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c 5 IRRAE LS K. Z B BL2I(DE3) ¥ AT 5 Xk ik, 4B iREE 1.89 mg/mL. kb
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Abstract: [Objective] To construct a recombinant Escherichia coli strain for the expression of the
bacteriophage-derived lytic enzyme Lys162, an efficient and broad-spectrum recombinant enzyme,
thus providing a technological foundation for developing novel antimicrobial agents. [Methods]
On the basis of the whole-genome sequencing data of bacteriophage pEC.M2929.1AR.1, the
protein structure was predicted via bioinformatics tools, and molecular docking analysis was
performed to evaluate the substrate-binding affinity. The expression vector pET28a(+)-Lys162 and
the engineered E. coli BL21(DE3) expression system were constructed. Lys162 was further
assessed for its environmental stability, in vitro antibacterial activity, and lytic spectrum. [Results]
Structural analysis predicted that Lys162 was an N-acetylmuramidase-type lytic enzyme containing
a conserved catalytic domain. Molecular docking confirmed its high-affinity binding to
peptidoglycan. The enzyme was expressed in a soluble form in E. coli BL21(DE3) and purified to
reach a concentration of 1.89 mg/mL. In vitro assays demonstrated that Lys162 at 125 pg/mL
exhibited significant lytic activity against E. coli M2929.1AR, along with potent lytic effects
against multiple pathogenic bacteria including Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Acinetobacter spp. The enzyme retained stable activity within a pH range of 4.0—-11.0 and at
temperatures between 4 °C and 60 °C. [Conclusion] Lys162 transcends the host specificity of its
parental phage, demonstrating broad-spectrum antimicrobial activity and considerable
environmental adaptability. Its synergistic effect with EDTA suggests a practical strategy for
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performance optimization. These results establish a foundation for developing novel enzymatic
antimicrobials to address challenges associated with bacterial antibiotic resistance.
Keywords: bacteriophage; structural analysis; lytic enzyme; recombinant expression; lysis
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1 ®E5FHE

1.1 #e
1.1.1  EHRFAREE

KWK THI(Escherichia coli) DH5a., BL21(DE3)
BAZ S BRI BGAA &, L REEFR
BAERNF; KBFTFE M2929.1AR. 1 J H g 5
& pEC.M2929.1AR. 1, DA K Al 38 7 Ak 25
ARSI K E VR (R 1)
1.1.2 EERFIFLER

B il A% R N VD EcoR 1. BRI PER R N
VIl Xho 1, HEREFIMGAR & . ok pET-28a(+),
b XS EWHARAIRAF; T Zhe R
- SR N TR BB e FRL TR T B B, R e
YRR RA R HEPE s & (BCA ),
R ERHABR A A

SERY AL, BUONMTERME A RA L i
WA, bR AR AR AR, 2 A3
BERE R AT 25, iR A R A A

B EE AR, DS ESATIRA R &
SRAT LA O EE T, A R R A R
NS
1.2 EHEHA Lys162 &M RS
il iF NCBI 40 B X Lys162 2 212 )7 5
PEAT R PR AL FE X 5 ] MEGA 12 #iff #
Wt T A 2L M Tl R e R AR I AEZ T AL i
W22 il J LR P A e & . B
HL LT IE B H T 1Y) g R AR A PR AL R R
(https://www. expasy.org/); il HH TMHMM (v2.0)
TEZR T H.(https:/services. healthtech.dtu.dk/services/
TMHMM-2.0/) /5 S5 i SignalP-6.0
(https://services. healthtech. dtu. dk/services/SignalP-
6.0/) T M 5 5 K # %1 ; ffi F Protein-sol
(https://protein-sol. manchester. ac. uk/) 73 ¥ &5 FH Ji
Vs fif B o A Phyre 782k T. B (http://www. sbg.
bio.ic.ac.uk/phyre2/html/) 73 Ht — 25 ¥y, 18 o
AlphaFold 2 (https://colab.research.google.com/
github/sokrypton/ColabFold/blob/main/AlphaFold2.

