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Supplementary figures 

Fig. S1. General evaluation of the XL-MS approach. (A) Sunburst plot showing the annotation in 

synaptic functions of the cross-linked proteins identified (cellular component SynGO terms (11)). Inner 

rings are parent terms of more specific child terms in outer rings, color-coded according to enrichment Q-

value. Notably, a wide and significant coverage of synapse-specific proteins is found distributed across 

both pre- and post-synapse locations. (B) Correlation between the number of cross-linked lysines of each 

protein and the protein abundance corrected for the total number of lysines, (C) the protein abundance, 

and (D) the total number of lysines. (E-G) Correlation between the protein abundance of each protein and 

the total number of lysines or sequence length.  

 



Fig. S2. Mapping of cross-linking data onto high-resolution structure of several protein 

complexes. (A) Cross-link mapping of the mitochondrial electron transport chain (ETC) complexes I-IV 

(PDB 5LNK, 1ZOY, 1NTM and 1V54). (B) Cross-link mapping of three selected synaptic protein 

complexes: the AMPA receptor (PDB 3KG2), voltage-dependent calcium channel (VDCC, PDB 5GJV), 

and vacuolar-type ATPase (V-ATPase, PDB 3J9V). (C) Cross-link mapping of the 80S ribosome (PDB 

4UG0). For clarity, nucleic acids are not shown. (D) Full length model of an auto-inhibited state of Camk2 

with high-resolution structure of the auto-inhibited kinase dimer (dotted rectangle, PDB 2BDW). Cross-

links are represented as the Euclidean distance between the Cof the cross-linked residues, and 

indicated in red (if below DSSO maximal distance restraint) or in magenta (if exceeding DSSO maximal 

distance restraint). 
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Fig. S3. Characterization of XL-based protein interaction network from hippocampus 

synaptosomes. (A) Nodes represent proteins and edges show the interactions identified by a single XL-

MS experiment in hippocampal synaptosomes (dataset 1). Protein names are included and disconnected 

protein modules with at least 3 proteins connected are shown. Each node represents a protein and the 

edge the PPI identified by cross-linking. Nodes are color-coded based on functional clusters shown in the 

combined network (Fig. 3A). Edges in red indicate protein-protein interactions (PPIs) found in both XL-MS 

data and in literature (high confidence in at least one database of STRING, InWEB and BioGRID). Sizes 

of the nodes are proportional to the protein abundances (Log2 scale). Widths of the edges are 

proportional to the number of unique Lys-Lys cross-links. The confidence of each cross-link is indicated 

as dotted and solid lines for 2% FDR and 1% FDR, respectively. All information regarding individual PPIs 

can be retrieved at http://xlink.cncr.nl. (B) Distribution of the fraction of direct neighbors (cross-linked 

proteins pairs) that are in the same cluster in the combined network (labelled in orange) and a randomly 

rewired network (100 iterations, labelled in light blue). (C) Distribution of the number of cross-links found 

between protein pairs present in at least one database (DB) with high confidence (labelled in red) or do 

not present in any of the three databases (i.e. STRING, InWEB and BioGRID, labelled in black). (D) 

Boxplot showing the distribution of protein abundances in different categories: xlink, cross-linked proteins 

identified in this study; public DB, protein interactions present in at least one public database with high 

confidence (i.e. STRING, InWEB and BioGRID). The number of proteins and median abundance are 

indicated in each box. Protein abundance data was obtained from (12). 

 

 

 

 

 

 

 

 

 

 

 

