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Abstract

Crosslinking mass spectrometry (XL-MS) supports structure analysis of individual proteins

and highly complex whole-cell interactomes. The identification of crosslinked peptides from
enzymatic digests remains challenging, especially at the cell level. Empirical methods that use
gas-phase cleavable crosslinkers can simplify the identification process by enabling an MS3-based
strategy that turns crosslink identification into a simpler problem of detecting two separable
peptides. However, the method is limited to select instrument platforms and is challenged by duty
cycle constraints. Here we revisit a pseudo-MS3 concept that incorporates in-source fragmentation,
where a fast switch between gentle high-transmission source conditions and harsher in-source
fragmentation settings liberates peptides for standard MS2-based peptide identification. We present
an all-in-one method where retention time matches between the crosslink precursor and the
liberated peptides establish linkage and MS? sequencing identifies the source-liberated peptides.
We demonstrate that DC4, a very labile cleavable crosslinker, generates high-intensity peptides in-
source. Crosslinks can be identified from these liberated peptides as they are chromatographically
well-resolved from mono-links. Using bovine serum albumin (BSA) as a crosslinking test case,

we detect 27% more crosslinks with pseudo-MS3 over a best-in class MS® method. While
performance is slightly lower for whole cell lysates (generating two-thirds of the identifications of
a standard method), we find that 60% of these hits are unique, highlighting the complementarity of
the method.
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Image shows that in-source fragmentation toggle can be dynamically incorporated with MS2
measurements to achieve and on-the-fly pseudoMS® measurement for crosslink detection.

INTRODUCTION

Crosslinking mass spectrometry (XL-MS) can generate distance measurements that are
useful in the structure analysis of proteins. By crosslinking protein lysates and even
whole cells, it is possible to determine protein structures in their native state, avoiding

the challenges of protein production associated with classical methods in structural
biology~2. Even high-resolution mapping of protein networks should be possible with
XL-MS when supported by Al-based fold prediction methods®. Crosslinks are difficult to
detect. Workflows involve the digestion of the crosslinked proteins followed by the MS
detection of crosslinked peptides. These are invariably low-abundance reaction products.
Chromatographic methods® and affinity tags® help enrich for crosslinks but even when
enriched, identifying the sequences of the linked peptides is not straightforward. Any given
MS? spectrum of a putative crosslink has two peptides contributing to the fragmentation
pattern. The pairwise assessment of peptides greatly increases the search space even when
it is tightly constrained by high accuracy mass measurements’~9. Some computational
solutions have made good progress in addressing this problem, but biased fragmentation
makes it challenging to detect both peptides with equal sensitivity19.

Alternative methodologies offer solutions to the problem of crosslink detection. For
example, gas-phase cleavable crosslinking reagents have been developed that return some
simplicity to peptide identificationl1-15, Here, crosslinking agents are designed with a labile
functional group that can be readily cleaved at reduced energies in the CID or HCD collision
cell of a tandem mass spectrometer. This step yields individual peptides with crosslinker-
derived modifications. After cleavage, the resulting characteristic signature fragments can
then be selected and further fragmented in an MS3 experiment, effectively reducing the
search complexity to simple linear peptides once again. A variety of cleavable moieties
have been installed in crosslinkers and made commercially available in recent years. Most
amine-targeting crosslinkers are cleavable to some degree, as fragmentable amide bonds

are formed upon crosslinking®, but intentionally-designed cleavable crosslinkers usually
incorporate a more labile sulfoxide, like disuccinimidyl sulfoxide (DSSO)!4, a cleavable
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urea, like disuccinimidyl dibutyric urea (DSBU)5, or a RINK group as in protein interaction
reporters (PIR)17. Quaternary amines such as disuccinimidyl 1,4-diazabicyclo[2.2.2]octane
(DC4) have also been used?3,

Cleavable reagents that are processed in collision cells are not a perfect solution. Efficient
gas-phase cleavage is required to generate clean fragmentation products for subsequent
selection in MS3, but mixed fragmentation occurs in many cases, leading to signal splitting
and potentially lower sensitivity than might otherwise be the case. Additionally, an MS3
routine limits the duty cycle of the acquisition, and many instruments (e.g. TOFs) are not
able to perform the method. It has been established recently that peptides coupled with
gas-phase cleavable linkers can be processed at normal energies in regular MS? scans (e.g.,
stepped HCD)18. The approach can even increase the degree of backbone fragmentation,
leading to more confident assignments. This adaptation has become popular for larger scale
crosslinking experiments, but it returns some of the complexity of database searching that
the reagents were designed to overcome.

