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Abstract Bioactive peptides from Conus venom contain
a natural abundance of post-translational modifications
that affect their chemical diversity, structural stability,
and neuroactive properties. These modifications have
continually presented hurdles in their identification and
characterization. Early endeavors in their analysis relied
on classical biochemical techniques that have led to the
progressive development and use of novel proteomic-
based approaches. The critical importance of these post-
translationally modified amino acids and their specific
assignment cannot be understated, having impact on their
folding, pharmacological selectivity, and potency. Such
modifications at an amino acid level may also provide
additional insight into the advancement of conopeptide
drugs in the quest for precise pharmacological targeting.
To achieve this end, a concerted effort between the
classical and novel approaches is needed to completely
elucidate the role of post-translational modifications in
conopeptide structure and dynamics. This paper provides
a reflection in the advancements observed in dealing with
numerous and multiple post-translationally modified
amino acids within conotoxins and conopeptides and
provides a summary of the current techniques used in
their identification.
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TCEP Tris(2-carboxyethyl) phosphine
XRC X-ray crystallography
Introduction

Post-translational modifications, or PTMs, of amino acids
(o) are covalent modifications typically pertaining to side
chains or ‘R’ group functions of the 20 common oos. These
modifications are known to have considerable influence on
the overall structure and bioactivity of a peptide. Peptide
toxins isolated from the genus Conus demonstrate this
phenomenon, with multiple documented peptides exhibit-
ing diverse PTMs. Each PTM serves a specific purpose in
the grand scheme of prey incapacitation, as seen with the
glycosylated (bioactive) and non-glycosylated Threonine
variants (reduced bioactivity) of Contulakin-G (Craig et al.
1999a). Numerous other examples exist in this carnivorous
marine gastropod family, as will be discussed in this review.
Known PTM classifications in Conus include the following:
N-terminal modifications, C-terminal modifications,
intramolecular and intermolecular disulfide bonding,
hydroxylation, ty-carboxylation, sulfation, bromination
O-glycosylation, and epimerization. PTMs found in toxins
have either determinate or speculative effects on bioactivity
in vivo and may be of great importance to the continued
incorporation and advancement of proteomic screening.
Many of these modifications are unobservable through
some of the current genomic and proteomic discovery
methodologies (e.g. oo epimerization) (Buczek et al. 2008).
This review discusses various approaches that combine
techniques that have been, or may be implemented to
identify the array of PTMs present within the venoms of the
Conus genus as well as other related peptides of interest.

History of identification

Investigation of conopeptides emerged in the late 1970s,
prior to the emergence and standardization of modern pro-
teomic techniques. The absence of these methodologies
complicated venom characterization. Although it was
determined that conopeptides were short sequences gener-
ally <30 aas, complete delineation of peptide structure and
activity proved to be a challenging endeavor due to the
presence of various PTMs. Without the availability of con-
temporary genetic information, extensive cDNA or peptide
libraries and innovative proteomic practices including
reverse-phase high-pressure liquid chromatography (RP-—
HPLC) combined with mass spectrometry (MS), the prob-
lems in characterizing venom constituents were resolved
using various classical biochemical techniques. Although
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many are now replaced by advanced MS methods, some of
these paradigmatic methodologies are still used in cono-
peptide research. They serve as forerunners of the current
multidisciplinary approach to conopeptide characterization
and as the foundation of ‘conovenomic’ development.

Original methods of post-translational modification
identification/detection: a biochemical prospective

Conotoxin GI (Table 1), discovered from the secretory
duct venom of Conus geographus, was one of the first
conotoxins to be isolated and completely biochemically
characterized (Gray et al. 1981). Isolation of the peptide
was commenced using a combination of phosphocellulose
chromatography and electrophoresis; these techniques have
since been replaced by RP-HPLC. The isolated peptide
exhibited intramolecular disulfide bonding, which was one
of many PTMs encountered in cone snail venom charac-
terization. The inability to identify disulfide bonds through
classical Edman degradation techniques was remedied
using performic acid (PFA) oxidation, a method of break-
ing and inhibiting disulfide bond reformation via the oxi-
dation of thiols to Cysteic acid. Here, four moieties of
cystic acid were identified with o-conotoxin GI (31 % of
the total sequence; Gray et al. 1981).

Further problems were encountered when it was dis-
covered that the carboxyl terminus of the peptide could not
be adequately DNS/dansyl labeled and that the use of car-
boxypeptidase Y had no degradative effect (Gray and
Hartley 1963). This blockage, at the time, was hypothesized
to be the result of C-terminal amidation. To demonstrate
this, the use of two-dimensional electrophoresis and tryptic
digestion was employed, comparing this to known stan-
dards matching the electrophoretic mobility of the hypoth-
esized C-terminal fragment. Confirmation of C-terminal
amidation established it as the second PTM to be discovered
in Conus. This PTM was later found to be highly abundant
within the genus (Kaas et al. 2012; “C-terminal: C-terminal
amidation of conotoxins and conopeptides”).

Although fundamental to the original elucidation of
these peptide toxins, these methods have been succeeded
by twenty-first century techniques in terms of genetic
analysis as well as proteomics. Genetic determination of
the “King-Kong” peptide (KK-1), a peptide from Conus
textile, is the first reported isolation of a cone snail toxin
being sequenced through the use of a cDNA library
(Woodward et al. 1990). Since then, cDNA characteriza-
tion has become a mainstream method of identification for
many different conopeptides. However, this approach has
its limitations; conopeptides contain an array of PTMs that
are difficult to predict from cDNA alone. Even so, the
resulting information can help provide tentative PTM
assignment with identification of the parent oo The
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CONOPEPTIDES
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Fig. 1 The complexity of the conotoxin/conopeptide families. Clas-
sification of conotoxins and conopeptides has been an evolving
process, with the main focus on peptide separation based on
establishing peptide Superfamilies; these are classified on the basis
of disulfide framework patterns. This classification has had strong

Conotoxin
Family

advancement of ‘conovenomics’ is reliant on the expedi-
tious turnover of conopeptide discovery and characteriza-
tion. As a result, emerging proteomic techniques that
promise rapid results are fast supplanting these old-fash-
ioned and more laborious biochemical methods.

Advanced methods of post-translational modification
identification/detection

The current proteomic approach of conotoxin/conopeptide
research begins with toxin characterization through mass
spectroscopy (MS) and oo analysis. Subesquently, the
target peptide is purified and isolated by RP-HPLC. Con-
firmation is achieved through chemical synthesis and bio-
assays, while structural analysis is performed by Nuclear
Magnetic Resonance spectroscopy (NMR) or X-ray crys-
tallography (XRC). o-Conotoxin CnlA (Table 1), origi-
nating from the duct venom of Conus consors, was first
identified through the utilization of each of these advanced
techniques (Favreau et al. 1999). This peptide contains a
similar 3—5 cysteine loop framework to that of o-conotoxin
GI, a characteristic commonly used in conotoxin/
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correlation to pharmacological targeting—given their essential role in
stabilizing 3-D structure. More interesting is the diversity of post-
translational modification that extends to each superfamily, as
illustrated in Tables 1, 3, 5, 6 and 8. Figure adapted and and modified
from Terlau and Olivera (2004)

conopeptide classification (Fig. 1). Peptide sequencing was
carried out through a combination of oo analysis, auto-
mated Edman sequencing, and electrospray ionization mass
spectrometry (ESI-MS). Disulfide connectivity, as well as
overall three-dimensional structure of the peptide, was
established through combining computational software and
NMR. In this peptide, PTMs were again confined to
disulfide bridges and the presence of the C-terminal amide;
this represents one of the simpler examples in Conus
venoms. The complexity of PTM aas and the challenges
they have presented in conotoxin/conopeptide discovery
require individual examination to understand their role in
biological function.

N-terminal: pyroglutamic acid of conotoxins
and conopeptides

Pyroglutamic acid (Z) (Table 2), a PTM product of either
Glutamic acid or Glutamine residues, is thought to be
produced one of two ways: (a) by a nonenzymatic dehy-
dration reaction (Chelius et al. 2006) or (b) by a glutamyl
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cyclase enzyme (Fischer and Spies 1987). It was originally
thought that the non-enzymatic production of pyrogluta-
mate used only Glutamine as a precursor. It has since been
shown that pyroglutamic acid can form spontaneously
in vitro, under appropriate conditions, with a Glutamate
precursor (Chelius et al. 2006).

Pyroglutamic acid is known for its inherent ability to
cause a blockage at the N-terminus of peptides thus com-
plicating the use of Edman degradation. This characteristic
side-chain cyclization to the o-N protects peptides from
enzymatic digestion of exopeptidases (Chelius et al. 2006).
It follows logically that the presence of this PTM in
conopeptides may augment toxin bioavailability in prey. In
terms of biochemical sequence analysis this blockage may
be circumvented by treatment with pyroglutamate amino-
peptidase (EC 3.4.19.3.) or by using a mild/partial acidic
hydrolysis to cleave the offending oo at either the side-
chain or neighboring peptide bond. Once treated, peptides
may be submitted to normal sequential degradation pro-
cedures with the generation of a new o-N amino terminus
(Chelius et al. 2006).

The presence of pyroglutamic acid eliminates the con-
tribution of the aN-terminal pK,, thus affecting the iso-
electric focus point (PI) of the PTM peptide. In
conopeptides, the difference in the overall charge state may
influence three-dimensional structure that may contribute
to a greater pharmacological selectivity within conotoxins
(Nelson et al. 2008; Kapono et al. 2013). However, a
complete assessment of effects in bioengineered conotox-
ins has yet to be investigated.

Pyroglutamic acid residues found within Contulakin-G
(Table 1), a peptide isolated from the venom of C. geog-
raphus, have been identified by Electrospray lonization
(ESI-MS), Matrix Assisted Laser Desorption and Ioniza-
tion (MALDI-MS), and Laser Spray Ionization (LSI-MS)
Mass Spectroscopy in combination with conventional Ed-
man degradation (Craig et al. 1999b).

Pyroglutamic acid residues have also been found within
peptides in the venom of Conus virgo (Mandal et al. 2007).
In this study, pyroglutamic acid residues were determined
using a combination of ESI-MS and MALDI-MS on
reduced peptides. These techniques illustrate the sequence
abilities of MS in producing ladder fragmentation, which in
turn can be interpreted into full sequences independent of
most PTMs bypassing the sequencing issues associated
with Edman chemistry (Mandal et al. 2007).

Other known pyroglutamic acid containing species
include Conus imperialis (V; Craig et al. 1997), Conus
californicus (O; Elliger et al. 2011), Conus consors (P,
Zhang et al. 2006), Conus magus (P; Zhang et al. 2006),
Conus purpurascens (P; Nielsen et al. 2002), Conus stri-
atus (P; Craig et al. 1998), Conus stercusmuscarum (P;
Santos et al. 2004), and Conus stiolatus (?; Walewska, and
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Conus textile) (M; Bhatia et al. 2012). [V = vermivorous,
P = piscvorous, M = molluscivoroes, O = omnivorous,
? = unknown].

C-terminal: C-terminal amidation of conotoxins
and conopeptides

C-terminal amidation (*) (Table 2) is a PTM present at the
C-terminus of peptides in which an amide group replaces
the hydroxyl group of the carboxylic acid terminal. As seen
with N-terminal pyroglutamic acid modification, this
C-terminal modification affects the overall isoelectric point
and net charge state, neutralizing the potential for depro-
tonation. C-terminal modification is typically achieved by
enzymatically cleaving a flanking C-terminal Glycine at
the N-C bond, thus creating a new C-terminal that retains
the truncated remains of the original peptide bond from the
neighboring C-terminal amino acid (Price-Carter et al.
1996).

The presence of C-terminal signal sequences such a pre-
PTM Glycine is commonly observed in the genetic analysis
of conotoxins (Kaas et al. 2012). It is estimated that over
127 naturally occurring conopeptides contain a C-terminal
amide. This encompasses a large number of gene super-
families including: A, B, I}, I,,J, M, O, O,, P, Q, S, T, and
V superfamilies (Kaas et al. 2012; Fig. 1). C-terminal
amidation has been shown to occur in vitro on short
C-terminal Glycine containing peptides incubated with
peptidylglycine a-amidating enzyme (EC 1.14.17.3), in an
oxygen-rich environment and in the presence of reduced
cofactors such as ascorbic acid (Tajima et al. 1990). This
reaction is thought to form a hydroxyl glycine intermediate
before the reaction goes to completion.

C-terminal amidation was first hypothesized as a PTM
in o-conotoxin GI (Table 1), one of the earliest discovered
venom peptides (Gray et al. 1981). Suspicion regarding the
C-terminal assignment was not clearly demonstrated until
a-conotoxin GI was chemically synthesized a few years
later (Nishiuchi and Sakakibara 1982). As originally
observed in a-conotoxin GI, the presence of a C-terminal
amide may act to protect peptide toxins against carboxy-
peptidase activity, increasing the circulation half-life in
prey (Gray et al. 1981).

The importance of C-terminal amidation within cono-
toxins was further recognized in the early- to mid-1990s
when studies were first being conducted to understand their
contribution to disulfide arrangement and folding, partic-
ularly that of the voltage-gated calcium channel blockers,
or @-conotoxins—(Price-Carter et al. 1996). Analysis of ®-
Conotoxin MVIIA (Table 1) revealed an increased folding
efficiency with the presence of the pre-PTM Glycine at the
C-terminus. This challenged the original concept that the
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larger N-terminal pre-pro sequence was the main source of
thermodynamic favorability in enzyme-mediated folding
and oxidation (Price-Carter et al. 1996).

C-terminal amidation is also thought to contribute to the
formation of native globular structures within the o-cono-
toxin family. This is specifically illustrated with o-cono-
toxin ImI (Kang et al. 2005; Table 1). It has been shown
that this conotoxin can be converted from a well-estab-
lished nicotinic acetylcholine receptor (nAChR) antagonist
to a newly defined noradrenaline receptor ligand through
excision of the C-terminal amide. It is believed that the
C-terminal amide strongly influences disulfide bond con-
nectivity arrangement, causing major structural changes
that in turn define biological function and selectivity.

Structural studies using software modeling and NMR
have revealed that C-terminal amidation in o-conotoxin
ImlI disrupts the folding of the ribbon conformation, par-
ticularly when proline is present within the first intercys-
teine loop (Kang et al. 2007). These characteristics seem to
increase the probability of forming a globular structure in
a-conotoxin Iml and also appear to be conserved in other
toxins i.e. I-conotoxin MrvIA. The preponderance of this
Proline/C-terminal amidation interaction among conotox-
ins suggests its efficacy in defining structural and biologi-
cal properties.

