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How specific is Plasmodium falciparum adherence to
chondroitin 4-sulfate?
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Abstract

Plasmodium falciparum infection during pregnancy results in the sequestration of infected red
blood cells (IRBCs) in the placenta, contributing to pregnancy associated malaria (PAM). IRBC
adherence is mediated by the binding of a variant Plasmodium falciparum erythrocyte binding
protein 1 named VAR2CSA to the low sulfated chondroitin 4-sulfate (C4S) proteoglycan (CSPG)
present predominantly in the intervillous space of the placenta. IRBC binding is highly specific to
the level and distribution of 4-sulfate groups in C4S. Given the strict specificity of IRBC-C4S
interactions, it is better to use either placental CSPG or CSPGs bearing structurally similar C4S
chains in defining VAR2CSA structural architecture that interact with C4S, evaluating VAR2CSA
constructs for vaccine development or studying structure-based inhibitors as therapeutics for
PAM.

Plasmodium falciparum malaria and parasite sequestration

Blood stage infection by the Plasmodium family of protozoan parasites causes malaria, a
devastating disease in many countries of the world. Although several species of the parasite
infect humans, severe clinical conditions, including cerebral and other organ-related fatal
complications, are mainly associated with Plasmodium falciparum infection [1,2]. This is
due to the distinctive ability of P. falciparum to sequester in the microvascular endothelia of
various organs through the adherence of infected red blood cells (IRBCs) to the endothelial
surface molecules such as CD36 (cluster of differentiation 36) and intracellular adhesion
molecule 1 [2-4]. The adherence and accumulation of IRBCs lead to the recruitment of
immune cells, causing severe inflammation, endothelial damage, and vital organ dysfunction
and failure [2-4].

In malaria-endemic areas, through multiple infections, children acquire protective immunity
that includes the development of inhibitory antibodies against IRBC adhesion [5,6]. Thus,
regardless of gender, adults are generally resistant to malaria. Blocking of IRBC adherence
by adhesion-specific antibodies enables the host to efficiently control infection by the
clearance of IRBCs through the spleen, thereby avoiding organ-related pathogenesis [3,4].
However, in the case of women, this situation changes when they become pregnant,
especially during the first pregnancy [7,8].

In pregnant women, P. falciparum seizes the availability of a new organ, the placenta, as a
new opportunity for its survival by overcoming the preexisting protective immunity [7,8].
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The placenta contains chondroitin sulfate proteoglycan (CSPG) receptors bearing
chondroitin 4-sulfate (C4S) chains to which IRBCs can bind [9]. However, C4S are either
not available or scarcely present on the endothelial surface [10]. Hence C4S-adherent IRBCs
do not sequester in organs other than the placenta. Since, as in the case of men, women prior
to their first pregnancy were not exposed to C4S-adherent parasites, they lack C4S-IRBC
adhesion inhibitory antibodies [10-12]. Multiplication of the C4S-selected parasites and
accumulation of IRBCs leads to the infiltration of mononuclear cells, causing inflammation
and impairment of placental function. Eventually these processes result in pregnancy
associated malaria (PAM), which is characterized by stillbirth, spontaneous abortion,
premature delivery, low birth weight babies, and severe anemia and mortality in the mother
[10-15]. During the first and second pregnancies, women acquire anti-adhesive antibodies
against C4S-adherent parasites [10-12,16-18]. Sera from multigravid pregnant women in
different malaria endemic regions of the world have been shown to inhibit the binding of
various placental IRBC isolates to C4S [11,16-19]. In addition, multigravid women retain
immunological memory to the anti-adhesion antibody responses [17]. This universal nature
of the anti-adhesion antibodies indicates the involvement of conserved structural elements in
the IRBC-CA4S interactions. Further, notably, the presence of IRBC-C4S adhesion inhibitory
antibodies has been shown to be associated with the reduced risk of PAM [12,18,19]. Thus,
there is a considerable interest in understanding the molecular and structural interactions
involved in IRBC adherence to placental CSPG from the point of view of developing a
vaccine and/or small molecule inhibitor-based therapeutics for PAM.

What parasite protein mediates IRBC sequestration in the placenta?

