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Developing a Multiplexed Quantitative Cross-linking Mass
Spectrometry Platform for Comparative Structural Analysis of
Protein Complexes

Clinton Yul, Alexander Huszagh?!, Rosa Viner?, Eric J. Novitsky3, Scott D. Rychnovskys3,
and Lan Huang?
1Department of Physiology & Biophysics, University of California, Irvine, Irvine, CA 92697

2Thermo Fisher, 355 River Oaks Parkway, San Jose, CA 95134

SDepartment of Chemistry, University of California, Irvine, Irvine, CA 92697

Abstract

Cross-linking mass spectrometry (XL-MS) represents a recently popularized hybrid methodology
for defining protein-protein interactions (PPIs) and analyzing structures of large protein
assemblies. In particular, XL-MS strategies have been demonstrated to be effective in elucidating
molecular details of PPIs at the peptide resolution, providing a complementary set of structural
data that can be utilized to refine existing complex structures or direct de novo modeling of
unknown protein structures. To study structural and interaction dynamics of protein complexes,
quantitative cross-linking mass spectrometry (QXL-MS) strategies based on isotope-labeled cross-
linkers have been developed. Although successful, these approaches are mostly limited to pair-
wise comparisons. In order to establish a robust workflow enabling comparative analysis of
multiple cross-linked samples simultaneously, we have developed a multiplexed QXL-MS
strategy, namely QMIX (Quantitation of Multiplexed, Isobaric-labeled cross (X)-linked peptides)
by integrating MS-cleavable cross-linkers with isobaric labeling reagents. This study has
established a new analytical platform for quantitative analysis of cross-linked peptides, which can
be directly applied for multiplexed comparisons of the conformational dynamics of protein
complexes and protein-protein interactions at the proteome scale in future studies.
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QMIX : Quantitation of Multiplexed, Isobaric-
labeled cross (X)-linked peptides
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INTRODUCTION

Protein-protein interactions (PPIs) are fundamental to the assembly, structure, and function
of protein complexes. Disturbances in endogenous PPIs can negatively impact cellular
activities, leading to various types of human disease. Characterization of the architectures of
protein complexes and their protein interaction interfaces is critical towards unraveling the
molecular mechanisms underlying human pathologies and providing insight on potential
targets for drug therapies, exemplifying a new paradigm in disease treatment development?.

Due to its versatility, sensitivity, accuracy and speed, cross-linking mass spectrometry (XL-
MS) has emerged as a powerful approach for mapping protein interaction networks2~" and
characterizing large protein complex structures®-14. The cross-linked peptides identified
within and between proteins represent “peptide resolution” distance constraints that have
been successfully used to derive and/or refine the structures of protein complexes®-14. One
of the inherent challenges in XL-MS studies is the unambiguous identification of cross-
linked peptides. To facilitate this process, we previously developed a new class of MS-
cleavable cross-linkers, i.e. sulfoxide-containing MS-cleavable cross-linking reagents, that
enable simplified and accurate identification of cross-linked peptides using multistage
tandem mass spectrometry (MSM)*15-17_ These robust and reliable reagents have been
successfully applied to define protein-protein interactions both in vitro®16:18-20 and jn vivd®.
To probe structural dynamics of protein complexes, stable isotope-labeled cross-linking
reagents (usually deuterium labeled) are often used to permit comparisons of two selected
conformational states in a single experiment!8.21-23 To allow unambiguous identification
and quantification of cross-linked peptides simultaneously, we had developed a pair of
sulfoxide-containing MS-cleavable, deuterium-labeled cross-linking reagents allowing
quantitative comparison of cross-links identified by either light- or heavy-labeled
reagent!”:18, Although successful, the usage of isotope-labeled cross-linking reagents is
currently limited to binary comparisons. In addition, deuterated and non-deuterated cross-
linked peptides do not co-elute together perfectly, making their automated quantitation
challenging®’-24, Finally, the synthesis of stable isotope-labeled cross-linkers can be
burdensome. Recently, SILAC-based quantitation has been incorporated with non-labeled
cross-linkers for quantitative comparison of cross-linked peptides through labeling of
targeting amino acids such as lysineZ?, thus eliminating the need for stable isotope-labeled
cross-linkers. In contrast to deuterium-labeled cross-linking reagents, 13C/12C and 1°N/14N
labeled amino acids are typically used for SILAC labeling, which leads to labeled peptides
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co-eluting chromatographically. Although SILAC-based methods can be implemented for
three-way comparisons, it is best suited for binary comparisons due to the limited variety of
isotope-labeled amino acids that can produce sufficient mass differences among compared
peptides. Regardless, when stable isotope labels are introduced through labeled amino acids
in SILAC experiments or isotope-coded cross-linkers, quantitation is carried out based on
differentially labeled peptides detected at the MS? level, thus increasing sample complexity
and decreasing the detection of low abundance cross-linked peptides. Therefore, it remains
technically challenging to compare more than two cross-linked samples simultaneously,
especially for very complex samples such as the proteome.

