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Abstract. A strategy to sequence lysine-
containing cyclic peptides by MS" is presented.
Doubly protonated cyclic peptides ions are trans-
formed into gold (I) cationized peptide ions via
cation switching ion/ion reaction. Gold(l)
cationization facilitates the oxidation of neutral

® lysine residues in the gas phase, weakening the

adjacent amide bond. Upon activation, facile
cleavage N-terminal to the oxidized lysine resi-
due provides a site-specific ring opening pathway

that converts cyclic peptides into acyclic analogs. The ensuing ion contains a cyclic imine as the new N-terminus
and an oxazolone, or structural equivalent, as the new C-terminus. Product ions are formed from subsequent
fragmentation events of the linearized peptide ion. Such an approach simplifies MS/MS data interpretation as a
series of fragment ions with common N- and C-termini are generated. Results are presented for two cyclic
peptides, sunflower trypsin inhibitor and the model cyclic peptide, $-Loop. The power of this strategy lies in the
ability to generate the oxidized peptide, which is easily identified via the loss of HAUNH3 from [M + Aul*. While
some competitive processes are observed, the site of ring opening can be pinpointed to the lysine residue upon
MS* enabling the unambiguous sequencing of cyclic peptides.
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Introduction

yclic peptides are a class of biomolecules that are more

difficult to sequence by mass spectrometry than their
linear counterparts. While encountered less often than linear
peptides, cyclic peptides represent a body of bioactive natural
products and synthetics whose structures must be character-
ized. Cyclotides, for example, are macrocyclic peptides com-
prised of a head-to-tail cyclic backbone and three intramolec-
ular disulfide bonds forming a cyclic cysteine knot [1, 2]. This
motif instills remarkable thermal, chemical, and enzymatic
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stability [3, 4] with promising applications in therapeutics and
agriculture [5—-14]. Similarly, sunflower trypsin inhibitor
(SFTI) analogs, the simplest head-to-tail cyclic peptides con-
taining a single disulfide bond, for example, have been exam-
ined as inflammatory bowel disease drug candidates [15],
mammalian melanocortin receptor agonists [16], autoantibody
scavengers [17], mesotrypsin inhibitors [18], and plasmin in-
hibitors [19].

Dating back to the early days of cyclic peptide analysis,
nuclear magnetic resonance (NMR) techniques have emerged
as, perhaps, the primary means of characterization [20—22] and
remain a popular choice today [23-26]. However, NMR is not
well-suited to sequencing peptides and generally requires mul-
tiple milligrams of purified sample. Mass spectrometry-based
techniques, on the other hand, are commonly used for peptide
sequencing and are attractive for their relatively small sample
size and minimal purity requirements. Gross and co-workers
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first demonstrated the utility of tandem mass spectrometry for
cyclic peptide analysis in 1982 [27] and continued to pioneer
MS/MS approaches into the early 2000s. Despite its continued
use [28-31], tandem mass spectrometry of cyclic peptides
remains challenging, particularly regarding data interpretation.
Sequence information of a linear peptide is derived via the
predictable dissociation of the peptide ion along the amide
backbone. Specifically, b- and y-fragment ions are typically
generated upon collisional activation of a linear peptide; these
fragment ions can be used to elucidate the primary structure
[32]. MS" of cyclic peptides, on the other hand, requires the
cleavage of two amide bonds to generate any observable frag-
ment ions. In principle, ring opening can occur at any residue
creating linear peptide isomers of identical mass complicating
the interpretation of the subsequent product ion spectrum. This
spectral complexity is exacerbated with UVPD as a-, b-, c- and
X-, -, Z-type ions may be formed [30, 31]. It is widely known,
however, that backbone cleavages adjacent to particular amino
acids can be preferred under some conditions. For example, the
facile opening N-terminal to proline residues upon collisional
activation has been exploited to aid in structural elucidation of
cyclic peptides by mass spectrometry [33, 34].

