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Abstract

We present novel homobifunctional amine-reactive clickable cross-linkers (CXLs) for
investigation of three-dimensional protein structures and protein-protein interactions (PPIs). CXLs
afford consolidated advantages not previously available in a simple cross-linker, including (1)
their small size and cationic nature at physiological pH, resulting in good water solubility and cell
permeability, (2) an alkyne group for bio-orthogonal conjugation to affinity tags via the click
reaction for enrichment of cross-linked peptides, (3) a nucleophilic displacement reaction
involving the 1,2,3-triazole ring formed in the click reaction, yielding a lock-mass reporter ion for
only clicked peptides, and (4) higher charge states of cross-linked peptides in the gas-phase for
augmented electron transfer dissociation (ETD) yields. Ubiquitin, a lysine-abundant protein, is
used as a model system to demonstrate structural studies using CXLs. To validate the sensitivity
of our approach, biotin-azide labeling and subsequent enrichment of cross-linked peptides are
performed for cross-linked ubiquitin digests mixed with yeast cell lysates. Cross-linked peptides
are detected and identified by collision induced dissociation (CID) and ETD with linear
quadrupole ion trap (LTQ)-Fourier transform ion cyclotron resonance (FTICR) and LTQ-Orbitrap
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mass spectrometers. The application of CXLs to more complex systems (e.g., in vivo cross-
linking) is illustrated by Western blot detection of Cull complexes including known binders,
Candl and Skp2, in HEK 293 cells, confirming good water solubility and cell-permeability.
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Introduction

Elucidation of three-dimensional structures of protein complexes and protein-protein
interactions (PPIs) is one of the central goals in current biological research. Proteins bind to
each other to carry out specific biological functions by forming protein complexes.12 On
average, proteins in vivo act not alone but rather as part of a protein complex typically
composed of 10 protein subunits.3 Proteolysis signaled by poly-ubiquitination provides a
good example of a functional protein complex.* The development of new reagents and
methods for identification of binding partners and their interfaces is an enabling part of
proteomic science.

Chemical cross-linkers have been widely employed in the analysis of three-dimensional
protein structures and PP1s.%:6 For identification of cross-linked proteins, traditional
experimental methodologies include affinity-based chromatography and Western blotting.
However, no detailed structural information for specific protein interfaces is revealed in
these experiments. Full atomistic structures of isolated proteins and their complexes can be
obtained from NMR spectroscopy and X-ray crystallography but these methodologies
usually require large amounts of sample for analysis. Preparation of diffraction-quality
crystals is often the bottleneck in structure determination by X-ray crystallography.

Recently, mass spectrometry (MS)-based analysis has allowed more sensitive detection of
binding partners and specific contacting residues.”~14In vitro cross-linking and enzymatic
digestion produce cross-linked peptides containing spatial information between residues
reactive to the cross-linker. This topological information constrains relative distances of
amino acid residues, thus aiding in the reconstruction of the protein complex structure.

For investigation of in vivo PPIs, protein complex immunoprecipitation (i.e., co-IP or “pull-
down”) is often performed to recover strongly interacting partners, such as an enzyme bound
to its inhibitor. Co-IPs require the use of several antibodies to validate putative binding
partners. Alternatively, affinity tags can be infused into genes of target proteins to permit
efficient purification from cell lysates.1® However, many of the important signaling
pathways are believed to be relayed via weak and transient interactions6.17 that occur at the
periphery of strongly-bound core protein complexes,2 and the co-IP strategy often fails to
identify these weak binding partners. Chemical cross-linking has been performed to freeze
weak interactions by forming covalent bonds, and then sample analysis is usually combined
with other targeted protein purification techniques.18-1° Some previous reports have shown
promi:;igg results by taking an in vivo chemical cross-linking strategy for investigation of
PPIs.19:

Nonetheless, the formidable complexity of protein interaction networks greatly hinders
identification of PPIs using cross-linking strategies at the systems level. The complexity of
protein samples steeply increases upon cross-linking, roughly proportional to half of the
square of the numbers of enzymatically cleaved peptides in the cell.12 This leads to two
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practical problems associated with computational and experimental challenges. A protein
cross-link searching program accounting for PPIs in mammalian cells on a genome-wide
scale is not available, and current computational platforms are limited to just a few proteins.
Computational resources required for this type of unrestricted searching algorithm are
substantial. A recent study by the Aebersold group tackled this problem by introducing a
new searching algorithm, xQuest, which reduces the search space by an upstream candidate-
peptide search and by isotope-coded cross-linkers.21 They successfully showed that cross-
linked peptides can be identified from a total E. coli lysate with an unrestricted database
search.

