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B2

= & e R f2fF (dihydropyrimidinase; DHPase) 7 efex i~ 81ifE

ik

A2 P B M g endk 50 30 B g S ALY 5,6-dihydrouracil
5,6-dihydrothymine = Z&-K fZ o d ** DHPase .1 ¥+ ®ig 14 2 =
Sk 4 ¥ % * hydantoin ¥ L X F - F] g DHPase * ¥ & i &
hydantoinase - % 7 &1 £ R* W2 Bt {7 f2H BV EER 0 A
PR LA 70§ Rk PR R R il R B
AR EE B EPBFIZ AT (107-2813-C-040-031-B)” ey {7 » 24 i
BRI SRR FH R AR e E GRS P
DHPase #7/ nH i cyclic amidohydrolase 2% % % » 4ok & % -k j2 75
(allantoinase; ALLase)¥? = & '/ f& -k f#f# (dihydroorotase; DHOase)
VLYo 2w T 7 B om S 9k 1% 7 <1 DHPase (PaDHPase) & -

BEM BEER G- BEARY U2 ARPAF Y EE T RS
ig g ph 22 it (lysine carboxylation) s 3§ i3 4F (post-translational
modification) - 7 7 FitHHEt £ H Y i g penz it (COO) 418
ATREEfE > R BRI RMA R T R Ay A 2 ARE
% R £ PaDHPase > # ¥ 7% W% 4 £ <7 DHPasce - ¢

it & e DHPase 15 0 A PSR A AT S BIE R T A W)

i AT R H (B R B A A B & (o) - 2 15 A S i i
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Xpe2za § 4 o DHPase, DHOase & ALLase - 8278 & B ift > #f 4 &
ZICHREITAIRBERTE RFIEEIRIE g RE AT T RAIRAR

PR LS B SR L R AR A 3

PO E R B AR A2 - BATE AR EEERY <

XAE A A L% - 54 [(1) Cheng JH (#% + %), Huang CC, Huang
YH, Huang CY (2018) Structural basis for pH-dependent oligomerization
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1.1 DHPase # it &2 &1+

Z & ek f2p% (dihydropyrimidinase; DHPase) A iZ_7% 3t 4
PO bk AR HE AR T BREER)Y (TSR
H p4 i@ iv 56-dihydrouracil ¥ 5,6-dihydrothymine -k f& [1] o
DHPase & it it = & vpex BT A 2 B AR AP [2, 3] ;
DNA #h# 4 & 3¢ Pigid &kt h Fenbl ikt [4]0 70
DHPase #** cyclic amidohydrolase 7% [5]> # 7%= BB o #£ ke
% 'k f# p# (allantoinase; ALLase) [6, 7] ~ = & 3% i & -k f& s
(dihydroorotase; DHOase) [6-10] ~ /= F]f= (hydantoinase) [11, 12] ~ fg
I tiefis (imidase) [13-15] HEMFPR R Z 5 2 B &4 > 20 &
% EE g A5 5 v B histidine ~ - # aspartatate fv -
post-carboxylated lysine [16]-DHPase £2 = & 5 e -k f#fs 2 2 R &
kfEpE o BB AR R L B L AEERA AR kS
+ %1 7 ¥ ¥ 2L O cyclic imide bond & {7 #4732 # [16] - & 3% DHPase
Al ERY P kAHdind 9 54 0 @ % hydantoin iF 5 X B
F]st DHPase ~ # #% fi = hydantoinase [2,3] - P = © 5% #icp fadid

% @42 % 4|38 * hydantoinase > PP 2 # ZEEL 50 AfllgR



% P it @ %L 0 hydantoinase [17, 18] »

X cyclic amidohydrolase 7#2% £ it ¢« % 7 5 w i histidine >
— i aspartatate > — B ##:F{s COO 2 4F 5 post-carboxylated lysine °
ME S BEBREFEY ) R BRI S B
& — 1 Gldof Agrobacterium species # it I} hydantoinase X 7
5,6-dihydropyrimidine amidohydrolase =73/ 4 [19] 5 #_Saccharomyces
kluyveri v Dictyostelium discoideum it 117 DHPase » # /% K ji#
hydantoin [20] o ¥ *h&& 2275 ¢ DHPase % ¢ +v i w E 88 > fe j&_

Pseudomonas putida YZ-26 % ki ehhydantoinase 7 5 = & 48 [21,22] -

12 myepeasdy

DHPase - # @& Bk ~ L ¥ 5= F4 - 27 F pH Fing
AP ks £ R ¢k [23] P putida hydantoinase [21, 22] ¥ % R 48
WA e A F 5% 2. 7 I P aeruginosa DHPase (PaDHPase) [24]
PIRM TR [2526] 35 5 35 A LM EH
PARESS FEM R fap ARES AP EHE Y EBNE
SRR A P W Fed s 3 (v% M [25]) DHPase & i ¥
M3 AR EMUE T R WA AR R I AR

Hdde g e s Tl AR TR A PERY FEHY



w R AnS FE 2 pH G B IR0 v 2 40 PaDHPase %13
v ﬁ*"ﬂ l;,? %‘_? 'Eg‘:’f—’f,?’ﬂ’ IAP‘:‘I‘%—' [27] o

DHPase ] — F % ¢hif & fe2s 1 15 3 4F [28, 29] » 4 2 4F i¢ *

FFET A RS f TR AN AT L (novel amino acid)
TFRP TR EFEREY LR D Fv Fehif § RS B AR Y L

P T F R T RS eri [30] o BERiE BB A A
DHPase ch/E 1t T if 4 fat P & 4ri 2 B d w|opkd i > e § 8
dofe paffhenp A8 PR ARG AR KT FRERI K RE
A e SR B B FRETH YRS RERL
i [7, 1] -

w2 F%? PR DHPase 2 2 S 2 he e e ma &I
AN [23] 0 FH A iE S T %k 70 DHPase (PaDHPase) » ¢

HUGE 2By £ fa DHPases» % 2 @ 3| & fd & S HE X 0

¥4

fR 2% S E B R fdc @ p A e o (selfrassembly) 82 g 2 5 1
(self-activation) ° f pF » SV iy FZBZE M P S B e IRARKA
WAETEBER K - IRF ALY FER P D ARCE
B2 WM e w25 4 AP R R F i

¥+ PaDHPase 5 { % ¢ f& o » Tt o fptitH gl TR o A

P95 I8 3 pr.r;lﬁ;, CrABEIEEEP

—y
505
fise

3
ﬁ‘m
=
%

4
gos
k>
o



s b [31]

d 20t pE R AleReRde A 1B (L R R iR f T
= o FEFles fgit 5,6-dihydrouracil & 5,6-dihydrothymine 2k % cfid i

gEIE i 5T Bf 0 F100 AR B ] A

Ul A 0 4o 5-FU 4.4

g F= ;?

>z

LR AT ] 2
B e F - [32]- % 4
Freoprg &) i Dl Sk s A S H B A e ) et
So- BB AE S FY LT AN EER R 2D T A
som R ET e BT B [33,34]
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2.1 .397?]'}&5 "Pﬁ'#ﬁ M T

2.1.1 ?iﬁﬁl &

(1.) #-EF)i 3~ 12000 rpm ~ 1 min » ]#-F 5% 5§ pellet -

(2.) #v solution I (& k) 200 ul pipetting (on ice 1 min) °

(3.) *v solution I 200 pl (#= #= pipetting) » * & 1 min °

(4.) *¢ solution III 200 pl pipetting > * & 1 min °

(5.) &= 12000 rpm ~ 10 min °

(6.) B~t i (F Tk 39 ¥ B~I|AT eppendorf s A v I 3 g
o — =) 0 4B ospin column 0 #Ees 12000 rpm ~ 1 min ©

(7.) 4v wash buffer 700 ul » &< 12000 rpm ~ 1 min (£ 4 7 <) ©

(8.) £ =& < 12000 rpm ~ 2 min °

(9.) #-spin column *x ¥| 7 eppendorf °

(10.)  4v 50 ul ddH,0 > #x 37°C ¥ J& 2 min °

(11.) &t~ 12000 rpm ~ 1 min °

(12)  +2-20°C &7 o

2.1.2 BT A

10



(1) fie & 1% agarose e DNA # » ¥ % 0.5 & TAE X3 f% -

Q) FI* Mok e pAERERZ R TP RV HEIATRE
IEE

G) ML irsm WRBEN > 2R 52 (FF 427 % tip =R
Bog) -

(4.) Sample (DNA :dye=2pul: 1 pul ;& £353 ) ~ marker 2 pl > & & ¢
x o

(5.) 2 110V §a 23 ~ 4= % > T PRE2 o

(6)F+ =2 #5 £ 7 EtBr £ > *t4 15min -

(7) Fl* &b kepmapgp ey £ F 05

2.1.3 Transformation

(1.) #c » 10 pl %% = o9& (Ecos 21) + 10 ul DNA> # 7k F # % 5min o

(2.) # 3] 42°C 4o g 45 7y (B kT Bpstpe > RIS 5 b 2cw ik
+ 2min) °

(3.) BB I FEL 3 IR EREY L o

(4) % 37°C R % fa12 % -

214 3% 4R

11



(1.) #- % transformation % % £ % <17 | * tip =3 (& £ F 43T
BH % nE - FE)AME N 4 celF LB ETDOD <3
1o

(2.) B~ lcc. X7 § LB % o

(3.) #1™ 3 c.c.B~ 200 pl &t~ (12000 rpm ~ Imin) » & H 180 pl 7% -

21812 98°C # 20 min(#* 5 # 4c IPTG 2. sample) °

(4) 2 {5 #F14 LB & 4c » 4 ul IPTG » 12 37°C 32 % 2 hr -

(5.) 2 t¢ I B~ 200 pl < (12000 rpm ~ Imin) > & H- 180 pl # 73 -
12 98°C % 20 min (#* % 4 IPTG 2 sample) °

(6.) 2- 554 SDS-PAGE B 4 TL% 13 $ov B 2.3 4 M ATR -

215 mEt g

(1.) £/ §LBi% 4 » 1 M ampicillin 4 pl £ 4 15 pl «7pF (LBE &
24 ’f\-"f?s,@""g‘% L) P A4 37°C~ 200 rpm ~ 4 hrig & o

(2.) #500 c.c. ddH,O > 4 ~ 12.5 g LB broth > 28 {8 #g v ¥ F 485K (F
w ¥ bR A o

(B) %A EE (B4 kBAHE) 37 B4 15min> B4 %3] forb

-RELFRES -

(4)B-die b 2R (W okipEiE) e

12



(5) 2R 2] FLBHODE (& hlzt) A FHFILERE D F o

*11

FEFT A€ R b ghro

(6.) #-= 5g4e » 1 M ampicillin 200 pl » £ =] F 4e > 2 57 (- & F
1)

(7) %~ %49 7-8hr 4 (BO.DE1-1.4) 4 » 1 MIPTG 125 pul »
Frewr & 452 25°C 12hr 5% -

(8.) B-300 gF|p ¥y (F ¥+ HNEF B mD] ] HEA ) o

(9.) @ * B i o4 (20 mins, 12000 rpm, 4°C) > % & £ 4 ¢

i e

2.1.6 B iF oW
(1) FEzndfc B2 * 2 rotor A5 - 5% LM 2 B i -

(2.) /232 rotor f 2 B st FIETE G SRk A 0 F 3 T H

\f"ﬁi

iz -
G)HArE T H I EEF -2 T PREFT I DE LAY
s AR E .
(4.) FEsuth 5T gt fe » ~ mERrotor &L E § g bt fg‘;ﬁ?‘ Bk s
2 prgtrotort FRFEF Y W ERFUM LR PES -

