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Ac-[PL1]-Lys—Gly-NH, Peptide Epitopes

Ac—[J8]—-Lys—Gly—Cys PL1: EVLTRRQSQDPKYVTQRIS
Ac-[88/30]-Lys—Gly—-Cys J8: QAEDKVKQSREAKKQVEKALKQLEDKVQ
|

(Cfly)‘; 8830: DNGKAIYERARERALQELGP
C12-Gly—(C12),—Gly

The aim of this study was to investigate methods for the synthesis of highly pure, well-characterized
analogues of the lipid core peptide (LCP) system. Difficulties synthesizing and purifying conventional
LCP systems have led to the requirement for a technique to produce highly pure, LCP-based vaccines
for potential use in human clinical trials. The current study describes methods for the attachment of
lipophilic adjuvants onto multi-epitopic peptide vaccines. Described is the synthesis, using native chemical
ligation, of a highly pure, tri-epitopic, group A streptococcal (GAS) lipopeptide vaccine candidate.
Intranasal immunization of the described tri-epitopic GAS lipopeptide with the mucosal adjuvant cholera
toxin B subunit induced high serum IgG antibody titers specific for each of the incorporated peptide

epitopes.
Introduction Several prophylactic GAS vaccines are currently under
G S G . development~7 Many of these vaccines target the GAS M
roup A Streptococcus (GASstreptococcus pyogenes protein, ana-helical coiled-coil cell surface protein that is

responsible for many disea;e_s, incluc_i_ir_lg st_reptococcal 1OXI€ 5550ciated with resistance to phagocytésihie sequence of
SEOCK SY_“drorg‘? and_ ne(t:)rc_)tlzmr? fasciitis, with str?tococca_l the GAS M protein amino (N)-terminus is highly variable
pharyngitis and impetigo being the most common GAS assoCl- hepeen serotypes, with serotype-specific antibodies elicited to

ated conditions. In a small number of GAS infections, patients this regiont As over 100 GAS serotypes have been character-
who have not been treated, or treated inadequately, may develogzed, vaccines based on N-terminal peptides need to be multi-

acute rheum;tlc feveL. Acute_ rh;ltj)me;]tw fe\(/jer .(ARFf) 'S.Snd epitopic, including epitopes selected to offer broad-strain
gutmm(;nl_:_ne Hlseasgc aggtgrlzeh' ﬁ’ the pro UCt'On,?] ﬁnt' O0-coverage against circulating serotypes. In comparison, the M
les and T-cels against » Which cross-react with human ,.oein" carboxyl (C)-terminus region is highly conserved
tissues in the heart, joints, and braifihe associated heart valve

and pericardial inflammation may lead to rheumatic heart disease (2) Kotloff, K. L. Corretti, M- Palmer, K.. Campbell. J. D.. Reddish,
(RHD) and eventually heart failure. As ARF and RHD only \ “A’- Hy M. C.: Wasserman, S. S.: Dale. J. BAMA 2004 292, 709.
occur following GAS infection, a means to prevent GAS (3) Hruby, D. E.; Hodges, W. M.; Wilson, E. M.; Franke, C. A.; Fischetti,

infection (e.g., a vaccine) would provide the best opportunity V. A. Proc. Natl. Acad. Sci. U.S.A988 85, 5714.
(4) Ji, Y. D.; Carlson, B.; Kondagunta, A.; Cleary, P.IRfect. Immun.

to prevent these diseases. 1997 65, 2080.
(5) Brandt, E. R.; Sriprakash, K. S.; Hobb, R. I.; Hayman, W. A.; Zeng,
 School of Pharmacy, The University of Queensland. W.; Batzloff, M. R.; Jackson, D. C.; Good, M. Nat. Med.200Q 6, 455.
* Queensland Institute of Medical Research. (6) Olive, C.; Batzloff, M.; Horvéh, A.; Clair, T.; Yarwood, P.; Toth,
§ School of Molecular and Microbial Sciences, The University of Queensland. I.; Good, M. F.Infect. Immun2003 71, 2373.
(1) Batzloff, M. R.; Sriprakash, K. S.; Good, M. Eurr. Drug Targets (7) Horvah, A.; Olive, C.; Karpati, L.; Sun, H. K.; Good, M.; Toth, I.
2004 5, 57. J. Med. Chem2004 47, 4100.
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SCHEME 1. Synthetic Approach to the Synthesis of 3
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FIGURE 1. The lipid core peptide system. Ligation Thiol Exchange
TCEP, SDS, MESNA, SDS,
. . . 0.1 M phosphate buffer, Ph 7.5 0.1 M phosphate buffer, pH 7.5
between GAS serotypésyith C-terminal peptide-based vac-
cines offering the potential to protect against multiple GAS o_oNe
“ Ac—(88/301Lys—Gly—8™ %
serotypes. . . Ac—{PLII-LysGhy—NH, o ey —12-Gl
The lipid core peptide (LCP) systértFigure 1) represents a Ac—[J8—Lys=Gly—Cys s g

