-
entation of these proteins on parasite surface membranes.
Given that s48/45 domains are generally found in tandem
repeats of A-type and B-type domains, elucidating the charac-
teristics of the two domains together is important to fully
understand this class of proteins. Additionally, based on studies
of the homologous SAG1-related sequence (SRS) family from
Toxoplasma gondii and related coccidians, the membrane dis-

tal domain (domain 1 (D1)) is likely to contain the functionally
relevant region with respect to sensing host displayed mole-
cules (23–27).
Defining the structural characteristics of a full-length 6-Cys

protein from Plasmodium represents a key step toward charac-
terizing this important family of proteins. To this end, we
report the 1.90 Å resolution crystal structure of Pf12 that incor-
porates both D1 and D2 6-Cys domains. The structure reveals
important insight into the domain organization and the poten-
tial for designing an effective blood stage vaccine. Insight into
the functional importance of Pf12 is also shown through phy-
logenetic and cellular localization analysis, whereas cross-link-
ing experiments coupled with mass spectrometry are used to
investigate the architecture of the Pf12-Pf41 heterodimeric
complex.

EXPERIMENTAL PROCEDURES

Polymorphism and Phylogenetic Analyses—6-Cys protein
family member DNA sequences and strain-specific single
nucleotide polymorphisms (SNPs) were downloaded from
GenBankTM and PlasmoDB (13 isolates) (28) to calculate the
ratio of synonymous to non-synonymous changes. To estimate
� (dN/dS ratio) the program PARRIS was used. � � 1 indicates
positive (diversifying) selection, and� � 0.5 indicates purifying
selection (29). All sequences were aligned using Clustal Omega
(30) and subsequently editedmanually in Jalview (31), and Pv38
(a 6-Cys ortholog) from Plasmodium vivax (AEZ68782.1) was
selected as an appropriate outgroup for the Pf12 phylogenetic
analysis. Phylogenetic tree reconstruction and evolutionary
history among the 6-Cys DNA sequences were determined
using neighbor-joining, maximum likelihood, and minimum
evolution methods in MEGA5.0 (32) after deletion of gapped
positions. Each phylogeny was tested using 1000 bootstrap
replicates.
Preparation of P. falciparum Schizonts and Lysates—Syn-

chronous cultures of P. falciparum 3D7 mature schizont-in-
fected erythrocytes were purified on a Percoll/sorbitol gradient
at 12,000 � g for 10 min at room temperature. For immunoflu-
orescence assays, thin smears were prepared on glass slides,
dried, and stored at �20 °C. For parasite lysates, 4 � 107 para-
sitized red blood cells (RBCs) were pelleted (2300� g for 1min)
then resuspended in 1 ml of 0.15% saponin in 1� phosphate-
buffered saline (PBS), centrifuged at 9000 � g for 1 min, and
washed with 1 ml of 1� PBS before storage at �20 °C.
Antibody Generation and Testing—Antibodies against

Pf12D2 (produced as previously described (5) and Pf12long
(produced as described below)were generated in rabbits (Rock-
land Immunochemicals). After protein A purification of total
IgG, the Pf12D2- and Pf12long-specific antibodies were affini-
ty-purified using either a HiTrap NHS-activated HP column or
NHSMag-Sepharose (GEHealthcare) coupled to the respective
protein according to the manufacturer’s instructions. These
antibodies were tested by Western blot analysis of parasite
lysates. Briefly, the parasite pellet was incubated on ice in 100�l
of lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA,
0.5% Triton X-100, and Complete protease inhibitor (Roche
Applied Science)) for 7 h. After removal of the insoluble frac-
tion by centrifugation (16,000 � g), the soluble parasite lysate

4 The abbreviations used are: GPI, glycophosphatidylinositol; 6-Cys, 6-cys-
teine; Pf12, P. falciparum P12; Pf41, P. falciparum P41; D1, domain 1; D2,
domain 2; HBS, HEPES-buffered saline; CBDPS, CyanurBiotinDimercapto-
PropionylSuccinimide; SRS, SAG1-related sequence; SNP, single nucleo-
tide polymorphisms; TEV, tobacco etch virus; MBP, maltose binding
protein.
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was subjected to SDS-PAGE under reducing conditions and
blotted onto a PVDF membrane. The membrane was probed
with anti-Pf12D2 or anti-Pf12long (1.2�g/ml) followed by goat
anti-rabbit-HRP (0.08 �g/ml) (Jackson ImmunoResearch).
Antibody Labeling for ConfocalMicroscopy—The frozen sch-

izont-infected RBC smears were equilibrated at room temper-
ature and fixed by immersion in 1� PBS with 2.5% paraformal-
dehyde and 0.1% glutaraldehyde for 5 min. The samples were
washed twice with 1� PBS and then blockedwith 3%BSA, 0.1%
Triton X-100 in PBS, pH 7.4, for 3 h. Incubation with primary
antibodies diluted in blocking solution was done for 5 h fol-
lowed by three 4-min washes with 0.1% Triton X-100 in PBS.
The concentrations of the primary antibodies were affinity-pu-
rified rabbit anti-Pf12D2 or anti-Pf12long 12.4 �g/ml and
mouse anti-RON4 mAb 24C6 2 �g/ml (33). The slides were
then incubated with the corresponding labeled secondary anti-
bodies (anti-rabbit Alexa 488 or anti-mouse Alexa 594) for 3 h
and washed 3 times for 4 min. The samples were mounted with
Vectashield Hard-Set with DAPI (Vector Labs) and allowed to
polymerize at room temperature overnight. The images were
generated by using a Zeiss LSM 710 confocal microscope, and
brightness and contrast adjustments were made by Zen 2010
analysis software.
Expression and Purification of Pf12 2-domain Constructs for

