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Abstract: [Background] Staphylococcus aureus is a common zoonotic opportunistic pathogen. With
the emergence of multidrug resistant strains, it is urgent to develop antimicrobial agents with different
modes of action from antibiotics. [Objective] To isolate S. aureus phage and identify its functional lysin
components as an effective specific antimicrobial agent. [Methods] The whole genome sequence of the
phage was assembled and annotated for the mining of putative lysin encoding genes. Two putative lysin
genes were respectively cloned into a prokaryotic expression vector. SDS-PAGE and Western blotting
were employed to confirm the expression of the target proteins. We then verified the lytic activity by
spotting the expression product on the host bacterial lawn. [Results] The isolated phage in this study
could lyse its host bacterium and was named vB_Sau P68. The phage genome was 139 409 bp with the
GC content of 31.0% and encoded 220 open reading frames (ORFs). Under the transmission electron
microscope, the phage appeared as an icosahedron with a contractile tail, which belonged to Myoviridae.
Two putative lysin genes were annotated in the phage genome. ORF161 was predicted to encode lysin
with a CHAP catalytic domain and ORF163 with a SH3 5 binding domain. The results of SDS-PAGE
and Western blotting showed that Lys161 was expressed successfully and had lytic activity, while the
expression of Lys163 was not be detected. The Lys161 sequence had no signal peptide or transmembrane
region, and random coil was its major secondary structural element. [Conclusion] In this study, two
lysin genes were cloned from a Staphylococcus aureus phage genome and expressed. The results
suggested that the CHAP catalytic domain had lytic activity, while the SH3 5 binding domain was not
expressed. The findings provide a theoretical basis for the exploration of the acting mechanism and

application of lysin.

Keywords: whole genome analysis; CHAP domain; SH3 5 domain; protein structure

4 75 048] 2 BR T8 (Staphylococcus  aureus ,
Sa) & N5 8 i Wi S BOW R, T 0
i T ARAF, AR EZEE TR, HiE
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e, QR RRANARHGURG, | H R R, JUEH
FRF AT SRR LT DSB8 B i g 1 0 1A

REN,

HHT, 2 2 4 €0 4 %6 2K 0 4G s 2k
BRI TR A S VA R R AT R R A7
P EM, HeeRr k2 E B, A
R, HARSME. 2017 4E, Eliava MEE A
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(Netherton Zi-A1iE), %98 EE RN K IK T
M. B, 2REmEIREOHE, TEE
WA B AR, NS REAIRYT 7 d 5
B R0 0 25 3, TR G R Y SR FE D)
HHICWIE S A i, 697 6 M Ei%E
H ) Netherton ZEGEARKE Kk H AW HR 1 IE
# P, Schooley %%t — 44 68 2 H fifd & A sh T B
SR 5| B 1 IR B g i 4% B A 0L I AT A
Wk 3 G A S, B Re W As B ek
#0810 2015 4£, Nzakizwanayo 25 B HF 5 IF B i
AT DA R E AR R K, TR
PR BHLZE B 1 B R A5 I R I & AE . SR 2%
) R A SR A R T Al Ak S R R e, TR
PSR 1 H RGATI A7 AE— 0 ), 2R A Il Ay it
FAR T KRB RIRENE R Z —, R
D TARAG, TE 2001 45 U0 Uk 2L A7 il RE % 19 By
INEERFIGE Y A HEESRIE R ETESS , 2013 4F
L7 SAL-1 MG RIS IRAFHEAE, PEAG 1
i KA ek, HE 2017 4, W
Micreos 723/l F A& i 12— Al T N8 E2 ik
G 00 A TR T R 1 i T

