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Abstract The P28 family of proteins are 28 kDa proteins
expressed on the surface of sexual stages—zygote,
ookinete and young oocyst stages—of Plasmodium spe-
cies when the parasite resides inside the mosquito midgut.
Together with P25 proteins, P28 proteins protect the
parasite from the harsh proteolytic environment prevailing
inside the mosquito midgut. Vaccines against these
proteins induce antibodies in vertebrate hosts that are
capable of inhibiting parasite development in the mosquito
midgut, thus preventing transmission of the parasite from
the mosquito to another human host. These transmission-
blocking vaccines are helpful in reducing the burden
caused by malaria, which affects 300-600 million, and
kills 1-3 million, people annually. The purpose of this
study was to structurally characterise six members of the
P28 family of ookinete surface proteins with the help of
homology modelling, to compare these proteins in terms
of transmission blocking and host parasite interactions,
and to analyse phylogenetic relationships within the P28
family and with the P25 family. Our results indicate that
all the members of the P28 family studied have four EGF
domains arranged in triangular fashion with a very big C
loop present in EGF domain IV, which could serve as a
diagnostic feature of the P28 family as this loop is absent
in the P25 family of ookinete surface proteins. The models
of the P28 family of ookinete surface proteins obtained
may help in understanding the biology of the parasite
inside the mosquito midgut, and in designing transmis-
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sion-blocking vaccines against malaria in the absence of
experimentally determined structures of these important
surface proteins.
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Background

Malaria affects 300-500 million people and takes lives of
1-3 million people annually, with 40% of the world’s
population at risk [1-2]. Upon ingestion by a mosquito with
the blood meal, gametocytes of Plasmodium undergo
transformation, forming micro- and mega-gametes. These
gametes fertilise to form zygotes, which develop into
banana-shaped motile ookinetes. Ookinetes cross the
mosquito midgut epithelium to form oocysts. Upon
maturation each oocyst releases thousands of sporozoites,
which migrate to the salivary glands of the mosquito host to
infect another human host. P28 proteins are expressed on
ookinete surfaces of all known Plasmodium species [3, 4].
These proteins are expressed after fertilisation, after P25
proteins, and continue to be expressed until the young
oocyst stage [4]. P28 proteins are evenly and abundantly
distributed on the ookinete surface [5—7] and are essential
for parasite survival inside the mosquito midgut [8]. These
proteins contain very few regions of genetic polymorphism
[9] and hence are thought to be promising vaccine
candidate proteins. Structurally, P28 proteins contain a
secretary signal sequence followed by four EGF-like
domains and a short hydrophobic glycosylphosphatidylino-
sitol (GPI) anchor at the C-terminus [10]. Interaction of
these proteins with single-chain immunotoxins results in
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killing of the parasite, thus blocking transmission of the
parasite to another human host [11]. The mechanism of this
transmission blocking is unknown. It has been proposed
that the transmission-blocking antibodies arrest/slow down
the movement of the ookinete in the mosquito midgut [12].
Also, it has been shown that if an ookinete is delayed in
forming an oocyst, it is not able to survive inside the
mosquito midgut [13]. Recombinant versions of transmis-
sion-blocking antibodies also block transmission [14, 15].
P28 protein from Plasmodium falciparum has been shown
to elicit transmission-blocking antibodies in mice [16], and,
along with P28 from Plasmodium vivax, represents a
promising transmission-blocking vaccine candidate.

The purpose of this study was to structurally character-
ise the P28 family of ookinete surface proteins with the
help of homology modelling, and to compare members of
this family in terms of structure, function and host parasite
interaction. Our results suggest that mature P28 proteins
are triangular molecules—a shape necessary to tile/
tessellate the surface of the parasite. P28 proteins are
probably thicker than P25 proteins. They all have four
EGF domains, with a very large C-loop present in EGF-
like domain IV. This loop, which may also harbour
secondary structures, is one of the distinguishing features
of the P28 family and is not present in the P25 family
proteins that are expressed just before P28 proteins. We
hypothesise that the large C-loop may act as a hook to
help fit molecules onto the surface of the parasite. The
structure of this loop varies greatly among the P28 family
members studied.