We were interested to see if alternative fragmentation modes could recover some of

the advantages of the MS3 approach. One possible way to improve duty cycle yet still
simplify the search space could be to invoke in-source fragmentation1®. Here, crosslinked
peptides would be cleaved in an elevated electric field during the ion desolvation and
transmission process. In-source fragmentation was often used when MS3 modes of operation
were less well-developed. While generally regarded as a nuisance to be avoided, in-

source fragmentation has been embraced recently to improve performance in metabolite
detection?0. It has also been shown to generate rich and intense fragmentation spectra for
peptides?!, creating opportunities for improved S/N measurements on simpler instrument
platforms. A method was introduced by the Bruce lab using the PIR crosslinker?2, where
one LC-MS run used alternating high and low source voltages to generate new peptides
in-source, followed by a separate LC-MS/MS run at the higher energy condition to identify
liberated peptides. Here, we describe an all-in-one approach where source conditions are
toggled rapidly in a single method for triggering data dependent MS?2 acquisitions of the
liberated peptides. We explore additional cleavable crosslinker chemistries and develop a
new software tool to exploit the method for whole proteome crosslinking experiments.

EXPERIMENTAL SECTION

Materials.

Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (P/N A7906). DSSO
was purchased from ThermoFisher Scientific (P/N A33545). DC4 was purchased from the
Cayman Chemical Company (P/N 14734).

BSA crosslinking.

Bovine Serum Albumin (BSA) at 1 mg/mL was crosslinked using 0.5 mM and 1 mM DSSO
or DC4, from stocks of 50 mM and 100 mM crosslinker, respectively. Crosslinking buffer
contained 50 mM HEPES (pH 7.4) and 100 mM NacCl. Crosslinking was conducted for 20
minutes at room temperature. Samples were then quenched by the introduction of 500 mM
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ammonium bicarbonate to a final concentration of 50 mM. After 20 minutes of quench,
the protein was denatured by the addition of sodium deoxycholate to a final concentration
of 1%. The protein was then reduced and alkylated by the addition of DTT to 10 mM
final concentration for 20 minutes, followed by the addition of 2-chloroacetamide to 40
mM final concentration, for 40 minutes. The sample was then trypsin digested at a 1:40
enzyme:protein ratio overnight. Samples were then acidified with trifluoracetic acid and
centrifuged at 14000 x g for 10 minutes to remove the precipitated deoxycholate. Digests
were zip-tipped and peptides eluted with 50% acetonitrile and 0.1% formic acid (FA),
partially dried under vacuum, and made up to 20 pL in 0.1% formic acid for LC-MS
analysis.

Lysate crosslinking.

A 500 mL overnight culture of £. coliBL21 was pelleted and re-suspended in 40 mL of cold
lysis buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 10 mM MgCl,, 1 X Roche protease
inhibitor, 1 mM DTT), lysed by sonication, and cleared by centrifugation at 20000 x g

for 30 minutes. Lysate concentration was measured using a Pierce BCA assay Kit, and the
lysate was then diluted in lysate crosslinking buffer (20 mM HEPES pH 7.4, 150 mM NacCl)
to 1 mg/mL. 200 pg of protein was crosslinked at room temperature for 40 minutes with
0.75 mM of DSSO or DC4, from 100- or 50-mM stocks, respectively. Crosslinking was
quenched by the addition of 500 mM ammonium bicarbonate to a 50 mM final concentration
and incubated for 20 minutes at room temperature. Sodium deoxycholate was added to

a final concentration of 1% to assist with denaturation of the protein, supplemented with