WA R LRI RE R 1A 4 B WEEAHE
5 JIK SR B 7K fi# if§ (virion-associated peptidoglycan
hydrolases, VAGPHSs). f# %/ (depolymerases) .
LS (endolysin) FI 2 FLE (holin)®l, Horfr, 2
fif il R A% 2R i o 2 UG B 1A 200 T 4 i B O SR I
0 NS0 N S B R (Y S R V=W N [ o
IR 5 28 N-Z Pt BE M- L- 79 22 R ISt 1 il
L- N 2 5 -D- 4 2 I ¥ 9 K . 52 3R A N B
fitf . N-Z 1 -B-D- 2 JE A W 1 i M2 N- £ 19 it B
o i (5 AT ) o 3/ 2 W R A A D LA <
ER I EE R RO RE A, B N-s B R AR T
S L R JOR SR W 1 A R 22 IR B T e B A A fb 2
M8, C-dm HAA 5 1E 3240 M BE A S 1 45 B 0
GG AL, B B A AE 2 i

(A R

AT 5 G 3 X — Bk < v €0 R 2 K TR R T
PR G L DN A Jy 5 A7 o A, X [ — R I ] 1A
Gt i 2 >0 5l CHAP EAL 2544 S8 A1 SH3 5
55 B G R S0 A Tl TN R AT yE e AR A, O

oy AT LTS M, LAY D SRS I ) 1 P R AR
@%O

1 #H57%

1.1 E#RFARRAL

SO A ERBE B RE Sa 68 205 A A
KEESNYBEBER K O 50y, #0081
T 7.5% NaCl RizAIEFRAEY 4-6 s, BifS
F 37 °C. 200 r/min ¥EREEH 25 HI(ODeoo 29
1.0), HAh 2B} 5 4 06080 A PR R (0 5
M, 37 °C K FRA KGR 18 h, BBk
RS T R 2 R AR, A WL SR
B B P BK T, Bl S R BE AL Dy < B 6 7 2 K R
{1 8L 5 e 15 5% 27 5 W (ODegoo 240 1.0))5, 1
YT SE 4] DNA $2 B G i 7 3R U
SN DNA FAE B, F 16S rRNA %[
WALIHATY NS, SIS 1. PCR R
MAKZ (25 pL): 2xTag Plus PCR Master Mix
12.5 uL, 16S rRNA_F 5 16S rRNA R (10 pmol/L)
% 1uL, 4 DNARIAR 2 uL, ddH,O 8.5 pL.
PCR [ %1F: 95 °C 5 min; 94 °C | min,
56 °C 1 min, 72 °C 2 min, 3t 30 MEH;
72 °C 10 min, ¥ PCR F=#yi%k 2= 75 M FE £
VIR A BR A Wy, K0y 45 R AE NCBI
BLASTn b EbX}, %858 0 4 a3 4 BRI (G 5
h Sa 68), HFEFRAET-80 °C vKFE %5 H .

KIHFFE Trans1-T1 5 BL21(DE3)&Z 2
i It e XS EMEARGRAH,
pCold T JiT ki f 75 5 I~ A 53 Bt 1 A= W i A 7 0
WFFE R AT
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Table | Primers used in this study

GIEY/ RN 519751 K E
Primer name Primer sequence (5'—3") Primer length (bp)
16S rRNA_F AGAGTTTGATCCTGGCTCAG 20

16S rRNA_R GGTTACCTTGTTACGACTT 19
ORF161 F ATCGAAGGTAGGCATATGATGGCTAAGACGCAAGCAG 37
ORF161 R GAGATTACCTATCTAGATTACACCATTCCTTCAGGTTTTTTAC 43
ORF163 F ATCGAAGGTAGGCATATGATGAGTGCTAGTGATGCTC 37
ORF163 R GAGATTACCTATCTAGATTAACTCTTGAATGTCCCCCAGGC 41
pCold_F_Primer ACGCCATATCGCCGAAAGG 19
pCold_R_Primer GGCAGGGATCTTAGATTCTG 20