In recent years, isobaric labeling strategies including isobaric tags for relative and absolute
quantification (iTRAQ)Z® and tandem mass tags (TMT)27-28 have emerged as powerful
quantitation methods for proteomics due to their unique multiplexing capability. Currently,
commercially available TMT reagents have multiplexing capacity up to 10-plex, and have
been widely used for various applications including proteome wide expression profiling?°.
Isobaric labeling-based multiplexed quantitation methods permit the parallel analysis of
multiple proteome experiments, significantly increasing throughput without changing
sample complexity. This is due to the fact that isobaric labeled peptides from compared
samples carry the same /m/z values and are measured as one mass spectral peak during MS?
analysis. Peptide/protein quantitation is achieved through the detection of unique reporter
ions resulting from the fragmentation of isobaric labels at the MS? level. However, it has
been reported that quantitation accuracy and precision from such experiments are often
compromised due to contaminating near-isobaric ions being isolated and fragmented
together with the target ions, thus skewing reporter ion intensities3%. Such peptide
quantitation interference often results in underestimation of quantitative changes among
compared samples, which can be effectively eliminated using triple-stage mass spectrometry
(MS3)30, Recent advancements in instrumentation and software have ushered the
development of more accurate and reproducible workflows, such as MS3-level synchronous
precursor selection (SPS) to increase TMT reporter ion detection while minimizing reporter
ion ratio distortion31:32, Given the fact that MS" analysis has been successfully implemented
for unambiguous identification of peptides cross-linked by MS-cleavable cross-linking
reagents*16:17 we hypothesize that isobaric reagents can be perfectly integrated with such
XL-MS" workflows, thus allowing us to establish a novel multiplexed quantitative XL-MS
strategy for comparing multiple cross-linked samples simultaneously. To test this, we have
coupled our previously developed MS-cleavable cross-linking reagent disuccinimidy!l
sulfoxide (DSSO) with the isobaric Tandem Mass Tag™ duplex (TMT2) labeling reagents
for comparative cross-linking analysis using a model protein. This combinatory approach
represents the first report on isobaric reagent-based quantitative cross-linking mass
spectrometry. The results presented here demonstrate the feasibility of the proposed method
and its potential for multiplexed quantitative XL-MS analysis to dissect protein structural
and interaction dynamics at the protein complex and the proteome-wide scale in the future.
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EXPERIMENTAL PROCEDURES

Materials and Reagents

General chemicals were purchased from Fisher Scientific or VWR International, bovine
heart cytochrome ¢ (98% purity) from Sigma-Aldrich. Tandem Mass Tag™ reagents
purchased from Life Technologies (Thermo Fisher Scientific).

DSSO Cross-linking of Cytochrome ¢

200 uM cytochrome c in PBS buffer (pH 7.4) was reacted with DSSO in a molar ratio of 1.5
(protein: cross-linker) for 1 h at room temperature and quenched with excess
hydroxylamine. Cross-linked proteins were then pelleted via TCA precipitation and re-
suspended in 8 M urea. Re-suspended proteins were reduced with 15 mM TCEP for 30 min
and alkylated with 30 mM chloroacetamide for 45 min in dark, and then diluted to 5 M urea.
Cross-linked proteins were then digested with Lys-C for 4 h at 37° followed by dilution to
1.5 M urea and digestion by trypsin at 37° overnight. The resulting peptide mixtures were
de-salted using Waters C18 Sep-Pak cartridges and fractionated by peptide size exclusion
(SEC) as previously described by Leitner et al.10, The SEC fractions containing cross-linked
peptides were used for subsequent TMT labeling and LC-MS" analysis.

