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MHC allele-specific binding of a malaria peptide makes
it become promiscuous on fitting a glycine residue into pocket 6
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Abstract

Peptide 1585 (EVLYLKPLAGVYRSLKKQLE) has a highly conserved amino-acid sequence located in the Plasmodium falci-
parum main merozoite surface protein (MSP-1) C-terminal region, required for merozoite entry into human erythrocytes and
therefore represents a vaccine candidate for P. falciparum malaria. Original sequence-specific binding to five HLA DRBI1* alleles
(0101, 0102, 0401, 0701, and 1101) revealed this peptide’s specific HLA DRB1*0102 allele binding. This peptide’s allele-specific
binding to HLA DRB1*0102 took on broader specificity for the DRB1*0101, -0401, and -1101 alleles when lysine was replaced by
glycine in position 17 (peptide 5198: EVLYLKPLAGVYRSLKG;QLE). Binding of the identified G;()VYRSLKGQLE,, C-ter-
minal register to these alleles suggests that peptide promiscuous binding relied on fitting Y5, L;s, and Gy; into P-1, P-4, and P-6,

respectively. The implications of the findings and the future of this synthetic vaccine candidate are discussed.
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A T-cell response requires multiple engagement of the
T-cell receptor on T-cells with major histocompatibility
complex (MHC) molecules binding ligands on the sur-
face of antigen presenting cells (APC). Whereas MHC
class II molecules sample peptide antigens in profes-
sional APC endocyte pathway to present them to T
CD4" helper cells [1], MHC class I molecules present
peptides generated in the cytosol to T CD8* cytotoxic
cells [1]. The key role of MHC molecules in restricting T-
cell immune response relies on structural features of
each allele’s peptide binding region (PBR). Subtle dif-
ferences in primary PBR amino-acid sequence (encoded
in exon 2) dictate the fine specificity of MHC alleles for
binding processed peptides [2].

Crystallographic analysis of MHC class 11 molecules
showed that the peptide binding groove constituted by
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ol and B1 chain domains is open at both ends [3]. This
structural work led to the prediction that class I com-
pared to class I molecules (whose binding groove is
closed at both ends) [4] would bind longer peptides.
Despite recent studies suggesting that some contact
residues outside the peptide binding groove may con-
tribute towards binding [5], a large body of evidence has
indicated that a class II molecule binding motif is made
up of nine residues all lying in the groove. Structural
features of pockets P-1, P-4, P-6, and P-9, and to lesser
extent P-7 [3], have been determined by both structural
and functional studies of MHC class II molecules in-
teracting with peptides in vitro [6]. The information
gathered from all these studies has led to peptide bind-
ing motifs for different class II alleles being clarified [7].

Peptide-based vaccines represent an important alter-
native for microbe-based vaccines to be used in immune-
prophylaxis of infectious diseases, due to simplified
manufacturing low cost and their ability to elicit strong
immune responses against whole microbes. The genetic
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restriction of the immune response has represented an
important bottleneck for designing universal synthetic
vaccines, due to the extreme polymorphism of MHC
molecules. The ideal Th epitope would be “universal,”
meaning that they would be capable of interacting with
a large number of class II molecules. The rules govern-
ing MHC-peptide binding have been identified through
a combination of structure determination [3], library
screening [7], and computational analysis [8]. The recent
input of informatics to the field has enabled predicting
allele CD4" T-cell epitopes (where direct structural or
binding data are lacking) with encouraging results [8,9].

Both genetic restriction of the immune response to
parasite antigens and antigenic variation have hampered
identifying peptide epitopes to be used in a malaria
vaccine, due to immune pressure biasing the immune
response towards highly variable regions of parasite
antigens [10]. Peptide 1585 (EVLYLKPLAGVYRSLK
KQLE) has a highly conserved amino-acid sequence
located in the P. falciparum merozoite surface protein
(MSP-1) C-terminal region [11]. Other studies have
proved that 1585 harbors a binding motif important for
binding P. falciparum merozoites to human erythrocytes
[12], to be a T-cell epitope in humans [11] and, when
used as a vaccine this peptide’s modified analogues have
elicited high antibody titers that protected Aotus mon-
keys from challenge with a highly infective dose of P.
falciparum [13]. Despite all these data suggesting that
this peptide sequence deserves to be included as a sub-
unit in a synthetic vaccine candidate specific for P. fal-
ciparum merozoite stage this peptide’s specific binding to
MHC molecules has yet to be determined.

In this work peptide 1585 specific binding to five HLA
DRBI1* alleles was explored by using purified molecules
and peptides in in vitro competition assays. High specific
HLA DRBI1*0102 allele binding for this peptide was
revealed when studying the original 1585 sequence
specificity for five HLA DRBI1* alleles. However, the
original sequence’s specific HLA DRB1*0102 binding
became promiscuous binding to the other three alleles
examined when a single lysine amino-acid was replaced
by glycine in position 17 in the original sequence (peptide
5198: EVLYLKPLAGVYRSLKGQLE). The binding
data from anchoring residues located towards the C-
terminal in 5198 peptide suggest that Gy fitting into P-6
is required for P-1 and P-4 promiscuous binding to all
four alleles.

Materials and methods

Peptides. Synthetic peptides included in this study were synthesized
by the multiple-solid-phase technique, using tert-butoxycarbonyl (Boc)
strategy as previously described [14]. They were then purified by re-
verse-phase HPLC on a C18 LiChrospher column (Merck, Germany).
The products were assessed by analytical high performance liquid
chromatography (HPLC) and mass spectrometry (MALDI-TOF).

Biotinylated HA;06 315 (PKYVKQNTLKLAT), 1585 (EVLYLKPLA
GVYRSLKKQLE), and Gly-Phe-Lys—(Ala); [GFK(A);] indicator
peptides, used for HLA binding and competition experiments, were
synthesized by using biotin derivative sulfo-NHS-LC-Biotin (Pierce
Chemical, Rockford). This derivative incorporates a six carbon-spacer
long chain to increase the distance between the biotin moiety and the
peptide. Biotin was coupled by following the standard solid-phase
peptide synthesis coupling procedure; its efficacy was evaluated by
the Kaiser test and standard enzyme linked immunosorbent assay
(ELISA).

