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Structural basis: what do we do with 
membrane protein structures?

1. Protein-protein interactions
2. Ligand recognition
3. DNA and RNA binding
4. Hydrogen atoms critical for macromolecule functions
5. Kinetics
6. Enzymatic reaction
7. Oncogenes and tumor suppressors
8. Drug Design

9. Lipid-protein interaction
10.Structure-function crosstalk in the cellular membranes
11.…
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ABC Transporters v.s. Human Diseases

Full transporters: Half transporters:

(Vishwakarma et al, Int J Sci Res, 2012)
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Evolutionary Origin of ABC Exporter TMD

shown to be homologous to members of the ABC1 family

(Table 1). Fifty percent of the ABC exporters in the TCDB

are of this type. These proteins proved to have arisen from
a two-TMS hairpin precursor by intragenic triplication, as

shown schematically in Fig. 1a and demonstrated statisti-

cally, first using the IC and GAP programs (Table 2) (Zhai
and Saier 2002; Zhou et al. 2003) and subsequently using

four additional programs (Table 3).

The sequence similarities of the three hairpin repeat
elements in these six TMS proteins are demonstrated in

Fig. 2a–c and Table 2 (rows A–C) where the superfamily

principle (Doolittle 1981) is invoked to establish homology
of the repeat units in all members of this ABC1 family.

These membrane domains are often fused to ABC domains

to form ‘‘half-sized’’ ABC transport proteins with the
membrane (M) and cytoplasmic (C) (ATP hydrolyzing)

domains fused, most frequently in the order M–C. Partic-

ularly (but not exclusively) in eukaryotes, these can be
duplicated to yield full-length ABC transport systems, with

a total of 12 TMSs, in an MCMC arrangement in a single,

large, polypeptide chain. Additional domains can be fused
to this basic structure, as occurs frequently in eukaryotes

but seldom in prokaryotes (Higgins 1992, 2007). However,

in all of our studies, only the six-TMS transmembrane
domains were analyzed. These porters actively expel all

kinds of substrates, from simple ions and sugars to drugs

ABC1: 

ABC2: 

ABC3: 

A

C

B

Fig. 1 Three topological types of ABC exporters, illustrating the
types of internal repeats present in each one. In all cases, vertical
dashed lines separate the repeat units. a ABC1: a six-TMS topology
resulting from intragenic triplication of a primordial two-TMS-
encoding genetic element. The three hairpin repeats have the same
orientation in the membrane. b ABC2: a six-TMS topology resulting
from intragenic duplication of a primordial three-TMS-encoding
genetic element. The two three-TMS repeats have opposite orienta-
tion in the membrane. c ABC3: an eight-TMS topology resulting from
intragenic duplication of a primordial four-TMS-encoding genetic
element (Khwaja et al. 2005). The two four-TMS repeats have the
same orientation in the membrane
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123

(Wang et al, J Membr Biol, 2009)

Mouse ABCB1 (MDR1 ortholog)

Human ABCG5

?



Human ABC proteins: 48 members, 44 transporters

(Xavier et al, BCB, 2019)

Transporters
§ B, C, D
§ A, G

Non-transporters
§ E, F

ABC1

ABC2
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Fig. 2. Postulated alternating catalytic sites cycle of ATP hydrolysis by 
P-glycoprotein. Rectangles, represent the two Pgp TMD (trans-mem- 
brane domains); Circles, squares, and hexagon, represent different con- 
formations of the N- and C-catalytic sites (NBSI and NBS2, respec- 
tively). (Top left) The N-catalytic site is empty, the C-catalytic site has 
bound ATE drug is bound at inside-facing transport site. (Top right) 
We suggest that ATP binding at the N-site allows ATP hydrolysis at 
the C-site, inducing a conformation at the C-site which prohibits hy- 
drolysis at the N-site. The conformation at the C-site immediately after 
bond-cleavage is a high chemical potential state with bound ADP. Pi, 
shown as a hexagon. (Bottom right) Relaxation of the C-site conforma- 
tion occurs, coupled to drug movement from inside-facing, higher- 
affinity to outside-facing, lower-affinity, and P~ is released. (Bottom left) 
Drug and ADP dissociate. Drug binds at the inner side and in top I~/t 
N- and C-sites have now reversed their relationship. In the next cycle. 
ATP hydrolysis will occur in the N-site. 

which incorporates also a proposal for coupling of drug trans- 
port to ATP hydrolysis. Pgp differs from other transport 
ATPases in that it shows no high-affinity binding site tbr Mg- 
ATP, nor does it utilize a covalent E - P  catalytic intermediate. 
Changes in free energy associated with such species during the 
catalytic cycle are thought to be coupled to conformational 
changes at transport substrate binding sites in other transport 
ATPases [42]. In Pgp, P, binding occurs with relatively weak 
affinity (above), implying that a large lYee energy change occurs 
during catalysis before the stage of Pi release. We postulate 
therefore that the ATP hydrolysis step itself generates a 
Pgp' Mg-ADP" Pi conformation of high chemical potential. Re- 
laxation of this conformation, probably through intermediates. 
could be coupled to movement of a drug-binding site from 
inside-facing aspect of higher affinity to outside-facing aspect 
of lower affinity. 

8. Conclusions 

(1) Pgp is an ATPase and ATPase activity is obligatorily 
linked to conferral of MDR phenotype in cells. Both predicted 
nucleotide-binding sites bind Mg-ATP with approximately the 
same affinity, and both hydrolyze Mg-ATP. The two catalytic 
sites interact strongly and cannot  hydrolyze Mg-ATP inde- 
pendently. A minimal reaction scheme for ATP hydrolysis is 
presented, and an alternating catalytic sites cycle is proposed. 

(2) Understanding coupling of ATP hydrolysis to drug trans- 
port is a major goal. We postulate that drug transport  is cou- 
pled to relaxation of a high energy catalytic site conformation 
which is generated by the hydrolysis step. (3) It is not  unreason- 
able to speculate that several, perhaps most, of the ABC trans- 
porters have nucleotide-binding and ATP hydrolysis character- 
istics similar to those of Pgp. The designation of the ABC 
transporter family is based on similarity of predicted structure; 
it is important  to find out whether there are also basic func- 
tional similarities. The experimental approaches reviewed here 
may prove valuable in this regard. (4) Work on Pgp under- 
scores the concept that transport  ATPases gain a key advantage 
from the use of multiple, highly-cooperative catalytic sites re- 
acting sequentially. What  the key advantage is, however, re- 
mains to be clarified. 
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ABC: ATP sandwich model

(Smith et al, Mol Cell, 2002)
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ABC coupled transport: a simple idea

(Locher, Nat Struct Mol Biol, 2016)



Structural diversity: bacterial point of view

(Thomas & Tampé, Curr Opin Struct Biol, 2018)



Structural diversity: mammalian point of view

(Thomas & Tampé, Curr Opin Struct Biol, 2018)
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Maltose transporter: a bacterial importer

even with ATP bound to the Walker A motifs, awaiting substrate to
transport. Efficient stimulation of hydrolysis by MBP requires
maltose15, suggesting that only the closed, substrate-loaded binding
protein, not the open apo form, initiates the formation of the cata-
lytic transition state. It is generally accepted that in exporters, sub-
strate binding modulates the ATPase activity. We suggest that
importers function by a similar mechanism, except that the substrate
acts through its interactions with the binding protein.

