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Development of a synthetic vaccine against group A streptococcal infection is increasingly paramount due to the induction
of autoimmunity by the main virulent factor – M protein. Peptide vaccines, however, are generally poorly immunogenic,
necessitating administration with carriers and adjuvants. One of the promising approaches to deliver antigenic peptides is
to assemble peptides on a suitable template which directs the attached peptides to form a well defined tertiary structure. For
self-adjuvanting human vaccines, the conjugation of immunostimulatory lipids has been demonstrated as a potentially safe
method. This study describes the design and optimized synthesis of two lipopeptide conjugated carbohydrate templates
and the assembling of peptide antigens. These lipopeptide–carbohydrate assembled multivalent vaccine candidates were
obtained in high yield and purity when native chemical ligation was applied. Circular dichroism studies indicated that
the template-assembled peptides form four α-helix bundles. The developed technique extends the use of carbohydrate
templates and lipopeptide conjugates for producing self-adjuvanting and topology-controlled vaccine candidates.
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Introduction

Group A streptococcal (GAS) infection is associated with a
broad range of diseases including common pharyngitis and life-
treating post-infectious diseases such as rheumatic fever (RF).[1]

The cell surface M protein, an α-helical coiled-coil protein, is
a major virulence factor in GAS infection.[2] Protective immu-
nity to GAS is mediated by serotype-specific opsonic antibodies
against the hypervariable N-terminal regions of M protein,
as well as antibodies specific to the conserved C-terminal
regions.[1,3] Development of vaccines against GAS face substan-
tial obstacles. There are more than 180 identified serotypes that
require serotype-specific opsonising antibodies for protection.[4]

Furthermore, the conserved C-terminal region contains epi-
topes which are capable of inducing autoimmunity.[5,6] These
problems may be addressed by the development of subunit
vaccines which contain non-cross-reactive B-cell epitopes. How-
ever, subunit vaccines containing short peptides are generally
poorly immunogenic due to lack of either the correct three-
dimensional structure or an appropriate helper T-cell epitope.[7]

The immunogenicity can be enhanced by incorporating an appro-
priate adjuvant, which facilitates the uptake and presentation
of antigen by antigen-presenting cells.[7] Because humans are
the only host of the GAS pathogen, an effective and non-toxic
adjuvant is required. Current approved adjuvants for human use
mainly contain alum-based adjuvants.[8] This limited choice has
spawned a need to develop new adjuvants. The covalent conju-
gation of lipids (self-adjuvanting moiety) to synthetic peptides

has been demonstrated as a potentially safe method to adjuvant
otherwise poorly immunogenic peptides.[9–12]

Over the past decade, our laboratory has performed exten-
sive studies of subunit vaccine candidates against GAS.[13–16] We
have also developed a unique lipid core peptide (LCP) system[17]

featuring a lipopeptide moiety (inbuilt adjuvant), a polylysine
branching core[18] (carrier), and multiple peptides (antigen) in
one molecular entity. The LCP system gives greater flexibility in
the physico-chemical properties, such as lipophilicity and mul-
tiplicity of the incorporated peptides, which can improve their
biological activities.[19] The aim of this study was to accom-
modate peptide epitopes in a spatial arrangement on a suitable
template to afford new LCPs with well-defined antigen sec-
ondary structure (Fig. 1). We have chosen carbohydrates as the
templates for assembling the antigenic peptides as the distinct
conformations and the rigid ring make them promising scaf-
folds to control the topology of the assembled peptides.[20–23]

Although such branched multivalent peptides could be synthe-
sized using stepwise solid phase peptide synthesis (SPPS),[24]

synthetic errors relating to SPPS itself and the purification
of high molecular weight multivalent peptides present a clear
challenge.[18] Therefore, we examine here the potential of
chemoselective ligation to provide highly pure vaccine candi-
dates that allow accurate conformational studies and provide
potential vaccines suitable for use in humans. Native chemi-
cal ligation (NCL) previously enabled the synthesis of several
lipopeptide-polylysine-antigen constructs and the technique,
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Fig. 1. Carbohydrate-based lipid core peptide system.

using sodium dodecyl sulfate (SDS) as a solubilizing agent,
enabled the ligation of the highly hydrophobic lipid core to the
highly hydrophilic peptide.[25,26] Therefore, this method was
examined for the synthesis of lipopeptide–carbohydrate assem-
bled multivalent peptides.

