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Developing a Targeted Quantitative Strategy for Sulfoxide-
containing MS-cleavable Cross-linked Peptides to Probe
Conformational Dynamics of Protein Complexes

Clinton Yul, Xiaorong Wang?, Lan Huangl”
1Department of Physiology & Biophysics, University of California, Irvine, Irvine, CA, 92694

Abstract

In recent years, cross-linking mass spectrometry (XL-MS) has made enormous strides as

a technology for probing protein—protein interactions (PPIs) and elucidating architectures of
multisubunit assemblies. To define conformational and interaction dynamics of protein complexes
under different physiological conditions, various quantitative cross-linking mass spectrometry
(QXL-MS) strategies based on stable isotope labeling have been developed. These QXL-MS
approaches have effectively allowed comparative analysis of cross-links to determine their
relative abundance changes at global scales. Although successful, it remains challenging to
consistently obtain quantitative measurements on low-abundant cross-links. Therefore, targeted
QXL-MS is needed to enable MS “Western” analysis of cross-links to enhance sensitivity

and reliability in quantitation. To this end, we have established a robust parallel reaction
monitoring (PRM)-based targeted QXL-MS platform using sulfoxide-containing MS-cleavable
cross-linker disuccinimidyl sulfoxide (DSSO), permitting label-free comparative analysis of
selected cross-links across multiple samples. In addition, we have applied this methodology to
study phosphorylation-dependent conformational dynamics of the human 26S proteasome. The
PRM-based targeted QXL-MS analytical platform described here is applicable for all sulfoxide-
containing MS-cleavable cross-linkers and can be directly adopted for comparative studies of
protein—protein interactions in various cellular contexts.
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INTRODUCTION

Protein-protein interactions are central to the assembly of multi-subunit protein complexes,
as well as the formation of intricate interaction networks that regulate cellular activity at

the most fundamental level. Thus, a detailed understanding of these multimeric entities

is critical for understanding their biological functions. Cross-linking mass spectrometry
(XL-MS) has been instrumental in determining protein-protein interactions and architectures
of large multi-protein assemblies 1-3. Various XL-MS workflows have been established to
facilitate the detection and identification of cross-linked peptides for systems-wide studies
4-10, As dynamic entities, protein complexes often undergo molecular and structural changes
in response to diverse cellular cues. To enable comparative analyses between multiple
conformational states of proteins and protein complexes under different physiological
conditions, multiple quantitative cross-linking mass spectrometry (QXL-MS) strategies

have been developed 1112, Protein conformational changes can be assessed based on
abundances of cross-linked peptides derived from the compared samples, which are typically
quantified based on their relative spectral intensities at the MS? level. Thus, QXL-MS
analysis is often accomplished by generating differentially labeled cross-linked peptides
with either stable isotope-coded cross-linkers 413-18 or metabolic labeling of cross-linkable
amino acids during cell culture 1-20_ In order to increase analysis throughput, the

QMIX (Quantitation of Multiplexed, Isobaric-labeled cross (X)-linked peptides) method has
been developed by integrating MS-cleavable cross-linkers with isobaric labeling reagents,
enabling quantification of cross-links at the MS" level for multiplexed QXL-MS studies 21.
While global quantitation methods have proven powerful and effective for discovery studies,
these strategies mostly rely on data-dependent acquisition for peptide sampling during MS
analysis, which often favor highly abundant peptides. Thus, alternative strategies are needed
to improve sensitivity and precision in quantifying low abundance cross-linked peptides in
complex matrices across compared samples.

In recent years, label-free quantitative methods have become a popular alternative in
shotgun proteomics due to their potential to compare an unlimited number of samples.
However, in comparison to stable isotope label-based methods, label-free quantitation
requires each sample to be analyzed by MS separately, increasing both MS running time and
experimental variance. To this end, data-independent acquisition (DIA) QXL-MS methods
have been explored in limited protein studies and shown to increase the accuracy and
reproducibility of cross-link quantitation 22. Another strategy to improve accuracy and
reliability of label-free measurements is targeted quantitation, which has been shown to
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significantly enhance the detectability and sensitivity of selected peptide targets 2324,
Similar to DIA-based approaches, targeted quantitation of peptides measures the relative
abundances of their unique fragment ions at the MS? level, increasing analysis specificity
with less interference from co-isolating/co-eluting ions that are often observed at the MS?
level. Thus, selected reaction monitoring (SRM)-, multiple reaction monitoring (MRM)- and
parallel reaction monitoring (PRM)-based targeted quantitation methods have been widely
adopted in proteomics research as ‘MS Western’ assays for quantifying hundreds of peptides
across multiple samples to monitor cellular pathways and validate potential biomarkers

