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Integrated Oxidative Folding of Cysteine/Selenocysteine Containing
Peptides: Improving Chemical Synthesis of Conotoxins**
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Baldomero M. Olivera, and Grzegorz Bulaj*

Bioactive disulfide-rich peptides, such as neurotoxins from
spiders, scorpions, and cone snails, plant cyclotides, antibac-
terial peptides, and protease inhibitors, form an incredibly
diverse group of natural products estimated to consist of
millions of distinct sequences. Many of these peptides are
promising drug leads as analgesics, antihypertensive, antiar-
rhythmic, antitumor, antiviral, or antibiotic therapeutics.“’ﬂ
However, an efficient oxidative folding and determination of
the resulting disulfide connectivities are the most common
bottlenecks in their chemical syntheses that slow the progress
of drug discovery and development.”! To address these two
challenges simultaneously, we developed an integrated
approach that combines the use of diselenide and selectively
(®N/"C)-labeled disulfide bridges. We synthesized conotoxin
analogues, in which the selenocysteines significantly
improved folding yields and the labeled cysteines allowed
the correctly folded species to be rapidly identified by NMR
spectroscopy.

Numerous strategies have been developed to improve the
oxidative folding of disulfide-rich peptides.”®! A replacement
of disulfide bridges by more redox-stable diselenide crosslinks
has been employed for peptides containing either one or two
disulfide bridges.”' Substitution of a pair of cysteines with
selenocysteines should guide the formation of disulfide
bridges between the remaining cysteines,®! because the
more stable diselenide forms first (the redox potential of a
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diselenide bridge (E,= —381 mV) is significantly lower than
that of a disulfide bridge (E,=—180 mV)!"")) providing a
topological constraint for the formation of the remaining
disulfides and reducing the number of possible disulfide
connectivities.'" Once a disulfide-rich peptide is synthesized
and oxidized, the disulfide bridges must be determined. To
overcome multiple challenges of traditional disulfide map-
ping, we recently developed an NMR-spectroscopy-based
strategy to rapidly determine disulfides using differential
isotope labeling of pairs of Cys, followed by detecting
NOESY crosspeaks between cross-disulfide HY/H™/H" pro-
tons.'”) Our search for improved oxidation strategies led us to
the idea of combining selenocysteines and '*N/"C-labeled
cysteines, which we successfully applied to p-conotoxins.
The concept of “integrated oxidative folding” is illustrated
in Figure 1a. For three-disulfide-bridged peptides, the ana-
logues containing diselenide and the isotope-labeled disulfide
bonds should: 1) fold more efficiently, since the pre-existing
diselenide bridge reduces the number of possible disulfide
crosslinks and directs formation of the remaining disulfides,
and 2) provide unambiguous evidence of the correct pairing
of all three crosslinks; the cross-disulfide NOESY crosspeaks
from the selectively labeled pair of the cysteine residues and
the thermodynamically preferred diselenide bridge would
suffice to make such a claim. To obtain proof-of-concept, we
selected the three disulfide-bridged peptide, p-conotoxin
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Figure 1. Integrated oxidative folding. a) u-Conotoxin scaffold contain-
ing one diselenide bridge, one isotope-labeled disulfide bridge, and
one normal disulfide bridge. The formation of the diselenide bridge is
thermodynamically preferred and improves the oxidative folding, while
the formation of the labeled disulfide bridge is readily confirmed by
detecting cross-disulfide NOEs. Sec=selenocysteine, Cys = labeled
cysteines, Cys =unlabeled cysteines. b) Structures of pu-SIIIA (top) and
u-selenoconotoxin analogues of SIIIA studied in this work (bottom, in
which U =selenocysteine, C=labeled cysteine, C=cysteine).
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SIIIA, for which folding, structure, and function are well
studied."*"! Figure 1b shows the structure of SITTA and three
analogues in which one pair of the cysteine residues forming a
native disulfide bridge was replaced by a pair of selenocys-
teine residues. The analogues were synthesized using the
Fmoc-based chemistry (see Experimental Section). The
cysteine thiols were protected with the trityl groups, whereas
selenocysteine residues were protected with 4-methoxybenzyl
(Mob) groups. Both protecting groups were removed during
the cleavage of the peptides from the resin. The Mob group
came off easily with 2-2'-dithiobis-(5-nitropyridine) (DTNP).
A mechanism underlying the removal of the Mob group and
the formation of the diselenide bridge was recently stud-
ied.?%21 A critical step in an efficient recovery of the reduced
conotoxins containing a diselenide bridge appeared to be the
reduction of the crude (post-cleavage) peptide with dithio-
threitol. Mass spectrometry analysis confirmed the existence
of the preformed diselenide bridge in the otherwise reduced
SITA analogues (an alkylation of free Cys thiols with 4-
vinylpyridine yielded SIHIA[C3U,C13U]=2726.9, SIIIA-
[C4U,C19U] =2726.7, SIITA[C8U,C20U] = 2727.0).