A family of 200 to 400 kDa antigenically variant proteins called P. falciparum erythrocyte
membrane protein 1 (PFEMP1) expressed on the IRBC surface is thought to mediate IRBC
adherence to various host receptors (Box 1) [2-4,20,21]. PFEMP1s are encoded by a
repertoire of ~60 var (variant) genes, a group of polymorphic genes present in the P.
falciparum genome. The expression of var genes is tightly regulated [3]. In a clonal parasite
population, only one PFEMP1 variant is expressed, enabling IRBCs to bind to a specific host
receptor [22]. In response, the host produces specific anti-adhesive antibodies, thereby
blocking IRBC sequestration and allowing for parasite clearance by the spleen. However, as
the parasite clonal population expands, it switches at a rate of 0.03 to 2% to different
adherent phenotypes by expressing other PFEMP1s [23]. Since the host lacks inhibitory
antibodies against these newly expressed PFEMP1s, parasite phenotypes having different
adhesive receptor specificity get selected and multiply. Development of antibodies against
these adhesive phenotypes eventually results in broad protective immunity thereby
preventing the IRBC sequestration and development of organ related severe pathologies.

Despite being antigenically variant and possessing different adhesive specificity, the
PfEMP1s encoded by all 60 or so var genes have similar domain sequence arrangements
[21]. PFEMP1s are transmembrane proteins, each consisting of a large extracellular
polypeptide and a highly conserved cytoplasmic acidic terminal segment that are linked via
a short transmembrane segment. The domain arrangement in a representative PFEMP1 is
shown schematically in Figure I in Box 1. A distinct PFEMP1 called VAR2CSA is
exclusively expressed on the surface of the C4S-adherent IRBCs and confer specificity to
sequester in the placenta [24,25]. The extracellular portion of VAR2CSA consists of six
Duffy binding like (DBL) domains and two helical interdomain (ID) regions, ID1 between
DBL1x and DBL2x and ID2 between DBL2x and DBL3x (Figure I, Box 1). Recently, ID2
has been reported to resemble CIDR domains of PFEMP1s [26]. Disruption of var2csa
results in the loss of IRBC adhesion to C4S [27,28]. The presence of VAR2CSA antibodies
correlates with protection against PAM and women having anti-VAR2CSA antibodies
deliver healthy babies [12,18,29]. Thus, VAR2CSA is thought to mediate IRBC adherence
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to placental CSPG and there is a substantial interest for determining the VAR2CSA
structural interactions involved in C4S binding, evaluating antibodies raised against full
length VAR2CSA and constructs comprising different regions of VAR2CSA for vaccine
development or identifying the structure-based small molecule inhibitors as therapeutics for
PAM.

What host receptor mediates IRBC adherence in the placenta?

While several PFEMP1s have the potential to bind various receptors such as CD36 and
ICAM-1, IRBCs that express VAR2CSA bind C4S with stringent specificity. C4S is a
member of the glycosaminoglycan (GAG) family of polysaccharides, which occur as
covalent conjugates of proteins called proteoglycans (PGs) and are expressed by almost all
animal tissues. PGs are found as secreted molecules in the extracellular matrix and on the
cell surface. The structural features of various GAGs are described in Box 2 and are
depicted in Figure 1.

Recently, the full ectodomain of VAR2CSA expressed in either the baculovirus system or
mammalian cells has been shown to bind placental CSPG with high affinity [7,30-34].
VAR2CSA does not bind other glycosamiglycans such as chondroitin 6-sulfate, dermatan
sulfate or hyaluronic acid.