The MS/MS sequencing of cyclic peptides can be facilitated
through the incorporation of a site-specific ring opening
resulting in fragment ions that contain a common N-terminus.
For example, several reports of solution-based linearization via
enzymatic digestion have appeared [35-37]. These methods,
however, are not universal as cyclic peptides can show remark-
able resistance to enzymatic digestion [3]. Recently, Brodbelt
and co-workers have reported an analogous gas-phase strategy
to linearize stapled and cyclic peptides by taking advantage of
the “ornithine effect” [38, 39]. Conversion of arginine to orni-
thine is accomplished through solution-phase deguanidination
in the presence of hydrazine. Collisional activation of the
ornithine containing cyclic peptide resulted in selective frag-
mentation C-terminal to the ornithine residue, offering a gas-
phase approach to site-selective linearization, enhancing cyclic
peptide characterization.

In the present work, we use gold (I) cationization to promote
site-specific ring opening of cyclic peptides. Helmut Schwarz
is a pioneer in the study of gas-phase organometallic chemistry
in general [40, 41], and he and his co-workers have described
many of the unique characteristics of Au(l) chemistry in the gas
phase [42]. The gas-phase organometallic chemistry of gold
has been reviewed [43]. We have recently noted that collisional
activation of [M + Au]" precursor ions undergo gas-phase ox-
idation at neutral lysine residues resulting in a weakened C-N
bond N-terminal to lysine [44]. For linear peptides, subsequent
activation of the oxidized ion exhibits a facile fragmentation
channel competitive with the proline effect. Incorporation of
this “weak spot” into cyclic peptide ions via the loss of gold
hydride and a molecule of ammonia presents an opportunity to
selectively linearize cyclic peptides in the gas phase. Fragment
ions containing a common N-terminus upon opening can sim-
plify the MS/MS spectrum and aid in primary structure deter-
mination. While competitive ring opening sites can occur, we
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can further probe the loss of 109 Da to pinpoint the site of
linearization at the oxidized lysine residue. This entirely gas-
phase approach is demonstrated with sunflower trypsin inhib-
itor and a model cyclic peptide, B-Loop.

Experimental
Materials and Reagents

Ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide,
and gold (IIT) chloride were purchased from Sigma-Aldrich (St.
Louis, MO, USA). HPLC-grade methanol and Optima LC/
MS-grade water were purchased from Fisher Scientific (Fair
Lawn, NJ, USA), and acetic acid was purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Reduced sunflower
trypsin inhibitor (SFTI), cyclo-GRCTKSIPPICFPD, was syn-
thesized by Biomatek (Wilmington, DE, USA). B-Loop, [45]
cyclo-GRWQYV(D-Pro)GKFTVQ(D-Pro), was synthesized
by the Gellman Lab of the University of Wisconsin Madison.

Sample Preparation

A gold (IIT) chloride stock solution was diluted to approximate-
ly 5 uM with methanol. B-Loop stock solution was prepared at
a concentration of 250 pg/mL in an equal mixture of water and
methanol. The stock was diluted 20-fold to a concentration of
12.5 pg/mL, approximately 7.5 pM, with 49.5:49.5:1, by vol-
ume, water/methanol/acetic acid. The sample was used without
further purification.

Approximately 1 mg of SFTI was dissolved in 1 mL of
reduction buffer (100 mM ammonium bicarbonate, 7 M urea)
and incubated at 55 °C for 45 min with 5 mM DTT. After
incubation, the solution was cooled to room temperature and
then centrifuged briefly to collect any condensation. Fourteen
microliters of a freshly prepared 500 mM iodoacetamide solu-
tion was added to the mixture and incubated at room temper-
ature in the dark for 30 min. An additional 5 mM of DTT was
added. The mixture was then incubated at room temperature for
15 min in the dark. Ten microliters of the reduced and alkylated
SFTI was desalted using a TopTip C-18 desalting column
(Glygen, Columbia, MD) as per the manufacturer’s instruc-
tions. The final solution concentration was approximately
6.5 uM.

Mass Spectrometry

All data were collected using a QTRAP 4000 hybrid triple
quadrupole/linear ion trap mass spectrometer (Sciex, Concord,
ON, Canada), previously modified for ion/ion reactions [46].
Reagent anions and analyte cations were introduced into the
mass spectrometer via alternately pulsed nano-electrospray
ionization (nESI) [47]. Cation switching ion/ion reactions in-
volving gold have been described previously [44, 48, 49].
Briefly, the [AuCl,] reagent anions were isolated in Q1 and
transferred to Q2, followed immediately by injection of the
isolated [M +2H]*" analyte cations. The ions were mutually
stored in Q2 for up to 1000 ms, forming the [M + 2H + AuCl,]"
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complex. Beam-type CID of the complex from g2 to Q3
resulted in the loss of two neutral HCI molecules, leaving the
gold (I) cationized peptide ions, denoted [M + Au]". MS” ex-
periments were performed in Q3 where aurated ions were
dissociated via resonance excitation at a q value of 0.2. Product
ions were mass analyzed via mass-selective axial ejection
(MSAE) [50]. Theoretical product ion masses were generated
with CycloBranch and all product ions were verified manually
[51]. Figure 1 shows the structures of the two cyclic peptides
examined in this study.

