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The use of chemical crosslinking is an attractive tool that presents many advantages in the
application of mass spectrometry to structural biology. The correct assignment of crosslinked
peptides, however, is still a challenge because of the lack of detailed fragmentation studies on
resultant species. In this work, the fragmentation patterns of intramolecular crosslinked
peptides with disuccinimidyl suberate (DSS) has been devised by using a set of versatile,
model peptides that resemble species found in crosslinking experiments with proteins. These
peptides contain an acetylated N-terminus followed by a random sequence of residues
containing two lysine residues separated by an arginine. After the crosslinking reaction,
controlled trypsin digestion yields both intra- and intermolecular crosslinked peptides. In the
present study we analyzed the fragmentation of matrix-assisted laser desorption/ionization—-
generated peptides crosslinked with DSS in which both lysines are found in the same peptide.
Fragmentation starts in the linear moiety of the peptide, yielding regular b and y ions. Once it
reaches the cyclic portion of the molecule, fragmentation was observed to occur either at the
following peptide bond or at the peptide crosslinker amide bond. If the peptide crosslinker
bond is cleaved, it fragments as a regular modified peptide, in which the DSS backbone
remains attached to the first lysine. This fragmentation pattern resembles the fragmentation of
modified peptides and may be identified by common automated search engines using DSS as
a modification. If, on the other hand, fragmentation happens at the peptide bond itself,
rearrangement of the last crosslinked lysine is observed and a product ion containing the
crosslinker backbone and lysine (m/z 222) is formed. The detailed identification of fragment
ions can help the development of softwares devoted to the MS/MS data analysis of crosslinked

peptides.
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ass spectrometry for three-dimensional anal-
Mysis (MS3D) has become a very attractive tool

in evaluating protein structure and interac-
tions. In MS3D, proteins are subjected to crosslinking
with one of the many reagents available followed by
enzymatic digestion and MS analysis [1]. In recent years,
this approach has been widely used in the study of protein
folding [2-6], identifying binding partners [7-9], monitor-
ing conformational changes upon ligand binding [10-12],
characterizing surfaces in protein complexes [13-19], and
as probes for solvent accessibility [20-23].

One of the key steps for a successful MS3D analysis
relies on the correct assignment of crosslinked peptides.
The identification of those peptides is not trivial be-
cause they are present in the sample in a low stoichio-
metric amount. Several approaches are currently being
applied to detect these modified peptides [24-27], with
one of the most explored methodologies consisting of
tagging crosslinked peptides with heavy isotopes, ei-
ther by using isotopically coded crosslinkers [18, 28-33]
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or tryptically digesting the protein solution in a mixture
of H,'°O and H,'™O [8, 31, 34, 35]. Affinity-tagged
crosslinkers have been synthesized, so that modified
peptides can be enriched after reaction [28, 30, 36-38].
Although this seems to be a promising method, rela-
tively little success has been reported so far. Finally,
cleavable crosslinkers have proved to be an interesting
alternative because, after cleaving the crosslinker, both
chains behave like regular modified peptides [33, 39,
40]. Although these methods have proved useful, a
more direct and simple method would be the analysis
by tandem mass spectrometry (MS/MS), a successful
approach used in the study of regular peptides.
Although there are several papers in the literature
reporting MS/MS spectra of crosslinked peptides [2, 5,
9, 11, 12, 18, 33, 41-43], few studies discuss the funda-
mental issue of how these peptides fragment in the
gas phase, specifically in the case of intramolecular
crosslinkers [44, 45]. Schilling et al. [44] proposed a
nomenclature for fragments generated from dissocia-
tion of crosslinked peptides, based on the previous
nomenclature for regular (linear) peptides proposed by
Roepstorff and Fohlman [46] and modified by Biemann
[47]. This nomenclature was used to annotate ions
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generated from dissociation of model crosslinked pep-
tides. Despite several proposed fragmentation patterns,
most ions in the spectra were annotated as regular b and
y ions derived from the dissociation of the linear part of
the peptide. In a more recent paper [45], the fragmen-
tation of model peptides was studied as a function of
position of the crosslinker within the peptide backbone,
charge state, and nature of crosslinker. MS/MS of
crosslinked peptides usually presents two distinct se-
ries of b and y ions, making it difficult to differentiate
from linear peptides. Therefore, fragmentation features
unique to crosslinked peptides would be very desirable. It
is worth stating that in this work all peptides used were
not tryptic, but they were acetylated at the N-terminus,
making them not real tryptic peptides. This modification
changes charge distribution over the peptide, which
changes the fragmentation pattern compared with that of
tryptic peptides [48]. The main reason for choosing this
strategy is that once peptides present three groups that are
able to react with the crosslinker (N-terminus and two
lysine residues), the reaction product would be a mixture
of three isobaric species that would not allow separation
on the gas phase.