on a global scale 2526, One caveat in the application of PRM analysis to cross-linked
peptides involves the generation of transition lists for targeted quantitation. In contrast

to PRM analysis of non-cross-linked peptides, generating transition lists for conventional
non-cleavable cross-linked peptides is challenging due to the difficulty in their unambiguous
sequence identification. In comparison, PRM targeted quantitation would be better-suited for
MS-cleavable cross-linked peptides due to their predictable and characteristic fragmentation
independent of peptide sequence during MS? analysis 1112, The feasibility of PRM-

based targeted quantitation of cross-linked peptides has been demonstrated by Bruce and
colleagues with MS-cleavable PIR (protein interaction reporter) reagents and successfully
applied to study /n vivo protein interactions and their conformational response to drug
treatment in cells 1819, While promising, whether the PRM-based strategy can be coupled
with other MS-cleavable cross-linkers and generalized for QXL-MS studies has yet to be
fully explored.

To facilitate the identification of cross-linked peptides, we have developed a series of
sulfoxide-containing MS-cleavable cross-linkers targeting different residues (e.g. DSSO
(disuccinimidyl sulfoxide)) 11:27-31, These MS-cleavable reagents contain MS-labile C-S
bonds that are selectively and preferentially fragmented prior to peptide backbone cleavage
during CID, thus enabling simplified and accurate identification of cross-linked peptides

by MS" analysis. The established XL-MS platform has been successfully employed to
elucidate architectures of protein complexes and define proteome-wide PPI landscapes /n
vitroand in vivo 91128 Given the success of sulfoxide-containing MS-cleavable reagents
and their recent commercialization, it is beneficial to develop a PRM-based QXL-MS
workflow to enable targeted quantitation of sulfoxide-containing cross-linked peptides

for various biological applications. Here, we have developed a general PRM-QXL-MS
workflow based on reliable and robust cross-link fragmentation of sulfoxide-containing MS-
cleavable cross-linked peptides. Specifically, we have used DSSO to establish the strategy
to generate PRM target and transition lists based on defined mass relationships between
fragments and parent ions for sulfoxide-containing reagents 2. The DSSO-based PRM-
QXL-MS workflow has been successfully applied to quantify phosphorylation-dependent
interaction and conformational changes within the human 26S proteasome. In total, we have
identified and quantified 281 K-K linkages, and the results have provided new insights on
phosphorylation-dependent regulation of the 26S proteasome. The same strategy can be
directly adopted for other sulfoxide-containing MS-cleavable reagents-based XL-MS studies
in the future.
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EXPERIMENTAL PROCEDURES

Materials and Reagents

General chemicals for buffers and cell culture media were purchased from Fisher (Waltham,
MA) or VWR (Radnor, PA). Sequencing grade trypsin was purchased from Promega Corp.
(Madison, W1).

Affinity Purification of Human 26S Proteasomes and DSSO Cross-linking

Purification and cross-linking of human 26S proteasomes were prepared as previously
described 20. Stable 293 cell lines expressing HBTH-Rpn1 32 were used and either treated
with 50 nM calyculin for 30 min or left untreated and used as a control 33, Details for
affinity purification and cross-linking of proteasomes provided in Supplemental Methods.

LC MS/MS and Protein Quantification

Non-cross-linked peptides were identified by LC MS/MS analysis to assess the relative
abundances of control and calyculin-treated proteasomes as previously described 20,
Quantitation of proteasome subunits in each sample were determined using MaxQuant 34
via LFQ and averaged across two biological replicates for each condition. Details provided
in Supplemental Methods.

LC MS" Analysis and Identification of 26S Proteasome Cross-links

Cross-linked peptides were identified by LC MS" analysis as previously described 20,
Details for LC MS" provided in Supplemental Methods.

Generation of PRM Library

To generate the targets for the PRM library, the theoretical //z of all cross-link spectra
matches (CSMs) were first calculated based on peptide composition and modifications.