Antibody Production and Crystallization Using the Baculovirus
System—A sequence encoding from the predicted signal pep-
tide cleavage site to the GPI anchor site of Pf12 (His-26 to Ser-
321, numbering is based on the initiation methionine in the
signal sequence; Pf12long) was synthesized by GenScript,
codon-optimized for insect cells, and subcloned into amodified
pAcGP67b vector (Pharmingen) incorporating a C-terminal
hexahistidine tag separated from Pf12 by a thrombin cleavage
site. A second construct was subcloned that removed predicted
regions of disorder at the N and C termini (Asn-28 to Ser-304;
Pf12short).
The Pf12 encoding viruses for insect cell protein production

were generated and amplified using established protocols (23,
24). For large-scale protein production, Hi5 insect cells were
infected with amplified virus, and tunicamycin was added to a
final concentration of 0.2 �g ml�1. After a 48-h infection the
supernatant was harvested, concentrated, buffer exchanged
and allowed to batch-bind with nickel-Sepharose beads at 4 °C
for 1 h. Pf12 was eluted with buffer containing 250 mM imidaz-
ole, and fractions were analyzed by SDS-PAGE and pooled
based on purity. The hexahistidine tag was removed by throm-
bin cleavage, and the protein was further purified by size exclu-
sion chromatography (HiLoad 16/60 Superdex 75; GE Health-
care) in HEPES-buffered saline (HBS) followed by an anion
exchange pull-down to remove contaminating proteins.
Crystallization and Data Collection—Crystals of Pf12short

grew after 1month in 20mMcalcium chloride dihydrate, 20mM

cadmium chloride hydrate, 20mM cobalt chloride hexahydrate,
and 20% PEG 3350. The final drops consisted of 0.35 �l of
protein (15 mg/ml) with 0.35 �l of reservoir solution and were
equilibrated against 50�l of reservoir solution. Cryo protection
of the Pf12short crystal was carried out in mother liquor sup-
plemented with 12.5% glycerol for 20 s and flash-cooled at 100

K directly in the cryo stream. Diffraction data were collected on
beamline 9–2 at Stanford Synchrotron Radiation Lightsource.
Data Processing, Structure Solution, and Refinement—Dif-

fraction data were processed using Imosflm (34) and Scala (35)
in the CCP4 suite of programs (36). Initial phases for Pf12short
were obtained by molecular replacement (MR) using PHASER
(37) with the NMR solution structure of the membrane proxi-
mal domain (PDB ID 2LOE) (5) trimmed to remove mobile
loops for D2 and a heavily trimmed poly-Ala model of the same
domain generated usingCHAINSAW(38) for D1. Solventmol-
ecules were selected using COOT (39), and refinement was car-
ried out using Refmac5 (40). Stereochemical analysis was per-
formed with PROCHECK and SFCHECK in CCP4 (36).
Overall, 5% of the reflections were set aside for calculation of
Rfree. Data collection and refinement statistics are presented in
Table 1.
Accession Codes—The atomic coordinate and structure fac-

tor files for Pf12short have been deposited in the Protein Data
Bank under the accession code 2YMO.
Expression and Purification of Pf12long(NXA) and Pf41(NXA)

for Cross-linking andMass Spectrometry—Sequences encoding
Pf12long andPf41 (Lys-21 to Ser-378)with all possibleN-linked
glycosylation sites knocked out bymutating Ser or Thr residues
in the Asn-X-Ser/Thr (NX(S/T)) motif to alanine (NXA) were
synthesized by GenScript, and the codons were optimized for
insect cells and subcloned into a pAcSecG2T vector (Pharmin-
gen) modified to contain an N-terminal hexahistidine tag and
anMBP tag in place of the GST fusion, both separated from the
protein of interest by a TEV protease cleavage site. The
Pf12long(NXA)- and Pf41(NXA)-encoding viruses were gener-

TABLE 1
Data collection and refinement statistics for Pf12short
Values in parentheses are for the highest resolution shell.

Data collection
Spacegroup P212121
a, b, c (Å) 41.66, 76.87, 85.05
�, �, � (degree) 90, 90, 90

Wavelength (Å) 0.9795
Resolution range (Å) 42.52-1.90 (2.00-1.90)
Measured reflections 159,043
Unique reflections 22,181
Redundancy 7.2 (7.2)
Completeness (%) 99.8 (99.7)
I/�(I) 16.1 (3.8)
Rmerge

a 0.058 (0.507)
Refinement statistics
Resolution (Å) 42.50-1.90 (1.95-1.90)
Rwork

b/Rfree
c 0.240/0.289 (0.306/0.391)

No. of atoms
Protein 1,772
Solvent 51

B values (Å2)
Protein 41.0
Solvent 44.4

Root mean square deviation
from ideality

Bond lengths (Å) 0.011
Bond angles (degree) 1.30

Ramachandran statistics (%)
Most favored 94.8
Allowed 5.2
Disallowed 0.0

a Rmerge � �hkl �i�Ihkl,i � �Ihkl��/�hkl�iIhkl,i, where �Ihkl� is the average of symme-
try-related observations of a unique reflection.

b Rwork � ��Fobs � Fcalc�/�Fobs, where Fobs and Fcalc are the observed and the cal-
culated structure factors, respectively.

c Rfree is R using 5% of reflections randomly chosen and omitted from refinement.
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ated and amplified and used for large scale protein production
in Hi5 cells as described above, with the following exception;
after overnight dialysis of nickel-purified MBP fusion protein
into HBS_TEV (HBS with 0.5 mM EDTA, 3 mM reduced gluta-
thione, 0.3 mM oxidized glutathione) and subsequent concen-
tration, the MBP and His tags were cleaved by a 12–48-h incu-
bation with TEV protease. The proteins were further purified
by cation exchange chromatography to remove MBP followed
by size exclusion chromatography in HBS with 2% glycerol.
Cross-linking and Mass Spectrometry Analysis of the Pf12long-