Methods
Database search and sequence alignment

The single letter amino acid sequences for the six members
of the P28 family were downloaded from either Swiss-Prot
[18] database release 50.4 or from NCBI GenBank (http:/
www.ncbi.nlm.nih.gov/sites/entrez?db=protein) as indicat-
ed in Table 1. A PSI-BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/) [19] search was performed using these P28
sequences as query against the PDB database (http:/www.
resb.org/pdb/Welcome.do) [20]. After removing redundant
sequences, it was found that each search resulted in single
significant hit, i.e. the Pvs25 protein from P. vivax [17],
which was found to be the only suitable template for
modelling of the P28 proteins. The ClustalX program
(http://www.embl.de/~chenna/clustal/darwin/index.html)
was used for sequence alignment [21]. The Bioedit program
(http://www.mbio.ncsu.edu/BioEdit/BioEdit.html) was used
to represent conservation in sequence alignment.

@ Springer

Homology modelling

The three-dimensional (3D) structures of six members of
the P28 family were modelled in a stepwise procedure,
using MODELLER version 9vl. This software imple-
ments homology modelling of proteins by satisfaction of
spatial restraints [22]; 100 models for each P28 protein
were generated with the help of Modeller. Bond and angle
values are taken from CHARMM-22 force field. 3D
models were generated by molecular probability density
function optimisation. The X-ray crystallographic struc-
ture of Pvs25 from P. vivax (PDB id 1227) [17], was used
as the template for modelling P28 proteins. In all six P28
proteins, there are 20 conserved cysteines in oxidised form
forming ten disulphide bonds. These disulphide bonds are
formed between cysteines 1-3, 2-4 and 5-6 of EGF
domains II and III. In the case of EGF domains I and 1V,
only four cysteines are conserved. The ten conserved
disulphide bonds were assigned as constraints to the
program during modelling. ModLoop (http://alto.compbio.
ucsf.edu/modloop//modloop.html) [23, 24] was used to
model the bigger and problematic loops carefully as these
were showing maximum root mean square deviation
(RMSD) variations. Special care was taken to model the
C loop of EGF domain IV, as this was a very big loop of
approximately 20 amino acids.

Model validation

Evaluation of the models of P28 proteins was carried out
using the programs ProSA-web (https://prosa.services.came.
sbg.ac.at/prosa.php) [25, 26], PROCHECK (http://nihserver.
mbi.ucla.edu/SAVS/) [27] and WHATIF (http:/swift.cmbi.
kun.nl/WIWWWTI/) [28, 29]. Only those models that showed
a satisfactory PROSA, PROCHECK and WHATIF profile
were selected. A 3D structural superimposition to compare
the structures was done using the program STAMP, which is
a part of VMD version 1.8.4 [30]. Domain—domain
interactions of the P28 models obtained were calculated
with the help of PDBsum [31].

Phylogenetic analysis

To analyse P28 protein sequences from an evolutionary
perspective we used MEGA4 (http://www.megasoftware.
net) software [32]. A phylogenetic tree was constructed
using both the neighbour joining method and the minimum
evolution (ME) method. Trees were constructed with
MEGA 4.0 software with the following settings: 125
bootstrap replicates and 42,535 seed; a close neighbour
interchange was used as a search option (level = 1) with an
initial neighbour-joining tree, MaxTrees = 1. Gaps were
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Table 1 Members of the P28 family and the sequences used for modelling

Source organism Swiss-Prot entry/ GenBank accession Sequence identity with Critical sequence identity
no. (amino acid range used) Pvs25 protein (%) with Pvs25 protein (%)
Plasmodium berghei AAG27292 (23-209) 33.7 41
Plasmodium falciparum QO6LEB4 (23-213) 36.2 46
Plasmodium gallinaceum Q05439 (22-217) 352 45
Plasmodium ovale BAB43949 (23-210) 34.0 41
Plasmodium vinckei AAG27290 (23-209) 37.2 48
Plasmodium vivax 096556 (23-217) 37.2 48
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considered as complete deletions. Evolution rates among
sites were considered uniform.

