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Structures of the nucleotide-binding domain of the
human ABCB6 transporter and its complexes with

nucleotides

The human ATP-binding cassette (ABC) transporter ABCB6
is involved in haem-precursor transport across the mitochon-
drial membrane. The crystal structure of its nucleotide-binding
domain (NBD) has been determined in the apo form and in
complexes with ADP, with ADP and Mg** and with ATP at
high resolution. The overall structure is L-shaped and consists
of two lobes, consistent with other reported NBD structures.
Nucleotide binding is mediated by the highly conserved
Tyr599 and the Walker A motif, and induces notable structural
changes. Structural comparison with other structurally char-
acterized NBDs and full-length ABC transporters gives the
first insight into the possible catalytic mechanism of ABCB6
and the role of the N-terminal helix «; in full-length ABCB6.

1. Introduction

Haem is an important cofactor of many proteins and enzymes.
In eukaryotes its biosynthesis begins and ends in the mito-
chondria and/or chloroplasts, whereas some intermediates are
processed in the cytosol. In humans the synthesis of haem
starts with the production of §-aminolevulinic acid (ALA)
from succinyl-CoA and glycine in the mitochondria. ALA is
then transported across the mitochondrial membrane into the
cytosol, where it is cyclized to porphobilinogen. After three
more enzymatic reactions, coproporphyrinogen III (CPgenIII)
is formed, which has to be translocated back into the mito-
chondria for further processing. The transport of CPgenlIl
through the outer mitochondrial membrane is achieved via
the so-called ABCB6 transporter (Krishnamurthy et al., 2006;
Paterson et al., 2007). ABCB6 belongs to the ATP-binding
cassette (ABC) superfamily (Higgins, 1992), which is one of
the largest protein families. ABC proteins are responsible for
the transport of a wide range of endogenous and xenobiotic
compounds such as fatty acids, sugars, peptides and antibiotics
(Borst & Elferink, 2002; Holland & Blight, 1999). The human
ABC-transporter family consists of 49 identified genes (Dean
et al., 2001). The ABC transporters can be divided into seven
major subfamilies named A-G.

Numerous ABC genes are associated with inherited
diseases (Dean et al, 2001) such as Tangier disease T1
(ABCAL1), Stargardt diseases (Allikmets et al., 1997), retinitis
pigmentosa and age-related macular degeneration (ABCA4),
progressive familial intrahepatic cholestasis (ABCBI11; de
Vree et al., 1998), Dubin-Johnson syndrome (ABCC2; Wada
et al., 1998), pseudoxanthoma elasticum (ABCC6; Dean et al.,
1990), cystic fibrosis (ABCC7), X-linked adrenoleuko-
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ABCB6 is a transmembrane
protein with 11 predicted trans-
membrane helices (TMs) arranged in two membrane-spanning
domains (MSDs) and a nucleotide-binding domain (NBD),
which is located on the cytosolic side of the membrane
(Tsuchida et al., 2008). ABCB6 has to dimerize to form a
functional unit of four MSDs and two NDBS. Therefore,
ABCBS6 is called a ‘half-size’ ABC transporter.

The NBDs of similar transporters from a variety of organ-
isms such as Homo sapiens, Mus musculus, Rattus norvegicus,
Escherichia coli, Salmonella typhimurium and Methanococcus
janaschii have been structurally characterized (see Supple-
mentary Table 1'). However, only recently has the structure of
a eukaryotic full-length transporter, ABCB1 from M.
musculus, been reported (PDB entry 3g5u; Aller ef al., 2009).
The structures of the NBDs from the ABC superfamily con-
tain as characteristic features the widely conserved Walker A,
Walker B, Q-loop, P-loop, A-loop and ABC signature
sequence motifs (Schneider & Hunke, 1998), which are part of
the nucleotide-binding site architecture. These motifs harbour
the basis of ATP specificity (Higgins, 1992; Holland & Blight,
1999).

In order to gain a structural understanding of human
ABCB6, we have initiated the characterization of its NBD.
Here, we report the structure determination of the NBD from

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: BE5152). Services for accessing this material are described at the
back of the journal.

human ABCB6 in various states: apo and in complexes with
ADP, with ATP and with ADP and Mg*".