For selective and sensitive detection of cross-linked peptides, functionalized cross-linking
reagents are required. Various designs including biotinylated?2-24, isotope-coded?>28,
fluorophore labeled?®-31, mass-tag labeled32, amidinating33 and chromophore labeled3#
cross-linking reagents have been reported. However, the addition of functional groups can
often cause the cross-linker to become very bulky or less cell-permeable, and thus not very
effective for in vivo cross-linking of cytoplasmic proteins.2% To reduce the total size of the
cross-linker, separation of the cross-linking step from conjugation of affinity tags is one
effective strategy.

New cross-linking and enrichment strategies for separation of the cross-linking reaction
from enrichment steps have recently been developed based on bio-orthogonal chemistries
such as the azide-alkyne “click” cycloaddition3°-37 and Staudinger ligation38 using
alkyne3940 or azide*142 tagged cross-linkers. Azides and alkynes are not naturally found in
proteins, peptides, nucleic acids, or glycans. The orthogonality of azides and alkynes to
biological processes (i.e., competing reactions) is a significant advantage of this approach,
and holds great promise for protein cross-linking studies. Moreover, the “click”
cycloaddition can be performed under aqueous conditions, allowing the enrichment of cross-
linked products by conjugation of an appropriate affinity tag.

Here we report a novel clickable cross-linker (CXL) that addresses many of the current
challenges described above (Scheme 1).

Whereas some of their functionality has been incorporated in previously described cross-
linkers, CXLs offer consolidated advantages that include (1) small size, (2) good cell
permeability, (3) water solubility, (4) ease of synthesis, (5) alkyne group for bio-orthogonal
conjugation to a biotin-azide affinity label via copper-catalyzed azide-alkyne cycloaddition
(CuAAC, or click reaction) for enrichment of cross-linked peptides by avidin-biotin
chromatography, (6) a highly selective gas-phase nucleophilic displacement reaction by the
1,2,3-triazole ring formed in the click reaction, yielding a lock-mass reporter ion at m/z
525.3 for fast screening of cross-linked peptides, and (7) highly charged cross-linked peptide
ions in the gas-phase for augmented electron transfer dissociation (ETD) yields.

Ubiquitin, a protein rich in lysine, was chosen as our model system for three-dimensional
protein structure study using a hexynyl CXL. To demonstrate the non-denaturing feature of
CXLs in solution, secondary structures of cross-linked ubiquitin were monitored using
circular dichroism (CD) spectroscopy. Cross-linked peptides labeled with biotin-azide by
CuAAC were enriched by strong cation exchange (SCX) fractionation and avidin affinity
chromatography. Cross-linked peptides from ubiquitin were analyzed by collisional induced
dissociation (CID) and ETD using linear quadrupole ion trap (LTQ)-Fourier transform ion
cyclotron resonance (FTICR) and LTQ-Orbitrap XL mass spectrometers. The application of
CXL in more complex systems was also tested by in vivo cross-linking of Cull, a E3
ubiquitin ligase, in HEK 293 cells, confirming good water solubility and cell-permeability.
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Experimental Section

Briefly, the CXL was prepared via 1) deprotection of 2-(hex-5-ynyl)isoindoline-1,3-dione,
2) N-alkylation of 6-amino-hex-1-yne using methyl bromoacetate, 3) deprotection of methyl
esters in KOH and 4) activation of carboxylic acids using N-hydroxysuccinimide
(Supporting Information, Scheme S1). Details of the synthetic scheme, mass spectrometric
analysis, and other experimental methodologies can be found in Supporting Information.

Results and Discussion

There are three structural types of cross-linked peptides: interpeptide, intrapeptide, and
“dead-end” cross-linked peptides (Scheme 1; See ref. 8 for the nomenclature). Interpeptide
cross-linked peptides (i.e., 1) intermolecular cross-linking between proteins or 2)
intramolecular cross-linking between two residues within a protein, and enzymatically
cleaved) only exist sub-stoichiometrically compared to other intrapeptide cross-linked
peptides, dead-end cross-linked peptides having one hydrolyzed cross-linker end, and
unmodified linear peptides (Scheme 1). Among these species, only interpeptide cross-linked
peptides provide direct information on PPIs. This complexity of a product mixture from a
cross-linking reaction dictates that the clickable cross-linker (CXL) that we describe needs
to be evaluated in model systems prior to using it in the biological environment of a cell.

