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Editor's Summary

Practical Applications of Peptide Production

Biochemists, of course, cannot compete with ribosomes when it comes to speed. Whereas a bacterial (
Escherichia coli) cell needs only a second or so to link 40 amino acids into a polypeptide chain, an automated peptide
synthesizer requires a day or more to complete this task. The slower speed of the synthetic approach, however, is o
ffset by several key advantages: the ability to include non-natural amino acids, if desired; the capacity to incorporate
modifications in the backbone to confer resistance to proteases; and the increased safety and purity of synthetic
peptides relative to proteins that are isolated from a pathogen of interest or produced from an expression vector, for
example. Such benefits mean that synthetic peptides offer potential clinical advantages in the development of
vaccines and drugs. Improvements in peptide synthesis technology that allow the production of long synthetic
peptides (over 100 amino acids in length), together with bioinformatic techniques in which sequenced genomes are
analyzed to determine appropriate peptides to synthesize, should both aid the synthetic peptide approach to clinical
problems. Corradin and colleagues briefly review the history of synthetic peptide synthesis and discuss recent efforts
to produce clinical products——including vaccines to prevent malaria, cancer, and allergies——based on long synthetic
peptides.
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VACCINE AND DRUG DEVELOPMENT

Long Synthetic Peptides for the Production of Vaccines
and Drugs: A Technological Platform Coming of Age

Giampietro Corradin,’* Andrey V. Kajava,? Antonio Verdini'

(Published 22 September 2010; Volume 2 Issue 50 50rv3)

Long synthetic peptides (LSPs) have a variety of important clinical uses as synthetic vaccines and drugs. Tech-
niques for peptide synthesis were revolutionized in the 1960s and 1980s, after which efficient techniques for
purification and characterization of the product were developed. These improved techniques allowed the
stepwise synthesis of increasingly longer products at a faster rate, greater purity, and lower cost for clinical
use. A synthetic peptide approach, coupled with bioinformatics analysis of genomes, can tremendously expand
the search for clinically relevant products. In this Review, we discuss efforts to develop a malaria vaccine from

LSPs, among other clinically directed work.

TECHNOLOGY FOR PRODUCING SYNTHETIC PEPTIDES

The ability to synthesize peptides using chemical techniques has nu-
merous important applications, including synthetic vaccine and drug
development. This technology has been honed for over a hundred
years. Procedures of peptide bond formation were pioneered by Curtius
and Fischer at the turn of the 19th century. A new era in peptide chem-
istry began in 1932 with the introduction of benzyloxycarbonyl for
the temporary protection of the a-amino group (1), which culmi-
nated in 1954 with the synthesis of oxytocin, the first biologically
active synthetic peptide (2). Perhaps the most spectacular application
of the arsenal of new protecting groups and coupling methods incessantly
developed during the 1960s was the synthesis, in 1963, of 39-residue
porcine adrenocorticotropic hormone (3).

Classically, peptides were synthesized with liquid-phase techniques.
A major breakthrough in peptide chemistry came in 1963 with the
description by Merrifield of the principles of solid-phase peptide
chemistry (SPPS) and their application to the synthesis of a tetrapep-
tide (4). In this approach, peptide chains are synthesized while they
are linked to resin. Synthesis occurs through repeated rounds of de-
protection and coupling, proceeding from the C terminus to the N
terminus; the retention of the growing chain on the resin allows re-
agents and by-products to be washed away. After synthesis, the pep-
tide is released from the resin with a strong acid. Later, Sheppard very
successfully modified the Merrifield’s basic concept with alternative
chemistry (5). A schematic outline of both methods—referred to as
the butoxycarbonyl (Boc)-benzyl and 9-fluorenyl methoxycarbonyl
(Fmoc)-t-butyl methods to indicate the protection groups used for
o-amino and side-chain functional groups, respectively—is shown
in Fig. 1.