This paper describes the design and optimized synthesis
of two lipopeptide conjugated, carbohydrate templates and the
assembling of peptide antigens onto the carbohydrate templates
using NCL. This work also investigated the secondary structure
of the obtained vaccine candidates by circular dichroism (CD)
measurements. Important comparisons were drawn between
the conformational characteristics of the tetravalent peptides,
based on different carbohydrate templates, and the free antigenic
peptide.

Results and Discussion

Each vaccine candidate is composed of (i) multiple copies of
an antibody-inducing peptide epitope, (ii) a self-adjuvanting
lipopeptide moiety (C12-Gly-C12-C12-Gly; C12: 2-(R/S)-
aminododecanoic acid[27]), and (iii) a functionalized monosac-
charide template acting as a branching core and a topology
controlling scaffold. Two different monosaccharide (d-glucose
and d-galactose) derivatives were developed as templates. In all
cases the antigenic peptides are conjugated to the four functional-
ized non-anomeric positions of the sugar ring and the lipopeptide
moiety is conjugated to the functionalized anomeric posi-
tion. The convergent synthetic approach to vaccine candidates
was designed based on chemoselective ligation of the peptide
thioester and the Cys-containing lipopeptide–carbohydrate tem-
plates. The covalent linkage of lipopeptide and carbohydrate was
achieved using Boc-based SPPS. To afford this, hydroxyl groups
of β-d-glycosyl azides (1a and 1b)[28] were suitably modified to
5a and 5b which possess four Boc-protected amine groups at
the non-anomeric positions and a free carboxylic acid group at
the anomeric position of the sugar ring (Scheme 1).

The glucose derivative 5a was synthesized from readily avail-
able azide 1a. However, initial allylation of 1a with NaH/allyl
bromide inTHF according to the literature[29] was not successful,
resulting in recovery of the starting material. Allylation was then
carried out using the procedure described by McGeary et al.[30]

The reaction led to a complex mixture of di-, tri-, and tetra-
allylated derivatives even when the reaction time was extended

to overnight with excess of reagents. However, by in situ con-
verting allyl bromide to allyl iodide with potassium iodide and
performing the reaction at room temperature for 5 h, 2a was
obtained in 78% yield. Reduction of 2a was achieved using
stannous chloride.[31] The following coupling with adipic acid
monobenzyl ester[32] using HBTU/DIPEA method afforded 3a
in 47% overall yield (two steps). Free-radical reaction of 3a with
tert-butyl-N-(2-mercaptoethyl) carbamate (Boc-cysteamine)[33]

in 1,4-dioxane under UV irradiation at 254 nm[34] proceeded
efficiently and gave 4a in 69% yield. Subsequent benzyl-
deprotection was achieved by saponification instead of stan-
dard hydrogenation due to the risk of hydrogenation catalysts
deactivation by sulfur-containing compound 4a.

The preparation of galactose derivatives 2b–5b was previ-
ously reported.[31] Modified procedures for the synthesis of 2b
and 3b were used. Instead of performing the allylation using
allyl bromide at 50◦C for 4 h, the reaction was carried out at
room temperature for 5 h and the allyl bromide was converted to
allyl iodide in situ, leading to an increased yield (78% instead
of 60%[31]). The synthesis of compound 3b was also more effi-
cient than previously reported (43% instead of 32%[31]) when
the crude corresponding amine was reacted directly with adipic
acid monobenzyl ester.

The introduction of the lipopeptide moiety (C12-G-C12-C12-
G) and free thiol functionalities (cysteine) to the carbohydrate
templates 5a and 5b were achieved by stepwise SPPS. In order
to improve the efficiency of synthesis of resin-bound lipopeptide
6,[35] the lipo-amino acid was pre-activated (HBTU/DIPEA) for
5 min or N-methyl pyrrolidinone was used as a co-solvent. By
pre-activating the template 5a or 5b (2 mol. equiv.) for 5 min
and coupling to 6 for 6 h, the coupling efficiency reached 99.8%
according to the quantitative ninhydrin test[36] for both 7a and
7b. Four copies of Boc-Cys(MBzl)-OH were then coupled to 7a
or 7b. The lipopeptide–carbohydrate templates 8a and 8b were
cleaved from the resin with anhydrous hydrofluoric acid (HF).
During and after HF cleavage, to prevent thiazolidine forma-
tion of the N-terminal free thiols, the use of acetone for washing
glassware or lyophilization was avoided.[37] Following purifica-
tion by preparative reverse phase (RP)-HPLC, 8a and 8b were
obtained with a total yield of 28% and 36%, respectively.

