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Abstract One Plasmodium falciparum malaria antigen is an
integral membrane protein called apical membrane antigen-1.
High activity binding peptides to human red blood cells have
been identified in this protein. 4337 is a conserved, non-immu-
nogenic peptide with high activity red blood cell binding and its
critical residues have already been identified. Peptide analogues
(with amino acids having the same mass but different charge)
were generated to change their immunogenic and protective
characteristics. Three analogues having positive or negative im-
munological results were studied by nuclear magnetic resonance.
The studied peptides all had an o-helix fragment, but in differ-
ent peptide regions and extensions, except for randomly struc-
tured 4337. We show that altering a few amino acids induced
immunogenicity and protectivity against experimental malaria
and changed their three-dimensional structure, suggesting a
better fit with immune system molecules and that modified pep-
tides having better immunological properties can be included
in the design of new malaria multi-component subunit-based
vaccine. © 2002 Published by Elsevier Science B.V. on behalf
of the Federation of European Biochemical Societies.
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1. Introduction

Malaria continues to be one of the great public health
problems throughout the world, causing 300 million cases of
infection and more than 2.5 million deaths annually, mainly
children less than 5 years old in Africa. The search for cheap,
reliable control methods for this disease (such as anti-malarial
insecticides and vaccines) has thus become a target for the
main health providing entities throughout the world [1,2].

We thus attempted to block the Plasmodium falciparum
merozoite red blood cell (RBC) recepter-ligand interaction
when developing such immune—prophylactic methods [3,4].
Various proteins are excellent targets since they seem to be
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Abbreviations: AMA-1, apical membrane antigen-1; NMR, nuclear
magnetic resonance; RBC, red blood cell; IFA, indirect immunofluo-
rescence assay; DQF-COSY, double quantum filtered correlation
spectroscopy; TOCSY, total correlation spectroscopy; NOESY,
NOE, nuclear Overhauser effect spectroscopy or signal

involved in this interaction [5], apical membrane antigen-1
(AMA)-1 (also named Pf83/AMA-1) being one of them.
This molecule has been associated with the invasion interface
and may be involved in the merozoite’s reorientation via a
mechanism which is inverse to that of the membrane transport
[6,7].

The P. falciparum Pf83/AMA-1 protein has 622 amino acids
with a 71929 Da mass [8]. It shows integral membrane protein
characteristics, being located in the neck of the rhoptria and is
transported to the merozoite membrane during maturation. It
has high homology among the different P. falciparum strains
[9,10].

20-mer, radio-labeled, non-overlapping, synthetic peptide
binding assays (covering the protein’s entire length) showed
that the conserved peptide coded 4337 (WGEEK-
RASHTTPVLMEKPYY), located in the protein’s C-terminal
region, bound to RBC with a 120+ 12 nm affinity constant
(peptide numbers given here correspond to those serial num-
bers used in our institute) [11]. The critical residues for bind-
ing to RBCs were determined by glycine substitution ana-
logues and were identified as W1, E4, H9, M15 and K17,
underlined above [11].

Since conserved sequences are poorly antigenic [12] and
poorly or non-immunogenic [13], peptides were synthesized,
critical amino acids for binding to RBCs being replaced by
amino acids having the same mass but different charge to
improve these molecules’ biological activity.

Here we present the three-dimensional structure for pep-
tides 14044, 14048 and 13814 (4337 peptide analogues) deter-
mined by 'H nuclear magnetic resonance (NMR), with pos-
itive and negative results in immunological assays. Our
purpose was to try to find correlation between these peptides’
structure and immunological function to adopt a rational ap-
proach towards synthetic, multi-component subunit-based,
malaria vaccine development.

