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An Isotopically Coded CID-cleavable Biotinylated
Cross-linker for Structural Proteomics*s

Evgeniy V. Petrotchenko, Jason J. Serpa, and Christoph H. Borcherst

Successful application of cross-linking combined with
mass spectrometry for structural proteomics demands
specifically designed cross-linking reagents to address
challenges in the detection and assignment of cross-
links. A combination of affinity enrichment, isotopic cod-
ing, and cleavage of the cross-linker is beneficial for
detection and identification of the peptide cross-links.
Here we describe a novel cross-linker, cyanurbiotindipro-
pionylsuccinimide (CBDPS), that allows affinity enrich-
ment of cross-linker-containing peptides with avidin. Af-
finity enrichment eliminates interfering non-cross-linked
peptides and allows the researcher to focus on the anal-
ysis of the cross-linked peptides. CBDPS is also isotopi-
cally coded and CID-cleavable. The cleaved fragments
still contain a portion of the isotopic label and can there-
fore be distinguished from unlabeled fragments by their
distinct isotopic signatures in the MS/MS spectra. This
cleavage information has been incorporated into a pro-
gram for the automatic analysis of the MS/MS spectra
of the cross-links. This allows rapid determination of
cross-link type in addition to facilitating identification of
the individual peptides constituting the interpeptide
cross-links. Thus, affinity enrichment combined with
isotopic coding and CID cleavage allows in-depth mass
spectrometric analysis of the peptide cross-links. We
have characterized the performance of CBDPS on the
120-kDa protein heterodimer of HIV reverse tran-
scriptase.  Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.001420, 1-8, 2011.

Cross-linking combined with mass spectrometric analysis
is an attractive technique for obtaining structural information
on proteins and protein complexes (1). Cross-linked proteins
can be enzymatically digested, and the cross-linked peptides
(cross-links) obtained can be analyzed by mass spectrometry
to identify both the cross-linked peptides and the site of
cross-linking. Unfortunately, ion signals from the cross-links
are usually overwhelmed by ion signals from non-cross-linked
or “free” peptides and often difficult to detect and to assign.
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The most straightforward way of simplifying the mixture is by
using cross-linking reagents with affinity tags such as biotin
that allow selective enrichment of all of the cross-linker-con-
taining peptides in the digest. Despite the added inconven-
ience of the synthesis, several biotinylated cross-linking re-
agents have been reported recently (2-6).

Even after the selective enrichment step, the detection of
cross-links is still challenging. The most popular solution for
facilitating specific detection of cross-links is isotopic coding
of the cross-linking reagents (7). To enhance the signals from
cross-links and to increase the likelihood of their identifica-
tion, cross-links can be separated from the interfering free
(non-cross-linked) peptides, thereby increasing their absolute
and relative abundance and simplifying the subsequent mass
spectrometric analysis. The final challenge results from the
combinatorial nature of the possible interpeptide cross-links
that complicates their assignment for complex protein sys-
tems even after affinity purification. This can be addressed by
using cleavable cross-linkers, allowing sequencing of the in-
dividual peptides comprising the interpeptide cross-link. It
would therefore be desirable to combine all of these useful
features into a single cross-linking reagent that would simul-
taneously facilitate detection, enrichment, and identification
of cross-links.

Cross-linking experiments normally produce a considerable
number of cross-links (over 100 cross-links for a midsize pro-
tein), most of which are the less informative dead-end cross-
links (attached through only one reactive group) and intrapep-
tide cross-links (two cross-linked residues within one peptide)
instead of the more informative interpeptide cross-links that
provide distance information. Rapid and automatic discrimina-
tion of cross-link type is therefore another desirable feature of a
combined cross-linking/mass spectrometry analysis.