http://xlink.cncr.nl/


DYNLL2

CACNA2D1

STT3B

DYNLL1

OPA1

CLTC

CLTA

STUB1
SPG7

SYNE2

NEFH

GRIA4

GRIA2

GRIA1ALCAM
CADM2 FRRS1L

NPTN

CADM3

OBSCN

CNTN1

NCAM1

ATP1B1

ATP2B2

ATP1A3

ATP2B1

ATP2B4

CALM1

CAMK2A

CAMK2BATP1A1

HSPA8

HSP90AA1

HSPA4

STIP1

EML6

EEF1A2 SEC23IP
TLN1

ERC2

EEF1A1

ERC1

RPL12
RPS4X

SND1

RPS9 RPL10A
RPL27A

RPL13A

RPL13

RPS3A

NRCAM

ATP5JSDHA

PGK1

SNCB

ROCK2

ATP5F1

LSAMP

ATP5HATP5D ATP5E

MTATP8

RPL27

RPL4

RPL38

RPL36

RPL7A

RPL18A RPL34 RPL22

RPL18

ALDOC

ALDOA

TUB

MANFHSP90B1

CNPY2

RYR3

PDIA6
DLAT

HSPA9HSPA5

SEPT5

SEPT4

SEPT11

SEPT6

SPTBN1

SEPT8

SEPT7

SPTAN1

CAPZB

PRRC2A

ACTB
WDR1

TMSB4X

CAPZA2

PRRC2C

ATP6V1E1

MYH10

ATP6V1B2

MYH9

ARPC5

ATP6V1H

FLOT2 FLOT1

ATP1A2

STXBP1

VAMP1

STX1B

STX1A

VAMP2

SLC1A2

ATP6V1A

ARPC5L

ARPC4
ATP6V1D

ARPC2
ACTR3

PPP1R16A

MAP3K4

YWHAE

YWHAZ

COX15

DTD1

CLIP1

HGS

HPCAL1

AP2S1

DNM3
DNM1HPCA

RPS5

RPS11

RPS3

RPS7

RPS27

RPS8

RPS14RPS13

RPS20

RPS25

RPS21

TAOK1

RPS15 TMCC2

ENO1
ENO2

TMCC1

DENND1A

BCAP31

MSN

MRI1
BCAP29

ANXA3

WASF1

DLG1REEP5
CYFIP2

AMPH

AP2B1

BIN1

AP2A1

MAST3

AAK1

PURB

PHB

ABCA2 PRKCB

LRRFIP2

PHB2

PURA

YWHAB

PSMA2

YWHAQ

YWHAG YWHAH

PSMA6

Hippocampus microsomes

Crosslink and PPI with high 
confidence in any database

2% FDR identification
1% FDR identification

Crosslink not in public databases

n=85
3.81n=61

3.34

n=3021
2.30

1

2

3

4

5

xlink not
in public DB

xlink and
public DB

Public DB
not in xlink

lo
g1

0 
ab

un
da

nc
e

0

20

40

60

80
70

94

22

6 5
0

3
0 0 0 0 0 0 0

PPI with high confidence
in any DB

PPI not present in any DB

Number of cross-links between protein pair
1 2 3 4 5 6 7+

Pe
rc

en
ta

ge

R
el

at
iv

e 
Fr

eq
ue

nc
y

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0 Individual cross-linking network
Randomized control

Fraction of direct neighbors per protein that
are in the same cluster in the combined network

A

B C D



Fig. S4. Characterization of XL-based protein interaction network from hippocampus microsomes. 

(A) Nodes represent proteins and edges show the interactions identified by a single XL-MS experiment in 

hippocampal microsomes (dataset 1). Protein names are included and disconnected protein modules with 

at least 3 proteins connected are shown. Each node represents a protein and the edge the PPI identified 

by cross-linking. Nodes are color-coded based on functional clusters shown in the combined network 

(Fig. 3A). Edges in red indicate protein-protein interactions (PPIs) found in both XL-MS data and in 

literature (high confidence in at least one database of STRING, InWEB and BioGRID). Sizes of the nodes 

are proportional to the protein abundances (Log2 scale). Widths of the edges are proportional to the 

number of unique Lys-Lys cross-links. The confidence of each cross-link is indicated as dotted and solid 

lines for 2% FDR and 1% FDR, respectively. All information regarding individual PPIs can be retrieved at 

http://xlink.cncr.nl. (B) Distribution of the fraction of direct neighbors (cross-linked proteins pairs) that are 

in the same cluster in the combined network (labelled in orange) and a randomly rewired network (100 

iterations, labelled in light blue). (C) Distribution of the number of cross-links found between protein pairs 

present in at least one database (DB) with high confidence (labelled in red) or do not present in any of the 

three databases (i.e. STRING, InWEB and BioGRID, labelled in black). (D) Boxplot showing the 

distribution of protein abundances in different categories: xlink, cross-linked proteins identified in this 

study; public DB, protein interactions present in at least one public database with high confidence (i.e. 

