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Detailed mechanistic understanding of protein complex function is
greatly enhanced by insights from its 3-dimensional structure. Tra-
ditional methods of protein structure elucidation remain expensive
and labor-intensive and require highly purified starting material.
Chemical cross-linking coupled with mass spectrometry offers an
alternative that has seen increased use, especially in combination
with other experimental approaches like cryo-electron microscopy.
Here we report advances in method development, combining sev-
eral orthogonal cross-linking chemistries as well as improvements
in search algorithms, statistical analysis, and computational cost to
achieve coverage of 1 unique cross-linked position pair for every
7 amino acids at a 1% false discovery rate. This is accomplished
without any peptide-level fractionation or enrichment. We apply
our methods to model the complex between a carbonic anhydrase
(CA) and its protein inhibitor, showing that the cross-links are self-
consistent and define the interaction interface at high resolution.
The resulting model suggests a scaffold for development of a class
of protein-based inhibitors of the CA family of enzymes. We next
cross-link the yeast proteasome, identifying 3,893 unique cross-
linked peptides in 3 mass spectrometry runs. The dataset includes
1,704 unique cross-linked position pairs for the proteasome sub-
units, more than half of them intersubunit. Using multiple recently
solved cryo-EM structures, we show that observed cross-links reflect
the conformational dynamics and disorder of some proteasome sub-
units. We further demonstrate that this level of cross-linking density
is sufficient to model the architecture of the 19-subunit regulatory
particle de novo.

cross-linking | mass spectrometry | integrative modeling | protein docking

Recent advances in elucidating the network of protein inter-
actions in the cell (1) promise to improve our understanding
of cellular protein machinery. However, a higher-resolution view
of the structure of proteins and complexes involved will help
provide more detailed insights (2). Traditional methods for struc-
ture determination remain expensive and labor-intensive. Cross-
linking mass spectrometry (XLMS) allows identification of proxi-
mal structural regions on amino acid level (3). Protein samples
are combined with reagents that form covalent bonds in solu-
tion, and upon protein digestion, resulting peptide pairs can be
identified by tandem mass spectrometry. Cross-linked position
pairs can then be used as geometric constraints for structural
modeling of proteins (4), docking (5), and modeling of large
protein assemblies (6-8).

Recent improvements in XLMS coincided with the resolution
revolution in cryogenic electron microscopy (Cryo-EM) as well
as development of integrative modeling software. Combining
these technologies with other data sources resulted in impressive
models of previously intractable protein complexes (9-13). For
modeling purposes, the key factor in the utility of a dataset is the
cross-linking density or sequence coverage of the component
proteins, and attaining high coverage has been a major challenge.
Multiple chemistries have been proposed, including isotopic labels
(14), cleavable cross-linkers (15), and photoactivatable cross-
linkers (16). Various approaches to improve coverage have been
reported, such as affinity enrichment via additional chemical
handles (17), peptide fractionation, and use ‘of multiple proteases
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(18). These and other methodological developments have been
recently thoroughly reviewed (3, 15, 19).

Lysine side chains are highly reactive and abundant on protein
surfaces, which is why the field has traditionally focused on cross-linkers
targeting them, particularly using homobifunctional NHS-ester re-
agents. However, orthogonal chemistries targeting other residue pair-
ings have also been used (16, 20, 21). Carbodiimide chemistry has been
used for decades for coupling carboxylic acids and primary amines
in proteins using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide—a
water-soluble O-length cross-linker (EDC). EDC reaction pro-
ceeds via an unstable intermediate and preferentially at pH < 6;
however, activating agents, such as sulfo-NHS (22, 23), have
been used to increase reaction efficiency with proteins in condi-
tions closer to native. In addition to carboxyl-primary amine
pairs, EDC has been extended with dihydrazides to link carboxyl
groups in a proof-of-principle study to further improve cross-
linking coverage (24). In a similar approach, (4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride) (DMTMM)
0-length chemistry, also extended with dihydrazides, targeting
the same residues pairs under physiological conditions was ap-
plied to several large protein complexes (25). Very recently, an
N-hydroxybenzotriazole activating agent was proposed for use
with EDC and extended with a diamine linker (26). Despite
these developments, 0-length and related chemistries targeting
orthogonal residue pairs have not been shown to consistently
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outperform traditional Lys-Lys cross-linking approaches and remain
underutilized (27).

