LACIEIEdE

BEEMTTHRANLAZRST 575 LABEEERON AL
BER > T DERE L8

R TR
RS A LTSI GHRER TS 7 — 2o B » BEBFSES — A
T230-0045 R AT TS RIXORIAR] 1-7-22

G VT LBMRREREEEEMF TANESOE S ARDOALEZRYAKR, SKEELTHATS, —FH, ZOBRICE
L2BREBEMALNEETHD7H, ABC F T AR—97—D—BTHDNLPHAR > 7 HrtBA W\ THE
[CBALTEEALZHEH LBET S, 46, H4ld HrtBA O&{LSFAMEERITZT O L& b(C, THRE, NLK
AR, XUV LA FRESROIAEEE X RSB EBINICL > TREL . HrtBA (4 EEEEY 71=v T
HZHrtB2>& ATPase 7 1= F THB HrtA2 oHh 5B 3%, AL HtBY A v—DEEBERA(DE
AEECHDTILY I CBRERECEMLTEY, MREREE_EROABOFKEESHICHYTIMEICDH -
Too XVLAF FEEABRTEIDALBEATMAZERT D 4ARDA) v T IHRHEELTHEY, NLBKFEATERL
RECR>TWeo —F, FRETEINDL 4RO v 7 ZADN RILIEEDRERN, T 3 BERENELR
[CEBHTIEEL > TWW oo INHLDEERBITG L UHERITOKREN D, HrtBA (IIEEEAZBCRALIAL
LY I CBRICELDMUZHECENRD T AR—Y —RIC5] E:AHR, ATP OFEENE|IERTHEERLICL -
TALEMIEDOHANLGEB I E 2 L0 S HEHBENEO M & > 7o,

1. BUBIC LT, HBEOSWHREEANLFEEG X VN7 E, ATP-
binding cassette (ABC) # A 7D A Vik—2— & Zhic
ANL T EFRILT 0 U VEER) BELSOEYPESL [T ANLKEX VN BE» G AY (Fig.14&), MBS
ERL TR 58RO 2 VN7 BfRFTHD, I b YU Lo THHE I N/RIMER 2 HIRH L /eNEr/B ey
AV FUTOEBFRERY P 7 HLARLANEZBE Y, Y OANLARIEKRRIN/zOL, A VR—2—0D 4D AT-
71N PAS07: £ 2 K DN Z VN7 BIZ B W THEMEAHO Pase it (ATP ks f#iG % : ATP—~>ADP+Pi) %#BK
ELTENTWAY, —TJ7, XV N7 BEICEENCIERE L e L TEARNICEESINS, MOAZTN/IALGZED
Tz, Wb s [EREANL | MR Y 7 FIVRT FEMHASNDE D, NAFTFVTrF—XIZk > TRILVT 4
HFIRT & L TEWVW T 528, @FIC 7% % &\ Mo
RS L ENMONTWAY, HEA AT BN S Heme-binding
M % (Reactive Oxygen Species, ROS) # /R L, Hg Heme 1 proteins
BRI BRBESY AL L (BLIE A—D) 2lF

BRIk S L CIREIE S A 4 BaN e E2 52 L T glﬁﬁﬂﬁ' B’ dﬁﬂﬂ
s BT % b X T\ B, ) %

IR I OO S 5 & ST <0 S oA
B ERIEL, TEICEHC kbbb, MEICE > THEND hodsoos :
DR, ®F, UV EOEBETHAES C L AMRICL Sossons SRR
ACTHHDORLHHATHAN, PEBLEECTHS L ' "Cmp
i3, &< ORREETANLEE « IENLPEZNZENID AL % ADP
REEE LY L > TWAH T &, MR OB ks /2 o3 Detoxification of
FC<, BRPMOMFHETOEELHBL T0oI & omxz“ﬁ+n;mﬁ heme
PO TEAY, LML Fd4g0gnEEhn, Mm Iron utilization
FAEZBEVONLBKBZD60% L, Lo 5Tk, Fig. 1 (Color online) Heme acquisition and detoxification in gram-
WEE EBEOHWIZIIEINLBELTES, BT WE positive bacteria. EM, external milieu; PG, peptidoglycan

