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Abstract

Knowledge of protein structures and protein-protein interactions is essential for understanding of
biological processes. Recent advances in protein crosslinking and mass spectrometry (MS) have
shown significant potential to contribute to this area. Here we report a novel method to rapidly and
accurately identify crosslinked peptides based on their unique isotope signature when digested in
the presence of H»180. This method overcomes the need for specially synthesized crosslinkers
and/or multiple MS runs required by other techniques. We validated our method by performing a
‘blind’ analysis of 5 proteins/complexes of known structure. Side chain repacking calculations
using Rosetta show that 17 of our 20 positively identified crosslinks fit the published atomic
structures. The remaining 3 crosslinks are likely due to protein aggregation. The accuracy and
rapid throughput of our workflow will advance the use of protein crosslinking in structural
biology.
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Introduction

In an era where the genomes and proteomes of many organisms are well known at the
sequence level, our knowledge of the three-dimensional structure of proteins and protein
complexes lags frustratingly behind. An understanding of protein structure and protein-
protein interactions is essential to comprehend the molecular mechanisms underlying
biological processes.

To date, high-resolution structural information on proteins has been obtained using methods
such as NMR spectroscopy or X-ray crystallography. However, the structures of many
proteins and complexes cannot yet be solved by these methods either because of lack of
protein crystals or due to their large size.

Elucidation of protein-protein interactions has relied mainly upon two methods: Yeast two-
hybrid assays!~3 and affinity purification followed by mass spectrometry.* ® Chemical
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crosslinking in combination with analysis of the reaction products by mass spectrometry
(MS) not only yields information about protein-protein interactions, but also allows
discrimination between direct versus indirect interactions, along with revealing which
residues within protein complexes lie next to one another.® Such methods require little
sample, and purity is not of paramount importance. One of the main challenges obstructing
the use of this method is the confident identification of low abundance crosslinked peptides,
from the complex mixtures generated by chemical crosslinking.

Until now, two strategies have commonly been used to facilitate the detection of crosslinked
peptides by MS. The first strategy makes use of isotope-coded crosslinkers.’~10
Crosslinking reactions are performed using light and heavy (often deuteriated) crosslinkers.
Peptide fragments containing a crosslinker are present in two populations mass shifted by
the weight difference between the heavy and light forms of the crosslinker. The second
method uses trypsin facilitated incorporation of 180.11~13 Crosslinked proteins are digested
by trypsin in the presence of either H,160 or H,180. Oxygen atoms from H,80 specifically
exchange with the two oxygen atoms of the C-termini of tryptic peptides.}* Crosslinked
peptides have two C-termini, and will thus be present in +0 or +8 Da forms in the 160

and 180 samples, respectively. Non-crosslinked peptides will be present in +0 or +4 Da
forms. Recently, a third method using high-charge-state driven data acquisition was utilized
to enrich data sets for cross-linked peptides.1®

This paper describes a new method designed to identify crosslinked peptides based on their
unique isotope signature when digested in the presence of H,180. Rather than looking for a
mass shift between two populations of peptides generated under different crosslinking or
digestion conditions, a single digestion is performed under partial 180 enrichment
conditions. This has a profound effect on the isotope signature of crosslinked peptides. This
method, in conjunction with the software we have written to analyze the data generated, has
advantages over previously published methods: (1) it overcomes the need for isotope-coded
crosslinkers; (2) it does not rely on detecting a mass shift between two populations of
peptides; (3) in a single MS run one can confidently identify the parent masses and retention
times of crosslinked peptides at the same time as acquiring MS/MS spectra by data
dependent acquisition (DDA) on many of those peptides. A second MS run is only required
in the case that the DDA did not generate sufficient MS/MS spectra to confidently assign the
detected crosslinks; (4) no user intervention is required during the analysis of the MS data.

One factor currently preventing the general adoption of MS based crosslinking methods has
been their difficult and time-consuming nature. We made our initial analysis very rapid in
order to test whether our method was versatile enough to yield results under non-optimized
conditions and also to determine its potential in higher-throughput applications where time
cannot be spent optimizing reaction and analysis conditions for each individual sample. This
work aims not just to provide a novel means to do MS analysis of crosslinked proteins, but
also to offer a rapid method that requires minimal manual intervention for the confident
identification of crosslinks while keeping the number of false positive identifications close
to zero. To test how quickly our method could generate data, we validated our method with
five proteins. Crosslinking reactions were performed once and took ~ 6 hours. Data
acquisition and analysis for all samples took just over one week.