TMT2 labeling of Cross-linked Cytochrome C Peptides

Approximately 80 pug of cross-linked cytochrome c peptides were used for TMT labeling.
Peptides were diluted to 100 pL using 50 mM TEAB (triethyl ammonium bicarbonate) and
split into equivalent 50 uL aliquots. To each aliquot was added 20 uL of 20 pg/uL of
TMT2-126 or TMT2-127 isobaric labeling reagent in anhydrous ACN and incubated for 1 h
at room temperature. 5% hydroxylamine was added to each sample to a final concentration
of 0.25% and incubated for 15 min to quench the labeling reaction. Samples were cleaned
and de-salted again using Waters C18 Sep-PAK cartridges and concentrated. Prior to LC-
MS" analysis, TMT2-126 and TMT2-127 labeled peptides were mixed at five pre-
determined molar ratios (10:1, 5:1, 1:1, 1:5, and 1:10).

Liquid Chromatography-Multistage Tandem Mass Spectrometric (LC-MS") Analysis

Mixed peptide samples were analyzed utilizing a Thermo Scientific™ EASY-nLC™ 1000
UPLC system coupled on-line to a Thermo Scientific™ Orbitrap Fusion Lumos™ MS. A
Thermo Scientific™ EASY-Spray™ source with a 25 cm x 75 um PepMap EASY-Spray
Column was used to separate peptides over a 55 min acetonitrile gradient of 6% to 35% at a
flow rate of 300 nL/min. Each mixed peptide sample was analyzed using three individual
acquisition methods: 1) a targeted 1D-MS3 acquisition optimized for DSSO cross-linked
peptide identification, 2) a MultiNotch MS3 acquisition featuring synchronous precursor
selection (SPS)31, and 3) a combined 1D-MSS3 targeted acquisition with additional SPS-MS3
for all precursor ions selected for ID-MS2. For methods 1 and 3, mass-difference-dependent
HCD-MS3 acquisitions were triggered if a unique mass difference (A=31.9721) was
observed between fragment ions in the CID-MS?2 spectrum. MS? acquisition was performed
in top speed mode with a cycle time of 5 s. MS! and MS? scans were acquired in the
Orbitrap whereas MS3 scans were detected in the ion trap. For MS? scans, the scan range
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was set from 375 to 1600 /m/z, resolution set to 120,000, and the AGC target set to 4x105.
For MS2 scans, the resolution was set to 30,000, the AGC target was set to 5e4, the
precursor isolation width was 1.6 m/z, and the maximum injection time was 100 ms for CID.
The CID-MS?2 normalized collision energy was 25%. For MS3 scans, HCD was used with a
collision energy of 35%, the AGC target was set to 2x104, and the maximum injection time
was set to 120 ms. For methods 2 and 3 containing SPS-MS3, the AGC target was set up to
5e4, with MS? isolation window to 1.6 /7/zand MS? isolation window to 2 /m/zand 10
notches. The maximum injection time was set to 105 ms and resolution to 30,000.

Identification and Quantitation of TMT2 Labeled DSSO Cross-linked Peptides

Monoisotopic masses and charges of parent ions and corresponding fragment ions, and ion
intensities from cross-linker and peptide fragmentation in 1D-MS? spectra were extracted as
MGF files using ProteoWizard MSConvert. MS3 spectra were subjected to protein database
searching using a developmental version of Protein Prospector (v. 5.17.0) using Batch-Tag
against cytochrome ¢ (SwissProt accession #: P62894) with mass tolerances for parent ions
and fragment ions set as + 20 ppm and 0.6 Da respectively. Trypsin was set as the enzyme
with four maximum missed cleavages allowed. Cysteine carbamidomethylation was selected
as a constant modification, while protein N-terminal acetylation, methionine oxidation, N-
terminal conversion of glutamine to pyroglutamic acid, and asparagine deamidation were
selected as variable modifications. In addition, four defined modifications on uncleaved
lysines and free protein N-termini were selected: alkene (A: C3H»0, +54 Da), sulfenic acid
(S: C3H405S, +104 Da), and unsaturated thiol (T: C3H,0S, +86 Da) modifications due to
remnant moieties for DSSO, as well as a single modification for TMT2 labeling (+225 Da).
Initial acceptance criteria for peptide identification required a reported expectation value <
0.1.

