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Abstract: The potent calcium channel blocker ®w-conotoxin MVIIA is a linear cystine-knot peptide with multiple
basic amino acids at both termini. This work shows that macrocyclization of MVIIA linking two positive-charge
terminal clusters as a contiguous segment converts a conotoxin into an antimicrobial peptide. In addition, conver-
sion of disulfide bonds to amino butyric acids improved the antimicrobial activity of the cyclic analogs. Ten mac-
rocyclic analogs, with or without disulfide bonds, were prepared by both Boc and Fmoc chemistry using native
chemical ligation. All cyclic analogs were active against selected Gram-positive and Gram-negative bacteria with
minimal inhibitory concentrations in a low uM range. In contrast, MVIIA and its linear analog were inactive at
concentrations up to 0.5 mM. The cyclic analogs also showed 2 to 3-fold improved chemotactic activity against
human monocytes THP-1 compared with MVIIA. Reduction of molecular stability against thermal and acid
treatment due to the reduced number of disulfide crosslinks can be partly restored by backbone cyclization. To-
gether, these results show that macrocyclization and side chain modification of a linear conopeptide lead to a

gain-of-function, which brings a new perspective in designing and engineering of peptidyl therapeutics.

Keywords: Macrocyclization, cyclic conotoxin, antimicrobial peptide, chemotaxis.

1. INTRODUCTION

Bioactive peptides with large foot prints are potential drug can-
didates that offer advantages of high on-target specificity and low
off-target adverse effect than small molecules with small foot
prints. However, they suffer a major limitation of poor metabolic
stability. Advances in designing highly stable peptide therapeutics
using structural constraints such as backbone macrocycles have
begun to address this limitation [1-3]. Successful examples include
those guided by structures such as stapled peptides [4] and poly-
cyclics [5] and those inspired by nature such as cyclic peptides [6]
and lasso peptides [7]. In addition, recent examples have exploited
the cyclic peptide scaffolds for drug design to obtain potent and
orally-active bioactive peptides by inserting a bioactive peptide into
an inter-cystine loop of a disulfide-rich cyclotide [3, 8].

End-to-end cyclization of a linear peptide improves metabolic
stability by protecting peptide from exopeptidase degradation and,
in some instances, improves biological activity. Our laboratory
previously showed that the advantages of designing macrocyclic
antimicrobials through the backbone cyclization of linear antimi-
crobial peptides (AMPs) such as human defensins, protegrins, and
tachyplesins [9-12]. For these disulfide-rich host-defense peptides,
backbone cyclization not only increases stability but also their
membranolytic selectivity and tolerance to high-salt conditions. In
this study, we show that macrocyclization of a linear peptide, ®-
conotoxin MVIIA [13-15], results in converting a calcium channel
inhibitor into an antimicrobial.

MVIIA possesses three disulfide bonds arranged as a cystine-
knot and six basic residues at both termini [16-18]. The cationic-
and Cys-rich features of MVIIA are also found in AMPs, such as
defensins and cyclotides, however, MVIIA is not known to kill
microbes. Killing microbes through membranolysis mediated by
these cationic AMPs are often initiated by the selective interaction
of the cationic residues with the negatively charged phospholipids
on microbial membranes, followed by insertion of hydrophobic side
chains into lipid bilayer or induction of potential on two sides of
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lipid bilayer, leading to electroporation [19]. Thus, we envisioned
that upon end-to-end cyclization, two cationic clusters of MVIIA
will join to form an extended basic-charged epitope that could gain
membranolytic activity on microbes.

By chemical synthesis, we prepared a series of MVIIA and its
derivatives, including a linear analog with an extra dipeptide tail,
and ten cyclic analogs with a reduced number of disulfide bonds.
All synthetic conotoxins were examined for the gain or loss of func-
tions, including stability, antimicrobial activity, and changes in
membranolytic selectivity as a consequence of backbone cycliza-
tion and side-chain modifications. The channel inhibitory activity of
MVIIA is closely related with the native cystine-knotted, disulfide-
stabilized structure, as deletion of any individual disulfide linkage
is known to result in about a 100-fold decrease of channel binding
activity [20]. Therefore, the channel-related activity of cyclic ®-
conotoxins was not investigated in this report.

2. MATERIALS AND METHOD

2.1. Synthesis of Cyclic Conotoxin Precursors on Mercapto-
propionic Acid (MPA)-linked MBHA Resin

3-mercaptopropionic acid (MPA) was coupled to MBHA (4-
methylbenzhydrylamine) resin 1 with HATU/DIEA (2/2 eq.) as a
linker to convert the C-terminal acid into a thioester. Manual cou-
pling of amino acid sequences was done with Boc-AA/BOP/DIEA
(4/4/6, mol/mol). After assembly, peptide thioesters 2a-f were
cleaved by hydrogen fluoride (HF) /p-cresol (9/1, v/v) in Teflon-
sealed apparatus for 60 min at -5 °C. HF was then removed by vac-
uum and peptide-MPA thioesters 2a-f were precipitated by diethyl
ether and subjected to the reversed-phase C18 HPLC purification.

