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BT, X PR s ik e . iz Bk AR = ANR0r . SkBTEEAREE M (the connector) . pRNA HI ATP 7K fiff il
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FH. - PUHCHSS R AT O RIS T RE Y OB . A SCRI I KA AT IR SUMO ARS8, RFBETR 1A phi29 gp16 £ 1114 C I 4f Fa
AT EAMEIFA S RILE, W Ni-NTASERUZ P4, A TR RS s 2l /Y B A B A, 4l ik 5 95%
e Boa i X2 /MAaEUEEAR (small angle X-ray scattering ) KEHA G AT 0, I/ AT, M EMEANR
BER 1.3 g/L. Frfs 20 H A A0 =2E450 5 W R 1 FsK 1 SR S5k s BE RS, Hlk CRYSOL #/F Rt iyt 4 5
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1 #M#EFZE

11w
111 PR, RIRFEIARFIIEH

ARSI e I T M KRG FFIA (E.coli), 1%
Z 25400 DH5o, BL21 (DE3) i ARSLK % A
Hil s MR 2 )5 A SUMO bR %5 i pET28a 2
&, B ppSUMO ik #k ik, BEYI 5 & BamH 1/
Xho 1 5 ¥z cDNAJFHIMAEY) TH (L) Kh
ABRA T . gpl6 25 1 C il F 1) 3 A P 91
WK T B 65 7 1 A S PR AT T ORAe A, &
B A B AE RV USRS (GL: 137944), AT LA
T Esy .
112 B 5E

PCRAY . #ZRREERARAN . BT 54X
Il A Bio-Rad /A 7l ; FPLC & A 4tk 24500 A
TN PEEALZRAT PR ; Pfu DNA RAHEHE A £ T
Y TREAF; RGN VI BamH 1 F Xho 1 1
HNEB/yH]; SUMOZE MM (ULP1) HASEE A
il FEHZHTAF Ni-NTA sefinose TM resin I FH 4=
T TN Superdex75 10/300 GL T+ iy
F 2E[E GE/A ] ; D2000 & 5 4 i bn v [
TR S E R A R A R Bk M d B &
WA AT
1.2 XBHESTE
1.2.1  SUMO-gpl 625 I Cuf 2 ¥4 35 F 41 ook iy A4

W B IR gpl6-C B 4 m P LG, AIER
WakT R T E R R A . LT AIE R PCR AR, JF(f
FH5I# M1 5’ -GCATCTCGAGTTACTGGATACG-3'
5l ¥ M2 5- GCATGGATCCAGCGAACGTC
GTAAAACCC-3', 7EH ML PCR &1F Ry 1 . 4%
K550 B Be 2 BamH 1 F1 Xho 1 U] i 9047 %
REREEAL, 7S i SUMO-gpl6-C 541 JFoks 28]
¥, R P 25 S 5T F 514 NCBIY) Blast it
TR, HeRTas SR e 4 TER

1.2.2  SUMO-gp1 64K [ Caig 45 14 3 8 20 ok i e 18
Y oE

H4  TF 5 19 SUMO-gpl6-C 520 Ji ki 64k 2
E.coli BL21 (DE3) BZA&4ilirh, & RINERD
PEGRIESS , PRECHME RS 5 ml A LB ARG 77
Serfr, 7E37C. 225 r/min FER SR F . RIEH
5 mlR5 323 0 B VAL R 2 1 LAY LB AR R 77 3%
i (CRARBLE), 7E37C. 225 t/min FEATRE SR E R
HeBE (4) EHEE 0.5 &4 . mH AN KIRE &,
A SN EE-B-D-t AL g 2 ZL0E (IPTG, 24k
B 1 mmol/L), 7E18C. 225 r/min MIFEIK FikFE
ik 12~16 h, FAFESFIEERA.
1.2.3  SUMO-gpl6 Clifil &8 4tk

