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Abstract: Protein complexes are involved in a variety of biological activities. Accurate and

comprehensive characterization of the structures and interactions of protein complexes is cruci-
al in determining their biological functions. Chemical cross-linking coupled with mass spectrom-
etry (CXMS) is an emerging investigative technique for protein complexes. CXMS enables the
sensitive high-throughput analysis of protein complexes without the requirements of molecular
weight and purification. These attributes have spurred the increased use of CXMS for the struc-
ture and interaction characterization of purified protein complexes and complicated cell lysate
samples. CXMS utilizes chemical cross-linking reagents to covalently connect two reactive ami-

no acids in or between proteins that are spatially close to each other. Subsequently, the cross-
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linked proteins are digested into cross-linked peptides, followed by LC-MS/MS analysis, as well
as database searching to provide cross-linking information for the composition, interaction, and
structural site distance restrictions of protein complex identification. Therefore, identification of
cross-linked sites has a decisive influence on the characterization of protein complexes. This
identification is limited by the unsatisfactory quality of the cross-linked peptide spectrum. Insuf-
ficient b/y fragment ions and poor continuity of amino acid sequence matching lead to low cov-
erage and accuracy of cross-linked site identification. Based on the complementary feature of
mirror-cutting digestion, an orthogonal digestion strategy based on LysargiNase combined with
trypsin was developed in this study. Trypsin is the most commonly utilized digestion enzyme in
proteomics, with extremely high enzyme activity and specificity. Trypsin generates C-terminally
charged peptides after lysine (K) and arginine (R). LysargiNase is a mirror protease comple-
mentary to trypsin that cleaves before the K and R residues. This generates peptides with an N-
terminal positively-charged residue. Owing to the different physical and chemical micro-environ-
ments of the cross-linked peptides digested by LysargiNase and trypsin, the behavior of their
detection ability in MS analysis is diverse. Using the orthogonal digestion strategy, both simple
and complicated cross-linked samples were analyzed in this study. For the analysis of bovine
serum albumin (BSA), 291 pairs of non-redundant cross-linked sites were obtained, of which
216 pairs of cross-linked sites were provided by trypsin digestion, whereas 75 pairs of cross-
linked sites were exclusively supplied by LysargiNase digestion. Except for the 35% increase in
the number of identified cross-linked sites, 32% of the spectra of the commonly identified
cross-linked peptides have better quality with more b-type fragment ions and consecutive
sequence matching. Furthermore, for the Escherichia coli sample, 726 pairs of cross-linked
sites were obtained in total, among which, 624 and 274 pairs were identified from trypsin and
LysargiNase digestion, respectively. LysargiNase digestion yielded 120 individual cross-linked
sites, which resulted in a 16% increase in single trypsin digestion. Consistent with the BSA sam-
ple, the quality was improved in 35% of the spectra of commonly identified cross-linked pep-
tides. Corresponding to the identified cross-linked peptides, 242 structural constraints with 607
pairs of intra-cross-linked sites and 29 sets of protein-protein interactions with 119 pairs of
inter-cross-linked sites were obtained. The collective results demonstrated that, mirror cutting-
assisted orthogonal digestion strategy could significantly increase the number of identified frag-
ment ions and amino acid sequences matching the continuity of the spectra by contributing b-
and y-type ions, respectively. This improved the accuracy and coverage of cross-linked peptide
identification. The findings additionally demonstrate the superiority of our method in the accu-
rate identification of the cross-linked peptide spectra and the increased number of identified
cross-linked sites. In a word, this method is expected to provide new insights for the large-
scale and highly accurate characterization of protein complexes.

Key words: chemical cross-linking mass spectrometry technology ( CXMS ) ; multi-protease

digestion; protein complex; mirror protease
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W BRI T v R 1 BT A 5 ) SR A A ) S E B
AR B — [ 25 1 8 ( trypsin) B U1 52755 1 54% .,
TEASHRAAE 53 M J7 T, Ay 4 v SIS Rt 1) A BT A 2
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/N F] ) ReproSil-Pur C18-AQ ik (ki K/ R 1.9
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po; LR 12 nm) o B RGOS B A4 (150 pm
i.d., 365 pm o.d.) I FH [E Sino Sumtech 2\ 7] ;
Venusil XBP C18 I E (5 pm, 12 nm) T
N SEAS /K23 7l Empore disk C18 [if] H %< Hi 5
RT3 [ 3M A w5 A R [ 22 [E Cole-
Parmer 2\ ] ; FL 25 W& 4 A%, 88 B 43 OO B It
(Nanodrop one ) . Easy-nano LC 1000 % %t. Q-
Exactive i i{{¥ . Easy-nano LC 1200 % %t & Orbi-
trap Fusion Lumos i {¥ ¥ ) H 3¢ [ Thermo
Fisher /YA .

1.2 XEAR

1.2.1 & @& AR F A&

FREUA- 175 H A H R, LA 20 mmol/L 4-(2-#%
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Z B 0. 1 mmol/L 4 i iE F & AR .

