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Conformational Coupling of the Nucleotide-Binding
and the Transmembrane Domains in ABC Transporters
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ABSTRACT Basic architecture of ABC transporters includes two transmembrane domains (TMDs) and two nucleotide-binding
domains (NBDs). Although the transport process takes place in the TMDs, which provide the substrate translocation pathway
across the cell membrane and control its accessibility between the two sides of the membrane, the energy required for the
process is provided by conformational changes induced in the NBDs by binding and hydrolysis of ATP. Nucleotide-dependent
conformational changes in the NBDs, therefore, need to be coupled to structural changes in the TMDs. Using molecular
dynamics simulations, we have investigated the structural elements involved in the conformational coupling between the
NBDs and the TMDs in the Escherichia coli maltose transporter, an ABC importer for which an intact structure is available
both in inward-facing and outward-facing conformations. The prevailing model of coupling is primarily based on a single struc-
tural motif, known as the coupling helices, as the main structural element for the NBD-TMD coupling. Surprisingly, we find that in
the absence of the NBDs the coupling helices can be conformationally decoupled from the rest of the TMDs, despite their cova-
lent connection. That is, the structural integrity of the coupling helices and their tight coupling to the core of the TMDs rely on the
contacts provided by the NBDs. Based on the conformational and dynamical analysis of the simulation trajectories, we propose
that the core coupling elements in the maltose transporter involve contributions from several structural motifs located at the
NBD-TMD interface, namely, the EAA loops from the TMDs, and the Q-loop and the ENI motifs from the NBDs. These three
structural motifs in small ABC importers show a high degree of correlation in motion and mediate the necessary conformational
coupling between the core of TMDs and the helical subdomains of NBDs. A comprehensive analysis of the structurally known
ABC transporters shows a high degree of conservation of the identified 3-motif coupling elements only in the subfamily of
small ABC importers, suggesting a distinct mode of NBD-TMD coupling from the other two major ABC transporter folds, namely

large ABC importers and ABC exporters.

INTRODUCTION

ATP-binding cassette (ABC) transporters constitute one of
the largest families of membrane transporters (1). They use
the energy of ATP binding and hydrolysis to drive the trans-
port of various substrates across the cell membrane, often
against the concentration gradient. In recent years, several
different ABC transporters have been structurally resolved
as full transporter complexes (2—13). These structures have
characterized the fundamental architecture of all ABC trans-
porters as a complex of two nucleotide-binding domains
(NBDs) and two transmembrane domains (TMDs, also called
the permease or the transporter domains), assembled as
homodimers or pseudodimers. The NBDs bind and hydro-
lyze ATP to provide energy for active transport, whereas
the TMDs provide the physical pathway for substrate trans-
location. In addition to these four basic domains, prokaryotic
ABC importers are associated with a periplasmic or extracel-
lular substrate-binding protein (BP), whose function is
believed to be substrate acquisition and its delivery to the
TMDs. In addition to numerous crystal structures of isolated
BPs (reviewed by Berntsson et al. (14)), several ABC trans-
porters have been crystallized with their BPs bound at the
periplasmic side, either with or without the substrate (6-8).
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All ABC transporters share highly conserved NBDs.
Numerous crystal structures of isolated NBDs from
different ABC transporters have been reported (reviewed
by Moussatova et al. (15)). In particular, several structures
of the isolated NBDs of the maltose transporter (MalK)
have been resolved in different dimeric conformations
(16,17), demonstrating the ability of the NBDs to adopt
different conformational states in response to different
nucleotide binding conditions. Structurally, each NBD
monomer is composed of two subdomains: the RecA-like
subdomain and the helical subdomain, with the dimer
formed through a head-to-tail assembly of the two mono-
mers. The two symmetrically related nucleotide-binding
sites reside mostly within the RecA-like subdomains in
a dimer, but the binding sites also involve a strictly
conserved (LSGGQ) motif provided by the helical subdo-
main of the opposing NBD monomers. Therefore, in a closed
NBD dimer, each of the two bound ATPs is sandwiched
between a RecA-like subdomain and a helical subdomain
provided by different monomers.

Based on the crystal structures of isolated NBDs, along
with their resolved conformations in intact ABC trans-
porters, it has been established that the NBDs of all ABC
transporters share a common mechanism, despite opposite
transport directions in ABC importers and exporters. The
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two NBD monomers form a closed dimer when bound to
ATP, whereas they separate after ATP hydrolysis (18,19),
or in the absence of a bound nucleotide. The dynamics asso-
ciated with dimer opening (separation of the two monomers)
in the nucleotide-free or the ADP-bound forms has been
characterized in molecular dynamics (MD) simulations of
different ABC transporters (20-22). Earlier simulations
from our laboratory have shown that the opening of the
NBD dimer is a direct effect of ATP hydrolysis, rather than
that of the dissociation of the hydrolysis product, and that
ATP hydrolysis in either of the two active sites (single hydro-
lysis event) is sufficient to trigger the dimer opening (21).

