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FET TR EIE R e 5
B R LB e 8
I-1 B F F B BT 8
1-2 SSB 7 4t A1 BB I e 9
L-2-T SSB 2L B 75 Bb oo 9
1-2-1 SSB g Hl L ELds P e1EH® oo 10
1-3DnaT # 50 A1 B E I H e 10
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2-1-4 3o FHL (A BREFEFEFEFIR) 15
2-1-5 Fd F 1 (B MIE A ) s 16

216 b T (BRE&H AT oo 16



R S E 19
2-1-9 39 FEAT (FHEBER) e 19
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2111 B fe Bt (X BT T ) oo 21
R OO 23
3-1PaSSB AE I B B oo 23
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Piia#FL
& DNA & 3#eig 2% > ¥ DNAK & 30 F (SSB) %22 1 %7}
1R e B > ¢ 3EDNA H ~ B4 - & 222 DNA @ £ ¥c(DNA
replication restart) - 2 DNA4E @ & kx42 A ¢ > SSB Z &2 PriA &> fs
ral sl 3+ 4 k8 (PriA-directed primosome) i {7 F-v e i
PR B R FREF o £ v DNAK 6 fF
(polymerase) I & fag @i * o 3 ¥ » o o & FADNAAE @ chf 4] &
AT A g > FltdR ¢ SSB/PriA-directed primosome A% A #73K 3t
Mg BT A - fEATA d o 4 R G A e AR
A B2 -5 7HEBDNAR £ 30 F(SSB)end s B & H )
A2 B FEHFIFEF(107-2813-C-040-030-B)” el {7 » 2 79 12 Fod 4
LA RENER S FERF FRERED PN FHLAL EA B
3|14 sm Feh SSB/PriA-directed primosome & %418 i & A A#H
Fr#4]# (mechanism and structure-based inhibitor) ¥ F3+H & & fic5¢ -
A hiE - ARG ISSBEAM T & 2 F-v B4 DnaT
FROFORFEEFEFERWILIEN LAY T LM
B B& BT BAA TR e T AP i R
TEBAABTAT R H AT EDNAR £ & 4 1A PHA

JREE A E o L0 BfRER R4 ¢ F 4 4t SSB/PriA-directed



primosome f* & 4> A * B R AD K FTRA PHEE T FT B &

o TEREB &L PRI SSBanE AT @ gkt it g P 2

‘3\\-

SSB it {7 £ % & (co-crystallization) # ¥ it F P4 & & Hh T 20 2

# £ 5 H(complex structure) ° % i o FHE AT AL A

>

F

TfRBE A H Ao e d|SSB e B bt R TR % E2R

I

SCI #EHIF{EXIE » AL % 5 % - T’F—*ﬂ’f [(1) Chen KL (]‘ﬁ%’*—%),
Cheng JH, Lin CY, Huang YH, Huang CY (2018) Characterization of
single-stranded DNA-binding protein SsbB from Staphylococcus aureus:
SsbB cannot stimulate PriA helicase. RSC Adv., 8, 28367-28375. (2)

Chen KL (]‘ﬁ%’*%), Huang YH, Liao JF, Lee WC, Huang CY (2019)

Crystal structure of the C-terminal domain of the primosomal DnaT
protein: Insights into a new oligomerization mechanism. Biochem.
Biophys. Res. Commun., 511, 1-6.] - ¢* & # < j2$# 7 H A DNA%R &

v B8 TR PriAfE S fr S f s + 4] doe B & HLDNA> 11 2 ¥

- H%DNAS £ 39 F DnaT &idcfe 2 chiGipz #14 (a strong

structural change) k% & H%DNA- H i e S s v FF L2 8%
¢ 3 I nH RDNAR & 47 & S - H S DNAZ #ri] #myc-SSB =
EA LSS S LNy @IPDBE FH v A LRI &
A EDNAREATE RS « F LM FHE RS Kz
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1-1 FE# 3 2d 48

=
g;\?.‘

5 RFLLpRFE YRR AR - LRI
PE DL LRI PP B F R FREF L TR RS
A pd o fRERESHTE S (1] 350 R F iz
] T NDM-1 % FR %% [2]°% 7 NDM-1 A el § 0 S

SOEBEAE A S B HI D EEHRTI ML 3] B8 mEers

q)&
A}

B L F - Map FoF @ v B-lactam Hid F oK ARa i
EwmEpe S$5d RS I HATFIE S NGB Dt B
% chie 3 > £ 3 §_B-lactam # aminoglycoside #f42 % » £ 5 § £ 4
Bl ST B R E > SR F e AR IR T D AZE 120

far1 ¥ e Q-lactamases [4-6] 0 F]M i@k ok Y 2 FAEY L5 i d

S

BlE® his @it 5 &8 36 TRE F7 F ofim - B i B A7
e B AREe > 4 P RS R o TR A E RN
WAl B PEEN G R D F DNA A H S £ A L i
FrAl4A AR [7, 8] 0w F DNA 4 W& & fay>tim g4 & 3
&2 2 AR R [9-11] 0 fe A %5 [12] ¥ 7 & * 32 ks ke DNA 4

#l DNA 4 8 £ £ [13,14] © h 341 ehi & fho0im 5] SSB £ - 15 &

S DNA R & 306 7 [15] b prs &3 5 2 66 5 1 [16]> 6]



4eilF & A4 ke FHE Y O PriA [17, 18] PriB [19] » @ ipa FEfde
MEM G HEHL T E N mE L DNA A HARRE [20] 0 Flt > F i BB
SRt 7oA E o R )6 DNA AR AR ] 7 i defe chjd |
2RI o APF F R B kAT SSB A
4oim 4 DNA & 7 fRFrd| R s S48 4] o S BRI A8 it
FEAwmY o ARk Y AP E Y B SR R £
W EF SSB AT P Al o His 313 £ M E H L DNA B £

Meng-d 4o DnaT 7% ¥ - B L 2 o

1-2SSB # it /i &2 ie#
1-2-1 SSB i & # &%

595 DNA % & 35 77(SSB)%-2 7 DNA & B4 13 49 B e
2R > &3 DNA 4% ~ 24 - £ 222 DNA 4 @2 & fc (DNA
replication restart) - SSB H_iw F] DNA 4f @ s2& & ]+ » # 3896 33 ¢
H % DNA ¢ #5384 % T| nucleases sisc # 11 2 2 a4 Frenit 13 &7 2
§iviv* [21]-SSBE § F & % ¥ 1Le0% % fL 48 4 (OB-fold) [22, 23]
61N 4T3 (7 5 H L DNA his & [24, 2510 125 § A& 3 01 4o
C = FwE [26-28] T2 5 £ 30 F-Fo Fen 3 (8% F > bldod
PriA j2 g {r RecG f@#*gfix o P o 1 > AQ#E 10 B4 hdv e 4t

WY €2 SSB T o jrz i L PR SRR [29] ¢
9



59

1-2-2 SSB #4f W £ fc# ¥
%% 4k AL ATECE A WA 0513 & X M 3w & $5PriA ~ PriB >
PriC ~ DnaT ~ DnaC ~ DnaB #?DnaG [30-32] > 2 ¢ H % 5£#4] 5% ¢ 5=

X

¥4 & Hpd Fv FA S 4] (hand-off mechanism)- 1
;}%‘%‘*— i E‘ﬁ@)‘PrlA blTé%tL: Eﬁﬁ%ﬂ’\ [33-35] PI’lA& 7\]—\"‘ % )3'¢ E_
pro e £ H B Figd SSB ihig £ @ it B [36,37] e

AR A B B E - BSSB i 4 e PriA fREs 1L

izw

[7,38] c /4% VR M E i FTE F 35 &S M F0 TN
Bo 3 ERFRESE 39 AP FRINET S FFHRANE K
DNA & F-9 B SsbB » & {j PriA j@sgfs st » ¥ & H#

T i % SSB A %P CHF M

1-3 DnaT# i i L& ic %
1-3-1 DnaTi & # 5%

DnaT- B 4~d 3% b # 2% ¥ 2 Arthur Kornberg#¥ IR ¥ A% fL 5 39
Fi (protein i) [40] » E_AaPriAZ 52513 & <4 eX? % = R &
B0 Fom % - B E R0 F PriB R ¢ i858 DnaT &2 PriA (g &
[41-43]-DnaT & - f87 7 179 & AfecnH %LDNAKR & - 7 [34]
A+ £ % 5%20kDa[44] > DnaTenCh % # § %21 ssDNAs & [45] -

10



DnaT Nz % 32 B € 22 PriB ! 7 Asp66-Glu76 ¥ 3 4p 3 1T * [46]
#1 % * OB-fold % & ¥ % DNA ¢ PriB % [ [47, 48] DnaT B &2
Z W%k 2 H L DNA% & [45] - DnaT+C) % % 4-DnaT84-153 3¢
g RMa)s 5 b2 EUDNAB LA+ 1 R
[45]° 23 F B 5 AP A F R 7 R ADNAR & % 18 3 B
Bt [49] 0 FaiE- K IeR S G B g

a‘;ﬂj s ;?

1-3-2 DnaT % & i (oligomerization) %%

BRI ok Rt [S0]) 2 b i d $g 3 0 35%:
B OFERBRCIM G o LI FEgA - BERPFLEAEF
F_n7E 1 > b 4enicotinic acetylcholine receptor & 47) = 7 R A pF 4 ¢
PR [51]cF &30 FHORRM 152 F pH 2§ 7 -
G i [52,53]° 2% DnaT € &2 3 4 it S p iz ok

—AREOER T sV U IR R R
B AT FAMST 67 )i [41, 43, 54] o po3rh 27 58 % 7
MOET A G EHEIRHE T doim 518 DnaT sRI46M R & % & Bt

% [49] -

11



R AL

AR AT REE R TR LG g R
FHoRARIIG ey PSS G B BR Y TRy s o
BAAPRSTHEHILBHEL AL ST T 5B ED
SSB &#H 313 £y FHOEAR LT FREFLE D T2 &
B G A T b FEE R TR AP # A {24 4540 DNA B

& By A g pek 24T o KT WEHAp MO B TP

2-1 30 Fiv 2 4phf g

2-1-1 5§ 4 DNA

—\

1 A1 < BB R %4 (37°C) ¢ 32 % 1 k& ODg 1.0
s B

2. FERRDIE Hp=xB% eppendorf © I % F i HrE oo 8

[N

(3K ZPFRE 1 min, #:# 12000 rpm ) &g 8 T@J",ﬁ%i it ¥ pellet
3. 4v »solution I 250ul #pellet ;% > ¥ 3 ¥ 7kt 51 min
4, £ 4v »solution [1250ul » ¥ EMm#FEI23 > T3 28 51 min
5. B¢ 4 » solution 1 250pul> ¥ & R fr353 > ¥ 2§ 28 91 min »
Bi* e otd (X TFFI0min, #:# 12000 rpm) &

6. 4. fs L * pipetter] BB b FR (LR H AR Fd ¢ Uk )

7. #-t 5P~ spin column® > ¥ ¥ % § X1 min
12



8. FERIEE ™ 3EMEdp ey (RTFE] min, #:iE 12000
pm) Ho o o fS i;ill",f collection tube ¥ ;% %

9. 4¢ »500 pl wash buffer 2 spin column® > £ i * 3 i fic & H.o %
(3 ¥ 1 min, ¢ 12000 rpm )&t » 4. {4 )% collection tube
PR (LHEFEAFS )

10. £ 4B spincolumnt ¥ > L & * 3 @ e P 3o % (X TPFF 1 min
# 3% 12000 rpm) Hr @ 2 7 8 (FxiFwash buffer? [Fy¥ TR A
x/grj )

11. B fs4e »50 pl & FiE2 ddH,O I spincolumn® > £ & * 3 i@
e gy (K TPFRF 1 min, #:# 12000 rpm ) 3o > dpoo {5 P18

1 5 F <t % 2 FADNA

2-1-2 #3315 E wbe

[—

. Brgois s (R R 42°C)

2. p-80°Crk48 & h2sizmre (JE B3Nk t)

3. #FEiE e i {8 B~10 pl x eppendorf®

4. P~1pl F48DNA“c 1 eppendorf? £ 2% iz bz F i

5. #%-7 5 FRBE 55z e 2 eppendorfic ¥ s ¢ (42°C) 5454
i# {7 heat shock ¥ &

13



F &A5%) ts = %leppendorfiE: ¥ kb > %= = heat shock»* &
Bgpite (772 F5) DREFHBREINKFHE B2
EPE T g B Y (K)iE X 3%0)
FRABFREIVERS BB 2T ingie (77
SRR LY U P ICE

AR AT FIIP LA > BH g 37°CEIE % 42 P overnight

A& I A2colony TV EP L eFEEE %k

2-1-3 £ RRIFE FWEE T

l.

B A 18 7 %% T e 2 plate p AR 3 & F B )

PE N H - FEHET G tips#-H e F 2 74 ul 100 mg/ml LB
P LRI REEEEE R (37C) P REAEERE AR
& F B kB ODgy: 1.0

&k R F|iE 12 P2200 pl A% 3 eppendorf? i % JE 2_sample
2 fs4e 4 ul IMIPTG » ¥ his; 5 (37°C) Pk F s
hours

4e >4 ul IMIPTGF J&4 hoursfs » B+200 ul #:# I eppendorf® i %
% i 2_sample

Lo By 2 LABw ({8)sample * BT o (RILFR

1 min, #:# 12000 rpm )

14



10.

B%F Lk o Ik e~ 10ul 4Xdye > T pF Hpelletw /%

@ % 751 (98°C) 4c#20mins (4ce#F = {8 FAFrR A 8% )
#] # SDS-PAGE (159 or 129 ) - i * power supply #4% (3% %_
70V 120 mins ° #Fmarkerfd T T W ¥ H-T BRA T 120V)

B4 % = (5 -9 2 22 ~ Coomassie Blue? 2+ X304 45 (¢} &

N

shaker } 4% % )
it (%4 27 folband) £ * 34 % (& —*1 kP e pERE

i) 3% 3G g Aband ¥ ¥ AP HRI £ E G S AR

2-1-4 39 Fan (A g)

1. j-80r7k4a £ 17k 5 enpiR » 2l k4 ¢ 30k

2. ##% 100 mg/ml LB(4c.c. ) 4r » 4ul 0.1g/ml ampicillin( 4rampicillin
TR L)

3. TR kPR ¢ B~ 15~20ul1 o] ¥ LB ¢

4, 2 s £FEER A (XKLL ARZTC #H#200pm) 94/ FF (2

5.