3% acetonitrile. The protein was then reduced and alkylated by the addition of DTT to

10 mM final concentration for 20 minutes, followed by the addition of 2-chloroacetamide

to 40 mM final concentration for 40 minutes. The sample was trypsin digested at a

1:40 enzyme:protein ratio overnight. Samples were acidified with trifluoracetic acid and
centrifuged at 14000 x g for 10 minutes to remove the precipitated deoxycholate. Peptides
were then desalted using a Pierce C18 Spin Column, lyophilized to dryness, and stored

at —80 °C. For analysis, peptides were resuspended with 30% acetonitrile and 0.1% FA,
partially dried under vacuum and made up to 20 pL in 0.1 % FA for LC-MS analysis.

LC-MS/MS analysis of BSA on the Orbitrap Velos.

BSA samples on the Orbitrap Velos were analyzed using a nano-HPLC (Easy-nLC

1000, ThermoFisher Scientific) coupled to the nano-ESI source of an Orbitrap Velos
(ThermoFisher Scientific). Samples were injected onto a 75 pm x 2 cm PepMap 100 trap
column (C18, 3 um, 100 A, ThermoFisher Scientific) and desalted via a short wash with
solvent A (3 % acetonitrile: 97% water, 0.1% FA). Peptides were separated on a 75 pm x 15
cm self packed column of Kinetix 2.6 pm XB-C18 beads (Phenomenex) in a PF360-75-8-N
Picofrit (New Objective) format using a multistep gradient from 5-30 % solvent B (97%
acetonitrile: 3% water, 0.1% FA) for 60 minutes, 30-40 % solvent B for 10 minutes, 40-100
% solvent B for 1 minute, and a 10-minute wash at 100% solvent B.

Several different Velos MS methods were used in these experiments. To create a ground-
truth dataset, a conventional crosslink detection experiment was used for DSSO. Here,
stepped HCD and a typical data-dependent analysis (DDA) was employed, selecting charge
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states of 4+ and higher to be fragmented and scanned in the orbitrap. Resolutions for

the MS?! and MS2 scans were 60,000 and 15,000, respectively. HCD MS? scans had a
normalized collision energy of 30 with a step of +/- 3. Dynamic exclusion was set for

60 seconds with a repeat count of 1. This method would not work for DC4 given the

lability of the reagent, vide infra. We used an MS3 method to create the ground-truth

data set as described in the next section. For in-source voltage ramp experiments, an

initial MS? scan was acquired, followed by 4 successive MS? scans with increasing source-
driven dissociation voltages applied: 40V, 50V, 60V and 70V. Experiments with alternating
voltages had a similar setup, alternating between 0 and 45V SDD voltage MS? scans. In

the experiments where in-source fragmentation was used for crosslink identification, two
different ion trap DDA methods were used. The first was an untargeted DDA method in
which all ions of charge 2+ and higher were selected for DDA in a top 6 method, using

CID with a normalized collision energy of 30, before scanning the ion trap in the rapid scan
mode. In the second DDA method, a mass tag rule was used. If a signature mass difference
corresponding to the crosslinker cleavage was detected (112.10 Da in the case of DC4, 31.97
in the case of DSSQO), the ions were selected for fragmentation. In the case of DC4, only the
low mass fragment of the pair was instructed to be selected for fragmentation.

LC-MS/MS analysis of E. coli on the Orbitrap Eclipse.

E. coli samples were analyzed on the Orbitrap Eclipse using a nano-HPLC (Easy-nLC
1200, ThermoFisher Scientific) coupled to the nano-ESI source of an Orbitrap Eclipse
(ThermoFisher Scientific). Samples were injected onto a 75 pm x 2 cm PepMap 100 trap
column (C18, 3 um, 100 A, ThermoFisher Scientific) and desalted via a short wash with
solvent A (0.1 % FA). Peptides were separated on a 75 pm x 15 cm EASY-Spray HPLC
column (3 um beads, ThermoFisher Scientific, P/N ES900) using a multistep gradient from
5-30 % solvent B (80% acetonitrile : 20% water, 0.1% FA) for 190 minutes, 30-45%
solvent B for 45 minutes, 1 minute to 100% solvent B, and a 10-minute wash with 100%
solvent B.

