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Dimer Opening of the Nucleotide Binding Domains of ABC
Transporters after ATP Hydrolysis
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ABSTRACT ABC transporters constitute one of the most abundant membrane transporter families. The most common feature
shared in the family is the highly conserved nucleotide binding domains (NBDs) that drive the transport process through binding
and hydrolysis of ATP. Molecular dynamics simulations are used to investigate the effect of ATP hydrolysis in the NBDs.
Starting with the ATP-bound, closed dimer of MalK, four simulation systems with all possible combinations of ATP or ADP-P;
bound to the two nucleotide binding sites are constructed and simulated with equilibrium molecular dynamics for ~70 ns each.
The results suggest that the closed form of the NBD dimer can only be maintained with two bound ATP molecules; in other
words, hydrolysis of one ATP can lead to the opening of the dimer interface of the NBD dimer. Furthermore, we observed that
the opening is an immediate effect of hydrolysis of ATP into ADP and P; rather than the dissociation of hydrolysis products. In
addition, the opening is mechanistically triggered by the dissociation of the LSGGQ motif from the bound nucleotide. A
metastable ADP-P; bound conformational state is consistently observed before the dimer opening in all the simulation systems.

INTRODUCTION

ATP-binding cassette (ABC) transporters are integral mem-
brane proteins that use the chemical energy of ATP hydro-
lysis to promote active transport across the cellular membrane
(1). Numerous ABC transporters have been found in all three
kingdoms of life, mediating translocation of various sub-
strates ranging from ions and small molecules to large bio-
polymers. In the human genome, there are 48 genes encoding
ABC family proteins; a large number of these genes have
been functionally characterized and associated with genetic
diseases or have presented multidrug resistance in cancer
cells (2,3).

Whereas eukaryotic ABC transporters are exclusively
exporters, the majority of prokaryotic ABC transporters have
evolved as importers (4,5). With the aid of an extracellular/
periplasmic protein for specific substrate acquisition, ABC
importers play important roles in nutrient uptake among
prokaryotes. ABC exporters also exist in prokaryotic cells,
playing crucial roles for survival and virulence due to their
involvement in lipid and toxin secretion (6,7) and drug re-
sistance (8). Owing to these essential roles, ABC transporters
constitute an important target for drug and antibiotic devel-
opment.

Four basic building blocks are present in all ABC trans-
porters regardless of the direction of the transport: two
transmembrane permease domains (TMDs) providing the
substrate translocation pathway and two nucleotide binding
domains (NBDs) that bind and hydrolyze ATP and provide
energy to drive the transport. In contrast to the TMDs, which
share little or no sequence similarity among ABC trans-
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porters, the NBDs are highly conserved, suggesting a com-
mon mechanism of activation in different ABC transporters.
NBD crystal structures have been determined for a number of
ABC transporters as functional dimers (9—13) and in complex
with TMDs in several complete ABC transporter structures
(14-22). A consistent mechanistic view regarding the role of
the NBDs in the transport has emerged from these dimeric
NBD crystal structures, which seems to be applicable to both
ABC importers and exporters; namely, the NBDs appear as a
closed dimer in the ATP-bound form, in which two ATP
molecules are sandwiched between the conserved Walker
A motif of one monomer and the ABC signature motif (the
LSGGQ motif) of the other (Fig. 1 A). In contrast, most ADP-
bound or nucleotide-free states of NBDs are crystallized as
monomers or as open dimers. Therefore, it seems that ATP
binding and hydrolysis controls the opening and closure of
the NBDs, which in turn can modulate the conformational
states of the TMDs where substrate translocation takes place.

Most of our knowledge about the mechanism of NBDs
originates from extensive structural and biochemical studies
on the Escherichia coli maltose transporter MalK. Specifi-
cally, the NBD of MalK, which is an ABC transporter, has
been crystallized as a dimer in three different nucleotide-
bound and conformational states: 1), the closed dimer with
ATP (10); 2), the open dimer, which is either cocrystallized
with ADP or allows ATP hydrolysis during crystallization
(11) in the nucleotide-free, open state (10); and 3), the
semi-open, nucleotide-free form (10). MalK is also present as
a closed dimer in the recent crystal structure of the intact
maltose transporter complex trapped in an ATP-bound,
substrate-occluded state (19).