B X 4355 T 4 » 500 ml ddH,O 4¢12.5 g=1100 mg/ml LB » £

AR AEHL T B E T RE R *p;]—,;a = Y

6.

~ i FR (R L ek A ARG T £ ) (7 BA 15mins)

qE L)

15



7. REB R AR RLBA T 2R (7 ki)

8. 4v» 200 pl, 0.1g/ml ampicillin 3 = ¥xLB (4r » & & AFL T il
L) o 2 R PELERE N S~ FL Y (RAR I PR LR FRALTHT
BE)

9. HE-HEyor R A (KR TEAR3TC #i#200rpm) H6~T7 )
B (20D%*1) {84~ 125 ul IMIPTG > R » R B £ 7Y 4

120) (3% %58 B 25°C #:i#200rpm) & {735 ¥ 4 P 1% 3v

2-1-5 F-9 Fwie (3@ MRHS)

1. #FFEERE > B RFRE » (beckman) o igs ¥4 f=f
T 7 (FEinE ALyt FE B 5 300.00 g)

2. BPSFLEIFRY o B FHEPPWHRR S (KTFRF20
mins #&:# 12000 rpm 8 R 4°C) - B g (e Rt G T3 R

1

2-1-6 3¢ Fit (BEA&T A )
1. % % binding buffer (5 mM imidazole, 500 mM NaCl, pH 7.4) i »
40 c.c X 3w Fg ¢ #pelletw 3

2. W

o

% {4 H- )% 5w tube B & k4T (B 0k B HGE S Fd e
Ktubed® B B¢ T R* QA AARTWRAR (Ao k) B35

16



WEE RIS~ RASH ~ 50 cycle ( Ph%k = B F BLZ Fik 5

S AR BRI AL

o

RERE AT MBS ® Y Bye (3K TP F20 mins, #&:& 12000

M % HisTrap'™ HP column i * ¥Z# ¥ &k B % 5 12 ddH,0 »

Frfi4s ~ ddH,O - binding buffer (5 mM imidazole, 500 mM NacCl,
pH 7.4) 7 HisTrap™ HP column ¥

W5 KB4 2 1 B9 % R i 1 HisTrap™ HP
column ( ¢ # 7 His-tagsh3-v #eolumni FNiT 2 &) (& LB
20 pli% % sample )

R s kRN (5mM ~ 60 mM ~ 100 mM ~ 200 mM ~ 500 mM
imidazole, 500 mM NaCl, pH 7.4) ;3 ;% i » column® (&5 & Jc &
50 c.c.~50 c.c.~30c.c.~30c.c.~30 c.c.sA % )0 25 mM-~60 mM ~

100 mM imidazole, 500 mM NaCl, pH 7.4;3 % i& {wash#-2L p &
v # “,/TT » J BF 4200 mM ~ 500 mM imidazole, 500 mM NaCl, pH
7.47% 7 iE (Telutesd v ) p AR v

% % 8 B eppendorf & B 4z &+ ~ vk (ddH,O 20pliR & - 2
pellet) ~ g >~ SmM ~ 60 mM ~ 100 mM ~ 200 mM ~ 500 mM &
20 pli* 5 sample

17



8.

9.

2 f8 B4~ 10 pl4X dye > £ * gzip s (98°C) #1204 48 (e

)

N

1 i 5

Sk

{8284 kv

Sk

#1
fie ¥ protein assay dye (** &] 5 800 ul ddH,O + 200 pl protein assay

dye) & cuvette® I * 7 E P4k R A3 R

10. 1 * & & £ & 3+ ODg+ #-7 7 protein assay dyez cuvette:i& {7

blank (T4 BT 2 ¥ § &)

11. P~1pl 39 %3 7% Zcuvette® - 3% 23 & H Zprotein assay dye

RS B A1 & kL B3 ODgoit 7k BBl %0 ¥ isdrT kR ¥k

/A
E

12, #-4c Tk §F D ARG emd ik e~ 10096 b (e r i AL A

10% )

13. £3-80°Cevkia® g » TPt

2-1-7 ¥ F LA~ (SDS-PAGE)

[
.

% % SDS-PAGE (159% or12%)
i * power supply # % (3% 70V 120mins > # marker §5 1 T %}
VRTRA 1120V)

547 = 15 49 2 22 ~ Coomassie Blue® 24 + 304 48

N

ARAE IR (kY LEFRA) 3% (15 EF 0

band)
18
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2-1-6 -5 ik

1.
2.

3.

4,

5.

6.

7.

8.

9.

10 2645 “rip| %2 ODE 15 & #-2

#1320 -80°Cend-v £ 41 73 ¥ 3t k4 iRk

H-spin column * JFpf % ddH,O% %

E~ddH,0 £ 2 #ro dp.e (3R 2 3000rpm ¥ 10mins ) >

RN E 2 ",ﬁcﬁ TRl

o {8 Bk i) “,/TT {s #-imidazole;% /% 4v » spin columniE e ¥
iil]“,ﬁcf imidazole;% & {4 » 4c > F /}a‘fﬁa o BB R

FE Lt £ T 4w 8 4e (3000 rpm, 10mins ) I #84% F1481 c.c

M-k 45 18 2o F-9 Fi% i P~ 1 eppendorf > ¥ fie ¥ protein assay dye
(+“ &) % 800 ul ddH,O + 200 pl protein assay dye ) & cuvette®
R P AR I3 R

U Ak kB 30Dgg % #-7 7 protein assay dye 2 cuvette:& {7

blank (1% 5 P22 & & &)

B~1ul 3-9 B3R Icuvette? - 355 323 i@ H ¥ protein assay dye

FRte o £ FUH & Kk B 7 ODgooiE 7k R B 2

N

CAERRER Ea IR A

—\

2-1-9  Fv Fi¥ (ERBER)

19



[E——
.

~

#-buffer (40 mM Tris-HCL ~ 400 mM NaCl) % H4c » kgt i
v ¢® (& NaCl vk & T "% 3 BEiT400mM ) > f #-H 4c » spin
column # » ¥ £ T Z.o #3.o (4 :# 2% 3000 rpm- FF ¥ 10mins ) »
EPREBFCHAEL Lec.

£ 45 b d TR #-¥ - buffer(40 mM Tris-HCL ~ 300 mM NaCl )
FWAer kR P A BB T T e

B 1é £ 12 buffer (40 mM Tris-HCL ~ 200 mM NaCl) % & 4c » k
Hpteendd ¢ LA P BB ED Tec

oozt L -2 4ok 3 eppendorf P o gt pF R0 FARIEE S 40
mM Tris-HCL ~ 200 mM NaCl

fie ¥ protein assay dye (** &] 5 800 ul ddH,O + 200 pl protein assay
dye) I cuvette” I * FM{WCE M & @ Hi93 R

I #* & kK B 3 0Dgo £ #- 2 7 protein assay dyeZ cuvettei& {7
blank ( ® % Bl 2 % § &)

B~lul 39 B3R Icuvette? - 355 323 i@ H ¥ protein assay dye
FRte » B A1% &k k R 3ODgie 70k BB %0 ¥ iedr™ kR #Kk

N EE T & E T

2-1-10 3¢ ¥E:% (Bpi2)

By el o ~gh B9 F ~24well 2% &% £ % kit buffer
20



P~kit buffer £ 250 pl 4c » & & £ 2 well®
BELMA I ERER P TRET WL
FEwuB A T8 BH T

€ & well® B~1 pl buffer 2-& %3 + (KA13D6)

L&A1 hd0 Fiaiklul $ldrop? (J€A11D6)

AP FET IR HE Y 0 P BEARRALTIRT TR

1. i EF MRS T E T LAy FhHiY

2. EHEFEE K] enloop B HTA T YT F oAt ¢ RS
3. ERHF SR 2 loopis HBEL G LTS FF BT
4, BT RN FRIFE Y SIS

21
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i@ * loopH-F B A= S U@ Y R AEF P

Db

i g P £ RoopP-T (e tE R AR A Ro TR

C

YUk de A2 RS )

2_té* & & #loopZE FIXk Yeit ik B

FHET I (Blueice) k3 FXEYESTR B - £ B S @
ez B eSS icdy @ * HKL2000 4% 48 #c & 53+ ¥ Space group #
A0 BEFE RY  T E hdEs y  R HB R TR

L et

22



FZR D RFEES

3

AR S S Bt dR 4 1 % 9k4E F SSB (PaSSB), £% ¢ § § it
SSB (SaSsbB))Z 2 i/ F* X ¢ DnaT (StyDnaT) 5 2 > & 3554 i & 5 g

£ i 2R F(39,49] ¢

3-1PaSSB 4 i F % & %

3-1-1 PaSSB % i* (SDS-PAGE)

* v FEARaG It EA A ERHA AR LA EE 8 FO T
Hd AR LEEIPTGC FEZRP R0 > SEFE R
BALS ~AZF ARLAE 0 1% Ni-NTA column > 538 & B A{rid
Bk TR R e A AP p 2200 mM imidazole,

23



500 mM NaCl, pH 7.4 %% ¥ it 11 %9k 4% FSSB (PaSSB) (lane

3) » #SDS-PAGE¥ 11 {8 4% ik ¢ #SSB (PaSSB)4 + £ 4 5 20

kDa -

3-1-2 PaSSB %8353 (i)

+ PaSSB &HH= & 1

PaSSB: (1-1) PaSSB: (1-2)
PaSSB: (1-3) PaSSB: (1-4)

5 W 25 £ 5 iF i

PaSSB: (1-1) 28%PEG 400 ~ 100mM HEPES ,pH7.5 ~

24




200mM Calcium chloride

PaSSB: (1-2) 30% PEG 1000 ~ 100 mM Tris-HCL ,pH
8.5

PaSSB: (1-3) 20% PEG 8000 ~ 100 mM MES ,pH
6.5 ~ 200 mM Magnesium acetate

PaSSB: (1-4) 16% PEG 4000 ~ 100mMTris-HCL ,pH
8.5 ~ 200 mM Sodium acetate

*— PaSSB+ssDNA BBB 'Eg SN 2

PaSSB: (2-1) PaSSB: (2-2)

PaSSB: (2-3) PaSSB: (2-4)

25




5o Wl 24 E&iEN

PaSSB: (2-1) 28 % PEG 400 ~ 100 mM HEPES ,pH 7.5 ~
200mM Calcium chloride

PaSSB: (2-2) 30% PEG 1000 ~ 100 mM Tris-HCL ,pH
8.5

PaSSB: (2-3) 10% PEG 8000 ~100 mM HEPES ,pH 7.5 ~
10% Ethylene glycol

PaSSB: (2-4) 10% PEG 8000 ~ 200 mM Magnesium

acetate

+ PaSSB+ssDNA BBB @ SN 3

PaSSB: (3-1)

PaSSB: (3-3)

PaSSB: (3-2)

PaSSB: (3-4)

26




oo K8 7 AL £ B iF &

PaSSB: (3-1) 28 % PEG400 ~ 100 mM HEPES ,pH 7.5 ~
200mM Calcium chloride

PaSSB: (3-2) 30%PEGS000MME > 100 mM
MES ,pH6.5 ~ 200 mM Ammonium sulfate

PaSSB: (3-3) 10%PEG8000 ~ 100mM HEPES,pH 7.5 ~
10%Ethylene glycol

PaSSB: (3-4) 30%PEG400 ~ 100 mM MES,pH 6.5 ~ 100

mM Magnesium chloride

+ PaSSB+ssDNA &% 482 £ 4

PaSSB: (4-1)

PaSSB: (4-3)

PaSSB: (4-2)

PaSSB: (4-4)

27




50 LA £ 5 i i

PaSSB: (4-1) 20% PEG 1500 ~ 100 mM HEPES ,pH 7.5

PaSSB: (4-2) 22% PEG 4000 ~ 100 mM HEPES ,pH 7.5
> 100 mM Sodium acetate

PaSSB: (4-3) 20% PEG 4000 ~ 100 mM Sodium citrate
» 5% 2-Propanol

PaSSB: (4-4) 20% PEG 4000 ~ 100 mM Sodium citrate
» 5% 2-Propanol

+ PaSSB+ssDNA S+ & 5

PaSSB: (5-1) PaSSB: (5-2)

PaSSB: (5-3) PaSSB: (5-4)
28




54 L3 £ g S

PaSSB: (5-1) 32% PEG 4000 ~ 100 mM Tris-HCL ,pH
7.5 ~ 800 mM Lithium chloride

PaSSB: (5-2) 22% PEG 4000 ~ 100 mM HEPES ,pH 7.5
» 100 mM Sodium acetate

PaSSB: (5-3) 10% PEG 8000 ~ 50 mM Magnesium
acetate ~ 100 mM Sodium acetate

PaSSB: (5-4) 10% PEG 8000 ~ 50 mM Magnesium
acetate ~ 100 mM Sodium acetate

+ PaSSB+ssDNA 5= & 6

PaSSB: (6-1) PaSSB: (6-2)

29




PaSSB: (6-3) PaSSB: (6-4)

fo ¥l & H- SN e

PaSSB: (6-1) 10% PEG 8000 ~ 100 mM HEPES ,pH 7.5
» 10% Ethylene glycol

PaSSB: (6-2) 10% PEG 8000 ~ 100 mM HEPES ,pH 7.5
» 10% Ethylene glycol

PaSSB: (6-3) 20% PEG 8000 ~ 100 mM MES ,pH 6.5 ~
200 mM Magnesium acetate

PaSSB: (6-4) 30% PEG 10000 ~ 100 mM Tris-HCL ,pH

8.5

+ PaSSB+ssDNA 5 # =& 7

PaSSB: (7-1)

PaSSB: (7-2)

30




PaSSB: (7-3) PaSSB: (7-4)

o ¥ - - £ B g

PaSSB: (7-1) 17% PEG 20000 ~ 100 mM MES ,pH 6.5
PaSSB: (7-2) 17% PEG 20000 ~ 100 mM MES ,pH 6.5
PaSSB: (7-3) 17% PEG 20000 ~ 100 mM MES ,pH 6.5
PaSSB: (7-4) 30% PEG 10000 ~ 100 mM Tris-HCL ,pH