C-terminal amides may be detected through the utili-
zation of oxazolone derivatization (Kuyama et al. 2009).
This selective chemical derivatization process in combi-
nation with tandem MS increases the C-terminal PTM
fragment by 14 Daltons (Da), making detection much more
evident. Typically, simple molecular mass deduction is
employed. Accurate molecular mass analysis provides a
high level of certainty in establishing the predicted
sequence mass difference of 1 Da between the amide and
carboxylic acid form. Numerous conotoxins with C-ter-
minal modifications are known; over 170 are reported in
Conoserver (Kaas et al. 2012).

Disulfide bonds within conotoxins and conopeptides

The pharmacological success of conotoxins as drug leads
can be attributed to their receptor specificity and isoform
selectivity (Adams et al. 1999). Their primary structures
reveal pattern-specific cysteine frameworks that generate
ao loops responsible for their receptor specificity (Armi-
shaw and Alewood 2005; Dutton et al. 2002; Bingham
et al. 2005). The peptide’s unique receptor-ligand inter-
action is contingent on well-defined tertiary structures
stabilized by disulfide bonds. Generally, conotoxins con-
tain 1-3 disulfide bonds (Table 1); however, as many as ten
have been observed (Bingham et al. 2005). Few conopep-
tides have demonstrated an absence in disulfide bond

content. The smallest °‘classical 3/5’° molecular mass
conotoxin, o-conotoxin MIC, contains only 12 ao, of
which four (33 %) are cysteines involved in the formation
of two disulfide bridges (Kapono et al. 2013).

The maximum possible combination of disulfide bridges
within a peptide may be calculated using the formula
p :@f‘ﬁ, where p is the number of possible disulfide

bridges and n is the number of cysteines present within the
peptide. These connections can have several permutations
that generate new peptide isomers with distinct pharma-
cological and kinetic properties (Bingham et al. 2012). As
such, disulfide bridges directly contribute to the efficacy
and biological variability of conotoxins. Rarely do we see
the random and spontaneous generation of all permuta-
tions, with dominance typically given to the lowest energy
conformation. However, these yields can be greatly influ-
enced by adding alcohols (Alewood et al. 2003).

Although the contribution of disulfide bonds to protein
stability has been established, deletion of these cysteine
bridges can have varying effects on biological activity.
Through substitution of Alanine for Cysteine, Khoo et al.
(2009) effectively induced a deletion of a single cystine
bridge from 16 oo p-conotoxin KIITA to generate the syn-
thetic analog p-KIIIA [C1A, C9A] (Table 3). Despite having
one less cysteine bridge, p-KIITA [C1A, C9A] exhibited
comparable activity with native p-KIIIA (3 disulfide bonds)
toward rat Na, 1.2 with Ky, values of 0.008 £ 0.002 pM and
0.005 = 0.005 pM, respectively. NMR data coupled with
molecular dynamic modeling indicated that both p-KIIIA
[C1A, C9A] and its native counterpart exhibited the retention
of a key a-helix essential in binding to Na, 1.2 and Na,1.4
receptors. Parallel studies done with scorpion toxins exhib-
ited comparable results (Sabatier et al. 1996; Song et al.
1997). This finding suggests that biological activity of toxins
is not absolutely dependent on disulfide bond stabilization,
implying that toxin activity can be induced with conservation
of partial or native-like motifs stabilized by non-covalent
interactions.

In contrast, Flinn et al. (1999) demonstrated that dele-
tion of a disulfide bond through synthetic substitution of
Cys' and Cys?® of 27-residue o-conotoxin GVIA (3 native
disulfide bonds) (Table 3), with serine residues resulted in
a 8,000-fold loss of potency, with no measurable activity at
10 uM in rat vas deferens assay. NMR analysis of peptide
[Ser]ls’26 m-conotoxin GVIA revealed a loss of native
structure, demonstrated by the existence of multiple iso-
mers in solution and attributed to cis—trans isomerism of an
amino acid stretch normally constrained by the deleted
cystine bond (Flinn et al. 1999).

In addition to the selective disulfide formation of
orthogonally protected [Ser]'>*°®-conotoxin GVIA, Flinn
et al. (1999) randomly oxidized other two-disulfide
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Table 3 Disulfide bonding of select conotoxins/conopeptides

PTM Toxin Sequence

Receptor target Pharmacology PTM Pharmacology non-

Ref.

of native toxin toxin PTM toxin
Intramolecular u-KINA ’E:h Nay Rat Na,1.2 Rat Na,1.2 Khoo et al. 2009
C NCSSWKWCRDHSRCC‘ 0.008 + 0.002 uM 0.005 + 0.005 uM
A(ENESSKWARDHSRE&*
u-KIlIA [C1A, C9A]
Intramolecular, -GVIA Cay 2.2 Flinn et al. 1999
Disulfide bonds ~Amidation Mouse activity assay
CKSOGSSCSOTSYNCCRSCNOYTKRCY* in vas deferens (1pM)
50% inhibition
CKSOGSSCSOTSYNSCRSCNOYTKRSY* Mouse activity assay in
[Ser 15,26]GVIA (P) vas deferens (1uM)
No activity.
éKSOGSS})SOTSYNSCRSCNOYTKRSY*
[Ser 15,26]GVIA
Intramolecular, a-AulB GCCSYPPCFATNPDC* nAchR ICs0(nM) ICs0(NM) Dutton et al. 2002
Amidation
.
GCCSYPPCFATNPDG*  Globular Isomer Globular: 1.2
| I — |
GCCSYPPCFATNPDC*  Ribbon Isomer Ribbon: 0.1
GEEsYPPAFATNPDG:  Beaded Isomer Beaded: ND
Disulfide bonds,
C-terminal Intermolecular, V3.1 GPYRRYGNCYCPI* ND Mouse activity assay Linear sequence: no Wu et al. 2010
modification Amidation Intraventricular activity
injection (10-
20ug/mouse)

GPYRRYGNC>Yé?PI*

GPYRRYGNCYCPI*
bonds
or
GPYRRYGNCYCPI*

GPYRRYGNCYCPI* Parallel disulfide
bonds

Crossed disulfide

Cross-linked: activity

Parallel:
No activity

* C-terminal amidation, ND not determined, nAchR nicotinic acetylcholine receptor, Nay voltage gated sodium channel, Cay 2.2 N-type calcium

channel

analogs of m-conotoxin GVIA and found isomers of the
peptide with non-native disulfide connectivities. Given
four cysteines, a total of three disulfide permutations are
possible, yielding three forms: globular, ribbon, and bea-
ded (Flinn et al. 1999; Jin et al. 2007; Dutton et al. 2002).
Depending on the toxin, each isomer can yield variable
degrees of biological activity. In the case of a-conotoxin
AulB (Table 3), the non-native ribbon isomer exhibited
tenfold greater activity than its native counterpart (Armi-
shaw and Alewood 2005; Dutton et al. 2002; Bingham
et al. 2012). Recent investigation by Khoo et al. (2012) on
p-conotoxin KIITA, containing six cysteines, reveal that
glutathione-directed folding yielded two out of fifteen
possible disulfide permutations. It was found that the
minor isomer had a disulfide organization of 1-4/2-5/3-6
commensurate with p-conotoxins. However, the major
product that was believed to be the native conformer
exhibited a 1-5/2—4/3-6 cysteine connectivity that has not
been previously described for p-conotoxins. Interestingly,
both peptides were found to be bioactive against Na,1.2
with Kp of 230 and 5 nM for the minor and major pro-
ducts, respectively.
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In a natural setting, conotoxins usually adapt a globular
formation after traveling through the venom duct (Dutton
et al. 2002). Cystine formation is catalyzed in the endo-
plasmic reticulum (ER) lumen by protein disulfide isom-
erase (PDI), which can exist as the [ subunit of prolyl
hydroxylase or as a separate homodimer (Noiva and Len-
narz 1992). Notably, PDI is able to donate disulfide bonds
to peptides or catalyze reduction and isomerization of
disulfide bridges in its reduced or oxidized state, respec-
tively (Wang et al. 2007). As such, identification of the
proper disulfide bond connectivity of the native toxin
becomes imperative, especially for conopeptide bioengi-
neering in which synthetic peptides are folded by selective
disulfide bond formation.

Assignment of disulfide interlinkage can be done
through selected disulfide reduction employing Tris(2-
carboxyethyl) phosphine (TCEP). This allows for the pro-
duction of a partially reduced ‘captured’ peptide (Gray
1993). TCEP reduction can be monitored in real-time
through the gradual appearance of the partially reduced
peptide mass target, as observed by ESI-MS (42 Da/
disulfide) (Bingham et al. 2005). To differentiate this single
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reduced disulfide from others (i.e. fully reduced), an
S-alkylation of the cysteine’s free thiols is undertaken
using a substituted or non-substituted maleimides, 4-vinyl-
priyindine or iodoacetamide, etc. The target alkylated/dif-
ferentially alkylated material is then subjected to Edman
degradation or MS sequencing techniques, such as colli-
sion-induced dissociation or Post-source decay MS (CID/
PSD). Analysis of the consolidated data leads to the iden-
tification of cysteine moieties with matched individual
modified thiols from which interconnectivity is deduced
(Loughnan et al. 2009; Wu et al. 2010; Bingham et al.
2005). This strategy was utilized by Wu et al. (2010) in the
characterization of Vt3.1, a conopeptide dimer with inter-
molecular disulfide crosslinks (Table 3). Furthermore,
y-conotoxin TxXIIIA from C. fextile was initially identi-
fied as a homodimer by observing a mass shift between the
oxidized and reduced peptide, resulting in the loss of
m/z = 2,785.7 and the emergence of m/z = 1,398.4 with the
reduction of the peptide (Quinton et al. 2009). Dimeric
conotoxins are a recent discovery; as more are discovered
these strategies will enable rapid inter- and intra-assign-
ment of disulfide connectivity, a process that has in the past
presented major hurdles. The abundance of disulfide bonds
are represented equally throughout the genus.

Hydroxylation of conotoxins and conopeptides

The hydroxylation of aos is a commonly observed PTM
within conotoxins and is known to generally affect Proline
or Valine residues as well as one currently documented
instance of a Lysine modification. There are approximately
86 known naturally occurring conotoxins containing both
cis- and trans-hydroxyprolines (Hyp/O) (Table 2) and 2
containing 7y-hydroxy-p-valine (V*) (Pisarewicz et al.
2005; Table 4). Despite their abundance within conopep-
tides and conotoxin families, the precise contributions of
these hydroxylated aas to biological activity and structure
are not completely understood.

Hydroxylation of proline in conotoxins
and conopeptides

The hydroxylation of Proline in conopeptides has been
shown to have various effects among different gene fami-
lies. Cis- and trans-hydroxylated Prolines in p-conotoxin
GIIIA (Table 5) were shown to increase the rate of inhi-
bition of Nay 1.4 sodium channels anywhere from 2.5 to 4.5
times, while having little effect on oxidative folding
(Lopez-Vera et al. 2008). In contrast, hydroxylation of
a-conotoxin ImlI and conotoxin GI displayed a lower activity
when Proline was substituted with Hyp, despite increased
stability in their overall structures (Lopez-Vera et al. 2008).

The Hyp substitution in a-conotoxin ImI makes the cono-
toxin completely inactive against o7 nAChRs while sub-
stitution in o-conotoxin GI appears to have a greatly
reduced affinity for its respective nAChRs (Lopez-Vera
et al. 2008). A similar structural improvement was found in
o-conotoxin MVIIC, which experienced an approximate
twofold yield increase in oxidative folding and retained
biological activity (Lopez-Vera et al. 2008).

The appearance of Hyp in most forms of proteins and
peptides is generally due to the presence of prolyl-4-
hydrolase (EC 1.14.11.2; Gorres and Raines 2010). Pres-
ently, prolyl-4-hydrolase within the venom glands of the
Conus genus has not been reported. It may also be possible
that the enzyme responsible for the hydroxylation of Pro-
line has a broader specificity that includes an ability to
hydroxylate Lysine, based on previous research involving
Conus delessertii (Aguilar et al. 2005). The production of
partially or mixed PTM variants are a common occurrence
within Conus, (Jones et al. 1996; Chun et al. 2012). This
feature may represent a mechanism to increase chemical
diversity and influence biological spectrum of conotoxins.

It has been shown that the folding of conopeptides
containing more than one Hyp is assisted by a molecular
chaperone enzyme known as peptidylprolyl cis—trans
isomerase (EC 5.2.1.8) or PPI, which happens to be a
subunit of prolyl-4-hydrolase, indicating that folding and
hydroxylation may be a simultaneous or coupled process
(Safavi-Hemami et al. 2010). Several isoforms of PPI have
been isolated from Conus novaehollandiae including PPI
B, an enzyme present in the snail’s ER, and two cytosolic
forms. PPI B is known for its ability to isomerize trans-
hydroxyprolines to the cis conformation, which in turn may
increase the stability of the peptide structure (Safavi-
Hemami et al. 2010). Structural stability via isomerization
was observed by NMR in vitro by comparing p-conotoxin
GIIIA (Table 5) that contained two trans Hyp, ®-conotoxin
MVIIC that contains one Pro/Hyp residue and p-conotoxin
SIIA that contained no Hyp residues (Safavi-Hemami
et al. 2010). In this study, increased Conus PPlase caused a
larger production of the native p-conotoxin GIIIA while
having little effect on the production of the non-hydroxy-
proline containing peptides. This provides evidence to the
concept that the presence of Pro/Hyp gives rise to structural
changes among conopeptides which can be facilitated by
PPlases (Safavi-Hemami et al. 2010).

Hydroxylation of valine in conotoxins
and conopeptides

The y-hydroxylation and also epimerization of Valine are
two key features of a novel structural motif (Ser-D-Hyv-
Trp) found in two known vermivorous species of cone
snails: Conus gladiator and Conus mus (Pisarewicz et al.
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2005). Conopeptides containing this motif are deemed
hydroxyconophans and are known to contain y-hydroxyl-
ated Valine (V*) (Conophan-gld-V; Table 5). Interestingly,
this unique o0 moiety necessitates epimerization for sta-
bility because it spontaneously cyclizes and forms a lactone
as an L-oo.. The present evidence indicates that the inhi-
bition of lactone formation is dependent upon neighboring
aa residues, which includes Tryptophan. It is believed that
Tryptophan may influence the availability of the hydroxyl
group on the y-hydroxyvaline residue by sterically hin-
dering lactone formation with its aromatic ring, thus
structurally perturbing hydroxyvaline’s conversion (Pis-
arewicz et al. 2005).