The nature of all these structures supports the hypothesis
that the opening and closure of the NBD dimers, which are
key events in the transport mechanism, are governed by ATP
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binding and hydrolysis in NBDs. However, some details of
this mechanism are still largely unknown. Specifically, the
stoichiometry of ATP hydrolysis per transport cycle and
whether the two active sites work cooperatively or alterna-
tively has been the subject of long debate (23-27).
Molecular dynamics (MD) simulations can be used to in-
vestigate the detailed mechanisms and to capture structural
transitions at high temporal and spatial resolutions. Previous
simulations of ABC transporters have revealed several fea-
tures that are in agreement with experimental observations
(28-33). MD simulations of the open and semiopen forms of
MalK dimers with ATP docked into their nucleotide binding
sites resulted in a closing motion of the two monomers (30).
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FIGURE 1 Initial structure of MalK dimer used for MD
simulations. The following color scheme is used in all
figures: blue ribbon for chain C and red ribbon for chain D.
Atoms are colored as follows: carbon in cyan, oxygen in
red, nitrogen in blue, phosphorus in brown, and magnesium
in green. The ATP binding motifs are colored as Walker A
in green, Q-loop in purple, and the LSGGQ motif in yellow.
(A) The initial structure for all the MD simulations in this
study with a schematic representation of the dimer arrange-
ment in the inset. GIn-82 and water molecules bound to
Mg are drawn as sticks. In the schematic presentation,
each MalK monomer is represented by an oval (RecA-like
subdomain) and a square (helical subdomain) and is colored
accordingly. Triangles represent the bound nucleotides within
the two binding sites, named sites A and B, respectively.
The regulatory domains, which are included in the simu-
lations, are shown in the back with faded colors. (B and C)
Overlaid structures of chains C and D at the beginning and
at the end of the 78.25 ns simulation of the ATP/ATP
system. ATP and Mg2+ associated with each monomer are
shown as sticks and van der Waals spheres, respectively. To
enhance the contrast, ATP-MgZJr bound to chain C is
colored gray, and its location relative to the LSGGQ motif
of chain D is shown as a transparent model. The two GIn-82
residues are highlighted as ball-and-stick models, whereas
the sticks are colored with respect to the protein monomer,
and the balls are colored per element. For clarity, the
regulatory domains are not shown.

t=78.25ns

The same effect has also been observed in simulations with
ATP docked into the nucleotide-free form of the vitamin B,
transporter BtuCD (28). Simulation of the nucleotide-free,
semiopen form of MalK resulted in a greater degree of dimer
opening and separation of the NBDs (30). Moreover, inde-
pendent simulation studies carried out on the ATP-docked
BtuCD led to a proposed model involving alternate ATP
binding and hydrolysis at the two active sites, which was
based on the structural asymmetry of the NBDs observed
during the simulations (28,31). Asymmetric behaviors have
also been observed when one of the two bound ATP mole-
cules was replaced by ADP in MD simulations of an archaeal
ABC transporter (29,33). Interestingly, an asymmetric be-
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havior has also been reported for a simulation in which both
ATP molecules remained bound to their respective active
sites of this archaeal ABC transporter (29).

The opening of NBD dimers during the transition from the
ATP-bound state to the ADP-bound or nucleotide-free state
is evident from crystal structure (11) and MD simulations
(30). It is unclear, however, whether the opening motion is a
direct consequence of ATP hydrolysis (that is, conversion of
ATP to ADP-P;) or a result of the subsequent dissociation
of the phosphate anion. Furthermore, it is not known whether
one ATP hydrolysis event can initiate the opening or whether
both catalytic sites need to work cooperatively to induce the
process. In this study, we use long, atomistic MD simulations
to investigate the effect of ATP hydrolysis in the closed NBD
dimer of MalK and to study the detailed mechanism involved
in dimer opening of the NBDs in ABC transporters imme-
diately after the hydrolysis of ATP. All four possible nucle-
otide binding configurations are simulated in a MalK dimer.
The results suggest that the closed dimer is stable only when
both nucleotide binding sites are occupied by ATP. In other
words, a single ATP hydrolysis event seems to be sufficient
to induce the opening of the dimer. The observed opening
appears to be an immediate consequence of ATP hydrolysis
and to be independent of phosphate dissociation.

COMPUTATIONAL METHODS

The structure of the ATP-bound dimeric MalK taken from Protein Data Bank
(PDB) entry 1Q12 (10), including the C-terminal regulatory domains, was
used as the initial structure for all the simulations. Between the two biological
units in the asymmetric unit, the dimer composed of chains C and D was
chosen for model building because it includes a larger number of crystal
water molecules. Two Mg>" ions missing from the crystal structure were
manually placed between the 8- and y-phosphates of the bound ATP mol-
ecules based on the position of Na™ ions in the crystal structure of the
ATP-bound NBD dimer of MJ0796 (PDB entry 1L2T (9)). The complex was
then solvated in a 90 X 100 X 90 A3 periodic box; it also was neutralized and
ionized with 200 mM NaCl. The structures were energy minimized for 3000
steps before the MD simulations. Mg?* locations were monitored during the
minimization to ensure proper and stable positioning.

MD simulations were carried out with NAMD 2.6 (34) using the
CHARMM27 force field with ¢p/if cross-term map corrections (35). Water
molecules were simulated with the TIP3P model (36). Simulation conditions
were maintained at 1.0 atm constant pressure by the Nosé-Hoover Langevin
piston method (37,38) and at 310 K constant temperature by Langevin
dynamics with a damping coefficient at 0.5 ps~". The time step used for the
simulations was 1 fs, and the coordinates were recorded every 1 ps. A cutoff
of 12 A was used for short-range, nonbonded interaction, and long-range
electrostatic interactions were computed using the particle mesh Ewald
method (39).