HLA-DR molecule affinity purification. Human molecules were
purified from DR1, WTI100BIS (DRBI1*0101); DRI, LWAGS
(DRB1*¥0102); DR4, BSM (DRB1*0401); DR7, EKR (DRB1*0701);
and DR11 BM21 (DRBI1*1101) homozygous EBV-B cell lysates by
affinity chromatography [15] using anti-HLA-DR mAb L-243 cross-
linked to protein A—Sepharose CL-4B (Amersham—Pharmacia Biotech
AB) as affinity support. Cells were lysed at 108 cellsml~! density on ice
for 60min in 1% (v/v) Nonidet P-40, 25mM iodoacetamide, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 10 ugml~! of each of the
following: soybean trypsin inhibitor, antipain, pepstatin, leupeptin,
and chymostatin in 0.05 M sodium phosphate buffer, 0.15M NaCl, pH
7.5. Nucleic acids and debris were cleared from lysates by spinning at
27,000g for 30 min. After 0.2 volumes of 5% sodium deoxycholate
(DOC) was added to the supernatant and mixed for 10 min, the lysate
was centrifuged at 100,000g for 2 h and subsequently filtered through a
0.45 pm membrane. Lysates were first passed over a Sepharose CL-4B
pre-column and subsequently over the A Sepharose-mAb L-243 pro-
tein column for class II molecule affinity purification. The affinity
column was then washed with: (i) 20 column volumes of 50 mM Tris—
HCI, pH 8, 0.15M NaCl, 0.5% NP-40, and 0.5% DOC; (ii) 5 column
volumes of 50mM Tris-HCI, pH 9, 0.5M NacCl, 0.5% NP-40, and
0.5% DOC; and (iii) 5 column volumes of 2mM Tris-HCI, pH 8, 1%
octyl-B-D glucopyranoside (Sigma, St. Louis). HLA-DR molecules
were eluted with 0.05M diethylamine in 0.15M NaCl, pH 11.5, con-
taining 1% octyl-B-p glucopyranoside, | mM EDTA. The eluate was
immediately neutralized with 1/20 volume of 1M Tris/HCI, pH 6.8.
Preparations were kept in aliquots at —70 °C until use.

Direct binding assay. Peptide HLA-DR molecule binding was an-
alyzed using methodology described by other authors [16,17] and
modified by ourselves, as well as by ELISA-based assay using bioti-
nylated-labeled peptide 1585 (EVLYLKPLAGVYRSLKKQLE) for
all HLA-DR assays and biotinylated-labeled hemagglutinin HA304 315
(PKYVKQNTLKLAT) peptide for DRB1*0101. Both peptides were
+N-terminally labeled with sulfo-NHS-LC-Biotin (Pierce Chemical,
Rockford, IL). Purified HLA-DR molecules were diluted in freshly
prepared binding buffer containing 100mM citrate/phosphate buffer
(pH 7), 0.15mM NaCl, 4mM EDTA, 4% NP-40, 4mM PMSF, and
40 pgml~! of each of the following: soybean trypsin inhibitor, antipain,
leupeptin, and chymostatin. Ninety microliters of HLA-DR molecules
(0.1 uM) was added to Eppendorf tubes together with 30 ul biotiny-
lated-labeled peptide (5uM) in DMSO:PBS (1:4). After 24h of incu-
bation at room temperature, the peptide/class II complexes were
transferred to ELISA well plates (Nunc-Immuno Modules Maxisorp
Loose Brand product, Denmark), which had been coated with a
10pgml™' anti-HLA-DR mAb L-243 solution and subsequently
blocked with PBS containing 5% bovine serum albumin. After 2h
incubation at room temperature, plates were washed with PBS, 0.05%
Tween 20. After incubation with alkaline phosphatase-labeled strep-
tavidin (Vector Laboratories, Burlingame, CA), labeled peptide/HLA-
DR complexes were revealed with 4-nitrophenylphosphate substrate
(Kirkegaard and Perry Laboratories. Maryland, USA). A Titertek MC
Multiscan ELISA reader (Labsystems, Franklin, Mass) with 405 nm
filter was used for determining peptide binding to HLA-DR molecules
by measuring the optical densities (OD). The amount of peptide bound
was normalized to the maximum observed binding.

The Kp values for the HLA DRB1*¥0102 and DRB1*0101 bioti-
nylated peptide 1585 and HAjp 315 complex were determined by
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binding assay, as described above, with varying concentrations of
peptide (10~°-100 uM). K, was determined by fitting the values of the
curve into a quadratic binding equation.

Relative binding affinities were determined for other peptides by
competition assay. ICsy values were calculated and converted to Kp
values by using the equation, Kp = (ICs)/(1 + ([biotinylated peptide]
/KD, biotinylated peplide))-

Peptide-binding competition assays. Peptide binding competition
assays were conducted to measure unlabeled peptide ability to compete
with biotinylated indicator peptides for binding to purified HLA-DR
molecules. The experiments were performed by using unlabeled mixed
peptide excess, as described for the direct binding assay. A Titertek
MC Multiscan ELISA reader (Labsystems, Franklin, Mass) with
405 nm filter was used for determining peptide binding to HLA-DR
molecules by measuring the optical densities (OD) in the presence
versus the absence of competitor peptide. Inhibition was calculated as
a percentage by using the formula: 100 x [1 — AOD in the presence of
competitor/AOD in the absence of competitor peptide]. According to
this assay, a good competitor was a peptide which was capable of
inhibiting more than 50% of the indicator peptide’s binding to the
HLA molecule being tested.

Dissociation assays. The biotinylated complex was prepared as de-
scribed in the direct binding assay section. Dishes were left to stand for
2h and then washed with fresh 0.05% Tween-PBS. Aliquot samples
were taken at determined periods of time (each 6 h) and put into ELISA
well plates (Nunc-Immuno Modules Maxisorp Loose Brand product,
Denmark) for different periods of time (72, 48, 36, 24, 12, and 0 h). After
incubation with alkaline phosphatase-labeled streptavidin (Vector
Laboratories, Burlingame, CA), labeled peptide/HLA-DR complexes
were revealed with 4-nitrophenylphosphate substrate (Kirkegaard and
Perry Laboratories. Maryland, USA). Peptide binding to HLA-DR
molecules was calculated as described above.