(5.) 3% % rotor LA ~ Wi ~ PERY B R U E A ok B 1S o B ea

13



6) FhicPNHEA AFREFPISF FFRSPITE HEFEDT

e

2.1.7 %9 ’F”i‘v it

(1) B 40 ml & 5 mM imidazole 4t » . 3L w3 pellet > ®3 {& £
™" tube °

(2) &7k48 ik o RiS4E ~ tube X AZF A RFB A AR W FD
i RS R U PFe BRI OR) BEARTE (RFASEH 0 RALS
#0501 cycle)&3-5% 2 7 A2 200w (# F FfF R =k Hes 7
o vEEFRAREIIATEIALITT ) Wk PG lIERAR
Fkt 2F10mins (FIRFE AL # > AP R Ak EITE
BRI B0 BRI o

G)FRAE=R > » AR HEg 1 4°Co

(4.) #-FA4FhF £ 2 s (20 mins ~ 12000 rpm ~ 4°C) -

(5) BB his %) FiREi ¥ - BicE tube ¥ 2 HEAL o

(6.) tl-mA4F FFF ¥ LiF e His Trap™ HP column » #-§5f 2 F (T e
e #ddH,0 ~ NiSO, ddH,O ~ 5 mM imidazole="g % * 5 ml/min

e A %10 min o

14



(7.) =20 uli= 8 ) -ddH O » eppendorf® * tipds B F]# + i {8 h
pelleti¢ # ;3 ** %5 ;= i FjddH,O<Feppendorf -

(8.) B~dfr.s B {5 0 F Rk i g Pltube (F A B20 plent i i~
eppendorf) °

(9.) #-t il = {8 hiBip ik T A2 k(- P~ 20 ul “*x » eppendorf) °

(10) #&F®&A* Z 3 500 mM NaCl pH 7.4:07 IF Jk A& imidazole (5 -
60~ 100~200~500 mM) 3£ » column> I Jc & & 11 2. v 3 7% (5~
60 mMM:R A J B~50 mlH 442 B30 ml) -

(11.) - $#35F & W B~20 pl2z » eppendorf

(12.)  #+it 9 i eppendorf (IPTG % ~ {& ~ + ~ i ~5~60~ 100 ~
200 ~ 500 mM) “4v > 10 pl srdye & * 98°C 4r #t 20 min > @ UK
# i1 eppendorf B & _4e 10 pl e dye I * 98°C 4r £ 30 min °

(13.) &5 * EDTA ~ ddH,O ~ EtOH 4 5 ik & & 10 min k5%

column > % = & & #- column 1% 3 4% T-ﬁ”‘x‘?/]\m o

2.1.8 @ i¥ SDS-PAGE % ¥ & 7 &
(1) & iF™ % &5 4 » ddH,0~30% acrylamide ~ Tris-pH=8.8 ~SDS -
APS~TEMED /R £ 353 (&4 TR + > ¥ % 70% /f‘]ﬁ:fﬁk R

R E BT o

15



(2) % NP BEAGE P o IR EPE B e PR o

G)HETH (2FhpF P I REOTRERS €4k > ER B
MREC)FELFR) ATFEHRFEY 15% ERERF O A
$v » ddH,O ~ 30% acrylamide ~ Tris-pH=6.8 ~ SDS ~ APS ~ TEMED
MEDFERIWR T P FRRES o

(4.) #F i ersample B~ 10 pl loading |3 p ¥ — $&4¢ 2 ul chrmarker
(g B &_+ ~ e~ i ~ 5 mM imidazole ~ 60 mM ~ 100 mM ~ marker -
200 mM ~ 500 mM) » p #F 4r > running buffer & 2 70V 120 min &
o

(5.) 2 &% » coomassie blue ¥ % 30 min (i& % # FATEFFRE € 3 < -
) e

(6)FF x> 3R R?IL < 4 hr % k? 34 (FRR
2) e

(7) % 0¥ B RE AL EP 2 band o Fg R E‘é’::“]'jbﬂb % e

2.1.9 B OD &=
(1) 25" 18 % % #3100 mM imidazolef=200 mM imidazole=
band & % ¥ P AR H - o

(2.) B~ 800 pl ;= i§ g <F:ddH,O + 200 ul Protein Assay Dyef|cuvetted4

16



% 153 {4blank
(G)#EF L 4 2 pl K100 7200 mM imidazoledc & 3| kv F i
1o

(4) F1* k@7 ek F v Fankit o

2110 Fg @i nFed F

(2) 7 2 8 i kot B

2.1.11 39 Fik#

(1.) i * Millipore Amicon ultra-10K k5 ¥ * k5 -

)1k ﬂ”ﬁ? & o YLFPE frddH O s e (B AL KB R MO
) o

(3.) #x » 10 ml ddH,0 % Jk45¢ > 143000 rpm ~ 4°C ~ 10 min % s -
BB RE AT T F URARCTTR o

(4) Fefrtgpl = £ 12 > 4c > 10 ml 3¢ Fiz /% > 123000 rpm ~ 10°C »
15 minkdgw > BRI Fok AT REK - F T RN EE
BE T HERYe  BIHI R PR LR T H el

17



2112 39 F*2 R

(1) 27 P g £AP ¢ HkaEE D Fe F kA g G400
mM ~ 300 mM ~ 200 mM ~ 100 mM % jk & «Trise* HEPES » % #-
BBd R o

(2.) %k 4515 ehi-d F{o's Bbufferr L4srnt GILER 4 » 0 & 9] F
Ay FRABERRRRTLIREK FPREARSY ¢REE S
Bl R o

(3.) #r » Millipore Amicon ultra-10K 7k %5 ¥ > I $ 123000 rpm~ 10°C
15 min kg » R RGBT REKR > 27 DB EE

|l

P53 9 FR 6B R A7 H e
PERE o

(4) # % 22500 ddH,0 frifpd ik o B ts B & 20% JFp Y e

2.1.13 #78 K&

(1) #< & buffer= 4 % 50 mM HEPES-~ 15 mM 8-HQSA 1 mM EDTA -
pH 6.5 -

(2) #-&47%5% »buffer® T 3FEREF > L AT 3 L F &L F o

B)H#Fvd e r T EFERF FIE o

18



(4) 3P &3 L2 feT G e R b o B ARG -

(5.) #-2 #Fcolumn* 10 mM NaPO,-t ;5% I > 20ml -

(6.) #5472 & £ FHehF-v i » column(F-v & * st * 3 1.4ml) » ¥
T > % eppendorfi © # B #Z10F o

(7.) 5 ml 10 mM NaPO,i& » » iz pe F il d&E o

(8.) £ B5ml 10 mM NaPOZE » » & vk 4578 $r sk i o

(9.) B {& * 25 ml 10 mM NaPOy#-columnix iz /% -

(10.) BIZODE » & % Jc & Flwash2 > Fwash3 -4k R+ X3 » ¥

CERE B - HBEAL G- o ARG Bk bk

K% o
i

2.1.14 %AE K

(1) F B Bhdo ¥ 4o 2250l AR & 30 > £

g

+ 7k
® e

Qy#a xR F ABEHET(E - XIFEHF IR FH/BR LT
) o

() ZHA KT FBIAB LMY R R SN e

Bif4e » o
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(4) Bfs- B ke B2 ER bl K is > B4 o L BGTIE

T4 (7 Xk S o

Sl
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=
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D
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=g
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1

(5.) BT Pt XTI TR AL 3B AR o

(6) K T Efend B ~ R S REPFFE > T AT % FEES ©
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S TELRPE A ST R AR I mAEE R AR AP
BERY AP kA EBEFAEEE b KRz E o L 2%

AR TP

221 R B mer %

(1.) #-in% Poif 254 5 4 ~ § 10% FBS shmedium (FFf R % 204 2
‘¥ % o e DMSO) » f& ~ dish & flask & 732 % o

(2) % 2 % # medium 2383 “,ﬁcf » { # ¥ 10% FBS 7 medium » 14
% 24 % % i b h DMSO ©

(3.) % 2-3 % { #3701 10% FBS ¢ medium» § 3 p¥ 425 4 4 12
ml & * £ 10% FBS medium > §4238 4 o 4r » 3759 10% FBS
medium °

(4) Pl Bl 57 B we B R IR S o

2.2.2 Transfection

(1.) Plasmid k& & & %(0.1~2.0 pg/ul) -

2) s iowell ] 4 £ % %5 70~90% % -

(3.) #-plasmid fr medium ;& & - & BRI A 5 (0.0lug/ul) -

(4.) 4r » Transfection reagent (f DNA et & # 5 1:1,2:1, 3:1, &

21



4:1) > pipetting ¢ > ®Z W F & 30 ~ 45 o
(5.) #-F Jg4F ch sample 4c 3] well p (7 % & #- growth medium #% F)
ek 304 -

(6.) 2- 15 £ 18-72 ] prig (7 L% o

22



FrR R EREFEHES

3.1 £ 4 B hPaDHPase’ it 22 8 %

PaDHPase ¥ - B =M% 3 7 L& Bt oA %z A 5
pET21b-PaDHPase {7 # » #5d #F~ S k2 ) AFA > £ 2
4o ~IPTGR « £ &P 39 0 2 (8B d MArid g 47> 5%
# * Ni-NTA column k % i » ¥ ¥ 12 % &k & éhimidazole k& 4} » &

s @RS erpEE (Rl- ) e

Mdel-FPaDHPase-Xhol

t
%
pETZ1b-PaDHPase z

(A) (B)

(€)

B FAREBHL (AT HZ 1‘#3?1 cfiPaDHPase & 48 - (B)f] *

Ni-NTA column’i* it e8 “2 @]+ o %ﬁ“ d Ni-NTA columnp 7% 4p ¥ §%

23



HEORFUEFY FR I NP ERY AL P6BRHIs > FlA €
feNig & > 4@ P # 3-9 binding Zcolumn t > & F | * 7 F kAR
chimidazole fr3-v B A NG & 0 % P F9 a0 ik fdixd o (C)
Foo TR R e APl * 2 kAR “himidazole #-binding
Ni-NTA columnp #d-v %24 > Bl® ¥ L AN 72200 mM imidazole

% B i p 4L d-v PaDHPase (& + lane) °

3.2 4 FPaDHPasef, $ 08 % &2 j2 1 4

Sl fAEE > AP ES3 T £ PaDHPase & &

mu:n
4
T
B

(=

;%‘E} HEd B0 TRMEE(RE = ) TS 2 < 3pehh W -

F1* XksEsts e 2 d 34 R 5 207 A enid & B H(H =) -

W= @ BhBh o e j2 PaDHPase el i 45 0 f#3 47 & 5 2.17
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A - PaDHPase £ H i ¢ cyclic amidohydrolase a4+ %35% 3 w
histidine » — % aspartatate > — & #& ¥ COO 3 4 5 post-carboxylated
lysine » 11 2 & B & Haps -

B £ & PaDHPase th i W L if 2 HEL B

25
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B £ & PaDHPase J, # e85 15 27 g 1 o%%’gi FETE R AR AL S
iE i o H4rPEGER pH &~ Bag kR % > A 408 R Aoy
Bk R4 7 ouE e 39 ol SiE #3000 b 511 sed 2:1
RLF oIS FLMLE LT EEE A BT LK
g 0 F IS A E x RSB NS § B T IRTA

{ % Olicdy o

3.3 PaDHPase ¥t** pH & ik §f |+ HE B LR %

BEFE LA T A AR L R AP ReE S 75
i B AP B iR L cnif 2305 A R £ ¥ Bl A4k o FpiT-
HHd S 2 RMERS FA AT RO FIRET F pH B4 5
A3 B RMOPEEET TR iR BRI RS

Z]j]:,\;] Pﬁ%?\@lﬁa?\ °
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PaDHPase .7 I pH EhE R ERF - ' T JHEM T oz 240 2L

e iR SEFEvRFRALMI LD pH 5 73 o
pHS59 P> €255 w B8 5 A pH 5 @ H4pF > B2 - B - b P
# it 43 ¢ PaDHPase 3-v Fin 4 > f1% B R2 L %% > L6
buffer C (20 mM MES 4= 100 mM NaCl > pH 5.9) > (B 3|4p 4 + £
Hrn B o & ¥ ¥ §8oh PaDHPase 4 F £ 5 53kDa - @ @] 5 chd B2
B 105180 kDa» 45779 A Hh2 B4 4 8 o Rr B8R