promising system for mucosal vaccine development. This system’*“[““"}‘L;Y;'f':iVle e
takes advantage of peptide lipidation, using synthetic lipo-amino ° e
acids? and the poly-lysine multiple antigen peptide (MAP)
systemP to produce vaccines incorporating peptide antigens, a . N .

Y b b g pep 9ens, & 4 yministered subcutaneoughs CFA is highly toxic and not

carrier, and an adjuvant into a single molecular entity. Many compatible with human use. an aim of future studies was to
studies have demonstrated the capacity of LCP systems incor-, P ’

porating GAS antigens to elicit systemic IgG antibodies without 'na{eit'%?ﬁitmfg?oss fci’; then:jnc?r:]pi)lorratltcr) n ?frthe LCP lipidic
the need for additional adjuvants when administered subcutane-2¢JUvant Into this vaccine and simriar structures. .
The objective of this study was to develop methods, using

ously to mic&711 and in some cases following intranasal ) hemical liaation. for th I  hihl
administration (personal communication, Colleen Olive). While Native chemical ligation, for the development of highly pure,
ighly characterized GAS vaccines, incorporating the LCP

the LCP system has many advantages as a vaccine deliver){? dic adi X I h ously d bed
system, there are potential purification difficulties associated Pidic adjuvant (Figure 1), as well as the previously describe

with their synthesis using stepwise solid phase peptide synthesisPLl' 88/30, and_JB peptidgs. Presented herein is the synth_esis
(SPPS), the use of a MAP systéfand the use of racemic of branched peptides containing both a protected cysteine residue
Iipo-amilno acids. and C-terminal thioester compatible with native chemical

Previously, we have published work toward the synthesis of Iigatio_n and optimizgtion of their _synthesis. These pept_ides
a highly pure and highly characterized prophylactic GAS contain one GAS epitope per peptide and are used as building

lipopeptide vacciné.This study involved the synthesis of a blOCkS.' A.discu.ssion qf the method§ tried .for incqrporating. the
peptide containing three GAS epitopes using native chemical ITCP. I|p|_d|c adjuvant into the vaccine using native chemical
ligation. Two of these epitopes (88/30: DNGKAIYERAR- ligation is presented. A_future aim of_thls research is to develop
ERALQELGP and PL1: EVLTRRQSQDPKYVTQRISjere & Mucosal prophylactic GAS vaccine. The capacity of the
N-terminal peptides from GAS strains common to Australian synt'he5|zed tr.|-ep|'top|c vaccine .to. elicit antllgen-speuﬂc Sys-
Aboriginal populations of northern Queensland and the Northern temic 19G a_mtlbodles when a_dm|n|stere_d with a conventional
Territory. The third epitope (J8: QAEDKVKEREAKKQ- mucosal adjuvant, cholera toxin B subunit (CTB), was therefore
VEKAL KQLEDKVQ)*3 was a conserved C-terminal peptide assessed.