In contrast to the NBDs, little conservation exists among
the TMDs of ABC transporters. Based on the available
crystal structures, the TMDs can be divided into at least three
topologically different folds: 1), a small importer fold (19),
also known as type I ABC importers (23,24), represented
by the crystal structures of the maltose transporter (8,12),
the molybdate/tungstate transporters (6,10), and the methio-
nine transporter (11); 2), a large importer fold (19), or type II
ABC importers (23,24), exemplified by the vitamin B,
transporter (2,7) and one of its homolog (4); and 3), an
ABC exporter fold (19,23,24) captured in the crystal struc-
tures of the multidrug resistance protein P-glycoprotein
(13) and several of its bacterial homologs (3,5,9). To simplify
the discussion we will refer to these TMD folds as small
ABC importers, large ABC importers, and ABC exporters,
respectively.

For the transporter to function, the opening and closure of
the dimeric NBDs are highly coupled to conformational
changes in the TMDs. Once the NBDs separate in the post-
hydrolysis, or the nucleotide-free states, the TMDs open
toward the cytoplasm, forming a state termed inward-facing.
The ATP-dependent closure of the NBDs, on the other hand,
facilitates the conformational transition of the TMDs to the
outward-facing state. This NBD-dependent control of the
conformational state of the TMDs, which is shared by all
diverse TMD structural folds, seemed to be attributed to a
universal coupling mechanism that conveys the conforma-
tional cues from the NBDs to the TMDs. Evidenced by all
TMD structures, the only structural element in the TMDs
that is shared by all three TMD folds appears to be a single
helix lying approximately parallel to the membrane surface
on the cytoplasmic side, right between the core of the TMDs
and their flanking NBDs. Due to the universal presence and
its location, this helix has been suggested to be responsible
for the NBD-TMD coupling, and thus termed the coupling
helix (18,25).

Here, we report the results of a series of MD simulations
investigating the dynamics of the maltose transporter in
different forms. Starting from the nucleotide-bound,
outward-facing intermediate state (8), we model and simulate
the transporter in various combinations of its components. We
show that the coupling helices are conformationally de-
coupled from the rest of the TMDs in the absence of the
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NBDs, due to the essential role of the NBDs consolidating
the structure of the coupling helices with the core of the
TMDs. The tight coupling between the NBDs and the
TMDs is achieved by the formation of rigid bodies that
include the core of the TMDs and the helical subdomain of
the NBDs, through the association of three conserved motifs
provided by both the TMDs and the NBDs. The three
conserved motifs include the EAA loop from the TMDs
(where the coupling helix belongs to), and the Q-loop together
with its flanking ENI motif from the NBDs. Examining
several crystal structures of full ABC transporter complexes,
we demonstrate that the three structural motifs are conserved
among small ABC importers, and form a unique feature only
shared by this subset of ABC transporters.

METHODS

Detailed descriptions for the construction of the simulation systems, as well
as for the methods used in data analysis are provided in the Supporting
Material. In brief, MD simulations were carried out using the crystal struc-
ture of the nucleotide-bound, substrate-associated state of the Escherichia
coli maltose transporter (MalEFGK, Protein Data Bank (PDB) entry:
2R6G (8)). The transporter was simulated in an explicit lipid-bilayer
environment composed of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
molecules. After initial equilibration of 10 ns, the simulations were
branched into four different configurations: 1), control simulations of the
intact transporter with MgATP-bound; 2), nucleotide-free, full transporter;
3), removing the periplasmic section from System B; and 4), further
removing the two MalK monomers from System C, i.e., only the TMDs
without the periplasmic loop of MalF. Two independent 70 ns equilibrium
simulations were carried out for each system, with different initial random
seeds. In the following, the eight simulations will be named as System Al,
System A2, System B1, System B2, and so on.

To illustrate the conformational changes during the simulations, four sets
of distances were measured at each time point in the trajectories: two center-
of-mass distances between the EAA1 and EAA2 helices of MalF and MalG,
and two distances measured between the centers of masses of the RecA-like
subdomain of one NBD and the helical subdomain from its opposing NBD.
The detailed definitions for these distances are provided in the Supporting
Material. To measure the internal coupling in the EAA loop, and the cross-
domain coupling between the NBDs and the TMDs, generalized correlations
were calculated for the C, atoms of these regions using the g_correlation
algorithm provided by Lange and Grubmiiller (26). The NBD-TMD
coupling was further examined by structural aligning of the EAA helices,
for all structures in the simulations trajectories of Systems A—C, as well as
for crystal structures of small ABC importers, and calculating the structural
deviations at the NBDs neighboring to the aligned EAA helices. Similar
superpositions were done for other ABC transporters: the large ABC
importer structures were superimposed using their EAA loops, whereas for
ABC exporters the intracellular loops (ICLs) were used in structural super-
position. Relative displacements of C, atoms after such superpositions
were compared to identify the coupling elements among different domains.

