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The effectiveness of synthetic vaccines is dependent upon the chance event that antibodies formed against
largely disordered peptides can bind native protein surfaces which are often ordered. To improve on this
situation, new methods are being developed for the conformational restriction of synthetic peptides.
Cognate peptide sequences often form predictable secondary structures in proteins characterized by
distinct hydrogen-bonding patterns. These weak hydrogen bonds have now been replaced with covalent
mimics to conformationally restrict selected peptides to the Type 1 reverse turn and alpha helix. Potential
uses for this chemistry are discussed in the context of malaria vaccines.

The peptide component of a Plasmodium falciparum sporozoite vaccine, acetyl-(ASN-ALA-ASN-PRO)3-
NH2 has been conformationally analysed using two-dimensional nuclear magnetic resonance spectroscopy.
These studies are consistent with the formation of transiently ordered turnlike structures which provide a
guide for the design and synthesis of a conformationally restricted synthetic vaccine. To assess the effects
of conformational restriction and chemical modification on the sporozoite vaccine, ASN side-chains were
linked around proline with ethylene bridges. Polyclonal antibodies to this shaped peptide show a strong
cross-reaction with living sporozoites.

Introduction
Conformation plays an important role in the immune
response to native proteins. The high degree of com-
plementarity that antibodies can achieve to native
protein surfaces is readily apparent in X-ray analyses
of antibody-antigen complexes (1). It was therefore
surprising to find that antipeptide antibodies can in
many instances bind to native proteins (2). Peptides
are largely disordered structures in water, and the
binding pockets of antipeptide antibodies were ex-
pected to reflect this disorder. How then can antipep-
tide antibodies bind to the surface of proteins which
are presumably ordered?

Two proposals have been advanced. First, some
fraction of the peptide may be in a folded conforma-
tion in water. As potential folding intermediates
which may be retained in the native protein structure,
these partially ordered peptides could elicit protein
reactive antibodies (3). Secondly, antibody binding
sites and/or protein surfaces may be sufficiently mo-
bile to adapt their surfaces for energetically favour-
able interactions (4).

While the reaction of antipeptide antibody with
proteins can be rationalized, questions remain with
regard to the efficiency of these reactions (5). It is clear
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that problems can arise. In several documented cases,
antipeptide antibodies show little or no binding to
cognate peptide sequences located on protein surfaces
(4, 6). The absence of these reactions have been at-
tributed to rigid, noncomplementary binding surfaces.
Although difficult to prove, the suspicion is that this
problem may be carried over in varying degrees to
many antipeptide antibodies. The binding
pockets could in many cases be less than perfect and
binding less than ideal.

Despite questions about the efficiencies of anti-
peptide antibody-protein union, peptide-based mal-
aria immunology has proven particularly informative
leading in the last several years to the dissection of the
immune response at the molecular level and the iden-
tification of potential vaccines (7). However, these
results might be improved further if peptides could
be conformationally restricted to mimic the shape of
protein epitopes. Antibodies to shaped peptides
should react more efficiently with native proteins.
New neutralizing epitopes might be identified and
the activities of those already identified could be
enhanced.

The synthesis of effective shaped peptidyl im-
munogens requires solutions to fundamental prob-
lems. Whereas the primary sequences ofmany malaria
proteins are known and new sequences will be identi-
fied, there are no three-dimensional structures
available. Further, there are no general methods for
shaping peptides. Most amino acid residues, however,
adapt regular secondary structures in proteins. X-ray
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analyses of globular proteins reveal them to be com-
posed of alpha helices (38%), beta sheets (20%) and
reverse turns (32%) (8). Current algorithms predict
secondary structure to an accuracy of 50-70% and
improvements can be expected (9-11). These numbers
imply that close to half of all amino acid sequences
can be correctly assigned to regular secondary struc-
tures. Thus many peptides are suitable targets for
conformational restriction.