*1 ZEK

Table 1 Test strains

Strain names Specie Host Phage lytic ~ Endolysin lytic
A4M186-2 Klebsiella pneumoniae Human feces -

N3262-3AT Klebsiella pneumoniae Human feces - +
M2951-2AR Escherichia coli Giant panda - +
3103-3AT Pseudomonas aeruginosa Severe human sputum - +
N618-3T Acinetobacter Elephant - +
N1094-1At Salmonella enterica Farmland soil samples - -
N3204-2At Escherichia coli Human feces - -
N3229-3DT.1 Escherichia coli Human feces -

N3236-2AT Shigella flexneri Human feces -

N3680-1At Enterococcus faecalis Human feces - -
S3687-2Ab Pseudomonas aeruginosa Feces -

S3683-2Ar Escherichia coli Feces -

N1089-2AT Salmonella enterica Camel - -
BM419-3 Klebsiella pneumoniae Human - +
N3161-2dt Streptococcus Human feces - -
M2929.1AR Escherichia coli Golden snub-nosed monkey + +

+: Lytic; —: No lytic.
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ipynb) 7E £k T EL 7| Lys162 5 H it = 4544,
M\ UniProt |- 3% HURK R0 /N o+ 254, ff
CB-Dock2 43 F X} 4% 7£ 4k T. B (https://cadd.
labshare.cn/cb-dock2/php/index.php)/#/T Lys162 5
RRERBE Ny T 45 G s S A5 AR D
1.3 F|LHEHA Lysl62 = E. RIEM
iy

R 4 4 35 PR 21 T30 K Ty 8 o0 Bt 245 R0 A5 H)
BT I 1 4 pEC.M2929.1AR.1 1Y) ORF162 JEPA A
Beoh kB By . {fiF SnapGene 41T
— %t 24 fit T 51 ) M2929.1AR. 1-F (5-TAAGAA
TTCATGGCTAAAGTAGTTGATGTGTTTG-3") il
M2929.1AR.1-R (5-TAACTCGAGGTTATAAGC
GTCTAATGTTCCAGT-3") (I I £k (1) ) 1] 43 %)
i EcoR 11 Xho 11§ YJ {37 55) 1 — X} pET28a(+)
AR T7 J3 30 F 5149 pET-28a(+) 5| ¥ 28a-T7-F
(5-TAATACGACTCACTATAGGG-3") 1 28a-T7-R
(5'-GCTAGTTATTGCTCAGCGG-3'), Hidt 7l &
TR A W B AR A BR A F N 5328\l A LM
T

DLW 4 pEC.M2929.1AR. 1 KK 2H MAsidi
it PCR ¥4 Lys162 K . PCR W & %
(50 uL): 2xTag PCR Master Mix 25 uL, . T
We 5197 (6.5 nmol/L) 4% 2 uL, DNA Hifz 5 uL,
ddH,O 16 pL, PCR ¥ 34 4514 . 94 °C fiil 28 Pk
5min; 94 °CZAEPE: 30s, 57.5°CiEk 30s, 72°C
FEMf 1 min, 330 NMEH; 72 CCAIEff 5 min.
it L Il sc i) & el B B9 36 B BE . EcoR 1A
Xho TXUEG V) Y pET28a(+) 24K Fr B, i [l i
pET28a(+) ik 7 Be. (1] T4 i 4E[EAE 25 °C'F
R H LA B pET28a(+) 3k ik B, #r
2 TR [pET28a(+)-Lys 1627 AL 2 KT # DHSa
AN, 37 cCHE R, HXTR L T
s | DA T B PE SRR B IE . B PCR 5 30E 4 BHAE
() s R TR T 3 B

15 56 F 1E B 1) 75 20 J50RE [pET28a(+)-Lys162]
B4k 2 K 5 #F 7 BL21(DE3) J8% A2 75 40 il

