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Ribosomal protein mediates Streptococcus suis serotype 2
virulence factor enolase to damage host cell mitochondria

DU Sulan', ZHANG Fuxian', SUN Yi?, LIU Feng', JIANG Hexiang 2, LEI Liancheng '*

1 College of Animal Science, Yangtze University, Jingzhou 434020, Hubei, China

2 College of Veterinary Medicine, Jilin University, Changchun 130062, Jilin, China

Abstract: [Background] Under normal physiological conditions, ribosomal protein SA is
mainly expressed in cells and involved in a variety of cell functions. In the occurrence of
infectious diseases, RPSA expresses in the cell membrane and mediates the infection of
microorganisms. [Objective] To comprehensively reveal the role of RPSA in infection of hosts
by Streptococcus suis serotype 2 (SS2). [Methods] The available cerebrospinal fluid and serum
proteomics database (piglets with meningitis induced by SS2 and healthy piglets) was used, and
bioinformatics methods were employed to screen the differentially expressed proteins (DEPs) in
cerebrospinal fluid and serum and the involved signaling pathways were summarized. The host
cells were stimulated by enolase (ENO) in vitro, and the changes of mitochondrial membrane
potential, Ca*" concentration, and reactive oxygen species were detected to reveal the effect of
RPSA-mediated SS2-ENO on the main functions of the energy-generating organelle
mitochondria in host cells. [Results] RPSA and related proteins were mainly enriched in
energy-related pathways such as metabolism and glycolysis/gluconeogenesis after SS2
infection. SS2-ENO stimulation resulted in decreased mitochondrial membrane potential and
increased Ca”" level and ROS level in host cells. Blockade of RPSA alleviated the influence of
ENO on mitochondrial membrane potential, ROS and Ca”" concentration. [Conclusion] RPSA
mediates the SS2 virulence factor ENO to damage host cell mitochondria. This study enriches
the mechanism of RPSA in SS2 infection and provides a theoretical basis for the prevention and
treatment of SS2 meningitis.

Keywords: Streptococcus suis serotype 2; ribosomal protein SA; proteomics; mitochondrial
damage; meningitis

EEEER T 2 B (Streptococcus suis serotype 2,
SS2)— R N7 IR IR, AT A fE &
1ML fi%i J5# F% (blood brain barrier, BBB){Z A HHX i
ZRG, FEIEAARMRER & AN,

¥ MR 5 1 SA (ribosomal protein SA,
RPSA), MR 37 kDa J2 K% & 1132 IR B {4
(37LRP). 67 kDa JZHii% & 152 A& (67LR) 5}, P40
HE, RN AT, AN As . AR
Mush g iz kP, RPSA BNy iz

WoR T HoRZOie ), WS EARERE. X
MUER . MG SREAHSE, BRI, X
AR, | PR AT R R B TR S
W ELA R AN,

KR, RPSASHAUHESS2ENZE
o I ik 5k BBB O3 A, H R, RPSA
BRI R R IR T I 28 2R G0 TR B T A A5 B
AUREH AT R R, SS2 B R FiEik
it} (enolase, ENO) HJ 4 Fili T34 1ML %8 A K¢ 4 il (brain
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microvascular endothelial cells, BMECs), ifiid%h
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1.4 YHRSRIAIREBAL, SEFRIEME  RERBEERRKE. ARRESE 3 K.
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GO: 0045055: Regulated exocytosis

GO: 0006091: Generation of precursor metabolites and energy

Hsa01200: Carbon metabolism

R-HSA-71291: Metabolism of amino acids and derivatives

R-HSA-422475: Axon guidance

GO: 0006457: Protein folding

R-HSA-5653656: Vesicle-mediated transport

GO: 0007005: Mitochondrion organization

GO: 0043254: Regulation of protein complex assembly

GO: 0060627 Regulation of vesicle-mediated transport

R-HSA-382551: Transport of small molecules
GO: 0043687: Post-translational protein modification
GO: 0072657: Protein localization to membrane
GO:1903827: Regulation of cellular protein localization
GO: 0016999: Antibiotic metabolic process
R-HSA-373760: L1CAM interactions
Hsa04721: Synaptic vesicle cycle
GO: 0006790: Sulfur compound metabolic process

e — R-HSA-112315: Transmission across chemical synapses
GO: 0010035: Response to inorganic substance
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R-HSA-5653656: Vesicle-mediated transport
R-HSA-382551: Transportof small molecules

