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The Folding of Disulfide-Rich Proteins

David J. Craik

Abstract

The articles in this forum issue describe various aspects of the folding of disulfide-rich proteins. They include
review articles using proteins such as bovine pancreatic trypsin inhibitor as models to highlight the range of
folding pathways seen in disulfide-rich proteins, along with a detailed analysis of the methods used to study
them. Following two comprehensive reviews on the methods and applications of protein folding, three original
articles in this issue focus on two specific classes of disulfide-rich proteins that have applications in drug design
and development, namely cyclotides and conotoxins. Cyclotides are head-to-tail cyclic and disulfide-rich pro-
teins from plants and function as a defense against insect attack. Conotoxins are the disulfide-rich components of
the venom of marine cone snails that is used to capture prey. These research articles report on factors that
modulate protein folding pathways in these molecules and determine the outcomes of protein folding, that is,
yield and heterogeneity of products. Finally, the issue concludes with a comprehensive review on a different
type of disulfide bond, namely those that have a functional rather than structural role in proteins, with a
particular focus on allosteric disulfide bonds that modify protein function. Antioxid. Redox Signal. 14, 61-64.

Introduction Principles and Methods

The issue commences with two forum review articles that

DISULFIDE BONDS PLAY a unique and important role in  provide an overview of the folding pathways of disulfide-rich
stabilizing the structures of a diverse range of proteins. proteins. In the first article by Arolas and Ventura (6), the

This forum issue presents a series of articles that examine how  protease inhibitor class of proteins is used to illustrate the
the final folded structures of disulfide-rich proteins are principles of folding of disulfide-rich proteins. Protease in-
formed. The main emphasis of these articles is on the folding  hibitors are an excellent choice to illustrate these principles,
pathways, rather than on the final structures themselves. The  because these inhibitory proteins have a wide range of im-
general area of protein folding is of course a huge field (5,15, portant biological functions, are generally small and hence
16, 21, 22) that has blossomed since the pioneering work of  tractable to study, are typically cross-linked by multiple dis-
Anfinsen (3), which first suggested that the information nec-  ulfide bonds, and indeed are among the most widely studied
essary to define the final folded shape of a protein was en-  classes of proteins from a folding perspective. Their natural
coded within its primary sequence. Our focus here is on functions range from regulatory roles for a variety of physi-
disulfide-rich proteins, which, in addition to being subject to  ological processes, to host defense roles. The authors describe
the conformational folding processes that occur in all proteins,  the great diversity of folding pathways that are observed in
are subject to the additional process of oxidative folding to  this family of proteins, with the pathways differing in the
correctly link pairs of cystine residues to form specific dis- heterogeneity and native disulfide content of their interme-
ulfide bonds. In a broad sense, conformational folding and  diates. This diversity is nicely illustrated by the study of two
oxidative folding can be regarded as analog and digital pro- extreme examples of the folding process, for bovine pancre-
cesses, respectively, with the former involving, in many cases,  atic trypsin inhibitor and hirudin, which fold via few native
a continuum of intermediate states, whereas the latter is intermediates and through heterogeneous scrambled isomers,
punctuated by more specifically definable intermediates, respectively. The authors also describe other protease inhibi-
where individual disulfide bonds are either “on” or “off.” The  tors that fold through intermediate types of pathways, such as
articles in this issue describe approaches to define these digital ~ the leech carboxypeptidase inhibitor. The lessons learnt in
states and structures of the corresponding intermediates. these single-domain proteins is then extended to studies of
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two-domain protease inhibitors, with examples including
cases in which the two domains fold autonomously, or other
cases in which the folding is synergistic, with one domain
assisting in the folding of the other.

The authors also describe several recent studies in which,
for the first time, the structures of actual intermediates on the
folding pathway have been determined. In most early studies
of the folding of disulfide-rich proteins, there was little
quantitative information available on the structures of these
intermediates. Their structures were typically deduced from
artificially mutated constructs, or predicted, rather than being
experimentally determined to high resolution, but with ex-
perimental structures of actual intermediates now becoming
available, folding pathways can be described much more
precisely.

In the second article in this issue, Chang (9) uses two ex-
ample proteins, bovine pancreatic trypsin inhibitor and tick
anticoagulant protein, to describe methodological aspects of
the study of oxidative protein folding. These methods are
placed in context by first providing an overview of protein
folding in general, including a description of conformational
folding and oxidative folding. There are currently two fa-
vored models of conformational folding. The framework
model proposes that secondary structures form first during
the early stages of folding and this is followed by the packing
of these preformed secondary structure motifs to form the
native tertiary structure. In contrast, the hydrophobic collapse
model involves a rapid hydrophobic collapse as the major
driving force for folding, which is followed by conformational
searching within a confined volume to reach the native
structure. The article focuses mainly on methods to study
disulfide-rich proteins and describes two distinct approaches:
one in which a denaturant is used together with a reducing
agent to provide the starting material for oxidative folding,
and another involving a denaturant and thiol catalyst. The
latter, referred to as the scrambled folding method, leads to a
mixture of oxidized scrambled isomers that are amenable to
fractionation, isolation, and further structural analysis. The
folding pathways measured by either method are defined by
the heterogeneity, structures, and kinetic properties of the
intermediates identified. One of the main conclusions of the
article is that one of the underlying causes of the diversity of
folding pathways is the relative stability of protein sub-
domains.