2. Materials and methods
2.1. Cloning, expression and purification

The sequence of the NBD of the human ABCB6 gene,
corresponding to amino acids 558-842 of the full-length
transporter, was amplified by polymerase chain reaction from
pOT7b_abcb6 with forward primer 5'-CATATGTTCATTGA.-
CATGGAGAACATGTTTG-3' and reverse primer 5'-CTC-
GAGTCACCGTTCCATGGTCTGAG-3'. For expression, the
sequence of the NBD was cloned into pET28¢c (Novagen) via
Ndel and Xhol restriction sites by TOPO cloning (Invitrogen)
using the pCR-BluntII-TOPO vector (Invitrogen). The finally
obtained construct contained a Hisg tag and thrombin clea-
vage site N-terminal to amino acids 558-842 of the full-length
transporter. Therefore, the sequence of the N-terminal region
preceding Phe558 is MGSSHHHHHHSSGLVPRGSHM (the
Hisg tag and thrombin cleavage site are shown in bold).

For protein production, transformed Tuner (DE3) cells
were used, which showed a slightly higher expression of the
desired protein compared with BL21 (DE3) or Rosetta (DE3)
cells. The cells were cultured at 310 K to an ODgyonm 0f 0.6-0.8
in LB medium containing 1% tryptone, 0.7% NaCl, 0.5%
yeast extract and 30 pg ml~' kanamycin. Cells were shifted to
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291 K and gene expression was induced with 1 mM isopropyl
B-p-1-thiogalactopyranoside. The cells were grown for an
additional 24 h and harvested by centrifugation at 6000g at
277 K.

The cells were lysed by sonication in 50 mM Tris-HCI pH
7.5 containing 300 mM NaCl, 5 mM imidazole, 0.1 mg ml™*
lysozyme and a Complete EDTA-free protease-inhibitor
tablet (Roche). The lysate was centrifuged at 60 000g for
60 min at 277 K to remove cell debris. The supernatant was
loaded onto a column with 10 ml Ni-NTA Sepharose Super-
flow resin (Qiagen) equilibrated with 50 mM Tris—-HCI pH 7.5,
300 mM NaCl, 5 mM imidazole and washed with ten column
volumes of 50 mM Tris—-HCI pH 7.5, 300 mM NaCl, 10 mM
imidazole.

Bound protein was eluted using an imidazole gradient from
50 to 500 mM in 50 mM Tris—HCI pH 7.5, 300 mM NaCl.

The protein was finally purified by gel filtration using a
Superdex 75 16/60 column (GE Healthcare) equilibrated with
50 mM Tris—HCI pH 7.5, 150 mM NaCl and 5 mM 2-mercap-
toethanol. Sample fractions were analyzed for purity and
polydispersity by SDS-PAGE and dynamic light scattering
(DynaPro Titan, Wyatt). Pure and monodisperse fractions
were pooled and concentrated to 10 mg ml™" with Vivaspin
10K molecular-weight cutoff concentrators (Sartorius).

2.2. ATPase activity assay

ATPase activity was analyzed using a P;-detection kit from
Innova Biosciences. Briefly, 100 pl reaction mixture consisting
of 100 pg protein, 1 mM ATP and 5 mM MgCl, in 50 mM Tris—
HCIl pH 7.5, 150 mM NaCl was incubated for different periods
of time at 293 K. The reaction was stopped by adding the
PiColorLock Gold reagent mixture followed by addition of
the stabilizer reagent after 5 min. Absorbance was measured
after an additional incubation step for 45 min at 635 nm in a
microtitre plate (Greiner) in an Infinite M200 reader (Tecan).

2.3. Crystallization

Crystals were grown by the hanging-drop vapour-diffusion
method using a mixture of 1 pl protein solution (10 mg ml ™" in
50 mM Tris—-HCI pH 7.5, 150 mM NaCl, 5 mM 2-mercapto-
ethanol) and 1 pl reservoir solution consisting of 40%(v/v)
PEG 400 in 0.1 M MES pH 6.5. The protein—-reservoir mixture
was equilibrated against 500 pl reservoir solution. Cocrys-
tallized structures were obtained using similar crystallization
conditions with 3 mM ADP or with 3 mM ADP and 3 mM
MgCl,. Initial crystals grew at 292 K overnight and reached
final size within one week. ATP-bound ABCB6 NBD was
obtained by soaking nucleotide-free crystals in a 2 pl drop of
40% (v/v) PEG 400 and 30 mM ATP in 0.1 M MES pH 6.5 at
292K for 1 h.