GO: 0043254: Regulation of protein complex assembly

GO: 0000904: Cell morphogenesis involved in differentiation
GO: 0060627: Regulation of vesicle-mediated transport

GO: 0009117: Nucleotide metabolic process

GO: 0032787: Monocarboxylic acid metabolic process

GO: 0006091: Generation of precursor metabolites and energy
R-HSA-422475: Axon guidance

GO: 0006457: Protein folding

R-HSA-71291: Metabolism of amino acids and derivatives
GO: 0009060: Aerobic respiration

GO: 0007005: Mitochondrion organization

R-HSA-76002: Plateletactivation, signaling and aggregation
GO: 0045055: Regulated exocytosis

GO: 0010035: Response to inorganic substance

GO: 0043687: Post-translational protein modification

GO: 0007596: Blood coagulation

R-HSA-381426: Regulation of Insulin-like Growth Factor (IGF)
transport and uptake by Insulin-like Growth Factor Bi
Hsa04610: Complement and coagulation cascades
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~log,, (P)
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GO: 0045055: Regulated exocytosis

R-HSA-76002: Platelet activation, signaling and aggregation
GO: 0009611: Response to wounding

GO: 0097435: Supramolecular fiber organization

GO: 0052547: Regulation of peptidase activity

GO: 0031589: Cell-substrate adhesion

GO: 0043062: Extracellular structure organization
Hsa04610: Complement and coagulation cascades

GO: 0022604: Regulation of cell morphogenesis

GO: 0000904: Cell morphogenesis involved in differentiation
GO: 0051186: Cofactor metabolic process

GO: 0050818: Regulation of coagulation

R-HSA-5653656: Vesicle-mediated transport

GO: 0010035: Response to inorganic substance
R-HSA-381426: Regulation of Insulin-like Growth Factor (IGF)
transport and uptake by Insulin-like Growth Factor Bi
Hsa04510: Focal adhesion

R-HSA-449147: Signaling by Interleukins

GO: 0030155: Regulation of cell adhesion

GO: 0060627: Regulation of vesicle-mediated transport

GO: 0009306: Protein secretion

1 SS2 FXE BN AN LS DEPs #) GO £ g2 ESFM S A: IKH R DEPs (1 GO A= ¥k 1251
Hr. B: WA BCRNALTE 1 DEPs Al F i DEPs ) GO A ¥3&42404r. C: Ifi 3% DEPs ) GO A& 42 4347
—AFHEEA GO £ H, I OARRgtit B, BEBRIOR B EMEGR, KEOFREZE X
Figure 1 Differential analysis of GO biological pathway of DEPs in SS2 meningitis cerebrospinal fluid. A:
GO biopathway analysis of DEPs in cerebrospinal fluid. B: GO biopathway analysis of up-/down- regulated
DEPs in cerebrospinal fluid and serum. C: GO biopathway analysis of DEPs in serum. One row per cluster

represents each GO entry, which uses a discrete color scale to represent statistical significance. The darker the
color, the greater the significance, and the gray color indicates a lack of significance.
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Ji A Y = 25 ) K
2.2 SS2 BNFERAFIEME RFMENER
o

XoF SS2 MRS A f4 R ERA 14 AT F ORI I Y7

CSF Serum

AT, TERERRIIL T 997 /1> DEPs,

MPEILIE H 735k T 316 4> DEPs, Hrb 45 102/ DEPs
TERGE OIS PR 2A) HE— AT Y
I BRI IR A7 i DEPs #H1 7 KEGG 208, K ¥
TXREER ] F AR Y e U AE DG [ 3 2 A b
T A O S A R IR T A 5 o RIS, e T
RHOA. ACTGI1. DUSP3 fil APOE % cross-talk &
HaF, XEEASE TARE S @R E 2B).