The original Boc-benzyl method has been refined over the years
to such an extent that HIV protease (99-amino acid residues) was
assembled on a peptide synthesizer in 33 hours with a rate of synthesis
of 75 residues per day (6). In previous peptide syntheses, rates of syn-
thesis of about 5 to 10 residues per day have been reported depend-
ing on peptide sequences and synthetic protocols chosen. But the
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hazards and difficulty in handling liquid hydrogen fluoride (HF; a
volatile and highly toxic acid) during peptide-resin cleavage have
hampered its widespread use in biomedical laboratories.

Fmoc-t-butyl chemistry is simpler and easier to use. It is also
more flexible, requires fewer reagents, and involves the application
of trifluoroacetic acid (TFA) and scavengers for peptide-resin cleavage
and the removal of all side chain-protecting groups. An important
feature of the method is that the removal of the Fmoc group by pi-
peridine after each coupling step gives a piperidine-dibenzofulvene
chromophoric adduct that allows monitoring of the individual cou-
pling reactions by ultraviolet spectroscopy. This ability provides the
operator with some assurance that the synthesis is progressing satis-
factorily and with indications of further optimization in successive
syntheses.

The spectacular achievements of SPPS led to a steady decline of
the “classical” liquid-phase methods, whereas the solid-phase proce-
dures were universally accepted for the assembly of peptides consist-
ing of no more than 40 residues, a length considered until recently as
an upper limit of this technology. However, in the 1990s, the sub-
stantial gains made in advancing the synthetic protocols as well as
the methods of peptide purification and analysis increased this limit
further (7). Indeed, long synthetic peptides (LSPs), well over 100-
amino acid residues in length, have acquired increasing importance
in biology and immunology. The main advantages of the solid-phase
methods are their speed, the facile production of 10 to 100 mg of
thoroughly purified products, and the possibility of including non-
natural amino acids and backbone modifications to confer protease
resistance and control of the enzymatic processing of the LSPs.

In the stepwise assembly of LSPs and small proteins (for example,
chemokines), “difficult sequences” are frequently encountered. Such
sequences almost invariably present problems in coupling and Fmoc
removal steps, particularly at a position 5 to 15 residues from the C
terminus, the result of aggregation of the growing peptide chains in-
duced by the formation of B sheet structure. This problem has been
satisfactorily solved by bringing about a structural change in the pep-
tide backbone at one or more serine or threonine residues through
the use of dimethyloxazolidines or isoacyldipeptides and at glycine
residues by the reversible protection of their amide NH groups in the
peptide bond (7). Aspartimide formation at vulnerable Asp-Gly po-
sitions as a result of repeated exposure to piperidine can be avoided
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Fig. 1. General scheme of the Boc-benzyl and Fmoc-t-butyl methods of stepwise solid-phase syn-
thesis of linear peptides. Deprotection of the a-amino—protecting group of the resin-linked growing
peptide chain and coupling of the next protected amino acid constitute the repetitive cycle of the
synthesis. X indicates the coupling reagent for amide bond formation. Both the a-amino group and
the e-amino group on lysine side chains can be modified for various purposes. The use of an insoluble
support (resin) in a single reaction vessel allows for automation of the process. The crude peptide is ob-
tained by resin-peptide acidolysis (liquid HF for Boc-benzyl and TFA for Fmoc-t-butyl methods) in the
presence of scavengers. X: for example, diisopropylcarbodiimide-N-hydroxybenzotriazole; preformed
symmetrical anhydrides; active esters; aminium salts such as HBTU [2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate], TBTU [2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate], BOP [benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate],
PyBOP (benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate), or HCTU [2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate] in the presence of a
tertiary base. [Credit: C. Bickel/Science Translational Medicine]

with Fmoc-Asp(OtBu)-(Hmb/Dmb)Gly derivatives (7). Poorly solu-
ble LSPs have also been prepared by linking a polylysine-solubilizing
tag to the insoluble peptide via a base-labile handle (8). Lipid, carbo-
hydrate, phosphate, and chromophoric groups can be introduced at
selected amino acid side chains of LSPs by following the Fmoc-t-butyl

