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Cross-linking mass spectrometry has become a powerful technique for identifying protein
interactomes and studying protein structures. We report the development of homo-bi-functional
photo-activatable (BFPA) cross-linkers for cross-linking mass spectrometry. These cross-linkers
theoretically react with any-to-any amino acid, overcoming limitations in amino acid reactivity.
Different fragmentation energies and cross-linking conditions were tested, and the false discovery rate
was benchmarked against a non-cross-linked sample and a false protein sequence search across
different search engines. BFPA cross-linkers identified cross-links with better overall agreement with
high resolution protein structures compared to randomized cross-links and compared to other
commonly used cross-linkers. Different cross-link sites were identified by BFPA cross-linkers across
bovine serum albumin, human importin complex and dengue protein complex, demonstrating its wide
applicability to different protein complexes. BFPA have the potential to serve as complementary tools
to current cross-linkers to expand the coverage of cross-linking mass spectrometry experiments.

Cross-linking mass spectrometry (XL-MS) has become a powerful techni-
que to elucidate protein structures and for identification of protein-protein
interaction networks'~. XL-MS provides residue-to-residue cross-links and
distance constraints which can be integrated with other structural inputs for
integrative structural modelling' . While different developments of XL-MS
methods have expanded its applications, cross-linker reactivity is still an
important bottleneck that determines which amino acids can be cross-
linked for downstream sample processing and data analysis. Commonly
used amine-reactive cross-linkers (K-K), such as bis-(sulfosuccinimidyl)
suberate (BS3) and disuccinimidyl sulfoxide (DSSO) have some side-
reactivity with hydxoyl groups (S/T/Y-S/T/Y)"*. Cross-linkers with different
reactive chemistries have been developed, including carboxylic acid reactive
(D/E-D/E)’", cysteine-reactive cross-linkers'> (C-C), aromatic glyoxal
cross-linkers" (R-R) and formaldehyde"* (K/R-K/R) with side reactivity (N/
H/D/Y). Many of the 20 natural amino acids remain inert to cross-linker
chemistries, which limits the potential of XL-MS for protein structure
characterization. Current hetero-bi-functional photo-cross-linkers, such as
succinimidyl 4,4’-azipentanoate (SDA), are still dependent on K/S/T/Y
reactivity on one side while the photo-activatable diazirine can cross-link
any amino acid"™'. Here, to achieve reactivity between any amino acid to

any amino acid we report the development of homo-bi-functional photo-
activatable cross-linkers (BFPA) for XL-MS.

Results

BFPA cross-linkers have two photoactivatable diazirine groups with spacer
arms of different lengths, abbreviated as EBDA and BBDA for N,N’-
(ethane-1,2-diyl)bis[3-(3-methyl-3H-diazirin-3-yl)propanamide] and
N,N’-(butane-1,4-diyl)bis[3-(3-methyl-3H-diazirin-3-yl)propanamide]
respectively (Figs. 1A, B, Supplementary Fig 1). The two diazirines generate
a carbene intermediate that covalently cross-links to any proximal amino
acid after UV photo-activation (Fig. 1C), forming cross-linked peptides
identifiable by XL-MS. Diazirines react with O-H, N-H, S-H polar bonds
with lower preference for C-H bonds'®. We tested cross-linking conditions
of BFPA cross-linkers on bovine serum albumin (BSA) proteins. Higher-
energy collisional dissociation (HCD) energies of 25%, 35%, 45% and
stepped 25/35/45% were tested, with HCD35% and 45% identifying higher
number of cross-linked peptides (Figs. 1D, E). Testing of combinations of
1 mM, 10 mM cross-linker concentrations and 30, 60 min incubation times
of cross-linker with protein before UV-activation identified 1 mM 60 min,
10 mM 30 min and 10 mM 60 min as more optimal conditions for cross-
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Fig. 1 | Bi-functional photo-activatable (BFPA) cross-linkers for cross-linking
mass spectrometry. A, B Bi-functional photo-activatable cross-linkers with dif-
fering spacer length for EBDA and BBDA cross-linkers respectively. C Proposed
photo-activation cross-linking reaction of cross-linkers. D, E Comparison of
HCD25%, HCD35%, HCD45% and step HCD 25/35/45% for cross-linked peptide
identification of BSA cross-linked with EBDA and BBDA respectively. p-values <
0.05 from one-way ANOVA pair-wise comparison are shown. Mean value with

standard deviation shown. Individual values shown as dots. F, G Comparison of
number of cross-linked peptides identified by EBDA and BBDA cross-linkers
respectively at 1 mM, 10 mM concentrations and with 30 min or 60 min pre-
incubation times. p-values < 0.05 from one-way ANOVA pair-wise comparison are
shown. Individual values from # = 3 cross-linking replicates shown as dots. Mean
value with standard deviation shown.