The p-form of hydroxyvaline found within C. gladiator
appears to contribute to a linearization of the Conophan
gld-V (Pisarewicz et al. 2005; Table 5) in which hyper-
hydroxylation of the residues is thought to increase
hydrogen bonding and thus influence stability. A second
unique characteristic of this hydroxyconotryphan is its
short peptide length, consisting of only 8 residues (Pis-
arewicz et al. 2005). The placement of the p-y-hydroxyv-
aline near the C-terminus of the peptide is atypical for
epimerized conotoxins, which commonly exhibit epimers
near the N-terminus. This suggests the presence of a unique
enzyme for the modification of this class of peptides. This
remains to be investigated.

Hydroxylation of lysine in conotoxins and conopeptides

A third hyrdoxylated aa, hydroxylysine (K) (Table 4), has
also been found within conopeptides, specifically in Del3a
isolated from C. delessertii (Aguilar et al. 2005; Table 5).
Despite the pervasiveness of hydroxyproline in other
organisms such as mammals, it is considerably rarer in
Conus venom. Consequently, its function in conopeptides
remains to be elucidated. However, in other animal pro-
teins, it is known to provide sites for glycosylation and sites
for hydrogen bonding when considering receptor affinity
and specificity (Aguilar et al. 2005). These functions could
pertain to the hydroxylation of Lysine in the conopeptide
Del3a; however, supporting evidence has yet to be found
(Aguilar et al. 2005).

Hydroxylation is observed in the following super
families: Oy, O,, O3, I, Y, A, T, M, By, D, G, S, H, and
also in the divergent families (Kaas et al. 2012; Fig. 1).

Isotopic identification and differentiation
of hydroxyproline, leucine and isoleucine in conotoxins
and conopeptides

The identification of isobaric oo Hydroxyproline, Leucine

and Isoleucine by tandem MS has proven difficult due to
their similar monoisotopic mass distributions (Grant 2002).
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Characterization of these residues may be improved
through the use of w- or d-ion analysis (Soltwisch and
Dreisewerd 2010) or by hydrolysis and oo analysis.
High-energy matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) can
be utilized to generate side chain degradation of oo,
providing characteristic low abundant w- or d- ions. W-
and d-ion analysis has been used on renin, fibrinopeptide
A, and their Ileu/Leu substituted forms to accurately
determine sequences containing isobaric oo (Soltwisch and
Dreisewerd 2010). In contrast, researchers without access
to a MALDI-TOF-MS may also perform primary identi-
fication through oo analysis. Langrock et al. (2006) were
able to demonstrate the accurate determination of Leucine,
Isoleucine, and Hydroxyproline isomers through the use of
amino acid analysis and a N2-(5-fluoro-2,4-dinitrophenyl)-
L-valine amide on collagen and the accuracy of their
method was further confirmed through online ESI-MS.

Carboxylation of glutamic acid in conotoxins
and conopeptides

The physiological importance of the y-carboxyglutamic acid
(Gla; vy) (Table 4) was underscored in 1974 when it was first
identified as an essential component of the coagulation
cascade. This PTM oo facilitates in vivo activation of pro-
thrombin to thrombin by binding Ca*" (Stenflo et al. 1974).
Since its discovery, Gla’s role has been described in other
coagulation factors such as Factor IX (Aktimur et al. 2003)
and in osseous tissue (Price et al. 1976).
y-Carboxyglutamic acid was first discovered by studying
the effects of dicoumarol (vitamin K antagonist) on pro-
thrombin synthesis (Stenflo 1974). The resulting product
was unable to bind Ca’" and displayed no biological
activity. N-terminal tetrapeptide fragments of normal pro-
thrombin and dicoumarol-synthesized prothrombin (pH 6.5)
showed that normal prothrombin had greater anodal
migration (1.09) compared with its counterpart during
electrophoresis. The difference in migration distances was
originally attributed to an extra negative charge due to a
prosthetic group. However, NMR and MS data indicated a
methyl-ester substitution at the y-carbon of each glutamatic
acid residue, which corresponded to an addition of 58 Da
per Glutamic acid. Further NMR analysis revealed a car-
boxyl group as the y-carbon substituent (Stenflo et al. 1974).

v-Carboxyglutamic acid containing non-disulfide
bonded conotoxins and conopeptides

Initially thought to be unique to mammalian systems, the
discovery of Gla residues in the sleeper peptide (Conan-
tokin G; Table 5) of C. geographus provided evidence that
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this PTM permeated other animal phyla (McIntosh et al.
1984). Carboxylation of Glutamic acid residues are cata-
lyzed by y-glutamyl carboxylase (E.C.4.1.1.90) in a vita-
min K-dependent reaction with a requirement for carbon
dioxide and molecular oxygen, localized in the lumen of
the ER (Buczek et al. 2005a, b, c; Esmon et al. 1975; Wu
et al. 1991). Substrates for carboxylation contain a pro-
peptide region, known as the y-carboxylation recognition
sequence (CRS), that facilitates enzyme binding and
increases substrate-enzyme affinity (Stanley et al. 1997,
Bandyopadhyay et al. 1998).

Identification of y-Carboxyglutamic acid in C. geog-
raphus Conantokin G proceeded in a similar fashion as
prothrombin. Digestion of the peptide and paper electro-
phoresis revealed that the fragment believed to be Gln—
Lys contained a net charge of —1. This observation ruled
out Gln—-Lys as a possibility, with a predicted net charge
of +1. Furthermore, Pyr-Lys and Glu-Lys were also
eliminated as prospects since these fragments would
exhibit a neutral charge. It was concluded by Mclntosh
et al. (1984) that the extra negative net charge gained was
due to an additional modification. Base hydrolysis of the
peptide revealed a reciprocal relationship between the
amount of Glu produced and Gla degraded. Determination
of Conantokin G’s primary structure relied on sequential
enzymatic digestion and Edman degradation. In all, this
discovery of Gla in C. geographus venom challenged
traditional beliefs about y-carboxylation, while reaffirm-
ing the efficacy of conventional biochemical methods of
ool analysis.

v-Carboxyglutamic acid containing disulfide bonded
conotoxins and conopeptides

As a wider array of conotoxins were discovered, the pre-
viously reigning classical techniques were coupled with
MS for ascertainment of uncommon/unusual amino acids
such as Gla, 4-trans-hydroxyproline and 6-L-bromotrypto-
phan, based on their characteristic monoisotopic distribu-
tions as demonstrated in the discovery of Gla(1)-TxVI,
Gla(2)-TxVI/A, Gla(2)-TxVI/B and Gla(3)-TxVI from C.
textile (Czerwiec et al. 2006; Table 5). Data collected may
be supplemented with the use of ESI-MS high orifice
potential analysis, which induces the decarboxylation of
the weaker y-carbon in Gla, resulting in a characteristic
loss of 44 Da (Nakamura et al. 1996). The advent of
advanced MS techniques has aided in the identification of
many other Conus peptides, most notably the contryphans,
which contain numerous modified oos in its primary
sequence (Thakur and Balaram 2007).

The discovery of Gla residues in two non-related pep-
tides hinted at a primitive purpose to K-dependent y-car-
boxylation in the biological schema (Bandyopadhyay et al.

2002). Clarifying the role of vitamin K in the carboxylation
process triggered the proliferation of enzymatic studies on
v-glutamyl carboxylase (Czerwiec et al. 2002, 2006; Ban-
dyopadhyay et al. 2002). Subsequent investigations have
identified this enzyme in other animal species including
toadfish (Opsanus tau) and beluga whale (Delphinapterus
leucas; Begley et al. 2000).

The role of Gla residues on peptide folding and sta-
bility has also been investigated. Conus peptides are ideal
for this study because they contain multiple Gla residues
within their short primary oo sequence. Modification of
Gla residues can have a direct impact on folding and
three-dimensional structure, which then influences the
conopeptide’s pharmacological properties. McIntosh et al.
(1984) demonstrated that decarboxylation of Gla residues
of Conantokin-G (known originally as Conotoxin-GV;
Table 5) terminated its biological function (Mclntosh
et al. 1984; Jimenez 2009). Gla residues are proposed to
bind Ca®" which aids in the stabilization of the Conan-
tokin-G a-helix (Jimenez 2009). Its ability to bind diva-
lent ions may help direct peptide folding into the
necessary three-dimensional conformation to retain bio-
activity. Bulaj et al. (2003) demonstrated that chelation of
Ca’" by Gla residues aided native-like folding of the
spasmodic peptide from C. textile, whereas it had no
effect on a homologous, Conus gloriamaris (M) peptide
lacking Gla. Furthermore, it was found that chelation of
Ca®" in solution yielded low quantities of native-like
folded spasmodic peptide, again leading to the conclusion
that Gla residues assist in peptide folding efficiency
(Bulaj et al. 2003).

Conus species have widely incorporated Gla into their
peptide venoms; the PTM is present in most of the phar-
macological classes known. These peptides may be broken
into two classifications: (a) Non-disulfide bond and
(b) Mixed. The non-disulfide groups pertain to peptides
containing Gla only and lack cystine bonds. These include
Conantokins and Conorfamide Sr2 from the species: Conus
parius (P; Teichert et al. 2007), Conus tulipa (P; Malmberg
et al. 2003), and Conus spurius (V; Aguilar et al. 2008).
Peptides in the mixed group contain both Gla and disulfide
bonds; these include conopeptides from the species Conus
radiatus (P; Klein et al. 2001) and Contryphans from
Conus marmoreus (M; Hansson et al. 2004).

Sulfation of conotoxins and conopeptides

Tyrosine sulfation (Y) (Table 4) is a widespread PTM,
occurring in common biomolecules such as gastrin (Hu-
ebner et al. 1991) and cholecystokinin (Durieux et al.
1983). Sulfation involves the addition of sulfate to oas,
introducing a side chain functional group that can undergo
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selective deprotonation; this in turn impacts the pK, of the
parent peptide. Its presence has been documented in
numerous species, as seen in humans (Shworak et al.
1999), zebra fish (Mohammed et al. 2012), and plants—
Arabidopsis thaliana (Hashiguchi et al. 2013). Previous
research points to Tyrosine sulfotransferases (E.C.
2.8.2.20) for production of numerous natural compounds
with the reported purposes of bioactivation (Weinshilboum
et al. 1997) and modulation of protein—protein interactions
(Kehoe and Bertozzi 2000).

The interconnectivity of conotoxins and sulfation sup-
ports the theory of bioactivation due to sulfation, sug-
gesting that sulfated conotoxins may also mimic
physiological interactions for increased bioactivity. Un-
sulfated o-conotoxin Epl (Table 6) was observed to inhibit
nAChRs in a similar fashion to sulfated a-conotoxin Epl.
Yet sulfated o-conotoxin Epl was more effective at
inhibiting the release of catecholamines (Loughnan et al.
1998). Similarly, a-conotoxin AnlIB (Table 6) was found to
have greater bioactivity than its unsulfated synthetic ana-
log, with a ten-fold loss of activity in unsulfated o-cono-
toxin AnIB in targeting o7 nAChRs, but no change in
activity when targeting o382 nAChRs (Loughnan et al.
2004). These pharmacological differences may become
important when examining phylogenetic differences
between ion channels and conotoxins reported selectivity
amongst different phyla (Bingham et al. 2010).

A number of studies in the literature have focused on
sulfation identification and analysis. An accepted method
arose from these studies: observing negatively charged ions
in soft ionization at lower collision energies during ESI-
MS and MALDI-MS. Positive ionization mass spectrom-
etry, a general practice in peptide analysis, causes sulfate
groups to dissociate from tyrosine residues. Switching to
negative ionization preserves a fraction of the native pep-
tide mass including the PTM, while observation in negative
ion mode at lower collision energies yield even higher
proportions of native peptide mass (Onnerfjord et al. 2004;
Wolfender et al. 1999). Use of negative-ion mode is thus
essential in observing native peptide masses for these
reasons.

Characterization of o-conotoxin PnlA and PnlIB
(Table 6) from Conus pennaceus represents some of the
earlier analyses undertaken in sulfated compounds.
Numerous MS techniques were compared for the obser-
vation of intact sulfated peptides. Wolfender et al. (1999)
posited the possible presence of phosphorylation versus
sulfation (both having a mass of 80 Da). Phosphorylation,
which also occurs on Tyrosine residues, although not
presently documented in Conus, has a tendency to be
cleaved in positive-ion MALDI-MS analysis similar to
sulfation; although M + H is still the dominant over
M + H-80 mass peak.
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The identities of the moieties in-question were differ-
entiated by observing phosphorylated caerulin standard in
reflectron-positive and -negative MALDI-MS modes.
Caerulin was observed in both modes as a dominantly
intact phosphorylated peptide, disparate from o-conotoxin
PnIB and a-conotoxin PnlA spectras that exclusively
yielded a peak with loss of 80 Da in positive mode
(Wolfender et al. 1999). Wolfender et al. (1999) states that
this observation was due to phosphorylated peptides having
an increased stability in comparison to the labile sulfated
peptides. Additionally, when RP-HPLC elution of unsulf-
ated o-conotoxin PnIB, natural o-conotoxin PnIB, and C.
pennaceus venom were compared, it was found that
unsulfated analogs did not have a noticeable difference in
retention time (Wolfender et al. 1999). This observation
highlights the importance of alternative methods in sus-
pected cases of peptide sulfation.

It is possible that assigned non-sulfated conotoxins may,
in actuality, be sulfated. A large fraction of sequence
assignment is accomplished through MS, RP-HPLC, and
Edman degradation. More often than not, MS is done in
positive mode, where no trace of sulfation would be found,
even if sulfation were present. Confirmation by compara-
tive RP-HPLC of native and synthetic peptides leaves
further room for error as sulfation minimally changes RP—
HPLC elution time, as in the case of a-conotoxin Epl
where an elution time change of ~1 min was observed
(Loughnan et al. 1998). Edman degradation is unhindered
by sulfation, which may also be problematic as hindrance
in degradation usually incurs further investigation into
possible modifications at the given residue (Loughnan et al.
1998). Without Edman degradation hindrance, a noticeable
change in elution time, or an observable mass shift,
investigators would not suspect a PTM until the bioassay of
synthetic and native toxin. Accordingly, a simple
sequencing oversight may compound other errata. In this
case, identifying sequence homology (even if consensus
sequences are not concrete) would be the first option, fol-
lowed by confirmation through methods fitting for the
proposed modification (Fig. 2).