(NXA) and Pf41(NXA) Heterodimer—Cross-linking analysis
was performed using the isotopically coded collision-induced
dissociation-cleavable affinity-purify-able cross-linker,
CBDPS-H8/D8 (Creative Molecules, Inc.) and proteinase K
digestion as described previously (41). Pf12long(NXA) and
Pf41(NXA) in 1� PBS, pH 7.4, were cross-linked with 25 �M

CBDPS-H8/D8 in PBS, and the samples were incubated for 30
min at 25 °C. The reactionmixtures were quenchedwith 25mM

ammonium bicarbonate for 30 min at 25 °C. Samples were
reduced with 5 mM Tris(2-carboxyethyl)phosphine for 10 min
at 25 °C and then treated with 10mM iodoacetamide for 30min
at 37 °C in the dark followed by 10mMDTT for 30min at 37 °C.
Cross-linked proteins were digested with proteinase K solution
(Worthington, Lakewood, NJ) for 60 min at 37 °C at a 1:10
(w/w) enzyme:substrate ratio. ProteinaseKwas inhibited by the
addition of 4-(2-aminoethyl)benzenesulfonyl fluoride and
PMSF to a final concentration of 10 and 20 mM, respectively,
and the cross-linked peptides were enriched on monomeric
avidin beads (Thermo Scientific, Rockford, IL). The cross-links
were eluted from the avidin beads with 0.1% TFA, 50% aceto-
nitrile and concentrated by lyophilization. Mass spectrometric
analysis was carried out with a nano-HPLC system (Easy-nLC
II, ThermoFisher Scientific, Bremen, Germany) coupled to the
electrospray ionization source of an LTQ Orbitrap Velos mass
spectrometer (ThermoFisher Scientific). MS data were
acquired with Mass Tags and Dynamic Exclusion enabled in
global data-dependent settings (mass 	: 4.02511, 2.68340,
2.01255; ratio range (%): 50–100). MS scans (m/z 400–2000
range) and MS/MS scans were acquired at 60,000 and 30,000
resolution, respectively. MSMS fragmentation was performed
by collision-induced dissociation activation at a normalized
collision energy of 35%. Data analysis was performed using
DXMSMSMatch of ICC-CLASS (42).
Homology Modeling of Pf41—To facilitate mapping of the

cross-link positions, individual models of Pf41 D1 and Pf41 D2
were generated using a Pf12 D1 or D2 template, respectively.
MUSCLE (43)-generated alignments were used as input for
Modeler (44) within Chimera (45). A single model for each
domain was chosen based on Modeler score and visual
inspection.

RESULTS

Purifying Selection andApical Localization of Pf12 Suggest an
Important Functional Role—Although a definitive functional
role for Pf12 is lacking (21), studies have shown that Pf12 is one
of 11 proteins that make up �94% of the GPI-anchored pro-
teome of schizont stage parasites (Pf12 
 5%) (20). To further

investigate the functional consequences of Pf12, we performed
bioinformatics and cellular localization studies.
NumerousPlasmodium surface proteins are highly polymor-

phic (46–50), including a majority of the 6-Cys proteins (4, 19,
51–53). To determine the evolutionary selection pressures act-
ing on individual 6-Cys protein family members, we analyzed
synonymous (dN) and non-synonymous (dS) polymorphisms
among P. falciparum isolates to estimate the dN/dS ratio �,
which measures the strength of selection acting on a protein-
coding gene, for Pf12, Pf38, Pf41, Pfs47, Pfs48/45, Pf52, Pf92,
and Pfs230 (Fig. 1A). Only Pf12 was highly conserved and
apparently under purifying selection (� � 0.5), supporting a
conserved structural and central functional role for this pro-
tein, because it is under strong selective constraint from accu-
mulating non-synonymous mutations despite its abundance
and capacity to elicit antibody responses. In contrast, all other
6-Cys proteins displayed evidence of positive selection (genes
that are under rapid diversification pressure either to escape
host immunity or to evolve new function) whereby non-synon-
ymousmutations are highly enriched (� � 1), as has been found
previously for Pfs47, Pfs48/45, Pfs230, Pf38, and Pf92 (51, 54,
55). Sequence alignments and evolutionary phylogenetic anal-
yses reveal that whereas many P12 proteins are also polymor-
phic (Fig. 1B), Pf12 is relatively non-polymorphic, and all non-
synonymous changes in the ectoplasmic sequence are
considered neutral (Fig. 1B, inset). These observations suggest
an important function for Pf12 in P. falciparum biology and
also highlight the evolutionary optimization of the Pf12
sequence that lacks deleterious mutations.
To investigate the cellular localization ofPf12 inmature schi-

zonts, antibodies were generated against both Pf12long (Fig.
2A) produced in insect cells and themembrane proximal C-ter-
minal domain (Pf12D2) produced in Escherichia coli (5). The
antibodies were affinity-purified and tested for parasite protein
recognition by Western blot analysis. Parasite lysates probed
with either anti-Pf12D2 or anti-Pf12long show only a single
band, migrating at the expectedmolecular weight in both cases
(Fig. 2B). Immunofluorescent microscopy of purified mature
schizonts labeled with anti-Pf12D2 indicates the presence of a
clear punctate pattern (Fig. 2C). Although more diffuse, this
pattern is also evident when labelingwith anti-Pf12long. Simul-
taneous labeling of PfRON4, a rhoptry neck protein (33), con-
sistently shows adjacent localization to Pf12 with a significant
degree of co-localization. These data indicate that in the late
schizont stages, Pf12 is found in an apical organelle. This obser-
vation suggests a potential biological function in that apicom-
plexan proteins that share similar localization are involved in
host cell invasion and the establishment of infection. It is note-
worthy that a similar apical localization pattern has also been
reported in mature schizonts for Pv12, the P. vivax orthologue
(56), and in free merozoites for Pf12 (21).
Optimized Production of Full-length 6-Cys Proteins for Struc-

tural and Functional Analysis—A major challenge in studying
the biochemistry of the 6-Cys family of proteins has been the
difficulty in recombinantly producing properly folded, full-
length proteins in large quantities. The majority of expression
trials have relied on extensive refolding procedures (21, 57), the
attachment of non-cleavable large fusion tags (3, 21, 58), com-

