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The synthesis of sublancin 168, a unique S-glucosylated bacteriocin antibiotic, is described. The natural product and two S-glycosylated variants
were successfully prepared via native chemical ligation followed by folding. The synthetic glycopeptides were shown to possess primarily an

a-helical secondary structure by CD and NMR studies.

Sublancin 168 (1) is a 37 amino acid bacteriocin peptide
isolated from the Bacillus subtilis 168 strain. The natural
product exhibits bactericidal activity against a spectrum
of Gram-positive bacteria, including B. subtilis 6633,
B. megaterium, and the pathogenic strains Staphylococcus
aureus and Streptococcus pyogenes with varying degrees
of sensitivity.!

Sublancin 168 was originally classified as a lantibiotic,
since it was thought to possess a characteristic S-methyl-
lanthionine thioether modification.! However, a recent
report from van der Donk and co-workers has unequiv-
ocally demonstrated that sublancin 168 is an unusual
S-linked glycopeptide with a glucose (Glc) moiety 3-linked
to cysteine-22 (Cys-22).> Although there have been several
studies on the synthesis of S-linked glycopeptides and
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glycoproteins as metabolically stable mimics of their
O-linked counterparts,® sublancin 168 was identified as
the first naturally occurring bacterially derived S-linked
glycopeptide. However, Glycocin F* (from Lactobacillus
plantarum KW3) has also since been identified and shown
to possess an S-linked glycan, in this case N-acetylglucos-
amine (GIcNAc). This may suggest that other bacterial
species might produce peptides bearing this intriguing
post-translational modification. Although a range of
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glycan substitutions at Cys-22 (produced via the S-glyco-
syltransferase enzyme SunS)® and a Cys to Ala mutant
of sublancin 168" still possess antimicrobial activity, the
precise role of the glycan in determining both the structure
and biological function of the natural product remains
unclear. Given the potential significance of this new post-
translational modification, we were interested in pursuing
structural studies on this class of bacteriocin natural
products. As such we embarked on the total synthesis of
sublancin 168 (1) bearing the native p-Glc modification,
along with two non-natural analogues 2 and 3 bearing
D-galactose (Gal) or b-GalNAc at Cys-22, respectively.

Recently, Hojo and co-workers reported the synthesis
of sublancin 168 using a linear Fmoc-strategy solid phase
peptide synthesis (Fmoc-SPPS).” In our hands, this approach
failed to provide sufficient material of a purity that would
permit a detailed structural investigation, despite several
attempts using different protocols. Therefore, we pursued a
native chemical ligation-based strategy® for the convergent
synthesis of sublancin 168 and non-natural analogues. Here-
in, we report the successful assembly of sublancin 168 (1) and
glycosylated variants (2 and 3) which has provided sufficient
material for the first detailed interrogation of the secondary
structure of these glycopeptides using NMR spectroscopy
and circular dichroism (CD) spectropolarimetry.

Prior to the synthesis of sublancin 168 and its analogues,
we required access to suitably protected thioglycosyl
amino acid building blocks 4—6 which could be directly
incorporated into Fmoc-SPPS (Scheme 1). To this end,
1-thiosugars 7—9°*™7 were each reacted with protected
B-bromoalanine 10°¢ in a mixture of ethyl acetate and water
via phase-transfer catalysis with tetrabutylammonium
hydrogen sulfate (TBAHS) to afford protected thioglyco-
sides 11—13 in excellent yields (82—88%).*® Reduction of
the trichloroethyl (Troc) carbamate in 13 using Zn in acetic
acid provided acetamide 14 in good yield (89%). Acidolytic
deprotection of the fert-butyl esters in 11, 12, and 14 using
95:5:5 v/v/v trifluoroacetic acid (TFA)/triisopropylsilane/
water then provided thioglycosylamino acids 4—6 in quan-
titative yields.