Results and discussion

P28 proteins and sequence conservation

The P28 proteins present on the surface of the ookinetes of

Plasmodium species are considered promising candidates
for transmission-blocking malaria vaccines. Figure 1 shows

Fig. 2 a WebLogo [33, 34]

a multiple sequence alignment of the nine members of the
P28 family with Pvs25 protein, whereas Fig. 2 represents
the WebLogo [33, 34] of this family. WebLogo clearly
illustrates that all 20 cysteine residues are totally conserved
in the P28 family. The structures of the models of P28
proteins were found to be similar to that of Pvs25 [17]
owing to these 20 conserved cysteine residues (Fig. 1), with
34-38% sequence identity and 47-53% sequence similarity
(Table 1) between the target P28 proteins and the template
Pvs25 (PDB id 1Z27) protein. The lengths of the proteins
used in this calculation are listed in Table 1.

4
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The 20 conserved cysteines provide a structural scaffold
forming ten disulfide bonds in P28 proteins. Apart from the
structural skeleton provided by the cysteines, P28 proteins
have many other conserved and semi-conserved residues
within the family [35]. These conserved interactions are
important in making conserved contacts within the mole-
cule among the four EGF domains of the protein as well as
with other nearby molecules while forming a sheet on the
surface of the parasite. Table 2 lists the conserved domain—
domain interactions of the six members of P28 family
studied as compared to the template protein Pvs25. Also, the
EGF-domains have a high tolerance to polymorphism and
mutations, i.e. are tolerant of insertions and deletions, and
therefore a high level of similarity between the members of
P28 family was expected, as was reflected in the models of
P28 proteins we obtained. Table 2 clearly explains why the
structure of P28 proteins are similar to that of Pvs25 protein.

Structural superimposition of P28 protein models with
the Pvs25 template showed similarity overall except for
EGF domain IV, where the presence of a very big C-loop
differentiates P28 proteins from P25 proteins as shown in
Fig. 3. Table 1 lists the overall sequence identities of P28
proteins with Pvs25 protein; sequence identity of Pvs25
protein is highest with Pvs28 protein from P vivax and
Pvp28 protein from Plasmodium vinkei pattergi. As well as
the cysteines, many other residues are found to be
conserved in P28 proteins. Residues Q'°, M, s'7 H',
E?' of EGF domain I are conserved, whereas in EGF
domain 11, Y>° and Y/F”° are conserved. In EGF domain
111, residues E/K®?, 1'%, D' "% 18 G'"? and G'** are
conserved, and in EGF domain 1V, L' K" EY and
Y'® are conserved. High conservation of these residues
across the P28 family is also reflected in the conserved
domain—domain interactions found in the models generated
for P28 proteins (Table 2). Many of these conserved
interactions are thought to be involved in the interaction
of one P28 molecule to another in order to form the
ookinete surface protein sheet over the parasite surface.

The P28 models

The models indicate that P28 proteins contain four EGF
domains arranged in the form of a triangle, with EGF
domain IV forming a very big C loop in comparison to the
template protein Pvs25 as shown in Fig. 4. EGF domains
are 30- to 40-residue domains containing two central beta
strands followed by two smaller beta strands. A typical
EGF domain contains three disulphide bonds formed with
the help of six cysteines linked in a 1-3, 24 and 5-6
manner. This common linkage pattern leads to a general
similarity in the structure of EGF domains. In the case of
P28 proteins, only EGF domains II and III are typical EGF
domains; EGF domains I and IV contain only four

cysteines and form only two disulphide bonds instead of
the usual three. EGF domain I of P28 proteins lacks the 1-3
disulphide bond seen in P25 proteins. The P28 EGF domain
IV has only two disulphide bonds and the EGF domain is
truncated after 160 amino acids. Thus, both EGF domains
IT and IV are incomplete in P28 proteins. Also, EGF domain
IV in P28 proteins forms a very big C loop of approx-
imately 20 residues.