Equilibrium simulations were conducted on the doubly ATP-bound
(ATP/ATP) MalK dimer for 8.25 ns, the last frame of which was used as the
starting structure for the simulations of the dimer in different nucleotide-
bound forms. To simulate the effect of ATP hydrolysis, ATP was converted
to ADP and P; by manually replacing the y-phosphate with a dibasic phos-
phoric acid molecule (HPO?[) (see Fig. S1 in Supplementary Material, Data
S1). Four different systems with different nucleotide/phosphate combina-
tions were generated; thus, all ATP/ATP, ATP/ADP-P;, ADP-P,/ATP, and
ADP-P;/ADP-P; active site configurations were generated and minimized.
One simulation of 70 ns was performed for each of the four systems. We note

Biophysical Journal 95(11) 5100-5110

Wen and Tajkhorshid

that, in this work, we have not simulated the process of ATP hydrolysis itself,
and we have only investigated the effect of conversion of ATP to ADP and P;.
We also note that long MD simulations (at least ~50 ns in this research)
proved essential to draw relevant conclusions regarding the mechanism and
process of dimer opening, because the initial 20 to 30 ns of the simulation did
not provide a consistent picture of the relationship between ATP hydrolysis
and dimer opening.

Protein subdomains in the system are referred to as the helical subdomains
(residues 88—151) and RecA-like subdomains (residues 4-87 and 152-235)
in the two monomers. Key nucleotide binding motifs relevant to dimer
opening are the Walker A motif (residues 36—43) and the LSGGQ motif
(residues 134—141). The distances between the centers of masses of these
subdomains and motifs, in combination with the hydrogen bond distances
between ATP (or the replacing ADP-P;) and binding site residues, were used
to monitor the destabilization of the active sites and the opening of the dimer.
The average value of these distances in the ATP/ATP simulation system (see
Figs. 3 E and 4 D) are used as a reference. Opening/dissociation events in the
posthydrolysis systems are defined as significant deviations of these geo-
metrical measures (beyond three standard deviations) from the ATP/ATP
state. Data analysis and molecular images were made with visual molecular
dynamics (VMD) software (40).

RESULTS AND DISCUSSION

To study the effect of ATP hydrolysis and to investigate the
stoichiometry of NBDs in ABC transporters, we used the
crystal structure of the ATP-bound, closed form of MalK
(PDB entry 1Q12 (10)) for MD simulations (Fig. 1 A). The
two nucleotide binding sites in ABC transporters are located
between the two monomers, and the sites are mainly formed
by the Walker A motif of the cis monomer and the LSGGQ
motif of the trans monomer. For clarity, we named the
binding site between the Walker A motif of chain C and the
LSGGQ motif of chain D as site A and the other binding site
as site B (Fig. 1 A, inser).

Four simulation systems were built based on the crystal
structure with different active site configurations: 1), ATP/
ATP to represent the original crystal structure and to use as a
control; 2), ADP-P;/ADP-P; to simulate the effect of simul-
taneous ATP hydrolysis at both active sites; and 3), two
hybrid ATP/ADP-P; systems with the ADP-P; at either site A
or site B to study the effect of single ATP hydrolysis. With 70
ns of MD simulations on each of the four systems, our aim
was to cover all possible patterns of ATP hydrolysis in this
dimeric system and to study the mechanism of conforma-
tional changes induced by the hydrolysis event.

Dimer opening is a direct effect of
ATP hydrolysis

The most apparent consequence of ATP hydrolysis in all
three ADP-P; containing systems is the opening of the dimer
interface. Regardless of the number of hydrolyzed ATP
molecules (either in site A or B or both), the closed dimer
appears to be destabilized by ATP hydrolysis, which even-
tually results in the dissociation of the LSGGQ motif from
one or both of the bound nucleotides (Fig. 2). Because the
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interactions between the two NBDs are dominated by a
hydrogen bond network around ATP, especially with the
y-phosphate, the dissociation of the LSGGQ motif from the
nucleotide can lead to the separation of the two monomers.

To quantitate the dimer separation, the distance between
the RecA-like subdomain of the cis monomer and the helical
subdomain of the trans monomer, as well as the distances
between the two major nucleotide binding motifs (Walker A
and LSGGQ) across the binding site, were monitored during
the simulations (Fig. 3 A and E-H, top panels). To charac-
terize the interactions within the binding site, the contacts
between the y-phosphate and the key binding residues of the
LSGGQ motif (Ser-135, Gly-136, and Gly-137 (Fig. 3 B)),
the residues between the ribose ring and the helical sub-
domain (Ala-133 and GIn-138 (Fig. 3 ()), and a direct (nu-
cleotide-independent) contact between conserved residues
from the two monomers (Ser-38 and Asp-165 (Fig. 3 D; see
Fig. S2 in Data S1)) were also measured as the distance be-
tween respective hydrogen bonding partners (Fig. 3, E-H,
lower three panels).