The in-house software xI-Discoverer, designed to validate and summarize cross-linked
peptides based on MS" data and database searching, was used to automatically generate and
summarize identified cross-linked peptide pairs!®. Peak intensities for TMT2-126 and
TMT2-127 reporter ions were extracted directly from Lumos™ RAW files to obtain final
TMT ratios after considering isotope purities of each isobaric reagent as instructed in the
manufacturer’s protocol?’,

RESULTS AND DISCUSSION
Development of A New Multiplexed QXL-MS Strategy

In order to increase throughput and facilitate the simultaneous quantitative analysis of
differential protein complex topologies under multiple conditions, we have developed a
novel multiplexed QXL-MS strategy called QMIX (Quantitation of Multiplexed, Isobaric-
labeled cross (X)-linked peptides), which integrates our MS-cleavable cross-linking reagent-
based XL-MS" workflow with isobaric label-based multiplexed quantitation (Figure 1). This
strategy is established due to the fact that the identification of peptides cross-linked by MS-
cleavable reagents is best achieved through MSM analysis*16:17. Coincidentally, MS"
analysis is most advantageous for multiplexed protein quantitation when using isobaric
reagents due to peptide interference30:31, In theory, the QMIX strategy can be accomplished
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by combining any effective MS-cleavable cross-linker (e.g. sulfoxide-containing MS-
cleavable reagents) with any types of isobaric reagents. To demonstrate the feasibility of our
multiplexed quantitative strategy for cross-linked peptides, we have employed a sulfoxide-
containing amine reactive cross-linker, disuccinimidyl sulfoxide (DSSO) and TMT?2 labeling
reagents. The DSSO-based XL-MS" workflow has been demonstrated to be effective and
robust for fast and unambiguous identification of cross-linked peptides®16, while TMT
reagents have been widely and successfully used for multiplexing protein quantitation
including proteomes and phosphoproteomes32:33. In contrast to previously reported QXL-
MS strategies that rely on isotope-coded cross-linkers or SILAC-labeled lysines18:21,22.25
our proposed QMIX strategy has a unique multiplexing capability that enables simultaneous
quantitation of multiple cross-linked peptides in a similar manner to multiplexing
quantitation of non-cross-linked peptides. The maximum number of cross-linked samples
that can be concurrently compared would be limited only by the number of available
isobaric tags. Since TMT labeling reagents are isobaric and structurally identical,
differentially labeled cross-linked peptides co-elute simultaneously in the LC chromatogram
and are measured as a single peak in the survey MS? scan, similar to TMT-labeled non-
cross-linked peptides. Thus, in contrast to other types of isotope label-based QXL-MS
strategies!®22:23.25 jsobaric labeling does not increase sample complexity. In fact, the signal
intensities of the same cross-linked peptides are augmented even if they are contributed
through multiple labeled samples, thereby increasing the detectability of low abundance
cross-linked peptides for their identification and quantitation. Moreover, TMT labeling
would allow all types of peptides to be quantified at the same time, thus enabling thorough
comparison of samples at different levels. Finally, the ability of multiplexing would permit
the analysis of multiple compared samples in a single run to significantly improve
throughput and provide the flexibility of performing biological replicates concomitantly.
Collectively, QMIX represents a general strategy that is much more versatile and flexible
than any existing QXL-MS strategies.