Molecular modeling. The crystal structure of the HLA DRB1*0101
molecule complexed to the HAjps 315 peptide (PDB: 1dlh [3]) was used
as a template for further modeling. Amino-acids were replaced by
using Insight II (2000) Biopolymer Group software (Accelrys Soft-
ware, San Diego, CA) run on an Indigo 2 Station (Silicon Graphics).
The Docking program (Accelrys) facilitates calculating the non-bond
energy between two molecules. Determining intermolecular energy
(IM) for DRB1*0101 with HA, 5198 and 1585 peptides, and putative
residues in P-1, P-4, P-6, and P-9 gave the explicit van der Waals en-
ergy value for evaluating the probability of MHC-peptide complex
formation.

Results and discussion

Peptide 1585 binds with high specificity to the HLA
DRBI*0102 allele

A direct binding assay was used to study peptide 1585
binding capacity to HLA DRBI* alleles (HLA
DRB1*0101, HLA DRBI1*0102, HLA DRBI1*0401,
HLA DRBI1*0701, and HLA DRB1*1101) using fixed
concentrations of HLA DRB1* molecules with 17-fold
excess of labeled peptide (0.1 uM HLA DRBI* allele
and 5uM 1585 biotinylated peptide). It was decided to
characterize the stability of the complex formed between
this peptide and the HLA DRB1*0102 molecule since,
throughout different experiments, 1585 native sequence
exhibited allele-specific binding to this allele molecule
but not to HLA DRB1*0101, -0401, -0701 or -1101 al-
leles (Fig. 1A). The half-time stability of the complex

formed was determined in association and dissociation
profiles, monitored for up to 50 h, in which the quantity
of bound peptide was normalized regarding maximum
peptide binding obtained. Fig. 1A shows that maximum
peptide binding to HLA DRBI1*0102 was reached in
around 15h (half time formation and dissociation rate
of about 4 and 18 h, respectively). The complex’s bind-
ing affinity was determined by using a fixed concentra-
tion of HLA DRB1*0102 molecule mixed with varying
concentrations of 1585 biotinylated peptide in a direct
binding assay. The Kp value of 300nM (Table 1) was
determined by fitting the values of the curve (Fig. 1B)
into a quadratic binding equation, as described in
Materials and methods.

Determining 1585 peptide anchoring residues for HLA
DRBI*0102

The experiments described above showed an intrigu-
ing preferential binding of peptide 1585 to HLA
DRB1*0102 allele. These results prompted us to con-
duct experiments leading to identifying the anchor
amino-acid residues responsible for 1585 specific bind-
ing to this allele. The binding competition assays be-
tween biotinylated 1585 peptide and a set of unlabeled
single substitution glycine analogues derived from 1585
were used to determine the role of each residue within
the sequence in this peptide’s interaction with the HLA
DRBI1*0102 molecule (Table 1). The results obtained in
these assays allowed key residues Lg, Vyi, Y12, L5, and
L5 to become identified (see 1585 residues signaled with
black arrows in Table 1). High ICs, and Kp values seen
for modified analogues 5190, 5193, and 5196 (>33 uM
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Fig. 1. (A) Allele-specific binding of 1585 peptide to HLA DRB1*0102.
1585 peptide DRBI1* allele association and dissociation kinetics were
studied by using 0.1 uM HLA DRBI1* allele incubated with 5uM of
1585 biotinylated peptide for 50h as described in Materials and
methods. The figure shows a representative experiment from three
performed. (B) Biotinylated 1585 peptide binding affinity for the HLA
DRB1*0101 molecule. A representative direct binding assay for bio-
tinylated 1585 peptide, binding being detected by sandwich ELISA. Kp,
values were determined by substituting in the quadratic binding
equation, as described in Materials and methods. A representative
experiment is shown from three performed.



L.E. Vargas et al. | Biochemical and Biophysical Research Communications 307 (2003) 148-156

151

Table 1
Binding profile of 1585 glycine analogous to HLA DRBI1* alleles
HLA DRB1*
0102 0101 0401 1101
Peptide Amino-acid sequence
% o - Ko % 1Cs Ko % % %
v vy v v (UM) (nM) (uM) (nM)

EVLYLKPLAGVYRSLKKAQLE (a) (b) (©
5183 G 94+1 7+4 73  62+4 72+1
5184 G - - = = = = = = =& & & & & & & & - - 82+2 4+2 7+5 55%5 60+6
5185 G 86+1 73 4+8 4145 4145
5186 G 70+3 414 13+2 4243 4244
5187 G 78+2 243 —7+2  45+%7 45+4
5188 G 70+2 0+2 542 5246 52+2
5189 G 78+1 - - 542 3+4 4046 70+8
5190 G 4042 >33 >3x104 1343 19+4  45+1 7545
5191 G 64+1 - - 245 9+3 35+3 65+2
1585 G 56+3 0.32 300 2+7 117.30 4233 115 23%1 27+3
5192 G 43+2 - - 0+4 - - 9+2  40+3 62+4
5193 G 24+2 >33 >3x10* 0x4 11+4 2849 58+7
5194 G 53+1 - 3945 29+3  64+2 84+3
5195 G 70+3 - 2+5 11+3  50+6 56+3
5196 G 20+2 >33 >3x104 2+1 2+8 38+4 48+9
5197 G 48+2 - 0+2 - 1£3 5143 8145
5198 G 67+1 63+2 420 152 61+2 67+7 892
5199 G - - 67+1 5+5 —7+£2 51+4 7145
5200 G - 28+1 - 243 5+1 60+8 87+6
5201 - 84+3 0.05 30 444 8+2 7442 87+4
27714 EVLYLKPLAGVY 361 365
28097 EVLYLKPLAGVYRS h 4+4
23483 YLKPLAGVYRSLKEK 85+2 3+4
28095 PLAGVYRSLKKROQLE 74+3 2142 - -
HA PKYVKQNTLKLAT 18+1 862 02 15

Value of relative binding of peptide analyzed to a given allele. Underlined values correspond to critical residues for 1585 peptide binding to HLA
DRBI1*0102 (signaled by arrowheads). Values in bold correspond to those of 5198 analogue (K;7G); (-) not done. Biotinylated peptides used for
binding assays were (a) 1585 (EVLYLKPLAGVYRSLKKQLE); (b) HA: HA3p6-31s (PKYVKQNTLKLAT); and (c) GFKAA7 (GFKAAAAAAA).

