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Chemical cross-linking and high resolution MS have been
integrated successfully to capture protein interactions
and provide low resolution structural data for proteins
that are refractive to analyses by NMR or crystallography.
Despite the versatility of these combined techniques, the
array of products that is generated from the cross-linking
and proteolytic digestion of proteins is immense and gen-
erally requires the use of labeling strategies and/or data
base search algorithms to distinguish actual cross-linked
peptides from the many side products of cross-linking.
Most strategies reported to date have focused on the
analysis of small cross-linked protein complexes (<60
kDa) because the number of potential forms of covalently
modified peptides increases dramatically with the number
of peptides generated from the digestion of such com-
plexes. We report herein the development of a user-
friendly search engine, CrossSearch, that provides the
foundation for an overarching strategy to detect cross-
linked peptides from the digests of large (=170-kDa)
cross-linked proteins, i.e. conjugates. Our strategy com-
bines the use of a low excess of cross-linker, data base
searching, and Fourier transform ion cyclotron reso-
nance MS to experimentally minimize and theoretically
cull the side products of cross-linking. Using this strategy,
the (apyd), phosphorylase kinase model complex was
cross-linked to form with high specificity a 170-kDa By
conjugate in which we identified residues involved in the
intramolecular cross-linking of the 125-kDa 8 subunit be-
tween its regulatory N terminus and its C terminus. This
finding provides an explanation for previously published
homodimeric two-hybrid interactions of the 8 subunit and
suggests a dynamic structural role for the regulatory N
terminus of that subunit. The results offer proof of con-
cept for the CrossSearch strategy for analyzing conju-
gates and are the first to reveal a tertiary structural ele-
ment of either homologous « or @3 regulatory subunit of
phosphorylase kinase. Molecular & Cellular Proteomics
7:739-749, 2008.
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Chemical cross-linking of proteins is a versatile technique
with uses ranging from screening to obtaining relative or
absolute structural information for interacting proteins (1). For
large proteins that are refractive to techniques such as crys-
tallography or NMR, cross-linking provides a means of gain-
ing moderate to low resolution structural data by generating
distance measurements between specific regions of interact-
ing proteins (intermolecular cross-linking) or individual pro-
teins (intramolecular cross-linking). Advances in modern MS
methods have promoted a resurgence in the use of cross-
linking by eliminating the need for large quantities of conju-
gates (term used herein to denote either proteins or peptides
that are covalently cross-linked) to isolate and identify distinct
regions of inter- or intramolecular cross-linked peptides (2, 3).
Nanomolar amounts of conjugates are now routinely digested
in gel to provide sufficient quantities of peptides for detection
by MS methods such as LC ESI MS. Despite these advances,
however, cross-linked peptides are still often difficult to de-
tect because the signal intensity for these peptides is gener-
ally far lower than that for non-modified peptides, the latter of
which have the potential to co-elute and mask the former by
ion suppression mechanisms inherent in the use of LC ESI MS
(4). A low yield of specific cross-linked peptides from dimeric
conjugates, which are the most easily analyzed, often results
from continuing cross-linking reactions that form multiple high
mass conjugates, a phenomenon termed nonspecific cross-
linking (1). This phenomenon is particularly problematic in the
analysis of large hetero-oligomeric complexes, such as the
(aBv8), phosphorylase kinase (PhK)' complex used as a
model in this study, because the yield of conjugates compris-
ing just two subunits invariably decreases markedly with time
as additional subunits become cross-linked to previously
formed dimeric conjugates (5).

Arguably the greatest obstacle in the identification of cross-
linked peptides is the extensive array of products that are
formed after cross-linking and digestion of cross-linked pro-

" The abbreviations used are: PhK, phosphorylase kinase; GMBS,
N-[y-maleimidobutyryloxy]succinimide ester; MSEC, minimal stoichi-
ometric excess of cross-linker; mAb, monoclonal antibody; NDC,
nuclear division cycle; Pr, protein; LC ESI, liquid chromatography
electrospray ionization; PHP, hypertext preprocessor; theor., theoret-
ical; XHTML, extensible hypertext markup language.
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teins. This is particularly true for large conjugates (>100 kDa)
for which the number of potential products is estimated to
increase exponentially with the number of peptides generated
by proteolysis (6). As reactants, proteins add considerable
complexity to a cross-linking reaction because they contain
many reactive amino acid side chains that may be targeted by
the cross-linker, leading to their modification by either cross-
linking or monoderivatization (covalent modification without
cross-linking) (7). In nearly all cases, the number of monoderi-
vatization products will greatly exceed those of cross-linking,
particularly for heterobifunctional cross-linkers such as the
one used in this study, namely N-[y-maleimidobutyryloxy]suc-
cinimide ester (GMBS). Because cross-linkers are usually se-
lective as opposed to specific (8, 9), GMBS not only may react
with a variety of side chains, but the resultant monoderivat-
ization products may in turn form a variety of alternative stable
secondary products as will be described herein. Further prod-
uct complexity results from the fact that modifications may
alter the enzyme-catalyzed hydrolysis of each protein in a
conjugate by inhibiting proteolysis of amide bonds adjacent to
the residue modified; this is particularly problematic for tryp-
sin as lysine is the residue most commonly targeted by con-
ventional chemical cross-linkers (8). The end result is that the
heterogeneity of modifications possible in the formation of a
conjugate and of its digestion products renders useless the
direct comparison of native and cross-linked forms of proteins
as a method for detecting cross-linked peptides. Labeling
techniques have been developed to reduce the number of
potential candidates for analysis of digests of conjugates.
These include end labeling peptides with "0 (10, 11), enrich-
ment with affinity-tagged cross-linkers (12, 13), combined
isotope and affinity tagging (14), cross-linking non-labeled
and "“N-labeled protein pairs (15), isotope-labeled cross-link-
ers (16-18), and MS-cleavable reagents (19-22). All have
been used successfully in the analysis of low mass conju-
gates; however, the success of any labeling strategy is de-
pendent upon many factors, especially the size of the conju-
gate being analyzed (6). To minimize the number of candidate
ions observed in the analysis of large proteins by chemical
cross-linking, we have used an alternative approach to the
labeling strategies by simply using a minimal stoichiometric
excess of cross-linker, which for convenience we term MSEC.
The MSEC approach works particularly well with the PhK
complex because it binds small organic reagents (a descriptor
for most cross-linkers) with high affinity (23-25) as do many
other proteins (for a review, see Ref. 26). We have shown
previously that PhK specifically binds small hydrophobic
cross-linkers, such as the geometric isomers of phenylenedi-
maleimide (25) and GMBS (23), and that non-active structural
analogs of those cross-linkers inhibit its cross-linking by the
parent compound (25). Using the MSEC approach with
GMBS, we demonstrate herein that this reagent cross-links
the hexadecameric PhK complex to form sufficient amounts
of a By dimer for analysis and that the formation of this