2.2. Synthesis of Cyclic Conotoxin Precursors on Thioethylbuty-
lamido (TEBA) Resin Using C1-Trt(2-Cl) Resin

Chloro-Trt(2-Cl) polysterene resin (0.5 g, 0.6 mmol) was swol-
len for 30 min in dichloromethane (DCM,10 mL) and the resin was
filtered and washed with DCM (I min x 2). (2-butylamino)
ethanethiol (0.3 mmol, 44 pL) in DCM (20 ml) was added, and the
suspension was shaken for 1 h at room temperature. 3.6 mmol
DIEA (3.6 mmol, 627 puL) in methanol was added and the reaction
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mixture shaken for 10 min to quench the unreacted resin. The resin
was washed with DCM and DMF, respectively, to give TEBA resin
2. A mixture of Fmoc-Arg(Pbf) (1.2 mmol, 779 mg), 1-[Bis (di-
methylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxid hexafluorophosphate (HATU, 1.2 mmol, 456 mg) in dimethyl-
formamide (DMF) and N,N-Diisopropylethylamine (DIEA, 1.8
mmol, 314 pL) was added to resin 2. The suspension was shaken
for 1 h and coupling procedure was duplicated to give Fmoc-
Arg(Pbf)-TEBA resin. The remaining peptide sequence was synthe-
sized manually to give peptide-TEBA resin. A mixture of
trifluoroacetate (TFA)/triisopropylsaline (TIS)/H,O (95/2.5/2.5,
v/v) was added to peptide resins and the reaction mixture was
shaken for 2 h. After dropwise addition of the reaction mixture to a
chilled diethyl ether for precipitation, the precipitate was dried in
vacuo and purified by C18-reversed phase-high performance liquid
chromatography (RP-HPLC) to give linear conotoxin precursors
MI1B-TEBA 4a, M2B-TEBA 4b, M3B-TEBA 4c¢ and MVIIA-GS-
TEBA 4d.

2.3. Synthesis of Conotoxin MVIIA Precursor on Rink Amide
Resin

The native MVIIA sequence was synthesized on Rink amide
resin (300 mg, 0.34 mmol/g) by Fmoc chemistry. The Fmoc-
Cys(Trt) (0.4 mmol) was coupled to deprotected Rink amide resin
by N,N'-Diisopropylcarbodiimide (DIC, 0.4 mmol) and Hydroxy-
benzotriazole (HOBt, 0.4 mmol) in DMF for 1 h to give Fmoc-
Cys(Trt)-NH-Rink amide resin. After deprotection of Fmoc by 20
% piperidine solution in DMF, the remaining sequence was coupled
stepwise to resin support using a microwave-assisted synthesizer
and a protocol of Fmoc-AA /benzotriazol-1-yl-oxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP) /DIEA (5/5/10 eq.).
After the final Fmoc deprotection, the protected MVIIA-NH-Rink
resin (786 mg) was obtained. A mixture of TFA/TIS/H,O
(95:2.5:2.5, v/v, 5 ml) was added to 200 mg peptide-resins to re-
move the side chain protecting groups and to cleave peptides from
the resin support. The cleaved peptides were precipitated in chilled
diethyl ether and purified by RP-HPLC to give the linear conotoxin
precursor MVIIA-NH, 9 (87 mg crude, 36 mg purified peptide,
isolated yield 13.6%) (Supplement Fig. S2A).

2.4. Synthesis of a Linear Conotoxin Precursor MVIIA-GS on
Wang Resin

The linear conotoxin precursor MVIIA-GS 11 was synthesized on
Wang resin (167 mg, 0.1 mmol) by Fmoc chemistry using a micro-
wave-assisted synthesizer. The coupling and deprotection methods
were the same as above to give M-GS-resin (484 mg). A 5-ml-
mixture of TFA/TIS/H,O (95:2.5:2.5, v/v) was added to resins to
remove side chain protection groups and cleave peptides from the
resin support. The deprotected peptide M2B-OH was precipitated in
chilled diethyl ether and purified by RP-HPLC to give the linear
conotoxin precursor MVIIA-GS 11 (119 mg crude and 55 mg puri-
fied peptide, isolated yield 20%).

