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Abstract
Among many methods used to investigate proteins/protein interactions, chemical cross-linking
combined with mass spectrometry remains a vital experimental approach. Mapping peptides
modified by cross-linker provides clues about proteins’ interacting domains. One complication is
that such modification may result from intra- but not intermolecular interactions. Therefore, for
overall data interpretation, a combination of results from various platforms is necessary. It is
postulated that the secretory isoform of gelsolin regulates several biological processes through
interactions with proteins such as actin, fibronectin, vitamin D binding protein and unidentified
receptors on the surface of eukaryotic; it also has been shown to self-assemble eventually leading
to the formation of homo-multimers. As such, it is an excellent model for this study. We used four
cross-linkers with arm length ranging from 7.7Å to 21.7Å and MALDI-TOF/TOF mass
spectrometry as the analytical platform. Results of this study show that MALDI based mass
spectrometry generates high quality data to show lysine residues modified by cross-linkers and
combined with existing data based on crystallography (Protein Data Bank, PDB) can be used to
discriminate between inter- and intra-molecular linking.
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Introduction
A variety of methods are used to study 3-dimensional structures of proteins, their self-
assembly into homo-polymeric complexes, interactions with other proteins and non-
proteinaceous molecules. Methods used for such studies include: X-ray crystallography,
fluorescenseresonance energy transfer (FRET), chemical cross-linking, mass spectrometry
[1] also with ion mobility technique[2], circular dichroism (CD), atomic force microscopy
[3], as well as a combination of these methods [4], each being complementary with specific
strengths and limitations[5; 6; 7; 8; 9; 10; 11; 12]. For example, FRET can be used if the
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proximity of two fluorescent groups is between 10 to 100Å; however, it requires labeling of
proteins[13]. X-ray crystallography requires growing of crystals and can be affected by
disorder in unit cell or distortion in crystallization.

Chemical cross-linking has been utilized since the 1940s as a tool to study protein
complexes, structural features and stability as well as for practical applications such as
formation of toxoids[14; 15]. Recently, chemical cross-linkers regained interest. Cross-
linking reactions combined with mass spectrometry can be used in rapid detection of
interacting domains of proteins[16]. Further development of cleavable and non-cleavable
cross-linkers of various lengths that target specific chemical groups, advancement in high-
throughput crystallography[17], and mass spectrometry of proteins and peptides allowed a
much broader application of cross-linking to address questions related to protein-protein
interaction, changes in three-dimensional structures etc.[18].

Matrix-assisted laser desorption ionization (MALDI) is a soft ionization technique widely
used in proteomic studies [19]. Moreover, MALDI-TOF (time of flight) mass spectrometry
is broadly applicable to investigate many post-translational modifications and protein/
peptide quantitation, including isobaric Tags for Relative and Absolute Quantitation
(iTRAQ), formylation of serine (Ser) and threonine (Thr) residues [20], protein
modifications induced by polyacrylamide gel [21] and various aspects of signal transduction
[22]. Although development of electrospray ionization based mass spectrometry
unquestionably advanced the application of this type of ionization to study post-translational
modification, MALDI-TOF/TOF with collision induced dissociation (CID) remains one of
the major platforms to study protein and protein/peptide drug modification in
biopharmaceutical research [23]. Furthermore, new cross-linkers such as the α-cyano-4-
hydroxycinnamic acid (CHCA)-tagged cross-linker JMV 3378 have been developed to
selectively enhance MALDI-TOF signal and compare spectra using either CHCA or the α-
cyano-4-hydroxycinnamic methyl ester matrix to discriminate between modified and non-
modified peptides [24].