conjugate occurs with a tolerable amount of monoderivatized
products.

Although the methods described above streamline some-
what the analysis of cross-linked proteins, predicting the
chemical composition of any specific candidate ion requires
considerable computational power given the large pool of
products possible from the cross-linking and digestion of
conjugates. A number of programs have been developed to
predict the identity of cross-linked peptides; however, they
either require the use of labeled reagents (6, 14-19, 27, 28) or
significant user input (29-33). We developed a Web-based,
user-friendly search engine, CrossSearch, that both provides
a statistical approach to culling masses corresponding to side
products of cross-linking and predicts the composition of
cross-linked peptides from the mass output obtained for di-
gests of cross-linked proteins. CrossSearch provides the un-
derpinning for an overall strategy for predicting and verifying
the composition of cross-linked peptides from both small and
large conjugates, especially when used in conjunction with
MSEC. Using this strategy in combination with FT-ICR MS,
we identified residues involved in the intramolecular cross-
linking of the 125-kDa regulatory B subunit of PhK in the
context of the entire hexadecameric complex. This cross-
linking result represents the first report of a tertiary structural
element for either of the two large, homologous « and B
subunits of PhK.

EXPERIMENTAL PROCEDURES

Proteins—PhK was purified from the psoas muscle of New Zealand
White rabbits (34); dialyzed against 50 mm Hepes (pH 6.8), 0.2 mm
EDTA, 10% sucrose; and stored at —80 °C. Its concentration was
determined by methods described previously (34). The mAbs against
the «, B, and y subunits of PhK were described previously (35, 36),
and the anti-calmodulin mAb was from Zymed Laboratories Inc. All
other secondary conjugates were from Southern Biotechnology.

Cross-linking—PhK was cross-linked with GMBS essentially as
described previously (23) with cross-linking initiated by addition of
GMBS and carried out at 30 °C for 2.5 min at pH 8.2 in 50 mm Hepes,
0.2 mm EDTA. Final concentrations of PhK (aBy8 protomer) and
GMBS in the reaction were 0.47 and 4.7 uM, respectively. The reac-
tion was terminated by adding an equal volume of SDS buffer (0.125
M Tris (pH 6.8), 20% glycerol, 5% B-mercaptoethanol, 4% SDS)
followed by brief vortexing. The PhK subunits were separated on
6-18% linear gradient polyacrylamide gels and stained with Coomas-
sie Blue. Western blotting of the proteins was performed on PVDF
membranes with subunit-specific mAbs as described previously (23).
All cross-linking reactions were performed at least twice using differ-
ent preparations of PhK.

To determine regions of cross-linking in the By conjugate, the
cross-linked PhK complex was resolved by preparative SDS-PAGE
and stained with Coomassie Blue. The bands corresponding to the By
conjugate and the remaining monomeric 8 and <y subunits were
excised from the gel, sectioned, and exchanged with three aliquots
(each ~5X the volume of the gel slice) of 50 mm ammonium bicar-
bonate, 50% acetonitrile to remove SDS. The proteins were then
reduced in 10 mwm dithiothreitol for 1 h at 55 °C and carboxymethyl-
ated with 50 mm iodoacetic acid for 1 h in the dark. The gel pieces
were washed as described above with 50 mm ammonium bicarbonate
followed by several exchanges with 50 mM ammonium bicarbonate,
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50% acetonitrile. After removing the last wash, the gels were dried in
a SpeedVac (Savant) and treated with trypsin (Promega; 12.5 ng/pul)
for 24 h at 30 °C. Peptides were extracted from the gel pieces with
50% acetonitrile, 5% formic acid.