RO o £ St B E';]Mﬁuﬁ}é (670kDa) #>y 2k F=v (158
kDa) > P 3-v (44 kDa) > #~izd-v (17 kDa) - frit2 % B

(1.35kDa)
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3.4 H £ EPaDHPases% %

PaDHPase® - B & FHefi% o 57 L %1 REEEY v H»
DHPase i 12,11 % post-carboxylated lysine % * hd & {4, 5 1§ 22 j
d b B NE 33 & fehPaDHPasee s i it 1 i & cPaDHPase
ﬁ-%‘;ﬂ%ﬁ piThfllaf s HBERETHEI (1 mM EDTA, 15 mM
8-HQSA, 50 mM MES, pH 6.5 ) o o > K|B 4o AFg TS5 7P > Tt
T B P o 50 B 5 3 RS ITEARY b AR § 7
RRRER D RIER S ML B0 A RIRREBEET BITLK
FEEF AT RUL TR -

AR R e BTk Eee BRI & (ICP-MS)A
7ot L £ PaDHPase fr/igif#47:0L B - ICP-MS & 1 T
BPRWAY g P GRS F Rl N SRR Sl

£ 16 sPaDHPase® 2 d & 42 o J¢ P57 S IR £ BAR S 0 o
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HBHEEUEE £ PaDHPaseo 2 i 2B 3273 e S A5 > ¢ 32

LA~ EARY pH 1 > A4 M A 1| mM EDTA, 15 mM
8-HQSA, 50 mM MES, pH 6.5 ;% 5 45 & 4 & PaDHPase /5.3 * ¥
B33 £ 4 PaDHPase; ¥ jhi# * EDTA ¥ ;% # £ 1) PaDHPase 7

ZEB 2B FHY B4 K x B A & & £ PaDHPase ; ¢

B: fI* 2+ G EHEITIHEER(UEFENDERBER); ©
Flos § o AR SR SO RBRHRBEAPETHLS I mL
Bd FRR TS AR RATY (18 kDR P 394 PaDHPase i

- BaER) -

3.5 ¥ & EPaDHPase’s: 5 2 £ 587,

i

2 2
OB RRL RAFEE P TR E R 2 3 e
PR R S Tt A 'F“ﬁﬂ"%f’ 3| H & PaDHPase & %8 1 %
N RS B KB FUEE o BB e AR TETER 0 T
TR el 2 2 ST EARY v TAT § 75k
R DB T BRI A RIRAREFEY > SEE A
£ kHg - A %41 > H & PaDHPase % fu S Hf247 R 5 2.23
A(F-) BREF - & B(& -5 Zna) (B A) ° B3 R4c Zno

T% thg AL e 7 : His59 (2.67 A), His61 (2.72 A), and D316 (2.29 A) -
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Fobo L EASEFREY 2 ",/TT Znf3 2 i 3 &~ post-carboxylated
lysine # % = & ¥ ¥ & & &0 lysine o F] B OF L B
post-carboxylation & % £_% 7 & HY wdm DI W LS BAR G A4
9% - £ Zna 3 F I F RS KRR

i -8 & B eh PaDHPase = TnDHPase 4 e F o HH
£ =7 TnDHPase (B B) @ X & 3 post-carboxylated lysine e e
A FE % &1 0 F]et 42 post-carboxylated lysine 3t A% & B =
S F 0 P A ZnB A PaDHPase thj & » 5 ¢ FREPE

post-carboxylated lysine » #7114 PaDHPase & i} &F cni® % 3% 4 d % =

£ ZnB & r BB kpchs o

¥ £ & PaDHPase % &

PaDHPase 4 £/ 3 = PaDHPase 4 £/ 3 =

34



PaDHPase 4 £/ 3 = PaDHPase 4 £/ 3 =

5 L £ 5 iE
PaDHPase 4 £ 4 3 =t | 30% PEG400, 100 mM MES, pH 6.5, 100 mM
Magnesium Chloride

PaDHPase 2 4 % 3 = |28% PEG550 MME, 100 mM MES, pH 6.5, 10
mM Zine Sulfate

PaDHPase 4 £/ 3 =t | 25% PEG4000, 100 mM Tris-HCI, pH 8.5, 200
mM Calcium Chloride

PaDHPase 2 £ 4 3 =% | 30% PEG4000, 100 mM Tris-HCI, pH 8.5, 100
mM, Magnesium Chloride

PaDHPase 4 £/ 3 = PaDHPase % £/ 3 =
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PaDHPase 2

¥ &% PaDHPase S # - 5d 4§ R chdd FikA > 112 4

v %Tr’ff'aaa (iR

£ 3=

E oo
w~ /{:,\

BBB {g %’ f‘ﬁ;

PaDHPase
FYEE

PaDHPase
323

PaDHPase
FYEE

A B o € 101 re A 2:1 0 £ATEE R B

AL

22% PEG4000 -
200 mM
Ammonium
Sulfate » 100 mM
Sodium Acetate
20% PEG4000 -
100 mM Tris
pHS&.5 > 200 mM
Calcium Acetate
20% PEG4000 -
100 mM Tris
pHS&.5 > 200 mM
Calcium Acetate

SRR RS R NETEE ERUER S A S0 LR iR X 2 1

¥

18

s}
sl
=
g
o
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PaDHPase ¥ £ (:547 3 %)

1% loop #*P~+ B PaDHPase ¥ £ 5 (5473 =) Az &2 p H 35

R RREen SO R A AL HiER L (20% PEG 40000 100 mM

x\”i

Tris pH 8.5 > 200 mM Calcium Acetate) sZR 3 T A= 2 & d > 1 * x
ke MEBTIE (T YESTF BT B MRSy 0 R T BEEAL 250 H o R
5 Fy0 & RS0 4 F] 170 B enfR T 8 7 % (Distnce: 250 Time:

55 Phi: 50~170) » & {8 @ 347 R 5 2.23 A -
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EHH 4 o (A) ¥ &£ F PaDHPase © Lysine ¥ & (% & 4 s % -
RS P UFRDE ¥ A TR0 lysine fr& b Zna FEAEEE
(44A) @ @ iv* 4 > &5 Zna fE F e lysine £ M - (B)E & %
TnDHPase : # % p 3 - B &% Zno> 72 EH 7R L5
post-carboxylated lysine ° (¢c) # 4 4 PaDHPase : # %M 25 3 B &
BB H S (Zno - ZnB) » T ¥ B 5 {5 i3 &F o0 post-carboxylated lysine o
% & B ABC > lysine ¥ £ /4 TnDHPase v §f £ /4 PaDHPase 2% 7

post-carboxylation » 2 & ¥ £ 4 PaDHPase 473 > @ &R A1 F %
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)

it 7 lysine » F]p 5 VLW H £ PaDHPase 3 il Eita H £

|

% TnDHPase 7 7% > %15 H £/ PaDHPase % 4 7 {8 i3 4F ez L o
{5 @ EAmT R ALe 55 mAP It A P R F B chig AR (7 1

o

EOBAITHF At A Asp316 T AR EMEE 5 P H £ B PaDHPase =

P EEY B PR AR F B SRR AL BT - B
Sz o

3.6 jt-‘ﬁ:E} ¥ &~ 178 £ FPaDHPase

# 0 %EHE £ H{-# £ HPaDHPasech G 2 B £ F 5 5o A ipor
& * 7 MALDI-TOF J 3% & e 45 &0t dic o J5d 407 Rl end &
{r# & hPaDHPase ¥ fi2 1! R4 ek § -9 F % 11 * MALDI-TOF '
FHRAITE A FETEFR-ERT AFAF A FEER 2R
e Hu FE o el BEAT oS A PSR iETE £ BIcE 4
K, e PaDHPase 4 + £ 4 &) 5 52952.87 4v 52997.34:4p £ 5 44.47
#7375 COO Barehs + & 4 B4+ gt # R § 5 Zna

P[] & post-carboxylation °
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i £ % PaDHPase £* ¥ £ J; PaDHPase «/f 3 R A 47 A {1 * & 3
s N 2o 475 S f& PaDHPase » # R~ + £ 4 £ X 44 Da

(52997-52953 =44) > & &%,T&{COO AR G L o p %

s
it
™

BAPT R B A B 2B FIRE Rprhe st 1 BB A



l)é»np/)kﬁ ZnB)]JD/)kF ]é I'Z’éﬂ; El gpi\. ]FB#H’- ITU": IL?F ;—Z{d %‘—J}
g PRl COyinf T ATH ok 4 ¥ R F S22 £ B

lk:l:_\:J NN gf’]é -}\.“’El_%t o

3.7 H £ %2 £ HPaDHPase sz V" &

- HR-H 2 e 4s ) PaDHPase M REFE & I
His239 {- His183 & A& + 3 & ¥ % > H £ (cyan) shHis2394r
His183 & & + 4p #3% B & i (yellow)» w45 6 20.09° o 12.95° §edf
FRA e 114 e 0.58 Ao ¥ b R v LB 5 1 Gilys150 t i

G E Rt alyslS0n AR T AP RS F o

—
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He KB EHPaDHPase F B BHE v - HE 2 22 5
PaDHPase/& 4+ % &7 € 4 » ¥ g I H £ f(cyan)sHis2394rHis183
£ R AP £ B (yellow) » B 4 $20.09°-12.95° » FEHE b 45 B

L14§70.58 A Bm 5 - B £ BAE» FHFA L R FERETA -

3.8 huDHOase K1556A 2. "kf#. (human DHOase K1556A)
% 7 DHPaseZ2. ¢t » cyclic amidohydrolase 725 snH i = § &4 %
PAFS FEREERA ARAFLET P AP E R da R 2 20

d ¥ £ HhuDHOasei5 450 % Z @3 H > 2B 32 0 A3 o

SHERAEEET LA o B FAPEEH% huDHOase i (3
KI556A 2. % %% 5 5 X GE L EFDE @5 LA ¥ ¥ SRR

% h huDHOase 7 ji# 1! % 4 - huDHOase KI1556A% #5347 & &
2.77 A (PDB entry 5YNZ) - j& % £+ 5 #| huDHOase K1556A % %
BRI DR EG - B & HZno &2 H £ PaDHPasedp oo Ft iE 4
3% 5 post-carboxylated lysinest £ F =TI LE BV e d = 201 FE
PR s s RFRAFEEN DELER > ZoB RO Zna R
FAEE A F hEad o %ol £ HPaDHPaset® 5 4p i > T ZnB v

ost-carboxylated lysinez_ B e 885 (X~ R 5 o
p y y i
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huDHOase K1556A2 %4  § #-post-carboxylated lysinei& {7 % % {s

B Zno v R A E RN o @ ZB R % o T B4 3 E
post-carboxylated lysines: £ FE M FNF LBV it 2 2T FE T
PSR4 Znaiv ¥ 5t ¥ 0h > o8 £, PaDHPase 4p i > %
# ZnB R & post-carboxylated lysine > %] ZnB3{rpost-carboxylated

lysine2_ R erf? 585 3+ ehBf 55 o gt 5 % 7% B3 57 post-carboxylation ™ i

W ZnB By X2 R - BT EF o0 3P ZnBih e E o

39 Hu i L BABHEBIDY

p e 4r PaDHPase Z % P ch4 B ZnB iE R 5
L& dd > L H £ FHPaDHPase B 47 ¥ #F R - £ & ZnB ] &
post-carboxylated lysine > F]pt P w34 i i B EZ S BFEAIA] 0 4o R

Tesk & 2 p T EE LR SR B R TR Bl

-
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H(Wla) > FBEEAF ST EPr P HI e FEF R 2 B o
PR i FIRELHY AT 2L E f{opost-carboxylated

lysine4p B > £ 4 ! cyclic amidohydrolase 7% 7% 2% N g FApa~ 3°

G 2 AR ANCE SR ESY A SR N Lo A TR ) R

PEOH BRRRAOSDHBERFALRZ ELEHOR P ERE
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(Fla)

