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ABSTRACT: Conopressin, a nonapeptide disulﬁde CFIRNCPKG
amide present in cone snail venom, undergoes a facile cleavage at
the Cys6−Pro7 peptide bond to yield a disulﬁde bridged b6 ion.
Analysis of the mass spectral fragmentation pattern reveals the
presence of a major fragment ion, which is unambiguously assigned
as the tripeptide sequence IRN amide. The sequence dependence
of this unusual fragmentation process has been investigated by
comparing it with the fragmentation patterns of related peptides,
oxytocin (CYIQNCPLG amide), Lys-vasopressin (CYFQNCPKG
amide), and a series of synthetic analogues. The results establish
the role of the Arg4 residue in facilitating the unusual N−Cα bond
cleavage at Cys6. Structures are proposed for a modiﬁed disulﬁde
bridged fragment containing the Cys1 and Cys6 residues. Gas-phase molecular dynamics simulations provide evidence for the
occurrence of conformational states that permit close approach of the Arg4 side chain to the Cys6 Cβ methylene protons.

■

generating the modiﬁed residue pairs of dehydroalanine AΔ
(Mr 69 Da) and cysteinepersulﬁde Cys-S-SH (Mr 135 Da)/Cys
(Mr 103 Da) and cysteinethioaldehyde Cys-CSH (Mr 101
Da).11,12 In peptides containing multiple disulﬁde bonds,
fragmentation at one or more S−S linkages can give rise to the
formation of peptide ions, which contain single disulﬁde bonds,
permitting the assignment of disulﬁde connectivity patterns.13,14
Mass spectral fragmentation of disulﬁde-bonded peptides leads
to complex product ion distributions which are often diﬃcult to
analyze. This situation is commonly encountered in the case of
peptides of unknown sequence, which are present in animal
venoms containing mixtures of disulﬁde-bonded peptides.
Interpretation of native peptide mass spectral fragmentation
patterns is formidably diﬃcult in these cases.
During the course of studies aimed at characterizing cone snail
peptide libraries from crude venom, we examined the
fragmentation behavior of conopeptides containing a single
disulﬁde bond. The conopressins are a class of peptides
containing a single disulﬁde bond formed between the Cys
residues at positions 1 and 6 in a nonapeptide sequence,
CFIRNCPKG* (Lys-conopressin, * = amidated C-termi-