Experimental Section

Materials

BRCA1/BARD1 RING-domain heterodimer was obtained as a kind gift from Rachel Klevit
and Peter Brzovic.16 Green fluorescent protein was expressed and purified from E. coli in
house using standard procedures. Lysozyme (chicken egg white) was purchased from USB
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Corporation (Cleveland, OH). Ribonuclease A (bovine pancreas) and beta-lactoglobulin
(bovine milk) were purchased from Sigma-Aldrich (St. Louis, MO). Bis(sulfosuccinimidyl)
suberate (BS2) and disuccinimidyl suberate (DSS) were purchased from Pierce (Rockford,
IL). H,180 was from Spectra Stable Isotopes (Andover, MA). Trypsin was from Promega
(Madison, WI). Other reagents were obtained from Sigma-Aldrich.

Reference Protein Structures

We used the following PDB files as reference structures for the proteins analyzed: 1jm7.pdb
(model 1) for BRCA1/BARDL; 1bsq.pdb for B-lactoglobulin; 2hgd.pdb for GFP; 2lym.pdb
for lysozyme and 3rsp.pdb for ribonuclase A.

Standard crosslinking reactions

Crosslinking reactions for our initial rapid analysis were done using 100 pg of protein in
234.7 pl buffer. BS® was prepared in buffer as a 14.5 mM stock and added to the reactions to
give a final concentration of 0.88 mM. All reactions were carried out in PBS (pH 8) for 5
hours at room temperature. Protein to crosslinker ratios for each protein were as follows:
BRCA1/BARD1, 60:1; GFP, 60:1; RNaseA, 34:1; lysozyme, 34:1; beta-lactoglobulin 41:1.
Reactions were quenched by addition of 25 ul 200 mM NH4HCOj3. Quenched reactions
were incubated for a further 30 minutes at room temperature. Reaction buffer was then
exchanged to 50 mM NH4HCOg3 using protein desalting spin columns (Pierce) according to
the manufacturer’s instructions. If protein quantities are limited, 1 pg protein is sufficient to
complete the MS analysis.

Additional crosslinking reactions

Digestion

In addition to the standard reaction, GFP was crosslinked using DSS prepared in dry
dimethylformamide as a 14.5 mM stock and added to the reaction to give a final
concentration of 0.88 mM. A ‘low crosslinker concentration’ BRCA1/BARD1 reaction was
performed using BS?® at low concentration (final concentration 17.6 M) at room
temperature overnight.

Samples were suspended in 50 mM ammonium bicarbonate buffer (pH 7.8) with H,180 at
25 atom percent excess (APE). At 25 APE there is 25% more 180 than in natural water,
which has about 0.2% of endogenous 180. Neutral pH conditions were maintained
throughout the experiment to reduce backexchange of 180 atoms. The crosslinked proteins
were reduced with 5 mM dithiothreitol (DTT), alkylated with 8 mM iodoacetamide (IAA),
and digested with trypsin at a substrate to enzyme ratio of 100:1 for two hours at 37°C with
shaking. The digested samples were stored at —20°C until analyzed.