(in bold), flanked by sequences to maintain the conformational . .

coiled-coil structure of the native M protein. Inclusion of J8, Results and Discussion

which includes a conserved C-terminal B cell epitope, offers Peptide building blocks Ac-J8-K[C(Acm)]-G-MPALL, Ac-
the capacity to elicit antibodies which protect against multiple PL1-K(C)-G-NH, (2), and Ac-88/30-K[G-012-C12-é-C12-
GA.S serqtypes. Sincg t_his vgccine glid not Coﬁta‘“ the Iip(_)- (G)4]-G-MPAL (5) (échemes 1 and 2) were synthesized to
amino acid based built in adjuvant, it was not immunogenic incorporate a NFmoc-protected lysine residue, which following

- — — peptide epitope synthesis on theamine and acetylation of the
195(%) ;Ztg’glz'é.[)amon’ M.; Flinn, N.; Gibbons, W. Aletrahedron Lett.  tarminal amine was deprotected and coupled to a cysteine

(9) Gibbons, W. A.; Hughes, R. A.; Charalambous, M.; Christodoulou, residue [either acetamidomethyl (Acm) @methylbenzyl
M.; Szeto, A.; Aulabaugh, A. E.; Mascagni, P.; Toth.iebigs Ann. Chem. (pMeBzl) protected] to enable ligation of other peptide epitopes.

without the addition of complete Freund’s adjuvant (CFA) when

199Q 1175. - - ; :
(10) Tam, J. PProc. Natl. Acad. Sci. U.S.A988 85, 5409. Synthesis of these building blocks was achieved using a
(11) Olive, C.: Batzloff, M. R.. Horvth, A.. Wong, A.. Clair, T.: modified version of the Boc chemistry in situ neutralization

Yarwood, P.; Toth, I.; Good, M. Anfect. Immun2002 70, 2734. protocol of Schiilzer et al'* This involved using 1 equiv of

(12) Moore, M. L.; Grant, G. A. IrBynthetic Peptides, A User's Guide N N-diisopropylethylamine (DIPEA) to the amount of amino
2nd ed.; Grant, G. A., Ed.; Oxford University Press: New York, 2002; p

10.
(13) Hayman, W. A,; Brandt, E. R.; Relf, W. A.; Cooper, J.; Saul, A;; (14) Schritzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B.
Good, M. F.Int. Immunol.1997, 9, 1723. Int. J. Pept. Protein Res1992 40, 180.
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FIGURE 2. Attempted methods for conjugation of the LCP lipidic adjuvant and peptide epitopes. The safety catch acid labile linker (SCAL) of
Paek et al*® is utilized to enable cleavage of ligated peptides from the resin in example C.

acid, plus 1 equiv of DIPEA to the amount of resin, and an  Native chemical ligation of peptide building blocks @, and
additional 3QuL of DIPEA. In comparison, the original manual  5) was performed in 0.1 M phosphate buffer, pH 7.6, containing
protocol of Schiitzer et al. used 2 equiv of DIPEA to the sodium 2-mercaptoethanesulfonate (MESNA) as a thiol additive
amount of resin. This modification was utilized to reduce gradual and tris-2-carboxyethylphosphine hydrochloride (TCEP) to
lysine N.-Fmoc deprotection throughout the synthesis due to Prevent disulfide bond formation. These conditions enabled
the presence of excess base, which was found to result in thesuccessful ligation ol and2 (Scheme 1) to give the S-Acm-
formation of highly heterogeneous peptide mixtures when Protected PL1-J8 di-epitopic peptide in 65.3% following
standard conditions were utilized. It was also found that, as the Purification. However, this technique was not successful for

peptide chain increased in length, the lysirfeR¥hoc protecting Iigatipn of 5 to the”S-Acm-deprotecte(.i P,Ll"]8 di-gpitopic
group was stabilized. When Fmoc removal was required, this peptide4 due to solubility problems, resulting in the precipitation

stabilization necessitated prolonged Fmoc deprotection timesOf 5. Previously, we have published the synthesis of a tri-epitopic

- o . . _ GAS peptide vaccine, which did not contain the LCP lipidic
W'th. monlton_n_g by UY. spectroscop_|c techniques. F_mog c_iepro adjuvant, using these conditiohhe current study therefore
tection conditions utilized for peptid2 were 20% piperidine

