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Abstract

P-glycoprotein (Pgp) is a member of the ABC transporter superfamily with high physiological
importance. Pgp nucleotide binding domains (NBDs) drive the transport cycle through ATP
binding and hydrolysis. We use molecular dynamics simulations to investigate the ATP hydrolysis-
induced conformational changes of NBDs. Five systems, including all possible ATP/ADP
combinations in the NBDs and the APO system are simulated. ATP/ADP exchange induces NBDs
conformational changes mostly within the conserved signature motif, resulting in relative
orientational changes of the NBDs. Nucleotide removal leads to additional orientational changes in
the NBDs, allowing their dissociation. Furthermore, we capture putative hydrolysis-competent
configurations where the conserved glutamate in the Walker-B motif acts as a catalytic base
capturing a water molecule likely initiating ATP hydrolysis.
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Introduction

ATP-binding cassette (ABC) transporters are a superfamily of integral membrane proteins
that harness the energy of ATP to actively transport diverse substrates across the cellular
membrane [1]. This superfamily exists in all three kingdoms of life and includes both
exporters and importers [2, 3, 4]. ABC importers provide essential nutrients and cofactors,
whereas ABC exporters expel diverse xenobiotics, toxins, lipids, hormones, peptides, and
proteases [3]. The lack of substrate selectivity in ABC exporters can be attributed to the poor
sequence similarities in their membrane-spanning subunits [4].
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The simplest model of transport in ABC transporters suggests alternating between two
different conformations, namely, an inward-facing (IF) and an outward-facing (OF)
conformational state, representing states in which the substrate binding site is accessible
from the intracellular and extracellular sides, respectively [1, 5]. The structure of ABC
transporters consists of two transmembrane domains (TMDs) that provide the necessary
binding site and passageway for the transported substrate, and two cytoplasmic nucleotide-
binding domains (NBDs) [6]. Two ATP molecules bind at the interface of the two NBDs
through multiple electrostatic interactions and induce the formation of a closed NBD dimer
[7]. Many studies have shown the importance of the ATPase activity in ABC transporters,
suggesting that NBD dimerization, ATP hydrolysis, and substrate transport are intimately
linked [7, 8, 9, 10, 11, 12, 13].

The NBDs are highly conserved in ABC transporters [14] and contain a number of
functional loops and motifs directly involved in and important for ATP binding and
hydrolysis [15, 16, 17]. In particular, the Walker-A motif (also known as P-loop), the
Walker-B motif, the ABC signature motif, A-loop (an aromatic residue that interacts with
the adenine base of the bound nucleotide), a sequence containing a conserved glutamine (Q-
loop), X-loop, H-loop, and D-loop of the NBDs are involved in binding to the nucleotide,
capturing the catalytic water, mediating ATP hydrolysis, and subsequently powering the
transport cycle [1, 16, 18, 19].

ABCAL, or P-glycoprotein (Pgp), is a member of the ABC transporter superfamily with
significant physiological and clinical importance [20, 21]. Pgp hyperactivity can confer
multidrug resistance (MDR) to cancer cells by pumping anti-cancer drugs to the
extracellular side of the membrane, thereby preventing them from reaching therapeutic
concentrations in the target cells [22, 20]. Several investigations have described possible
mechanisms for substrate-stimulated ATPase activity of Pgp, suggesting two different
coupling models associating ATP hydrolysis with substrate translocation. The first model
suggests that ATP hydrolysis takes place after substrate translocation is completet, in order
to convert Pgp from a collapsed post-translocation state to an open IF state [23, 24, 25]. The
second model proposes a two-stage ATP-hydrolysis process, which powers isomerization of
Pgp from an IF to an OF-like conformation [26]. Despite the differences, both models agree
that ATP binding/hydrolysis and the subsequent conformational changes in the NBDs play a
vital role in substrate translocation and the Pgp transport cycle [16, 27]. Nevertheless,
mechanistic details of ATP hydrolysis and its induced NBD conformational changes at an
atomic level remain elusive.

Molecular Dynamics (MD) simulation is a powerful technique to investigate structural
dynamics of membrane-embedded proteins at high spatial and temporal resolutions [11, 28,
29, 30]. Previous MD studies on ABC transporters focusing on the impact of binding and
hydrolysis of the nucleotide to the NBDs have addressed various functional and mechanistic
features in this superfamily. For example, MD simulations on the NBD dimer of HlyB, an
ABC exporter, revealed multiple conformational changes in the contact area between the two
NBDs after ATP hydrolysis, indicating that the ATPase activity and NBD conformational
changes are linked [31]. In another study, MD simulations of different nucleotide- (ATP or
ADP)-bound configurations of Sav1866, another ABC exporter, in pre- and post-hydrolysis
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states, showed that the NBD conformational changes are triggered as a consequence of ATP
hydrolysis. It has also been shown that major ATP-induced rearrangements are not restricted
to only the NBDs, but can extend to the TMDs as well [32]. Simulations of ATP and ADP/P;
(inorganic phosphate) bound to the NBDs in MalK suggested that the closed form of the
NBD dimer can only be maintained with two bound ATP molecules, and that the dimer
opening is a direct effect of ATP hydrolysis rather than the dissociation of the hydrolysis
products [33]. Along with classical MD, quantum mechanical (QM) calculations have been
employed to study the ATP hydrolysis mechanism and details of the nucleophilic attack by
the catalytic water in ABC transporters. A hybrid computational study combining quantum
and molecular mechanics (QM/MM) investigated the underlying mechanism of ATP
hydrolysis in BtuCD-F, an ABC importer, revealing that ATP hydrolysis takes place when a
water molecule is close to the ATP y-phosphate at the right distance and angle, initiating a
nucleophilic attack at the ATP y-phosphate [34].