KM KT 40 M (R K12) 78 37 C F R A
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4000 g B5.0 2 min, YWEMYITE, AMTITE R H
WERREL 22 v (PBS) W5 Uk 3 i J5 , B V7 T 40 i 24 i
i (5 20 mmol/L HEPES F1 1% (v/v) 2 [ B0
F) A KA ERE 180 s(30% fiEHE,10 s JF,10 s
XY, SIRWT 4 CLL 20000 g 7.0 40 min, Y gk
3SR BCA B Gl i B i & i, kR
RIGFF R 24 2R S /Y 0.5 mg/mL,
1.2.2  (LFE B &

L 20 mmol/L HEPES (pH 7. 5) k¥ 7] Fii il e
J& 4 20 mmol/L ) BS® 38 BRFIFER ; 45 3 eI
T I3 18R 1100 22 P s ViR S R T T 2 1 24
WSS BRI A LM R 1 mmol/L, 1 % I 41
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KW NH,HCO, #4738 R W K, JFE R T
JEE 15 min; FEVKVE AR T B SC AR i B T A 8
AR BOA TN 1, F-20 CHPE LR E4 TR
T, LA 16 000 g 5 B0y, BRI , 4R J5 b 38 Bk
FEH AT NEREYE 2 W, bk DIERE, TERE
RHFRATHITIER ; LA 8 mol/L JR K A B 1K & M1 5
DUTE 5 #5240 ML 1 A S AR AL DL 5 mmol/L TCEP
YERRJEH], T 25 CF i 1 h #4728 PEFLA Ji
PR # AL LA 5 mmol/L DTT 5 ik B, T
25 C RN 1 h PEAFAE P AR S5 bt 5 K AT 7 25
FIFE R P 45 10 7 & AR A8 M B m &R o 10
mmol/L [ Z iz (TAA) , 7E 8IS, TR T R
¥ 30 min; A 50 mmol/L NH,HCO, Fii Bk b 2 IR

FWEHR 0.8 mol/L Ji KA f B 53 AWy, — 17 LA
BB S E AR R EE 5001 A9 EL AR
HEE, T 37 CRFER, o5 — M ALK EE R 20
mmol/L i) CaCl, , AHE I FE i 5 8 F R0 o it L 52
20:1 WL A LysargiNase , 375 37 C iR T i
1.2.3 kA -tk e REEE R

LR A R 2t BrER BT 0. 1% H R (FA)
VSR AR 3 R B T e R Bk B 2R 4 T
FAH = AT 53 B BT 53T o
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B B: 98% (v/v) ZIEKE W (7 0.1% (v/v)
FA) . BB VEB AT .0~ 10 min, 2% B~7%B; 10~
60 min, 7% B~23%B; 60~80 min, 23% B ~40% B;
80~82 min, 40% B ~80% B; 82 ~95 min, 80% B,
Q-Exactive Jiti % R HI B0 it PR A 2 Full MS
G AE Orbitrap | SC B, 454 75 Bl m/z 300 ~
1 800, 43 #3170 000 ( m/z =200) , [ B3 25 7 i
(AGC) K 3x10°, Fe K iEARTE] (IT) 4 60 ms, £} 55
T E O m/z 2, MS/MS Hi i 7 BrE N
17 500(m/z=200) , #4455 X 4 HCD, IH —fk.filf 48
AERE(NCE) M 35%, MS2 M m/z 110 JF1H R 4E,
MS2 ) AGC i 5x10*, IT 2N 60 ms, {¥ 37 H, faf {H
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SIS HERR I R B K 20 s, B MRESR AT 3 3
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TRED M, FEIA A: 0. 1% (v/v) FRR KBTI ;
A B: 80% (v/v) ZHE/KE W (£ 0. 1% (v/v)
FA) . BfEEVERFER :0~28 min, 5% B~16% B; 28
~58 min, 16% B~34%B; 58~77 min, 34% B~48%
B; 77 ~78 min, 48% B~95% B; 78 ~85 min, 95%
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m/z 110 FFEf R4 ,MS2 1) AGC f 5x10%, IT 24 60
ms, {UEFEHRATE N 3~7 HREE T 2x10* 1+
BT TS s S S HEBR I R N 20 s,
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Fig. 1 Mapping of cross-linked sites obtained from
trypsin and LysargiNase digestion on the
bovine serum albumin crystal structure
(PDB: 3V03)
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Fig. 2 Complementarity of LysargiNase and trypsin digested cross-linked site pairs and single cross-linked sites
a. venn diagram of single cross-linked sites; b. venn diagram of the cross-linked site pairs; c. number of cross-linked site pairs of each

single cross-linked site, digested with LysargiNase and trypsin.
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Y (T Y R BN R, K/R 2 5 4b 7E
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JER AL 1 S v A 6], IR LysargiNase 5 i 45
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38 v S IR B 118 e 7
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e [ 268 5 3] ) SR I AE 5 %o IO K B ) i P R i i AT T
Z4% LU-1g(E-value ) fHAE AT /3 brifl, 73 (E 8w 0
O P P 45 14 0 v, S 2 T AT, AR
L [F] %5 78 B A7 1T B AY —1g [ B-value ;. pinase) / E-
value .. | 554 i 11 58 Wi D)% 3335 46 5 v B
FERYSER , Qi 3 T, 76 3 SR 58 a2 i S Bk A7
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(AL 45 SR R RS T L JB R e 285 S T v 1) i
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10 4 : -

5 s
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Fig. 3 Comparison of cross-linking site identification
scores obtained by both LysargiNase and tryp-
sin digestions
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o- KB 5 B-IRBe i 8 i 80 5 LA AH Y 5 TR 2R 1 ity 1
FREOSSIIREE Ly B Tl F o Bk B y
M BB EHM Y, ZERIERE T
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EAE AR ER > TR 8 3 AT o3 X Ta], 4350
[0, 4).[4,8).[8, ), WK 5w XTRITo>
XME( WL 5a), 5B H R AE L, LysargiNase fiff
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Fig. 5 Mass spectra of cross-linked peptides digested by LysargiNase and trypsin
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Fig. 5 (Continued)
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a. complementary of protein-protein interactions; b. example of complementary of intra-cross-linked protein structure information.
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