All CSMs for each unique target were then clustered and their respective elution times
were used to determine their expected retention time windows. In order to generate a
corresponding transition list for each of the unique PRM targets, the expected cross-link
fragments were calculated based on the best-scoring CSM for each target. Specifically, the
my/z of alkene (A)- and thiol (T)-modified cross-link fragments were calculated based on the
charge distribution of the best scoring CSM, for a total of 4 transitions per cross-link a.-p:
aa, a7, Pa and Br. In addition, a second scheme for determining the transition list was also
tested, in which three charge distributions of cross-link fragments were calculated, resulting
in a total of 12 transitions per PRM target. Two biological replicates were performed for
each condition.

Targeted QXL-MS Analysis of the 26S Proteasome.

All cross-linked peptides identified from MS" analysis of cross-linked proteasomes were
selected for PRM targeted QXL-MS. Additionally, 10 heavy-labeled AQUA peptides were
added as injection references for each sample. PRM target quantitation was performed

in Skyline (21.1.0146, MacCoss Lab, UW) using the previously mentioned transition

lists. The peak areas of all transitions were summed for each cross-link target, and then
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further combined for cross-links corresponding to the same K-K linkage. Final cross-link
abundances were then averaged across both biological replicates and compared between
treated and control proteasomes. Details for PRM acquisition and Skyline quantitation
provided in Supplemental Methods.

Proteolytic Activity Assay and Immunoblot

Proteasome activities were measured using fluorogenic peptide substrates SUC-LLVY-
AMC, SUC-LLE-AMC, and SUC-ARR-AMC as described 3°. Details for proteolytic
activity assay and immunoblot provided in Supplemental Methods.

RESULTS AND DISCUSSION

Developing a PRM-based Targeted QXL-MS Strategy for Sulfoxide-containing MS-cleavable
Cross-linked Peptides

To determine interaction and conformational changes of protein complexes, we aimed to
develop a PRM-based, label-free QXL-MS platform by integrating targeted quantitation
with sulfoxide-containing MS-cleavable cross-linkers to enable comparative structural
analyses. Since all sulfoxide-containing MS-cleavable cross-linkers yield cross-linked
peptides that exhibit characteristically similar and predictable fragmentation during MS2
analysis 1127 we set out to establish the PRM-QXL-MS strategy using DSSO. As illustrated
in Figure 1, due to the preferential cleavage of MS-cleavable C-S bonds during CID, the
constituent peptides of a cross-link a-p are physically separated, yielding fragment ion
pairs corresponding to peptides carrying alkene and sulfenic cross-linker fragment moieties
(aa/Bs and ag/Ba) in MS2. However, due to the preference of the sulfenic moiety to
undergo hydrolysis to become a thiol during cross-linker fragmentation, the dominant
fragment ions typically observed in MS? are alkene- and thiol-modified peptides (aa/BT
and a1/Ba) 27. These MS2 cross-link fragments are then selected and sequenced by MS?
(Figure 1A) for unambiguous identification using conventional database searching tools.
Finally, integration of MS" data—the MS? parent ion, MS? fragment ions, and MS3 peptide
identifications—enables accurate and robust identification of cross-linked peptides.

Once the cross-link spectrum matches (CSMs) have been identified, simple calculations
were utilized to generate the cross-linked peptide target list for PRM experiments. To create
the cross-link target library, the theoretical parent m/z of each CSM was first calculated
using the identified sequences and modifications of its constituent peptides. This facilitated
the grouping of redundant CSMs by their m/z and peptide sequences. It also permitted

the statistical determination of the expected retention time (RT) window of each cross-link
target based on the elution times of its corresponding CSMs. The RT window for each target
was centered based on the median retention time of all its identified CSMs, whereas the
duration of the window was based on the distribution of RTs for those CSMs. Specifically,
a +2.5 min RT window was utilized if the median and average retention times for a group
of CSMs were within 1 min of one another (98.3% of targets); £3 min was used for the
remaining targets. The target parameters for PRM acquisitions were set using the theoretical
my/z, z, and RT values calculated in the previous step. For DSSO cross-linked peptides,
PRM fragmentation was set to CID—as opposed to the commonly used HCD in targeted
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quantitation (Figure 1B, fop leff)—in order to minimize backbone fragmentation and reduce
the complexity of ions in the resulting targeted MS?2 (tMS?2) spectra (Figure 1B, fop right).
Overall, only a small portion (< 2%) of PRM targets exhibited a doublet or partially resolved
peaks by LC separation, and most of them represent isobaric cross-linked products due to
the presence of additional internal lysine(s) or ambiguous PTM sites within one or both
cross-linked peptide constituents. In these situations, we considered the sum of both isobaric
peaks for quantitation since isobaric positional cross-link isomers contain identical peptide
sequences describing the same interaction regions.

