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Chemical synthesis of a homoserine-mutant of the
antibacterial, head-to-tail cyclized protein AS-48
by a-ketoacid—hydroxylamine (KAHA) ligation¥
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An antibacterial cyclic AS-48 protein was chemically synthesized by a-ketoacid—hydroxylamine (KAHA)
ligation. Initial challenges associated with the exceptionally hydrophobic segments arising from the
amphiphilic nature of the protein were resolved by the development of bespoke reaction conditions for
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Accepted 23rd March 2017 hydrophobic segments, using hexafluoroisopropanol (HFIP) as a co-solvent. The synthetic protein
displays similar biological activity and properties to those of the native protein. To support the current

DOI: 10.1039/c75c00789b understanding of its antibacterial mode of action, we demonstrate the ability of AS-48 to be
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Introduction

AS-48 is a cyclic antibacterial protein produced by Enterococcus
faecalis.* At 70 residues it is, together with uberolysin, the
largest member of the class of circular bacteriocines and its
structure and bactericidal mechanism have been extensively
studied.*” It consists of five amphipathic a-helices and adopts
a saposin fold. Owing to its cyclic nature it is exceptionally
thermodynamically stable and shows an increased resistance to
proteolytic degradation.®® It is active against a wide range of
pathogenic bacteria - including L. monocytogenes and B. cereus —
and has been proposed as a biopreservative and as a treatment
for acne vulgaris.>'® These unique properties and the cyclic
nature of AS-48 make it a formidable target for chemical
synthesis.">°

During the preparation of this manuscript, Tam published
a chemoenzymatic synthesis of cyclic bacteriocins® - including
AS-48 - by butelase-mediated cyclization®*>* of linear unpro-
tected peptide precursors. Although an elegant approach, it
required both a folded cyclization precursor and an enzyme that
is not broadly available.”® Tam also reported that preparation of
this protein by chemical synthesis using native chemical liga-
tion was unsuccessful due the low solubility of the extremely
hydrophobic peptide segments, prompting us to disclose our
own work on the chemical synthesis of this cyclic protein.
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incorporated into synthetic multilamellar vesicles (MLVs).

In this report, we document the chemical synthesis of AS-48
by a-ketoacid-hydroxylamine (KAHA) ligation, an amide-
forming ligation reaction that is particularly well-suited for
assembling hydrophobic peptides and proteins. KAHA ligation
relies on the chemoselective reaction of a-ketoacids with
hydroxylamines and tolerates both organic and aqueous
solvents.>**” We have developed cyclic hydroxylamines that
form serine or homoserine residues upon ligation.”*>° The
requisite peptide a-ketoacids and hydroxylamines can be
conveniently prepared by Fmoc-SPPS and we have applied this
reaction to the synthesis of numerous linear proteins as well as
small cyclic peptides.*** The homoserine-forming variant,
which uses (S)-5-oxaproline as the ligation partner, has the
unique property of forming depsipeptides as the primary liga-
tion products, a feature that can greatly aid in the preparation of
hydrophobic sequences.

Results and discussion
Preliminary studies

In preliminary studies on the synthesis of AS-48 we identified
the hydrophobicity of the peptide segments as the main
obstacle. In the first attempt to synthesize AS-48 1-44 by Fmoc-
SPPS, after 19 residues it became impossible to analyze the
peptide by RP-HPLC. Only by employing Liu’s removable poly-
arginine solubilizing tag® at a glycine residue were we able to
isolate the segment.

Design

In order to reduce the synthetic overhead, we desired to develop
a synthesis strategy unconstrained by the need for additional
steps and non-standard manipulations of the peptide
sequences. This required careful selection of the ligation sites to
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adjust the hydrophobicity of each segment while avoiding
mutations possibly detrimental to biological activity. The
synthesis of a cyclic peptide facilitates the selection of non-
conventional strategies, as any amino acid pair can serve as
a potential cyclization site.