MS Analyses—All samples were concentrated on a Centrivac con-
centrator (Labconco) to a final volume of 20 ul and pressure-loaded
onto a C,g reverse phase nanocolumn (75-um inner diameter fused
silica packed in house with 9 cm of 100-A, 5-um, Magic C,g particles,
Michrom Bioresources). Following a wash with 0.1% formic acid for
15 min at 0.5 ul/min, the column was mounted on the electrospray
stage of an FT-ICR mass spectrometer (LTQ FT, ThermoFinnigan,
San Jose, CA), and peptides were eluted at an approximate flow rate
of 0.3 ul/min over a 120-min period using a gradient of 0-90%
acetonitrile (Buffer A = 0.1% formic acid; Buffer B = acetonitrile,
0.1% formic acid). The source was operated at 1.9 kV with the ion
transfer temperature set to 350 °C. LC MS data were obtained in a
hybrid linear ion trap FT-ICR mass spectrometer equipped with a
7-tesla magnet. The mass spectrometer was controlled using an
Xcalibur software package to continuously perform mass scan anal-
ysis on the FT instrument followed by MS/MS scans on the ion trap for
the six most intense ions with a dynamic exclusion of two repeat
scans (30-s repeat duration and 90-s exclusion duration) of the same
ion. Normalized collision energy for MS/MS was set to 35%.

Data Analyses—For data analyses, dta files were created on Bio-
works Browser version 3.2. The corresponding log file was used to
generate a list of parent ions for which the corresponding charges
and tandem mass spectra were obtained. The resulting mass list (M +
H)*) was submitted to CrossSearch, the cross-link search engine, to
generate a list of potential conjugates. The precursor ion and corre-
sponding tandem mass spectrum matched to each cross-link assign-
ment were visually examined and were further analyzed only if the
parent ion was clearly above the noise base line (~6X) and had an
isotopic envelope that was characteristic of a peptide. An additional
requirement was that the tandem mass spectrum be performed only on
the monoisotopic peak with at least nine fragment ions required for
assignment. The remaining tandem mass spectra were then searched
by the Sequest algorithm (37) included in Bioworks 3.2 using a modified
version of a contaminant protein data base supplied by the vendor
(ThermoFinnigan). Data base modification included addition of the
polypeptide sequences for the « (P18688), 3 (P12798), y (P00518), and
5 (P02593) Swiss-Prot/TrEMBL subunits of rabbit muscle PhK. Each
search was performed using a 50-ppm error window for the mass of the
parent ion with a fragment ion tolerance of 1.00 for peptides arising from
both complete tryptic or random hydrolysis. The results of the searches
were filtered using the following set of criteria for low confidence:
minimum cross-correlation scores (Xcorr) of 1.5, 2.0, and 2.5 for plus 1,
2, and 3 charged ions, respectively, and a delta correlation score (Acorr)
greater than 0.08. Potential conjugates that could be matched to a
protein sequence in this data base were rejected. The fragmentation
patterns of the remaining candidates were analyzed for consistency
with the predicted chemistry of cross-linking.

The tandem mass spectrum of each conjugate was analyzed using
a combination of programs that were subsequently verified by an
“in-house” spreadsheet. A list of masses from the tandem mass
spectrum of each candidate parent ion was uploaded to MS2Links,
part of a suite of programs (Collaboratory for MS3D) developed by Dr.
Malin Young and co-workers (31) at Sandia National Laboratories,
Livermore, CA. Theoretical fragmentation of the conjugate in the
positive mode was accomplished using the sequences for each pep-
tide in the conjugate and the masses for each intervening chemical
cross-link and its possible fragmentation products using a mass error
tolerance not exceeding 0.7 Da for each fragment ion. A modification
table was generated for the GMBS cross-linker based on both pre-
dicted and observed amide fragmentations of the reagent (23). Po-

tential matching ion assignments for each fragment mass generated
by MS2Links were verified using a spreadsheet containing an array of
masses predicted for the cross-linker (and fragments thereof) and
also those generated for each peptide in the conjugate using MS
Product, a fragmentation tool in Protein Prospector developed at the
University of California, San Francisco (38). Final assignments were
also checked by hand for verification and accuracy.

Cross-link Search Engine—The CrossSearch engine was con-
structed with an intuitive XHTML/PHP-based “front end” that allows
users to enter a peptide sample, information on sample preparation
techniques, and masses identified by MS. The “back end” comprises
an MySQL data base containing enzyme splicing information, tags for
reactive amino acids, cross-linker mass data, and rule sets defining
possible peptide reactants from digests of cross-linked proteins, the
chemistry of cross-linking for the reagent chosen, and potential prod-
ucts and side products of the cross-linking reaction. PHP (scripting
language) is used to interface the Web front end with the MySQL back
end, and a combination of XHTML and cascading style sheets (CSS)
languages are used to ensure compatibility with a wide range of
browsers and overall ease of use.

RESULTS

We developed a cross-link search engine, CrossSearch,
that works in combination with high resolution mass spec-
trometry to predict chemically cross-linked regions between,
or within, proteins by generating a list of hypothetical conju-
gates and their corresponding masses from digests of the
cross-linked proteins. A schematic of the search engine
showing its basic operating principles is presented in Fig. 1.
The boxes in the left half show the flow of theoretical data
generated from user-entered components of the reaction
(green), including the identity of the chemical cross-linker and
the amino acid sequences of the proteins that are covalently
linked (Pr1 and Pr2). The theoretical data are cross-referenced
against the experimental data (right half), comprising mass
lists obtained from MS analyses of digests of the cross-linked
proteins (i.e. Pr1-Pr2 conjugate) and Pr1 and Pr2 monomers
remaining after termination of the cross-linking reaction that
serve as controls. Digests of the monomers help to identify,
and thus eliminate, side products of the cross-linking reaction
in that they are assumed to contain many of the products (and
contaminants) observed in the digest of the Pr1-Pr2 conjugate
that are not related directly to the cross-linking of Pr1 and Pr2.