In P. falciparum-infected pregnant women, IRBCs adhere predominantly in the intervillous
space of the placenta and moderately to the syncytiotrophoblast lining [8, 35]. Placenta
contains a high level of an extracellular CSPG localized in the intervillous space [9]. A
unique feature of the chondroitin sulfate chains of this CSPG is that they are extremely
lowly sulfated; on average, only 10% of the disaccharide repeat units of the chondroitin
sulfate chains are sulfated, exclusively at the C-4 position of N-acetylgalactosamine; the
reminder of the disaccharide moieties are nonsulfated [9]. CSPGs containing low sulfated
C4S are also present on the syncytiotrophoblast cell lining, but their abundance as compared
to CSPG found in the intervillous space is significantly low. About 30% of disaccharide
moieties of the chondroitin sulfate chains of placental cell membrane CSPGs are 4-sulfated,
~15% are 6-sulfated, and the remainder are nonsulfated. Both intervillous space and
syncytiotrophoblast cell membrane CSPGs efficiently bind IRBCs [9]. The occurrence of
CSPGs at high levels in the intervillous space and at low levels on the syncytiotrophoblast
cell layer correlates with the high-density accumulation of IRBCs in the intervillous space
and moderate level of adherence on the syncytiotrophoblast cell lining seen in the infected
placentas [35]. It is important to note that although the sulfate contents of the chondroitin
sulfate chains of placental intervillous CSPG are unusually low, the majority of the sulfate
groups are clustered at a density of 2 sulfate groups per 6 to 14 disaccharide chain length,
corresponding to 20 to 28% sulfate content in the sulfate rich regions of the GAG chains
[36]. Further, the oligosaccharides obtained from the sulfate-clustered regions of the
placental C4S chains could efficiently inhibit IRBC binding to placental CSPG.

What C4S structural features interact with IRBCs?

Inhibition studies using C4S containing different sulfate contents (3% to 98%) and
oligosaccharides of varying sizes (4 to 18 disaccharide repeats) have shown that a
dodecasaccharide (consisting of 6 disaccharide repeats) motif is the minimum chain length
required for the optimal binding of IRBCs to placental CSPG [30,37-39). A minimum of
two 4-sulfated disaccharide moieties within the dodecasaccharide chain length is sufficient
for maximum IRBC binding. The other GAGs, chondroitin 6-sulfate, dermatan sulfate,
hyaluronic acid, and heparan sulfate (see Figure 1), do not support IRBC adherence
[7,30,37-40].
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Detailed C4S structure-inhibitory activity relationship studies have revealed additional
structural elements involved in IRBC binding to placental CSPG [38,39,41]. These include:
(i) the position and steric orientation of the carboxyl groups - the equatorial orientation and
the location at the nonreducing side of the C4S are required, and (ii) the presence of 4-
sulfated disaccharide moieties at or proximal to the nonreducing end of the
dodecasaccharide motif is also critical [41]. Further, dodecasaccharides consisting of four 4-
sulfated disaccharide moieties, but not those containing one, five or six 4-sulfate groups, are
efficient inhibitors of IRBC binding to placental CSPG, indicating that, in addition to the
C-4 sulfate group, one or more hydroxyl groups at the C-4 of certain N-acetylgalactosamine
residues interact with IRBCs [37,39]. The C4S structural elements that do not interact with
IRBCs are the N-acetyl groups, and the C-2 and C-4 hydroxyl groups of the glucuronic acid
residues [41]. Collectively, these findings agree with the notion that a conformational
structure of C4S dodecasaccharide motifs interact with IRBCs, and thus, presumably with
VAR2CSA.

In solution, C4S exists as an extended structure having a left-handed single-stranded helical
conformation in which one turn (28 A in length) of the helix corresponds to a
hexasaccharide motif [42]. Hence, a dodecasaccharide chain length (56 A) represents two
turns of the helix. Given this and considering that the sulfate and carboxyl groups that are
critical for IRBC adhesion are proximal to the nonreducing side of C4S molecule, it appears
that these interacting functional groups are on the same one turn of the helix (Figure 2).
Therefore, the C-4 hydroxyl of N-acetylgalactosamine that interacts with IRBCs appears to
be on the other helical turn of the dodecasaccharide motif. Since the dodecasaccharide
minimum motif is 56 A in length, it is likely that a fairly extended groove/pocket of
VAR2CSA structure is involved in IRBC binding to C4S. Given the stringent specificity of
IRBC-C4S interactions, it is logical to use placental CSPG (natural receptor) or CSPGs
bearing the C4S chains that closely resemble those of the C4S of placental CSPG in defining
the specificity of VAR2CSA-C4S interactions.

Are there CSPGs that are alternative to placental CSPG for studying
VAR2CSA-CA4S interactions?