NS AU e S W7 B =]
IR, TE4°C. 4 000 r/min A5 R B0 dFIcdE
HMIDTE , ATV 240% 22 o (lysis buffer)
B, R E N 20%, A inA DNase (1:
1 000) LAM MgCl, (Z4¥)E 2.5 mmol/L) #1PMSF
(AW PE R 1 mmol/L), RG] KRG H & 40
MO EHLR PR, e 1o 1200 MPa, B R 3 1K
FE4C. 12000 r/min &.0> 1 h, 8 EER. H 10
% Ni-NTA AR TR lysis buffer P #7484, ¥ b
WaEBEARTH, EE2K, fHMMAEEAYS
IR FEAT S5 G . SR e AN R ve B R s () Y Ak %
7 (wash buffer) FRZZe&E AT, S A EWRE
oK 4 P 6 I 22 vP R (elute buffer) YETE RIS &,
WA RS A BETE 4T =il T) T
HRESLEARE, ] 12% SDS-PAGE Ji Al [ 5 E i
PEATYE T, R 10 000 LRIk 455 (He4n’s
LR/ T RGBT Wi & A Rl G 8 H BB
V. A AR G ) T VR 2 TC KA ZE WP (50 mmol/L
Tris-HC1, pH 8.0, 400 mmol/L NaCl, 5% H i .
1 mmol/L DTT) #4757 vhifd 52 8 LABR J ke, 7
4C. 4000 r/min (5 FEOERBRASEH R
500 pl, HERAGYIZILL .

Table 1 Buffers used in this study

Buffers

Details

Lysis Buffer 50 mmol/L Tris, pH 8.0,
Wash Buffer 50 mmol/L Tris, pH 8.0,
50 mmol/L Tris, pH 8.0,
Elute Buffer 50 mmol/L Tris, pH 8.0,
50 mmol/L Tris, pH 8.0,
50 mmol/L Tris, pH 8.0,
Strip Buffer 50 mmol/L Tris, pH 8.0,

500 mmol/L NaCl,
500 mmol/L NaCl,
400 mmol/L NaCl,
400 mmol/L NaCl,
400 mmol/L NaCl,
400 mmol/L NaCl,
400 mmol/L NaCl,

5% glycerol,
5% glycerol,
5% glycerol,
5% glycerol,
5% glycerol,
5% glycerol,
5% glycerol,

1.5 mmol/L DTT

I mmol/L DTT, 25 mmol/L Imidazole
I mmol/L DTT, 50 mmol/L Imidazole
I mmol/L DTT, 75 mmol/L Imidazole
1 mmol/L DTT,
1 mmol/L DTT, 250 mmol/L Imidazole
1 mmol/L DTT, 500 mmol/L Imidazole

100 mmol/L Imidazole
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[i1] Y 45 4 7Y SUMO-gp16-C il & 2 (1 P A
SUMO M fili (1: 10) Lk K JG Wk w5 1Y 2% o i
(1:50), 4CHKMTEFVIER . HBEVIE IR ik
P2 Wi, 218 A B H 4 i 2% wh - Je 1)
Ni-NTA K, BEUIRE S 28 R FEHTAE, AR 2F
W, FH 12% SDS-PAGE K6 il fifg 4] 7= ¥y . %k #%
3 000 FLAR R A4S FE 4C . 4 000 r/min [Z51F T 25
DoV 4E 22 250 Wl PN B Y8R 5T A0 vk BE RN Al R
HERS AT it alifk

V& Superdex75 10/300GL BERE 53T ZHTHE,
o Dy T S = e AR QUL 7 I M R N/
B FH 2 AR R A 22 pPf (50 mmol/L Tris, pH
8.0, 400 mmol/L NaCl, 1 mmol/L DTT. 1 mmol/L
EDTA) “FA#7F: T . £ 0.4 ml/min A3 3, 0.3 MPa
IR _ERE . I UV280 g kb v i RE - (R
HEAETE 4T = 4T), H 12% SDS-PAGE KK
W, SRJEH & B R AR IR A G H4E, A
5% M HIARIR AR5
1.2.4  BHEAb B0 R 5K B AT