These distances in the ATP/ATP system clearly indicate a
highly stable dimeric structure stabilized by tightly bound
ATP (Fig. 3 E). In contrast, dimer separation at one or both
nucleotide binding sites are observed in all three of the other
systems after ATP hydrolysis (Fig. 2, B-D). The increasing
intersubdomain distances in the three posthydrolysis systems
closely correlate with the increased distances between the
LSGGQ motif and the substrate/product (Fig. 3, F-H), as
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FIGURE 2 Dimer opening induced by ATP hydrolysis.
The four panels are the final structure of the four simulation
systems; (A) ATP/ATP, (B) ADP-P,/ADP-P;, (C) ADP-Py/
ATP, and (D) ATP/ADP-P;. Whereas ATP/ATP dimer shows
a stable, closed structure throughout the simulation, all the
other systems exhibit clear opening of one or both active
sites. The regulatory domains are shown in faded colors.

well as the unbinding of ribose from the helical subdomain,
especially from the backbone carbonyl of Ala-133. In other
words, the dimer separation is accompanied by the dissoci-
ation of the LSGGQ motif from the nucleotide, which re-
quires the release of the nucleotide from the LSGGQ motif
region at both the phosphate and ribose ends. The nucleotide
binding site B is disrupted in the ADP-P;/ADP-P; and ADP-P;/
ATP systems due to the separation of the two flanking sub-
domains (Figs. 2, B and C, and 3, F and G), whereas both
active sites are disrupted in the ATP/ADP-P; system by the
same mechanism (Figs. 2 D and 3 H).

During the dimer opening, the intersubdomain distance
increases from ~30.5 A to >33 A once all three hydrogen
bonds between the LSGGQ motif and the P;, as well as the
hydrogen bond between the ribose ring and the helical sub-
domain, rupture at the same time (Fig. 3, F—H). The open
states captured in our simulations resemble that of the MalK
dimer in the semiopen crystal structure (PDB entry 1Q1B
(10)). In the latter, the intersubdomain distance is ~33.5 A
and the only connection between the two NBDs is provided
by a hydrogen bond between Ser-38 of the Walker A motif
and the conserved Asp-165 of the D-loop of the other
monomer (this hydrogen bond is partially disrupted in our
ADP-P;-bound sites, as discussed later). The rotation of
the helical subdomains, which appears to constitute a key
structural difference observed in the ADP-bound or nucleo-
tide-free crystal structures, is not observed in any of our
posthydrolysis simulations (see Fig. S3 in Data S1). The
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FIGURE 3 Dimer opening and dynamics of the binding sites. (A—D) Schematic representations of the distances shown in panels E-H. (A) The dimer opening
was measured in two ways: 1), the distance between the centers of masses of the RecA-like subdomain of the cis monomer and that of the helical subdomain of the
trans monomer (black traces); and 2), the distance between the centers of masses of the Walker A motif (residue 36—43) and the LSGGQ motif (residue 134—141)
flanking the nucleotide binding sites (red traces). (B) The distances between the key y-phosphate binding residues of the LSGGQ motif and the closest oxygen
atom from either ATP or P;: side-chain hydroxy of Ser-135 (black), and backbone amides of Gly-136 (red) and Gly-137 (blue). (C) Distances between the ribose
ring and the helical subdomain: between the side-chain carbonyl oxygen of Gln-138 (the conserved Q of the LSGGQ motif) and the 3’ oxygen of the bound
nucleotide (black), and between the backbone carbonyl oxygen of Ala-133 and the 2’ oxygen of the bound nucleotide (red). (D) The distance of a direct hydrogen
bond contact between the two monomers between the conserved Ser-38 (Walker A motif) and the conserved Asp-165 (D-loop) residues. (E—H) Time series of the
distances shown in A—D. Distances pertaining to binding site A are plotted on the left side and those for site B on the right side of each panel. The top graph in each
panel shows the intersubdomain distances (black) and the intermotif distances (red). The second graph shows the distances between phosphate (ATP y-phosphate
or P;) and LSGGQ motif residues (Ser-135 in black, Gly1-36 in red, and Gly-137 in blue). The third graph of each panel shows the distance between the ribose ring
of the nucleotide and the helical subdomain residues (Gln-138 in black and Ala-133 in red). The last graph plots the distance between Ser-38 and Asp-165. The
vertical dashed lines at 8.25 ns of ADP-P; including systems indicate the time point that one or both ATP are converted to ADP-P; from the ATP/ATP system.

helical subdomain rotation might require the dissociation of ~ remains bound to the Walker A motif and with P; tightly
the inorganic phosphate from the ADP and Mg>". associated with the nucleotide through the Mg>* jon. More-

As the dimer opens between the Walker A motif of the cis over, the connection of the side chains of Ser-38 and Lys-42 in
monomer and the LSGGQ motif of the trans monomer, ADP the Walker A motif to the ATP y-phosphate is also preserved
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in the ADP-P;-bound form, even after the LSGGQ motif
is completely dissociated (breaking all hydrogen bonds be-
tween the P; and the LSGGQ motif, as illustrated in Fig. 4 C).
Because the P; in all of the ADP-P; containing systems stays
bound to the nucleotide binding site and yet dimer opening
is consistently observed in all three posthydrolysis systems,
the opening appears to be a direct consequence of ATP
hydrolysis, which does not require the dissociation of the
hydrolysis product.