The four EGFs of P28 proteins resemble each other except
for the large loops like the C-loop of EGF domain IV as shown
in Fig. 3. The number and spacing of the 20 P28 cysteines
are conserved within the family. Models indicate that P28
family molecules may be thicker than P25 family molecules
due to the presence of the unusually big C-loop in EGF
domain IV. Also, we predict that this loop may provide the
molecules with more flexibility to fit together to form a sheet
over the parasite surface. The loop may also act as a “hook”
to lock the proteins together while forming the protective
sheet over the parasite surface, hence providing more
protection to the parasite while it is in the mosquito midgut.

Validation of P28 protein models

Ramachandran plot statistics of the P28 protein models are
shown in Table 3. No residue was found in the disallowed
region in any of the six sequences of P28 family modelled,
as illustrated in Fig. 5; except for Asn96 in Pbs28, Lys50 in
Pos28 and Ala95 in Pvp28 protein. All three of these
residues are present in the vicinity of a disulphide-bonded
cysteine; any change in the conformation of these residues
would lead to breakage of the nearby disulphide bond. As
cysteines are the most conserved residues evolutionarily, for
refinement of the model we chose to keep these three
residues in the disallowed regions of the Ramachandran
plot rather than breaking the disulphide bond. ProsaWeb
analysis of the six members indicated that z-scores of all the
P28 proteins lie within the standard defined values, and the
energy plot indicated that the molecules have overall
negative energy and therefore the models are energetically
stable (Fig. 0).

P28 proteins contain very few polymorphisms as these
proteins are expressed inside the mosquito host and are
never exposed to the vertebrate immune system. This
property of P28 proteins makes them suitable for use as
vaccine candidates against malaria. A low degree of
polymorphism is however found in P28 proteins, due to
the presence of EGF domains. EGF domains tolerate
polymorphism due to the extent of disulphide cross-linking
within the EGF domain. P28 proteins have very few
hydrophobic residues in their hydrophobic core and
sequence changes are accommodated by solvent accessible
atoms, leading to the same structural folds in the domain
with variations lying in the loops of the EGF domains. This
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Table 2 Conserved domain—domain interactions of P28 proteins

