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Modified HABP (mHABP) regions interacting with HLA-DRB1* molecules have a more restricted confor-
mation and/or sequence than other mHABPs which do not fit perfectly into their peptide binding regions
(PBR) and do not induce an acceptable immune response due to the critical role of their @ and ¥ torsion
angles. These angle’s critical role was determined in such highly immunogenic, protection-inducing
response against experimental malaria using the conformers (mHABPs) obtained by "H-NMR and super-
imposed into HLA-DRB1*-like Aotus monkey molecules; their phi (@) and psi (¥) angles were measured
and the H-bond formation between these molecules was evaluated. The aforementioned mHABP propen-
sity to assume a regular conformation similar to a left-handed polyproline type II helix (PPII;) led to sug-
gesting that favouring these conformations according to their amino acid sequence would lead to high
antibody titre production and sterile protective immunity induction against malaria, thereby adding
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new principles or rules for vaccine development, malaria being one of them.
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1. Introduction

Unfortunately, a long-expected and sought-after vaccine
against Plasmodium falciparum malaria parasite blood stages has
yielded disappointing results to date [1-4], thereby highlighting
the molecular and biological complexity of this parasite that causes
around 200 million cases and 1.2 million death a year [5]. Almost
all vaccine candidates consist of biologically-derived products
using recombinant proteins, DNA, vector-based fragments inserted
in viruses, bacteria or minimal parasite doses [3,4].

SPf66 was the first multi-epitope, multistage, minimal subunit-
based, chemically-synthesised antimalarial vaccine (developed
25 years ago) that provided sterile protective immunity in the Ao-
tus experimental model [6], human challenges [7] reaching phase
Il large-scale field-trials in different parts of the world [8-10].
Since then we have insisted that the most reliable and expeditious
approach to a logical and rational methodology for vaccine devel-
opment is a complete and deep understanding of the P. falciparum
malaria parasite and the human host’s immunological system (at
subatomic level if possible) due to their tremendous complexity.
This manuscript was thus aimed at furthering new principles and
updating rules for this purpose.

Our institute’s 32 year’s experience in this field has thoroughly
shown that identifying aminoacid sequences derived from the
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most relevant proteins involved in merozoite binding to and
invasion of red blood cell (RBC) is the first step in the recognition
of epitopes to be included as minimal subunit components in a
fully-protective vaccine [11]; such aminoacid sequences have been
named high activity binding peptides (HABPs). We have also
shown that conserved HABP (cHABP) critical binding residues
(CBR) have to be replaced by others having similar mass and vol-
ume but opposite polarity to induce a protective immune response
(CBR binding capacity drops by >50% when replaced in a glycine
analogue scanning test) [12]. CBR establishing H-bonds with other
cHABPs in the same protein [11,13] or with receptor molecules on
target cells to be infected by this route must also be replaced [14].

These modifications have led to a better fit into major histocom-
patibility complex class II (MHCII) molecules, also named HLA-DR,
DQ, DP in humans or Ao-HLA-like in Aotus monkeys (displaying
90-100% similarity with their human counterparts [15]) forming
the peptide-MHC complex (pMHC) to be presented to T-cell recep-
tor (TCR) molecules and thus establish an appropriate MHCII-p-
TCR complex to properly induce an effective immune response
[16].

Extremely well thought-out, elegant work (at atom level) by
several groups using X-ray crystallography to determine class Il
or HLA-DR molecule 3D structure [17-20], the MHC-p-TCR com-
plex [21-23] and the conserved residues interacting amongst them
[24,25] has led to better understanding of physical and chemical
rules for antigen presentation and the corresponding immune
responses.
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Our ongoing search for such logical and rational methodology
during the last 15 years has resulted in high antibody titres and
sterile protective immunity being elicited in the Aotus monkey
(an appropriate experimental model as it is highly susceptible to
human malaria); and the 3D structure of ~150 cHABPs and their
corresponding modified HABPs (mHABPs) being determined by
'H NMR and this, in turn, has led to fundamental principles and
rules being established for effective vaccine development [26].

