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We recently developed a shotgun tool for cross-linking sites analysis, X!Link, for the sensitive and
high-throughput analysis of chemically cross-linked proteins or multiprotein complexes (J.
Proteome Res. 2007, 6, 3908–3917). Here, we report a further development of the tool using a
probability-based scoring system. It calculates explicit E-values, with which sensitive detection of
the cross-links is possible with very low false positives, and now can be applied to moderate
numbers of protein sequences. Most of the false positives in large scale analysis originate from
partial matching where one side of the peptides is correctly matched while the other side is
incorrectly matched. Additional E-values were calculated for each peptide and effectively
minimized false positives from such partial matching. The usefulness of the new scoring system
was demonstrated for a previously published dataset from a cross-linked cytochrome c protein,
searching against a large database of equine protein sequences. (J Am Soc Mass Spectrom 2009,
20, 1896–1899) © 2009 American Society for Mass Spectrometry

Cross-linking mass spectrometry, chemical cross-
linking of intra- or inter-protein close-contacts fol-
lowed by mass spectrometric determination of

cross-linked sites, is a rapidly growing research field and
has great potential to supplement X-ray or NMR based
structural proteomics [1]. Although the structural infor-
mation is low-resolution in its nature, it has several
advantages superior to the other techniques such as fewer
requirements in sample amount and purity, little limita-
tion on protein size, no need for crystallization, and easy
application to protein complexes. The current technolo-
gies, however, have low sensitivity and throughput, and
are not sufficiently advanced to illuminate its hidden
potential.
Most of the limitations are attributed to its difficulty in

separating cross-linked peptides from other predominant
non-cross-linked peptides. Isotopic labeling or compari-
son with the control has been typically adopted in the
search for cross-links [2, 3]. These approaches, based on
parent mass spectra to find cross-linked fragments, have
limited sensitivity due to the difficulty in comparing low
level signals in mass spectra. Recently, we developed a
novel method based on a shotgun approach termed
X!Link [4]. In this approach, we rely largely on MS/MS
spectral interpretation of cross-linked ions rather than the
MS level information, which we believe is more efficient,
similar to the shotgun approach used in proteomics ap-
plications compared with peptide mass fingerprinting [5].
Unlike most others [1–3], we use parent mass spectra only
as a primary filtering of candidates, and all candidates are
thoroughly evaluated by their MS/MS spectra. We use

high mass accuracy precursor spectra to minimize false
positives, which is essential because the number of false
positives increases rapidly with increasing database size.
Our approach, based on high-throughput cross-link
search of LC-MS/MS data, showed dramatic improve-
ment in sensitivity and throughput compared with previ-
ously reported methods [4].
Here, we report a further development of X!Link using

a probability-based scoring system. We use a Poisson
distribution to calculate the expected value of random
matching, the same approach adopted in open mass
spectrometry search algorithm (OMSSA) [6] for single
peptide search, but with some modifications. We also
implement the calculation of separate E-values for each
peptide to avoid the false positive by partial matching,
which has been neglected in cross-linking data analysis
and could lead to an inadvertent false positive. When we
applied the new scoring to a previously published cyto-
chrome c cross-linking data, we attained the same sensi-
tivity but without any false positives at E-value cutoffs
optimized from a large scale simulation.

Methods

Probability-Based Scoring

We adopt a probability-based scoring system using Pois-
son distribution and follow OMSSA for most of the
equations [6]. For simplification, we combine fragment
ions with different charge states into a single theoretical
spectrum for charge states up to z-1 withmaximum of 4 (z
is parent charge state). A probability that a theoretical
fragment ion could be matched to any peak in the exper-
imental spectrum by random chance can be calculated as:
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sum of m/z ranges occupied by
each experimental peak

m/z scan range in experimental
spectrum

�
v � 2t

m
(1)

Here, t, m, and v represent mass tolerance, m/z scan
range (high m/z–low m/z), and the number of peaks in
the experimental spectrum. The average number of
random matching, �, between experimental and theo-
retical peaks can be calculated by multiplying the
random matching probability, 2tv/m, with the number
of theoretical peaks, h:

� �
2tvh

m
(2)

The Poisson distribution for x number of matches and �
mean value is given by

P(x,�)�
�x

x
e�� (3)

OMSSA adopts an additional constraint to increase the
specificity by accepting the matching results only when
at least one of the top n (n � 3 by default) peaks is
detected. In our previous paper [4], we adopted a
similar but more generalized approach requiring at
least l major peaks among the top n peaks. The opti-
mum values for l and n were suggested as 3 and 10,
respectively. The probability distribution is adjusted for
this additional filtering [6]:

Pl′(x,�)�
1

Q
(1� (1� q)x)P(x,�) (4)

where the normalization factor Q is

Q ��x (1� (1� q)x)P(x,�) (5)

Here, q is the probability to have l calculated peaks
among the top n peaks and can be calculated as,

q �
nCl

vCl

(6)

where nCl is the number of l combinations from a set of
n, defined as n!/((n � l)!l!).
According to our calculations, major peak filtering of

at least one peak out of the top three (l � 1 and n � 3)
and three peaks out of the top 10 (l � 3 and n � 10) have
almost the same sensitivity, but they exclusively detect
1%�2% more cross-links than each other (data not
shown). For the best sensitivity, both major filterings
are included in the algorithm: X!Link tests whether
there is at least one peak out of the top three and, if it
fails, it tests the existence of at least three peaks out of
the top 10.