Disulfide loop formation provides one conveni-
ent method for shaping peptides (12). However, this
reaction is of limited application, since there are few
natural disulfide loops in proteins. Furthermore, these
loops are frequently large, incorporating complex
folds which may not form in isolated loops (13). While
the initial studies set an important precedent, new
approaches to conformational restriction will be
required for general applicability.

Covalent hydrogen-bond mimics
A more versatile approach may emerge from the
search for covalent hydrogen-bond mimics (14). Hy-
drogen bonds serve as the common denominator of
protein structure (15). On average, every other amino
acid in globular proteins engages in an amide-amide
(NH.. O=C(R)NH) hydrogen bond. Furthermore,

different secondary and irregular structures can be
distinguished by different hydrogen-bonding patterns
(Fig. 1) (15, 16). For example, reverse turns frequently
include a hydrogen bond between the amide NH of
the (i + 3) amino acid and the carbonyl oxygen of
the i amino acid. Alpha helices are characterized by
sequential amide-amide (i, i + 4) hydrogen bonds
while loops, hairpins, beta-sheets and irregular struc-
tures are characterized by hydrogen bonds between
amino acids often more distant in sequence (17-19).
However, hydrogen bonds are weak bonds in water
and cannot fold short peptides into ordered struc-
tures. The replacement of these weak bonds with
covalent bonds at structure-defining positions in a
peptide chain could provide a general method for
shaping peptides.

Two potential covalent hydrogen-bond mimics,
an amidinium and a hydrazone link (Fig. 2), are
undergoing evaluation (20). The centrepiece of each
mimic is a carbon-nitrogen double bond which re-
places the hydrogen bond. The amidinium link has
been substituted for a hydrogen bond in small loops
while the hydrazone link has replaced a hydrogen
bond characteristic of alpha helices.

Fig. 2. A comparison of the amide-amide hydrogen bond
with covalent hydrogen-bond mimics.

Fig. 1. Hydrogen-bonding patterns of common secondary
structures. a-carbon (0); carboxyl terminus (-*); Ca-CO-
NH-Ca-CO ( *); amide-amide hydrogen bond
(- ).
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Protruding loops on the solvent-exposed surfaces
of proteins often serve as potential neutralizing epi-
topes. These structures are frequently characterized
by a pair of amino acids that engage in two hydrogen
bonds to close the loop (18, 19). The penultimate
hydrogen bond of a small loop has been replaced with
the amidinium link to give peptide A (Fig. 3). The
synthesis of peptide A utilizes a novel cyclization
protocol (Fig. 4) that can be used in tandem with
solid-phase peptide synthesis. First, a peptide is syn-
thesized using standard procedures and capped at
the N-terminus with an acetyl thioamide and at the
C-terminus with Boc-N-ethylenediamine to give a
precyclization intermediate. The thioamide is then
selectively activated with methyl iodide to give a
thioimidate. Upon freeing the C-terminal amine, ra-
pid cyclization occurs in high yield. The details of
these reactions will be described in due course.

Conformational analysis of peptide A was car-
ried out utilizing nuclear magnetic resonance (NMR)
spectroscopy. One-dimensional (JQN, temperature
coefficients, NOE effects) and two-dimensional NMR
experiments (COSY, ROESY) on A in solvents as
different as dimethylsulfoxide and water are con-
sistent with the formation of a small loop which folds
the two alanines into an ideal Type 1 reverse turn.
Temperature coefficients are consistent with the for-
mation of an amide-amide (i, i + 3) hydrogen bond
(Fig. 3) characteristic of reverse turns. The details

Fig. 4. Synthetic scheme for poptide A. Boc, tert-butyloxy-
carbonyl; TFA, trifluoroacetic acid; TEA, triethylamine.

of this analysis will be described later. Thus the
amidinium link can fold a peptide into an important
secondary structure and enforce the correct hydro-
gen-bonding pattern.