DHPase+#r+] 31 DHPase+#r |32
DHPase+#r |3 DHPase+#r |34
s ¥l LA £ fy %

DHPase+Fr &1

10% PEG 8000 > 100 mM HEPES pH7.5 » 200 mM Calcium Acetate

DHPase+Fr 1| #]2

10% PEG 8000 > 100 mM HEPES pH7.5 » 200 mM Calcium Acetate

DHPase+#r 1|3

17%PEG20000 > 100mM Tris pH8.5 » 100mM Magnesium Chloride

DHPase+#r 4| %4

17%PEG8000 » 100mM Tris pH8.5 » 100mM Magnesium Chloride
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DHPase+#r |34 DHPase+#r |34

DHPase+#r |5

28 LA E i

DHPase+#r 41|34 18% PEGS8000 > 100mM HEPES pH7.5 > 200mM Calcium Acetate

DHPase+#r#4] %4 | 1.5mM Ammonium Sulfate > 15% Glycerol > 100mM Tris pH8.5

DHPase+#r#4|#|5 | 25% PEG4000 > 100mM Tris pH8.5 » 200mM Calcium Chloride
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(Flb)

DHPase % % k1 DHPase % %1kl (igi)
DHPase % #1k1 (i) DHPase % #tkl (ig1)
. iﬂ g’ﬁ- E L f,g 4

DHPase % %1kl

18% PEGS8000 > 100mM HEPES pH7.5 > 200mM Calcium
Acetate

DHPase R % HR1(if i)

20% PEGS8000 > 100mM HEPES pH7.5 » 200mM Calcium
Acetate

DHPase R % HR1(ik i)

16% PEG8000> 100mM HEPES pH7°200mM Calcium Acetate

DHPase R % HR1(if i)

20% PEGS8000 > 100mM HEPES pH7.5 > 200mM Calcium
Acetate
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(&Ib)

DHPase % % k2 DHPase % %tx2 (g1 )
DHPase % #4k2 (i) DHPase % #1k2 (i)
5 88 & A % fo fF
DHPase %R % k2 18% PEGS8000 » 100mM HEPES pH7.5 » 200mM Calcium
Acetate

DHPase % % #k2(i& 1) | 16% PEG8000° 100mM HEPES pH7>200mM Calcium Acetate

DHPase % % #k2(if 1) | 18% PEG8000° 100mM HEPES pH7>200mM Calcium Acetate

DHPase X % R2(ifk 1) | 18% PEG8000 > 100mM HEPES pH7 > 200mM Calcium Acetat
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DHPase % % tk1

DHPase % % tk2(if ()

x\“\"

A =
£

41 * loop#* B~DHPase % % #&1 »

2 M de ﬂljﬁ’*—f- 'ng = ;Eﬁjaﬂa v?%” ’ %

2 2
|17,1.: %

= (20% PEG

8000 100 mM HEPES, pH7.5°200 mM
Calcium Acetate) 3k 5 & A5 = 2_ %

gp I XE SESFIE (7 MBS F SR B S
bl 0 it BEEAR1T70H =0 kR

B20.14) > & & E92 31708 > = =

028 Jc— 56| -

«TIJ # 100p:}’>"! B~DHPase % % ﬁiz (%’

L) AN HA Y <4
€17 Fo ’Eg ’ ;Z BB ’Eg {’&_‘E BB f',:;g 1= f:“»

(16% PEG 8000 > 100 mM HEPES,

pH7 > 200 mM Calcium Acetate) 3

2]
202)

BT 2 B ] xk e
SEo R o B S B fdR o BE
HO00H = » % RIEE2F) > & B 45

Y2058 > & 0.5% Jc— & B -
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(lc)

Hu4f & BB REH L 2 f2i7 - (a) PaDHPase &2 Fr || & &

oo Bk BfEFTH AL B8 > P WD AfEiF ¢ o (b) PaDHPase 2

73

a%ﬁ ° ?3 ;4454] f’é']‘i?v P\ ;I—g‘ i gz@%ﬁﬁ?ﬁ?{% > B 'H"“é»"'f?”ﬂ é’-ﬁ*

jus]

R 2

ja]

o (0)F Bk T M o Bl OB K RITAE & SR ¢ R
FI* BEHCALBLE B A2 @ 7 45 5k Ko B St ddg; TR @

BB %ﬁﬁz:}% BB ’Eg_f sk ‘%\f‘f‘%‘i"”\ ’H%E’Téé)i °
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310 H & 7%= R B hH B
Cyclic amidohydrolase #J2% e H @ = B /B % 4 ALLase ¥
DHOase = PaDHPase & " — #& » (e izt f¥ 3 /5 1T cnfs 13 AF 4% 4 L

% - PaDHPase #pf > 4 @5 - B & HELEL R &2

N

post-carboxylated lysine ™ A - H & iz 2 £ 5 SHE T & 2R
E5-BEBHZInBErFHRLFTA R LRASELT I DT MR
T oo

Fp o AP A S A% (1 mM EDTA, 15 mM 8-HQSA, 50
mM MES, pH 6.5 ) &147 % ¥ # ¢ 1 {7 s* PaDHPase 3- % 7 5 e ie
7T - P4 ALLase 22 DHOase e % » #7100 24 i 8 22383 )
X %] (Salmonella enterica serovar Typhimurium; Sty):- ALLase (] a)
frhuDHOase & {73 & BAef » L i JI* B hH BHEE L B 4Ty
£ wipM TR(RDb) -

p o B

T\

\”ﬁ ,5'}‘]—?‘];1&15& [Vl S ?‘?EIHB LR ;é:%f‘w’#
ISR AT P DS %7 LSRR R < 4 AR 2

L OSSR A F A S AR AR PR AP R AT RE AT

W

A0 B w5 E 3E % huDHOase 7+ 14 % =7 post-carboxylated lysine

—

EEFREERE

J4:

&7 5 M B4 0 45734 ZnB {v post-carboxylated lysine
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WEH W &R E R4 His 2 Asp R il B4 o

StyALLase 2 £ 2 @& = ;4 P % 4 * {v PaDHPase #p [ e
FEEFd A BT E AN LM A iE TR ST BIIUELAT A hoTE > E 2R
TZBARERSOE R SR E PSRBT R 2 B 5
R HE R G F R W GRS RA S S AE B L R
TN A FEE Y S o RS H AP R At T P
o AP T R ESE TS Y

¥ oh % 7 4 4 huDHOase k(3% W17 ) huDHOase K1556A %

‘\«

FHh%H > H £ huDHOase &2 17 5 »cfofl) » AP 7 F
% k-1 DHOase » 4-/¥_% Bk & (HsDHOase) 4 2 f%* 7 & ik (ScDHOase)
% £ o HsDHOase ¢ == 3 £ U & e RN RS E R

KR FI g MY 1 2 BRAS K R 4 [T 2% loop $rdech

BB ’Eﬁ};ﬁf’?%ﬁ/j‘?% ° g pié‘ I Z B l'+ [E3= IV 3N S %ﬁ p o 7 3 m‘;%k,j‘

\n:

BlP - BEZ BEaalt- K, @ 5oa BRI E - LiT
TR R EEE T D AR BB (R R A G i
PREFRLOMALLFES LRSI TRR FE AL FIRL
g WMAESTH T - NP RIABR RS S BRI RS

S RIFF BB F B v i R F] o ScDHOase 3% 4 ek i *

AFEEEL £ E S AiBR wioE 1§D i@ ScDHOase 74 18

52



AT ERD I AL CATE NI L RBA F L

BB 30 FRR EI KWL

ScDHOase £ & J&ECENT 3 )

53



HsDHOase i{iﬂ%@jﬁ 3 :)/K)

-

{ EZNe:]
0.13 048 044 0.12 0.05 o0.0l EEFE%

Inject Wash Wash Wash Wash Wash Wash Wash7 Wash
3 I 2 3 4 5 6 10

X X 0.18 0.5 0.07 004 0.04 °

StyALLase <& E(ET 3 X)

E-
10

L BT
0.0l 0.6 056 062 021 007 003 Hjﬁ";g
=
Inject Wash Wash Wash Wash Wash Wash Wash Wash
3 | 2 3 4 5 6 7 9
X 0.12 053 038 021 0.06 0.02 °

Cyclic amidohydrolase 72 H i ¥ % = R £ 175 & £ HARR o f* &

T HEFREATAEE LA R KL Mg

[Eig
fagd
§ira!
o5
%
=
=1
]
)2
q':“}

B o o EHF LF I O PRBIREEAPENED B E 2
T2 RIS FRRTLEET RS BLRARN 5T ERFE

SRR
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StyALLase 2 & & (i5+7 3 1)

StyALLase 2 & % (i547 3 1)

StyALLase 3 & B (i547 4 %)

StyALLase 4 £ B (%47 4 %)

StyALLase & £ % (i547 4 %)

5 AL 29
StyALL 2 £ /%
(5153 )
StyALL 2 £ /%
(545 4 20)
StyALL 2 £ /%
(5153 )
StyALL 2 £ /%
(545 4 20)
StyALL 2 £ /%
(5153 )

56

35% PEG4000

35% PEG4000

10%PEG8000 - 100mM HEPES > pH7.5 »
200mM Calcium Acetate

10%PEG8000 - 100mM HEPES > pH7.5 »
200mM Calcium Acetate

10%PEG8000 > 100mM MES > pH6.5 »
200mM Zinc Acetate



StyALLase 2 £ (547 3 =¢)

Kig - st B ST ELE Y w KRR R o%
0 PR Pl MR R R G TR NS

2k E:TB‘BBB’E.QP\%K{?&’C’

F1%* loop ¥ P~+ B StyALLase 2 £ B(FE 473 =) iz if 2 p KAl 5 =

P A8 P, 1% 1% % (10% PEG 8000 > 100 mM

0 A F
BB’EB.?LIL‘W pe |

REP S REenf R 2

N

HEPES > pH7.5 » 200 mM Calcium Acetate)cr% 35 ™ 25 = 2. & & > F
X Gk SEBGIE (7 MESTF SdT B SRR Yy 0 BT BEERAE 500 0 kR R
2 60 450 & & 45 R 0w 18 {7 7 % (Distnce: 500 > Time: 60 s » Phi:

45) BRI E S dr i B R SN S % § 7 o | Stk o
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StyALLase 2 £ (%547 4 %)

41 % loop ¥ P~+ B StyALLase 2 £ B(FE 474 =) iZif 2 p B354 =

Wr S ATPL A

xﬁ

e M E_B & & iE @ 5 (10% PEG 8000 © 100 mM
HEPES > pH7.5 » 200 mM Calcium Acetate)cr% 35 ™ 25 = 2. % & > F|
*oX R SESTIE (T ST F B B STy 0 AR B IR 500 0 kR
2 60 450 & & 225 R cnffiwe & 7 F S (Distnce: 500 0 Time: 60s > Phi:

225) » i RIS e % 15 S RSS2 SR
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StyALLase 2 £ (%547 4 %)

41 % loop ¥ P~+ B StyALLase 2 £ B(FE 474 =) iZif 2 p B354 =

Wr S ATPL A

xﬁ

e M E_B & & iE @ 5 (10% PEG 8000 © 100 mM
HEPES > pH7.5 » 200 mM Calcium Acetate)cH 335 ™ 25 = 2. % & > F|
*oX R SESTIE (T ST F B B STy 0 AR B IR 500 0 kR
2 60 450 & & 225 R cnffiwe i€ 7 F S (Distnce: 500 0 Time: 60s > Phi:

225) » i RIS e % 15 TS RSS2 SR o
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HsDHOase 4 £ % (i%547 3 %) HsDHOase 2 £ % (%515 4 =)