In the present study, the NBDs local as well as global conformational changes due to
changes in the nucleotide state are investigated using unbiased MD simulations of Pgp in
multiple nucleotide-bound states. Our focus here is neither substrate transport nor the details
of ATP hydrolysis mechanism in Pgp. Rather by placing the system in different bound states,
we will study how the NBDs react to such chnages in terms of protein conformational
changes, both locally within the nucleotide binding site/region, and globally as it pertains to
the coupling of the NBDs to TMDs. A total of five different systems, including all possible
combinations of ATP and ADP (ATP/ATP, ATP/ADP, ADP/ATP, and ADP/ADP) bound to
the two NBDs along with the APO (nucleotide-free) systems are constructed in their
membrane-bound forms and simulated. Key NBD functional motifs that are involved in and
mediate nucleotide binding and ATP hydrolysis are explored and analyzed. Our results
suggest that NBDs’ local conformational changes take place mostly within the signature
motif followed by abolishing of nucleotide (ATP and ADP) interactions with other motifs
and loops in the nucleotide binding site, whereas global conformational changes trigger
NBDs dissociation through changes in the relative orientation of the NBDs. Additionally, the
conserved glutamate present in the Walker-B motif (E556/E1201 in NBD1/NBD2), is
observed to occasionally trap a putative catalytic water molecule, thereby, generating a
hydrolysis-competent state optimal for ATP hydrolysis. Through the course of the
simulations, multiple such hydrolysis-competent states were captured with the putative
catalytic water present in either NBD, suggesting that in Pgp both NBDs are likelly capable
of ATP hydrolysis. In general, our simulation results suggest that both global and local
conformational changes in the NBDs are initiated as a result of ATP hydrolysis and
nucleotide dissociation.

Materials and Methods

System preparation

The starting system consists of an ATP/Mg2* bound Pgp embedded in a 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC)/cholesterol (CL) membrane (1:1 molar ratio, 289 k
atoms). The initial configuration was built from a cryo-EM structure epresenting a pre-
hydrolysis state of human Pgp (PDB ID: 6C0V [35]). This experimental structure was
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stabilized by mutations that prevent ATP hydrolysis, where the two glutamates at the ATP
binding sites were replaced by two glutamines (E556Q/E1201Q mutations) [35]. These two
mutations were reversed (Q to E) during the construction of the simulation systems. There is
also a missing loop in the initial cryo-EM structure (residues 90-108), which was modeled,
using MOE [36]. The protonation state of each titratable residue was determined using
PROPKA [37, 38]. Due to the importance of NBDs hydration in ATP hydrolysis, these parts
were solvated using Dowser [39]. Initial membrane configuration, as well as water solvation
and 150 mM NaCl were generated using CHARMM-GUI [40, 41]. The generated system
was initially equilibrated using the default CHARMM-GUI’s protocol. Specifically,
membrane was minimized initially for 10,000 steps and pre-equilibrated for 2.5 ns while
restraining the protein backbones and lipid head groups in order to relax lipid tails and
protein side-chains. This step was followed by a 1-ns unrestrained simulation. The final
structure was equilibrated for 100 ns and used as the starting configuration for constructing
the five final systems (Figure 1A). The equilibrated structure was then subjected to multiple
ATP to ADP transformations by removing the y-phosphates in order to generate all possible
combinations of ATP or ADP bound to the NBDs in Pgp (Figure 1A). Since lipid-protein
interactions were not a point of attention in our study, all the systems were generated from
the same equilibrated state with the same initial lipid configuration. In order to improve
statistics and sampling, each system was simulated in three replicates independently with
initial atom velocities randomly assigned from the Maxwell-Boltzmann distribution for the
desired temperature [42].

A total of five systems representing five different nucleotide-bound states of Pgp were
simulated: (1) ATP/ATP with ATP bound to both NBD1 and NBD2, (2) ATP/ADP with ATP
and ADP bound to NBD1 and NBD2, respectively, (3) ADP/ATP with ADP and ATP bound
to NBD1 and NBD2, respectively, (4) ADP/ADP with ADP bound to both NBD1 and
NBD2, and, (5) APO system with no nucleotide bound (Figure 1B). Each system was
simulated in three replicates each for 200 ns, collectively providing 600 ns simulation time
for each of the five bound states with a total of fifteen systems and a total simulation time of

3 /5.