Building on preceding work, we use a combination of orthog-
onal chemistries allowing all possible cross-links between Lys, Glu,
and Asp residues (Fig. 1 4 and B). EDC/sNHS chemistry with and
without a diamine linker allows cross-links between 5 amino acid
pairs and should theoretically result in better density than the
single Lys-Lys pair. We refer to it below as Extended-EDC/sNHS
(E-EDC/sNHS). Note that lysines modified by the cross-linker are
not susceptible to commonly used tryptic digestion, leading to
larger, more difficult to identify peptides (Fig. 1C).

Many of the recent chemical and analytical developments help
apply XLMS at proteome scale to discover and monitor protein
interactions, but here we focus on improving coverage of affinity
purified proteins and protein complexes for purposes of struc-
tural modeling. We use a simple XLMS pipeline that relies on
very cheap and readily available reagents without isotopic labels,
cleavable backbones, or affinity handles and acquire MS/MS
data in single-shot analyses. We develop computational methods
to streamline the search and statistical analysis of resulting
datasets and show that our approach scales from small proteins
and complexes to one of the largest molecular machines pro-
duced by the cell.

Results

Simplified Calculation of False Discovery Rate at Reduced Computational
Cost. Identification of cross-linked peptide spectra is more chal-
lenging than a traditional peptide search (SI Appendix, Fig. S14)
due to search space size when considering all possible combina-
tions of peptide pairs, as well as due to difficulties in estimating the
false discovery rate (FDR). The standard in bottom-up proteomics
has been to use the target-decoy approach (28). While a similar
approach has been used for identification of cross-linked peptides,
the statistical analysis is more complicated (29, 30). Cross-linked
peptide search space consists of target-target (TT), decoy—target
(DT), and decoy—decoy (DD) subsets. Since the DT subset can
arise from any combination of decoy and target peptides, it is twice
the size of TT and DD (Fig. 1D). This skewed ratio of target—
decoy search space makes it more difficult to estimate FDR and
requires making assumptions that the 1:2:1 ratio of TT:DT:DD
cross-linked peptide hits holds across the full range of matches,
independently of their likelihood. DT matches are common, re-
quiring 1 or a few spurious peak matches to the decoy peptide,
with most of the score value contributed by the target peptide.
They contribute heavily to the relevant part of the decoy distri-

bution (29). DD matches require multiple spurious matches from
both peptides. While these types of matches are observed in the
middle of the distribution, they are exceedingly rare in the range of
interest of 1 to 5% FDR (Fig. 1E). Since DD corresponds to a
quarter of the computational expense of the search while providing
little discriminative value, we propose to eliminate that subset of
the search space.

We further note that the size of DT could be reduced by half,
thus matching the size of TT, while still providing sufficient
discriminative value. We therefore propose to uniformly sample
half of DT (Fig. 2 C and D and SI Appendix). These adjustments
cut the computational cost of a search in half while simultaneously
simplifying the FDR estimation procedure to that analogous to a
standard peptide search. Scores and other features calculated
upon completion of the search can be used as input features into
a standard statistical analysis method to estimate FDR without
cross-link-specific adjustments.

Model Proteins. Nine diverse proteins were chosen to evaluate the
search algorithm and FDR estimation. Each protein was cross-
linked with EDC/sNHS, E-EDC/sNHS, and BS3 reagents indi-
vidually and digested, and peptides were mixed by cross-link type.
Peptides were then subjected to liquid chromatography-mass
spectrometry (LC-MS) in a total of 3 runs without enrichment or
fractionation. Data were searched with our PIXL (Protein Inter-
actions from Cross-Linking) algorithm and stringently filtered
to 1% FDR (SI Appendix), resulting in the identification of
3,761 cross-linked peptides, which reduced to 610 unique cross-
linked position pairs (SI Appendix, Table S1). This corresponds
to 1 unique cross-linked position for every 7.5 amino acids of
sequence. Note that our E-EDC/sNHS approach outperforms
the Lys-Lys experiment by 50%, with BS3 spanning a longer
cross-link distance, both theoretical and observed. A previous
study comparing acidic and 0-length cross-links with BS3 for a
large number of proteins showed them to be, at best, equal (25).