HsDHOase % £ (& 47 3 %) HsDHOase 4 £ (G517 4 %)

e

& i

HsDHOase

3 R B(5173 %)

15% PEG&000 > 50 mM Ammonium Sulfate > 100
mM Sodium Citrate

HsDHOase

4 £ B4 =)

15% PEGS8000 > 50 mM Ammonium Sulfate > 100
mM Sodium Citrate

HsDHOase

3 R B(5173 %)

30% PEG400 > 100 mM MES pH6.5 > 100 mM
Sodium Acetate

HsDHOase

3 £ B(517 4 =)

30% PEG400 > 100 mM MES pH6.5 » 100 mM

Sodium Acetate

60




HsDHOase 4 £ (G517 3 %) HsDHOase 2+ £ % (i547 4 %)

HsDHOase 4 £ (G547 3 %) HsDHOase 2+ £ % (i547 4 %)

fo ¥l & HF- SR g

HsDHOase 4 £ (%47 3 &) | 1.6M Magnesium Sulfate » 100 mM MES pH6.5

HsDHOase 2 £ (i547 4 %) | 1.6M Magnesium Sulfate - 100 mM MES pH6.5

HsDHOase 2 £ (%5147 3 =) | 800mM Potassium/sodium Tartrate > 100mM

HEPES pH7.5
HsDHOase 2 £ 4 (i%547 4 <) | 800mM Potassium/sodium Tartrate > 100mM
HEPES pH7.5
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HsDHOase 2 £ (%47 3 =) HsDHOase 2 £ % (%15 4 =)

HsDHOase 4 £ % (i%547 4 %)

5 Al 43

% £ i 4

HsDHOase 2 £ (%547 3 =)

1.2 M Ammonium Sulfate > 3% 2-Propanol > 50
mM Sodium Citrate

HsDHOase 2 £ B(% 47 4 =)

1.2 M Ammonium Sulfate > 3% 2-Propanol > 50
mM Sodium Citrate

HsDHOase 2 £ (%547 4 =)

500 mM Ammonium Sulfate > 1 M Lithium
Sulfate > 100 mM Sodium Citrate
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HsDHOase 4 £ B (547 3 =¢)

K= o -t RISESTEER Y v MRTR Rk s o P

&f’JF]: '1 l‘&ﬁ#’ﬁ‘)ﬁ T B s ,}1‘} N 3{{;3/1‘,.&. fflﬁ; vp

41 % loop ¥ P~+ B HsDHOase 2 £ B(FE+7 3 =) iz if 2 p K 315 =
Y 3 ®l o ZHhMWIL AL & iEE(05% PEG 8000 > 50 mM
Ammonium Sulfate > 100 mM Sodium Citrate)sr¥e 35 ™ 2 = 2. % & > F
*oX R SESTIE (T ST F B B STy 0 AR B IR 500 0 kR
220 450 & & 267 R i i€ 7 F S (Distnce: 500 0 Time: 20s > Phi:

267) 0 WRlE R dot B R N HMEH S S LT &SR
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HsDHOase 4 £ B (547 3 =¢)

K- H M) BlEEEE Y o KRR Tk o
BA TRt A % (4 T-10 A) > 825§ Sestmk

T ERR D AR R R &R

41 % loop ¥ P~+ B HsDHOase 2 £ B(FE+7 3 =x) iz if 2 p K A5 =

e X3 panht L WME Ak 5% 2 (500 mM Ammonium Sulfate >

M

1 M Lithium Sulfate > 100 mM Sodium Citrate)eZ 35 = 3) = 2_ % & >
FI# xSk MESTIE (7 MBS F BT B MESTECYy 0 R T BEEAE 500 0 kR
#5045 & & 2 & eofiiw iE {79 % (Distnce: 500 > Time: 50s > Phi:

2) MR EHFRIEG EHELEATHT B AKEITAET

64



HsDHOase 4 £ B (547 3 =¢)
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Dihydropyrimidinase (DHPase) is a member of the cyclic amidohydrolase family, which also includes
allantoinase, dihydroorotase (DHOase), hydantoinase, and imidase. Almost all of these zinc metal-
loenzymes possess a binuclear metal center in which two metal ions are bridged by a post-translational
carbamylated Lys. Crystal structure of Tetraodon nigroviridis DHPase reveals that one zinc ion is sufficient
to stabilize Lys carbamylation. In this study, we found that one metal coordination was not sufficient to
fix CO; to the Lys in bacterial DHPase. We prepared and characterized mono-Zn DHPase from Pseudo-
monas aeruginosa (PaDHPase), and the catalytic activity of mono-Zn PaDHPase was not detected. The
crystal structure of mono-Zn PaDHPase determined at 2.23 A resolution (PDB entry 6A]D) revealed that
Lys150 was no longer carbamylated. This finding indicated the decarbamylation of the Lys during the
metal chelating process. To confirm the state of Lys carbamylation in mono-Zn PaDHPase in solution,
mass spectrometric (MS) analysis was carried out. The MS result was in agreement with the theoretical
value for uncarbamylated PaDHPase. Crystal structure of the human DHOase domain (huDHOase)
K1556A mutant was also determined (PDB entry 5YNZ), and the structure revealed that the active site of
huDHOase K1556A mutant contained one metal ion. Like mono-Zn PaDHPase, oxygen ligands of the
carbamylated Lys were not required for Zna binding. Considering the collective data from X-ray crystal
structure and MS analysis, mono-Zn PaDHPase in both crystalline state and solution was not carbamy-
lated. In addition, structural evidences indicated that post-translational carbamylated Lys was not
required for Zna binding in PaDHPase and in huDHOase.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

lengthens the side chain [3—5]. A carbamylated Lys within the
active site of urease provides an oxygen ligand to each nickel,

Post-translational modification (PTM) on proteins has a regu-
latory role in many essential cellular processes by altering the
functional properties of proteins at a relatively low energy cost [1].
PTMs are typically reversible and may need a specific enzyme to
add covalent modification [1]. Post-translational Lys carbamylation,
i.e., a chemical reaction to add a carboxyl group to the e-amino
group of a Lys, was discovered more than 20 years ago [2]. This
modification on Lys creates a new amino acid that changes the side
chain from positive to negative charge at neutral pH and also

* 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.2018.09.153
0006-291X/© 2018 Elsevier Inc. All rights reserved.

thereby explaining the need for carbon dioxide in activation of the
apoenzyme and suggesting a role for di-metal binding [6]. To date,
more than 300 protein structures with Lys carbamylation, such as
pyruvate carboxylase, fB-lactamase, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), phosphodiesterase, hydantoi-
nase, urease, dihydroorotase (DHOase), allantoinase, and dihy-
dropyrimidinase (DHPase), can be found in the Protein Data Bank.

DHPase catalyzes the reversible cyclization of dihydrouracil to
N-carbamoyl-B-alanine in the second step of the pyrimidine
degradation pathway [7]. DHPase [3,8,9] is a member of the cyclic
amidohydrolase family [10,11], which also includes allantoinase
[4,12,13], DHOase [4,14—17], hydantoinase [5,18], and imidase
[19—21]. Almost all of these zinc enzymes contain the binuclear
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metal center that consists of four His, one Asp, and one post-
translational carbamylated Lys residues. Post-carbamylated Lys is
required for enzyme activity and self-assembly of binuclear metal
center [4,5]. Metals in DHPase can be removed by some chelators
[3]. The active site of apo-DHPase can be restored via titration with
metal ions, which restores activity [3]. Crystal structure of Tetrao-
don nigroviridis DHPase (TnDHPase) reveals that one zinc ion is
sufficient to stabilize Lys carbamylation [3]. Thus, vertebrate
DHPase may only need one zinc ion for catalytic reaction [3]. It
remains unclear whether or not only one metal is also sufficient for
stabilizing Lys carbamylation and normal function in bacterial
DHPase. Because molecular evidence is lacking, Lys carbamylation
in other mono-Zn DHPase and cyclic amidohydrolase such as
DHOase also remains to be elucidated.

In the present study, we prepared and characterized mono-Zn
Pseudomonas aeruginosa DHPase (PaDHPase). Unlike mono-Zn
TnDHPase, mono-Zn PaDHPase activity was undetectable. To find
the reason, we determined the crystal structure of mono-Zn
PaDHPase at 2.23 A resolution. Crystal structure of the human
DHOase domain (huDHOase) K1556A mutant was also determined,
and the structure revealed that the active site of huDHOase K1556A
mutant contained one metal ion. X-ray crystal structure and mass
spectrometric (MS) analysis revealed that mono-Zn PaDHPase in
crystalline state and solution was not carbamylated. Thus, no
enzyme activity was found.

2. Materials and methods
2.1. Protein expression and purification of PaDHPase

Construction of the PaDHPase expression plasmid has been re-
ported [8]. The recombinant PaDHPase was purified using the
protocol described previously for SSB-like proteins [22—25]. Briefly,
E. coli BL21(DE3) cells were transformed with the expression vector
and overexpression of the expression plasmids was induced by
incubating with 1 mM isopropyl thiogalactopyranoside. The protein
was purified from the soluble supernatant by Ni**-affinity chro-
matography (HiTrap HP; GE Healthcare Bio-Sciences), eluted with
Buffer A (20 mM Tris-HCI, 250 mM imidazole, and 0.5 M NaCl, pH
7.9). Protein purity remained at >97% as determined by SDS-PAGE
(Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

2.2. huDHOase K1556A mutant

In mammals, DHOase is found as part of the large multifunc-
tional protein, carbamoyl phosphate synthetase (CPSase)/aspartate
transcarbamoylase (ATCase)/DHOase protein (CAD) [26]. Con-
struction of huDHOase (aa 1456—1846 of CAD protein) expression
plasmid has been reported [27]. The huDHOase K1556A mutant
was generated using a QuikChange Site-Directed Mutagenesis kit
according to the manufacturer's protocol (Stratagene, LaJolla, CA).
The presence of the mutation was verified by DNA sequencing. The
oligonucleotide primers used for this mutant were as follows: 5’-
TCTGCAGCCGGGCTGGCGCTTTACCTCAAT-3' and 5'-CTCATTGAGG-
TAAAGCGCCAGCCCGGCTGC-3'. The underlined sequences denote
the mutated amino acid. The recombinant huDHOase K1556A
mutant protein was purified using the protocol described for
PaDHPase.

2.3. Preparation of mono-Zn PaDHPase

Purified PaDHPase was dialyzed against a chelating buffer
(50 mM MES, 50 mM EDTA, and 15 mM 8-HQSA, pH 6.5; Buffer B) at
room temperature for 3 days. The resultant enzyme solution was
then dialyzed against a dialysis buffer (20 mM HEPES and 100 mM

NaCl, pH 7.0; Buffer C).
2.4. Crystallography

Before crystallization, mono-Zn PaDHPase and huDHOase
K1556A mutant were concentrated to 20 mg/mL in Buffer C. Crys-
tals of mono-Zn PaDHPase were grown at room temperature by
hanging drop vapor diffusion in 25% PEG 4000, 100 mM Tris-HCl,
200 mM calcium chloride, pH 8.5. Crystals of huDHOase K1556A
mutant were grown in 2 M sodium chloride, 100 mM MES, 200 mM
sodium acetate, pH 6.5. Data were collected using an ADSC
Quantum-315r CCD area detector at SPXF beamline BL13C1 at
NSRRC (Taiwan, ROC). All data integration and scaling were carried
out using HKL-2000 [28]. The crystal structures of mono-Zn
PaDHPase and huDHOase K1556A mutant were determined with
the molecular replacement software Phaser-MR [29] using di-Zn
PaDHPase (PDB entry 5E5C) [30] and huDHOase (PDB entry 4BY3)
[31] as models, respectively. Models was built and refined with
PHENIX [32] and Coot [33].