METHODS SUMMARY
MBP and MalFGK2 were expressed separately in E. coli as described previously19.
Membrane-solubilized MalFGK2 was purified by affinity and gel-filtration chro-
matography in the presence of n-dodecyl-b-D-maltoside and n-undecyl-b-D-
maltoside, respectively. MBP was purified by ion-exchange and gel-filtration
chromatography in the absence of detergent. The MBP–MalFGK2 complex
was prepared by mixing excess MBP with MalFGK2 in the presence of ATP,
EDTA and maltose, and purified by gel-filtration chromatography. Diffraction
data were collected at the beamline 23ID at the Advanced Photon Source (APS).
The structure was solved by molecular replacement25 from structures of the
closed MalK (1Q12) and the open MBP (1OMP). Figures were prepared with
the program PyMOL (Æhttp://www.pymol.orgæ).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 13 August; accepted 17 September 2007.
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Figure 7 | A model for the ABC uptake system. The resting state
conformation is modelled on the basis of the crystal structures of ModB2C2A
(ref. 7) and HI1470/1 (ref. 5). The transition state is based on the maltose
transporter structure determined in this study.
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Maltose transporter: a bacterial importer

Overview of the structure

Crystals of MalFGK2(E159Q) in complex with MBP, maltose and
ATP diffracted to 2.8 Å. The structure was determined by molecular
replacement25, with MalK and MBP as search models (Supplemen-
tary Table 1). One MalK dimer and one MBP molecule were found by
a rotation and translation search, and the resulting electron-density
map showed clear densities for the transmembrane helices (Supple-
mentary Fig. 1). Cycles of model building and refinement yielded a
model containing 1884 residues (Rwork 5 24.2% and Rfree 5 27.1%),
with no clear electron density for the remaining 38 residues located in
periplasmic loops or the termini of different subunits. The sequence
assignments were confirmed by the 39 Se sites revealed in the differ-
ence Fourier density map from selenomethionine-substituted
MalFGK2 in complex with native MBP (Supplementary Fig. 2).

The five subunits of the maltose transporter assemble into a tight
complex of about 165 3 75 3 75 Å3 (Fig. 1). At the cytoplasmic side,
the two MalK subunits form a closed dimer with two ATP molecules
bound at the interface. The structures of the two transmembrane
(TM) subunits, MalF and MalG, are composed of eight and six TM
helices, respectively. The C-terminal segment of MalG is inserted
partway into the MalK dimer. The maltose is bound at the interface
of MalF and MalG about halfway into the lipid bilayer. At the peri-
plasmic surface, MBP docks onto MalF and MalG in a ligand-free
open form, with both lobes making extensive interactions with the
TM subunits. Two notable interactions include the insertion of the
MalG periplasmic loop (P3) into the MBP sugar-binding cleft and
contacts by mostly the N-lobe of MBP with a large periplasmic loop
(P2) of MalF, which folds into an Ig-like domain and extends about
30 Å away from the membrane surface.

An ATP-bound, closed MalK dimer

The structure of MalK2(E159Q) in the complex is essentially identical
to that of the isolated wild-type MalK dimer in the ATP-bound,
closed form20, as is evident from a root mean squared deviation of
0.6 Å for the Ca positions between 740 residues of the dimer. Except
for regions involved in crystal packing, the only significant difference
between the isolated and membrane-bound MalK lies in the Q loop
(residues 79–90), where MalK contacts the TM subunits. In the intact

transporter the Q loop is well ordered and contains a b-strand. The
flexible nature of the Q loop observed in isolated MalK structures20,21

is probably due to the absence of the interacting transmembrane
subunits. Two ATP molecules are bound along the dimer interface,
contacting residues in the Walker A and B motifs from one monomer
and the LSGGQ motif of the opposite monomer (Fig. 2). This closed
architecture of the NBD dimer is also observed in the crystal structure
of the bacterial exporter Sav1866 (ref. 8; Supplementary Fig. 3). The
observation that both MalFGK2 and Sav1866 adopt an outward-
facing conformation in the ATP-bound state suggests that importers
and exporters share a common mechanism of coupling ATP hydro-
lysis to substrate translocation.
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Figure 1 | Structure of the maltose transporter in a catalytic intermediate
conformation. Stereo view of the complex in a ribbon diagram. Colour
codes: magenta, MBP; blue, MalF; yellow, MalG; red and green, MalK dimer.

Maltose and ATP molecules are shown in CPK and ball-and-stick models,
respectively (red, O atom; grey, C atom).
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Figure 2 | Ribbon diagram of the MalK subunits with bound ATP. a, The
MalK dimer viewed down the local twofold axis. The two subunits are
coloured in red and green. The ATP is represented in ball-and-stick model.
b, The ATP-binding site, showing that residues from both MalK subunits are
making contact with the ATP. Interacting residues and associated hydrogen
bonds (black dashed lines) from residues in the Walker A, Walker B and
LSGGQ motifs, and from H192 and Q159, to ATP are indicated. A positive
Fo 2 Fc electron density (contoured at 1.5s) obtained with ATP omitted in
the structure factor calculation is also shown.
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Maltose transporter: ATP binding

Overview of the structure

Crystals of MalFGK2(E159Q) in complex with MBP, maltose and
ATP diffracted to 2.8 Å. The structure was determined by molecular
replacement25, with MalK and MBP as search models (Supplemen-
tary Table 1). One MalK dimer and one MBP molecule were found by
a rotation and translation search, and the resulting electron-density
map showed clear densities for the transmembrane helices (Supple-
mentary Fig. 1). Cycles of model building and refinement yielded a
model containing 1884 residues (Rwork 5 24.2% and Rfree 5 27.1%),
with no clear electron density for the remaining 38 residues located in
periplasmic loops or the termini of different subunits. The sequence
assignments were confirmed by the 39 Se sites revealed in the differ-
ence Fourier density map from selenomethionine-substituted
MalFGK2 in complex with native MBP (Supplementary Fig. 2).

The five subunits of the maltose transporter assemble into a tight
complex of about 165 3 75 3 75 Å3 (Fig. 1). At the cytoplasmic side,
the two MalK subunits form a closed dimer with two ATP molecules
bound at the interface. The structures of the two transmembrane
(TM) subunits, MalF and MalG, are composed of eight and six TM
helices, respectively. The C-terminal segment of MalG is inserted
partway into the MalK dimer. The maltose is bound at the interface
of MalF and MalG about halfway into the lipid bilayer. At the peri-
plasmic surface, MBP docks onto MalF and MalG in a ligand-free
open form, with both lobes making extensive interactions with the
TM subunits. Two notable interactions include the insertion of the
MalG periplasmic loop (P3) into the MBP sugar-binding cleft and
contacts by mostly the N-lobe of MBP with a large periplasmic loop
(P2) of MalF, which folds into an Ig-like domain and extends about
30 Å away from the membrane surface.

An ATP-bound, closed MalK dimer

The structure of MalK2(E159Q) in the complex is essentially identical
to that of the isolated wild-type MalK dimer in the ATP-bound,
closed form20, as is evident from a root mean squared deviation of
0.6 Å for the Ca positions between 740 residues of the dimer. Except
for regions involved in crystal packing, the only significant difference
between the isolated and membrane-bound MalK lies in the Q loop
(residues 79–90), where MalK contacts the TM subunits. In the intact

transporter the Q loop is well ordered and contains a b-strand. The
flexible nature of the Q loop observed in isolated MalK structures20,21

is probably due to the absence of the interacting transmembrane
subunits. Two ATP molecules are bound along the dimer interface,
contacting residues in the Walker A and B motifs from one monomer
and the LSGGQ motif of the opposite monomer (Fig. 2). This closed
architecture of the NBD dimer is also observed in the crystal structure
of the bacterial exporter Sav1866 (ref. 8; Supplementary Fig. 3). The
observation that both MalFGK2 and Sav1866 adopt an outward-
facing conformation in the ATP-bound state suggests that importers
and exporters share a common mechanism of coupling ATP hydro-
lysis to substrate translocation.
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Maltose and ATP molecules are shown in CPK and ball-and-stick models,
respectively (red, O atom; grey, C atom).
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MalK dimer viewed down the local twofold axis. The two subunits are
coloured in red and green. The ATP is represented in ball-and-stick model.
b, The ATP-binding site, showing that residues from both MalK subunits are
making contact with the ATP. Interacting residues and associated hydrogen
bonds (black dashed lines) from residues in the Walker A, Walker B and
LSGGQ motifs, and from H192 and Q159, to ATP are indicated. A positive
Fo 2 Fc electron density (contoured at 1.5s) obtained with ATP omitted in
the structure factor calculation is also shown.
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Maltose transporter: first molecular view 
of TMD-NBD interaction