8.5

+ PaSSB+ssDNA 5= & 8

PaSSB: (8-1)

PaSSB: (8-2)
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PaSSB: (8-3) PaSSB: (8-4)

s ¥l LA £ fif it

PaSSB: (8-1) 10%PEG 8000 ~ 100mM HEPES, pH 7.5 ~
200mM Calcium acetate

PaSSB: (8-2) 10%PEG 8000 ~ 100mM HEPES, pH 7.5 ~
200mM Calcium acetate

PaSSB: (8-3) 10% PEG 8000 - 50 mM Magnesium
acetate ~ 100 mM Sodium acetate

PaSSB: (8-4) 10% PEG 8000 ~ 50 mM Magnesium
acetate ~ 100 mM Sodium acetate

4+ PaSSB+inhibitor S~ £ 9

PaSSB: (9-1) PaSSB: (9-2)
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PaSSB: (9-3) PaSSB: (9-4)

BAY LA £ if

PaSSB: (9-1) 10 % PEG 8000 ~ 100 mM Sodium
acetate ~ S0mM Magnesium acetate

PaSSB: (9-2) 12% MPD -~ 100 mMTris-HCL , pH8.5 -
50 mM Magnesium chloride

PaSSB: (9-3) 25% PEG 4000 ~ 100 mM MES ,pH 6.5 ~
200 mM Magnesium chloride

PaSSB: (9-4) 30% PEG 3000 ~ 100 mM Tris-HCL ,pH

8.5 ~ 200 mM Lithium sulfate

4+ PaSSB+inhibitor &%= &

PaSSB: (10-1)

10

PaSSB: (10-2)
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PaSSB: (10-3)

PaSSB: (10-4)

A LA

£ fiEid

PaSSB: (10-1)

18 % PEG 8000~100 mM HEPES,pH7.5 ~
200mM Sodium acetate

PaSSB: (10-2)

10% PEG4000~100 mM MES ,pH6.5~200

mM Magnesium chloride

PaSSB: (10-3)

18 % PEG 8000 ~ 100 mM HEPES,pH7.5
200mM Sodium acetate

PaSSB: (10-4)

30% PEG 4000 ~ 100 mM HEPES ,pH
7.5 ~ 200 mM Calcium chloride

4+ PaSSB+inhibitor &%= &

PaSSB: (11-1)

11

PaSSB: (11-2)
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PaSSB: (11-3)

PaSSB: (11-4)

A LA

£ fiEid

PaSSB: (11-1)

25% PEG 4000~ 100 mM MES, pH 6.5 ~
200 mM Magnesium chloride

PaSSB: (11-2)

3% PEG 6000 ~ 100 mM Tris-HCL, pH
8.5 ~ 100 mM Potassium chloride

PaSSB: (11-3)

2M Sodium formate

PaSSB: (11-4)

25% PEG 4000~ 100 mM MES, pH 6.5 ~
200 mM Magnesium chloride

+ PaSSB+inhibitor & 2 £ 12

PaSSB: (12-1)

PaSSB: (12-2)
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PaSSB: (12-3)

PaSSB: (12-4)

e

E B iEi

PaSSB: (12-1)

10% PEG 8000 ~ 109% PEG1000

PaSSB: (12-2)

10%PEG8000 -~ 200mM Magnesium

acetate

PaSSB: (12-3)

16% PEG 4000 ~ 100 mM Tris-HCL ,pH
7.5~200 mM Ammonium sulfate ~ 10%
2-Propanol

PaSSB: (12-4)

22%PEG4000 ~ 100 mM Sodium acetate ~

200 mM Ammonium sulfate
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3-1-3 PaSSB & & X sk $844p B dcdp

PaSSB + ssDNA (dT 15)

£ T L %1% F SSB (PaSSB) £ ssDNA (dT 15) #i £ % &
(co-crystallization)JEF4f £ & % > &d X R ESFHisTEFT

YstWAEMF R

& 48 31| Detector B eriE3t (Distance ) | 280 mm

X sk btz B Rk R (Time ) 8's

Behplc b2 S M MEST & R 42 (Phi) | 130~220 deg

ey e b2 f g H g R (Delta) 1 deg

By lc 2 5o 1 $E5 B 5k B (Frame ) | 90

o %8 f247 & (Resolution ) 30A~1.92A

o ¥ 2 5o 1 ¥ 4L (Space group ) P3,~ P3,
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PaSSB + ssDNA (dT 20)

£ T L %9%4% F SSB (PaSSB) £ ssDNA (dT 20) #i £ % &
(co-crystallization)E 1545 &£ & 5% > 5d X kWP HiSTET D

YstWAEMF R

& 48 31| Detector B er§E3t (Distance) | 370 mm

X k£ ¥ebtz AR LT (Time) 4s

Befplc b2 S MBS & R # ] (Phi) | 65~170 deg

Bypfc b2 St e gk (Delta) |1 deg

33:5}7%\‘1{%7\ BB %ﬁ%&j‘@%ﬁﬁi (Frame) 105

¢p %8 f247 & (Resolution ) 30A~2.44A

oo ¥ 2 5o 1 ¥+ 4L1E (Space group ) P3,~ P3,
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PaSSB + ssDNA (dT 25)

£ T L %1% F SSB (PaSSB) £ ssDNA (dT 25) #i & % &
(co-crystallization)JEF 4 £ & % > &d XL ESFHisTEF

YstWAEMF R

& 48 31| Detector B er§E3t (Distance) | 270 mm

X k£ ¥ebtz AR LT (Time) 45

Befplc b2 S MBS & R # ] (Phi) | 0~130 deg

Bypfc b2 St e gk (Delta) |1 deg

33:5}7%\‘1{%7\ BB %ﬁ%&j‘@%ﬁﬁi (Frame) 130

o %8 f247 & (Resolution ) 30A~2.3A

oo ¥ 2 5o 1 ¥+ 4L1E (Space group ) P3,~ P3,
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PaSSB + inhibitor (myc )

* T L %94 F SSB (PaSSB) # inhibitor (myc) #iF % £ &
(co-crystallization)JEF 4 £ & % > &d XL ESFHisTEF

YstWAEMF R

& 48 31| Detector B er§E3t (Distance ) | 260 mm

X sk gest2 B Rk pFERF (Time) 10s

Befplc b2 S M MEST & R & (Phi) | 123~226 deg

Bypfc b2 St e gk (Delta) |1 deg

33:5}7%\‘1{%7\ BB %ﬁ%&j‘@%ﬁﬁi (Frame) 103

o %8 f247 & (Resolution ) 30A~2.38A

oo ¥ 2 5o 1 ¥+ 4L1E (Space group ) P3,~ P3,
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3-1-4 PaSSB 5 5[4 5

% 9k4% [/ SSB (PaSSB) 2 B 7|~ {5 » I 22 7 | FAfido* % 7
(Ec) ~sugv 7 (Kp) ~ % ¥ M < (St) 2 SSB A 7:¢
Fitd o ¥ U I N 3 DNA % & % £ & #% 9DDDIPF 3w

o390 a3 ivr R(fAe AR RET -

%945 7] SSB (PaSSB) &2 H 4 300 % i iw ] SSB 2 A& 51 4 47 -
Ao gpd SiFcd L3RG RARAT T - 5

FOOMERT EETE (RREERS) g ARE 7] Flpt T Y
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FHNENSS ZRRETERE D CHR AT I AR %L

3-1-5 PaSSB % 5 .3‘%’}#-313"‘ AR )

+ #45 SSB (PaSSB) i f it A 454 » i X k4%
B Bk 15 > 1354 HKL2000 3-8 % (b S5 ¢ 642 7 F oo

A B 554 3 > ¢ 35 Space group ~ Resolution~PDB entry % 73t e
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3-1-6 PaSSB % & B4

* FIEH 7] SSB (PaSSB) % &b S (B =x H =) - PaSSB

st i e 24 HHE 2405 6 B sheets &2 1 % helix » 2 ¢

Al % ¥ % 1 0B fold (oligonucleotide/oligosaccharide-binding fold)>

(=

Fr B LR RS EPERHE -
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3-1-7PaSSB % 5 B (£ ssDNA 2 3 8% % )

+ % 9k4% 7 SSB (PaSSB)® 14 B & i e 4 T vk f (W40 ~
W54 ~ F60 - W88)%#2 7 SSB &2 ¥ i DNA th3 3 iF % » 3l
% DNA - SSB F s 4 -
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3-1-8 PaSSB 7 8% % (site-directed mutagenesis) 4 7

* J %5 S 1 k45 7 SSB (PaSSB) £ ssDNA 1 & £.i% 1§
v A TR g (W40 ~ W54 ~ F60 ~ W88)ie 17 2 3 ¥ 7 »
313 DNA % SSB F endh s> F)pt 1% 2 8L % % (site-directed
mutagenesis ) > #-pt o B R ¥ 2 alanine(R]42 5 T ) o

fiw sSDNA B & e B4 hicdpzs £8P .
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3-1-9 PaSSB ¥ ssDNA dT15&dT20 #f & %

(F-chain) (G-chain)

(H-chain) (E-chain)

* %18 £ 2 & (co-crystallization) f£ {7 % 7k & 7 SSB (PaSSB) £

ssSDNA 2 4§ & s * 4" 48 & 5 du 515 PaSSB &2 dT15 45 & #

(F-chain) (G-chain)

(E-chain)

* %18 £ 2 & (co-crystallization) £ {7 % 7k 1% # SSB (PaSSB) £

ssSDNA 2 4§ & s * 4" 4F & S5 du 515 PaSSB &2 dT20 45 & #
46



3-1-10 PaSSB £ ssDNA % 3 i&# L.%kﬁ_% fL

374 A and 16.6 shift

\

blue: PaSSB (5YUO)

hotpink: PaSSB-dT15 (5ZBP)
brightorange: PaSSB-dT20 (5ZDJ)
green: PaSSB-dT25 (5YXO0)

* U5 %K% F SSB(PaSSB )11 2 H 2172 e £ A& 2. ssDNA(AT15-
dT20 ~ dT25) ehig & 4 - 2 ¢ PaSSB (SYUO)s §£4 304 »
PaSSB-dT15 (5ZBP) & #+ = & %4 ~ PaSSB-dT20 (5ZDJ) & * #
¢ ~PaSSB-dT25 (5YX0) 4z % ¢ »#-PaSSB (5YUO)~PaSSB-dT15
(5ZBP) ~ PaSSB-dT20 (5ZDJ) ~ PaSSB-dT25 (5YXO0) {# ¢+ < 4 &

— A2t > ¥ g I PaSSB 2 ssSDNA < 7 iv# S EpF > ¢t

v v

B %k ssDNA S 2 e i A 4 JEdR S 3744 2 6 B 3 166
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3-1-11 PaSSB #? ssDNA dT25 2. % 3 iF*%
- % PaSSB ™ y Al B2 L&A iEH%L DNA>» a2ty ERE L& e i

DNA -

£ v g DNA £ B € 1~ F 5 PaSSB %%

"
4=
i
Ed
s

3-1-12 PaSSB £ DNA 14 3+ B & T#

B

G BT s — ELDNA $ Fd R T (E % SR S 5N o Bldet

ESIE 20> DNA %8 (T1, T2, and T6-8) °
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3-1-13 PaSSB £ DNA dAT25 ch4 + % & T & W

49



3-1-14 PaSSB £ DNA dT25 577 $HfL it %

LRSS SSB e 2482 2 DNA chig £ (¥% ¥ 7 -

* > A HE R2I/R56/R86 2 L Wik i P L 1 B BE o

50



3-1-15 PaSSB 2 DNA dT15 12 2 #r414] myc 0= € B4

For ) A myc pf#_

.
\\\

LA LRSS M T SSB v 248 DNA g &0k B B
(R21/R56/R86)# myc B/C ¢ #x 5k kik>@ myc A ]+ g ¥p
Lz BH-Z 2R84 5 o DNA &2 %4 SSB > W38 a e
Feii2? DNA 2 £ @ 5k SSB 4 3 55 cni £ i 4 o A pbghpt

SE S SR

51



3-2 StyDnaT 84~179 (DnaTc) 40 M 2 Sk % 5

3-2-1 StyDnaT 84~179 (DnaTc) $H 835~ (R piz)

StyDnaT 84~179: (1-1) StyDnaT 84~179: (1-2)

StyDnaT 84~179: (1-3) StyDnaT 84~179: (1-4)

& - AE £ do i

StyDnaT 84~179: (1-1) 1.6M Magnesium sulfate ~ 100 mM MES,
pH 6.5

StyDnaT 84~179: (1-2) 1.6M Magnesium sulfate ~ 100 mM MES,
pH 6.5

StyDnaT 84~179: (1-3) 1.6M Magnesium sulfate ~ 100 mM MES,
pH 6.5

StyDnaT 84~179: (1-4) 1.6M Magnesium sulfate ~ 100 mM MES,
pH 6.5

52




3-2-2 StyDnaT 84~179 (DnaTc) 3 & X & $544p M #icdp

StyDnaT 84~179 (DnaTc)

* MT L3 %RV X F StyDnaT 84~179 (DnaTc) i & 3F % fik
B EES R TR BEd X RSP 5% T E F ehist

FlAp M 3

& 48 31 Detector f¥ er§E3t (Distance) | 220 mm

X ke ¥pbt2 f R R (Time) 5s

Bolplc b2 S M MEST & R & (Phi) | 145~265 deg

Bypfc b2 St e gk (Delta) |1 deg

33:3}7%\ < E2 85 ﬁ;"‘%ﬁd‘@ 5k Hc (Frame) 120

o %8 f247 & (Resolution ) 30A~2.3A

oo B8 2. s F2 ¥4 (Space group ) C222,
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3-2-3 StyDnaT 84~179 (DnaTc) % & %4

i

+ = StyDnaT 84~179( DnaTc).% & % H 1 7

2 7 T H %% ( monomer )

BT St 4t ~ ¢ > StyDnaT 84~179(DnaTc )£ =  helix 1

1+

H C# %% > DnaTc = B helix 4 & =3 % 101-108 (al) =i

B~ % 118-131 "= pt (02) ¥ 137-153 v pt (a3) ¥
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3-2-4 StyDnaT 84~179 (DnaTc) % & % ’f#_.ﬁfu‘%"‘ a4 4