. < om . layer; CM, cytoplasmic membrane; ROS, reactive oxygen
1
LEDEDHCHED OHTF LTS, species. The structures of heme importer (PDB, 5B58) and

RIREON LR IALIERB L7 5 LB, a2 heme oxygenase (PDB, 1IW0) have been determined.
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U7~ A 3837 570 T3 A CEICHBR - 28\ 402
Mixi 5, 20064, K[E Vanderbilt K¢ Skaar &1 7
W—TEANLEERICENT 5 LIk > TERBT S
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MOHRB LY, Z0W%, hi&fETi3 ATPase #a— R
THMA LIEZ VNV B a—F 35 mB»rbithl
&R0t BIETF RBREREANLEZHIC S 2 LICE DV
T, COABC F SV AR—F —3FHENLTPE TS
CE TP TOREZRREE THRY T X VNV BETH A
EEZOND E DIV (Fig. 14/), hrtBA EETIX
75 NSHEHEEICIS < A L T B 5839, Fx D5 0F5E % B
AT AHETICR VNV BUVN TOMFRRBESINTED
T, NAPHDO AN ZALIAHDOEETH -7z, £ T
Fx 3 KB S/ 2 HrtBA 7 V87 Ba At « k5
B, BEEMIT L L BICT v 7 AR SRS T 2 T -
7oo AR TIEI 4 PEFFER L 12WHED & 0 A L 720 TR
I B,

e /oo > 72— L CTRIHS

2. KIGEITORERBAICLS HrtBA DA A
REH6E

KIGEIE 2 2 VN B S8, KBl VN8
PG T ADICERTH S, BLDICEAZYT7TUTH
HrtBA % VX7 BB KIBE CANLEBH L, MET 50
BBt Lz, 75 LBEMMETH 5 KIGE OIS %
45 A+ T%7 (Fig. 2a), ER=ZEKRTH 5 K12 BRiZ ok
NSRRI D ALREEE 72, IMEICANLZEER X
INTEDIENy T DIz OREHIZERINL 7o\ LIPS IR
AT, AL L TEbiEAB S (Fig. 2b EER), Lo
L, WIEMEKEE 0157 DA EANLZHIE 2 VN7 B
ChuA OBEMETHHRE S5 LA ONLABED 1-10
uM TlIRABHRENRD e (Fig. 2b ), COHE
[Z ChuA # /4 L T A Z B L 7oNLABPXTFF 71U )

BICHIEL, MgEEAINLACHSNIEEFICERL -
f:&b&%i!‘oh% BFERRA ViR— 2 =" 7 ln\ iz kK
BONADHIIEICEL 722378)) (Fig. 2a), KIZZ D
NI & 75 1o KIBEIC Y 7 5 ) 7 hrtBA &5 T
TR IWIETH, TOMERED & S ICALITH L T
Hitk %R L 7= (Fig. 2b FER), HrtBA |Z#0 B I /H7E$
HEFHINHOTEH L L BMRREONLERARL
TALEBBL b E-EbNA, COERGERIIXIGE
W TOMH 2 HrtBA OBEREMRBLZRL Tkh, # v

Cells grown in the test tubes
Heme (n M)
0 0.01 0.1

3 Nop.asm.dr"i“ﬁﬁigl

HrtBA

Fig. 2 (Color online) Heterologous expression of C. diphtheriae
HrtBA rescues DNA-engineered heme-sensitive E. coli K12
from heme toxicity. a, a graphical scheme of heme toxicity
and the HrtBA-dependent detoxification in the cell envelope
of recombinant E. coli. EM, external milieu; LPS,
lipopolysaccharides; OM, outer membrane; PG, peptidogly-
can layer; CM, cytoplasmic membrane. ChuA is a heme
receptor from E. coli O157. b, E. coli cells grown in the
presence of heme. Turbid test tubes contain well-grown cells.