gel filtration chromatography. When the
physicochemical properties of the impu-
ritiesare very similar to those of the target
product, a removable affinity tag intro-
duced at the N terminus of the target pep-
tide permits it to be isolated from the crude
sample via a reaction (covalent capture) or
the formation of a noncovalent bond with
the stationary phase (9-13). Excellent
resolution between biotin-labeled long pep-
tides and truncated/alkylated impurities
has been demonstrated by affinity chroma-
tography on agarose coupled to the biotin-
binding protein avidin (10). Poly-His tags,
which bind to nickel (II), have also been
successfully used in the purification of
LSPs (11). The a-ketoacyl method [which
isbased on the selective binding of a keto-
peptide to an aminoxy-functionalized res-
in followed by the transamination by
glyoxylic acid and nickel (IT) and the selec-
tive cleavage of the a-ketoacyl group with
o-phenylenediamine], combined with
RP-HPLC, hasbeen shown tobeapowerful
purification strategy for the isolation of
scarcely soluble peptides (13).

Finally, a new and simple yet very
practical method has addressed a prob-
lem that occurs with LSPs containing
multiple cysteine residues: the formation
of non-native intramolecular and inter-
molecular disulfide bonds through oxi-
dation of wrong pairs of thiol groups
during the final oxidative folding. This
method, based on polypeptide precur-
sors S-protected as t-butylthio derivatives,
eliminates the problems observed in the
classical oxidative folding of polythiol
precursors (14). Besides excellent yields
of correctly folded peptides, a distinct
practical advantage of the method is the

possibility of precisely evaluating the extent of folding and disulfide
bond formation by MALDI-TOF mass spectrometry.

LSPS IN THE CLINIC: VACCINES AND DRUGS AGAINST

strategy.

PURIFICATION, ANALYSIS,
AND FOLDING

The combined use of high-performance liquid chromatography (HPLC)
and mass spectrometry [matrix-assisted laser desorption/ionization-
time-of-flight (MALDI-TOF) and ion spray mass spectrometry] hasrev-
olutionized the purification and analysis of LSPs. Reversed-phase HPLC
(RP-HPLC)isregarded as the most effective method for eliminating pep-
tide impurities, particularly in combination with either ion exchange or

INFECTIOUS AGENTS AND CANCER

To generate a immune response against disease-causing pathogens,
vaccines generally contain killed or weakened forms of the micro-
organism, inactivated forms of toxins produced by the microorganism,
or antigens produced by recombinant DNA technology. An alternative
approach is to synthesize LSPs that resemble key regions of proteins
on the pathogen’s surface, for example. This synthetic approach is
versatile, given that a wide variety of LSPs can be produced; it also of-
fers speed of manufacturing, purity, and safety because the pathogen
or impurities from the expression vector itself are not part of the vac-
cine. In addition, LSPs contain, in general, epitopes that are recognized
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by helper (CD4") and cytotoxic (CD8") T cells and, in contrast to short
peptides, may need to be processed and presented to T cells by pro-
fessional antigen-presenting cells.

Malaria vaccines

We aimed to develop synthetic malaria vaccine candidates in the 1990s,
an approach that was dictated by the advantages described above. It was
also clear that a mixture of short peptides was not a sensible approach
for a malaria vaccine because the possibility of mimicking conforma-
tional epitopes would be lost. In addition, small antigens (insulin, cyto-
chrome, lysozyme, etc.) had been shown to be adequate to elicit an
immune response in a genetically complex population.

Vaccines can be divided in two classes depending on the protective
mechanism one wishes to obtain: either a T cell- or a B cell-based
response. T cells minimally recognize 8- to 15-amino acid-long
peptides derived from antigen degradation by antigen-presenting
cells or serum proteases, followed by binding to major histocom-
patibility class I and/or II cell surface molecules and presentation
to specific T cells, enabling antigen recognition by the T cells. Thus,
no particular structural requirements of the antigen are required, fa-
cilitating vaccine manufacturing. On the other hand, in the case of
vaccines that are designed to induce antibody secretion by B cells,
the antigen must correctly mimic the three-dimensional structure of
the parent protein to be effective. Unfortunately, the antigen structure
is often not known.