Herein, we report the fragmentation pattern of in-
tramolecular crosslinked peptides (Type 1), in which
both connected residues lie in the same chain [44].
These resultant peptides are quite common because
once proteins are crosslinked they become very com-
pact, making enzymatic digestion difficult. As a result,
it is commonly observed that large peptides with some
missed cleavage sites contain an intramolecular
crosslink. Moreover, one type of crosslinked peptides
not studied in the literature is one in which the binding
site is the free N-terminus. In general, this part of the
protein is very flexible and knowing other residues that
could be connected to this group could give a dynamic
sense to the experiment. In other words, knowing
residues to which the N-terminus is connected could give
an idea of how flexible that portion of the molecule is. To
generate tryptic peptides that resemble species found in
experiments with proteins, we used a novel approach
based on specially designed peptides. Peptides in which
only Lys-Lys crosslinking was desired contained in their
sequence the N-terminus acetylated followed by an Arg
and the two Lys residues. After the crosslinking
reaction peptides were both partially and completely
tryptically digested, generating intra-crosslinked pep-
tides in which the N-terminus is not blocked.

Experimental
Materials

Disuccinimidyl suberate (DSS) and sequencing-grade modi-
fied porcine pancreas trypsin were obtained from Pierce
Biotechnology (Rockford, IL, USA) and Promega (Madison,
WI, USA), respectively. Peptides AGAKGAERLVKAGVR
(PX), Ac-ARKGCREVTKNDLR (P1), Ac-ARGKWPRE-
VKIHR (P2), and Ac-ARYTKDLSQRAFKGMR (P3) were
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obtained from Proteimax (Sdo Paulo, Brazil). All other re-
agents were obtained from Sigma-Aldrich (St, Louis, MO,
USA) and Tedia Chemicals (Cincinnati, OH, USA) and used
without further purification.

Crosslinking Reactions

Peptides were solubilized in buffer containing sodium
phosphate 50 mM (pH 7.0) to a final concentration of 40
uM. DSS was dissolved in dimethylformamide (1 mg/
mL) and added in 50 molar excess to the previous
solution. Reactions were allowed to stand at room
temperature for 2 h (to ensure maximum yield of
crosslinking), after which Tris buffer (1 M, pH 7.6) was
added to a final concentration of 50 mM. Enzymatic
digestion was performed 15 min after the quenching
reaction, when trypsin was added to a final concentra-
tion of 1:50 (weight) and the reaction was incubated at
37°C for 1 or 3 h to obtain intra- and intermolecular
crosslinked species, respectively (Figure 1).

Mass Spectrometry Analysis

Before MS analysis of crosslinked peptides, all reaction
products were desalted using an Oasis HLB Cartridge
(Waters, Milford, MA, USA) made of a polymeric resin,
endcapped with N-vinylpyrrolidone and divinylben-
zene, according to the manufacturer’s protocol. Samples
were dried in a SpeedVac and resuspended in 50%
ACN/0.1% trifluoroacetic acid. Matrix-assisted laser
desorption/ionization (MALDI)-MS and MS/MS spec-
tra were acquired in MALDI Q-ToF Premier (Waters).
Samples analyzed by MALDI positive-reflectron mode
were prepared by the dried droplet method, using
a-cyano-4-hydroxy-trans-cinnamic acid as the matrix.
The equipment operates with a 200-Hz solid-state laser.
Typical operating conditions used were 250 a.u. (laser
energy) and 10 V (sample plate). MALDI-MS/MS spec-