Results and Discussion

This strategy aims to introduce a weak spot into cyclic peptides
by virtue of gas-phase oxidation of neutral lysine residues in
gold (I) cationized peptide ions. It has been shown that this
oxidation occurs through the consecutive losses of gold hy-
dride and a molecule of ammonia, in either order, generating a
cyclic iminium ion and a weaker C-N bond [44]. Consequently,
upon collisional activation, cleavage N-terminal to the oxidized
lysine residue is observed as a preferred dissociation pathway.
For cyclic peptides, it is expected that activation of the oxidized
species, [M—H-NH;]", results in the same site-selective frag-
mentation as their linear counterparts. This initial cleavage
converts the cyclic peptide into an acyclic peptide with an
imine at the N-terminus and an oxazolone ion, or structural
equivalent (e.g., acylium ion) at the C-terminus. Linearization
via the initial cleavage of the peptide results in no change in
mass-to-charge. Thus, a second cleavage along the peptide
backbone is required to form product ions. The described
gas-phase ion/ion strategy is illustrated in Scheme 1.

Sunflower Trypsin Inhibitor

The cation switching ion/ion reaction between doubly protonated
reduced and alkylated sunflower trypsin inhibitor and the gold
dichloride reagent anion generates the [M + 2H + AuCl,]" com-
plex ion. Subsequent beam-type CID of the complex generates a
prominent aurated peptide ion, [M+ Au]", at m/z 1825.8. As
shown in Figure 2a, ion trap CID of the monoisotopically isolated
[M + Au]" ion results in dominant losses of 91 Da, likely arising
from the even electron side chain loss of C;HsNOS (91.01 Da)
from the carbamidomethyl cysteine residues to form
dehydroalanine. Oxidation of lysine is evidenced by the loss of
gold hydride and ammonia, designated as HAuNHj; (215.00 Da),
thereby yielding the oxidized product indicated as [M—H-NH;]".
The oxidized product ion is present at only 5% relative abundance.
Nonetheless, the species was isolated and subjected to additional
activation.

CID of the [M—H-NH;]" species generates the product ion
spectrum shown in Figure 2b. The spectrum is comprised of
sequence informative fragment ions and small molecule losses.
Cyclic peptide fragment ions are labeled according to the
nomenclature system of Ngoka and Gross [52]. Briefly,
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fragment ions are labeled using a four-part descriptor, Xz,
where x is the type of backbone fragment ion, 7 is the number
of amino acids in the fragment ion, and J/Z designates the site
of ring opening. For example, yo1i denotes the yo fragment ion
generated from ring opening between the Thr-Lys bond. We
note that a square superscript is associated with fragment ions
that are shifted 19 Da lower in mass than their unoxidized
counterparts (i.e. [bs—H-NH;]" versus [bg + H]"). Product ions
formed through the preferential cleavage at lysine are
highlighted in red and designated by the “TK” subscript; they
represent approximately half of the structurally informative
fragments. Among the other fragment ions are the b, and
b5 These ions are formed from cleavages C-terminal to an
aspartic acid and N-terminal to a proline, two selective disso-
ciation channels commonly observed in peptide ion tandem
mass spectrometry [53-57].

As mentioned above, oxidized SFTI was present at relative-
ly low abundance due in part to the facile side-chain losses of
the carbamidomethyl cysteines. While we could perform the
MS? experiment, in some cases, for reduced and alkylated
cyclic peptides, the consecutive losses of 91 Da may divert
signal from that associated with the oxidation at the lysine
residue. We sought to investigate if oxidation occurs once these
competitive fragmentation channels are exhausted. Isolation
and CID of the ion generated from the first 91 Da loss from
aurated SFTT results in, predominantly, a second loss of 91 Da
(Supplemental Fig. S1b), consistent with the fact that there are
two alkylated cysteine residues. Subsequent activation of the
ion generated by the second loss of 91 Da, resulting in the
spectrum shown in Supplemental Fig. Slc, generates the base
peak at m/z 1428.8, corresponding to the oxidation of the lysine
as indicated by the loss of 215 Da.