Structural and Biochemical Characterization of Pf12

12808 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 18 • MAY 3, 2013



plicated chaperone co-expression (59), detergent dependent
extraction (12), or the production of fragments (5). Although
each study substantially advanced the field, a more tractable
expression system has the potential to facilitate structural anal-
ysis of the full-length molecules.
To this end we report two different successful strategies for

producing full-length 6-Cys proteins. In the first strategy, a full-
length construct of Pf12 extending from the signal peptide
cleavage site to the GPI anchor site (Pf12long) and a second
construct truncating short regions of predicted random coil at
the N and C termini (Pf12short) (Fig. 2A) were produced as
secreted His6-fused proteins using the baculovirus insect cell
system. To eliminate N-linked glycosylations and thereby
mimic the predicted native state of the protein in Plasmodium
(60), recombinant protein production was performed in the
presence of tunicamycin. The secreted proteins were purified

to homogeneity using Ni2� affinity, size exclusion, and anion
exchange chromatography. His tags were cleaved from both
constructs, which eluted asmonomers during gel filtration con-
sistent with the recent characterization of a Pf12-ratCd4d3/4
fusion (21).
In the second strategy the production of Pf12 and its binding

partner Pf41 were evaluated. Because both proteins contain
numerous predicted N-linked glycosylation sites (Pf12, 8; Pf41,
7) and the expression in insect cells was severely attenuated in
the presence of tunicamycin, we synthesized a full-length con-
struct for each gene with the N-linked glycosylation sites
mutated: Pf12long(NXA) and Pf41(NXA). Both proteins were
expressed as secretedMBP fusions in the baculovirus insect cell
system to facilitate the formation of soluble protein. After TEV-
mediated cleavage of theMBP tag, cation exchange chromatog-
raphy was followed by gel filtration chromatography as a final

FIGURE 1. Phylogenetic analysis of 6-Cys proteins from multiple Plasmodium species and strains reveals that Pf12 is under purifying selection. A, allelic
polymorphism and gene location for all SNPs are shown schematically for the following 6-Cys proteins: Pfs230, Pf38, Pf52, Pf41, Pf12, Pfs48/45, Pfs47, Pf92.
Alleles were downloaded from among 13 P. falciparum isolates deposited in PlasmoDB Version 8.2). Alleles were derived from the following strains: 3D7 (The
Netherlands); D6, RO-33, GHANA1, Senegal3404 (Africa); 7G8 (Brazil); D10, Dd2, FCC-2, K1, IT (Southeast Asia); HB3 (Honduras); SantaLucia (El Salvador). Open
diamond, non-coding SNP; light blue diamond, synonymous SNP; dark blue diamond, non-synonymous SNP. � (dN/dS ratio) was estimated using the PARRIS
program; � � 0.5 indicated purifying selection, � � 1 indicated positive selection. B, the evolutionary history of Pf12 was inferred using maximum likelihood,
minimum evolution neighbor joining methodology with 1000 bootstrap replications in the program MEGA5.0 from protein sequences downloaded from
GenBankTM (accession numbers are shown in parentheses). A maximum likelihood tree is displayed. Isolate ID is included for each allele; P.f indicates P. falcip-
arum, and P.r indicates Plasmodium reichenowi. The inset shows a higher resolution tree depicting Pf12 alleles present among 17 isolates collected globally.
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polishing step, and each protein eluted from the column as a
singlemonomeric peak. Approximately 4mg of highly purified,
monodisperse protein for each of Pf12 and Pf41 was obtained
per liter of culture.
Overall Structure—The ability to recombinantly produce

properly folded, full-length 6-Cys proteins in milligram quan-
tities enabled us to pursue structural characterization of the
Pf12 and Pf41 ectodomains individually and in complex. Dif-
fraction quality crystals were obtained for the Pf12short con-
struct consisting of both D1 and D2 6-Cys domains with only
the terminal coil shortened (Fig. 2A). The structure of
Pf12short was solved to a resolution of 1.90 Å with one mole-
cule in the asymmetric unit of the P212121 unit cell. The final
model begins at Leu-29 and extends through Ala-305 (from the
expression tag; Ser-304 is the last native Pf12 residuemodeled).
By manual inspection and PISA software analysis (61),
Pf12short crystallized as amonomer consistentwith the elution
profile from the gel filtration column. The tandemdomains (D1
and D2) each adopt a �-sandwich fold and together measure