The substrate translocation pathway

A large solvent-filled cavity, located at the interface of MBP, MalF
and MalG, reaches halfway across the predicted membrane bilayer
from the periplasmic surface (Fig. 5a, b). The volume of this cavity is
about 6,500 Å3, sufficient to accommodate the largest oligosacchar-
ide (maltoheptaose) that can be transported. This substrate trans-
location pathway is completely shielded from the membrane bilayer
by TM helices of MalF and MalG and is further sealed by MBP at the
periplasmic side (Supplementary Fig. 5). The translocation pathway
is accessible through several narrow solvent channels connecting the
TM cavity with the periplasm. However, the largest radius of these
channels is about 5 Å, sufficient for water molecules to diffuse
through but too small for maltose to escape back to the periplasm.

At the bottom of the cavity, clear electron density for maltose is
observed (Fig. 5c). A maltose molecule was placed in an orientation
that fits the density and makes complementary interactions with
surrounding residues. The aromatic side chains of MalF Y383 and
F436 make stacking interactions with the sugar rings. Hydrogen-
bonding and van der Waals interactions with MalF Y325, S329,
N376, L379, G380, S433, N437 and N440 further confer specificity
and stabilize substrate binding. Out of the 10 residues that contact
maltose, 6 had been identified through genetic studies34,35 to severely
decrease or eliminate maltose transport (Supplementary Table 2). No
residue from MalG makes contact with maltose. The chemical envir-
onment of this sugar-binding site is similar to that of MBP, with both
aromatic residue stacking and hydrogen bonding contributing to
sugar recognition and binding36. Our studies provide the first struc-
tural evidence for the presence of a substrate-binding site inside the
TM subunits of an ABC transporter, as previously suggested by gene-
tic data37. There is apparently only a single binding site, suggesting
one maltose per transport cycle. The mode of interaction between the
substrate and the residues in the cavity is markedly different from
that of maltoporin, an outer-membrane channel38, in which the
extended hydrophobic path, the ‘greasy slide’, would allow a con-
tinuous flow of maltose down the concentration gradient. The two

very different translocation pathways seen in the maltose transport
systems may reflect fundamental differences in the operation of
channels versus transporters.

The open apo conformation of MBP in this intermediate form has
significant mechanistic implications. The crystal structures of iso-
lated MBP18,39 show that the open form has a lower affinity for malt-
ose because it makes fewer contacts than the closed form with the
sugar. Whereas in solution maltose shifts MBP from the open to the
closed form17,40, interactions with the TM subunits stabilize MBP in
the open state, presumably to promote sugar release. The absence of
maltose electron density in the binding site of MBP demonstrates
that maltose has been translocated to the TM subunits.

Another notable feature at the MBP–TM interface relating to malt-
ose transfer is the insertion of the MalG P3 loop into the MBP sugar-
binding site. If one models a sugar molecule into the binding site
based on the structures of substrate-bound, open forms of MBP18,
even the smallest substrate, maltose, clashes with the P3 loop
(Fig. 5d). Insertion of the P3 loop, the ‘scoop’, would therefore dis-
lodge the sugar from the binding protein and ensure efficient trans-
fer. Consistently, a mutant containing a 31-residue insertion in this
loop was defective in transport but retained the ability to assemble a
MalFGK2 complex41. Insertion of periplasmic loops into the binding
protein was also observed in the recent structure of BtuCD-F29.

Discussion

The structure of the MBP–MalFGK2(E159Q) complex represents an
intermediate state in which the NBDs are closed to hydrolyse ATP
and the maltose has already been translocated from MBP into the
transmembrane subunits. It suggests that MBP stimulates ATP
hydrolysis by triggering a conformational change that results in the
closure of the NBDs. This structure shows several features of the
transition-state conformation characterized by biochemical studies,
including the strong interactions between MalFGK2 and MBP19, the
opened sugar-binding cleft of the MBP42, and the closed state of the
NBD dimer43. However, the presence of the E159Q mutation in both
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Figure 4 | The TMD–MalK interface. a, Docking of the EAA loops into a
surface cleft of MalK. The EAA loops of MalF and MalG are compared by
superposition of the two MalK subunits. The MalK dimer is also shown as a
transparent surface model. WA, Walker A motif; WB, Walker B motif.
b, Stereo view of the interactions between MalF and MalK. c, Insertion of the

MalG C-terminal tail into the MalK dimer interface. The two MalK subunits
are represented as a transparent surface model except for the interacting Q
loops, which are shown in stick model. Hydrogen bonds and salt bridges are
indicated by black dashed lines.

ARTICLES NATURE | Vol 450 | 22 November 2007

518
Nature   ©2007 Publishing Group

Coupling helix



uOttawa.ca

Maltose transporter: transport-substrate 
binding

MalK subunits prevents hydrolysis and generates symmetry between
nucleotide-binding sites that may not exist in the catalytic transition
state44–46.

Comparison of the structure of MalFGK2 with ModB2C2A (ref. 7),
an archaeal molybdate importer, reveals a striking similarity in the
TM region despite a lack of significant sequence similarity (Fig. 6a),
suggesting that their mechanisms of translocation are very similar.
The proposed gating region in ModB is positioned around the sub-
strate-binding site in MalF (Fig. 6a). In addition, the structure of the
MalFGK2 EAA loop is essentially identical to that of ModB (Fig. 6b).
Superposition of the NBDs as they occur in the MalFGK2 and
ModB2C2A structures shows that the coupling helices rotate about
20u inside a cleft on the NBD surface, a rotation similar to the motion
of a ball-and-socket joint (Fig. 6c). Structural comparison of the two
complete transporters shows an 11-Å difference in the distance
between the two coupling helices within a transporter that correlates
with an interchange between two conformational states.

The structures of MBP–MalFGK2 and ModB2C2A (ref. 7) support
a model involving an alternating-access mechanism47 in an ABC
transport cycle (Fig. 7). Whereas our structure probably represents
the catalytic transition-state conformation with the translocation
pathway facing outwards, the structure of ModB2C2A represents