SAXS REHRAEA Y Ko F KA B AR5 B
REEFE B BRI W h A Koy TR Mk
A1 FHXS Xeray i IRTTHTEIR . SAXSHEARAZ
BN BT R/, R, (R
SRR FUTRE S HAA B R (R 2l B A — . S 2
FEVO DT, REAS R WL A BRI
HAEA

ARSI A R (Fu7sgk) BL19U2
UHERIEATECST, A BRANE MRS, B SR
WA BN TR, FEA S TCECAYZ 1.5 ml i
EP 4 /N PCR A, B8 WG T 5 A i 2
60 ul, AHL B2 R TE 22 G, PrLARR2E 1 ml
Py S = A N ST e SR U BB A 0 €
WK B IR N 10T, N T A8 B A A e
L, X ] —H i i 2 AR 20 TR KGR, Sl It PR
MR . i I RAW  (16.0.0652.0621) SERIM 2D &
G2 1D R e AR — U & s, TE
X RS 2R TR BE VA —Fk 5 AR i B4 S o ek
TR B, SRR S R R X
S 5 247 Guinier 7387, TR 0119 1 5% 242
Rg VAR AR 0 b (i s 1 (0), ] AR SR A
WERE G T i . SRS F GNOM 18407 N
SrAREL P (r), HihgEE e D, [8, i
KRR BGE, b/l BbEE .

19 50 25 (8] /) 43 A5 pR 25, A Dammin i 47

IDEAM, KA P (r) . A TR IR,
5l H MEGA 6.0 8447 [RIVR 2R 1 5T %) )74 L
XX FHAATHEART 30T, SR 5 R 2 1 53
AL 55 1 1 25 11 0 1) AR 45 4 065 3 3D A 7Y
WA T A IR R () IE AP, FIIH CRYSOL
BAKs 3D A I HETHAA T SAXS th4k, IFartr 5
SAXS S fh £ (1) BE

2 IGHER

2.1 SUMO-gpl6 CinEAFRMHIHEIRIE

T H B AT R IR, K gple-C 3k
(K ¥4 £ 21 ppSUMO 284K 1 . 28 BamH 1 /Xho 1 XLt
YIJ5 19 ppSUMO # Ak K 2454 5 600 bp (Kl 1a), H
MR R BER 214405 bp (K 1b) .

2.2 SUMO-gpl6 Cinmt&EBWRIES AL

A& M & A His-SUMO & [bR%s, Af DLt
Ni-NTA 3% fZ M b A7 4k . plA | A R/ANA N
34ku (Fl2a, b), FFEHIEHFHeE /N, SDS-
PAGE [ G 45 SR AN &) 2a B s, K38 3 LA
HERE AR, RS B NEAFLEEE S50 5
54, HAE AR R B ) T G2 RIS R )
Bria 7R 22T (Vi 4~5), FEHASFIBK
WA e B 1145 IO 2% 1R Rl Y B 1 TR R Ok
(6~127KiH), HHIEl 2a AT HIER (BT 2l By . dE i
H I BTER I T Rl A B B BT T MR, F
126 T LA Rl G A SRR e

SRIG, I T AR UN IE DI B SUMO M
PRA ) ULPL F X Rl & S A TREDT, 407 H YR
F . B Y] 25 i B AR A R/ R 16 ku (1A
2¢), SHSHAST . FMAifk )5 1Y SUMO-gpl6 C
Uil A B TR AT V) S5 TR fe e, H
BRI, 2035 95% LA I . BV 22 ) %48 1
AT 2 G, il H A BT S SUMO FR28453 7T 5
G, 55— ad R elute buffer — [FVEB T
K ZREE AR, Zead i SR RZENT A s
G, 1S B S e B Rl alifl .