L]
PTGES3

102

(8.4%)

[ ]
ARHGDIA

Cholesterol
matabﬁyl ism

S‘D-CINJ E
Antioxidant activity APOE

2 SS2 fMARKAXERFNME DEPs B GO 4 EHM I A IE AT DEPs 19 BUK )
P8R 41 DEPs BYDMEL, S8 R & 4EATHY DEPs 50, B i WAN L3 rh 3 [m] 22 S Rk 2
F19 KEGG 20 Hr (AN [F] 9 [ el 2% DEPs 13 5 42 IR Sd i, 70 50 LI E R8RS 5115 7 1l /Y DEP)
Figure 2 GO biological pathway commonality analysis of SS2 meningitis cerebrospinal fluid and serum DEPs.
A: Venn diagram analysis of DEPs in cerebrospinal fluid and serum (the number in the Venn diagram shows the
number of DEPs in each group, and the intersection represents the DEPs shared by each group). B: KEGG

analysis of common DEPs from cerebrospinal fluid and serum (different circles indicate signal pathways where
DEPs are enriched and proteins on branches indicate DEPs involved in the signaling pathway).
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2.3 RPSA HFRIZAZERE SS2 MERRIE
HREPHEZEINRE

i 2 B8 B AR T RPSA LR GA R
9, 439444} RPSA CI Fl RPSA CII, i
R, SE0E T 263 4N 2 M EUR T A
) RPSA JLRIKE (K 3A). SRJ5K RPSA It
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5 RPSA ik, 5 4h, EIF4A1. MYL6.
PRDX1 % 6 ™ HAFETFIMIEH DEPs 5 RPSA
HFRIE, 55 ME W) DEPs 55 RPSA i3k
(B 3B). X iX S48 11 AT B AR W 4% AT AL AL
KEGG 43, KX M. MG
PR SRR 12 & HE (B 30),
2.4 RPSA E{EERE SS2 MEXRRIET
EhREERE

fi 1 2 S84 PR 43 KR T RPSA HAER
F, 7%l4r4 5 RPSA T #1 RPSA 11, #ix Lk
RPSA HARE AT H RBE S, 4558 147 4
EATE 2 MBI EDIA (B 4A). HILA W
RPSA HAEHEM . W DEPs FIfil{E DEPs
PEAT S BRI 0BT o A6 102 A 55 R Il 33t 2 )

RPSA CI

263 1738
(80.6%)

(12.2%)

i DEPs 1, HA5 HSP90ABI 5 RPSA &
Y&, WAEIMm W A EIF4A1. FN1. Fl HSPAS
%% 4/ DEPs 5 RPSA HAE, A 34 NFET
i W i) DEPs 5 RPSA HAE(E 4B), Xfix
SE AT HAEM 4 rT AL R KEGG 430 #T,
S5 0 H AR X S B R T AE TR 2K it B A
MatEmhREEE, ESBESEREER
X( 40),
2.5 0k SS2 BMAR K iZ 2R S RPSA BL
HRENBEEERANER

T BB ST TR E T SS2 B AR ik
TR M A TRFN /B L 3 P RPSA BRAF7E L8 5¢
RNHMEAERMER, 45RLHET EIF4AL
% 16 1~ DEPs 5 RPSA fE7E HAE R LR E K R
(l 5).
2.6 ENO R4 T8 £ 4 e h (A Th g

FH IC-1 8% H AN [FM BE ENO 25 LRI
[FIE )% HCMEC 4 B2 por 1A R i (5 AR AR Y 52
Wi, SRR, MAESMEIN 20 pg/mL 130 pg/mL
() ENO #E IS4 12 h i, 4R JC-1 £
RUK/RIR AR E TR, SIS RIRR ENO
B PR T A0 2 i B A M e A B
R (1 6A).