STRING, InWEB and BioGRID). The number of proteins and median abundance are indicated in each 

box. Protein abundance data was obtained from (12). 

 

 

 

 

 

 

 

 

 

 

 

http://xlink.cncr.nl/


HADHA
ITGA3

UQCRC1

ATP5BATP5O ATP5H

ATPIF1

ATP5A1

LSAMP

MAP1BGOT2 ROCK2

VPS13C

EIF3M
MANF

HSPA9

TRAP1
HYOU1

GPI

OSBPL11

TUB

HSPA5

DLAT

DNAJC3

MRPS36

DLD MAP7D1

HSP90B1

ALDOC
CNPY2

DLST

ALDOA

HIST1H4A

HSPD1

MYO18A

HIST1H2AH

H2AFJ

HIST1H2BC

H3F3A

IDH3G

IDH3A

PTGR2

MDH2

HUWE1

APBA1
FBXO41

SNCB

ACO2

USMG5

PLXNA4

SNCA

CAMSAP2

ATP5D

D10JHU81E

ATP5E

PLXNB2 ATP5C1

RPL18A

RPL32

RPL4

MAST1

RPL35A
RPL6

RPL28
GPX4

RPL13A

RPL3

RPL9

RPL24

RPS6

RPL14
RPS4X

KIFAP3

EPB41L3

RHOB

EPB41L2

NF1

GNAO1

GNAQ

EIF3A

STXBP1
ERC2

CKB
WWC1

ERC1

ZDHHC8

MTATP8

ATP5F1

TANC1TMEM65

ATP5J PURG
SDHA

MGEA5

CTTNBP2

PLXNB1
CCDC40

RABGAP1

MRPS24
ALDH7A1

RPL22
RPL27

RPL36
RPL27A

RPL7A

RPL34

RPL13

EEF1A1

STX1B

EEF1A2 SEC23IP

STXBP5L
DDNSTX1A

CNTRL

PCLO

PGAM2
BSN

GNG12

DPP10

SLC39A10

GNA13

DPP6

CALR

RPL18

RPS2RPS9

SND1

SLC4A4
AHCYL2

SSR3

GLS

EMC7

AHCYL1

ATP6V1H

ATP6V1D

ATP6AP2

ATP6V1B2

CDK16

TMED10

RUSC2

ATP6V0D1

ATP6V1C1

MACF1

SYNPR

SV2A

SYP

DNAJA1

SYT2

VAMP1

DNAJC5

SYT1

ATP6V0A1

SEPT7

VPS53
OSBP

SEPT11
SEPT5

SEPT6

SEPT8

SEPT3

DDC

SEPT4

GJB6

HSPA4

VPS8GLS2GJA1

HSPH1

HSPA4L

APOA1BP

NEGR1

PRRT2HSPA8

DNAJB14HSP90AA1

CLTA

NEFM

GRIA1

CLTB

CLTC CHCHD3

MCCC2

TNR

MCCC1

NFASC

CNTN1

NCAM1

CADM4

EPS15L1

MOG

CLDN11 PTPRE

PRDX4

ITSN1

CADM3ST13

MTX1GDAP1L1

PDPRRAN

Q8BH86

STIP1

CLUH
TMEM201

DNAJC11

HSP90AB1

IMMT
INA

NEFH
APOO

GPRASP2

SDSL

NEFL
SNAP91

CHCHD6

NDUFS8

NDUFA13

NDUFA7

NDUFS5

NDUFA5

NDUFV3

NDUFV1GPM6A

INPP4B

CUL1
NAA10

SNF8

PPP1R12A

NDUFA9 CKMT1

NDUFA2

NDUFS6

NDUFA12

PSMC1

NDUFS7

NDUFS3

NDUFS1

PTK7 NDUFS4

NDUFA6

NDUFB11

GMPPA

NDUFA10

NDUFB8

NDUFS2

SLC25A46

DYNLL1

CACNB4

OPA1

AKAP7

CACNA2D1

CACNB1

DYNLL2

CACNB2

CACNA2D3CACNA1A

UQCRB

CYC1

UQCRC2

MAK

UQCRQ

FIS1

CALB1

SLC25A12

MT-CYB

ARSB

STMN1

CYB5B
MP68

SCRIB

SLC25A3

LEMD3

ITPR2

ATP5I

FRMD8

NDUFB3 UQCRFS1

MOSPD2UQCR10

UQCRH

NDUFB7

TRAPPC11

COX7A2

TUBGCP3

COX7B

CUL3

SLC25A4

TTLL11COX6C

PPP2R1A

GNG3

RGS7BP

CAMK2D

MARCKS

RGS7

PPP2R2A

GNAI2

GNAI1

CAMK2G

CAMK2A

NDUFA4
COX6B1

STARD7NDUFB4
NDUFB10NDUFB9

PROM1

NDUFB6

APOOL

AIFM1
SLC25A22

CYCS
COX5A

GPD2

DARS2

SAMD14 FAM162AAUH

SLC25A5

ATP5L
COX4I1

SDHB

FASTKD2

BDH1

HACD3

PHYHIP ACSL1

MYO6

CNP
PRRC2C

CSNK1G3PPP1R9B

DBN1

CFL1

ACTBL2

PHYHIPL

MYO5A

WDR1
TPM4

TPM3ALS2

ACTB

TPM1

PTPRM

CSRP1

CFL2

LASP1

CAPZA2

CAP1

EFHD2

ARPC3

TWF1

ACTR3

CTTN

DSTN

CAPZB

CORO2B

ARPC1A

MYH10
MYH9 ATP6V1G2 ATP6V1G1

GMFB

MYH14

ATP6V1E1

ARPC5

ARPC2

ARPC4

ARPC5L

ATP6V1F

ATP6V1A

ACTR3B

ACTR2

PALM

SPTA1

AKAP9

ABLIM2

SPTB

SPTBN1

ANK3
SPTAN1

ANK2

FLOT2 MATR3

MTIF2NEO1

FLOT1