The diselenide-containing peptides were subjected to
oxidative folding in the mixture of the oxidized glutathione
(1mMm GSSG) and reduced (10mm GSH) glutathione
(Figure 2). The identity of each folded analogue
([MH"] ea =2302.7) was confirmed by MALDI-TOF mass
spectrometry: SIITA[C3U,C13U] [MH"],,=2302.5, SIIIA-
[C4U,C19U] [MH"].,,=2302.6, SIITA[CS8U,C20U]
[MH"],,,=2302.4. The highest steady-state accumulation of
the native form was found for SIITA[C3U,C13U] and the
lowest for SIITA. The number of the folding intermediates
was much lower for all three diselenide-containing analogues
compared to SIITA, and only few minor folding species were
detected to contain mixed disulfides with glutathione, as
determined by mass spectrometry. Noteworthy, further
improvements of the folding yields might be achieved by
optimizing concentrations of GSSG and GSH. All SIIIA
analogues blocked Na,1.2 subtype of voltage-gated sodium
channels (Supporting Information; Table S1 and Figure S1),
the K, values were: 47 +16 nm for SIIIA, 46 +38 nm for
SIIA[C3U,C13U], 67 & 18 nm SIITA[C4U,C19U], and 37 £ 6
SIIIA[C8U,C20U] (mean =+ SD, N >3).

The position-specific introduction of the *N/"*C labeled
Cys residues in p-selenoconotoxin SIITA analogues, (Fig-
ure 1b), allowed us to rapidly determine the disulfide
connectivities. The '"N/"*C-labeled cysteines in the two p-
selenoconotoxin  analogues, SIIIA[C3U,C13U, “N/®C
enriched C4 and C19] and SIIIA[”N/"C enriched C3 and
C13,C4U,C19U], were identified in 2D [**C,'"H] HSQC NMR
spectroscopy experiments. The methine and methylene res-
onances were assigned in both analogues using the reported
chemical shifts for p-SIITA (Figure 3)."! Following resonance
assignment, 2D C-F2-edited NOESY was recorded to
identify cross-disulfide NOEs consistent with a disulfide
bond. These are boxed in Figure 3 panels (b) and (d). Thus,
we were able to deduce the proper connectivity of the
crosslinks in the p-selenoconotoxin analogues by: 1) preform-
ing the diselenide bridge, and 2) detecting cross-disulfide
NOE:s for the disulfide bond with *C/"*N enrichment.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a)  sia . SIIA[C3U,C13U]

_A——

-~ A

N
A
A

SIIIA[C4U,C19U]

N
____MkA_JL.—
RS, W

N
N

SIIAC8U,C20U]

|
[ | W, W, NP
—_— A A
[ | W

N
R

b) 50 -
E T
L 40
© 1
2
2 30
e
e
g 2 _[
Ll
=
P
S 104
Q
0 = = =
< 5 =) 5
= ) =2} =
» - - 15
o %) 3]
2 2 =
o« < @
9, Q Q
< < <
@ @ %