LB 4L

& i) < ] DnaT 84~179 (StyDnaT 84~179) =hid f i 403
AAT 4 5iE X kMR %18 0 £ %6 HKL2000 3-8 & 3 45iq
B¢ $Estgh ¥ 8 5odp B S HE T30 @ 4% Space group~Resolution

PDB entry % F 3t
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3-2-5 StyDnaT 84~179 (DnaTc) £ DnaT 84~153 +* §&

+ 05247 R 2.83 A 2 DnaT 84~153 2. 8 & B4 2t % & S A7
% 5 % DnaT 84~153 3 4p it &£t if ssDNA + > &7 H f g2

sSDNA £ # pEer i cnF R E R ¢ € H %~ 7 B o
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3-2-6 StyDnaT 84~179 (DnaTc) £ DnaT 84~153 = BEHER

* M5 RV < 7 DnaT 84~179 (S. enterica DnaT) h= s %4
21 % % 4% 7] DnaT84-153 (E. coli DnaT) ih= gt » HiE - &
ﬁ#mg LA T 0 T Y ”Fl A .?&\3—54{;{#9 e m $8 %

R R L G B TR HED R

57



3-2-7 StyDnaT 84~179 (DnaTc) = F 4873 i

*

d i DnaTc S4pkgond & i H 4 (monomer) = » 5 7 i&-
HEF HWMEHEORELE > AP R A - pE (Glutaraldehyde )
{177 DnaTc éhit £ 2 B F & » # DnaTc (4uM) 23k B i% bt

)k

fit
I

B 4o 2 B (0197 59% ) X & 4°CF Ji5 20 A 4> @ it
BT ¥ 0§ % 5] DnaTe = F 48255 (24kDa) » F e
B EHE BB E N R E o A LSRR
A r DnaTc 3 & B3R ? 1= FMA IR & RS T T

e K o
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3-2-8 StyDnaT 84~179 (DnaTc) £ DnaT 84~153 = =2 £ B

£ o JLBA T 7 1 DnaT84-153 F-v A + 5= & B H Hip At
Benz B 4pie* >3 P 25 DnaTc = R eh=t 8 ~ A-B = ¥
A B-C~ =¥~ C-D fr=t ¥ & D-E e # & dr 457 DnaTc £ 7
FAL DnaT84-153 ¢ ch= = RAA) = 3 ez FMSHE - 4
¥ v DnaTc = B 48 7 2.7 B4 DnaT84-153 - R4 » 7 ¥ % J

%7 B4 DnaT84-153 » #12; X ehiz v = B4 o
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3-2-9 StyDnaT 84~179 (DnaTc) ¥ #-¥ % (monomer-monomer ) F it

*

+ DnaTc ¥ 49 (monomer) #iE2F 5 g R 3 8% jp 3 4% > 4o

B+ r25 4 DnaTc «H #2-% ¥ (monomer-monomer) £ d #r-k
P 4T R ¢ s TR E A A Y 5 A123(02) Y127(a2) »
A130 (02) F= 1150 (a3 ) > fv A122 ( xE ~ B ¥ 702) > A123-
(a2) 1125 (a2) » A126 (02) > Y127 (02) » Al130 (a2) -
Fo 1150 (a3) > ¢t > B35 5 B a 4% DnaTc «nH §8-H 4
( monomer-monomer ) it * % 7 ( R146-E119 -~ R146-D162 -~
R146-R161 ~ S151-A123 = S154-S147) -
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3-2-10 StyDnaT 84~179 (DnaTc) ¥* DnaT 84~153 & 4¢3 2 £ B

StyDnaT 84~179 (DnaTc)

DnaT 84~153

61



d %> DnaT84-153 & & & » F]p 2 £ 3 R161 - D162 &7 R146
FhE 4 > DnaT84-153 ¢ R146 chipldds oh 2 0y » Fp 7 g2 (5%
ssSDNA % &-m % §_- B iv»d >t DnaTc £ A& #& & > & DnaT84-153
P A4 I & DnaTc ¥ 2= i 4& R146-E119 - S151-A123 He

S154-S147 -

62



3-2-11 StyDnaT 84~179 (DnaTc) = F i 14 % 27 ssDNA % & % v

+ DnaT84-153 # :#7K133-K143 4= R146 _ssDNA & & ¢4 A fik
B F DT g B2 B 2arA5 A % v ssDNA Ap T (E

9 o RI46A R WAL 7 > ¢ PAER (7 ssDNA S &30 4 7% o
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3-2-12 StyDnaT 84~179 (DnaTc) = F i* 12 % 27 s5sDNA % & #pic kg

7+ (superposition)

+ DnaTc $H#A {7i8 - #H#h7F 1 R146 fo- R4 ¥ ¥ - Bies
% 7 22 DnaT84-153 4F & 4 # ¢1ssDNA % & »DnaTc € & 24 + t§ & ¢h
HA] % 1 17 K133 > K143 o R146 & &1 % 3 32§ ssDNA © 516
e A 45iE— HPF Mo 4ok 2 DnaT84-153 4 & T pp e & (WL ) >
P| DnaTc eh¥ 48 B ¥ chR146 & # # 8.1 A chjedp e 72,6404 &
@ DnaTc chE 8 A & EHE 7.5 A jeipie 170054 B (y#h) o

45° (z#h) cnd B 4 710357 KA o
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3-2-13 StyDnaT 84~179 (DnaTc) ¥ ssDNA i¥% 2_ | f5 % i 4]+

RN

£ DnalT ERMOER I forfihkiiong 247 Zi 29 A
IR R > Al — B+ B 0 kAT DnaTe ¥ 88 (i
) e T AT BEMA A4 BRI 2H - BV acd ssDNA
+ 43 e A § 3 fossDNA pFo 3 4 93 7 end) R Al 1 o
R146 &_ssDNA % & chff 4t fipe > ¥ ¥ 2 £ 3" DnaTc ¥ 48
CHE 3 5% Ra o hssDNA R &8 & » 4~ * 3t DnaTc =
T eng e B RAL E P IE DnaTe B R (T2 3 ARG Ao
E BRI B4 > » F ssDNA fE3gpF » 3¢ 4L DnaTc ¥ i£iF &

HA-H AR 5 6% B Af A ARk S - BA

65



3-3 SaSsbB 48 b 7 % % %

3-3-1 SaSsbB it (SDS-PAGE)

1 M 2 3

* v FEARaG cJIrEA A ERHA AR LA EE B GO T
Edair gt LEBIPTGC FEARPERY » SEBEM
BALS ~ AZF AARLFE 0 1% Ni-NTA column » %53 & B {rid
B kTR (T e B AP p 2200 mM imidazole,
500 mM NaCl,pH 7.4 3 ir i 21 4% ¢ ¥ § 5 #SSB (SaSsbB)
(lane 2)> j€ SDS-PAGE¥ 1 {8 5% 9k 4% 5]SSB (PaSSB) 4 + & 1) &
15 kDa °
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3-3-2SaSsbB & 752 (B2 )

SaSsbB: (1-1)

SaSsbB:(1-3)

SaSsbB: (1-2)

SaSsbB: (1-4)

A LA

£ fiEid

SaSsbB: (1-1)

20% PEG 10000~100 mM HEPES, pH 7.5

SaSsbB: (1-2)

30% PEG 10000 ~ 100 mM Tris-HCL, pH
8.5

SaSsbB: (1-3)

26% PEG 4000 ~ 100 mM Tris-HCL, pH
7.5 ~ 200 mM sodium acetate

SaSsbB: (1-4)

32% PEG 4000 ~ 100 mM Tris-HCL, pH
8.0 ~ 200 mM sodium acetate
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3-3-3 SaSsbB & £ X sk Y554 4p B By
SaSsbB

+ UT L &R ¢ § F 7 F SSB (SaSshB) #:iER b ;2 (hanging
drop method) B 3% T & » 5d X LR RS E

FengEsT R4 M T3

& 48 31 Detector B er§E3t (Distance ) | 300 mm

X sk gest2 SRRk pER (Time) 20s

Befplc b2 S MBS & R & (Phi) | 0~100 deg

fehp e B2 g H g R (Delta) 1 deg

ﬁi% ik E2 8 ﬁ;"‘%ﬁj‘@ 5k Hc (Frame) 100

¢o %8 f2+7 & (Resolution ) 30A~2.98A

R A ﬁa}"fﬁ-'ﬁ— ( Space group) P21212
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3-3-4 SaSsbB & f» B3t 4 47 4

=
_H?.

RS Ef] SSB (SaSsbB) . & % *#‘ it et d o 5
i Xk MESTP B ts 0 T35 36 HKL2000 34 5 2 13 SE54 ) ¥ E64 2k
w

5 arip B 2 f??j‘:‘m » & $& Space group ~ Resolution ~ PDB entry

o

‘«“’%

B
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3-3-5 SaSsbB % & %1

* G &F S F F A SSB (SaSsbB) 2 B & ‘1B - SaSsbB
= & OB-fold 2. monomer e~ w 24 > H g fh By Hm N5
- P Ageh OB-fold domain & % - @43 % ¢ B i 2474
(B-barrel) - B p 4 W 1 F 5 o 1 *(o-helix) » @ SaSsbB ik

¢ 52t P6
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3-3-6 SaSsbB & & S (& ssSDNA 2 3 8% % )

£ 5% ¢ FEIRE SSB (SaSsbB) ¥ 14 BRI T ¥ § HiEL
i (Phe37 ~Phe48 ~Phe54 -~ Tyr82)%-2 7 SSB & H % DNA

23 {e% > #3013 DNA 7 SSB } chigh 4 o
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3-3-7 SaSsbB Z gL % % (site-directed mutagenesis) 4 #7

DNA [Protein]so (nM)
dT15 > 2000
dT20 190 £ 8
dT30 164 +£7
dT40 90+ 4
dT40 (with 0.4 M NaCl) 382+ 16

+ J 5 BHE T4 SaSsbB ¥ ssDNA & & 5w B % 4 g
L@ (Phe37 -~ Phe48 -~ Phe54 -~ Tyr82) &7 2 3 i¥% » F]t

1% 2 8% % (Site-directed mutagenesis) > #-Jt v BIRA R
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% % & alanine ()4 5 7 2)» k5% ssDNA

ARIRARZ R Mo

3-3-8 SaSsbB #: & @ |2 ( Thermostability ) 4 17

(hadl-= I

The decreased activity (%)

Temperature
85 °C
90 °C
95 °C

100 °C

SaSsbA

2

15

35

60

SaSsbB SaSsbC
2 2
15 20
35 40
60 70

EcSSB

50
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RS

S

B
whe
Qe

3 % 7% 7 SSB (SaSsbB) # 48 XA 5 0 2 5

why
=5t
f

53 SSB & 90-100°C & i £ F BiEH - B 7

i%i#ﬁti"ﬁ?sééﬁ{@%ﬁo
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%{\7

A 2 e L2
%’ ). _q. . g
&

LHEAHET O CEHE A A SRR IER ) L 58

%

R MME AT PR RBRELMOL LR A RiEEY R

S B Hehz B3 (space group) A %l i P212121 % Ci2) @ fA45 R A W
L 298 A ¢ 2,04 Av a K f gy N =2 4 — A e
OB-fold domain # 7 - i {ﬁﬁ?ji‘ F e B 347 & (B-barrel)E - Bzt

# ¥ BF o 1% ¥ (o-helix) o 32283 X cnC A7 X 2 4k > 2 F1E 3

il

BREREF®LD @ RADGHT 47 B AHDRE LT
(structure-based mutational analysis)s I 4 B & % F 75 4 RIS fL &
217 SSB 22 ¥ "% DNA #9235 8% » 3351 3 DNA 7 SSB |+ ehiE 4 o

APFIRT £F ¢ FFHESSB £90-100°C T 5 B F B A 6

=2
3

\-\-

L TR oA 7 A S ek

X
£ ¢

“““*W
&"Y

B ¥ ;% 1) PriA fa*fe sl v i £.C A

31’(

7| R

E*T

LB R AR AE R ST S G AP 2 B4
(co-crystallization) sh jie 7= fo éF iF B+ fa % 2 T {F 3] % k4% 7 SSB &

2]
ge

lia

(complex structure)®f ;= SSB = £ 422 3 B myc #r4| &2 2 | if DNA

Frl A myc (ICs, 5 3 uM) 2 dTI5 ¢h= & ¢hif &

i

(SSB-dT15-myc) » & W§ 41 j3 4y 4p 1= & 20 S o Jb4F £ 5§

i
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ﬂ_\|1431m—"\.1—1-byﬁf1 myc—l;- SSBmDNA““L‘ﬁf’\:‘ , ¥

NN

P a4 F oA F & - andrd] 7 SSB s 18 myc
B2 AF LR S B AP EE T SkEF SSB £ k& ARG
sSDNA (dT15 ~ dT20 ~ dT25) 2 4f & % d S5 He > Mt { 4o fR 5k
& 7 SSB t.7 I & & chssDNA 8% {3 & 4 e it > @ i i8— 473
F s g o m i DnalT 26 > iy EE 7 H C = (DnaTc)
2 % 5 St TR0 M DnaTe &g DNA (£ % pricie 2 4 F R 1
(oligomerization)™ 25 = 7 f eh% R 48> » I 7 R146 §_ssDNA % &

B4R L o SR Bk AP E R gt E N F H e AT

R

P - Ee 228 SCl#h =2 o éorak 11T — [REahE BLR] & 35
FAvdEH A B4 AR 2 SSB M 2 DnaT % 30 Fenst s 245 1
ko Tig— 444 PaSSB B £ B { £ r1ssDNA 12 2 % [ chidp B 3]
FE 7 ERd o R~ T % SSB & DNA ing & #0550 0 3

y g sadrig] SSB 2 it E 4o TaviE - Rt 5 I ETRE R E

SSB # iy i1 puig fL 0 IEF R L R e o
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HUBREPEF MR T RF AV S LM HEEIA

AP -H I e FARIFEFAT o

StyDnaT84~179 (DnaTc) % i* (SDS-PAGE)