Pbs28 protein and Pvs25 protein

<—ATOMI1—> EGF-domain <—ATOM2 —> EGF-domain H-bond
involved involved distance
Atom Atom Amino acid Residue Atom Atom Amino acid Residue
no. name name no. no. name name no.
120 N Ser 17 <> 876 O Cys 114 11 2.75
126 N Asn 18 [ <> 868 0G Ser 113 1L 2.76
136 NDI1 His 19 [ <> 868 oG Ser 113 1T 2.96
103 N Gln 15 [ <> 1,137 (¢} Tyr 150 v 3.05
111 o Gln 15 I <> 1,126 N Tyr 150 v 2.95
250 OE2 Glu 33 <> 601 OH Tyr 78 I 2.85
885 N Ile 116 I <> 1,115 (¢} Lys 148 v 2.81
691 N Cys 90 I <> 672 (¢} Pro 87 I 2.83
Pfs28 protein and Pvs25 protein
134 N Ser 17 [ <> 883 (0] Cys 114 1T 2.82
137 oG Ser 17 [ <> 883 (¢} Cys 114 I 2.58
140 N Asn 18 I <> 875 O0G Ser 113 11 2.86
150 NDI His 19 [ <> 875 0G Ser 113 11 2.70
117 N Gln 15 [ <> 1,164 (¢} Tyr 151 v 3.07
125 (6] Gln 15 [ <> 1,153 N Tyr 151 v 2.93
270 OE2 Glu 33 [ <> 630 OH Tyr 78 I 2.78
892 N Ile 116 I <> 1,140 (¢} Asn 149 v 2.90
706 N Cys 90 I <-> 690 (0] Pro 87 I 2.90
Pgs28 protein and Pvs25 protein
123 N Ser 17 [ <> 908 O Cys 114 1 2.81
126 oG Ser 17 [ <> 903 N Cys 114 I 2.66
129 N Asn 18 I <> 900 0G Ser 113 111 2.81
139 NDI His 19 I <> 900 OG Ser 113 I 2.90
106 N Glu 15 [ <> 1,211 (¢} Tyr 153 v 3.11
114 o Glu 15 <> 1,200 N Tyr 153 v 2.95
917 N Ile 116 I <> 1,187 (¢} Val 151 v 3.02
Pos28 protein and Pvs25 protein
123 N Ser 17 <> 908 (¢} Cys 114 I 2.81
126 oG Ser 17 I <> 903 N Cys 114 11 2.66
129 N Asn 18 I<> 900 oG Ser 113 I 2.81
139 ND1 His 19 [ <> 900 0G Ser 113 I 2.90
106 N Glu 15 I <> 1,211 O Tyr 153 v 3.11
114 o Glu 15 [ <> 1,200 N Tyr 153 v 2.95
917 N Ile 116 I <> 1,187 (¢} Val 151 v 3.02
721 N Cys 90 I <> 706 (¢} Gln 87 I 2.94
Pvp28 protein and Pvs25 protein
111 OEl Gln 15 <> 939 N Ser 130 I 2.61
123 N Ser 17 [ <> 804 (¢} Cys 110 I 2.81
106 N Gln 15 <> 1,102 (¢} Ala 150 v 3.14
114 O Gln 15 I <> 1,098 N Ala 150 v 2.94
813 N Ile 112 I <> 1,090 (¢} Cys 148 v 2.85
654 N Cys 89 I <> 636 (¢} Pro 86 I 2.89
Pvs28 protein and Pvs25 protein
124 N Ser 17 I<> 856 (¢} Cys 114 11 2.81
130 N Asn 18 [ <> 848 OG Ser 113 1T 2.90
140 ND1 His 19 I <> 848 O0G Ser 113 11 2.70
35 OE2 Glu 5 I <> 1,022 NZ Lys 137 v 2.95
107 N Gln 15 [ <> 1,142 (¢} Tyr 151 v 3.08
115 O Gln 15 <> 1,131 N Tyr 151 v 2.93
254 OE2 Glu 33 [ <> 602 OH Tyr 78 I 2.62
865 N Ile 116 I <> 1,118 (¢} Asn 149 v 2.88
698 ODl1 Asn 91 I <> 608 0Gl Thr 79 I 2.77
688 N Cys 90 I <> 670 (¢} Pro 87 I 2.94
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Fig. 3 Superimposed structures
of theoretical 3D models of the
six P28 proteins with Pvs25 (C-
alpha atoms only) after structur-
al alignment using the program
STAMP [30], showing similarity
of overall protein folding. In
P28 proteins, EGF domain IV
contains a extra-large (~20 resi-
dues) C-loop, which is not
present in P25 proteins. Apart
from this, the B loop of EGF
domain II shows maximum
conformational variations. The
20 conserved cysteines of the
P28 family are shown in CPK
representation

Fig. 4 Cartoon representations
of six models of members of the
P28 family of ookinete surface
proteins. Models were generated
assuming that the disulfide con-
nectivity of the 20 cysteines in
the P28 proteins is the same as
that in the template Pvs25 (PDB
code: 1Z27). All the P28 protein
models show four EGF
domains: blue EGF-domain I,
red EGF-domain II, grey EGF-
domain III, orange EGF-domain
IV. The B-loop of EGF domain
IV is shown in yellow
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Table 3 Ramachandran plot statistics of P28 proteins studied