To discriminate dead-end from interpeptide cross-links us-
ing cross-linking reagents, several methods have been pro-
posed, including conducting the cross-linking reaction in
H,'80 water (2, 8), leading to incorporation of the oxygen
atom from water during the hydrolysis of the unreacted active
group of the cross-linker, which leads to a characteristic 2-Da
shift for dead-end cross-links. This type of isotopic coding
has been successfully combined with biotin tagging (2, 3),
enabling the researcher to focus the analysis on the affinity-
purified cross-links. Isotopic coding of the cross-linking re-
agents has also been combined with cleavage of the cross-
linkers to allow the researcher to distinguish between the
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three cross-link types and to identify the individual peptides
forming the cross-link (9, 10). Because the cleaved fragments
are still isotopically coded, they can be easily detected in the
spectra, and their relationships to the uncleaved parent cross-
link can be determined based on mass differences. Cleavage
of cross-linkers can be either done chemically (10), photoin-
duced (10), or done using CID (11-13). CID cleavage of cross-
links has the advantage that the cleavage reaction occurs
inside the mass spectrometer and can be performed individ-
ually by automatically mass-selecting each cross-link using
an “include list.”

The combination of affinity purification with isotopic coding
and CID cleavage enables automated comprehensive mass
spectrometric analysis of a large number of peptide cross-
links. Here we describe a novel cross-linker that combines all
three of these features for the rapid automated analysis of the
peptide cross-links: isotopic coding, CID cleavage, and biotin
affinity tagging of the cross-linker. These three features ensure
effective enrichment, confident detection, rapid automated
cross-link type determination, and identification of the individual
peptides composing each interpeptide cross-link. Here we de-
scribe this isotopically coded CID-cleavable biotinylated cross-
linker, cyanurbiotindipropionylsuccinimide (CBDPS)," as well as
the specialized software (ICCLMSMS) that has been devel-
oped for the automated processing of the MS/MS spectra
from these cross-links.

EXPERIMENTAL PROCEDURES

All materials were from Sigma-Aldrich unless noted otherwise.

Synthesis of CBDPS—0.1 mmol of cyanuric chloride was incu-
bated with 0.1 mmol of hydrazidobiotin in 50% acetone or 1:1 ace-
tone:D,0 for 30 min on ice. To these reaction mixtures, solutions
containing 0.2 mmol of mercaptopropionic acid prepared from
either bromopropionic acid-H, or bromopropionic acid-D, (C/D/N
Isotopes) and thiourea (10) were added. Reaction mixtures were
neutralized by addition of 10 m NaOH or NaOD, respectively, and
incubated at 75 °C for 30 min in open air. Residues were brought to
1 ml with water or D,0O, and cyanurbiotindipropionate was precip-
itated by the addition of hydrochloric acid. The precipitates were
washed twice with water or D,O and dried in vacuo. The resulting
dipropionic acids were activated in dimethyl sulfoxide with N-hy-
droxysuccinimide in the presence of dicyclohexylcarbodiimide. The
reaction mixtures were then filtered, and the combined filtrates
were partitioned in 1:10 chloroform:water. The chloroform layer was
collected and dried in vacuo. The overall yield was 30%. A 1:1 molar
ratio mixture of CBDPS-Hg/Dg is now available from www.
creativemolecules.com.

Cross-linked Peptides—Model cross-linked peptides were pre-
pared by incubating the synthetic peptide Ac-TRTESTDIKRASSREA-
DYLINKER (Creative Molecules Inc.) with an equimolar amount of
CBDPS-Hg4/Dg followed by enzymatic digestion with trypsin. The re-
sulting peptide mixture was separated by reversed-phase HPLC. 1-ml
fractions were collected and analyzed by MALDI-MS. Fractions con-
taining dead-end and interpeptide cross-links were used for the af-
finity enrichment experiments.

" The abbreviations used are: CBDPS, cyanurbiotindipropionylsuc-
cinimide; aa, amino acid(s); BS3, bis(sulfosuccinimidyl) suberate.

Affinity Enrichment of CBDPS Cross-links—A 1-pul aliquot of the
chromatographic fraction containing the interpeptide Lys-Lys cross-
link TESTDIKR-CBDP-EADYLINKER was mixed with 10 ul of a 1
mg/ml tryptic digest of bovine serum albumin (BSA) in phosphate-
buffered saline (PBS), pH 7.2. The mixture was affinity-purified with 10
nl of monomeric avidin-agarose bead slurry (Pierce). Beads were
washed with PBS and then with water, and the affinity-bound material
was eluted with 0.1% TFA and with 0.1% TFA, 50% acetonitrile.
Aliquots from the loading, flow-through, wash, and elution fractions
were desalted using C,g Zip-Tips (Millipore) and were analyzed by
MALDI-MS.