. . aimed to use the same GAS epitopes to synthesize a highl
In DMF. However, plp.erldlne. could not .be used for Fmoc pure vaccine incorporating the |DLCIE Iipidicyadjuvant. Initigl ’
dePrOteCF'O” of C-t_ermlnal thioester pept|d1.esan_d 5 due to attempts to incorporate the LCP lipidic adjuvant into the vaccine
aminolysis of the thioester. Fmoc deprotection in the presence,qing native chemical ligation investigated the use of organic
of a thioester was achieved using the method of Li é¢ ahis solvent [2,2,2-trifluoroethanol (TFE), acetonitrile (ACN), DMF,
involved treatmg.the resin with a mixture comprising 25% (V/ pMsO, or dioxane] and phosphate buffer mixtures to ligate
v) 1-methylpyrrolidine, 2% (v/v) hexamethyleneimine, and 2% ejther a N-terminal cysteine-modified LCP lipidic adjuvant to
(wiv) 1-hydroxybenzotriazole (HOBY) in 1:1 1-methyl-2-pyr- 3 C-terminal thioester-modified GAS epitope (Figure 2A) or a
rolidinone (NMP):DMSO. This solution is capable of cleaving  lipopeptide featuring the LCP lipidic adjuvant to another GAS
the Fmoc group without significant aminolysis of the C-terminal epitope (Figure 2B). These mixtures were initially found to
thioester!> Alternatively, the method of Clippingdale et *4l. solubilize peptides in the ligation reaction. However, within an
using the non-nucleophilic base DBU [1% (v/v)] together with hour, peptide precipitation was observed. This corresponded with
1% (w/v) HOBt in DMF was suitable for Fmoc deprotection in  ESI-MS and reversed phase high performance liquid chroma-
the presence of a C-terminal thioester. tography (RP-HPLC) data, demonstrating that no ligation
product formed (data not shown). An alternative approach to
(15) Li, X.; Kawakami, T.; Aimoto, STetrahedron Lett1998 39, 8669. SOIV(.E this prqblem m.v.0|ved fragment Condens.af“c.)n Of. a N-
(16) Clippingdale, A. B.; Barrow, C. J.; Wade, J. D Peptide Sc200Q terminal cysteine-modified analogue of the LCP lipidic adjuvant
6, 225. onto a water-compatible resin, followed by ligation of GAS
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epitopes (Figure 2C) using the method of Brik et“aWhile 77

this technique was successful, it required the use of an expensive

linker'8 to enable peptide cleavage from the resin, and ligation —_ ¢ 4

efficiency was poor, with ligation reactions only reaching 30% 2 .

completion when 1.5 equiv of thioester peptide was utilized (data 2 5] . —A:*— "
not shown). These poor results may be partially attributed to < = A v
the use of Acm cysteine protection, with mercury(ll) acetate @ .

utilized for deprotection. While mercury(ll) acetate was suc- 541 " a R M
cessfully utilized for Acm deprotection &to give4 in 63.4% 3 vy
yield, recent experiments (unpublished data, Peter Moyle) have 8 ] - : .
demonstrated that the LCP lipidic adjuvant as well as the % v
dendrimeric structure of these vaccines may cause difficulties ®

precipitating mercury from the formed mercapfoeptide § i :

complex using thiols, such g&mercaptoethanol (BME) or 5

dithiothreitol. The use of Ag(l) salts has proven unsuccessful D 14

for Acm deprotection of these compounds in solution. However,

the use of 4 in 50% aqueous acetic acid (AcOH), followed by 0 —k

quenching with ascorbic acid and reduction of any formed ® & o~
disulfide bonds with TCEP, has been demonstrated to enable Immunogen

fast Acm deprotection and access to reduced cysteine residues.

Due to the difficulties associated with solid phase native FIGURE 3. Antigen-specific serum 1gG antibody titers (day 42)
chemical ligation and the use of organishosphate buffer indqced in_mice immunized intrgngsallywmdministered with CTB.
mixtures, the surfactant sodium dodecy! sulfate (SDS) was tried Antibody fiters are shown for individual mice to the J8, 88/30, and
using the conditions stipulated by Valiyaveetil ef36DS was PL1 GAS peptide epitopes. The average titer (geometric mean) is