the transporter in a resting-state conformation with the translocation
pathway facing inwards (Fig. 7). In the resting state, the NBD dimer
interface is open and the two coupling helices are farther apart.
Interactions with the closed, substrate-loaded binding protein pro-
mote the transition from this resting state to the transition state, in
which the NBD dimer is closed for hydrolysis and the binding protein
is stabilized in an open conformation with decreased affinity for the
substrate. After ATP hydrolysis, the binding protein disengages from
the transporter, the NBD dimer opens and the transporter reverts to
the resting state concomitantly with exposure of the substrate to the
cytoplasm. Reorientation of the TM helices may also abolish the TM
substrate-binding site, which is formed by residues from three dif-
ferent TM helices in our structure (Fig. 5), thus releasing the
substrate. A key concept of this model is that the transition from
the resting to transition state is driven by the engagement of the
substrate-loaded binding protein instead of the binding of ATP to
the Walker A and B motifs. The resting-state structure of ModB2C2A
was obtained with the binding protein in the absence of nucleotides,
but in vivo the nucleotide-binding sites are probably saturated with
ATP, because the intracellular ATP concentration48 is ten times the
Km of most ABC transporters49,50. Whereas isolated NBDs form a
closed dimer on binding ATP, the NBD dimer interface would be
held open by the TMDs in the resting state of an intact transporter,
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Figure 5 | Transfer of the maltose from MBP to the TM binding site.
a, Stereo view of the occluded maltose in a large cavity (green mesh). b, Slab
view of the cavity, with the proteins shown in space-filling models. Residues
of MBP that form the substrate-binding site in the open conformation are
shown in cyan. c, A close-up view of the TM maltose-binding site with
hydrogen bonds indicated. Also shown is the Fo 2 Fc electron density (2.5s)
calculated with maltose omitted. d, Insertion of the MalG scoop loop into the
substrate-binding site of MBP. A maltose molecule is modelled into the
binding site on the basis of the crystal structure of open maltose-bound MBP
(PDB accession number 1JW5)18.
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Figure 6 | Comparison of the structures of two binding-protein-dependent
ABC uptake systems. a, Similar topology of the TMDs. TM helices of MalF
(blue) and ModB (orange) (PDB accession number 2ONK)7 and their
interacting NBDs (green, MalK; grey, ModC) are superimposed, aligned on
the basis of the EAA loops. The TM1 and TM2 helices and the P2 loop of
MalF are omitted for clarity. The proposed gating regions7 in ModB are
highlighted in red. Maltose is shown in stick model. b, Structure-based
sequence alignment and superposition of the EAA loops of MalF (blue),
MalG (yellow) and ModB (orange). Conserved residues are highlighted in
grey. c, Comparison of the cytoplasmic helices of MalF and ModB, with the
interacting NBDs superimposed.
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Maltose transporter v.s. other importer(s)

MalK subunits prevents hydrolysis and generates symmetry between
nucleotide-binding sites that may not exist in the catalytic transition
state44–46.

Comparison of the structure of MalFGK2 with ModB2C2A (ref. 7),
an archaeal molybdate importer, reveals a striking similarity in the
TM region despite a lack of significant sequence similarity (Fig. 6a),
suggesting that their mechanisms of translocation are very similar.
The proposed gating region in ModB is positioned around the sub-
strate-binding site in MalF (Fig. 6a). In addition, the structure of the
MalFGK2 EAA loop is essentially identical to that of ModB (Fig. 6b).
Superposition of the NBDs as they occur in the MalFGK2 and
ModB2C2A structures shows that the coupling helices rotate about
20u inside a cleft on the NBD surface, a rotation similar to the motion
of a ball-and-socket joint (Fig. 6c). Structural comparison of the two
complete transporters shows an 11-Å difference in the distance
between the two coupling helices within a transporter that correlates
with an interchange between two conformational states.

The structures of MBP–MalFGK2 and ModB2C2A (ref. 7) support
a model involving an alternating-access mechanism47 in an ABC
transport cycle (Fig. 7). Whereas our structure probably represents
the catalytic transition-state conformation with the translocation
pathway facing outwards, the structure of ModB2C2A represents

the transporter in a resting-state conformation with the translocation
pathway facing inwards (Fig. 7). In the resting state, the NBD dimer
interface is open and the two coupling helices are farther apart.
Interactions with the closed, substrate-loaded binding protein pro-
mote the transition from this resting state to the transition state, in
which the NBD dimer is closed for hydrolysis and the binding protein
is stabilized in an open conformation with decreased affinity for the
substrate. After ATP hydrolysis, the binding protein disengages from
the transporter, the NBD dimer opens and the transporter reverts to
the resting state concomitantly with exposure of the substrate to the
cytoplasm. Reorientation of the TM helices may also abolish the TM
substrate-binding site, which is formed by residues from three dif-
ferent TM helices in our structure (Fig. 5), thus releasing the
substrate. A key concept of this model is that the transition from
the resting to transition state is driven by the engagement of the
substrate-loaded binding protein instead of the binding of ATP to
the Walker A and B motifs. The resting-state structure of ModB2C2A
was obtained with the binding protein in the absence of nucleotides,
but in vivo the nucleotide-binding sites are probably saturated with
ATP, because the intracellular ATP concentration48 is ten times the
Km of most ABC transporters49,50. Whereas isolated NBDs form a
closed dimer on binding ATP, the NBD dimer interface would be
held open by the TMDs in the resting state of an intact transporter,
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calculated with maltose omitted. d, Insertion of the MalG scoop loop into the
substrate-binding site of MBP. A maltose molecule is modelled into the
binding site on the basis of the crystal structure of open maltose-bound MBP
(PDB accession number 1JW5)18.
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ABC uptake systems. a, Similar topology of the TMDs. TM helices of MalF
(blue) and ModB (orange) (PDB accession number 2ONK)7 and their
interacting NBDs (green, MalK; grey, ModC) are superimposed, aligned on
the basis of the EAA loops. The TM1 and TM2 helices and the P2 loop of
MalF are omitted for clarity. The proposed gating regions7 in ModB are
highlighted in red. Maltose is shown in stick model. b, Structure-based
sequence alignment and superposition of the EAA loops of MalF (blue),
MalG (yellow) and ModB (orange). Conserved residues are highlighted in
grey. c, Comparison of the cytoplasmic helices of MalF and ModB, with the
interacting NBDs superimposed.
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Overview of the structure

Crystals of MalFGK2(E159Q) in complex with MBP, maltose and
ATP diffracted to 2.8 Å. The structure was determined by molecular
replacement25, with MalK and MBP as search models (Supplemen-
tary Table 1). One MalK dimer and one MBP molecule were found by
a rotation and translation search, and the resulting electron-density
map showed clear densities for the transmembrane helices (Supple-
mentary Fig. 1). Cycles of model building and refinement yielded a
model containing 1884 residues (Rwork 5 24.2% and Rfree 5 27.1%),
with no clear electron density for the remaining 38 residues located in
periplasmic loops or the termini of different subunits. The sequence
assignments were confirmed by the 39 Se sites revealed in the differ-
ence Fourier density map from selenomethionine-substituted
MalFGK2 in complex with native MBP (Supplementary Fig. 2).

The five subunits of the maltose transporter assemble into a tight
complex of about 165 3 75 3 75 Å3 (Fig. 1). At the cytoplasmic side,
the two MalK subunits form a closed dimer with two ATP molecules
bound at the interface. The structures of the two transmembrane
(TM) subunits, MalF and MalG, are composed of eight and six TM
helices, respectively. The C-terminal segment of MalG is inserted
partway into the MalK dimer. The maltose is bound at the interface
of MalF and MalG about halfway into the lipid bilayer. At the peri-
plasmic surface, MBP docks onto MalF and MalG in a ligand-free
open form, with both lobes making extensive interactions with the
TM subunits. Two notable interactions include the insertion of the
MalG periplasmic loop (P3) into the MBP sugar-binding cleft and
contacts by mostly the N-lobe of MBP with a large periplasmic loop
(P2) of MalF, which folds into an Ig-like domain and extends about
30 Å away from the membrane surface.