Since each of the model proteins was cross-linked individually,
the dataset can be used to evaluate our FDR estimation pro-
cedure by computing the rate of interprotein cross-links (29)
among the 9 proteins (expected to be 1%; Methods). This turned
out to be 0.94% combined for the 3 runs, thus validating the
quality of the dataset and FDR calculation methods. Mapping
cross-links onto the available structures shows the expected in-
crease in median linked distance from O-length EDC/sNHS to
E-EDC/sNHS to BS3 (Fig. 24). Stratifying the data based on
PFAM (31) domains suggests greater conformational flexibility
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Fig. 1. Overview of cross-linking chemistry and search/FDR strategy. (A) Targeting 3 of the most abundant residues—Lysine (LYS), Aspartate (ASP), and Glutamate
(GLU)—on protein surfaces and all 6 possible cross-links among them with 3 reactions. (B) Bifunctional NHS-ester—the most common type of reagent—cross-links
primary amines (red). EDC/sNHS chemistry is used to link carboxyl groups to primary amines, resulting in 0-length cross-links (green). Addition of a diamine linker to
the EDC/sNHS reaction (E-EDC/SNHS) results in cross-links between carboxyl groups (blue). (C) Following tryptic digestion, the 3 cross-link types lead to peptides that
theoretically should be 4, 3, and 2 times the size of a typical tryptic peptide, due to missed cleavage at the cross-link site.
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Fig. 2. Summary of search/FDR strategy and model protein dataset. (4) A full-scale cross-linked search needs to consider decoy-decoy (DD), target-target
(TT), and decoy-target (DT) subspaces, with DT being twice the size of the other 2. (B) Scores and features of the resulting matches are combined into a
discriminant score. Distribution of these scores can be used to estimate FDR, but the imbalance between target and decoy search spaces leads to compli-
cations. (C and D) Removing DD and reducing DT in half simplifies FDR estimation while cutting computational costs. Striped pattern of DT subspace rep-
resents uniform sampling of half the space. Distributions in B and C are based on E-EDC/sNHS sample mix of model proteins. Cross-linked distance
distributions. (E) The expected progression from 0-length (EDC) to extended-EDC to BS3. White squares denote medians of respective distributions. (F)
Observed cross-links are in good agreement with those expected from known structure. Sum of all 3 cross-link types is used for both observed (unique position

pairs) and predicted values for each protein.

between domains based on 0O-length and amine-reactive cross-
linkers, although the difference was not detected for carboxyl—
carboxyl cross-linkers. This could be explained by propensity of
lysine residues to appear in mobile loops, perhaps near domain
interfaces (32).

Despite the recent progress in XLMS, cross-linking coverage
has been quite variable. Here we use our model dataset to try to
understand the source of this variability and find a sequence-
based predictor of success for a cross-linking experiment. First,
we show that the numbers of observed unique cross-linked
positions correlate well with those computed from structures
(R = 0.84; Fig. 2F). However, sequence length turns out to be a
poor predictor of coverage (mean R? = 0.24). We then con-
sidered a linear model based on the sum of arginine and lysine
residues, which performed much better (mean R* = 0.57). An
even better predictor turned out to be the number of theoretical
tryptic peptides containing a cross-linkable amino acid. This value
is straightforward to calculate and on average explains 80% of the
variance in the resulting number of cross-links (S Appendix, Fig.
S2). While this model does not explicitly consider cross-links due
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to intersubunit interactions and may underestimate their pre-
diction, it is nevertheless useful to point out sequences with poor
distributions of cleavage sites and cross-linkable residues for larger
systems where doing so manually would be time-consuming.

Inhibitor of Carbonic Anhydrase. Members of the Carbonic Anhydrase
(CA) family of zinc-containing enzymes catalyze the conversion of
CO; to bicarbonate and protons. They are involved in respiration,
transport and regulation of CO,, pH homeostasis, and other
processes (33). Many of the CA isozymes have been identified as
drug targets to treat diseases such as glaucoma, obesity, and cancer
(34, 35). Several sulfonamide-based inhibitors of CA are used in
the clinic, but they show poor selectivity among the isozymes (33).
Interestingly, a protein inhibitor of members of the family was
identified in some mammals. The murine inhibitor of CA (mICA)
was shown to be a nanomolar inhibitor of several isoforms, in-
cluding the ubiquitous CAII enzyme (35). The structures of CAIL
in different species (36, 37) have been well studied, and the
structure of mICA was recently solved (38); however, the structure
of the enzyme-inhibitor complex remains elusive (35). Identifying
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Fig. 3. Modeling CA-mICA complex structure from cross-link data. (A) Both human (h) and bovine (b) Carbonic Anhydrase (CAH) Il (2h and 2b) cross-link with
the murine Inhibitor of Carbonic Anhydrase (mICA), while human Carbonic Anhydrase | (1h) does not. (B) Cross-links exhibit self-consistent patterns in a 2D
representation [produced with xiNET (75)]. (C) Using cross-links as geometric constraints in Rosetta produces a characteristic energy funnel with respect to the
lowest-energy model. (D) Best-scoring model with cross-links mapped on them illustrates how different cross-link types help define the interface and re-
inforce each other. Cross-link colors are as follows: red, BS3; green, EDC; blue, E-EDC.