TBEVNVOMBOERRM ZEDH LD TH - 72,

3. HrtBA Q%L MIERR

TrlZ oMz KIGE OB 5 O FmmiE A
Dodecyl maltoside (DDM) & Lauryl maltose neopentyl
glycol (LMNG) #% fA\T HrtBA O n AL » F%%”
7ok, MR ERU X VN BEREICT 570ICRE S/
T 4 AZICHERER L (Fig. 3e 2R), “AZHBEHETH
57280, REICHEE L TRA DRI TTHBIN AR 7 R L%
~¢ 2 (Fig. 3a#%), HrtBAIZIZ X 0 @\ WHAME TR &
L, Y% —75BRAR7 V&R Lz (Fig.3a %),

R L 72 HrtBA (3N AICIRAFE L 72 ATPase it % &
> Tz (Fig. 3b-d), ~“AIZ K 550% %) REE (EC50)
1£0.9uM TH - 7= (Fig. 3¢), HrtBA #RIEL 7=V 77U
THECREMONAEESuUM CTAEBFTEHR WO &b
TERERL 2 VX 7 BB &M CRE T AEXREEL T
WhEEZONL, —, BrEEiknT/ RV T oY
VX TIHEE EF TR ONG -7 D biEE EAICIE
T3 BBERIEIC X ANLBANDORA OB G AR S
(#%5) (Fig. 3b),

RIZ, ESFTHEHBRDONLFESE X /37 E HasA %
NLT 72T 20— LTHWTALERT v 2 A 21T 7
(Fig. 3e), A& Mz /727 REHtBA XX VA7~
F75T7 4 —RANLEREFL T LA, ATP MFET
L ENLTREEL, HsSADRCNEFEETHT EDRb0rs
(Fig.3f), FF KM@ 7 > 1 7/ TDH % Adenylyl-
imidodiphosphate (AMPPNP) % i\ T & [AAEOKE R4
B9, ThOLORERNP S 7 RE HrtBA 138 W A\ LB
o b o0, X7 VEF FREFICE > TNLABMEZL S
UET$5) CEPHLNLERS T,
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a C e
Acceptor,
HasA
0.4 HrtBA-nanodisc ’E16 3 HItB Qp as,
2 Nanodi
§ 03 2 uM heme §‘§12 anodisc
£0.2 Empty o8 ECeo, 091 M HitA ' \
2 nanodisc @ % )
<01 o E4 ADP ATP HasA
0.0 < g 0 Protein HrtBA
= fi
300 400 500 600 0 2 46 810 separation
Wavelength (nm) Heme (kM) °
b d f -ATP  + ATP
= _25 vmax, 23
212 2 < Km 0.9 m
ge 2§
=3 = ol
°gs 5 815
8 £ 2 €10
afy, 8£
<t £s 5
= 0 D D =0
> & & 0 2 3 4
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Fig. 3 (Color online) Biochemical properties of nanodisc-embedded HrtBA. a, UV-visible absorption spectra of heme
bound to HrtBA and empty nanodiscs, and in buffer. b, ATPase activities in the presence of 10 uM heme and pro-
toporphyrin IX (PPIX). Basal activity was measured in the presence of dimethyl sulfoxide (DMSQ), a solvent
for heme and PPIX. c and d, kinetic analyses of the ATPase activity. In panel d, 5 mM heme is present (squares)
and absent (circles) in the assay buffer. e, an experimental scheme of heme transfer assay. HrtBA was reconstitut-
ed into nanodiscs. Heme-bound HrtBA and HasA (heme acceptor) were mixed in the presence or absence of
ATP. The proteins were subjected to protein separation using a gel filtration column chromatography. f. Heme
contents bound to HrtBA and HasA in the presence or absence of 2 mM ATP. 100 pmol of heme and 200 pmol of

proteins were applied on the column.