Cross-linking Analysis of HIV Reverse Transcriptase—A 10-pul ali-
quot of a 1 mg/ml solution of HIV reverse transcriptase (HIV-RT)
(Worthington Biochemical Corp.) in PBS was mixed with 1 ul of a 0.5
mM CBDPS-Hg/Dg solution in water prepared from a 50 mm stock
solution of the cross-linker. The final concentration of the cross-linker
reagent was chosen based on the preliminary titration of the reaction
mixture where the intensity of the cross-linked heterodimer band on
SDS-PAGE was optimized without the appearance of any higher
molecular weight bands from nonspecific higher oligomeric cross-
linked products. The pH of the mixture was adjusted to 8.0-8.5 by the
addition of 0.2 m Na,HPO,. The reaction mixture was incubated for 30
min at 25 °C and dialyzed against 50 mm ammonium bicarbonate. The
cross-linked proteins were then digested with sequencing grade tryp-
sin (Promega) overnight at 25 °C at a 10:1 substrate:enzyme ratio.
The resulting peptide mixture was affinity-purified using monomeric
avidin beads (Pierce) as described above for the test peptide. The
elution fraction was concentrated by lyophilization and separated by
nanoflow reversed-phase HPLC on a 1D Tempo nano-LC system
(Eksigent) equipped with an LC Packings 0.3 X 5-mm C,5 PepMap
guard column (5-um particle size, 100-A pore size) and a 75-pm X
15-cm capillary column packed in house with Magic C,g AQ (Michrom
Bioresources Inc.) particles (5 um, 100 A). This capillary LC system
was operated at a flow rate of 300 nl/min using a 55-min gradient from
5 to 60% acetonitrile (0.1% TFA). The column effluent was spotted at
1-min intervals (300 nl/spot) onto a stainless steel MALDI target using
a Dionex Probot spotter. The spots were dried; overlaid with 1 mg/ml
a-cyano-4-hydroxycinnamic acid matrix solution in 0.1% TFA, 50%
acetonitrile; and analyzed by MALDI-MS and -MS/MS using a 4800
MALDI-TOF/TOF system (Applied Biosystems). MS/MS spectra were
acquired using “CID off,” 50 full-width half-maximum gate width, and
a 1-kV MS/MS method. In cases where additional fragmentation was
desirable for the unambiguous cross-link assignments, spectra were
reacquired using “CID on” and a 2-kV MS/MS method.

The mass spectra were analyzed using the ICC-CLASS software
(14) and the ICCLMSMS program (http://www.creativemolecules.
com/CM_Software.htm). The MS-Bridge program (http://prospector.
ucsf.edu) with C;gH,3N,0,S; as the elemental composition for the
bridge can be used as an alternative to give possible assignments of
a given cross-link mass.

The mass spectra from each chromatographic fraction were
searched for Dg doublets using the DX program of ICC-CLASS. The
Dg mass list obtained was used as an inclusion list for automatic
MS/MS spectrum acquisition. The acquired MS/MS spectra were
searched for isotopic signatures characteristic of cross-links using
the ICCLMSMS program. Those cross-links, which were determined
to be interpeptide cross-links by the ICCLMSMS software, were
assigned using the DXMSMS component of the ICC-CLASS software
package (Scheme 1).

RESULTS AND DISCUSSION

Synthesis of CBDPS Cross-linker—For the synthesis of the
cross-linker, we took advantage of the differential reactivity of
the trifunctional cyanuric chloride. We were able to achieve
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the conjugation of hydrazidobiotin with cyanuric chloride in an
equimolar reaction mixture without considerable formation of
the di- and tribiotin products. Two residual chlorine atoms of
the resulting dichlorocyanurhydrazidobiotin were substituted
with mercaptopropionic acid, which was obtained by reaction
of non-deuterated or deuterated bromopropionic acid with
thiourea, followed by hydrolysis with sodium hydroxide. The
obtained dipropionic acid was activated with N-hydroxysuc-
cinimide in the presence of dicyclohexylcarbodiimide. This
resulted in a reasonably compact symmetrical cross-linking
reagent with a maximum span of 14 A labeled with eight
deuterium atoms (Fig. 1). The reactivity of the reagent is
determined by the N-hydroxysuccinimide ester functional
group, which primarily reacts with the primary amine groups
on lysines and the N termini (15, 16).