2.4. Data collection, processing and structure determination

Crystals were flash-cooled in liquid nitrogen and X-ray
diffraction data were collected at 100 K on beamline ID14.1
at ESRF (Grenoble, France) equipped with an ADSC Q210
CCD detector, on beamline X11 at DESY (Hamburg,

Germany) equipped with a MAR 555 flat-panel detector or
using a MicroMax-007 HF rotating copper-anode X-ray
generator (Rigaku) with a Saturn 944+ CCD detector
(Rigaku).

Data were processed with XDS/XSCALE (Kabsch, 2010).
The free R factor (Ry..) Was calculated from 5% of randomly
chosen reflections. Matthews coefficient (Matthews, 1968)
calculations indicated one monomer per asymmetric unit
(Vi = 220 A’ Da™"). The apo structure of the NBD of the
human ABCB6 transporter was solved by molecular
replacement (MR) with MOLREP (Vagin & Teplyakov, 2000)
using the structure of multidrug-resistance protein 2
(MDRP2) from Plasmodium yoelii (PDB entry 2ghi; 47%
sequence identity to ABCB6 NBD; Vedadi et al., 2007) as a
search model. One solution with an initial R value of 0.53 was
obtained. The R value decreased to 0.40 after 30 cycles of

N

(b)

Figure 1

Overall structure of the NBD of ABCB6. a-Helices are coloured blue and
p-strands are coloured yellow. The N- and C-termini are indicated by
capital letters. (a) The overall L-shaped structure of ABCB6 NDB is
formed by two lobes. The ABC core subdomain and the ABC f
antiparallel subdomain together form lobe I, whereas lobe II consists of
the ABC « subdomain. Helix o; protrudes to the left in this figure. The
figure was prepared with PyMOL (DeLano, 2008). (b) Topology plot of
ABCB6 NBD. The central helix o, is surrounded by a parallel S-sheet (83,
Bs, Bo, Bios P11 and By) and an antiparallel S-sheet (81, ., B4 and Bs).

Acta Cryst. (2010). D66, 979-987

Haffke et al. « Nucleotide-binding domain of human ABCB6 981



research papers

restrained refinement in REFMACS (Murshudov et al., 1997). Structures of the ADP-bound, the ADP- and Mg**-bound
An initial model of the NBD of human ABCB6 was built using and the ATP-bound forms of ABCB6 NBD were similarly
ARP/WARP (Lamzin & Wilson, 1993), which decreased the solved using the refined apo structure as a search model for
Ryorc value to 0.22. Further model building was performed MR. Data-collection and refinement statistics are listed in
with Coot (Emsley et al., 2010) and water molecules were Table 1. The final models were checked and validated using
added by ARP/wARP (Langer et al., 2008) into peaks higher WHAT IF (Vriend, 1990) and PROCHECK (Laskowski et al.,
than 3.50 in the F, — F. map. Water molecules were finally 1993), which indicated good-quality models. All residues were
checked for hydrogen bonding in Coot and modified if within allowed regions of the Ramachandran plot (Rama-
necessary. Additional rounds of restrained refinement chandran & Sasisekharan, 1968).

including a final TLS refinement (Painter & Merritt, 2006a) The atomic coordinates and the structure factors for all four
step using four TLS groups as determined by the TLS structures have been deposited in the Protein Data Bank
Determination Server (Painter & Merritt, 2006b) were carried (Bernstein et al., 1977) under accession codes 3nh6 (nucleotide-
out with REFMACS. The final R values were Ry = 18.0% free), 3nhb (complex with ADP), 3nha (complex with ADP

and Ryee = 23.9%. and Mg**) and 3nh9 (complex with ATP).
al Bl p2 B3
000000000000 —— > >
560 570 580 590 600 620