Bromination of conotoxins and conopeptides

Brominated compounds are commonly found in marine
organisms due to the abundance of bromine in the marine
environment (Steen and Mann 2002). Unsurprisingly, a
number of brominated conopeptides have been observed,
each of which are believed to produce a 6-bromo-trypto-
phan (w) (Table 7). Craig et al. (1997) were the first to
document the occurrence of bromination of Tryptophan
residues in Conus venom constituents. This analysis was
achieved through various combined approaches utilizing
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Edman Degradation 7
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Fig. 2 The impact of post-translational modifications in the discov-
ery, assignment and synthesis of conotoxins and conopeptides. The
high relative abundance of PTMs within conotoxins/conopeptides has
implications at each step of scientific investigation. Their present in
de novo sequencing presents hurdles in their classification and
assignment; their incorporation into synthetic approaches can be

enzyme digestion, solid-phase peptide (SPPS), comparative
RP-HPLC, and MS. These initial studies were focused on
two peptides: bromoheptapeptide isolated from the ver-
mivorous Conus imperialis, and bromosleeper peptide
isolated from piscivorous Conus radiatus (Craig et al.
1997; Table 6).

Suspicion of a modification on the 5th residue of
bromoheptapeptide arose after a ‘blank’ or non-identifiable
cycle was observed during classical Edman degradation
(Craig et al. 1997). Assignment of peptide’s sequence
through cDNA encoding resulted in the determination of a
parent Tryptophan residue at this position, and thus com-
menced the search to define this novel PTM, as no modi-
fication for Tryptophan had been previously reported in
Conus species.

It also became apparent that in the bromocontryphans
(Table 6), the Tryptophan modification always produced
two distinct mono-isotopic forms of the parent mass

@ Springer
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challenging, and; their interpretation regarding the impact on
pharmacological targeting and phyla-selectivity is complex, and
poorly understood. Careful and often combined biochemical, proteo-
mic, and genomic approaches have been used in their identification,
and to provide confirmation to their assignment

differing by 2 Da under standard MS conditions (Jimenez
et al. 1997). Bromination of Tryptophan was postulated
because of known prevalence of bromination in other
marine compounds and the observed MS spectra behavior.
This behavior is attributed to the relative abundance in
which natural isotopic forms of bromine exist, as seen with
the near equal distribution of Br’® (50.69 %) and Br®'
(49.31 %) (Nair et al. 2006). The hypothesis was tested by
the SPPS of bromoheptapeptide and a section of the bro-
mosleeper peptide with a brominated Tryptophan incor-
porated at the 5th position (Craig et al. 1997). The
constructed sections of bromoheptapeptide and the bro-
mosleeper peptide were subjected to comparative RP—
HPLC with the native bromoheptapetide and bromosleeper
peptide fragments that were believed to have identical
primary sequences. RP-HPLC co-elution was observed,
along with the now characteristic staggered mono-isotopic
distribution seen with bromine incorporation into both
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native and synthetic peptide forms. The same comparative
approach was then used to assign the bromination position
within the Tryptophan side chain in the bromoheptapep-
tide, while enzymatic digestions were used to determine its
chirality.

No mechanism for the bromination of Tryptophan in
cone snails has been proposed. Yet selectivity has been
examined with PTMs in the bromosleeper peptide; Trp' has
been found to undergo bromination, while Trp* does not
(Craig et al. 1997). The presence of a signaling site within
the pre-pro-sequence has been suggested from the observed
brominated conotoxins, but this remains to be identified
(Craig et al. 1997; Jimenez et al. 1997).

The purpose and advantages of bromination are currently
unknown. Craig et al. (1997) assessed the biological activ-
ities of brominated peptides in mice models. It was found
that effects varied greatly; effects of the bromosleeper
peptide were highly dependent on the age of injected mice.
Nine-day-old mice slept for 10 h upon inter-cranial injection
of 40-50 pmol/g body weight, while at the same dosage
17-day-old mice and 22-day-old mice became lethargic, but
did not sleep. No activity in mice was observed from the
polychaete-hunting C. imperialis bromoheptapeptide, pos-
sibly due to phyla selectivity (Craig et al. 1997). In studies
of native contryphan as well as bromocontryphan, activity
seems to be unaffected by the addition of bromine, leaving
investigators with questions as to why this modification
occurs in the natural world, given the energetic and enzy-
matic recruitment required (Craig et al. 1997).

Epimerization of conotoxins and conopeptides

Unlike other conopeptide PTMs, epimerization (Tables 7
and 8) of aos from L- to D-configuration are particularly
difficult to assign. The first difficulty arises in the use of
classical Edman degradation, a methodology typically
implemented early on in peptide characterization. ‘Blank
cycles’ during Edman degradation are typically used as
indications of PTMs, and an investigation of the modifi-
cation ensues (see “Carboxylation of glutamic acid in
conotoxins and conopeptides”, “Bromination of conotox-
ins and conopeptides™). Investigating epimerization using
this method is problematic as p-oas do not hinder
sequencing/chemical degradation process, nor do they
produce a ‘blank cycle’. Their degradation will typically
produce an identifiable parent oo, in which chirality is not
assigned but assumed to be L-configuration. In conopep-
tides this may represent an incorrect assignment, which
may be carried through to SPPS.

Alternatively, sequence analysis via proteomic approa-
ches, i.e. collision-induced desorption mass spectrometry
(CID-MYS) or post-source decay (PSD) PSD-MALDI-MS,

@ Springer

etc. would not indicate oo epimerization due to their
identical molecular masses and backbone fragmentation
patterns (Buczek et al. 2005a, b, ¢). On a genomic level,
translation of cDNA will be unable to inform the investi-
gator of epimerization as a consequence of the physical
disjoint in peptide assembly and sequestration (Buczek
et al. 2005a, b, c). Thus, the investigators may be unaware
of their presence until the native and synthetic materials are
biologically assessed. Only then may oo epimerization be
considered as a potential candidate. Here HPLC/UV co-
injection experiments of native and synthetic materials in
uneven ratios (2:1) provide certainty in their combined
homogeneity.

Researchers in the past have searched for homologous
sequences within the conotoxins with documented epi-
merized oos for possible clues in predicting their
position(s) (Buczek et al. 2008). Until the collection of
D-ol0l-containing conopeptides is increased, establishing
specific trends is highly subjective (Buczek et al. 2008).

In studies on the I; conotoxin superfamily (defined as
peptides with the precursor sequences MKLCVTFLLVLM
ILPSVTG or EKSSERTLSGALLRGVKRR), Buczek et al.
(2005a, b, c¢) found that the third oo position from the
C-terminus in precursor sequences were epimerized in
multiple peptides. Curiously, homologous I; sequences R11d
and Arlla (Table 8), which were hypothesized to contain
epimerized residues, were found to be comprised solely of
L-o’s (Buczek et al. 2008). Han et al. (2008) mentioned that
in addition to the -3 and -5 positions (C-terminus side), the 42
(N-terminus side) position appeared favorable for epimer-
ization. Observed epimerized residues in these three positions
are typically Leucine, Phenylalanine, Tryptophan, and Valine
(Buczek et al. 2008; Han et al. 2008).

Peptides under high suspicion of containing D-olals may
be synthesized with the proposed sequence and subjected
to comparative RP-HPLC analysis with the native peptide,
as discussed above. Bioassays comparing the native to
synthetic material also run the chance of exhibiting similar
bioactivity, as seen with R11c and Arlla (Table 8) (Buc-
zek et al. 2005a, b, c, 2008). Therefore, the possibility
arises that unknown epimerization may exist in well-
established peptides, as the scheme of synthesis, compar-
ative RP-HPLC, MS, and bioassay may leave epimerized
residues undocumented. While oo hydrolysis, in an
endeavor to resolve both p- and L-aa via chiral chroma-
tography, has demonstrated merit in detection and assess-
ment (Frank et al. 1977). The use of this specialized
technique is poorly recorded in conotoxins. Alternatively,
utilization of protease L-oa specificities has been demon-
strated to be highly informative, as cleavage is terminated
once a pD-oa is encountered (Buczek et al. 2005a, b, ¢).

Finally, NMR can be utilized to analyze peptides con-
taining D-00s, as epimerization will be apparent in the



143

Incorporation of post-translational modified amino acids

103)dooa1 urydonoinau
YIN ‘PRUILLINP 10U (FN Quiong| jo uonezuawids 7 ‘ueydoidAnowoiq g Qui[ea&xo1pAy A ‘ourjoidKxoIpAy () ‘QuLas pare[As00AS 4ag8 ‘urydoydAn pae[As0oA[S .78 ‘uoneprue [RUILLI)-D) 4 ‘proe orwen(Soikd 7

o [ED-OVNIED
(6661) OvVv(UL6)20MOatO0k ‘ueydoydifioworg-9 uone[As0ok[3
‘Te 10 I9Y[ep ‘ourjordAxoIpAy ‘uorjRUTWOIq
“(6661) 9 ‘proe ‘uone[Ax0IpAYy
Te 10 £q8ry dN oW 670°0 F 020 aN dvv100M9Oa3003 XIXL-3 omueini3Axoqre)-4  ‘vonedxoqre)
opndad
PoIR[AS00ATS W ¢
0) je suorenua)e
uostredwod durero
ur Kouayod -a3e)joA ‘yredp uone[AxoIpAy
I19MO[ pasned 21w ‘UOnRIASOIA[3
uonuaw  ut (37j0wd (<) +OSNLOYOO0ONWLDOAADDDLLLIAMUBSE)dATISHZ uoneprwe “wonEyIpOwr
sioyne DI pue ‘ourjordAxoIpAy [euTuI)-)
(8661) ‘paystqnd (3/10wd (6<) 9 COYNXOH XH ‘uonesyIpow
‘e 10 Sre1) ejep ON sy ur uonosfur 4p *OSNLOHOOOIWLIOOAADIOIDLLIANSAATISHZ VAIS-V ‘proe orwein[Soikg [euruId}-N
ILT (€Y INW
OLT “TYINY
6L TILNI
0ST ‘€Y INW €C ‘TILNY
0ELTILNY CYLNW (116)
J
$7S THINI TUINY TNAIIMULD)VNSOOIISZ
uone[As0oL[3 uone[As0oL[3
(Q “®6661) 096 ‘T4.LNY TAIN' 9 poyuI-O ‘uoneoyIpow
Te 10 Srer) (NWOD1 (AWOO1 TYLNY TNAIAMLYNSOOIISZ D-unE[muoyD ‘proe drurein[Soikq [euTuLIo)-N
uornjeredoxd B
S[osnuw-aAIau ul enuajod 4dTHADHHIVAIOUNDDIONDDIDDSAHIDHHOHESO LY
uonoe ou ‘AN g e LIowan
(8002) £poq pue yono) 03 AJATISUSS 9
e 10 “yozong pasned JyStem £poq Sypowd | aN ddTHAOHHIVAZIOUNDDIOONOODO00SAHIOHHOHESO 1Y eIV SuoN  juonezuewrdy
1LT4ANLSOOIMSLSOMOIOOTOONIOAVHANDOMIAAVYHOISOO
rowd o7 1B Towd g
(8002) SUOIS[NAUOD 18 SUOIS[NAUOD 9 auroadAxoIpAH  yoyrezproundy
‘Te 10 “yozong ‘Surster [ref, ‘Surster [ref, AN  L14ANLISODIMSLISOMODIDDTOONDIOAVHAMOOMIAVYHOASOD RIAR: ‘ouronaT-d ‘uone[Ax0IpAH
urxo}
urxo} BN
N1d-uou urxo} WId ~ Jo 108Ie)
‘J99  ASojooewireyq A3ojooewreyg  103dooay Qouanbog urxoj, W.Ld

sopndodouoo/surxojouod 399[9s Jo uone[AsodA[3 pue uonezuowidy § JqeL,

pringer

A



144

M. J. Espiritu et al.

structure of the peptide. Arguably the most universal
method to determine stereospecific modifications, NMR
has been used in multiple instances for characterization of
conopeptides carrying p-oos (Han et al. 2008, 2009).

It has been suggested that epimerization in conotoxins
may serve multiple purposes. Analysis has shown that
epimerization increases structural stability (Pisarewicz
et al. 2005) and conveys resistance to protease activity
(Craig et al. 1997). It is suspected that this follows the
similar protective abilities of N-terminal cyclization, as
seen with pryoglutamic acid (“N-terminal: pyroglutamic
acid of conotoxins and conopeptides”) and C-terminal
amidation (“C-terminal: C-terminal amidation of cono-
toxins and conopeptides™). Epimerization also increases
the chemical and structural diversity of conotoxins from a
single gene (Hansson et al. 2004) and could contribute to
the high specificity of conotoxins toward their native
receptor targets (Pisarewicz et al. 2005). Pisarewicz et al.
(2005) also state that p-isomerization reduces the proba-
bility of lactonization by hydroxylated residues, which can
cause undesirable cleavage of peptides.

The mechanism behind the genesis of epimerized resi-
dues has not yet been identified, but some insight may
come from the historical analysis of spider m-agatoxin IVB
and IVC. Slow isomerization of a serine residue by peptide
isomerase in agatoxin was observed, with the proposed
mechanism including two bases in a deprotonation and
reprotonation chain of events (Kreil 1997). Future work
promises insights into these stealthy modification and leads
to more reliable methods of prediction.

Glycosylation of conotoxins and conopeptides

Among PTMs, none rival the diversity and complexity of
glycosylation. More than ten different carbohydrate moie-
ties have been observed in conopeptides, all of which have
been conjugated to Threonine (T) (N-linked) or Serine
(S) (O-linked) residues (Walker et al. 1999, Craig et al.

1998, respectively; Table 9). Despite the number of inci-
dences in conotoxins, only a few have been completely
characterized (Gerwig et al. 2013). In most cases the
number of hexoses and associated groups has been deter-
mined through tandem MS, but the exact configuration and
connectivity are still to be assigned; this presents the
largest difficulty in analysis of glycosylated conopeptides.

Methods of enzymology have been implemented to
elucidate details (including connectivity to the conopeptide
being studied) of the glycan moiety, but NMR is almost
always utilized for positive identification. One of the few
completely characterized glycosylated moieties associated
with a conopeptide not initially characterized by NMR was
found linked to Contulakin-G (Table 8). Additional studies
have been focused on this peptide documenting bioactivity
and possible mechanisms of enzymatic conjugation. For
these reasons, Contulakin-G will serve as the model for
discussion here. A more comprehensive review has
recently been published discussing glycosylation (Gerwig
et al. 2013), with recent published work including an in-
depth NMR analysis of the most complex conopeptide
glycan moiety observed thus far, linked to the Conus
consors conopeptide CcTx (Hocking et al. 2013).