Based on several considerations, including the predicted
hydrophobicity of the segments, the secondary structure of the
cyclization site, and the desire to place the two non-canonical
homoserine residues at positions that would not disturb the
biological activity, we selected V25T26 as the first ligation site
and E49S50 as the cyclization site (Scheme 1). In order to
minimize handling and purification of the hydrophobic
segment and linear peptide, we sought to utilize photolabile
protecting groups for the 5-oxaproline in segment 2 and for the
a-ketoacid in segment 1. This would allow the release of the
linear cyclization precursor 3 immediately after ligation. For the
a-ketoacid we used our recently reported protecting group,
which is introduced as a linker attached to a solid support.** To
avoid the formation of diastereomers on the (S)-5-oxaproline
residue, we used the achiral photolabile protecting group 2,2-
bis(2-nitrophenyl)ethoxycarbonyl (di-NPEOC).*
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Protein synthesis

We prepared both segments 1 and 2 by Fmoc-SPPS and sub-
jected them to our standard ligation conditions (15 mM, 9:1
DMSO/H,0, 0.1 M oxalic acid, 60 °C). Possibly due to the
extremely hydrophobic nature of the segments, we could not
observe any conversion. Variation of the solvent ratio and
switching the organic solvent component to N-methyl-
pyrrolidinone (NMP) did not improve the outcome; increasing
the temperature to 95 °C led to decomposition.

We speculated that the steric bulk of the valine a-ketoacid
might hamper the reactivity, and resynthesized segment 1,
replacing valine with leucine a-ketoacid at the C-terminus. As
this ligation also failed we excluded steric repulsion as the likely
cause for the lack of reactivity and considered aggregation or
the formation of other perturbing structures. As both hexa-
fluoroisopropanol (HFIP) and acetic acid have a pronounced
effect on protein secondary and tertiary structure, we attempted
the ligation in 1:1 HFIP/CH;CO,H.*** Gratifyingly, we
observed almost complete conversion after 8 h. The reaction
proceeded sufficiently fast at lower temperatures than usually
employed for KAHA ligation (45 °C compared to 60 °C).
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Scheme 1 Synthesis of AS-48 by KAHA ligation of two segments. (A) Sequence of AS-48 with division into two peptide segments. The dashed
box indicates an area of mainly hydrophobic residues. Alpha helices are depicted in green, loop and coil regions in gray. The asterisks (*) indicate
residues mutated to Hse in the synthesis by KAHA ligation. (B) Synthesis by a two-segment strategy with photoprotected 5-oxaproline segment 2
and photoprotected a-ketoacid segment 1. (C) Three dimensional structure of native AS-48. (D) MALDI mass spectrum and analytical HPLC
traces at 220 nm of purified cyclic AS-48 5 and comparison with HPLC trace of native AS-48.
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Using this purely organic solvent mixture increases the
applicability of the KAHA ligation, especially for exceptionally
hydrophobic peptide segments. Using these optimized condi-
tions for hydrophobic segments, 1 and 2 were ligated in 1:1
HFIP/CH;CO,H at 45 °C for 8 h. After dilution with DMSO/H,0O
the reaction mixture was irradiated with 365 nm UV light from
a handheld lamp to remove both photoprotecting groups in
a one-pot fashion. Purification by preparative RP-HPLC afforded
3 in 10% yield over three steps. This rather low yield is attrib-
uted to the lower recovery of hydrophobic and amphiphilic
peptides on RP-HPLC. The linear cyclization precursor 3 was
soluble in acidic media and the standard KAHA ligation
conditions (7 : 3 DMSO/H,0, 0.5 mM, 60 °C) were employed for
the cyclization. As the retention time of the cyclized product 4
was identical to that of the starting material, the conversion was
monitored by mass spectrometry (loss of CO, - 44 Da). After
20 h, conversion was complete and the mixture was diluted with
0.3 M pH 9 buffer containing 6 M guanidine hydrochloride to
induce the O-to-N acyl shifts. One rearrangement proceeded
quickly*® and moderately increased the retention time by two
minutes; the second acyl shift proceeded more slowly and
increased the retention time of the final product 5 by an addi-
tional eight minutes. This might indicate the formation of
a secondary or tertiary structure. Purification by RP HPLC
afforded 1.0 mg (30% yield) of pure AS-48 (T26T%, S50T°) 5.