The alpha helix which accounts for over a third
of protein structure is characterized by a series of
sequential amide-amide (i, i + 4) hydrogen bonds.
The hydrazone link has been substituted for this
hydrogen bond in one turn of an alpha helix to give
peptide B (Fig. 5) (22). Peptide B is synthesized by
coupling together two modified peptide fragments to
give an intermediate characterized by an N-amino
group, a dimethylacetal and a t-butyloxycarbonylated
(Boc) peptide bond (Fig. 6). Cyclization is achieved in
the presence of p-toulenesulfonic acid (PTSA) which
activates the acetal for reaction with the free amine.
The Boc group which is removed in a subsequent step
was added to protect against a potential competing
cyclization reaction.

Conformational analysis of peptide B by NMR
spectroscopy was consistent with the formation of a
"relaxed" helical turn with the carbonyl oxygen atoms
on the same face of the molecule but lacking pitch (22).
The proposed structure may be close to that expected
for a single turn of an alpha helix which loses all but a
single (i, i + 4) hydrogen bond. To confirm this struc-
ture, a pentapeptide, ALA4GLU-b-OEt)4-OEt was
appended to the carboxyl terminal end of B to give C
(Fig. 6) with the expectation that if the proposed

Fig. 5. Comparison of two- and three-dimensional repres-
entations of an a-helkal turn with peptide B. The
amide-amide (i, i+4) hydrogen bond in the helix is re-
placed with a hydrazone link in B. A, L-alanine: L, L-
leucine; G, glycine.
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Fig. 6. Synth*tIc scheme for the synthesis of peptides B and C. Boc, tert-butyloxycarbonyl; PTSA, p-toluene-sulfonic acid;
TFA, trifluoroacetic acid; BOP, Castro's reagent; RNH2, -Ala-(Glu-b-OET)4-OET.
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conformation were correct, it would serve as a helix
nucleation site in trifluoroethanol. A conformational
analysis by NMR (J.N, NOEs and amide NH ex-
change rates) of the pentapeptide before and after
appending it to the nucleation site is consistent with
it folding from a relatively disordered state into an
alpha helix (23). Since helix formation is accompanied
by a hydrogen-bond network between the amide hy-
drogens of the peptide and the carbonyl oxygen atoms
of the nucleation site, the nucleation site itself is
probably close to being helical. The hydrazone link
thus acts as a functional covalent hydrogen-bond
mimic in this case.

To begin an assessment of shaped peptides as
vaccines, we turned to malaria research, which offers a
rich variety of opportunities.

Malaria vaccines
Malaria undergoes a complex cycle of development in
the Anopheles mosquito and human. Each stage in
humans is a target for synthetic vaccine development
and multistage vaccines can be considered (7). Plasmo-
dium falciparum, the most widespread and vicious
form of malaria, is under intense scrutiny. Synthetic
vaccines for the infective sporozoite, the liver stages,
blood-stage merozoites and the sexual stages are
under consideration. Each of these potential vac-
cines provides synthetic targets for conformational
restriction.

The immunodominant epitope on P. falciparum
sporozoites is a tandemly repeating tetrapeptide from
the circumsporozoite protein (CSP) which uniformly
coats the sporozoite (24). A synthetic vaccine based on
this repeat, acetyl4ASN-ALA-ASN-PRO)3-cys linked
to tetanus toxoid induces partial protection in
humans (25). Similar results were obtained with a
recombinant vaccine (26). To explore the role of con-
formation in this response we decided to conforma-
tionally restrict the synthetic vaccine.

Conformational analysis of a synthetk sporozolte
vaccine
Chou-Fasman analysis of the ASN-PRO-ASN-ALA
repeat present in the sporozoite vaccine reveals a
strong preference for the reverse turn conformation
(27). More recently, it has been realized that ASN-
PRO frequently serves as alpha-helix start signals (28).
The strong structural preference for the repeat se-
quence encouraged us to seek direct evidence for the
organization of these peptides.

