SN/ S U S S REBIE % | £T Phi29 DNA BABNEEEISIER R 427

Chinese Journal of Biotechnology Jan. 25, 2025, 41(1): 427-436
CSTR: 32114.14.j.cjb.240222 http://journals.im.ac.cn/cjbcn
DOI: 10.13345/j.cjb.240222 ©2025 Chin J Biotech, All rights reserved

- EMRARERE -

E T Phi29 DNA RSB HTERIZ IR & FRAE

AR, WHRR Y, BHR Y, ZAWY, FE Y BEx, 1487

1 REFHE R B TSR, K 300457
2 Hp ERE R EHE T A AR Ir, KEE 300308

ASTE, W15, BEDIRL, M, A0, GRS, TLAH. JET Phi20 DNA RAMMMMHEIN RN £ TR,
2025, 41(1): 427-436.

HAO Mengyao, HU Lingling, HAN Minghao, LI Congyu, CHANG Hong, LUO lJianmei, JIANG Huifeng. Mining and
characterization of new enzymes based on Phi29 DNA polymerase[J]. Chinese Journal of Biotechnology, 2025, 41(1): 427-436.

 E: L5k, HHK 029 (Phi29) DNA RA&BR L AA R SIRAT 8, mARELE
St %, ATH—FHIRXEFRROBG T LA, KR CRALH Phi29 DNA K48 5 74+
SHARAE M 7 AR R ATH B 5 R AL, EHME EBRRGZEARA Y, Lo b — R ——
Php29 DNA R A8, %8 A £ 50048 B ¥ (5B IK 029 t9A80E A F) 59.5%), FIILiELE
REW, ZBEEE 3SR BINMEEEY, LI 3 =0T A Tit—F B R . Php29 DNA
A B AT AR AT IE A KRR F B Y B T AL R REET A BAE.

X HEIE: ATBEITIE; Phi29 DNA R&8; FRAZ;, BRIV, BBINMIEEE MK

Mining and characterization of new enzymes based on Phi29 DNA
polymerase

HAO Mengyao"*, HU Lingling"**, HAN Minghao'?, LI Congyu'?, CHANG Hong"?, LUO Jianmei',
JIANG Huifeng®’

1 School of Biological Engineering, Tianjin University of Science & Technology, Tianjin 300457, China
2 Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China

Abstract: In recent years, the bacteriophage ®29 (Phi29) DNA polymerase has garnered increasing
attention due to its high-fidelity amplification capacity at constant temperatures. To advance the
industrial application of this type of isothermal polymerases, this study mined and characterized
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new enzymes from the microbial metagenome based on the known Phi29 DNA polymerase
sequence. The results revealed that a new enzyme, Php29 DNA polymerase, was identified in the
microbial metagenome with plants as the hosts. This enzyme exhibited higher strand displacement
activity, with a 59.5% similarity to bacteriophage ®29. Experimental validation demonstrated that
the enzyme had 3'—5' exonuclease activity, and its amplification products can serve as substrates
for further catalytic reactions. The discovery and validation of Php29 DNA polymerase gives
insights into the future industrial application of isothermal polymerases.

Keywords: mining of new enzymes; Phi29 DNA polymerase; heterologous expression; rolling

circle amplification; exonuclease activity

I R Phi29 DNA R gk [ Al 5 28 AT
HEER R, J8F DNA R4 B %%, Phi2o
DNA RAHHHEA HR Ry e ™7,
WA T AR B G RIEXT R o Phi29 DNA ¥
A RE A P AR DNA | & AR K AUk
DNA. ZH N s B 3'—5 MmN E
PE, X —FrPEA B TREIL DNA il fE v iy
BRI, Phi29 DNA B ERE) 2
N F & 3R ¥4 (rolling circle amplification,
RCA) #1 £ & #t ¥ 34 (multiple displacement
amplification, MDA R H1, & DNA 4t Flift
BRI T AR T, Phi29 DNA £
R BE 51 Y 3 DNA &, BA
KB RREL A e ) FeE B RE T, IO
e F-ROHEF B . Phi29 DNA R4 [ )58 &
IS A =2 Hl P DNA REEF(AnWEF K T4
B T7 B5E B0 PR ) ROR B