1.2 FERAFIFYE

B BuA &, ¥Rk Eig)A
FRAA]; BRIEYEN VIR Ndel 5 Xbal, New
England Biolabs Jtut A PR w5 e A1l it 5]
&, IINEY TRGYNARA R Fok/NMEit
A&, R eXEEYBEARAGRAF; Western
blotting ECL fb# & epkniliin g . 7R,
R R AEWEARA JHAF . SRS o
Wi : NaH,PO, 6 g/L, NaCl 17.55 g/L, pH 8.0; TEN
ZZM . 10 mmol/L Tris-Cl, 1 mmol/L EDTA,
100 mmol/L NaCl, Qubit 2.0 z¢56i1, FEER ik
IRFHL (PP ENABR AR s Ni-NTA £, A TAY)
TR B A PR A Ao
1.3 EEASEFEBARFIISHT

Wik T A 0 18 3 MO R 2 Bl ) B B S
K, ¥5/K% 10 000 r/min .00 10 min, 3T
P, BB 0.22 pm IR IMAE] 37 °C.
200 r/min #ARETF7 ZXTEO (ODgoo 29 0.6)HI1E
Sa 68 H1, 37 °C. 200 r/min 53¢ 2 R
J&i, 10 000 t/min Z5.0> 5 min, B F3EZ 0.22 pm
PR, PRSIV BN R B AR, 4 3 KERBE
aiAb ), WD R T ARl R A 3h ) B B
4 °C VKFETRAFSE ], BEfR AR Rt
FEBEHEE Wy A T Wt 5 i DR A7 S R4 7 v 8 12 0

J¥(Illumina MiSeq), M5 %44 Spades 3.13.0
BUFPHE R RIS 2R 75, FfEE NCBI
(B354 OL741057), £ NCBI BLASTn 5%
it LU AT IRD IR 43 BT, 5 X8 s BT 4 3 B T
T 15 EHE (open reading frame, ORF)IFATARE
14 EEAGSHRSHBEER

SR FH TR 2 A B O TR AR TR A, B
30 mL MR 2 A, B IS
JIA 10 mL [ 30%EAA T, 7] Optima XE-100
Ultracentrifuge #3041, 4 °C. 20 000 r/min
B0 3h 3k BIEW, A 100 uL TEN 2% b &
BUEEARDINE, B S HE S T S (TEM)
MERBERRIEAR, HORAEER 60 000,
1.5 #mAD L AREGE E

W e R N 2 A% B L N B 2R 1 #E Pfam
(http://pfam.xfam.org/)55 Inter Pro (http://www.
ebi.ac.uk/interpro/) Wk | iFE 4745 F4) Jak i
1.6 e {AEFE B AR B

B 4E F T 37 °C. 200 r/min KRR R
SFHI(ODgoo 29 0.6), MMATEARLR E 17T
4 °C WER IR, et IR R 2R, ©
HIKZ 0.22 pm IR, S MZRIRIOR
& U] A PR g A R 4 DNA, JF T
—20 °C A7 4 H
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1.7 FRABHKEGEFE SS9t

PEH pCold T Tk} ORF161 5 163 %%
i, BEYINIS A Ndel 5 Xbal, EiTHeR1E
FUREAS Y, Wk 1 Fon, mdbatifse iy
AT A B2 A
1.8 BHIRERYIE

FH [A) 5 22 4 51 90 X Wk B iR DNA g7 4™
H, PCR JRMRZR: WER AL DNA
M2 pL, b, TS0 umol/L)4% 2.5 uL,
ddH,O 18 plL, QS5 High-Fidelity 2xMaster Mix
25 pL. PCR R ZAF: 98 °C 30 s; 98 °C
10s, 55°C30s, 72°C 1 min, It 35 PMEH;
72 °C 5 min. H 5 uL PCR ¥ 1.5%55 5 bk
HEEHL UK % B Y 5571 o
1.9 HBERESRIE