4. HrtBA O X iSRS &EEA

AALZEFBRTIINLNE CITHEEL, EO XD Il
%@#kmo%ﬁﬁXA%%%fép&if%&mo%:
TH AT 7 HRE, LG5, AMPPNP & &R OfE Mk
AT =27 RO KBS fis% SPring-8 P BL26B1/
B2, BL32XU, BL41XU IZH\W\T X MREHEBR TV,
IOV FHEERRET S LI L7,

[AMPPNP #£ & B D RiEE]

FUDICE LN HELIZ DDM & LMNG ORE I IV
TS 72 %> /378 Mg + AMPPNP-HrtBA # &4
BR» O TH o Too MHREICIEIS T XY T LORDDIC
ATPase {EEICB W TR 7Ry A L REFTRER~ VTV
BNz T2 SN BEGHRERD DR fA ER L, HER
BAEHELE (SAD, #E1.8924A) R W/ EREL
TH<, B5N7 Mg+ AMPPNP % v /87 BHE&KORKE
EETIVEFig. 4 HICRYT, HtBAIZ2 DO A 721 =
v FE2DODBY T Ay LR ANTHLENRTH
o AV T oy MEIBIEAILHERE « #:E5% LD ATPase
THY, BHMOABC F 5 AR—F —[FEkE, X7V FF
F#ESE R A4 (NBD) I2#4& L7- AMPPNP % H \\\C
BT XD TA T x &> Tz, R—=3I T —Y
T1Zy FTHLHBY T2y FEAKOEEBENY v
7 A (TMD) sy TV T~ w7 A (CP) mbixkh

Apo Heme-bound Nucleotide-bound

Fig. 4 (Color online) Crystal structures of HrtBA in the apo,
heme-bound and nucleotide-bound states. Heme binding site
is indicated by an arrow in the middle.

WEBE A4 (TMD) B XUH1707 3 /BIRZEOM
fast ® A4 (ECD) 7 67x-> Tk, ABC F 5/ AR—
A=A A TG INER 7B F5A F b5V AR—X—
MacB"®D/8—=3I7 =¥ F A v & XU TWiz, BYT
A=y bE Ay TSI VITANY v 7 A (CP) #A L TAY
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Ta1Zy FETVUA—L Tz, TMD # 4 <—(1%& B ¥
TaZy b NBENY v 7T AL, 2ESLBER

TAARNY » 7 ANV PV ZED, NU v 7 A3,

APFORD R BT W, 7%, ORGSR OR
B BIENLEEGTLNE ITHHPIEMEARE L TRIAT
%/) f:o

[NAFBER OIS REE]

WIZH 2 13 LMNG 74 FORELL 72 2 v /R 7 BITA A
FBIANLT T THE /A VFIVT 4 U (MnPP)
AR ORI 2TV, BN ORI F — &
PHRX T VUAF FREEE Y —FET7 )V & Loy FiEk
Ik THEES VEE (Fig.4R), ThoOBEEK
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BHROSEEIREEL, Z7IVE I VEE219/8 N ABKICTEAL
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MCTHFESINTWARA35, 39, 223, L AF IV
16312 k- Tl e ENnTw/z (Fig. 5, 7w, MARBERI
ZROVVIFER WRATH LR L RENTH SN
&) o bh, b5 VAR=F —HERICERE L 7R
i, 7V F IVEE19% SN ARE AT T L 2 E
UV RE OBUKEE Cld e <, KR ITH YT 407
EIZH5H, NBD THAHAY 71y FEAZVAFFH
WD HEWICEE L TWinr - 7z (Fig. 4dR),

[7 RE D RIEE]