linked peptide identification (Fig. 1F, G). An average of 18, 17, 14 cross-
linked peptides identified by EBDA and 10, 13, 9 cross-linked peptides
identified by BBDA in 1 mM 60 min, 10 mM 30 min and 10 mM 60 min
conditions respectively. To account for diazirine preference for acidic resi-
dues and its tendency to cleave under HCD conditions, we searched the
10 mM 30 min condition for acidic to acidic residues only for both cleavable
and non-cleavable conditions (Supplementary Fig 2A, B). For both EBDA
and BBDA cross-linkers, both cleavable and non-cleavable conditions
identified similar number of cross-links. Similar peptide pairs were identi-
fied when comparing cross-linked identified by any to any residue search
and acidic to acidic residue search (Supplementary Fig 2C, D), which could
indicate ambiguity in cross-link site assignment. Additionally, the diazirine
containing cross-linkers SDA, EBDA and BBDA had similar levels of mono-
links based on modified diazirine groups (Supplementary Fig 2E, F).

Next, we compared BSA protein cross-links from DSSO, SDA and
BEFPA cross-linkers. 191, 54, 17 and 13 average cross-links were identified
across 3 replicates from DSSO, SDA, EBDA and BBDA respectively, with a
different cross-linking pattern produced by BFPA cross-linkers (Figs. 2A, B.
Supplementary Data 1). To determine the structural accuracy of cross-links,
we mapped cross-links to the BSA structure’ PDB: 4F5S (Figs. 2C, D). Due
to the varying lengths of amino acid side-chains, we used both a general 30A
Ca-Ca distance constraint and an amino acid adjusted Ca-Ca distance
constraint to account for the possible different lengths (Fig. 2E). A majority
of cross-links were within the 30A Ca-Ca distance constraint (Figs. 2F, G.
Supplementary Data 2). A majority of EBDA and BBDA cross-links satisfied
both the 30A and amino acid adjusted Ca-Ca distance constraints, indi-
cating good agreement between identified cross-links and structure. Lysines,
K, accounted for 78.43% of DSSO cross-link sites, 36.11% for SDA and

6.86% and 6.25% for EBDA and BBDA respectively (Fig. 2H, Supplemen-
tary Data 3). Acidic residues (D, E) accounted for 24.51% and 27.50% of
EBDA and BBDA cross-link sites while cysteine accounted for 1.96% and
8.75% of EBDA and BBDA cross-link sites respectively. Other amino acids 1,
L, A, T were the most frequently cross-linked amino acids for EBDA and
BBDA. Amino acids with charged side chains (E,D,K), hydrophilic side
chains (S,T,Y), short side chains (A, I, L) and hydrophobic side chains (P, F)
were cross-linked, indicating a broad reactivity of the BEPA cross-linkers.

We further compared the results from three different search engines,
MeroX”, xiSEARCH filtered with xiFDR*, Metamorpheus®. (Fig. 3I,
Supplementary Fig 2G, 3A). xiSEARCH identified the highest number of
cross-links while Metamorpheus identified the lowest number of cross-
links. 7 EBDA cross-linked peptides and 3 BBDA cross-linked peptides were
identified from 2 or more replicates by both MeroX and xiSEARCH. We
benchmarked the false positive identification rate of the three search engines
against a non-cross-linked sample. This false sample should contain only
linear peptides, so false identifications would be a result of identifying cross-
linked peptides from non cross-linked spectra (Fig. 2J). xiSEARCH iden-
tified the highest number of cross-links from the false sample while Meta-
morpheus identified the lowest number. A further benchmark of the false
discovery rate from a false sequence was performed. Yeast enolase sequence
was added to the database search space, and false identifications would be a
result of identifying non-BSA peptide sequences as cross-linked spectra
(Fig. 2K). xiSEARCH identified the lowest number of cross-links, while
MeroX and Metamorpheus identified comparable number of cross-links
from the false sequence.