the interface would be the first step to the design of a new class of
protein-based CA family inhibitors. Here mICA inhibitor was
cross-linked using the BS3 and E-EDC/sNHS reagents with both
human and bovine versions of CAHII as well as human CAHIL
Human as well as bovine CAII with both cross-linkers showed
strong Coomassie-stained bands corresponding to a 1:1 complex
(Fig. 34). We did not detect a complex with CAI, in agreement
ested in solution
thods analogous

to those used for the model dataset above. Among hundreds
of cross-linked peptides, we identified 10 unique interprotein
position pairs for human and 9 for bovine CAII. These data,
mapped onto protein sequences, show a self-consistent pattern,
pointing to the C-terminal domain of mICA as primarily re-
sponsible for CAII binding (Fig. 3B), in agreement with previous
observations (39). Despite 80% sequence identity between the
human and bovine CAII isoforms, every cross-linked peptide
differs in at least 1 amino acid from its equivalent in the other
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species (S Appendix, Table S2) and therefore serves as a biological
replicate, validating our results. The matching set of identifications
was filtered to select 5 representative high-confidence cross-linked
position pairs for use in modeling the CAII-mICA complex with
Rosetta (40, 41) (SI Appendix). Unbiased docking simulations
typically require the generation of hundreds of thousands of de-
coys to make sure every relative orientation of the 2 molecules is
well sampled. Here the cross-links provided sufficient geometric
constraint that all solutions converged on essentially the same
orientation (SI Appendix, Fig. S3) with model binding energies
forming a characteristic funnel shape leading toward the lowest-
energy structure (Fig. 3C). Note that all 3 cross-link types are
identified in the interface and contribute to constrain modeling.
The identified cross-links mapped onto our model of the enzyme/
inhibitor complex (Fig. 3D) are consistent between human/bovine
replicates and point to the same interface region across cross-link
types and corresponding conditions. The model is also in agree-
ment with much of the existing literature, confirming that the in-
hibitor C-terminal domain binds near the entrance to the active
site, thus blocking it without directly interacting with key residues
conserved among CAs. The interface buries 1,340 A” of solvent
accessible surface area, providing an opportunity to use the in-
hibitor for tuning isoform selectivity.

Yeast Proteasome.

Overview and initial analysis of cross-links. To apply our methods to a
larger system, we chose the proteasome complex, the focus of
many structural studies over the years, including using XLMS
(25, 42). The proteasome is a 2.5-MDa symmetric assembly made
up of the core particle (CP) and 2 regulatory particles (RP). The
CP is a cylinder composed of 2 layers of « and f rings carrying out
the proteolytic function. RP contains a hexameric ring of AAA-
ATPases, which deubiquitinate the substrate and promote its
translocation to the proteolytic core of the CP, as well as subunits
responsible for substrate recognition and binding. The RP is made
up of the Base and Lid subcomplexes, which assemble inde-
pendently before associating into the functional complex. Re-
cent cryo-EM studies have identified 3 conformational states of
the proteasome with the sl ground state preferred in the
presence of ATP and absence of substrate (43).

Yeast proteasomes, affinity purified via RPN11 tag, were cross-
linked in the presence of ATP under 3 conditions (EDC/sNHS,
E-EDC/sNHS, and BS3) and processed using methods analogous
to those described above with some differences described in
Methods. Three LC-MS runs with no offline peptide enrichment or
fractionation were searched and filtered to 1% FDR on unique
peptide level, resulting in a dataset with 8,296 total identified
cross-linked peptide-spectral matches, reducing to 3,893 unique
cross-linked peptides after combining the data to remove redun-
dant O-length cross-links. Further collapsing the data and remov-
ing cross-links between positions close in sequence results in
2,549 unique positions pairs, of which 1,704 are among the
33 proteasome subunits, with combined density of 6.8 amino acids
per position pair (similar density to what was observed for the
model proteins above; SI Appendix, Table S3). This is 4 times the
size of a recently published cross-linking analysis of human pro-
teasome, which utilized pulldowns of multiple subunits and cleav-
able reagents (42); 57% of our cross-links are intersubunit, and the
median distances between cross-linked positions were similar to
those observed in the model dataset.