An ATP-bound, closed MalK dimer

The structure of MalK2(E159Q) in the complex is essentially identical
to that of the isolated wild-type MalK dimer in the ATP-bound,
closed form20, as is evident from a root mean squared deviation of
0.6 Å for the Ca positions between 740 residues of the dimer. Except
for regions involved in crystal packing, the only significant difference
between the isolated and membrane-bound MalK lies in the Q loop
(residues 79–90), where MalK contacts the TM subunits. In the intact

transporter the Q loop is well ordered and contains a b-strand. The
flexible nature of the Q loop observed in isolated MalK structures20,21

is probably due to the absence of the interacting transmembrane
subunits. Two ATP molecules are bound along the dimer interface,
contacting residues in the Walker A and B motifs from one monomer
and the LSGGQ motif of the opposite monomer (Fig. 2). This closed
architecture of the NBD dimer is also observed in the crystal structure
of the bacterial exporter Sav1866 (ref. 8; Supplementary Fig. 3). The
observation that both MalFGK2 and Sav1866 adopt an outward-
facing conformation in the ATP-bound state suggests that importers
and exporters share a common mechanism of coupling ATP hydro-
lysis to substrate translocation.
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Figure 1 | Structure of the maltose transporter in a catalytic intermediate
conformation. Stereo view of the complex in a ribbon diagram. Colour
codes: magenta, MBP; blue, MalF; yellow, MalG; red and green, MalK dimer.

Maltose and ATP molecules are shown in CPK and ball-and-stick models,
respectively (red, O atom; grey, C atom).
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Figure 2 | Ribbon diagram of the MalK subunits with bound ATP. a, The
MalK dimer viewed down the local twofold axis. The two subunits are
coloured in red and green. The ATP is represented in ball-and-stick model.
b, The ATP-binding site, showing that residues from both MalK subunits are
making contact with the ATP. Interacting residues and associated hydrogen
bonds (black dashed lines) from residues in the Walker A, Walker B and
LSGGQ motifs, and from H192 and Q159, to ATP are indicated. A positive
Fo 2 Fc electron density (contoured at 1.5s) obtained with ATP omitted in
the structure factor calculation is also shown.
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LETTERS

Structure of an ABC transporter in complex with its
binding protein
Kaspar Hollenstein1, Dominik C. Frei1 & Kaspar P. Locher1

ATP-binding cassette (ABC) transporter proteins carry diverse
substrates across cell membranes1. Whereas clinically relevant
ABC exporters are implicated in various diseases or cause multi-
drug resistance of cancer cells2,3, bacterial ABC importers are
essential for the uptake of nutrients4, including rare elements such
as molybdenum. A detailed understanding of their mechanisms
requires direct visualization at high resolution and in distinct
conformations. Our recent structure of the multidrug ABC expor-
ter Sav1866 has revealed an outward-facing conformation of the
transmembrane domains coupled to a closed conformation of the
nucleotide-binding domains, reflecting the ATP-bound state5.
Here we present the 3.1 Å crystal structure of a putative molybdate
transporter (ModB2C2) from Archaeoglobus fulgidus in complex
with its binding protein (ModA). Twelve transmembrane helices
of the ModB subunits provide an inward-facing conformation,
with a closed gate near the external membrane boundary. The
ATP-hydrolysing ModC subunits reveal a nucleotide-free, open
conformation, whereas the attached binding protein aligns the
substrate-binding cleft with the entrance to the presumed trans-
location pathway. Structural comparison of ModB2C2A with
Sav1866 suggests a common alternating access and release mech-
anism, with binding of ATP promoting an outward-facing con-
formation and dissociation of the hydrolysis products promoting
an inward-facing conformation.

ABC transporters consist of two transmembrane domains (TMDs)
that provide a translocation pathway, and two cytoplasmic nucleo-
tide-binding domains (NBDs) that hydrolyse ATP and drive the
transport reaction. The NBDs contain highly conserved motifs6,
whereas the TMDs have distinct primary sequences and even vary
in the number of transmembrane helices. Although exporters feature
a conserved core of 12 transmembrane helices, ABC importers con-
tain between 10 and 20 transmembrane helices, depending on the
mass and the chemical nature of the substrates they translocate. Also,
the substrates of ABC exporters enter the translocation pathway from
the cytoplasm or from the lipid bilayer, whereas ABC importers
require a binding protein that captures the solutes and feeds them
to the external face of the transporter.

Using X-ray crystallography, we have determined the structure of
an archaeal molybdate ABC importer (A. fulgidus ModBC) in com-
plex with its cognate binding protein (ModA). Although transport
has not been demonstrated biochemically, the function of ModBC is
suggested by the similarity of the primary sequences to bona fide
molybdate transporters7–9 and by trapping of a ModBC–A complex
in the presence of ATP and orthovanadate (Supplementary Fig. 1),
which is similar to observations with the bacterial maltose trans-
porter10. The structure of ModB2C2A (Fig. 1) was refined to 3.1 Å
with good refinement statistics (Rwork 5 25.6%; Rfree 5 28.2%) and
reveals a single ModA with bound substrate attached to the external
side of ModB2C2. This arrangement allows unidirectional transport

by ABC importers, because only the binding proteins, not the TMDs,
bind substrates effectively.

Each ModB subunit crosses the membrane 6 times for a total of
12 transmembrane segments in the transporter. The observed helix
arrangement (Supplementary Fig. 3) is unprecedented and does not
resemble that of the multidrug transporter Sav1866 (ref. 5) or the
vitamin B12 importer BtuCD (ref. 11) or the putative metal chelate
importer HI1470/71 from Haemophilus influenzae12. The ModB sub-
units form a large cavity, which is shielded from the lipid bilayer and

1Institute of Molecular Biology and Biophysics, ETH Zurich, 8093 Zurich, Switzerland.
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lipid bilayer on the basis of the hydrophobicity of the protein surface. N,
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molecular and non-crystallographic symmetry axis for ModB2C2.
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even with ATP bound to the Walker A motifs, awaiting substrate to
transport. Efficient stimulation of hydrolysis by MBP requires
maltose15, suggesting that only the closed, substrate-loaded binding
protein, not the open apo form, initiates the formation of the cata-
lytic transition state. It is generally accepted that in exporters, sub-
strate binding modulates the ATPase activity. We suggest that
importers function by a similar mechanism, except that the substrate
acts through its interactions with the binding protein.

METHODS SUMMARY
MBP and MalFGK2 were expressed separately in E. coli as described previously19.
Membrane-solubilized MalFGK2 was purified by affinity and gel-filtration chro-
matography in the presence of n-dodecyl-b-D-maltoside and n-undecyl-b-D-
maltoside, respectively. MBP was purified by ion-exchange and gel-filtration
chromatography in the absence of detergent. The MBP–MalFGK2 complex
was prepared by mixing excess MBP with MalFGK2 in the presence of ATP,
EDTA and maltose, and purified by gel-filtration chromatography. Diffraction
data were collected at the beamline 23ID at the Advanced Photon Source (APS).
The structure was solved by molecular replacement25 from structures of the
closed MalK (1Q12) and the open MBP (1OMP). Figures were prepared with
the program PyMOL (Æhttp://www.pymol.orgæ).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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are descending from ICD1 (Fig. 3, A and B). While in contact
with the amine group of the adenine ring, these two residues do
not appear to have strong interactions with the bound ATP,
which is consistent with the phenotype displayed by D164A or
D164C mutations in human P-gp (33). Instead, they form a
hydrogen bonding network with Tyr-440 of NBD1. The lat-
ter residue may help to position the critical residue Tyr-397
of the A-loop via aromatic-aromatic interactions, thus sta-

bilizing the orientation of the Tyr-397 side chain for nucle-
otide binding.

Considerable structural variations in the NBDs have been
observed in the vicinity of the P-loops (residues 423– 429 for
NBD1 and 1067–1072 for NBD2). There are two distinct
conformations for the P-loops as follows: one adapts to the
binding of ATP by unwinding Cys-427 from helix 1 of NBD1
(supplemental Fig. S4C), whereas the other remains in the apo
conformation. By contrast, the near-native 4M1M structure
was unable to provide insights into crucial aspects of the bind-
ing of the triphosphate moiety of ATP, because considerable
distortions were introduced into the conformations of both
P-loops due to mercury derivatization of the cysteine residues
Cys-427 and Cys-1070. Note that the binding of a mercury
atom induces a local conformation that is more consistent with
a pseudo holo-form of !lnkmGlu/GlnP-gpHg.