New Experimental Results in the Folding of Cyclic
Disulfide-Rich Proteins

Following these two introductory overview articles are a
series of original research articles that examine various as-
pects of the folding of disulfide-rich proteins. The focus is on
two specific classes of naturally occurring peptides in these
studies, namely cyclotides and conotoxins. Cyclotides are
plant-derived disulfide-rich miniproteins of about 30 amino
acids in size that were discovered more than a decade ago (13)
and have the distinguishing feature of a head-to-tail cyclized
backbone and a cystine knot arrangement of their three con-
served disulfide bonds. This makes them exceptionally stable
(11), a feature that has led to suggestions of their use as tem-
plates in peptide-based drug design (12, 23, 24). In the cystine
knot motif, two disulfide bonds and their connecting back-
bone segment form an embedded ring in the structure that is
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penetrated by the third disulfide bond. Such a topologically
compact and complex motif makes them particularly inter-
esting molecules that can be used to study oxidative folding to
answer the question—how does the knot form (17)?

Cyclotides occur in a wide range of plants, including spe-
cies from the Rubiaceae (coffee) and Violaceae (violet) families
and are thought to play a role in plant defense, a suggestion
consistent with the finding that they are potent insecticidal
agents (8). However, our focus in this issue is not on their
natural functions but on the way in which they achieve their
final folded state. The reason for this focus is there is a great
deal of interest in developing ways to chemically synthesize
cyclotides so that they can be optimized for pharmaceutical or
agricultural applications (14). To optimize their chemical
synthesis, it is important to understand the folding pathways
that lead to the cystine knot motif.

The team led by Ulf Goransson at Uppsala University de-
scribe in their article (1) new approaches to understand and
optimize the oxidative folding of cyclotides. They report that
the folding of selected cyclotides is heavily influenced by the
concentration of redox reagents, with the folding rate and
final yield of the native isomer greatly enhanced by high
concentrations of glutathione. The addition of a hydrophobic
solvent such as isopropanol to the buffer also accelerated the
folding rates and, in some cases, altered the folding pathway.
The hydrophobic solvent appears to help because cyclotides
tend to have a patch of surface-exposed hydrophobic residues
in their native structures. The elucidation of the factors that
influence the folding of cyclotides should greatly facilitate
chemical methods for producing native cyclotides or modi-
fied derivatives as stable peptide-based pharmaceutical or
agricultural agents.

Conotoxins are disulfide-rich peptides from the venom of
marine snails of the genus Conus (29). These snails use their
venom for the capture of prey, which includes fish, wormes,
and other snails. Conotoxins typically target a wide range of
receptors, including ion channels and transporters, and aside
from their use in prey capture they have attracted the interest
of pharmaceutical chemists as leads in drug design (2, 20, 25,
27). As with the cyclotides, there is interest in synthetically
modifying conotoxins to exploit their potential in drug de-
sign. As they are disulfide-rich, the challenge has been to
discover ways of properly folding them. Further, there has
been interest in attempting to stabilize their structures, to
improve their biopharmaceutical properties. Recent efforts
have focused on developing methods for cyclizing conotoxins
to make them more cyclotide-like, thus engendering them
with high stabilities (10).

Two original research articles in this issue focus on the
folding of cyclized derivatives of one particular conotoxin,
namely AulB. This molecule targets specific subtypes of the
nicotinic acetylcholine receptor. Lovelace et al. (26) describe
the role of linkers of four to seven amino acid residues in
joining the N and C termini of AulB to make cyclized deriv-
atives. Peptide cyclization was achieved using an in-
tramolecular version of a native chemical ligation reaction
(19), as had earlier been applied to the synthesis of cyclotides
(18, 28). The linker length strongly influenced the relative
proportions of different disulfide isomers produced in the
oxidative folding reaction. In a complementary study, Ar-
mishaw and colleagues (4) examined a range of cyclized AulB
derivatives that included shorter linkers and were again fo-
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cused on folding outcomes. They found that the linker had an
important influence on folding outcome, and in particular,
shorter linkers favored the formation of a nonnative “ribbon”
disulfide connectivity (Cys'-Cys'"" and Cys"-Cys™), com-
pared with the native, globular form (Cys'-Cys™ and Cys"-
Cys""). Overall, these studies have provided new insights into
the factors controlling the oxidative folding of cyclized con-
otoxin derivatives and new knowledge underpinning their
applications in drug design.