2.5. MS analysis

The carbamylated and decarbamylated PaDHPases were
analyzed via matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) using the protocol
described previously [34]. The cinnamic acid derivative a-cyano-4-
hydroxycinnamic acid (CHCA) matrixes were dissolved in 50%
acetonitrile with 0.1% formic acid. One pL of sample was mixed with
an equal volume of CHCA, then 1puL of analyte solution was
deposited onto a stainless steel sample plate, air-dried, and
analyzed in a Voyager-DE Pro MALDI-TOF mass spectrometer
equipped with a pulsed nitrogen laser set at 337 nm (Applied Bio-
systems, CA). All mass spectra were acquired in the linear positive
ion mode with delayed extraction. The extraction and guide wire
voltages were set at 20kV and 0.2%. The mass calibration was
achieved using ion peaks of BSA. Data analysis was performed by
Data Explorer software (Applied Biosystems).

3. Results and discussion
3.1. Preparation of mono-Zn PaDHPase

PaDHPase is a di-Zn enzyme [30]. To determine the importance
of the binuclear metal center in PaDHPase activity and the rela-
tionship between post-translational Lys carbamylation and the
metals within the active site of PaDHPase, mono-Zn PaDHPase was
prepared and characterized. After analysis using inductively
coupled plasma mass spectrometry [4,5], we found that one metal
ion in di-Zn PaDHPase was removed by incubating with chelator
buffer containing 15 mM 8-HQSA and 50 mM EDTA for 3 days. EDTA
alone is a poor chelator for removal of metal in PaDHPase. Unlike
TnDHPase, however, the activity of mono-Zn PaDHPase was
undetected.

3.2. Crystal structure of mono-Zn PaDHPase

To determine which metal ion in di-Zn PaDHPase was removed
by the chelator buffer and to study the metal removing effect on the
enzyme structure-activity relationship, mono-Zn PaDHPase was
crystallized through hanging drop vapor diffusion for structure
determination. The crystal structure of mono-Zn PaDHPase at a
resolution of 2.23 A (Table 1) showed one zinc atom (designated as
Zna) in the active site (Fig. 1A). Zno was coordinated with His59
(2.67 A), His61 (2.72 A), and D316 (2.29 A). Three water molecules
were also found near Zna. H239, which was originally involved in
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Table 1
Data collection and refinement statistics.
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Data collection
Crystal
Wavelength (A)
Resolution (A)
Space group
Cell dimension (A)

Completeness (%)
(I/oly
Rsym or Rmerge (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/Rfree
No. atoms
Protein
Zinc
Water
R.m.s deviation
Bond lengths (A)
Bond angles (°)
Ramachandran Plot
In preferred regions

mono-Zn PaDHPase
0.975

30-2.23

P212:2

a=288.36 =90
b=110.17 =90
c=112.66 y=90
99.8 (99.9)°

129 (3.9)

0.133 (0.491)
5.1(5.2)

29.28—-2.23
54478
0.1819/0.2323

956
1
283

0.008
0.980

909 (95.48%)

huDHOase K1556A
0.975

30-2.77

222

a=388.84 « =90
b=108.63 =90
c=99.22 y=90
99.9 (99.7)*
23.68 (2.74)

0.07 (0.498)

44 (4.4)

29.8—-2.77
12440
0.2260/0.2889

363
1
14

0.011
1.188

335 (92.80%)

In allowed regions 35 (3.68%) 21 (5.82%)
Outliers 8(0.84%) 5(1.39%)
PDB entry 6AJD 5YZN
Rsym = =[I — T |/=], where 1 is the observed intensity, ‘I' is the statistically weighted average intensity of multiple observations of symmetry-related reflections.

2 Values in parentheses are for the highest resolution shell.

Fig. 1. Structures of the active site. (A) The mono-Zn PaDHPase. Lys150 was not carbamylated in mono-Zn PaDHPase. The composite omit map (at 1.0 ¢) showed that the electron
density between Zne. and Lys150 in mono-Zn PaDHPase was not connected. The distance between the e-amino group of Lys150 and Zna. was 4.4 A. (B) The mono-Zn TnDHPase. The
mono-Zn TnDHPase contains one metal (Zna) and carbamylated Lys155 (Kcx155). The electron density between Zne. and Lys155 in mono-Zn TnDHPase is connected. (C) The di-Zn
PaDHPase. The di-Zn PaDHPase contains two metals (Zna and Znf) and carbamylated Lys150 (Kcx150). The Lys in mono-Zn TnDHPase and di-Zn PaDHPase are carbamylated, but not

in mono-Zn PaDHPase.

coordination with Znf of di-Zn PaDHPase, was loosely associated
with Zna at a distance of 3.38 A. Unlike in mono-Zn TnDHPase
(Fig. 1B) [3], Lys150 was not carbamylated in mono-Zn PaDHPase
(Fig. 1A). The composite omit map showed that the electron density
between Zna and Lys150 in mono-Zn PaDHPase was not connected.
The distance (4.4 A) between the e-amino group of Lys150 and Zna.

Table 2
Distance between metal and residues.

was not reasonable for interaction (Table 2). In addition, crystal-
lographic analyses also indicated that Znf in di-Zn PaDHPase
(Fig. 1C) was easily removed. Thus, structural evidence in this study
indicated that the Lys in mono-Zn TnDHPase [3] and di-Zn PaDH-
Pase [30] are carbamylated, but not in mono-Zn PaDHPase (PDB
entry 6A]D).

di-Zn PaDHPase (PDB entry 5E5C)

mono-Zn PaDHPase (PDB entry 6AJD)

Metal Residue Dist. [A]
Zno H59 [NE2] 2.19
Zna H61 [NE2] 230
Zno, Kex150 [0X1] 204
Zno, D316 [OD1] 230
Znp H183 [ND1] 234
Znp H239 [NE2] 3.13
Znp K150 [0X2] 1.85

Znp Zna, 2.89

Metal Residue Dist. [A]
Zna, H59 [NE2] 2.67
Zno. H61 [NE2] 2.72
Zno, K150 [NZ] 439
Zno, D316 [OD1] 229
Zna H183 [ND1] 461
Zno. H239 [NE2] 3.38
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3.3. MS analysis of mono-Zn PaDHPase

The crystal structure of mono-Zn PaDHPase revealed that
carbamylation did not occur. To verify whether the Lys was still
uncarbamylated in solution, mono-Zn PaDHPase and di-Zn
PaDHPase were analyzed via mass spectrometry. MALDI-TOF MS
analysis of the mono-Zn PaDHPase (Fig. 2A) and di-Zn PaDHPase
(Fig. 2B) gave molecular weights of 52952.87 and 52997.34,
respectively. The molecular weight of mono-Zn PaDHPase agreed
well with the theoretical value for the uncarbamylated PaDHPase.
The difference (52 997.34—52 952.87 =44.47) was reasonable for
CO,;. Thus, mono-Zn PaDHPase in both crystalline and solution did
not have carbamylated Lys (Figs. 1A and 2A, respectively). Unlike
TnDHPase, one metal atom (Zna) bound in the active site of
PaDHPase was not sufficient to maintain the carbamylation on
Lys150.

3.4. Structural comparison of the di-Zn PaDHPase and mono-Zn
PaDHPase

Besides the post-translational carbamylation, the superimposed
structures of di-Zn PaDHPase and mono-Zn PaDHPase also revealed
conformational changes at the active sites (Fig. 3), especially for
His239 and His183. Relative to their positions in mono-Zn PaDH-
Pase (cyan), the side-chain orientations of His239 and His183 in di-
Zn PaDHPase (yellow) shifted by angles of 20.09° and 12.95° and
distances of 1.14 and 0.58 A, respectively. The conformation of
carbamylated Lys150 in di-Zn PaDHPase and uncarbamylated
Lys150 in mono-Zn PaDHPase did not significantly differ in
position.

3.5. Post-carbamylated lysine was not required for Zna binding in
PaDHPase

The post-translational lysine carbamylation facilitated either
one or two metal ions coordination, such as in the following:
RuBisCO [35], which binds one Mg?*; and urease [2,6], which binds
two Ni?* jons. Intuitively, for the Lys side chain to serve as bridging
ligand to the two metals within the binuclear metal center, car-
bamylation through a reaction with carbon dioxide in di-metal
amidohydrolase superfamily needs to occur first [3]. However, the
Lys in mono-Zn PaDHPase did not undergo carbamylation (Fig. 1A).
The composite omit map clearly showed that the electron density

Fig. 3. Structural comparison of the di-Zn PaDHPase and mono-Zn PaDHPase.
Besides the post-translational carbamylation, the superimposed structures of di-Zn
PaDHPase and mono-Zn PaDHPase also revealed conformational changes at the
active sites, especially for His239 and His183. Relative to their positions in mono-Zn
PaDHPase (cyan), the side-chain orientations of His239 and His183 in di-Zn PaDH-
Pase (yellow) shifted by angles of 20.09° and 12.95° and distances of 1.14 and 0.58 A,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

between Zna. and Lys150 in mono-Zn PaDHPase was not connected.
In addition, post-carbamylated Lys was not required for Zna bind-
ing in PaDHPase. Based on these structural data, we concluded that
the post-carbamylation mechanism on the Lys among these met-
alloenzymes may differ.

3.6. Crystal structure of huDHOase K1556A mutant

Whether the post-carbamylated Lys is also not required for Zna
binding in DHOase remains unclear. We made an attempt to crys-
tallize mono-Zn huDHOase, but we did not get suitable crystals for
structure determination. However, we obtained crystals of huD-
HOase K1556A mutant successfully. Like DHPase, huDHOase is also
a member of the cyclic amidohydrolase family [36]. The crystal

Fig. 2. MS analysis. To verify whether the Lys was uncarbamylated in solution, (A) mono-Zn PaDHPase and (B) di-Zn PaDHPase were analyzed via MALDI-TOF MS. The mono-Zn
PaDHPase and di-Zn PaDHPase gave molecular weights of 52 952.87 and 52 997.34, respectively. The difference (44.47) was reasonable for CO,. Thus, one metal atom bound in the

active site of PaDHPase was not sufficient to maintain the carbamylation on Lys150.
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Fig. 4. Crystal structure of huDHOase K1556A mutant. The post-carbamylated Lys in
huDHOase is important for di-metal binding. The crystal structure of huDHOase
K1556A mutant revealed that the active site contained one metal ion. Thus, oxygen
ligands of the carbamylated Lys in huDHOase were not absolutely required for di-metal
binding. Like PaDHPase, structural evidence showed that only Znp in huDHOase was
affected by the carbamylation/decarbamylation in huDHOase.

structure of huDHOase K1556A mutant was solved at 2.77 A (Fig. 4;
PDB entry 5YNZ). The crystal structure revealed that when the
carbamylated Lys was absent, huDHOase did not lose Zn** ions
completely. Like mono-Zn PaDHPase, huDHOase K1556A mutant
still contained one metal ion (Zna). Thus, oxygen ligands of the
carbamylated Lys in huDHOase were not absolutely required for di-
metal binding. Only Znf3 in huDHOase was affected by the carba-
mylation/decarbamylation.

In conclusion, we prepared and characterized mono-Zn PaDH-
Pase through X-ray crystal structural and MS analyses. Post-
translational carbamylated Lys was not required for Zna binding
in PaDHPase, both in crystalline state (Fig. 1) and solution (Fig. 2).
Post-translational carbamylated Lys was also not required for Zno.
binding in huDHOase. These cases were different from that of
vertebrate DHPase (TnDHPase). Furthermore, one metal ion in
PaDHPase was not sufficient to stabilize carbamylation, and mono-
Zn PaDHPase was inactive. Hence, the di-Zn metal center in
PaDHPase was essential [8].
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Dihydropyrimidinase, a dimetalloenzyme containing a carboxylated lysine within the active site, is a member of the cyclic
amidohydrolase family, which also includes allantoinase, dihydroorotase, hydantoinase, and imidase. Unlike all known dihy-
dropyrimidinases, which are tetrameric, pseudomonal dihydropyrimidinase forms a dimer at neutral pH. In this paper, we report
the crystal structure of P. aeruginosa dihydropyrimidinase at pH 5.9 (PDB entry 5YKD). The crystals of P. aeruginosa dihy-
dropyrimidinase belonged to space group €222, with cell dimensions of a=108.9, b=155.7, and ¢ =235.6 A. The structure of
P. aeruginosa dihydropyrimidinase was solved at 2.17 A resolution. An asymmetric unit of the crystal contained four crystal-
lographically independent P. aeruginosa dihydropyrimidinase monomers. Gel filtration chromatographic analysis of purified
P. aeruginosa dihydropyrimidinase revealed a mixture of dimers and tetramers at pH 5.9. Thus, P. aeruginosa dihydropyr-
imidinase can form a stable tetramer both in the crystalline state and in the solution. Based on sequence analysis and structural
comparison of the dimer-dimer interface between P. aeruginosa dihydropyrimidinase and Thermus sp. dihydropyrimidinase,

different oligomerization mechanisms are proposed.