B
RPSA co-expression

840
(59.9%)

C(6.5%)

208
(14.8%)

Serum
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C

Pathway  Description Count in network ~ Strength  False discovery rate
Hsa03010 Ribosome 15 0f 130 1.5 4.07e-16 O
Hsa05012 Parkinson’s disease 9 of 142 1.24 2.08¢e-07 O
Hsa05016 Huntington’s disease 9 of 193 1.1 1.75¢-06 O
Hsa01100 Metabolic pathways 17 of 1 250 0.57 5.97e-05 (O
Hsa05010 Alzheimer’s disease 7 of 168 1.05 7.16e-05 O
Hsa01200 Carbon metabolism 60fl16 1.15 9.46e-05 O
Hsa00010 Glycolysis/Gluconeogenesis 50f 68 1.3 0.00010 O
Hsa01230 Biosynthesis of amino acids 50f172 1.28 0.00012 O
Hsa00190 Oxidative phosphorylation 6 0f 131 1.1 000012 O
Hsa04932 Non-alcoholic fatty liver disease (NAF... 6 of 149 1.04 000022 O
Hsa04714 Thermogenesis 7 of 228 0.92 0.000 22
Hsa03050 Proteasome 3 0f43 1.28 0.0053
Hsa03040 Spliceosome 4 of 130 0.92 0.0115
Hsa04217 Necroptosis 4 of 155 0.85 0.0198
Hsa04260 Cardiac muscle contraction 3 0f 76 1.03 0.020 4
Hsa00051 Fructose and mannose metabolism 2 0f33 1.22 0.0456

3 SS2 fMfRAKH RPSA HRIAFERAMTFEFINEDS T A: kAWML BRE T RPSA HRIAE
FIEF BEST. B: RPSA HLERIMAHOCH T, MW DEPs Al DEPs i35 BRI, C: HAEMZS i #l4L
AR AL ) RPSA HERIAARCE 11 (e FORTEMNE ORI Th 8 B 3%05, *FORTEILTE h B8 Rk
HARMFORTERE W B E3R15). D: KEGG & 42 ik A B A LG ) RPSA HERISARCE

Figure 3 Screening and functional analysis of RPSA co-expressed proteins related with SS2 meningitis. A:
Venn diagram analysis of RPSA co-expressed related proteins which from two independent databases. B: Venn
diagram analysis of RPSA co-expressed related proteins and DEPs in cerebrospinal fluid and serum. C: The
visualization of the interaction network of the RPSA co-expressed related proteins in the cerebrospinal fluid and
serum (% indicates significant expression in both cerebrospinal fluid and serum, * indicates significant
expression in serum, and the rest means significant expression in cerebrospinal fluid). D: KEGG enrichment
analysis of RPSA co-expressed related proteins in cerebrospinal fluid and serum.
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A B RPSA interaction

147 88

(59.5%)| (35.6%)

210
(15.9%)

C
Serum

Pathway  Description Count in network Strength  False discovery rate
Hsa03010 Ribosome 12 of 130 1.67 3.39e-15 O
Hsa04612 Antigen processing and presentation 4 of 66 1.48 0.000 44 @)
Hsa04217 Necroptosis 50f155 1.21 0.000 44 O
Hsa05100 Bacterial invasion of epithelial cells 3 of 72 1.32 0.008 8 O
Hsa05016 Huntington’s disease 4 0f 193 1.02 0.009 8 O
Hsa05215 Prostate cancer 3 of 97 1.19 0.013 6 ®
Hsa05166 HTLV-I infection 4 of 250 0.9 0.017 9 O
Hsa05418 Fluid shear stress and atherosclerosis 3 of 133 1.05 0.024 5 @)
Hsa05012 Parkinson’s disease 3 of 142 1.03 0.026 2 O
Hsa04218 Cellular senescence 3 of 165 0.98 0.030 5 O
Hsa04022 ¢GMP-PKG signaling pathway 3 of 160 0.97 0.0305
Hsa04141 Protein processing in endoplasmic... 3 of 161 0.97 0.0305
Hsa04621 NOD-like receptor signaling pathway 3 of 166 0.96 0.030 5
Hsa04020 Calcium signaling pathway 3of 179 0.92 0.0318
Hsa04520 Adherens junction 2 0f 71 1.15 0.048 8