FRRS1L

CAMK2B

GRIA3

ATP2B4

GRIA2

CACNG2
GCC2

GRIA4

ATP2B2

PPAP2B

SLC1A2
SLC6A11

TRIP12

SLC12A5

TRAF3

SYT7

ATP1A2 CALM1CPLX1

EPB41L1

TACC2

MAPT

CPLX2

TTN

LRRC8A

XRN1

GNB1

ATP2B1

ATP1B1

EEF2

UBXN1

SLC7A5

PCCA

PCCB

SLC3A2

CNTN3

ATP1A4

FXYD7

ATP1A3

CADM2ATP1B2

S1PR1

SLC1A3

SIRPA

ATP1A1CPNE2

ATP1B3

ABCC1

RPSA

RPS27

RPS7

SPECC1

RPS8

RPS11

RPS13

RPS21

RPS5

SERBP1RPS12 RPL36A

MRPL52

MRPL38
RPS25RPS14

RPL11

BIN1

GDI1

SCRN1

SH3GL1

SH3GL2
AMPH

MAST3

GDI2

RPS26

RPS3 YTHDF2

EIF3D

MRPL18

RPS20

RPS28
ICT1

YTHDF1

RPL31

BTF3L4

CCT8

TCP1

CCT6A

CCT3

AP2M1

AP1B1

HPCAL1

MAPRE1

MAPRE3

AP2S1

AP2B1

AP2A1

ITPR1

HPCA

RPS29

RPS10

CCT7

CCT4

PLEC

CCT5

CCT2

YWHAZ

PPP1R16A

RYR1

DTD1

YWHAE

MAP3K4

EMC8

EHD3EHD1

EMC2

MMGT1

DNM3

NDUFB5

NDUFA8

DNM2

NDUFC2

TMEM214

YWHAH

COX15

YWHAB

YWHAQ

YWHAG

CLIP1

TTC9
DYNC1LI1

DYNC1LI2

DCTN2 DCTN1

ACTR1B

DCTN3

DYNC1H1

PSMA1

PSMB7

VDAC1

VCAN
PFKM

PSMB1

PSMA3

PFKP

PSMA6

VDAC2

HK1

ROCK1

TIMM22

DNM1

PLD2 TIMM9

TIMM10

OCIAD1

EIF5

DAAM1 KARS

KDM5BPHB2PHB

OXCT1

PVALB

KAZN

IMPAD1 KIF5C

HNRNPA2B1

PURB

ABCA2

HNRNPA1

PRKCB

HNRNPA3

PRKCA

KIF5B

PURA
NAPA NAPB

MYH11

GABRG2

ENO1

GABRB1

LMNB2

ENO2

LMNA

GABRD

LMNB1

DLG1

LIN7AMSN

SLC9A3R1

ABI1

EZR

NCKAP1

CYFIP1

RDX

MPP2

CYFIP2

Cerebellum synaptosomes

Crosslink and PPI with high 
confidence in any database

2% FDR identification
1% FDR identification

Crosslink not in public databases

n=343
3.41

n=199
2.77

n=2353
2.16

1

2

3

4

5

xlink not
in public DB

xlink and
public DB

Public DB
not in xlink

lo
g1

0 
ab

un
da

nc
e

0

20

40

60

80

60

88

19

8 8

2
5

1 2 0 2 0 2 0

PPI with high confidence
in any DB

PPI not present in any DB

Number of cross-links between protein pair
1 2 3 4 5 6 7+

Pe
rc

en
ta

ge

R
el

at
iv

e 
Fr

eq
ue

nc
y

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0 Individual cross-linking network
Randomized control

Fraction of direct neighbors per protein that
are in the same cluster in the combined network

A

B C D



Fig. S5. Characterization of XL-based protein interaction network from cerebellum synaptosomes. 

(A) Nodes represent proteins and edges show the interactions identified by a single XL-MS experiment in 

cerebellar synaptosomes (dataset 1). Protein names are included and disconnected protein modules with 

at least 3 proteins connected are shown. Each node represents a protein and the edge the PPI identified 

by cross-linking. Nodes are color-coded based on functional clusters shown in the combined network 

(Fig. 3A). Edges in red indicate protein-protein interactions (PPIs) found in both XL-MS data and in 

literature (high confidence in at least one database of STRING, InWEB and BioGRID). Sizes of the nodes 

are proportional to the protein abundances (Log2 scale). Widths of the edges are proportional to the 