Mass Spectrometry

All mass spectrometry was performed on an LTQ-FT Ultra (Thermo Fisher Scientific). 250
ng of each sample digest was loaded from the autosampler onto a fused-silica capillary
column (75-um i.d.) packed with 40 cm of Jupiter C18 300A material (Phenomenex)
mounted in an in house constructed microspray source and placed in line with an Agilent
1100 QuatPump HPLC and 1100 AS autosampler. Peptides were eluted off the column
using two buffer solutions: Buffer A (94.9% water, 5% acetonitrile, 0.1% formic acid) and
Buffer B (19.9% water, 80% acetonitrile, 0.1% formic acid). The gradient program consisted
of five steps totaling 160 minutes: (1) A 15 minute loading phase in 5% Buffer B. (2) A 45
minute gradient of 5 to 20% Buffer B. (3) A 75 minute gradient of 20 to 68% Buffer B. (4)
A 7 minute wash at 80% Buffer B. (5) Column re-equilibration with 5% Buffer B for 18
minutes.
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The mass spectrometer was operated using either data dependent acquisition (DDA) of MS/
MS scans or targeted mass MS/MS (Figure 1). In both cases, a single high resolution mass
spectrum was acquired at 50,000 resolution (at m/z 400) in the ICR. For DDA acquisition,
each profile scan was followed by two high resolution MS/MS scans at 25,000 resolution in
the ICR. High resolution MS/MS was performed to aid in the identification of crosslinked
features that were typically of large mass and high charge state (4+, 5+, and 6+). For
targeted mass scans, the analyzer method was divided into segments of 10 minutes. In each
segment, each profile scan was followed by four targeted mass MS/MS scans at 25,000
resolution in the ICR. Details of targeted mass scans are found below.

Data Analysis

High-resolution MS/MS spectra were analyzed by Hardklor to de-isotope the fragment
distributions. Peptides were then identified from the de-isotoped fragment distribution using
in house software, called PepLynx, which matched the monoisotopic fragment masses using
a two-step comparison process (Figure 1). In the first step, PepLynx compared b- and y-ion
fragmentation masses for single peptides generated from a protein sequence database. Single
peptides that contribute to one-half of an interlinked peptide pair partially match the
observed fragment pattern. The single peptides that scored the highest were passed to the
second comparison step, where they were paired with peptides from the database that
contribute the remaining mass of the precursor ion. Pairs of peptides are scored to the MS/
MS spectrum by matching b- and y-ion fragment masses at 10 ppm accuracy. If one or both
peptides contained more than one lysine, the pair was scored for every possible combination
of linkages across those lysines. This two-step process rapidly searched the most likely
peptide pairs, rather than all peptide combinations, which allowed for sizeable databases (up
to several hundred proteins) to be used.

Results and Discussion

Method and Software Development for Isotope Labeling and Analysis of Peptides

Proteins were crosslinked with BS3, as described in the experimental section. Crosslinked
proteins were digested with trypsin in buffer containing H,180 at 25 atom percent excess
(APE) and the resulting peptides were then analyzed by LC-MS/MS. Digestion of the
crosslinked samples produced four types of peptides: (i) unlinked peptides without
crosslinker, (ii) dead-end peptides containing hydrolyzed or quenched crosslinker, (iii) loop-
linked peptides where two lysines on a single peptide were linked to each other, and (iv)
interlinked peptides where two distinct peptides were conjoined by the crosslinker (Figure
2).

Digestion of the proteins in the presence of H,180 resulted in isotopic labeling of the
carboxy terminus of the digested peptides. Partial labeling at 25 APE H,180 was used to
create a characteristic, and predictable, isotopic peak distribution profile when observing the
peptides in the mass analyzer. Because interlinked peptides have two C-termini, they
incorporate twice the amount of labeling as unlinked, dead-end, and loop-linked peptides
(Figure 2B). Thus, interlinked peptides could be distinguished from the other peptides in the
sample by their characteristic 180-labeled isotopic peak distribution. Precursor MS spectra
were analyzed with the feature detection software Hardkldr to compute monoisotopic
masses for the observed peptide isotope distributions (PIDs).1” Additionally, Hardklor
determined whether or not the observed PIDs contained the distinguishing 180-labeled
profile of interlinked peptides. As depicted in Figure 3, Hardklér compared each observed
PID to a series of models representing the different amounts of 180 labeling at 25 APE for
each type of peptide. Interlinked peptides were identified in the precursor spectra from PIDs
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that exhibited twice the amount of 180-labeling as unlinked, dead-end, and loop-linked
peptides.