The examined epitope (DNGKAIYERARERALQELGP),[3]

derived from the N-terminal of M protein of commonly circu-
lated GAS 8830 strain, was chemically synthesized as a thioester
9[25] using Boc-based SPPS. Both standard and microwave-
assisted SPPS were investigated. Microwave-assisted SPPS
increased the yield by 1.5-fold. To perform ligation between
building blocks 8a or 8b and 9, the selection of solvents
was carefully assessed due to poor solubility of 8a and 8b
in aqueous ligation buffer (phosphate buffer). It was previ-
ously reported[16,26] that attempts to solubilize Cys-lipopeptide
constructs by the addition of organic solvent such as 10%
DMF and 50% trifluoroethanol resulted in slow and incom-
plete ligations, although these co-solvents were used to improve
NCL yields.[38–40] Nevertheless, the ligation between a Cys-
containing lipopeptide-polylysine core and a thioester was suc-
cessful in the presence of SDS, with a higher yield and a shorter
reaction time when performing the ligation at 37◦C.[25] Co-
lyophilization of the poorly water soluble peptide with SDS
significantly improved solubility of the peptide in aqueous lig-
ation buffer. Thus, the hydrophobic peptides 8a and 8b were
dissolved in SDS solution, lyophilized, and ligated to peptide
thioester 9 in 0.1 M phosphate buffer, pH 7.6, containing sodium
2-mercaptoethanesulfonate (MESNA) as a thiol additive and
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Scheme 1. Synthesis of lipopeptide–carbohydrate templates 8a and 8b.

tris-2-carboxyethylphosphine hydrochloride (TCEP) to prevent
disulfide bond formation (Scheme 2). It was reported that the use
of MESNA, instead of commonly used thiol additive thiophe-
nol, may facilitate the ligation when SDS was used to solubilize
hydrophobic peptides.[41] The reaction proceeded efficiently and
completed within 24 h. SDS kept the peptides in ligation buffer
throughout the course of reaction. Following purification by
preparative RP-HPLC, tetravalent peptides 10a and 10b were
obtained in 75% and 78% yield respectively. The HPLC profiles
and the electrospray ionization-mass spectrometry (ESI-MS)
spectra (Fig. 2) showed the high purity of 10a and 10b and
verified the correct primary structure of the synthetic vaccine
candidates.

The free antigenic peptide 11 (DNGKAIYERARERALQ
ELGP), synthesized using standard SPPS, was tested for helical

potential and it was found that the free peptide exists in phosphate
buffer (pH 7.3) in an almost random structure (Fig. 3). In
contrast, the CD spectra of 10a and 10b recorded in phos-
phate buffer (pH 7.3) showed that the constructs contained an
α-helices, with the template itself (8a or 8b) showing very
low mean residue ellipticity values (Fig. 3). The CD spectra
of 10a and 10b are characterized by two negative minima at
207 nm and 222 nm which are typical for the onset of a heli-
cal structure. Because the accuracy of the calculated α-helical
content relies on the accurate determination of tetravalent pep-
tide concentration, the UV absorbance of stock solutions of 10a
and 10b (both containing four Tyr residues) was measured at
280 nm.[42] The peptide α-helical content was calculated to be
40% and 36% for 10a and 10b, respectively from the mean
residue ellipticity at 222 nm (MRE, [θ]222) according to the
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published formula.[43] The glucose-based and galactose-based
tetravalent peptides showed comparable helicity. Concentration
dependences of helicity of peptide 10a and 10b over a range
of concentrations from 20 to 33 µM were investigated. It was
found that the CD spectra of 10a and 10b were concentration-
independent within the range studied, suggesting that there was
no oligomerization.