INTRODUCTION
The de novo sequencing of naturally occurring peptides, by mass
spectral fragmentation of positively charged species under CID
conditions, is greatly facilitated by the observation of the
fragments arising from the predictable cleavage of the backbone
amide bonds, resulting in the formation of N-terminus b ions
and C-terminus y ions.1,2 Unusual fragmentation behavior is
rarely observed. Notably, the gas-phase cyclization and
subsequent ring opening of the b5 ion may sometimes lead to
sequence scrambling.3,4
Disulﬁde-containing peptides constitute an important class of
pharmacologically active peptide natural products, with animal
venoms providing a rich source of such peptides.5,6 Interest in
the conopressins stems from the fact that these cone snail
peptides have been shown to bind to the mammalian oxytocin/
vasopressin receptor, making them an attractive pharmacological target.7 Furthermore, conopressin-like sequences are
detectable in evolutionarily ancient organisms, suggesting that
their recruitment as neuropeptides predates their appearance as
pituitary hormones in mammals.8−10
The gas-phase fragmentation of disulﬁde-bonded peptides by
collision-induced dissociation (CID) can result in the
generation of product ions formed by two distinct pathways:
(i) cleavage at peptide bonds, internal to the disulﬁde loop,
yielding disulﬁde-bonded peptide ions, which may be viewed as
covalently linked b- and y-type fragments; (ii) cleavage of the
disulﬁde bond by either Cys-Cα−H proton abstraction (αcleavage) or Cys-Cβ−H proton abstraction (β-cleavage),
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nus).7,9,15 The conopressins are invertebrate analogues of the
mammalian neurohypophyseal hormones oxytocin and vasopressin10,16 (Figure 1). Mass spectrometric and transcriptomic
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(CYIQNCPLG*) and Lys-vasopressin (CYFQNCPKG*) used
in this study were obtained from Sigma-Aldrich.
Mass Spectrometry. The mass spectral (MS and MS2) data
were acquired on a Q-TOF Maxis Impact mass spectrometer
(Bruker Daltonics, Germany) coupled to an online HPLC
system (Agilent Technologies, USA). First, 2−4 pmol of peptide
samples (conopressin, oxytocin, vasopressin, or synthetic
analogues) were reconstituted in 0.1% of MS grade formic
acid and injected into a reversed-phase C18 column (4.6 × 150
mm, 2.7 μm particle size, Agilent Technologies, USA). Samples
were eluted using water, acetonitrile, and 0.1% formic acid as a
mobile phase, with a ﬂow rate of 200 μL min−1. Conditions for
mass spectral acquisitions included the following: ion source,
ESI; ion polarity, positive; m/z range, 50−3000; dry heater
temperature, 220 °C; capillary voltage, 3500 V; end plate oﬀset
voltage, 500 V; charging voltage, 2000 V; nebulizer pressure, 1.8
bar; dry gas ﬂow rate, 9.0 L min−1. Collision-induced
dissociation was used for MS2 fragmentations. Nitrogen was
used as a collision gas. The collision energy for MS 2
fragmentation was ∼50 eV for a 1+ charge state, ∼35 eV for a
2+ charge state, and ∼25 eV for a 3+ charge state.
The MS3 experiments were carried out on an ion-trap mass
spectrometer (HCT Ultra ETD II, Bruker Daltonics, Germany).
The fragmentation data were acquired both by an auto MSn
mode and manually by selecting a precursor ion of interest for
MS3. Mass spectral acquisition parameters included the
following: ion source, ESI; ion polarity, positive; capillary
voltage, 4000 V; nebulizer pressure, 10 psi; dry gas ﬂow, 5 L
min−1; dry gas temperature, 330 °C; fragmentation method,
CID. Helium (He) was used as the collision gas for
fragmentation. For the LC-MSn experiment, 2−4 pmol of
peptide sample was injected into a C18 reversed-phase column.
MS3 data were also acquired by directly infusing the HPLC
puriﬁed peptide sample into the mass spectrometer.
MS2 of the chemically synthesized IRN* tripeptide was
acquired on a LCQ FLEET ion trap mass spectrometer
(Thermo Scientiﬁc). The parameters for data acquisition were
largely similar to that described above. Brieﬂy, the chemically
synthesized RP-HPLC puriﬁed sample was directly infused into
the mass spectrometer, and data were collected in positive ion
mode. CID was used for MS2 fragmentation. Helium was used as
the collision gas, and the collision energy for fragmentation was
kept at 50 eV.
Molecular Dynamics Simulations. Four sets of molecular
coordinates were used as starting structures in our simulations.
Three of these structures were modeled on the backbone torsion
angles from the publicly available PDB19 coordinates of the
conopressin homologues, vasopressin and oxytocin, whereas the
fourth one was generated in PyMOL (v2.3.3; Schrodinger)
(Table 1).
To generate the conformations Cp1−Cp3, residues corresponding to the conopressin hexapeptide sequence (CFIRNC)
were ﬁtted over the corresponding PDB-derived backbone, with
inbuilt templates of amino acid rotamers in PyMOL. For Cp4,
we used the builder functionality in PyMOL and created a
CFIRNC peptide as a stereochemically acceptable model, with
central residues 3 and 4 adopting a nearly ideal β-strand
conformation and the residues 2 and 5 forming a type I turn
(Table 1). As charges are known to inﬂuence secondary
structure elements for small peptides in vacuo,20 we amidated the
C-terminus, and the N-terminus of the peptide was simulated as
NH2 to maintain charge neutrality of the termini of the resulting
molecule. For maintaining side chain charge neutrality, we