The primary function of the search engine is to separate
potential candidate cross-linked peptides from all possible
side products of the cross-linking reaction. This is carried out
in a series of steps, the first of which is to generate temporary
data base tables (orange) of experimental masses (E2 and E3)
from Pr1 and Pr2 controls and theoretical masses from an
array of all possible products for comparison against the
experimental mass list for the protein conjugate (E1). To cal-
culate the array of theoretical conjugates and side products,
potential reaction sites on Pr1 and Pr2 are determined by first
generating corresponding cleavage maps (blue) for each pro-
tein (M1 and M2) and then selecting only those peptides that
are potentially reactive through use of a rule set defined in the
data base (computational and iterative steps shown in yellow).
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The protein rule set defines reactive peptides (T1 and T2) as
only those containing amino acids with nucleophilic side
chains (His, Lys, Arg, Cys, and Tyr) with the C-terminal residue
of each peptide being excluded because its modification
would be assumed to inhibit cleavage by the protease (1). The
user can choose other combinations of reactive amino acids
to accommodate the side-chain specificity of different types
of cross-linking reagents.

A cross-linker rule set is derived from the chemistries re-
ported for the cross-linker used. As an example, possible
products of the reaction between proteins and the heterobi-
functional cross-linker GMBS are shown in Fig. 2, which illus-
trates the large number of products that may be formed. The
formation of a single intermolecular cross-link between the
identical residues of two proteins can actually result in con-

jugates having different masses based on the susceptibility of
the maleimide ring to hydrolysis after cross-linking (Fig. 2A,
products 3 and 5). Potentially competing side reactions are
also contained in the cross-linker rule set. The preferential
reactions of Cys and Lys with the succinimidyl and maleimido
groups, respectively, of GMBS can form at least five relatively
stable side products (products 2, 4, 6, 8, and 9) as a direct
result of competing reactions between protein side chains
and exogenous nucleophiles, including water, for the remain-
ing functional group of the cross-linker. The number of both
these possible side products, or monoderivatized peptides,
and cross-linked conjugates is far greater than shown if one
takes into account the fact that other protein side chains may
react with the cross-linker to form stable products, i.e. these
reagents are selective, not specific (8). The masses corre-
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Fic. 2. Side products of cross-linking. A, Pr Lys s-amines preferentially react with the N-succinimide functional group of GMBS at
near-neutral pH to form product 1. Hydrolysis of the maleimide group (product 2) competes either with cross-linking reactions by Pr
nucleophiles (product 3) or with exogenous nucleophiles that are present as contaminants or quench reagents to halt cross-linking at specific
times (product 4). Conversion of products 3 and 4 to their corresponding maleimic derivatives occurs after hydrolysis and subsequent ring
opening of the S-substituted maleimide rings (products 5 and 6). B, targeting of the maleimido functional group is generally favored by Pr Cys
thiols (product 7). Hydrolysis of the succinimide group competes with cross-linking reactions by Pr nucleophiles, resulting in monoderivat-
ization of the thiol (product 8). A second mass addition to the thiol may be detected after conversion of the maleimide to the corresponding

maleimic derivative (product 9).

sponding to all these chemical modifications are loaded into
tables (T4-T6) for subsequent steps of analysis. The list of
monoderivatized peptides can also be downloaded to com-
pare against cross-link assignments.

The next step is to identify in the experimental mass list of
the digested conjugate (E1) those masses corresponding to
side products generated from both theoretical and experi-
mental (Pr1 and Pr2 controls) sources. Digests of the Pr1 and
Pr2 controls (remaining Pr1 and Pr2 monomers isolated from
the quenched cross-linking reaction mixture by SDS-PAGE or
other separation methods) contain monoderivatized, incom-
pletely digested, and non-modified peptides as well as acryl-
amide contaminants, the last of which are not accounted for
in the theoretical list. The masses from the protein controls are
loaded into tables (E2 and E3) and together with a list of