For each MS/MS spectrum, a list of putative interlinked peptides was generated as described
in the methods. Interlinked peptides were ranked by score from highest to lowest and the
highest was accepted using a set of heuristics that included: (1) exceeding a base scoring
threshold, (2) contribution of both peptides to the score, and (3) significantly larger score
than the next best possibility. The PepLynx software algorithm automated the acceptance of
interlinked peptides for each spectrum using the aforementioned heuristic thresholds, and if
the heuristic thresholds were not met, rejected all putative interlinked peptides for that
spectrum. To assure the confidence of the identified interlinked peptides, our protein
sequence database contained two sets of proteins in addition to our target protein(s). Firstly,
a SEQUEST!8 analysis with Percolator!® validation was performed on our MS data and
every protein detected in the crosslinking reaction was included in our protein database.
Secondly, decoy protein sequences consisting of the shuffled sequences of all detected
proteins were also added to our database. The first set of proteins insured that crosslinks
involving contaminant proteins could be appropriately assigned. The second set of proteins
(the decoy proteins) is known not to exist, thus any putative interlinked peptides containing
sequence from the decoy proteins does not exist. Our software is capable of analyzing a
database of up to several hundred proteins, making it suitable for the analysis of large
complexes consisting of dozens of proteins, and also for the analysis of complex crosslinked
samples produced by single-step affinity purification of protein complexes from crude
protein extracts so long as the target proteins are a major constituent of the purification ant
sufficient protein can be obtained.

High Throughput Crosslinking Analysis of Known Proteins

We validated our crosslinking and analysis methods by applying them to the analysis of five
proteins of known atomic structure. These proteins were: The BRCA1/BARD1 RING-
domain heterodimer, p-lactoglobulin, green fluorescent protein (GFP), lysozyme and
ribonuclase A. We made our initial analysis very rapid in order to test our method’s
potential in higher-throughput applications where time cannot be spent optimizing reaction
and analysis conditions for each individual sample. All our reactions were therefore
performed in a set volume (~ 0.25 mL) of PBS (pH 8) containing 0.88 mM BS3 and 100 pg
of protein. All reactions were allowed to crosslink at room temperature for 5 hours before
quenching with NH4HCO3. Each crosslinking reaction and tryptic digestion was done just
once.

An initial MS run was carried out as described in the methods section using data dependent
acquisition (DDA) for MS/MS. Crosslinks discovered for each protein during this initial run
are shown in Table 1 and are labeled *. Because of the slow fragmentation scan speed and
relatively low abundance of crosslinked peptides, targeted mass MS/MS was performed in
subsequent runs using the list of Hardkldr identified crosslinked features from the initial
DDA analysis (Figure 1). Each crosslinked feature was sorted by m/z and retention time.
The analyzer method was divided into 10 minute segments, and up to four m/z values were
selected for fragmentation across each segment. If more than four crosslinked features
existed for any 10 minute segment, then the analyzer method was repeated using the next set
of four m/z values. Additional crosslinks discovered using data from the targeted mass MS/
MS scans are shown in Table 1, and are labeled 1 to indicate the contribution of these
additional MS runs to the data presented. The targeted mass MS/MS runs contributed to
48% of the total crosslinks discovered.

When developing our analysis software our aim was to reduce or remove the need for
manual validation of crosslinks while confirming our data agreed with published structures.
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Analyses run fully automatically with a stringent score cutoff are marked * or T in Table 1.
To determine whether we could increase our discovery rate by allowing manual validation,
we also ran our software with a less stringent cutoff and performed manual validation on the
output. For all our analyses, this approach added just one new crosslink (see row marked
in Table 1). The algorithm presented here was thus very effective, and essentially removed
the need for manual analysis of our data. It is clear from the data that targeted mass MS/MS
significantly contributed to the amount of data obtained from most samples. Because each
step of the analysis can be automated by software algorithms, it is possible to envision a
real-time application that can detect interlinked peptides by their isotopic signature during
data acquisition. Interlinked peptides can then be selectively targeted for MS/MS analysis
without the need to construct follow-up methods using predetermined mass targets.

Additional Crosslinking Analysis to Increase Observed Crosslinks

Having done an initial rapid analysis using single protein samples and a minimal number of
MS runs, we performed two additional crosslinking reactions under different conditions to
determine whether this would increase the number of crosslinks we could detect. These
reactions were BRCA1/BARD1 using 1/50™ of the previous concentration of BS3
crosslinker and GFP using the hydrophobic homologue of BS3, called DSS.