Gelsolin (GSN), an 86-kD protein, is the most widely expressed member of actin severing
proteins. Isoform 1 is a secretory (plasma, pGSN) protein and is longer by 51 amino acids at
the N-terminal end than isoform 2 (cytoplasmic, cGSN). The increasing body of
experimental evidence shows that pGSN is a more versatile molecule than previously
thought; more regulatory functions based on interactions with other proteins have been
described. Indeed, it has been postulated that pGSN interacts with lysophosphatidic acid
(LPA) [25], fibronectin [26], Vitamin D-Binding Protein [27] and adenosine triphosphate
ATP [28] acquiring new functional properties. Although these interactions have been shown
at the functional level [29], there are no reports about structural changes and conformational
requirements that may occur upon such interactions. Although Lind and Janmey using
Scatchard plot analysis showed that pGSN interacts with fibronectin[26], our initial
experiments suggested that chemical cross-linking in vitro favored pGSN self-assembly into
homo-polymers and/or intramolecular interactions rather than interactions with fibronectin.
This observation prompted more a general question about interpretation of interactions
based on modifications of Lys residues as measured by mass spectrometry. Therefore, we
initiated systematic studies of pGSN’s, a model protein, self-interactions using crosslinking
technology and MALDI-TOF/TOF mass spectrometry in combination with X-ray based
crystallography structural features already available through open source databases.
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Material and Methods
Reagents

pGSN from human plasma, CHCA, trifluoroacetic acid (TFA), sodium phosphate, calcium
chloride, ammonium bicarbonate and iodoacetamide were purchased from Sigma Aldrich
(St. Louis, MO, USA). Cross-linkers, Bis(sulfosuccinimidyl)glutarate-d0 (BS2G-d0),
Bis(sulfosuccinimidyl)suberate-d0 (BS3G-d0), Bis-N-succinimidyl(PEG)5 (BS(PEG)5) and
3,3'-Dithiobis(sulfosuccinimidylpropionate) (DTSSP) were purchased from Thermo
Scientific (San Jose, CA, USA). Glycine was purchased from Biorad (Hercules, CA, USA).
Sequencing grade modified trypsin and Dithiothreitol (DTT) were from Promega (Madison,
WI, USA). Acetonitrile (ACN), methanol and acetic acid were purchased from Fisher
Scientific (Pittsburg, PA, USA). 1D-gel reagents, i.e. sample buffer, NuPAGE 4–12% gels
and running buffer were purchased from Invitrogen Corp. (Carlsbad, CA, USA).

Protein crosslinking
Gelsolin (5µg) was diluted with a 1:1 ratio in a 20mM sodium phosphate by adding 1
volume of 50mM calcium chloride solution for 10 volumes of reacting solution (5mM of
CaCl2 final). The sample was then incubated for 10 min at room temperature to allow the
protein-protein interaction. Then we added 1 volume of 20mM of cross-linker for 10 volume
of sample (2mM of cross-linker final). The cross-linking reaction was performed for 30min
at room temperature. After incubation, the reaction was quenched by addition of 1 volume
of 40mM glycine per 10 volume of solution (4mM of glycine final).

Protein separation and in-gel digestion
Protein samples (5µg) were first dried and re-suspended in 20µL of non-reducing SDS-
PAGE sample buffer. Samples were separated on NuPAGE 4–12% gradient gels. After the
separation, the gels were then fixed for 30 min at room temperature in a 50% methanol and
10% acetic acid solution and stained for 2 h with Commassie Brilliant Blue. Visible bands
of proteins were cut using a razor blade and destained by two washes in 50% ACN followed
by 30 min incubation in 20mM ammonium bicarbonate buffer. Proteins were then reduced
by incubation of gel cubes in 10mM DTT for 45min at 60°C and 45 min in 50mM
iodoacetamide at room temperature in the dark. Trypsin digestion was performed for 16h at
37°C. Peptide extraction was performed in two steps, first, 20 min incubation in 50 ACN
with agitation and second 20 min incubation in 100% ACN. Extracted peptides were dried
using SpeedVac®. Each sample was then re-suspended in 10 µl of 0.1% TFA and frozen at
−80°C until further use.

Mass spectrometry analyses
The samples of digested proteins were spotted on the MALDI plate, 1 µl for each sample.
On top of the dried samples, we added 1 µl of 5mg/ml of CHCA solubilized in 50% ACN
and 0.1% TFA.