RESULTS AND DISCUSSIONS

Conformational response of the NBDs to
nucleotide removal

In small ABC importers, the coupling helices are part of
a conserved, two-helix motif termed the EAA loop, a motif
exhibiting highly homologous sequences among both small
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and large ABC importers (27). The EAA loop had been pre- orientations of the two helices in the EAA loop are opposite
dicted to be composed of two amphipathic a-helices con- in the small and large ABC importers. In small ABC
nected by a loop (27), a feature that was later verified by  importers, the coupling helix is the first helix (sequence-
all crystal structures of ABC importers. Interestingly, the = wise) of the EAA loop (green helices in Fig. 1, A-D),
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FIGURE 1 Overview of the equilibrium simulations. (A—D) Initial structure of the four simulation systems, showing proteins (in ribbons), bound substrates
(including maltose and MgATP, shown as van der Waals spheres and labeled in panel A), and lipids (in line representations). The color scheme for this and all
following figures is: MalK monomers in blue and red, MalF in orange, MalG in yellow, MalE in dark gray (labeled in panel A); the two EAA1 (the coupling
helices) and EAA?2 helices are highlighted in green and purple, respectively (labeled in panel D). (E) Schematic representation of the distances measured to
quantify the NBD opening and the separation of the EAA helix pairs for panels F and G. Left: the NBD opening in each simulation system is measured as the
center-of-mass distance between the helical subdomain of one MalK monomer (P88-E151, squares) and the RecA-like subdomain of the opposite MalK
monomer (A2-Y87 and P152-G235, pac-man shaped); the bound nucleotides are shown as green triangles occupying the binding sites A and B. Right:
the separation of the two sets of EAA helices are measured as the distances between their centers of masses (MalF:P396-G407 with MalG:D185-G196
as set 1, and MalF:F411-L422 with MalG:W200-S211 as set 2). (F) The conformational changes in the NBDs of each simulation system measured by
the degree of NBD dimer opening. (G) The conformational changes of the EAA loops of the TMDs, measured as the separation of the two EAA helix pairs.
The vertical dashed lines at 10 ns in panels F and G denote the time point at which all the simulations were branched out from their common parent equil-
ibration simulation system.
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making direct contacts with the NBDs, whereas the second
EAA helix (purple helices in Fig. 1, A-D) is located right
above the coupling helix, in a closer proximity to the core
of the TMDs. The two helices will be referred to as EAA1
(the coupling helix) and EAA2 (the second EAA helix)
hereafter.

Removal of the nucleotides from the NBDs in the nucle-
otide-free systems (Systems B and C) is expected to result in
significant conformational changes. Two types of conforma-
tional changes are considered relevant to the transport
mechanism: the change of the dimerization state of the
NBDs, and the degree of conformational changes trans-
mitted from the NBDs to the TMDs. To quantify the extent
of these conformational changes, the former is measured as
the degree of NBD opening at both active sites (Fig. 1 F),
and the latter is measured as the separation of EAA1/
EAA2 helices (Fig. 1 G) because the EAA loops are the
structural elements in the TMDs that are in physical contact
with the NBDs, and thus are expected to move in a correlated
manner to the NBDs. These quantities are described in detail
in the Supporting Material.

System A preserves all the components of the intact trans-
porter, and thus serves as a control system. The transporter
in two repeated simulations (Systems Al and A2 in Fig. 1, F
and G) maintains a stable conformation both in the NBDs
and in the TMDs. Examining the degree of opening in
binding sites A and B, it is clear that the NBD dimer main-
tains its fully closed conformation throughout the two 70 ns
simulations of Systems Al and A2 (Fig. 1 F), a behavior that
was also observed during the simulation of the ATP-bound
MalK dimer in its isolated form (21).

Removing the nucleotides (MgATP) from the NBDs
(Systems B and C), result in large conformational changes
in the NBDs. In both Systems Bl and B2, an immediate
opening of at least one nucleotide-binding site is observed
(Fig. 1 F). The NBD opening appears to be symmetric in
System B1, with an average opening of 2.5-3.5 A at both
nucleotide-binding sites, reaching a conformational state
similar to the crystal structure of the semiopen MalK (16).
In System B2, on the other hand, significant NBD opening
is only observed in one of the two nucleotide-binding sites.
This asymmetric NBD opening is also observed in both
Systems C1 and C2. The NBD opening does not occur at
the same site in the three simulations with asymmetric
NBD openings, that is, site A opens in System CI and
Site B opens in Systems B2 and C2. The degree of opening
in these sites is mostly comparable to, if not larger than, the
symmetric opening of binding sites in System B1, except for
System C2 where the opening of site B is only ~2 A.