The E-value can be calculated as following:

E(y,�)� N(1� (�x�0
y�1Pl′(x,�))N) (7)

Here, N is the number of all the possible cross-links that
has passed the primary ion filtering and y is the number
of successful product ion matches for the particular
cross-link. When fragmentations from one of the two
peptides dominate the MS/MS spectrum, a low E-value
could be obtained even when the other peptide is a
randommatch. To avoid such false positives, additional
E-values are calculated for each peptide. The same eq 2
and eq 3 are used but with h and x corresponding to
fragments from only one peptide, and major peak
filtering is omitted, namely q � 1 in eq 4 and eq 5. To
distinguish these E-values, the E-value for the cross-link
is denoted as EX and E-values for each peptide are
defined as E� and E�. Typically, E� and E� are higher
than EX because the fragment ions corresponding to the
other counter peptide are regarded as noise.

Results and Discussion

Application to Cytochrome c Cross-Link Data

We applied the new X!Link algorithm to the previously
reported cytochrome c cross-link data [4]. In short, this
data were generated from a 2-h gradient LC-MS/MSwith
LTQ-FT (Thermo Finnigan, San Jose, CA) for a trypsin
digest of BS3 (Bis[sulfosuccinimidyl] suberate)-cross-
linked cytochrome c. The Mascot generic file (Mgf) deiso-
toped by Mascot distiller (Matrix Science) was used as an
input file for X!Link. The X!Link output is compiled into a
short list by sorting out multiple assignments, combining
the same cross-links, and manual validation. E-value
filtering was made following the suggestion in the next
section (EX � 0.03 and E�/E� � 0.3). Supplementary Table
1, which can be found in the electronic version of this
article, summarizes all unambiguously identified cross-
links thus assigned. The sensitivity was not affected sig-
nificantly by the new scoring system, but no false positives
were found with the given filtering parameters. All cross-
links have Lys inter-�-carbon distances less than 24 Å (the
length of fully expanded BS3 and two Lys side chains) and
were mostly less than 20 Å. There are some changes from
the previous report: a total of 25 inter-peptide cross-links
in 215 MS/MS spectra were found compared with the
previous 21 cross-links in 180 spectra. The differences
mostly resulted from neglecting the intra-cross-linked
heme group in the previous report. The changes are
discussed in detail in Supplementary Information 3.
It has been suggested that a NHS (N-hydroxysulfosuc-

cinimide) containing cross-linker, like BS3 that we used
for cytochrome c cross-linking, might cross-link Tyr or Ser
as side reactions in addition to the primary amines [7]. We
performed an X!Link search of the same cytochrome c
cross-link data for possible cross-linking of Lys-Tyr and
Lys-Ser. No Lys-Ser cross-links were detected, while 85
possible cases were detected for Lys-Tyr cross-links. How-
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ever, all the potential Lys-Tyr cross-links were confirmed
to be incorrect after careful manual inspection, and most
of them are mis-assignment of Lys-Lys cross-links. Even
though most of the incorrect Lys-Tyr cross-links have
higher E-values than Lys-Lys cross-links, some have
lower E-values due to accidental random matching of
some of the fragments. Therefore, it is always very impor-
tant to manually validate the exact cross-linking sites. No
Lys-Ser or Lys-Tyr cross-links were identified, suggesting
that non-primary amine cross-linking products by the
NHS cross-linker is absent or minimal at least in our
experimental conditions.

Simulation of a Complex Protein Mixture

X!Link was originally designed for one or two protein
sequence(s) [4]. The new probability-based scoring sys-
tem, however, is independent of the charge state and
database size (the database size effect is included in N in
eq 7) allowing its application to multiple protein se-
quences. The possible application to a complex protein
mixture was tested by searching the cytochrome c cross-
link dataset against two additional protein sequence da-
tabases, a database with 346 equine protein sequences
(supplied by Thermo Finnigan for BioWorks 3.2) and a
database of the reversed sequences. The E-value, the
chance of a random matching, is expected to be very low
for most of the true positives. Figure 1a compares the old
and new scores for the false positives obtained from
X!Link search against the reversed equine sequence (de-
coy database). In total, 22,712 cross-linked peptides passed
the old filtering of 1.0; however, only four could pass the
new filtering of EX less than 0.03. It clearly demonstrates
the effectiveness of filtering false positives with the new
scoring system. Figure 1b shows the number of matching
cross-links as a function of EX cutoff for the cytochrome c
sequence, the equine database, and the decoy database of
reversed equine sequences. As expected, the search
against the true protein sequence (cytochrome c) gives
mostly low EX values, while the search against the false
database (reversed equine sequence) gives high E-values
with no matching below 0.001. In a typical proteomics
analysis, the cutoff value is often determined from the
search against the reversed sequence, i.e., 0.001 in this
case. The equine database (forward equine sequence)
contains both true (cytochrome c) and false (other equine
proteins) sequence(s), and the search result includes the
distribution of both true and false positives as shown
separately in (b). The true positive from the equine se-
quence has the similar distribution with that against
cytochrome c sequence, but with a little higher E-values
resulting from the larger value of N in eq 7. In contrast to
the reversed equine database, some of false positives from
equine database have low E-values down to an EX cutoff
of 1 � 10�10. It indicates that the cutoff cannot be simply
determined from the search against the reversed se-
quences, unlike single peptide search in proteomics. As
can be seen in Supplementary Table 2, these false positives
are mostly coming from partial matching: one peptide is