Development of a malaria vaccine is complicated by the complex
life cycle of the parasitic protists of the genus Plasmodium that cause
this disease. Plasmodium sporozoites—the cell form that infects new
hosts—are transmitted to hosts during the bite of an infected mos-
quito. The sporozoites then migrate to the liver where they multiply
inside hepatocytes, eventually developing into merozoites, the form
that infects erythrocytes. For vaccines against malaria, T cells and/or
antibodies are the mediators of protection depending on the stage
of the parasite to be targeted: the pre-erythrocytic stage (which in-
cludes the sporozoite) or erythrocytic stage. Sporozoite-specific anti-
bodies can inhibit liver invasion by the free-living microorganism,
whereas destruction of the parasite within hepatocytes is mediated
by CD4" and CD8" T cells through secretion of lymphokines (that is,
interferon-y or tumor necrosis factor-o;) upon recognition of infected
hepatocytes. Thus, liver-stage antigens do not need to be conformation-
ally similar to the native proteins. On the contrary, for the sporozoite
and the erythrocytic stage, antibodies exert the protective function,
which requires that synthetic antigens used for vaccination be confor-
mationally similar to the native protein.

Following these general principles, the first antigen we selected
was the circumsporozoite (CS) protein—a cell surface protein present
in sporozoites and early liver stages of Plasmodium falciparum, the
most deadly form of human malaria parasite. The gene encoding this
protein was the first to be sequenced from P. falciparum (15) and has
three distinct domains: the N- and C-terminal regions, which are both
about 100 amino acids long, and a central repeat region consisting of
about 40 copies of a tandemly repeated tetramer (Asn-Ala-Asn-Pro).
We first concentrated on the C-terminal fragment because preclinical
data suggested that it was important for protecting against liver in-
fection through activation of CS-specific CD4" and CD8" T cells (16).
Thus, the folded fragment, which contains four disulfide-bonded cys-
teine residues, was tested in two independent phase I clinical trials with
different adjuvants (17, 18). Good immunological results were obtained:

Inoculation of the peptide together with an adjuvant, either Montanide
ISA 720 (Seppic) or AS02A (GlaxoSmithKline), both oil-in-water emul-
sions that contain immunostimulants, elicited CD4" and CD8" T cell
as well as antibody responses. In this instance, AS02A proved to be supe-
rior to Montanide ISA 720 in terms of antibody levels and production
of interferon-y in most volunteers (18). In view of these results, a phase
ITa clinical trial was performed. Volunteers immunized with the antigen
formulated with Montanide ISA 720 only, regrettably because of the
unavailability of AS02A, were challenged by P. falciparum parasites
through the bite of infected mosquitoes. No protection was obtained;
this failure may be a result of the reduced response achieved with the
adjuvant used (19).

Other clinical trials were then undertaken using LSPs with sequences
derived from proteins of P. falciparum and P. vivax, another species
that causes malaria in humans. These proteins included P. vivax CS
protein (three individual or combined N, R, and C domains of 76,
48, and 71 amino acids, respectively), P. falciparum glutamic-rich pro-
tein (GLURP; 127 amino acids), which is expressed in several stages of
the parasite life cycle, and merozoite surface protein 3 (MSP3; 96
amino acids) (7, 20). In particular, the MSP3-derived LSP underwent
additional testing in phase Ib and Ila trials (21, 22) and then in a IIb
clinical trial. Efficacy results from the latter trial will be available in the
near future. GLURP has been further developed as a hybrid recombi-
nant product in combination with MSP3 (23) and will enter phase Ib
and II clinical trials in the near future.