ICsy and >3x10*nM Kp), compared with those
(0.32 uM IC5, and 300 nM Kp) from the native sequence,
showed that these residues are important in mediating
HLA DRBI1*0102 molecule interaction (Table 1). Since
a classical binding motif could not be established by
using the full-length peptide, three short overlapped
peptides were made: 27714 (EVLYLKPLAGVY), rep-
resenting the amino terminal region; 23483 (YLKPLAG
VYRSLKK), covering the central core; and 28095
(PLAGVYRSLKKQLE), located at the 1585 sequence
C-terminal region. When these sequences were evaluated
for their binding capacity to HLA DRB1*0102, the re-
sults showed that whereas the central and carboxy ter-
minal cores play an important role in binding to HLA
DRB1*0102, the amino terminal region did not bind to
HLA DRBI1*0102. There was 85% and 74% binding
efficacy for peptides 23483 and 28095, respectively,
compared to 36% for peptide 27714 (Table 1). The re-
sults of 1585 binding to HLA DRB1*0102 (suggesting
the combined effect of five residues contributing towards
the stability of the complex thus formed) together with
results with truncated peptides 23483 and 28095 (with
L5 and Ly contributing separately) and biphasic ki-
netics of dissociation led us to argue that native 1585

sequence becomes anchored to HLA DRB1*0102,
probably through the use of more than one binding
motif.

Peptide 1585 binding to HLA DRBI1*0101

Fig. 1 shows that peptide 1585 bound well to HLA
DRB1*0102 but not to HLA DRB1*0101. Peptide 1585
binding well to the HLA DRB1*0102 molecule but not
to the HLA DRB1*0101 allele might have reflected the
dimorphism effect between these two alleles at positions
B85 and P86 [18]. Experiments with 1585 glycine ana-
logue binding assays using HLA DRB1*0101 were con-
ducted to evaluate the impact of dimorphism between
HLA DRBI1¥0101 and DRBI1*0102. The HLA
DRB1*0101 allele’s 1585 glycine analogue binding pro-
file showed that all analogues excepting one (peptide
5198) bound poorly to this allele. At 150-fold excess,
5198 analogue (K7G) displaced 63% of bound biotiny-
lated HA peptide from the HLA DRB1*0101 molecule
whereas HA itself displaced 86%. Peptide 5198 HLA
DRB1*0101 allele relative binding values (Table 1)
confirmed this peptide’s high relative binding to the
DR1*0101 molecule (4.2 uM ICsy and 152nM Kp), one
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log lower affinity than that exhibited by the HA peptide
itself (0.4 uM ICsy and 15nM Kp) (Table 1). Experiments
with the 5198 peptide and truncated peptides thus con-
firmed that the 1585 peptide native sequence did not bind
to the HLA DRBI1*0101 molecule, suggesting esteric
hindrance of K;; in its interaction with this molecule
(Table 1).

Based on results with peptide 5198, it was decided to
subject this peptide to glycine scanning and assess 5198
glycine analogue DRB1*0101 binding ability (Table 2).
Peptides 28086 (Y1,G) and 28089 (L;sG) with relative
binding affinity (ICsy > 120uM and Kp > 4500 nM)
highlighted the importance of Y, and L;s as HLA
DRB1*0101 anchorage residues (Table 2) suggesting a
putative binding motif (P-1, P-4, and P-6) in which Y5,
L;s, and Gy; were, respectively, required for binding this
peptide to the HLA DRB1*0101 molecule (Table 2).
This motif implied that G;; and E,, in peptide 5198
would bind to P-6 and P-9, respectively. Previous studies
have shown that HLA DRB1*0101 pocket 9 preferen-
tially anchors relatively hydrophobic and aromatic res-
idues (L, A, I, V, N, F, Y, and W) but not polar residues
[19]. Since charged glutamic acid in pocket 9 did not
destabilize the complex formed would suggest that either
Ey does not play an important role in this peptide’s
interaction (see peptide 28093, 74% relative binding in
Table 1) or alternatively this peptide’s interaction with
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the HLA DRB1*0101 molecule is sufficiently stabilized
for residues anchored to P-1, P-4, and P-6 annulling the
negative effect introduced by residue E,, at P-9.

The 5198 peptide C-terminal motif binds to HLA
DRBI1*0101, in spite of having a suitable P-1, P-4, and
P-9 motif, appropriate fitting of peptide could only be
seen until optimum combination with P-6 was achieved,
suggesting that K7 generates a destabilizing interaction
when it interacts with HLA DRB1*0101 P-6 revealing
the importance of pocket 6 in peptide 5198 interaction
with this molecule. This result was unexpected in light of
previous studies showing that for a restricted HLA
DRB1*0101 peptide [20,21] it is sufficient to have an
appropriate residue in P-1 (Y, in the 5198 peptide).
Other failures to this rule were peptide 27714 (E-Y»),
having the previously reported V,, Ls, and P; motif
fitting into P-1, P-4, and P-6, respectively, that did not
bind to the HLA DRB1*0101 molecule (Table 1), sug-
gesting that Gy did not provide a good fit into P-9, or
28097 (E;—Si4), having Y4, Ay, and Y, fitting into P-1,
P-6, and P-9, respectively, that neither bound (Table 1),
suggesting P; in P-4 impaired binding. All these cases
suggest that binding to DRB1*0101 was impaired de-
spite having proper residues that would fit into three out
of four pockets (P-1 being one of them).