Ac-xRxKxxxxRxxxxxKxooxxR (@)

Cross-Linker

m
Ac-XRxKoocoxRxooocox KxoooxR (b)

Trypsin (partial digestion)

NH,-xKxxxxRxxxxxxKxxxxxR  (¢)

Trypsin (complete digestion)
B

N PX AGAKGAERLVKAGVR
NH;-xfcoxR (d) P1 Ac-ARKGCREVTKNDLR
P2 Ac-ARGKWPREVKIHR
NH,-x00000KKxaoxxR P3 Ac-ARYTKDLSQRAFKGMR

Figure 1. (a) Schematic representation of the designed peptides,
followed by reaction with DSS and trypsin digestion. “x” repre-
sents a variable number and type of amino acids except lysine and

arginine. (b) Sequence of the peptides used in the present work.
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Figure 2. Spectra of P1 before (a) and after (b) reaction with DSS and consecutive digestion for 1 (c)
and 3 h (d). Ions indicated by arrows are discussed in the text.

tra were manually acquired by increasing the collision
energy until the precursor ion was completely frag-
mented. Argon was used as the collision gas. Whenever
possible, spectra were internally calibrated using the
mass of the unmodified peptide as lock mass.

Database Search

MS/MS spectra were converted to .dta files and were then
searched against the Swiss-Prot database (~260.000 se-
quences) containing the sequences of P1, P2, P3, and PX
using MASCOT protein identification software (Matrix
Science, Boston, MA, USA). The following parameters
were used: enzyme trypsin, 4 missed cleavages, 0.1 of
mass tolerance for MS and MS/MS, and variable mod-
ification of the corresponding mass of DSS. The signif-
icance threshold was set at P < 0.05, which in this case
corresponds to a score of 31.

Results and Discussion
Peptide Design

The peptides proposed herein to the study of crosslinking
have the common moiety Ac-xxRxxxKxxxRxxxKxxxR,
where x represents a variable number of any amino acid
except Kand R. The use of this set of peptides in which the

position and composition of residues varies allowed the
unambiguous assignment of fragment ions, which
could be isobaric if the sequences consisted of only a
single residue repeat [45]. The use of different se-
quences and compositions also allowed the study of
sequence-dependent fragmentation [49], at the same
time the rigid postions of K and R residues made it

Ac-ARKGCREVTKNDLR (P1a) m/z 1687.9

DSS

Ac-ARKGCREVTKNDLR (P1b) m/z 18259

Trypsin (1 hour)

m
NH,-KGCREVTKNDLR (P1c) mz1556.8
Trypsin (3 hours)
NH,-KGCR (P1d)
m/z 1574.8

NH,-EVTKNDLR

Scheme 1
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Figure 3. MS/MS spectra of intramolecular crosslinked P1 (a), P2 (b), and P3 (c). For a detailed
discussion of m/z 222 and 305 refer to text. Ions marked with * are internal fragments.
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Figure 3. Continued.

possible to obtain several types of crosslinked products
from a single peptide precursor. After the reaction of
peptide and DSS, generating a crosslink between the two
lysine residues, and enzymatic digestion with trypsin, two
species can be generated: (1) tryptic, intramolecular
crosslinked peptide, by cleavage of the first arginine; and
(2) tryptic, intermolecular crosslinked peptide, by cleav-
age of both arginines. The intra crosslinker can be easily
obtained by controlling the digestion time because the
crosslink turns the second arginine less prone to digestion
because of steric hindrance. Thus the versatility of these
peptides allows the formation of both intra- and intermo-
lecular crosslinkers that mimic real tryptic crosslinked
peptides found in MS3D (data on intermolecular
crosslinked peptides will be shown on a future paper)
(Figure 1).