Model Peptide Cross-Linking

ESI-MS and CID spectra of the intra- and interpeptide cross-linked model peptide, Ac-
AAKAAAAAKAR and Ac-AAAAKAAAAAR are shown in Figure 1. The two lysine
residues in the model peptide, Ac-AAKAAAAAKAR are loop-linked by CXL (m/z 609.9,
Figure 1a). Protonation sites are expected to be the arginine side chain and the central
tertiary amine in the cross-linker. The 1,2,3-triazole product from conjugation of biotin-
(PEG)3-azide via CUAAC corresponds to the doubly-charged ion at m/z 832.1 in Figure 1b.
No precursor ion (m/z 609.9) is observed, indicating quantitative conversion via CUAAC
(Figure 1b). CID of the biotin-(PEG)3-azide conjugated peptide dication yields two
backbone fragments along with the reporter ion at m/z 525.3. This product ion is generated
by a nucleophilic attack forming a six-membered ring as depicted in Scheme 2.43 The
singly-charged peptide ion after loss of the reporter ion is observed at m/z 1138.9.

Intermolecular cross-linking of Ac-AAAAKAAAAAR was performed to investigate the
fragmentation pattern of interpeptide cross-linked peptides by CID. Figure 1d shows the
ESI-MS spectrum of interpeptide cross-linked Ac-AAAAKAAAAAR. Because there is no
specific interaction between Ac-AAAAKAAAAAR peptides, only diffusive encounters lead
to formation of the interpeptide cross-linked dimer (Figure 1d, m/z 716.1, 3+). The dead-end
cross-linked peptide (Figure 1d, m/z 590.5, 2+) is the most abundant peptide species, formed
when the unreacted N-hydroxysuccinimide (NHS) group is hydrolyzed after the reagent
reacts with a single lysine side chain. After click conjugation of biotin-(PEG)3-azide, both
dead-end and interpeptide cross-linked peptides were observed at m/z 812.5 (2+) and 864.0
(3+), respectively, with quantitative conversion (data not shown). The CID spectrum of the
doubly-charged dead-end peptide (m/z 812.5) is shown in Figure 1le. The prominent reporter
ion at m/z 525.3 is observed with other b and y ions. The singly-charged complement ion to
the reporter ion is observed at m/z 1099.8. The CID spectrum of the triply-charged cross-
linked peptide (m/z 864.0) is shown in Figure 1f, yielding abundant b- and y-type ions with
the reporter ion at m/z 525.3. The resulting b- and y-type ions generated by CID of cross-
linked peptides thus allow for unambiguous sequencing of cross-linked peptide chains. It is
noteworthy that the fragmentation process yielding the reporter ion occurs in competition
with formation of b and y ions, yielding rich sequence information.
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Ubiquitin Cross-linking

Cross-linking reactions should be efficient without perturbing the structure of the target
protein. As a control, we monitored the cross-linking of ubiquitin by CXL using circular
dichroism (CD).#44° CD spectra of ubiquitin acquired in the presence of 0.25 or 1 mM CXL
(t = 0) and after a duration of 30 min are shown in Figure S1 (Supporting Information), and
indicate that the secondary structure of ubiquitin is essentially unchanged by the addition of
CXL (t=0) or its cross-linking reaction (t = 30 min). A tryptic digest of cross-linked
ubiquitin was then obtained for MS analysis.

Ubiquitin cross-linked peptides, and their conjugates with biotin-(PEG)z-azide, were
analyzed by nanoLC-LTQ-FTICR and LTQ-Orbitrap XL mass spectrometers using CID and
ETD experiments. The resulting LC/MS and MS/MS spectra were searched against xQuest.
The different types of cross-links (Scheme 1) found before the click reaction are
summarized in Tables S1 and S2, Supporting Information. Notably, six cross-linked
peptides were identified by CXL (K6-K48, K6-K48, K11-K33, K29-K33, K48-K48 and
K48-K63) while other ubiquitin cross-linking studies performed using a more commonly
employed cross-linker, disuccinimidyl suberate (DSS), and the other comparable
functionalized cross-linker, CLIP (click-enabled linker for interacting proteins) have
reported three cross-links (N-terminal-K6, K6—-K11 and K48-K63 for DSS; K33-K48,
K48-K48 and K48-63 for CLIP).3946

As an example, the CID spectrum of the 5+

charged 301QD33K EGIPPDQQ*2R-'TLTGKATITLEVEPSDTIENV2’K ion is shown in
Figure 2a. Abundant b- and y-type ions are generated and show good sequence coverage for
each peptide chain. The diagnostic lock-mass reporter ion appears at m/z 525.3, and it does
not overlap with other backbone fragments. Pre-filtering of CID scans using the reporter ion
significantly reduces the number of candidate CID spectra. For analyses of crude mixtures
of ubiquitin cross-linked peptides after CUAAC, we typically observed approximately a 90%
reduction in the number of MS/MS spectra and the cross-linked peptide hits from the
reduced data set were identical for all experiments performed in this study.