Peptide Cross-link Affinity Enrichment—The biotin-avidin
interaction is traditionally used for specific enrichment of mol-
ecules of interest from complex biological mixtures. Placing a
biotin group into the structure of the cross-linker reagent
provides an affinity tag that can be used for specific pulldown

(with avidin or streptavidin) of all the molecules containing a
cross-linker moiety. Cross-linking of proteins with a biotin-
ylated cross-linker followed by enzymatic digest leads to for-
mation of a complex peptide mixture with all of the cross-
linker-containing peptide species tagged with biotin.
Adsorption of biotinylated peptides onto immobilized avidin
followed by washing away unbound peptides and the subse-
quent elution of the biotinylated peptides results in specific
purification of the peptide cross-links. The benefits of this
procedure for the following mass spectrometric analysis are
2-fold: first, the elimination of ion suppression effects by
removing the majority of the more abundant free peptides,
and second, the specific enrichment and concentration of the
peptide cross-links. Proof-of-principle affinity purification of
the CBDPS-cross-linked test peptide showed, as expected,
that this purification step eliminated most of the interfering
free peptides. This led to a strong signal for the cross-link in
the elution fraction, whereas it was undetectable in the load
peptide mixture (data not shown). The simplified MS spectrum
of the affinity-purified fraction allows unobstructed subse-
quent MS/MS analysis of the peptide cross-links.

The same tendency was observed in the case of the HIV-RT
cross-link enrichment: no doublets were detected in the load
fraction of the cross-linked proteins digest, whereas over 30
doublets were detected in the elution fraction from the avidin
column. Many of the doublets overlapped in the single spot
mass spectrum, which necessitated additional HPLC fraction-
ation of the digest mixture.

CID Cleavage of Cross-linker—MS/MS analysis of the
model interpeptide CBDPS cross-link revealed that cleavage
of the cross-linker bridge was the predominant cleavage un-
der MALDI and ESI MS/MS CID conditions (Fig. 2 and
supplemental Figs. 1-3). The cleavage occurs distal to the
cyanuric group C-S bonds. Due to the cleavage of the C-S
bond, dead-end cross-links can be distinguished by a prom-
inent doublet of signals 4 Da apart in the MS/MS spectra, at
a mass 473 Da lower than the precursor mass, which corre-
sponds to a peptide that contains the residual thiopropionic
moiety of the cross-linker (Fig. 2A). The characteristic 474/
478-Da doublet corresponds to the cleaved off portion of the
hydrolyzed cross-linker. This doublet often contains an abun-
dant m/z 479 ion that results from the '*C isotope of the 478
ion plus proton/deuterium exchange during bond cleavage as
described below. Additional high abundance signals found in
the MS/MS spectra of dead-end cross-links were an 8-Da
doublet at m/z 611/619, corresponding to the immonium ion
modified with the hydrolyzed cross-linker lysine residue, and
an 8-Da doublet at m/z 528/536, corresponding to the cross-
linker that was cleaved at the isopeptide bond of the lysine
side chain (Fig. 2C) (the m/z 535 and m/z 618 signals originate
from the D, form of the cross-linker, which overlaps with the
isotope pattern from the m/z 534 b, fragment ion).

Close examination of these doublets revealed that although
the fragment ions from the light version of the cross-linker
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Fic. 2. CID cleavage of CBDPS cross-links. A, CID cleavage of CBDPS dead-end cross-links. B, cleavage of interpeptide CBDPS
cross-links. P1 and P2 are the cross-linked peptides. C, CID cleavage of dead-end CBDPS cross-links from the test peptide. The characteristic
ions for the isotopically coded fragments from the dead-end cross-links are marked by asterisks. D, CID cleavage of the CBDPS interpeptide

cross-link from the test peptide.

displayed the expected isotope pattern, there were anomalies
in the isotope patterns of the fragment ions containing the
heavy form of the cross-linker. Comparison of “pairs” of ions
from the two portions of the cross-link (for example, m/z
1006/1007 and m/z 1709/1710 in Fig. 2D) showed that proton/
deuterium exchange often occurs between the two portions
of the cross-linker but can only be observed in the deuterated
form of the cross-linker where it leads to an unusual but
characteristic isotopic distribution which contains an (M —1
Da) peak for the fragment that does not include the nitrogen-
containing ring and a higher than expected (M + 1 Da) peak in
the corresponding cleaved portion of the cross-link that in-
cludes the nitrogen-containing ring. Although the details of
the CID cleavage of this cross-linker will be the basis of a
future study, this phenomenon provides an additional and
very specific “fingerprint” for identifying and assigning cross-
link pairs.