common contaminants (e.g. human keratins) are compared
with E1 to yield the E4 table of masses. The masses of
non-modified peptides (M1 and M2) derived from the theoret-
ical cleavage of Pr1 and Pr2 are matched with those from E4
to generate E5 because the digestion products from the Pr1
and Pr2 controls may differ from those of their corresponding
counterparts in the Pri1-Pr2 conjugate (e.g. constraints could
be imposed on the protease by cross-linking and/or different
extents of monoderivatization). Inasmuch as the extent of
monoderivatization may differ for Pr1 and Pr2 in their respec-
tive experimental control (E2 and E3) and conjugate forms
(E1), a comparison of E2 and E3 with E1 may not identify all
masses corresponding to monoderivatized peptides. To ac-
count for such differences in the monoderivatized peptide
pools, all possible monoderivatized peptides from Pr1 and
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Fic. 3. Cross-linking of PhK with GMBS and detection of a potential cross-linked peptide by FT-ICR MS and search engine analyses
of a tryptic digest of the major By conjugate. A, PhK (Lane 7) was cross-linked with GMBS (Lane 2) and resolved by SDS-PAGE. Parallel
samples were transferred to PVDF membranes and probed with mAbs against all of the subunits. All major conjugates cross-reacted only with
anti-B and anti-y mAbs, not with anti-«a or anti-8 (5§ = integral calmodulin subunit) mAbs. Cross-linking of PhK by GMBS resulted primarily in
the formation of a major conjugate corresponding to a -y dimer by apparent mass (170 kDa) and cross-reactivity (23). B, the cross-linked By
dimer was digested in gel with trypsin and analyzed by FT-ICR MS. The monoisotopic peak for a peptide with a signal at m/z 658.3597 (~10X
above background) was further subjected to a tandem MS step, and the resulting spectrum was compared against common contaminants as
well as tryptic and non-enzymatic hydrolysis products of all the PhK subunits using the Sequest algorithm (37) included in Bioworks 3.2
(ThermoFinnigan). The absence of significant matches observed for the 658 m/z signal in either the Sequest data sets or mass lists obtained
from digests of non-cross-linked 3 and y subunit controls (A, Lane 2) together indicated the presence of a potential cross-linked peptide.

Pr2 are generated theoretically (T7 and T8) by combining data
tables T1, T2, and T6 with the combination subsequently
identified in E5 thus annotated to yield E6. The masses in
table E6 represent those masses that match either cross-
linked peptides or cross-linked peptides with different extents
of monoderivatization. To predict the possible composition of
these products, the experimental masses from E6 are
matched against all possible theoretical combinations of
cross-linking (obtained in order of sequence from T1-T5, T9,
and T10) and monoderivatization (T11).

Theoretical matches for each experimental mass are dis-
played in two different formats, the first of which is a statistical
summary of the analysis showing the number of potential
theoretical matches possible for seven different mass error
ranges progressing in order of increasing mass accuracy from
0.1 to 0.00001-dalton error. In addition to the possible cross-
linking combinations, potential theoretical matches correspond-
ing to monoderivatized and/or non-modified peptides are also
shown, providing the investigator the opportunity to either reject
or select mass data for further analysis. In the second format, all
possible combinations of cross-linking = monoderivatization
are listed in the final prediction table in order of increasing mass
error, allowing for further analysis of all possible assignments by
fragmentation, labeling, or other methods of choice. A Web-
based version of the search engine using several commonly
used cross-linkers is now available for beta testing.

Previously we demonstrated that GMBS is an affinity cross-
linker of the (aBvyd), PhK complex and that it selectively tar-
gets the B and -y subunits in activated forms of the kinase (23).
In that same study, we isolated intermolecular peptide con-

jugates from a By dimer that corresponded to cross-linking
between the C terminus of y and the N terminus of B; how-
ever, other peptide m/z signals were also observed that could
not be eliminated as contaminants, side products of cross-
linking, or intermolecular conjugates of B8 and vy, suggesting
that either one or both subunits might be intramolecularly
cross-linked within the By dimer. To test this possibility, PhK
was cross-linked with a 10-fold molar excess of GMBS over
apyd protomer for 2.5 min at pH 8.2 (Fig. 3A, Lane 2). As
described previously, cross-linking resulted in the formation
of a major conjugate corresponding to a By dimer by apparent
mass on SDS-polyacrylamide gels (mass gor = 170 kDa,
5.9% error) and cross-reactivity against PhK subunit-specific
mADbs (Fig. 3A). To determine potential regions of intramolec-
ular cross-linking of B and vy in the By conjugate, this band
was excised from a preparative SDS-polyacrylamide gel and
digested in gel with trypsin (23). The resulting tryptic peptides
were extracted, resolved by reverse phase chromatography,
and analyzed by FT-ICR MS.

The mass list from the MS run was uploaded to the cross-link
search engine and analyzed as described above for potential 8
intramolecular conjugates; a parallel screen unsuccessfully
analyzed for intramolecular conjugates of y. A small pool of
potential intramolecular B candidates remained after the sta-
tistical elimination of experimental masses corresponding to
side products of cross-linking, contaminants, and non-modi-
fied peptides. To verify and expand our statistical approach to
eliminating side products, tandem mass spectra of all candi-
date ions were analyzed using the Sequest algorithm to
search for contaminants and for non-modified peptides aris-
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TABLE |
Possible conjugates (Xmonoderivatization) that may correspond to a single signal (e.g. m/z 2509.3101) identified by CrossSearch from a digest
of the PhK By dimer cross-linked with GMBS

The two separate cross-linked peptides of each conjugate are shown separated by a colon (:).