One way to evaluate overall quality of the dataset is by con-
sidering the 2-dimensional (2D) topology of a network of sub-
units, with edges between them weighted by the summed peptide
spectral counts. We filtered the dataset to a 1% FDR on the
protein interaction level, resulting in a network of 121 protein
nodes with 219 edges (Fig. 44 and SI Appendix, Fig. S5B).
Cytoscape’s (44) “organic” layout algorithm readily recapitulated
the topology of 26S proteasome with layout of the core, base,

Mintseris and Gygi

and lid subunits congruent with cryo-EM data. Most of the cross-
links outside of the proteasome are among subunits of the ri-
bosome, with 68 of 79 known subunits represented (SI Appendix,
Fig. S5B).

Conformational flexibility and structure-based FDR. Typically, to assess
dataset quality, previous studies have defined a cutoff distance
based on theoretical length of the cross-linker with an additional
adjustment for side-chain length and protein conformational
dynamics, but aside from some simulations (45), there has not
been a way to evaluate the effect of flexibility and partial disorder
on cross-linked distance measured on static structures. Cross-links
bridging distances in available structures that fall beyond the cutoff
are considered violating the theoretical assumptions and presumed
to stem from a combination of conformational flexibility, hetero-
geneity, and false positives (25, 42, 46, 47). Our initial data are
conservatively filtered to 1% FDR on the unique peptide level
and, upon collapsing to unique cross-linked positions, reach a
combined 1.5% FDR. However, we reasoned the size of the
dataset allows us to estimate a structure-based FDR, using a sta-
tistical approach. False positive cross-link identifications are
expected to map to a random distance distribution arising from all
possible cross-linkable residue distances. On the other hand, res-
idues cross-linked as a result of conformational flexibility or local
structural disorder are likely to follow a distribution closely re-
sembling that expected from theoretical cross-links but potentially
extending somewhat beyond theoretical distances. Fitting the dis-
tance distributions of observed and theoretical cross-linked dis-
tances to a bimodal mixture model allows us to estimate a value of
3.2% structure-based FDR for the combined dataset with a 95%
confidence interval (2.0 and 4.5%) (SI Appendix, Fig. S4B). While
this is higher than our peptide and position-level estimates, it
should be sufficient for subsequent modeling. Some reasons for
the higher apparent FDR are discussed below.

XLMS technology has been successfully applied to investigate
protein conformational switching between states upon perturba-
tion (48, 49) in vitro and in vivo (50); however, sparse structural
data have limited the possibility of fully exploring the effect
of protein steady-state flexibility on cross-linking data. Two aspects
of the proteasome complex enable us to directly evaluate this re-
lationship: 1) the recent surge in published high-resolution cryo-
EM structures and 2) the fact that the CP and RP subcomplex
conformational dynamics are known to be very different, allowing
for contrasting measurements within the same complex in the
same experiment. We aligned and compared the 4 available cryo-
EM structures of the sl state (43, 51-54) against each other and
then related those differences to the closest cross-link distances
observed in our data, averaged by subunit. The resulting correla-
tion of 0.76 is highly significant, with the more rigid CP subunit
cross-links closely clustered at lower distances, while the more
conformationally flexible regulatory particle subunits show more
variation. The most dynamic subunits—RPN1 and RPN13—
exhibit the largest differences, with over 4-fold higher RMSD
among cryo-EM structures, corresponding to cross-linked dis-
tances double that of CP subunits (Fig. 4B). Furthermore, the
more confidently resolved residues correspond to shorter cross-
linked distances in static structures (Fig. 4 B, Inset). These data
explicitly demonstrate on a large scale that XLMS reflects steady-
state conformational dynamics of protein structures and suggest
caution when applying strict theoretical distance cutoffs.