Fragmentation of TMT-labeled, DSSO-cross-linked peptides

Incubation of TMT2 reagent with DSSO cross-linked peptides results in the covalent
labeling of non-cross-linked lysine residues, as well as free N-terminal primary amines
generated through enzymatic digestion. We found that the complete labeling of all available
primary amines of cross-linked peptides was able to be achieved based on the instructions
provided for labeling non-cross-linked peptides. Cross-linked lysine residues were
unaffected by TMT labeling reagent, nor did they prevent the efficient labeling of nearby
residues. Unambiguous identification of DSSO cross-linked peptides is accomplished
through MS" analysis as previously described’8. Because the MS-cleavable C-S bonds
adjacent to the sulfoxide within the linker spacer region are significantly more labile than the
amide bonds of the peptide backbone, MS?2 fragmentation of a DSSO inter-linked peptide
during collision induced dissociation leads to the physical separation of the two covalently
linked peptides into single peptide chains. These MS? fragments can then be subjected to
subsequent MS3 for peptide sequencing. Along with mass fingerprinting of MS? precursor
ions and the characteristic fragmentation of cross-linked peptides in MS2, the sequences of
individual peptides determined by MS? are integrated to confidently determine the identities
of cross-linked peptides. To evaluate whether TMT labeling interferes with the MS" analysis
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of DSSO cross-linked peptides, cytochrome ¢ was cross-linked with DSSO, and digested
prior to TMT labeling. The resulting TMT-labeled peptides were then analyzed by LC-MS".
As an example, a TMT2-labeled DSSO inter-linked peptide a-p (/7/z1050.0703%*) detected
in MS! (Figure 2A) yielded two pairs of dominant fragment ions aa/Bt (m/z972.07%*Im/z
1118.072*) and a/Ba (m/z 988.06%*/m/z 1102.062*) during MS? analysis (Figure 2B). This
is expected, as the cleavage of one of the two MS-cleavable C-S bonds in a DSSO inter-
linked heterodimeric peptide a.-p would result in the observance of two predictive fragment
pairs aa/Bs or as/Pa that carry complementary alkene (A, +54.01 Da) or sulfenic acid (S,
+103.99 Da) cross-linker remnant moieties1®. The sulfenic acid moiety often undergoes
dehydration to form a more stable unsaturated thiol moiety (T, +85.98 Da), generating
dominant aa/BT or at/Ba peptide ion pairs in the MS? spectra. MS3 sequencing of the at
and B fragment ion pair yielded series of b and y ions that unambiguously identified them
as "PY*IPGTKMIFAGIK*87, in which K80 was modified by a saturated thiol moiety,

and #1T*GQAPGFSY TDANKaNK*38, in which K54 was modified by the alkene moiety
(Figures 2C and 2D). In addition, MS3 sequencing confirmed that both peptides were fully
labeled by TMT2 reagent on free primary amines at their N-termini and C-terminal lysine
residues. Along with mass fingerprinting of the MS? precursor and its fragmentation pattern
in MS2, the linkage was determined between K54 and K80 of cytochrome ¢ (Figure 2).
Collectively, our results indicate that TMT labeling does not interfere with the characteristic
fragmentation of DSSO cross-linked peptides during MS? analysis and their subsequent
MS3 sequencing for unambiguous identification1®,