It should be also noticed that the formation of the reporter ion occurs in competition with
backbone fragmentations (Figure 2a), suggesting that the energetics of reporter ion
formation are similar to those of backbone fragment ions.*3 In previous studies performed
with other functionalized cross-linkers, the diagnostic reporter ions were often dominant in
MS/MS spectra suppressing other backbone fragmentations, and thus additional MS3
experiments or UV photodissociation were required for sequencing.234247 In comparison,
MS2 spectra of CXL cross-linked peptides provide sufficient information simultaneously for
sequencing and pre-filtering of cross-linked peptides.

ETD of the 5+ charged peptide ion produces many ¢ and z ions (Figure 2b). It is noteworthy
that the charge-reduced molecular ion species in Figure 2b are less abundant than in the
ETD spectra of the previously-reported cross-linker by Chowdhury et al.3° where a nascent
hydrogen atom generated by electron transfer may become immobilized by the nitro group
of their cross-linker, interfering with ETD backbone fragmentation (See Supporting
Information for further discussion).*8 As anticipated, CUAAC with biotin-(PEG)3-azide
increases the charge states of cross-linked peptides (Tables S1 and S2) due to the high
proton affinities of the tertiary amine and 1,2,3-triazole ring.

The ubiquitin lysine residues cross-linked by CXL are mapped onto the X-ray crystal
structure in Figure 3 (PDB ID: 1UBQ). The observed lysine pairs cross-linked by CXL are
all located within 20 A. This is consistent with previous reports32:46:49 ysing other cross-
linkers that display a range of chain lengths similar to CXL. For example, in
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the 30IQD3K EGIPPDQQ*?R-'TLTGIIKATITLEVEPSDTIENVZ’K cross-linked peptide,
the distance between the alpha carbons in each lysine residue (K11 and K33) is 12.9 A. The
maximum length of the cross-linker in the all-trans conformation is ~6.6 A which is shorter
by 6.3 A. However, the distance between NZ atoms in the side chains of lysine residues is
only 7.2 A. Considering the flexibility of the lysine side chain and thermal motions in
proteins, the observation of cross-linking between K11 and K33 residues is reasonable. The
homodimer of the 43LIFAG*8KAQLEDG®R peptide is also detected as in the previous
report, indicating the formation of native ubiquitin homodimers in solution.3°

For sensitive detection of cross-linked peptides, SCX was performed for separation and
removal of the abundant linear peptide species.22:33 The marginal peptide fractionation was
achieved by applying a salt gradient for highly-charged cross-linked peptides (Figures 4b—
e). Additionally, the residual non-polar impurities from CUAAC (e.g., biotin-(PEG)z-azide
and ligands) were effectively removed by SCX. Further discussions on this subject with
detailed analyses of LC-MS elution profiles can be found in the Supporting Information.

Avidin Affinity Chromatograpy

The general design of CXLs and their capacity for bio-orthogonal incorporation of an
affinity tag via CUAAC were validated by a biotin-avidin enrichment strategy. Here,
monomeric avidin affinity chromatography was employed for enrichment of cross-linked
peptides. A highly complex peptide sample prepared by mixing equal amounts of yeast cell
lysates and ubiquitin cross-linked peptides (w/w) was subjected to avidin affinity
chromatography. Figures 4f and g depict LC-MS TIC chromatograms of the samples from
SCX clean-up (f), and avidin enrichment (g). Yeast peptides were mostly eliminated during
the avidin capture step, and only a few were detected after enrichment. Unmodified
ubiquitin peptides that present no biotin tags were also mostly removed. The two identified
interpeptide cross-linked

peptides 3°1QD33KAEGIPPDQQ*?R-/TLTGKATITLEVEPSDTIENVZ/K, and the
homodimer of 43LIFAG*K"QLEDG5*R reproduce those that were detected in the absence
of yeast cell lysate (Table S2). Interestingly, one additional interpeptide cross-linked
peptide, 28A29KAIQD33K-301QD33KAEGIPPDQQ*2R was identified only by avidin affinity
chromatography (Table S2). This demonstrates that the click reaction for attachment of an
affinity tag is efficient, and that SCX combined with avidin affinity chromatography is
effective for enrichment of cross-linked peptides even in an extremely complex
environment.