Another Side of the Coin—
A Functional Role for Disulfide Bonds

In the final article of this issue, the focus turns from the
structural role of disulfide bonds to the functional role played
by certain disulfide bonds. The two types of functional roles
identified for disulfide bonds are as catalytic moieties or al-
losteric disulfides. Catalytic disulfides/dithiols transfer elec-
trons between proteins, whereas allosteric disulfide bonds
modulate the functions of the proteins in which they reside
when they undergo a redox change. Azimi et al. (7) describe
the five known examples of allosteric disulfide bonds and
speculate on the existence of several others. They describe
how these disulfide bonds control the activity of the respec-
tive proteins. A common feature of all of the allosteric bonds
identified so far is that they link f-strands or f-loops.

Future Trends

Some of the important findings that have become apparent
from the articles in this issue include an understanding of the
factors affecting the diversity of folding pathways, a trend
toward quantitative analysis of the structures of folding in-
termediates, the ability to modulate folding outcomes via cy-
clization reactions, and an increasing recognition of the
importance of allosteric disulfide bonds in modulating pro-
tein function. The capability to determine the structures of
individual disulfide-bonded intermediates has arisen because
of improved biophysical modalities, including, in particular,
nuclear magnetic resonance and mass spectrometry. It seems
clear that such studies will continue to provide a stimulus for
more precisely defining protein folding pathways. With this
increased knowledge of folding pathways will come im-
proved ways of designing disulfide-rich peptides for phar-
maceutical applications. Cyclic disulfide-rich peptides appear
to be particularly suitable targets for such studies, as illus-
trated by the examples of cyclotides and cyclized conotoxins
reported in this issue. I thank all of the contributing authors
for their timely and authoritative articles and hope that
readers will find the issue informative and useful.

Acknowledgments

I thank the National Health and Medical Research Council
(Australia) for the support of a fellowship (Grant ID: 569603)
and for project grant funding (Grant ID: 631457) for studies on
the folding and drug development applications of cyclic
peptides.

References

1. Aboye TL, Clark R], Burman R, Roig MB, Craik DJ, and
Goransson U. Interlocking disulfides in circular proteins:

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

63

toward efficient oxidative folding of cyclotides. Antioxid
Redox Signal 14: 77-86, 2011.

. Adams DJ, Alewood PF, Craik DJ, Drinkwater R, and Lewis

RJ. Conotoxins and their potential pharmaceutical applica-
tions. Drug Dev Res 46: 219-234, 1999.

. Anfinsen CB. The principles that govern folding of protein

chains. Science 181: 230-239, 1973.

. Armishaw CJ, Jensen AA, Balle LD, Scott KCM, Serensen L,

and Stremgaard K. Improving the stability of a-conotoxin

AulB through N-to-C cyclization: the effect of linker length

on stability and activity at nicotinic acetylcholine receptors.
X 1 14: 65-76, 2011.

. Arolas JL, Aviles FX, Chang JY, and Ventura S. Folding of

disulfide-rich proteins: clarifying the puzzle. [xends Biochem
Sci 31: 292-301, 2006.

. Arolas JL and Ventura S. Protease inhibitors as models for

the study of oxidative folding. Autigxid Redox Siougl 14: 97—
112, 2011.

. Azimi I, Wong JWH, and Hogg PJ. Control of mature pro-

tein function by allosteric disulfide bonds. Antioxid Redox
Signal 14: 113-126, 2011.

. Barbeta BL, Marshall AT, Gillon AD, Craik DJ, and Ander-

son MA. Plant cyclotides disrupt epithelial cells in the

midgut of lepidopteran larvae. RugeNatbdcadeSeinlloed 105:
1221-1225, 2008.

. Chang J-Y. Distinct folding pathways of two homologous

disulfide proteins: bovine pancreatic trypsin inhibitor and tick
anticoagulant peptide. Autioxd Redox Sigugl 14:127-135,2011.
Clark RJ, Jensen J, Nevin ST, Callaghan BP, Adams DJ, and
Craik DJ. The engineering of an orally active conotoxin for
the treatment of neuropathic pain. Angew Chem 49: 6545
6548, 2010.

Colgrave ML and Craik DJ. Thermal, chemical and enzy-
matic stability of the cyclotide kalata B1: the importance of
the cyclic cystine knot. Biochemistry 43: 5965-5975, 2004.
Craik DJ, Cemazar M, and Daly NL. The cyclotides and
related macrocyclic peptides as scaffolds in drug design.
bl diiiiadlly 9 251260, 2006.