Spotted samples were submitted for data acquisition on a 4800 MALDI-TOF/TOF mass
spectrometer (ABsciex, Foster City, CA). MS spectra were acquired from 800 to 6000 m/z,
for a total of 1000 laser shots by an Nd-YAG laser operating at 355 nm and 200 Hz. Laser
intensity remained fixed for all the analyses. MS/MS analyses were performed using 1 kV
collision energy with air as CID gas. Metastable ions were suppressed for a total of 1000
laser shots. Spectra analysis was performed manually.
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Results and Discussion
Our studies using western blot analyses showed an ability of pGSN to spontaneously form
homo-dimers and homo-trimers, which we detected in samples of human plasma[30].
Quantitative comparison based on immunoreactivity shows that homo-dimer is more
prominent than homo-trimer. However, if reactivity of antibodies is conformation dependent
and epitopes partially accessible, it is likely that such analytical tests will be misleading.
Importantly, pGSN isolated from its environment of plasma or cerebrospinal fluid shows a
higher degree of multimerization[30]. Mass spectrometry analysis of tryptic digest of these
forms confirmed the presence of pGSN and absence of other proteins showing that these
forms sustain heating in the presence of SDS and are not part of hetero-complex.1-
dimensional SDS-PAGE electrophoresis (1-DE) analysis shown in Fig. 1a indicates that
under experimental conditions applied in this study, spontaneous multimerization leading to
formation of heat and SDS resistant forms is less prominent (Fig. 1a lane G). However,
chemical cross-linking makes such multimeric forms permanent. We also observed bands of
high molecular weight that barely entered the gel and which may represent an even higher
order of multimerization. Taking this together, we showed that pGSN could spontaneously
form multi-mers. Importantly, this process occurs concurrently during in vitro studies of
interactions of pGSN in the presence offibronectin (data not shown). Therefore, detection of
peptides with cross-linker modification(s) without knowing which interactions are inter- and
intra-molecular may lead to false interpretation of experimental data. Information presented
in this study will aid in interpretation of subsequent experiments of pGSN interaction with
other proteins and/or non-proteinaceous molecules. More broadly, this study evaluates the
utility of chemical-cross-linking to map residues involved in protein-protein interactions for
which we used pGSN as a model protein and how mass spectrometry analysis can
discriminate between intra- and inter-molecular interactions.

From many linkers which are commercially available we used four: a short one of 7.7Å; two
with medium length: 11.4Å and 12.0Å non cleavable and cleavable respectively; and a long
one of 21.7Å. Our reasoning for using such selection was to facilitate cross-linking of
residues located at various distances in 3-dimensional space which we gathered from
crystallography studies posted in Protein Data Bank (PDB,
http://www.pdb.org/pdb/home/home.do).

Chemical cross-linkers
As expected MALDI-TOF analysis of tryptic digests shown in Fig. 1 c – f presents different
spectra that are compared to those obtained from non-cross-linked pGSN (Fig. 1b).
Nevertheless, the cross-linking with a short arm (Fig. 1c) and a long arm (Fig. 1f) does not
induce strong changes compared to the non-cross-linked pGSN, and intense peaks such as
1254.59, 1722.72, 2271.99, 2771.29, and 3399.72m/z representing fragments of pGSN are
common between these three spectra. However, the 12.0Å and the 11.4Å cross-linkers,
although similar in size, differ from each other and induce substantially different profiles
with very few exceptions such as 998.50 m/z fragment ion. This result was unexpected
because linkers with such comparable length and chemistry should facilitate linkage of the
same lysine residues. In addition, cross-linking with 11.4Å and 12.0Å linkers show
additional forms of pGSN that have higher mobility in 1-DE than original native pGSN (Fig.
1a lane 12* and lane 11.4). As further presented, we conclude that due to internal cross-
linking leading to more compact conformation yielding monomers acquire higher
electrophoretic mobility. Interestingly, a 12.0Å linker did not support complete intra-
molecular cross-linking of monomer like 11.4Å cross-linker resulting in the presence of two
bands in 1-DE analysis. The same effect was observed for pGSN homo-dimers and homo-
trimers reflected by various electrophoretic mobility of bands within 170 kDa region and
above. We further postulate that such stepwise process is driven by change inequilibrium
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between monomer, homo-dimer and homo-trimer. Combining these results, we conclude
that chemical cross-linking of pGSN facilitates intra-molecular and inter-molecular
reactions. We further conclude that such effect is less dependent on the length of linkers and
will mostly depend on availability of ε amines of lysineresidues.