4 SS2 fxpEAth RPSA EEEBMIHFEFMINGENST A SR A WA B %D RPSA AHEAFHIE
F5 UK 5. B: RPSA HAEMISCE M . Mi¥ i DEPs LA Ifi i DEPs ({945 BUEI S-#r. C: HAEMIZS ol #i
A VAN ML Y RPSA HAFAHSCHEE 11 (e SR TEIR A ORI L A0 228 380K, * 3R TE ML v B35 35,
HARZORTERA B H 25 3515). D: KEGG & 870 Mk B AL TP Y RPSA HAFFSCE

Figure 4 Screening and functional analysis of RPSA-interacting proteins related with SS2 meningitis. A: Venn
diagram analysis of proteins that interact with RPSA from two independent databases. B: Venn diagram analysis
of RPSA interaction related proteins and DEPs which are from cerebrospinal fluid and serum. C: The
visualization of the interaction network showing the RPSA interaction related proteins in the cerebrospinal fluid
and serum (% marks significant expression in both cerebrospinal fluid and serum, * marks significant
expression in serum, and the rest means significant expression in cerebrospinal fluid). D: KEGG enrichment
analysis of RPSA interaction related proteins in cerebrospinal fluid and serum.
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RPSA interaction in serum or CSF

ACTG1, VIM, TUBB, LDHB, EEF2,
PGAMI, PEBP1, TPIl, ENO1, PSMAS,
PARK7, MYL6, PRDX1, KRT10, SODI,
CLIC1, EEF1G, RPS17, RPL27A,
RPS11, TPT1, EEF1B2, NACA, EIF3H,
EIF3E, COX4I1, PHB2, HINTI,
SLC25A3, GAPDH, COX6C, SLC25A6,
HMGBI, SET, MIF, NDUFB9, HSPAS,
SNRPE, COX5B, PSMB1, HNRNPHI,
PRDX4, AHCY, CCT5, ADSL, CCTS,
CS, NDUFV1, PGLS, PSMB7, AKRIBI,
ATP6VIF, LTA4H, HNRNPK, NDUFA12

55
(58.5%)

HAP90AAI, VCL, HNRNPM,
PPP2RIA, CLTC, CALM2, TCPI,
CCT4, HSPA4, TARDBP, VDAC2,
ACADVL, HNRNPD, PDHB,
COPS5, CANDI, FN1, CTNNBI,
SLC25A4, PTBP1, HSPAS, PROSI

RPSA, RPS2, RPL10A, RPSS, KARS, RPLI2,
RPLPO, HNRNPAI, RPL11, SLC25A5,
RPS4X, RPS19, RPS3A, RPS3, RPLP2,
EIF4A1, HSP90OABI

5 FEESHTHESS2 RIRK TS RPSABREEXARENBERXRER O T IRFIRTENRHE WM
AR, O ARRN R P&, HARFR RN A R i & A

Figure 5 The Venn diagram analysis of the proteins in related with SS2 meningitis that both interacted and
co-expressed with RPSA. Abbreviations in red font indicates expressed in both cerebrospinal fluid and serum,
ones in blue font indicates expressed proteins in serum, and the rest are of serum origin.
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Figure 6 Effect of ENO on cell mitochondrial membrane potential, reactive oxygen species, and Ca®"

concentration. A: Detection of cell mitochondrial membrane potential. B: Detection of cell reactive oxygen
species content. C: Detection of cell Ca”" content. *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 7 Effect of RPSA on mitochondria injured by ENO. A: Detection of cell mitochondrial membrane
potential. B: Detection of cell reactive oxygen species. C: Detection of cell Ca® content. ns: P>0.05; *:

P<0.05; **: P<0.01; ***: P<0.001.
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