h TR EAEMEMNER R, RH
Superdex75 10/300GL #%E & 18 i€ J2 B A X gp16-C i
—aifl . B B AR IR T ok, 18I
H— FHOXFAR, UL T kA5 1Y gple-C 4l AR &
(95% LA 1), BA RIFME—M, f74 SAXS X+
mn PSR s AR T PR A ) R AR 1 1) 3
TR T 14~17 ku Z 0], RIGHCEHARERA
FBreBAARRR, H B8 B n) KNS BB E AT
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Fig. 1 Agarose gel electrophoresis of ppSUMO plasmid and gp16—C fragment prior to ligation
(a) M: DNA Marker 1 kb; 7: ppSUMO plasmid after BamH | /Xho 1 digestion. (b) M: DNA Marker D2000; 1: gpl6-C fragment.
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25.0 |- 25 25.0 -

: 18.4 ] IR —> Sumo
18.4 ." \ 144w e —gpl6-C
15
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Fig.2 SUMO-gp16 C terminal fusion protein purified

(a) SDS-PAGE analysis of SUMO-gpl6 C terminal fusion protein purified by Ni affinity-chromatography. M: Protein marker 26610;

1: Precipitate; 2: Supernatant; 3: Flow-through; 4: Wash (25 mmol/L imidazole); 5: Wash (50 mmol/L imidazole); 6: Eluted fraction
(75 mmol/L imidazole) ; 7~9: Eluted fraction (100 mmol/L imidazole); /0~I2: Eluted fraction (250 mmol/L imidazole); /3: Strip fraction
(500 mmol/L imidazole) ; (b) Western blot analysis of SUMO-gp16 C terminal fusion protein purified by Ni-affinity chromatography. M: Protein
marker; /: Supernatant; 2: Flow-through; 3: Wash (25 mmol/L imidazole) ; 4: Wash (50 mmol/L imidazole) ; 5: Eluted fraction
(75 mmol/L imidazole) ; 6: Eluted fraction (100 mmol/L imidazole) ; 7: Eluted fraction (250 mmol/L imidazole) ; 8: Strip fraction
(500 mmol/L imidazole) ; (c) SDS-PAGE analyses of ULP1 protease digestion. M: Protein marker 26610; /. Before digestion; 2: After

digestion; 3: Ni-NTA resin flow-through.

(1 3a) . )i FH SDS-PAGE iR % 5 H R 4 R/
25416 ku (&13b), #iHH gpl6-C & 74 BEA
T DA E 1 BAAR SR A TE .
2.3 gpl6 CiHHILEHI AT

Tt gpl16-C HIRE S AR I 22 vhi 47 8500
Ty (Kl da); SRJEAEARE TR, FNERSE vh
WG U 25 T LU e — i g (
4b), ZERERIRAE ; Guinier 73 HTA5 EEE H BT R,
{0 19.32. &l 4c nl & H S ih 2 FERS(E nT LA

HE, PR ERGS; #H47 Dammin 237 IR
AN D, fH, 253 BRSPS EE IS
AR R (E4d) . [, of LUE B IR 210
P (r) {HAER r XIS R A PR G b 22, Rk
AHEGE, RO HbEE, X EHIRRIR
LC AR CIETS

RIS UESE R A R A IERPE, X T T A
B2 5B K ASCE ™ K% 1 phi29 gpl6. FtsK.,
T4 gpl7. S6f. phil2 p4 [A]J§ 84 ¥ #47 T L
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(a) The size exclusion chromatogram of gp16 C terminal,,
1 mmol/L EDTA). BSA 67 Ku,

NaCl,
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V/ml

Fig.3 gp16 C terminal gel filtration chromatography

M Protein marker 26610; 2~7: Collected fractions.

Superdex 7510/300 GL, 0.4 ml/min, buffer (50 mmol/L Tris, pH 8.0, 400 mmol/L
Ovalbumin 43 Ku, Ribonuclease 13.7 Ku. (b) SDS-PAGE analysis of the peak fractions.
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Fig. 4 SAXS data processing for gp16—C
(a) Averaged SAXS data of gp16-C solution. (b) The scattering results of gp16-C excluding buffer. (¢) Guinier analysis of gp16-C. The analysis
was conducted from point 85 to point 112 and the Rg value was calculated as 19.32. (d) GNOM analysis of gp16-C. The D . value is adjusted to
coincide the scattering curve with the theoretical curve, and then the P(r) value was obtained from residual evaluation, system error, stability and

other aspects.