MS" Analysis of TMT-labeled Cytochrome ¢ Cross-linked Peptides

Previously, data-dependent MS" acquisition methods were used to identify DSSO cross-
linked peptides using an Orbitrap XL mass spectrometer, in which the top 3 MS?2 fragment
ions were often selected for MS? sequencing*16:18, This is based on the fact that DSSO
inter-linked heterodimeric peptides (a-p) produce four dominant fragment pairs: aa/pt and
a1/Pa as illustrated in Figure 2B. Therefore, MS3 sequencing of the three most intense MS?
fragment ions is typically sufficient for the identification of DSSO cross-linked peptides. In
this work, we have employed the Orbitrap Fusion™ Lumos™ Tribrid™ mass spectrometer
as the Orbitrap XL does not have the capability of performing isobaric labeling-based
quantitation due to poor sensitivity in HCD. In comparison, the Lumos™ not only has
superior sensitivity, resolution, scanning rate and dynamic range, but also has multiple
fragmentation techniques (CID, HCD, ETD and EThcD) and the flexibility of integrating
them at any stage of MS" analysis. Therefore, we sought out the possibility of performing a
targeted MS" method in which alkene- and thiol-modified fragment ion pairs of the same
sequence (i.e. aa/aT or Ba/B7) would be first identified on the fly based on their defined
mass differences (i.e. A(at — aa) or A(Bt — Ba)), which is equal to the mass of a sulfur
atom, 31.9721 Da. The top 2 pairs, aa/aT and pa/Bt fragment ions would then be selected
for subsequent MS3 analysis. This approach potentially enables all of the four predicted MS?
fragment ions to be sequenced in a selective manner, thus increasing throughput and
identification confidence. During our initial assessment, we found that this targeted MS"
analysis appears to be more effective than conventional Top N data-dependent MS" method
for these samples. Therefore, we have employed the targeted MS" acquisition method in this
work, which resulted in the identification of a redundant total of 652 cytochrome c cross-
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linked peptides representing 79 unique K-K linkages across 5 samples of TMT2-labeled
peptides mixed at known concentrations (Table S-1).

Quantitation of TMT-labeled, DSSO cross-linked peptides

Next, we investigated whether DSSO cross-linked peptides can be effectively quantified
using TMT labeling and MS" analysis. To test this, we have labeled cross-linked cytochrome
c peptides with TMT2-126 and TMT2-127 respectively, and then mixed them in 5 known
ratios, i.e. 10:1, 5:1, 1:1, 1:5; 1:10. To quantify the relative abundances of TMT2-126 and
TMT2-127 labeled cross-linked peptides, we have examined three different data acquisition
methods as illustrated in Figure 3: 1) ID-MS3, 2) SPS-MS3, and 3) ID-SPS-MS3 (Figures
3A-C). It is noted that method 3 combines the features of methods 1 and 2. The first method
ID-MS3 involves direct MS3 analysis in HCD that enables the detection of sequence ions for
peptide identification and TMT reporter ions for quantitation simultaneously. Each MS3
spectrum of the selected MS?2 fragment ions contributes TMT reporter ions for quantitation.
For instance, Figure 4A illustrates the MS3 spectrum of the aa (777/2599.702*) fragment of
an inter-linked peptide of cytochrome ¢ ['G*K*KIFVQK*14 (a) inter-linked

to OK*TGQAPGFSYTDANK*>4 (8)] from the 1:1 sample, in which K9 cross-linked to
K40. As shown, the two TMT2 reporter ions (m/z 126 and 127) were detected and used for
ratio determination. Due to the abundance of natural 13C isotopes and impurities in TMT2
isobaric labeling reagents, a percentage of TMT2-126 contributes to TMT2-127 reporter ion
detection, which must be corrected as previously described?”. Based on reporter ions
detected in MS3 spectra for each cross-linked peptide, their TMT ratios (126:127) were first
calculated, which were then used to obtain the final average ratios for each sample. As a
result, their average TMT ratios for the five premixed samples were determined as 11.64,
5.74,1.11, 0.22, and 0.11 respectively (Figure 4C), correlating well with the expected ratios.
The results suggest that it is feasible to identify and quantify TMT labeled and DSSO cross-
linked peptides simultaneously using the 1D-MS3 method, i.e. normal MS" analysis. With
this method, the ratio deviations in the five selected samples vary from 14% ~ 35%. The
larger variations appear to be particularly associated with samples containing more
TMT2-126 relative to TMT2-127 (e.g. 10:1). This is more likely due to the fact that the
observed reporter ions (m/z 126 and 127) are much smaller in abundance than sequence ions
using the 1D-MS?3 method (Figure 4A) and different amounts of isotope impurities in
TMT2-126 and TMT2-127 reagents contribute to ratio correction. Thus, the relative
quantitation of cross-links in these situations could potentially be compromised.