Figure 2. Oxidative folding of p-selenoconotoxin SIIIA analogues.

a) HPLC elution profiles of u-SIlIA and p-selenoconotoxin analogues of
u-SIA folded with a mixture of T mm oxidized and 10 mm reduced
glutathione. The oxidation mixtures were quenched by acidification
after 1, 10, 30, 60, and 120 min and analyzed by reversed-phase Cy;
analytical HPLC. Asterisk indicates the native form of the peptide;
labeled peaks were collected and analyzed by mass spectroscopy.

b) Correctly folded yields at the steady-state of u-SIIIA and its p-
selenoconotoxin analogues. Error bars represent standard errors
(N=3).

To examine applications of p-selenoconotoxins for pep-
tide engineering, we designed two non-natural selenocono-
toxin SIIIA analogues (Figure 4): in the first analogue, AHX-
Sec-SIITA, two adjacent Ser residues were replaced by 6-
aminohexanoic acid, whereas the second analogue, DOTA-
Sec-SIIIA, contained Lys-DOTA at the N-terminus. The
oxidative folding of both analogues resulted in an accumu-
lation of a single major species (Figure 4c). Both analogues
retained the ability to block Nay1.2 sodium currents, and the
DOTA-Sec-SIITA was fluorescent when it chelated terbium
(Tb*®) (Supporting Information, Figure S2). To investigate
whether other p-selenoconotoxins also exhibit improved
folding properties, we introduced a pair of selenocysteines
into poorly folding p-conotoxin SmIIIA.?? The folding yield
the SmIITA[C3U,C15U] (41%) was significantly improved
compared to the wild-type peptide (12%), whereas the
replacement of disulfide by diselenide bridges did not
markedly compromise bioactivity (Supporting Information,
Figure S3).

Herein, we described a novel approach to the oxidative
folding of disulfide-rich peptides that combines the use of

Angew. Chem. Int. Ed. 2009, 48, 2221-2224


http://www.angewandte.org

3) SIIA[C3U,C13U,5C4,19] 9 smApcsiscauciou]
ca cis =
Cc3
1330— CPH, 1330- CPH,
[ppm] C19 [ppm]
45- 451
50 50
c4
s5{= CH 55{ C°H
C3o
*C19 Sc13
b) c d) ;
0 (¢ [+ c3
c19; [¢] O
3000 ‘o 0O °@ 3.0
H o H c13
[ppm] ca’ ppm) © (@l
351 © B e He 3.5
c1gs”° b
sl 2 B @ 407 °
ﬁ &
45 ¢9 oo oo 45.@ o §
45 40 35 3.0 H[ppm] 45 40 35 3.0

Figure 3. NMR-spectroscopy-based determination of disulfides in two
u-selenoconotoxin SIIA analogues. NMR spectra at 15°C for 1 mm
SHIA[C3U,C13U,"*N/"*C enriched C4 and C19] prepared in 40 mm NaPi
(pH 6.2), 50 mm NaCl, 90% H,0, and 10% D,0 are shown in panels
(a) and (b), and SHIA[®*N/"C enriched C3 and C13,C4U,C19U] in
identical solution conditions are shown in panels (c) and (d). Panels
(a) and (c) show the 2D ["*C,'H] constant time HSQC spectra and
panels (b) and (d) the 2D "*C-F2-edited ['H,"H] NOESY spectra. The
proton dimensions (abscissa) are aligned for panel pairs (a)/(b) and
(c)/(d). Non-degenerate C4 and C19 CPH, signals are connected with a
line (shown in panel (a)), the degenerate C3 and C13 CPH, signals are
shown in panel (c). NOE crosspeaks confirming the C4-C19 and C3—
C19 disulfides are boxed. Intraresidue NOEs can be easily traced in
the Figure. A few natural abundance signals are present in the
NOESYs but posed no problems with interpretation.
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diselenide and selectively (*N/*C)-labeled disulfide bridges:
introduction of selenocysteines significantly improves folding
yields while the labeled cysteines allow the correctly folded
species to be rapidly identified by NMR spectroscopy.
Integrated oxidative folding opens new opportunities in
chemical syntheses of peptides containing even four disulfide
bridges (Supporting Information, Figure S4). Since this tech-
nology is compatible with higher throughput chemical
syntheses, it will also accelerate drug discovery and develop-
ment. For larger polypeptides, this strategy may be exploited
in conjunction with recombinant methods or native chemical
ligation.?**! Furthermore, integrated oxidative folding is
useful in studying folding mechanisms, since it offers a means
of dissecting a role of individual (native and non-native)
disulfide bridges in the folding pathways. Taken together, the
integrated oxidative folding approach is likely to have an
impact on both the basic and applied research of disulfide-rich
peptides.