Conclusions

In conclusion, we have demonstrated the utility of chemo-
selective ligation for the synthesis of two carbohydrate template
assembled vaccine candidates, featuring four copies of epi-
topes and a self-adjuvanting lipopeptide moiety. Significantly
enhanced α-helicity of the attached peptide antigens over the free
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peptide was observed.This result suggests that the two monosac-
charide molecules are promising templates for constructing
α-helix bundles that may be useful as mimics of conformational
epitopes for vaccine development. The use of appropriate liga-
tion techniques provided multivalent immunogens in highly pure
state suitable for use in humans. The design and synthesis extend
the use of carbohydrate templates and LCP system for producing
self-adjuvanting and topology-controlled vaccine candidates.

Experimental
General Procedures
N-α-Boc-l-amino acids were purchased from Novabiochem
(Laufelfingen, Switzerland) or GL Biochem (Shanghai, China).
p-MBHA resin was purchased from Peptides International
(Louisville, Kentucky, USA). Peptide synthesis grade TFA,
DIEA, DMF, and HBTU were purchased from Auspep
(Melbourne, Australia) or GL Biochem. HPLC grade ACN
and IPA were purchased from Honeywell-Burdick & Jackson
(Morristown, NJ, USA) or Labscan (Dublin, Ireland).
Microwave-assisted SPPS was performed in a SPS mode CEM
Discovery reactor (CME Corporation, Matthews, NC, USA)
equipped with an external FO temperature sensor. 1H NMR and
13C NMR spectra were recorded on a Bruker Avance 500 MHz
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spectrometer (Bruker Biospin, Germany). ESI-MS was per-
formed on either a Perkin–Elmer-Sciex API3000 instrument or
a LC ESI MS (Agilent 1200 HPLC (Waldbronn, Germany) and
API QSTAR pulsar i ESI-MS). Analytical RP-HPLC was per-
formed using Shimadzu (Tokyo, Japan) instrumentation (Class
Vp 6.12 software, SCL-10AVp controller, SIL-10A autoinjec-
tor, LC-10AT pump, LC-10AD pump, Waters 486 tuneable
absorbance detector or SPD-6A UV detector). Peptide purifica-
tion was performed on either a Vydac preparative C18 column
or a Vydac preparative C4 column. Analytical RP-HPLC was
performed in gradient mode using 0.1% TFA/H2O as solvent A,
and 90% ACN/0.1% TFA/H2O (B1) or 90% IPA/0.1% TFA/H2O
(B2) or 90% MeOH/0.1% TFA/H2O (B3) as solvent B. Separa-
tion was achieved on either a Vydac analytical C18 column or
a Vydac analytical C4 column using a gradient of 0–100% sol-
vent B over 30 min unless otherwise specified. CD spectra were
measured on a JASCO-810 (CD-ORD) spectropolarimeter using
quartz cuvette of 1 mm path length at 23◦C.

2,3,4,6-Tetra-O-allyl-β-D-glucopyranosyl Azide 2a
NaH (60% in dispersion oil, 1.17 g, 29.3 mmol) was added por-
tion wise to a solution of β-d-glucopyranosyl azide 1a (1.0 g,
4.9 mmol) at 0◦C in DMF (80 mL). After stirring for 45 min, KI
(3.4 g, 19.5 mmol) was added, followed by drop wise addition of
a solution of allyl bromide (3.25 mL, 39 mmol) in DMF (8 mL).
The mixture was stirred at room temperature under an inert atmo-
sphere. After 5 h, the excess NaH was quenched by addition of
MeOH (15 mL). The solvent was evaporated and the residue was
dissolved in DCM (120 mL), washed with water (3 × 100 mL),
dried (MgSO4), filtered, and concentrated under reduced pres-
sure. Purification of the crude residue by flash chromatography
(EtOAc:hexane 1:7) gave 2a (1.39 g, 78%) as a colourless oil.
δH (500 MHz, CDCl3) 3.10 (t, 1H, J 8.8, H2), 3.33–3.41 (m, 3H,
H3, H4, H5), 3.61 (dd, 1H, J 4.0, 11.0, H6a), 3.68 (dd, 1H, J 1.4,
11.0, H6b), 3.97–4.31 (m, 8H, 4 × CH2CH=CH2), 4.47 (d, 1H, J
8.6, H1), 5.12–5.28 (m, 8H, 4 × CH=CH2), 5.83–5.96 (m, 4H,
4 × CH=CH2). δC (125 MHz, CDCl3) 68.3, 76.8, 74.3, 73.8,
73.8, 72.5, 77.0, 80.9, 84.3, 90.0, 117.4, 117.2, 117.0, 116.7,
134.9, 134.6, 134.4. m/z (ESI) 338.3 [MH-CH=CH2]+, 383.3
[M + NH4]+.