1 2 M 3

* v FEARaG It EA A ERHA AR LA EE 8 FO T
Hd AR LEEIPTGC FEZRP R0 > SEFE R
BALS ~AZF ARLAE 0 1% Ni-NTA column > 538 & B A{rid
BRAEATEESE e T A% 07 200 mM imidazole,
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500 mM NaCl, pH 7.4 ;% ;% % it 11 StyDnaT84~179 (DnaTc ) (lane
2) » ¥ SDS-PAGE¥ 1 {8 5wStyDnaT84~179 (DnaTc) 4 + & X &

11kDa -

+ PaSSB (soaking glutaraldehyde) & % = &

PaSSB: (1-1) PaSSB: (1-2)

PaSSB: (1-3) PaSSB: (1-4)

fo ¥l & H- E &g

PaSSB: (1-1) 16%PEG4000 - 200 mM Lithium
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Sulfate ~ 100 mM Tris-HCL pH 8.5

PaSSB: (1-2) 16%PEG4000 ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

PaSSB: (1-3) 8%PEG4000 ~ 800 mM Lithium
Chloride ~ 100 mM Tris-HCL pH 8.5

PaSSB: (1-4) 8%PEG4000 ~ 800 mM Lithium

Chloride ~ 100 mM Tris-HCL pH 8.5

+ KpDnaT+ssDNA & #f = £

KpDnaT+ssDNA: (2-1)

KpDnaT+ssDNA: (2-3)

KpDnaT+ssDNA: (2-2)

KpDnaT+ssDNA: (2-4)

83




e

£ B

KpDnaT+ssDNA: (2-1)

16%PEG4000 ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA: (2-2)

16%PEG4000 ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA: (2-3)

8%PEG4000 ~ 800 mM Lithium
Chloride ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA: (2-4)

8%PEG4000 -~ 800 mM Lithium
Chloride ~ 100 mM Tris-HCL pH 8.5

#+ KpDnaT+ssDNA & # = £

KpDnaT+ssDNA: (3-1)

KpDnaT+ssDNA: (3-3)

KpDnaT+ssDNA: (3-2)

KpDnaT+ssDNA: (3-4)

84




e

£ B

KpDnaT+ssDNA: (3-1)

25%PEG 5000 MME ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA: (3-2)

25%PEG 5000 MME ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA:(3-3)

25%PEG 5000 MME ~ 200 mM Lithium
Sulfate ~ 100 mM Tris-HCL pH 8.5

KpDnaT+ssDNA: (3-4)

20%PEG3000 ~ 200 mM Sodium
Acetate ~ 100 mM HEPES ,pH 7.5

#+ KpDnaT+ssDNA & # = £

KpDnaT+ssDNA: (4-1)

KpDnaT+ssDNA: (4-3)

KpDnaT+ssDNA: (4-2)

KpDnaT+ssDNA: (4-4)
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KpDnaT+ssDNA: (4-1) 1M Ammonium sulfate ~ 100 mM
Tris-HCL ,pH 8.5

KpDnaT+ssDNA: (4-2) 1M Ammonium sulfate ~ 100 mM
Tris-HCL ,pH 8.5

KpDnaT+ssDNA:(4-3) 700 mM Lithium sulfate ~ 100 mM
Tris-HCL ,pH 8.5

KpDnaT+ssDNA: (4-4) 700 mM Lithium sulfate ~ 100 mM

Tris-HCL ,pH 8.5

#+ KpDnaT+ssDNA & # = £

KpDnaT+ssDNA: (5-1)

KpDnaT+ssDNA: (5-3)

KpDnaT+ssDNA: (5-2)

KpDnaT+ssDNA: (5-4)
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KpDnaT+ssDNA: (5-1)

1.6 M Magnesium sulfate ~ 100 mM
MES ,pH 6.5

KpDnaT+ssDNA: (5-2)

22%PEG4000 ~ 100 mM Sodium
Acetate ~ 100 mM HEPES pH 7.5

KpDnaT+ssDNA:(5-3)

1.2M Magnesium sulfate ~ 100 mM MES,
pH 6.0

KpDnaT+ssDNA: (5-4)

700 mM Lithium sulfate -~ 100 mM
Tris-HCL ,pH 8.5

#+ KpPriB-SSBc+KpDnaT & KpPriA + KpDnaT & #2 & &

KpPriB-SSBc+KpDnaT: (6-1)

KpPriA + KpDnaT: (6-3)

KpPriB-SSBc+KpDnaT: (6-2)

KpPriA + KpDnaT: (6-4)
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KpPriB-SSBc+KpDnaT: (6-1) 30% PEG 400 ~ 100 mM MES ,pH 6.5
~ 100 mM Sodium acetate

KpPriB-SSBc+KpDnaT: (6-2) 30% PEG 400 ~ 100 mM MES ,pH 6.5
~ 100 mM Sodium acetate

KpPriA + KpDnaT:(6-3) 2% PEG 1000 ~ 100 mM HEPES ,pH 6.5 ~
1.4M Ammonium sulfate
KpPriA + KpDnaT:(6-4) 2% PEG 1000 ~ 100 mM HEPES ,pH

7.5 ~ 1.6M Ammonium sulfate

#+ KpPriA + KpDnaT & # & &
KpPriA + KpDnaT: (7-1) KpPriA + KpDnaT: (7-2)

KpPriA + KpDnaT: (7-3) KpPriA + KpDnaT: (7-4)
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54 L3 £ g S

KpPriA + KpDnaT: (7-1) 1% PEG 1000 ~ 100 mM HEPES ,pH 7.5 ~
2.0M Ammonium sulfate

KpPriA + KpDnaT: (7-2) 1% PEG 1000 ~ 100 mM HEPES ,pH 7.5 ~
1.8M Ammonium sulfate

KpPriA + KpDnaT:(7-3) 1% PEG 1000 ~ 100 mM HEPES ,pH 7.5 ~
1.4M Ammonium sulfate

KpPriA + KpDnaT:(7-4) 1% PEG 1000 ~ 100 mM HEPES ,pH 7.5 ~
1.6M Ammonium sulfate

£ Fov HAE S X kit Ap M By

PaSSB + inhibitor (9-Me)

* 11T L %9k4% 7 SSB (PaSSB) £ inhibitor (9-Me) #iF % £ &
(co-crystallization)JEF 4 £ & % > &d XL ESFHisTEF

L
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& 48 31 Detector B enpE3t (Distance ) | 200 mm

X e ¥pbt2 f R R (Time) 5s

Belplc b2 S MBS & R & (Phi) | 165~245 deg

fehp e b2 g H g R (Delta) 1 deg

By lc 2 5o 1 $E5 )5k B (Frame) | 80

eo %8 f2+7 & (Resolution ) 30A~2.23A

o ¥ 2 5o 1 ¥+ 4L (Space group ) P3,~ P3,

PaSSB + ssDNA (dT 35)

* 1T L %9k1: # SSB (PaSSB) £ ssDNA (dT 35) #iE+ 8 &
(co-crystallization)JEF4F & & & > 5d X R ESF R HTETF D

S H M TR
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& 48 31 Detector B en§E3t (Distance ) | 300 mm

X kb2 SHBELPFRF (Time) 20's

Wl fc B2 %S L R $H (Phi) | 65~170 deg

Behpic b2 @S ER (Delta) | 0.5 deg

33:47%\‘1{%‘:7\ BB %ﬁ%&j‘@%ﬁﬁﬁc (Frame) 210

eo %8 f2+7 & (Resolution ) 30A~2.26A

o ¥ 2 5o 1 ¥+ 4L (Space group ) P32, ~ P3,2,

PaSSB + inhibitor (soaking myc )
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+ 12T % %9k ] SSB (PaSSB) ¢ inhibitor (myc) #iEiRie 2

(soaking) i f BH A5 {5 > R A »PrI R I LR FBZRESR Y E

WAFE RN > Bd XRPEHFHETEFDESRAAMN TR

% 84 7| Detector A <hfE# (Distance) | 260 mm

X K ¥Ebt2 f RR L (Time) 5s
Befplc b2 S MBS & R & (Phi) | 135~240 deg
Behpic b2 f @ E R (Delta) | 0.5 deg

By fc & 2 o B SEST R 5R #ic (Frame) | 210

%8 1247 B (Resolution ) 30A~1.9A

o 18 2. fs 12 ¥4 (Space group ) P3, ~ P3,
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PaSSB + inhibitor (soaking kae)

* 1T L %9k4: F SSB (PaSSB) ¥ inhibitor (kae) iz it
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Characterization of single-stranded DNA-binding
protein SsbB from Staphylococcus aureus: SsbB
cannot stimulate PriA helicase

Kuan-Lin Chen,? Jen-Hao Cheng,® Chih-Yang Lin,?® Yen-Hua Huang®
and Cheng-Yang Huang & *3¢

Single-stranded DNA-binding proteins (SSBs) are essential to cells as they participate in DNA metabolic
processes, such as DNA replication, repair, and recombination. The functions of SSBs have been studied
extensively in Escherichia coli. Unlike E. coli, which contains only one type of SSB (EcSSB), some bacteria
have more than one paralogous SSB. In Staphylococcus aureus, three SSBs are found, namely, SsbA,
SaSsbB, and SsbC. While EcSSB can significantly stimulate EcPriA helicase, SaSsbA does not affect the
SaPriA activity. It remains unclear whether SsbBs can participate in the PriA-directed DNA replication
restart process. In this study, we characterized the properties of SaSsbBs through structural and
functional analyses. Crystal structure of SaSsbB determined at 2.9 A resolution (PDB entry 5YYU) revealed
four OB folds in the N-terminal DNA-binding domain. DNA binding analysis using EMSA showed that
SaSsbB binds to ssDNA with greater affinity than SaSsbA does. Gene map analysis demonstrated that
SAAV0835 encoding SaSsbB is flanked by unknown genes encoding hypothetical proteins, namely,
putative Sipho_Gp157, ERF, and HNHc_6 gene products. Structure-based mutational analysis indicated
that the four aromatic residues (Phe37, Phe48, Pheb54, and Tyr82) in SaSsbB are at positions that
structurally correspond to the important residues of EcSSB for binding to ssDNA and are also critical for
SaSsbB to bind ssDNA. Similar to EcSSB and other SSBs such as SaSsbA and SaSsbC, SaSsbB also
exhibited high thermostability. However, unlike ECSSB, which can stimulate EcPriA, SaSsbB did not affect
the activity of SaPriA. Based on results in this study and previous works, we therefore established that

rsc.li/rsc-advances

Introduction

Single-stranded DNA-binding proteins (SSBs) play crucial roles
in DNA metabolic processes, such as DNA replication, repair,
and recombination in prokaryotes and eukaryotes."” During
these reactions, SSB is necessary to maintain the transient
unwinding of duplex DNA in a single-stranded state.* SSB binds
to ssDNA with high affinity in a sequence-independent manner.
Bacterial SSBs are typically homotetramers, in which four
oligonucleotide/oligosaccharide-binding folds (OB fold) form
a DNA-binding domain. In additional to ssDNA, SSB also binds
to many DNA metabolism proteins that constitute the SSB
interactome.*® The C-terminal acidic tail (DDDIPF) and the
intrinsically disordered linker (IDL) of SSB are necessary to
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SsbA and SsbB, as well as SsbC, do not stimulate PriA activity.

mediate protein-protein interactions.* The entire C-terminal
domain of SSB is disordered even in the presence of ssDNA.®

The structure, DNA binding properties, and functions of SSB
have been studied extensively in Escherichia coli (EcSSB).”®
EcSSB has three distinct DNA binding modes that are depen-
dent on protein and salt concentrations in a solution.® ssDNA
unwrapping analysis shows that EcSSB can diffuse along ssDNA
in the different binding modes, indicating a highly dynamic
complex.”

Several bacteria have two paralogous SSBs, namely, SsbA and
SsbB.'* Based on the sequence identity and the DNA binding
properties, the third SSB (SsbC) is also identified in Staphylo-
coccus aureus.”> S. aureus, a Gram-positive pathogen, causes
serious problems to public health worldwide.” Some SSB
inhibitors as broad-spectrum antibacterial agents targeting S.
aureus and other pathogens have been discovered.'>**

SsbA is referred to as a counterpart of EcSSB. SsbA and SsbB
are essential for genome maintenance and transformational
recombination, respectively.”*® Significant differences for
SsbBs are found in their C-terminal sequences and DNA
binding properties. In Bacillus subtilis, SsbB binds to sSDNA
with lesser affinity than BsSsbA does."”” However, Streptomyces

RSC Adv., 2018, 8, 28367-28375 | 28367
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coelicolor SsbB (ScSsbB) exhibits greater DNA-binding affinity
than ScSsbA does.'® Unlike Streptococcus pneumonia SsbB
(SpSsbB), BsSsbB and ScSsbB lack the C-terminal acidic tail of
SSB for protein-protein interactions.'**® Thus, SsbBs from
different organisms exhibit different protein-DNA and protein-
protein interaction specificities.

PriA is a DEXH-type helicase used for replication restart in
bacteria.”>* PriA is a poor helicase and needs some specific
loading proteins to reload the replicative DnaB helicase back
onto the chromosome. In E. coli, accessory proteins PriB and
SSB are known to stimulate PriA helicase activity.>>** However,
SaSsbA, a counterpart of EcSSB, does not trigger SaPriA.*
Instead, SaDnaD is found to enhance the ATPase activity of
SaPriA.”*® The manner by which SaSsbA and SaSsbB participate
in SaPriA-directed primosome assembly and in DNA replication
restart remains unclear.

SSB has mainly been studied in Gram-negative E. coli, and, to
a lesser extent, in Gram-positive bacteria. Little is known about
the fundamental function of SsbB for the assembly of the
replication restart primosome. For instance, nothing is known
whether or not SsbB can stimulate PriA helicase. Because of
lacking experimental evidences, whether SsbB is thermostable
and whether SsbB has the typical C-terminal acidic tail of SSB
for protein-protein interactions also remain unclear. Whether
PriB, an EcSSB-like ssDNA-binding protein lacking the C-
terminal domain of SSB,”*’ is a counterpart of SsbB still
needs to be further elucidated.

In this study, we have cloned, expressed, purified, and bio-
chemically characterized SaSsbB. We also have crystallized
SaSsbB and determined its molecular structure. Unlike EcSSB,
SsbB could not enhance PriA activity. Thus, we established that
these three EcSSB-like proteins in S. aureus (SsbA, SsbB, and
SsbC) do not stimulate PriA activity.