The Hill coefficient of ATP hydrolysis is 1.7 or 2 for the
NBDs measured (41-44), suggesting that ATP hydrolysis is
carried out by a dimeric form of the NBDs. Furthermore,
crystal structures of ATP-bound, monomeric forms of the
NBDs are available for many ABC transporters (45-50),
indicating that the dimer formation is required only for ATP
hydrolysis and not for its binding. Notably, in both hybrid
systems (ATP/ADP-P; and ADP-P;/ATP; Fig. 2, C-D), the
LSGGQ motif is dissociated from the ATP-bound site once
the dimer opening has been initiated shortly after ATP hy-
drolysis in the other binding site. This dissociation leaves the
ATP-bound site nonhydrolytic. Therefore, if the second ATP
hydrolysis does not take place within a short time after the
first one, it will not take place at all during the remainder of
the transport cycle.

Nucleotide binding in metastable state
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Mechanism of hydrolysis-induced opening

Examining the details of structural changes of the nucleo-
tide binding sites induced by ATP hydrolysis in all three
ADP-P; containing systems, the first immediate consequence
of ATP hydrolysis is the rearrangement of the nascent P; and
the Mg”* ion. Upon the conversion of y-phosphate to P;, the
latter quickly departs from the remaining ADP moiety and
changes its orientation such that the Mg?* ion moves in
between the B-phosphate of ADP and the newly formed P;.
The Mg*" ion is now coordinated by four oxygen atoms from
the two phosphates (Fig. 4 B) instead of two oxygen atoms
in the ATP-bound state (Fig. 4 A). When the hydrolysis oc-
curs in the nucleotide binding site A, where the GIn-82 is
connected to the Mg ion, the two coordination ligands of
the Mg”" ion provided by the protein in the ATP state (Ser-
43 of the Walker A motif and GIn-82 of the Q-loop) are re-
placed by the two flanking phosphate species. The other two
coordination ligands for Mg®" are contributed by two water
molecules, which remain tightly bound and do not exchange
throughout the 70 ns simulation time in all the ADP-P;
containing systems (the two water molecules in the ATP-
bound site of all the ATP containing systems are also tightly
bound to the Mg>" ion associated with ATP). The origin of

FIGURE 4 Nucleotide binding site
configurations. (A-C) Representative
nucleotide binding site configurations
in different systems. Dashed lines rep-
resent hydrogen bond or Mg>*-oxygen
coordination. (A) The ATP-bound state
of site A of the ATP/ATP system at the
end of the simulation (+ = 78.25 ns).
(B) The ADP-P; state of site B of ATP/
ADP-P; system at ¢ = 1 ns after hydrol-
ysis. (C) The ADP-P; state of site B
of ATP/ADP-P; system at the end of
simulation (r = 70 ns after hydrolysis).
The LSGGQ motif is already com-
pletely dissociated from the nucleotide.
(D) Comparison of the nucleotide bind-
ing sites in the ATP-bound state and
metastable ADP-P; state. Average dis-
tances between hydrogen bond partners
from protein and nucleotides at ATP-

[ATP]/ATP bound sites (blue bars) or at ADP-P;-
a5 EATP/[ATP] bound sites (yellow/orange bars). The
[ATP]/ADP-Pi brackets in the legends indicate the nu-
W ADP-Pi/[ATP] cleotide binding sites used in the plot.
4 ) ) .
> = [ADP-Pi]/ADP-Pi All distances are sampled every 5 ps and
| = ADP-Pi/[ADP-Pi] averaged over the simulation time be-
b Ser38 E 3.5 . [ADP-PI]/ATP fore dimer opening started (Fig. 3):
8 ATP/[ADP-Pi] | 78.25 ns for both sites A and B in the
Gly136 l > Ser135 3 “ L ATP/ATP systems; 70 ns for site A of
Gly ) [L H | I‘ the ADP-P;/ADP-P; system; 50 ns for
\Gl'ﬂ 38 2.5 - i site A of the ADP-P;/ATP system and 40
\ J ns for site B of this system; 30 ns for site
Ala133 o | 4 i . B of the ATP/ADP-P; system; 20 ns for

$380G

K42NZ

$1350G G136N G137N

A1330

site B of the ADP-P;/ADP-P; system and

de.bindlng site A of the ATP-/ADP-P; system.
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the P; and Mg " rearrangement in our simulations appears to
be a repulsive electrostatic interaction between ADP and P;,
which are both negatively charged.