¥ PCR 7742 B I 1o R0 6 i BH 4
gifb)s, HEHEZCHYIN pCold T #ifk, KEjSH;
L% Transl-T1 BN, $EEL Transl-T1
ALV E R R R R Amp BUME (&M
JE4 100 pg/mL) LB AR FRIEH, 37 °C,
200 r/min FE IR K5 57 K" 2 ¥ 5 W (ODgsoo 2
1.0), FHBURL/N R S R BBk, 43 1 DA
BB KB pCold F Primer & 591, LU
ORF161 . 163 H @YK 3'-um 09 T iE 5 9
ORF161 R 5 ORFI163 R X% BUHY Bk k47
PCR %5, R R 26 5 b 5T 145 8 3 R 41
FA AT, H4EA R BT IE
B %) JBob 5 A0 2 KA FF R BL21(DE3)/EZ A4
M5 37 °C #53%, W HWEEAL- AR F R EA

TR R
1.10 SDS-PAGE 5&H %% ENiTki%(Western
blotting) <&

SIS ORF161 5 163 F:H B F£ kR
PRI/ RIS, PRI AT R BL21(DE3)
ERALPA L B TE R E Amp PP 100 pg/mL)

AR LB B5 323, F 37 °C. 200 r/min FEPRE;
F5 BB (ODgoo 21 0.6)J5, NI AL HFE N
1 mmol/L #J IPTG, 25 °C i 15 h, 4 °C,
8 000 r/min &5.0> 10 min WA IATTIE, R
IR R, AR 30% ., HEA 2 s,
B &k 3 s, B 10 min)/5 i SDS-PAGE X 5E
S BTN

T P15 B AR 4 ECL A2 & i k6l
R UL 4R, A s, BRSSP IR
Wr. ¥ ¥ PVDF ., EARAESLH
ORI G A TG B (R 47 -PVDF IR-28 1 I -ifg
4y, WEBIKMMSE 30 V., 300 mA, Hik
30 min JFHUF PVDF [, TBST 28 uPilikik
3 W HH: S%MREYIRY, EIREMA 1 b,
TBST Bk 3 I —Hi: I d A brss
(1:2 000), 4 °C WFE LR, TBST 22 M PR
3 ZHEBURL(1:10 000), EIRESIEE
1 h, TBST ZilpEk 3 K il : F PVDF
IR AE ECL & E N 10 s I, CETE B2
TSN
1.11 HEBYIPEEEERAK

i FHERBEVL A 25 R i 2 (1 16, B 5 uL i
PR IS Lys161 5 Lys163 s 1EfE 32 AL
JZARE, 37 °C HiFRfEkEE, WEA LA
P 7= A o R R A AT R A I 1) 2R A T AT 4l
1k, BUKEEFAER 4 °C. 8 000 r/min &>
10 min RICEHKRDINE, HBERRELZ pIREE)S
AR RR TS W, A 2s, [BIER3 s, KA
K 10 min), WAEMFED FFER, H Ni-HE
FZNTRaifb B, LB EE % vhE T s A
Qubit 2.0 ZEGHH I E HE WA, JFT-80 °C f
e85 o
1.12 7IREFEREZEE A Lys161 7H1%

HR 48 SCHR (13770 (9 5 3k X 24 A 1 M s 1
R R RIS T, Tk s, AR
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AN B BE IR 2= X B (ODsoo 21 0.6) 1)
Sa 68 R 10 000 r/min Z.0> 5 min, 32 B
W, 1 PBS ZemrifiiidItE A, B 100 pL 2
96 fLtH, SIS, A 3 1L
SR A 100 pL Zifk Lysl61 (KN
125 pg/mL), [A]ES )% BRZE N A 100 uL PBS 2%
MR, 37 °C 8i3F 2 hy B I ASSLNAIA 3 ul
2% (FUEAAFEOM TI RE , 37 °C HiFRMas
gt s 1k
113 HEEMEQ SN