6-[2,3,4,6-Tetra-O-(2-propenyl)-β-D-glucopyranosylamino]-
6-oxohexanoic Acid, Benzyl Ester 3a
SnCl2·H2O (620 mg, 2.7 mmol) in MeOH (5 mL) with a few
drops of deionized water was added to a solution of 2a (100 mg,
270 µmol) and the mixture was stirred overnight at room temper-
ature under an inert atmosphere.The solvent was then evaporated
under reduced pressure and the residue was diluted with EtOAc
(30 mL). The solution was basified by saturated NaHCO3 solu-
tion (30 mL) and filtered. The organic phase of the filtrate was
separated and basified by saturated NaHCO3 solution (30 mL)
and filtered. The organic phase was separated, dried (MgSO4),
filtered, and evaporated. The residue was dissolved in dry
THF (10 mL) to which adipic acid monobenzyl ester (62 mg,
270 µmol), HBTU (100 mg, 270 µmol), and DIPEA (46 µL,
270 µmol) in dry THF (5 mL) were added with stirring. The
reaction mixture was stirred overnight under an inert atmo-
sphere. The solvent was then evaporated under reduced pressure
and the residue was dissolved in EtOAc (50 mL). The organic
phase was washed with 5% HCl solution (3 × 30 mL), saturated
NaHCO3 (2 × 30 mL), and brine (50 mL), dried (MgSO4), fil-
tered, and concentrated. Purification by flash chromatography

(EtOAc/hexane 2:3) gave 3a (71.3 mg, 47%) as a white solid.
δH (500 MHz, CDCl3) 1.61–1.67 (m, 4H, 2 × CH2CH2CH2),
2.15–2.19 (m, 2H, CH2CO), 2.33–2.36 (m, 2H, CH2CO), 3.11
(t, 1H, J 9.0, H2), 3.36–3.49 (m, 3H, H3, H4, H5), 3.58 (dd,
1H, J 3.1, H6a), 3.62 (dd, 1H, J 2.1, H-6b), 3.91–4.28 (m,
8H, 4 × CH2CH=CH2), 5.02 (t, 1H, J 9.3, H-1), 5.08 (s, 2H,
CH2OPh), 5.08–5.28 (m, 8H, 4 × CH=CH2), 5.77–5.97 (m,
4H, 4 × CH=CH2), 7.27–7.35 (m, 5H, 5 ×ArH). δC (125 MHz,
CDCl3) 24.2, 24.5, 33.8, 36.2, 66.2, 67.9, 72.4, 73.5, 73.7,
74.2, 76.2, 78.7, 80.4, 85.1, 116.8, 116.8, 117.4, 117.4, 128.1,
128.5, 134.4, 134.7, 134.8, 134.9, 135.9, 172.4, 173.1. m/z (ESI)
558.3 [M + H]+, 575.4 [M + NH4]+, 580.4 [M + Na]+. HRMS
(ESI, [M + Na]+) Found: 580.2861. Calc. for C31H43NO8Na:
580.2881.