ABCB6-NBD IJDMENMFDLLKEETEVKDLPGAGPLRFQKGR[IEFENVHESFADG . . RETHQD[V S F|TVMP[E0 TILA LigE
MDRP2 LITEALKDKIPVTDDKDLESFSLTSHEKKFGVN|IEF|SD|[VINJ3SFP KQTNHR|THK S|T NF[F|I|P S[e|T T|C|a L\{e]
SAV1866 FAISMDRVFQLIDEDYDIKNGVGAQPIEIKQGR|IDIDH|V|SIHOMNDN . EAP|IPAKD|I N L|S|I|EK[EE T|V|A F e
MsbA MAACQTLFAILDSEQEKDE..GKRVIDRATGDILEFRN[V|TITMP GR . EVPAMRN|IN LK|I|P A[EK T|V|A L\Ae]
P-glycoprotein GAAYEVFKIIDNKPSIDSFSKSGHKPDNIQGN|LEFKN|I|[HIISHP SRKEVQ|TMK GILN LK[V|K S[e]o T[V|A LALE
H1yB GI)]SVTRLGDVLNSPTESYHG. .KLTLPEINGD|ITFRN|IRIFRFKPD . SP V|IMD N|T N 1/S|T|K Q[elE V|T|G T \ife}
A
o2 B4 B5 ol B6 B7 o4
2000000000 _— = 200000 —>
539 659 659 679 0 699
ABCB6-NBD LRMALIFIEMD I SSGC|I|R|II/D[EQOD|I SIQVTQA S|LISIH|T G V4B{e) IAE NDITIADRWRYRYG . RVTAGND
MDRP2 (elSied by T AKPMLIYIAFMD AE G . D|I|K|I|G[¢JKN[VNKYNRN S|I|SS|I|T G I \4Ble] IAE NETIKYREYLYG.KLDATDE
SAV1866 [el@leh: &R 1. T NP I[P FMD VT S GQII|L|TD[HN|T KD F L T G S[LIAN|Q|T G LA4SIS) b F S|D|T VKENRLLG . RPTATDE
MsbA [EI8IS &R T 2 SpT|TIAFNYD I DE G H|T|L[MD[eJH D|L. RE Y T L A S|LINIQ[V A T \4S(e] b E ND|T VANRNB{AYARTEE Y SRE
P-glycoprotein [cfCleb 4T v QRMQIATND P 1. D GMV|S|T|D[E]oD|T RIT I NV R Y[LIIE|T|T G v)4S(9] = AlT|T T AERBARY G . REDV TMD
H1yB SR T KM T/0IRF NI P EN G QVL{I/D[E]H DL AL A D P NWILIIRIQ[V G VAo ML NR|S T IDSEISI.ANP GMS . V[E
Walker A
oS a6 B8 o7 B9
000000000 000000Q -> 00000000000000Q0 —
70(? 719 729 739 749 759 769
ABCB6-NBD EVEARNE Q2R cTaFARMAFP E 6 Y RO V[EE REL KA v ARSI T[T LKA P G |- LDWERE 5N
MDRP2 EVIKETKSEQLYIFRE AILP KKWDRNT V[eIN K[eIM Kpfgiefe] (3T ApW:-NACIL LK|DP Kjpd . LDEJSQNE M
SAV1866 EVVEERAKMEANAHBIFESM N|LP Q G Y DRNE V[ E R[e] V| Kpi:ieles (AT SPW:NATF' L N|NP P8 L DI E 5]
MsbA QIEEERARMENYAMPBIFEIN KIMDNGL DT T[&E N[e]V|Lpf:ieles ()T ApW:-NAA L. LRD S P8 A T|E SIHRIA
P-glycoprotein E I E[KIVKEENAYIFpMK(LP HQF DRYL VelE Re]a|opHlelORe)Y T Ap#N:AA 1. v RN P K . LDl £\
H1yB KV I YEAK|LENGaHBF RS E[LR E G Y NE T VIeE ofela| ol IDIoNs T ABFNA (L v NN P KjS L DM E i
Signature Walker B D-loop
o8 B10 o9 B11 B12 al0 all
— Q0000 — m— 0000000 0000000000
770 780 799 809 819 82(') 830

R AL SRGIGVYADMWQL|IQQGQEETSED
ISSESILLNKKKTKDLKLNGEYAEMWNMQSGGNDI .