Craik DJ, Daly NL, Bond T, and Waine C. Plant cyclotides—
a unique family of cyclic and knotted proteins that defines
the cyclic cystine knot structural motif. [ Mol Biol 294: 1327-
1336, 1999.

Craik DJ, Simonsen S, and Daly NL. The cyclotides: novel
macrocyclic peptides as scaffolds in drug design. Curr Opin

Drug Discop Dep 5: 251-260, 2002.
Creighton TE. Disulfide bonds as probes of protein folding

pathways. Methods Enzumol 131: 83-106, 1986.

Daggett V and Fersht AR. Is there a unifying mechanism for
protein folding? Lreuds Biockem Sci 28: 18-25, 2003.

Daly NL, Clark R], and Craik DJ. Disulfide folding path-
ways of cystine knot proteins: tying the knot within the
circular backbone of the cyclotides. [ Biol Chem 278: 8606—
8616, 2003.

Daly NL, Love S, Alewood PF, and Craik DJ. Chemical
synthesis and folding pathways of large cyclic polypeptides:
studies of the cystine knot polypeptide kalata B1. Biochem-
istry 38: 10606-10614, 1999.

Dawson PE, Muir TW, Clark-Lewis I, and Kent SBH. Synth-
esis of proteins by chemical ligation. Science 266: 776-779, 1994.
Dutton JL and Craik DJ. Alpha-conotoxins: nicotinic acetyl-
choline receptor antagonists as pharmacological tools and

potential drug leads. Cupr Med Chery 8: 327-344, 2001.
Dyson HJ and Wright PE. Insights into protein folding from

NMR. AugyRen Phys Chen 47: 369-395, 1996.




64

22.

23.

24.

25.

26.

Englander SW and Mayne L. Protein folding studied using
hydrogen-exchange labeling and two-dimensional NMR.
il 21 243-265, 1992.
Gunasekera S, Foley FM, Clark R], Sando L, Fabri L], Craik
DJ, and Daly NL. Engineering stabilized VEGF-A antago-
nists: synthesis, structural characterization and bioactivity
of grafted analogues of cyclotides. [ Med Chem 51: 7697—
7704, 2008.

Hernandez JF, Gagnon ], Chiche L, Nguyen TM, Andrieu JP,
Heitz A, Hong TT, Pham TTC, and Nguyen DL. Squash
trypsin inhibitors from Momordica cochinchinesis exhibit an
atypical macrocyclic structure. Biochemistry 39: 5722-5730,
2000.

Hu S-H, Gehrmann J, Alewood PF, Craik DJ, and Martin JL.
The crystal structure at 1.1 A resolution of a-conotoxin PnIB:
comparison with o-conotoxins PnlA and GI. Biochemistry 36:
11323-11330, 1997.

Lovelace ES, Gunasekera S, Alvarmo C, Clark R], Nevin ST,
Grishin AA, Adams DJ, Craik DJ, and Daly NL. Stabiliza-
tion of a-conotoxin AulB: influences of disulfide connectivity

and backbone cyclization. 4dutigxid Redai Sigugl 14: 87-95,
2011.

CRAIK

27. Miljanich GP. Ziconotide: neuronal calcium channel blocker for

28.

29.

treating severe chronic pain. Cypr Med Chen 11: 3029-3040, 2004.
Tam JP, Lu YA, Yang, YL, and Chiu KW. An unusual
structural motif of antimicrobial peptides containing and
end-to-end macrocycle and cystine knot disulfides. Proc Nat!
Acad Sci U S A 96: 8913-8918, 1999.

Terlau H and Olivera BM. Conus venoms: a rich source of
novel ion channel-targeted peptides. Physiol Rev 84: 41-68, 2004.

Address correspondence to:

Prof. David |. Craik

Division of Chemistry and Structural Biology
Institute for Molecular Bioscience

The University of Queensland

Brisbane QLD 4072

Australia

E-mail: d.craik@imb.uq.edu.au

Date of first submission to ARS Central, September 19, 2010;
date of acceptance, September 19, 2010.



Thisarticle has been cited by:

1. HerlindaClement, Algjandro Olvera, Mabel Rodriguez, Fernando Zamudio, LauraA. Palomares, Lourival D. Possani, George
V. Odédll, Algjandro Alagon, Rosana Sanchez-L 6pez. 2012. Identification, cDNA cloning and heterologous expression of a
hyaluronidase from the tarantula Brachypelma vagans venom. Toxicon 60:7, 1223-1227. [ CrossRef]

2.Né&dia S. Parachin, Kelly Cristina Mulder, Antbnio Américo Barbosa Viana, Simoni Campos Dias, Octavio Luiz Franco.
2012. Expression systems for heterologous production of antimicrobial peptides. Peptides . [ CrossRef]


http://dx.doi.org/10.1016/j.toxicon.2012.08.018
http://dx.doi.org/10.1016/j.peptides.2012.09.020