Methylation of FLmP-gp Supports Asymmetric Nucleotide
Binding in Solution—Independent of the work on the linker-
shortened mutant P-gp, we also attempted to use of surface
entropy reduction for making better diffracting crystals. We
purified the FLmP-gp in the presence of AMP-PNP followed by
reductive methylation of the protein (FLmP-gpMe) (34). The
FLmP-gpMe protein was readily crystallized in the absence of
nucleotide. Crystals of FLmP-gpMe diffracted X-rays to 3 Å res-
olution and a data set to 3.4 Å resolution was obtained (Table 1).
Unlike FLmP-gp or !lnkmP-gp, there is only one molecule of
FLmP-gpMe in the AU. The structure could only be solved by the
molecular replacement method with individual N- and C-ter-
minal halves from the !lnkmP-gp followed by extensive remod-
eling, due to the fact that FLmP-gpMe adopts a different confor-
mation in the crystal. Indeed, the FLmP-gpMe has a wider
opening between the two NBDs measuring 59.6 Å, compared
with 45.5 Å for the !lnkmP-gp (Fig. 2B and Table 2), and the
structure alignment of the two produced an r.m.s. deviation of
5.80 Å (supplemental Table S1). The wider opening of the two
NBDs in the FLmP-gpMe crystal allows extracellular loops of a
symmetry-related molecule to be positioned between the two
NBDs, producing crystal contacts that are different from the
crystal of !lnkmP-gp (supplemental Fig. S4D). A similar obser-
vation was reported using a fully methylated mP-gp (PDB code
4Q9H) (11).

The difference Fourier calculation showed large pieces of
density near a number of lysine residues. Of particular interest
is the difference density located in the nucleotide-binding site
of NBD2 that can be attributed to a triply modified lysine resi-
due (Lys-1072) of the Walker A motif (Fig. 3C). No difference
density was found in the nucleotide-binding site of NBD1 of the
FLmP-gpMe. Clearly, the methylation of residue Lys-1072 of
NBD2, unlike Lys-429 of NBD1, is a result of the protection
afforded by the presence of AMP-PNP during protein purifica-
tion and subsequent methylation, which is consistent with the
model of ATP binding specifically to NBD1 of P-gp.

To test the effect of methylation on P-gp function and how it
might be influenced by the presence of nucleotide, we per-
formed methylation of wild-type FLmP-gp in the presence or
absence of AMP-PNP. The methylated proteins were repurified
by size-exclusion chromatography in the absence of AMP-PNP
followed by measuring verapamil-stimulated ATPase activity.

FIGURE 2. Structures of mP-gp variants and separations between the two
halves. A, ribbon representation of mP-gp structure. The structure is divided
into two regions and eight domains. The two regions are as follows: the hel-
ical region (HR) and NBD region. The HR is further divided into ECD1 (ECL1–2,
ECL9 –10, and ECL11–12), ECD2 (ECL7– 8, ECL3– 4, and ECL5– 6), TMD1 (TMH1,
TMH2, TMH3, TMH6, TMH10, and TMH11), TMD2 (TMH7, TMH8, TMH9, TMH4,
TMH5, and TMH12), ICD1 (ICL2–3 and ICL10 –11), and ICD2 (ICL4 –5 and ICL8 –
9). The two horizontal lines mark the boundaries for the membrane bilayer.
The structure corresponding to residues 31–366 is colored green. NBD1(367–
625) is shown in red. The part corresponding to residues 687–1010 is in purple,
and the NBD2(1011–1272) is colored orange. B, superposition of the !lnkmGlu/Gln

P-gp (chain A) with FLmP-gpMe. The N-terminal half of !lnkmP-gp was aligned
to the corresponding part of the FLmP-gpMe, leaving the C-terminal half mis-
aligned. The !lnkmP-gp is shown as ribbon presentation colored in red, and
FLmP-gpMe is shown in blue. Two viewing orientations are shown as fol-
lows: on the left is the view along the membrane plane and on the right is
that perpendicular to the membrane plane from the intracellular side.
Separations between the NBDs are also given as distances between COG
of the two NBDs.

Structure and Function of P-glycoprotein
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P-glycoprotein: a multidrug-resistance 
efflux pump

architecture consisting of two cytoplasmic 
nucleotide- binding domains (NBDs) 
that bind and hydrolyse ATP and two 
transmembrane domains (TMDs) that 
recognize and transport substrates (FIG.!1a). 
Whereas the structure and function of NBDs 
are similar throughout families, TMDs are 
highly heterogeneous, allowing transporters 
to recognize diverse substrates and use the 
energy from ATP hydrolysis to translocate 
molecules across membranes, irrespective 
of the prevailing concentration gradient22. 
Recent work suggests that while the energy 
from ATP can help translocate engaged 
substrates, basal ATP hydrolysis drives a 
continuously changing conformation that 
may facilitate MDR1 binding and transport 
of a wide range of substrates23 (FIG.!1b). 
High- resolution structures of MRP1 (REF.24) 
and ABCG2 (REF.25) determined using 
cryo- electron microscopy have helped to 
clarify the drug- binding domains but have 
left the precise translocation mechanism 
unresolved.

ABC transporters regulate cellular levels of 
hormones, lipids, ions, xenobiotics and other 
small molecules by transporting molecules 
across cell membranes and serve a range of 
physiological roles, including intracellular 
regulation of organelles such as the 
mitochondrion26, lysosome27, endoplasmic 
reticulum28 and Golgi apparatus29. Loss of 
function of a particular ABC transporter 
via germline mutation is associated with a 
number of heritable diseases, including cystic 
fibrosis (associated with mutation  
of cystic fibrosis transmembrane conductance 
regulator (CFTR), encoded by CFTR (also 
known as ABCC7)), pseudoxanthoma 
elasticum (associated with mutation of 
MRP6, encoded by ABCC6), Stargardt 
macular degeneration (associated with 
mutation of ABCA4), Tangier disease 
(associated with mutation of ABCA1), 
sitosterolaemia (associated with mutation of 
ABCG5 or ABCG8) and harlequin ichthyosis 
(associated with mutation of ABCA12)30. 
The research and management of these 

disorders present considerable biological and 
clinical challenges, as the development of 
small molecules or gene therapy is required 
that enables normalization of mutant 
transporters via strategies such as ribosomal 
readthrough, stabilization of messenger 
mRNA31, correction of folding defects32, 
correction of trafficking defects33,34, allosteric 
activation35, modulation of protein–protein 
interactions36, control of post- translational 
regulation37, regulation of protein degradation 
pathways37,38 or induction of compensatory 
mechanisms39. Prospects are improved 
somewhat given that restoration of activity 
to as little as 5% of that of wild- type basal 
activity can be sufficient to partially 
ameliorate disorder phenotypes40,41.