This K;; destabilizing interaction in P-6 could be
demonstrated by 1585 docking C-terminal sequence

Table 2
Binding efficacy of glycine analogues of 5198 peptide for DRB1* alleles
HLA DRB1*
Peptide Amino-acid sequence 01121 " 0401 1101
[0} 50 D 0, 0, 0,

P-1 P-4 P-6 P-9 o (M) (nM) o i o

v v v v (a) (b)
5198 EVLYLKPLAGVYRSLKGQLE 64+3 4.20 152 64+7 85+4 95+12
28076 G- -----=--=---=----6- - - 6313 64+2 8445 96+7
28077 G - - G - 64+2 59+4 7045 81+7
28078 - G- - G- - - 6015 665  63+7 7342
28079 - - G- - G- - - 60+2 65+6  60+7 7343
28080 - - - -6 - - G- - - 57+3 73+2 50+3 61+2
28081 - - - - G - - G- - - 5714 67+1 7545 82+3
28082 - - - - G- - G- - - 6345 705 816 94+2
28083 - - - - G- - G- - - 52+1 74t4 534 6614
28084 - - - - G- - - G- - - 68+3 7243 62+3 7843
28085 - - - - - G- - - G- - - 5514 - - 35+2  49+1 5545
28086 - - - - G- - G- - - >120 >4500 2815 2445
28087 - - - - G- - - G- - - 74+5 - 58+3 806 9342
28088 - - - - G- - G - 4518 - 4745 5118 60+4
28089 - - - - G- G- -2#3 >120 >4500 385 4016 45+6
28090 - - - - G G - 48+4 - 68+4  69+2 80+3
28091 - - - - GG - - 5815 57+3 734 8915
28092 - - - G- G - 43+6 - 52+4  70+3 8314
28093 - - - G- - G 74+2 3.9 143 o544 8248 92+4
HA PKYVKQNTLKLAT 86+2 0.2 15 - - -

Value of relative binding of peptide analyzed to a given allele. Values in bold correspond to those critical residues experimentally determined for
P-1; P-4; P-6; and P-9 (signaled with arrowheads); (-) not done. Biotinylated peptides used for binding assays were (a) HA: HAjzp6 318

(PKYVKQNTLKLAT) and (b) GFKAA7 (GFKAAAAAAA).
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(G1oVYRSLKKQLEy) on HLA DRB1*0101 molecule.
The predicted intermolecular energy (IM in Table 3) of
this peptide-MHC interaction when compared to that of
the HAsp6.315 peptide (1.11 e*'° and 48.94 kcalmol ™!,
respectively) suggests inappropriate interaction of HLA
DRB1*0101 with this sequence. This is probably a
consequence of Ki; inappropriate interaction in P-6
(1.12 e™'%kcal mol™") (Table 3). In contrast, when K ;G
substitution in peptide 5198 was analyzed, this peptide
sequence’s interaction with HLA DRB1*0101 substan-
tially improved (IM value of 108,330 kcalmol™!) as a
consequence of Y|, and Gy; proper fitting into P-1 and
P-6 (=24.74 and —6.47kcalmol™!), respectively, very
close to the values given by P-1 and P-6 residues within
the original HA3p6_315 sequence used in this analysis as
reference (Table 3). Such analysis suggests that poor K,
contact in P-6 influences poor Y, contact to fit into P-1.
Hence, when evaluating whether a peptide binds to a
class II molecule the global sequence and the possible
destabilizing role of each one of the residues must be
evaluated. These results thus suggest that, although
binding motifs are useful, they do not provide sufficient
conditions for tight binding. On the other hand, domi-
nant negative interactions difficult to predict and usually
underestimated by predictive algorithms seem to be a
crucial parameter determining peptide-MHC interac-
tions.

Substitution of K;; for G prompted 1585 binding to HLA
DRBI*0401 and HLA DRBI*1101 alleles

Peptide 1585 glycine analogue binding capacity to
HLA DRB1*0401 and HLA DRB1*1101 molecules was
evaluated in competition assays using purified HLA
DRB1*0401 and -1101 molecules, biotinylated allele-
specific peptides (HA and GFKA; peptides), and a 150-
fold excess of each unlabeled 1585 glycine analogue.
Similar to what was found for HLA DRB1*0101, poor
HLA DRB1*0401 binding capacity was observed in all
glycine analogues except for the 5198 analogue that
exhibited 61% relative binding (Table 1). In contrast,
although K;G remarkably improved 1585 binding ca-
pacity to HLA DRBI1*1101 when biotinylated HA or

Table 3
Docking of 5198 C-terminal register into DRB1*0101

GFKA; were used as reference peptides (Table 1), this
analogue being the one with the highest relative binding
for this allele in both cases (Table 1), several 1585 gly-
cine analogues competed with biotinylated HA or
GFKA; for binding to DRB1*1101 molecule (Table 1).

Binding of 5198 peptide to DRBI*0101, -0401, and -1101
alleles is achieved by anchoring Y;, and L;s in P-1 and P-
4, respectively

Similar experiments using peptide 5198 glycine ana-
logues with the HLA DRB1*0101 molecule were per-
formed with DRB1*0401 and HLA DRBI*1101
molecules to assess which critical residues in 5198 were
required for its binding to these two molecules (Table 2).
Notably, data presented in Table 2 suggest that the
uncovered anchoring residues used by the 5198 peptide
to bind HLA DRB1*0101 (with Y,, L;s, and Gy fitting
into P-1, P-4, and P-6, respectively) are also required for
binding this peptide to the HLA DRB1*0401 and -1101
alleles (Table 2). The mapping of 5198 peptide binding
residues to HLA DRBI1*0101, -0401, and -1101 alleles
were assessed by using biotinylated HA and GFKA,
reference peptides with similar results (Table 2).