Phi29 DNA 34 i 45 #4387 L) 4l 43 o F
L FAERHEHE PGS i AR 2
NG — RS 8 X TPR1 M TPR2, 4 A%
HOMRR A B2 AR AET 20 TPR1 WS MRS 5
R ¥ 2 F (terminal protein, TP)FI DNA i AH B {E
s TPR2 MEZEAIR . PR T8 T4
KR A1 D) ik 25 48 i — A B2 s 0 % I T A Al i )
BEiE , ZPRAE R HERR TS HE DNA H4S
G, NREHRMEEE e .
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H i T RCA 5 MDA ()R A By HAT #74:
PE DNA & BUFEE B 68, 40 Phi29 DNA R4&
fitf . Bst DNA AW, Vent BAMEE,
oAt Phi29 DNA R4 BisE B e D REfcoi, ¥
WA, T H A 3-S5 ERAMI R IE D)
. Dean ZUfi [l Phi29 DNA 4G 5151
HIFEHL S RAKS P19 3 1 ng M13 DNA, Al
10 000 £, ¥R B EEATIAE] 70 kb,
Hamidi %¢12°Vf Fj Phi29 DNA B¢ & ifghe gt 7 —F
R A TR HINT 7S 3 1) SR 34
. H SRR A Phi29 DNA R4 TN S0
MDA DL 67 PCR AR MR 5 43 346
WYy, T —Frm R R BRI R
HHOR MO LA, Phi29 DNA R4
Titths 5 1oy FHF = AR, 5 B B DNA RS
HEM Y

R4S Phi29 DNA RA B HA = Ok B s R
JERSRY IhRE, HREMTATTEESRYS
AR R R, Phi29 DNA B4 WEAH
FHALE R E DNA RAMEMS ., fEh—
FRREGSZE K I AME LA i G L 70 kb
KJE DNA MRAN, ©XHER MY BRCRA
SRMELLE 2 Tl T5oK . Bk, AW & fEm it
X} Phi29 DNA R& W 19775 438, &1x) 2 5L A
AT HGIZAE . WA IE I S0, WY 1E
A IR 0 2 RE DR 4 v R 2 5 T — o
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Wi, XFHEERETEME IR SIS, Rrsl i Rl X
HE DNA #t# 5 M, SR H AR
B E G PSR E R R, (]
FHA Phi29 DNA RGN 3'—5 %R S I
T, (3G 7 Wy AT IR A J5 S Ak S )
378

AR

1.1 8
1.1.1  EEEF AL

KW #F B (Escherichia coli) BL21(DE3). E.
coli JM109(DE3). E. coli Rosetta(DE3)[# k5
pET-28a(+). Pg-KJES8. pGro7. pKJE7 JikiA
SLIE AT, A BRI R 4Lk, pET28a-
A29., pET28a-B29. pET28a-C29. pET28a-D29,
pET28a-E29 . pET28a-F29 ., pET28a-Phi29 %
Fea MR AR A R WA .

1.1.2 EHFE

2YT Witk 37 5 (g/L): 5 g NaCl, 16 g Ji
EEMR, 10 g BEEHEERY) .

1.1.3 IR

KB % &K (kanamycin, Kan)lg F Jt 5 >4 8
FITERT A BRA A, S50 H-B-D-Bi A L
(isopropyl-B-D-thiogalactoside, IPTG)WM H Jt 5
FHREFHCARAF, ®2EMIJ) Ni-TED A5
FF 14 AR & Wi A R A B A W], SYBR™
W A FERR KRB A PR ], VAHTS Universal
Plus DNA Library Prep Kit for Illumina V2 Il H
I MERR A Y RHCA PR A W, BCA S E
R & B Pierce 23w, TelN sk ity H NEB
YNEIS
1.14 {438

Amicon Ultra #.02f JERE W A Merck
Millipore /A A, HEHRIXIE H Molecular Devices
/N #] 3 Mastercycler Personal PCR Y Iy H
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Eppendorf /A ] ; QuantumST5 % Wi 1% &R 4
H Viber Al HIEREIKE A FGREN A
FRAR; mEEHIE A INBIO A F]; 2 H3)
DGR T RS H Tanon 24 ) o
1.2 7%
1.2.1 ERBRFIE