Several acquisition methods were also used on the Eclipse. For conventional crosslink
detection of DSSO, stepped HCD runs with charge states of 4+ and higher were selected for
MS2. The Orbitrap MS? resolution was set to 120,000, and the Orbitrap MS? resolution was
set to 30,000. HCD collision energy was set to 30 +/- 3. Dynamic exclusion was set for 30
seconds, with a repeat count of 1. For DC4 MS? runs (including the DC4-crosslinked BSA
mentioned above), a single normalized CID MS? energy 25 of was used. From these scans,
mass tags were used to select a pair of ions with a mass difference of 112.1001 with an error
tolerance of 10 ppm, and the lighter ion of each pair was further fragmented in MS? with a
normalized CID MS3 energy of 35, scanning the ion trap in rapid scan mode.

In-source runs on the Eclipse used 120,000 resolution for the MS?, followed by a 120,000
resolution orbitrap scan with an in-source acceleration voltage of 45 V applied. lons for
MS? fragmentation were selected from the in-source voltage scans based on a targeted mass
difference (31.9721 for DSSO, 112.1001 for DC4), and subjected to CID with a normalized
collision energy of 30, before scanning the ion trap in the rapid scan mode.
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Data analysis.

In-source BSA and £. colidata (both DSSO and DC4) were analyzed using a new app
within the Mass Spec Studio. In this app, we bundled MS-GF+ with Hardklér and developed
a new scoring method. Briefly, all peptides identified by MS-GF+ from the high energy
source condition are mass paired with MS? features (putative crosslink precursors) detected
by Hardklér in the low voltage condition, bounded by the retention time of a candidate MS?
feature. The MS-GF+ searches used default parameters, including a mass tolerance of 10
ppm, methionine oxidation as a variable modification, and cysteine carbamidomethylation
as a fixed modification. MS2 mass tolerance was set to 0.5 Th. Hardklor parameters were
similarly left to the default settings for either the 60,000 resolution orbitrap scan (BSA data
from the Velos) or the 120,000 resolution orbitrap scan (£. coli data from the Eclipse).

When determining pairings, the MS? tolerance for the crosslink precursor was set to 5 ppm.
Precursors were validated by assigning charge states and monoisotopic ions and scoring

for local complexity and potential overlap (boosted for redundancies). Only high-scoring

and high-quality signals were accepted for pairing. The final score for each pair meeting
these criteria was the sum of the MS-GF+ identification scores for the two cleaved products,
using the best scoring identification in case of redundancies (determined at 5% FDR). Scores
were scaled from 0-100 using the CLAM utility in the standard CRIMP search?2. Q values
were calculated from decoy hits arising from a decoy database search, where decoys are
defined as matches that contain at least one false assignment in the MS-GF+ search. A false
discovery rate of 5% was set for the export. Finally, the results were then manually evaluated
to ensure high accuracy. A positive crosslink identification was one that included a positive
identification of both peptides from the MS? data. The extracted ion chromatograms (XICs)
for the crosslink precursor and at least two liberated peptides (one of either heavy or light for
each of the two peptides) were evaluated to ensure no spurious correlations were present.

For the conventional MS2-based crosslink detection methods, data were searched using
CRIMP 2.0 with the default parameters, with oxidized methionine as a variable modification
and cysteine carbamidomethylation as a fixed modification. For MS3-based crosslink
detection, data were searched in Proteome Discoverer 2.5 using the XlinkX node with
default parameters, including methionine oxidation as a dynamic modification and cysteine
carbamidomethylation as a static modification. A precursor mass tolerance of 5 ppm was
used, and a 0.5 Da tolerance was used for linear ion trap fragments. Results were filtered to
include only those hits that positively identified both the peptides in the crosslink, using the
same level of stringency as was applied to the in-source results. £. co/i DSSO stepped HCD
data were searched in CRIMP 2.0 using a slight modification of the default parameters: the
E percent threshold was set to 20, the Eg percent threshold was set to10, with a top N of 10.
The FDR was set to 5%, corresponding to a score of 28. The MS! mass accuracy was set to
5 ppm, and the MS2 mass accuracy was set to 10 ppm.

