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Chemical cross-linking is an attractive technique for the study of the structure of protein com-
plexes due to its low sample consumption and short analysis time. Furthermore, distance
constraints obtained from the identification of cross-linked peptides by MS can be used to con-
struct and validate protein models. If a sufficient number of distance constraints are obtained,
then determining the secondary structure of a protein can allow inference of the protein’s fold.
In this work, we show how the distance constraints obtained from cross-linking experiments
can identify secondary structures within the protein sequence. Molecular modeling of alpha
helices and beta sheets reveals that each secondary structure presents different cross-linking
possibilities due to the topological distances between reactive residues. Cross-linking experi-
ments performed with amine reactive cross-linkers with model alpha helix containing proteins
corroborated the molecular modeling predictions. The cross-linking patterns established here
can be extended to other cross-linkers with known lengths for the determination of secondary
structures in proteins.
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1 Introduction

Chemical cross-linking is a very attractive technique for the
study of protein structure, especially in the absence of data
from high-resolution methods such as nuclear magnetic reso-
nance (NMR) and protein crystallography. The cross-linking
technique is based on the formation of covalent bonds be-
tween amino acid residues that are near to one another in the
protein structure. Cross-linked peptides can then be identi-
fied by shotgun proteomics analysis, which gives information
for residues within the protein structure that should be closer
in space than the cross-linker reagent’s spacing arm. By us-
ing cross-linking, several different structural properties can
be determined:
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(1) modification of residues indicates that they are solvent
exposed;

(2) interprotein cross-linked peptides (composed of peptides
from two different proteins) reveal the topology of a mul-
tichain complex, and the distance constraints of these
interprotein cross-linked peptides can be used to gener-
ate a model of the complex; and

(3) intraprotein cross-links (composed of peptides from the
same chain) reveal information about the folding of an
individual protein.

Due to its attractive features, including low sample con-
sumption, short analysis time, and relative ease of use, cross-
linking has been used to study multiple proteins and protein
complexes. By far, the most common uses of cross-linking are
either to determine the topology or to identify the interaction
region between two proteins in a complex. Several examples
have been shown in the literature for these applications [1–5].

An alternative potential application of cross-linking/MS
is to use the distance constraints provided by intraprotein
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cross-links to reveal structural information within a single
protein. Assuming that the general type of fold is known
and that enough cross-links are found, the corresponding
set of distance constraints can be used to derive the precise
fold of the protein. This approach is similar to NMR protein
structure determination methods, where a set of distance con-
straints are obtained by NOESY (nuclear Overhauser effect
spectroscopy) experiments for use in molecular modeling.
Currently, the difficulty in the case of cross-linking is the rel-
atively small number of cross-links that can be obtained for
a specific protein. Young et el. [6] have suggested that if the
number of cross-links is higher than 10% of the number of
residues, then a fold may be determined. However, other the-
oretical studies suggest that this number may be higher for
some specific folds [7]. As far as we are aware, the only work
to use cross-linking to model a protein structure has been the
one by Young et al.

Another potential use of cross-linking is the analysis of sec-
ondary structure. Currently, the most common methods for
secondary structure determination are circular dichroism [8]
(CD) and homology modeling [9,10]. Although CD is very suit-
able for determining the overall presence of alpha helices and
beta sheets, the data from these experiments cannot localize
these individual structures in the protein sequence. Several
secondary structure prediction programs are currently avail-
able [11–13], but their accuracy is somewhat limited and care
should be taken in interpreting the results.

Because alpha helices and beta sheets force the amino acid
side chains to have a specific orientation, the distances be-
tween side chains are restricted to a relatively short range.
Thus, cross-linking can be used as a ruler, and the forma-
tion of a cross-link can be indicative of a specific secondary
structure. Certain residues have a tendency to form a specific
secondary structure: amino acids with bulky side chains (tryp-
tophan, tyrosine, phenylalanine, isoleucine, valine, and thre-
onine) prefer to adopt beta strand conformation [14], whereas
methionine, alanine, leucine, glutamic acid, and lysine prefer
to form alpha helices [15].

Currently, lysine-specific cross-linkers (based on N-
hydroxy-succinimide esters) are the most commonly used
cross-linkers, making them very suitable for alpha helix prob-
ing. If cross-linkers with other specificities are used, such as
photoactivable cross-linkers based on diazirines [16] or ben-
zophenones [17], then possible beta sheets can also be inter-
rogated. In this work, we explore the use of cross-linking to
probe the presence of alpha helices and beta sheets by molec-
ular modeling and lysine-specific cross-linking experiments
for alpha helices.