The consecutive side-chain losses can be viewed as the gas-
phase formation of an SFTI analog in which both cysteine
residues are converted to dehydroalanine residues
(Supplemental Scheme S1) and are indicated with a prime
notation (i.e., C'). Figure 3 shows the spectrum obtained upon
collisional activation of the oxidized dehydroalanine contain-
ing cyclic peptide ion. While the most abundant peaks corre-
spond to small molecule loss, there is evidence for ring opening
at the lysine residue as indicated by the fragment ions labeled in
red. A total of seven ions can be assigned to ring opening at
Thr-Lys. Additionally, consistent with the formation of
dehydroalanine, there are fragment ions related to an initial ¢/
z cleavage adjacent to dehydroalanine [58, 59]. The structures
of the acyclic peptides resulting from cleavage at lysine or
either dehydroalanine are presented in Supplemental Fig. S2.

Activation of the oxidized product ion, generated via the
loss of HAuNH; directly from [M + Au]” or via the loss of
HAuNH; from the [M +Au-91-91]" ion, proved to be an
effective ring opening strategy as demonstrated with sunflower
trypsin inhibitor. In both cases, when compared to CID of
singly and doubly protonated reduced and alkylated SFTI
(Supplemental Fig. S3), an increase in structurally informative
product ions was observed with the described Au (I)
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Figure 1. Structures of (a) sunflower trypsin inhibitor and (b) B-loop. Stereochemistry not shown.

cationization approach. While this strategy aims to open cyclic
peptides at lysine, competitive ring opening sites are observed
at proline, aspartic acid, and dehydroalanine. Nonetheless, in
both SFTT cases presented, about half of the product ions can
be attributed to ring opening at lysine.

p-Loop
Aurated B-Loop was generated via the ion/ion chemistry de-
scribed above. Oxidation of the lysine residue is observed to be

the major process upon collisional activation of gold (I)
cationized B-Loop (Figure 4a). The product ion spectrum also
shows several aurated fragment ions. To maximize the abun-
dance of the HAuNHj loss, CID of [M + Au]* was immediate-
ly followed by CID of the gold hydride loss, without isolation.
Activation of the [M—H-NH;]" ion yields an abundant water
loss, CO loss, CO, loss, and y;3gk, as well as a number of
sequence informative fragments between m/z 1500 and 500.
Figure 4c is an expanded view of Figure 4b over the range
of m/z 1500 to m/z 500. Close examination of the product ions
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Scheme 1. General strategy for cyclic peptide analysis via gold (I) cationization utilizing gas-phase ion/ion chemistry

in this range reveals the following low-abundance ions origi-
nating from the ring opening at the lysine residue: by, bygk,
bgaks Yoaks bigk» and bi,gx. Complicating data interpreta-
tion, three of the aforementioned fragment ions are isomeric
with other plausible product ions. Specifically, the by, is
isomeric with bjqp and bopg, by is isomeric with aj,pg,
and bj,cx is isomeric with yj,qp. While it is likely that ring
opening occurs primarily N-terminal to lysine, the SFTI data
and previous reports [33, 34] suggest that cleavage N-terminal
to proline could be a competitive dissociation pathway.

Therefore, the y5qp and yj,qp fragment ions are plausible
products and may therefore contribute to the product ion
spectrum.

For unambiguous fragment ion assignment and to pinpoint
the site of ring opening at lysine, we further probed the y;3gx
fragment ion, which is 109 Da lower in mass than the [M—H—
NH;]" precursor ion. As discussed below, this fragment ion is
generated by the loss of the oxidized lysine residue from the N-
terminus. The utility of fragmenting the ion generated by
consecutive losses of 215 Da and 109 Da is first discussed
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Figure 2. Activation of (@) [M + Au]" and (b) [M—H-NHs]" where M = reduced and alkylated sunflower trypsin inhibitor. Open circles
indicate water loss and shaded circles indicate ammonia loss. The lightning bolt indicates the species subjected to CID.
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Figure 4. Activation of (@) [M + Au]* and (b) [M—H—NH3]" where M = B-loop. (c) Expanded view of (b) between m/z 500 and m/z 1500.
Open circles indicate water loss and shaded circles indicate ammonia loss. The asterisk indicates an aurated ion. The lightning bolt
indicates the species subjected to CID.