The degree of NBD opening in all the four simulations
with removed nucleotide (Systems B1, B2, Cl1, and C2)
are much smaller than what is observed in the crystal struc-
ture of nucleotide-free state, and three of the four simula-
tions show the opening at only one of the two binding
sites. Considering that the dimer opening due to nucleotide
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removal from an isolated, completely closed NBD can be
captured with relatively short MD simulations (28), we attri-
bute the small degree of NBD opening observed here to the
structural constraints imposed by the presence of the TMDs
preventing the NBDs from fully opening within the limited
time scale of the simulations. Within the vacant yet closed
nucleotide-binding sites, hydrogen bonds between the side
chains of the Walker A and LSGGQ motifs from the opposing
NBDs are frequently observed, especially between S38 and
S135 of MalK. Furthermore, a number of van der Waals
contacts and other hydrogen bonds can also be occasionally
observed between the two NBD monomers at the Q-loops
and the D-loops. It is not clear whether these transient
contacts and interactions help to maintain the closed binding
sites or are merely the structural consequences due to the
trapped closed conformation. The fact that the NBD opening
can occur at either site or both, suggests that the NBD
opening is a stochastic event that can be delayed by the struc-
tural restraints from the TMDs, and possibly by transient
interactions between the two NBD monomers.

It should be noted that even though the degree of NBD
opening in none of the nucleotide-free simulations (Systems
B1, B2, C1, and C2) is large enough to induce inversion of
the TMDs to open toward the cytoplasm (discussed later),
all of the simulations clearly show structural changes toward
a conformational state resembling the resting state crystal
structure (PDB: 3FH6 (12)). These structural changes there-
fore only represent early events along the transport cycle
captured within the limited time scale of our simulations.

Effect of NBD opening on the EAA loops

Depending on the nature of the opening at the nucleotide-
binding sites, the conformational changes in the NBDs
result in various degrees of separation of the EAA helices
in Systems B and C. In contrast, in both control simulations
(Systems Al and A2), the distances between the EAAI1
helices and that of the EAA2 helices are relatively constant.
The two sets of EAA helices in both Systems Al and A2
exhibit only a slight distance variation from the original
crystal structure (on the order of ~1 A, Fig. 1 G).

The largest separation of the EAA helices among all the
simulations occurs in the middle of simulation System B1,
reaching ~4 A larger separation than in the starting crystal
structure. None of the other three nucleotide-free simula-
tions (Systems B2, C1, and C2) yielded comparable separa-
tion of the EAA helices, a behavior that might be related to
the observed asymmetric NBD opening in these simula-
tions. The separation of the EAA helices is naturally
affected by the number of binding sites that exhibit opening
during the simulations. For example, with both nucleotides-
binding sites open, the EAA helices in System B1 are able to
separate almost twice the amount in System B2, even
though the opening at site B in the latter is larger than that
of either site in the former. One might speculate that the
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conformational conversion of the TMDs from the outward-
facing state to the inward-facing state requires the opening
of both nucleotide-binding sites.

Although the opening of both binding sites might be neces-
sary for a successful conformational change of the TMDs,
this does not necessarily entail that both bound nucleotides
have to be hydrolyzed. Using MD simulations performed
on isolated NBD, we have shown that a single hydrolysis
eventis able to trigger the opening of both nucleotide-binding
sites due to the destabilization of the dimer interface (21). In
the context of an intact transporter, the symmetric NBD
opening induced by single hydrolysis may still hold true,
however, its description would possibly require a much
longer time scale than what has been simulated here. This
notion can be supported by many examples of full functional
ABC transporters containing one degenerate nucleotide-
binding site (summarized by Procko et al. (29)).

NBD dependence of the coupling
of the EAA helices

The most unexpected results are obtained when the two
NBDs are completely removed from the simulation system
(Systems D1 and D2). In Systems A-C, regardless of the
degree of separation in EAA1l and EAA2 helices, the
distances between EAAl and EAA2 pairs are always
closely related (Fig. 1 G). On the contrary, in the absence
of the NBDs (Systems D1 and D2), the EAA1 helices
exhibit very large fluctuations, resulting in EAA1 distances
ranging from ~5 A longer and shorter than the crystallo-
graphic distance, whereas the EAA2 helices mostly main-
tain the same level of separation throughout both
simulation runs (Fig. 1 G). The residue-wise correlations
within the EAA loops also show that the internal coupling
of the EAA loops is largely abolished in both Systems D1
and D2 (Fig. 1 A). These results clearly indicate that, in
the absence of the NBDs, the coupling helices (EAAL
helices) are largely decoupled from the rest of the TMDs,
whereas the EAA2 helices maintain their tight coupling to
the core of the TMDs.