Cleavage of the CBDPS cross-link creates a unique iso-
topic pattern of peaks from which the individual peptides
constituting the interpeptide cross-link can easily be identi-
fied. Thus, this cross-linker fulfills the most important function
of isotopically coded cleavable cross-linkers, allowing the

identification of the linear peptides comprising the interpep-
tide cross-links. This greatly facilitates the cross-link assign-
ments, which are the main bottleneck in cross-linking studies
because of the combinatorial nature of interpeptide cross-
links as mentioned above.

We have previously reported other chemically and photo-
cleavable isotopically coded cross-linking reagents (9, 10).
The advantage of CID-cleavable cross-linkers compared with
other modes of cleavage is that each intact cross-link can be
mass-selected and fragmented separately from the others in
the mixture, thus allowing individual cleavage and mass spec-
trometric analysis of each cross-link, giving the masses of the
cleaved peptides that formed the cross-link along with some
sequence-specific fragments from each individual peptide. In
addition, the CID-cleaved peptides can be further analyzed by
MS/MS/MS, depending on the instrument. For example, use
of an ion trap could provide additional sequence information
on each individual peptide that formed the cross-link if
needed.

ICCLMSMS Spectrum Analysis Program—The mass rela-
tionships between the fragment ion masses were used to
create a program for the analysis of the MS/MS spectra of
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Fic. 3. Mass spectrum of HPLC fraction of affinity purified CBDPS HIV-RT cross-links. Mass values of isotopically coded CBDPS
cross-links peak doublets are represented as pairs of aligned numbers.

isotopically coded CID-cleavable cross-links, called IC-
CLMSMS. Using the mass values for CBDPS, an entire set of
MS/MS spectra can be automatically searched for the pres-
ence of 1) m/z 611/619 immonium ions and m/z 528/536 and
m/z 474/478 fragment ions from dead-end cross-links, 2) a
pair of D, doublets with one 473 Da and the other 72 Da lower
in mass than the precursor ion mass that are characteristic for
the dead-end cross-links, 3) pairs of D, doublets 401 Da apart
that correspond to the individual peptides resulting from CID
cleavage of the cross-links, and 4) D, doublet pairs 401 Da
apart that add up to the precursor ion mass and that represent
the individual cleaved peptides constituting the interpeptide
cross-link. Criteria 1 and 2 are used to distinguish dead-end
cross-links from interpeptide cross-links, and criteria 3 and 4
are used for identifying the interpeptide cross-links. Searching
for this combination of criteria provides a fast and efficient
means of identifying these cross-link types in an automated
manner. The program can be used for any isotopically coded
CID-cleavable cross-linker and is freely available on the Internet.

Cross-linking Analysis of HIV-RT Heterodimer—To assess
the performance of CBDPS on the protein level, HIV-RT (a
partial homodimer consisting of two subunits, 55 and 61 kDa)
was cross-linked using this reagent. The cross-linking reac-
tion mixture was quenched with ammonium bicarbonate, di-
alyzed, and digested overnight with trypsin. The dialysis step

was found to be important for the removal of any excess biotin-
ylated reagent and avoids any competition with cross-links
during the subsequent affinity enrichment step. Another impor-
tant consideration is the amount of avidin to be used for purifi-
cation relative to the amount of the protein being cross-linked.
To optimize capture of all of the biotinylated cross-links, the
theoretical binding capacities of avidin or streptavidin and the
number of lysine residues in the protein can be calculated, and
equimolar amounts of avidin and lysine residues can be used as
a starting point for the affinity purification step.