Hence, the key role of pocket 6 in promoting 5198
sequence interaction with HLA DRB1*0101 leading to
P-1 and P-4 exercising a suitable function was also
shown by two additional alleles (HLA DRB1*0401 and
1101). Replacing K7 by Gly in 1585 made this peptide
become suitable for binding to HLA DRBI1*0101,
-0401, and -1101 alleles; this prompted further binding
assays with all three alleles using peptide analogues
where K7 was replaced by different amino-acids. When
1585 K;; was replaced by different amino-acids, the re-
sult showed that voluminous residues, such as tyrosine
and charged polar residues (be they acidic or basic),
exercised a similar effect to that of lysine in this position,
introducing a destabilizing interaction (Table 4). These
experiments showed K,; substitutes’ variable binding
capacity to different alleles (S and P for HLA
DRB1*0101; N and Q for -1101; and N for both -0401
and -1101). Only glycine in P-6 was capable of pro-
moting this peptide’s promiscuous binding to all three

Sequence HLA DRB1*0101

IM? P-1 P-4 P-6 P-9
HA (PKYVKQNTLKLAT) 48.94 —-24.74° -6.94 6.06 6.60
1585 (GVYRSLKKQLE) 1.11 et? 10.83 60950.90 1.12 et!? 25.56
5198 (GVYRSLKGQLE) 108,330 —24.74 60961.10 —6.47 25.50

IM: intermolecular energy. DRB1*0101 pockets 1, 4, 6, and 9 are referred to as P-1, P-4, P-6, and P-9. Amino-acids shown in bold within peptide
sequences correspond to residues modeled in DRB1*0101 allele P-1, P-4, P-6, and P-9.

*Values are given in kcalmol™'.
®van der Waals forces.
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Table 4
Binding efficacy for HLA DRBI* alleles of 1585 K;; peptide analogue

Peptide P-6 % Binding to HLA DRBI*

0101 0401 1101

5198 G 63+6 6212 70+8

1585 K 2+4 I1+£5 23 +1
23919 D -8+7 19+3 45+8
23939 N 36+5 52+4 68+ 6
23958 E -6+6 -13+5 46+3
23977 Q 41+1 -3+4 55+1
23995 S 5743 41+9 35+3
24031 P 51+3 3+4 36+4
24049 Y 3£5 -2+6 16+3
13709 A 41+5 40+£5 10+£2

#Values shown in bold correspond to residues providing efficient
binding to a given allele.

alleles (Table 4). Both the important role of P-6, as
observed in these experiments, and the use of glycine as
a proper anchor residue in P-6 for all three alleles are
surprising. This is because a crucial role of P-6 in de-
termining peptide binding has so far been underesti-
mated and because anchor residues in P-6 have so far
been described as being rather allele-specific [22].

This paper has explored the HLA DR binding spec-
ificity of highly conserved peptide 1585 by using in vitro
binding assays. Evidence has been presented here for
this synthetic malaria vaccine candidate’s highly con-
served MSP-1 sequence’s tight binding capacity to sev-
eral HLA alleles, which was achieved by changing a
single amino-acid within the P. falciparum 1585 20-mer
sequence.

Positive correlation between the affinity of peptide
tightly bound to MHC molecules and in vivo immuno-
genicity for generating potent T-cell responses has been
described in a number of experimental murine and
human studies [23,24]. Identifying peptide epitope vari-
ants strengthen MHC—peptide complex stability (in vivo
and in vitro) is thought to enhance the potency of in-
trinsically weak immunogenic peptides for activating
and amplifying T cells. This concept, originally de-
scribed in a murine CD4" T-cell model using HIV
peptides [23], has been recently extended to a variety of
viral [25,26] and tumor [27-29] immunological systems.
Promiscuous 1585 peptide binding was prompted by
engineering the peptide in the C-terminal region without
distorting this peptide’s putative erythrocyte binding
motif located towards the N-terminal region (Ls, K, P7,
Ay, and Sy4) ([13] and unpublished data). Eliciting P.
falciparum antibody against peptide sequences involved
in parasite invasion of erythrocytes might be a suitable
pathway for identifying potent malaria vaccine candi-
dates [30,31]. The DR binding site engineered in the
5198 peptide might provide the T-cell help required by
B-cells to enhance antibody response blocking the in-
fection of erythrocytes by merozoites. The fact that
parasites do possess the native rather than the mutated

sequence peptide might lead to it being thought that T-
cell responses being elicited by altered ligands would be
useless as vaccine. However, potent immune responses
against native peptide sequences can be elicited by using
peptides mutated for enhancing native MHC sequence
binding capacity ([32] and references therein), suggesting
that this may not be an important concern.

Furthermore, although the wild type 1585 peptide
might bind weakly as shown by our results it nonethe-
less binds strongly enough to be recognized by immune
T-cells in infected individuals as has been shown by
others [11]. Although the immunogenicity of weak
MHC binding peptides has been well documented in
some autoimmune diseases [33], the relevance of T-cells
that respond to peptides loosely bound by MHC mol-
ecules in infectious diseases is less clear. Boosting these
T-cells primed during natural infection must become an
important goal for any vaccine candidate. A tumor
antigen mutated to enhance peptide binding to a MHC
class I molecule enhanced the precursor frequency, the
cytotoxic and proliferative activities of T-cells primed
with the cognate peptide ligand [34]. Furthermore, the
molecular and functional analysis of TCRs from CTL
lines specific for both native and mutated peptide, re-
spectively, revealed predominant use of the same Va
and B chains and recognition of identical T-cell con-
tact residues in native peptide [34]. These results to-
gether suggest that vaccination with a 1585 peptide
mutated for improved MHC anchoring (i.e., peptide
5198) whilst boosting T-cell responses specific for the
mutated peptide will perhaps maintain the integrity of
TCR recognition for the naturally expressed epitope in
the parasite. The same strategy used here with peptide
1585 could be followed to improve the immunogenicity
of other peptides within highly conserved regions of P.
falciparum proteins essential for erythrocyte binding
that have been mapped in our laboratory and which are
being currently studied as suitable malarial vaccine
candidates [12,35-38].

Acknowledgments

The research was supported by the Colombian Ministry of Health.
We would like to thank Mr. Jason Garry for patiently reviewing the
manuscript.

References

[1] R.N. Germain, The biochemistry and cell biology of antigen
presentation by MHC class I and class IT molecules. Implications
for development of combination vaccines, Ann. NY Acad. Sci.
754 (1995) 114-125, Review.

[2] J.B. Rothbard, M.L. Gefter, Interactions between immunogenic
peptides and MHC proteins, Annu. Rev. Immunol. 9 (1991) 527-
565, Review.

[3] L.J. Stern, J.H. Brown, T.S. Jardetzky, J.C. Gorga, R.G. Urban,
J.L. Strominger, D.C. Wiley, Crystal structure of the human class



L.E. Vargas et al. | Biochemical and Biophysical Research Communications 307 (2003) 148-156 155

II MHC protein HLA-DR1 complexed with an influenza virus
peptide, Nature 368 (1994) 215-221.