Figure 1. Sequences of Lys-conopressin, oxytocin, and Lys-vasopressin.

analysis of Conus monile venom duct extract revealed the
presence of two conopressin-related sequences, CFIRNCPKG*
and CFIRNCPEG*. In addition, two truncated conopressin
analogues, CFIRNCPK* and CFIRNCPE*, were also detected.8 Conopressins diﬀer from the oxytocin and vasopressin
class of peptides by having a basic residue Arg within the
disulﬁde loop. Notably, all of the sequences shown in Figure 1
possess a Pro residue immediately following the Cys6 residue.
The susceptibility of X−Pro bonds to cleave under mass spectral
fragmentation conditions is well-established.17,18 In the
conopressin/oxytocin class of peptides, such a cleavage should
generate disulﬁde-bonded b6 ions, whose further fragmentation
is analyzed in this study. The results establish a dominant
fragmentation pathway which involves the role of the
conopressin Arg4 residue in mediating N−Cα bond cleavage
at the Cys6 residue.

■

EXPERIMENTAL METHODS
Peptide Synthesis. Lys-conopressin (CFIRNCPKG*) and
its analogues, CFIRNCPEG*, CFIRDCPKG*, CFIRNCPK*,
CFIRNCPE*, CFIRNCP*, CFIRACPLG*, CFIHACPLG*,
CFIKACPLG*, and CFIVACPLG*, were synthesized manually
using a standard Fmoc/OtBu chemistry-based solid-phase
peptide synthesis protocol. Brieﬂy, the synthesis was performed
on a scale of 0.2 mmol, which corresponds to 273 mg of Rink
amide AM resin (loading capacity: 0.73 mmol/g). The peptides
were coupled using N,N′-diisopropylcarbodiimide (DIC) and
ethyl cyano(hydroxyimino)acetate (Oxymapure) in N,Ndimethylformamide solvent. Fmoc deprotections were carried
out with 20% piperidine in dimethylformamide (DMF).
Peptides were cleaved from the resin, and side chains were
deprotected using a triﬂuoroacetic acid (TFA)/water/triisopropylsilane (95.5:2.5:2.5) cocktail. The crude peptides were
precipitated by addition of chilled diethyl ether. The resulting
pellet was dissolved in 50% acetonitrile/water and lyophilized.
The crude peptides were puriﬁed by RP-HPLC using 0.1% TFA
in water and acetonitrile as the mobile phase. Oxidation of the
peptide was carried out using molecular iodine. The mass of the
oxidized peptides was determined by LC-ESI-MS on a Q-TOF
mass spectrometer. The tripeptide IRN* was synthesized
following the protocol described above. The cleavage cocktail
was evaporated, and peptide product was dissolved in 50%
acetonitrile/water. The tripeptide solution was ﬁltered oﬀ the
resin and puriﬁed through RP-HPLC. The identity of the
tripeptide amide was conﬁrmed by mass spectrometry. Oxytocin
1084
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of the system. Outputs were written to ﬁle every 5000 steps (10
ps). Each condition was simulated in triplicate, summing up to a
total simulation time of 480 ns. Data were visualized using VMD
(University of Illinois25) and plotted with Origin (OriginLab).

Table 1
starting
structurea

starting
sequence

PDB id
(homologue)