Our group has very recently identified mHABP stereo-electron
effect differences in mHABPs [27]; this manuscript thus describes
further physical-chemical characteristics for these highly immu-
nogenic and protection-inducing mHABPs in which their peptide
bond phi (@) and psi (¥) dihedral angles have been seen to be very
relevant in terms of their 3D structure. This allows an appropriate
fit into HLA-DR molecules, thereby eliciting high antibody titres
and sterile protective immunity against malaria, thus providing
new and complementary physical-chemical rules for vaccine
development at subatomic level.

2. Materials and methods

Monomer and polymer cHABPs (in parenthesis, not in bold) or
mHABPs (shown in bold) produced by following Merrifield’s classi-
cal peptide synthesis methodology [28] and numbered according
to our institute’s serial numbering system have been thoroughly
described [26]. Immunological studies, such as immunofluorescent
antibody (Ab) test (IFA) and Western blot (WB) analysis, have been
performed with sera from Aotus monkeys immunised with poly-
mer HABPs [26,29-31]. The monkeys were kept in FIDIC’s field-
station in the Colombian Amazon Jungle (legal permits having
been granted by the Colombian government environmental
authorities INDERENA and CORPOAMAZONIA since 1984, the last
Nr 0266 being issued in December 2010) and maintained according
to National Institute of Health guidelines for animal handling. They
were constantly supervised by CORPOAMAZONIA officials when in
captivity and returned to the jungle after the experiments finished,
in excellent conditions of health.

The 'H NMR structure of mHABP apical merozoite antigen-1
(AMA-1) 10022 (4313) [31], merozoite surface protein 2 (MSP-2)
24112 (4044) [29] and merozoite surface protein 1 (MSP-1)
10014 (1585) and their ability to bind to purified HLA-DR mole-
cules have been described in the aforementioned references; they
have all been derived from very relevant proteins involved in RBC
invasion [30].

A group of conformers obtained by 'H NMR was analysed using
INSIGHTII (ACCELLRYS Inc, software, USA); those having the lowest
energy, displaying the HLA-DRB1binding motifs and binding regis-
ters were chosen [32]. They have been indicated by our serial num-
ber followed by a dot (Fig. 2). Their @ and ¥ angles as measured in
the '"H NMR spectra were exported in format .wrl, to be rendered in
3D studio MAX Auto desk (Autodesk Inc.).

The following HLA-DRB1* molecule’s 3D structure previously
determined by X-ray crystallography was modified by molecular
dynamics according to the Aotus DR (AoDR-like) differences de-
scribed by Suarez et al. [15]: HLA-DRB1*0301 (PDB code Nr.
1A6A) [17], HLA-DRB1*0401 (PDB code Nr. 1J8H) [18] and HLA-
DRB1*0101 (PDB code Nr. 1DLH) [19].

3. Result and discussion
3.1. Immunological studies
It has been thoroughly demonstrated that cHABP critical bind-

ing residues have to be specifically modified (mHABPs) to turn
them into highly immunogenic and sterile immunity-inducing

peptides [12-14,26,27] and that such aminoacid replacements
modify their 3D structure (Fig. 1B), thereby inducing a change in
their random coil structure, as in 4313 involving type Il distorted
B-turn in 10022.43, or changing classical type IlI-turn in 4044 into
type III distorted B-turn in 24112.39 or displacing the o-helical
structure in 1585 five residues backwards in 10014.35.

Such structural modifications have led to very clear biological
differences allowing them to bind with high capacity to some allele
molecules encoded by the HLA-DRB1* region to induce high anti-
body titre production in Aotus monkeys, as assessed by IFA
(Fig. 1C). The parasite’s organelles from which these protein’s ami-
noacid sequence were derived has also been recognised, i.e. micro-
nemes and merozoite membrane recognised by AMA-1 protein
anti-10022.43 and merozoite membrane recognised by anti-
24112.39- and 10014.35-induced mHABP MSP-2 and MSP-1,
respectively (Fig. 1C).

These antibodies also recognised molecules having the same
molecular weight as the proteins from which their corresponding
native amino acid sequence was derived, as assessed in some mon-
keys by WB (Fig. 1D) and thoroughly described elsewhere
[12,26,29-31]. More importantly, they were able to induce sterile
protective immunity against experimental intravenous challenge
with 100,000 infected RBC freshly obtained from another Aotus in-
fected with the highly-infective Aotus-adapted P. falciparum FVO
strain (Fig. 1E). Controls and non-protected monkeys rapidly devel-
oped very high parasitaemia that required prompt treatment.