Experimental

Construction of plasmids for SaSsbA, SaSsbB, SaDnaD, and
SaPriA expression

SaSsbA,”> SaDnaD,*® and SaPriA* expression plasmids have
been constructed in other studies. SAAV0835, the gene encoding
a putative SaSsbB, was amplified through PCR by using the

Table 1 Primers used for construction of plasmids®

Paper

genomic DNA of S. aureus subsp. aureus ED98 as a template. The
primers used for the construction of the pET21-SaSsbB plasmid
are summarized in Table 1.

Protein expression and purification

Recombinant SaSsbA,>* SaDnaD,*® and SaPriA*® have been
purified in other studies. Recombinant SaSsbB was expressed
and purified in accordance with a previously described protocol
for PriB.>”?® In brief, E. coli BL21(DE3) cells were transformed
with the expression vector, and the overexpression of the plas-
mids was induced by incubating with 1 mM isopropyl thio-
galactopyranoside. The protein was purified from a soluble
supernatant through Ni*>* affinity chromatography (HiTrap HP;
GE Healthcare Bio-Sciences), eluted with Buffer A (20 mM Tris-
HCl, 250 mM imidazole, and 0.5 M NaCl, pH 7.9) and dialyzed
against a dialysis buffer (20 mM HEPES and 100 mM NaCl, pH
7.0; Buffer B). Protein purity remained at >97% as determined
by SDS-PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

Preparation of dsDNA substrate

The double-stranded DNA substrate (dsDNA) PS4/PS3-dT30 for
ATPase assay was prepared at a 1:1 concentration ratio.****
PS4/PS3-dT30 was formed in 20 mM HEPES (pH 7.0) and
100 mM NaCl by briefly heating at 95 °C for 5 min and by slowly
cooling to room temperature overnight.

Electrophoretic mobility shift assay (EMSA)

EMSA for SaSsbB was conducted in accordance with a previ-
ously described protocol for SSB.*>* In brief, various lengths of
ssDNA oligonucleotides were radiolabeled with [y**P] ATP (6000
Ci/mmol; PerkinElmer Life Sciences, Waltham, MA) and T4
polynucleotide kinase (Promega, Madison, WI, USA). The
protein (0, 0.01, 0.02, 0.039, 0.078, 0.1563, 0.3125, 0.625, 1.25,
and 2.5 pM; tetramer) was incubated for 30 min at 25 °C with
1.7 nM DNA substrates in a total volume of 10 pL in 20 mM Tris-
HCI (pH 8.0) and 100 mM NaCl. Aliquots (5 uL) were removed
from each of the reaction solutions and added to 2 pL of gel-
loading solution (0.25% bromophenol blue and 40% sucrose).
The resulting samples were resolved on 8% native poly-
acrylamide gel at 4 °C in TBE buffer (89 mM Tris borate and

Oligonucleotide

Primer

SaSsbB-Ndel-N

SaSsbB-XholI-C

SaSsbB(F37A)-N
SaSsbB(F37A)-C
SaSsbB(F48A)-
SaSsbB(F48A)-
SaSsbB(F54A)-
SaSsbB(F54A)-
SaSsbB(Y82A)-
SaSsbB(Y82A)-C

N
C
N
C
N

GGGCATATGTTAAACAGAGTAGTTTTAGTA
GGGCTCGAGGAACGGGAGGTCTGAAAAATC
ACATTAGCAGTAAACAGAACAGCCACGAATGCTCAA
CTCGCCTTGAGCATTCGTGGCTGTTCTGTTTACTGC
GGCGAGCGTGAAGCAGAGCTTATAAACGTAGTAGTGTTC
GAACACTACTACGTTTATAAGCTCTGCTTCACGCTCGCC
TTTATAAACGTAGTAGTGGCCAAAAAACAAGCTGAAAAC
TTCAGCTTGTTTTTTGGCCACTACTACGTTTATAAAATC
CGACTACAAACACGTAACGCCGAAAACAAAGACGGGCAA
TTGCCCGTCTTTGTTTTCGGCGTTACGTGTTTGTAGTCG

“ These plasmids were verified by DNA sequencing. Underlined nucleotides indicate the designated site for the restriction site or the mutation site.
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1 mM EDTA) for 1 h at 100 V and visualized through phos-
phorimaging. A phosphor storage plate was scanned, and data
regarding complex and free DNA bands were digitized for
quantitative analysis. The ssDNA binding ability of the protein
was estimated through linear interpolation from the concen-
tration of the protein that bound 50% of the input DNA.

ATPase assay

SaPriA ATPase assay>**° was performed with 0.4 mM [y-**P] ATP
and 0.12 pM SaPriA in a reaction buffer containing 40 mM Tris
(pH 8.0), 10 mM NacCl, 2 mM DTT, 2.5 mM MgCl,, and 0.1 uM
PS4/PS3-dT30 DNA substrate. Aliquots (5 pL) were taken and
spotted onto a polyethyleneimine cellulose thin-layer chroma-
tography plate, which was subsequently developed in 0.5 M
formic acid and 0.25 M LiCl for 30 min. Reaction products were
visualized by autoradiography and quantified with
a phosphorimager.

Site-directed mutagenesis

SaSsbB mutants were generated with a QuikChange Site-
Directed Mutagenesis kit in accordance with the manufac-
turer's protocol (Stratagene, LaJolla, CA, USA) by using the
primers (Table 1) and the wild-type plasmid pET21b-SaSsbB as
the template. The presence of mutation was verified through
DNA sequencing.

Bioinformatics

The amino acid sequences of 150 sequenced SSB homologs
were aligned using ConSurf,** and the structures were visualized
by using PyMol.

Crystallography

Before crystallization was performed, SaSsbB was concentrated
to 15 mg mL ' in Buffer B. Crystals were grown at room
temperature through hanging drop vapor diffusion in 30% PEG
4000, 100 mM Tris, and 200 mM sodium acetate at pH 8.5. Data
were collected with an ADSC Quantum-315r CCD area detector
at SPXF beamline BL13C1 at NSRRC (Taiwan, ROC). Data were
integrated and scaled with HKL-2000.** Four SaSsbB monomers
per asymmetric unit were present. The crystal structure of
SaSsbB was determined at 2.98 A resolution with the molecular
replacement software Phaser-MR** by using SaSsbA as a model
(PDB entry 5XGT).*® A model was built and refined with

1 11 21
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51 61 71
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101 111 121
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PHENIX* and Coot.*® The final structure was refined to R-factor
of 0.2139 and Rgee Of 0.2995. The atomic coordinates and
related structure factors have been deposited in the PDB with
the accession code 5YYU.

Results and discussion

Sequence analysis of SaSsbB

SAAV0835, which encodes SaSsbB of 141 aa, was found on the
basis of the nucleotide sequence similar to BsSsbB and EcSSB.
The amino acid sequence of SaSsbB shared 36% identity to that
of SaSsbA. The ConSurf analysis reveals that the C-terminal
region of SaSsbB was variable (Fig. 1). Like EcSSB, SaSsbB also
had a long flexible region, but its flexible region was composed
of few proline and glycine residues. SaSsbB (109-141 aa) had
one Gly residue and two Pro residues (Fig. 1), which are
significantly less than those of EcSSB (116-178 aa; 15 Gly resi-
dues and 10 Pro residues). In addition, SaSsbB did not have a C-
terminal acidic peptide tail. The C-terminal acidic tail DDDIPF
in EcSSB involved in protein-protein interactions was FSDLPF
in SaSsbB.

Analysis of ssb (SAAV0835)

Fig. 2 shows the gene map of S. aureus chromosomal region
with the ssbh gene SAAV0835, which is flanked by unknown genes
encoding hypothetical proteins with similarity to Sipho_Gp157,
ERF, and HNHc_6. Unlike E. coli, which contains one type of
SSB, S. aureus have three paralogous SSBs (SsbA, SsbB, and
SsbC).”” The gene map analyses of ssh show significant differ-
ences."” Unlike EcSSB located adjacent to wwrd, SaSsbA is
flanked by rpsF and rpsR,* which encode the ribosomal proteins
S6 and S18, respectively. SaSsbC is flanked by the putative SceD,
the putative YwpF, and fabZ genes, which code for a trans-
glycosylase, a hypothetical protein, and a B-hydroxyacyl-ACP
dehydratase, respectively.”> The gene regulation for SaSsbB is
still unknown. Given that SsbB is essential for transformational
recombination, these function-undetermined genes (Fig. 2) in
S. aureus may be regulated with SaSsbB in a single signaling
control and may be also involved in transformational recom-
bination. However, this hypothesized relationship must be
further confirmed by a detailed transcription analysis.

31 41
LSINREFTNA ocERERDEIN

81 91
FVTEVVADSYV

131

QFLEPKNNNQ QOKNNYQQOR

RTgrld ~PED NTEED

141

Fig. 1 Sequence analysis of SaSsbB. An alignment consensus of 150 sequenced SSB homologs by ConSurf reveals the degree of variability at
each position along the primary sequence. Highly variable amino acid residues are colored teal, whereas highly conserved amino acid residues
are burgundy. A consensus sequence was established by determining the most commonly found amino acid residue at each position relative to

the primary sequence of SaSsbB.

This journal is © The Royal Society of Chemistry 2018

RSC Adlv., 2018, 8, 28367-28375 | 28369



RSC Advances Paper
863279 863704
Sipho_Gp157 ERF ' SSb 1 HNHc 6
|
—
1 1 1 :
! ' (SaSsbB; 141 aa) '
862162 862641 863718 864392
(hypothetical protein) (hypothetical protein) (hypothetical protein)
(159 aa) (212 aa) (224 aa)

Fig.2 Gene map of S. aureus chromosomal region with the ssb gene SAAV0835. The gene SAAV0835 coding for SaSsbB maps from the 863279
to 863704 nt of the S. aureus genome. This ssb gene is flanked by unknown genes encoding hypothetical proteins, namely, the putative gene

products similar to Sipho_Gp157, ERF, and HNHc_6.

SaSsbB bound to ssSDNA

We studied the binding of purified SaSsbB (Fig. 3) to sSDNA
(dT15-40) at various protein concentrations by using EMSA. To
compare the DNA-binding abilities of SaSsbB, we quantified
[Protein]s, through linear interpolation from the protein
concentration (Fig. 4 and Table 2). The binding ability of SaSsbB
to dT40 in the presence of 0.4 M NaCl was also analyzed (Fig. 4).
[SaSsbB]s, of dT40 binding was 90 + 4 nM, which was about
fourfold lower than that in the presence of 0.4 M NaCl (382 £+ 16
nM). Thus, the binding ability of SaSsbB to ssDNA is salt-
dependent. Under the condition, only one band shift was
found for dT20-60 (Fig. 5).

Stimulation of the ATPase activity of SaPriA by SaSsbB

To date, it remains unclear whether SsbB can stimulate the
activity of the primosomal protein PriA. To investigate the
possible effect of SaSsbB, we performed an ATPase assay for
SaPriA. SaDnaD,*® which stimulates the SaPriA activity, was
used as a positive control. In contrast to SaDnaD,*® we found
that the ATPase activity of SaPriA in the presence of SaSsbB was
not changed (Fig. 6). Given that the C-terminal domain of SsbB

Fig. 3 Coomassie Blue-stained SDS-PAGE (15%) of the purified
SaSsbA, SaSsbB, and molecular mass standards. The sizes of the
standard proteins, from the top down, are as follows: 170, 130, 100, 70,
55, 40, 35, 25, and 15 kDa.

28370 | RSC Adv., 2018, 8, 28367-28375
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Fig. 4 ssDNA binding of SaSsbB. Protein was incubated at 25 °C for
30 min with ssDNA in a total volume of 10 pL in 20 mM Tris—HCl (pH
8.0) and 100 mM NaCl. The [Protein]so values of SaSsbB as a function
of the length of the ssDNA were determined using EMSA.

did not contain the acidic tail (Fig. 1), SsbB may not bind to
PriA. Thus, no stimulation occurred (Fig. 6).

Crystal structure of SaSsbB

In this study, we have shown that unlike EcSSB, SaSsbB did not
contain the C-terminal acidic peptide and could not stimulate
SaPriA helicase. To deeply understand the structure-function
relationship of SaSsbB, we crystallized SaSsbB through hanging

Table 2 The [Protein]sg values of SaSsbB as analyzed by EMSA®

DNA [Protein]s, (nM)
dT15 >2000

dT20 190 £ 8

dT30 164 £ 7

dT40 90 + 4

dT40 (with 0.4 M NaCl) 382 + 16

“ [Protein]s, was calculated from the titration curves of EMSA by
determining the concentration of the protein needed to achieve the
midpoint value for input DNA binding. Errors are standard deviations
determined by three independent titration experiments.

This journal is © The Royal Society of Chemistry 2018
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Fig.5 EMSA of SaSsbB. Protein (0, 0.01, 0.02, 0.039, 0.078, 0.1563, 0.3125, 0.625, 1.25, and 2.5 uM; tetramer) was incubated at 25 °C for 30 min
with 1.7 nM of (A) dT15, (B) dT20, (C) dT30, (D) dT40, (E) dT50, or (F) dT60 in a total volume of 10 puL in 20 mM Tris—HCl (pH 8.0) and 100 mM NaCl.
Only one band shift was found for these ssDNAs.