Named for the sluggish behavior observed in mice after
intercranial injection, Contulakin-G was the first conotoxin
in which both the toxin and the glycosylated moiety were
characterized (Craig et al. 1999a, b). Glycosylation was
originally suspected after the observation of a blank cycle
(with slight traces of threonine) in Edman degradation. The
presence of a codon for Threonine at position 10 in cDNA
encoding the peptide in combination with MS data indi-
cated large hexose-sized masses bound to the oo. Multiple
Contulakin-G species with differences between glycan
moieties were also observed, including one with a
hypothesized sulfated glycan moiety. The main species,
which was believed to carry an N-acetylated disaccharide,
was chosen for further characterization.

Utilizing PB-galactosidase (EC 3.2.1.23), cleavage of
native Contulakin-G disaccharide moiety was observed,

Table 9 Documented modifications and methods of detection of glycosylation in conotoxins/conopeptides

Modification Structure Mass shift Edman Enzymes Mass Comments
degradation spectrometry

Contulakin-G’s Thr — glycosylated  Blank B-Galactosidase ~ MALDI Digestions
B-p-Galp- Thr cycle (EC 3.2.1.23) combined with
(1 - 3)o-p- s (+364 Da—varies) and further MALDI
GalpNAc- digestion by analysis of
(1 - O0)-L- . O-glycosidase cleavages
Threonine d (EC 3.2.1.97) determined the

o o disaccharide
& HO moiety

Refer to conotoxins/conopeptides containing modifications in Table 1 for references; If ionization mode is not specified, positive mode was used in mass
spectrometry trials; Edman degradation: blank cycle, not enough residue collected at cycle to confirm amino acid
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implying that the terminal hexose was [-galactose.
O-glycosidase (EC 3.2.1) was applied and another cleavage
from the same Threonine residue was observed, which
supported the hypothesis of the glycan moiety being
O-linked due to enzyme specificity. Post-digest Contula-
kin-G was analyzed on MALDI-MS, with masses observed
consistent with an unmodified Threonine. Confirmation of
structure was carried out by synthesis of Contulakin-G with
the hypothesized structure. Native and synthetic Contula-
kin-G coeluted on RP-HPLC, with similar MALDI-MS
spectra observed for each compound.

Glycan moieties found in Contulakin-G and other
conopeptides have been hypothesized to increase peptide
stability, in vivo transportation, and/or increase the selec-
tivity of toxin (Craig et al. 1999a, b). These hypotheses
were based on the following observations: (a) glycosylation
inhibited proteolytic cleavage and (b) bioassays studying
Contulakin-G activity (membranous and soluble) in rela-
tion to rat neurotensin type receptors 1 and 2 demonstrated
a disparity between effects of glycosylated and non-gly-
cosylated Contulakin-G in vitro and in vivo. In vitro, gly-
cosylation did not show increases in binding affinity, while
in vivo studies showed an increase in potency from non-
glycosylated to glycosylated Contulakin-G (Craig et al.
1999a, b).

Mechanisms for in vivo production of glycosylated
conopeptides have been primarily hypothetical. Two pos-
sible modes of glycosylation (enzyme and epithelial cells
of the venom duct) are theorized, but neither has been fully
identified. General motifs for predicting O-linked glyco-
sylation in conopeptides have been proposed including
specific positions for acidic and basic residues, but con-
sensus sequences have been as elusive as the mode of
production (Craig et al. 2001). In an effort to elucidate
possible mechanisms involved, Craig et al. (2001) imple-
mented mammalian UDP-N-acetyl-p-galactosamine: poly-
peptide N-acetylgalactosaminyltransferase (EC 2.4.1.41).
Glycosylation of unglycosylated Contulakin-G and exten-
ded Contulakin-G precursor was successful, leaving the
possibility open for a yet unknown Conus enzyme to utilize
a similar mechanism. In addition, scintillation counting of
[3H]-GalNAc-contulakin-G and [3H]-GalNAc-pre-Contu-
lakin-G implied pre-Contulakin-G was glycosylated at a
higher percent than mature Contulakin-G (25-20 %,
respectively) (Craig et al. 2001).

In addition to Contulakin-G, k-conotoxin SIVA from C.
striatus (a voltage-gated K+ channel inhibitor; Table 6) has
been characterized without the specific structure of the
glycan (Craig et al. 1998). e-Conotoxin TxIX (Table 8), a
C. textile isolate peptide hypothesized to target presynaptic
Ca*" channels (Rigby et al. 1999), was also found to con-
tain an O-linked glycan moiety. This was later determined
to be a-D-Gal-(1 — 3)-a-D-GalNAc, which is similar to the

Contulakin-G glycan moiety previously discussed, but
dissimilar in the o-configuration of a galactose (Kang et al.
2004). The targets of these conopeptides highlight the great
range of bioactivities encountered when studying glyco-
sylation in Conus venoms. In addition, K-conotoxin SIVA
studies again showed higher in vivo effects of the native
glycosylated peptide versus non-glycosylated peptide,
demonstrating that the greater in vivo activity of native
Contulakin-G was not an isolated case (Craig et al. 1998).

Non-native amino acids: bioengineering of conotoxins
and conopeptides

The diversity of conopeptides and their characteristic
receptor specificity make them prime targets for biological
engineering (Table 10). The gradual transformation from
natural product to drug candidate entails the chemical
manipulation of the various levels of peptide structure with
the aim of enhancing the desired properties of these pep-
tides (Craik and Adams 2007). As outlined by Bingham
et al. (2012), conopeptide bioengineering can be divided
into six generations based on the extent of chemical
manipulation. The simplest of these strategies involves oo
substitutions, where oo moieties are exchanged for other
oas based on side-chain charge, size, and hydrophobicity.
Luo et al. (1999) established that a single oot substitution of
Alanine for Leucine on position 10 of a-conotoxin PnIA
can alter its receptor selectivity from o332 to o7 nAChRs
(Luo et al. 1999; Table 10). Later studies demonstrated that
[AIOL] a-conotoxin PnlA exhibited the greatest potency
and selectivity for o7 nAChRs, showing the impact a single
oo substitution can have on receptor-ligand interactions
(Hogg et al. 1999). This finding was later utilized to design
probes with affinity for o7 receptors and acetylcholine-
binding proteins of Aphysia californica and Lymnea stag-
nalis (Kasheverov et al. 2011).

In some instances, PTM oas are strategically incorpo-
rated in SPPS so that the synthetic variants can be com-
pared with the PTM native counterparts. This technique
was utilized in the elucidation of o-conotoxin Vcl.1’s
analgesic properties versus native o-conotoxin Vcla with
regard to their action on 09210 nAChRs (Nevin et al. 2007;
Table 10). Furthermore, in the delineation of specific
receptor—ligand interactions and construction of probes for
target receptors, substitutions in a peptide’s primary
structure are not limited to native oas. Armishaw et al.
(2010) appropriated this concept in the creation of syn-
thetic combinatorial libraries of a-conotoxin Iml, in which
non-native oois such as 4-aminophenylalanine (Aph) and
a-aminobutyric (Abu) acid supplant various oos in the
peptide’s primary sequence (Table 10). It was found that
[Leug—Aphlo—Abul1]—0(—con0toxin ImI  (Peptide 56;
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Table 10 Select bioengineered conotoxins/conopeptides

Toxin Sequence

Receptor target of

Pharmacology Pharmacology native

Ref.

native toxin modified toxin toxin
Bioengineered Amino Acid a-PnlA GCCSLPPCAANNPDYC* a3B2 nAChRs 1Cs0 (NM) Luo et al. 1999
Substitution 99.3 £ 0.57 for a3p2 9.56 + 1.0 for a3p2
. nAChR nAChR
G CSLPPCALNNPDYC 12.6 £ 1.2 for a7 2521 1.2 for a7 nAChR
nAChR
Substitution of a-Ve1.1 GCCSDPRCNYDHPEIC* 9010 nNAChRs Vc1.11Cso Nevin et al. 2007
PTM Amino (Synthetic) 64.215.0 "M
Acids
GCCSDORCNYDHPyIC* Vc1a ICso
Synthetic Vcla 629+52nM
Non-Native a-lml GCCSDPRCAWRC* a7 nAChR at ICso Armishaw et al. 2010
Amino Acid a7-GH3 cell line 2.92 .M
Substitution
GCCSDPRCLBJC* I1Cso
0.19 uM
B=Aph J=Abu
Selenocysteine a-AulB GCCSYPPCFATNPDC* a3B4 nAChR 1Cso Muttenthaler et al. 2010
incorporation 3100 + 1002 nM
ICso
GUCSYPPUFATNPDC* 260 + 20 nM
Sec[1,3]-AulB
Cystathione a-Iml GCCSDPRCAWRC* nAChR of ICso of Noradrenaline Release (uM) MacRaild et al. 2009
Bridges Bovine Adrenal
— Chromaffin Cells 0.87+0.04
GXCSDPRXAWRC* .
[—] Cis Isomer
X = L-allylglycine (Agl) 17£12
Trans Isomer
20+£15
Peptide w-KIlIA CCNCSSKWCRDHSRCC* Na,1.2 Ky Kq Han et al. 2009
Prosthesis 0.004 £ 0.004 uM
CNC(Aopn)KWCRDHSRCC* 46 nM

[desCHIKIIIA[S3/4A0pn,C9A]

* C-terminal amidation, y gamma-carboxyglutamic acid, O hydroxyproline, W bromotryptophan, Y sulfotyrosine, Aph 4-aminophenylalanine, Abu
o-aminobutyric acid, U selenocysteine, Agl L-allylglycine, Aopn 5-amino-3-oxapentanoic acid

Table 10) exhibited 14-fold potency than native o-cono-
toxin Iml with ICsy of 0.19 and 2.9 pM, respectively,
toward o7-GH3 cell lines (Armishaw et al. 2010). The
amalgamation of native and non-native oas coupled with a
combinatorial library design can give rise to peptides not
ordinarily found in nature, allowing for diversity of
potential pharmaceutical leads.

Ideally, drug candidates must be stable within the
physiological environment of the body. However, the
peptidic nature of conotoxins makes them prone to degra-
dation (Craik and Adams 2007). Through peptide trunca-
tion experiments, it was established that the disruption of
secondary structures, notably the a-helix of o-conotoxin
PnlA resulted in the loss of bioactivity and increased sus-
ceptibility to disulfide bond scrambling (Jin et al. 2008).
Given the contingency of pharmacological properties with
peptide structure, efforts have been made to replace Cys-
tine bridges with more stable bonds. Walter and Du Vig-
neaud (1966) successfully incorporated Selenocysteine in
the synthesis of a potent oxytocin isolog. This strategy was
adopted in the SPPS of various conotoxins because Sele-
nocysteine bonds have a higher redox potential than
disulfide bridges allowing for greater bond stability in
reductive conditions as evidenced by the resistance of
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Selenoconotoxins  Sec[1,3]-a-conotoxin  AulB  and
Sec[2,4]-o-conotoxin AulB towards disulfide scrambling
by glutathione and rat plasma (Muttenthaler et al. 2010;
Table 10). Selenocysteine is an isosteric substitute for
Cysteine with greater nucleophilicity, translating to a
preferential formation of diselenide over disulfide bonds in
acidic conditions, a beneficial attribute in directed bond-
formation strategies (de Araujo et al. 2011). Studies on
[SecS,SeCIl,Nle7]-end0thelin indicate that it shared the
same folding propensity, comparable structural conforma-
tion, and bioactivity as endothelin-1 (Pegoraro et al. 1998).
Similar results were observed for the Selenocysteine-ana-
logs of a-conotoxin Iml (Armishaw et al. 2006; Table 10).

Alternatively, allylglycine may also be used as a Cys-
teine substitute, creating an unsaturated, non-reducible
dicarba linkage after joining of two allyl groups (MacRaild
et al. 2009). Like diselenide bridges, this strategy has been
incorporated in the synthesis of bioactive peptides such as
oxytocin (Oka et al. 1975) and has since been applied to
conotoxins. McRaild et al. (2009) synthesized a dicarba-
analog of o-conotoxin Iml and found 2 isomers repre-
senting a cis and trans dicarba configuration (Table 10).
This difference in geometry accounted for the divergent
activities of the two isomers against rat o7 nAChRs and
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their loss of potency at inhibiting catecholamine release
from bovine chromaffin cells as compared with the native
peptide (MacRaild et al. 2009). Other disulfide replace-
ments that hold promise include thioether and lactam
bridges, which were demonstrated using o-conotoxin GI
and SI, respectively. The thioether analog of o-GI was
found to be less potent than its native counterpart. Inter-
estingly, the lactam-bridged o-SI analogs exhibited various
degrees of bioactivity ranging from complete loss, mod-
erate loss, and augmentation of bioactivity depending on
the Cys—Cys combination that the lactam bridge replaced
(Bondebjerg et al. 2003; Hargittai et al. 2000).

As key aa residues to receptor-ligand interactions are
identified, peptide backbone substitutions deviate from oois
to chemical moieties that act as spacers that maintain the
spatial positions of key amino residues in their interaction
with target receptors. This innovative peptide prosthesis
approach has seen success with p-conotoxin SIIIA and
KIITA using amino-3-oxapentanoic acid as a flexible pep-
tide backbone substitute for various amino acids (Green
et al. 2007; Han et al. 2009; Table 10). The creation of
these peptide—polymer amalgamations marks a shift to
minimalistic peptide-analog design while maintaining
maximal pharmacological efficacy, the impetus for the
creation of peptidomimetics, or more specifically
‘conomimetics’.

Conclusions/future perspectives

Characterizing and identifying the array of PTMs comes
part and parcel with conovenomic analysis. The inherent
challenges in PTM identification necessitate a concerted
approach between classical biochemical techniques and
novel proteomic and genomic methodologies. It is only
through these combined, complementary, deductive, and,
and analytical procedures that researchers have been able
to gain the necessary supporting evidence for confirmation
of the occurrence and positioning of these PTMs. The
complexity of peptides within these venoms makes it likely
that other PTMs remain to be discovered. A vigilant and
methodical approach is essential to PTM analysis.

The relatively small conopeptides provide a unique
opportunity to develop novel techniques, confirm efficacy
of methods, and help to understand PTM importance in
biological function. Research expanding upon the funda-
mental 20 building blocks of biological form and function
in Conus has not only yielded great insight but also leads
investigators to acknowledge the fragmented understanding
of this field.

Acknowledgments We wish to acknowledge the past and continued
financial support from USDA TSTAR (# 2009-34135-20067) &

HATCH (HAW00595-R)(J-P.B) which have helped expand our own
horizons in understanding the importance of conotoxin/conopeptide
post-translational modifications.

Conflict of interest The authors state that there is no conflict of
interest.