Cross-link Monoderivatization
m/z calculated Error Sequence
Number Structure® Number Structure®®
ppm
2509.3140 1.6 RVK:IYGHWVKKGQQQNR 1 3 1 9
2509.3240 5.6 DPYALR:EILGRGVSSVVRR 1 3 1 2o0r8
2509.3279 71 PVTREIVIR:IYYQYRR 1 3 1 9
2509.3391 11.6 HFSPRGK:KVSGHPNIIQLK 1 3 1 2o0r8
2509.2705 15.8 IYYQYR:DPYALRPLRR 1 3 1 20r8
2509.2705 15.8 IYYQYRR:DPYALRPLR 1 3 1 2o0r8
2509.2412 27.4 HFSPR:GQQQNRAALFENTPK 1 3
2509.4153 41.9 KIMR:PVTREIVIRDPYALR 1 3
2509.2012 43.4 RCIHK:HFSPRGKFK 2 5 2 20r8,9

2 The numbers indicated in the column refer to the corresponding structure shown in Fig. 2. Side-chain substitutions will vary based on the
nucleophilic chains of Arg, Cys, Lys, Tyr, or His being present in the peptides shown for each conjugate.

b Structures with the same mass are indicated as “a” or “b.”

ing either from tryptic or non-enzymatic cleavage of the sub-
units (37). Of the remaining potential conjugates, only those
signals with peptide-characteristic isotopic envelopes that
were clearly above background (>6Xx) were further analyzed
(Fig. 3B). A signal at m/z 658.3597 (intensity = 3.72e4) for a
doubly charged ion best matched a mass (M/Zyyeor =
658.3524, 11.10-ppm error) predicted for a peptide corre-
sponding to cross-linking between the N-terminal 21-23
(TKR) and C-terminal 1037-1042 (DESRLK) residues of g (Fig.
3B). Because the probability of hits increases with mass error,
we used a set of internal standards corresponding to non-
GMBS-modified tryptic peptides of vy (five total) and B (18
total) to assess the dynamic range in mass accuracy for the
MS run and to estimate the potential error for peaks with
similar intensities to the 658 signal. The average intensity
(2.33e4 = 1.33e4) and error (5.45 + 4.80 ppm, ranging from
1.30 to 19.17 ppm) demonstrated that the error value calcu-
lated for the B intramolecular conjugate was well within the
range observed for the standards and only 0.85 ppm outside
the sum of their average errors and standard deviations
(Eavg + S.D.). Given the number of possible modifications of
the cross-linker (Fig. 2), the large combined mass of the By
conjugate (170 kDa), and the large number of potential
combinations of cross-linked and monoderivatized peptides
that may account for a single ion (for an example see Table
I), we analyzed all possible combinations of cross-linking
(B7y intermolecular and B and vy intramolecular) = monoderi-
vatization, progressing to twice the value (20.50 ppm) cal-
culated for E, 4 + S.D. Using this extended error range, only
one match (Mm/zrugor = 658.3726, 19.6-ppm error) was
observed that corresponded to a monoderivatized y peptide
(y267-275: FLVWQPQKR + a Lys-274 e-amine-substituted
form of product 9; Fig. 2). No further matches were observed
until progressing to ~30 ppm (3 X E, 4 + S.D.); match pre-
dictions in this range were rejected as they were all far outside
the error range measured for the internal standards.

The tandem mass spectrum of the m/z signal at 658 was first
analyzed using the best match ion as a template to identify
fragment masses. All major peak assignments were made
within the error limits of the collision cell (supplemental Table 1).
Both the total ion mass and the observed fragmentation pattern
confirmed the sequence assignments for each region (21-23
and 1037-1042) of the B subunit and showed the incorporation
of 1 mol of the GMBS reagent, which covalently coupled Lys-21
and Arg-1040 (Fig. 4A). Modification of these residues is con-
sistent with the inability of trypsin to hydrolyze the amide bonds
immediately following each residue (1). The chemistry of cross-
linking was deduced from cleavage products resulting from
disruption of the amide bonds of the intervening cross-link (Fig.
4, B and C), demonstrating that Lys-22 and Arg-1040 add,
respectively, to the succinimide ester and maleimide groups to
form the expected amide linkage and Michael adduct (8). This
same mode of addition to each reactive group of GMBS was
observed in a previous study showing cross-linking between
Lys and Arg side-chain donors from the y subunit and a peptide
mimetic of the B subunit in a PhK:B peptide complex (23).
Targeting of the GMBS maleimide functional group by Arg has
been attributed previously to the tight initial binding of GMBS by
PhK, i.e. affinity cross-linking (23), and is consistent with several
reports that suggest side-chain guanidinyl nitrogens may act as
nucleophiles in the formation of Arg-containing conjugates (39—
41), whereas the kinetically preferred addition of Lys e-amines
over that of other protein nucleophilic side chains to succinim-
ide esters is well characterized (8).

The second best match (~2X the error of the first) corre-
sponding to a monoderivatized y267-275 peptide was also
evaluated; however, only a small percentage (28%) of the frag-
ments in the tandem mass spectrum shown in Fig. 4D could be
assigned to potential fragments of this peptide, and of those few
matched, almost all were assigned with overall greater mass
error than fragments predicted for the B intramolecular cross-
link (supplemental Table 1). The results strongly indicate that the
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Fic. 4. MS/MS analysis of the signal at m/z 658.3597 identifying a conjugate comprising residues 21-23 and 1037-1042 of the
regulatory B subunit of PhK. A, fragmentation pattern of the cross-linked peptide. Small letters denote ions arising from amide cleavages of
the peptide backbone and are color-coded with the respective peptide in the conjugate pair (green and black for residues 21-23 and
1037-1042, respectively). B, structure of the GMBS cross-link between Lys-22 and Arg-1040. The capital letters indicate ions resulting from
amide cleavage of the reagent and e-amine of Lys-22. C, fragmentation pattern of ions corresponding to cleavage (~) of the intervening
cross-link. D, composition of ions identifying the cross-linked peptide. Intact covalent links formed between peptides are indicated by a colon
(:), and covalent links between fragments of the cross-link and peptide are indicated by a centered dot (-). For singly charged ions, it should
be noted that one of the two peptide ions covalently attached to either functional group of GMBS is a neutral product of the indicated backbone
amide cleavage. * and °, loss of ammonia and water.