A CLC Genomics WorkBench 12.0 4%
Lysl61 H H B & 5 1R e 8 A7 o0 #r s R
Signal P4.1 45 #&(http://www.cbs.dtu.dk/services/
Signal P/)Xf Lys161 7EZ& Tl 5 HA 15 5 K
%M TMHMM V2.0 IR 55 % (http://www.cbs.dtu.
dk/servicessTMHMM/)X} Lys161 FEZ T, [n]
A R 8 57 7K PR 285 SR T Lys161 & 15 HoA B IR X
I ; R PredictProtein X¥fi(https://predictprotein.
org/)Xf Lys161 7ELL T H — 454, H CHAP
oAb S5 F S Y = 2 45 40 ff ] SWISS-MODEL
W % (https://swissmodel.expasy.org/) i#F 17 [A] J&
fEig

2 HER5p4

21 EHEKREERFBFT S

ZWEFE A vB_Sau P68 414 139 409 bp,
GC 124 31.0%, RAST JFB45 T WR A
it 220 DI EHE S 1 4> t(RNA B[R, 7E
JiiF ORFs Ht, 63 IRk b S2HE 5 2 J & 1 )
REHA WEARIE, HA 157 DIF R S AE B
RN IRERME (A 1),

I B A 4 B R 417 51 28 NCBI BLASTn H
X, 55 % % BREA WE B AR Staphylococcus phage
pSco-10 (KX011028.1) . Staphylococcus phage

Stab23 (LR215720.1) . Staphylococcus phage
vB Sau S24 (KY794643.1) .
phage vB_Sau_Clo6 (KY794642.1)#1 Staphylococcus
phage Stab22 (LR215721.D)AHIMER S, ¥k
Herelleviridae % Twortvirinae WA} Kayvirus
J&, BARIF A EA AR & AR (R 2), (EFH
BRIG 3R 5 Mk o) 7 3ok T e T 4K 4 5k DRI 26
GIGHEATHOXS, K B B AR P SR IH A B 5 22
S(E 2), M5 KX MEGA 7.0 f# neighbor-
joining 2 X 5 BT 1A SR By iR IV o B2 LR )7 91 4
RGN (K 3), AL vB_Sau_P68
— BT A L TR AR
22 EEIKBEE

i ST B S, WER A vB_ Sau P68
S EIR T IR A 4), BABBIRIE—
A SR TR EE # R W A P R R A5 # IR AR IS
FEA i — A BEERAR S5 M, WA SL T AR N
(84+1) nm, &Il EE M (195+1) nm,
2.3 HEEEREN

RAST [ BEE PR IRAAE 2 T
R R HE S A S AR ISR, B ORF161 5 163
IR N-C B M BE R -L -9 R ER LR I, 17
H. Pfam 5 Inter Pro il ORF161 f7##F CHAP ff
fE&5H30, ORF163 f71E SH3_5 455 4ithl
24 BHBFBEBTIBES5EHRNIIETE

ORF161 5 163 HMWIERH F B KB4 5k
639 bp 5 633 bp, £ 1.5%E JIEHHEE I HL PR KGN
H i 2515 /N5 1l e B B —30(El 5A). H
AR FUF51 9 (pCold_F Primer) 5 H W) BL T
51 ¥ (ORF161_R 5 ORF163 R)if7 PCR #”
HUE, B A R B B IE (K] 5B). FREE
A BRI R AR M EE R P 1 5 ORF161 B
163 275 J7 5N JE 101 7 U X, 3 55 B 100%,

Staphylococcus
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&2 5 vB_Sau P68 BEFERBIMERSH 5 FF5
Table 2 Phages with high similarity to vB_Sau P68

Phages Family Coverage (%) Indentity (%)
Staphylococcus phage pSco-10 Herelleviridae 61 95.74
Staphylococcus phage Stab23 Herelleviridae 82 93.15
Staphylococcus phage vB_Sau_S24 Herelleviridae 81 95.48
Staphylococcus phage vB_Sau_Clo6 Herelleviridae 81 94.95
Staphylococcus phage Stab22 Herelleviridae 81 94.72

Staphylococcus phage pSco-10
W 100% identity
W 70% identity
50% identity
; Staphylococcus phage Stab23
_/,,;’G d ¢ = ]000/0 iden_tity
Vot \ W 70% identity
50% identity
Staphylococcus phage vB Sau 524

Staphylococcus . .
100% identit

phage vB_Sau P68 70% ‘; denti tyy

100 kb 139409bp 401 50% identity

Staphylococcus phage vB_Sau_Clo6

100% identity

70% identity

50% identity
Staphylococcus phage Stab22

100% identity

70% identity

50% identity

2 VB_SAU_P68 5 5 #h & & Bk & Mk = 8 & B & 5 51 b 3

Figure 2 Genome comparison of vB_Sau P68 with 5 Staphylococcus phages.