2. Materials and methods

2.1. Animals and immunization

Groups of five to eight P. falciparum indirect immunofluorescence
assay (IFA) negative Aotus monkeys, [14] kept in Leticia (the Amazon
Department) according to National Institute of Health guidelines for
animal handling, were subcutaneously immunized with 125 pg poly-
merized peptide (on days 1, 20 and 40) which had been previously
homogenized with complete Freund’s Adjuvant for the first dose and
incomplete Freund’s Adjuvant for the second and third doses. Con-
trols received only Freund’s Adjuvant and saline solution on the same
days. Blood samples were drawn pre-immunization and 20 days after
the second and third doses.
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2.2. Challenge and infection assessment

Immunized and control monkeys received an intravenous injection
of 200000 fresh P. falciparum FVO strain infected RBC 20 days after
the third dose (this being an infective dose for 100% of Aotus monkeys
[14]). Infection was assessed after day 5 by immunofluorescence with
Acridine Orange staining. The percentage of infected RBC was read
[14]. Protection was defined as being the complete absence of parasites
in the blood during the 15 days of the trial. Control and non-pro-
tected monkeys developed patent parasitemia by day 5, reaching = 6%
by days 8-10; they were then treated with pediatric doses of anti-
malarial drugs so as to be returned to the jungle 4 weeks later.

2.3. IFA and Western blot

The P. falciparum FCB-2 strain, kept in culture (O" RBC) accord-
ing to Lambros and Vanderberg’s method, was used [15]. 20% late
parasitemia cultures were air dried, fixed on slides, blocked with 1%
non-fat milk, incubated with two-fold sera dilutions (starting at 1:40),
washed and stained with anti-dotus IgG/FITC conjugate at 1:100
dilution and then read by fluorescence microscope.

The 20% late parasitemia saponine pellet, dissolved 1:5 in Laemm-
1i’s buffer, was electrophoretically separated, transferred to nitrocellu-
lose paper and incubated with 1:100 diluted pre-immune or immune
sera for Western blot analysis. The reaction was revealed with affinity
purified goat anti-Aotus 1gG-alkaline phosphatase conjugate.

2.4. Peptide synthesis

20 amino acid long peptides were synthesized by standard Solid
Phase Peptide Synthesis technique [16], purified by HPLC and char-
acterized by RP-HPLC and mass spectrometry, the expected theoret-
ical mass being found. CG was added at the peptides’ N- and
C-termini to allow polymerization by oxidation for use in immuniza-
tion studies. This procedure was carefully standardized to guarantee
the inclusion of high molecular weight polymers; some peptides were
also synthesized as dendrimers [17].

2.5. NMR

All NMR experiment samples were prepared by dissolving 10 mg
peptide in 500 pl 2,2,2,-trifluoroethanol-d;/H,O mixture (30/70 v/v)
[18]. 'H spectra were acquired on a BRUKER DRX-500 spectrometer
at 295 K. Proton spectra were assigned by double quantum filtered
correlation spectroscopy (DQF-COSY) [19] and total correlation spec-
troscopy (TOCSY) [20]. Inter-proton nuclear Overhauser effects
(NOEs) were determined by phase sensitive NOESY (NOE spectros-
copy) [21]. Assignments were done according to Wiithrich’s standard
procedure [22]. TOCSY spectra recorded at different temperatures
(285-315 K) were used to obtain amide temperature coefficients for
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predicting hydrogen bonds (—ASHN/AT <4). DQF-COSY spectra
spin coupling constants (*Jynpe) Were measured.

2.6. Structure calculations

Structure was determined by using a combination of distance ge-
ometry and simulated annealing (Molecular Simulations Inc., DGII
program and Discover programs, respectively). NOE peaks, selected
from 400 ms NOESY data sets, were integrated and converted into
distance restraints. These restraints were grouped as strong, medium
and weak corresponding to 1.8-2.5 A; 2.5-3.5 A; and 3.5-5.0 A
distance restraints respectively. Strong NOE intensities between the
two Prol8 H® protons (1.79 A) set the standard for relative intensity
calibration. Hydrogen bond constraints were introduced for low
amide temperature coefficients; only <4—ASHN/AT ppb/K were
used in structure calculations.

Distance ranges involving these likely NH..O hydrogen bonds were
set at 1.8-2.5 A between the residue acceptor oxygen (i-4) and the
residue donor amide hydrogen (i). The ¢ angle constraints derived
from 3Jynme Were restricted to —70 % 30° if 3Junpe < 6 Hz.