Automated quantitation of the cross-links from PRM spectra requires the generation of a
transition list containing the expected fragments associated with each cross-link target. The
theoretical /m/z values for cross-link fragments were directly calculated using the peptide
sequence, post-translational modifications, and potential cross-linker remnant moieties. As
alkene- and thiol-modified peptide fragments are most prominent during MS? analysis of
DSSO cross-linked peptides, a 4-fragment scheme reflecting the best-scoring CSM for each
target was employed for transition calculations. Once the transition lists were generated, we
used Skyline to quantify the cross-links in each PRM experiment 24,

Establishing the PRM-QXL-MS Workflow to Study Phosphorylation-dependent Structural
Dynamics of the 26S Proteasome

To establish the PRM-QXL-MS workflow for studying protein complexes, we applied

the targeted quantitation method to determine phosphorylation-dependent interaction and
structural dynamics of the human 26S proteasome, a macromolecular machine responsible
for ubiquitin/ATP dependent protein degradation. The 26S proteasome is composed of two
subcomplexes: the 20S core particle (CP) and the 19S regulatory particle (RP) 36, The
20S CP is formed by 14 different subunits (7a and 7p) arranged in an evolutionarily
conserved, barrel-like structure of four stacked heptameric rings in the order apfa. The
19-subunit 19S RP flanks either or both ends of the 20S CP and can be further divided
into the 19S ‘base’ and ‘lid’ subcomplexes. In recent years, numerous studies have shown
that the structure and function of the 26S proteasome is tightly regulated by multiple
post-translational mechanisms 3738, In particular, proteasome phosphorylation has been
identified as a key regulatory mechanism in modulating proteasomal activities, which

has displayed great therapeutic potential in various diseases including neurodegenerative
disorders 3940, However, the molecular details underlying phosphorylation-dependent
regulation of proteasomal activity remain elusive.

In order to explore the molecular details underlying phosphorylation-dependent regulation of
26S proteasomes, we have performed comparative structural analyses of the 26S proteasome
complex by PRM-based targeted quantitation (Figure 2). To this end, we have employed

a CRISPR/Cas9-engineered 293 cell line stably expressing an HBTH-tagged 19S subunit
Rpn1 (i.e. 293HBTH-Rpn1 ce||s) to isolate proteasome complexes for analysis 32. To better
maintain the intactness of the 26S proteasome complex during native purification, mild

in vivo formaldehyde was carried out prior to cell lysis 4. To determine phosphorylation-
dependent molecular changes, one population of cells was treated with protein phosphatase
inhibitor calyculin A to preserve proteasome phosphorylation, while untreated cells were
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used as a control. Proteasome complexes were then purified from equivalent amounts of
treated and untreated cells separately using 1-step HB tag-based purification by binding to
streptavidin, followed by DSSO cross-linking on-bead and subsequent trypsin digestion 33,
The resulting peptide digests were first analyzed using LC MS/MS to determine calyculin-
dependent changes in proteasome composition and phosphorylation (Figure 2, path /). LC
MS" analysis was then performed to identify cross-linked peptides (Figure 2, path //) and
build an XL target library for PRM-QXL-MS analysis of the 26S proteasome to delineate
phosphorylation-dependent changes (Figure 2, path 11/).