Modelled member

proteins of P28 family

Residues in most

favoured regions [A,B,L]

Residues in additional
allowed regions [a,b,l,p]

Residues in generously allowed
regions [~a,~b,~l,~p]

Residues in disallowed
regions [~a,~b,~L,~p]

P. berghei (Pbs28)

P. falciparum (Pfs28)
P. gallinaceum (Pga28)

P. ovale (Pos28)
P. vinckei (Pvp28)
P, vivax (Pvs28)

84.80%
84.20%
82.40%
81.20%
84.20%
88.10%

14.6%
15.2%
17.0%
18.8%
15.8%
11.9%

0.6%
0.6%
0.6%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

is very well reflected in the six models obtained of P28
family members. It can be seen in Figs. 2 and 3 that the
loops represent maximum RMSDs. The overall similarity
among P28 family members indicates a similar major

Psi (degrees)

Pbs28

-

Phi (degrees) —

82.0% - core region

14.3% - allowed region
3.1% - Generously allowed
0.6% - disallowed region
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function of these molecules, whereas variations in the loop
regions within and between Plasmodium species suggest
differing minor functional requirements of the loops in

different species.

Pfs25
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Fig. 5 Ramachandran plots for theoretical 3D models of P28 proteins
using the X-ray crystallographic structure of native Pvs25 (PDB code
1Z27) as a template. The percentage of residues in the most favoured,
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82.9% - core region
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family studied

allowed, and generously allowed regions are shown below the
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Ramachandran plots. No residues were found in the disallowed
regions of the Ramachandran plots of any of the six members of P28
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Fig. 6 ProsaWeb [25, 26] analysis of theoretical 3D models of six
members of the P28 family of ookinete surface proteins. a z-Score plot
of the P28 models obtained; the z-scores of all the six models lie

Electrostatic representation

An electrostatic presentation of different faces of the P28
family members revealed that most of the charged residues
are present on the surface of the proteins (Fig. 7). All the
members studied carry an overall negative charge except
for Pvp28 from Plasmodium vinkei, which carries an

within the normal range. b Energy plots for the six P28 models; the
energy of residues for all the models developed is close to zero or
negative indicating the stability of the models

overall positive charge. The details of the charge, area and
volume of the six P28 proteins studied are given in Table 4.
Although the P28 family members present similar struc-
tures, the charge distributions on the molecules are quite
different from each other. It can be clearly seen that a large
negative patch is present on the ventral side (Fig. 7b) of
both Pbs28 and Pfs28 proteins, which is formed by EGF
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Fig. 7 Electrostatic molecular
surface representation of the
models of six transmission-
blocking surface antigens of the
P28 family prepared with the help
of GRASP software (http://wiki.
¢2b2.columbia.edu/honiglab
public/index.php/Software:
GRASP). Surface potential was
taken from —10 kT (red) to +

10 kT (blue). a Front view of
P28 proteins, b the opposite face
after 180 ° rotation, c—e view of
each edge of the molecule. The
programs PsoSA-web, PRO-
CHECK and WHAT IF [25-29]
programs were used for statistical
evaluation of the final models.
As can be seen in the different
views of the molecules, all six
members of the P28 family have
very different charge distribu-
tions. Most of them are nega-
tively charged overall

domain IV just below the big C-loop. A similar-sized
negative patch is present on the dorsal surface of Pgs28
protein but this patch surrounds the central pore of the
molecule, indicating the affinity of these areas to positively
charged molecules. Members of the P28 family show a very
different charge distribution when compared to each other,
as illustrated in Fig. 7.