2 Materials and methods

2.1 Materials

The proteins hemoglobin from bovine blood, myoglobin from
horse heart, and ubiquitin from bovine red blood cells were
obtained from Sigma-Aldrich (St Louis, MO, USA). GST-

Myosin (∼48 KDa) encoding the C-terminal region of the
�-myosin heavy chain cloned in pGEX5 × 2 (GE Healthcare,
Piscataway, NJ, USA) was also used [18]. This construct was
expressed in Escherichia coli Bl21 (DE3) and purified by affin-
ity chromatography (HisTrap HP 5 mL, GE Healthcare) and
by exclusion size chromatography (HiLoad 26/60 Superdex
200 pg, GE Healthcare). Dithiothreitol and iodoacetamide
were obtained from Pierce. The cross-linker disuccinimidyl
suberate (DSS) was obtained from Sigma-Aldrich (St Louis,
MO, USA). Sequencing grade modified trypsin was obtained
from Promega, Madison, WI, USA.

2.2 Chemical cross-linking reaction

Chemical cross-linking was performed as previously de-
scribed [16]. The proteins were solubilized in 50 mM pH
8.0 phosphate buffer to give a final volume of 500 �L
and concentration of 1 mg/mL. DSS was dissolved in N,N-
dimethylformamide (10 mg/mL) and immediately added to
the protein solutions in a 50:1 molar excess. Reactions were
allowed to stand at room temperature for 2 h. When alkylation
of thiol groups was necessary, it was performed by reduction
with 250 mM dithiothreitol solution at a final concentration
of 60 mM, for 30 min at room temperature, followed by a
reaction with 250 mM iodoacetamide at a final concentration
of 60 mM, kept in the dark at room temperature for 30 min.
Trypsin (sequencing grade modified porcine pancreas) was
added to a final concentration of 1:20 (w/w), and the digestion
was carried out for 16 h at 37�C.

2.3 MS analysis

LC-ESI-QTOF-MS/MS experiments on the tryptic digests of
the cross-linked proteins were performed on a Waters nano-
Acquity UPLC (ultra performance liquid chromatography)
coupled to a Waters Synapt HDMS mass spectrometer. The
UPLC system was fitted with a Waters Symmetry C18 trap
column (20 mm × 180 �m id; 5 �m particle size), followed by
a Waters BEH130 C18 analytical column (100 mm × 100 �m
id; 1.7 �m particle size). Samples were injected and washed
on the trapping column for 3 min with 97:3 H2O/MeCN with
0.1% formic acid, at a 5 �L/min flow rate, and then eluted
with a gradient of 97:3–30:70% H2O/MeCN with 0.1% formic
acid, at a flow rate of 1 �L/min. Analysis was performed using
data-dependent acquisition.

2.4 Identification of cross-linking products from

LC-MS/MS experiments

The raw data files from the LC-MS/MS runs were processed
using Mascot Distiller (Matrix Science Ltd.). The inter- and in-
traprotein cross-links were identified using the program Crux
search-for-xlinks [19] followed by manual validation. The
search parameters were as follows: precursor tolerance 0.1
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Figure 1. Structure of a polypeptide in twisted beta sheet confor-
mation showing lysine residues at positions 1, 3, and 5.

Da, missed cleavages 2, variable modification 156.07 Da on

lysines (corresponding to dead ends), up to two modifications
per peptide.

2.5 Molecular dynamics

Molecular dynamics simulations were performed using the
software NAMD 2.8. For alpha helix, eleven hypothetical
poly-alanine alpha helix (20 residues in length) containing
two lysine residues were modeled. In these peptides, one ly-
sine was always placed as the second residue, whereas the
other lysine was placed varying its position from residue 3
till position 13, resulting in positions 2 till 12 relative to the
first lysine. For beta strands, a two strand beta sheet com-
posed of MKIKVKTKTGKTITLEV sequence was modeled.
NVT (constant temperature and volume) ensemble was used
with a water box with enough chloride ions to neutralize the
system, using the topology file par_all27_prot_lipid, during
4 ns.

2.6 Topological distances

The Xwalk [21] software was used to calculate the topolog-
ical distances from the modeled alpha helices and the hy-
pothetical polylysine beta sheet. Topological distances were
calculated between the nitrogen atoms in the lysine side
chains.

3 Results and discussion

3.1 Structure of beta sheets and alpha helices

Beta strands have a linear structure, where the backbone is
arranged in an almost straight line, and the side chains are
located alternately on each side of the strand. The strand
is usually twisted along the main backbone line; and along
with the other strands, they form a beta sheet, where the
side chains are pointed upwards or downwards. A hypo-
thetical polylysine in beta strand conformation is shown in
Fig. 1. As shown, the cross-linkable residues will be the
ones on the same side of the beta strand, that is, among
the odd or even numbered residues, because residues on
different side of the strand should not be cross-linkable
using a short- or medium-sized cross-linker (spacing arm
<15 Å).