High resolution NMR spectroscopy provides a
sensitive measure of structure. NMR experiments
have identified populations of reverse turn and helical
conformations in aqueous solutions of peptides which
show no evidence of structure by circular dichroism
(CD) spectroscopy (21, 29, 30). In fact, CD spectra of
aqueous solutions of acetyl-ASN-ALA-ASN-PRO)3-
NH2 which corresponds to the synthetic vaccine,
indicate that it is a typically disordered peptide.
This has been examined using 2-dimensional NMR
(COSY, NOESY) experiments (40). NOESY experi-
ments identify through-space interactions (nuclear
Overhauser enhancements, NOEs) between pairs of
protons in close proximity (<4.5 A). The common
secondary structures are characterized by distinct
NOE patterns (31). A NOESY spectrum of the dode-
camer (Fig. 7) in water reveals a pattern of NOEs
characteristic of peptides that sample both secondary
structure and extended conformations common to
disordered states. Particularly diagnostic are the ob-
servation of daN (i, + 2) connectivities (21, 28). These
mid-range NOEs provide evidence for the formation
of reverse turns or helices about the NPNA and
PNAN sequences (Fig. 8). These turns could be for-
ming individually or cooperatively. Two interlocking
Type III turns about the NPNAN sequence are the
equivalent of a short stretch of 3/10 helix (16). The d.N
(i, i + 2) connectivities have also been associated with
the presence of "nascent" helices, precursors to the
alpha helix (28).
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Fig. 7. Two-dimensional NOESY spectrum of acetyl-(ASN-
ALA-ASN-PRO)3-NH2 In water at 250C. NOE cross-peaks
which identify proton pairs in close spatial proximity are
labelled. The amino acids are numbered sequentially
from the amino to carboxyl terminus. A, alanine; N, aspar-
agine; P, proline. Superscripts are a,aCH; N, mainchain
amide NH; 5, proline AH. The daN (i, i+2) connectivities
characteristic of reverse turns and helices are N5e-N7N,
N9x-N11N, P44-A6N and P8e-A1ON.
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Fig. 8. Structures consistent with NOEs obsrved for
acetyl-(ASN-ALA-ASN-PRO)rNH2 In water at 25 °C.
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The decided conformational preference of the
sporozoite repeat provides a guide for the design of a
conformationally restricted vaccine.

Design and synthesis of a conformationally
restrkted sporozoite vacine
A Corey-Pauling-Koltum (CPK) space-filling model
of the ASN-PRO-ASN-ALA sequence in a Type I/III
reverse turn conformation revealed that the aspar-
agine side-chains can engage in an amide-amide hy-
drogen bond around proline without disruption of the
turn structure. In accord with our approach, we deci-
ded to replace this potential amide-amide hydrogen
bond with a covalent bond (5). Since side-chains can
be linked in a relatively simple manner, the hydrogen
bond could be replaced in this first instance with an

WI ethylene bridge (Fig. 9, D). A conformationally re-
ppm stricted type III reverse turn about proline could act

to nucleate a second interlocking turn about PRO-
ASN-ALA-ASN to give a short region of 3/10 helix or
alpha helix similar to that which may be populated by
the native peptide.

Three sets of peptides were prepared using solid
phase synthesis. These included the native peptide
sequence used in the sporozoite vaccine and a frame-
shifted variant, corresponding sets of X-peptides with
f-N-methyl-L-asparagine substituting for each L-as-
paragine and finally two shaped peptides (Fig. 9).
Shaped peptide D with asparagine side-chains linked
around proline was designed to form three successive
reverse turns. Shaped peptide E with asparagines
linked around alanine provides an alternative con-
former. The X-peptides have characteristics of both
the native peptides and shaped peptides since they
contain the elements of ethylene bridges but are un-
shaped. A comparison of responses to the X-peptides
and shaped peptides allows distinctions to be made
between steric and conformational effects.
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Fig. 9. Conformatlonally restricted sporozolto vaccine.
Cross-bar symbolizes an ethylene bridge spanning aspar-
agine side-chains.
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The shaped sporozoite peptides were synthesized
on solid supports utilizing FMOC synthesis and an
asparagine analogue as previously described (5).
These syntheses required three successive cyclization
reactions which severely reduced the yield of purified
product (1-2%). Alternative synthetic approaches
may improve this situation. The primary structures
were confirmed by NMR and high-resolution mass

spectroscopy. Although conformational analyses of
the shaped malarial peptides are not complete, it is
likely that each cyclic unit in peptide D is rigid.