¥ B B ARk R S SOk 5 B B R AT
@ BL21(DE3). KWAHFF T IM109(DE3)E2 454
i, SRR R BB (Kan', 100 mg/mL)
FE 37 °C Rl RARAT P v e o h B TR 5
F T 5 mL 2YT 1A 57 5 (Kan", 100 mg/mL)
Hr, 37°C.220 t/min %7/ 4-5h, JIA IPTG &
LW 0.1-0.5 mmol, 16 °CH¥7 14 h, it
SDS-PAGE 73 #r 8 1R B TH O o
122 SFHEEERE

¥ &4 Pg-KIE8. pGro7. pKIET7 By JFHi 4y
WA KB FE BL21(DE3)EZ S 40, If
W Holil 2 b2 2 25 . W A29 IR iR
Kie AJCHTl & RS, HIRESA AR
2 (20 pg/mL) IRk Bk EREEA KPLAE R
(Kan")[¥~F-Al 3555, Tk ek, dHaH
A HARE AR SERER, A S mL 2YT W
KB FR 3, 37 °C. 220 r/min $535% 4-5 h, 4
ODgo 5% 0.4-0.6 Bf, fiILA IPTG, {HILZkE R
0.1-0.5 mmol/L, #RJ5 30-37 °CHiz# 14 h, H
f#i Hl pG-KIES8 R [ FURLA}, L-arabinose.
tetracyclin 75 [AIEf %€ ; f#H pGro7. pKIE7,
pTfl6 fF 18 & A /R wf , H 5 & M
L-arabinose, FZEW G, #H4E SDS-PAGE H
7 QNI i b S RIS NP /L OB S vy e
s fd .
1.2.3  FHEGNE

¥ orfam A BARE ARSI, A S mL
2YT HARR; F5 5 (Kan", 100 mg/mL)H, 37 °C.
220 r/min ¥53% 14 ho il & &0 AL EE 40
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W3 B3, A B-PER(R)II U404 & 1142
B G0 5 55 SR I A9 h 1:1) 150 pL;
FIRFHE 15 min J5, SEE O HRS RIS
HEAW L], A 0.5 ng DNA KXY 5
B RIE RN . 30 °CHFE 16 h Jq,
65 °CHNFM 10 min {55 1k RN o P2 14T 1%3 08
W B JE 0 HT o
1.24 ZHZRSK

ST SRR A A ANE T, BRI
FEB AT Gk M fb o fF T4 R OR
pET-28a-29 # ¥ % K #AT# BL21(DE3)H, i
AR5 R BRI (Kan™, 100 mg/mL)7E 37 °C
TS BORAS B SR . RN ERT T 5 mL
2YT WA FEH (Kan™, 100 mg/mL)H, 37 °C.
220 r/min ¥ H 4-5 h, SRJF%A 800 mL 2YT 5
FiH(Kan', 100 mg/mL), 37 °C. 220 r/min 5537
% ODgoo i5%] 0.6-0.8. JIA IPTG ZELWE
0.5 mmol/L, 16 °C. 16 h FHFHEMH KK,
5500 r/min 5.0 15 min, YA, —80 °CLR-AF
R, BT 35 mL ZE0Pi A (50 mmol/L
KH,PO, , 300 mmol/L NaCl, 0.1 mmol/L
EDTA, 2 mmol/L DTT, 10 mmol/L Bk, pH 7.0)
i T Aifh, JETE S R BALAY 1 200 bar
FEJIT, 4 °CHfR 2 o SR K 40 i 24 i
4 °C, 10 000 r/min &.0> 60 min, ZBRANAEHE
F o FiJ5 A 4 mL & M7 Ni-TED g FF 35
oA, FH10 mL Z20hil A A, B3 2 )
DIARES S . & 50 mmol/L BKMEfY 50 mL 2%
M A PEBATE ZBRAE T, 20 mL BEJFSE o
W [200 mmol/L MKME+ZZ ph B (50 mmol/L
KH,PO,, 300 mmol/L NaCl, 0.1 mmol/L EDTA,
2 mmol/L DTT, 10%H i, pH 7.0)]W4E H &
M. YER)S I B Amicon Ultra 2.0 53 2%
B MW AT 4°C. 3400 r/min BEH7, fLi2
4 30 kDa. fiiH BCA & 1l i 55 & & &
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FIUe R, S5 40 VR AP Ve R O DR A TE
-80 °C,
125 FRIERN