The BFPA cross-linkers were used to study the human importin-alpha-
1 (KPNA2) interaction with human importin-beta (KPNB1)**””. KPNA2
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Fig. 2 | Benchmarking of BFPA cross-linkers on BSA protein. A, B Cross-links on
BSA sequence for DSSO (blue), SDA (purple), EBDA (green) and BBDA (orange)
cross-links. Lysine amino acids are marked in red. C, D Cross-links mapped to BSA
structure (PDB: 4F5S). E Cross-link Ca-Ca distance constraint should be adjusted to
account for different amino acid side-chain lengths. F Distribution of Ca-Ca dis-

tances of identified cross-links. G Percentage of cross-links mapped onto PDB: 4F5S
which satisfied (blue) or violated (red) a 30 A distance constraint or adjusted Ca-Ca
distance constraint. Bars are labelled with number of satisfied/violated cross-links.
H Frequency of amino acid cross-link sites by percentage (%) of all cross-link sites.
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importin-beta binding (IBB) domain interacts with HEAT repeats 7 to 19 of
KPNBI, while HEAT repeats 1 to 6 of KPNBI mediate interactions with
Ran®. KPNA2 also interacts with protein nuclear localization signal (NLS)
through the NLS binding domains. We identified an average of 233, 52, 28
and 29 cross-linked peptides from three replicates for DSSO, SDA, EBDA
and BBDA cross-linkers respectively by MeroX (Fig. 3A, C. Supplementary
Data 1). Cross-links were identified between the IBB domain and different
HEAT repeats among the different cross-linkers, indicating a different
cross-link pattern. We mapped cross-links to a published crystal structure
which contained only the IBB domain of KPNA2 interacting with KPNB1**
(PDB: 1QGK) (Fig. 3D-F). We used AlphaFold to predict the structure of
non-IBB domains of KPNA2 and mapped cross-links to the predicted
structure (Fig. 3G-I). BFPA cross-links showed better general agreement
compared to DSSO and SDA for both 30A and amino acid adjusted Ca-Ca
distance constraints for both the crystal structure and the AlphaFold pre-
dicted full-length structure (Fig. 3], K. Supplementary Fig 3F, 3G. Supple-
mentary Data 2). The most frequently cross-linked amino acid sites are E, I,
N for EBDA and I, V, E, D for BBDA (Fig. 3L. Supplementary Data 3), with
acidic residues (D, E) accounting for 20.34% and 21.19% of cross-link sites
for EBDA and BBDA respectively.

The BFPA cross-linkers were further applied to Denv4 proteins,
NS2B and NS3 protease domain. The Denv4 NS2B belt interaction with
NS3 protease domain were previously cross-linked with DSSO and
mapped to a solved crystal structure (PDB: 7VMV)”. Here, we acquired
new SDA, EBDA and BBDA XL-MS data on the eNS2B,,NS3Pro con-
structs previously studied (Fig. 4A, B. Supplementary Data 1). Average of
35, 14, 39 cross-links were identified from 3 replicates by MeroX for SDA,
EBDA and BBDA cross-linkers respectively. EBDA and BBDA cross-
linkers identified cross-links from NS2B aa44-52 region to NS3 aal-15,
aa60-66, aal60-166 regions. Cross-links to NS3 aal60-166 were not
identified in DSSO or SDA cross-linked samples. (Fig. 4A-F) Cross-links
by EBDA and BBDA for NS2B aa44-52 to NS3 aa60-66 is situated in a
different structural position from DSSO cross-links from NS2B S48 to
NS3 S56 (Fig. 4C-F), indicating ability of BFPA cross-linkers to identify
new and different protein interacting regions from current conventionally
used cross-linkers. EBDA and BBDA cross-links satisfied both the 30A
and amino acid adjusted Ca-Ca distance constraints, indicating good
agreement between cross-links and structure (Fig. 4G). Acidic residues (D,
E) accounted for 30.43% and 15.52% of cross-link sites for EBDA and
BBDA cross-linkers respectively (Fig. 4H). Apart from acidic amino acids,
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Communications Biology | (2026)9:128


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09407-8

v
.= 80
o5
2 2 60
2 G 50
Ygao
&G 30
T 20 g
b
10
0 g il |
=
L

30A Adj. 30A Adj. 30A Adj. 30A A::Ij.