using the linear peptide KGAILPGAILR for illustration (Fig-
ure 5). Oxidation of the lysine residue is indicated with the

signature loss of 215 Da, HAuNHj; (Figure 5a). Activation of
the oxidized [M—H-NH;]" species is shown in Figure 5b. The
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Figure 5. Activation of (a) [M + Au]*, (b) [M—H-NH3]*, and (c) y1o where M = KGAILPGAILR. Activation of (d) [GAILPGAILR + HJ".
Open circles indicate water loss and shaded circles indicate ammonia loss. The lightning bolt indicates the species subjected to CID.
Lysine residue loss (i.e., 147 Da lower in mass) is represented with a triangle superscript.
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base peak arises from the loss of 109 Da, producing the yq
fragment ion, which, in essence, is singly protonated
GAILPGAILR. The fragmentation of the y;o fragment ion
and fragmentation of singly protonated GAILPGAILR gener-
ate identical spectra (compare Figure 5c, d), confirming the loss
of 109 Da as the loss of the oxidized lysine residue.

Figure 6 demonstrates how the loss of 109 Da can be used to
obtain unambiguous sequence information for the f-Loop cy-
clic peptide. The y36k fragment ion at m/z 1516.8 represents
the acyclic peptide ion [FTVQ(D-Pro)GRWQYV(D-Pro)G +
HJ". Isolation and CID of y, 35k results in a series of 11 b- and
y-fragment ions with unambiguous fragment ion structural
assignments. This approach to cyclic peptide analysis success-
fully sequenced greater than 84% of the B-loop cyclic peptide,
missing only fragment ions corresponding to cleavage of the
Phe-Thr and Pro-Gly amide linkages. We note here that a loss
of 109 Da was observed in the sunflower trypsin inhibitor
product ion spectrum (Figure 2b). However, the signal was
too low to perform additional stages of interrogation.

Conclusions

Selective ring opening of two lysine containing cyclic peptides
is demonstrated. Ion/ion reactions are used to transform doubly
protonated peptides to aurated peptide ions. Oxidation via the
loss of HAuNH; produces a weakened amide bond adjacent to
the lysine residue. The unusual redox process that leads to [M—
H-NH;]" from lysine-containing peptides is a characteristic of
gold cationization. Collisional activation of the [M~H-NH;]"
species generates numerous fragment ions containing a com-
mon cyclic imine N-terminus, indicating a highly facile ring
opening pathway. This selectivity simplifies the product ion
spectrum as ring opening is localized to a few amide bonds.
Other facile cleavage reactions can compete with the pro-
cess described above. In the case of sunflower trypsin inhibitor,
the competitive pathways include openings N-terminal to pro-
line, N-terminal to dehydroalanine, and C-terminal to aspartic
acid as evidenced by the fragment ions annotated DG, IP, IC’,
and RC'. Tons generated via opening at dehydroalanine are
more prevalent than ions corresponding to opening at aspartic
acid and proline. Incorporation of dehydroalanine may present
another strategy to selectively open cyclic peptides upon colli-
sional activation. In the case of the $-Loop peptide ion, linear-
ization at lysine is the major process, yet, linearization at
proline is also observed. Additionally, several of the proline-

related fragment ions are isomeric with product ions opened at
lysine. To avoid ambiguities in confident ion assignments
arising from possibly isomeric fragments, isolation and activa-
tion of the product ion generated by successive losses of
215 Da and 109 Da from the [M-H-NH;]" ion ensures that
the ions arise from loss of an oxidized lysine residue from the
N-terminus (viz., the y 3Gk ion from B-Loop). CID of y36k,
[FTVQ(D-Pro)GRWQY V(D-Pro)G + H]", cleaves 10 of the
12 amide bonds. This gas-phase strategy for cyclic peptide
analysis offers a convenient means of selectively opening
cyclic peptides. In favorable cases, when the abundance of
the 109 Da loss does not limit the extent to which MS* can
be performed, cyclic peptide linearization can be localized to
the lysine residue.
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