Cancer vaccines

LSPs are also being used in the development of vaccines to induce T
cell-based responses to prevent gynecological cancers. Several ap-
proaches involve vaccines against the human papillomavirus (HPV), be-
cause HPV infection can cause a number of cancers, including cervical
cancer. In one case, longer than usual CD8" T cell epitopes (30 to 35
amino acids) covering the entire HPV tumor antigen were synthesized
to incorporate potential CD4" T cell epitopes. Indeed, in a study of pep-
tides representing Plasmodium sequences, the presence of helper T cell
epitopes enhanced the CD8" T cell response in an animal model
(24). Two clinical trials involving LSPs representing HPV-16 E6
and E7 oncoproteins (which inactivate host tumor suppressor pro-
teins) in one case and p53 protein (which is aberrantly expressed in
many cancers) in the other were performed in vulvar intraepithelial
neoplasia and ovarian cancer patients, respectively (25, 26). Results
obtained were considered very promising (25, 27). Improvement of
these formulations in terms of cost and, possibly, efficacy may be
achieved by producing overlapping peptide segments up to 80 to
100 amino acids long.

Allergy vaccines

During an allergic reaction, the body interprets some substances—such
as pollen or bee venom—as a disease agent and produces a type of
antibody [immunoglobulin E (IgE)] that recognizes that substance.
The IgE binds to basophils and mast cells; when the allergen is next
encountered, these cells cause an inflammatory response that produces
allergy symptoms. Allergen immunotherapy generally involves vaccinat-
ing the patient with increasing amounts of the allergen to induce toler-
ance to it. In the case of bee venom or pollen allergy treatment, it was
hypothesized that injection of soluble denatured antigen would tolerize
or anergize (make unresponsive) allergen-specific T cells without the anti-
gen’s concomitant recognition by IgE and subsequent activation of basophil

www.ScienceTranslationalMedicine.org 22 September 2010 Vol 2 Issue 50 50rv3 3

Downloaded from stm.sciencemag.org on November 19, 2014


http://stm.sciencemag.org/

REVIEW

mast cells. This procedure was likely to avoid adverse events during the
desensitization treatment and would take less time (weeks instead of years)
than conventional approaches involving the intact allergen. Thus, three

Number of Number of Number of Number of Number of
proteins small proteins unstructured o-helical coiled- B-solenoid
regions coil fragments fragments
Plasmodium 5300 129 5482 1392 40
falciparum (1558 inMorS) (302in MorS)
Leishmania 8335 68 1592 1197 14
major (281 in M or S) (82inMorS)
Vibrio 3700 411 31 183 6
cholerae (10in M or S) (99 in M or S)
Legionella 3100 134 61 201 8
pneumophila (28 in M or S) (97 in M or S)
Staphylococcus 2600 261 119 189 8
aureus (85in M or S) (66 in M or S)
Neisseria 2200 237 24 41 50
meningitidis (8inMorS) (10in Mor S)
Streptococcus 2100 208 38 114 12
agalactiae (23in M or S) (38in MorS)
Treponema 1000 85 15 51 =
pallidum (7inMorS) (26 in M or S)
Chlamydia 900 28 40 62 25
trachomatis (12in M or S) (20in M or S)

Fig. 2. Estimation of number of vaccine candidates that can be produced with peptide synthesis. The peptide
numbers vary from hundreds to thousands depending on the pathogen. These numbers can be even higher if
small structural domains of large proteins, such as zinc fingers or EGF modules, are taken into consideration.
Among the candidates are (i) small proteins (less than 80 amino acids); (i) nonoverlapping unstructured
regions of more than 30 amino acids found in the whole proteome and in secreted (S) or membrane
(M) proteins; (iii) nonoverlapping a-helical coiled-coil regions of more than 30 amino acids found in the
whole proteome and in secreted or membrane proteins; and (iv) nonoverlapping B-solenoid fragments of
60 residues found in the outer membrane proteins (48). [Credit: C. Bickel/Science Translational Medicine]

long, carefully selected overlapping fragments of bee venom phospho-
lipase A were synthesized. The LSPs were tested in vitro to determine any
residual binding to IgE obtained from bee venom-allergic patients and

then injected in patients, where they were
found to reduce the antigen-specific T cell
response and IgE serum concentration
(28). A similar approach was recently ap-
plied to prevent allergic reaction to the
pollen Btvl protein (29).