DSSO SDA EBDA BBDA

Fig. 4 | BFPA cross-linkers identify Denv4 NS2b-NS3 protein complex cross-
links and provide better structural agreement compared to randomized cross-
links. A, B Denv4 NS2b-NS3 cross-links for DSSO (blue), SDA (purple) and EBDA
(green), BBDA (orange). Orange: Lysine amino acids. * Denotes NS3 aa55-65, **
Denotes NS3 aal60-166, *** Denotes NS3 aal-15. C-F NS2B to NS3-protease
crystal structure (PDB: 7VMV) with DSSO (blue), SDA (purple), EBDA (green) and
BBDA (orange) cross-links mapped respectively. * Denotes NS3 aa55-65, **
Denotes NS3 aal60-166, *** Denotes NS3 aal-15. G Percentage and number of
cross-links mapped onto PDB: 7VMV which satisfy 30 A distance constraint or
adjusted Ca-Ca distance constraint. Bars are labelled with number of satisfied/

[ DSSO

N EBDA
W BBDA

KSTYDECMHRNQGAVILPFW

. Experimental

[=3Randomized Crosslink Site

Randomized Crosslink
B peptide + Randomized Site

Percentage of satisfied cross-links

0
30A Adj. 30A Adj. 30A Adj
KPNB2-KPNAT "NS2B-NS3

30A__Adj. 30A Adj. 30A_Adj
BSA  KPNB2-KPNA1 NS2B-NS3 BSA

violated cross-links. H Amino acid frequency of cross-link sites for Denv4 Ns2b-NS3
cross-links from DSSO (blue), SDA (purple), EBDA (green) and BBDA (orange)
cross-linkers. I, J] Comparison between experimental data, randomized cross-link
site (same peptide pair, randomized cross-link site) and randomized cross-link
(randomized peptide pair and ranodmized cross-link site) for EBDA and BBDA
respectively. Both 30 A and adjusted distance constraints are compared for BSA,
KPNA2-KPNB1 complex and NS2B-NS3 complex. Individual values from n =3
randomized cross-links datasets shown as dots. Mean value with standard
deviation shown.

the most frequently cross-linked amino acids were M and S for EBDA and
S, A, L for BBDA.

To account for possible ambiguity in cross-link site assignment, we
compared structure mapping of cross-links with that of randomly generated
cross-links. We generated two random sets of cross-links. The first set are
randomized cross-link sites, with experimental peptide pairs used and cross-
linked sites were randomized based on the peptide pair sequences. The second
set are randomized cross-linked peptide + randomized cross-linked site.
Theoretical tryptic peptides were randomly chosen to make up peptide pairs,
and cross-linked sites on these peptide pairs were randomly generated. Three
randomizations were generated and compared to the experimental data
(Figs. 4L, ], Supplementary Data 1). For both EBDA and BBDA across the three
protein complexes, the experimental cross-links had better satisfaction of both
the 30A and amino acid adjusted Ca-Ca distance constraints compared to the
randomized cross-links. These results indicate a better fit of the experimental
cross-links with structural data compared to random cross-links.

Discussion

The BFPA cross-linkers utilize diazirine functional groups, which are acti-
vated by UV irradiation to form a carbene that reacts in a nonspecific
manner'®. The activated diazirine may also isomerize to a diazo compound
which reacts with carboxylic acids to form esters that are MS-cleavable'.
Our analysis of the BFPA cross-linkers showed characteristics expected of
diazirine chemistry. Across BSA, importin complex and Denv4 NS2B-NS3
protein complex, acidic residues (D, E) account for ~15-30% of cross-linked
residues, NHS-reactive amino acids (K, S, T, Y) for ~15-23% of cross-linked
residues while C and R accounted for ~1-8% and ~0-3% of cross-linked
residues respectively. These results indicate that diazirine containing EBDA
and BBDA cross-linkers do have a preference for acidic residues. Com-
parison of search identifications for any-to-any and acidic-to-acidic showed
that similar peptide pairs were identified (Supplementary Fig 2B, D). Given
that diazirines react with any amino acid with some preference for acidic