. . A . represented as a bar.
capable of keeping the lipopeptide in solution throughout the
ligation reaction and enabled successful ligation of di-epitopic
peptide4 and lipopeptides (Scheme 2). This was most likely
due to solubilization of the lipidic region of lipopeptidenvithin
SDS micelles. In addition, it has recently been demonstrated
that the use of MESNA, instead of the commonly utilized thiol
additive thiophenol, may be advantageous when SDS is utilized
to solubilize hydrophobic C-terminal thioester peptid&$he
reason proposed for this is that MESNA is more likely to be
oriented outside of micelles due to its hydrophilic nature, while
thiophenol, due to its more hydrophobic nature, is likely to be
buried inside SDS micelles. Accessibility of the thioester for

nUCleOphiIiC attack by Cysteine thiols is therefore facilitated to The use of native chemical |igation for the synthesis of h|gh|y
a greater extent by the use of MESNA. However, use of SDS |ipophilic peptides has proven particularly difficult due to the
causes its own problems. These problems include band broadenneed for aqueous reaction conditions. The current study
ing during RP-HPLC purification, sample signal suppression gemonstrates the use of SDS for solubilization of lipophilic
in the mass spectrometer, and peptide denaturation. While thepeptides for use in native chemical ligation. Use of this technique
use of SDS made purification & more difficult, it could be  has enabled the synthesis of an experimental branched tri-
successfully purified, in 41.3% yield, by preparative RP-HPLC epjtopic GAS lipopeptide vaccine in high purity. Intranasal
when a C4 column was utilized. administration of this vaccine with CTB elicited high serum
Serum IgG antibody responses against each of the epitopesantigen-specific IgG antibody titers against each of the incor-
included in the vaccine were measured in immunized mice using porated peptide epitopes. Overall, this research has provided a
an enzyme-linked immunosorbent assay (ELISA). Elicitation novel method for the synthesis of highly pure, multi-epitopic

of mucosal sIgA antibodies was not assessed as they are unabl@popeptide vaccines that could potentially be utilized in human
to promote phagocytic killing of systemic GAS infections, clinical trials.

although they have been demonstrated to offer protection against

r_1asopha_1ryngea| _coIonizatiéh.The mice were administered Experimental Section

lipopeptide vaccines intranasally with CTB as a mucosal

adjuvant. Strong serum IgG antibody titers were elicited to each ~ Native Chemical Ligation of 1a and 2. 1(26 mg, 6.7umol)

of the included antigens at day 42 (Figure 3), which were Was dissolved in 0.1 M phosphate buffer pH 7.6 (1 mL) to which
comparable in magnitude to those observed previously with the MESNA (11 mg, 67umol) was added. The thiol exchange was

- : . left to proceed fo 1 h toform peptidela. 2 (19.4 mg, 7.36:mol)
subcutaqeous admlnl_stratlon c.)f LCcP .systems conte_umng thewas dissolved in 0.1 M phosphate buffer pH 7.6 (3.9 mL) to which
same epitopes, administered with or without CHA.addition, TCEP (6.3 mg, 22umol) was added. This solution was then

transferred into the vessel containing peptide After 5 h, the

previous studies have demonstrated that an 88/30-containing
LCP system, which elicited systemic 88/30-specific IgG anti-
body titers of 1.04x 1C° and 1.39 x 10° in separate
experiments, was capable of protecting immunized mice against
intra-peritoneal challenge with 88/30 GAShese data therefore
suggest that the systemic 88/30-specific IgG antibodies elicited
following intranasal administration & may provide protection
against 88/30 GAS infection.

Conclusion

88 Eg';i(A'-\;l K‘Eg&”"\/'f-jrgt?;‘;fggrv;-&ttolg%lcgzenégggfl 65, 3829. product3 was purified by semipreparative RP-HPLC on a Vydac
(19) Valiyaveetil, F. I.; MacKinnon, R.; Muir, T. WJ. Am. Chem. Soc. C4 column (214TP1010, 1fm, 10 > 250 mm) -usmg a gradient
2002 124, 9113, of 10% solvent B to 60% solvent B (solvent A: 0.1% TFAM
(20) sém, T.: Saito, Y.; Aimoto, Sl. Peptide Sci2005 11, 410. solvent B: 90% ACN/0.1% TFA/ED) over 45 min at a constant
(21) Bessen, D.; Fischetti, V. Anfect. Inmun1988 56, 2666. 4 mL/min flowrate. The fractions were analyzed by ESI-MS and,
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where appropriate, combined to gi#(27.5 mg, 65.3% yield) or PBS. Mice received five boosts at weekly intervals (days 7, 14,

following lyophilization. 21, 28, and 35) prior to collection of blood on day 42 for ELISA.
S-Acm Deprotection of 3.Hg(I1)(OAc), (16 mg, 50umol) was Collection of Sera.Blood was collected from the tail artery of
dissolved in AcOH/HO solution, pH 4 (2.5 mL), and added 8 each mouse 1 week after the last immunization. The blood was