2.5. TEBA-Mediated Cyclization of Cyclic Conotoxins

Peptide-S-MPA thioesters 2a-f and peptide-TEBA precursor
4a-d were dissolved in 0.1 M sodium phosphate buffer (pH 3) at a
concentration of 1 mM with a 100 fold excess. MESNa and incu-
bated at 40°C for 16 h. The formation of TEBA-S-form 5a-d, MES
thioesters 6a-j and thiolactones 7a-j were monitored by RP-HPLC
and MALDI-TOF mass spectrometry. In the absence of MESNa,
only thiolactones 7a-j were formed and the reaction took a longer
time to complete. Tris(2-carboxyethyl)phosphine (TCEP, 15 mM)
were added to the reaction mixture to prevent unexpected disulfide
formation. After adjusting the pH to 7.5 by the addition of 2 N
NaOH, thia zip cyclization proceeded at room temperature with
gentle stirring for 1-2 h to give reduced cyclic conotoxins cM1B 8a,
cM2B 8b, cM3B 8¢, cM1B2Acm 8d, cM1B3Acm 8e, cM2B1Acm
8f, cM2B3Acm 8g, cM3B1Acm 8h, cM3B2Acm 8i and cMVIIA-
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GS 8j. The completion of cyclization was monitored by MALDI-
TOF and RP-HPLC.

2.6. Oxidative Folding of Cyclic and Linear Peptide Precursors

The crude mixtures containing the reduced and cyclic MVIIA
analogs 8a-c were diluted 50 times with the folding buffer 0.1 M
NH4OAc and 2 M (NH,4),SO;4 to reach 20 uM. Redox reagents re-
duced and oxidized glutathione were added in a molar ratio of pep-
tide:GSSG:GSH: 1:10:100 ( mol/mol). Oxidative folding was per-
formed at 4°C with magnetic stirring for two to three days. The
folding reactions of reduced cyclic MVIIA analogs 8d-i were con-
ducted by adding 10% dimethyl sulfoxide (DMSO) to the cycliza-
tion mixture and incubated overnight at room temperature. Folded
products were purified by RP-HPLC. Peptides with a single disul-
fide bond (1S5S) were dissolved in 10% acetic acid in deoxygenated
water to the final concentration of 2 mM. HCI (10 mM) was added
to the reaction solution to prevent sulfoxide formation at me-
thionine. A stock solution of iodine in methanol (0.1 M) was added
into peptide solution dropwisely to reach 10 mM. Concurrent de-
protection of Acm and oxidation of the free thiols was performed
for 60 min at room temperature to form the second disulfide bond.
Excessive iodine was removed by dropwise addition of the ascorbic
acid solution (1 M) until the brown color changed to colorless.

2.7. Radical-mediated Global Desulfurization

Peptide cMVIIA-GS 8j (0.1 pumol) was exposed to phosphine
source TCEP (0.1 mmol), proton source glutathione (0.2 mmol),
and initiator 2,2’-azobis(2-(2-imidazolin-2-yl)propane)dihydro-
chloride (VA-044) (1 pmol), in a 0.1 M phosphate buffer at pH 6.5.
The desulfurization reaction took about 3 h at 40°C to convert all
unprotected Cys into Ala and cM6A 15.

2.8. Disulfide Mapping of 25S-cyclic Conotoxins

Peptides eluted from HPLC were mixed with equal volume of
200 mM citric buffer, pH 3.0. 5 mM TCEP was added to reduce
peptide at room temperature for about 5-8 min. Partial reduction
condition was monitored by MALDI-TOF mass spectrometry. N-
ethylmaleimide (NEM, 20 mM) was added to the reduction mixture
to perform alkylation at room temperature. Alkylation of NEM
usually took 1 to 1.5 h. The partially reduced and alkylated species
1SS+2S-NEM was isolated by RP-UHPLC (Shimadzu, highest
pressure NEXARA). 1S5+2S-NEM peak eluted from UHPLC was
mixed with 100 mM ammonium acetate buffer, pH 7.0. Approxi-
mately 50x chymotrypsin was added and digest peptide at room
temperature for 1 h. Digestion was monitored by MALDI-TOF.
Upon complete digestion, linear peptide was analyzed by MS/MS.
Second digestion by trypsin was performed by adding 50x trypsin
into the chymotrypsin digestion mixture for additional 10 min incu-
bation. Peptide fragments obtained by trypsin/chymotrypsin double
digestion were characterized by MALDI-TOF MS and MS/MS
(Applied Biosystems, ABI 4800).

2.9. Stability Tests

Heating stability of cyclic peptides was examined at 100°C by
performing a constant heating on a water solution of peptides (0.1
mM) for 1-24 h. The resultant peptide and degraded products were
analyzed on a reverse-phase analytical-grade HPLC. Acid hydroly-
sis test was performed in a 200 mM HCI solution with peptide con-
centration of 0.1 mM. The resultant peptide and hydrolysis products
were analyzed on a reverse-phase analytical-grade HPLC.