residues, there indicates some ambiguity in assignment of cross-link sites
from identified cross-links. We are not able to rule out the possibility that
any-to-any amino acid is cross-linked. Identified any-to-any cross-link sites
do have better structural accuracy compared to randomized cross-links
(Figs. 41, ]), indicating that the ambiguity in cross-link site assignment is not
random. The ambiguity could be due to incomplete fragmentation of the
cross-linked peptide. Additionally, search of acidic-to-acidic cross-links as
MS-cleavable or non-cleavable seemed to identify similar peptide pairs, with
comparable numbers of identified cross-links. The BFPA cross-linkers also
exhibit similar mono-link characteristics as SDA'®", with similar identifi-
cation rates of quenched diazirine species as mono-links (Supplementary
Fig 2F). Reaction with Tris mono-links was much higher in SDA compared
to EBDA and BBDA, which could be due to reaction of Tris with the NHS-
ester of SDA that is not present in EBDA or BBDA (Supplementary Fig 2F).
Overall, our results show clearly that the BFPA cross-linkers exhibit char-
acteristics of diazirine-based chemical cross-linking.

Comparison of BFPA cross-linkers with DSSO and SDA show fewer
number of cross-link identifications. Diazirines can be quenched by water,
and a homo-bi-functional diazirine cross-linker is expected to have a large
majority of molecules reacting with water, leaving a small minority of
molecules to react with protein™. To mitigate this, we used a pre-incubation
step to allow the BFPA cross-linkers to complex with proteins before UV-
irradiation. In contrast, SDA cross-linkers first react the NHS-ester with
amines to bring the diazirine group into proximity of the protein before UV-
irradiation. Hence, the lower number of cross-link identifications of BEPA
cross-linkers is likely due to solvent quenching, with possible contributions
from limitations of sensitivity or photo-activation. Here, we used longer
30-60 min photo-activation time for diazirines which is comparable to
15-60 min photo-activation times reported by different cross-linking mass
spectrometry applications of diazirine-based cross-linkers'>'*'”*'. Use of
UV-LED lamps could shorten the photo-activation time needed”. Both
EBDA and BBDA cross-links showed a charge distribution mainly across
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+3, +4 and +5 charges (Supplementary Fig 2], K). We benchmarked the
false positive identification rate associated with false identifications of non-
cross-linked peptides (Fig. 2]) and false identifications of protein sequences
(Fig. 2K) showing that there is a small number of false identifications from
both sources across different search engines. Recent studies have bench-
marked the false error rate of MeroX to be higher™ or comparable™ to other
search engines. Our own comparison shows that MeroX has a comparable
or lower false identification rate, but our comparison is limited to cross-
linked purified proteins of a single or heterodimer complex instead of cross-
linked proteins from a complex proteome. The rate of false identifications is
lower than the number of identified cross-links for EBDA and BBDA,
increasing confidence in the identification of EBDA and BBDA cross-links.
Additionally, 4, 10 and 7 cross-linked peptides were identified by MeroX
from 2 or more replicates by both EBDA and BBDA for BSA, KPNA2-
KPNBI complex and NS2B-NS3 complex respectively (Supplementary
Fig 2G-I), indicating concordance between the two cross-linkers despite a
small difference in spacer arm length ( ~ 2A difference). Despite the rela-
tively high false positive identification rate for BEPA cross-linkers, cross-
links identified from EBDA and BBDA show good agreement with high
resolution structures across the proteins tested: BSA, importin complex,
Denv4 NS2B-NS3 complex (Figs. 2G, 31, ] and 4G). To account for differ-
ence in amino acid side-chain lengths and the ability of the non-specific
cross-linking of BFPA cross-linkers, we calculated an amino acid adjusted
distance constraint for Ca-Ca distance. EBDA and BBDA cross-links
satisfied both the 30A and the more stringent amino acid adjusted Ca-Ca
distance constraint across the protein complexes tested. Additionally,
experimental cross-links satisfied both Ca-Ca distance constraint criteria
compared to randomized cross-link sites and randomized cross-linked
peptides + cross-link sites, indicating a higher structural accuracy of
identified cross-links over random cross-links.