(27.5 mg, 4.36umol). After 60 min, BME (0.2 mL, 2.9 mmol) left to clot at 37°C for 1 h and then centrifuged for 10 min at
was added and the reaction left for 5 h. The mixture was then loaded3000 rpm to remove clots. Sera was then storee 2@ °C.
onto a 2 cmx 6 cm (20 mL) Sephadex G-25 medium column and Detection of Systemic 1gG Antibodies by ELISA.ELISA for
eluted with acidified HO (pH 4, AcOH). The fractions containing  determination of serum IgG antibodies against the PL1, 88/30, and
4 (by analytical RP-HPLC) were combined and lyophilized to give J8 epitopes included in the vaccine was performed as previously
4 (17.2 mg, 63.3% vyield). described? Briefly, serial dilutions of sera were produced in 0.5%
Native Chemical Ligation of 5a and 4. 5(11.6 mg, 3.17mol) skim milk PBS/tween 20 buffer, starting at 1:100 concentration
was dissolved in kD (3 mL) containing SDS (30 mg), frozen, and  with 2-fold dilutions. Antibody titers were assessed following the
lyophilized. The powder was then rehydrated with 0.1 M phosphate addition of peroxidase-conjugated goat anti-mouse 1gG, @nd
buffer pH 7.6 (1 mL) to which MESNA (5.2 mg, 32mol) was phenylenediamine. Optical density was read at 450 nm in a
added. Thioester exchange was left to proceed. fb to give 5a microplate reader. The antibody titer was defined as the lowest
4 (17.2 mg, 2.76umol) was dissolved in 0.1 M phosphate buffer dilution with an optical density more than three standard deviations
pH 7.6 (2 mL) to which TCEP (4.75 mg, 16:6n0l) was added. greater than the mean absorbance of control wells containing normal

After 30 min, the pH was adjusted to 7.6 tvit M NaOH solution mouse serum.
(60uL), and the solution was transferred into the vessel containing
5a After 48 h, the ligation mixture was diluted with 1:1 TFE/®! Acknowledgment. This work was supported by the National

(7 mL). The produc6 was then purified by semipreparative RP-  Health and Medical Research Council (Australia), the National
HPLC on a Vydac C4 column (214TP1010, 4@, 10x 250 mm) Heart Foundation (Australia), and the Prince Charles Hospital
using a gradient of 0% solvent B to 70% solvent B (solvent A:  Foundation. The authors would like to acknowledge the Queen-
0.1% TFA/RO; solvent B: 90% ACN/0.1% TFA/LD) over 60 gjand Government for their financial support through the award

min at a constant 4 mL/min flowrate. The fractions were analyzed ¢ 54 Growing the Smart State Ph.D. funding scholarship.
by ESI-MS and, where appropriate, combined to i@ 1.0 mg,

41.3% vyield) following lyophilization.

Mice and Intranasal Immunization. All protocols were ap-
proved by the Bancroft Centre Research Animal Ethics Committee
(approval number P415). Immunizations were conducted-i6 4
week old female B10.BR mice (HR Prior to intranasal im-
munization, the mice were anesthetized using isofluorane vapor.JO060960P
Mice (n = 10/group) then received 3@ of vaccineb intranasally
on day 0 with 1Qug CTB in a total volume of 2@L sterile-filtered (22) Pruksakorn, S.; Galbraith, A.; Houghten, R. A.; Good, M.JF.
phosphate buffered saline (4Q per nare). Controls received CTB  Immunol.1992 149 2729.

Supporting Information Available: Synthesis of peptides,
2, and 5, analytical data, HPLC chromatograms, ESI-MS, and
SDS-PAGE data are available as Supporting Information. This
materialis available free of charge via the Internet at http:/pubs.acs.org.
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