1. Introduction

Dihydropyrimidinase is a key enzyme for pyrimidine catab-
olism [1, 2]. Dihydropyrimidinase catalyzes the reversible
cyclization of dihydrouracil to N-carbamoyl-S-alanine in the
second step of the pyrimidine degradation pathway (Figure 1).
Dihydropyrimidinase can also detoxify xenobiotics with an
imide functional group, ranging from linear imides to het-
erocyclic imides [3-9]. Homologous enzymes from micro-
organisms are known as hydantoinase, used as biocatalyst for
hydrolysis of 5-monosubstituted hydantoins in the synthesis of
D- and L-amino acids [10, 11]. Optically pure amino acids have
been widely used as intermediates for semisynthesis of anti-
biotics, active peptides, hormones, antifungal agents, pesti-
cides, and sweeteners. Dihydropyrimidinase and hydantoinase
generally possess a similar active site, but their overall se-
quence identity and substrate specificity may differ [3, 12]. For
example, hydantoinase purified from Agrobacterium species
has no 5,6-dihydropyrimidine amidohydrolase activity [13].
Dihydropyrimidinases from the yeast Saccharomyces kluyveri

and the slime mold Dictyostelium discoideum do not hydrolyze
hydantoin [14]. Thus, several bacterial hydantoinases are
still named and identified as dihydropyrimidinase because
of their catalytic activity toward natural substrates, namely,
dihydrouracil and dihydrothymine. These bacterial en-
zymes include Pseudomonas aeruginosa and Thermus sp.
dihydropyrimidinases [15, 16].

Dihydropyrimidinase, hydantoinase, imidase, allantoi-
nase, and dihydroorotase belong to the cyclic amidohy-
drolase family because of their functional and structural
similarities [17]. Members of this enzyme family catalyze the
ring-opening hydrolysis of the cyclic amide bond of each
substrate in either five- or six-membered rings. Even if these
enzymes have similar functions, they have relatively low
amino acid sequence identity. In addition, the substrate
selectivity and specificity of these enzymes highly differ
[18, 19]. Most of the active sites of dihydropyrimidinases,
hydantoinases, allantoinases, and dihydroorotases contain
four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic


mailto:cyhuang@csmu.edu.tw
http://orcid.org/0000-0002-0935-7079
https://doi.org/10.1155/2018/9564391

(0]
COOH
+H,0

N\H/ N —— N \”/NHZ
(@) (¢)
Dihydrouracil N-carbamoyl-f-alanine

Ficure I: The physiological reaction of dihydropyrimidinase.
Dihydropyrimidinase catalyzes the reversible cyclization of dihy-
drouracil to N-carbamoyl-B-alanine in the second step of the
pyrimidine degradation pathway.

activity [8, 15, 18, 20, 21]. The presence of a carboxylated
lysine in hydantoinase is also required for the self-assembly
of the binuclear metal center [12, 20, 22] and increases the
nucleophilicity of the hydroxide for catalysis [23]. The global
architecture of the dihydropyrimidinase monomer consists
of two domains, namely, a large domain with a classic (5/a)g-
barrel structure core embedding the catalytic dimetal center
and a small B-sandwich domain [16, 22, 24, 25].

All known dihydropyrimidinases are tetramers except
pseudomonal enzymes. Hydantoinase from P. putida YZ-26
functions as a dimer [26, 27]. Recently, we identified that
dihydropyrimidinase from P. aeruginosa PAO1 also forms
a dimer [28]. In addition, the crystal structure of P. aeruginosa
PAO1 dihydropyrimidinase indicated that several residues
crucial for tetramerization are not found in P. aeruginosa
dihydropyrimidinase [28]. In this study, we found that the
oligomerization of P. aeruginosa PAO1 dihydropyrimidinase
is a pH-dependent process. At pH 5.9, P. aeruginosa PAO1
dihydropyrimidinase mainly formed a tetramer. To confirm
this result and determine how this enzyme can also form
a tetramer, we also determined the crystal structure of
P. aeruginosa PAO1 dihydropyrimidinase at 2.17 A resolution
at acidic environment. Structural comparison indicated that
although P. aeruginosa PAO1 dihydropyrimidinase can also
form a tetramer, the residues being crucial for tetramerization
are different from those in Thermus sp. dihydropyrimidinases.

2. Materials and Methods

2.1. Cloning, Protein Expression, and Purification. Construction
of the P. aeruginosa dihydropyrimidinase expression plas-
mid has been reported [15]. Recombinant P. aeruginosa
dihydropyrimidinase was expressed and purified using the
protocol described previously [15]. The protein purified from
the soluble supernatant by Ni**-affinity chromatography
(HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) was eluted with Buffer A (20 mM Tris-HCI, 250 mM
imidazole, and 0.5M 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 > 97% as determined by SDS-
PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

2.2. Gel Filtration Chromatography. Gel filtration chro-
matography was carried out by the AKTA-FPLC system
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA). In brief,
purified protein (5mg/mL) in Buffer C (20 mM MES and
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TaBLE 1: Data collection and refinement statistics.

Data collection
Crystal

P. aeruginosa dihydropyrimidinase

Wavelength (A) 0.975
Resolution (A) 30-2.17
Space group C222,
) a=108.9, a=90
Cell dimension (A) b=155.7, =90
c=235.6, y=120
Completeness (%) 99.8 (100)*
<I/ol> 15.13 (3.7)
Regm OF Rinerge (%) 0.122 (0.599)
Redundancy 7.1 (7.3)
Refinement
Resolution (A) 30-2.17
Number of reflections 100197
Ryor/Riree 0.1759/0.2312
Number of atoms
Protein 1912
Water 312
RMS deviation
Bond lengths (A) 0.0151
Bond angles (°) 1.6495

Ramachandran plot
In preferred regions
In allowed regions
Outliers

PDB entry

1345 (94.19%)
68 (4.76%)
15 (1.05%)

5YKD

*Values in parentheses are for the highest resolution shell.

100 mM NaCl, pH 5.9) was applied to a Superdex 200 prep
grade column (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) equilibrated with the same buffer [29]. The column
was operated at a flow rate of 0.5mL/min, and the proteins
were detected at 280 nm. The column was calibrated with
proteins of known molecular weight: thyroglobulin (670 kDa),
y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa),
and vitamin B, (1.35kDa).

2.3. Crystallography. Before crystallization, P. aeruginosa
dihydropyrimidinase was concentrated to 20mg/mL in
Buffer C. Crystals were grown at room temperature by
hanging drop vapor diffusion in 10% PEG 8000, 100 mM
HEPES, 200 mM calcium acetate, pH 5.9. Data collection
and refinement statistics for the crystal of P. aeruginosa
dihydropyrimidinase are shown in Table 1. Data were col-
lected using an ADSC Quantum-315r CCD area detector at
SPXF beamline BL13C1 at NSRRC (Taiwan, ROC). All data
integration and scaling were carried out using HKL-2000
[30]. There were four P. aeruginosa dihydropyrimidinase
monomers per asymmetric unit. The crystal structure of
P. aeruginosa dihydropyrimidinase was solved at 217 A reso-
lution with the molecular replacement software AMoRe [31]
using the dihydropyrimidinase (PDB entry 5E5C) [28] as
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(a)

(b)

F1GURE 2: Crystal structure of P. aeruginosa dihydropyrimidinase. (a) Ribbon diagram of a P. aeruginosa dihydropyrimidinase tetramer.
Each P. aeruginosa dihydropyrimidinase monomer is color-coded. Two zinc ions in the active site are presented as black spheres. (b) Ribbon
diagram of a P. aeruginosa dihydropyrimidinase monomer with the secondary structures labeled.
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FIGURE 3: Structural comparison. (a) Superposition of the active site of dihydropyrimidinases. Their active sites contain four histidines, one
aspartate, and one carboxylated lysine residue, which are required for metal binding and catalytic activity. Dihydropyrimidinases from
P. aeruginosa (PDB entry 5E5C; green), Thermus sp. (PDB entry 1GKQ; salmon), Tetraodon nigroviridis (PDB entry 4HO1; pale yellow), and
the structure (PDB entry 5YKD; purple blue) in this study are shown. The architecture of these active sites is similar. (b) Superposition of the
active site of members of the amidohydrolase family. Their active sites contain four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic activity. P. aeruginosa dihydropyrimidinase (PDB entry 5YKD; purple blue),
Escherichia coli allantoinase (PDB entry 3E74; bright orange), Burkholderia pickettii hydantoinase (PDB entry INFG; aquamarine), and
E. coli dihydroorotase (PDB entry 1J79; brown) are shown. The architecture of these active sites is similar.

model. After molecular replacement, model building was
carried out using XtalView [32]. CNS was used for molecular
dynamics refinement [33]. The final structure was refined to
an R-factor of 0.1759 and an Rg.. of 0.2312. Atomic co-
ordinates and related structural factors have been deposited
in the PDB with accession code 5YKD.

3. Results and Discussion

3.1. Structure of the P. aeruginosa Dihydropyrimidinase
Monomer. Crystals of P. aeruginosa dihydropyrimidinase

were grown at room temperature by hanging drop vapor
diffusion in 10% PEG 8000, 100 mM HEPES, 200 mM cal-
cium acetate, pH 5.9. The crystals of P. aeruginosa dihy-
dropyrimidinase grown under this condition belonged to
space group C222; with cell dimensions of a=108.9,
b=155.7,and c = 235.6 A. The crystal structure of P. aeruginosa
dihydropyrimidinase was solved at 2.17 A resolution (Table
1). The unit cell contained eight molecules. An asymmetric
unit of the crystal contained four crystallographically in-
dependent P. aeruginosa dihydropyrimidinase monomers,
in which two zinc ions were found in the active site per
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FIGURE 4: Gel filtration chromatographic analysis. Gel filtration chromatography was carried out by the AKTA-FPLC system in Buffer C
(20 mM MES and 100 mM NaCl, pH 5.9). The corresponding peaks show the eluting P. aeruginosa dihydropyrimidinase. The column was
calibrated with proteins of known molecular weight: thyroglobulin (670kDa), y-globulin (158kDa), ovalbumin (44 kDa), myoglobin

(17 kDa), and vitamin B;, (1.35kDa).

FI1GURE 5: The structure of P. aeruginosa dihydropyrimidinase tetramer. An asymmetric unit contains four crystallographically independent
P. aeruginosa dihydropyrimidinase monomers B-A-C-D. Crystallographically related tetramer B-A-C’-D’ was formed and further stabilized
via many hydrogen bonds and salt bridges. This tetramerization structure was similar to that of Thermus sp. dihydropyrimidinase

(PDB entry 1GKQ).

monomer (Figure 2(a)). The majority of the electron density
for P. aeruginosa dihydropyrimidinase exhibited good
quality, and no discontinuity was observed. Briefly, the
overall structure of each P. aeruginosa dihydropyrimidinase
unit consists of 17 a-helices, 19 -sheets, and two zinc ions
(Figure 2(b)). At pH 5.9, the architecture of the P. aeruginosa
dihydropyrimidinase monomer consists of two domains,
namely, a large domain with a classic (f8/a)g-barrel struc-
ture core embedding the catalytic dimetal center and a small
p-sandwich domain.