Cp1

CYFQNC

Cp2

CYFQNC

Cp3
Cp4

CYIQNC
CFIRNC

1JK4 (vasopressinneurophysin)
1YF4 (vasopressintrypsin)
1XY1 (oxytocin)
N/A

ref

central segment
conformationb

32

P∥-αR-αR-αR

33

β-αL-β-P∥

31
N/A

β-P∥-αL-β
αR-P∥-γ-αR
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RESULTS AND DISCUSSION
Unusual Fragmentation Behavior of Conopressin. We
undertook an examination of the mass spectral fragmentation
behavior of disulﬁde-bonded peptides, related to conopressin, in
order to assess the relative propensities of the peptide bond and
the disulﬁde bond to cleave under CID conditions, routinely
used in sequencing of complex natural peptide mixtures. Figure
2 shows the MS/MS spectrum of Lys-conopressin
(CFIRNCPKG*), which reveals a rich distribution of product
ions. Two intense product ions at m/z 401.27 and 279.07
immediately attract attention, due to their high abundance. The
ion at m/z 279.07 can arise by a neutral loss of CO (−28) from
the ion at m/z 307.06. The two fragments at m/z 401.27 and
307.06 could be derived from m/z 707.32, which, in turn, arises
from m/z 735.32 by a neutral loss of CO (−28). Facile cleavage
of the Cys6−Pro7 peptide bond can account for m/z 735.32 and
300.21, which formally corresponds to a disulﬁde-bonded b6 ion
and a C-terminal y3 ion, respectively. Figure 3a−c compares
MS/MS spectra of the three naturally occurring conopressin
analogues detected in the C. monile venom duct extract. Notably,
the peaks at m/z 401.27 and 279.07 are present in all three
naturally occurring analogues, eliminating the need to consider
the C-terminal segment in postulating structures for these ions.
Further conﬁrmation is obtained by the observation of these two

Conopressin residues ﬁtted onto a 20-membered macrocyclic
scaﬀold deﬁned by the three crystal structures and a modeled
conformation. bConformational designation for the four central
residues, -Y-F-Q-N- (vasopressin), -Y-I-Q-N- (oxytocin), and -F-I-RN- (conopressin) based on Ramachandran angles (also see Tables S2
and S3). P∥, Polypro, β, β-strand/extended; αR, right-handed αhelical; αL, left-handed α-helical and γ, γ-turn (C7).
a

considered only the simplest deprotonated tautomers of
arginine, as an approximation.
In vacuo molecular dynamics of the CFIRNC* peptide was
performed using Gromacs (4.6.7)21 on our computation cluster
powered by Nvidia Tesla K40 GPUs socketed with Intel Xeon
E5 processors. All the charge-neutral structures were energy
minimized and simulated in the OPLS-AA 22 and the
CHARMM3623 (mar’19) nonpolarizable force ﬁelds. The
production simulations in both force ﬁelds were carried out at
300 and 450 K, maintained with the v-rescale thermostat.24 Each
trajectory was run for 10000 ps (integrated at 2 fs steps), which
was enough to observe structural convergence due to simplicity

Figure 2. MS/MS spectrum of Lys-conopressin (CFIRNCPKG*) acquired in positive ion mode. Charge state of 2+ at m/z 517.77 (shown in the inset)
was chosen for fragmentation. The product ion assignments are indicated in the spectrum. Peptide bond cleavage (black), disulﬁde bond cleavage
(blue), and unusual N−Cα bond cleavage (red). The ion at m/z 401 is assigned to the C-terminus amidated tripeptide IRN* (highlighted in cyan),
arising as a result of a N−Cα bond cleavage at Cys6.
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Figure 3. Comparison of MS/MS spectra of conopressin analogues (a) CFIRNCPEG*, (b) CFIRNCPE*, (c) CFIRNCPK*, and (d) CFIRNCP*.
The 2+ charge state was chosen for fragmentation under CID conditions. The product ion at m/z 401 (highlighted in pink) arising as a result of N−Cα
bond cleavage at Cys6 is observed in all four peptides.