MALDI-MS spectra of Pla after reaction with DSS
and digestion with trypsin are shown in Figure 2
(spectra of P2 and P3 are available as Supplementary
Material Figures S1 and S2, which can be found in the
electronic version of this article). Figure 2a and b show the
spectra of P1 before (Pla) and after (P1b) reaction with
DSS, respectively. The main reaction product of P1 (m/z
1687.8, Pla in Scheme 1) with DSS is the desired intramo-
lecular crosslinked peptide (m/z 1825.9, P1b). It is worth
mentioning that the yield of crosslinking reaction as well
as the formation of other products showed to be sequence
dependent, whereas for P1, which showed a relatively

poor crosslinking yield, PX reacted almost completely
with DSS. Formation of other species such as dead-end
(data not shown) is also affected by the peptide sequence.

Figure 2c and d show the spectra of the reaction
product after enzymatic digestion for 1 and 3 h, respec-
tively. It is possible to note that controlling the time for
enzymatic digestion, the formation of either intra- or
intermolecular crosslinks can be favored. In the case of P1,

? o
HN NH ¢
\QNJ HM{VH
— ]
KGCREVTKNDLR KGCREVTK—CEg
D l
&
& (o]
i 7
(CHa)s HN NH;
C|:=0 o]
e ==
(CHa)y ®
HzN—-CH-C=0e KGCREVTK—C=0

m/z 267.1
I

Scheme 2



562 IGLESIAS ET AL.

after 1 h of trypsin digestion the base peak in the MS
spectra is the intramolecular crosslinked peptide in which
only the first arginine was cleaved (m/z 1556.8, Plc in
Scheme 1). After digestion for an additional 2 h equimolar
amounts of intra- and intermolecular crosslinking were
formed (m/z 1574.8, P1d in Scheme 1). Once again those
yields were found to be sequence dependent. As ex-
pected, the kinetics of enzymatic digestion is faster on
the exposed arginine residue, preferentially generating
the unblocked, intramolecular crosslinked peptide on
shorter digestion times, although the optimum time is
sequence-dependent (data not shown).

One important issue that should be addressed at this
point is that by using our approach, there is the possibility
of generating two isobaric species: the dead-end crosslinked
peptide and the intermolecular crosslinked peptide in
which trypsin digested only at the arginine between the
two lysine residues. In the case of P1 for example, the
dead-end version of peptide KGCREVTKNDLR would be

. Oty &,
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isobaric (m/z 1556.8) to the intermolecular crosslink be-
tween KGCR and EVTKNDLR. This occurrence, however,
is very unlikely because the dead-end peptide has to be
resistant to 3-h trypsin digestion and the intermolecular
crosslinked peptide should be digested at, and only at, the
central arginine. To exclude this remote possibility, we
carried trypsin digestion overnight and compared the
MS/MS spectrum of the intermolecular crosslinked pep-
tide with the one obtained after the 3-h digestion (data not
shown). Because both fragmentation spectra were identi-
cal, it can be concluded that this species is the intermolec-
ular crosslinked peptide.

Collision-Induced Dissociation of Singly Charged
Intramolecular Crosslinked Peptide

Figure 3 presents MALDI-MS/MS annotated spectra of
intramolecular crosslinked Plc, P2¢, and P3c (for no-
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menclature see Liu et al. [38]). These peptides can be
seen as branched cyclic peptides because the DSS-
peptide bond is also an amide bond. Fragmentation
occurs in two different steps, first on the linear moiety
and then on the cycle. Ions generated from the linear
part of the peptide (NDLR in the case of P1) are regular
b and y type ions, where the b ions are more intense, as
expected for singly charged precursor ions.

When fragmentation reaches the cyclic part of the
molecule, it can be forked into two different paths. Con-
sidering that the peptide—crosslinker bond is also an
amide bond, fragmentation can take place at either bond
in competing pathways: (1) the crosslinker/peptide bond
or (2) the backbone bond. If the crosslinker/lysine side-
chain bond fragments, the crosslinker moiety acts like a
regular modification at the lysine and fragmentation will
continue as in a regular, linear peptide (pathway b in
Scheme 3). This pathway can be clearly seen in all three
spectra (Figure 3), but its extent is sequence dependent.
In the case of Plc, where the first crosslinked lysine is
also the first residue of the peptide, the m/z 267.1 ion (I
in Scheme 2) can be easily seen (annotated as b,-G in the
spectrum) as well as all other ions of this sequence (b,:
324.1, by 427.2, by: 583.3, bs: 712.3, bg: 811.4; and b,:
912.5).