Scheme 1. Synthesis of Thioglycosylamino Acids 4—6
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At the outset, we identified the peptide bond between
glutamine (GlIn)-13 and Cys-14 as a suitable junction
for native chemical ligation. Consequently, 24 amino acid
glycopeptides 15—17 (bearing N-terminal Cys residues)
and peptide thioester 18 became the focus for synthe-
sis (Scheme 2). Our approach to S-linked glycopeptides
15—17 involved the use of a microwave assisted Fmoc-
SPPS protocol employing NovaPEG Wang resin immobi-
lized with Fmoc-Arg(Pbf)-OH (Scheme 2 and Supporting
Information). Unfortunately, and in agreement with ob-
servations made during our previous attempts to prepare
the natural product from a single solid phase synthesis,
elongation of the glycopeptides under standard conditions
proved problematic, largely attributable to aggregation of
the peptide en bloc. To overcome aggregation, the synthesis
was optimized by incorporating the 2.4-dimethoxybenzyl
(Dmb) derived dipeptide, Fmoc-Gly-(Dmb)Gly-OH, at
Gly-17-Gly-18 and Gly-23-Gly-24 in the sequence. Follow-
ing successful peptide elongation, glycopeptides were cleaved
from the resin with concomitant removal of side chain
protecting groups using a mixture of TFA /triisopropyl-
silane/H,O (90:5:5, v/v/v). The O-acetate protecting
groups on the glycans could then be smoothly removed
using 20% aqueous hydrazine hydrate. Purification by
preparative reversed-phase HPLC afforded the target
glycopeptides 15—17 in 4—8% yield based on the original
resin loading.

The synthesis of the peptide thioester fragment 18 was
readily achieved using a previously described side-chain-
anchoring strategy (Scheme 2 and Supporting Informa-
tion).® Commercially available Fmoc-Glu-OAllyl was
immobilized onto Rink amide resin and elongated using
microwave assisted Fmoc-SPPS. Selective demasking
of the C-terminal carboxylate using Pd(PPhs),, followed
by thioesterification by treatment with ethyl-3-mercapto-
propionate, N,N’-diisopropylcarbodiimide (DIC), 1-hy-
droxybenzotriazole (HOBt), and N, N-diisopropylethylamine
(DIPEA) as base successfully provided the resin-bound
peptide thioester. From here, acidolytic resin cleavage
and side-chain deprotection, followed by purification by
reversed-phase preparative HPLC, gave the desired pep-
tide thioester 18 in good yield (15% based on the original
resin loading).

Having successfully prepared the three requisite glyco-
peptides 15—17 and peptide thioester ligation partner 18,
we next submitted these to native chemical ligation. To this
end, C-terminal peptide thioester 18 was reacted with 15,
16, or 17 in the presence of mercaptophenylacetic acid
(MPAA) as a thiol catalyst and tris(2-carboxyethyl)-
phosphine (TCEP) as a reductant in 6 M guanidine
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Scheme 2. Synthesis of Sublancin 168 1 and Glycosylated Variants 2 and 3
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hydrochloride (Gn-HCI)/0.2 M Na,HPO, buffer at pH
7.2 (Scheme 2).° The ligation reaction between pep-
tide thioester 18 and all three glycopeptides proceeded
to completion within 16 h, as determined by LC-MS
(Scheme 2 and Supporting Information). Full-length,
unfolded sublancin 168 (19) and analogues 20 and 21
were isolated in excellent yields (81—-95%) following
purification by reversed-phase preparative HPLC.
Finally, glycopeptides 19—21 were successfully folded
using oxidized and reduced glutathione (GSH). The
correct disulfide connectivity (Cys7-Cys36 and Cysl4-
Cys29) was confirmed through digestion with chymotryp-
sin followed by LC-MS analysis of the resulting peptide and
glycopeptide fragments (see Supporting Information).”*
Gratifyingly, correctly folded glycopeptides 1—3 were iso-
lated in 83—95% yields following HPLC purification.