Fragmentation of the ion at m/z 307.1 on an ion trap mass
spectrometer yielded a prominent neutral loss (CO) peak at m/z
of 279.0 and the iminium ion of Phe at m/z 120.1 (Figure S2).
Further fragmentation of the ion at m/z 279.0 yielded a peak at
m/z, 160 corresponding to a loss of the decarbonylated Phe2
residue from the modiﬁed cystine unit [C1−C6M] (where CM:
modiﬁed Cys). A neutral loss of CO (−28) from the modiﬁed
cystine unit [C1−C6M] yields a peak at m/z 132.0 (Figure S3).
Sequence Determinants of the Unusual N−Cα Cleavage. Having established the redundancy of the C-terminal Lys
residue of conopressin (CFIRNCPKG*) in the unusual
fragmentation pattern of the disulﬁde linked b6 ion (Figure 3),
Lys8 was replaced with Leu to avoid a neutral loss (NH3) peak in
the mass spectrum. This substitution was in line with the
sequence of oxytocin that harbors Leu residue at position 8.
Further, a set of synthetic peptide analogues of conopressin with
amino acid substitutions at positions 4 and 5 were examined to
gain insights into the determinants of the unusual N−Cα bond
cleavage. Figure 5 compares the MS/MS fragmentation patterns
for peptide analogues with that of the parent sequence, in which
Asn5 is replaced with Asp and Ala. The highlighted ions at m/z
402.23 in the Asp peptide and 358.27 in the Ala peptide
correspond to the C-terminus amidated tripeptide ions IRD*
and IRA*, which are analogues of the fragment IRN*, observed

product ions in the fragmentation pattern of the synthetic
peptide CFINRCP* (Figure 3d).
In order to establish the constitution of the ion at m/z 401.27,
the MS3 spectrum was obtained by further fragmentation on an
ion trap mass spectrometer (Figure 4). The product ions at m/z
384.3, 367.2, and 350.3 correspond to successive losses of NH3
(−17) from the parent ion. The ion at m/z 270.1 may be
assigned to the dipeptide ion [Ile-Arg], which also yields a
prominent ion at m/z 253.1, arising by a neutral loss of NH3.
Based on these assignments, the mass diﬀerence of 131 between
m/z 401.2 and 270.1 is consistent with the residue N* (AsnNH2, C-terminus amidated Asn). The observed fragments
suggest that m/z 401.2 may be assigned to the structure IRN*.
Further conﬁrmation of this assignment is obtained by acquiring
the MS2 spectrum of chemically synthesized IRN* (Figure S1).
The spectrum reveals a similar distribution of product ions as
described above in the MS3 spectrum of m/z 401, obtained by
fragmentation of conopressin (Figure 4). Amidation of the Asn
residue can be rationalized by invoking the cleavage of the N−
Cα bond of Cys6 in conopressin.
The ion at m/z 307.1 observed in the MS2 spectrum of Lysconopressin and its analogues (Figures 2 and 3) must now
contain the residue Phe2 and the disulﬁde-linked Cys1−Cys6
unit modiﬁed by the loss of both CO and NH3 from Cys6.
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Figure 4. MS3 spectrum of the ion at m/z 401 (shown in Figure 2) derived from fragmentation of doubly charged Lys-conopressin CFIRNCPKG*.

Figure 5. Comparison of the MS/MS spectrum of CFIRNCPKG* (a), CFIRDCPKG* (b), and CFIRACPLG* (c). The intense peaks at m/z 401,
402, and 358 (highlighted in pink) correspond to IRN*, IRD* and IRA* ions arising as a result of N−Cα bond cleavage at Cys6.

as a result of N−Cα cleavage at Cys6. These results rule out any

and its corresponding CO loss peak are observed at m/z 307 and
279, respectively.
The fragmentation pattern of the synthetic sequence
CFIVACPLG* provides insights into the role of the basic

α

role of Asn5 in mediating N−C cleavage in conopressin. In all
three peptides shown in Figure 5, the modiﬁed [C1F2|C6M] unit
1087

https://dx.doi.org/10.1021/jasms.0c00023
J. Am. Soc. Mass Spectrom. 2020, 31, 1083−1092

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

Figure 6. Comparison of MS2 spectra of (a) synthetic peptide (CFIVACPLG*), (b) oxytocin (CYIQNCPLG*), and (c) Lys-vasopressin
(CYFQNCPKG*) obtained by fragmentation of the 2+ charge states at m/z 460.23, 504.22, and 528.71, respectively. Note the absence of ions at m/z
301 (IVA*), 373 (IQN*), and 407 (IFN*) (highlighted in pink) anticipated if N−Cα bond cleavage occurred. The peaks highlighted in gray are
discussed in the main text.