AL /MnPP ST O&E I IZIER R AL RIC =20
SUAR= B = FHhEEN, ZOOHLOU EDIFIEE R
WELTWRWT R TH - 72, 72, DDM fF4E F T
BLL 72T R N7 E i G TIX ECD 285 4 A
I—=X—=LTWciz®d, ZOEBROEELIETH LT
TEGh->72bDD, TMD, NBD (IgijRO 7 RH & [FkE
DOWEEHE &> T\, FFEIRNEZFITMD O 4ANY &
7 2N PV DRI C— AR E R S GBS LD

P, "9

Fig. 5 (Color online) Close-up of the heme binding site. Conserved
amino acids and heme are shown by ball and sticks.

(Fig. 4 &2, #&m L, §itk), ZOEE, 7V ¥ I VEE219
75 TMD il 7> S AR IC G H L T A C & Th 5 (Fig.
6aZ), AV 72"y FINLREEE & FERERORLIETE - 72,

[(BEZLEBRLUTANABHOLHEAZZ Z 3]

AALSERIRENTIE 7 R HrtBA 28 B RIICA LA Z RS &4
% & (Fig. 3a), fE&L7NAZATP S (ks
) IZX-> CTHrtBA » Sl 5 2 & (Fig. 3t 5 L OF
WY ERLT\W5, £2T, BEZEMRS LIBEONF L
LAHZOORE R, TR vs NAREE, NARSER vs
X7 UFF FREERTHEGS 5 T & TALBEHIC I A/
EEBREE 2T,

TR TCEANLBM T TH D7 IV 2 I VER2198IREIC
gL Tws (F—7hkiE) (Fig. 6aZ), EHEE~N AR
FOLERICA V2 —AV—1F L TWBRELITFALY,
ANASHBEEAE 2 5 HrtB O ARSEIRALICT 7 1 A
TEDHo NLADTIVT 4 U VDO T3 BUKEHAEER,
PRSI L > CTMD ICRE& L, A—T VSRS
JH—AFBEETHLINLEEEAN LT ZELT S
(Fig.6a L), 7RE EANLFEETD 2 X7 BT 2tk%
BEREDOLELLECPOCKUIIT LA ETH PN &
5, CPEENCLTANY v 7 A1-4 R AL VT L TW5B K
21C R 2% (Fig. 6b, TM3, 4 (3%41%), CP AT LA L E)
MIENT LB THNICHKET S NBD &5 L L8 id <
AUEREY &> T4 (Fig. 4),

ANLFEERIC BT AN LDOfFEHET NBD N~ ATP f &
ko THlExns, ATP (F7:13 AMPPNP) 2 A Y
TaZy FMIkEET A & NBD X 4 ~—» R & h (Fig. 4),

d SO0
4 CARBIP
b gi@ Heme-bound Zf: ‘\ : f//) G\z\f \
: %}f, ECD ¥ a1
S g;«) 3 7\
™1 - ¢ &8 %
§ %Tmz : ( & f‘é g

@A

%@y‘) ADP + Pi \«%%

™2 (‘% ~

Fig. 6 (Color online) Proposed structural transitions of HrtB
subunits. a, from the apo to heme-bound states and the
heme-bound to nucleotide-bound states. b, superimposition
of the apo and heme-bound states; ¢, superimposition of the
heme-bound and nucleotide-bound states. d, superimposi-
tion of the ECDs of the heme-bound and nucleotide-bond
states. TM, transmembrane helix;, CP, coupling helix. TMs
I and II are depicted. Heme and glutame 219 are shown by
balls and sticks.
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CP Y w7 2204 LI 5N % (Fig. 66), ~NAEC
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FEA LB &A% (Fig.66), ~U v 7 ZA208L k-
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BEL TWcdd, KPFECTHE SN/ HitBA ONAREA
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L CEAT A ROSICERET A &\ D H R0 I LU L
TEEAEETH D, IBES T OBUKE & BUKIEOBERATIC
RELLTWEWSHBZFEE X5 &, BEINIAL