Biological activity and folding

To evaluate its biological activity, we tested the synthetic protein
in a spot on lawn assay against Listeria innocua. To our surprise,
the minimum inhibitory concentration (MIC) was significantly
higher (>10 uM) than the reported value® (0.5 uM) for the
natural protein.** Although the synthetic AS-48 contains two
mutations (Thr26Hse and Ser50Hse) - and it is known that the
biological activity can be altered by single mutations®**** (e.g.
Trp24Ala) - we were surprised by the reduced activity and sus-
pected misfolding as the reason.

To probe the protein folding, we recorded the circular
dichroism spectrum of freshly dissolved 5 (T26T%, S50T) in
10 mM pH 3 phosphate buffer and compared it to the spectrum
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Fig. 1 (A) Circular dichroism spectra of synthetic linear, cyclic
unfolded and cyclic folded AS-48 and native AS-48 at pH 3. (B) Agar
well diffusion antibacterial assay (concentrations: 20.0-0.156 uM) of
synthetic AS-48 with L. innocua as the indicator strain.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

of the expressed protein (Fig. 1). Even though the synthetic
cyclic AS-48 5 showed a spectrum typical for a-helical peptides,
it differed from the spectrum of the native AS-48 in intensity and
more importantly in the relative intensities of the minima at
208 and 220 nm, suggesting different or incomplete folding.
After storing the synthetic protein for one month at4 °C in pH 3
buffer, we remeasured the spectrum and noticed that it had
become essentially identical to that of the native protein.
Apparently, the synthetic AS-48 (T26T%, S50T°) slowly adopted
the correct fold upon storage. We used this folded sample to
evaluate its activity against L. innocua and were pleased to find
that the activity had significantly increased (MIC 0.5 pM) and
compared well with our experimental results and the reported
value for the natural protein.

Membrane incorporation

It is currently believed that AS-48 operates by either direct
incorporation into the membrane** or by accumulation at the
membrane surface, leading to molecular electroporation.® It
was shown by lipid cosedimentation assays® that AS-48 interacts
with liposomes and can permeate membrane vesicles.* To
complement this data we used multilamellar vesicles (MLVs) to
mimic the (bacterial) membrane (Scheme 2).** AS-48 (10 uM in
pH 3 phosphate buffer) was incubated with MLVs and SDS** for
1 h, then passed through the gel filtration resin. The filtrate was
analyzed by SDS PAGE.

Both the synthetic and native protein were incorporated into
the MLV and were detected by SDS PAGE. In accordance with
previous reports, the bands of synthetic and native AS-48
appeared at a lower molecular weight than expected,
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Scheme 2 Incorporation of AS-48 into multilamellar vesicles. (A) After
incubation of 10 uM AS-48 with 6 mg mL™* MLV, gel filtration through
Sepharose CL-4B resin prevents free AS-48 from passing through the
column and only vesicle-bound AS-48 can pass through. (B) Analysis
of the filtrate by SDS PAGE stained with Coomassie Brilliant Blue shows
vesicle-bound AS-48 (lane 1 vs. 2 for synthetic AS-48 and lane 5 vs. 6
for native AS-48). The broad band captioned MLV arises from the
remaining multilamellar vesicles (lane 4).
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presumably due to their cyclic structure. This experiment
indicates that AS-48 is able to be incorporated into membranes
without the need for specific receptors or other active mecha-
nisms and supports the currently assumed bactericidal mech-
anism of action.

Conclusions

In summary, we have reported the chemical synthesis of a bio-
logically active variant of AS-48. This work further establishes
important features of the KAHA ligation: its utility for the
synthesis of highly hydrophobic proteins by forming dep-
sipeptide ligation products and operating under acidic condi-
tions in the presence of organic solvents — in this case HFIP/
CH;CO,H - that excel at dissolving even difficult sequences. It is
notable that the cyclization proceeded well on the denatured,
linear protein, in contrast to enzymatic cyclizations that require
a prefolded structure. The ease of preparing long linear
peptides by KAHA ligation of segments bearing photoprotected
a-ketoacids and hydroxylamines by Fmoc-SPPS will make this
approach ideal for preparing other types of cyclic proteins.
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