To improve the accuracy in TMT-based quantitation, a MultiNotch-based SPS-MS3
acquisition method has been previously developed to allow the integration of multiple MS3
signals from up to 10 MS?2 fragment ions, significantly boosting up the relative intensities of
TMT reporter ions for quantitation3L. Therefore, we employed a similar SPS-MS3
acquisition method to evaluate its feasibility for quantitation of cross-linked peptides (Figure
3B). However, this type of experiment can only acquire quantitative information, and the
correlated peptide identification has to be done from a separate experiment using the ID-
MS3 method (Figure 3A). In comparison to Figure 4A, Figure 4B illustrates the SPS-MS3
spectrum of the same cross-linked peptide from the 1:1 sample. As shown, the intensities of
TMT report ions (m/z 126 and 127) are significantly enhanced, which are more than 100
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times higher than those obtained using the ID-MS3 method (Figure 4A). Using the entirety
of the SPS-MS3 spectra without considering peptide identity, the average TMT ratios for the
five samples were determined as 11.44, 5.59, 1.08, 0.21 and 0.10 respectively (Figure 4C),
corroborating very well with the expected values. Importantly, there was a significant
decrease in experimental variation compared to ID-MS3 acquisition, demonstrating that
quantitation via MultiNotch MS3 acquisition is indeed much more accurate.

To enable the identification and quantification of TMT-labeled, DSSO cross-linked peptides
simultaneously with better accuracy, we employed an acquisition method, ID-SPS-MS3,
utilizing both 1D-MS3 and SPS-MS3 for each precursor ion selected for identification and
quantification. In comparison to the 652 redundant cross-linked peptides identified from
targeted 1D-MS3 analyses, 600 redundant cytochrome c cross-linked peptides were identified
from the same samples using 1D-SPS-MS3 acquisition, representing 79 and 70 unique K-K
linkages (Table S-1), respectively. This result suggests that the overall increase in duty cycle
during the 1D-SPS-MS3 experiment does not significantly impact the total number of
identified cross-links. To compare, we have calculated TMT ratios (126:127) of each cross-
link obtained from 1D-MS3 and SPS-MS? spectra resulted from ID-SPS-MS3 acquisition.
The respective average ratios for the five pre-mixed samples are summarized in Figure 4C
and plotted in Figures 4D and S-1. As shown, the average ratios determined using the two
different acquisition methods in the same experiment are similar to those obtained in the two
separate experiments as described above. This demonstrates that it is feasible to use standard
MS3 identification methods to simultaneously identify and quantify DSSO cross-linked
peptides. However, SPS-MS3 method indeed permits TMT-based quantitation of cross-
linked peptides with much better accuracy and less variation (Figure 4C). This was
evidenced by the tight clustering of individual reporter ion ratios from SPS-MS? analysis
around the average ion ratios, which resulted in lower standard deviations compared to those
obtained from ID-MS?2 (Figure S-1). This observation is consistent with significantly
increased reporter ion signals from multiple MS?2 ions in SPS-MS3 experiments, thereby
increasing quantitation accuracy in general. Importantly, the results have shown the
effectiveness of integrating ID-MS3 and SPS-MS3 method, thus permitting simultaneous
identification and quantitation of DSSO cross-linked peptides, and enabling automated
multiplexing quantitative analysis of cross-linked peptides. Collectively, these results have
demonstrated the capability of quantifying cross-linked peptides using the QMIX approach,
combining isobaric, MS-cleavable cross-linking reagents and multistage mass spectrometry.

CONCLUSION

Here we present a novel analytical platform, QMIX, integrating isobaric labeling with MS-
cleavable cross-linking reagents for the identification and multiplexing quantitation of cross-
linked peptides simultaneously using MS" analysis. The incorporation of isobaric tags
enables multiplexed quantitation of cross-linked peptides in a scope that cannot be easily
achieved by any existing stable isotope labeling based quantitative mass spectrometry. In
addition, this general strategy is compatible with all cross-linking reagents regardless of
their residue-targeting chemistries, or chemical functionalities. Although isobaric labeling in
theory can be applied to conventional non-cleavable cross-linkers based XL-MS strategies,
coupling this multiplexing strategy with MS-cleavable cross-linking reagents is the best
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combination due to simplified and accurate identification of cross-linked peptides using MS"
analysis offered by MS-cleavable cross-linking reagents. With the QMIX strategy, the
quantitation of cross-linked peptides is achieved at the MS? level, thus eliminating peptide
quantitation interference as commonly observed at the MS? level using isotope-coded cross-
linkers or targeting residues. Although MS3 sensitivity is much lower than MS® and MS2,
the ultrahigh sensitivity in MS" analysis provided by advanced instrumentation such as the
Lumos™ mass spectrometer makes this strategy practical. Therefore, any new developments
in isobaric labeling for quantitative proteomics, such as Dileu reagents34, can also be
potentially employed to increase multiplexing ability of quantifying cross-linked peptides in
future studies. In summary, this work represents a proof-of-principle of the QMIX strategy
and establishes a solid foundation for future studies toward multiplexed comparison of
protein complex conformational dynamics under various biological conditions. This will not
only increase experimental throughput, but also advance our capability in QXL-MS studies
beyond pair-wise comparisons.
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Acknowledgments