75 Å in height and 43 Å at maximal width (Fig. 3A). The
precise orientation of Pf12short with respect to the membrane
is difficult to predict based solely on the structure, although
studies of the related SRS superfamily from T. gondii suggest
that theGPI-anchoredD2 is located proximal to themembrane
with D1 positioned away from the membrane poised for inter-
action with the host (23, 25). Analysis of the electrostatic and
hydrophobic surfaces of Pf12short reveals a relatively even dis-
tribution of charged and non-polar residues across both
domains.
Four regions of disorder are present in the Pf12short struc-

ture, all localized to surface loops projecting away from the core
domain (dotted lines in Fig. 3A and 4A). In D1, a 33-residue
region betweenGlu-83 and Ile-117 connecting�4 and�6 could
not be modeled; this loop likely packs against both the side of
D1 and across the bottom leaf of the�-sandwich, as observed in

structures adopting the SRS fold (23–25). In addition, a 15-res-
idue loop between Lys-142 (�7) and Asp-158 (�8) was disor-
dered; the analogous loop in the SRSs is either shorter (T. gondii
SAG1, 7 residues) or incompletely modeled (TgBSR4, 10 resi-
dues; TgSporoSAG, 19 residues). A sequence alignment with
additional s48/45 family members reveals that this is a notably
extended loop in Pf12 (4). Additionally, analysis of the crystal
packing shows the�-sandwich of a neighboringmolecule inter-
facing with the bottom leaf of the Pf12 D1 �-sandwich in the
region predicted to be occupied by the twoD1 loops in solution.
In D2, two short regions could not bemodeled unambiguously:
a 5-residue region in the �1�-�3� (Lys-201 to Asn-205) loop,
previously reported as a disordered loop by NMR (5), and a
3-residue segment between �7� and �8� (Glu-251 to Lys-253).
Despite these regions of disorder, which led to high Rfree values
during refinement, the core fold of each domain was modeled
with high confidence.
A Flexible Interdomain Linker Highlights the Potential for

Mobility betweenD1 andD2—In the crystal lattice, the Pf12D1
and D2 domains do not adopt a linear head-to-tail orientation
but are rotated about the interdomain linker placing the central
planes of the� sandwiches at
45° to each other (Fig. 3A, right).
The sequence of the D1-D2 linker does not contain structurally
constrictive residues (SLNEK; Fig. 3B, inset 1), and there is no
significant interface or hydrogen bonding interactions formed
between D1 and D2, consistent with a complexation signifi-
cance score of 0.0 (Fig. 3B, inset 2) (61). Taken together, these
observations suggest that in solution and on the parasite mem-
brane, there is the potential for mobility and reorganization of
the Pf12 domains similar to the related BSR4 from T. gondii
(23). This featuremay affect themolecular surfaces available for
interaction with its binding partner Pf41.
Topology and Connectivity of the Pf12 Tandem 6-Cys

Domains—The D1 �-sandwich of Pf12 incorporates a 3-on-4
strand arrangement, with �1 forming part of the top leaf,

FIGURE 2. Localization of Pf12 shows punctate apical staining with anti-Pf12D2 antibody and more diffuse staining with anti-Pf12long antibody. A,
shown is a schematic of Pf12 protein features and domain organization. SP, signal peptide; D1, membrane distal domain 1; D2, membrane proximal domain 2.
Horizontal black lines indicate the two constructs used in this study, long (His-26 to Ser-321) and short (Asn-28 to Ser-304). B, shown is a Western blot analysis
of late-schizont parasite lysates under reducing conditions. The amount of lysate in each lane is equivalent to 8 � 106 parasites. The membrane was probed
with affinity-purified anti-Pf12D2 (1.2 �g/ml) or anti-Pf12long (1.2 �g/ml) followed by anti-rabbit-HRP antibodies. C, localization of Pf12 on mature schizonts
is shown. Confocal microscopy images of purified late-schizont-infected RBCs are shown. The top panel shows labeling with affinity-purified anti-Pf12D2
(against C-terminal domain) and anti-RON4 antibodies. The bottom panel shows labeling with affinity-purified anti-Pf12long (against full-length) and anti-
RON4 antibodies. DIC, differential interference contrast.
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whereas the membrane proximal D2 relies on a 5-on-4 strand
arrangement for the core sandwich (Fig. 4A). Importantly, both
sheets of the D1 and D2 �-sandwiches consist of parallel and
antiparallel �-strands, distinguishing them from the purely
antiparallel strands of the immunoglobulin fold. The modeled
portion of D1 is composed solely of �-strands, whereas D2 is
predominately �-strands with the addition of a single small
�-helix positioned outside of the domain core (Fig. 4A). Three
disulfide bonds are present in each domain with C1-C2, C3-C6,
and C4-C5 connectivity (Fig. 4A, right). In both domains,
C1-C2 and C3-C6 (Fig. 4B, left) pin together the two sheets of
the �-sandwich, whereas C4-C5 links an ancillary loop to the
core domain.
The 2-domain structure of Pf12 confirms the previous pre-

diction for the disulfide bonding pattern of each domain (62)
and is generally consistent with the original predicted � strand

topology based off the structure ofTgSAG1 (4). The connection
between D1 and D2 places the first �-strand (�1�) of the D2
domain next to�4�, and the�1�-�2� turn loops around to place
all three strands in parallel arrangement (Fig. 4, A and B, right),
diverging from the mixed antiparallel and parallel prediction
with�1� on the outside edge (4) but consistentwith the solution
structure of Pf12 D2 (5). Importantly, this restricts the mobility
of D2 and places theC terminus along the same end ofD2 as the
incoming tether fromD1 (Fig. 4A, right). Overall, three possible
orientations of Pf12 can be readily supported by our data (see
Fig. 6B, top); 1) the organization observed in the crystal lattice,
2) the linker bent downward to maintain a nonlinear organiza-
tion but with a more open conformation, or 3) the linker bent
downward and subsequently rotated to provide an overall lin-
ear molecule but with the C terminus orientated toward D1.
Evolutionary Divergence between D1 and D2—To investigate