Ions generated in this pathway can also be seen in the
fragmentation spectra of P2c and P3c (Figure 3) but they
are not as intense as for Plc. The observation of this
sequence is extremely interesting once it shows that this
kind of peptide resembles regular modified linear pep-
tides and therefore they can be identified by common
automated search engines, using DSS as a modification
on lysine residues. In the case of P1, in which this
fragmentation pathway is competitive, this modifica-
tion could be identified using MASCOT with a score of
56. In the case of P2 and P3, however, identification was
not possible because this fragmentation pathway is not
as intense as in the case of P1.

As shown in Scheme 3, the ion of m/z 1040.5 has both
lysine residues connected by the crosslinker chain.
Fragmentation can take place at either of the lysine
residues, depending on where the charge is located.
However, in all cases the loss of CO was observed,

generating an “a” type ion, followed by the loss of NH;
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and sequential loss of residues until the formation of an
ion of m/z 222 (III in Scheme 3). This ion has been
previously reported [31] to be a signature for DSS
crosslinked peptides, although its mechanism of forma-
tion has not been elucidated so far.

We propose that once fragmentation reaches the cyclic
portion of the molecule there is the cleavage of the peptide
bond between the crosslinked lysine and the previous
residue followed by CO loss. Then, the & nitrogen from the
former lysine attacks the a carbon of the same residue.
This is extremely favorable because of the formation of a
six-member ring. This ring contains an amino group
(derived from the a nitrogen) whose bond was observed
to fragment in all cases, generating a tetrahydropyridine
ring. Then, sequential loss of residues occurs until the
formation of the acylium ion of m/z 222 (pathway a in
Scheme 3). Besides being an intense ion, it is also ex-
tremely interesting because there is no overlapping com-
bination of b, a, or y ions for the regular 20 amino acids,
making m/z 222 a very promising diagnostic ion for any
Lys-Lys DSS crosslinked peptides. The preferred frag-
mentation pathway seems to be sequence dependent
because it can be observed in MS/MS spectra, whereas for
Plc the amide bond between crosslinker and peptide
seems to be the most prone to fragmentation; backbone
cleavage is the most favored in the case of P2c and P3c.
However, in all cases it is possible to see ions generated
from both fragmentation pathways.

Another remarkable feature in MS/MS spectra of P2c and
P3c is the rather intense ion of m/z 305 (it is also present in the
spectrum of P1c with lower intensity), which is 83 Da higher
in mass than m/z 222. This 83 Da difference is exactly the
mass of the tetrahydropyridine ring; we propose that this ion
is the formation of a precursor to 11/z 222 in which both lysine
residues rearrange to generate the tetrahydropyridine ring
(IV in Scheme 4).

Intramolecular N-terminus—Lysine Crosslinking

Another interesting type of intramolecular crosslinking
is that in which the protein N-terminus is connected to
a lysine residue. In general, the N-terminus region of a
protein is very flexible in solution and analysis of
distance constraints involving this part of the protein

H,N-AGAKGAERLVKAGVR (PXa) m/z 14828

Cross-Linker (DSS)

(PXc)
H,N-AGAKGAERLVKAGVR H,N-AGAKGAERLVKAGVR H,N-AGAKGAERLVKAGVR
m/z 1620.9

\Trypsin (3 hours)

H,N-AGAKGAER (PXd,)  Hn-acak (PXdy) HzN-AGEiAER (PXd;)
T LVKAGVR LVRAGVR
m/z1225.7 m/z 1638.9
Scheme 5
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Figure 4. Spectra of PX before (a) and after (b) reaction with DSS and consecutive digestion for 3 h (c).

can give some clues on the dynamics of the N-terminal
segment of protein, giving information on the interact-
ing span of this part of the molecule. To the best of our
knowledge, there is no study on the fragmentation of this
type of crosslinking. To obtain such crosslinked species,
we used a slight variant of the peptides used so far (PX),
that has a free N-terminus. After DSS reaction with PX,
three isobaric species could be formed (PXc in Scheme 5).
Trypsin digestion was used to discriminate the isomers
and allow MS analysis, as shown in Figure 4 and repre-
sented by PXd,, PXd,, and PXd; in Scheme 5.