comparison of the ratio of the intensities of the tripeptide amide
fragments and the common modiﬁed cystine-containing fragment ion at m/z 279 reveals signiﬁcant diﬀerences. The intensity
ratio IXA*/[C1F2|C6M] follows the order X = K < H < R,
suggesting that the propensity for the unusual fragmentation
process follows the order R > H > K. Table S1 provides a
summary of the major diagnostic ions in the CID mass spectral
fragmentation patterns of conopressin, synthetic analogues,
oxytocin and vasopressin, all of which possess the disulﬁde
bonded loop containing four intervening residues (CX4C). In all
cases, fragmentation of the Cys6−Pro7 peptide bond yields a
disulﬁde-bonded b6 ion, which undergoes further gas-phase
cleavage reactions.
Lys-conopressin, CFIRNCPKG* under CID conditions,
yielded a disulﬁde-bonded b6 ion which further fragments into
two major product ions at m/z 401, identiﬁed as the tripeptide
amide IRN* and a modiﬁed cystine fragment at m/z 307 with an
intact disulﬁde bridge linked to the Phe2 residue. Oxytocin and
vasopressin do not yield the corresponding tripeptide amides,
suggesting the absence of the unusual N−Cα bond cleavage in
these sequences. Nevertheless, the analogous cystine fragment
linked to Tyr2 [ C1MAY2|C6MB] (C1MA= −17, C6MB= −28) at m/
z 323 is observed in both cases.
Figure 7a provides the schematic rationalization of the
observed mass spectral fragments obtained from cleavage
reactions of the initially formed disulﬁde-linked b6 ion, m/z
735, derived from conopressin. For convenience, b ions are
represented as acylium ions in the subsequent discussion. Two
cleavage processes at Cys6 may be envisaged: (A) neutral loss of
CO resulting in the formation of an oleﬁnic linkage between Cα
and Cβ at Cys6 and (B) abstraction of the second Cβ proton by
the guanidino group of Arg4, resulting in the cleavage of the N−

Arg4 residue in the unique fragmentation behavior of
conopressin. From Figure 6, it is clearly evident the ion at m/z
301, which is anticipated corresponding to the cleavage product
IVA*, is not observed. This indicates that the Arg4 residue
facilitates the unusual N−Cα cleavage observed in conopressin.
Further support for this conclusion is obtained by comparison of
mass spectral fragmentation behavior of the peptide hormones
oxytocin (CYIQNCPLG*) and Lys-vasopressin
(CYFQNCPKG*), both of which lack the basic residue at
position 4, internal to the disulﬁde-linked loop. The spectra
shown in Figure 6 reveal the absence of ions at m/z 373, IQN* in
oxytocin, and m/z 407, FQN* in vasopressin, which are
anticipated in the case of the unusual N−Cα cleavage observed
in conopressin. Interestingly, in oxytocin, the fragment ions with
signiﬁcant intensity were observed at m/z 323.05 and 295.06,
which are analogous to the cystine-containing fragments m/z
307.06 and 279.07 observed in conopressin (Figure 2), with the
sole diﬀerence that the Tyr residue in the former is replaced by a
Phe residue in the latter. These observations suggest that the
cystine-containing fragment ions observed, both in the presence
and in the absence of the unusual cleavage at Cys6, have
identical masses but must have diﬀerent structures.
The role of the basic residue at position 4 in the conopressin
sequence was further probed by examining the mass spectral
fragmentation pattern of the conopressin analogues CFIHACPLG* and CFIKACPLG*, in which Arg4 was replaced
by His4 and Lys4. The spectra presented in Figure S4 were
obtained by infusing a peptide mixture into the mass
spectrometer and subjecting the molecules to identical CID
conditions. In all cases, the tripeptide amide species
corresponding to N−Cα cleavage at Cys6 (m/z IRA* 358.27,
IHA* 339.22, and IKA* 330.26) were detected. Notably, a
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Figure 7. (a) Proposed fragmentation mechanism for the disulﬁde bridged b6 ion derived from conopressin. Proton abstraction from CβH2 followed by
N−Cα bond cleavage is shown in red (i). The black arrows show CO elimination, resulting in the formation of an α,β-dehydrocysteine residue.
Proposed structures are shown for ions at m/z 401 (ii), 307 (iii), and 160 (iv). (b) Proposed fragmentation pathway for the disulﬁde bridged b6 ion
derived from oxytocin (v). NH3 elimination from Cys1 and CO elimination from Cys6 yield the macrocyclic ion at m/z 678 (vi) containing two α,βdehydrocysteine residues at positions 1 and 6. Proposed structures for the product ions at m/z 323 (vii) and 160 (viii) are shown.