BFPA cross-linkers, EBDA and BBDA, were tested on proteins from
different species, including bovine serum albumin, human importin com-
plex (KPNA2-KPNB1) and dengue serotype 4, Denv4 NS2B-NS3. Inter-
action of human importin-alpha to importin-beta is necessary for the
nuclear localization of proteins”®”’. Available structures contain only the IBB
domain of KPNA2 interacting KPNBI1 and AlphaFold was used to predict
the full-length sequence structure of KPNA2 interacting with KPNBI.
BFPA cross-links showed a better satisfaction of the AlphaFold prediction of
the full-length structure compared to DSSO or SDA cross-links, indicating
that BFPA cross-linkers may be better able to capture the structure of the
importin complex. Further work can be done to utilize the BFPA cross-
linkers to study the structures of the importin complex and its various
binding partners. The better satisfaction of high-resolution structure is also
observed for BFPA cross-links of the Denv4 NS2B-NS3 complex. NS2B loop
to NS3 protease interaction is important for its role in replication and
assembly of the dengue virus™*". BFPA cross-links additionally identify
cross-links to NS3 aal-15 and aal60-166 region that are not observed by
DSSO, indicating that BFPA cross-linkers can be used to complement
current cross-linkers for additional sequence coverage. Comparison of
BFPA cross-link sites with DSSO and SDA shows a varied and different
coverage (Supplementary Fig 3A-E). Given the lower sensitivity and lower
number of identified BFPA cross-links, we recommend the use of BFPA
cross-linkers as a complement to other cross-linkers to increase the cross-
link coverage of the overall protein sequence.

Our results demonstrate that BFPA cross-linkers can increase amino
acid coverage of protein structure analysis using XL-MS. The results pre-
sented are a first step towards further development of chemically non-
specific cross-linkers which can cross-link any amino acid to any amino acid
for a universal approach to protein structure analysis by XL-MS. The BFPA
cross-linkers have limitations in sensitivity, identification and ambiguity in
cross-link site assignment but provides structural data coherent with high
resolution structures that can be used for structural analysis. Use of these
cross-linkers with XL-MS for protein structure analysis will complement
current cross-linkers to enable further biological and functional insights into
the interactions of disease related protein complexes.

Methods

Protein expression and purification

Bovine serum albumin was purchased from Sigma (A9418-10G). Full-
length IMA1 (KPNA2) and IMB1 (KPNBI) coding sequences were sub-
cloned into the pNIC28-Bsa4 expression vector ™. Expression plasmids were
transformed into the Escherichia coli BL21(DE3) Rosetta strain. Expression
cultures in terrific broth were grown in the presence of 34 pug/mL chlor-
amphenicol and 50 pg/mL kanamycin at 37 °C to an optical density of 2.
Cultures were then cooled to 18°C and overexpression was induced by
adding 0.5 mM Isopropyl p-D-1-thiogalactopyranoside IPTG. Cells were
harvested after 18 h, resuspended in lysis buffer (100 mM HEPES, 500 mM
NaCl, 10 mM Imidazole, 10% glycerol, 0.5 mM TCEP, pH 8.0) and sub-
jected to sonication. Lysates were clarified by centrifugation at 45000 g.
Lysate supernatants were then filtered and subjected to standard Ni-NTA
purification followed by size-exclusion chromatography on a HiLoad 16/60
Superdex 200 prep grade column (Cytiva). Fractions containing desired
proteins were pooled and concentrated to approx 10 mg/mL. The final
buffer was 20 mM HEPES, 300 mM NaCl, 10% (v/v) glycerol, 2 mM TCEP,
pH 7.5. Protein purification of Denv4 NS2B and NS3 protease was per-
formed as previously described”. Briefly, protein plasmids were trans-
formed into Escherichia coli Rosetta T1R cells and grown with Luria Broth
(LB) medium overnight at 37 °C until an ODgg 0£ 0.8-1.0. 1 mM IPTG was
added to induce protein overexpression. Cells were harvested after 18 h,
resuspended in resuspension buffer (1x phosphate-buffered saline (PBS)
supplemented with 160 mM NaCl, 5% glycerol and 5mM p-mercap-
toethanol). Cells were lysed by sonication, homogenised then centrifuged at
35,000 rpm for 1 h at4 °C. Supernatant was collected and incubated for 1.5 h
at 4 °C with Ni-NTA beads. Beads were washed with resuspension buffer
containing 20-40 mM imidazole, and proteins were eluted with resuspen-
sion buffer with 300 mM imidazole. Elutes were cleaved by TEV protease
followed by dialysis overnight. Flow-through from Ni-NTA beads was
collected. Purification was performed using HiLoad 16/600 Superdex 75 pg
(GE Healthcare) column followed by centrifugation through 10kDa
molecular weight cut-off Amicon centrifugal filter units. Purified proteins
were flash-frozen with liquid nitrogen.