Inter- and intra-molecular cross-linking
Fig. 2 shows an example of two MS/MS spectra of peptide H2N-
(211)LKATQVSKGIRD(223)-COOH after pGSN cross-linking. This peptide was derived
from forms representing monomers of pGSN (lower bands on Fig. 1a, lanes 12* and 11.4).
Fig. 2a shows fragment ion assignment of this peptide when cleavable 12.0Å linker and
reducing condition was used. This spectrum provides very good coverage for y- and b-
series ions with one arm of cleavable linker modification labeled with “arm” superscript in
this figure. The same experiment performed using non-cleavable 11.4Å linker (Fig. 2b)
provides less coverage in y-ions series. Mass difference between y10

arm and y3
arm ions and

b1 and b8
arm ions strongly indicates intra-molecular linking of two lysine residues. These

results indicate that whether 12.0Å cleavable or 11.4Å non-cleavable linker was used,
modification of lysine residues at positions 213 and 219 represent intra-molecular linking.
Intra-molecular linking also occurred in different regions of pGSN.

Fig. 3 shows MS/MS spectrum of 16 a.a. long H2N- (687)DSQEEEKTEALTSAKR(702)-
COOH peptide modified by 11.4Å cross-linker. This linkage occurred between Lys (693)
and Lys (701) as depicted in Fig. 3b. Sequence of this modified peptide was based on
assignment of large fragment with mass corresponding to a gap between y1 and y10 ions plus
linker (1242.8 m/z). Only two additional fragments y4 (461.9 m/z)and b13 (1448.6 m/z) but
not y4

arm and b13
arm were detected suggesting that fragmentation at Thr-Ser and Ser-Ala

peptide bonds was associated with loss of linker arm. In fact, the link between lysine
residues and linker arm is an amide, which can be lost upon CID fragmentation, leaving a
free lysine side chain without modification. This was not the case when H2N-
(212)LKATQVSKGIRD(223)- COOH was fragmented. Also, loss of linker’s arm during
fragmentation was not always complete as observedin the presence of b5 and b5

arm (Fig. 2a)
as well as b2 and b2

arm (Fig. 2b). We propose that a peptide’s a.a. sequence is influenced
whether there is loss of linker’s arm or not, which would need additional studies to confirm.
Nevertheless, we conclude that this spectrum represents intra-molecular linking.

Fig. 4a shows two peptides linked with non-cleavable 11.4Å linker based on MS/MS
spectrum presented in Fig. 4b. In this case, we conclude that this is the link between two
pGSN molecules because this fragment was found in a tryptic digest of a band that
corresponded to electrophoretic migration of homo-dimer and was not found in tryptic
digest of bands migrating as non-cross-linked (control) monomer of pGSN (Fig.1, lane
11.4). Fragmentation of these two cross-linked peptides yielded ions corresponding to Lys-
arm and arm of the linker itself (Fig. 4b).

Distance between lysine residues and the length of cross-linker
The next question we wanted to address in this study was the relationship between the length
of cross-linker and distance between lysine residues to be successfully linked and whether
the choice of the specific length of cross-linker can be used to preferentially link selected
lysine residues. If the 3-dimensional structure of protein or its fragments is rigid, then we
expect that a specific length of linker is required. On the other hand, if lysine residues are
much further apart than the length of linker and are still being linked, we may interpret this
finding as a result of substantial flexibility of protein’s 3-dimensional structure. Indeed,
during the course of this study, we have found that based on PDB model (Fig. 3b) ε-amines
of two lysine residues, which are 20.4Å apart and oriented to different directions in 3-

Pottiez and Ciborowski Page 5

Anal Biochem. Author manuscript; available in PMC 2013 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dimensional space, were cross-linked by 11.4Å linker. This indicates that in this region
pGSN polypeptide chain has substantial flexibility in an aqueous environment. This
observation may have profound effects on interpretation of results of future experiments
investigating conformational changes associated with biological functions as well as
interaction of pGSN with other proteins.