The two BRCA1/BARDL reactions yielded 6 unique crosslinks. Three of these were
detected under standard conditions and 5 under low crosslinker concentrations. Two
crosslinks were common to both analyses (see standard concentration [SC] and low
concentration [LC] data in Table 1). The two GFP reactions yielded 5 unique crosslinks of
which 3 were common to both reactions (see GFP [BS3] and [DSS] data in Table 1). From
these data it was apparent that performing additional crosslinking reactions under varying
conditions does increase the number of observed crosslinks.

Crosslink Validation Using Published Protein Structures

Many authors have validated the accuracy of their crosslink assignments by analyzing
proteins of known structure. 4~11, 20-22 Based on the distance between residues observed to
have been crosslinked, assignments either agree or disagree with published atomic
structures. The crosslinkers used in this study, DSS and BS3, are amine reactive and have a
spacer arm of 11.4 A. The cutoff for the distance allowed between the crosslinked lysine -
amino groups is thus 11.4 A. Lysine side chains have significant intrinsic flexibility,
however, so a strict distance cutoff between lysine e-amino groups could be misleading in
certain cases. To get around this problem many authors have instead used a cutoff of 24 A
between lysine a-carbon groups (the carbon backbone of a protein is generally less flexible).
To span this distance, the full extension of the crosslinker’s spacer arm and a specific
orientation of the side chains of both the lysine residues is required.11: 23 In some cases,
although the distance between two a-carbon groups may be within 24 A, their e-amino
groups might not be able to come within 11.4 A without a conformational change in the
carbon backbone of the protein. In order to address this difficulty, we explored the structural
feasibility of lysine-lysine crosslinking in a given PDB structure using Rosetta’s fixed
backbone side-chain refinement protocol. Within this protocol, the potential crosslinking of
a pair of lysines is tested by sampling sidechain rotamers from the Dunbrack rotamer library
with moves kept or rejected based on the standard Rosetta full atom energy function
supplemented with a distance constraint of 10A on the pair of lysine NZ atoms.24 This
establishes a framework for approximating side-chain flexibility while preventing steric
clashes and maintaining physically realistic side-chain interactions. We consider
crosslinking possible if the two NZ atoms are within 11.4A at the end of the calculation.
Rotamer sampling can fail to satisfy this restraint in one of two ways, either when no
rotamers exist that could span the geometry set by the backbone or when the rotamers
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required to do so would increase the energy significantly by introducing, for example, steric
clashes that cannot be resolved by the movement of other sidechains. This method aims to
provide a more informed prediction as to whether a specific crosslink is likely to be possible
given the published structural information available. We used this method both to analyze
our own crosslinking results and to compare our data with previously published crosslinking
data on the same proteins.

While 95% of the crosslinks we discovered are within the generic 24 A cutoff between
lysine a-carbons, only 40% have a distance of 11.4 A or less between the crosslinked lysine
€-amino groups in the crystal structure (Table 1). After allowing amino acid side chain
flexibility, 17 of the 20 crosslinks (85%) are within the 11.4 A cutoff (see Table 1). Manual
examination of the MS spectra for the three crosslinks outside the cutoff indicated that they
were indeed observed (data not shown) and thus do not represent a problem on the part of
our algorithm or MS analysis, but are more likely to have been the result of non-specific
protein-protein interactions or aggregation in the test tube. The propensity of lysozyme to
aggregate during crosslinking was confirmed to be higher than for the other proteins tested
as crosslinking reactions performed at 10X protein concentration resulted in a soluble
product for all proteins except lysozyme, which formed an insoluble precipitate after just 10
minutes of crosslinking at that concentration (data not shown). Based on comparison to
published structures our method appears to have performed very well, as all detected either
matched published structures or could be explained by biochemical artifacts which would be
common to any crosslinking analysis method. Such artifacts could potentially be removed
by gel filtration or SDS-PAGE purification of crosslinking products prior to MS analysis,
however this is beyond the scope of the current work.