Characterization of Proteasome Assembly and Phosphorylation by LC MS/MS

In this work, LC MS/MS analysis of the purified 26S proteasomes identified a total of

32 proteasomal subunits, whose relative abundances in treated and untreated samples were
determined based on LFQ values using MaxQuant (Figure 3A, Supplemental Table S1).
Correlation plots of subunit abundances indicated high data reproducibility from biological
replicates of control and treated samples, respectively (Figure 3B, C). Next, we employed
the average LFQ ratios for 19S and 20S subunits to estimate the relative abundances of the
19S and 20S subcomplexes in the two compared samples (Figure 3A). As a result, while
the relative abundance of 19S was unchanged, the abundance of 20S subcomplex in treated
samples was consistently ~25% higher compared to untreated control samples. These results
suggest that /n vivo calyculin A treatment promotes increased 26S proteasome assembly
(Supplemental Figure 1).

To understand whether proteasome phosphorylation was changed during calyculin treatment,
we identified and quantified 12 phosphorylated peptides describing 10 phosphosites from 5
proteasome subunits (Rpn1-2, 6, 10, Rpt2) at the MS? level using Skyline (Supplemental
Table S2). While the proteasome has been associated with over 400 phosphosites 38,

most of them were determined by high-throughput experiments utilizing enrichment

of phosphopeptides from entire proteomes encompassing compositionally heterogenous
proteasomes. Here, the phosphosites were identified from direct analysis of affinity purified
Rpnl-containing 26S proteasome without phosphoenrichment, signifying the most abundant
phosphorylation within the complex. These phosphosites were collapsed into 8 groups

based on their proximity and peptide sequence identifications: Rpn1:5S16, Rpn1:S361,
Rpn2:T273|T276, Rpn2:T311, Rpn2:T830, Rpn6:S14, Rpn10:T264|S266, and Rpt2:S6, all
of which have been previously reported 38. In total, only 3 groups of phosphoresidues
appeared to display enhanced phosphorylation (~2-10-fold increase) in calyculin-treated
samples (Rpn2:T311, Rpn6:S14, and Rpn10:T264|S266). Since calyculin is expected to
inhibit PP1 and PP2A phosphatases, our results suggest that Rpn2, Rpn6, and Rpn10

carry PP1- or PP2A-regulated phosphorylation sites. Interestingly, while the two of the

three innate proteasomal ubiquitin receptors (Rpnl, Rpn10 and Rpn13) were found to be
phosphorylated, Rpnl phosphorylation did not appear to be impacted by calyculin treatment.
Among the three changed phosphorylation sites, Rpn6:S14 appeared to have the most
significantly increased phosphorylation in response to calyculin treatment. Previous reports
have shown that PK A-mediated phosphorylation of Rpn6:S14 is biologically significant as it
increases proteasome assembly and proteolytic activities 3840, Therefore, we suspect that the
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enhanced proteasome assembly observed here is most likely attributed to phosphorylation of
Rpn6:5S14.

Identification of DSSO Cross-linked Peptides of the 26S Proteasome

To understand phosphorylation-mediated changes, we performed DSSO-based XL-MS
analysis of the 26S proteasome using LC MS" 27, This yielded the identification of

3,532 total CSMs, representing 414 unique cross-linked peptides describing 288 unique
K-K linkages within the 26S proteasome (Supplemental Table S3). Of these, 117, 85,

and 43 represent intra- and inter-subunit linkages within the 19S base, 19S lid, and

20S, respectively. The remaining 46 cross-links represent inter-subcomplexes linkages (19
base-lid, 19 base-20S, 1 lid-20S) (Figure 4A). To evaluate the validity of the identified
cross-links, we first mapped them to a high-resolution cryo-EM structure (PDB: 5GJR) of
the human 26S proteasome 42 to assess residue proximities (Figure 4B). Due to missing
densities, only 238 of 288 K-K linkages were mapped, in which 92.0% (225/238) were
satisfied within the maximum Ca.-Ca distance threshold (< 30 A) spanned by DSSO (Figure
4C, Supplemental Table S3) 33. Collectively, our results support the validity of proteasome
cross-links identified here.