Modification of precursor ions of peptides derived from chemically cross-linked proteins
One of the challenges in the interpretation of spectra with peptide modifications is correct
assignment of a precursor ion. In our subsequent experiment, we have found that 30 a.a.
long peptide H2N-(425)IEGSNKVPVDPATYGQFYGGDSYIILYNYR(454)- COOH had a
non cleavable linker attached with additional hydroxyl group increasing m/z of the precursor
ion by 17 to 3557.646 (Fig. 5a). In Fig. 5b we show fragmentation of this peptide. Lysine at
position 6 has noncleavable 11.4Å linker attached with a terminal −OH group. Interestingly,
b7 and b8 ions do not show any modification indicating that fragmentation occurred at the
nitrogen – carbon bond between ε amine group of lysine and the linker (Fig. 5c).
Fragmentation spectrum presented in Fig. 5b shows relatively poor CID fragmentation of
this peptide yielding mostly y-series ions and only two b-series ions. Two most intense
peaks represent y9 and y20 ions. High efficiency ingenerating those ions can be explained by
previous reports showing that peptide bonds C-terminal of aspartic acid are prone to CID
induced fragmentation. This peptide contains only two proline residues (6.7%). As much as
proline residues affect CID fragmentation in proline rich peptides [31], in this case, Pro-Val
bond is fragmented (b8 ion) at low, yet detectable levels. We have also found immonium ion
of Lysine-linker – OH with m/z of 240.18 (Fig. 5c) present in the spectrum that aided in the
interpretation and final assignment of the sequence.

Summary of chemical cross-linking of pGSN
Summary of our findings are presented in Fig. 6. Panels (a) and (b) in this figure show 3-
dimensional structure of GSN obtained from PDB. In panel (a) we marked side chains of all
lysine residues that were modified. Importantly, residues colored green are those involved in
inter-molecular linking while those colored in red are involved in intra molecular linking. In
panel (b), we show distances in Å between the ε-amine groups of the lysine residues we
found linked by the 11.4Å cross-linker. Although we showed that an 11.4Å cross-linker can
reach two lysine residues 20.4Å apart, the distances shown in Fig. 6b are longer than 25Å
and the presence of those cross-linked peptides in the band which correspond to
electrophoretic migration of homo-dimer of pGSN suggests an inter-molecular cross-
linking. In some instances our approach still has limitations. For example, based on
presented results, we cannot distinguish whether lysine 166 and lysine 634 were specifically
linked to lysine 314 or lysine 319.

As described above, the cGSN form that was used for crystallographic studies is shorter by
23 a.a. on the N-terminal end than pGSN.