It should be noted that among the 48 ABC 
transporters, some have very narrow substrate 
specificity, whereas others have a broad 
substrate specificity. It is the transporters 
with broad substrate specificity that have the 
potential to transport a range of anticancer 
agents, and the expression level of these 
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Fig. 1 | Structure and mechanism of three ABC transporters. a | High- 
resolution 3D structures of ATP- binding cassette (ABC) subfamily G member 
2 (ABCG2)25 (PDB ID 5NJ3), multidrug resistance protein 1 (MDR1)23 (PDB ID 
5KPI) and multidrug resistance- associated protein 1 (MRP1)24 (PDB ID 5UJ9). 
Although the structure for MRP1 is that of Bos taurus, the protein identity is 
91%, and the structure is likely similar to that of human MRP1. Structures 
were generated using PyMol138 with data from RCSB PDB (see Related links). 

b | Schematic representation of the proposed pumping action of MDR1. The 
substrate binds to the binding pocket, and ATP binds to the two binding 
sites in the nucleotide- binding domains (NBDs). This is followed by the  
hydrolysis of ATP, which generates a conformational change, allowing  
the substrate to be released from the protein. The second molecule of ATP  
is hydrolysed, allowing for a conformational reset where substrate and  
ATP can bind again so the process can repeat.
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cells (cBioPortal + TCGA)

(Robey et al, Nat Rev Cancer, 2018)
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Fig. 3 | Expression of ABCB1 and ABCG2 in patient tumour 
samples. Data from the cBioPortal website (see Related links) 
showing expression of ATP- binding cassette (ABC) subfamily B 
member 1 (ABCB1) (part a) or ABCG2 (part b) in cancers of various 
origin, and data from the TCGA database (see Related links) show-
ing expression of both ABCB1 and ABCG2 in breast, thyroid, pan-
creas, liver and kidney tumours as well as glioblastomas (GBMs) 
(part c). The data in part c are viewed with tcgaMiner, an in- 
house-developed, R Shiny- based program. AC, adenocarcinoma; 
ACC, adenoid cystic carcinoma; AML , acute myeloid leukaemia; 
ccRCC, clear cell renal cell carcinoma; chRCC, chromophobe RCC; 
CS, carcinosarcoma; DLBCL , diffuse large B cell lymphoma; exp, 
RNA- seq expression; PCPG, pheochromocytoma and paragangli-
oma; pRCC, papillary RCC; RNA- seq, RNA sequencing; SCC, 
squamous cell carcinoma; V2, version 2.
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Fig. 2. Postulated alternating catalytic sites cycle of ATP hydrolysis by 
P-glycoprotein. Rectangles, represent the two Pgp TMD (trans-mem- 
brane domains); Circles, squares, and hexagon, represent different con- 
formations of the N- and C-catalytic sites (NBSI and NBS2, respec- 
tively). (Top left) The N-catalytic site is empty, the C-catalytic site has 
bound ATE drug is bound at inside-facing transport site. (Top right) 
We suggest that ATP binding at the N-site allows ATP hydrolysis at 
the C-site, inducing a conformation at the C-site which prohibits hy- 
drolysis at the N-site. The conformation at the C-site immediately after 
bond-cleavage is a high chemical potential state with bound ADP. Pi, 
shown as a hexagon. (Bottom right) Relaxation of the C-site conforma- 
tion occurs, coupled to drug movement from inside-facing, higher- 
affinity to outside-facing, lower-affinity, and P~ is released. (Bottom left) 
Drug and ADP dissociate. Drug binds at the inner side and in top I~/t 
N- and C-sites have now reversed their relationship. In the next cycle. 
ATP hydrolysis will occur in the N-site. 

which incorporates also a proposal for coupling of drug trans- 
port to ATP hydrolysis. Pgp differs from other transport 
ATPases in that it shows no high-affinity binding site tbr Mg- 
ATP, nor does it utilize a covalent E - P  catalytic intermediate. 
Changes in free energy associated with such species during the 
catalytic cycle are thought to be coupled to conformational 
changes at transport substrate binding sites in other transport 
ATPases [42]. In Pgp, P, binding occurs with relatively weak 
affinity (above), implying that a large lYee energy change occurs 
during catalysis before the stage of Pi release. We postulate 
therefore that the ATP hydrolysis step itself generates a 
Pgp' Mg-ADP" Pi conformation of high chemical potential. Re- 
laxation of this conformation, probably through intermediates. 
could be coupled to movement of a drug-binding site from 
inside-facing aspect of higher affinity to outside-facing aspect 
of lower affinity. 

8. Conclusions 

(1) Pgp is an ATPase and ATPase activity is obligatorily 
linked to conferral of MDR phenotype in cells. Both predicted 
nucleotide-binding sites bind Mg-ATP with approximately the 
same affinity, and both hydrolyze Mg-ATP. The two catalytic 
sites interact strongly and cannot  hydrolyze Mg-ATP inde- 
pendently. A minimal reaction scheme for ATP hydrolysis is 
presented, and an alternating catalytic sites cycle is proposed. 

(2) Understanding coupling of ATP hydrolysis to drug trans- 
port is a major goal. We postulate that drug transport  is cou- 
pled to relaxation of a high energy catalytic site conformation 
which is generated by the hydrolysis step. (3) It is not  unreason- 
able to speculate that several, perhaps most, of the ABC trans- 
porters have nucleotide-binding and ATP hydrolysis character- 
istics similar to those of Pgp. The designation of the ABC 
transporter family is based on similarity of predicted structure; 
it is important  to find out whether there are also basic func- 
tional similarities. The experimental approaches reviewed here 
may prove valuable in this regard. (4) Work on Pgp under- 
scores the concept that transport  ATPases gain a key advantage 
from the use of multiple, highly-cooperative catalytic sites re- 
acting sequentially. What  the key advantage is, however, re- 
mains to be clarified. 
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P-glycoprotein: asymmetric ATP binding

In the absence of nucleotide, the resulting methylated protein is
catalytically inactive, indicating that both Walker A lysine res-
idues (Lys-429 and Lys-1072) are methylated. By contrast, in
the presence of AMP-PNP, the resulting methylated protein

(only Lys-1072 of NBD2 is methylated) shows verapamil-stim-
ulated ATPase activity, albeit at a 10-fold lower level than the
wild type (Fig. 1F), suggesting that this modified protein is capa-
ble of carrying out ATP hydrolysis.

FIGURE 3. Asymmetric binding of nucleotides. A, van der Waals surface showing asymmetric binding of ATP to the NBD1. Only the surfaces of NBD1 and NBD2
are presented, as viewed from the helical region of the molecule. The bound ATP in NBD1 is rendered as the stick model with carbon atoms in black, oxygen in
red, nitrogen in blue, and phosphorus in orange. The two residues descending from ICD1, Arg-901 and Asp-160, are also shown as stick models and labeled. B,
stereo pair: the ATP-binding environment in NBD1. The bound ATP is shown as stick model with carbon atoms in black, oxygen in red, nitrogen in blue, and
phosphorus in brown. Overlapping the ATP model is the difference electron density shown in gray mesh and contoured at 3!. Residues in the vicinity of the
bound nucleotide are also shown as stick models and labeled. C, stereo pair showing the nucleotide-binding site of NBD2 in the structure of FLmP-gpMe.
Difference electron density (green mesh, 3!) is overlaid with a trimethylated Walker A K1072, shown as a stick model in black. The Walker A P-loop is shown in
cartoon representation and is colored in red. Residues that are in the vicinity of the methylated Lys-1072 are shown as stick models and labeled.
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P-glycoprotein: flexible TMD

though it has two consensus NBDs. This structure also shows
that in the absence of drug substrate, NBD1 is a preferred site
for ATP binding, suggesting there is a considerable difference
between the two NBDs in binding affinity for ATP under such
conditions. With respect to the P-gp conformation upon ATP
binding, although it should be cautioned that the open-inward
conformation in the ATP-bound structure might not be repre-
sentative of what happens in solution because this conforma-

tion is preformed in the crystal, an EM study of mP-gp in the
presence of ATP did show that most molecules exist in the
open-inward conformation (40).