Examining the detailed structures of the EAA loops,
especially at its interface with the NBDs, it is found that
the decoupled behavior observed in the absence of the
NBD:s is likely due to the partial disruption of the tertiary
structure of the EAA loop. Here, the NBDs provide essential
contacts to stabilize the native structure, in a way analogous
to a latch locking in between two gates. The participation of
the NBDs in the folding of EAA loops seems to be a
conserved feature among small ABC importers. Upon close
inspection of the contacts between the EAA loops and the
NBDs in all simulation trajectories of Systems A-C, as
well as in all available crystal structures of small ABC
importers, we found that the positions of NBD-TMD con-
tacting residues are almost identical in all these structures.
Specifically, besides the majority of the EAA1 helices,
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five residues in each of the EAA2 helices contact the
NBDs. The TMD contacting residues in the NBDs are
highly clustered in and around the Q-loop region, except
for a few others that are positioned in the first loop after
the Walker A motif, and the first helical loop in the helical
subdomain. Notably, the latter regions belong to the struc-
turally diverse region (SDR, a nonconserved region between
the Q-loop and the LSGGQ motif of the NBDs (30)) of ABC
transporters. The high degree of spatial resemblance of
the NBD-TMD contacts, and the positional identity of the
contact residues along the polypeptide sequence, despite
their low degree of sequence conservation, suggest a
common mechanical coupling and mechanism of molecular
recognition between the NBDs and the EAA loops in small
ABC importers.

Aside from the EAA loops, the core of the TMDs (TMS5—
TM7 of MalF and TM3-TMS5 of MalG (12)) does not show
any noticeable structural changes during the two simula-
tions of System D. Although the absence of EAA2 structural
changes in System D might well be related to the limited
time scale of our simulations, capturing such changes within
the same time scales in other simulation systems presented
here (Systems B and C) might suggest otherwise. We might
speculate that the zero separation of EAA2 helices in
System D may be an indication of the presence of another
low-energy conformational state (resting state) for the iso-
lated TMDs, and that the resting state adopted by the
TMDs is selected by the conformational state of the associ-
ated NBDs. The conformational energy landscape of the
TMDs can be further characterized by MD simulations
using the inward-facing crystal structure of the maltose
transporter (12).

Identifying the NBD-TMD coupling elements

In the maltose transporter, the coupling helix (EAA1) of
each TMD inserts into a complementary deep groove of
the neighboring NBD, which is located right between the
RecA-like and the helical subdomains. Mutagenesis and
chemical cross-linking studies have suggested that the
NBDs of the maltose transporter interact with the TMDs
through the helical subdomains (31,32), while based on
the crystal structures, the Q-loop of the NBDs (which
connects the RecA-like and the helical subdomains) appears
to be the binding partner of the coupling helices (18,25).
Indeed, examining the simulation trajectories, the Q-loop
residues (especially Y87-H89) show the highest contact
frequencies with the EAA loop in all of Systems A-C.
Our simulations provide a more detailed and dynamical
view of the interdomain coupling mechanism. The correla-
tion of the C, fluctuations between each NBD (MalK) and
its flanking TMD (MalF or MalG) was calculated for
Systems A—C (Fig. 2 B), using the generalized correlation
method (26). The highest interdomain correlation was found
to be always between the EAA loops of the TMDs and
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a region connecting the two subdomains of the NBD,
including the Q-loop and nearby residues. Furthermore,
the correlation of the NBD residues to the TMD residues
is generally higher in the helical subdomains than in the
RecA-like subdomains.

To further characterize the structural elements involved in
the coupling of the NBDs and the TMDs, the trajectories
were aligned using the EAA loops, which show the highest
correlation to the motions of the NBD residues (Fig. 3, A
and B). After such superpositions, NBD residues showing
the lowest degrees of relative C, displacements and fluctu-
ations can be considered to have the strongest coupling to
the EAA helices, and thus to the TMDs (Fig. 4, A-C).
Analyzing the distribution of C, displacements in Systems
A-C, it is found that the residues in the helical subdomain
indeed show both lower mean deviations and smaller fluctu-
ations, when compared to residues in the RecA-like subdo-
main. The helical subdomain, therefore, exhibits closer
coupling to the TMDs than the RecA-like subdomain. In
particular, the region between G78-L102 (highlighted
regions in Fig. 4, A—C, and cyan colored regions in Fig. 4 E)
shows least structural deviations and fluctuations relative to
the EAA helices, matching the region exhibiting highest
correlations in Fig. 2 B.