ABCB6-NBD IQASLAK|VICIANBEYT I VVEN:§:8]

VVNDQLVIKDC IVERGEH
MDRP2 FQKAVEDLRKINBSSL I T 9888
SAV1866 IQEALDV|LIS|KDEYT L I VES:H: 880 T T/HXAD Kp§V|V I E N[GHIQSAT[ETEIREMIAKQIGAY[EHLYSIIQNL . . . . . ..

MsbaA IQAALDE] QKNSLVIIEQDEVVVEDI PR R[ETE(SEMLAQHGVYAQLHKMQFGQ . . . . . .

P-glycoprotein VQAALDKARE GTIVIVRNDVAGFDGVQNDEMREKGIYFKLVMTQTAGNE IELG

HlyB IMRNMHK|I|ICKIGIEEYV I T TrN:9:880yV KINEYD RE§T|VME K[ KRB O[E K EIKEML SEPESLIYSYLYQLIQSD . . . . . .
H-loop

840
ABCB6-NBD TKPQTMER
MDRP2 ...
SAv1ig866 ........
MsbA  L.......
P-glycoprotein NEACKSKD
HlyB ...

Figure 2

Sequence alignment of ABCB6 NBD with the five full-length ABC transporters MDRP2 (Plasmodium yoelii; PDB entry 2ghi; NBD only), SAV1866
(Staphylococcus aureus; PDB entry 2onj; full-length transporter), MsbA (Salmonella typhimurium; PDB entry 3b60; full-length transporter),
P-glycoprotein (Mus musculus; PDB entry 3g5u; full-length transporter) and HlyB (Escherichia coli; PDB entry 3b5j; NBD only), the structures or NBD
structures of which showed the highest Z scores and lowest r.m.s.d.s according to the DALI server (Holm, 1998). The sequence alignment was scaled
down to the NBD of ABCB6 as investigated in the present study. Conserved motifs among NBDs are highlighted in blue and labelled below the
sequence alignment. The secondary structures at the top of the sequence alignment correspond to the structure of ABCB6 NBD determined in the
present study and were assigned with DSSP (Kabsch & Sander, 1983). The highly conserved tyrosine, which is important for nucleotide binding, is
indicated by a black triangle. Fully conserved residues are coloured white on a red background; partially conserved residues are coloured red on white
background. Sequences were aligned with ClustalW?2 (Larkin et al., 2007) and the alignment was edited with ESPript (Gouet et al., 1999).
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3. Results and discussion
3.1. ATPase activity assay

The ATPase activity assay (Supplementary Fig. S1) showed
that the isolated and purified NBD of ABCB6 retained its
enzymatic activity. Activity was only observed in the presence
of Mg”*. Analytical gel filtration in the presence of ATP or of
AMPPNP (5'-adenylyl-B,y-imidodiphosphate), a nonhydro-
lysable ATP analogue, did not indicate nucleotide-dependent
dimerization of ABCB6 NBD (data not shown), in contrast to
the findings for other isolated NBDs (Guo et al., 2006; Zait-
seva, Jenewein, Jumpertz et al., 2005).

3.2. Overall structure

His,-ABCB6 NBD crystallized with one monomer per
asymmetric unit in the nucleotide-free form as well as in the
ADP- and the ADP- and Mg**-bound forms. The ATP-bound
form was obtained by soaking nucleotide-free crystals and also
contained one monomer per asymmetric unit. Several trials
of cocrystallization with ATP or AMPPNP did not yield
diffracting crystals.

All models of the NBD of ABCB6 included the N-terminal
region at least up to Phe558, the first amino acid of the NBD of
ABCBS6 as chosen for structural studies. However, part of the
N-terminus covering the N-terminal Hisq tag and the thrombin
cleavage site could not be located within the electron-density
map (2F, — F,) for all four structures. A flexible region (amino
acids Lys569-Glu573) connecting helix «; to lobe I in the ADP
and the ADP and Mg®* cocrystallized structures was poorly
defined in the electron density. The same was found for part of
the A-loop in the ADP and the ADP and Mg** cocrystallized
ABCB6 NBD, in which the side chains of residues Asp601-
Arg603 could not be located clearly within the 2F, — F. map
and were therefore modelled as alanines or completely
omitted (Gly602). The C-terminal regions could be built up to
Gly827 in all structures.