Coupling of Open-and-Close Motion of P-gp Two Halves to
Movement of Individual TM Helices Forms the Structural Basis
for Polyspecificity—One major unresolved issue in the function
of P-gp is the mechanism underlying polyspecificity of P-gp for
numerous drug substrates that are structurally unrelated. Using

FIGURE 5. Structural flexibility in the TM helices is correlated to the opening and closing movement of the two halves of P-gp. A, movement of helices
in the TMD revealed by superposition of mP-gp structures in different conformations. Two structures are superimposed: chain B of !lnkmGlu/GlnP-gp (red) and
FLmP-gpMe (green). Left panel depicts structural changes of the N-terminal half based on the superposition of NBD1, and the right panel shows the changes of
the C-terminal half based on the superposition of NBD2. Each helix is labeled, and a letter a, b, or c is added if breaks exist in the helix. Examples of aromatic
residues, Phe-934 of TM11 and Phe-979 of TM12, found in the interior of the TMD, are displayed as the stick models and labeled. B, C! traces of helices in the
TMD1 of superposed structures. The superposition was based on TMH1 of !lnkmGlu/GlnP-gp (chain B) as reference molecule. Four structures were used as
follows: !lnkmGlu/GlnP-gp (chain B, green); !lnkmGlu/GlnP-gp (chain A, red); FLmP-gpMe (yellow); and 4Q9H (black). All helices were labeled. C, C! traces of helices in
the TMD2 of superposed structures. The superposition was based on TMH7 of !lnkmGlu/GlnP-gp (chain B). D, correlation plots for TMH11 (TMD1) and TMH12
(TMD2) illustrating the relationship between the gap size of two NBDs, expressed as the distance between COGs, and the average helix rotation "HRA# and tilt
"HTA# angles. Cartoon representations of TMH11 and TMH12 from two superposed structures !lnkmGlu/GlnP-gp (chain B, green) and FLmP-gpMe (yellow) are also
given. E, changes in the substrate-binding environment shown as van der Waal’s surface centered on residue Tyr-949 of TMD1 (top) and on residue Tyr-306 of
TMD2 (bottom) in mP-gp structures of different conformation. Four structures are presented: panel I, !lnkmGlu/GlnP-gp (chain B); panel II, !lnkmGlu/GlnP-gp (chain
A); panel III, FLmP-gpMe; and panel IV, 4Q9H. Hydrophobic surface is shown in green, negative charged in red, positive charged in blue, and sulfur in yellow.

Structure and Function of P-glycoprotein

JANUARY 13, 2017 • VOLUME 292 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 455

 at U
niv of O

ttaw
a - O

CU
L on M

arch 23, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

(Esser et al, JBC, 2017)



uOttawa.ca

P-glycoprotein: inhibitor v.s. drug (Taxol)

(Alam et al, Science, 2019)
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P-glycoprotein: transport substrates affect 
ATP usage

(Alam et al, Science, 2019)
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P-glycoprotein: lipid-protein interaction

(Alam et al, Science, 2019)
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P-glycoprotein: multidrug resistance?

(Alam et al, Science, 2019)
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ABCG5/G8: a sterol/cholesterol eflfux pump

ATP
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ABCG5/G8 promotes biliary and intestinal sterol 
secretion (liver/small intestine specific).
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G5G8 protects against plant sterol accumulation.
(Sitosterolemia)



A: Walker A motif
(GxxGxGKS/T)

B: Walker B motif
(jjjjDE)

Transmembrane domain

Nucleotide-binding domain

S: ABC signature motif
(jSGGQ/E)

j: hydrophobic amino 
acids

ABCG5 and ABCG8 are half ABC transporters.



ABCG5 and ABCG8 share high structural similarity.

RMSD (Ca) ~ 2Å
(~28% sequence identity)

TMD: transmembrane domain
NBD: nucleotide-binding domain

ECD: extracellular domain
CnH: connecting helix
CpH: coupling helix

Domain features Structural similarity:



Triple Helical Bundle: Connecting the ATP-
Binding Cassette to the Transmembrane Domain

CnH: connecting helix
CpH: coupling helix
★: conserved polar residues
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Triple Helical Bundle: Connecting the ATP-
Binding Cassette to the Transmembrane Domain

CnH: connecting helix
CpH: coupling helix
★: conserved polar residues
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CnH: connecting helix
CpH: coupling helix
E: E-helix

A: Walker A motif
B: Walker B motif
Sig: Signature motif
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Interactions within the Triple Helical Bundle 



CnH: connecting helix
CpH: coupling helix
E: E-helix

A: Walker A motif
B: Walker B motif
Sig: Signature motif
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Interactions within the Triple Helical Bundle 



The ATPase in G5G8 is catalytically asymmetric. 

A: Walker A motif

S: Signature motif

GSSGSGKT

LSGGE

GSSGCGRA

ISTGE

B: Walker B motif

NBS1
(degenerated / inactive)

NBS2
(conserved / active)

VMLFDE ILILDE

(j: hydrophobic amino acids)

Consensus Sequence
GxxGxGKS/T

jjjjDE

jSGGQ/E

Zhang et al, JBC, 2006
Wang et al, JBC, 2011

A
A

S
B

S
B

ABCG5 ABCG8



(Lee et al, Nature, 2016)

The TMD polar relay connects the triple helical 
bundle to the TMD.



Fo - Fc (3.0 s)Vestibules

How do sterols move across the lipid-bilayer 
membranes on the TMD?

TMD

NBD

Vestibules at the TMD-membrane interface

Sterol binding/entry site?
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＊

＊

Precursor
Mature

How do sterols move across the lipid-bilayer 
membranes on the TMD?

TMD

NBD

(Lee et al, Nature, 2016)

G5G8

LETTER RESEARCH

Extended Data Figure 5 | Vestibules in the membrane spanning 
region. a, b, Left: cartoon of G5G8 TMDs in transparent surface (orange 
and blue). Vestibules on opposing faces of the TMDs are highlighted in 
boxes. Middle: Fo ! Fc difference electron density map contoured at 3.0! 
showing extended features at the vestibules. TMHs are numbered. Right: 
highly conserved residues in G5 and G8 (sequence conservation " 7, 
see Methods) are shown as orange (G5) and blue (G8) cartoon/sticks. 
c, Left: in vivo functional reconstitution assay using G5G8 KO mice 
(G5G8!/! mice)19. Biliary cholesterol levels from mice infected with RR 

(empty adenovirus), or with adenoviruses expressing human (h)G5:WT 
and hG8:WT, or with adenoviruses expressing hG5:A540F and hG8:WT 
are shown. Pictures of the bile are below the graph. Each experiment 
represents the mean ± s.d. from three infected mice (n = 3) in each group. 
Right: expression of hG5 and hG8 detected by immunoblotting using 
anti-hG5 monoclonal antibodies (see Methods). Connexin was used as 
the gel-loading control. As a positive control for the mouse and a negative 
control for the human anti-G5 antibody, we also immunoblotted liver 
membranes from G5G8+/! mice.

© 2016 Macmillan Publishers Limited. All rights reserved



ER-escape missense mutations
Graf et al, JBC, 2004

Non-ER-escape missense mutations
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Location of the residues with the disease-causing 
missense mutations of sitosterolemia.

: conserved (multiple sequence alignment (MSA) value ≥ 7)
: less/non-conserved (MSA < 7) 
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Disease-causing mutations cluster in the 
conserved functional domains in G5G8.
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Transporters: a Pathogenic Hot Spot



G5G8-Mediated Sterol Transport
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Transmembrane Domain: the Dynamic Nature 
(Probably at an ATP-Prehydrolytic state) 



Co-Evolution Analysis

(Lisa Kinch)



(Jin Wang & Fang Xu)





TMD

NBD

ECD

ATP

D[sterols]

Working Model of ABC Sterol Transporters
(Cellular)



B

A Sterol
Bile micelles

Working Model of ABC Sterol Transporters
(Molecular)



uOttawa.ca

• High-degree of structural diversity in the 
transmembrane domains of ABC transporters.

• The structural variability (likely) determines the 
functional diversity of ABC transporters.

• Transport mechanism is (likely) individually 
distinct.

So, …