Staphylococcus phage vB Sau S24 (ARM69355.1) Genus

Staphylococcus phage vB Sau Clo6 (ARM69142.1)
99 Staphylococcus phage Stab23 (VEV88464.1)
e Staphylococcus phage vB Sau P68 (OL741057)
77 Staphylococcus phage pSco-10 (ANH50534.1) )
Staphylococcus phage G15 (YP 007002205.1) Kayvirus
Staphylococcus phage phiSA12 (YP 009006733.1)
Staphylococcus phage Maine (QEM41335.1)
Staphylococcus phage BT3 (QVD58046.1)
Staphylococcus phage MSA6 (YP 009781468.1)
Staphylococcus phage Quidividi (AXF38308.1)
Staphylococcus phage Terranova (AXY83961.1) )
Staphylococcus phage philBB-SEP1 (YP 009600926.1) Sepunavirus
Staphylococcus phage Twillingate (AXF38514.1)
Staphylococcus phage philPLA-C1C (YP 009214457.1)
rStaphylococcus phage ZCSS1 (QQV88471.1)

. 100 “—Staphylococcus phage vB SscM-1 (YP 009786238.1)
0.02

Subfamily

55

Twortvirinae

100

Sciuriunavirus

3 ETHEARGEATESEBRFINRELRER O SBEAERAERE, RRIGKRE LR
Figure 3 Phylogenetic tree based on the terminase large subunit amino acid sequences of phages. The
branch numbers represent the confidence level, and the scale represents the genetic distance.
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Figure 4 Morphology of vB_Sau P68. A: Phage with contracted tail; B: Phage with uncontracted tail.
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Figure 5 Electrophoresis identification. A: Target
fragment PCR  product identification; B:

Identification of recombinant plasmid PCR products.

M: Marker; 1: Lys161; 2: Lys163.
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6 EARESEMETE A: SDS-PAGE %
FE; B: Western blotting %85 ; C: FABRELIGUER
i M: Marker; 1: Lys161 #87/5 FiE#; 2:
Lys163 #8/ Fi5W; 3: pCold I 25 3R A%} Y

Figure 6 Protein expression and activity identification.

A: SDS-PAGE; B: Western blotting; C: Single spot
assay to verify lytic activity. M: Marker; 1: Lys161
ultrasound supernatant; 2: Lysl163 ultrasound
supernatant; 3: pCold [ empty vector control.

7 TNRBEREBLER A LI4; B: X4
Figure 7 Results of resazurin assay. A: Experiment;
B: Control.

PAJGHE I 2 il A 5 A S5k M IR M . Lys161
CHAP {25 #4385 LysK i) CHAP fifb. 25 #435
IR FESIARIE N 96.97%, H 5 MR IELFRK)
Z5, H a5 YE LysK () CHAP 45415k
(BS54 4CSH_A)EAT IR TR EAR (K 9).
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Figure 8 Structure analysis of Lysl61 lyase. A:
Signal peptide prediction, C-score is the cleavage site
score, S-score is the signal peptide score, Y-score is
the comprehensive cleavage score; B: Hydrophobicity
prediction, the positive value is the hydrophobic
region, the negative value is the hydrophilic region; C:
Prediction of transmembrane protein, inside is inside
the membrane, outside is outside the membrane.
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Bl 9 Lysl161 CHAP &#iE R EE
Figure 9 Schematic illustration of structure of
CHAP domain in Lys161.
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