2.10. Antimicrobial Assay

The antimicrobial activities of peptide analogs were tested by
Lehrer’s two-stage radial diffusion assay [21]. E. coli, S. aureus,
and C. tropicalis were tested. Bacteria culture with 4x10® CFU was
mixed with 10 mL agarose gel with minimal nutrient (30mg
TSB/mL, 10 mM phosphate buffer) and pour on petri dish to form
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underlay gel. Equal size wells (2 mm diameter) were punched in the
solidified underlay gel by 1ml pipette tip connected to a vacuum
pump. An aliquot (3 pL) of peptide samples with stack of dilution
from 100 uM to 3.125 uM was loaded into each well. The peptide
and the underlay gel with bacteria were incubated at 37 °C for 3 h
with gel-side up. A nutrient-rich overlay gel (6 mg TSB (tryptic soy
broth)/mL) was added on top of underlay gel, and the bacteria were
allowed to grow overnight. The minimal inhibitory concentration
(MIC) was calculated by measuring the diameter of the clear zone
against different peptide concentrations. Each experiment was re-
peated three times and the average diameter was used.

2.11. Hemolytic Assays

Fresh human erythrocytes taken from a healthy volunteer was
washed with PBS three times and resuspended to a 0.5% suspension
in PBS. 50 pL was added to each well of a 96-well plate. Linear
and cyclic conotoxins MVIIA, cM1B, ¢cM2B and cM3B were seri-
ally diluted in 50 uL PBS. Each peptide concentration was tested in
triplicate. A solution of 0.1% Triton X-100 without any test pep-
tides was used as the positive control. PBS without any test pep-
tides was used as negative control. The 96-well plate was incubated
at 37 °C for 1 h, and the plate with erythrocytes were centrifuged at
1000 rpm for 10 min. Aliquots of 50 uL supernatant from each well
was transfer to a new 96-well plate and measured by ELISA reader
at 415 nm. The level of hemolysis was calculated as the percentage
of maximum lysis by Triton X-100 after adjusting for minimum
lysis in PBS. The peptide concentration caused for 50% hemolysis
(HDsg) was calculated.

2.12. Chemotaxis Assays

Mouse leukemic monocyte macrophage RAW 264.7 was
seeded in a 96-well Boyden chamber plate. A series of peptide solu-
tions with concentration from 1 nM to 10 mM were loaded in the
feeder tray. After a 6 h-incubation, detachment medium was added
in the harvest tray, and upper chamber plate was transfer to harvest
tray for 30 min incubation to release membrane-bound cells. Cells
were lysed by the lysis-buffer (1% Triton X-100 in 10 mM Tris-Cl,
pH 7) for 10 min. Excreted actin were labeled by fluorescent dye
for measurement using 96-well plate reader (TECAN, Infinite
M200Pro).

3. RESULTS

3.1. Design

Both N- and C-terminal residues of MVIIA are cysteine resi-
dues, C1 and C25, and exist as disulfide bonds of a cystine knot
network. To ligate these two ends, an linker peptide is needed to
form an end-to-end macrocycle. Using computer modeling to guide
the design of cyclic MVIIA analogs, we initially added a tetrapep-
tide GGPG linker that sufficed to form a thermodynamically-stable
29-residue 3SS-cyclic analog (¢cCG29). In practice, we encountered
low yield in the oxidative folding of ¢cCG29 which inhibited pro-
ducing sufficient sample for characterization and various bioassays
[22]. We then re-designed the cyclic analogs to increase structural
flexibility and side chain diversity by reducing the number of disul-
fide bonds and converting a disulfide bond into two hydrophobic
aminobutyric acid (Abu) residues, a Cys isostere, or two hydro-
philic S-acetamidomethyl (Acm)-protected Cys residues, or two
Ala residues (Table 1).

Ten cyclic analogs with side chain modifications are grouped
into three series, including (1) three two-disulfide 2SS-cyclic
MVIIA analogs linked by a Gly-Ser dipeptide to provide minimal
spacing between the two basic amino acid clusters of native
o-conotoxin, of which one pair of Cys residues were substituted
with Abu and designated cM1B, cM2B, and ¢cM3B 13a-c; (2) six
one-disulfide (15S)-cyclic MVIIA analogs of which one pair of Cys
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Table1l. ®-conotoxin MVIIA and its synthetic analogs.

Peptides No. Sequences

MVIIA 10

(FKGKGAK(I'JSRLMYD(é:TGS(IZRSGK(IZ-NHZ

MVIIAGS | 12 GKGKGAKCSRLMYDCCTGSCRSGKC-GS

cMIB* | 13a | CYclo-BKGKGAKCSRLMYDCBTGSCRSGKC-GS

cM2B 13b CYC|°-9KGKGAKBSRLMYD(I:(IZTGSBRSGK?-GS
M3B 13¢ | Cyelo-CKGKGAKCSRLMYDBCTGSCRSGKE-GS
Acm Acm
cMIB2Acm | 14a | cyclo-BKGKGAKCSRLMYDCBTGSCRSGKC-GS
Acm Acm

cMIB3Acm | 14b | cyclo-BKGKGAKCSRLMYDCBTGSCRSGKC-GS

Acm Acm

cM2BlAcm | 14¢ | cyclo-CKGKGAKBSRLMYDCCTGSBRSGKC-GS

Acm Acm

cM2B3Acm | 14d | Cyclo-CKGKGAKBSRLMYDCCTGSBRSGKC-GS

Acm Acm

cM3BlAcm | l4e Cyclo-ICKGKGAKCSRLMYDBlCTGSCRSGKB-GS

Acm Acm

cM3B2Aem | 14f | Cyclo-CKGKGAKCSRLMYDBCTGSCRSGKB-GS

cM6A 15 Cyclo-AKGKGAKASRLMYDAATGSARSGKA-GS

*: peptides are designated as, ¢ for cyclized backbone, M for MVIIA, number 1, 2, 3
represents SS pair C1-C16, C8-C20, C15-C25 respectively, B for Abu substitution and
Acm for Acm-protected-Cys.