XFA3AT . 25 S A BRI TR K phi29 ) gp16 Fl FtsK 25 HA ML

e SRR f vy .l A AR (F15), HE

phi29 11 gp16 &K 1 Fl FtsK & [ 7] fig
451 .
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Fig. 5 Evolutionary tree of gp16 homologous

% J5 A H Dammin Xt gp16-C i 17 3D # 4
(Kl 6a), SAXSH#HT T gpl6-CTEEM P IS . &
G BT, ZPLFtsK 1 S FFS] (409~
544) WyERLE R (KI6b) 5 gpl6-CA5A
r (Elec), HEll & rlae A AHRIMDIGE, X—
5N A R A SRS TR Ry, R gple-C 2R
I BT RE AT ST LS

(@ (b)

Fig. 6 gpl16 structural model and fit by SAXS
(a) gpl6 C terminal envelop calculated from SAXS; (b) Crystal
structure of FtsK (PDB ID 2iuu); (c) Best overall fit of FtsK into
gpl6 C terminal domain SAXS envelop.

J T ARG UE BT () IE A, AR S AR
WL, SR)5 5L EMEXT . K gpl6-C (1 3D H
RUR]F CRYSOL ¥/, e it B /N A i
HHZE . FT LA 3D #5503 1 i 28 5 S PRt 56
ML EENS (B7), HHEHATE NS,

: Calculated value

: Test value

q

Fig. 7 The inverse curve of gpl6 C terminal domain
model
The red is the calculated CRYSOL curve; The black is the curve of

the experiment.
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ULP1EPIZ )5, HOE AR AR S, Bl
P2 J5 W R AUE N B 8 Bk — 2P alifl
SR I T Z M B &R A s ralifk, &
H Y8 H BT DA OE 1 RSP TE . B e SAXS HoR
SR TR AT, SRR R, XA MR
FEMBETT T SAXS L5, JF e 1 Y HE Ik
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Solution Analysis of Phage phi29 gp16 Protein C terminal Domain’

WU Fei-Fei, CAI Ru-Jie, CHEN Ting, ZHANG Yun-Long, LU Chang-Rui"”

(College of Chemistry, Chemical Engineering and Biotechnology, Donghua University, Shanghai 201620, China)

Abstract Phage phi29, a double-stranded DNA virus, assembles its genome into its protein capsid to near-
crystalline density by a highly efficient molecular motor. The motor contains the connector, prohead RNA and
ATP hydrolytic enzyme protein gpl6. Currently, no structure-function information is available regarding the
C-terminal domain of gp16. Our research aims to understand its role and interaction with pRNA or DNA. This
study provides a method for recombinant gp16 protein synthesis and purification by the E.coli SUMO expression
system, and here we report the structural envelope of the C terminal domain of gp16 obtained through small angle
X-ray scattering (SAXS) technology. The gpl6 C terminal domain gene was recombinantly expressed using the
SUMO tag. The gpl6 gene was flanked by an N-terminal 6His-SUMO tag and purified by Ni-NTA affinity
chromatography. High purity target protein monomer was obtained by size exclusion chromatography. This brings
the purity of the target protein to about 95%. Then the concentration of the target protein to 1.3 g/L, and the SAXS
data were collected at Shanghai Synchrotron Radiation Facility (SSRF) beamline BL19U. The resulting molecular
envelop highly resembles the homologous protein FtsK, and the curves calculated by the CRYSOL software are
highly coincident with the experimental curves. Through recombinant expression, purification and structure
analysis, we obtained the solution structure of the gp16. Structural information derived from this study laid the
foundation for future structural and functional research of gpl6 C terminal, ultimately targeting the viral

mechanisms for infection.
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