Such data, corroborated in hundreds of experiments [12,26], has
clearly demonstrated that inducing sterile protective immunity re-
quires cHABPs to be specifically modified into mHABPs, as has been
thoroughly demonstrated.

Replacements in these peptides has altered their binding capac-
ity to purified HLA-DRB1* molecules while all cHABPs in this study
did not bind to the purified class II molecules reported here but
mHABPs did so. 10022 thus bound with ~42% capacity to the
HLA-DRB1*0701 molecule but also displayed HLA-DRB1*0302
binding registers and motifs [26] which is why the latter was cho-
sen for interaction studies. 24112 bound with high capacity (53%)
to HLA-DRB1*0401 [26] and 10014 bound to HLA-DRB1*1101 (61%)
but also displayed HLA-DRB1*0101 binding motifs and registers
[26], the latter thus being chosen for superimposition analysis
(Fig. 1B).

The 3D structure of cHABPs and their corresponding mHABPs
was analysed by 'H NMR in the search for a logical and rational
methodology for vaccine development to identify the physical-
chemical rules determining their immunological outcome. This
study thus endeavoured to identify further physical-chemical
characteristics adding new rules or principles to previously deter-
mined ones [12,26,27].

Since distances are critical in these peptides’ binding to HLA-
DRpB1* molecules, the inter-atomic distances between the most dis-
tant atoms fitting into HLA-DRB1* molecule pockets from 1 to 9
was determined, showing that 10022 had a 26.66 A distance,
24112 had 26.84 A and 10014 had 26.66 A, thereby allowing them
to fit perfectly into class Il molecule’s essential pockets (P1, P4, P6,
P9) (Fig. 2A, D, G showing mHABP backbone atoms and peptide
bonds planes).

3.2. Critical role of @ and ¥ angles

The 3D structure of 10022.43 mHABP displayed two left-
handed polyproline II-like helix (PPII,) regions (Fig. 2B, highlighted
in green), the first from position (p) one (p1) in the aminoacid se-
quence containing the HLA-DRB1*0302 molecule binding motif
and binding register spanning p1F to p4S (from this point onwards,
amino acids will be referred to by their single-letter code), having
—140.2° to —62.4° @ (PPII, helix range: —93° + 25°) and ¥ dihedral
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Fig. 1. (A) Schematic representation (approximate proportions) of the most relevant merozoite proteins (in bold) coloured according to the colour code given below, with
their molecular weights (MW) in kDa and their accession numbers in the P. falciparum genome. The localisation of cHABPs (black bars) shown in this manuscript is given in
enlarged numbers. (B) cHABP and mHABP amino acid sequence from AMA-1, MSP-2 and MSP-1 (CBR and amino acids are shown in bold), including each peptide’s structural
features elucidated by "H NMR. IFA Ab titre is the maximum sera dilution shown in parenthesis in the number of monkeys immunised with the corresponding peptide. II;5
and Il represent bleeding 15 or 20 days after 2nd (II) or 3rd (III) immunisation. Prot: total number of Aotus monkeys fully protected against intravenous challenge by
freshly-obtained 100% infective Aotus-adapted P. falciparum FVO strain. HLA-DRB1* binding capacity means peptide ability to compete with reference peptide and displace its
binding capacity to the purified HLA-DRB1* molecules; ~50% binding (shadowed) was considered highly positive. (C) IFA pattern recognised by Aotus sera in P. falciparum
schizonts: anti-10022 displayed a microneme (large dot) as well as a membrane fluorescence pattern; anti-24112 and anti-10014 displayed classical merozoite membrane
reactivity. (D) Western blot (WB) analysis with mature schizont lysate displaying reactivity with molecules corresponding to the MW of the protein from which the cHABP
aminoacid sequence was derived and their processing products. (E) The course of parasitaemia levels on a semi-logarithmic scale in monkeys immunised with corresponding

peptides.

angles from +131.1° to 95.5° (PPII; helix range: +135° £ 15°) and a
second PPII; from p6 K to p9 V having from —137.2° to —62.7° @
angles and +127.0° to +84.1° ¥ angles (Fig. 2B). Some angles were
slightly distorted in some regions, but very close to PPII; helix
canonical structure formed by three residues per turn and 9.07 A
per pitch, and no H-bonds were established [33-35].