residues substituted by Abu and another pair substituted by
Cys(Acm), designated cM1B2Acm, cM1B3Acm, cM2Bl1Acm,
cM2B3Acm, cM3B1Acm, and cM3B2Acm 14a-f; (3) a disulfide-
free (0SS) cyclic MVIIA analogs, designated cM6A 15, in which all
Cys residues were converted to Ala by a radical-assisted desulfuri-
zation [23] of a cyclic S-reduced precursor, cM-GS 12j. For com-
parison, a linear analog MVIIA-GS 4 containing a dipeptide GS-tail
with three native disulfide bonds was also prepared.

3.2. Peptide Synthesis by Boc and Fmoc Chemistry

For preparing cyclic peptides by a thia-zip cyclization previ-
ously developed by our laboratory requires the design of a linear
precursor with a cysteine at the N-terminus and a thioester at the C-
terminus [3, 8, 22, 24-29]. Both Fmoc and Boc chemistry were
employed for preparing the thioester precursors (Scheme 1A and
1B) [24, 30, 31]. Boc approach was used to prepare linear precur-
sors of 15S-cyclic analogs and Fmoc approach was used to prepare
28S- and 0SS-cyclic peptide precursors. Eventually, all cyclic re-
duced peptides underwent disulfide formation or desulfurization to
obtain the final products (Scheme 1C).

For Boc approach, peptide-S-mercaptopropionic acid (MPA)
was attached to MBHA resin to give MPA-MBHA resins 1 as pre-
viously reported in the chemical synthesis of cyclotide kB1 [32].
Peptide-MPA thioesters 2a-f cleaved from the resin support by
hydrogen fluoride were used, without purification, for cyclization.
For Fmoc approach, our recently developed base-resistant thioeth-
ylbutylamide (TEBA) resin 3 was exploited. The linear peptide
precursors 4 with a C-terminal TEBA thioester surrogate was stable
during repetitive piperidine treatment in Fmoc peptide synthesis.
Under acidic conditions, including 95% trifluoroacetic acid (TFA)



2134 Current Pharmaceutical Design, 2017, Vol. 23, No. 14

A Boc Approach B Fmoc Approach
K N
HS N-Q SN~ Q3
1 H . TEBA resin .
MPA resin l b

(o}
i NC/\S” 4

4L N-S acyl shift

0 [o]
S/\)LNHZ s/\/n\/\/
2 MPAthioester 5
\—l—J
+R-SH 1 S-S acyl shifts 1 No R-SH
SH
sH ] HN 0
H SR — §osn®

6 SH H,N O
Thioester S

7 Thiolactones
l S-N acyl shift

Peptide

-

o ) 8 Macrocycles
C Disulfide Formation

A
f - -
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Oxidative DMSO Desulfurization
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cM1B cM1B2Acm cM6A
cM2B cM1B3Acm
cM3B cM2B1Acm 15
cM2B3Acm
13a-c cM3B1Acm

cM3B2Acm

I I, oxidation 14a-f

Scheme 1. Synthesis schemes of cyclic conotoxins with 0-2 disul-
fide bonds.

cleavage solution and 0.1% TFA-water solution for reverse phase
(RP)-HPLC, about 20% of the thioethylamino groups underwent a
reversible N-S acyl shift reaction to form a peptide-S-TEBA
thioester 5 (Fig. 1A).

At pH 3, we observed and characterized thioester or thiolactone
intermediates of the proposed thia zip cyclization 2, 4 and 5, which
underwent N-S and S-S acyl shifts mediated by an external thiol or
an internal Cys thiol. In the presence of an external thiol such as
sodium mercaptoethane sulfonate (MESNa), thioesterification re-
sulted in both peptide-MES thioester 6 and peptide thiolactones 7
(Fig. 1B). In the absence of an external thiol, only the isomeric
peptide thiolactones 7 were observed (Fig. 1C). These thiolactone
intermediates containing an a-amine have the same mass but more
hydrophilic as compared with the expected amide-macrocycles.
Consequently, the more polar thiolactones were distinguished from
the late-eluting amide-macrocycles in RP-HPLC. Also thioester
bond absorbs UV at 260 nm, which is another feature that helped us
to identify thiolactone intermediates from the final cyclic product.
Conversion of all N-forms 4 into stable thioesters or thiolactones
completed after 16-24 h. In practice, the thia-zip cyclization was
performed under a “one-pot” condition by adjusting pH from 3 to
7.5 and resulted in >80% reduced cyclic peptides 8 after 1 h (Fig.
1D and Fig. S1). In addition, the peptide chains of linear MVIIA 9
and MVIIA-GS 11 were synthesized by standard Fmoc chemistry
on Rink-amide resins (Fig. S2).