¥ 2 ng JFik DNA 5 10 pmol/L 6N Ffi#L5|
Y. 10 umol/L dNTPs, 10xbuffer [500 mmol/L

Tris-HC1, 100 mmol/L MgCl,, 100 mmol/L
(NH4),S0,, 40 mmol/L DTT, pH 7.01{R &5,

FHRA AR E T 98 °CHIR 48 15 H 5 min,
SHPECE VK B 5 mine SRJEFEVK XS 0.1 pmol
Php29 DNA %41 5 Phi29 DNA 54843 51
ARNKEZ, AFET 30 ClEl4ER -
R 16 h, BN 1% SDS &l i, s
FEAEAT 1% R W BE I B IE
1.2.6 3'—-5"1ZE&IMIEBTN BETGIE

# 2 pL #) 10 pmol/L Oligo #.4% 5 buffer
IRE%5], K 0.1 pmol Php29 DNA EA S5
Phi29 DNA REHFHIMAR LR, R G
HF 30 CHESRIBFE 10 min, BEEM 1%
SDS Z kS vy, e Ja ¥ il L 20% K R RN
I TR B 35 M 64 7 ] IR AK 36 IE o
1.2.7 RAGELRZE R F K

PAGE Z}Hr{#i ] 8 mol/L JREH 20%H 4
WERE . PAGE BB SYBR™ RZBREER: Ykt
20 min, HI4 B3O CEIG i RG34 .
1.2.8 BERYIRR

Kaifb 5P A A TeIN sihifig, i
THE KA FE R 20 pL MR R, KRG B
FE S ECE AE PCR IX#5H(30 °C 30 min; 75 °C
5min). BEJEREAE S IEAT 1%300 5B E L B IE .
1.2.9 &~ =K F

B P B AE 5@ 52 VAHTS Universal Plus
DNA Library Prep Kit for Illumina V2 % i 5|
£ Y FEA Enzyme Mix V2 f§ 4T H Bedk, ffi
A Rapid Ligation V2 ¥ F Bz sk g A
VAHTS DNA Clean Beads 4lifk,, #4ifk )5 L5
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fn A PCR Primer Mix3 Ml VAHTS HiFi
Amplification Mix ¥ KSR, o R
walifb)s b MiSeq AU P AR o K515 2 A 25
R LBRACTTE Y reads FIY5 YL 741, 38 3 Ho k4
R, Geit AR IR A v (8 AR R I %

2 EREGHN

2.1 FhigizHE

TS E BN AN R SR, A
i NCBI FEICAREHEURE P ITA S Phi29
DNA REEERY HIhEE(PfamID: PF03175)AY
FEA. FIRBAR ik, TRMAEY 2 5L 2
$&/Z£ MGnify (https://www.ebi.ac.uk/metagenomics).
ZEA 2 BRI 14 191 ZHAZIHER
MEAFS; #—2 L KEGG 5 iy
Podoviridae DNA Polymerase [EC 2.7.7.7] (KO:
K21237) 0 HA5E, #17/m7 BLASTP ki#&,
AT 775 SRR BRI A . SRS DL 90%
AERLBE AR, X ik e e g7 2L, RS
653 ZHIMRIEELE 90%LL T A 25 R 4 1 it Ao 1o 1y
G5 mJE, DASCHER#CE O R ) RE
Phi29 DNA RGHENITH, fikd 6 & 55
JEHIARIE R T 55%M R FRMEILE, o5 E
HEEAMHA N A29-F29 (K 1), I T 7K
IE, BRT X 6 MEAERE, HERAWEAKR
INITE 64—68 kDa 2 JH] .