3.2. Structural Comparison. The overall structure and ar-
chitecture of the active site of P. aeruginosa dihydropyr-
imidinase are similar to those of other dihydropyrimidinases
(Figure 3(a)) and other members of the amidohydrolase
family of enzymes, such as hydantoinases, dihydroorotases,

and allantoinases (Figure 3(b)). The active sites of these
enzymes contain four histidines, one aspartate, and one
carboxylated lysine residue, which are required for metal
binding and catalytic activity [12, 14, 15, 19, 20, 34, 35].

3.3. pH-Dependent Oligomerization of P. aeruginosa
Dihydropyrimidinase. It was noted that the crystals of the
dimeric P. aeruginosa dihydropyrimidinase belonged to
space group P3,21 grown at the condition of 28% PEG 6000,
100 mM HEPES, 200 mM lithium acetate, pH 7.5 [28]. Due
to the different crystallization condition, we attempted to
test whether the oligomerization of P. aeruginosa dihy-
dropyrimidinase is pH-dependent. All known dihydropyr-
imidinases are tetramers. However, pseudomonal
dihydropyrimidinase/hydantoinase forms a dimer at neu-
tral pH [26-28]. Given that the structure implies that
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TaBLE 2: The formation of hydrogen bonds at the dimer-dimer
interface of P. aeruginosa dihydropyrimidinase.

TaBLE 3: The formation of salt bridges at the dimer-dimer interface
of P. aeruginosa dihydropyrimidinase.

Subunit 1 Distance [A] Subunit 2 Subunit 1 Distance [A] Subunit 2
A: K374 [NZ] 3.00 B: E14 [OE1] A: K374 [NZ] 3.00 B: E14 [OE1]
A: H13 [NE2] 2.88 B: E14 [OE1] A: H13 [NE2] 2.88 B: E14 [OEI]
A: R386 [NH2] 3.86 B: E14 [OE2] A: R386 [NH2] 3.86 B: E14 [OE2]
A: R386 [NHI] 2.81 B: E15 [OE2] A: H13 [NE2] 3.75 B: El14 [OE2]
A: R386 [NH2] 2.83 B: E15 [OE2] A: R386 [NHI] 3.55 B: E15 [OE]]
A: R468 [NH2] 361 B: Q306 [OE1] A: R386 [NHI] 2.81 B: EI5 [OE2]
A: R253 [NHI] 3.27 B: $307 [O] A: R386 [NH2] 2.83 B: EI5 [OE2]
A: R253 [NH2] 3.13 B: $307 [O] A: El4 [OE]] 3.09 B: K374 [NZ]
A: R467 [NHI] 2.92 B: V354 [O] A: E14 [OE1] 2.47 B: H13 [NE2]
A: R468 [NE] 2.95 B: G357 [O] A: E14 [OE2] 3.93 B: H13 [NE2]
A: R468 [NH2] 3.09 B: G357 [0] A: E15 [OE1] 3.69 B: R386 [NHI]
A: R468 [NH2] 3.40 B: R358 [O] A: E15 [OE2] 3.00 B: R386 [NH2]
A: R467 [NHI] 3.24 B: 1359 [O] A: E15 [OE2] 2.70 B: R386 [NHI]
A: E14 [OE1] 3.09 B: K374 [NZ] C': H13 [NE2] 2.79 D’: E14 [OE1]
A: El4 [OE1] 2.47 B: H13 [NE2] C': K374 [NZ] 325 D’: E14 [OE]]
A: E15 [OE2] 2.70 B: R386 [NHI] C': Hi3 [NE2] 3.86 D’ E14 [OE2]
A: $307 [O] 3.30 B: R253 [NH]I] C': R386 [NHI] 2.85 D’: E15 [OEl]
A: S307 [O] 3.55 B: R253 [NH2] C': R386 [NH2] 3.84 D’: E15 [OE1]
A: V354 [O] 291 B: R467 [NHI] C': R386 [NHI1] 2.96 D': E15 [OE2]
A: G357 [O] 2.94 B: R468 [NH2] C': R386 [NH2] 2.59 D’: E15 [OE2]
A: G357 [O] 2.94 B: R468 [NE] C': E14 [OE]] 2.88 D’: H13 [NE2]
A: R358 [O] 3.56 B: R468 [NH2] C': E14 [OE1] 2.89 D’: K374 [NZ]
A: 1359 [O] 3.16 B: R467 [NHI1] C': E14 [OE2] 3.78 D’: H13 [NE2]
C': H13 [NE2] 2.79 D': E14 [OE1] C': E15 [OE1] 3.34 D': R386 [NH1]
C': K374 [NZ] 3.25 D’: E14 [OEI] C': E15 [OE2] 2.88 D’: R386 [NH1]
C': R386 [NHI] 2.85 D’: E15 [OE1] C': E15 [OE2] 2.73 D’: R386 [NH2]
C': R386 [NH2] 2.59 D’: E15 [OE2]

': R4 H2 2 D" El . . .

C, R468 [NH2] 3.26 IQ306 [OE1] elution volume of 63.25 and 69. 26 mL did coexist. The
C,: R253 [NH1| 3.13 D ,: §307 [O] molecular mass of a P. aeruginosa dihydropyrimidinase
C: R253 [NH2] 3.16 D" §307 [O] monomer, as calculated from the amino acid sequence, is
C': R468 [NE] 2.71 D': G357 [O] 53kDa. Assuming that these two forms of P. aeruginosa
C': R468 [NH2] 3.11 D': R358 [O] dihydropyrimidinase have a shape and partial specific vol-
C': E14 [OE1] 2.88 D': H13 [NE2] ume similar to the standard proteins, the native molecular
C': E14 [OE1] .89 D': K374 [NZ] masses of P. aeruginosa dihydropyrimidinase were estimated
C': E15 [OE2] 2.88 D’: R386 [NHI] to be 105 and 180 kDa, approximately 1.9 and 3.5 times the

, , molecular mass of a P. aeruginosa dihydropyrimidinase
C': E15 [OE2] 2.73 D’: R386 [NH2] ) .

, , monomer, respectively. In comparison at pH 7.5, gel fil-
CI' Q306 [OE1] 3.53 D ; R468 [NH2] tration chromatographic analysis of P. aeruginosa dihy-
C': §307 [O] 3.21 D’: R253 [NH1] dropyrimidinase revealed a single peak; the native molecular
C': 8307 [O] 3.59 D': R253 [NH2] mass was estimated to be 117 kDa [28]. The two forms of this
C': G357 [O] 2.65 D': R468 [NE] enzyme obtained from the gel filtration chromatography at
C’: R358 [O] 3.33 D': R468 [NH2] pH 5.9 had similar specific activity (data not shown). Thus,

P. aeruginosa dihydropyrimidinase may also form a tetramer
in the crystalline state at pH 5.9 (Figure 2(a)), we performed
biochemical verification to confirm the oligomerization
state. To confirm whether or not the oligomerization of
P. aeruginosa dihydropyrimidinase is pH-dependent, we
conducted gel filtration chromatography at pH 5.9. As
shown in Figure 4, the results revealed that two species with

P. aeruginosa dihydropyrimidinase did exist as a mixture of
dimers and tetramers at pH 5.9.

3.4. Structural Insights into Dimer of Dimer (Tetramer)
Formation of Dihydropyrimidinase. In this study, we have
identified that P. aeruginosa dihydropyrimidinase did exist
as a mixture of dimers and tetramers at pH 5.9. To assess
how P. aeruginosa dihydropyrimidinase can form a stable
tetramer, the dimer-dimer interface was analyzed. In the
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(b)

F1GURE 6: Comparison of the tetrameric structures of Thermus sp. dihydropyrimidinase and P. aeruginosa dihydropyrimidinase.
(a) Structural analysis of the dimer-dimer interface of P. aeruginosa dihydropyrimidinase. The distance (A) of the residues is shown.
(b) Many residues crucial for forming hydrogen bonds at the dimer-dimer interface of P. aeruginosa dihydropyrimidinase were not found in

the dimer-dimer interface of Thermus sp. dihydropyrimidinase.

R Pseudomonas aeruginosa PAO1
- Thermus sp.

60

119
120

179
179

239
239

299
298

359
358

419
418

478
458

479

FIGURE 7: Sequence alignment of dihydropyrimidinases from P. aeruginosa and Thermus sp. The amino acids that are involved in dimer-
dimer interface of P. aeruginosa and Thermus sp. dihydropyrimidinase are boxed, respectively.

crystal of P. aeruginosa dihydropyrimidinase, the four
molecules formed two pairs of dimers, B-A and C-D, re-
spectively (Figure 5). Since the two dimers of P. aeruginosa
dihydropyrimidinase associate via few contacts to create the

tetramer, it was thought that the tetrameric state may be
possibly due to crystal packing forces. We noted that in the
crystal, another crystallographically related tetramer B-A-
C'-D’ (Figure 5) was formed and further stabilized via many
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hydrogen bonds and salt bridges (Tables 2 and 3). This
tetramerization structure was similar to that of Thermus sp.
dihydropyrimidinase (PDB entry 1GKQ).

We also compared the residues important for tetrame-
rization located at the B-A-C'-D’ dimer-dimer interface
with those of Thermus sp. dihydropyrimidinase (Figure 6).
Although their overall structures are similar, the important
residues for tetramer (dimer B-C' with dimer A-D’) for-
mation are quite different. For the tetramer formation of
P. aeruginosa dihydropyrimidinase, many hydrogen bonds
with close distance were found: these bonds (<3 A) include
K374(A)-E14(B), H13(A)-E14(B), R386(A)-E14(B), R386
(A)-E15(B), R467(A)-V354(B), R468(A)-G357(B), E14(A)-
H13(B), E15(A)-R386(B), V354(A)-R467(B), G357(A)-R468(B),
H13(C')-E14(D"), R386(C')-E15(D'), R468(C')-G357(D’),
E14(C")-H13(D"), E14(C")-K374(D’"), E15(C")-R386(D’), and
G357(C")-R468(D'); however, these residues were not found
for the tetramer formation of Thermus sp. dihydropyrimidinase
(Figure 6). Only A13-D14 hydrogen bond was found
in Thermus sp. dihydropyrimidinase (i.e., HI3-El4 in
P. aeruginosa dihydropyrimidinase). Thus, the dimer-dimer
interface between P. aeruginosa dihydropyrimidinase and
Thermus sp. dihydropyrimidinase was significantly different
(Figure 7). Comparison by superimposition indicated that
many Arg residues (R253, R358, R386, R467, and R468)
tound in P. aeruginosa dihydropyrimidinase, but not in
Thermus sp. dihydropyrimidinase, may play a crucial role
for the pH-dependent oligomerization. If consider the pK,,
a much better candidate is Hisl13, which is involved in
intermolecular interactions and, dependent on the envi-
ronment of its side chain, which may easily change pro-
tonation state between pH 5.9 and pH 7.5. However, this
speculation needs to be confirmed by further biochemical
experiments.

3.5. Different Mechanisms for Tetramer Formation of
Dihydropyrimidinases. In this study, we identified P. aeruginosa
dihydropyrimidinase can be a tetramer both in the crys-
talline state and in solution (Figure 4). The structure of the
tetrameric Thermus sp. dihydropyrimidinase and P. aeruginosa
dihydropyrimidinase was compared (Figure 6). Many important
residues for Thermus sp. dihydropyrimidinase tetramer for-
mation are different from those for P. aeruginosa dihy-
dropyrimidinase (Figure 7). On the basis of these results,
we concluded that P. aeruginosa dihydropyrimidinase could
form a tetramer, but its oligomerization mechanism differed
from those of other dihydropyrimidinases such as Thermus
sp. dihydropyrimidinase.
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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
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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®
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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
BiBrEvEvER ETxBrELrsT

51 61 71
vvvEKRKQEEN vkNYLs[sL

101 111 121

PNGVNVGTFT

acvofrEoTR NEENKD[oRrV

RSC Advances

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
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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
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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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