Hemu and Tam

H:N

HS

Time (min)

Fig. (1). Chemical synthesis of reduced cyclic cM1B 8a on TEBA resin
using Fmoc chemistry.

3.3. Global Oxidative Folding vs. Chemoselective Disulfide
Formation

Formation of disulfide bonds with correct connectivity for the
peptides containing more than one disulfide bonds was achieved by
both global oxidation and chemoselective method. Global oxidation
of 28S-cyclic reduced 8a-c, linear reduced MVIIA 9 and MVIIA-
GS 11, were performed with oxidized and reduced glutathione
(peptide:GSSG:GSH = 1:10:100 mol/mol) in 0.1 M ammonium
acetate buffer (pH 7.8) and 2 M ammonium sulfate at 4 °C [33].
The 2SS-cyclic analogs cM1B-cM3B 13a-c¢ produced the desired
disulfide isomers in 20% yield due to an increase in hydrophobicity
that caused aggregation during the folding process (Fig. S3). Other
analogs did not appear to have such an aggregation problem and
were obtained in good yield. MVIIA 10 was afforded in 81% yield
in 48 h (Fig. S4) and 3SS-linear MVIIA-GS 12 in 78% yield (Fig.
SS).

DMSO oxidization converted the 2Cys2Acm-cyclic peptides
8d-i into 1SS-cyclic products 14a-f. To form the second disulfide
bond by a chemoselective approach, 14a-f were further treated with
iodine to deprotect and oxidize Cys(Acm) to form 2SS-cyclic pep-
tides 13a-c (Fig. S6). These Boc chemistry-derived 2SS-cyclic
products were used as standards for the corresponding products in
the global oxidative folding prepared by the Fmoc chemistry. In
addition, disulfide mapping of the 2SS-cyclic conotoxins were also
performed to confirm their correct disulfide connectivity as de-
scribed in Experimental.

The disulfide-free cyclic conotoxin cM6A 15 was obtained by
desulfurizing all six Cys of cyclic and reduced 8j into Ala with a
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water-soluble radical initiator VA-044, a phosphine source (TCEP)
and a proton donor (GSH) [23]. The reaction was conducted in a
phosphate buffer (pH 6.5) at 40 °C for 3 h to afford cM6A in 84%
yield (Fig. S7).

3.4. Antimicrobial Activity

Radial-diffusion assays were performed with MVIIA and ana-
logs against three bacterial strains, Escherichia coli (Gram-
negative), Pseudomonas aeurginosa (Gram-negative), Staphylococ-
cus aureus (Gram-positive), and two fungal strains, Candida kefyr
and Candida tropicalis. The microbicidal potency of each peptide
was evaluated by the minimum inhibitory concentration (MIC)
(Table 2). MVIIA (up to 500 uM) was inactive against all three
bacterial strains but exhibited moderate antifungal activity against
C. kefyr and C. tropicalis with MICs of 28.8 uM and 39.8 uM, re-
spectively. The linear analog MVIIA-GS gave similar results, indi-
cating the GS linker has no effect on antimicrobial activity. In con-
trast, all ten cyclic conotoxins derived from MVIIA were active
against the selected three bacterial strains with MICs from 3.3-90.2
UM. Most of these analogs exhibited improved antifungal activity
with MICs from 2.1-18.2 uM against C. kefyr and 2.0-11.4 pM
against C. tropicalis, with the exception of cM1B3Acm, which had
a 42.2 uM MIC against C. tropicalis. Similar to membrane-active
human and plant defensins, the microbicidal activity of cyclic cono-
toxins was inactive under the physiological condition with high salt
content (0.1 M NaCl).

Table 2. Minimal inhibitory concentration (MIC) of antimi-
crobial activities of MVIIA and its analogs.

MIC (uM)
Peptide SS | EC PA SA CA CT
MVIIA 3 | >500 | >500 | >500 | 288 | 39.8
MVIIA-GS 3 | >50 | ND | >500 | ND ND
cMIB 2 8.9 78.4 79 23 112
cM2B 2 8.4 90.2 8.0 24 2.0
cM3B 2 8.6 11.8 42 2.1 23
cM1B2Acm 1 12.6 39.6 30.2 42 6.7
cMIB3Acm 1 33 234 782 182 | 422
cM2B1Acm 1 11.4 16.7 212 5.0 15.6
cM2B3Acm 1 39.4 72.4 18.8 6.9 4.9
cM3BlAcm 1 79 10.2 182 6.9 79
cM3B2Acm 1 4.1 9.4 74 3.4 6.9
cM6A 0 74 ND 8.9 ND ND

EC, E. coli; PA, P. aeruginosa; SA, S. aureus; CA, C. kefyr; CT, C. tropicalis. ND, not
determined.