1 917 1093

TAGATGLMAEVSWKVLERRARTKRSGSVYEPLK32 1026 VKEAFHEFQKDESRLKEIEKQ1047
P P

Fic. 5. Domain map of the B subunit of PhK showing regions of intramolecular cross-linking by GMBS. Seryl residues within the
N-terminal region that are phosphorylated by either cAMP-dependent protein kinase or PhK autophosphorylation are indicated by a P below
them. The N-terminal 32 residues of B, indicated by gradation from white to black, represent a region of the subunit that has been shown to
regulate homodimeric B interactions in two-hybrid screens (23). A region required for homodimeric interactions of B in two-hybrid screens
corresponds to residues 917-1093 (light gray) and includes a stretch of residues (1026-1047) that are a predicted to have high propensity for
forming a coiled-coil domain (23). GMBS intramolecular cross-linking of these two regions in the B subunit of the activated PhK complex is
indicated by peptides (shown in red lettering) cross-linked through residues Lys-22 and Arg-1040.

B subunit undergoes intramolecular cross-linking by GMBS DISCUSSION

in the PhK complex and are consistent with a previous The computational requirements for detecting cross-linked

report demonstrating the same general type of cross-linking
for this subunit in phosphorylated forms of the kinase (42).
The evidence reported herein for cross-linking between the
N and C termini of B represents the first report of a tertiary
structural element for this subunit within the PhK complex
(Fig. 5).

peptides from the vast array of products that arise from the
cross-linking and subsequent digestion of proteins are con-
siderable, especially when the proteins cross-linked are not
small. Several approaches have been developed to predict
the identity of potential conjugates from the mass output
measured for digests of cross-linked proteins (29-33); how-
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ever, they either require a general understanding of the chem-
istry involved or the use of specific labeling techniques (6,
14-19, 27, 28). Most search strategies reported to date have
focused on the analysis of products generated from the di-
gestion of conjugates of relatively low mass (<60 kDa); how-
ever, as the mass of a conjugate increases, so does the
number of potential covalent linkages it may contain (e.g.
intra- and intermolecular cross-linking, monoderivatizations,
and combinations of the lot). In fact, a conservative estimate
suggests that the number of possible combinations may in-
crease exponentially to the third power of the number of
tryptic peptides generated (6). We report herein the develop-
ment of CrossSearch, a user-friendly data base search engine
that provides the foundation of an overarching strategy to
detect cross-linked peptides from either low or high mass
(=100 kDa) conjugates. Our strategy comprises three major
steps: prediction, elimination of side products of cross-link-
ing, and verification of cross-link assignments.

To fully test the capabilities of CrossSearch, cross-linking of
the 1.3-MDa PhK complex was carried out with the heterobi-
functional cross-linker GMBS followed by analysis of the re-
sulting major conjugate, a By dimer. In the first step of the
analysis, the extensive data base of potential linkage combi-
nations generated by CrossSearch for the 170-kDa PhK By
conjugate virtually assured multiple assignments for each ex-
perimental mass often with several assignments falling within
an error range of 5-6 ppm (Table I). Similarly multiple matches
for precursor ions within this error range were also predicted
for conjugates of the 176-kDa NDC complex (6). Various
labeling strategies have been used successfully to reduce the
pool of potential cross-links for low mass conjugates (6, 14—
19, 27, 28); however, analysis of conjugates with masses over
100 kDa formed by cross-linking of the aforementioned
NDC80 complex with both non-labeled and deuterated forms
of a cross-linker suggests that such strategies do not ade-
quately reduce the amount of experimental data to a level that
readily facilitates manual inspection and verification of all
possible cross-link candidates (6). No matter the reagent
used, the study herein and those of others (6, 27) demonstrate
that a rigorous assessment of the mass error for candidate
m/z signals should be carried out to reduce the multiplicity of
assignments generated by large conjugate data bases. Such
an assessment is particularly pertinent for low intensity sig-
nals corresponding to cross-linked peptides. For large protein
complexes like PhK, it is difficult to achieve high yields of
cross-linking between specific sites on adjacent protein pairs
(dimeric conjugates being the easiest to analyze) because
dimers are generally consumed in the formation of multiple,
larger low yield multimeric conjugates in the ongoing process of
cross-linking (1). Our approach using non-modified peptide m/z
signals with intensities bracketing those of candidate ions com-
pensates for the dynamic range of error in mass measurements
(43, 44), and it allows for removal with high confidence of those
assignments with errors 2 the average mass error.