All peptide bonds were forced to trans and Co. chirality to L during
calculations. A non-bonded 8 A cut-off distance was used; no charges
nor cross terms were included. Only those structures having reason-
able geometry and low constraint violation were retained. The re-
strained simulated annealing protocol (Discover 2.98) consisted of
eight phases. These included raising the initial temperature to
1000 K for 12 ps in three phases. The system was then cooled to
300 K. Four energy minimization phases then followed: 100 steepest
descent cycles, 1000 conjugate gradient cycles (until maximum deriv-
ative was less than 0.1 for both of them), 100 steepest descent cycles
(until maximum derivative was less than 0.01) and 2000 conjugate
gradient cycles (until maximum derivative was less than 0.0001).

3. Results and discussion

3.1. Immunological and protectivity studies

Critical residues from conserved, high-activity, binding pep-
tides were replaced by amino acids with similar mass but
different charge to render these peptides immunogenic and
protective since conserved sequences are not antigenic, nor
immunogenic. This paper tries to correlate these immunolog-
ical results with their three-dimensional structure.

Amino acid changes made to 4337, their capacity to induce

Table 1
Humoral immune response and protective efficacy induced by 4337 and derived peptides in Aotus monkeys
Polimerized Peptide Sequence IFA IFA No. of
Peptide No. >1:160 >1:160  protected
Post 2nd Post 3rd monkeys
4337 WGEEKRASHTTPVLMEKPYY 0/5 0/5 0/5
(P)14044 YS—M————L ————— K————— 1/5(1:160)  1/5(1:320) 1/5
( D)22158 YS—M————L ————— K————— 4/10(1:160) - 5/10}GROUP A
22822HTTYS—M————L ————— K————= 1/8(1:1280) - ur
14048 YS—M———L ————— K—=M—W=— o6 2/6(1:320) 0/5 | GROuUPB
23776 YS—M————p ————— MM———— 06 1/6(1:320) 0/6
9200 G————— " ———————— ——— 0/6 0/6 o5
9202 W——G————————————— — — — o5 0/5 0/5
9204 Wee—————— G————— —_—— == 05 0/5 0/5
20472 W——M————————————— —— — 0/6 0/6 o/5
13814 YS—M———-M———————— ——— 0/6 0/6 0/5
13816 YS—-M————L ——————————— 0/6 0/4 0/4
14050 YSs—-M—M™——L—~—Ff———"—7———— WY 0/4 0/3 0/3 [GROUPC
24416 YS— M————LA———""MM———— o7 07 o/7
23408 YSTEM———H————— K—M——— om 0/9 0/9
23182 YS—M—F ~AH————— K—MP 0/8 0/8 0/8
2820HTTYS—E—f——H—f—————— K 0/8 0/8 0/8
22436 HT TWG—E—F————L ————— K—M 0/8 0/8 0/8
CONTROLS 0/50 0/50 0/50

14044 and 22158 have the same sequence and similar activity; this is due to 14044 being synthesized as a polymer (P) and 22158 synthesized as
a dendrimer (D). Peptide numbers given here correspond to those serial numbers used in our institute.
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antibodies as determined by IFA and their ability/inability to
induce protection are shown in Table 1.

Three peptides having a common amino acid sequence and
different forms of presentation were able to provide protec-
tion: 14044 (for which the three-dimensional structure was
determined) protected one out of five monkeys, with a 1:320
IFA titer after three doses. The same sequence in peptide
22158 synthesized as dendrimer fully protected five out of
10 monkeys with 1:160 antibody titer and with only two
doses. The same amino acid sequence, to which HTT was
added to the N-terminal sequence, in peptide 22822 protected
one monkey out of seven with a 1:1280 IFA titer with only
two immunizations. The specific W1Y, G2S, E4M, H9L and
M15K modifications (with or without extensions in the
N-termini, polymerized with cysteine or synthesized as den-
drimer) were thus able to protect seven out of 22 monkeys in
different assays. Assays included two peptides having different
formulations, but the same amino acid sequence. A third pep-
tide had the same amino sequence, elongated at the N-termi-
nal. 50 Aotus used as controls in the different experiments
were never protected.