3.5. Hemolytic Activity and Membranolytic Selectivity

A notable characteristic of membrane-active AMPs is their
membranolytic selectivity, specifically recognizing microbial
membranes via multiple charge-charge interactions. Hemolytic
analysis of human red blood cells showed that native MVIIA and its
cyclic analogs were not active against mammalian cell membranes.
Conotoxin MVIIA exhibited no hemolytic activity at concentrations
<ImM (HDsy = 4.2 mM). The HDs, of cyclic analogs ranged from
1.3-3.4 mM (Table 3).
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Table 3. Therapeutic index (HD5(/MIC) of MVIIA and its cy-
clic analogs.

HD., HD5/MIC Ratio
Peptide (mM) EC PA SA CA CT
MVIIA 423 - - - 147 106
cMIB 2.83 318 36 358 1229 252
cM2B 1.32 157 15 165 548 658
cM3B 1.62 187 136 383 766 699
cMI1B2Acm 1.53 121 39 51 364 227
cMIB3Acm 3.37 1016 144 43 185 80
cM2B1Acm 2.55 223 153 120 509 163
cM2B3Acm 1.42 36 20 76 206 292
cM3BlAcm 3.07 386 301 169 444 388
cM3B2Acm 1.45 351 154 195 425 209

HDs: dose for 50% hemolysis of erythrocytes

3.6. Chemotaxis

Another characteristic of cationic AMPs such as human defens-
ins is the cytokine-like chemotactic activity [34, 35]. The chemotac-
tic effects of native MVIIA and three 2SS-cyclic analogs were ex-
amined using the human monocyte cell line THP-1. All four syn-
thetic peptides were found to be chemotactic from 10 nM to 0.1
mM, increasing cell migration from 3% (medium only) to 10%
(with peptides) after a 6 h-incubation (Fig. 2). These results showed
that conotoxin MVIIA exhibited weak chemotactic activity on
THP-1 cells. This chemoattractive activity increased moderately in
the 2S5S-cyclic analogs.

Chemotaxis assay

Ratio of Migration (%)
N

—— MVIIA

1 - cM1B

—— cM2B

0 -o- cM3B
0 2 4 6

Log concentration (nM)

Fig. (2). Chemotactic effect of MVIIA and cyclic analogs on human
monocyte cell-line THP-1.

3.7 Heat and Acid Stability

The stability against heat and acid of MVIIA and all synthetic
analogs were examined. In the heat stability test (100 °C, 3 h), 60-
80% of 25S-cyclic analogs remained intact after heating and about
50% of native MVIIA and linear MVIIA-GS remained intact (Fig.
3A). In the acid hydrolysis test, > 85% of MVIIA survived a 6 h-
treatment with 0.25 M HCl at 37 °C whereas the 2SS-cyclic analogs
showed improved stability with 85-95% remained intact (Fig. 3B).
The disulfide-free cyclic analog cM6A showed the lowest stability
in both assays.
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Fig. (3). Acid and heat stability of MVIIA and its linear and cyclic analogs.

4. DISCUSSION

In this work, we used both Boc and Fmoc synthesis to prepare
thioesters as linear precursors of cyclic peptides. Thioesters are
base labile. Whereas preparing thioester presents no problem for the
acid-based Boc-chemistry, thioester becomes a major challenge in
the base-repetitive Fmoc procedure. The development of an amide-
based TEBA linker as a thioester surrogate allows the thioester
preparation using Fmoc chemistry, which is a method of choice for
peptide synthesis in most laboratories. For disulfide formation, we
also used two approaches to show that the global oxidation is more
efficient than the chemoselective disulfide formation. Together we
demonstrate a more efficient approach of making cyclic cysteine-
rich peptides.

A loss-of-function caused by converting naturally occurring
cyclic peptides to acyclic peptides has been reported previously by
our laboratory on linearized circular bacteriocin AS-48 [36]. AS-48
is a 70-residue antimicrobial peptide expressed by Enterococcus
faecalis. 1t contains five helices and a cluster of positive charges
on helix-5 underlies its antibacterial activity by promoting pore
formation in cell membranes. Gonzalez et al. reported that the lin-
ear form of AS-48 with an opening in the middle of helix-5 showed
reduced antimicrobial activity [37]. Our work showed that opening
at helix 1 eliminated antimicrobial activity by changing the overall
molecular conformation. Likewise, converting a cyclotide to an
acyclic form also results in loss of certain functions [38]. Interest-
ingly, both cyclic and acyclic forms of cyclotides are found in
plants and antimicrobial activities of both cyclotide forms have
been reported [39, 40]. Conceptually different from these reports,
we demonstrate here that converting a linear peptide (such as
o-conotoxin MVIIA) into cyclic form result in a gain-of-function as
an antimicrobial. This gain-of-function by joining the N- and C-
segment as a contiguous segment through cyclization should be
carefully considered in engineering cyclic peptidyl therapeutics.