Given that the EAA loops are structurally highly
conserved among small ABC importers, the above structural
analysis can also be applied to other crystal structures in this
family (Fig. 3, C-F, Fig. 4 D). The results indicate that the
structural elements identified above for the maltose trans-
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FIGURE 2 Generalized correlations between
residues in different parts of the maltose trans-
porter. The generalized correlation matrix of each
simulation is calculated with the combination of
the two repeated trajectories for each system,
instead of averaged values for each trajectory. (A)
Internal correlations for residues within the EAA-
loops of (top left triangle) MalF and (bottom right
triangle) MalG in all four simulation systems. (B)
Cross correlations between the residues from the
NBDs and the TMDs in Systems A-C, the left
panels show the correlations between polypeptide
chains B (MalK) and chain F (MalF), whereas
the right panels are the correlations between chains

: 0.3
; A (MalK) and chain G (MalG). The locations of
: key structural motifs, transmembrane helices (in
R, 0.2  numbers), and major domains of the NBDs are
i» \ labeled.
e ' Bo.1

porter are also present in other homologous ABC importers,
which all show low relative C, displacements at equivalent
positions (corresponding to MalK:G78-L102, highlighted
in Fig. 4 D). The results of the analysis indicate the presence
of a structurally conserved region in the NBDs that is in
charge of close coupling to the conserved counterpart in
the TMDs, that is, the EAA loops. In the next section, we
will provide a detailed description of the conserved
sequence motifs involved in this region.

Note that the crystal structure serving as the reference
here (PDB:2R6G) is the only one with nucleotide-bound,
closed NBDs, whereas all other structures (the resting
maltose transporter 3FH6 (12), two molybdate/tungstate
transporters 20NK (6) and 3D31 (10), and the methionine
transporter 3DHW (11)) are inclusively crystallized in the
absence of nucleotides, hence exhibiting various degrees
of NBD opening. Because these structures cover a broad
spectrum of crystallizing conditions, including the presence
and the absence of nucleotides and/or the BP/substrates, as
well as different inhibitory states of the NBD-associated
regulatory domains, the NBD-TMD coupling elements
characterized through our analysis appear not to be affected
and consistently present in all the structures.

Structural characterization of the NBD-TMD

coupling motifs

Structurally, the above TMD-coupling region of the
NBDs (MalK:G78-L.102) corresponds to the Q-loop, its
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N-terminal flanking @-strand, and the first a-helix of the
helical subdomain at the C-terminus of the Q-loop (the
cyan region in Fig. 4 E). Interestingly, this region includes
two conserved motifs right at its center: one is the aforemen-
tioned Q-loop (brown spheres in Fig. 4 E), and the other is
named the ENI motif (yellow spheres in Fig. 3 E), identified
by Jones and George (33) after structural comparison of
several monomeric NBDs (Fig. 5 A), but without assigning
any functional or structural role to it. In the crystal structures
of small ABC importers, the TMD contacts in the NBDs are
primarily formed by nonspecific, hydrophobic interactions
provided by the Q-loop and a few residues in the helical sub-
domain, which are immediately before and after the ENI
motif. The ENI motif itself, however, is not involved in
the NBD-TMD interface.

A clue for the role of the ENI motif is provided by the
observed stronger correlation of the entire helical subdo-
main with the EAA helices when compared to the RecA-
like subdomain. Examining the conserved sequences and
the local structure of the ENI motif, it is found that the
conserved hydrophobic residues in the ENI motif form
a significant part of the hydrophobic core of the helical sub-
domain. In the case of the maltose transporter, these include
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FIGURE 3 NBD-TMD coupling in
small ABC importers. The starting
structure of simulation System A
(equivalent to the crystal structure
2R6G (8) with the coordinates of
MgATP) is superimposed with end
structures of simulation Systems Bl
and C1, as well as with several other
crystal structures of small ABC
importers. The superposition is per-
formed using the EAA loop (green
and purple helices connected by an
orange loop, colored as in Fig. 1), and
the orientation of the flanking NBDs
are compared. In the reference struc-
ture, labeled System A, the EAA loop
is shown in a glossy representation
and the NBD in red; in other structures
the EAA loop is drawn using faded
colors and the NBDs in various colors:
(A) the end structure of System B1 in
cyan; (B) the end structure of System
C1 in teal; (C) the resting state crystal
structure of the maltose transporter
(PDB:3FH6 (12)) in dark blue; (D)
the molybdate/tungstate transporter of
Archaeoglobus  fulgidus (PDB:20NK
(6)) in yellow; (E) the molybdate trans-
porter of Methanosarcina acetivorans
(PDB:3D31 (10)) in brown; (F) the
methionine transporter of Escherichia
coli (PDB:3DHW (11)) in gray. In
each panel, the structures are shown
both in top (extracellular) view (left),
and in side view (right). MgATP is
shown in System A as a point of refer-
ence to highlight the ATP-binding sites.