This conformation allowed 10022.43 mHABP 3D region (deter-
mined by '"H-NMR) to almost fit perfectly into the HLA-DR$1*0302
structure (determined by X-ray crystallography) (Fig. 2C).
Although experimentally displaying high HLA-DRB1*0701 and
low HLA-DRB1*0301 purified molecule binding capacity, it has to
be kept in mind that while this allele displays the 86 V dimorphic
sequence in pocket 1 in ~50% of humans (allowing large apolar
residues like L, I and V to fit), >90% of HLA-DRB1*03 molecules in
Aotus monkeys display the B86G dimorphism in the same pocket,
allowing aromatic residues such as F, W and Y, to fit, thereby
allowing phenylalanine (F) to fit into P1 in Aotus monkeys. The
other 10022 replacements in this region (Hp2L and Sp7C) con-
cerned residues pointing away from this class II molecule’s
peptide-binding region (PBR), probably making contact with the TCR.

Superimposing 10022.43 onto the HLA-DRB1*0302 molecule
without any further refinements allowed the spontaneous forma-
tion of 6 H-bonds (<4.0 A distance) and 2 van der Waals (vdW)
interactions (<5.0 A cut-off distance) (Fig. 2C and Table 1) where
the NB82 HLA-DRB1*0302 lateral chain atoms established a 9-
membered ring bidentate H-bond [36] with p2H; this was similar
to that established between Na69 with p7S, p9V and p8P, being
quite similar to the canonical H-bonds established for HLA-DRB1*

molecules in the elegant work by Jardetsky et al. [37]. Qu9,
Na62, and NB71 established only one H-bond each with p4S,
p6 K and p5G backbone atoms, respectively; the other bonds re-
quired for bidentate ring conformation between Qo9 and Nw62
had >5.0 A and have not been displayed in Fig. 2C. This partial dif-
ference in distance could have been due to the superimposition of
these two structures, as determined by two different methodolo-
gies ("H NMR in solution for mHABP 10022.43 and X-ray crystal-
lography for HLA-DRB1*0301), or slight structural differences
between Aotus HLA-DRB1* molecules and human HLA-DRB1*
proteins.

Two consecutive PPIlj-like regions were identified in the
24112.39 conformer from p4V to p9 M (Fig. 2E, highlighted in
green), having @ angles ranging from —155.9° to —81.6° and ¥ an-
gles ranging from +125.3° to +87.5° (PPII, helix range as described
above) with only p5I not completely fulfilling the ¥ angle range.
This conformer led to establishing bidentate H-bonds with corre-
sponding atoms from mHABP 24112.39 (Table 1) when superim-
posed on the HLA-DRB1*0403 3D molecule, modified according
to Aotus monkey’s amino acid sequence. Replacing LB61W in the
Aotus (yellow in the HLA-DRB1*0403 blue B ribbon, Fig. 2F) in-
volved molecular modelling with a conjugate gradient algorithm
to minimise energy [15,16]; these differences in volume
(166.7 A® cf 227.8 A%) and surface (170 A% versus 255 A?) could
probably have accounted for this interaction’s longer distance
(422 A).

mHABP 10014.35 bound to HLA-DRB1*1101 with high capacity
(61%) and very poorly to HLA-DRB1*0101, displaying the binding
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Fig. 2. Left panel: A, D and G, AMA-1-, MSP-2- and MSP-1-derived mHABPs displaying their lowest energy conformer 3D structure (respectively) as determined by 'H NMR,
named according to our institute’s serial number followed by a dot, and their Angstrom distance (A) between the most distant atoms fitting into pockets 1-9 of HLA-DRB1*
molecules. Central panel: B, E and H corresponding conformer (@ and ¥) dihedral angle measurements, highlighting the PPII; (green) and the oL (yellow) regions. Right
panel: Superimposition of mHABP backbone 3D structure (assessed by 'H NMR) onto HLA-DRB1* molecules (determined by X-ray crystallography) displaying the H-bonds
established between the peptide’s backbone and HLA-DRB1* lateral chain atoms measured in Angstroms (A). (C) Top view of 10022.43 superimposed onto HLA-DRB1*0302
(modified from PDB code 1A6A) (F) 24112.39 superimposed onto HLA-DRB1*0401 (PDB code 1J8H) I) 10014.35 superimposed on HLA-DRB1*0101 (modified from PDB code
1DLH). B-chain is shown in pink ribbon and B-chain in pale blue ribbon. H-bonds are shown in silver chains with their ‘corresponding distances.