Cα bond at Cys6, generating a C-terminus amidated Asn residue
(N*). These two processes create a modiﬁed Cys6 residue in
which the acetylenic thiol structure is plausible for the ion at m/z

307. Peptide bond cleavage between residues Phe2 and Ile3 then
generates the tripeptide ion IRN*, m/z 401. Further loss of the
Phe residue by peptide bond cleavage from the ion at m/z 307
1089
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Figure 8. Summary of all the structures with interatomic distance between the guanidine nitrogen atoms of Arg4 within 2.8 Å of the Cys6 methylene Cβ
protons. (a) Increased sampling of such a state at 450 K is noteworthy. Also, more number of data points in the 300 K runs is indicative of the greater
residence time in such a conformation. (b) Snapshot from our Cp4 trajectory, with Arg4 favorably oriented toward the Cys6 Cβ proton. The distance
between the Arg4 guanidium nitrogen and Cys6 Cβ proton is highlighted, demonstrating the geometric feasibly of proton abstraction by the basic Arg
residue. This conformation is stabilized by a total of four hydrogen bonds, out of which two are internal (Table S5). The residue names are labeled next
to the Cα atoms depicted as black spheres. The color scheme is S, yellow; N, blue; O, maroon; H, red.

yields the modiﬁed disulﬁde-containing fragment ion with m/z
160 and the iminium ion of Phe at m/z 120. McLuckey and coworkers have reported the unusual fragmentation behavior of
dehydroalanine peptides, which undergo N−Cα bond cleavage
at the Dha (AΔ) residue, resulting in the formation of an
acetylenic z ion and a C-terminus amidated c ion. This
fragmentation is promoted by oleﬁnic proton transfer to the
carbonyl group of the amino acid preceding the Dha residue, a
process mediated by a favorable six-membered transition state.26
Subsequent to the facile neutral loss of CO from m/z 735 and
the formation of the dehydro Cys residue at Cys6, the mobility
of the liberated Cβ proton gives rise to the fragment ions at m/z
401 and m/z 307.
In contrast to conopressin, the oxytocin cleavage pattern
exhibits canonical peptide bond cleavages, with neutral loses of
NH3 (−17) from Cys1 and CO (−28) from Cys6, yielding a
Cα−Cβ double bond at both Cys residues (Figure 7b).
Conventional peptide bond cleavages at Asn5−Cys6 and
Tyr2−Ile3 yield a modiﬁed Cys1- and Cys6-containing
fragment at m/z 323 and a tripeptide internal ion [IQN] at
m/z 356. The ion at m/z 323 can undergo cleavage of Cys1−
Phe2 peptide bond, giving rise to the product ion at m/z 160 and
the iminium ion at m/z 136. Two possible structures for the m/z
160 species derived from oxytocin are illustrated in Figure 7b.
The unusual N−Cα bond cleavage observed in conopressin
under CID conditions requires the participation of a basic
residue at position 4 in the disulﬁde loop. N−Cα bond cleavages
are routinely observed under electron-transfer dissociation