6-[2,3,4,6-Tetra-O-[3-(2-tert-
butoxycarbonylaminoethylthio)-propyl]-β-D-
glucopyranosylamino]-6-oxohexanoic Acid
Benzyl Ester 4a
Compound 3a (78.9 mg, 140 µmol) and Boc-cysteamine
(400 mg, 2.26 mmol) were dissolved in dried and degassed 1,4-
dioxane (1.2 mL) and the mixture was irradiated at 254 nm for
4 h at 0◦C. The solvent was then evaporated under reduced
pressure and the residue was purified by flash chromato-
graphy (EtOAc:hexane 3:2, 5% Et3N) to give 4a (123 mg,
69%) as a colourless oil. δH (500 MHz, CDCl3) 1.41 (s, 36H,
4 × C(CH3)3), 1.64–1.87 (m, 12H, 6 × CH2CH2CH2), 2.22 (br
t, 2H, J 7.6, CH2CO), 2.35 (br t, 2H, J 6.9, CH2CO), 2.52–
2.60 (m, 16H, 8 × CH2S), 3.01 (t, 1H, J 8.5, H2), 3.23–3.29 and
3.45–3.79 (2m, 21H, 4 × CH2N, 5 × CH2O, 3 × CHO), 5.00 (t,
1H, J 9.3, H1), 5.07 (s, 2H, CH2OPh), 7.27–7.35 (m, 5H, ArH).
δC (125 MHz, CDCl3) 24.4, 24.6, 27.6, 28.1, 28.4, 28.4, 29.9,
30.1, 30.2, 30.5, 31.9, 32.0, 32.1, 33.8, 36.1, 39.9, 66.1, 68.9,
69.2, 70.7, 70.8, 71.7, 76.2, 77.4, 78.3, 78.8, 79.4, 79.5, 81.6,
85.4, 128.1, 128.5, 135.9, 155.7, 155.8, 156.0, 172.9, 173.2.
m/z (ESI) 1266.9 [M + H]+, 1283.8 [M + NH4]+. HRMS (ESI,
[M + Na]+) Found: 1288.6138. Calc. for C59H103N5O16S4Na:
1288.6175.

6-[2,3,4,6-Tetra-O-[3-(2-tert-
butoxycarbonylaminoethylthio)-propyl]-β-D-
glucopyranosylamino]-6-oxohexanoic Acid 5a
Compound 4a (1.0 g, 790 µmol) was dissolved in H2O/MeOH
mixture (1:4) (200 mL) in which the pH had been adjusted
to 13 with LiOH·H2O and the reaction mixture was stirred
at room temperature overnight. The solvent was then evapo-
rated under reduced pressure and the residue was dissolved in
EtOAc (100 mL). The organic layer was washed with cold 0.1 M
citric acid solution (2 × 100 mL) and brine (3 × 50 mL), dried
(MgSO4), filtered, and concentrated.The residue was washed via
a plug of silica gel with CHCl3/MeOH (9:1) to give 5a (791 mg,
85%) as a colourless oil. δH (500 MHz, CDCl3) 1.41 (s, 36H,
4 × C(CH3)3), 1.59–1.86 (m, 12H, 6 × CH2CH2CH2), 2.25 (br
t, 2H, J 7.0, CH2CO), 2.33 (br t, 2H, J 6.6, CH2CO), 2.50–2.66
(m, 16H, 8 × CH2S), 3.01 (t, 1H, J 8.9, H2), 3.24–3.28 and 3.45–
3.79 (2m, 21H, 4 × CH2N, 5 × CH2O, 3 × CHO), 5.00 (t, 1H, J
9.3, H1). δC (125 MHz, CDCl3) 24.2, 24.6, 27.6, 28.0, 28.2, 28.3,
29.7, 30.1, 30.2, 30.5, 31.8, 31.8, 32.1, 33.4, 36.2, 39.5, 39.7,
68.8, 69.2, 70.8, 71.7, 76.2, 77.4, 78.8, 79.3, 79.5, 79.7, 81.5,
85.4, 155.7, 156.0, 173.0; m/z (ESI) 1176.7 [M + H]+, 1193.9
[M + NH4]+. HRMS (ESI, [M + Na]+) Found: 1198.5661.
Calc. for C52H97N5O16S4Na: 1198.5705.
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Synthesis of 6, 7a, 7b, 8a, and 8b
Stepwise solid peptide synthesis of resin-bound lipopeptide 6
was carried out on p-MBHA resin (0.45 mmol NH2/g, 250 µmol
scale) using HBTU/DIPEA in situ neutralization procedure.[44]