PRM-QXL-MS Analysis of the 26S Proteasome

To build the XL library for targeted quantitation, the theoretical /m/z values for each of the
414 unique cross-link targets for PRM experiments were calculated. Here, two biological
replicates of control and calyculin-treated samples were analyzed (Figure 1A). As discussed
above, four transition ions (aa, aT, Pa, BT) Were measured for quantitation of each cross-
link target. As an example, Figure 5A displays the respective peak profiles detected for
four transition ions (ap2/at2*, Ba2*/p12") corresponding to peptide fragments of the
inter-subunit cross-link: Rpn2:K574-Rpn8:K28 (/m/z 465.00354*). Based on the summed
peak areas of these transition ions, the relative abundance ratio of this cross-linked peptide
between treated and control samples was determined to be approximately 1.0—suggesting
no significant change (Figure 5A). In comparison, PRM analysis of the inter-subunit
cross-link Rpn1:K39-Rpt6:K330 (/7/2500.7589") determined its relative abundance ratio
(treated/control) to be 0.4, suggesting a decrease of 60% after calyculin treatment (Figure
5B). Among the 414 targets, 412 were reliably quantified, whereas 2 were not due to low
signal or unexpected elution shift during data acquisition. This strategy was proven to be
beneficial for improving detection and quantitation accuracy of cross-links, as conventional
quantitation performed at the MS? level was observed to yield significantly more missing
and/or inaccurate values due to differences in detectability and background interference—
particularly for low-abundance cross-links. We then summed the normalized results of
cross-linked peptides describing the same residue-to-residue linkage, yielding quantitative
values for a total of 281 unique K-K linkages.

To assess the reproducibility of PRM-based quantitation, we employed linear regression
analyses to compare the normalized abundances of all cross-links between the two biological
replicates of each sample. As a result, regression plots for both control (Figure 5C) and
treated samples (Figure 5D) displayed a strong linear relationship, demonstrating high
reproducibility between these biological replicates. Thus, average abundances of cross-link
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targets were used to calculate their quantitative ratios between treated and untreated samples.
These ratios were then binned, and the distribution plotted as a histogram (Figure 5E).
Overall, the histogram displayed a normal distribution centered at zero indicating that most
cross-links were unaffected. The standard deviation of the dataset was determined to be
0.55, nearly identical to 1o as determined through the conventional heuristic that 68% of all
values lie within one standard deviation of the mean (cut-off: 0.554).

of 4-Fragment and 12-Fragment Transitions in Quantitative Analysis

While quadruply charged cross-link species would typically be expected to split evenly into
pairs of doubly charged fragment ions, differential charge splitting can occur during the
fragmentation of cross-linked peptides in MS?2, resulting in more than four major fragments.
This observation often occurs for cross-linked peptides with charges greater than 4+. To
determine whether considering more transition ions would improve quantitation accuracy,
we re-analyzed the PRM experiments using a 12-fragment scheme consisting of three sets
of four transitions: one set based on the best-scored CSM, and two additional sets with
charges offset by 1. For example, in the previous examples which only considered pairs

of double-charged transitions (ap2t/at2*, Ba2*/pt2") from a quadruply charged parent,
the second scheme would additionally sample transition pairs aa*/att, Ba3*/Br3" as well
as ap3tlat3t, pat/Brt. Quantitation of the 412 cross-link targets was repeated using this
12-fragment transition scheme. Based on the correlation plot of treated/control abundance
ratios obtained using the two transition strategies (4-fragment vs. 12-fragment) for PRM
quantitation (Supplemental Figure 2), the differences in abundance ratios afforded by each
strategy were minimal. In fact, attempting to account for additional transition ions for each
PRM target appeared to introduce artifact data points that required manual removal, or else
resulted in outlier ratios. Thus, the final quantitative ratios for cross-links were only derived
from the 4-fragment transition scheme. As calyculin-induced phosphorylation only enhances
proteasome assembly by ~25%, we expected the observable conformational changes in the
26S proteasomes under our experimental conditions to be subtle. In total, 90 of 281 K-K
linkages were found to exhibit a change in cross-link abundance greater than 1o (~1.5-fold)
when comparing between treated and control proteasomes. These linkages were considered
as significantly changed for further analysis.

Mapping Phosphorylation-dependent Cross-links

To evaluate the accuracy of the changed K-K linkages, we calculated their p-values using

a two-tailed, Student’s t-distribution with unpaired, unequal variance. Linkages with a

log, change greater than one standard deviation and p-value < 0.1 were classified as
statistically changed (Figure 6A). The application of a p-value filter reduced the number

of statistically changed K-K linkages from 90 to 31. Among them, the abundances of

9 K-K linkages were shown to be increased (1.55 ~ 2.50-fold) in response to calyculin
treatment, whereas the remaining 22 were reduced (1.56 ~ 3.21-fold). The good correlation
between biological replicates (R? of 0.9997 and average CV of 10.1% for control samples,
RZ of 0.9996 and average CV of 12.5% for calyculin-treated samples) further suggests the
observed cross-link changes most likely describe the expected conformational changes in the
complex and are not attributed to experimental variability. Since none of the phosphorylated
residues were identified within the sequences covered by cross-linked peptides and only
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a few phosphosites are specifically modulated by calyculin, the observed changes in K-K
linkage abundances are most likely attributed to conformational changes due to increased
phosphorylation.