A bovine tracheal chondroitin sulfate A (bCSA; copolymer of C4S and C6S), consisting of
53% 4-sulfated, 39% 6-sulfated, and 8% non-sulfated disaccharide moieties, attached to
short peptides formed by the degradation of the core protein of bovine tracheal CSPG has
been widely used for the selection of C4S-adherent IRBCs and for evaluating IRBC binding
specificity. However, the strength of IRBC binding to bCSA is considerably lower than that
to the C4S chains of placental CSPGs [43,44]. Some studies have used structurally
undefined decorin to study VAR2CSA-CA4S interactions [33,34,45,46]. This decorin is a
bovine articular cartilage proteoglycan that has been reported to have dermatan sulfate (DS)
chains containing some chondroitin sulfate structural features [47]. The chondroitin sulfate
portion of this DS/CSPG may contain both 4- and 6-sulfate groups. However, since IRBCs
either weakly or do not interact with DS or C6S, the results of IRBC adhesion assays using
bCSA and DS/CSPGs are qualitative, i.e., they indicate whether or not IRBCs are C4S-
adherent but do not reveal the physiological binding strength. Thus, bCSA can be used for
the selection of C4S-adherent IRBCs, qualitative binding/inhibition analysis, assessment of
antibody responses in people from endemic areas, analyzing VAR2CSA interactions, and
testing of antibody responses to vaccine candidates. However, understanding of the fine
details of VAR2CSA interacting elements and validation of vaccine efficacy require
placental CSPG or another CSPG that exhibit comparable binding strength.

In this regard, the low sulfated bovine corneal CSPG can be a suitable alternative as the
IRBC binding strength is either equal or even higher than that of the placental CSPGs
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[48,49]. Bovine cornea is readily available and CSPGs can be purified using three standard
biochemical procedures that involve salt density gradient centrifugation, ion-exchange
chromatography, and size-exclusion chromatography. The corneal CSPG is a mixture of
three subpopulations each having decorin core protein substituted with two CS chains
consisting of 14%, 31% and 64% overall sulfated disaccharides, respectively; the remainders
of the disaccharides are nonsulfated. The CSPG subpopulation with 14% sulfate contains
1% 6-sulfate and has no DS features. The two other CSPG subpopulations, respectively,
contain 3% and 13% 6-sulfate, and 5% and 15% DS features. Thus, the total 4-sulfated
disaccharide contents in these CSPG subpopulations are 23% and 36%, respectively [48,49].
Comparative evaluations using human placental CSPG revealed that the low levels of 6-
sulfate groups and DS elements present in the CS chains of these CSPG subpopulations do
not have any adverse effects on their ability to support high strength binding of IRBCs
[48,49]. Based on their capacity to bind IRBCs strongly and the presence of low level of 4-
sulfate, it appears that the C4S chains of corneal CSPGs have optimal structural features
resembling those of the placental CSPG, and hence they can be used for evaluating
VAR2CSA binding specificity.

Concluding remarks

The sequestration of P. falciparum IRBCs in the placenta is mediated by the binding of
VAR2CSA to uniquely low sulfated CSPGs present in the intervillous space and on the
syncytiotrophoblast cell lining. Considering that the IRBC and VAR2CSA binding is highly
specific to C4S and that high affinity binding involves specific sulfation pattern in the C4S
chains, it is better to use appropriate CSPGs with defined GAG chain structures for
evaluating VAR2CSA-CA4S interactions. It is also important to use C4S having defined 4-
sulfate content and various control GAG inhibitors for meaningfully analyzing the binding
specificity and binding strength of VAR2CSA or its constructs. C4S dodecasaccharides
containing two, three or 4-sulfate groups represent important reagents for determining C4S-
interacting VAR2CSA structural features by crystallographic studies. Crystallography and
NMR studies using C4S oligosaccharides have shown that DBL3x domain of VAR2CSA
has a positively charged, sulfate-binding pocket (see Box 1 for more details) [50-52]. Such
binding pockets are not present in DBL6¢ and in other DBL domains [53-55]. The full-
length extracellular polypeptide portion is required for specific and avid binding of
VAR2CSA to the placental CSPG [33,34]. Given this and considering that a relatively long
stretch of C4S interacts with VAR2CSA, it is likely that the 4-sulfate groups, carboxyl
groups and C-4 hydroxyl groups of N-acetylgalactosamine in a defined C4S conformational
orientation interact with a fairly extended groove or pocket of the VAR2CSA structural
architecture. Therefore, it is important that CSPGs having appropriate C4S chains are used
for assessing VAR2CSA-CA4S interactions.