References

Adams DJ, Alewood PF, Craik DJ, Drinkwater RD, Lewis RJ (1999)
Conotoxins and their potential pharmaceutical applications.
Drug Dev Res 46(3—4):219-234

Aguilar MB, Lépez-Vera E, Ortiz E, Becerril B, Possani LD, Olivera
BM, Heimer de la Cotera EP (2005) A novel conotoxin from Conus
delessertii with posttranslationally modified lysine residuest.
Biochemistry 44(33):11130-11136. doi:10.1021/bi050518]1

Aguilar MB, Luna-Ramirez KS, Echeverria D, Falcon A, Olivera
BM, Heimer de la Cotera EP, Maillo M (2008) Conorfamide-
Sr2, a gamma-carboxyglutamate-containing FMRFamide-related
peptide from the venom of Conus spurius with activity in mice
and mollusks. Peptides 29(2):186-195. doi:10.1016/j.peptides.
2007.09.022

Aktimur A, Gabriel MA, Gailani D, Toomey JR (2003) The factor IX
gamma-carboxyglutamic acid (Gla) domain is involved in
interactions between factor IX and factor XlIa. J Biol Chem
278(10):7981-7987. doi:10.1074/jbc.M212748200

Alewood D, Birinyi-Strachan LC, Pallaghy PK, Norton RS, Nichol-
son GM, Alewood PF (2003) Synthesis and characterization of
delta-atracotoxin-Arla, the lethal neurotoxin from venom of the
Sydney funnel-web spider (Afrax robustus). Biochemistry
42(44):12933-12940. doi:10.1021/bi03009 1n

Armishaw CJ, Alewood PF (2005) Conotoxins as research tools and
drug leads. Curr Prot Pept Sci 6(3):221-240

Armishaw CJ, Daly NL, Nevin ST, Adams DJ, Craik DJ, Alewood PF
(2006) Alpha-selenoconotoxins, a new class of potent alpha7
neuronal nicotinic receptor antagonists. J Biol Chem
281(20):14136-14143. doi:10.1074/jbc.M512419200

Armishaw CJ, Singh N, Medina-Franco JL, Clark RJ, Scott KC,
Houghten RA, Jensen AA (2010) A synthetic combinatorial
strategy for developing-Conotoxin analogs as potent 7 nicotinic
acetylcholine  receptor  antagonists. J  Biol = Chem
285(3):1809-1821. doi:10.1074/jbc.M109.071183

Bandyopadhyay PK, Colledge CJ, Walker CS, Zhou LM, Hillyard
DR, Olivera BM (1998) Conantokin-G precursor and its role in
gamma-carboxylation by a vitamin K-dependent carboxylase
from a Conus snail. J Biol Chem 273(10):5447-5450

Bandyopadhyay PK, Garrett JE, Shetty RP, Keate T, Walker CS,
Olivera BM (2002) gamma-Glutamyl carboxylation: an extra-
cellular posttranslational modification that antedates the diver-
gence of molluscs, arthropods, and chordates. Proc Natl Acad
Sci USA 99(3):1264-1269. doi:10.1073/pnas.022637099

Begley GS, Furie BC, Czerwiec E, Taylor KL, Furie GL, Bronstein L,
Stenflo J, Furie B (2000) A conserved motif within the vitamin
K-dependent carboxylase gene is widely distributed across
animal phyla. J Biol Chem 275(46):36245-36249. doi:10.1074/
jbc.M003944200

Bhatia S, Kil YJ, Ueberheide B, Chait BT, Tayo L, Cruz L, Lu B,
Yates JR, Bern M (2012) Constrained De Novo Sequencing of
Conotoxins. J Proteome Res 11(8):4191-4200. doi:10.1021/
pr300312h

Bingham JP, Broxton NM, Livett BG, Down JG, Jones A, Moczyd-
lowski EG (2005) Optimizing the connectivity in disulfide-rich
peptides: a-conotoxin SII as a case study. Anal Biochem
338(1):48-61. doi:10.1016/j.ab.2004.10.001

@ Springer


http://dx.doi.org/10.1021/bi050518l
http://dx.doi.org/10.1016/j.peptides.2007.09.022
http://dx.doi.org/10.1016/j.peptides.2007.09.022
http://dx.doi.org/10.1074/jbc.M212748200
http://dx.doi.org/10.1021/bi030091n
http://dx.doi.org/10.1074/jbc.M512419200
http://dx.doi.org/10.1074/jbc.M109.071183
http://dx.doi.org/10.1073/pnas.022637099
http://dx.doi.org/10.1074/jbc.M003944200
http://dx.doi.org/10.1074/jbc.M003944200
http://dx.doi.org/10.1021/pr300312h
http://dx.doi.org/10.1021/pr300312h
http://dx.doi.org/10.1016/j.ab.2004.10.001

148

M. J. Espiritu et al.

Bingham JP, Mitsunaga E, Bergeron ZL (2010) Drugs from slugs—
past, present and future perspectives of omega-conotoxin
research. Chem Biol Interact 183(1):1-18. doi:10.1016/j.cbi.
2009.09.021

Bingham JP, Andrews EA, Kiyabu SM, Cabalteja CC (2012) Drugs
from slugs. Part II- conopeptide bioengineering. Chem Biol
Interact 200(2-3):92—-113. doi:10.1016/j.¢bi.2012.09.021

Bondebjerg J, Grunnet M, Jespersen T, Meldal M (2003) Solid-phase
synthesis and biological activity of a thioether analogue of
conotoxin G1. ChemBioChem 4(2-3):186-194

Buczek O, Bulaj G, Olivera BM (2005a) Conotoxins and the
posttranslational modification of secreted gene products. Cell Mol
Life Sci 62(24):3067-3079. doi:10.1007/s00018-005-5283-0

Buczek O, Yoshikami D, Bulaj G, Jimenez EC, Olivera BM (2005b)
Post-translational amino acid isomerization: a functionally
important D-amino acid in an excitatory peptide. J Biol Chem
280(6):4247-4253. doi:10.1074/jbc.M405835200

Buczek O, Yoshikami D, Watkins M, Bulaj G, Jimenez EC, Olivera
BM (2005¢) Characterization of D-amino-acid-containing excit-
atory conotoxins and redefinition of the I-conotoxin superfamily.
FEBS J 272(16):4178-4188. doi:10.1111/j.1742-4658.2005.
04830.x

Buczek O, Jimenez EC, Yoshikami D, Imperial JS, Watkins M,
Morrison A, Olivera BM (2008) I(1)-superfamily conotoxins and
prediction of single D-amino acid occurrence. Toxicon
51(2):218-229. doi:10.1016/j.toxicon.2007.09.006

Bulaj G, Buczek O, Goodsell I, Jimenez EC, Kranski J, Nielsen JS,
Garrett JE, Olivera BM (2003) Efficient oxidative folding of
conotoxins and the radiation of venomous cone snails. Proc Natl
Acad Sci USA 100(Suppl 2):14562-14568

Chelius D, Jing K, Lueras A, Rehder DS, Dillon TM, Vizel A, Rajan
RS, Li T, Treuheit MJ, Bondarenko PV (2006) Formation of
pyroglutamic acid from N-terminal glutamic acid in immuno-
globulin gamma antibodies. Anal Chem 78(7):2370-2376.
doi:10.1021/ac051827k

Chun JB, Baker MR, Kim do H, Leroy M, Toribo P, Bingham JP
(2012) Cone snail milked venom dynamics: a quantitative study
of Conus purpurascens. Toxicon 60(1):83-94. doi:10.1016/j.
toxicon.2012.03.019

Craig AG, Jimenez EC, Dykert J, Nielsen DB, Gulyas J, Abogadie
FC, Porter J, Rivier JE, Cruz LJ, Olivera BM, McIntosh JM
(1997) A novel post-translational modification involving bro-
mination of tryptophan. J Biol Chem 272(8):4689-4698. doi:10.
1074/jbc.272.8.4689

Craig AG, Zafaralla G, Cruz LJ, Santos AD, Hillyard DR, Dykert J,
Rivier JE, Gray WR, Imperial J, DelaCruz RG, Sporning A,
Terlau H, West PJ, Yoshikami D, Olivera BM (1998) An
O-glycosylated neuroexcitatory Conus peptidef. Biochemistry
37(46):16019-16025. doi:10.1021/b1981690a

Craig A, Norberg T, Griffin D, Hoeger C, Akhtar M, Schmidt K, Low
W, Dykert J, Richelson E, Navarro V, Mazella J, Watkins M,
Hillyard D, Imperial J, Cruz L, Olivera B (1999) Contulakin-G,
an O-glycosylated invertebrate neurotensin. J Biol Chem
13752-13759

Craig AG, Bandyopadhyay P, Olivera BM (1999b) Post-translation-
ally modified neuropeptides from Conus venoms. Eur J Biochem
264(2):271-275. doi:10.1046/j.1432-1327.1999.00624.x

Craig AG, Park M, Fischer WH, Kang J, Compain P, Piller F (2001)
Enzymatic glycosylation of contulakin-G, a glycopeptide iso-
lated from Conus venom, with a mammalian ppGalNAc-
transferase. Toxicon 39(6):809-815

Craik DJ, Adams DJ (2007) Chemical modification of conotoxins to
improve stability and activity. ACS Chem Biol 2(7):457-468.
doi:10.1021/cb700091j

Czerwiec E, Begley GS, Bronstein M, Stenflo J, Taylor K, Furie BC,
Furie B (2002) Expression and characterization of recombinant

@ Springer

vitamin K-dependent gamma-glutamyl carboxylase from an
invertebrate, Conus textile. Eur J Biochem 269(24):6162-6172

Czerwiec E, Kalume DE, Roepstorff P, Hambe B, Furie B, Furie BC,
Stenflo J (2006) Novel gamma-carboxyglutamic acid-containing
peptides from the venom of Conus textile. FEBS J
273(12):2779-2788. doi:10.1111/j.1742-4658.2006.05294.x

de Araujo AD, Callaghan B, Nevin ST, Daly NL, Craik DJ, Moretta
M, Hopping G, Christie MJ, Adams DJ, Alewood PF (2011)
Total synthesis of the analgesic conotoxin MrVIB through
selenocysteine-assisted folding. Angew Chem Int Ed Engl
50(29):6527-6529. doi:10.1002/anie.201101642

Donevan SD, McCabe RT (2000) Conantokin G is an NR2B-selective
competitive antagonist of N-methyl-D-aspartate receptors. Mol
Pharmacol 58(3):614-623

Durieux C, Belleney J, Lallemand J-Y, Roques BP, Fournie-Zaluski
M-C (1983) 1H NMR conformational study of sulfated and non-
sulfated cholecystokinin fragment CCK27-33: influence of the
sulfate group on the peptide folding. Biochem Biophys Res
Commun 114(2):705-712. doi:10.1016/0006-291X(83)90838-0

Dutton JL, Bansal PS, Hogg RC, Adams DJ, Alewood PF, Craik DJ
(2002) A new level of conotoxin diversity, a non-native disulfide
bond connectivity in alpha-conotoxin AulB reduces structural
definition but increases biological activity. J Biol Chem
277(50):48849-48857. doi:10.1074/jbc.M208842200

Elliger CA, Richmond TA, Lebaric ZN, Pierce NT, Sweedler JV,
Gilly WF (2011) Diversity of conotoxin types from Conus
californicus reflects a diversity of prey types and a novel
evolutionary history. Toxicon 57(2):311-322. doi:10.1016/j.
toxicon.2010.12.008

Esmon CT, Sadowski JA, Suttie JW (1975) A new carboxylation
reaction. The vitamin K-dependent incorporation of H-14-CO3-
into prothrombin. J Biol Chem 250(12):4744-4748

Fainzilber M, Hasson A, Oren R, Burlingame AL, Gordon D, Spira
ME, Zlotkin E (1994) New mollusc-specific alpha-conotoxins
block Aplysia neuronal acetylcholine receptors. Biochemistry
33(32):9523-9529

Favreau P, Krimm I, Le Gall F, Bobenrieth MJ, Lamthanh H, Bouet
F, Servent D, Molgo J, Menez A, Letourneux Y, Lancelin JM
(1999) Biochemical characterization and nuclear magnetic
resonance structure of novel alpha-conotoxins isolated from
the venom of Conus consors. Biochemistry 38(19):6317-6326.
doi:10.1021/bi982817z

Fischer WH, Spies J (1987) Identification of a mammalian glutarmi-
nyl cyclase converting glutaminyl into pyroglutamyl peptides.
Proc Natl Acad Sci 3628-3632

Flinn JP, Pallaghy PK, Lew MJ, Murphy R, Angus JA, Norton RS
(1999) Role of disulfide bridges in the folding, structure and
biological activity of omega-conotoxin GVIA. Biochim Biophys
Acta 1434(1):177-190

Frank H, Nicholson GJ, Bayer E (1977) Rapid gas chromatographic
separation of amino acid enantiomers with a novel chiral
stationary phase. J Chromatogr Sci 15(5):174-176. doi:10.1093/
chromsci/15.5.174

Gerwig GJ, Hocking HG, Stocklin R, Kamerling JP, Boelens R
(2013) Glycosylation of Conotoxins. Mar Drugs 11(3):623-642

Gorres KL, Raines RT (2010) Prolyl 4-hydroxylase. Crit Rev Biochem
Mol Biol 45(2):106-124. doi:10.3109/10409231003627991

Grant GA (2002) Synthetic peptides, II edn. Oxford University Press,
New York

Gray WR (1993) Disulfide structures of highly bridged peptides: a
new strategy for analysis. Protein Sci 2(10):1732-1748

Gray W, Hartley B (1963) The structure of a chymotryptic peptide
from Pseudomonas cytochrome C-551. Biochem J 89:379

Gray WR, Luque A, Olivera BM, Barrett J, Cruz LJ (1981) Peptide
toxins from Conus geographus venom. J Biol Chem
256(10):4734-4740


http://dx.doi.org/10.1016/j.cbi.2009.09.021
http://dx.doi.org/10.1016/j.cbi.2009.09.021
http://dx.doi.org/10.1016/j.cbi.2012.09.021
http://dx.doi.org/10.1007/s00018-005-5283-0
http://dx.doi.org/10.1074/jbc.M405835200
http://dx.doi.org/10.1111/j.1742-4658.2005.04830.x
http://dx.doi.org/10.1111/j.1742-4658.2005.04830.x
http://dx.doi.org/10.1016/j.toxicon.2007.09.006
http://dx.doi.org/10.1021/ac051827k
http://dx.doi.org/10.1016/j.toxicon.2012.03.019
http://dx.doi.org/10.1016/j.toxicon.2012.03.019
http://dx.doi.org/10.1074/jbc.272.8.4689
http://dx.doi.org/10.1074/jbc.272.8.4689
http://dx.doi.org/10.1021/bi981690a
http://dx.doi.org/10.1046/j.1432-1327.1999.00624.x
http://dx.doi.org/10.1021/cb700091j
http://dx.doi.org/10.1111/j.1742-4658.2006.05294.x
http://dx.doi.org/10.1002/anie.201101642
http://dx.doi.org/10.1016/0006-291X(83)90838-0
http://dx.doi.org/10.1074/jbc.M208842200
http://dx.doi.org/10.1016/j.toxicon.2010.12.008
http://dx.doi.org/10.1016/j.toxicon.2010.12.008
http://dx.doi.org/10.1021/bi982817z
http://dx.doi.org/10.1093/chromsci/15.5.174
http://dx.doi.org/10.1093/chromsci/15.5.174
http://dx.doi.org/10.3109/10409231003627991