Table 3 Data collection and refinement statistics

Fig. 6 The ATPase activity of SaPriA did not change when acting with
SaSsbB. SaPriA ATPase assay was performed with 0.4 mM [y-32P] ATP,
0.12 uM of SaPriA, and 0.1 uM PS4/PS3-dT30 DNA substrate for 1 h. To
study the effect, SaSsbA (10 uM), SaSsbB (10 uM), or SaDnaD (4 uM) was
added into the assay solution. Reaction products were visualized by
autoradiography and quantified with a phosphorimager.

drop vapor diffusion and determined its structure at a resolu-
tion of 2.98 A (Table 3). The secondary structural element of
SaSsbB is similar to that of SaSsbA (Fig. 7A). The amino acids
107-141 in SaSsbB ternary structure were not observed.
Consistent with the result from gel filtration analysis (data not

This journal is © The Royal Society of Chemistry 2018

Data collection
Crystal
Wavelength (A)
Resolution (A)
Space group

Cell dimension (A)

Completeness (%)
{Ilar)

A
Rsym or Rmerge ( A))
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree

No. atoms
Protein
Water

R.m.s deviation
Bond lengths (A)
Bond angles (°)

Ramachandran plot
In preferred regions
In allowed regions
Outliers

PDB entry

SaSsbB

0.975

30-2.98

P2,242,
a=63.99, « = 90
b = 84.74, 8 = 90
¢ = 84.86, v = 90
99.8 (99.8)¢

13 (2.5)

0.125 (0.541)

3.8 (4.0)

30-2.98
9334
0.2139/0.2995

399
16

0.011
1.385

359 (93.25%)
20 (5.19%)

6 (1.56%)
5YYU

“ values in parentheses are for the highest resolution shell. ® Reym = 2|1
— ‘T|/ZI, where I is the observed intensity, ‘I is the statistically weighted
average intensity of multiple observations of symmetry-related
reflections.

shown), four monomers of SaSsbB per asymmetric unit were
present (Fig. 7B). The SaSsbB monomer has an OB-fold domain
similar to EcSSB, and the core of the OB-fold domain possesses
a B-barrel capped with an a-helix. Unlike ScSSB, which contains

RSC Adv., 2018, 8, 2836/-28375 | 28371
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Fig. 7 Crystal structure of SaSsbB. (A) The secondary structural element of SaSsbB. The secondary structural element of SaSsbB is shown above
its sequence. (B) Crystal structure of SaSsbB. Four monomers of SaSsbB per asymmetric unit were present. The entire C-terminal domain was
disordered. (C) ssDNA-binding mode of SaSsbB. In the EcCSSB—ssDNA complex (PDB entry 1EYG), Trp40, Trp54, Phe60, and Trp88 participated in
ssDNA binding via stacking interactions. The corresponding residues in SaSsbB, namely, Phe37, Phe48, Phe54, and Tyr82, might play roles in
ssDNA binding similar to those of EcSSB. For clarity, only a dimer of EcSSB and SaSsbB is shown. (D) Superposition of SaSsbB and EcSSB. The N-
terminal domains of SaSsbB and EcSSB (gray) are similar. (E) Crystal structure of SaSsbA. The residues proposed for binding DNA in SaSsbB are
also identical to those in SaSsbA. (F) Superposition of SaSsbB and KpPriB. The N-terminal domain of SaSsbB and KpPriB (PDB entry 4APV; green)
are similar, in which the only significant difference is in the lengths of the B4 and B5 sheets.

an additional strand (f6),"® SaSsbB does not contain p6. Addi-
tional B6 strands clamp two neighboring subunits together in
a tetrameric SSB."™ Thus, SsbBs from different organisms may
exhibit different protein-DNA and protein—protein interaction
specificities.

Trp40, Trp54, Phe60, and Trp88 in EcSSB participate in
ssDNA binding via stacking interactions (Fig. 7C). Corre-
spondingly, Phe37, Phe48, Phe54, and Tyr82 in SaSsbB might
play roles in ssDNA binding (Fig. 7D). These residues proposed

28372 | RSC Adv., 2018, 8, 28367-28375

for binding DNA in SaSsbB were also identical to those in
SaSsbA (Fig. 7E). SaSsbB structurally resembles PriB,>”** but
significant differences in the lengths of p4- and B5-sheets were
found (Fig. 7F).

Mutational analysis

According to crystal structure of SaSsbB, we speculated that
Phe37, Phe48, Phe54, and Tyr82 in SaSsbB allow nucleic acids to

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Mutational analysis of SaSsbB for ssDNA binding. Binding of
SaSsbB mutant protein (F37A, F48A, F54A, and Y82A) to dT50. The
mutant protein was incubated with dT50. The phosphor storage plate
was scanned, and the data for complex and free DNA bands were
digitized for quantitative analysis.

wrap around the whole SaSsbB. We constructed and analyzed
alanine substitution mutants (i.e., F37A, F48A, F54A, and Y82A)
through EMSA (Fig. 8). Table 4 summarizes [Protein]s, of the
binding of these SaSsbB variants to dT50. These SaSsbB
mutants have [Protein]s, higher than that of the wild-type
SaSsbB. The mutational effect on the ssDNA binding activity
of SaSsbB followed the order Y82A > F54A > F48A > F37A.
Structure-based mutational analysis indicated that SaSsbB
might bind to ssDNA in a manner similar to that of EcSSB
(Table 4).

Thermostability

SSB proteins have high thermostability.*” SsbA and SsbC are
highly thermostable.” It is still unknown whether SsbB has
high thermostability. We performed indirect thermostability
experiments (Fig. 9). The activity of SaSsbB incubated at 100 °C,
95 °C, 90 °C, and 85 °C for 30 min decreased by 60%, 35%, 15%,
and 2%, respectively. Given that the activity of EcSSB decreased
by 50% after 30 min incubation at 95 °C,*” we determined that
the thermostability of these SSBs followed the order SaSsbA =

Table 4 The [Protein]so values of SaSsbB mutants as analyzed by
EMSA®

dT50 [Protein]s, (nM)
SaSsbB 83+ 7
SaSsbB(F37A) 155 + 12
SaSsbB(F48A) 176 + 10
SaSsbB(F54A) 191 + 16
SaSsbB(Y824) 296 + 18

“ [Protein]s, was calculated from the titration curves of EMSA by
determining the concentration of the protein (tetramers) needed to
achieve the midpoint value for input DNA binding. Errors are
standard deviations determined by three independent titration
experiments.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 The thermostability of SaSsbB. Protein (1 pM) was incubated at
temperatures ranging from 40 °C to 100 °C for 30 min. The resultant
protein solution was incubated at 25 °C for 30 min with dT30. The
phosphor storage plate was scanned, and the data for complex and
free DNA bands were digitized for quantitative analysis.

SaSsbB > SaSsbC > EcSSB (Table 5). Thus, SaSsbB also exhibited
high thermostability.

SsbB is not a counterpart of PriB

PriB is a dimeric ssDNA-binding protein with two OB folds,*” >
only found in some Gram-negative bacteria.”*** Our crystal
structure reveals that the N-terminal DNA-binding domain of
SaSsbB structurally resembles PriB, although they significantly
differ in the lengths of B4- and B5-sheets (Fig. 7F). Like SaSsbB,
PriB also lacks the acidic tail. Because E. coli has only one SSB, it
may raise a question whether PriB is the second SSB in E. coli
and plays a functional role that is similar to SsbB in S. aureus.
Sequence comparisons and operon organization analyses also
show that PriB evolves from the duplication of the SSB gene.*®
However, PriA activity can be significantly stimulated by PriB
but not by SsbB (Fig. 6). Thus, SaSsbB and EcPriB have different
functions, and PriB is not a counterpart of SsbB. Considering
that the mechanisms of action of primosomes involved in DNA
replication restart differ between E. coli*** and Gram-positive

Table 5 Thermostability of SaSsbB*

The decreased activity (%)

Temperature SaSsbA SaSsbB SaSsbC EcSSB
85 °C 2 2 2

90 °C 15 15 20

95 °C 35 35 40 50
100 °C 60 60 70

¢ Protein (1 uM) was incubated at temperatures ranging from 40 °C to
100 °C for 30 min. The resultant protein solution was incubated at
25 °C for 30 min with dT30. The phosphor storage plate was scanned,
and the data for complex and free DNA bands were digitized for
quantitative analysis. Results of SaSsbA," SaSsbC,"” and EcSSB*’ are
adapted from previous works for comparison.

RSC Adv., 2018, 8, 28367/-28375 | 28373
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bacteria,** we should elucidate the process by which PriA can
cooperate with various loading factors to reactivate the same
stalled forks.

Recently, we have identified and characterized the third SSB
(SsbC) in S. aureus. The structure and ssDNA-binding mode of
SaSsbA,>* SaSsbB (this study), and SaSsbC** are similar. Further
studies are still needed to understand why SSB in S. aureus is
necessary to evolve three similar but different SSBs.
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DnaT is a replication restart primosomal protein required for re-initiating chromosomal DNA replication
in bacteria. DnaT can be a monomer, dimer, trimer, tetramer, or pentamer. The oligomerization and
disassembly of DnaT oligomers are critical in primosome assembly. Prior to this work, only the ssDNA-
bound structure of the pentameric DnaT truncated protein (aa 84—153; DnaT84—153) was available.
The mechanism by which DnaT oligomerizes as different states is unclear. In this paper, we report the
crystal structure of the C-terminal domain of DnaT (aa 84—179; DnaTc) at 2.30 A resolution (PDB entry
6AEQ). DnaTc forms a dimer both in the crystalline state and in solution. As compared with the ssDNA-
bound structure of the pentameric DnaT84—153, their subunit—subunit interfaces significantly differ. The
different oligomeric architecture suggests a strong conformational change possibly induced by ssDNA.
Superposition analysis further indicated that the monomer of a DnaTc dimer shifted away by a distance
of 7.5 A and rotated by an angle of 170° for binding to ssDNA. Basing from these molecular evidence, we
discussed and proposed a working model to explain how DnaTc oligomerizes through residue R146

Primosome mediation.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The assembly of the primosome is a fundamental step for both
normal chromosomal replication and the stalled replication fork
restart [1-5]. In Escherichia coli, the PriA-directed primosome
consists of PriA, PriB, DnaT, DnaB helicase, DnaC loader, and DnaG
primase. The PriA-directed primosome preferentially binds three-
way branched DNA structures with a leading strand [6—9]. Due to
PriC—DnaT interactions, a putative link has been proposed between
PriA- and PriC-mediated replication restart pathways [10,11].

DnaT, also known as protein i [12,13], is the third key protein to
be assembled in the PriA-dependent primosome. The DnaT—PriA
interaction is enhanced by PriB [14]. The dnaT822 mutant showed
UV sensitivity and an inability to properly partition nucleoids [15].
DnaT is a single-stranded DNA (ssDNA)-binding protein [16] of 179
amino acids (aa) with a molecular mass of approximately 20 kDa
[13,16]. The C-terminal domain of DnaT (DnaTc; aa 84—179) is
involved in ssDNA binding [16,17]. The N-terminal domain of DnaT

* Corresponding author. School of Biomedical Sciences, Chung Shan Medical
University, No.110, Sec.1, Chien-Kuo N. Rd., Taichung City, Taiwan.
E-mail address: cyhuang@csmu.edu.tw (C.-Y. Huang).

https://doi.org/10.1016/j.bbrc.2019.02.026
0006-291X/© 2019 Elsevier Inc. All rights reserved.

(DnaTn; aa 1-83) interacts with PriB via the region Asp66—Glu76
[18] on the acidic linker [17,19]. Unlike PriB, which uses OB-fold to
bind ssDNA [20—22], DnaT binds ssDNA via the three-helix bundle
[23]. Although DnaT84—153 exists as a dimer, the pentameric
DnaT84—153 forms upon ssDNA binding [23]. The crystal structure
of DnaTc is not determined yet, and how DnaTc can form a dimer
remains unclear.

Oligomerization is a common property of proteins, and at least
35% of all proteins are oligomeric in biological systems [24,25].
Some proteins form one specific active oligomeric state, such as the
case with the acetylcholine receptor that is active only as a pen-
tamer [26]. Some protein oligomerizations are pH-dependent
[27,28]. Some other proteins are in dynamic oligomerization equi-
libria between several states with distinct activities [29]. DnaT can
be a monomer, dimer, trimer, tetramer, or pentamer [13,30].
Although the role of DnaT [23] in the recruitment of DnaB helicase
has been proposed as functioning a scaffold protein, the mecha-
nism by which DnaT oligomerizes as different states remains
unclear.

The oligomerization and disassembly of the DnaT oligomer(s)
are critical in primosome assembly [31]. At present, only the pen-
tameric structure of the truncated protein DnaT84—153 with one
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bound ssDNA at 2.83 A resolution is available [23]. Other forms of
DnaT structure are still needed to formulate any oligomerization
model of the mechanism of DnaT functioning in DNA replication
restart. In this study, we report the crystal structure of DnaTc at
2.30 A resolution (PDB entry 6AEQ). The monomer—monomer in-
terfaces between these two structures are obviously different. The
structural change, possibly induced by ssDNA, entails approxi-
mately 170° rotation of the DnaT monomer, which most likely acts
as the trigger to form a pentamer and create a binding site of DnaT
to ssDNA.

2. Materials and methods
2.1. Construction of the expression plasmid pET21b-DnaTc

The gene STM4544 encoding DnaT was PCR-amplified from the
genomic DNA of Salmonella enterica serovar Typhimurium LT2. The
forward (5'-GCCGTCATATGATTCCCTGCGGAAAATTCG-3') and the
reverse (5-AAATTCTCGAGCCCCCTAAAACCTGGTGGA-3’) primers
were used. The insertion of the amplified fragment was ligated into
the pET21b vector (Novagen Inc., Madison, WI, USA). The pET21b-
DnaTc plasmid was verified by DNA sequencing.

2.2. Protein expression and purification

The recombinant DnaTc was expressed and purified using the
protocol described previously for SSB [32,33]. The plasmid was
transformed into E. coli BL21(DE3) cells. Cells were grown in Luria-
Bertani medium that contained 100 pg/mL ampicillin and 1 mM
isopropyl thiogalactopyranoside. The protein was purified from the
soluble supernatant by Ni>*-affinity chromatography, eluted with
Buffer A (20 mM Tris-HCl, 250 mM imidazole, and 0.5 M NaCl, pH
7.9), and dialyzed against a dialysis buffer (20 mM HEPES and
100 mM Nadl, pH 7.0; Buffer B). Protein purity remained at >97% as
determined by SDS-PAGE.

2.3. Chemical cross linking

The oligomerization state of DnaTc was analyzed by chemical
cross linking using glutaraldehyde as described previously for
SaSsbC [34]. DnaTc (4 uM) was incubated with increasing concen-
trations of glutaraldehyde (0.1%—5%) at 4°C for 20 min. The re-
actions were stopped by adding SDS sample buffer and were
fractionated on Coomassie Blue-stained SDS-PAGE.