Although conotoxin MVIIA has a high cationic content (+6 net-
charge), it is not an antimicrobial, likely due to the scattering of
positive residues and lack of hydrophobic surface. We posited that
backbone cyclization would enhance the membrane-associated
activity of MVIIA against microbes by grouping six basic residues
on one continuous epitope, thereby expanding the cationic density.
This hypothesis has been proven by ten cyclized MVIIA derivatives
with 0 to two disulfide bonds. They display similar antimicrobial
activity as plant defensins and cyclotides against a broad-spectrum
of bacteria and fungi. Cyclic conotoxins showed different antimi-
crobial activity against two Gram-negative bacteria E. coli and P.
aeurginosa that may due to the different lipid composition of bacte-
rial membranes [41]. Our data did not permit us to draw conclu-
sions on the mechanisms of killing against different bacteria strains.
In contrast, their linear counterpart MVIIA-GS was inactive (MIC
>500 uM), indicating that the Gly-Ser linker peptides exert minimal
influence on activity.

Hemu and Tam

A unifying concept, referred to molecular electroporation, can
be exemplified by NK-lysin, a linear antimicrobial peptide isolated
from the pig small intestine with 78 residues and five o -helices
cross-linked by three disulfide bonds [42]. Its reported mechanism
is contributed through membrane leakage is induced by positively
charged antibacterial peptides creating an electrical potential >0.2
mV on either side of the microbial membrane, leading to electrical
shocks and instant pore formation. This electroporation model
could explain both the antimicrobial activity of cyclic conotoxins
due to the formation of the cationic-rich neo-epitope in the cono-
toxin sequence. Potent cyclic analogs with MICs <10 pM provide a
safe therapeutic window, with an HD5o/MIC ratio ranging from 100
to >1000. A slight increase of hemolytic effect was shown for the
cyclic analogs with substituted Abu residues, suggesting the in-
crease of hydrophobicity could elevate the hemolytic activity.

Our results also suggested the relative unimportance of disul-
fide linkages in designing a Cys-rich AMP based on conotoxin
MVIIA, as all ten cyclic analogs, even including cM6A with a
complete removal of all disulfide bonds, display comparable po-
tency in the radial diffusion assay. A similar phenomenon has been
reported for human f-defensin HBD-3, as the removal of all disul-
fide bonds does not abolish the structural elements that confer its
antimicrobial activity [43]. In addition to the cyclized backbone, the
location of Abu and Cys(Acm) residues in the 1SS-cyclic analogs
exerts certain influences on the antimicrobial potency of individual
cyclic conotoxins. For instance, both cM2B3Acm and cM3B2Acm
retaining the first disulfide bond between C1 and C16 have identi-
cal sequences, except for their Abu and Cys(Acm) substitution
sites, suggesting that these two cyclic analogs share similar back-
bone structure. However, cM2B3Acm is 2- to 8-fold less potent
than cM3B2Acm against all three bacterial strains. Such variations
might be contributed by the hydrophobicity differences in Abu and
Cys(Acm) side chains.

Increasing the number of structural constraints by cyclization of
disulfides would generally lead to an increase in stability. In
agreement, our results showed that stability is correlated with the
increasing number of intramolecular crosslinks, including both
disulfide bonds and cyclic backbone. For the 2SS-analogs, removal
of one disulfide bond resulted in an extended inter-Cys loop of 7-13
residues. Such modification increased flexibility and reversed ef-
fects on molecular stability. After backbone cyclization, additional
crosslink reconstructed the stability, and thus the 2SS-cyclic analogs
displayed comparable or increased stability as MVIIA. The disul-
fide-free cM6A left single intramolecular crosslinking as a macro-
cycle showed the weakest molecular stability.

CONCLUSION

Cyclic CRPs are useful scaffolds for engineering bioactive pep-
tides to enhance their chemical and metabolic stability. This report
shows that macrocyclization of linear ®-conotoxin MVIIA analogs
not only enhances their structural stability but also creates new
functions. Linking both terminal ends as a macrocycle produces a
new cationic amino-acid-rich fragment, which confers antimicrobial
properties not found in the linear ®-conotoxin MVIIA. Converting
the disulfide bonds to aminobutyric acid residues further enhances
antimicrobial activity. Thus, our work provides new insights into
the design and development of linear peptidyl therapeutics through
macrocyclization.

LIST OF ABBREVIATIONS

CRP = Cysteine-rich peptide

HPLC = High-performance liquid chromatography
MS = Mass spectrometry

Boc = Tert-Butyloxycarbonyl

Fmoc = Fluorenylmethyloxycarbonyl

Abu = Aminobutyric acid
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