To determine whether these proteins have a different
amino acid composition in terms of charged residues, we

@ Springer
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carried out an amino acid composition analysis of positive-
ly and negatively charged residues of the six P28 family
proteins. A comparison was also done with template protein
Pvs25. The percentage of positively charged amino acids
(K, R and H) is almost constant in the P28 proteins and is
similar to that of the template Pvs25, as shown in Fig. 8§,
whereas in the case of negatively charged residues (D and
E), the amino acid composition was found to vary greatly
and there were less negatively charged residues than in the
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Table 4 Charge, area and volume of the proteins studied

Protein Total charge Area (square A) Volume (cubic A)
Pbs28 —6.0000 9,914.90 22,214.45
Pfs28 —6.0000 9,721.52 22,200.61
Pga28 —10.0000 9,943.95 23,002.61
Pos28 —4.0000 9,418.26 21,335.01
Pvp28 4.0000 9,533.42 21,120.31
Pvs28 —5.0000 9,471.00 22,028.46

template protein Pvs25. Overall, the P28 proteins are
relatively less negatively charged in comparison to the
Pvs25 protein. Also, the negatively charged residues form
big patches on the surface of the molecules. In the case of
Pbs28 and Pfs28 proteins, negatively charged residues are
concentrated near EGF domain IV on the ventral side of the
molecule Fig. 7b (Pbs28 and Pfs28), and in the case of
Pgs28, the negatively charged patch is situated near the
central pore Fig. 7a (Pgs28 row) on the dorsal surface of the
molecule. In the case of Pvs28, the extended EGF domain
IV is more negatively charged.

There is a minimal hydrophobic core in P28 molecules
with comparatively few residues buried, thus most residues
are solvent-accessible. Charged residues are situated mainly
on the surface of the molecule (relatively very easily
accessible molecular surface) thereby indicating the signif-
icance of these residues in the interaction of the parasite and
the mosquito midgut components. The conserved cysteines
are present in the core region of the P28 molecules, with
relatively less surface exposure, which explains why the
cysteines are conserved in all members of the P28 family. A
similar cysteine arrangement and high sequence and
structural identity were observed among the six P28 family
members studied. Although members of the P28 family
have similar functions, and all of them are thought to have
four EGF domains, they differ considerably in the loop

{ |=DE
eKRH

% of amino acids
oNLA O @ DR ED D

Pgs28
P28 members and Pvs25 protein ——»

Pbs28 Pcs28 Pfz28 Pos28 Pwp28 Pw28 Pw25

Fig. 8 Composition of charged amino acids in the six members of the
P28 family and in the template protein Pvs25. Blue bars Negatively
charged residues (D, E), purple bars positively charged residues (K,
R, H). The percentage of positively charged residues is similar in all
the P28 sequences, while the percentage of negatively charged
residues varies within the P28 members and is less than that of
Pvs25 protein in all the P28 proteins studied

regions and therefore each is able to recognise different
molecules presented on the surface of the mosquito midgut.
The differences in charge distribution on the surface of the
P28 molecules also suggests that they have a species-
specific interaction with molecules present in the mosquito
midgut.

Phylogenetic studies

Analysis of the phylogenetic tree for the genus Plasmodi-
um, based on the amino acid sequences of ookinete surface
proteins, suggests that all the human Plasmodium P25 and
P28 proteins are situated between rodent and avian P25 and
P28 homologues, respectively (Fig. 9). The position of P
knowlesi can be explained by the fact that it is now
considered as the fifth human malaria parasite [36],
whereas P. reichenowi causes a P. falciparum-like cerebral
malaria in chimpanzees (the evolutionary closest primates
to humans). Also, the G + C content of the genomic DNA
of the parasite P. falciparum was found to be very similar to
both the rodent and avian parasites [37], which suggests a
closer relationship between these two species.