We used Rosetta to explore the published PDB structures for each protein and identify all
possible crosslinks. Based on this modeling, we observed approximately 20% of the number
of possible crosslinks (see Table S1 for detailed data). Lack of lysine reactivity could
prevent a structurally possible crosslink from actually forming. We tested lysine reactivity
by looking for dead-end peptides in our MS data. Dead-end peptides appear to be more
common than crosslinked peptides and are thus a convenient means of determining whether
a given lysine is reactive or not. Peptides containing lysines with a dead-end crosslinker
were identified by database searching with SEQUEST using differential modifications. The
search was performed twice, first using a 155.0946 dalton mass differential (NHsHCO3
quenched BS3), then repeated using a 156.0786 dalton mass differential (hydrolyzed BSS).
The search parameters allowed for multiple dead-ends and multiple lysine miscleavages.
This analysis (which we performed on all our data except for our low concentration
BARD1/BRCAL1 and our GFP DSS data) indicated that of the 98 lysine-lysine distances
within 11.4 A after minimization, both lysines were observed to be reactive in just 43 cases
(Table S1). Given these data, we observed closer to 40% of the number of possible
crosslinks.

Analysis of Previously Published Crosslink Data

Previous crosslinking studies on the proteins we analyzed in the current work vary in which
crosslinks were detected and also in how many crosslinks were detected. In order to
understand how other published crosslinking methods compare to our own in terms of both
the number of crosslinks detected and also in the proportion of those detected that agree with
the published structures, we used our modified version of Rosetta to reanalyze previously
published crosslinking data. Table 2 summarizes all the crosslinks found during the current
work along with crosslinks published by others on the same proteins where such data is
available (see Table S2 for full details). Based on this analysis our method is comparable to
other current methods in both sensitivity and accuracy. In addition our method is fast and
requires no manual validation of the output, making it ideal for general use.
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Lysozyme was the only protein where significant incongruity was reported amongst all
authors. This is consistent with our suggestion that lysozyme has a propensity to aggregate
during crosslinking.

Conclusions

We have successfully developed a novel method for mass spectrometry based analysis of
crosslinked proteins. We validated our method using five proteins/complexes of known
structure and have shown that, along with the accompanying software, our method is
capable of rapidly and accurately identifying inter- and intra-protein crosslinks with no
manual data analysis. Our software allows the automated analysis of a database of up to
several hundred proteins, making it suitable for the analysis of large protein complexes and
complex crosslinked samples along with a large number of decoy proteins. The rapid
workflow and absence of manual data-processing requirements make this method ideal for
high-throughput studies and will do much to advance the use of protein crosslinking in
structural biology. The software can be obtained from:
http://proteome.gs.washington.edu/software/peplynx/

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MS and MS/MS spectra

peptides with PepLynx

Figure 1.

Flowchart describing the experimental procedure and data analysis workflow.
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trypsin in H,°O at 25 APE

.
Digested it it Nt
® =

Figure 2.

Labeling procedure for the detection of crosslinked peptides. (A) Crosslinked proteins are
digested with trypsin in buffer containing H,180 at 25 atom percent excess. All resulting
peptides become 180 labeled on their C-terminus. (B) Four possible types of peptides are
produced: (i) unlinked peptides without crosslinker; (ii) dead-end peptides that contain
hydrolyzed or aminolyzed crosslinker; (iii) loop-linked peptides where two lysines on a
single peptide are linked to each other; (iv) interlinked peptides. Interlinked peptides are
distinguished from the other peptides because they have twice the amount of labeling on
their C-termini.
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distribution (A) is analyzed by Hardkldr. Possible isotope signatures are modeled for (B-i)
natural isotope abundance, (B-ii) 180,, and (B-iii) 180, containing peptides. A best match to
an 180, containing peptide (C) indicates an interpeptide crosslink whose sequences are then

identified by PepLynx.
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Summary of previously published crosslinking data on proteins studied in this paper (see Table S2 for full

details).

% in agreement with published

Total crosslinks observed | Total that fit published structure structure References for these crosslinks

BRCA1/BARD1

6 6 100 This paper
B-lactoglobuiln

4 4 100 10

4 4 100 9

4 4 100 This paper (inc A70)

GFP
5 5 100 This paper
Lysozyme

2 0 0 10

3 0 0 This paper

2 1 50 9
Ribonuclease A

2 1 50 10

2 2 100 22

2 2 100 9

2 2 100 21

2 2 100 This paper
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