RESULTS AND DISCUSSION

We developed a modified instrument duty cycle that mimics a traditional data-dependent
acquisition (DDA) method, with one exception (Figure 1). The usual MS1-based precursor
ion acquisition scan is replaced with a combination that uses a low source accelerating
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voltage acquisition and a high source accelerating voltage acquisition. Applying a low
source voltage allows us to measure the mass of the intact crosslinked peptide at high
resolution, whereas the high source voltage induces fragmentation of the crosslinked peptide
and supports mass measurements of the liberated peptides. This high voltage acquisition is
immediately followed by a series of data-dependent ion trap MS? experiments at the high
voltage setting, so that liberated peptides can be sampled for sequence identification. The
linkage between the liberated peptides and the putative crosslinked peptide is established
both by mass and chromatographic retention time. That is, the liberated peptides (when
accounting for the cleaved crosslinker masses) must match the mass of a detected higher
mass ion and generate overlapping chromatographic features. This concept has similarities
to a data-independent acquisition (DIA) method?3.

To build upon the potential of in-source fragmentation first demonstrated by the Bruce

lab with PIR?2, we selected two gas-phase cleavable crosslinkers: DSSO and DC4. DSSO
fragments with an onset voltage (at low pressure) of around 25 eV24:25 depending on charge
and mass. DC4 may require a similar voltage, although an in-depth study has not yet been
performed to our knowledge. Both generate pairs of ions upon fragmentation and thus will
create a doublet of doublets for each crosslinked peptide (Figure 2).

Establishing a ground truth data set

The fragmentation energies measured from beam-style or resonance-based collision energies
do not transfer directly to in-source fragmentation conditions. In the source region, ions

are accelerated through variable pressure zones and scattering losses can occur in a m/z-
dependent manner, depending on the nature of the source26-28, Indeed, most modern sources
are designed to minimize in-source fragmentation, thus we first needed to determine what
acceleration voltage was necessary to fragment cleavable crosslinkers, and if acceptable ion
transmission could be retained. To this end, we created a dataset of known crosslinked
peptides. We crosslinked BSA with both DSSO and DC4 and extensively sampled
crosslinked peptide spectra in the conventional fashion for gas-phase cleavable crosslinkers,
attempting maximize the number of hits. We detected 81 crosslinks in the DSSO dataset,
and 37 crosslinks in the DC4 dataset (Table S1). The number of crosslinks detected for DC4
with stepped HCD is low, because these peptides generated intense crosslinker cleavage ions
at the expense of sequence ions (Figure S1)13. This lowers the score of a spectrum match.
Therefore, these DC4 samples were also acquired on an Orbitrap Eclipse using an MS3
based approach. We identified 85 crosslinks using this method (Table S1), which agrees well
with number of crosslinks reported in a community-wide study of conventional methods2®.

In-source crosslinker fragmentation — an inspection

Armed with this list of identified crosslinks, we then performed a series of runs in which
the accelerating voltage in the source of the Velos instrument was increased from 40-70 V
in increments of 10 V. Five crosslinked peptides for each crosslinker were selected across
the retention time range, and the expected linear peptides were monitored in the MS!
spectra from the high-voltage scan. While there was some minor dependence on the specific
crosslinked peptide examined, the optimal voltage for fragmentation ranged from 40 — 50 V,
and the range was similar for both reagents (Figure 3). We selected an acceleration voltage
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of 45 V as a balance between good fragmentation and high transmission efficiency. Select
MS? spectra obtained in both low (0V) and high (45V) modes are shown in Figure S2,
highlighting the liberation and detection of two peptide doublets.