The size of the predicted data base can also be reduced
significantly by eliminating the many possible side products of
cross-linking, which in sum provide a significant source of
potential false positives. CrossSearch provides a statistical
basis for eliminating such products by mass matching using
an adjustable mass error window, allowing values to be en-
tered corresponding to the accuracy estimated for the mass
spectrometer used. Choice of the correct error value is an
important parameter: values that are either too small or large
result correspondingly in the loss of correct assignments or
the incorporation of false positive assignments. To alleviate
this complication, a pool of non-modified and monoderivat-
ized peptides is generated independently from the experi-
mental data with the Sequest algorithm using low confidence
correlation scores (see “Experimental Procedures”). The use
of low correlation scores simultaneously allows for maximum
capture of side products (potential false positives) and a
means of comparing cross-link assignments from Cross-
Search against potential side products generated from Se-
quest. In the event that hits from either source are observed
for a single experimental m/z signal, fragmentation analyses
are then carried out to verify the assignment as being correct.
Although the methods described above may reduce the num-
ber of potential candidates by as much as a factor of 10, the
number of remaining candidates may still be very large, de-
pending on the mass of the conjugate and the mole ratio of
cross-linker to proteins used in the cross-linking experiment.
An additional strategy used herein to limit the number of
potential side reactions is to limit the mole ratio of cross-linker
to protein. In screens of the PhK complex against a library of
cross-linkers, GMBS was determined to be an affinity cross-
linker that bound to PhK and formed significant amounts of a
single conjugate at only a 10-fold excess of cross-linker over
the aByd tetramer (23). This MSEC method used herein is an
alternative approach to the use of labeled cross-linkers and has
multiple advantages over labeling strategies. (i) Cross-linkers
with varying chemistries and cross-linking spans may used. (ji) It
accommodates the use of zero-length cross-linkers, which in
the absence of high resolution reference structures are the best
reagents for determining actual contact sites between interact-
ing proteins. (iii) Conventional cross-linkers are more economi-
cal than their labeled counterparts. The major disadvantage of
MSEC is that shared by all cross-linkers, namely the ability to
selectively form a conjugate of interest.

The final step in the analysis, verification of assignments, is
carried out using a combination of programs. The fragmenta-
tion patterns of candidates are first evaluated using MS2Links
(81), a program that allows for rapid analysis of cross-linked
peptides, ranking possible assignments for each ion fragment
m/z signal in order of error. That program automatically cal-
culates peptide backbone cleavages for the candidate pep-
tide sequences entered; however, the user must provide mass
information relating to the cross-linker, its potential cleavage
products, and the amino acid side chains that are likely tar-
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geted by the reagent. In our analysis of GMBS, we loaded all
possible fragments arising from cleavage of the amide bonds
of the reagent (23) as well as those reported for structural
analogs of GMBS (45). All assignments in this phase of the
analysis are checked manually in what is the most time-
consuming part of the process. Recently an algorithm has
been developed that may speed up this process by directly
scoring the fragmentation patterns of cross-linked peptides
and by providing estimates for the probability of false positive
predictions; manual inspection of the data is still required
albeit on a more limited basis (6).

After eliminating probable false positives and side products
from the By conjugate data base, previously reported conju-
gates corresponding to intermolecular cross-linking between
the C terminus of y and the N terminus of B were observed
(23). In addition to these intersubunit cross-links, we also
observed one intramolecular B conjugate, corresponding to
cross-linking between the N and C termini of this subunit.

The low number of cross-links detected is consistent with
the stoichiometry of cross-linking imposed using the MSEC
approach; however, because the total sequence coverage
estimated for the conjugate was ~50% (using both Cross-
Search and Sequest for verification of assignments), the pres-
ence of additional cross-links in the conjugate is certainly
possible.

The cross-link reported herein between Lys-22 and Arg-
1040 of the B subunit provides the first glimpse of the tertiary
structure of either of the two large, homologous, regulatory «
and B subunits of PhK (46). The N-terminal region containing
Lys-22 is unique to the B subunit, contains the major activat-
ing phosphorylation site of PhK (Ser-26) and a second phos-
phorylation site (Ser-11), and is relatively near (=12 A) the
active site of the catalytic y subunit as well as its C-terminal
regulatory domain (23). We previously reported that its first 31
residues mediate self-association of the B subunit in that
either their deletion or the mutation of the phosphorylatable
Ser-11 and Ser-26 allows self-association to be observed in
yeast two-hybrid screens (23). In those screens deletion of the
C-terminal 177 residues of the 1093-residue 3 subunit, which
contains Arg-1040, totally eliminated self-association. The
most straightforward explanation for those two-hybrid results
would be that the full-length wild type B subunit is unable to
self-associate because its N terminus interacts with its C
terminus, thus blocking self-association of the latter. Such a
conclusion could not be reached from two-hybrid data, how-
ever, because observed homodimeric interactions could rep-
resent either intrasubunit or intersubunit interactions, which
would be indistinguishable unless a single small region self-
associated (47). The possibility of intersubunit interactions is
of special concern with PhK because 8 dimers can be readily
formed in activated PhK by a short cross-linker (42). Our
current data corroborate and extend the previous two-hybrid
results by supporting the concept of an intrasubunit interac-
tion between the N and C termini of the 8 subunit. Further the

results herein considered together with those two-hybrid data
suggest a structural model for PhK in which the regulatory N
terminus of the B subunit may participate in opposing inter-
actions with the catalytic vy subunit and with its own C termi-
nus, depending upon its phosphorylation state. The detection
and identification of a cross-linked peptide from the By digest
demonstrates the utility of the CrossSearch strategy in the
analysis of large proteins by cross-linking.
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