V92 and M96 of MalK (Fig. 3 B) (33). In addition, the
strictly conserved asparagine in this motif makes two
hydrogen bonds with the backbone of the Q-loop right at
a position contacting the EAA helices (MalK:N95 and
MalK:Y87, Fig. 5 B). This hydrogen bond stabilizes the
ENI motif in a fixed orientation with respect to the
Q-loop, thus providing close coupling to the EAA helices
for the entire helical subdomain. One can expect that the
mutation of this strictly conserved asparagine, even to
a structurally similar aspartate or glutamine, might result
in decoupling between the helical subdomain and the
EAA loop, whose phenotype might be similar to a mutation
at the contacting residues between the Q-loop and the EAA
loop, such as an L86F mutant of MalK (34). In contrast to
a mutation at the Q-loop or the EAA loop, a mutation at
the ENI motif might not affect the NBD-TMD interface
directly, but impair the transport function by structural de-
coupling of the helical subdomains.

Note that when superimposing different structures with
the EAA loop, the area near the LSGGQ motif is generally
the region showing the second lowest C, displacements
besides the ENI motif (Fig. 4 D), where the residues in
between the two motifs generally show much weaker
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FIGURE 4 Identifying the NBD  structural
motifs responsible for the EAA loop coupling.
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(A-C) Box plots showing the distribution of the
displacement of each C, atom of the two NBD
monomers relative to the flanking EAA loops in
simulations of Systems A—C. The C, displace-
ments are measured after aligning the structures
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ing to their colors in Fig. 1. (D) Comparison of the
NBD-TMD coupling among small ABC importers.
The crystal structures in Fig. 3, C—F, are superim-
posed onto the maltose transporter structure 2R6G
using the EAA loops and the C,, positions in each
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coupling (higher C, deviations). This suggests that the
structural connection between the ENI motif and the
LSGGQ motif is likely through direct contacts in the hydro-
phobic core of the helical subdomain and not related to their
sequence proximity along the peptide chain. In summary,
the NBD-TMD coupling is achieved through a network of
interactions extending from the core of the TMDs to the
EAA loop, then to the Q-loop, and through the ENI motif
to reach the helical subdomain of the NBDs, particularly
the strictly conserved LSGGQ motif, which is an essential
part of the nucleotide-binding site. These structural compo-
nents can be viewed together as an internally tightly coupled
(rigid) body during the conformational switching of the
transporter.

The rotation of the RecA-like subdomain
in the NBD

As discussed previously, the helical subdomains of the
NBDs display a higher degree of TMD-coupling than the
RecA-like subdomains. During the transport cycle, there-

PR I Y O P B I
120 140 160 180 200 220

NBD are compared with the equivalent C, posi-
tions of MalK in 2R6G. The low displacement
region of MalK defined in panels A-C is also high-
lighted with yellow bands for reference. (E) The
structural motif in the NBD responsible for the
EAA loop coupling. Showing the NBD and EAA
loop structures of the starting structure of System
A; from the same view as in Fig. 3 A. The EAA
loop of MalF is shown in transparent. The region
showing highly coupled motion in the simulations
are colored in cyan, where the C, atoms of the
Q-loop and the ENI motif (following definitions
by Jones and George (33)) are shown as brown
and yellow spheres, respectively.

fore, the helical subdomains are expected to maintain their
relative orientation to the TMDs through their close associ-
ation to the EAA loops, while the RecA-like subdomains en-
joy more freedom to change their relative orientation in
response to nucleotide binding and hydrolysis. This internal
conformational change within the NBDs is identical to the
traditional notion of the rotation of the helical subdomain
(35,36), only viewed from a different perspective. However,
in the context of the full transporter, attributing the rotation
to the RecA-like subdomain seems to provide a more accu-
rate description of the dynamical phenomenon, since the
helical subdomains are highly coupled to the TMDs.

For example, in comparison of the crystal structures of
the resting and the intermediate states of the maltose trans-
porter, the conformational changes at the MalK/TMD inter-
face was described as a 30° rotation of the coupling helix,
the core of the TMDs, and the helical subdomains, against
the RecA-like subdomain (12). The same description can
be substantially reduced into a rotation of only the RecA-
like subdomain, against the TMDs and the helical subdo-
main. Such relative motions are even better demonstrated