37 °CHE 3R, 4 PCR Btk g B 4 v B FE- v
2B B R E Y HEAE BRA R . K5
WETE A A 55 T 4H ks A KT B BL21(DE3 )/
ZAAYNMAER R 100 mL &4 K E 50 pg/mL
RAREZR LB H, $55RE ODgoo (HZ M 0.6-0.8,
TN S5 N 2 -B-D-Bi A CEZLBE 1 (IPTG) R A MR
0.1 mmol/L, 16 °CiEFHi3% 18 h, XiEFH K
4°C. 8000/min 250> 10 min YCEFAK, HICHE
PBS ¥EW 2 K, AU K H HE & T 50 mmol/L
Tris-HC1 2% w1 (pH 7.4, 5 300 mmol/L NaCl)
W, S R A TR R, PR B AR R AR Ry
54 2SR K FF B BL21(DE3) A2 25 11
NP AR DITE R EVE R K AR AR S
M EREZE AT SDS-PAGE, 45005 X B itk
177% Sl ge e Fi e [RHRISEfk 5 1 Lys162
WEE, Lys162 SeZfifif£7E & 50 mmol/L Tris-HCI
ZEhii(pH 7.4, 5 20 mmol/L NaCl)Hh (JE4r5 %
KIS 1) o
1.4 [EE{R pEC.M2929.1AR.1 T EiL

2% Sofy ik, BUGE 1 WP B MR E B
5OH: 2B K1 (0Dg00=0.6), #F 100 pL
LA ER R SRR AT, s Ttk
fr 2R ALEE A S, B 10 pl WA & AL W0
TR R AR, TR IRAE 37 cCHlE
9% 12 h DA 30
1.5 Lysl62 B&E MM E

%% Nelson 2Oy )5 vk, I HGE 4Bk .
0T B8 A 4 30 19 32 1 R AR (M2929. 1TAR) BT T
4°C. 8000 r/min &.0> 5 min, F2% FiHR. H
Tris-HCl 28 MR Ve ULVE 2 P E & . R
200 pL WA Z (& 100 uL #H & . 50 L ZEnh
W, 50 L REITEHERESY), 7E 96 FLAR KA
100 pL BAER . 50 uL Z2 i FN 50 ul Lys162 F
37 °CHEERTFE 2 h, HEEAR RN+ 600 nm
A OD . '8 3 HEE TATHR, LIAmZ
fE ML TR, DURINE A e A4l il
FEREARR A R (DFTR
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e P ARG 5= R ZH OD oo fEL ~ (IR 2H OD oo [~

25 F12H ODgoofE) /X BEZH ODgoofH ¥ 100% (1)
1.6 AEHRER Lys162 S1EEEHE
EZionl

WA [R] e B 1Y 24/ i Lys162 (200, 400,
600, 800 ug/mL)E T 1.5 mL EP &, 4L
A 100 pL W HAER, FFHC50 pL 2@ EEA 50 pL
P 96 FLAR H (g FL AL 2 B 4330l Ry
50, 100, 150, 200 pg/mL), XfHEZH Ky 100 uL
Tris-HCI 2% /& F1 100 uL @&, S HAH N
100 pL 24 i fiff Lys162 1 100 pL Tris-HC1 2% o
W VE 3 HEEFATHR,
1.7 Lys162 B2 E MR IE
1.71 BREREM

B 200 puL 24 f# B Lys162 (500 ug/mL) & T
1.5 mL EP #&th, 4358 T 4. 20, 37, 50, 60,
70 °CH¥E 30 min J&, HU 50 uL % & J5 A0 4 firt il
1 50 uL ZZ RN 96 FLHR P (B3 FL S Bl
WRFEA 125 ug/mL), BALFHIMA 100 pL FHEH -
X HEZH A 100 uL Tris-HCI 2% i A1 100 pl B &
W, 25 H4 R 100 pL 2L Lys162 A1 100 uL
Tris-HCl 2P . 5 E 3 B FA7505
1.7.2 pH EREM

B 200 pL 24 f# il Lys162 (500 pug/mL) & F
1.5mL EP &h, 435l'E T pH 4 4.0, 5.0, 6.0,
7.0, 8.0, 9.0, 10.0, 11.0 A9 Tris-HCI & w i h
B2 E 30 min 5, L S0 pL WFF o 0 2 A Bl AN
50 pL ZE RN A 96 FLAR T (AL b S ffe il 2 ok
B4 125 ug/mL), AFLEMIA 100 pL B2 -
X HRZH A 100 uL Tris-HC1 28 B A1 100 pL 2
W, 254k 100 pL 24f# i Lys162 #1100 pL
Tris-HCl1 ZZ 0P . 58 3 iR FATE5 .
1.8 Lys162 5 EDTA BX&1EH