conditions or as a result of in-source decay in MALDI
experiments.27−29 In these cases, the formation of “hot hydrogen
atoms” promotes radical-mediated cleavages, resulting in c and z
ion formation. In conopressin, gas-phase conformations, which
place the Arg4 side chain proximal to the Cβ−H2 group of Cys6
may facilitate proton abstraction and subsequent bond
cleavages. The results obtained on peptides in which Arg4 has
been replaced by His or Lys suggest that whereas both residues
appear less eﬀective than Arg, in promoting N−Cα bond
cleavages, His is marginally more eﬀective than Lys. It is
pertinent to note that the initially formed singly charged b6 ion
would contain a population of species in which the charge is
localized as a transient C-terminus acylium ion, leaving the
guanidine group of Arg4 in neutral form, making it an eﬃcient
proton acceptor. Subsequent proton migration as visualized in
the mechanistic models considered in the following section may
be used to rationalize the unusual fragmentation mode.
Molecular Dynamics Simulations. To visualize the close
approach of the guanidine group of Arg4 to the Cβ-methylene
protons of Cys6, we resorted to molecular dynamics (MD)
simulations. The simulations were performed in vacuo at two
temperatures. To maximally sample the conformational space of
these inherently ﬂexible tocin rings,30,31 we initiated the
simulations from multiple starting structures (Table 1 and
Figure S5). These structures were modeled on the atomic
coordinates available for conopressin analoguesvasopressin
and oxytocin, in the PDB as explained in Experimental Methods.
The stereochemical feasibility of the eventual starting structures
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was evaluated through the distribution of Ramachandran
backbone torsion angles (Figure S6 and Table S2) and the
torsion angles across the disulﬁde bridge (Table S3).
To remove any bias from our sampling of the in vacuo
conformational landscape of these peptides, all of our
simulations were performed without any additional restraints
predisposed for a particular outcome. For the molecules
simulated at 300 K, it was found that the peptide resides in a
single conformation for a considerable time. Moreover, the
conformation of the 20-membered ring deviated very little from
the starting structures (Figure S7). This ﬁnding is not surprising,
inasmuch as the MD simulations were initiated from crystal
structures, which are likely to correspond to the energy minima
for this peptide. Nevertheless, this stability of various structural
states of the macrocyclic scaﬀold illustrates the multiple minima
that the peptide hormone can readily inhabit, representing its
diﬀerent conformational states.
Next, we decided to energize the system by increasing the
temperature of simulation. We hypothesized that this increased
temperature should destabilize hydrogen bonds that were the
predominant stabilizing force observed in the vacuum MD
simulations. Interestingly, at 450 K, we saw Cp2 transform into
Cp1 within 7 ns of MD (Figure S8). This observation can be
understood in light of the origin of the structures, with the
neurophysin-bound vasopressin (1JK432) probably being vasopressin’s native state. The trypsin-bound vasopressin (1YF433)
quickly relaxes to its native state as the trypsin-induced
constraints are removed from the system.
Subsequently, we extracted all the frames from our
simulations where the nitrogen atoms of the Arg4 side chain
approached proximal to the methylene protons of Cys6 Cβ. No
diﬀerence was seen in the overall distribution of the number of
structures with respect to the distance of approach in the two
diﬀerent force ﬁelds used (Figure S9). Examination of individual
trajectories reveals that temperature indeed had an eﬀect, with a
close approach of Arg4−Cys6 seen for all structures at 450 K. In
contrast, at 300 K, fewer excursions were made to such
conformations, albeit each one sampling for a longer duration
(Figure 8a). Frames that showed Arg4 guanidine nitrogen atoms
approaching the methylene Cys6 Cβ protons within 2.2 Å−2.4 Å
were examined. Figure 8b (also see Table S4) illustrates a
representative gas-phase conformation which puts the two
atoms of interest at a distance of 2.38 Å. Such conformations will
orient the uncharged guanidine side chain of Arg4 appropriately
for abstracting a Cys6 β-methylene proton, with concomitant
formation of the dehydro Cys residue at position 6.
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can, in principle, promote noncanonical bond cleavages in
charged peptides. In the present case of conopressin, the facile
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intense ions, which do not correspond to conventional peptide
bond cleavages, is emphasized by the observations presented
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