The largest crystal contact area between two monomers

(correlating symmetry operation —x — 1, —y, z — 1) was
(o3
- //
g .
L /*/,
i\ = &
S ‘ ,g'/ \ &
= L
o1 Y
NP S\

S

(58
Figure 3

Structural changes within ABCB6 NBD induced by nucleotide binding. Nucleotide-free
ABCB6 NBD is coloured blue, whereas the ATP complex is coloured red, the ADP complex is
coloured yellow and the ADP and Mg** complex is coloured green. The Walker A motif at the
N-terminus of helix o, is marked by a black asterisk. This stereo figure was prepared with

PyMOL (DeLano, 2008).

calculated as 870 A2 between helix o; (monomer 1) and o,
o0, ®11, B11 and By, (monomer 2) according to the PISA server
(Krissinel & Henrick, 2007) and does not represent a
physiological interaction.

The overall structure of ABCB6 is roughly L-shaped
(Fig. 1a) and is formed by two lobes with overall dimensions of
about 50 x 55 x 30 A (without the N-terminal helix o). Lobe
I contains the so-called ABC core subdomain (Karpowich et
al., 2001), which is formed by a parallel B-sheet consisting of
B-strands Bs, Bs, Bo, P10, B11 and By, and its flanking o-helices
o, O3, O, Oy, 1o and a11. The antiparallel B-sheet within lobe I
consisting of B, B,, B4 and Bs is designated the ABC f anti-
parallel subdomain (Jones & George, 2007). The ABC «
subdomain, which is built by helices a4, a5, o and o, forms
lobe II. The otherwise globular structure is extended by the
16 A long N-terminal helix ¢, which clearly protrudes from
both lobes (Fig. 1a). This N-terminal helix connects the NBD
of ABCB6 with its TMDs as suggested by comparison with the
structure of full-length murine P-glycoprotein (PDB entry
3gSu; Aller et al., 2009; Fig. 6).

A comparison with NBDs from other ABC transporters
reveals high similarities in sequence (Fig. 2) and structure,
with rm.s.dss of 1.7 A for that from Staphylococcus aureus
(PDB entry 2onj; full-length transporter; SAV1866), 1.5 A for
that from P. yoelii (PDB entry 2ghi; NBD only; MDRP2),
1.5 A for that from Mus musculus (PDB entry 3g5u; full-
length transporter; P-glycoprotein), 2.0 A for that from
Salmonella typhimurium (PDB entry 3b60; full-length trans-
porter; MsbA) and 1.9 A for that from E. coli (PDB entry
3b5j; NBD only; HlyB) as calculated by secondary-structure
matching in CCP4MG (Potterton et al., 2004).

The overall structure of ABCB6 NBD in complex with
nucleotides shows a number of structural changes when
compared with the apo structure (Fig. 3). Lobe II rotates
inwards with respect to lobe I, as also observed for other
isolated NBDs (Zaitseva, Jenewein, Wiedenmann et al., 2005).
The r.m.s.d. for lobe II (using lobe I without helix «; as a fitting
region in ProFit; Martin, 2009) was calculated as 1.49, 1.42 and

1.28 A for the ATP, the ADP and the ADP
c and Mg®" complexes, respectively. Further-

o D )/ more, helix «; is distorted and shortened by
v one turn in the ADP and the ADP and Mg**

complex structures. However, this is not the

case for the ATP complex structure, which

J& was obtained by soaking in contrast to the
} cocrystallized ADP and the ADP and Mg**
~ \“\ complexes. These differences indicate that
¥ the loop connecting helix «; to lobe I is
:N\?&Z highly flexible and might represent a hinge
lobe I region in full-length ABCB6 (Fig. 6). Helix
o, is tilted towards the ABC g antiparallel
subdomain and the conformation of the
Walker A motif at the N-terminal region of
o, is also changed (Fig. 3). The changes in
the overall structure upon nucleotide
binding and the differences between the
ATP, the ADP and the ADP and Mg”*

(=
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complex structures indicate that ATP hydrolysis is coupled
with intramolecular movements. Such structural changes are
necessary for the transport process of ABC transporters that
allows the shuttling of substrates across the membrane
(Dawson et al., 2007; Higgins & Linton, 2004; Hollenstein et
al., 2007).