the similarity of Pf12 to other structurally characterized pro-
teins, a DaliLite search (63) was performed for Pf12 D1 and D2
separately. Consistent with the generally conserved �-sand-
wich core fold, the membrane distal D1 returned low but sig-
nificant hits, with the primary result being the solution struc-
ture of Pf12D2 (Z-score of 6.2). By comparison, a Z-score of 6.2
was also obtained with TgBSR4 D1, likely due to the extended
�-strands of this domain, similar to Pf12 D1. Other SRS
domains gave scores between 5.1 and 5.7. Pf12 D2 gave signifi-
cantly higher scoring hits, with the primary hit also being the
solution structure ofPf12D2, as expected (Z-score of 15.9). The
remaining SRS domains gave scores between 9.9 and 10.5,
whereas the highest similarity immunoglobulin domain scored
5.5.
Confirmation of the Pf12-Pf41 Heterodimeric Complex For-

mation—A recent study demonstrated that Pf12 and Pf41 form
a heterodimeric complex on the surface of P. falciparummero-
zoites (21). Given the lysine-rich nature of both Pf12 (29 Lys,
9.6%; Fig. 5A) and Pf41 (40 Lys, 11%; Fig. 5A), we used primary
amine cross-linking combined with mass spectrometry to con-
firm the Pf12-Pf41 interaction and to gain insights into the
interaction interface.
Because the original experiments showing the interaction

between recombinant Pf12 and Pf41 were performed with
fusion proteins (Cd4d3/4 fusions (21)), we initially sought to
confirm the interaction using our fusion-free proteins. Pf12long-
(NXA) and Pf41(NXA) were incubated together in equimolar
concentrations, and an increasing gradient of CBDPS cross-
linker, a homobifunctional primary amine reactive cross-linker
with a 14 Å spacer arm, was added to the solution. Subsequent
gel electrophoresis of the samples showed a clear band of
increasing intensity at the expected size of the cross-linked
product (Pf12long(NXA)[34.1 kDa] � Pf41(NXA)[41.2 kDa] �
75.3 kDa) (data not shown). MALDI-TOF analysis of a tryptic
digest of the cross-linked product clearly showed the presence
of peptides from both proteins (Fig. 5A).
Pf12-Pf41 Cross-link Identification—Having confirmed that

our recombinant Pf12 and Pf41 form a heterodimeric complex,
the cross-linking conditions were optimized (Fig. 5B), and the
cross-linked sample was digested with proteinase K and ana-
lyzed by tandemmass spectrometry (MS/MS) to identify cross-
linked peptides.

FIGURE 3. Overall structure and interdomain organization of Pf12short.
A, shown are orthogonal views of the structure of Pf12short. The semi-trans-
parent white surface reveals an overall size of 
75 Å tall by 43 Å wide. The
secondary structure is shown beneath the surface as a schematic colored in a
rainbow from the N terminus (blue) to the C terminus (red), with unmodeled
regions indicated by dotted connecting loops. B, inset 1, analysis of the Pf12
inter-domain linker (Ser-171, Leu-172, Asn-13, Glu-174, and Lys-175) shows
that no structurally constrictive or extremely hydrophobic residues are pres-
ent. D1 is shown as light gray; D2 is in dark gray; linker is in green with side
chains as balls and sticks. Inset 2, interfacing residues (as defined by PISA soft-
ware), shown as balls and stick, reveal the lack of a significant interface
between D1 and D2. All molecular figures were generated in PyMOL.
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Pf12-Pf12 (intra-protein links), Pf41-Pf41 (intra-protein
links), and Pf12-Pf41 (inter-protein) cross-links were all identi-
fied with high confidence (Table 2). Of the eight unique cross-
links found within Pf12 (Table 2), all of them agree with the
structural data presented: seven D1-D1 cross-links predomi-
nantly in flexible loops were observed along with 1 D2-D2
cross-link, but no inter-domain cross-links were found, con-
sistent with our observation of an insignificant interface
between the tandem domains of Pf12 (Fig. 3B).
Thirty-seven unique intra-molecular cross-links were

observed for Pf41 (Table 2), spanning the different regions of
the protein, which include two s48/45 domains separated by a
long linker region that lacks strongly predicted secondary
structure elements: 6 within D1, 13 between D1 and the linker,
3 between D1 and D2, 7 within the linker, 4 between the linker

and D2, and 4 within D2. Together, these cross-links suggest
that Pf41 is compact in solution, and a selection of mutually
exclusive cross-links is consistent with a degree of flexibility in
solution enabled by its modular nature and long linker. In par-
ticular, based on our homology models of the Pf41 6-Cys
domains, the 29–333 and 59–323 cross-links (Table 2) suggest
that D2 is above the apical surface of D1, whereas the 146–252/
264/275/327 cross-links (Table 2) suggest that the D1 to linker
transition region at the base of D1 is located next to D2 (Fig. 6B,
middle).
Of the 21 unique Pf12-Pf41 cross-links observed (Table 2),

7 are between Pf12 D1 and either Pf41 D2 or a C-terminal
peptide, 4 are between Pf12 D1 and Pf41 linker, 2 are
between Pf12 D1 and Pf41 D1, 5 are between Pf12 D2 and
Pf41 D1, 2 are between Pf12 D2 and Pf41 linker, and 1 is

FIGURE 4. Topology and disulfide connectivity of Pf12short. A, left, shown is a schematic representation of Pf12short with the �-strands of the top leaf of
each �-sandwich, colored blue, and of the bottom leaf, colored green. Two �-stands in an ancillary loop of D2 are colored orange. Disulfides are shown as yellow
sticks. Dotted lines indicate unmodeled regions and predicted features. Right, shown is a topology diagram of Pf12short, colored as in the left. �5(p) indicates a
predicted �-strand based on other similar structures. B, shown are electron density maps (green mesh), contoured at 1.5 �, of the Cys-67—Cys-138 (C3-C6)
linkage in Pf12short D1 (left) and of the top leaf of the Pf12short D2 �-sandwich (right).
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between Pf12 D2 and Pf41 D2. Clearly, the lack of predomi-
nant D1-D1 and D2-D2 cross-links does not support the
parallel dimer organization observed with the T. gondii SRS
homodimers (Fig. 5C) (23, 25).