We first categorized the 31 changed K-K linkages based on their subcomplex localization
and mapped them onto the high-resolution structure (Figure 6B, C), resulting in eight

19S lid-lid, fourteen 19S base-base, four 19S lid-base, four 20S-20S and one 20S-19S
cross-link. Among the 19S lid-lid cross-links, 5 involve either Rpn6—which has been
described as a ‘molecular clamp’ that holds the 19S and 20S subcomplexes together 43—

or Rpn5, which has been shown to interact and potentially interface with Rpn6 through

their PCI domains. Interestingly, all 5 of those linkages were shown to decrease as a

result of Rpn6 phosphorylation, despite the cross-linked lysines being distant from the S14
phosphorylation site. Specifically, the cross-linked residues of Rpn5 (K212, K301, K330,
K441) and Rpn6 (K205, K223, K325) were found to be in or proximal to their PCI domains,
indicating these regions as potential ones that undergo conformational changes in response
to phosphorylation of Rpn6. Changes in cross-link abundance within the 19S lid were also
observed involving Rpn8 and Rpn9 of the 19S lid, which favored calyculin treatment. While
this may be related to the phosphorylation of Rpn10 due to the proximity of the proteins, the
Rpn10 phosphosite was not resolved in the current structure due to missing regions.

The most structural movement observed within the proteasome was centered around the
19S base, which was implicated in 18 changed linkages. Of these, 15 were shown to
decrease in abundance, in which 10 involved the C-terminal domains of 4 ATPase subunits
(Rpt2-4, 6). As the C-termini of these proteasomal ATPases function as keys to induce
gate-opening and allow substrate entry into the 20S 44, it is possible that changes in this
region would be associated with activation of proteasomal degradation. Mapping of these
decreased cross-links suggests that the upregulated proteasomal activity associated with
increased phosphorylation due to calyculin treatment may be related to the gate opening
mechanism exhibited by the ATPase ring. Interestingly, cross-links involving Rptl were
uniquely shown to increase following calyculin treatment; two cross-links involved the C-
terminal regions of Rpt1, one intramolecular cross-link with itself—Rpt1:K181-Rpt1:K356
—and the other an inter-subunit cross-link to 20S subunit a4 through an N-terminal residue
near the pockets associated with gate opening, Rpt1:K418-a4:K27. The observed increase
of this 19S base-20S cross-link further suggests a close interaction between the 19S base
and 20S that is upregulated by calyculin treatment. While it remains difficult to pinpoint the
structural rationales that result in changed cross-links due to various potential factors, our
results do suggest that phosphorylation-dependent conformational changes within the 26S
proteasome are able to be quantified and determined through PRM-based QXL-MS.

Biochemical Validation of Phosphorylation-dependent Regulation of the 26S Proteasome

To evaluate the biological effect of calyculin treatment on proteasome function, we
measured proteolytic activities of 26S proteasomes purified from treated and control cells.
As a result, the chymotrypsin-, trypsin- and caspase-like activities of 26S proteasomes

were increased in response to calyculin treatment (Supplemental Figure 3), confirming that
increased phosphorylation enhances proteasomal activities as previously reported 38, Due to
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the significantly augmented phosphorylation at S14 of Rpn6 triggered by calyculin treatment
and its known biological significance 3940, we suspect that this phosphorylation is central to
the enhanced assembly and conformational changes of the 26S proteasomes observed here.
This work presents a general analytical workflow for us to further dissect molecular changes
underlying the regulation of the 26S proteasome under various biological conditions in the
future.