[4] P.J. Bjorkman, M.A. Saper, B. Samraoui, W.S. Bennett, J.L.
Strominger, D.C. Wiley, Structure of the human class I histo-
compatibility antigen, HLA-A2, Nature 329 (1987) 506-512.

[5] B. Georges, E. Loing, R. Neveu, O. Melnyk, H. Gras-Masse, C.
Auriault, Structural diversity of human class II histocompatibility
molecules induced by peptide ligands, FEBS Lett. 481 (2000) 249—
254.

[6] A. Sette, L. Adorini, E. Appella, S.M. Colon, C. Miles, S. Tanaka,
C. Ehrhardt, G. Doria, Z.A. Nagy, S. Buus, Structural require-
ments for the interaction between peptide antigens and I-Ed
molecules, J. Immunol. 143 (1989) 3289-3294.

[7] J. Hammer, B. Takacs, F. Sinigaglia, Identification of a motif for
HLA-DRI1 binding peptides using M13 display libraries, J. Exp.
Med. 176 (1992) 1007-1013.

[8] H. Bian, J.F. Reidhaar-Olson, J. Hammer, The use of bioinfor-
matics for identifying class II-restricted T-cell epitopes, Methods
29 (2003) 299-309.

[9] T. Sturniolo, E. Bono, E. Ding, L. Raddrizzani, O. Tuereci, U.

Sahin, M. Braxenthaler, F. Gallazzi, M.P. Protti, F. Sinigaglia, J.

Hammer, Generation of tissue-specific and promiscuous HLA

ligand databases using DNA microarrays and virtual HLA class I1

matrices, Nat. Biotechnol. 17 (1999) 555-561.

J.L. Weber, W.M. Leininger, J.A. Lyon, Variation in the gene

encoding a major merozoite surface antigen of the human malaria

parasite Plasmodium falciparum, Nucleic Acids Res. 14 (1986)

3311-3323.

V. Udhayakumar, D. Anyona, S. Kariuki, Y.P. Shi, P.B. Bloland,

O.H. Branch, W. Weiss, B.L. Nahlen, D.C. Kaslow, A.A. Lal,

Identification of T and B cell epitopes recognized by humans in the

C-terminal 42-kDa domain of the Plasmodium falciparum mero-

zoite surface protein (MSP)-1, J. Immunol. 154 (1995) 6022-6030.

[12] M. Urquiza, L.E. Rodriguez, J.E. Suarez, F. Guzman, M.

Ocampo, H. Curtidor, C. Segura, E. Trujillo, M.E. Patarroyo,

Identification of Plasmodium falciparum MSP-1 peptides able to

bind to human red blood cells, Parasite Immunol. 18 (1996) 515-

526.

F. Espejo, M. Cubillos, L.M. Salazar, F. Guzman, M. Urquiza,

M. Ocampo, Y. Silva, R. Rodriguez, E. Lioy, M.E. Patarroyo,

Structure, immunogenicity, and protectivity relationship for the

1585 malarial peptide and its substitution analogues, Angew.

Chem. Int. Ed. Engl. 40 (2001) 4654-4657.

[14] R.A. Houghten, General method for the rapid solid-phase

synthesis of large numbers of peptides: specificity of antigen—

antibody interaction at the level of individual amino acids, Proc.

Natl. Acad. Sci. USA 82 (1985) 5131-5135.

F. Sinigaglia, P. Romagnoli, M. Guttinger, B. Takacs, J.R. Pink,

Selection of T cell epitopes and vaccine engineering, Methods

Enzymol. 203 (1991) 370-386.

[16] J.M. Calvo-Calle, J. Hammer, F. Sinigaglia, P. Clavijo, Z.R.
Moya-Castro, E.H. Nardin, Binding of malaria T cell epitopes to
DR and DQ molecules in vitro correlates with immunogenicity in
vivo: identification of a universal T cell epitope in the Plasmodium
falciparum circumsporozoite protein, J. Immunol. 159 (1997)
1362-1373.

[17] M.N. Liang, C. Beeson, K. Mason, H.M. McConnell, Kinetics of
the reactions between the invariant chain (85-99) peptide and
proteins of the murine class I MHC, Int. Immunol. 7 (1995)
1397-1404.

[18] D.K. Newton-Nash, D.D. Eckels, Differential effect of polymor-

phism at HLA-DRI1 beta-chain positions 85 and 86 on binding

and recognition of DR 1-restricted antigenic peptides, J. Immunol.

150 (1993) 1813-1821.

B.J. McFarland, C. Beeson, Binding interactions between peptides

and proteins of the class II major histocompatibility complex,

Med. Res. Rev. 22 (2002) 168-203.

[10

[11

[13

(s

[19

[20] A.K. Sato, J.A. Zarutskie, M.M. Rushe, A. Lomakin, S.K.
Natarajan, S. Sadegh-Nasseri, G.B. Benedek, L.J. Stern, Deter-
minants of the peptide-induced conformational change in the
human class II major histocompatibility complex protein HLA-
DRI, J. Biol. Chem. 275 (2000) 2165-2173.

[21] T.S. Jardetzky, J.C. Gorga, R. Busch, J. Rothbard, J.L. Stromin-
ger, D.C. Wiley, Peptide binding to HLA-DR1: a peptide with
most residues substituted to alanine retains MHC binding, EMBO
J. 9 (1990) 1797-1803.

[22] P.A. Reay, R.M. Kantor, M.M. Davis, Use of global amino acid
replacements to define the requirements for MHC binding and T
cell recognition of moth cytochrome ¢ (93-103), J. Immunol. 152
(1994) 3946-3957.

[23] W.H. Boehncke, T. Takeshita, C.D. Pendleton, R.A. Houghten,
S. Sadegh-Nasseri, L. Racioppi, J.A. Berzofsky, R.N. Germain,
The importance of dominant negative effects of amino acid side
chain substitution in peptide-MHC molecule interactions and T
cell recognition, J. Immunol. 150 (1993) 331-341.