Occasionally additional fragmentation products were formed. For DSSO, the predominant
reaction upon crosslinker cleavage was loss of water from the sulfoxide to generate a

thiol, but in some cases a significant amount of the sulfoxide remains. This increases the
complexity of the fragmentation and causes some degree of signal splitting, lowering the
yield of the desired product. We also observed some cleavage products of the peptide
backbone. In contrast, DC4 generated very few fragments beyond the expected crosslinker
cleavage. Indeed, the cleavage of the crosslinker was the predominant reaction even in MS?2
(Figure S1).

A fast switching of the source voltage showed a strong inverse correlation between

the disappearance of the crosslinked peptide signal and the appearance of the liberated
peptides(Figure 4A). To explore this further, the intensities of the liberated peptides were
determined and referenced to the intensity of the precursor for all crosslinked peptides we
detected from BSA (Figure 4B). For DSSO, the combined fragment intensity was usually
less than the intensity of the crosslinked peptides. However, the more labile DC4 generated
peptide intensities that were much higher than the crosslinked peptide in all its forms.

This phenomenon was not due to signal coalescence. That is, multiple charge states of

the crosslinked peptide will fragment simultaneously and collapse down to the liberated
peptides, which typically have only one major charge state, but at best this would only
generate equivalent combined intensities. There are three possible reasons for this intriguing
discrepancy. Other charge states outside of our m/z scan window may contribute, but this
seems unlikely to contribute a large fraction of new ion density. Alternatively, the gas
dynamics and electric field in the source may not be as well tuned for larger species like the
crosslinked peptides, but such biases have a m/z dependency, rather than a mass dependency.
More likely the high in-source accelerating voltage leads to transmission losses for the lower
m/z range due to enhanced scattering?’, allowing for a comparatively richer population of
peptide ions for a given trap fill-time. We note that a few DC4-linked peptides generated
peptide intensities more than 15-fold higher than the crosslinked peptide precursor. For most
of these, the crosslinked peptide intensity was suppressed because of crosslinker cleavage
even at the low source voltage setting.

We next determined if the generation of peptides from in-source fragmentation would
conflict with other peptide signals in the analysis. XICs were generated using MS? data
from both the low and the high accelerating voltage settings. New signals for peptides

were observed that correlated with the crosslinked peptide feature, but we also generated
signals from fragmented mono-linked products of the crosslinking reaction. The latter can
be more intense than the crosslinked products (e.g., Figure S3), at least when no attempt

at crosslinked peptide enrichment is made. Because these are indistinguishable from the
fragments of the crosslinked peptide, a chromatographic separation is absolutely required to
resolve one from the other. A sampling of crosslinks shows that this can be readily achieved
in practice, although occasionally the elution times can be close (Figure 5). Taken together,
fast switching between low and high voltage acceleration can generate strong signals for
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the liberated peptides (at least for labile crosslinkers like DC4) that can be sufficiently
well-resolved from potential interferents. These liberated peptides can be sampled by MS?
for standard proteomics-grade peptide identification.

Automated detection of crosslinks from in-source fragmented data

To evaluate the pseudo-MS3 concept for more complex datasets, we developed

automated crosslink analysis software that uses the identified liberated peptides and their
chromatographic alignment with the crosslinked peptide precursor, as in a DIA experiment.
We generated a plugin for the Mass Spec Studio3%:31 that only requires raw data and a
FASTA sequence database as inputs (Figure 6).

In this plugin, peptides are identified from ion trap MS2 scans using the MS-GF+ search
utility32. During acquisition, these scans can be collected for all peptides or restricted with
real-time mass filters to peptides with the requisite mass difference between long and short
version of the fragmented crosslinker (Figure 2). Peptide spectrum matches (PSMs) that
contain crosslink-derived modifications can then be paired to match the precursor ion(s) of
the crosslinked peptide, but chromatographic alignment of the corresponding MS? features
is required. To achieve this goal, XICs are generated, and the aligned feature sets are
identified. Scoring evaluates the quality of the PSMs and the alignment, and additional
filters are applied to reject hits that have low quality isotopic envelopes in either the high
or low accelerating voltage scans. The result is a strongly discriminating score. Indeed,

a conventional target-decoy search does not return enough decoy hits for an accurate
estimation of error (not shown). False negatives are more acceptable than false positives

in establishing a proof-of-concept, thus a restrictive scoring strategy is appropriate in this
instance. The hits can be manually evaluated with the support of a spectrum viewer (Figure
S4). Searches are fast compared to conventional crosslinker database searches, as the list of
peptides to be paired is modest, especially when using the real-time mass filters.