Low abundance cross-linked peptides may be difficult to detect following successive
chemical reactions and sample treatments (Table S2). Compared to the missing peptides,
three interpeptide cross-linked peptides detected after avidin enrichment have more closely
positioned lysine pairs. This result can be rationalized by the relationship between the spatial
orientation of the lysine pairs (i.e., opportunity for cross-linking) and the resulting copy
number of the interpeptide cross-linked peptides, and is also consistent with the crystal
structure. Therefore, SCX fractionation alone is sufficient for separation of cross-linked
peptides in low complexity samples (e.g., in vitro cross-linking of protein complexes that
include dozens of known proteins) without any sacrifice in sensitivity. For high complexity
samples, however, further enrichment by clicking an affinity tag is still necessary.

In Vivo Cross-linking of HEK 293

To test the cell permeability and water solubility of CXL, in vivo cross-linking of HEK 293
cells, followed by Western blot analysis of Cull were performed. For control experiments,
we also employed a common cross-linker DSS, whose structure is composed of simple
homobifunctional NHS-activated esters jointed by a six methylene chain. Cull is a ubiquitin
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ligase that attaches a ubiquitin chain to target substrates for proteasome-catalyzed
degradation.>%:51 Cul1 is a prototype of the cullin ligase family, and forms modular ligase
complexes with other binding partners. During the design of CXL, we considered two
features, the cationic nature of CXL in physiological pH, and the small size for efficient
penetration of cross-linkers through cell membranes, which is a widely-employed strategy in
the synthesis of drug-delivery carriers using cationic polymers.>2

We found that treatment of samples with CXL up to 1 mM did not induce any significant
cell toxicity and visual change such as might be caused by the entanglement of cell debris.
We postulated that if cytoplasmic Cull protein were cross-linked by CXL, then this would
confirm the cell-permeability and water solubility of the CXL. Figure 5a depicts the Western
blot analysis of cross-linked Cull samples acquired from in vivo cross-linking of HEK 293
cell lysates. From the observation of the higher molecular-weight bands, it is clear that Cull
was cross-linked by CXL in the 0.5 to 1.0 mM range. CXL is, therefore, soluble in PBS and
cell-permeable, showing applicability within the cellular environment for in vivo cross-
linking that is comparable to commonly employed DSS.

To confirm whether known Cull binding partners are cross-linked by CXL and DSS, we
repeated Western blot analyses of Cull pull-down samples against Cull, Candl, and Skp2
(Figures 5b—d, respectively) that form SCF complexes. Cull pull-down samples may contain
both cross-linked and noncovalently attached proteins. If a specific protein is cross-linked to
Cull and purified by Co-IP, there should be at least one common high molecular-weight
band across all lanes blotted against known binders. We found that three bands highlighted
by red lines in Figure 5 were matched in each blot, indicating that specific cross-linking
occurred with known binders.

Application to Complex Systems

The encouraging results reported in this work from both in vitro and in vivo cross-linking
experiments hold promise for future application in systems-wide cross-linking experiments.
The reporter ion observed in the CID spectra can play a critical role in reducing the number
of the MS/MS spectra that are subjected to database searching. To provide more rich
topological information, cross-linkers with various chain lengths can be prepared by
employing methyl 3-bromopropionate, methyl 4-iodobutyrate and compounds with even
longer methylene (or ethylene glycol) chains for N-alkylation of 6-amino-hex-1-yne with the
current synthetic scheme (Scheme S1, Supporting Information). Finally, isotope-coded
cleavable affinity tags with an azide functional group®3 can also be prepared and coupled to
cross-linked peptides via CUAAC to accommodate isotope signatures, allowing for
unlimited database search in systems level cross-linking studies using xQuest.2!

Conclusions

A highly-versatile clickable cross-linker (CXL) has been developed for selective and
sensitive identification of cross-linked peptides from complex mixtures. The CXL is
designed to have good solubility, cell permeability, and an alkyne functional group for
attachment of an affinity tag via CUAAC. Several advantages of CXLs have been validated
using model peptides, a model protein (ubiquitin), and a biological system (HEK 293 cells).
The application of CXL for the analysis of complex systems is demonstrated by successful
fractionation and enrichment of cross-linked peptides, and MS/MS scan filtering using the
lock-mass reporter ion. We are currently pursuing the application of CXLs in more complex
systems.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ESI-MS and MS/MS by CID spectra of the cross-linked model peptide.