The rearrangement has two major effects on the protein
structure. First, in site A, it alters the Q-loop conformations of
chain C where the Mg?*-GIn-82 coordination is lost. This
alteration can be observed in both the ADP-P;/ADP-P; and
the ADP-P;/ATP system where the ATP molecule in site A is
hydrolyzed. In both simulation systems, once ATP is hy-
drolyzed, the side chain of GIn-82 of chain C is immediately
unleashed from the active site due to Mg>" and P; re-
arrangement. The unleashed GIn-82 eventually results in a
disordered conformation of the Q-loop (see Fig. S4 in Data
S1). Also, the Q-loop is shown to be coupled to the TMDs in
the intact maltose transporter (19), as well as in other ABC
transporters (14—18,20-22). The Q-loop in an intact ABC
transporter, therefore, may not be fluctuating as much as we
observed in our simulations.

The second local effect of ATP hydrolysis is the rupture of
the hydrogen bond between the ATP y-phosphate and the
side chain of Ser-135 of the LSGGQ motif. On examination
of the detailed interactions between the P; and the nucleotide
binding residues at the ADP-P;-bound sites, it is noticeable
that the distance between Ser-135 and P; always increases
significantly before the complete dissociation of the LSGGQ
motif from P; (Fig. 3, E-H, black traces in second panels).
The rupture of the Ser-135-P; hydrogen bond is due to the
displacement of P;. After the Mg”*-P, rearrangement, the P;
moves slightly closer to Gly-136 (Fig. 4 B). The rupture
of the Ser-135-P; hydrogen bond seems to be a key step in
destabilizing the nucleotide binding at the dimer interface,
because it is the strongest hydrogen bond between the helical
subdomain and the nucleotide (that is, it shows the shortest
distance and the least fluctuation among the hydrogen bonds
provided by the helical subdomains (Fig. 4 D)). Meanwhile,
the dimer interface in the posthydrolysis sites is further de-
stabilized by the partial rupture of the hydrogen bond between
Ser-38 and Asp-165 (Fig. 3, E-H, bottom panels). Although
this contact between the monomers is not directly mediated
by nucleotide binding, Ser-38 is involved in y-phosphate
binding and its side chain remains bound to P; after hydro-
lysis. Therefore, it is possible that the Mg>* and P; re-
arrangement changes the backbone configuration of Ser-38
slightly to maintain its side-chain binding, thus destabilizing
the hydrogen bond across the dimer interface.

The opening of the dimer interface does not always start
with the binding site at which ATP is hydrolyzed. In the
ADP-P;/ATP system, for instance, separation of the two
monomers is more evident at the ATP-bound site. We attri-
bute this behavior to the stochastic nature of the process.
Hydrolysis of ATP at one or both binding sites results in de-
stabilization of the dimer interface, increasing the probability
of opening at both sites and allowing either one to open in a
stochastic manner. One would still predict a higher probability
of opening at the hydrolysis site. However, having only a
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single simulation per configuration does not allow us to
provide sufficient statistics to examine this prediction.

Metastable ADP-P; state of the nucleotide
binding site

In a comparison of the sequence of events involved in dimer
opening in three ADP-P; containing systems (Fig. 3, F-H),
no clear retention time can be identified between the hy-
drolysis and the departure of the LSGGQ motif from the P;,
reflecting the stochastic nature of the hydrolysis-induced
dimer opening. However, a specific distance pattern among
v-phosphate binding residues can be found in all binding
sites with ADP-P; before the dimer opening. We can define
this state in which local effects of ATP hydrolysis (within the
binding site) have taken place, but the dimer opening has not
been initiated as a metastable state. These local changes include
an increased Ser-135-P; distance and fluctuating Gly-137-P;
distance that lasts until the complete dissociation of the P;
from all three hydrogen bonds of the LSGGQ motif or until
the end of simulations. These changes suggests a metastable
ADP-P;-bound state, which is shown in detail in Fig. 4 B.

A detailed comparison of this metastable ADP-P; state
and the ATP-bound state is shown in Fig. 4 D. Among the
v-phosphate binding residues, the connection between Ser-
135 and P; is affected most by the hydrolysis event, whereas
the binding of Walker A residues (Ser-38 and Lys-42) is not
affected at all. The tight connection of Walker A residues to
phosphate lasts even after all the hydrogen bonds between the
LSGGQ motif and the nucleotide are disrupted. In contrast,
the Gly-136-P; interaction is slightly strengthened in this
metastable state, whereas the Gly-137-P; connection is de-
stabilized (Fig. 4 D). In contrast to the strong hydrogen bond
between the P; and Walker A residues or Ser-135 in the ATP-
bound form, the hydrogen bond distances between the P; and
Gly-136 or Gly-137, as well as the hydrogen bond between
ribose and Ala-133, indicate a weak binding in both the ATP-
bound and ADP-P; metastable states. However, the dimer
opening requires the rupture of all four hydrogen bonds be-
tween the helical subdomain and the nucleotide, as shown in
Fig. 3, F-H.