Conclusions
Several conclusions can be drawn based on experimental data presented in this study. First,
when interpreting results of in vitro cross-linking interacting proteins, a possibility of self
cross-linking of any of interacting proteins should be considered. Dimerization or self-
assembly to multi-monomer structures is a commonly observed effect in in vitro
experiments that can lead to undesired effects. Second, critical residues for forming hetero-
complexes can be blocked and new and not biologically relevant interacting domains can be
created. Also in vitro experimental conditions might favor homo- over hetero- interactions
with another protein in other’s or our systems. Third, flexibility of some regions within the
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protein polypeptide chain, as we have shown here, may lead to linking of distant residues
where linker length is half the distance thus such assumption cannot be made. X-ray
crystallography data did not indicate such flexibility in the region where such intra-
molecular cross-linking occurred. Fourth, our strategy used cleavable and non-cleavable
cross-linkers; the non-cleavable one provided confirmation of intra-molecular cross-linking,
while cleavable cross-linker did not. Fifth, because of the possibility of a loss during the gas
phase of modifications, resulting from chemical cross-linking, a thorough manual
interrogation of MS spectra for precursor ions needs to be performed. The manual
interpretation of MS/MS spectra allowed us to gather more specific information, e.g., the
dissociation of the arm/peptide during CID. Such information provides easier ways to parse
pairs of cross-linked peptides and in fine this would help to complete software for the
analysis of modified peptides. Sixth, despite experimental limitations including low intensity
of fragment ions, chemical cross-linking using MALDI-TOF/TOF mass spectrometry
remains a vital method to study protein interactions.
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Figure 1. Chemical cross-linking of human pGSN
Panel a: 1-DE analysis of native human pGSN purified from human plasma (G). Lanes
represent 1-DE analysis of the same preparation of pGSN after chemical cross-linking with
four linkers. Chemical structures and space lengths of respective linkers are presented in
panelsc – f. Panel b:Representative MALDI-TOF spectrum of pGSN tryptic digests. Panels
c – f represent MALDI-TOF spectra of tryptic digests of pGSN after cross-linking with
respective linkers showing significant changes in MALDI-TOF spectra resulting from cross-
linking.
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Figure 2. Comparison of cross-linking with cleavable or non-cleavable linkers
Panel a: The MS/MS analysis of precursor ions with 1490.7 m/z (~86 kDa, Fig. 1a) of pGSN
after linking with a cleavable 12Å cross-linker shows fragment ion assignment for
peptideH2N-LKATQVSKGIR-COOH with modifications resulting from the spacer arm
cleaved by reduction and a carbamidomethylation (CAM) of the free -SH. In this spectrum,
a 229.09 m/z fragment corresponds to the immonium ion of the lysine residue linked to the
arm with the CAM. Panel b: The MS/MS analysis of precursor ions with 1338.7 m/z from
the digest of the major band of pGSN cross-linked with a 11.4 Å linker, shows fragment ion
assignment for the same peptide as in panel (a). This peptide contains non-cleavable 11.4Å
linker. This MS/MS spectrum shows ions specific for the following modifications: 222.16
m/z, the immonium ion of lysine with the arm; 242.20 m/z, the immonium ion of lysine
linked to the arm and water; 305.24 m/z the arm linked on both sides to immonium ions of
lysine. The lysine residue modifications were labeled with a superscript (arm).
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Figure 3. Internal cross-linking distant lysine residues using non-cleavable linker
Panel a: The MS/MS analysis of the precursor ion with 1959.89 m/z (~86kDa in Fig. 1 a)
linked with 11.4Å linker presents fragment ion assignment for peptide H2N-
DSQEEEKTEALTSAKR-COOH with the cross-linker molecule linking both lysine
residues present in this peptide. The ions containing the mass of the arm were labeled with
subscript (arm). Panel b shows that the linked lysine side chains are in opposite directions
and the distance between the ε-amines of both lysine residues is 20.4Å.
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Figure 4. Inter-peptide cross-linking
The MS/MS analysis of precursor ion with 1959.88 m/z, derived from the tryptic digest of
the upper band of pGSN (~170kDa in Fig. 1 a) after cross-linking with the 11.4Å linker.
This spectrum presents fragment ion assignment for two peptides, first H2N-
(357)AALKTASDFITK(368)-COOH (the ions for this peptide are labeled with subscriptI)
and second H2N-(297)LAKLYK(302)-COOH (the ions for this peptide are labeled with
subscriptII). The ions labeled with (arm) superscript the fragments containing the masses with
linker modifications.
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Figure 5. Modification of peptides without cross-linking
The fragmentation spectrum of the precursor ion with 3557.60 m/z was derived from the
tryptic digest of the major band of pGSN (~86kDa in Fig. 1 a) incubated with a 11.4Å
spacer arm and showed fragment ion assignment for peptide H2N-
IEGSNKVPVDPATYGQFYGGDSYIILYNYR-COOH. It shows a modification of the
lysine residue in which the cross-linker ends with H2O indicating that this linker was unable
to cross-link two lysine residues. We labeled with (arm) superscript the fragments containing
the masses with linker modifications.
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Figure 6. An overlay of identified modified lysine residues on 3-dimensional structure of GSN
Panels show the analysis of the modified lysines on the 3D structure of gelsolin. Panel a:
Red labeled Lys residues linked together within the same peptide, as well as the dead-end
modifications (Lys 420) are located on the surface of gelsolin. Green labeled Lys residues
involved in the cross-linking of the dimer of gelsolin are mostly found in cavities of the
protein. Pane b: The distances between the ε amine of Lys residues involved in the
dimerization reveal a distance that is longer for the cross-linker to reach both amines.
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