Group B peptides (including peptide 14048 for which the
three-dimensional structure was determined) induced antibod-
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ies with three doses, in 1:320 titers but did not protect mon-
keys against experimental challenge, suggesting differences in
their IgG subclass or antibody affinity. Changes made to 4337
peptide analogues from group C were not immunogenic, nor
protective.

The antibodies induced by the 14044, 22158 and 22822 pep-
tides in the protected monkeys recognized either the whole
116 kDa precursor, the 83/90 kDa doublet and its 36 and
22 kDa cleavage product range, or just some of them by
Western blot analysis (Fig. 1).

It can be concluded from these experiments that antibodies
elicited by immunization with 14044, 22158 and 22822 pep-
tides recognized functional, native and secondary structures in
the AMA-1 protein, as assessed by protection, IFA and West-
ern blot analysis respectively.

3.2. NMR

The presence of typical o-helix fragments in peptides 14044,
14048 and 13814 is supported by dnn(i,i+1), deg(ii+3),
don(i,it3), den(i,it4) NOE connectivity and low amide pro-
ton temperature coefficients, as indicated by a in Fig. 2. The
latter data was used to determine hydrogen bond presence:
for peptide 14044 between K5 and L9 and A6 and T10; for
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Non Protected Protected monkeys

Fig. 1. Western blot analysis of P. falciparum schizont solubilized antigens showing protected Aotus sera reactivity with either the whole 116
kDa precursor, the 83/90 kDa doublet and its 36 and 22 kDa cleavage product range or just some of them. Pre-immune as well as non-pro-

tected sera are also shown.
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Peptide 14044 Y S E M K R A S
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L T T P V L K E K P Y Y

daN
dNN

doN(i,i+2)
doN(i,i+3)
dap(i,i+3)
daN(i,i+4)
“ASHN/AT
3JHNHq, o o

Peptide 14048
doN

Y 8§ E M K R A S

L T T P V L K E M P W'Y

dNN

doN(i,i+2)
daN(,i+3)
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“ASHN/AT
3JHNHq, e o

Peptide 13814 ¥ S E M K R A S

doN

M T T P V

dNN
doN(i,i+2)

daN(i,i+3)
doB(i,i+3)
d aN(i,i+4)
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3JHNHq, . o o

A

Fig. 2. Summary of sequential and medium range NOEs represented by lines whose thickness is proportional to their NOE intensity. Low HN
amide temperature coefficients are indicated by a and 3Jynp indicated by  for: peptide 14044, peptide 14048, and peptide 13814.

peptide 14048 between K5 and L9, R6 and T10, P12 and E16
and V13 and M17; and for peptide 13814 between K5 and
M9. Some long-range NOEs could be present (or not) in pep-
tide 13814 7-9 region, as a NOESY spectrum region was
found where there was signal overlap. It was decided to use
only that hydrogen bond defined by the coefficient of temper-
ature as very similar structures were defined in calculations
with and without these NOEs and with and without a hy-
drogen bond. Lead peptide 4337 is not shown in Fig. 2 as it
did not show any long-range connectivity, displaying all
the sequential signals characterizing a lineal or random pep-
tide.

A set of 50 structures was calculated for the 14044 peptide
using 163 distance restraints, two hydrogen bond restraints

and 19 o dihedral angle restraints. 11 of the 50 structures
which did not have distance violation larger than 0.37 A
nor dihedral angle violation greater than 1° were accepted.
These structures had 0.154 A root mean square deviation
superimposition value for the backbone atoms (in red, Fig.
3, left panel). Six structures were then selected on the basis of
lowest total energy and agreement with experimental data
(Fig. 3, right panel). Kabash and Sander’s program [23] was
used to provide clearer analysis of how helical fragments were
defined in the peptides. Structures were helical for peptide
14044 between residues 5 and 10 (corresponding to shaded
area in Table 2).