The similar structures observed in the P28 proteins are
suggestive of convergent evolution of the family. Our
studies on P28 proteins indicate that the rodent parasites are
distant from other members of the family. These results are
in agreement with those reported by Waters et al. [37] based
on phylogenetic analysis of asexually expressed small
subunit (SSU) rRNA genes. The P28 family was present
in the common ancestor of all Plasmodium species. The
evolutionary mechanisms responsible for the global diver-
gence of these zygote/ookinete surface antigens between
species, and the divergence between the P25 and P28
homologues within each species of Plasmodium are not yet
known.

P28 proteins and repeats

In some P28 family members, the C loop contains multiple
copies of repeats, e.g. a heptad repeat containing amino
acids GSGGE/N is present in Pvs28 protein. In Pys28, five
copies of the repeat sequence GTGS/T is present. The P
yoelii Pys28 contains five copies of a GTGS/T repeat, while
the avian homologue, Pgs28, contains a series of Gly, Ser,
and Pro residues in this same region. In contrast, the P.
berghei P28 homologue Pbs21 has only one GTGS peptide
sequence in the same loop, and the P. falciparum
homologue Pfs28 has no repeat sequences. This region of
the P28 homologues was found to be most divergent among
members of the P28 family and is a characteristic difference
between P28 proteins and P25 proteins. These repeated
amino acid sequences are thought to be highly immuno-
genic. The importance of these regions for the parasite
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Fig. 9 Phylogenetic relation-
ship of P25 and P28 proteins

100— Pbs28  (P. bergheiy —Rodent
29 | EPbs21 (P. berghei)  —Rodent
100 Pyy28 (P. yoelii) —Rodent

among the Plasmodium species.
This neighbour-joining (NJ) tree
was constructed with the help of
MEGA 4.0 software (http://

Pcs28  (P. cynomolgi) —Macaque
ﬂ (P.vinkeiy  —Rodent

Pfs28 (P. falciparum) —Human

www.megasoftware.net) with

the following settings: bootstrap
(125 replicates, seed=42,535),
search options close-neighbour-

interchange (CNI) level = 1,
maximum trees = 1, replicate

trees = 125 were used for boot-
strap analysis

0.05

remains to be determined. The antigenicity and immuno-
genicity of P28 proteins is sensitive to reducing agents,
which break disulfide bonds. Single amino acid changes
can lead to profound structural changes in P28 proteins.

Conclusion

All Plasmodium species express members of the P28 family
of cysteine-rich surface antigens on their zygote, ookinetes
and young oocyst stages. Our study suggests that the
hallmarks of P28 proteins are the four EGF domains (fourth
EGF domain is truncated) arranged in the triangular-prism-
shaped structures necessary to coat the surface of the
parasite, thus protecting it from the harsh environment
prevailing inside the mosquito midgut. The P25 family has
22 conserved cysteines and a complete EGF domain IV,
whereas the P28 family has 20 conserved cysteines and an
incomplete EGF domain IV. The P28 family also differs
from the P25 family in the number of amino acid residues
between the 3rd and 4th cysteines of EGF-like domains II
and III. In the P28 family, EGF domain IV contains a very
big C loop as observed in the models of P28 proteins. In
some members, this loop contains multiple copies of
repeats, which are thought to be highly immunogenic. P28
proteins may be more flexible and thicker in comparison to
P25 proteins due to the presence of the large C-loop in EGF
domain IV. The flexible nature of this loop may help to
ensure a better fit of P28 proteins on the parasite surface,
where it may also act as a hook. The shape of P28 proteins
is expected to vary from species to species due to this C-
loop and, unlike in P25 proteins, variation in this loop will
lead to differential sheet formation. Our study provides a

@ Springer
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pointer to the experimental studies required to verify the
results obtained here. Structures of P28 proteins may help
in the design of transmission-blocking vaccines. Protein—
protein interaction studies with these proteins with anti-
bodies and proteins of the mosquito midgut may help our
understanding of the biology of the parasite inside the
mosquito host.
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