Cross-linking and sample preparation for mass spectrometry
Bi-functional photo-activatable cross-linkers were obtained from Enamine
through a custom synthesis request (Enamine EN300-45646017, EN300-
45646016). DSSO cross-linker was obtained from Thermo Scientific
(A33545). Dry powder cross-linkers were dissolved in DMSO to 100 mM
concentration. Cross-linking with SDA, EBDA and BBDA cross-linkers was
performed in amber tubes to reduce exposure to light. Three biological
replicates were prepared and cross-linked for each condition. Chemical
structures were drawn using ACD/ChemSketch.

For cross-linking of purified proteins, 50 pg of proteins were made
up to 45 plin 50 mM HEPES pH7 .4, 150 mM NaCl buffer. 5 pl of 100 mM
cross-linker in DMSO was added and mixed. For optimization experi-
ment, 5pl of 10 mM cross-linker or 5l of 100 mM cross-linker was
added and mixed (final 1 mM or 10 mM). For DSSO, proteins were
incubated for 60 min at 25 °C, followed by quenching with addition of 5 pl
of 1 M Tris buffer, pH8 and incubation for 15 min at 25 °C. For SDA,
EBDA and BBDA, proteins were incubated for 30 min at 25 °C in the dark
before activation of diazirine groups with a UV Lamp (Fisher UVP
95034301) at 365 nm for 60 min (8 W lamp at 3-5cm distance from
sample). Incubation times of 30 min or 60 min before UV activation were
tested. 5 ul of 1 M Tris buffer was added and proteins were transferred to
clear tubes before proceeding.

After cross-linking, proteins were denatured by addition of 50 ul 8 M
urea in 50 mM TEAB. Proteins were reduced by addition of TCEP to 10 mM
concentration and incubated for 30 min at 25 °C. Proteins were then alky-
lated by addition of CAA to 55 mM concentration and incubated for 30 min
at 25°C in the dark. 200 ul of 100 mM TEAB was added to the solution
before addition of 1 pug of LysC and incubation for 4 h at 37 °C. 150 ul of
100 mM TEAB was then added before addition of 1ug of trypsin and
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incubation for 16 h at 37 °C. Digested peptides were acidified by addition of
10% TFA to final 1% concentration.

Peptides were then desalted using Oasis HLB cartridges (Waters
186000383). Cartridges were activated with 200 ul acetonitrile, condi-
tioned by passing 200 ul of 0.1% formic acid in water through twice.
Peptides were then loaded onto the cartridge before washing with 200 pl of
0.1% formic acid in water twice. Peptides were then eluted with 200 pl of
65% acetonitrile, 0.1% formic acid in water. Eluted peptides were dried by
vacuum centrifugation and stored at -20 °C before mass spectrometry
analysis.