number of unique Lys-Lys cross-links. The confidence of each cross-link is indicated as dotted and solid 

lines for 2% FDR and 1% FDR, respectively. All information regarding individual PPIs can be retrieved at 

http://xlink.cncr.nl. (B) Distribution of the fraction of direct neighbors (cross-linked proteins pairs) that are 

in the same cluster in the combined network (labelled in orange) and a randomly rewired network (100 

iterations, labelled in light blue). (C) Distribution of the number of cross-links found between protein pairs 

present in at least one database (DB) with high confidence (labelled in red) or do not present in any of the 

three databases (i.e. STRING, InWEB and BioGRID, labelled in black). (D) Boxplot showing the 

distribution of protein abundances in different categories: xlink, cross-linked proteins identified in this 

study; public DB, protein interactions present in at least one public database with high confidence (i.e. 

STRING, InWEB and BioGRID). The number of proteins and median abundance are indicated in each 

box. Protein abundance data was obtained from (12). 
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Fig. S6. Characterization of XL-based protein interaction network from cerebellum microsomes. 

(A) Nodes represent proteins and edges show the interactions identified by a single XL-MS experiment in 

cerebellar microsomes (dataset 1). Protein names are included and disconnected protein modules with at 

least 3 proteins connected are shown. Each node represents a protein and the edge the PPI identified by 

cross-linking. Nodes are color-coded based on functional clusters shown in the combined network (Fig. 

3A). Edges in red indicate protein-protein interactions (PPIs) found in both XL-MS data and in literature 

(high confidence in at least one database of STRING, InWEB and BioGRID). Sizes of the nodes are 

proportional to the protein abundances (Log2 scale). Widths of the edges are proportional to the number 

of unique Lys-Lys cross-links. The confidence of each cross-link is indicated as dotted and solid lines for 

2% FDR and 1% FDR, respectively. All information regarding individual PPIs can be retrieved at 

http://xlink.cncr.nl. (B) Distribution of the fraction of direct neighbors (cross-linked proteins pairs) that are 

in the same cluster in the combined network (labelled in orange) and a randomly rewired network (100 

iterations, labelled in light blue). (C) Distribution of the number of cross-links found between protein pairs 

present in at least one database (DB) with high confidence (labelled in red) or do not present in any of the 

three databases (i.e. STRING, InWEB and BioGRID, labelled in black). (D) Boxplot showing the 

distribution of protein abundances in different categories: xlink, cross-linked proteins identified in this 

study; public DB, protein interactions present in at least one public database with high confidence (i.e. 