Immune response to a conformationaily
restricted sporozoite vaccine
Polyclonal rabbit antibodies were raised against cys-
(NPNA)3-NH2 cys-(XPXA)3-NH2 and shaped pep-
tide D, all linked to keyhole limpet haemocyanin
(KLH) with m-maleimidobenzoyl-N-hydrosuccinim-
ide ester (MBS). The immune sera from the best of two
responders to each peptide were then titred against a
panel of antigens (Fig. 10) using enzyme-linked im-
munosorbent assays (ELISA). Titres of antisera to
sporozoites were determined using immunofluor-
escent assays (IFA). Some of these results have been
discussed elsewhere (5, 22).

Antibodies raised against the native peptide
cross-react with the immunizing peptide and sporo-
zoites. However, these antibodies show no apparent
cross-reaction with the corresponding X-peptide or
shaped peptide D. This is not surprising since the side-
chains of each X-peptide asparagine are extended
with an N-methyl group. Steric interference could
prevent the binding of the X-peptide. For this reason
alone, the shaped peptides would not be expected to
bind and they do not.

Whereas antibodies formed in response to the
X-peptide react strongly with this peptide, they show
little reaction with either shaped peptide D or E. This
cannot be due to a simple steric effect since the shaped

Fig. 10. Immune response: titres of anti-peptide, antl-X-peptide and anti-shaped peptide D antisera to a panel of antigens.
X, fl-N-methyl-L-asparagine; cross-bar symbolizes an ethylene bridge which spans asparagine side-chains; CS, circum-
sporo;oite.
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peptides are slightly smaller than the X-peptides.
However, an induced steric hindrance cannot be ruled
out. Another possibility is that the conformations
presented by the shaped peptides are not mirrored by
the binding pockets of the anti X-peptide antibodies.
Antibodies that bind N-methyl substituted asparagine
side-chains are not expected to bind as well to aspar-
agine. Some loss in interaction energy can be anticip-
ated and in fact low titres are observed against the
native peptides. For the same reason, low titres might
be expected against sporozoites. Surprisingly, how-
ever, high titres were observed.

Antibodies formed in response to the shaped
peptide D show a strong reaction with peptide D but
almost no reaction with shaped peptide E. Whereas
this implies a strong conformational preference,
induced steric hindrance cannot be ruled out. The
antishape antibodies show cross-reactions with both
X-peptides and can presumably accommodate the
slightly larger, conformationally mobile X-peptide.
The antishape antibodies also show good cross-reac-
tions with the glutaraldehyde-fixed sporozoites. To
ensure that these conformationally specific antibodies
could bind to the native protein, the serum was titred
against live sporozoites. A good cross-reaction was
again observed demonstrating for the first time that
chemically modified, conformationally restricted pep-
tides can serve as effective immunogens.

Liver and blood-stage vaccines

Blood-stage merozoite vaccines provide further tar-
gets for conformational restriction. A merozoite vac-
cine has been reported to partially protect monkeys
and man from large inoculums of blood-stage mero-
zoites (32, 33). This vaccine was based on three pep-
tides, SPf 35.1, 55.1 and 83.1, from three different
merozoite proteins. Peptide 83.1 is derived from
gp195, a protein also found on the surface of mature
liver schizonts (34). It has been suggested that gpl95
may be involved in erythrocyte invasion by liver
merozoites as well as blood-stage merozoites (34). A
vaccine incorporating peptide 83.1 could serve a dual
role, protecting against erythrocyte invasion by both
liver-stage and blood-stage merozoites. Individually,
these peptides coupled to bovine serum albumin delay
parasitaemia in monkeys. Chou-Fasman analyses of
the three peptides (32) establish their preference for
alpha helical conformations. The effectiveness of these
peptides as vaccines might be enhanced with a helix
nucleation site (Fig. 6).