Experimental Section
Peptides were synthesized using standard Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl) chemistry, as described elsewhere."*%! Fmoc-pro-
tected selenocysteine with the selenium-p-methoxybenzyl protection
was purchased from ChemImpex International, (Wood Dale, IL).
Fmoc-protected "N/PC cysteine residue (U-13C3, 97-99 % 15N, 97—
99 % ) was obtained from Cambridge Isotope Laboratories (Andover,
MA). Cysteine residues were protected with S-trityl groups. Peptides
were cleaved from the resin for 4 h with the enriched reagent K
(trifluoroacetic acid (TFA)/thioanisole/phenol/water (90:2.5:7.5: 5, v/
v/vlv) and 1.3 equivalents DTNP [2,2'-dithiobis(5-nitropyridine)]).?!
The selenoconotoxins were washed with methyl fers-butyl ether and
treated for 2h with DTT (threo-1,4-dimercapto-2,3-butanediol;
50 mm), Tris (tris(hydroxymethyl)aminomethane; 0.1m), EDTA (eth-
ylenediaminetetraacetic acid; 1 mm), pH 7.5 at room temperature,
then quenched with 8 % formic acid. The peptides were purified using
a C18 HPLC and gradient from 5 to 30 % of 0.1 % (v/v)
TFA in 90 % acetonitrile in 25 min. Oxidative folding

a)

KWURDHARCC-NH,

pH 7.5), GSSG (1 mm), GSH (10 mMm) at room temper-
ature. SIITA[C3U,C13U]DOTA (220 nmol) was dis-
solved in water (220 uL), then ammonium acetate
(40 uL; pH 6.1) and terbium (III) chloride hexahy-
drate (22 puL; 0.01m) was added. The mixture was

‘ was performed in Tris-HCl (0.1m), EDTA (1 mMm;

_OH

J\/OHN/(

b i N
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Figure 4. Structures of AHX-Sec-SIIIA (a) and DOTA-Sec-SIIIA (b). The arrow points

~” KWCRDHARUC-NH,

DOTA-Sec-SIIIA

shaken at 50°C overnight, pH value was adjusted to 9

with NaOH (10 mm). The solution was shaken for
30 min at 0°C, centrifuged at 7000 RPM for 5 min,
filtered through a 0.22 um filter, then washed with
water and vacuum-dried.

Two-dimensional [*C,'H] HSQC and 2D ['H,'H]
NOESY were recorded®! at 15°C on a Varian
Inova 600 NMR spectrometer with a cryogenic 'H/
BC/N probe. Data were processed with FELIX2004
and analyzed using SPARKY (T.D. Goddard and
D.G. Kneller, UCSF). Chemical shifts are pub-
lished.!"”]

Electrophysiological assays were carried out as
described in Zhang et al.l*®
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to the backbone spacer, 6-aminohexanoic acid, or the DOTA moiety. c) HPLC elution

profiles of the folding reactions. Asterisk indicates the folding species that was

functionally characterized.
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