STRING, InWEB and BioGRID). The number of proteins and median abundance are indicated in each 

box. Protein abundance data was obtained from (12). 
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Fig. S7. Extended and detailed XL-based protein interaction network (extended Fig. 3A). Nodes 

represent proteins and edges show the interactions identified by XL-MS (dataset 1). Protein names are 

included and disconnected protein modules with at least 3 proteins connected are shown. Each node 

represents a protein and the edge the PPI identified by cross-linking. Nodes are color-coded based on 

functional clusters generated by unsupervised edge-betweenness clustering for the core component or 

gene functional classification for the disconnected modules, and annotated by GO enrichment analysis. 

Disconnected modules were located next to the functionally closest cluster of the core component of the 

network. Edges in red indicate protein-protein interactions (PPIs) found in both XL-MS data and in 

literature (high confidence in at least one database of STRING, InWEB and BioGRID). Sizes of the nodes 

are proportional to the protein abundances (Log2 scale). Widths of the edges are proportional to the 

number of unique Lys-Lys cross-links. The confidence of each cross-link is indicated as dotted and solid 

lines for 2% FDR and 1% FDR, respectively. Edges are labeled according to the number of samples in 

which the PPI was identified. All information regarding individual PPIs can be retrieved at 

http://xlink.cncr.nl. 
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Fig. S8. XL-based protein interaction network analysis. (A) Degree distribution of the XL-based 

protein interaction network (Fig. 3A). (B) Power law log-log plot of the network. X-axis represents the 

degree of a node (number of edges) and y-axis represents the probability that a node with a given degree 

exists in the network. (C) Density plot of the path lengths between the proteins annotated with the same 

GO term and between all non−annotated nodes in the core component of the network. (D) Number of 

cross-linked protein pairs found in at least one of the public PPI databases (i.e., StringDB, InWEB and 

BrioGRID) with any confidence level. 

 

 

 

 

 

 

 



Fig. S9. Protein interaction interfaces and peptide array analysis (extended Fig. 4). (A) Percentage 

and total number of cross-linked lysines within and beyond the protein-protein interaction interfaces 

predicted by InteractomeINSIDER for the human proteome (Table S3). Fisher exact test showed a 

significant enrichment for interprotein cross-links within the interaction interfaces (*** <0.00001), but not 

for intraprotein cross-links (ns, 0.79). (B) The signal intensity detected by immunoblotting for each peptide 

spot (red squares) was processed by Protein Array Analyzer of ImageJ. Two independent replicates and 

two technical replicates were performed for each protein tested. Peptide sequences are presented in 

Table S4.  

 

 



 

Fig. S10. Evaluation of XL-MS approach on biologically independent replicates for hippocampal 

synaptosome (extended Fig. 6). (A) Venn diagram showing the number of identified intraprotein cross-

links over the different replicates. (B) Pie chart showing the number of cross-links identified between 

cytoplasmic and extra-cellular regions of proteins (dataset 2).  
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Fig. S11. Complete XL-based protein interaction network from all seven cross-linking MS 

experiments. Nodes represent proteins and edges show the interactions identified by XL-MS (dataset 1 

and 2). Disconnected protein modules with at least 3 proteins connected are shown. Nodes layout is 

based on unsupervised edge-betweenness clustering. Edges in red and orange indicate protein-protein 

interactions (PPIs) reported in literature (STRING, InWEB and BioGRID) classified with and without high 

confidence in at least one database, respectively. Labels and widths of the edges indicate the number of 

samples in which the PPI was identified. The confidence of each cross-link is indicated as dotted and 

solid lines for 2% FDR and 1% FDR, respectively. All information regarding individual PPIs can be 

retrieved at http://xlink.cncr.nl. 

http://xlink.cncr.nl/
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