motifs and binding registers characteristic for these two human al-
leles, only the binding registers being displaced four residues up-
stream for HLA-DRB1*0101, as has been described by others [38].
However, it must be born in mind that this allele has very low fre-
quency in such monkeys (<5% Aotus population); identifying the
few mHABPs displaying this binding characteristic is thus of prime
importance.

10014.35 displayed a typical PPII; region spanning from p2H to
p4P with characteristic @ and ¥ torsion angles from —149.7° to
—88.7° for the former and +102.5° to +88.6° for the latter, three res-
idues being involved in this structure. This mHABP displayed a
short left-handed o-conformation (aL) from p7G tp p9Y as de-
scribed [33-35], having @ angles +65.1° to +36.5° and +48.6° to
+31.2° for ¥ (Fig. 2H, shown in yellow), being close to this region’s
values (+60.7° @, +52.4° ¥ and >4 residues) [39], suggesting that

peptides having dihedral torsion angles different to PPII; could also
participate in peptide-MHCII complex formation (Fig. 2H).

When 10014.35 was superimposed it spontaneously estab-
lished 6 H-bonds and 1 vdW interaction with the HLA-DRB1*0101
molecule (Fig. 21 and Table 1) via three canonical bidentate H-
bonds between NB82 lateral chain atoms and p2H backbone atoms,
Qo9 and p4N and Na69 and p7G and p9Y. One single H-bond was
established between W61 and p9Y, as classically defined. The dis-
tance between No62 and p6A was too large to be considered as a
stabilising interaction, but no molecular modifications were per-
formed in the human HLA-DRB1*0101 molecule according to
Aotus-DR-like differences, due to several aminoacid differences in
the HLA-DRB1*B chain.

The impact of @ and ¥ dihedral angles on the appropriate ori-
entation of mHABP backbone atoms and their 3D conformations to
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Table 1

Distances measurements are given in Angstroms (A) for mHABP backbone atoms and
their corresponding HLA-DRB1* lateral chain atoms involved in H-bonds or vdW
interactions.

P1 P9

A. DAEVAGTQYFHPSGKSPVFG

HLA-DRB1x0302 10022.43 Distance A
Np82:081 HN:H2 2.95
NpB82:Hs22 0:H2 2.88
Qu9:0¢1 HN:S4 1.25
No62:HN&2 0:K6 2.96
No69:HNs2 0O:P8 4.49
No69:HN51 0:57 3.95
No69:051 HN:V9 2.99
NpB71:HH21 0:G5 4.82

B. SKYSNTFNINAYNMVIRRSM

HLA-DRB1x0403 24112.39 Distance A
NB82:051 HN:N2 2.75
Np82:Hs21 0:N2 3.99
Np82:H821 0:Y1 2.93
Qu9:0¢1 HN:V4 2.55
Qu9:He21 0:vV4 0.65
No62:Hs21 O:R6 4.22
Lo61:H312 0:M9 2.71

C. EVLYHVPLAGVYRSLKKQLE

HLA-DRB1x0101 10014.35 Distance A
Np82:051 HN:H2 3.90
Np82:Hs22 0:H2 341
Qu9:He22 N:P4 3.57
Qu9:He21 0:P4 3.28
No69:H822 0:G7 3.28
No69:081 HN:Y9 2.95
Wp61:Hel 0:Y9 3.55

allow the spontaneous formation of 7-8 canonical H-bonds and
vdW interactions with HLA-DRB1* lateral chain atoms can be
clearly seen. This would partly explain the high immunogenicity
and protective immunity induced by these mHABPs, suggesting
that such structural characteristics form the basis for new rules
or principles required for sterile immunity to become induced
and, when taken together with the previously published ones,
are fundamental for vaccine development [11-14,26,27], malaria
being one of them.
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