Outlier cross-links. Focusing on parts of the proteasome with the
largest number of cross-links that appeared to be in violation of
the available structures, we observed that many of them involved
RPNI11 intralinks, as well as RPN11 interlinks with RPNS,
RPNS, and RPNO. Since these lid subunits have been shown to
undergo extensive conformational changes upon assembly of the
full proteasome, we mapped these interactions onto the recently
solved cryo-EM structure of the isolated lid subcomplex (55).
Forty-three cross-links (2.4% of total) appear to be specific to
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Tightly intertwined subunits of the AAA-ATPase ring and the MPN heterodimer (Mpr1, Pad1 N-terminal domain-containing RPN8 and RPN 11) exhibit the strongest
edges. Known chaperones controlling RP assembly are shown connected to the AAA-ATPase subunits. See S/ Appendix, Fig. S5B, for the rest of the network. (B)
Cross-links that map to longer distances in static published structures (Protein Data Bank IDs 4CR2, 5MPD, 5WVI, and 3JCP) correspond to observed conformational
dynamics of the s1 state. Correlation between average cryo-EM structure RMSD and median of minimum cross-link distance is 0.76 (P < 1e-7). (Inset) The more likely
both cross-linked residues are to be resolved in published structures, the smaller the minimum observed distance between them. (C) Cross-links confirm proposed
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Fig. S7, for more details.

the unbound lid (SI Appendix, Fig. S6), possibly resulting from
affinity enrichment retaining a fraction of unassembled lid sub-
complex or partial dissociation (56) during postpurification sam-
ple handling and cross-linking reaction. Cross-links like this could
potentially be used to quantify stoichiometry of proteasome
conformational states.

Cross-links involving RPN13 ubiquitin receptor appeared in-
consistent with some available structures (SI Appendix, Fig. ST A
and B). Its human ortholog ADRM1 was not resolved in the latest
human proteasome structures. However, RPN13 is important for
proteasome function and has recently been identified as a target
for cancer therapy (57). In yeast, RPN13 was initially placed in the
structure manually (43, 51), and subsequent structures show a
somewhat similar orientation (52-54). Wehmer et al. were able
to achieve higher local resolution in one of the states and sug-
gested a new orientation, confirmed by 2 cross-links (54). These
2 are among 22 unique cross-linked positions found in our dataset,
and 16 of them could be mapped onto resolved residues of the
4 structures, supporting the Wehmer et al. orientation (SI Ap-
pendix, Fig. STB). In addition, we observed several cross-links
between RPN13 and the unresolved C terminus of RPN2, which
is necessary and sufficient for binding (58). Using the high-

98 | www.pnas.org/cgi/doi/10.1073/pnas.1902931116

confidence cross-link between RPN13 Glu72 and RPN2 C termi-
nus, together with RPN2 chain continuity as the only constraints
and starting with extended conformation of the C-terminal pep-
tide, we used Rosetta (41, 59) to model the interaction interface
(SI Appendix, Fig. S7C). The best-scoring model (Fig. 4C) shows
the C-terminal RPN2 tail binding against 2 loops and the beta-
sheet of RPN13. The model is 3.4 A RMSD from the recently
published human homolog structure (60), illustrating the power
of cross-linking data, in combination with modern modeling soft-
ware, to enhance cryo-EM models and provide medium- to high-
resolution details for some important protein interfaces.

Detailed analysis of the 4 available structures of the sl state
also identified 2 regions of disagreement among them: C-terminal
helix of RPNS, recently shown to be crucial for lid subcomplex
assembly and part of the lid helical bundle (61) (SI Appendix, Fig.
S8), and the N-terminal helix of RPT1 (SI Appendix, Fig. S9).
High-confidence cross-links available for these helical regions
suggest potential register errors, where cross-linking data could
be used to validate candidate cryo-EM models.

Of the remaining cross-links that are not in agreement with
sl state cryo-EM structures, most prominent are the ones in-
volving the RPT subunits. Given the presence in the network of
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chaperones known to govern assembly of the Base subunits, we
hypothesize that these cross-links represent partially assembled
states of the regulatory particle, lacking CP.

De Novo Modeling of the Yeast Proteasome Regulatory Particle. In
recent years, development of the Integrative Modeling Plat-
form (IMP) (62) has facilitated the elucidation of the molecular
architecture for large protein assemblies. Typically, such modeling
would take advantage of all available structural information for
the subunits. However, given the high density of our cross-linking
dataset, we wanted to ask what kind of model quality is possible if
relying on it as the sole source. Starting with the crystal structure of
the proteasome core particle (63), our cross-linking dataset de-
scribed above, and no other structural information, we used IMP to
model the entire 19-subunit RP. Each subunit was modeled as a
series of connected beads representing at least 25 amino acids (S7
Appendix, Fig. S10). Candidate models produced by IMP were
each scored, combining contributions from cross-linking, excluded
volume, and sequence connectivity restraints. Starting from ran-
dom initial orientations, 40,000 models were computed, optimizing
the position of the beads, representing RP subunits, with respect to
each other and to the CP, modeled as rigid body.