Box 1. Structural features of PfEMP1s

Each PfEMPL1 consists of a large extracellular polypeptide and a highly conserved acidic
intracellular segment (ATS) that are joined by a short transmembrane segment (TMS) [2—
4,21; Figure 1]. The extracellular polypeptide portion consists of multiple Duffy binding-
like (DBL) adhesive domains and an N terminal segment (NTS); in addition, several
PfEMP1s contain cysteine-rich interdomain region (CIDR) segments and connecting
(C2) segments. These DBL domains are homologous to the Duffy-binding domains of
the Duffy binding protein of Plasmodium vivax and Plasmodium knowlesi, and of P.
falciparum erythrocyte binding antigen-175 (EBA-175) that are involved in erythrocyte
invasion [56-58]. The domain arrangements in a representative PFEMP1 are shown in
Figure I. It has been reported that DBL 1o mediates the agglutination of uninfected and
infected erythrocytes, CIDRa binds to CD36, and DBL plus C2 is involved in ICAM-1
binding [59-61]. However, in view of the recent findings that a structural architecture of
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VAR2CSA involving multiple DBL domains is involved in C4S binding [25,33,34], the
notion that individual DBL domains of PFEMP1s mediate IRBC binding to endothelial
surface receptors requires further investigation.

VAR2CSA is different significantly from other PFEMPL1s in that the three N terminal
DBL domains are considerably different in the characteristic amino acid sequence
features found in DBL domains of other PFEMP1s. Therefore, these DBL domains of
VAR2CSA are referred to as DBL1x, DBL2x, and DBL3x. Earlier studies reported that
the DBL2x, DBL3x, DBL5¢ and DBL6¢ domains independently bind C4S [19,62].
However, it is currently thought that a folded architecture in which structural elements
from different DBL domains participate to form an extended C4S binding pocket or
groove. Crystal structure studies have shown that the DBL3x structure fold is similar to
DBL domains of the EBA-175 region Il and P. knowlesi o (Pke)) Duffy binding domain
[56-58]. DBL3x consists of three subdomains, S1, S2 and S3 [52]. Co-crystallization of
DBL3x with C4S oligosaccharides and NMR studies showed that S2 and S3 subdomains
together provide a positively charged sulfate-binding pocket. The DBL6¢ and other DBL
domains have no such sulfate-binding pocket [59-61], Considering that the full-length
extracellular portion of VAR2CSA binds to placental CSPG with high affinity and a
relatively extended dodecasaccharide motif of C4S is involved in binding, it is logical
that various DBL domains interact with different functional groups of C4S, leading to
high affinity binding.

Box 2. The structural features of glycosaminoglycans

C4S (also called chondroitin sulfate A, CSA) and other glycosaminoglycan (GAG)
polysaccharides such as chondroitin 6-sulfate (C6S; also called chondroitin sulfate C,
CSC) and dermatan sulfate (DS, chondroitin sulfate B, CSB), hyaluronic acid (HA),
heparan sulfate (HS) widely occur in animal tissues. Structurally, the GAGs share several
common features [63]. They are linear polysaccharides having disaccharide repeat units,
which consist of an uronic acid (D-glucuronic in HA and CS or L-iduronic acid in DS
and HS) and N-acetylhexosamine (either D-acetylgalactosamine in CS and DS or D-
acetylglucosamine in HA and HS). All GAGs, except hyaluronic acid, are variously
sulfated. Sulfate groups are predominantly found in N-acetylhexosamine residues. In C4S
and C6S, N-acetylgalactosamine residues are sulfated at O-4 and O-6, respectively. In
C4,6diS, N-acetylhexosamine residues are sulfated both at both O-4 and O-6 positions. In
HS, N-acetylglucosamine residues are sulfated at O-6 or both at O-3 and O-6; certain
glucosamine residues are N-sulfated instead of N-acetylation. GAGs from different
animals or tissues are generally heterogeneous with respect to their chain length, level of
sulfation and sulfation pattern. For example, a C4S chain may contain significant levels
of sulfation at O-6 or both at O-4 and O-6; in some C4S, substantial levels of
disaccharide moieties are not sulfated. Further, some chondroin sulfate chains may
contain certain levels of DS structural features (disaccharide moieties contain L-iduronic
acid instead of D-glucuronic acid). Conversely, DS from many sources contain variable
levels of C4S, C6S or mixed C4S and C6S structural features. Some L-iduronic acid
residues in DS are sulfated at O-2. Depending on the level of C4S present within their DS
chains, DSPGs from certain sources may exhibit low strength IRBC binding property.
Thus, it is important to define the structure of GAG chains of CSPGs that are used for
either binding assays or inhibition assessment in studying the specificity of IRBC-C4S
and VAR2CSA-C4S interactions.
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Figure 1.