correct but the other one results from incorrect random
matching. We could solve this problem by adding addi-
tional filtering in each peptide, E� and E�. When we
applied E�/E� filtering of 0.3 or 0.1 ((b) and Supplemen-
tary Table 2), the false positive was dramatically removed
and there was no false positives with EX of 0.0001 or
below.
Sensitivity and selectivity were calculated for both

cytochrome c and equine database at various EX and

Figure 1. (a) Effective removal of false positives with the new score.
Comparison between the old score (the number of fragments/the
number of amino acids) and the new score (EX, E-value for
cross-link) for the X!Link search result of cytochrome c cross-link
data against the decoy database of reversed equine sequences. Red
and black dots denote the charge state of 3 and 4, respectively. (b)
False positives by partial matching and their removal with E-value
for each peptide. The number of matched cross-linked ions are
shown as a function of EX cutoff for the X!Link search result of the
cytochrome c cross-link data against cytochrome c sequence (Cyt C),
equine protein database (Equine), and the decoy database of reversed
equine sequences (Reverse Equine). True (TP) and false positive (FP)
distributions are separated for the equine database search. False
positive in equine database search has low EX value down to 1 �
10�10 due to partial matching, which is effectively removed with
additional filtering at each peptide level (E�/E� less than 0.3 or 0.1).
Only unique cross-linked ions are counted in the figure.
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E�/E� cutoffs. Figure 2 shows an example calculated at
E�/E� cutoff of 0.3. The best optimization was made at the
EX and E�/E� cutoff of 0.03 and 0.3, respectively, where
the sensitivity is 100 and 28% for cytochrome c and equine
sequence(s), respectively, and the selectivity is still 88% for
equine sequence. Therefore, we believe we have almost
100% sensitivity and selectivity for a small protein like
cytochrome c. When searching against a larger protein or
multiple protein sequences, the same criteria might be
used to minimize false negatives but careful manual
inspection needs to be performed for the boundary score
cross-links; i.e., those with 0.0001�0.03 for EX and/or
0.03�0.3 for E�/E�.

Conclusion

A reliable scoring system is developed for the shotgun
cross-linking site analysis with statistical evaluation of
randommatching. The new scoring system has twomajor
improvements in cross-linking analysis. First, it dramati-
cally removes false positives when applied to a large
number of protein sequences, demonstrating its applica-
bility to a complex mixture. It still may not be directly
used for a very large protein database; however, we can
reduce the number of proteins by single peptide searching
using common proteomics tools and then perform cross-
link searching against only those identified proteins. Sec-
ond, we developed a novel concept of calculating E-values
for each peptide and significantly removed false positives
induced by partial matching. It should be noted that a
short peptide will give high E�/E� values and may not
pass the filtering criteria. For the same reason, short
peptide sequences cannot be used to identify proteins in a

large protein database search. For a small protein or for
only a few protein sequences, however, a short peptide
could still survive the filtering and the corresponding
cross-links could be detected. For example, some KK and
GKK peptides give E�/E� value lower than 0.3 and could
be detected in our X!Link search against cytochrome c
sequence (Supplementary Table 1). The new algorithm
will be especially useful for the cross-linking studies of
proteinmixtures, including protein–protein interactions in
multi-protein complex and in vivo cross-linking site anal-
ysis. Such applications involve very complex samples and
low abundant cross-linked peptides. The solution should
come from not only the improvement in the algorithm,
but also in the experimental approaches, such as exclusion
of low charge state ions in MS/MS data acquisition [3, 8,
9], SCX enrichment [8], and partial blocking of reactive
Lys sites [10]. Our new program is available by request.
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Supplementary material associated with this article
may be found in the online version at doi:10.1016/
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Figure 2. Sensitivity and selectivity as EX cutoff for the X!Link
search against cytochrome c sequence and equine database with
E�/E� � 0.3. Sensitivity and selectivity are defined as TP/(TP �
FN) and 1-FP/(TP � FP), respectively, where TP, FN, and FP are
true positive, false negative, and false positive, respectively. The total
number of TP was assumed as 78, the number of unique cross-linked
ions at EX cutoff of 0.03 and E�/E� cutoff of 0.3 in the search against
cytochrome c sequence.
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