Conformation of Q-loop glutamine is
independent of dimer opening

The conformations of the two Q-loops differ slightly in the
MalK crystal structure. The differences between the two
monomers is likely due to the absence of Mg in the original
crystal structure, which appears to be important in stabilizing
the Q-loop conformation in the simulations. Apart from the
Q-loops, the structures are mostly identical between the two
MalK monomers (Fig. 1 B). With the Mg®" ions placed in the
two binding sites between the ATP - and y-phosphates, the
local environments for the two Mg®" ions are different in
the initial structures of sites A and B. Both Mg ions are
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hexacoordinated with five coordinating ligands identical at
both sites, namely, the oxygen atoms of the ATP (- and
y-phosphates, the side chain of Ser-43, and two water mol-
ecules all contribute to the coordination of Mg>* ion. The last
coordination ligand for the Mg>" ion at site A is the side-
chain carbonyl of GIn-82 (Q-loop glutamine) of chain C,
whereas the other Mg " ion at site B is coordinated by an
additional water molecule (Fig. 1 A).

The two different starting structures affect the dynamics of
the Q-loops in the two monomers, as revealed by the MD
simulation of the ATP/ATP system. Lacking the anchorage
point provided by the GIn-82-Mg** coordination, the Q-loop
of chain D is more flexible and shows a large fluctuation and
displacement during the simulation (Fig. 1 C; see Fig. S4 in
Data S1). Water molecules, including the hydration shell of
the bound nucleotides, freely diffuse at the dimer interface,
with the exception of those water molecules directly coor-
dinated by the two Mg®" cations. The disordered GIn-82 of
chain D probes various conformations over time, frequently
approaching the Mg?* ion. At some instances, GIn-82 indeed
establishes a hydrogen bond with an immobile, Mg?*-bound
water molecule. However, the linkage is too transient to
stabilize the Q-loop conformation and the GIn-82 side chain
is unable to replace the Mg”*-bound water during the 78.25
ns simulation time span. As mentioned above, the Q-loop is
closely coupled to the TMD, and so its fluctuations could be
significantly reduced in an intact ABC transporter.

It has been suggested that the Q-loop glutamine orients
nucleophilic water needed for ATP hydrolysis through the
binding of Mg?* cofactor, as shown in the crystal structure of
MJ0796 (9). Lacking the GIn-82-Mg** link in chain D can
possibly render site B nonhydrolytic. However, the ATP
binding between the two monomers and the stability of the
dimer interface were not affected during our simulation of the
ATP/ATP system. As shown in Fig. 3 B, the tight binding
between the LSGGQ motif and the ATP y-phosphate was
maintained throughout the simulation, and the inter-
subdomain distances across the two nucleotide binding sites
were essentially unaltered. The MalK dimer maintained its
dimeric ATP-bound conformation throughout the entire
simulation time (78.25 ns (Fig. 2 A)).

In contrast, even though the dimer is largely open in the ATP/
ADP-P; system at the end of the simulation, the GIn-82 of chain
C remains tightly bound to the Mg*" cofactor at site A (Fig.
2 D), and the Q-loop of chain C preserves its conformation as in
the ATP-bound crystal structure (see Fig. S4 in Data S1). It can
be concluded, therefore, that the dimer opening and the disso-
ciation of the LSGGQ motif from the bound nucleotide are both
independent of GIn-82-Mg*" anchorage of the Q-loop.

Mechanistic implications

The stoichiometry of ATP hydrolysis and substrate transport
in ABC transporters has long been a disputable subject
(23,24,27). This stoichiometry was reported to be 1.4:1 in
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reconstituted maltose transporter (51), albeit much higher
numbers were obtained for some of the experiments in the
same study (51), possibly due to repetitive futile hydrolytic
runs. Our results suggest that the closed dimeric MalK can
only exist when both nucleotide binding sites are occupied by
ATP, that is, ATP hydrolysis in either or both active sites can
induce the opening of the MalK dimer. It is still unclear how
ATP binding and hydrolysis trigger conformational changes
of the TMDs, specifically whether one or more open-closed
cycles of NBDs are required for substrate transport. How-
ever, assuming that the transport mechanism relies on a
single conversion between the open and the closed states, our
simulations suggest that one ATP hydrolysis event is suffi-
cient to complete one transport cycle.

Several ABC transporters with only one hydrolytic nu-
cleotide binding site have now been identified, for example,
the well-known cystic fibrosis transmembrane conductance
regulator (CFTR; reviewed by Gadsby and colleagues (52))
and the recently characterized yeast multidrug resistant ex-
porter PDRS (53). Both proteins contain nonconserved resi-
dues at key positions of one of the two nucleotide binding sites
that abolish the ATP hydrolysis activity but preserve ATP
binding. Yet, both proteins are fully functional ABC trans-
porters (53-55). We note that ATP binding at both nucleotide
binding sites is still required for NBD dimer formation and,
hence, for ATP hydrolysis at the hydrolytic nucleotide
binding site.