Results of structure calculations for peptides 14048 and
13814 are also shown in Table 2. If those structures defined

Table 2
Summary of structure calculation results
Peptide Peptide sequence NOEs Rmsd Maximum Maximum Immuno- Protection
No. No. of structures superimposed / 50 used A NOE Angular genecity
(helical segments shaded) ViolationsA Violations®
4337 WGEEKRASHTTPVLMEKPYY - -
*q
14044 11 wT PVLKEKPYY 163 0,154 0,37 1 + +
14048 27 MP WY 197 0,156 0,35 1.6 + -
13814 16 TTPVLMEKPYY 218 0439 0,40 2,9 - -
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PEP13814

PEP14048

Fig. 3. Peptide 13814 (non-protective, non-immunogenic), 14048 (immunogenic, but non-protective) and 14044 (immunogenic and fully protec-
tive) structure. Left: Backbone representation of the same peptides. The core where the main modifications were made is in red. Right: Ribbon
representation of the same fragment. Color code: A7 fuchsia; S8 red; L9 (14044, 14048), M9 (13814) pale blue; T10 dark blue; T11 pink; P12
brown; V13 white; L14 yellow; and K15 (14044, 14048), M15 (13814) green.

for peptides 14044 and 14048 are compared, a helical frag-
ment similar to residues 6-9 can be seen. Amino acid replace-
ments in peptide 14048 K17M and Y19W residue C-terminal
sequences helped to define a second helical fragment corre-
sponding to residues 13-16. A helical tendency appeared in
this peptide; but, the presence of proline in position 12 in the
middle of the helix produced a kink, causing a small turn
structure in residues 10-12.

It can be observed (Fig. 3, right panel) that in the 14044

immunogenic and protective peptide (W1Y, G2S, E4M, HOL
and M15K modifications) the o-helix extends from K5 to
T10, maintaining high flexibility for the rest of the molecule.
In the immunogenic, but non-protective 14048 peptide (W1Y,
G2S, E4M, HI9L, M15K and K17M modifications) there are
two helical portions (R6-M9 and V13-E16), dramatically re-
ducing the peptide’s flexibility. In the non-protective, non-
antigenic 13814 peptide (W1Y, G2S, E4M and H9M modifi-
cations) the o-helix goes from E3 to M9.
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We have tried to correlate those differences observed in
peptides’ three-dimensional structure with immune response.
It can be observed that the changes in critical amino acids led
to conformational changes respecting native peptide possess-
ing random structure whilst helical fragments could be seen in
modified peptide. Our data suggests that a small helix in pep-
tide 14044 central region simultaneously produces antibodies
and also induces protection against P. falciparum experimen-
tal challenge of Aotus monkeys. In turn, this suggests a certain
degree of flexibility in the peptide thus enabling it to bind to
major histocompatibility complex—T-cell receptor (MHC-
TCR) immune system molecules. We have also observed
that this protection is lost when a peptide is less flexible
(14048) or when it has a helix in another region in the se-
quence (13814).

Although side chain conformation reliability is limited by a
relatively high conformational freedom, differences in the res-
idues’ relative spatial assignment are clearly seen. Our data
shows clear differences between peptides beginning in residue
A7 through residue 15, where the main changes were made in
the core of all peptides (Fig. 3, right panel). The modification
site and the concomitant change of configuration thus become
critical steps in the process of inducing appropriate immune
responses.

This data strongly suggests that amino acid changes, as well
as the relative residue orientation, may account for a better
interaction with immune system molecules possibly repairing
MHC-TCR interface defects.

Supporting our findings, it has recently been found that:
modifications to an antagonist peptide were able to convert it
into an agonist one, repairing the defect in the TCR—peptide—
MHC-interface [24]; that positive selection of CD4" T-cells
was induced in vivo by agonist peptides whilst inhibited by
antagonist ones [25]; and that some modifications are more
potent than the wild type peptide [26], as we have shown here
and in a previous paper [13]. It has also been shown that this
type of modification is able to induce improved anti-tumor
immunity against AH1 colon-rectal carcinoma, stabilizing
this interface [27].

Our previous work and this paper strongly suggest that a
way to trigger an appropriate immune response is to specifi-
cally modify conserved, non-immunogenic (antagonist) pep-
tides in specific places (critical binding residues) to render
them immunogenic and protective (full agonist). This in
turn would facilitate the development of rational methodology
for obtaining multi-component subunit-based synthetic malar-
ial vaccines.
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