Each amino acid coupling cycle consisted of Boc-deprotection
with neat TFA (2 × 1 min), a 1 min DMF flow wash, followed by
a 1–4 h coupling with pre-activated amino acid. Amino acid acti-
vation was achieved by dissolving amino acids (1.1 mmol, 4.4
equiv.) in 0.5 M HBTU/DMF solution (2 mL, 1 mmol) to which
DIPEA (350 µL, 2 mmol) was added and activation proceeded
for 5 min. Coupling efficiency was monitored by quantitative
ninhydrin test.[42] Where necessary, couplings were repeated to
give coupling efficiency greater than 99.7%. Following cleavage
of the N-terminal Boc group, carbohydrate template 5a or 5b was
C-terminally coupled to 6 (100 µmol scale).Activation of 5a, 5b
was achieved by dissolving the compound (200 µmol, 2 equiv.)
in 0.5 M HBTU/DMF solution (380 µL, 190 µmol) to which
DIPEA (70 µL, 400 µmol) was added and activation proceeded
for 5 min. Coupling proceeded for 6 h at which time coupling
efficiency was greater than 99.8% to give 7a and 7b, respectively.
Following cleavage of the N-terminal Boc group, four copies
of Boc-Cys(MBzl)-OH were then coupled to the carbohydrate
template residue. Boc-Cys(MBzl)-OH activation was achieved
by dissolving the amino acid (1.76 mmol, 17.6 equiv.) in 0.5 M
HBTU/DMF solution (3.16 mL, 1.58 mmol) to which DIPEA
(522 µL, 3 mmol) was added and activation proceeded for 1 min.
Three couplings were performed to give coupling efficiency
greater than 99.9%. Following removal of the N-terminal Boc
groups, the peptidyl resin was washed with DMF (3 × 10 mL),
DCM (3 × 10 mL) and MeOH (3 × 10 mL), and dried under
vacuum before cleavage with HF. HF cleavage (10 mL HF/g
resin) was performed for 2 h at 0◦C in the presence of 5% (v/v)
p-cresol and 5% (v/v) thiocresol as scavengers. Following HF
cleavage, peptides were precipitated by washing with ice-cold
ether and dissolved in 50% aqueous ACN containing 0.1% TFA
and lyophilized. The crude peptides were purified by prepar-
ative RP-HPLC on a C4 column using a gradient of 40–70%
solvent B1 over 45 min. Fractions were analyzed by ESI-MS
and combined where appropriate to give 8a (52.3 mg, 28%) and
8b (68.5 mg, 36%) following lyophilization. The characteristic
data for the Cys-containing lipopeptide–carbohydrate templates
8a and 8b are shown below.

8a: HPLC: tR = 21.3 min (solvent B1, C4 column),
tR = 23.5 min (solvent B3, 30–100% B over 30 min, C4 column);
m/z (ESI) 1893.2 [M + H]+ (calc. 1894.8), 948.1 [M + 2H]2+
(calc. 947.9); MW 1893.79 g mol−1.

8b: HPLC: tR = 20.8 min (solvent B1, C4 column),
tR = 18.3 min (solvent B2, C4 column); m/z (ESI) 1894.4
[M + H]+ (calc. 1894.8), 948.1 [M + 2H]2+ (calc. 947.9); MW
1893.79 g mol−1.

Microwave-Assisted Synthesis of 8830 Thioester 9
Microwave-assisted synthesis of peptide 9 was carried out using
a trityl-associated mercaptopropionic acid-leucine (TAMPAL)
linker.[45] The TAMPAL linker was synthesised on p-MBHA
resin by coupling of Boc-Leu-OH (600 µmol, 3 equiv.)
(2 × 10 min) and S-trityl-mercaptopropionic acid (800 µmol,
4 equiv.) (1 × 10 min) using the standard HBTU/DIPEA in situ
neutralization procedure.[44] Following TAMPAL synthesis, the
trityl protecting group was removed by three 2 min treatments
with 2.5% (v/v) triisopropylsilane, 2.5% (v/v) H2O, 95% (v/v)
TFA, followed by a 1 min DMF flow wash. The thioester bond