The resulting peptide mixture was then affinity-purified with
monomeric avidin beads and analyzed by MALDI-MS. As in
the case of the model peptide experiment, the procedure for
affinity purification of the CBDPS HIV-RT cross-links led to
enrichment of the cross-links in the sample and elimination of
the unmodified peptides, thereby resulting in a spectrum es-
sentially containing only signals from the cross-links, many of
which were undetectable in the load fraction prior to the
purification (two cross-links were detected without affinity
enrichment, whereas 24 doublets were detected after affinity
enrichment). Separation of the affinity-purified cross-links by
HPLC further improved the detection of the cross-links prob-
ably by reducing supplementary suppression effects. The
mass spectra of the HPLC fractions contain virtually only
signals from cross-links (Fig. 3).
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TABLE |
HIV-RT CBDPS tryptic interpeptide cross-links

Dg ops @nd Dg .., Observed and calculated Dg peak doublets, respectively; A, mass error for Dg peak doublet assignments; Rg and Rg,
starting and ending amino acid residues (sequence numbers) of the cross-linked peptides, respectively; D, ; and D, ,, D, peak doublets of

cleaved products, respectively.

Ds obs Dsg caic HPLC Rg sequence  Rg sequence . . D D
doibtl)et do?lbllet fraction Snumber Enumber Amino acid sequence dou4b1let dou4b2iet
Da Da ppm Da Da
1575.65 1575.70 31.7 25 65 66 K| KK D? 329.20 730.27

67 72 K| DSTKWR | D 846.39 1247.41

1787.88 1787.85 —-16.8 26 79 83 RJVELNKR | T 713.36 1114.41
386 390 K| TPKFK | L 674.37 1075.38

1961.92 1961.88 -20.4 26 67 72 K| DSTKWR | D 846.35 1247.45
44 49 RJEGKISK | T 715.31 1116.40

2109.91 2109.98 33.2 25 12 20 K | LKPGMDGPK | V 996.46 1397.57
79 83 RJELNKR | T 713.37 1114.45

3077.75  3077.44 —100.7 28 351 356 K| TGKYAR | K 749.30 1150.39
308 323 R | EILKEPVHDVYYDPSK | D 1927.96  2329.07

2 This could also be aa 102/103 or aa 103/104 on the basis of mass but not when distances between these residues in the crystal structure

are considered.

Mass spectra of the chromatographic fractions were then
searched for doublets using the DX program within the ICC-
CLASS software suite. The resulting Dg doublet mass list was
used as the inclusion list for automatic acquisition of MS/MS
spectra. A total of 78 Dy doublets were detected and analyzed
by MS/MS. The MS/MS spectra were searched with the IC-
CLMSMS program to flag immonium ions and hydrolyzed
cross-linker fragments signals for dead-end cross-links and to
identify the CID-cleaved portions of interpeptide cross-links.
The dead-end cross-links were omitted from further analysis,
and the interpeptide cross-link candidates were assigned on
the basis of the cross-link mass, the masses of the individual
peptides derived from the CID cleavage, and some sequence-
specific ions using the DXMSMS program within ICC-CLASS,
which was updated with parameters for CBDPS. Of the 78 Dg
doublets detected, 48 unique cross-links masses were iden-
tified: 38 as dead-end, five as tryptic interpeptide, three as
non-tryptic interpeptide, and two as interpeptide cross-links
that were not unambiguously assigned (Table ).

The identified cross-links were mapped to the crystal struc-
ture of the HIV-RT dimer (Protein Data Bank code 1DLO:(17)).
All the distances between the identified cross-linked sites
were in good agreement with the length of the cross-linker
and with our previous results (18), thus providing validation of
this new cross-linking reagent. Although many of the cross-
links were already known from our previous work, two new
cross-links were identified using this new reagent. Interest-
ingly, although many of the other cross-links could come from
either chain, the length of one newly discovered aa 82-388
cross-link (11.4 A) is compatible only with the B chain and not
the A chain where the distance between these two residues
would be 53.8 A. Similarly, the previously discovered bis(sul-
fosuccinimidyl) suberate (BS3) cross-link between aa 82 and
aa 287 can only be spanned in the A chain, whereas the BS3

cross-link between aa 70 and aa 220 can only be spanned in
the B chain. This discrimination, of course, is possible only
because the conformations of the two forms of the subunits
were already known. CBDPS showed three possible new
cross-links connecting aa 70 to a “KK” sequence that could
be aa 65/66, aa 102/103, and/or aa 103/104 in HIV-RT (see
Table ). However, only one of these, aa 65/66, is within the
possible distance spanned by CBDPS, and this cross-link can
occur in either chain.