Cross-linking mass spectrometry acquisition and data analysis
Dried peptides were reconstituted in 2% acetonitrile, 0.5% acetic acid, 0.06%
trifluoroacetic acid in LC-MS grade water to 0.5 ug/pl concentration. 2 ul of
peptides were loaded onto a Easy-Spray 75 um x 50 cm column on a Van-
quishNeo UHPLC (Thermo) system coupled to a Orbitrap Eclipse Tribrid
Mass Spectrometer (Thermo) with an Easy-Spray source. Peptides were
resolved with a 300 nl/min flow rate with mobile phase A (0.1% formic acid
in water) and mobile phase B (80% acetonitrile in water with 0.1% formic
acid) with a resolving gradient as follows: 0-3% B for 2 min, 3-42% B for
60 min, 42-60% B for 6 min, 60-100% B for 2 min, 100% B for 5 min,
followed by column equilibration at 0% B. Mass Spectra was collected in
Data-Dependent Acquisition with a MS1 scans performed in the Orbitrap
with a scan range 0of 400-1600 m/z at 60 K resolution, AGC target of 400,000
and maximum injection time of 50 ms. MS2 scans were selected based on
charge state of +3-8, and dynamic exclusion of 90s. MS2 scans were
acquired in the Orbitrap at 30 K resolution, AGC target of 50,000, max-
imum injection time of 100 ms and activation type of HCD. Different HCD
normalized collision energies were tested, including 25%, 35%, 45% and
stepped 25,35,45%.

Mass spectra raw files were converted to .mzML or .mgf format using
MSConvert (Proteowizard)®. For MeroX* v2.0.1.4 searches, quadratic
mode with variable modifications for methionine oxidation
(4 15.9949 Da) and cysteine alkylation ( 4 57.0215 Da) was used. Up to 3
missed cleavages, precursor precision of 10 ppm and fragment ion pre-
cision of 20 ppm with FDR cutoff of 1%, no score cutoff and no prescore
filter using simple, very fast scoring settings were used. For xiSEARCH**
v1.8.7 searches, variable modifications for methionine oxidation and
cysteine alkylation was used. Up to 3 missed cleavages, precursor precision
of 10ppm and fragment ion precision of 20 ppm and default 5% residue
pair xiFDR setting was used. Linear modifications were searched for
EBDA loop (224.1524 Da), oxid (240.1473 Da), hydro (242.1630 Da),
alkene (210.1368 Da) and tris (345.2263 Da) modifications and for BBDA
loop (252.1837 Da), oxid (268.1786 Da), hydro (270.1943 Da), alkene
(238.1681 Da) and tris (373.2576 Da) modifications. For Metamorpheus™
v1.0.1 searches, variable modifications for methionine oxidation and
cysteine alkylation was used. Up to 3 missed cleavages, precursor precision
of 10ppm and fragment ion precision of 20ppm with g-value cutoff of 1%
was used. For DSSO, cross-linker monoisotopic mass of 252.1838 Da was
used with site specificity of protein N-terminus, K, S, T and Y for site 1 and
site 2. For fragmentation, alkene fragment of 54.0106 Da and thiol frag-
ment of 85.9826 were selected as essential for site 1 and site 2. For SDA,
cross-linker monoisotopic mass of 82.0413 was used with site specificity
forK, S, T and Y for site 1 and any amino acid for site 2. For EBDA, cross-
linker monoisotopic mass of 224.1525 was used with site specificity for any
amino acid for site 1 and site 2. For BBDA cross-linker settings, cross-
linker monoisotopic mass of 252.1838 was used with site specificity of
amino acid for site 1 and site 2.

Cross-link search output was plotted using Graphpad prism v10.1.2.
Cross-link circular plots and sequence plots were made using xiVIEW”.
PyXlinkViewer”® was used to map cross-links to PDB structures in
Pymol” v.2.5.5 and to determine cross-link Ca-Ca distances in PDB
structures.

Alphafold structural prediction

Interacting structure of full-length KPNA2 to KPNB1 was predicted using
alphafold2 multimer v3 via ColabFold***”. PDB: 1QGK structure’, which
contains KPNB1 and IBB region of KPNA2, was used as the template with
input of KPNA2 and KPNBI full-length sequences using default settings.
Top 5 ranked predicted models had interface predicted template modelling
(ipTM) scores above 0.6 (Fig. 3], K).

Statistics and reproducibility

3 cross-link replicates were used for all experiments and comparisons in this
study. One-way ANOV A for multiple comparisons was performed through
GraphPad Prism for comparison of different cross-linking conditions.

Data availability

Raw mass spectrometry spectra and search data have been deposited at
ProteomeXchange® (PXD056634) and JPost* repository (JPST003413).
AlphaFold predicted structures have been deposited at https://zenodo.org
(https://doi.org/10.5281/zenodo0.13902775). Source data for graphs are
provided in Supplementary Data 1-3. All other data are available from the
corresponding author on reasonable request.
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