A mutant form of NBDs of Salmonella typhimurium his-
tidine permease (HisP) including a hybrid dimer with one
deactivated nucleotide binding site is also shown to be
functional (56). The mutation at the corresponding location
in MalK (H192R) severely impairs the functionality in hybrid
MalK dimers (57). However, this impairment could result
from a tighter arrangement of the NBD pair in MalK than in
HisP, in which a lengthy side chain such as arginine would
sterically hinder dimer association.

Other than HisP, a hybrid NBD dimer constructed in
mouse multidrug resistant protein P-glycoprotein (MDR3)
also shows that one mutant active site does not prevent trans-
port (58). Furthermore, results of mixing catalysis-deficient
and wild-type E. coli hemolysin A exporter HlyB-NBDs
also agree with the mutation studies mentioned above (59).
All these hybrid NBD dimers in ABC transporters dem-
onstrate that single ATP hydrolysis can drive the transport
but requires ATP binding at both binding sites.

Even though one ATP hydrolysis seems to be sufficient to
trigger the opening of NBD dimers, we do not exclude the
possibility of simultaneous or consecutive ATP hydrolysis
events taking place in a single closed to open cycle for a
symmetric NBD dimer such as MalK. Given that the two
active sites share, on average, an equal probability of hy-
drolysis and that both the formation and the full disruption of
the active sites take a certain amount of time to complete, a
second ATP hydrolysis event could take place before the
dimer opening is complete. Especially in an intact ABC
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transporter, where the opening of NBD dimers are coupled to
conformational changes of massive TMDs (19,60), the rate of
dimer opening might be much slower than the one in our
simulations, thus providing more opportunity for a second
hydrolysis event. Therefore, the average ATP hydrolysis per
cycle is predicted to be between one and two for symmetric
NBD dimers, which is consistent with the reported stoichio-
metry for the maltose transporter of E. coli (51).

Another open question regarding the transport mechanism
is whether the two active sites work in a synchronized manner
or alternatively (24,26). Based on our simulation results,
ATP hydrolysis events in the two active sites do not have to
be simultaneous nor in a certain order to open a MalK dimer.
Because ATP hydrolysis in either or both active sites can
trigger domain opening, it is possible that the two sites work
in a stochastic manner and that the transport cycle can be
initiated with either or both ATP molecules hydrolyzed (Fig.
5). However, if the substrate transport is more frequently
coupled to a single ATP hydrolysis cycle, it is more likely for
symmetric NBD dimers to have a better chance to operate
alternatively. This likelihood can be attributed to the con-
servation of Mg?* binding from the Q-loop glutamine in the
ATP occluded active site, after ATP hydrolysis in the trans

closed dimeric
state

1 ATP ‘[ 1 ATP
hydrolysis Y
‘ D
e 2 ATP 1
4

hydrolysis

pre-dissociation i >
state -
1 Y

< | |

K Y )
nucleotide

Open state exchange

| o <—
nucleotide } ) nuclectide
exchange 4V exchange

dimer
closure

FIGURE 5 Proposed mechanism for ATP binding and hydrolysis. MalK
dimers are shown in the inset of Fig. 1 A. The bound nucleotides are shown
as dark (ATP) or light (ADP) gray triangles. The transport cycle is composed
of alternations between an open and a closed dimer in which the closing
transition can only be achieved by ATP binding in both nucleotide binding
sites. The opening motion can be accomplished by ATP hydrolysis in either
or both nucleotide binding sites.
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active site and the following dimer separation. Because the
Q-loop glutamine at the posthydrolytic binding site is un-
leashed from the nucleotide, it requires more time to probe its
conformational space so that it can settle appropriately close
to the newly associated ATP-Mg®* complex and orient the
nucleophilic water for the next round of hydrolysis. In con-
trast, because of the preservation of the Gln-Mg” " bond, the
ATP-bound site can quickly reach the hydrolysis-ready state
upon dimer association. This agility could be a possible
origin for what Higgins and Linton call the ‘‘memory of
previous nucleotide state’’ (24), a requirement of the NBD
monomer if the dimeric NBDs hydrolyze ATP in an alter-
nating manner.

CONCLUSIONS

We have performed extended MD simulations on the dimeric
form of the NBDs of MalK in all possible combinations of the
protein, ATP, and ADP-P;, to study the immediate effect of
ATP hydrolysis on the structure and dynamics of the dimer.
Within the time scale of our simulations, we found the dimer
to be very stable when bound to two ATP molecules, whereas
ATP hydrolysis in either or both binding sites was found to
induce the opening of the dimer. Notably, to capture the
process of opening, simulations on the order of at least tens of
nanosecond are required. We conclude, therefore, that a
single ATP hydrolysis is sufficient to induce the opening of
the dimer during the transport cycle. The opening of the di-
mer seems to be directly induced by ATP hydrolysis in either
one or both of the two nucleotide binding sites rather than
being an effect of the dissociation of hydrolysis products
from the active sites. The separation of the LSGGQ motif
from the nucleotide, which is induced by rearrangement of
the nascent P; and the bound Mg " ion in the active site after
hydrolysis, appears to be a key step in the opening of the
dimer.
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