DISCUSSION

Predicted Organization of Pf12 D1 and D2 on the Parasite
Membrane—Due to the possible mobility in the D1-D2 linker
region (Fig. 3B), the positioning of the C terminus in the crystal
structure, which is well ordered and directed toward D1 (Fig.
4A, left), and the extended linker region between D2 and the
GPI anchor site (17 residues not included in the crystallization
construct), it is difficult to predict the disposition of Pf12 on the
membrane of the parasite other than the proximity of D2 due
to its GPI anchor. In addition, tight crystal packing likely
contributes to the relative orientation of the two domains
observed in the crystal structure. However, despite the pre-
dicted inherent flexibility of the linker, the parallel arrange-
ment of the first two �-strands in D2, with the first strand
pinned by a disulfide bond (Fig. 4A), suggest that although

D1 may be free to rotate, the lack of a head-to-tail organiza-
tion of the two domains is a true feature of Pf12. More spe-
cifically, the top leaf of D2 restricts the ability of Pf12 to align
with D1 orientated distal to the C terminus as has been
observed for the SRS proteins (23–25).
The SRS-like Fold of s48/45 Domains—The SRS fold was

originally defined based on the structure of TgSAG1 (25) and
has since been refined with structural characterization of
TgBSR4 (23) and TgSporoSAG (24) as well as bioinformatics
analyses (27, 64–67). The Plasmodium s48/45 domains were
previously predicted to adopt a fold similar to the coccidian SRS
proteins despite showing only 5–9% primary sequence identity
(4). The recent solution structure of Pf12 D2 confirmed that
this domain contains an SRS-like fold (5). SRS and s48/45
domains are both �-sandwich domains with a mixture of par-
allel and antiparallel strands, separating them from the immu-
noglobulin fold of purely antiparallel strands. However, amajor
reason that the s48/45 domains are not considered to adopt a
true SRS fold is the differences in disulfide bond connectivity.
All SRSs characterized to date have C1-C6, C2-C5, C3-C4

FIGURE 5. Cross-linking optimization and expected parallel dimer outcome. A, shown are sequences of Pf12long(NXA) and Pf41(NXA), with the highest
abundance identified peptides underlined. Lysine residues are highlighted in dark blue, and arginine residues are in light blue. B, SDS-PAGE analysis of the
optimized cross-linking reaction used for the proteinase K solution digest shows the expected migration pattern for Pf12long(NXA), Pf41(NXA), and the
cross-linked heterodimer. C, SAG1 homodimer from T. gondii (1KZQ). Left, shown is a schematic representation of the homodimer shown in the predicted
orientation to the parasite membrane, with one monomer colored orange and the second monomer colored cyan. Three disulfide bonds in each domain are
shown as yellow balls and sticks. GPI anchors are indicated by colored dashed lines, and the predicted ligand binding surface generated at the homodimeric
interface is indicated by a black dotted line. Right, shown is a schematic of the parallel organization of the TgSAG1 homodimer enforced by the presence of GPI
anchors.
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disulfide connectivity (23–25), whereas bothA-type and B-type
domains of s48/45 proteins, as shownwith the structure ofPf12,
adopt a C1-C2, C3-C6, C4-C5 type connectivity (Fig. 3A). As
previously noted for Pf12, two disulfides pin together the two
leafs of the �-sandwich, whereas the third disulfide pins an
ancillary loop to the core domain. This is in contrast to the
SRSs, where two disulfides also pin together the �-sandwich,
but the third disulfide, with the exception of TgSporoSAG D2,
pins an ancillary loop to itself (23–25). Furthermore, members
of the SRS superfamily generally have a selection of conserved
residues and at least 20% sequence identity (27, 64–66, 68), but
members of the s48/45 family do not meet these criteria, with
generally �10% sequence identity. The DaliLite search per-
formed further supports the conclusion that Pf12 adopts an
SRS-like fold, as each Pf12 domain gave a significant Z-score
with the SRS domains (5.1–10.5) but lower scores than are
obtained when searching the database with TgSAG1, the pro-
totypicalmember of the SRS superfamily, which has Z-scores of
11.9–17.1 with other SRS-fold-containing proteins. These
results underpin the structural diversity encompassed by the
SRS fold, which exists as amultifunctional scaffold for the taxa-

specific evolution of surface coat proteins within the Apicom-
plexa (23–25).
Implications for the Pf12-Pf41 Heterodimeric Complex—Al-

though a selection of SRS proteins apparently exists as parallel
homodimers on the parasite surface through GPI anchor-me-
diated clustering to generate functional ligand binding surfaces
(Fig. 5C) (23, 25, 26), previous modeling of Pf12 as a potential
homodimer did not reveal any functional insights (4). However,
a recent study revealed that GPI-anchored Pf12 forms a het-
erodimeric complex with soluble Pf41 (21). In particular, this
work showed co-elution of the two proteins on a size exclusion
column and measured an SPR-based Kd for the interaction of
310 nM. The structural elucidation of the Pf12-Pf41 complex
will provide valuable insight into the molecular recognition
between two different 6-Cys proteins and may ultimately sup-
port their functional characterization (21).
We have presented here the structure of the D1 and D2 tan-