Incorporation of post-translational modified amino acids

149

Green BR, Catlin P, Zhang MM, Fiedler B, Bayudan W, Morrison A,
Norton RS, Smith BJ, Yoshikami D, Olivera BM, Bulaj G (2007)
Conotoxins containing nonnatural backbone spacers: cladistic-
based design, chemical synthesis, and improved analgesic
activity. Chem Biol 14(4):9. doi:10.1016/j.chembiol.2007.02.
009

Han Y, Huang F, Jiang H, Liu L, Wang Q, Wang Y, Shao X, Chi C,
Du W, Wang C (2008) Purification and structural characteriza-
tion of a D-amino acid-containing conopeptide, conomarphin,
from Conus marmoreus. FEBS J 275(9):1976-1987. doi:10.
1111/5.1742-4658.2008.06352.x

Han TS, Zhang MM, Walewska A, Gruszczynski P, Robertson CR,
Cheatham TE, Yoshikami D, Olivera BM, Bulaj G (2009)
Structurally minimized mu-conotoxin analogues as sodium
channel blockers: implications for designing conopeptide-based
therapeutics. ChemMedChem 4(3):406—414. doi:10.1002/cmdc.
200800292

Hansson K, Ma X, Eliasson L, Czerwiec E, Furie B, Furie BC,
Rorsman P, Stenflo J (2004) The first gamma-carboxyglutamic
acid-containing contryphan. A selective L-type calcium ion
channel blocker isolated from the venom of Conus marmoreus.
J Biol Chem 279(31):32453-32463.  doi:10.1074/jbc.
M313825200

Hargittai B, Sole NA, Groebe DR, Abramson SN, Barany G (2000)
Chemical syntheses and biological activities of lactam analogues
of alpha-conotoxin SI. ] Med Chem 43(25):4787-4792

Hashiguchi T, Sakakibara Y, Hara Y, Shimohira T, Kurogi K, Akashi
R, Liu MC, Suiko M (2013) Identification and characterization
of a novel kaempferol sulfotransferase from Arabidopsis thali-
ana. Biochem Biophys Res Commun 434(4):829-835. doi:10.
1016/j.bbrc.2013.04.022

Hocking HG, Gerwig GJ, Dutertre S, Violette A, Favreau P, Stocklin
R, Kamerling JP, Boelens R (2013) Structure of the O-glycos-
ylated conopeptide CcTx from Conus consors venom. Chem A
Eur J 19(3):870-879. do0i:10.1002/chem.201202713

Hogg RC, Miranda LP, Craik DJ, Lewis RJ, Alewood PF, Adams DJ
(1999) Single amino acid substitutions in a-conotoxin PnIA shift
selectivity for subtypes of the mammalian neuronal nicotinic
acetylcholine receptor. J Biol Chem 274(51):36559-36564

Huebner VD, Jiang RL, Lee TD, Legesse K, Walsh JH, Shively JE,
Chew P, Azumi T, Reeve JR Jr (1991) Purification and structural
characterization of progastrin-derived peptides from a human
gastrinoma. J Biol Chem 266(19):12223-12227

Jimenez EC (2009) Conantokins: from “sleeper” activity to drug
development. Philipp Sci Lett 2:60-66

Jimenez EC, Craig AG, Watkins M, Hillyard DR, Gray WR, Gulyas J,
Rivier JE, Cruz LJ, Olivera BM (1997) Bromocontryphan: post-
translational ~ bromination of tryptophant. Biochemistry
36(5):989-994. doi:10.1021/bi962840p

Jin A-H, Brandstaetter H, Nevin ST, Tan CC, Clark RJ, Adams DJ,
Alewood PF, Craik DJ, Daly NL (2007) Structure of o-conotoxin
BulA: influences of disulfide connectivity on structural dynam-
ics. BMC Struct Biol 7(1):28

Jin AH, Daly NL, Nevin ST, Wang CI, Dutertre S, Lewis RJ, Adams
DJ, Craik DJ, Alewood PF (2008) Molecular engineering of
conotoxins: the importance of loop size to alpha-conotoxin
structure and function. J Med Chem 51(18):5575-5584. doi:10.
1021/jm800278k

Johnson DS, Martinez J, Elgoyhen AB, Heinemann SF, McIntosh M
(1995) alpha-Conotoxin Iml exhibits subtype-specific nicotinic
acetylcholine receptor blockade: preferential inhibition of ho-
momeric alpha 7 and alpha 9 receptors. Mol Pharmacol
48(2):194-199

Jones A, Bingham JP, Gehrmann J, Bond T, Loughnan M, Atkins A,
Lewis RJ, Alewood PF (1996) Isolation and characterization of
conopeptides by high-performance liquid chromatography

combined with mass spectrometry and tandem mass spectrom-
etry. Rapid Commun Mass Spectrom 10(1):138-143

Kaas Q, Yu R, Jin AH, Dutertre S, Craik DJ (2012) ConoServer:
updated content, knowledge, and discovery tools in the cono-
peptide database. Nucleic Acids Res 40(Database issue):D325—
D330. doi:10.1093/nar/gkr886

Kang J, Low W, Norberg T, Meisenhelder J, Hansson K, Stenflo J,
Zhou GP, Imperial J, Olivera BM, Rigby AC, Craig AG (2004)
Total chemical synthesis and NMR characterization of the
glycopeptide tx5a, a heavily post-translationally modified cono-
toxin, reveals that the glycan structure is alpha-D-Gal-(1 — 3)-
alpha-D-GalNAc. Eur J Biochem 271(23-24):4939-4949.
doi:10.1111/j.1432-1033.2004.04464.x

Kang TS, Vivekanandan S, Jois SDS, Kini RM (2005) Effect of
C-terminal amidation on folding and disulfide-pairing of o-
conotoxin Iml. Angew Chem Int Ed 44(39):6333-6337. doi:10.
1002/anie.200502300

Kang TS, Radic Z, Talley TT, Jois SD, Taylor P, Kini RM (2007)
Protein folding determinants: structural features determining
alternative disulfide pairing in alpha- and chi/lambda-conotox-
ins. Biochemistry 46(11):3338-3355. doi:10.1021/bi0619690

Kapono CA, Thapa P, Cabalteja CC, Guendisch D, Collier AC,
Bingham JP (2013) Conotoxin truncation as a post-translational
modification to increase the pharmacological diversity within the
milked venom of Conus magus. Toxicon 70:170-178. doi:10.
1016/j.toxicon.2013.04.022

Kasheverov IE, Zhmak MN, Khruschov AY, Tsetlin VI (2011)
Design of new alpha-conotoxins: from computer modeling to
synthesis of potent cholinergic compounds. Mar Drugs
9(10):1698-1714. doi:10.3390/md9101698

Kehoe JW, Bertozzi CR (2000) Tyrosine sulfation: a modulator of
extracellular protein-protein interactions. Chem Biol 7(3):R57-
R61

Khoo KK, Feng Z-P, Smith BJ, Zhang M-M, Yoshikami D, Olivera
BM, Bulaj G, Norton RS (2009) Structure of the analgesic p-
conotoxin KIITA and effects on the structure and function of
disulfide deletiontf. Biochemistry 48(6):1210-1219

Khoo KK, Gupta K, Green BR, Zhang MM, Watkins M, Olivera BM,
Balaram P, Yoshikami D, Bulaj G, Norton RS (2012) Distinct
disulfide isomers of mu-conotoxins KIIIA and KIIIB block
voltage-gated sodium channels. Biochemistry 51(49):9826—
9835. doi:10.1021/bi301256s

Klein RC, Prorok M, Galdzicki Z, Castellino FJ (2001) The amino acid
residue at sequence position 5 in the conantokin peptides partially
governs subunit-selective antagonism of recombinant N-methyl-d-
aspartate receptors. J Biol Chem 276(29):26860-26867

Kreil G (1997) D-amino acids in animal peptides. Annu Rev Biochem
66:337-345. doi:10.1146/annurev.biochem.66.1.337

Kuyama H, Nakajima C, Nakazawa T, Nishimura O, Tsunasawa S
(2009) A new approach for detecting C-terminal amidation of
proteins and peptides by mass spectrometry in conjunction with
chemical derivatization. Proteomics 9(16):4063-4070. doi:10.
1002/pmic.200900267

Langrock T, Czihal P, Hoffmann R (2006) Amino acid analysis by
hydrophilic interaction chromatography coupled on-line to
electrospray ionization mass spectrometry. Amino Acids
30(3):291-297. doi:10.1007/s00726-005-0300-z

Lopez-Vera E, Walewska A, Skalicky JJ, Olivera BM, Bulaj G (2008)
Role of hydroxyprolines in the in vitro oxidative folding and
biological activity of conotoxinst. Biochemistry
47(6):1741-1751. doi:10.1021/bi701934m

Loughnan M, Bond T, Atkins A, Cuevas J, Adams DJ, Broxton NM,
Livett BG, Down JG, Jones A, Alewood PF, Lewis RJ (1998)
alpha-conotoxin Epl, a novel sulfated peptide from Conus
episcopatus that selectively targets neuronal nicotinic acetyl-
choline receptors. J Biol Chem 273(25):15667-15674

@ Springer


http://dx.doi.org/10.1016/j.chembiol.2007.02.009
http://dx.doi.org/10.1016/j.chembiol.2007.02.009
http://dx.doi.org/10.1111/j.1742-4658.2008.06352.x
http://dx.doi.org/10.1111/j.1742-4658.2008.06352.x
http://dx.doi.org/10.1002/cmdc.200800292
http://dx.doi.org/10.1002/cmdc.200800292
http://dx.doi.org/10.1074/jbc.M313825200
http://dx.doi.org/10.1074/jbc.M313825200
http://dx.doi.org/10.1016/j.bbrc.2013.04.022
http://dx.doi.org/10.1016/j.bbrc.2013.04.022
http://dx.doi.org/10.1002/chem.201202713
http://dx.doi.org/10.1021/bi962840p
http://dx.doi.org/10.1021/jm800278k
http://dx.doi.org/10.1021/jm800278k
http://dx.doi.org/10.1093/nar/gkr886
http://dx.doi.org/10.1111/j.1432-1033.2004.04464.x
http://dx.doi.org/10.1002/anie.200502300
http://dx.doi.org/10.1002/anie.200502300
http://dx.doi.org/10.1021/bi061969o
http://dx.doi.org/10.1016/j.toxicon.2013.04.022
http://dx.doi.org/10.1016/j.toxicon.2013.04.022
http://dx.doi.org/10.3390/md9101698
http://dx.doi.org/10.1021/bi301256s
http://dx.doi.org/10.1146/annurev.biochem.66.1.337
http://dx.doi.org/10.1002/pmic.200900267
http://dx.doi.org/10.1002/pmic.200900267
http://dx.doi.org/10.1007/s00726-005-0300-z
http://dx.doi.org/10.1021/bi701934m

150

M. J. Espiritu et al.

Loughnan ML, Nicke A, Jones A, Adams DJ, Alewood PF, Lewis RJ
(2004) Chemical and functional identification and characteriza-
tion of novel sulfated alpha-conotoxins from the cone snail
Conus anemone. J Med Chem 47(5):1234-1241. doi:10.1021/
jm0310100

Loughnan ML, Nicke A, Lawrence N, Lewis RJ (2009) Novel alpha
D-conopeptides and their precursors identified by cDNA cloning
define the D-conotoxin superfamily. Biochemistry 48(17):
3717-3729. doi:10.1021/bi9000326

Luo S, Nguyen TA, Cartier GE, Olivera BM, Yoshikami D, McIntosh
IM (1999) Single-residue alteration in alpha-conotoxin PnIA
switches its nAChR subtype selectivity. Biochemistry
38(44):14542-14548

MacRaild CA, Illesinghe J, van Lierop BJ, Townsend AL, Chebib M,
Livett BG, Robinson AJ, Norton RS (2009) Structure and
activity of (2,8)-dicarba-(3,12)-cystino alpha-Iml, an alpha-
conotoxin containing a nonreducible cystine analogue. J Med
Chem 52(3):755-762. doi:10.1021/jm8011504

Malmberg AB, Gilbert H, McCabe RT, Basbaum AI (2003) Powerful
antinociceptive effects of the cone snail venom-derived subtype-
selective NMDA receptor antagonists conantokins G and T. Pain
101(1-2):109-116

Mandal A, Ramasamy M, Sabareesh V, Openshaw M, Krishnan K,
Balaram P (2007) Sequencing of T-superfamily conotoxins from
Conus virgo: pyroglutamic acid identification and disulfide
arrangement by MALDI mass spectrometry. J Am Soc Mass
Spectrosc 1396-1404

MclIntosh JM, Olivera BM, Cruz L, Gray W (1984) Gamma-
carboxyglutamate in a neuroactive toxin. J Biol Chem
259(23):14343-14346

MclIntosh JM, Yoshikami D, Mahe E, Nielsen DB, Rivier JE, Gray
WR, Olivera BM (1994) A nicotinic acetylcholine receptor
ligand of unique specificity, alpha-conotoxin Iml. J Biol Chem
269(24):16733-16739

Mohammed Y1, Kurogi K, Shaban AA, Xu Z, Liu MY, Williams FE,
Sakakibara Y, Suiko M, Bhuiyan S, Liu MC (2012) Identifica-
tion and characterization of zebrafish SULT1 ST9, SULT3 ST4,
and SULT3 STS. Aquat Toxicol 112-113:11-18. doi:10.1016/j.
aquatox.2012.01.015

Muttenthaler M, Nevin ST, Grishin AA, Ngo ST, Choy PT, Daly NL,
Hu SH, Armishaw CJ, Wang CI, Lewis RJ, Martin JL, Noakes
PG, Craik DJ, Adams DJ, Alewood PF (2010) Solving the alpha-
conotoxin folding problem: efficient selenium-directed on-resin
generation of more potent and stable nicotinic acetylcholine
receptor antagonists. J Am Chem Soc 132(10):3514-3522.
doi:10.1021/ja910602h