2.4. Crystallography

DnaTc in Buffer B was concentrated to 18 mg/mL. Crystals were
grown in 1.6 M magnesium sulfate, 100 mM MES, pH 6.5. Data were
collected using an ADSC Quantum-315r CCD area detector at SPXF
beamline BL13C1 at NSRRC, Taiwan. All data integration and scaling
were carried out using HKL-2000 [35]. There were two DnaTc
monomers per asymmetric unit. The crystal structure of DnaTc was
solved at 2.30 A resolution with the molecular replacement soft-
ware Phaser-MR [36] using DnaT84—153 as model (PDB entry
40U7) [23]. A model was built and refined with PHENIX [37] and
Coot [38]. The final structure was refined to an R-factor of 0.220 and
an Rgee of 0.265. Atomic coordinates and related structure factors
have been deposited in the PDB with accession code 6AEQ.

3. Results and discussion
3.1. Purification of the C-terminal domain of DnaT (DnaTc)

The recombinant DnaTc (aa 84—179) from Salmonella enterica

serovar Typhimurium LT2 was expressed in E. coli. Pure protein was
obtained in the single chromatographic step. Approximately
>20 mg of purified protein was obtained from 1L of a culture of
E. coli cells.

3.2. Structure of DnaTc monomer

DnaT can exist as a monomer, dimer, trimer, tetramer, or pen-
tamer [13]. Both the N- and C-terminal regions of DnaT are crucial
for oligomerization [23,30]. We attempted to crystallize DnaT, but
we did not obtain suitable crystals for structure determination.
Rather, we obtained crystals of DnaTc successfully. The crystal
structure of DnaTc was solved at a resolution of 2.30 A (Table 1).
Two monomers of DnaTc were found per asymmetric unit (Fig. 1A).
Differently, the 2.83A DnaT84—153 structure showed a five-
molecule assembly with one bound ssDNA in one asymmetry
unit (Fig. 1B). The overall structure of each one DnaTc consists of
three a-helices (Fig. 1A), revealing a three-helix bundle structure
with a C-terminal tail. a-Helices of DnaTc are at residues 101—-108
(a1), 118—131 (@2), and 137—153 (@.3). The secondary structure of
DnaTc is similar to that of DnaT84—153 (Fig. 1C); however, residues
involved in oligomerization are significantly different between
these two structures (boxed; see below). The majority of the elec-
tron density for DnaTc was of good quality, but the C-terminal re-
gion (residues 163—179) in this structure was not observed,
suggesting that this region is dynamic.

3.3. DnaTc forms a dimer predominantly

Our DnaTc structure showed two protein molecules tightly
associated. To further substantiate the observation from the crystal
structure, we performed chemical cross-linking of DnaTc using
glutaraldehyde (Fig. 1D). DnaTc (4uM) was incubated with

Table 1
Data collection and refinement statistics.

Data collection

Crystal DnaTc
Wavelength (A) 0.975
Resolution (A) 30-2.30
Space group C2224
Cell parameters
a, b, c(A) 5491, 92.32, 69.00
a, B,y (°) 90, 90, 90
Completeness (%) * 98.4 (91.8)
<I/ol> 30.14 (4.58)
Rsym OT Rierge (%) ° 0.058 (0.320)
Redundancy 5.6 (5.0)
Refinement
Resolution (A) 21.48-2.30
No. reflections 8273
Rwork/Rfree 0.220/0.265
No. atoms
Protein 151
Water 16
Mean B-factors 54.31
R.m.s deviation
Bond lengths (A) 0.009
Bond angles (°) 1.213

Ramachandran Plot

In preferred regions 146 (99.32%)

In allowed regions 0 (0%)
Outliers 1(0.68%)
PDB entry 6AEQ

2 Values in parentheses are for the highest resolution shell.

b Rsym =Z=|I - T |/Z], where I is the observed intensity, ‘I' is the statistically
weighted average intensity of multiple observations of symmetry-related
reflections.
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Fig. 1. Crystal structure of DnaTc. (A) Ribbon diagram of a DnaTc dimer. Each DnaTc monomer is color-coded. The overall structure of each one DnaTc monomer reveals a three-
helix bundle structure with a C-terminal tail. (B) The crystal structure of DnaT84—153 in complex with ssDNA dT10. The structure of DnaT84—153 shows a five-molecule assembly
with one bound ssDNA (gold). The positive charged residues (K133, K143, and R146) together contribute to generate a central cavity for ssDNA accommodation and interaction. The
overall structure and electrostatic potential surface of the DnaT84—153 complex from different views are shown. (C) Structure-based sequence alignment of DnaT from E. coli and
S. enterica. The labeled secondary structural elements derived from this and previous works are shown. The amino acids involved in monomer—monomer interface between these
two DnaT structures are boxed. These two DnaT structures revealed that residues involved in DnaT oligomerization are significantly different. (D) Glutaraldehyde cross linking of
DnaTc. DnaTc (4 tM) was incubated with increasing concentrations of glutaraldehyde (0.1% and 5%) at 4 °C for 20 min. Coomassie Blue-stained SDS-PAGE of the resulting samples
and molecular mass standards are shown. At these concentrations, the dimeric form of DnaTc was observed. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

increasing concentrations of glutaraldehyde (0.1% and 5%) at 4°C
for 20 min. At these concentrations, the dimeric form of DnaTc
(24kDa) was observed clearly. However, minor bands corre-
sponding with the other aggregative forms were also found.
Consequently, the glutaraldehyde cross-linking result showed that
DnaTc mostly occurred as a dimer in solution, consistent with that
analyzed using gel filtration chromatography [23] and the crystal
structure (Fig. 1A).

3.4. Monomer—monomer interface of DnaTc

Although the complex crystal structure of DnaT84—153 shows
five molecules (Fig. 1B) packed per asymmetric unit [23],
DnaT84—153 exists as a dimer in solution [23]. The five
DnaT84—153 molecules were mediated through dimeric interfaces
between each two adjacent subunits. Structural superposition of
subunits A—B, subunits B—C, subunits C—D, and subunits D—E with
the DnaTc dimer indicated that DnaTc forms a different dimeric
architecture from each dimer in the pentameric DnaT84—153
(Fig. 2A). The DnaTc dimer was not a part of the pentameric
DnaT84—153 and did not belong to any dimer formed in the pen-
tameric DnaT84—153.

DnaTc monomers are interconnected through many hydropho-
bic interactions. As shown in Fig. 2B, the monomer—monomer
interface of DnaTc is stabilized by the hydrophobic core, namely,
A123 (a2), Y127 (a2), A130 (a2), and 1150 («3) in subunit A, and

A122 (a2),A123 (22), 1125 (¢2), A126 (a2), Y127 (22), A130 (¢2), and
[150 («3) in subunit B. In addition, five hydrogen bonds
(R146—E119,R146—D162,R146—R161, S151—A123, and S154—S5147)
at the monomer—monomer interface of DnaTc (Fig. 2C and Table 2)
were found by using PISA (Protein Interfaces, Surfaces and As-
semblies) analysis [39] (an automatic analytical tool for macro-
molecular assemblies in the crystalline state). The three
contributing hydrogen bonds may render the R146 in DnaTc a key
residue for dimerization.

3.5. Comparison of hydrogen bond formations in the
monomer—monomer interface between the pentameric
DnaT84—153 and dimeric DnaTc structures

In this study, we found that no similar monomer—monomer
interface of DnaTc was present in the pentameric DnaT84—153
structure (Fig. 2A). The amino acid residues involved in forming
hydrogen bonds at the monomer—monomer interface of
DnaT84—153 and DnaTc are boxed in Fig. 1C; none of those is
identical. Due to shorter length, DnaT84—153 does not have R161
and D162 to hydrogen bond to R146 as those in DnaTc (Tables 2 and
3). The side chain of R146 in DnaT84—153 protrudes outside to play
a role for ssDNA binding rather for dimerization. Due to long dis-
tance, the hydrogen bonds R146—E119, S151—A123, and S154—S147
formed in DnaTc were not found in DnaT84—153. Taken together, all
five possibly forming hydrogen bonds at the monomer—monomer
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Fig. 2. Monomer—monomer interface of DnaTc. (A) Superposition of subunits A—B, subunits B — C, subunits C—D, and subunits D—E with the DnaTc dimer indicated that DnaTc
forms a different dimeric architecture from each dimer in the pentameric DnaT84—153. (B) The hydrophobic core of DnaTc. The monomer—monomer interface of DnaTc is stabilized
by A123 (a2), Y127 (¢2), A130 (2), and 1150 (.3) in subunit A, and A122 (.2), A123 (a2), 1125 (22), A126 (¢2), Y127 (¢2), A130 (2), and 1150 (2:3) in subunit B. (C) The hydrogen
bond network. Five hydrogen bonds (R146—E119, R146—D162, R146—R161, S151—A123, and S154—S147) at the monomer—monomer interface of DnaTc were found by using PISA

analysis. The distances (A) of these hydrogen bonds are shown.

interface of DnaTc for being a dimer were not found in
DnaT84—-153.

3.6. Dual role of R146 in dimerization and ssDNA binding was
proposed

K133, K143, and R146 in DnaT84—153 are important residues for
ssDNA binding [23]. These positively charged residues together

Table 2
The formation of hydrogen bonds at the monomer—monomer interface of DnaTc.

Hydrogen bonds

Subunit A Subunit B Dist. [A]

R146 [NH1] E119 [OE1] 2.80

R146 [NH1] D162 [0] 3.83

R146 [NH1] R161 [O] 2.81

$151 [0G] A123 [0] 375

5154 [0G] 5147 [0] 3.08
Table 3

The formation of hydrogen bonds at the monomer—monomer interface of DnaT84—153.

contribute to generate a central cavity for ssDNA accommodation
and interaction. R146A mutant shows obviously impaired ssDNA
binding ability [23]. DnaTc structural analysis further revealed
another role of R146 in dimerization (Fig. 2C and Table 2). For
binding to ssDNA as the DnaT84—153 complex, DnaTc should un-
dergo a strong conformational change to expose K133, K143, and
R146 to contact ssDNA (Fig. 3A). Superimposing analysis further
indicated that if binding as the DnaT84—153 complex, R146 in the
monomer B of DnaTc must be shifted by a distance of 8.1 A and an
angle of 72.6° (Fig. 3B). The monomer A of DnaTc must be shifted
away by a distance of 7.5 A and angles of 170° (y-axis) and 4.5° (z-
axis) for forming a pentamer.

3.7. Structural insights into how DnaTc can bind ssDNA via the
conformational change

The oligomerization and disassembly of the DnaT oligomer(s)
are critical in primosome assembly [31]. Prior to this work, only the
ssDNA-bound structure of the pentameric DnaT84—153 was

Hydrogen bonds

Subunit A Subunit B Subunit C Subunit D Subunit E Dist. [A]
E131 [OE2] K88 [NZ] 3.14
Y127 [0] Q139 [NE2] 3.29
E131 [OE1] Q139 [NE2] 3.16
$123 [0] Q142 [NE2] 2.80
S123 [0G] Q142 [NE2] 3.13
S123 [0] Q142 [NE2] 2.83
S123 [0G] Q142 [NE2] 3.26
Y127 [0] Q139 [NE2] 3.17
E131 [OE1] Q139 [NE2] 3.03
E131 [OE2] K88 [NZ] 2.98
Y127 [0] Q139 [NE2] 2.99
E131 [OE1] Q139 [NE2] 2.85
S123 [0] Q142 [NE2] 2.73
S123 [0G] Q142 [NE2] 3.12
S123 [0] Q142 [NE2] 2.86
S123 [0G] Q142 [NE2] 3.43
Y127 [O] Q139 [NE2] 3.11
E131 [OE1] Q139 [NE2] 2.80
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Fig. 3. Conformational changes suggested by the DnaTc structure. (A) The oligomerization mechanisms between these ssDNA-bound and ssDNA-unbound states of DnaT
truncated variants are significantly distinct. Superimposing analysis indicated that the monomer A of DnaTc must be shifted away by a distance of 7.5 A and angles of 170° (y-axis)
and 4.5° (z-axis) for forming a pentamer. (B) Dual role of R146 in dimerization and ssDNA binding. R146 in DnaT84—153 are important residues for ssDNA binding. In this study,
DnaTc structural analysis further revealed another role of R146 in dimerization. Superimposing analysis indicated that if binding as the DnaT84—153 complex, R146 in the monomer

B of DnaTc must be shifted by a distance of 8.1 A and an angle of 72.6°.

Fig. 4. A working model to explain how DnaTc oligomerizes. (A) The proposed boomerang mechanism. In this study, we identified DnaTc as a dimer both in the crystalline state
and in solution. When ssDNA is present, strong conformational change in DnaTc (shown as boomerang) occurs. During ssDNA binding, the hydrogen bond network originally for
dimerization of DnaTc will be rearranged to promote DnaTc oligomerization as a high-ordered oligomer, such as a pentamer. When ssDNA disassociates, the boomerang DnaTc may
form the dimer back by rebuilding a hydrogen bond network at the interface. (B) The R146 mediation. Because of contributing three hydrogen bonds, R146 is a key residue for
dimerization in DnaTc. However, the side chains of R146 in the pentameric DnaT84—153 protrude outside to play a role for ssDNA binding rather for dimerization. The confor-

mational change in DnaTc may occur for binding to ssSDNA via R146.

determined. In this study, we identified DnaTc as a dimer both in
the crystalline state (Fig. 1) and in solution (Fig. 2). The oligomer-
ization mechanisms between these ssDNA-bound and ssDNA-
unbound states of DnaT truncated variants are significantly
distinct (Tables 2 and 3). The different architecture present here
may provide structural insights into how DnaT forms different
oligomers. The conformational change suggested by our DnaTc
structure (Fig. 3) might explain how DnaT can form the pentamer
and bind ssDNA as a C-shaped helical assembly [23]. Basing from
these results, we proposed a cartoon model to show how DnaTc
monomers (boomerang) can oligomerize as a pentamer (Fig. 4), a
process possibly induced by ssDNA binding. When ssDNA is pre-
sent, strong conformational change occurs. R146, a crucial residue
for ssDNA binding, is no longer at the monomer—monomer

interface of DnaTc. During ssDNA binding, the hydrogen bond
network originally for dimerization of DnaTc will be rearranged to
promote DnaTc oligomerization as a high-ordered oligomer, such as
a pentamer. When ssDNA disassociates, the boomerang DnaTc may
form the dimer back by rebuilding a hydrogen bond network at the
interface.
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