Chemokines

LSPs are also extensively used in research
on chemokines, as well as in their clinical
applications, and a variety of synthetic
chemokines, either in native or in mod-
ified form, are commercially available.
Chemokines are secreted proteins of 70
to 100 amino acids that contain four or
six disulfide-bonded cysteines. By bind-
ing to chemokine receptors on target
cells, they guide cell migration; for ex-
ample, some chemokines attract inflam-
matory immune cells. One chemokine
receptor, C-C chemokine receptor type
5 (CCR5), is used by HIV as a co-receptor
to enter target cells. RANTES, the nat-
ural chemokine ligand of CCR5, has
potential for suppressing HIV infection.
A synthetic version of RANTES that is
chemically modified at its N terminus
has higher affinity for CCR5 than native
RANTES; it also acts as a strong agonist
of the CCR5 receptor, inducing receptor
signaling. Based on these findings, re-
combinant analogs devoid of the ago-
nistic activity were sought, with the goal
of using them as topical agents to pre-
vent HIV infection (30). A phase I clin-
ical trial of such an analog is scheduled
to start next year (31I).

PRESENT AND FUTURE
APPLICATIONS

Scaffold engineering

With the advances in peptide synthesis
technology, the “engineering” approach to
producing new peptides, in which small-
size natural domains (less than 100 amino
acids) are used as a scaffold for structural
epitopes of nonhomologous large domains
or proteins, became possible (32, 33). Suc-
cessful epitope designs have been reported
in a number of cases; the designed mini-
proteins and their larger natural proto-
types both bind the same surfaces of the
relevant receptors (34). In another study,
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a de novo-designed a-helical coiled-coil domain was used to generate
an immune response against o-helical viral proteins or to produce a spe-
cific drug such as Fuzeon T-20, which blocks HIV from fusing to the
target cell (35-37). Even though these engineering methodologies are
poorly adapted to high-throughput screening, undoubtedly they will
continue to be attractive with the improvements in peptide synthesis
technology.

Reverse vaccinology

Today, the most impressive progress in vaccine development is linked
to the increasing number of pathogen genomes that have been se-
quenced. The genomic data allow in silico selection of promising vac-
cine candidates regardless of their abundance, their expression
conditions, or a need to grow the pathogen in vitro. The approach
was named “reverse vaccinology” because in this case vaccine discovery
starts from genetic information rather than from the pathogen itself
(38). Reverse vaccinology has been successfully used to produce vac-
cines against some bacterial pathogens (39). At the same time, molec-
ular biology and protein expression technology are still labor-intensive,
making this approach fastidious and costly for high-throughput
screening. Proper protein folding and solubility remain a limitation
in numerous cases.

Structure-based bioinformatics coupled with peptide synthesis
These bottlenecks can be bypassed with an approach that uses the
concept of structural epitopes and combines bioinformatics and peptide
synthesis. Indeed, peptide synthesis technology is fast and cost-effective.
Peptides of 40 to 60 amino acids, which are appropriate for high-
throughput chemical synthesis, can form stable structural domains on
their own. These peptides can mimic native structural epitopes when iso-
lated from the context of the whole protein. Some of them can be identified
in the proteomes of relevant organisms with bioinformatics approaches.