S TIERIEE A RES IE M I S Rk, Bk
JE A v P B A I R I8 Bk pET-28a 1) Xho I Fil
Nde I H, SR )5 40 Bk A n] iRk B H
AR AT B BL21(DE3) & A5 4 i, 5 A
0.5 mmol/L B IPTG 5 5% Lac #4E 745l B [H
FKiFEM . WERMELN R A E29 &R,
HABEPR W B RK (8 2A), BEJS, 450k
BN RIS A 5 I 3R 08 09 K W AP T TR A bk
IM109(DE3)H, FFFEAL IPTG AUMEEE, WE—
W R AR AEAE T BEYE . B29, C29. D29,

&: 010-64807509

F29 Wik, BT A29 WHRBHEN, =%
AR 5 FPEAR R, 360 ] % % 8 (A R
FIECR, A TEIA pGro7 £-48 kLS KLl
¥ A29 S HIEFRIB (K 2B). ZEILITA ik
ORI S T R RIEGR D)o BJE . RHATHLIEE
TR A I A BE B A TS 1, R 4 L
BB SR s (R 20), Hidok AR
W) 75 1 R I A W 2 B D AL F29 R B AR (2
LN ID: ERZ781244), 4 Hifd bk 4y % 3k
PR IE S 4R | K Haw 444 Php29 DNA %
=

2.2 #if§ Php29 DNA B &EE M RERIE

i T 44k 3k i Php29 DNA B4 B £ 78
BT S R R AR A (R R, e T 4k
A A 05 1k B 52 B, SRy T g e B AT S Y i)
R, AR B TR MR S N T SR A R A O
Wi I (dithiothreitol, DTT), LL{R$ Ak R &
JoT H B A R B s R AR, IR uS I T
MU EREARME ., i 2k,
Php29 DNA R4 FAEARS 2l Ak 52 5 v B A T
EOtrt, difbEEOREDAHERG.

=W T pH {H5 2% Xt Php29
DNA A BRI, 2B pH {H R 7.0 B,
WG EIR B s, 2 pH ETHR 2 8.5 A
F, B AP AN 1730 AN G2 vhie vl i 1
IEPE A S, AnRIAEAE pH o 7.0 B, 7E PBS
2% PR R KT 05 1 BUAE Tris 9% phR HR 0
( 3A).

A2 M T X S g e, R B
TN B TR, T T A O T R Tl
55, MIREA 30 °CHY, BISMERE . BERHIR
JEAKSETE R, TG TG PR AR, MR N
45 °CH}, Php29 DNA A EEHIE AN i
WM 14 247, ML #iE, Php29 DNA %
B EIE RN, pH R 7.0, F5cid S I R
30 °C (&l 3B).
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Figure 1 Phylogenetic tree of six gene sequences and protein sequence alignment based on Phi29 DNA
polymerase. A: Six gene sequences were analyzed in the Phi29 DNA polymerase evolutionary tree and
divided into functional regions. Orange part represents the functional structure region of DNA polymerase
group B. B: Six gene sequences were compared in the Phi29 DNA polymerase protein sequence map.
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Figure 2 The soluble expresswn and crude enzyme activity of six gene sequences were verified. A:
SDS-PAGE analysis of protein expression induced by transfer of recombinant plasmid into BL21 receptor
cells, 0.5 mmol/LL IPTG before optimization. B: SDS-PAGE analysis of protein expression induced by
transfer of recombinant plasmid into JM109 receptor after optimization. C: Crude protein enzyme activity
test chart.
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2.3 Php29 DNA BAEgH 18I10IF

FERGE A 251 R F Php29 DNA 4 i 4l il
TR SG R0y, RPN S5 1 DNA
F1 FBSERLLA

Table 1 Summary of heterologous expression of
new enzymes

R M HE Phi29 DNA A A B 2 38 7+ (A
4A), H— 5 Fi G Php29 DNA G
Phi29 DNA RA BEAS [F] B [a] 46 B2 i 47 34 3508

WL S DNA WRE I dNTPs J5#E
HHWIEMERCR . R EW, | h J§ Php29
DNA R4 Xt dNTPs {H#E & Phi29 DNA %

Protein Host IPTG concentration Molecular
name bacteria (mmol/L) weight (kDa) OEEGTE 1262, 4 hGE Php29 DNA BTl
A29 BL21, pGro7 0.5 67.17 o ) A e s
B29 IM109 0.1 67.66 %% E/‘J dNTP E Ph129 DNA g% (= @E‘E/‘J 15 /flzl UJ:
20 M09 ol 67.10 (F 4B). fhITATAN, RO A K, B
D29 BL21 0.1 67.75 A oy R A 7 A sl % B
E29 BL21 05 66.28 Php29 DNA % (=] @ﬁx—ﬂﬁyi 1R (=] i.'fqa)&iﬁ%
F29  JMI109 0.5 68.39 eIt HAE SR BT M
A B