We thank Drs. A.L. Burlingame and Robert Chalkley for the developmental version of Protein Prospector. This
work was supported by National Institutes of Health grants RO1GMO074830 to L.H, and R0O1GM106003 to L.H. and
S. R.. E.J.N. was supported by an institutional Chemical and Structural Biology Training Grant predoctoral
fellowship (T32-GM10856).

ABBREVIATIONS

PPIs protein-protein interactions

XL-MS cross-linking mass spectrometry

QXL-MS quantitative cross-linking mass spectrometry

QMIX quantitation of multiplexed, isobaric-labeled cross (X)-linked peptides

DSSO disuccinimidyl sulfoxide

T™MT Tandem Mass Tag™ reagents

MS mass spectrometry

MS" multi-stage tandem mass spectrometry

CID collision induced dissociation

HCD higher energy collisional dissociation

LC-MS"  liquid chromatography multistage tandem mass spectrometry
XIC extracted ion chromatogram
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Figure 1. The general MS" analysis wor kflow for identifying and quantifying TM T-labeled,

DSSO cross-linked peptides

Fragment ions from MS? are selected for subsequent HCD analysis in MS3, releasing both b

and y ions for sequencing, as well as TMT reporter ions for quantitation.
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Figure2. MS" analysis of a selected TM T-labeled, DSSO cross-linked cytochrome ¢ peptide
(A) MS! spectrum of the TMT-labeled, DSSO cross-linked peptide a-B (/7/z1050.0703%%).

(B) MS2 spectrum of a-B, in which four dominant fragment ions were detected: a2*/pr2*
and at2*/Ba2*. (C-D) MS? spectra of MS? fragment ions a2* (/2 988.062*) and Ba2*
(m/z1102.062%), which were identified as ">Y*IPGTKTMIFAGIK*87

and 41 T*GQAPGFSY TDANK ANK*38 respectively and unambiguously confirming a fully
TMT-labeled cross-link between K54 and K80 of cytochrome c. Note: * indicates the
TMT2-labeled amino acids, Ka: alkene modified lysine, and K+: unsaturated thiol modified

lysine.
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Figure 3. Three M S" acquisition methods utilized for analyzing TM T-labeled, DSSO cross-linked

peptides

(A) Method 1: targeted identification method, ID-MS3. (B) Method 2: MultiNotch
guantitation using synchronous precursor selection (SPS), SPS-MS3. (C) Method 3:
combined acquisition method consisting of 1D-MS3 with SPS-MS3, ID-SPS-MS3.
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Figure 4. Quantitation of TM T-labeled, DSSO cross-linked peptides from the five premixed
samples
(A) MS3 spectrum of the ap (77/2599.702%) of the cross-linked peptide [G*K*KIFVQK*14
(a) and OK*TGQAPGFSYTDANK™*>* (B)] (/m/z 763.8364°*). a s sequence was

determined as "G*K*K oIFVQK*14. Inset illustrates the two report ions. (B) SPS-MS3

spectrum of the same cross-linked peptide (/7/z 763.8364°*) described in (A). Inset

illustrates the two report ions. (C) Average TMT ratios (126:127) for the five selected
samples using the three acquisition methods. (D) Corresponding plot of average TMT ratios
obtained using the three acquisition methods from the five premixed samples.
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