The ESI-MS spectra of model peptides, Ac-AAKAAAAAKAR and Ac-AAAAKAAAAAR
after cross-linking (a and d), and CuAAC reactions (b). The CID spectra of the intrapeptide
cross-linked and clicked Ac-AAKAAAAAKAR (c), dead-end and clicked (e), and
interpeptide cross-linked and clicked (f) Ac-AAAAKAAAAAR peptides. The reporter ion at
m/z 525.3 is observed along with backbone fragments in the CID spectra (c, e, and f). Note
that in Figure 1b, CUAAC with biotin-(PEG)3-azide proceeded almost quantitatively,
showing no cross-linked precursor peptide ion at m/z 609.
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Figure 2.

CID and ETD of the 5+ charged cross-linked peptide.

CID (a) and ETD (b) of the 5+ charged cross-linked peptide, IQD"KEGIPPDQQR-
TLTGM"KTITLEVEPSDTIENVK where ~K is the cross-linked residue. (a) Although the
molecular weight (4431 Da) of the cross-linked peptide is relatively large for fragmentation
by CID, good coverage of b- and y-type ions is observed. The reporter ion at m/z 525.3 is
also observed with acceptable yield. (b) The high charge state of the cross-linked peptide
yields abundant c- and z-type ions in the ETD spectrum. This shows the potential for the
general use of CID and ETD for efficient sequencing of cross-linked peptides.
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Figure 3.

Cross-linked peptides from ubiquitin

Ubiquitin X-ray crystal structure (PDB: 1UBQ), presented in ribbon diagram and color
coded to highlight the peptide chains that are cross-linked by CXL. Lysine residues are
shown explicitly, and C,~C,, and NZ-NZ distances (in A) for the experimentally observed
cross-linked peptides are shown in red. Two labeled peptides (K11-K33 and a homodimer
of K48) are denoted as 1 and 2 and used for labeling in Figure 4.
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Figure 4.

LC-MS total ion current (TIC) chromatograms of cross-linked peptides.

LC-MS TIC chromatograms of (a) cross-linked ubiquitin digest after CUAAC with biotin-
(PEG)3-azide and SCX clean-up (without fractionation); (b) 50, (c) 250, (d) 1st 500, and (e)
2nd 500 mM ammonium acetate SCX eluents from cross-linked and clicked ubiquitin
digests; (f) 1:1 mixture (by weight) of cross-linked ubiquitin and yeast cell lysate after
CuAAC with biotin-(PEG)3-azide and SCX clean-up (without fractionation); and (g) 1:1
mixture (by weight) of ubiquitin (cross-linked and clicked) and yeast cell lysate peptides
after monomeric avidin enrichment. By applying SCX, highly-charged cross-linked peptides
were fractionated in high salt elutions (250 and 500 mM buffers, c—d). Avidin capture
reduced the complexity of yeast lysate samples (from f to g) and resulted in the same
identification of cross-linked peptides to those observed in the SCX fractionated samples (c—
d). Two cross-linked peptides (1 for K11-K33 and 2 for a homodimer of K48) are marked.
All identified cross-linked peptides in each fraction are summarized in Table S2 (Supporting
Information).
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Figure 5.

In vivo Cross-linking of HEK 293 Cells

Western blot analyses of in vivo cross-linked HEK 293 cell lysates against a) Cull, and of
Cull pull-down by avidin against b) Cull and known Cull binders: c) Cand1, and d) Skp2.
The CXL (0to 1.0 mM) and DSS (0.2 and 0.5 mM) were applied to the cross-linking of
Cull. The uncross-linked (his)g-biotin signal peptide tag (HB)-labeled and neddylated Cull
were observed at the slightly higher molecular-weight band than that of endogenous Cul1l.
The observation of higher molecular-weight bands, one located between 150 and 250 kDa,
and two located over 250 kDa in 0.5 and 1.0 mM CXL, and 0.2 and 0.5 mM DSS lanes in a)
indicate successful cross-linking of cytoplasmic Cull protein complexes, and also imply
specific cross-linking of known binders, Cand1 and Skp2 in ¢) and d). Three red lines
highlight the higher molecular-weight bands of cross-linked Cull complexes with Cand1
and Skp2.
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