CONCLUSION

Here, we have developed a PRM-based targeted QXL-MS platform using DSSO cross-
linked peptides, which has been successfully applied to define phosphorylation-dependent
conformational changes of the 26S proteasome. Through this process, we have identified
subunits and regions that may reflect conformational changes associated with the
upregulation of proteasomal activity associated with increased phosphorylation. Importantly,
this PRM-QXL-MS strategy is directly applicable for all sulfoxide-based MS-cleavable
cross-linking reagents and can also be extended to other MS-cleavable cross-linkers.
Moreover, targeted quantitation enhances the sensitivity and detection of cross-linked
species compared to QXL-MS strategies measuring cross-link abundance at the MS? level
45 This is particularly beneficial for quantifying low-abundance cross-links which are not
uniformly detectable across all biological replicates, resulting in fewer overall missing
values. The quantification of each cross-link based on specific fragment ions may also
improve gquantitation accuracy by reducing signal contamination by co-eluting ions with
similar m/z. Thus, the PRM-based targeted QXL-MS method established here can be used
as an “MS structural Western” to facilitate future studies on conformational dynamics of
protein complexes under different biological conditions.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We thank Drs. A.L. Burlingame, Robert Chalkley and Peter Baker for the support of Protein Prospector. This work
was supported by National Institutes of Health grants RO1GM074830 and R0O1GM130144 to L.H.

ABBREVIATIONS
19SRP 19S regulatory particle
20SCP 20S core particle
CSM Crosslink spectrum match
DSSO Disuccinimidy! sulfoxide
HCD Higher-energy collision-induced dissociation
LCMSMS Liquid chromatography-coupled tandem mass spectrometry
LCMS Liquid chromatography-coupled multistage mass spectrometry
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PPIs Protein-protein interactions
PRM Parallel reaction monitoring
QXL-MS Quantitative cross-linking mass spectrometry
tM S? Targeted tandem mass spectrometry
XL-MS Cross-linking mass spectrometry
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Figure 1. General workflow for cross-link identification and targeted cross-link quantitation.
(A) Cross-links are identified by LC MS", and the resulting cross-link spectral matches

are used to develop a target library and transition list for PRM analysis. (B) Cross-links
are analyzed by targeted PRM analysis using CID to produce cross-link fragments while
minimizing backbone fragmentation, simplifying the quantitation process. Transitions for
each cross-link target are measured in Skyline.1®
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Figure 2. Workflow for investigating calyculin-dependent conformational dynamics of the 26S

proteasome.

26S proteasomes were purified from control and calyculin-treated 293HTBH-RpN1 ce|is and
cross-linked. Digested cross-linked peptides were then analyzed by LC MS/MS, LC MS",
and PRM to determine proteasomal subunit abundances, phosphorylation, and cross-link

identification and quantitation.
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Figure 4. XL-M S data of the 26S proteasome.
(A) 2-D cross-link map generated from CX-Circos (http://cx-circos.net) depicting

interconnectivity of proteasome subunits within respective subcomplexes. (B) Mapping
of cross-links to high-resolution 26S proteasome structure (PDB 5GJR). Cross-links with
mapped Ca-Ca distances below 30 A shown in green, and above 30 A shown in red. (C)
Histogram showing distribution of mapped cross-links by distance.
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Figure 5. PRM quantitation of the proteasome cross-link tar gets.
PRM quantitation in Skyline for cross-link targets corresponding to (A) Rpn2:K574-

Rpn8:K28 and (B) Rpn1:K39-Rpt6:K330. Four transition ions (aa?", at?t, pa2*, and
B72%) for each cross-link target were measured to calculate relative cross-link abundances.
Pair-wise correlation plots for K-K linkage abundances between (C) control replicates and
(D) calyculin-treated replicates. (E) Distribution of cross-link abundance ratios in calyculin-
treated versus control proteasomes.
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Figure 6. Analysis of statistically changed cross-links and mapping to the proteasome structure.

(A) Volcano plot depicting the distribution of changed (blue) and unchanged (orange)

cross-links in treated versus control proteasome purifications. Cross-links that did not meet
the p-value threshold of 0.10 are shown in gray. (B, C) Mapping of calyculin-dependent
cross-links to high-resolution 26S proteasome structure (PDB 5GJR). Cross-links reduced in
calyculin-treated proteasomes shown in red, cross-linked increased shown in green. 19S base
assembly depicted in teal, 19S lid in orange, and 20S in purple.
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