GLU 562*

TYR 599

Figure 4

Nucleotide binding to ABCB6 NBD. Nucleotide-bound ABCB6 NBD is
colored blue and apo ABCB6 NBD is coloured yellow. The electron
density (2F, — F.) is contoured at 1o. Hydrogen bonds are shown for the
indicated side chains only. Water molecules bridging the nucleotide and
the protein are shown as red spheres. Crystal contacts interacting with the
nucleotide are shown in dark purple or purple and are marked by an
asterisk. (a) Complex with ADP. (b) Complex with ADP and Mg**
(yellow sphere). (¢) Complex with ATP. These figures were prepared with
CCP4AMG (Potterton et al., 2004).

3.3. Nucleotide binding

The detailed view of the nucleotide-binding site of ABCB6
NBD reveals important residues that are involved in nucleo-
tide binding (Fig. 4). All nucleotides could be located clearly
in the electron-density map (up to 100 for the phosphates in
the 2F, — F, map), with average B values of 18.9, 33.2 and
22.8 A2 in the case of the ADP, the ADP and the Mg** and
ATP complexes, respectively. The highly conserved Tyr599 in
the A-loop flips over from the apo structure to undergo m—m
stacking with the adenine (Fig. 4). The movement of Tyr599
results in a reorientation of Thr606 and the surrounding
backbone atoms of Glu604 and Leu606, breaking hydrogen
bonds between f-strands B; and B,, which are therefore
shortened. The adenine is further stabilized by Tyr640 via van
der Waals interactions between Tyr640 OH and N6 of the
adenine (the distances between Tyr640 OH and N6 of the
adenine were 3.8, 3.7 and 3.5 A for the ADP, the ADP and the
Mg”* and ATP complexes, respectively; Fig. 4).

The nucleotide is also fixed by hydrogen bonds between the
B-phosphate moiety, the amides of the backbones of the the
Walker A residues (Gly626-Lys629) and Lys629 NZ. Addi-
tional hydrogen bonds are formed between Ser630 (backbone
and OG) and the B-phosphate moiety and between Thr631
(backbone and OG1) and the a-phosphate moiety. In the ATP
complex, Arg634 forms a hydrogen bond to the S-phosphate
group (2.6 A), in contrast to the ADP and the ADP plus Mg?*
complexes. In both these complexes Arg634 adopts another
orientation, allowing van der Waals interactions with N7 of the
adenine (3.9 and 3.8 A, respectively) and the o-phosphate
group (3.9 and 4.0 A, respectively). The Mg”* ion in the ADP
plus Mg”* complex is coordinated by the y-phosphate group
and four water molecules, whereas the sixth coordination site
is occupied by Glu562 of a symmetry-related monomer (the
crystal contact described in §3.2; Fig. 4b). The r.m.s.d. for
residues Phe597-Ala601 and Glu604-Leu606 (backbone
atoms) between the ATP and the ADP complexes is 1.62 A, in
contrast to 0.39 A for a comparison of the ADP and Mg**
complex with the ADP complex, indicating differences in the
nucleotide-binding region between the structures obtained by
soaking and cocrystallization.

The crystal structures of ABCB6 NBD extend the insights
gained by triple-resonance NMR experiments and homology-
modelling studies on ABCB6 NBD (Kurashima-Ito et al.,
2006). The structures determined in the present study clearly
show how nucleotide binding results in a rearrangement of
important residues within the A-loop and the Walker A motif,
which are stabilized upon nucleotide binding.

3.4. The active site

Two different mechanisms have been proposed to form the
basis of the catalytic mechanism within NBDs. A general base
catalytic mechanism, in which a glutamic acid equivalent to
Glu752 serves as a catalytic carboxylate, activating a nearby
water, has been suggested for the NBDs of the ABC trans-
porters MJ0796 and MJ1267 (Moody et al., 2002). In contrast,
mutational and structural studies on HIyB suggested
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Figure 5

Comparison of the active site of ABCB6 NBD with the NBD of HlyB. The ABCB6 NBD-ATP
complex is coloured blue and HlyB in complex with ATP [modelled by superimposing PDB
entries 2fgj on 2fgk using the DaliLite server (Holm & Park, 2000); the backbone of 2fgk is
shown] is coloured yellow. Important residues are shown in ball-and-stick representation and
are labelled (residues of HlyB are indicated by asterisks). Water molecules are shown as red
spheres for ABCB6 NBD only. This stereo figure was prepared with CCPAMG (Potterton et al.,

2004).