The MALDI-MS spectrum of PXa (1m/z 1482.8) with DSS
shows that the unmodified peptide was totally consumed
to generate three major ions of m/z 1620.9 (PXc, intramolec-
ular crosslinking), 1777.0, and 1881.1 (dead-end species). After
trypsin digestion, all three intramolecular crosslinked
peptides were observed: Lys-Lys (PXd; with m/z 1638.9)
and N-terminus with both Lys residues (PXd, with m/z
1225.7 and PXd; with m/z 897.4). It is worth noting that
these three ions were formed in the same proportion,
indicating that there is no bias toward the formation of
crosslinking on different sites.

The fragmentation spectrum of the N-terminus
crosslinked peptide of m/z 897.4 (PXd,) is presented in
Figure 5. In this spectrum it is possible to see the
formation of the m/z 464.2, which corresponds to the b,
ion containing only the cyclic portion of the peptide.
Subsequent fragmentation leads to the loss of CO and
NH; followed by the consecutive loss of the residues
until the formation of the ion with m/z 222, following
the same pathway as in the case of the fragmentation of
intramolecular Lys-Lys crosslinked peptides. In this
case, the alternative mechanism in which there is the
cleavage of the crosslinker/peptide bond is almost
absent. Another interesting feature in this spectrum is

the presence of the quite intense ion of m/z 240. This was
previously described [44] as the immonium ion of
DSS-modified lysine losing an amine but was observed
only in the PSD spectrum of dead-end modified pep-
tides, not in the N-terminal crosslinked peptide. The
higher energetic regime of CID compared to PSD can
explain the absence of this ion in previous reports, since
formation of m/z 240.1 requires fragmentation of three
bonds (A-K, K-G, and K-DSS bonds).

Conclusions

The fragmentation pattern of intramolecular, tryptic
crosslinked peptides was evaluated using MALDI-
MS/MS and a more detailed fragmentation pathway
was described. By using versatile model peptides, a
number of structurally different crosslinked peptides
were generated, including intramolecular, intermolecu-
lar, and N-terminal crosslinked peptides. The yield of
the reaction of DSS with peptides was sequence depen-
dent, once all experiments were performed under the
same conditions (pH, buffer, DSS:peptide ratio, time).
Also the formation of different products such as dead-
end crosslinkers depended on the primary sequence of
each peptide, varying from almost none (in the case of
P1) to about 50% (PX).

Once intramolecular crosslinked peptides resemble
branched cyclic peptides, MALDI-MS/MS fragmentation of
those species produced mostly b and y ions of the linear
portion of the molecule. On the cyclic part of the peptide, two
different pathways are observed: fragmentation between the
crosslinked lysine and DSS or the lysine-backbone bond. If
the crosslinker /residue bond fragments, the peptide behaves
like a linear peptide containing a modified lysine residue. If,
on the other hand, the fragmentation occurs between the two
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Figure 5. MS/MS spectrum of the intramolecular crosslinked PX (Lys-N-terminus).

residues, one crosslinked lysine rearranges into tetrahydro-
pyridine. Consecutive loss of residues leads to the formation
of an intense acylium ion of m/z 222, which is formed by the
DSS backbone and the rearranged lysine residue.

The intramolecular N-terminus crosslinked peptide
evaluated in this report fragmented in the same way as
Lys-Lys linked peptides, but with one pathway much
more intense; other data must be acquired in other
peptides to distinguish it as being preferred for this
type of ion or as being biased because of the sequence of
this particular peptide. Finally, we believe that the
continuous characterization of the fragmentation pat-
terns of every type of crosslinker can improve one of the
main bottlenecks of MS3D—the detectability and cor-
rect assignment of crosslinked peptides.
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