We used recently developed protocols (64) to show the sam-
pling precision of this cluster converges around 27 A RMSD,
allowing us to compute a model at 21 A (RMSF). Splitting the
ensemble into 2 samples results in very similar models, suggest-
ing that the sampling is exhaustive (SI Appendix, Fig. S11). The
resulting density map shows that cross-linking data alone can
capture enough information to reproduce the general architec-
ture of the RP (Fig. 5 A-G). Compared with a map derived from
an atomic model (54), we compute an average density correla-
tion (weighted by volume) of 0.79. To assess the accuracy of our
model, we computed 35.7 A average Coa RMSD (with respect to
Wehmer et al.), where the coordinates of every Ca atom in the
dominant cluster were set to the center position of the bead
representing the corresponding residue. While a crude upper-
bound estimate due to coarseness of representation, it never-
theless shows that a cross-linking dataset derived from just 3 runs
can lead to models with subdomain level precision and accuracy.

To further evaluate model quality, we compute and compare
contacting surface areas using Chimera (65), to show that our
model captures the main contacts among all RP and relevant CP
alpha subunits (Fig. 5G). Note that some contacts are missing in
the cryo-EM-based matrix due to poorly resolved regions. For
example, RPN2-RPN13 interaction is missing because of the
unresolved RPN2 tail but is observed in our model. Similarly,
more extensive contacts between RPN1 and RPN2 are observed
in our model, likely due to unassigned cryo-EM density. The
volume of RPN1 subunit in the IMP model (Fig. 5 4 and E) is
~10% greater than the corresponding volume mapped from
SMPD. A more extensive RPN1-RPN2 interface was recently
resolved in human proteasomes (66).

Despite a good agreement of the overall subunit architecture,
the cryo-EM structure of RP contains a few very prominent
features that are not very well reproduced in the model. One
such feature is the RPN13 subunit, whose poor localization is
discussed above. Another set of features consists of 3 pairs of
unusually long, intertwined N-terminal helices of AAA-ATPase
subunits (with additional, unresolved 40- to 50-amino acid-long
arms) that protrude radially outward from the center of the
heterohexamer (Fig. 5B). Unfortunately, these cannot be well
modeled using 25-amino acid beads. Perhaps future iterations of
our approach could take advantage of secondary structure pre-
diction to better model nonglobular regions of structure.

To confirm the effect of combining orthogonal cross-linkers as
well as evaluate increased constraint density in general, we re-
peated the above modeling procedure on subsets of the full
dataset, using the same representation and quality control cri-

Mintseris and Gygi

teria. The results, summarized in Fig. 5H, show a near-linear
improvement in model quality with increasing cross-link den-
sity, suggesting a path toward higher-resolution de novo models.

Discussion

The field of XLMS has been diversifying into using more com-
plex reagents with affinity handles, isotopic labels, and cleav-
able spacers, and these are promising for larger-scale analysis
of whole-cell lysates, organelles, and tissues (67-69). However,
for the purposes of structural modeling of even large affinity-
purified protein complexes, we show that simple, cheap, and
readily available reagents can produce detailed, high-density
datasets without offline peptide enrichment or fractionation.

With E-EDC/sNHS, we show that at pH 6.5 and with higher
reagent concentrations, it tends to produce better coverage than
a traditional Lysine-lysine cross-linker, the current gold standard
for XLMS studies. With the diamine linker used here, E-EDC/
sNHS cross-links also result in shorter constraints, both in theory
and in practice. Searching EDC-based data is more computa-
tionally expensive due to the abundance of acidic residues and
the resulting number of possible monolinked peptide variants.
However, the PIXL algorithm makes improvements in handling
the search space, reducing that computational complexity in half,
with the added benefit of also streamlining the FDR calculation.
Even for the E-EDC/sNHS experiments, PIXL can handle up to
~200 sequences for its cross-linked search component, which
should be sufficient for any affinity purification experiment.