Sexual-stage vccine
A sexual-stage vaccine could reduce transmission
rates from humans to the mosquito (7). Monoclonal
antibodies to Pfs25, a protein found on zygotes and

ookinetes, block transmission (35). Pfs25 is composed
of four epidermal growth factor (EGF)-like domains,
each domain differing in amino acid sequence (36).
Structures for murine and human EGF have been
proposed on the basis of NMR and computational
studies and are in good agreement (37, 38). These
structures provide a useful guide for the design of a
conformationally restricted vaccine. A prominent
structure on EGF which could be a feature of Pfs25
domains as well is a beta-hairpin (Fig. 1). The amidin-
ium chemistry (Fig. 3) might find use in the conforma-
tional restriction of these corresponding peptides
subject to the considerations discussed below.

Discussion
Synthetic peptides have found increased use in mal-
aria immunology leading to the identification of neu-
tralizing epitopes, potential vaccines and a better
understanding of the immune response. The scope of
these results would likely be expanded if convenient
methods for shaping peptides were available. Cova-
lent hydrogen-bond mimics could serve this function.
This approach has potential strengths and limitations.
Its strength lies in its flexibility. A single methodology
might emerge for shaping peptides into a great variety
of structures. Its limitation lies in the potential com-
plexity of the search and an unpredictable outcome
(14,20). However, two mimics, an amidinium link and
a hydrazone link, have been inserted into peptides and
fold peptides into the Type 1 reverse turn and
alpha helix. Thus, covalent hydrogen-bond mimics
can work in some cases.

A continuing effort will be required to develop
the potential of hydrogen-bond mimics. Peptide A,
while establishing a design principle, may be too small
to be an effective peptidyl immunogen. It serves as a
prototype for larger shaped loops, beta hairpins and
antiparallel beta sheets which feature the same hydro-
gen-bonding pattern (Fig. 1). The amidinium chemis-
try should now be carried over to these larger
structures which would be more suitable as immuno-
gens. The conformation restriction of larger loops
could be more challenging. Larger loops are more
subject to conformational averaging. It remains to be
seen whether the forces involved in structuring pep-
tide A will be sufficient for shaping these larger pep-
tides. Important questions remain with regard to the
utility of a hydrazone mimic as well. While it can
apparently substitute for an amide-amide (i, i + 4)
hydrogen bond in an alpha helix under favourable
conditions, demonstrating compatibility, further tests
will be required to determine whether it can shape
energetically more demanding peptides in other sol-
vents including water. Studies on these different ques-
tions are underway (41).
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The tandemly repeating ASN-ALA-ASN-PRO
sporozoite peptide is one of a few peptides which
apparently samples secondary structure in water. As
potential folding intermediates, these conformers
could be a factor in the effectiveness of the neutraliza-
tion response induced by the synthetic sporozoitic
vaccine (3). Antibodies formed in response to these
intermediates could react more efficiently with native
proteins which retained these structures. This being
the case, the turnlike structures provide a guide for
the design of a conformationally restricted sporozoite
vaccine.

The native peptide, X-peptide and shaped pep-
tide D all act as effective immunogens, inducing
antibodies that show distinctive patterns of cross-
reactivities with a series of antigens. The binding
pockets of these different sets of antibodies clearly
differ. It was therefore surprising to find little differ-
ence in the sporozoite titres. The similar sporozoite
titres imply little difference in the binding efficiencies
of these different antibodies. However, titres do not
necessarily reflect efficiencies of pathogen neutraliza-
tion (39). The question remains whether any of these
immunogens would be more effective than the other
as a vaccine. These questions can only be answered in
challenge experiments. What is surprising is the ap-
parent tolerance for modified amino acids. Every
other amino acid in the X-peptide and shaped peptide
is modified. If this tolerance proved general it should
be possible to study the effect of conformation on
sporozoite neutralization in some detail.
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