Nair SS, Nilsson CL, Emmett MR, Schaub TM, Gowd KH, Thakur
SS, Krishnan KS, Balaram P, Marshall AG (2006) De novo
sequencing and disulfide mapping of a bromotryptophan-
containing conotoxin by Fourier transform ion cyclotron reso-
nance mass spectrometry. Anal Chem 78(23):8082-8088. doi:10.
1021/ac0607764

Nakamura T, Yu Z, Fainzilber M, Burlingame AL (1996) Mass
spectrometric-based revision of the structure of a cysteine-rich
peptide toxin with gamma-carboxyglutamic acid, TxVIIA, from
the sea snail, Conus textile. Protein Sci 5(3):524-530. doi:10.
1002/pro.5560050315

Nelson DL, Lehninger AL, Cox MM (2008) Lehninger principles of
biochemistry. Macmillan, NY

Nevin ST, Clark RJ, Klimis H, Christie MJ, Craik DJ, Adams DJ
(2007) Are alpha9 alphalO nicotinic acetylcholine receptors a
pain target for alpha-conotoxins? Mol Pharmacol 72(6):1406—
1410. doi:10.1124/mol.107.040568

Nielsen KJ, Watson M, Adams DJ, Hammarstrom AK, Gage PW, Hill
JM, Craik DJ, Thomas L, Adams D, Alewood PF, Lewis RJ
(2002) Solution structure of p-conotoxin PIIIA, a preferential

@ Springer

inhibitor of persistent tetrodotoxin-sensitive sodium channels.
J Biol Chem 277(30):27247-27255. doi:10.1074/jbc.M201611200

Nishiuchi Y, Sakakibara S (1982) Primary and secondary structure of
conotoxin GI, a neurotoxic tridecapeptide from a marine snail.
FEBS Lett 148(2):260-262

Noiva R, Lennarz W (1992) Protein disulfide isomerase. A multi-
functional protein resident in the lumen of the endoplasmic
reticulum. J Biol Chem 267(6):3553-3556

Oka T, Nakanishi A, Okada T (1975) Studies on pharmacological and
biochemical properties of deamino-dicarba-[GLY-7]-oxytocin
(Y-5350). Jpn J Pharmacol 25(1):15-24

Onnerfjord P, Heathfield TF, Heinegard D (2004) Identification of
tyrosine sulfation in extracellular leucine-rich repeat proteins
using mass spectrometry. J Biol Chem 279(1):26-33. doi:10.
1074/jbc.M308689200

Pegoraro S, Fiori S, Rudolph-Bohner S, Watanabe TX, Moroder L
(1998) Isomorphous replacement of cystine with selenocystine in
endothelin: oxidative refolding, biological and conformational
properties of [Sec3, Secll, Nle7]-endothelin-1. J Mol Biol
284(3):779-792. doi:10.1006/jmbi.1998.2189

Pisarewicz K, Mora D, Pflueger FC, Fields GB, Mari F (2005)
Polypeptide chains containing d-y-hydroxyvaline. J] Am Chem
Soc 127(17):6207-6215. doi:10.1021/ja050088m

Price PA, Otsuka AA, Poser JW, Kristaponis J, Raman N (1976)
Characterization of a gamma-carboxyglutamic acid-containing
protein from bone. Proc Natl Acad Sci USA 73(5):1447-1451

Price-Carter M, Gray WR, Goldenberg DP (1996) Folding of -
conotoxins. 2. Influence of precursor sequences and protein
disulfide isomerasef. Biochemistry 35(48):15547-15557. doi:10.
1021/b19615755

Quinton L, Gilles N, De Pauw E (2009) TxXIIIA, an atypical
homodimeric conotoxin found in the Conus textile venom.
J Proteomics 72(2):219-226. doi:10.1016/j.jprot.2009.01.021

Rigby AC, Lucas-Meunier E, Kalume DE, Czerwiec E, Hambe B,
Dahlqvist I, Fossier P, Baux G, Roepstorff P, Baleja JD, Furie
BC, Furie B, Stenflo J (1999) A conotoxin from Conus textile
with unusual posttranslational modifications reduces presynaptic
Ca”* influx. Proc Natl Acad Sci 96(10):5758-5763. doi:10.1073/
pnas.96.10.5758

Sabatier JM, Lecomte C, Mabrouk K, Darbon H, Oughideni R,
Canarelli S, Rochat H, Martin-Eauclaire MF, van Rietschoten J
(1996) Synthesis and characterization of leiurotoxin I analogs
lacking one disulfide bridge: evidence that disulfide pairing 3-21
is not required for full toxin activity. Biochemistry
35(33):10641-10647. doi:10.1021/bi960533dbi960533d

Safavi-Hemami H, Bulaj G, Olivera BM, Williamson NA, Purcell AW
(2010) Identification of Conus peptidylprolyl cis-trans isomerases
(PPIases) and assessment of their role in the oxidative folding of
conotoxins. J Biol Chem 285(17):12735-12746. doi:10.1074/jbc.
M109.078691

Santos AD, McIntosh JM, Hillyard DR, Cruz LJ, Olivera BM (2004)
The A-superfamily of conotoxins: structural and functional
divergence. J Biol Chem 279(17):17596-17606. doi:10.1074/jbc.
M309654200

Shworak NW, Liu J, Petros LM, Zhang L, Kobayashi M, Copeland
NG, Jenkins NA, Rosenberg RD (1999) Multiple isoforms of
heparan sulfate D-glucosaminyl 3-O-sulfotransferase. Isolation,
characterization, and expression of human cDNAs and identifi-
cation of distinct genomic loci. J Biol Chem 274(8):5170-5184

Soltwisch J, Dreisewerd K (2010) Discrimination of isobaric Leucine
and Isoleucine residues and analysis of post-translational mod-
ifications in peptides by MALDI in-source decay mass spec-
trometry combined with collisional cooling. Anal Chem
82(13):5628-5635. doi:10.1021/ac1006014

Song J, Gilquin B, Jamin N, Drakopoulou E, Guenneugues M,
Dauplais M, Vita C, Menez A (1997) NMR solution structure of


http://dx.doi.org/10.1021/jm031010o
http://dx.doi.org/10.1021/jm031010o
http://dx.doi.org/10.1021/bi9000326
http://dx.doi.org/10.1021/jm8011504
http://dx.doi.org/10.1016/j.aquatox.2012.01.015
http://dx.doi.org/10.1016/j.aquatox.2012.01.015
http://dx.doi.org/10.1021/ja910602h
http://dx.doi.org/10.1021/ac0607764
http://dx.doi.org/10.1021/ac0607764
http://dx.doi.org/10.1002/pro.5560050315
http://dx.doi.org/10.1002/pro.5560050315
http://dx.doi.org/10.1124/mol.107.040568
http://dx.doi.org/10.1074/jbc.M201611200
http://dx.doi.org/10.1074/jbc.M308689200
http://dx.doi.org/10.1074/jbc.M308689200
http://dx.doi.org/10.1006/jmbi.1998.2189
http://dx.doi.org/10.1021/ja050088m
http://dx.doi.org/10.1021/bi9615755
http://dx.doi.org/10.1021/bi9615755
http://dx.doi.org/10.1016/j.jprot.2009.01.021
http://dx.doi.org/10.1073/pnas.96.10.5758
http://dx.doi.org/10.1073/pnas.96.10.5758
http://dx.doi.org/10.1021/bi960533dbi960533d
http://dx.doi.org/10.1074/jbc.M109.078691
http://dx.doi.org/10.1074/jbc.M109.078691
http://dx.doi.org/10.1074/jbc.M309654200
http://dx.doi.org/10.1074/jbc.M309654200
http://dx.doi.org/10.1021/ac1006014

Incorporation of post-translational modified amino acids

151

a two-disulfide derivative of charybdotoxin: structural evidence for
conservation of scorpion toxin alpha/beta motif and its hydrophobic
side chain packing. Biochemistry 36(13):3760-3766. doi:10.1021/
bi962720hbi962720h

Stanley TB, Stafford DW, Olivera BM, Bandyopadhyay PK (1997)
Identification of a vitamin K-dependent carboxylase in the
venom duct of a Conus snail. FEBS Lett 407(1):85-88

Steen H, Mann M (2002) Analysis of bromotryptophan and
hydroxyproline modifications by high-resolution, high-accuracy
precursor ion scanning utilizing fragment ions with mass-
deficient mass tags. Anal Chem 74(24):6230-6236

Stenflo J (1974) Vitamin K and the biosynthesis of prothrombin IV.
Vitamin K and the biosynthesis of prothrombin. IV. Isolation of
peptides containing prosthetic groups from normal prothrombin
and the corresponding peptides from dicoumarol-induced pro-
thrombin. J Biol Chem 249(17):5527-5535

Stenflo J, Fernlund P, Egan W, Roepstorff P (1974) Vitamin K
dependent modifications of glutamic acid residues in prothrom-
bin. Proc Natl Acad Sci USA 71(7):2730-2733

Tajima M, lida T, Yoshida S, Komatsu K, Namba R, Yanagi M,
Noguchi M, Okamoto H (1990) The reaction product of
peptidylglycine alpha-amidating enzyme is a hydroxyl derivative
at alpha-carbon of the carboxyl-terminal glycine. J Biol Chem
265(17):9602-9605

Teichert RW, Jimenez EC, Twede V, Watkins M, Hollmann M, Bulaj
G, Olivera BM (2007) Novel conantokins from Conus parius
venom are specific antagonists of N-methyl-D-aspartate recep-
tors. J Biol Chem 282(51):36905-36913

Terlau H, Olivera BM (2004) Conus venoms: a rich source of novel
ion channel-targeted peptides. Physiol Rev 84(1):41-68

Thakur SS, Balaram P (2007) Rapid mass spectral identification of
contryphans. Detection of characteristic peptide ions by frag-
mentation of intact disulfide-bonded peptides in crude venom.
Rapid Commun Mass Spectrom 21(21):3420-3426. doi:10.1002/
rcm.3225

Walker CS, Steel D, Jacobsen RB, Lirazan MB, Cruz LJ, Hooper D,
Shetty R, DelaCruz RC, Nielsen JS, Zhou LM, Bandyopadhyay

P, Craig AG, Olivera BM (1999) The T-superfamily of
conotoxins. J Biol Chem 274(43):30664-30671. doi:10.1074/
jbc.274.43.30664

Walter R, du Vigneaud V (1966) 1-Deamino-1, 6-L-selenocystine-
oxytocin, a highly potent isolog of 1-Deamino-oxytocinl. J Am
Chem Soc 88(6):1331-1332

Wang ZQ, Han YH, Shao XX, Chi CW, Guo ZY (2007) Molecular
cloning, expression and characterization of protein disulfide
isomerase from Conus marmoreus. FEBS J 274(18):4778-4787

Weinshilboum RM, Otterness DM, Aksoy IA, Wood TC, Her C,
Raftogianis RB (1997) Sulfation and sulfotransferases 1: sulfo-
transferase molecular biology: cDNAs and genes. FASEB J
11(1):3-14

Wolfender JL, Chu F, Ball H, Wolfender F, Fainzilber M, Baldwin
MA, Burlingame AL (1999) Identification of tyrosine sulfation
in Conus pennaceus conotoxins alpha-PnlA and alpha-PnIB:
further investigation of labile sulfo- and phosphopeptides by
electrospray,  matrix-assisted laser  desorption/ionization
(MALDI) and atmospheric pressure MALDI mass spectrometry.
J Mass Spectrom 34(4):447-454. doi:10.1002/(sici)1096-
9888(199904)34:4<447:aid-jms801>3.0.c0;2-1

Woodward SR, Cruz LJ, Olivera BM, Hillyard DR (1990) Constant
and hypervariable regions in conotoxin propeptides. EMBO J
1015-1020

Wu SM, Cheung WF, Frazier D, Stafford DW (1991) Cloning and
expression of the cDNA for human gamma-glutamyl carboxyl-
ase. Science 254(5038):1634-1636

Wu XC, Zhou M, Peng C, Shao XX, Guo ZY, Chi CW (2010) Novel
conopeptides in a form of disulfide-crosslinked dimer. Peptides
31(6):1001-1006. doi:10.1016/j.peptides.2010.03.010

Zhang M-M, Fiedler B, Green BR, Catlin P, Watkins M, Garrett JE,
Smith BJ, Yoshikami D, Olivera BM, Bulaj G (2006) Structural
and functional diversities among p-conotoxins targeting TTX-
resistant sodium channelst. Biochemistry 45(11):3723-3732.
doi:10.1021/bi052162j

@ Springer


http://dx.doi.org/10.1021/bi962720hbi962720h
http://dx.doi.org/10.1021/bi962720hbi962720h
http://dx.doi.org/10.1002/rcm.3225
http://dx.doi.org/10.1002/rcm.3225
http://dx.doi.org/10.1074/jbc.274.43.30664
http://dx.doi.org/10.1074/jbc.274.43.30664
http://dx.doi.org/10.1002/(sici)1096-9888(199904)34:4%3c447:aid-jms801%3e3.0.co;2-1
http://dx.doi.org/10.1002/(sici)1096-9888(199904)34:4%3c447:aid-jms801%3e3.0.co;2-1
http://dx.doi.org/10.1016/j.peptides.2010.03.010
http://dx.doi.org/10.1021/bi052162j

	Incorporation of post-translational modified amino acids as an approach to increase both chemical and biological diversity of conotoxins and conopeptides
	Abstract
	Introduction
	History of identification
	Original methods of post-translational modification identification/detection: a biochemical prospective
	Advanced methods of post-translational modification identification/detection

	N-terminal: pyroglutamic acid of conotoxins and conopeptides
	C-terminal: C-terminal amidation of conotoxins and conopeptides
	Disulfide bonds within conotoxins and conopeptides
	Hydroxylation of conotoxins and conopeptides
	Hydroxylation of proline in conotoxins and conopeptides
	Hydroxylation of valine in conotoxins and conopeptides
	Hydroxylation of lysine in conotoxins and conopeptides
	Isotopic identification and differentiation of hydroxyproline, leucine and isoleucine in conotoxins and conopeptides

	Carboxylation of glutamic acid in conotoxins and conopeptides
	 gamma -Carboxyglutamic acid containing non-disulfide bonded conotoxins and conopeptides
	 gamma -Carboxyglutamic acid containing disulfide bonded conotoxins and conopeptides

	Sulfation of conotoxins and conopeptides
	Bromination of conotoxins and conopeptides
	Epimerization of conotoxins and conopeptides
	Glycosylation of conotoxins and conopeptides
	Non-native amino acids: bioengineering of conotoxins and conopeptides
	Conclusions/future perspectives
	Acknowledgments
	References