Like many methods aimed at studying protein structure,
XLMS has limitations. In particular, the EDC-based methods used
here require that the protein or complex be stable at pH 6.5.
Furthermore, because both EDC and the diamine need to be in-
troduced into the reaction as acid salts to maintain proper pH,
the system under study may need to be tolerant to higher ionic
strength. Here we adjusted the buffer conditions to maintain
similar ionic strength, using NaCl for BS3 reactions to make up for
contributions of EDC and diamine linker in EDC-based reactions.
For the proteasome, we chose to lower the linker concentration
significantly out of caution, to ensure that CP and RP particles
remain bound, and still identified 10% more unique cross-linked
position pairs than with BS3. Aside from buffer conditions, there is
concern that modifying many charged residues on protein surface
may cause conformational changes. Data presented here, espe-
cially for the proteasome, suggest that cross-linking data reflect
natural protein conformational dynamics. Perhaps the stabilization
of protein structure by covalent cross-links serves to offset the
potential destabilization of modified surface charges.

Interpreting cross-linking data for proteins and complexes
subject to conformational flexibility and partially disordered re-
gions is a challenge because the results appear to conflict with
theoretical limits of cross-linker reach. We use the proteasome
cross-linking data in conjunction with multiple recently published
cryo-EM structures to examine the effect of such flexibility on the
measured cross-links. To validate our methods, we further propose
a structure-based method to estimate FDRs and independently
confirm the quality of the data.

Despite the recent successes of cryo-EM, a significant fraction
of obtained maps fall beyond 4-A cutoff where structures can be
solved de novo (70). This is especially true for the more dynamic
or disordered regions of structure. High-resolution structural
data may not always be available and become a limiting fac-
tor when working with less studied, orphan protein complexes.
Here we test the limits of constraints derived from high-density
cross-linking data to build a model of the proteasome regulatory
particle while not taking advantage of the available structures.
Even with good constraint coverage, modeling of more con-
formationally flexible complexes is challenging as current model-
ing methods do not account for void space and force models to be
more compact, closer to average protein density. This limitation is
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evident in Fig. 54. Although ours is a coarse model, it captures
many salient interaction details and can serve as a valuable starting
point for further refinement.

While our data show the E-EDC/sNHS approach is supe-
rior on average (SI Appendix, Tables S14 and S3A4), the key to
attaining high cross-link density is the combination of experiments
to identify all 6 possible cross-link pairs among 3 residues. These
3 chemistries can be analyzed in just 2 or 3 LC-MS runs. By in-
creasing the probability of cross-linking events, we achieve a
dataset-average density of 1 cross-link for every 7 residues. With
state-of-the-art modeling software, the cross-linking coverage
achieved here appears promising both for higher-level modeling of
protein complex architectures, as well as producing more detailed
models of protein interfaces or refining lower-resolution regions of
structures solved by other methods.

Methods

Cross-Linking Reactions. Zero-length reactions were carried out for 1 h at
room temperature in 50 mM Pipes Buffer, pH 6.5, with 100 mM EDC and 15 to
20 mM sulfo-NHS.

E-EDC reactions were performed analogously to the 0-length reac-
tions but with the addition of 2,2'-(Ethylenedioxy)diethylamine (EDDA,
NH,CH,CH,OCH,CH,OCH,CH,NH,) (SIGMA-Aldrich) linker and also included
15 to 20 mM sulfo-NHS. The linker stock solution (275 mM) was prepared fresh
with Pipes buffer and pH-adjusted by adding HCl at approximately double the
concentration of linker. Sulfo-NHS and EDC stock solutions were also prepared
fresh in Pipes at 0.5 and 1 M, respectively. For model proteins, we used 100 mM
EDC with 100 mM linker. For mICA experiments, we used 150 mM EDC with
100 mM linker. For the proteasome, we used 100 mM EDC but lowered the linker
concentration to ~27 mM to ensure the RP and CP particles remain associated.

BS3 reactions at 2 mM concentration were carried out for 1 h at room
temperature in 50 mM Hepes Buffer, pH 7.8. All 9 model protein reactions
contained 100 mM NaCl, and the p-Galactosidase reaction additionally
contained 10 mM MgCl,. mICA/CAH reactions omitted NaCl for the E-EDC
reactions but used 25 mM NaCl for the BS3 reactions. The proteasome re-
actions omitted the NaCl but added 5 mM MgCl,.

All cross-linking reactions were quenched with hydroxylamine to final
concentration of 100 mM for 20 to 30 min, which resulted in raising the pH
above ~8, making the samples ready for subsequent tryptic digestion.
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