EEMMOMEIZGENTH D, b ST O g
ILRALZeNLEEANEE T2 80D TRALD L A
WL DREOANZALDGTFERIC > TWDHEF 2
be 7535, BURE Tld HrtBA OBEBBROME M5 C
LRTERVDOTEV/RZBENTED XD IIRETALR
RREL, COXD R T VR EPLBHH SN D)
ITRHTH S5, ABC F 5V AR—x—% 47 7123l
BAEIZT v — L2 R 2 VR E a5 TR
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(TG 2 VE219DBRMBEEDEEREEZ D]

WS CIE L O T IV 2 2 VEE2198 N LCEL L T
WAHZERHAL AR, IRNTOREETHRESE TS
I TR, ZIWEIVEBIhTIVEIVIZZGINn
(Fig. Do 73, 7 I VBBNLADBAT &8> T
BLEEHDONLZ VN7 BIFME DY 7 1 A bd HE K
DATH b, KR TIEIIVE I VEE219DEEN N5
72T X AR EFAL THEREMIT A2 1T - 72,

ANLBMLT L3757\ T 52V R —O B CF
FEINTWBTINE I VICERIE /2 VN7 FTHEANL

T™M2
L1 TIPGYSAQNMTLSAMIYFL
Ef LPGYSAQNLTLDGMIYFL
Sag IPGYSAEQSTLNMILWVL
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219

Fig. 7 (Color online) Amino acids sequence alignment of TM2s of
HrtB subunits. LI, Lactococcus lactis; Ef, Enterococcus
faecalis; Sag, Streptococcus agalactiae; Sau, Staphylococcus
aureus; Cd, Corynebacterium diphtheriae.

Nz b & DI ATHRIL AR+ U pEp AR b B 5
TkY (Fig.8a%k), “AEBET v 412 X0 BREOK
Tovmsnsz (Fig. 8arh®R), £z, NARIMNIC K5 AT-
Pase {50 LRI R 5N -7- (Fig.8a%k), — 5, %
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VRTBO LD P T/ (Fig. 8a FERZ), T DA
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Fig. 8

(Color online) Properties of the HrtB E219 mutants. HrtBA proteins carrying the mutations in the B subunit

were purified and analyzed. a, heme absorption spectrum (left), heme transfer (middle) and ATPase (right). b,
growth of E. coli cells expressing the wild type and HrtB E219 mutants co-expressed with HrtA in the presence of
heme. ¢, Doubling times of the growth of the E. coli cells in the presence of heme.

State 1

State 3

Fig. 9 (Color online) Structural transitions of HrtBA in heme
efflux cycle. In the absence of heme, the clock-wise direction

or the anti clock-wise can proceed (asterisk).
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Structural insights into heme-detoxification by an
ABC-type efflux pump of gram-positive bacteria
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Abstract

Gram-positive pathogenic bacteria acquire hemoglobin-derived heme as an iron source to prolifer-
ate in the host blood. In addition, they employ an ABC transporter, HrtBA to extrude excess of free
heme because the free heme is extremely cytotoxic. Here we show the crystal structures of HrtBA
in the apo, heme-bound and nucleotide-bound states along with the biochemical properties. HrtBA
consists of two ATPase subunits (HrtA) and two permease subunits (HrtB). HrtB dimer contains
one heme molecule within the 4-transmembrane helix bundle with glutamate ligation. The heme-
binding site is located at the level of the surface of the outer leaflet of the cytoplasmic membrane
bilayers, which is consistent with the lateral access of heme from the membrane. The nucleotide-
bound state contains the squeezed 4-helix bundle with no heme accommodation while the apo
state has the glutamate residues exposed to the lipid environments. These data suggest the
molecular mechanism of the lateral access of heme from the outer leaflet of the membrane to the
heme-binding site and the concomitant heme release upon ATP binding to the nucleotide-binding
site of HrtBA.
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