= 10 + PBS = 10 -

g 8+ - Tris g_ 8L

- E

2 6f g 6l

- ;

2 2

& 2r e 2}

% 0 1 1 1 1 1 % O 1 1 1 1 1

6.5 7.0 7.5 8.0 8.5 25 30 35 40 45
pH Temperature (°C)

3 Php29 DNA BAEA&HIE pH FEE N E

Figure 3 Diagram for determining the optimum pH and temperature of Php29 DNA polymerase.
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433

Figure 4 Verification of Php29 DNA polymerase function. A: Comparison of Phi29 DNA polymerase and
Php29 DNA polymerase isothermal at 30 °C for 16 h. B: Consumption of dNTPs by Phi29 DNA polymerase
versus Php29 DNA polymerase after incubation at 30 °C for 0.5, 1.5, 2, 4, 8, 12 and 16 h respectively
comparison.
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Y 0 5 — AR RA 35
R OIS PRI N dmaS e, Al A R E &
A AL R A R A E AT A IE . Sk T R E
Php29 DNA R4S EY 15 DNA [RIFEH
B 3—SERIMNIEEEYE, &I T 3 AR R
BRI, R TS Oligo AL 3'%i 2 N
LR ALB i Oligo B AT 5% 2 B FE A AL AL
B Oligo C, 735 A ] L85 iKY 5 Phi29
DNA & HgH Php29 DNA RE AT THE -
ZRFRW, 3w AR IE Y Oligo A 5
Oligo C #iF&ME, i 3t IL&Min Oligo B
ik R B i1 5 AN e =P S o R TR A
TRV, WA e R AR w4t . BT 2 4
SEER A AR A (] 5A), X ER] T Php29 DNA

OligoA + OligoB +

Phi29 - S s

—

Oligo A +

Oligo B +

Php29

C 1.005
1.000 }

0.995 |

Accuracy rate

0.985 |

0.980

Oligo C

Oligo C

R MR A 3'—5 KRR AN B 2

R T BB B R L W e, 1R
TH T 24> TelN vk fig U157 s 4 A pET-28a Jit
$i(6.7 kb), HEFUR S 5.4 kb Fl 1.3 kb, HF
ki DNA i 15§ Php29 DNA B4 B 1 5
giifl,, BaifbRES S TelN s i & Ak
Bfi# Php29 DNA G B BT ] 38, 74
R Be DNA W] s b i TR 31 4 £k (5]
5B). Sut[EIET, ¥4 T Php29 DNA R4
FORL IS 7P kAT AR 3 A, S5 R R
BRI MER RIS L 99%, HE—BRIE T XY
B e HERR PR 5C). iX R W] Php29 DNA &
filg 47 Y 7=y 5 A AR LA — 8, TR IR
AT — Ak

B kb M -

4h 6h &8h

+

oo
ooo

+

Accuracy rate
— Baseline at 0.99

0 1 000 2 000

3000

4000 5000 6 000 7000

Base pair position (bp)

[E 5 Php29 DNA REEIMIEEMSHREFERIE

Figure 5 Php29 DNA polymerase exonuclease activity and fidelity verification. A: Phi29 DNA polymerase
and Php29 DNA polymerase were incubated in Oligo A, Oligo B and Oligo C substrates at a constant
temperature of 30 °C for 10 min and the results of the incubation were analyzed by polyacrylamide gels.
“Oligo A, Oligo B, Oligo C” represent the substrate negative control and “+” represents the addition of
isothermal amplification enzyme. B: The products of isothermal incubation at different times were purified
from magnetic beads and incubated with TelN enzyme at 30 °C for 30 min, and the results were analyzed by
1% agarose gels. C: Statistical graph of the single base accuracy of second-generation sequencing of the

template DNA amplification enzyme.
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3 WikEE®
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