Crosslinking of BSA

Using the new pseudo-MS3 plugin, we analysed the full set of data collected from the BSA
digests, for both the DSSO and DC4 crosslinking experiments, and compared the results to
the established ground-truth data collected using conventional approaches (Figure 7).

We detected only 28 crosslinks for DSSO, significantly lower than the 88 identified by
fragmenting the crosslinked peptides in the collision cell. This is not surprising given the
low fragmentation efficiency of DSSO under our chosen in-source conditions. However, 12
of the 28 were uniquely determined by the pseudo-MS3 method. The results generated for
the labile DC4 are more compelling. Approximately 27% more crosslinks were identified
over the MS3-based approach, and 65 crosslinks were unique to the in-source approach.
The number of unique hits is surprising. The ground-truth dataset reflects a saturation of
detectable crosslinks, at least using conventional MS3 methods. More than 38,000 MS3
events were triggered over two runs and a highly redundant hit list was obtained. A large
unused capacity for crosslink identifications was obviously available. A community-led
assessment of yield also indicates that 73 to 88 crosslinks can be reproducibly detected for
this protein?®,
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The reasons for the unique hits are not immediately obvious. The fragmentation mode for
identifying the liberated peptides (in-source or in-cell) was otherwise identical (CID). The
in-source method samples the peptide size distribution differently, with a slight preference
for longer peptides (Figure S5). The peptides liberated in the source may have better
transmission compared to the precursor crosslinked peptide, and perhaps also different
charge states. It is also possible that lower charge-state liberated peptides are easier to
identify and select “on the fly” by the instrument than higher charge-state crosslinked
peptides. Whatever the reason, false positive hits from the pseudo-MS3 method do not
inflate these numbers. The scoring approach is highly conservative. To confirm this, we
conducted a crosslinking analysis of £.colilysate using DSS, a noncleavable reagent. A
standard MS2 method detected 230 crosslinks, whereas the pseudo-MS3 method detected
only 7, with most of them discarded after our manual validation routine.

The unique crosslinks found by the pseudo-MS2 method sample BSA structure with a
distance distribution that is similar to the set determined by the MS3-based approach. In
the DC4 MS3 data, 10% of crosslinks were overlength. In the in-source approach, 18%
of crosslinks were overlength. The slight increase is explained by some ambiguity in the
detection of a specific crosslinked site. That is, in the Orbitrap Velos, the noisier ion trap
scans increase the uncertainty in the specific location of the linkage point.

Crosslinking of E. coli lysate

A more complex sample allowed us to test the effect of higher spectral complexity on
crosslink peptide assignment. Again, to establish a reference set, lysates of £. coliwere
prepared and crosslinked with both DSSO and DC4. Digests were analyzed on an Orbitrap
Eclipse using a 4-hour gradient, with no additional enrichment step. DSSO samples were
processed using stepped HCD and DC4 was acquired with MS3, as with BSA. We identified
451 unique peptide pairs for DSSO, and 467 for DC4. Many of these crosslinks were found
within and between ribosomal proteins, which are highly abundant in the lysate.

We then analysed the same digests with a matched gradient and the pseudo-MS3 approach
on the same instrument. Although the source geometry is different than the Velos,

testing with BSA showed that a voltage toggle of +45V was also optimal for in-source
fragmentation (data not shown). We found only 89 crosslinks in the DSSO sample but 366
in the DC4 sample, again demonstrating the greater effectiveness of a more labile crosslinker
for this application (Figure 8). The comparative advantage of the pseudo-MS3 method that
we observed for BSA is somewhat eroded, probably due to greater complexity in the MS®
spectra during in-source fragmentation, but the coverage is comparable between the MS3
and pseudo-MS3 methods. We also note that 227 crosslinked peptides were not found with
the conventional MS2 method, even though their MS features were of sufficient quality for
sampling.