Alpha helices have 3.6 residues per turn, which translates
into an angle of 100 degrees between residues, with the side
chains of each residue pointing outwards (Fig. 2). This config-
uration produces geometric features that can be used to derive
several cross-linking rules from the sequence positions. For
a perfect alpha helix (Fig. 2), some side chains will be on the
same side of the helix, facilitating the cross-linking, whereas
others will lie on opposite sides of the helix, making cross-
linking unlikely for a short- or medium-range cross-linker
(<15 Å). Interestingly, in alpha helices, some residues that
are far apart in the primary sequence may still have an ap-
propriate geometry for cross-linking, i.e., they may be close
in space (parallel). This is the case for residues 8 and 1 in
the alpha helix, which could be cross-linked to residue 1 if a

Figure 2. (A) A hypothetical lysine 14-mer
in the alpha helix conformation. (B) Side
view of the same alpha helix.
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Figure 3. Histograms of direct (Euclidean) distances between amino groups of lysine side chains for alpha helices containing lysine residues
at different relative positions. The dashed line corresponds to arm length of DSS/BS3 cross-linkers (11.5 Å).

cross-linker with arm length of 12 Å was used (Fig. 2). In a
beta strand, on the other hand, a large distance in the primary
sequence would make the amino acids much farther apart in
space (Fig. 1).

3.2 Molecular dynamics simulations

For a comprehensive analysis of cross-linking possibilities,
three factors should be taken into account:
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Table 1. Topological distances between the amino group of lysine
residues at the conformation with the shortest direct (Eu-
clidean) distance for alpha helices and beta strands with
the second lysine residue at different relative positions

Lysine relative Lysine relative
positions Topological positions Topological
(alpha helix) distances (Å) (beta strand) distances (Å)

K1–K2 10.6 K1–K2 17.5
K1–K3 19.5 K1–K3 8.1
K1–K4 9.3 K1–K4 19.5
K1–K5 5.5 K1–K5 17.6
K1–K6 10.9 K1–K6 19.6
K1–K7 20.6 K1–K7 21.7
K1–K8 7.3 K1–K8 25.9
K1–K9 7.6 K1–K9 36.2
K1–K10 22.1 – –
K1–K11 11.5 – –
K1–K12 12.9 – –

(1) The cross-linker spacing length will dictate the maximum
distance between the cross-linkable residues. For simplic-
ity, all analyses here will be based on the most commonly
used cross-linkers, DSS, and BS3. Both cross-linkers have
a maximum spacer length of 11.5 Å.

(2) The dynamics (flexibility) of both backbone and side
chain has to be considered, especially in the case of ly-
sine residues because they are long chains and can, in
principle, acquire very different conformations.

(3) The distance between two residues should be smaller
than the cross-linker spacing length. This distance is not
a direct (Euclidean) distance, but topological, since the
cross-linker should be able to link the residues across the
protein surface.

To carry out a comprehensive analysis including these
three factors, molecular dynamics were performed in a model
alpha helix composed mainly of alanines with two lysines in
sequential positions (Fig. 3 and Table 1) as well as a beta
sheet with lysines at positions 1, 3, and 5. The most common
conformations of these structures were then analyzed by the
Xwalk software to obtain topological distances.

For an alpha helix, residues located on opposite sides of
the helix should have a longer topological distance than the
ones on the same side. For example, the topological dis-
tance between lysine amino groups for K1 and K2 is ap-
proximately 17 Å, whereas the topological distance between
K1 and K3 is approximately 23 Å, because the cross-linker
needs to make a turn around the helix to reach K3. For K1
and K4, the distance is smaller again (around 14 Å) because
the third residue nearly completes one turn, approaching the
first lysine. The same pattern is observed for the following
turns until residue K11, which is the farthest residue that is
linkable in the protein sequence at a topological distance of
11.5 Å. From these observations, a set of selection rules can
be devised for alpha helix cross-linking possibilities, consider-
ing both the side chain flexibility and the topological distances
(Table 2).

Table 2. Cross-link selection rules for alpha helices and beta
strand for cross-linkers DSS/BS3

Lysine relative
positions 2 3 4 5 6 7 8 9 10 11 12

Alpha
Helix A F A A A F A A F A F

Beta
Strand F A F F F F F F F F F

A, allowed; F, forbidden.