Biophysical Journal 101(3) 680—690
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FIGURE 5 TMD-coupling motifs in MalK. (A) Structure-based sequence
alignment of the NBDs in small ABC importers at the NBD-TMD coupling
region. The NBD of each crystal structure is structurally aligned to reach
the best fit up to the position of G235 of MalK, neglecting the attached regu-
latory domains or the associated dimerizing helices. The structure-based
alignment is performed using Multiseq (40), manually optimized at the
Walker A motifs (due to structural variations resulted from nucleotide
binding), and formatted with ESPript (41). The full alignment is shown
in Fig. S1. (B) A close-up of the Q-loop and ENI motifs in MalK. Structures
are colored as in Fig. 4 E, and key residues involving the functional role of
the ENI motif (Y87, V92, N95, and M96) are shown in stick models. The
hydrogen bonds connecting the side chain of N95 and the backbone of Y87
are highlighted.

when superimposing the intermediate state structure of the
maltose transporter to other nucleotide-free crystal structures
of small ABC importers, using their EAA loops (Fig. 3, D-F,
Fig. 4 D), Therefore, we propose that due to its tighter
coupling to TMDs, the helical subdomain offers a better
reference point for structural and dynamical comparison of
the NBDs, at least among small ABC importers.

NBD-TMD coupling in other ABC transporter folds

Through the analysis presented previously, we have charac-
terized several motifs responsible for the NBD-TMD
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coupling in small ABC importers. Equivalent analysis of
the other two major ABC transporter folds (large ABC
importers and ABC exporters), however, does not yield
the same conclusions, implying that the NBD-TMD
coupling mechanism may differ among different types of
ABC transporters.

Despite the high sequence homology of the EAA loop
among different ABC importers (27), its structure is
completely different between the small and the large ABC
importers. As demonstrated by the crystal structures of the
vitamin Bj, transporter BtuCDF (7) and its homolog
HI1470/1 (4), not only are the orientation of the EAA
helices in large ABC importers opposite to that in the
maltose transporter, but the relative positions of the two
EAA helices are also reversed. That is, the EAA1 helices
in large ABC importers are closer to the core of the
TMDs and away from the NBDs, and it is the EAA2 helices
that are flanked by the NBDs. The loop connecting the two
EAA helices in large ABC importers is also oppositely
oriented to its counterpart in small ABC importers: this
loop faces the interior of the transporter in BtuCDF and
the periphery of the maltose transporter. In addition, most
of the TMD-contacts from the NBDs are provided by the
SDR in large ABC importers. It appears that the coupling
mechanisms of the two types of ABC importers might be
different, even though the seemingly homologous EAA
loop is part of the coupling mechanism in both families.

Indeed, superimposing the crystal structures of BtuCDF
and HI1470/1 at their EAA loops suggests that the Q-loop
region is unlikely to participate in the NBD-TMD coupling
mechanism in large ABC importers, which is in sharp
contrast to its role in the small ABC importers (Fig. S2).
Instead, in large ABC transporters, the region of highest
TMD-coupling is closer to the periphery of the NBDs and
far from the Q-loops. Apparently, the NBD-TMD coupling
mechanism in large ABC importers is likely mediated by
direct contacts between the TMDs and the helical subdo-
main, especially between the TMDs and the SDR of the
helical subdomains, which are located at the periphery of
the NBDs. This might explain the lower homology in the
Q-loop sequences, as well as the absence of the ENI motif
in large ABC importers.

Among ABC exporters, the ENI motif is strictly conserved
in the NBDs (Fig. S3) and the EAA loop is absent from the
TMDs. Instead, each of the two TMDs in an ABC exporter
contacts both NBDs through two separate ICLs; often sup-
plemented with the peptide linker directly connecting the
TMDs and the NBDs. To investigate the NBD-TMD
coupling, several crystal structures of ABC exporters in
different conformational states were superimposed using
their ICLs, and the C, deviations in the NBDs were
compared. However, the results do not reveal strong coupling
between the NBDs and the ICLs in ABC exporters (Fig. S4).

The structural analysis of both large ABC importers
and ABC exporters shows limited NBD-TMD coupling,
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although most NBD-TMD interfaces among small ABC
importers are highly coupled. This might explain the tightly
regulated ATPase activity reported for small ABC
importers. For example, the NBDs of the maltose trans-
porter are known to dimerize only when both the
substrate-bound BP and MgATP are present (37), while
BtuCDF shows significant substrate-independent ATPase
activity in vitro (38). Moreover, it is known that the basal
ATPase activity composes an important part of the mecha-
nism of the multidrug exporter P-glycoprotein (39).
Through the structural comparison presented in this study,
we suggest that the NBDs and the TMDs are exceptionally
tightly coupled in small ABC importers but only loosely
coupled in the other two types of ABC transporters.
Members of small ABC importers likely use the interaction
network among the EAA loop, the Q-loop, the ENI motif,
and the hydrophobic core of the helical subdomain of the
NBDs, to conformationally couple the core of the TMDs
to the nucleotide binding site and achieve the highly
coherent motions among these domains in a nucleotide-
dependent manner during the transport cycle.
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