Normalized CD Signal
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Figure 1. Far-UYV circular dichroism (CD) spectra of glycopep-
tides 1-3.
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Having successfully prepared sublancin 168 (1) and
glycosylated analogues 2 and 3, we now moved to
examine the effect of the different glycans on secondary
structure using NMR spectroscopy and CD spectropo-
larimetry. Far-UV CD spectra of 1—3 revealed that all
three peptides contain substantial amounts of helical
structure, judging from the minima at 208 and 222 nm
(Figure 1). Estimates of secondary structure content,
made using the method of Raussens et al.,'® predict that
1, 2, and 3 are predominantly helical, with estimates
of 47%, 51%, and 48% helix, respectively. Each peptide
was also estimated to contain 13% S-turn and 4—7%
fB-sheet structure. Thermal denaturation curves, ob-
tained by recording the ellipticity at 222 nm as a function
of temperature, show that all peptides have similar
thermal stability, as evidenced by a gradual loss of signal
intensity with increasing temperature (see Supporting
Information).

sublancin 168 (B-Glc,1

MUUMNWJLWL

B-GheNAc-sublancin 168 (3)
10 9

"H chemical shift {ppm)

Figure 2. Backbone amide regions of the '"H NMR spectra
(recorded at 298 K) of sublancin 168 (1) and glycosylated
variants 2 and 3.
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The amide regions of the one-dimensional '"H NMR
spectra of peptides 1—3 (and of an unglycosylated sub-
lancin 168 analogue) were found to exhibit a close resem-
blance to each other (Figure 2 and Supporting Infor-
mation). Thus, taken with the CD spectra, these data
demonstrate that the overall conformation of sublancin
168 (1) is not affected by either the identity or the presence
of a glycan moiety. This may explain the prior observation
that differentially S-glycosylated sublancin 168 analogues
all possess antimicrobial activity.?® The dispersion and line
shapes of the NMR spectra also indicate that sublancin 168
takes up a well-ordered conformation in solution. In
order to probe this conformation, we recorded two-
dimensional TOCSY, DQF-COSY, and NOESY spec-
tra of 1 and made full chemical shift assignments. The
deviations of H* and C*” chemical shifts from their
random coil values (Figure 3A and 3B) demonstrate that
sublancin 168 (1) contains two a-helical segments in the
regions 8—16 and 27—34, in agreement with the CD data
and the bioinformatic structural prediction using the
Protein Structure Prediction Server (PSIPRED) (see
Supporting Information). Analysis of medium-range
NOE data (see Supporting Information) confirms this
conclusion, and furthermore, comparison of the data
with the recently reported structure of Glycocin F
indicates that the structure of sublancin 168 is likely
to be very similar'" but without the disordered C-terminal
tail found in the former peptide. Future work in our
laboratories will focus on solving the solution structure
of sublancin 168.

In summary, we have successfully synthesized sublancin
168 (1) and two glycosylated variants (2 and 3) using
Fmoc-SPPS and a convergent, high yielding assembly
using native chemical ligation. Following the synthesis
and correct folding of the glycopeptides, we have unam-
biguously identified the presence of a strong o-helical
contribution to the overall structure using CD and 2D
NMR spectroscopy. The synthesis of sublancin 168 ana-
logue libraries and other S-glycosidically linked bacterio-
cins with promising biological activity, along with the

(10) (a) Raussens, V.; Ruysschaert, J.; Goormaghtigh, E. Anal. Bio-
chem. 2003, 319, 114. (b) Raussens, V.; Ruysschaert, J.-M.; Goormaghtigh,
E. Anal. Biochem. 2006, 359, 150.
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S. M. Biochemistry 2011, 50, 2748.
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Figure 3. (A) Plot of the deviation of 'How chemical shifts from
random coil values for sublancin 168 (1). An extended series
of negative values is indicative of an a-helical region; }?ositive
values indicate a fS-sheet. (B) Plot of the difference (A'*Ca —
A'"Cp) for sublancin 168 (1), which measures the deviations
of ¥Co and '"*CB chemical shifts from random coil values.
An extended series of positive values is indicative of an a-helical
region; negative values indicate a f3-sheet.

evaluation of antibacterial activity, will be reported in
due course.
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