Figure 4. Histograms of direct (Euclidean) distances between
amino groups of lysine side chains for beta strands containing
lysine residues at relative positions 3 and 5. The dashed line cor-
responds to arm length of DSS/BS3 cross-linkers (11.5 Å).

The equivalent analysis can be performed for beta strands
(Table 1, Fig. 4). Here the cross-linking possibilities are re-
stricted to residue 3 only, because residue 2 is on the opposite
side of the strand, with a topological distance of 17.5 Å, and
residue 4 and all subsequent residues have a topological dis-
tance of greater than 17 Å. Hence, for a beta strand, the only
available cross-link is between K1 and K3. This situation is
exactly the opposite of that for the alpha helix, where cross-
linking between residues 1 and 3 is forbidden due to the
topological distance (>20 Å, Table 1).
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Table 3. Identified interprotein cross-links with DSS

K2 relative Euclidean Topological
Protein K1 position K2 position position distance (Å) distance (Å)

Ubiquitin 229 233 5 6.4 7.1
Myoglobin 61 62 2 5.3 6.2
Myoglobin 145 147 3 7.5 9.3
�-hemoglobin 11 16 6 9.8 15.8
Myosin 42 45 4 5.7 8.0
Myosin 45 46 2 5.4 5.6
Myosin 45 50 6 9.8 11.5
Myosin 67 74 8 10.4 12.3
Myosin 94 95 2 5.3 5.5
Myosin 155 159 5 7.9 10.4
Myosin 396 384 11 – –

Myosin structure was obtained from ref. [1]. No structure is available for the sequence involved in myosin cross-link 396–384.

3.3 Cross-linking experiments with DSS

To confirm the cross-linking possibilities predicted by the
molecular modeling, cross-linking experiments with DSS
and the alpha helix rich proteins ubiquitin, myoglobin,
hemoglobin, and myosin were performed, looking for in-
traprotein cross-links. Several of these cross-links were iden-
tified by the Crux search-for-xlinks software, followed by man-
ual validation (Table 3 and Supporting Information Figs. S1
and S2).

The data shown in Table 3 fit perfectly with the predicted
cross-linking possibilities for alpha helices (Table 2). The pre-
dicted cross-links at positions 2, 4, 5, 6, 8, and 11 were found
in the experiments. The only exception is the cross-link be-
tween residues 145 and 147 from myoglobin. This cross-link
(Fig. 5) is well characterized by MS and it seems to violate
the predicted distances for cross-links at relative position 3.
A closer inspection of the structure of myoglobin reveals,
however, that these lysine residues belong to the end of al-

pha helix 8, with lysine 147 being the last residue of the
helix. Moreover, this residue is the third from last residue
in the protein, making this part of the protein flexible. In-
deed, the analysis of the NMR structure (PDB ID 1MYF) of
this part of the protein shows a reasonable flexibility of the
protein C-terminus, distorting it and allowing the two lysines
to have a shorter topological distance (12 Å). Therefore, it is
quite likely that this part of the protein is flexible enough to
acquire conformations with a topological distance between
lysine residues 145 and 147 that would be within the reach
of the DSS cross-linker. Thus, the experimental cross-linking
data corroborates the predicted selection rules derived from
molecular modeling.

The case of the cross-link between lysines 145 and 147
from myoglobin shows that the selection rules presented here
can be violated by chain flexibility or secondary structure
distortion, but molecular modeling should be able to account
for these artifacts. Another possible caveat is the cross-linking
in random coil regions. Because random coils are usually very

Figure 5. MS/MS spectrum of intramolecular
cross-link between lysines 145 and 147 from
myoglobin.
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flexible and do not enforce any specific orientation of residues
side chains, practically any cross-linking may be allowed in
these secondary structures. This phenomenon should always
be taken into account when creating a protein model.

4 Conclusions

We showed that chemical cross-linking coupled to MS can
be used to generate structural information that correlates
with protein’s secondary structure. The presence of alpha
helices and beta strands can be determined using the selec-
tion rules found for each secondary structure. For DSS/BS3
cross-linkers, alpha helices allow cross-links between lysines
at relative positions 2, 4, 5, 6, 8, 9, and 11, whereas beta
strands only allow cross-links between residues at a relative
position 3. These complementary selection rules are useful
for distinguishing alpha helices from beta strands.

The selection rules presented here can be extended to other
cross-linkers with known spacing lengths. Furthermore, al-
though beta sheets were not experimentally probed here due
to the lack of lysine residues, the use of photoactivable, non-
specific cross-linkers can be appropriate for determining the
secondary structure. Thus, the information obtained by cross-
linking holds great promise for determining secondary struc-
tures within a protein sequence through the use of all of the
analytical advantages of mass spectrometric detection.
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