was then formed by the 2 × 10 min coupling of Boc-Gly-OH
(800 µmol, 4 equiv.). The sequence of the peptide epitope (8830:
DNGKAIYERARERALQELGP) was then C-terminally cou-
pled by stepwise SPPS to the Boc-Gly-TAMPAL resin. Each
amino acid coupling cycle consisted of Boc-deprotection with
neat TFA (2 × 1 min), a 1 min DMF flow wash, followed by a
2 × 10 min coupling with pre-activated amino acid. Amino acid
activation was achieved by dissolving amino acids (600 µmol,
3 equiv.) in 0.5 M HBTU/DMF solution (1.1 mL, 550 µmol)
to which DIPEA (210 µL, 1.2 mmol) was added and activa-
tion proceeded for 1 min. All couplings were carried out under
microwave irradiation (SPS mode, power 20 W, temperature
60◦C, �T = 1◦C). After coupling glutamine residue, the resin
was washed with DCM before and after Boc-deprotection to pre-
vent pyrrolidone carboxylic acid formation.[44] Spectroscopic
data and purity of 9 are identical to previously reported.[25]

Ligation of Thioester 9 to Lipopeptide–Carbohydrate
Templates 8a and 8b
Peptide 8b (8.35 mg; 4.41 µmol) was dissolved in 1% (w/v)
aqueous SDS (10 mL), frozen, and lyophilized. The obtained
powder was then dissolved in 0.1 M phosphate buffer pH 7.6
(5 mL), followed by addition of TCEP (15.2 mg; 52.9 µmol) and
the pH adjustment to 7.5 with 0.1 M sodium phosphate dibasic
(0.8 mL). Peptide 9 (91.2 mg; 35.3 µmol) was dissolved in 0.1 M
phosphate buffer pH 7.6 (4.2 mL) to which MESNA (115 mg;
710 µmol) was added. The thioester exchange was proceeded
for 1 h, and then analyzed by ESI-MS (thiol exchange product
9a: m/z 1256.6 [M + 2H]2+ (calc. 1255.4), 837.5 [M + 3H]3+
(calc. 837.3); MW 2508.77 g mol−1). This solution was then
transferred into the solution of lipopeptide 8b. The ligation
was performed at 37◦C under an inert atmosphere and mon-
itored by analytical RP-HPLC (solvent B1, C4 column). The
ligation appeared complete within 24 h. The ligation mixture
was purified by preparative RP-HPLC (30–70% solvent B1 over
40 min, C4 column). The appropriate fractions were combined
and lyophilized to give 10b (39 mg, 78%). Peptide 10a (9.8 mg,
75%) was synthesized and purified according to the procedure
as for 10b. The characteristic data for 10a and 10b are shown
below.

10a: HPLC: tR = 19.2 min (solvent B1, C4 column),
tR = 16.3 min (solvent B2, C4 column); m/z (ESI) 1421.5
[M + 8H]8+ (calc. 1421.5), 1263.7 [M + 9H]9+ (calc. 1263.7),
1137.4 [M + 10H]10+ (calc. 1137.4), 1034.1 [M + 11H]11+
(calc. 1034.1), 948.0 [M + 12H]12+ (calc. 948.0), 875.2
[M + 13H]13+ (calc. 875.1); MW 11364.09 g mol−1.

10b: HPLC: tR = 19.2 min (solvent B1, C4 column),
tR = 16.5 min (solvent B2, C4 column); m/z 1421.5 [M + 8H]8+
(calc. 1421.5), 1263.6 [M + 9H]9+ (calc. 1263.7), 1137.4
[M + 10H]10+ (calc. 1137.4), 1034.1 [M + 11H]11+ (calc.
1034.1), 948.0 [M + 12H]12+ (calc. 948.0), 875.1 [M + 13H]13+
(calc. 875.1), 812.7 [M + 14H]14+ (calc. 812.7); MW
11364.09 g mol−1.

CD Measurements
CD measurements were performed on a Jasco J-710 spectro-
polarimeter at 23◦C using a circular 0.1 cm path length quartz
cell. Stock solutions of 10a, 10b, and 11 were prepared by dis-
solving the peptide in a phosphate buffer (10 mM, pH 7.3). The
actual concentration of the peptide was measured by UV absorp-
tion and calculated according to the published formula based on
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Tyr absorption at 280 nm.[42] Spectral measurements of the pep-
tides 10a and 10b were obtained over a range of concentrations
(20–33 µM). The samples 8a and 8b were dissolved in phos-
phate buffer (10 mM, pH 7.3). Blank was subtracted from the
CD spectra. Content of helicity was calculated according to the
published formula.[43]
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