Overall, the combination of the specific features of CBDPS
makes this reagent very attractive for cross-linking applica-
tions. Affinity-purified cross-links can be distinguished on the
basis of their isotopic signatures in the spectra and cleaved by
CID to produce individual peptides that are readily distin-
guishable from background fragments on the basis of their
new isotopic signatures in the MS/MS spectra. We success-
fully validated this approach using LC-MALDI analysis of the
digested cross-linked HIV-RT heterodimer. The method is
potentially applicable in LC-ESI mode, although as in other
labeling studies with deuterium attention needs to be paid to
possible differences in retention time of the light and heavy
isotopic forms of the cross-links. This problem may be elim-
inated in a future version of the cross-linker with '*C isotopic
labels instead of deuterium.

Placing a CID-labile bond in the cross-linking bridge al-
lows one to readily generate the masses of the individual
peptides composing the interpeptide cross-links but, in
turn, could possibly reduce fragmentation of the peptide
backbone. The relative value of having individual peptide
masses instead of backbone peptide fragments for cross-
link identification is an interesting bioinformatics question.
However, we have found that knowing the masses of the
individual peptides, especially with high mass accuracy,
addresses the main combinatorial problem with interpeptide
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cross-links and greatly reduces the number of possible
assignments for a given cross-link. These assignments can
be further strengthened by having peptide backbone frag-
ment information, which can be obtained by higher energy
CID fragmentation of the cross-links or by possible by MS/
MS/MS analysis of the cleaved peptides.

Conclusion—Here we have described a novel cross-linker,
CBDPS, for structural proteomics. CBDPS combines three of
what we believe are critical features necessary for successful
mass spectrometric analysis of the peptide cross-links: iso-
topic coding, cleavability, and affinity enrichment. Following
affinity enrichment of cross-linked peptides using immobilized
avidin, each cross-link can be individually cleaved by CID.
Cleavage of the cross-linker leads to formation of easily iden-
tifiable isotopically coded forms of the peptides that formed
the cross-link. This allows automated analysis of the MS/MS
spectra for which the isotopic coding of the sequence ions
greatly facilitates the assignment of the peptides.

The limitations of this approach are similar to those of any
protein identification experiment. Limited amounts of a com-
plex can lead to low abundance signals from the cross-links.
For a multicomponent complex, there is also the possibility
that overlapping components may mask true doublets or may
produce “false-positive” doublet signals. However, the fea-
tures of this cross-linker were designed to assist in the de-
tection of these signals: first, by allowing affinity purification of
the cross-links, and second, by allowing CID-based determi-
nation of the masses of the individual peptides making up the
cross-link. In addition, multidimensional separation of the af-
finity-purified cross-link mixture is a useful option for highly
complex mixtures. For several of our current projects (19), we
are using a combination of gel separation, strong cation ex-
change, affinity purification, and reversed-phase separations
that greatly assists in the detection of low abundance affinity-
enriched cross-links.

Another limitation, which this cross-linker shares with other
amine-reactive reagents, is that its use will lead to missed
tryptic cleavages. This needs to be taken into account in the
database searching. In addition, if there are multiple adjacent
cleavage or reaction sites in the protein (as was the case for
HIV-RT), it may not be possible to unambiguously localize the
resulting cross-linking site.

Mass accuracy is always a key issue in cross-linking exper-
iments. Because, for a given resolution, mass error/mass
uncertainty is a function of mass, there is more uncertainty in
the measurement of higher molecular weight peptides and
cross-links than in measurements of lower molecular weight
peptides. Mass measurements of intact cross-linked peptides
may therefore carry more uncertainty in mass than do mass
measurements on their cleaved components. This could be
an advantage of using a cleavable cross-linker. However,
depending on the instrument, this advantage may be offset by
lower resolution in the CID mode.

In conclusion, we have found that this combination of af-
finity enrichment, isotopic coding, and CID cleavage allows
confident identification of otherwise undetectable cross-links
in digests of protein complexes. The agreement of the exper-
imental results with the known protein structure of the HIV-RT
heterodimer confirms the value of cross-linking combined
with mass spectrometry for studying protein structures. The
properties of the CBDPS cross-linking reagent, combined
with automated mass spectrometric analysis and data pro-
cessing, make this cross-linker a particularly useful and effec-
tive tool for protein structural studies.
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