2% Celia "W TL, JFMGE MEM. B
X B A K Y A7 3 R R (M2929.1AR) T T

P4 actamicro@im.ac.cn, 7 010-64807516

4°C, 8000 r/min &5.L» 5 min, = LiER. H
Tris-HC1 22 MR BE R UTVE 2 OF H . 55 1 41
(Lysl62. EDTA 4): 7 96 L4 4351 in A
50 uL (& ¥ BF N 125 pg/mL) Lys162, 50 uL
EDTA (43 JZ 5 0.5 mmol/L). %5 2 41(EDTA X
WEZH): 43 %Ihm A 50 pL Tris-HCI. 50 uL EDTA
(0.5 mmol/L), % 3 £ (Lys162 #4): 4> %l A
50 pL (£ ¥ My 125 pg/mL) Lys162, 50 pL
Tris-HCl; %% 4 #H (Tris-HCI *F W& 20). fn A
100 pL Tris-HCl, REZH 4 LI ANA 100 pL 7# 2
Wo Ll eHTE 37 °CHEH 2 h J5 I XE ODgoo
B, W& 3HEEFITEE,
1.9 Lys162 BYZFEENE

b 3 B TR A5 B ODgoo=0.6 B T £,
HU 100 pL £ B2 A 96 LAk 4, 43 50
A 50 pL Tris-HC1 1 50 pL Lys162 (& ¥ N
125 pg/mL), Xf f& 24 2 100 pL Tris-HCl Fl
100 uL 2 B R ARR E T 37 cCHaA
NEF 2 h JGINE ODgoo {H, 811 B A2 1E 73
BT Lys162 f24f 1%
1.10 Zitoth

KUK R ] SPSS 24.0 31147 ¢ K B F
i 8 T R A et 22 22 50 BT A B B LU
BB EAR i 22 7R (n=3 375250, BB 50
P<0.05 HERRE, P<0.01 HEFHREE.
2 HER5500
2.1 FEZEE{F pEC.M2929.1AR.1 £ [F %
5 METE G

E 0 5 W T 1R pEC.M2929.1AR. 1 14> 5E A
HWE 1 P, HK/NHK 145 425 bp, i# i W
F5 16 PR 20 TR L2 7 M = A5 ) B0 e TR BE L,
E pEC.M2929.1AR.1 1 15 £ 3% . 45 KL B R,

pEC.M2929.1AR. 1 X HE2LH KA HTF# M2929.1AR
(F D)o
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Figure 1 Complete genome of phage pEC.M2929.1AR.1. Genome map of phage pEC.M2929.1AR.1. Purple:
All coding sequences (CDSs) of phage pEC.M2929.1AR. 1; Red: Phage lytic enzyme protein Lys162; Brown:
Hollin protein; Black: G+C content; G+C offset [dark blue indicates (G+C), light blue indicates (G-C)]; Genome

size (Intervals of 10 kb).

22 HEREAHERERE Lys162 B F 5
FHES hRe L1t

A B2 M R B, 20 B (AR I R 2 44
fi5h— > 2L Bl (FFJ0C B 2 AHE ORF162, TR
JE: 498 bp), 4% RAHEE A Lys162, S
Lys162 i 166 2 MR, FXF4F i A
18.9 kDa, ZFHLf(pD)°M 9.67. LA ILIRAH Wil
17 A 1 A A 5% 3 (Asp+Glu) A1 25 N IE
F, o] A 5% JE (Arg+Lys). %8 I RIAFEE RECH
21.26 (instability index<40), M H EA R 11
FeE T

ETHRERTIIERGELEN, 45110
N 2A), Lys162 Wz 50 751 5 R AT v

A phio2 (ZL#BF(YP\ 009012392.1)HA47 i &
RIS . Lys162 SEERFE A KP2025 (XC036231.1)
1 KP13-26 (UYL04718.1) 64 KL &2 %Y, 5
K ¥ B W B R phi92 (YP\_009012392.1).
JohannJBalmer (QXV81548.1), (YP\
009985676.1)Fl1 arall (QHR67616.1)5R 257 [ — 43
X b ARSI, Lys162 HA LRSI T4
FELLR R EE RS, IR A5 R T T A R R
Ji% (InterPro Z5 A48 ID: IPR052619; {45745
¥ B 8095 B CDD ID: ¢d00735) (& 2B), 4R i
InterPro B4 FE TN , 1224544 35 0 7 /K it 1l
FKJti 24 (IPR0O02196)FIlA R BHEA 2<% (IPR023347).
i1 InterPro F1 BLASTp 70 i Lys162 E.#