Figure 6

Superposition of ABCB6 NBD on murine P-glycoprotein. The NBD of
ABCB6 in the apo form (present study), coloured blue, was super-
imposed on P-glycoprotein (M. musculus; PDB entry 3g5u), coloured
yell(gw, with the DaliLite server (Holm & Park, 2000; Z score 30.2; r.m.s.d.
5.3 A; sequence identity 43%). The loop connecting helix o, to lobe I is
indicated by L. Grey dotted lines represent the cell membrane. This figure
was prepared with PyMOL (DeLano, 2008).

substrate-assisted catalysis Jenewein,
Wiedenmann et al., 2005).
Since an HlyB-ATP complex could only be observed by

mutating either His662 to alanine (PDB entry 2fgj; Zaitseva et

(SAC; Zaitseva,

al., 2006) or Glu631 to glutamine (PDB
entry 2fgk; Zaitseva et al., 2006), these two
structures were superimposed using the
DaliLite server (Z score 36.3; rm.s.d. 1.1 A;
Holm & Park, 2000) to allow a structural
comparison with the ATP complex of
ABCB6 NBD. Residues of HlyB are indi-
cated with an asterisk in the following
section.

The ATP complex of ABCB6 NBD has a
similar orientation of the important residues
in the active site compared with that of
HlyB. His783 and His662* as well as GIn671
and GIn550% are orientated similarly (Fig.
5). However, His662* forms a hydrogen
bond to the y-phosphate group of the ATP*
(2.7 A; not shown in Fig. 5 for clarity),
whereas the distance between the same
atoms is too great in ABCB6 NBD (5.5 A).
Glu631* and Glu752 show different orien-
tations, with Glu752 pointing away from the
ATP and therefore adopting a nonproductive conformation
with respect to a general base catalysis mechanism. None of
the waters near the ATP can be activated by His783 or Glu752
to nucleophilically attack the ATP. Mutations of the Glu near
the Walker B motif (Glu752 in ABCB6) have been shown to
abrogate ATP hydrolysis in isolated NBDs of MJ0796 and
MJ1267 (Moody et al., 2002). Nevertheless, this Glu in HlyB
was shown to act not as a catalytic base but as a platform,
providing the proper orientation of the side chains in the
active site (Hanekop et al., 2006) that are necessary for the
correct positioning of water molecules near the ATP for SAC.

The observations described and discussed above favour a
substrate-assisted catalysis mechanism over a general base
catalysis mechanism during ATP hydrolysis in ABCB6 NBD.
However, the catalytically important Mg”* ion is absent from
the present ABCB6 NBD-ATP complex and would recruit an
additional water molecule to the active site that could influ-
ence the orientations of side chains and the -catalytic
mechanism, as could a dimerization during the catalytic cycle.

3.5. Comparison with other NBDs

The two-lobe structure of NBDs is highly conserved in all
known structures of ABC transporters and their isolated
NBDs. The superposition of different NBDs on ABCB6 NBD
shows low r.m.s.d.s of about 2.4 A, with a sequence identity
of between 24% and 40% (Supplementary Fig. S2). Lobe I
superimposes with lower differences, whereas lobe II/the ABC
o subdomain is more structurally diverse. The most significant
differences between the known structures are at the C- and
N-termini. In comparison with other known structures of
isolated NBDs, ABCB6 NBD in the present study also reveals
part of the loop and helix ¢, connecting the NBD to the TMDs
of full-length ABCB6 (Fig. 6). However, since the loop
connecting «; to lobe I is highly flexible, movements of o,
might also prevent nucleotide-dependent dimerization of the
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isolated NBD of ABCB6 by blocking the monomer-monomer
interface.

4. Conclusions

The overall structure of the NBD of human ABCB6 is similar
to other reported NBD structures. However, insights into a
possible catalytic mechanism for ATP hydrolysis and insights
into the region connecting both TMDs and NBDs in ABCB6
could be obtained. Since ABCB6 fulfils an important role in
haem biosynthesis, it would be interesting to find out whether
mutations in ABCB6 and its NBD correlate with diseases of
mitochondrial dysfunction.
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