The structures of tetrasaccharide segments, representing two repeating units, of various
glycosaminoglycans (GAGSs). Red, D-glucuronic acid; Pink, L-iduronic acid; blue N-acetyl-
D-galactosamine (in C4S, C6S, and DS), N-acetyl-D-glucosamine (in HA and HS) or N-
sulfated D-glucosamine (in HS); green, sulfate group. In C4S and C6S, the glucuronic acid
residues are linked to N-acetylgalactosamine residues by p(1-3) glycosidic bonds, whereas
the N-acetylgalactosamine residues are linked glucuronic acid residues by B(1-4) glycosidic
bonds. In DS, the iduronic acid residues are linked to N-acetylgalactosamine residues by
a(1-3) glycosidic bonds, while N-acetylgalactosamine residues are linked to iduronic acid
residues by B(1-4) glycosidic bonds. In HA, the glucuronic acid residues are linked to N-
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acetylglucosamine residues by B(1-3) glycosidic bonds, whereas N-acetylglucosamine
residues are linked to glucuronic acid residues by p(1-4) glycosidic bonds. In HS, the
glucuronic acid residues are linked to N-acetylglucosamine residues by B (1-4) glycosidic
bonds, iduronic acid residues are linked to either N-acetylglucosamine or N-sulfated
glucosamine residues by a(1-4) glycosidic bonds, and N-acetylglucosamine or N-sulfated
glucosamine residues are linked to either glucuronic acid or iduronic acid residues by p(1-4)
glycosidic bonds. Note that D-glucuronic acid and L-iduronic acid residues are differed by
one another only in the configuration of the carboxyl group present at the C-5 position. In
placental C4S chains, not all N-acetylgalactosamine residues are sulfated as shown above for
a fully sulfated C4S, but only a few residues are sulfated exclusively at C-4, resulting in low
sulfated C4S chains.
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Figure 2.

Schematic representation of a C4S dodecasaccharide. Based on the specificity of IRBC
binding to C4S, it is inferred that the carboxyl groups of glucuronic acid (GIcA) interact
with VAR2CSA. Although the carboxyl group of the GIcA residue at the non-reducing
terminal end appears to be required for binding whether all of the reminder carboxyl groups
or only some of them interact is not known. Given that dodecasaccharides containing 2, 3, 4
sulfate exhibit similar levels of efficient inhibitory activity whereas those containing 1 or 5
sulfate groups have substantially lower inhibitory activity, it is logical that two hydroxyl
groups at the C-4 position of N-acetylgalatosamine (NAG) interact with VAR2CSA. The N-
acetyl groups do not interact, but it is possible that the nitrogen lone pair of electrons is also
involved. C4S assumes single-stranded helical conformation and therefore, the schematic
structure shown here does not accurately represent the spatial orientations of the depicted
functional groups.
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Figure 1.

Schematic representation of a representative PFEMP1 and VAR2CSA. The arrangements of
various Duffy binding like (DBL) domains, and the cysteine-rich interdomain region
(CIDR) domains, and the domain-interconnecting segments (black) are indicated. All
PfEMP1s are transmembrane proteins with ATS segments are cytoplasmic, and the
remainder of the polypeptide portions are extracellular. Abbreviations: NTS, N-terminal
segment; C2, a short domain that follows DBL-2f; TMS, transmembrane segment; ATS,
acidic terminal segment; 1D, interconnecting domain.
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