We successfully applied this structure-based bioinformatics and
peptide synthesis approach to the identification of new malaria vac-
cine candidates (40). To select protein fragments that would retain
their native conformation adopted in the parent protein, we used
the o-helical coiled-coil motif. a-Helical coiled coils are abundant in
proteomes; they are characterized by a seven-residue repeat (abcdefg),,
in which hydrophobic residues are located at positions a and d and,
in general, polar residues are located elsewhere. Peptides containing
three or more such heptad repeats with bulky apolar residues at the
a and d positions are able to fold into a stable native structure (41). The
sequence features of o-helical coiled-coil domains are easily identified
by analysis of genomes. Their frequent occurrence in pathogen surface
proteins makes them one of the most attractive templates for mimick-
ing structural epitopes. Hence, bioinformatics screening of the P. falci-
parum genome (40) identified several hundred proteins containing
putative a-helical coiled-coil motifs. Because we were searching for
molecules that could be targets of a protective antibody-based response,
we concentrated on those predicted to be expressed in the parasite’s
erythrocytic stage. The analysis identified over 200 segments that were
associated with this stage and that displayed the putative a-helical
coiled-coil motifs with a high probability score. Of these a-helical
coiled-coil fragments, 170—derived from 140 putative proteins—were
synthesized and purified. Ninety-five of them were extensively studied
and processed through a rigorous selection procedure to result in 10
promising vaccine candidates (40, 42). The remaining 85 peptides are
under study. To design immunogens able to provide immunity to the

general population, we colinearly linked these fragments of 30 to 40 res-
idues via diethylene glycol derivates, which are a nonimmunogenic
handle used to prevent formation of neoantigens. This strategy is uni-
versal and can be easily applied to other pathogens and extended to other
small structural domains [for example, zinc fingers or epidermal growth
factor (EGF) modules] that are able to mimic structural epitopes and that
are usually contained in larger proteins (Fig. 2).

B-Solenoid structures

In addition, over the past few years, a new set of proteins has been
identified whose folds are based on solenoidal windings of the poly-
peptide chain in a-helical and (or) B-structural conformations (43).
The high incidence of the B-solenoid structures among virulence fac-
tors of pathogenic bacteria and viruses (44) suggests that this fold may
be an attractive target for new vaccines. Although it is not yet well es-
tablished whether the B-solenoidal structures can be formed by the
folding of shorter synthetic peptides, this possibility cannot be ruled
out. Indeed, individual coils of solenoid consist of about 20 residues;
therefore, it is possible to synthesize peptides containing three to five
coils (Fig. 2). Testing for the presence of such folds in relatively short
synthetic peptides by physicochemical or immunological techniques is
an attractive task for future work.

Unstructured regions

Finally, the so-called natively unfolded or unstructured regions of pro-
teins, in contrast to all the above-mentioned motifs, do not fold in any
particular unique structure (45). Their peptide fragments are also un-
folded and, therefore, mimic the native linear epitopes. These regions
can be readily identified in protein sequences by bioinformatics anal-
ysis; the sequences that encode unstructured regions frequently occur
in genomes (45). Selection of suitable candidates from predicted un-
structured regions can proceed as described by Villard et al. (40). In
malaria parasites, fragments of some of these “natively unstructured
regions” are already being developed as malaria vaccine candidates
(GLURP and MSP3; see above). By following these principles, we
identified an unstructured region with very limited polymorphisms
(an attractive feature for a vaccine candidate) in the newly identified
protein PFF0165c (46). In a time frame of only 2 years, we synthesized,
purified, and characterized its immunological and biological properties
to lay the basis for a clinical trial.

CONCLUDING REMARKS

Thus, the wealth of proteome data, in combination with new bio-
informatics tools developed for proteome analysis and progress in
the synthesis of long peptides, opens up possibilities for new strategies
of vaccine and drug development. Peptide synthesis methods will be
constantly improved, facilitating the production of increasingly longer
peptides. The native chemical ligation method already provides a
powerful means to assemble unprotected synthetic peptides to pro-
teins in aqueous solution (47). Therefore, larger structural motifs than
those described in this Review may be considered. Thus, advances in
bioinformatics tools for prediction of structural domains and peptide
synthesis, coupled with sequencing of pathogen genomes, should en-
sure the increasing interest of researchers and developers in the con-
cept of structural epitopes for the development of synthetic drugs and
vaccines.
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