Taken together, the pseudo-MS?2 approach appears able to tolerate a significant background
signal and can detect crosslinks missed by standard methods. The complementarity of

the data is encouraging and suggests that improved algorithms could return additional
sensitivity. For example, our analysis does not include the detection of the offset “sawtooth
pattern (Figure 5), which could also help identify pairings between liberated peptides and
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their crosslinked precursor. The manual inspection of MS1 features can also be replaced
with an automated strategy that is less subjective, relaxing our current restriction on highest
quality MS? isotope profiles.

CONCLUSIONS

Gas-phase cleavable crosslinkers have improved performance in XL-MS applications,
particularly for cell-based reactions and complex protein states in general. However, MS3
methods are not available on every instrument platform, and duty cycle remains an issue
even for systems that are MS3-capable. The alternative MS2-based data acquisition method
is effective, but database searching remains very time-intensive. A pseudo-MS3 method,
first introduced by the Bruce lab, provides an alternative that is strongly complementary
and shows promise in boosting coverage of crosslinked peptides when used together with
conventional methods. Spectral acquisitions are of similar quality and in many cases better.
Improvements in data analysis should lead to additional gains in sensitivity. Using CID in
a linear ion trap to sequence the liberated peptides is an advantage of the method, as it is
both fast and sensitive. It is clear, however, that conventional gas phase cleavable reagents
such as DSSO are not effective and more labile reagents are needed. DC4 may not be the
ideal reagent for /n situ applications as cell permeability would be low, but other functional
groups are possible. Overall, a pseudo-MS3 method is a useful XL-MS routine for collecting
structural data on complex systems and worth developing further.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
In-source fragmentation data acquisition cycle and search strategy. (A) In an in-source

experiment for crosslink detection, the declustering and/or desolvation source voltage setting
is initially set at a typical value for the first high-resolution scan, to support the detection

of the intact crosslinked peptide. In a second high-resolution scan, this source voltage is
quickly increased to fragment the crosslinker for mass measurement of the component
peptides. Subsequent MS? scans are performed at this elevated voltage to sequence the
resulting fragmented peptides. (B) The peptides identified at the high source voltage setting
are linked back to a potential crosslinked peptide using accurate masses from both MS?1
scans. The figure shows that chromatographic separation is required to resolve potential
interferents.
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Figure 3. Dependence of crosslinker fragmentation on in-sour ce acceler ation voltage.
(A) DSSO-crosslinked peptides and (B) DC4-crosslinked peptides. Fragment intensities

determined in FreeStyle and normalized to the intensity of the most intense voltage for each

fragment.
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Figure 4. Impact of toggling the accelerating voltage during chromatogr aphic separation of

crosslinked BSA peptides.

(A) Rapid switching between low and high voltages for DC4 over the chromatographic

feature for the indicated crosslinked BSA peptides. (B) Intensity ratios of product ions

produced by the voltage toggle to precursor ions over a chromatographic feature, for all BSA

crosslinks detected by the pseudo-MS?2 method.
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Figure 5. Chromatogr aphic separation of monolinks from crosslinks.
(A) DSSO reaction products and (B) DC4 reaction products, for a random selection of 10

different crosslinked peptides. Data denotes peak apices, and sufficiently resolved features
are boxed in black. Crosslinks were considered resolved from monolinks if full baseline
separation was achieved.
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AL

their corresponding features. Features are aligned with putative crosslink precursors and
comprehensively scored.
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Figure 7. Comparison of crossiinking methods.
(A) DSSO crosslinking of BSA, comparing stepped HCD and MS?2 with the pseudo-MS3

approach, (B) DC4 crosslinking of BSA, comparing MS2 with the pseudo-MS3 approach.
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Figure8.
(A) Comparison between the pseudo-MS3 and the stepped HCD analysis methods for

DSSO-crosslinked £. coli lysates.(B) Comparison between the pseudo-MS?2 and the MS3
analysis methods for DC4-crosslinked £. colf lysates.
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