muut
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Figure 2  Phylogenetic tree and sequence alignment of Lys162 protease amino acids. A: The phylogenetic

relationship between Lys162 and previously reported Gram-negative proteases (The asterisk marks the phage

evolutionary cleavage site Lys162); B: Analysis of the conserved domains of Lys162 at the nucleic acid and

protein levels; C: Multiple sequence alignment of Lys162 and seven other members of the Lyz-like family [This

analysis was performed using MEGA 12 and ESPript 3.0 software. In the figure, asterisks mark conserved amino
acid residues across all sequences. The accession numbers of P9ly, FelixO1, 7SJ6, SP21535, 6LZMA,
vB_EluM_RZH, and RB49 represent the following phage lytic enzymes from Shigella dysenteriae phage PSD9
(GenBank ID: QXV72475.1), Salmonella phage FelixO1 lytic enzyme (GenBank ID: NP944846.1), Escherichia
coli phage T4 lytic enzyme (GenBank ID: 2321481732), Shigella phage SP21535 (GenBank ID: XPN41046.1),
E. coli phage T4 (GenBank ID: 157837110), E. coli phage vB EluM_RZH tail lytic enzyme (GenBank ID:
XFC52777.1), and tail lytic enzyme of Escherichia coli phage RB49 (GenBank ID: BAB90980.1)].
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Figure 3 Lys162 structure and molecular docking. A: Tertiary structure model of Lys162 in the cleavage

enzyme; B: Module-based molecular docking of Lys162 with N-A-D-G; C: Molecular interaction forces between

Lys162 and N-A-D-G.
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&4 Lys162 PCR&~=H) K E B 4L k&

Figure 4 Lys162 PCR products and protein purification electrophoresis. A: The PCR amplification products of
Lys162 (Lane M: DL2000 DNA marker; Lanes 1, 2: ORF162 PCR products); B: The Colony PCR amplification
products of Lys162 [Lane M: DL2000 DNA marker; Lanes 1-2: 162-BL21-28a(+) colony PCR products]; C:
SDS-PAGE analysis of recombinant lyase Lys162 before and after purification [Lane M: Protein molecular
weight standard (100 kDa); Lane 1: pET28a(+)/BL21 empty vector uninduced whole cells; Lane 2: pET28a(+)/BL21
empty vector induced whole cells; Lane 3: pET28a(+)-Lys162/BL21 uninduced whole cells; Lane 4: pET28a(+)-
Lys162/BL21 induced whole cells; Lane 5: pET28a(+)-Lys162/BL21 bacterial supernatant after [IPTG induction;

Lane 6: Purified Lys162].
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Figure 5 Lys162 cleavage activity, stability, and cleavage spectrum. A: pH; B: Temperature; C: Concentration;
D: Cleavage activity; E: Cleavage spectrum. P<0.05 was considered statistically significant; * indicates
significant differences within the same group (P<0.05); ** indicates highly significant differences within the

same group (P<0.01); *** indicates extremely significant differences between groups (P<0.001); ns indicates no
significant differences between groups (£>0.05).
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Figure 6 Molecular docking of the other six members of the Lyz-like family. The small molecule is N-acetyl-D-
glucosamine; Accession numbers P9ly, FelixO1, 7SJ6, SP21535, 6LZMA, and vB_EluM_RZH represent the lytic
enzymes from Shigella dysenteriae cell body PSD9 (GenBank ID: QXV72475.1), the lytic enzyme from
Salmonella phage FelixO1 (GenBank ID: NP944846.1), the lytic enzyme from Escherichia coli phage T4
(GenBank ID: 2321481732), the lytic enzyme from Shigella phage SP21535 (GenBank ID: XPN41046.1), the
lytic enzyme from Escherichia coli phage T4 (GenBank ID: 157837110), and the tail lysinase from Escherichia
coli phage vB_IM_RZH (GenBank ID: XFC52777.1); Vina score denotes molecular docking binding energy.
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