demdomains ofPf12 (Figs. 3 and 4), which is the first full-length
structure of a 6-Cys protein. Although homology modeling of
the individual Pf41 6-Cys domains using separated D1 and D2
templates was successful (Fig. 6A, right), it is important to note
that the boundary between Pf41 D1 and the linker region is
ambiguous, which impacts the predicted length of the �7-�8
loop and, therefore, also the composition of �8 and the
length of the linker. Also, the Pf41 linker region does not
contain any identifiable motifs, and no suitable template for
modeling could be identified. Finally, the possible mobility
between the three Pf41 regions renders the use of traditional
modeling techniques unsuitable. We, therefore, undertook a
cross-linking combined with a mass spectrometry approach
to investigate the interdomain organization of Pf41 and
determine key features of the interaction interface of the
Pf12-Pf41 heterodimeric complex.
In contrast to Pf12, for which no inter-domain cross-links

were found (Table 2), several cross-links between Pf41 D1 and
Pf41D2were identified aswell as links betweenPf41D1 and the
extended linker region. The high number of cross-links
between different regions of Pf41 D1 and various parts of the
linker (Table 2) suggest that these regions are closely associ-
ated in solution and that the linker is not fully extended (Fig.
6B, middle). Importantly, the contrast between the number
of intra-molecular cross-links for Pf12 (8) and Pf41 (37) does
not correlate with the number of lysine residues available for
cross-linking (Pf12long(NXA), 29; Pf41(NXA), 40; Fig. 5A)
but rather suggests more intimate interdomain interfaces for
Pf41.
Although other observed dimers between SRS domain-har-

boring proteins, SAG1 and BSR4 homodimers, adopt a parallel
organization, the lack of a GPI anchor on Pf41 (17) provides the
intriguing possibility that thePf12-Pf41 heterodimer is not con-
strained to such an arrangement. Indeed, the cross-links iden-
tified between Pf12 and Pf41 support an antiparallel arrange-
ment of the two proteins (Fig. 6, A and B, bottom), with clear
cross-links between Pf12D1 and Pf41D2, and between Pf12D2
andPf41D1.Only two cross-links donot have a straightforward
connection to an antiparallel organization, leaving the possibil-
ity that additional less abundant conformations exist in solu-
tion. Of additional interest, the only cross-links between Pf12

TABLE 2
Unique primary NXA amine cross-links from an in-solution proteinase
K digest of CBDPS-cross-linked Pf12long (NXA) and Pf41 (NXA)
Cross-links designated in light grey and italics in the Pf12-Pf41 column, do not have
a straightforward agreement with an anti-parallel model.
N, N-terminal peptide; D2-GPI, short region between domain 2 and GPI anchor
site; L, linker; C, C-terminal peptide.

Pf12-Pf12 Pf41-Pf41 Pf12-Pf41
22 (N) 27 (D1) 29 (D1) 31 (D1) 27 (D1) 376 (C)
51 (D1) 66 (D1) - 146 (L) 51 (D1) 304 (D2)
95 (D1) 132 (D1) - 333 (D2) 66 (D1) 275 (D2)
- 141 (D1) 31 (D1) 143 (D1) - 376 (C)
141 (D1) 156 (D1) - 146 (L) 71 (D1) 167 (L)
- 157 (D1) 38 (D1) 72 (D1) - 174 (L)
142 (D1) 156 (D1) - 78 (D1) - 190 (L)
214 (D2) 308 (D2-GPI) - 146 (L) - 216 (L)

59 (D1) 190 (L) 96 (D1) 29 (D1)
- 323 (D2) - 304 (D2)
78 (D1) 146 (L) 132 (D1) 304 (D2)
- 252 (D2) 156 (D1) 376 (C)
122 (D1) 131 (D1) 157 (D1) 125 (D1)
- 170 (L) 214 (D2) 143 (D1)
- 174 (L) 246 (D2) 29 (D1)
- 185 (L) - 31 (D1)
- 190 (L) - 143 (D1)
125 (D1) 131 (D1) - 167 (L)
- 190 (L) 253 (D2) 143 (D1)
131 (D1) 146 (L) - 252 (D2)
- 190 (L) 288 (D2) 146 (L)
143 (D1) 146 (L)
146 (L) 174 (L)
- 185 (L)
- 216 (L)
- 252 (D2)
- 264 (D2)
- 275 (D2)
- 327 (D2)
161 (L) 174 (L)
- 190 (L)
174 (L) 185 (L)
- 190 (L)
252 (D2) 264 (D2)
- 327 (D2)
264 (D2) 275 (D2)
304 (D2) 306 (D2)
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D1 and the Pf41 linker region originate from a single lysine in
the �3-�4 Pf12 apical loop, suggesting that the Pf41 linker may
form an integral part of the molecular surface presented to the
host environment (Fig. 6B, bottom). This is supported by a pre-
vious study showing that human immune sera reacted with a
recombinantly expressed portion of Pf41 encompassing the
majority of the linker region (17) and may help to explain why
Pf12 is under purifying selection, in contrast to the other 6-Cys
protein family members that are under positive selection, likely
driven by adaptive immunity and/or mating interactions
(among the 6-Cys gamete surface proteins).
Conclusion—Overall, our phylogenetic and localization data

suggest that Pf12, the archetypal 6-Cys family member, is opti-
mized for a functional role in P. falciparum. The structure of
Pf12short is the first of a full-length 6-Cys protein with both the
A-type andB-type domainsmaking up thePlasmodium gamete
surface homology fragment observed as the core of the 6-Cys
protein family members, including the major transmission
blocking vaccine candidates Pfs230 and Pfs48/45, and shows
that Pf12 has an SRS-like fold and a unique orientation between
the two s48/45 domains. Furthermore, our cross-linking and
mass spectrometry data not only confirm the interaction
between Pf12 and Pf41 but also suggest an unexpected antipa-
rallel organization between the two proteins facilitated by the

lack of a GPI anchor on Pf41, which holds clear implications for
the molecular surface presented to the host cell.
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