[24] S.H. van der Burg, M.J. Visseren, R.M. Brandt, W.M. Kast, C.J.
Melief, Immunogenicity of peptides bound to MHC class I
molecules depends on the MHC-peptide complex stability, J.
Immunol. 156 (1996) 3308-3314.

[25] R.R. Pogue, J. Eron, J.A. Frelinger, M. Matsui, Amino-terminal
alteration of the HLA-A*0201-restricted human immunodefi-
ciency virus pol peptide increases complex stability and in vitro
immunogenicity, Proc. Natl. Acad. Sci. USA 92 (1995) 8166—
8170.

[26] P. Sarobe, C.D. Pendleton, T. Akatsuka, D. Lau, V.H. Engelhard,
S.M. Feinstone, J.A. Berzofsky, Enhanced in vitro potency and in
vivo immunogenicity of a CTL epitope from hepatitis C virus core
protein following amino acid replacement at secondary HLA-A2.1
binding positions, J. Clin. Invest. 102 (1998) 1239-1248.

[27] S.A. Rosenberg, J.C. Yang, D.J. Schwartzentruber, P. Hwu, F.M.
Marincola, S.L. Topalian, N.P. Restifo, M.E. Dudley, S.L.
Schwarz, P.J. Spiess, J.R. Wunderlich, M.R. Parkhurst, Y.
Kawakami, C.A. Seipp, J.H. Einhorn, D.E. White, Immunologic
and therapeutic evaluation of a synthetic peptide vaccine for the
treatment of patients with metastatic melanoma, Nat. Med. 4
(1998) 321-327.

[28] M.P. Vierboom, M.C. Feltkamp, A. Neisig, J.W. Drijthout, J. ter
Schegget, J.J. Neefjes, C.J. Melief, W.M. Kast, Peptide vaccina-
tion with an anchor-replaced CTL epitope protects against human
papillomavirus type 16-induced tumors expressing the wild-type
epitope, J. Immunother. 21 (1998) 399-408.

[29] T.M. Clay, M.C. Custer, M.D. McKee, M. Parkhurst, P.F.
Robbins, K. Kerstann, J. Wunderlich, S.A. Rosenberg, M.IL.
Nishimura, Changes in the fine specificity of gpl00(209-217)-
reactive T cells in patients following vaccination with a peptide
modified at an HLA-A2.1 anchor residue, J. Immunol. 162 (1999)
1749-1755.

[30] G. Cifuentes, M.E. Patarroyo, M. Urquiza, L.E. Ramirez, C.
Reyes, R. Rodriguez, Distorting malaria peptide backbone
structure to enable fitting into MHC class II molecules renders
modified peptides immunogenic and protective, J. Med. Chem. 46
(2003) 2250-2253.

[31] M. Cubillos, F. Espejo, J. Purmova, J.C. Martinez, M.E.
Patarroyo, Alpha helix shortening in 1522 MSP-1 conserved
peptide analogs is associated with immunogenicity and protection
against P. falciparum malariam, Proteins 50 (2003) 400-409.

[32] S.I. Abrams, J. Schlom, Rational antigen modification as a
strategy to upregulate or downregulate antigen recognition, Curr.
Opin. Immunol. 12 (2000) 85-91, Review.

[33] P.A. Muraro, M. Vergelli, M. Kalbus, D.E. Banks, J.W. Nagle,
L.R. Tranquill, G.T. Nepom, W.E. Biddison, H.F. McFarland, R.
Martin, Immunodominance of a low-affinity major histocompat-
ibility complex-binding myelin basic protein epitope (residues
111-129) in HLA-DR4 (B1*0401) subjects is associated with a



156 L.E. Vargas et al. | Biochemical and Biophysical Research Communications 307 (2003) 148—156

restricted T cell receptor repertoire, J. Clin. Invest. 100 (1997)
339-349.

[34] J.A. Bristol, J. Schlom, S.I. Abrams, Development of a murine
mutant Ras CD8+ CTL peptide epitope variant that possesses
enhanced MHC class I binding and immunogenic properties, J.
Immunol. 160 (1998) 2433-2441.

[35] L.E. Rodriguez, M. Urquiza, M. Ocampo, J. Suarez, H. Curtidor,
F. Guzman, L.E. Vargas, M. Trivinos, M. Rosas, M.E. Patarroyo,
Plasmodium falciparum EBA-175kDa protein peptides which bind
to human red blood cells, Parasitology 120 (2000) 225-235.

[36] M. Ocampo, M. Urquiza, F. Guzman, L.E. Rodriguez, J. Suarez,
H. Curtidor, J. Rosas, M. Diaz, M.E. Patarroyo, Two MSA 2

peptides that bind to human red blood cells are relevant to
Plasmodium falciparum merozoite invasion, J. Pept. Res. 55 (2000)
216-223.

[37] J.E. Suarez, M. Urquiza, H. Curtidor, L.E. Rodriguez, M.
Ocampo, E. Torres, F. Guzman, M.E. Patarroyo, A GBP 130
derived peptide from Plasmodium falciparum binds to human
erythrocytes and inhibits merozoite invasion in vitro, Mem. Inst.
Oswaldo Cruz. 95 (2000) 495-501.

[38] M. Urquiza, J.E. Suarez, C. Cardenas, R. Lopez, A. Puentes, F.
Chavez, J.C. Calvo, M.E. Patarroyo, Plasmodium falciparum
AMA-1 erythrocyte binding peptides implicate AMA-1 as eryth-
rocyte binding protein, Vaccine (2000) 508-513.



	MHC allele-specific binding of a malaria peptide makes it become promiscuous on fitting a glycine residue into pocket 6
	Materials and methods
	Results and discussion
	Peptide 1585 binds with high specificity to the HLA DRB1*0102 allele
	Determining 1585 peptide anchoring residues for HLA DRB1*0102
	Peptide 1585 binding to HLA DRB1*0101
	Substitution of K17 for G prompted 1585 binding to HLA DRB1*0401 and HLA DRB1*1101 alleles
	Binding of 5198 peptide to DRB1*0101, -0401, and -1101 alleles is achieved by anchoring Y12 and L15 in P-1 and P-4, respectively

	Acknowledgements
	References