MD simulation protocol

All MD simulations in this study were performed using NAMD2 [43, 44]. The fully
atomistic CHARMM36 force field [45, 46] was used to calculate the forces in all the
simulations. TIP3 model [47] was employed for water molecules. A 12-A cutoff was used
for short-range, non-bonded interactions, with a switching distance starting at 10 A. Long-
range electrostatic interactions were calculated using the particle mesh Ewald (PME)
method [48] with a grid density of 1 A=3, and a PME interpolation order of 6. All bonds
involving hydrogen atoms were kept rigid using the SHAKE algorithm [49]. Temperature
was set to 310 K by using Langevin thermostat with a damping coeffcient of 1.0 ps~1.
Pressure was maintained at 1 atm by a Nosé-Hoover Langevin piston barostat (period: 50 fs,
decay: 25 fs) [50, 51]. All simulations were run in a flexible cell allowing the dimensions of
the periodic cell to change independently while keeping the cell aspect ratio in the x-y plane
constant. The simulation timestep was set to 2 fs. Lennard-Jones and PME forces were
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Analysis

updated every timestep. Atomic coordinates were saved every 10 ps, providing a sufficiently
detailed sampling of the trajectories.

All MD trajectories were visualized with VMD [52] and analyzed using in-house scripts.
Plots were generated using GNUplot [53]. In order to characterize the local conformational
changes induced by ATP hydrolysis at the binding site, root mean square fluctuations
(RMSF), as well as pairwise distances between different regions of the NBDs interacting
with the nucleotides were calculated for all simulated systems. Data were collected from the
last 100 ns of each simulation and averaged over all three replicates for each system.

The nucleotide binding region was defined as all amino acids within 3 A of the nucleotides.
The residues within this radius were divided into five main regions, namely, Walker-A motif
part (1) (S429/S1072, G430/G1073, and C431/C1074 in NBD1/NBD2), Walker-A motif part
(I1) (G432/G1075, K433/K1076, S434/S1077, and T435/T1078 in NBD1/NBD?2), part of the
signature motif (Q530/Q1175, S532/S1177, G533/G1178, and G534/G1179 located in
NBD1/NBD2 and interacting with the bound nucleotide in the opposing NBD), A-loop
(Y401/Y1044 in NBD1/NBD?2), and part of the Q-loop (Q475/Q1118 in NBD1/NBD2). It
should be noted that the signature motif in each NBD interacts closely with the bound
nucleotide in the opposing NBD and is therefore considered to be a critical part of the
nucleotide binding site. As described, residues interacting with the nucleotides in the
Walker-A motif are divided into two parts since the first part (Residues 429/1072 to
431/1074) interacts mostly with the ATP y-phosphate, while the second part (Residues
432/1075 to 435/1078) interacts with the a- and S-phosphates.

The center of mass (COM) coordinate of all the atoms within each of the five regions is
calculated and used as a single point to represent the respective region. The pairwise
distances between each of these five regions are measured and employed to construct a 10
dimensional phase space. Given the high dimensionality of the generated phase space, we
used time-lagged independent component analysis (TICA) with a lag time of 1 ns to reduce
the dimensionality of the constructed phase space by mapping the data onto a 2D space [54],
allowing comparison of the results from different simulations more easily.

NBDs’ global conformational changes are analyzed in a phase space consisting of
orientational collective variables. In this calculation, the backbone C, atoms within each
NBD are selected and their relative orientational changes are monitored with respect to the
initial structure through the course of simulations using quaternions (four dimensional
vectors representing the orientation of an object in 3D) available in the collective variables
(COLVARS) modules [55, 56] of NAMD and VMD. The quaternions are then converted to
Euler angles, representing each NBD’s orientational changes. The differences between the
first, second, and third Euler angles of the two NBDs, which are donted here as ¢, 6, and
angles, corresponding to relative roll, pitch, and yaw motions of the NBDs, respectively,
represent NBDs’ relative orientational changes with respect to the x, y; and zaxes,
respectively (Figure S1). Out of these, we used the first two Euler angles (¢ and 6) to
represent the global conformational changes of the NBDs. The third Euler angle, v, did not
show any significant changes in any of the simulated systems and, therefore, was not used in
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the constructed phase space. All the angles were calculated in reference to the ATP bound
(ATP/ATP) structure with this system placed at the origin of the phase space. The angles
were calculated for each system (ATP/ATP, ATP/ADP, ADP/ATP, ADP/ADP, and APO) and
averaged over the last 100 ns of each three simulations to obtain a single point in the phase
space.

Results and Discussion

The simulation trajectories have been analyzed with regard to four major aspects: (1) local
conformational changes in the nucleotide binding pocket due to ATP hydrolysis; (2) global
conformational changes in the NBDs initiated by ATP hydrolysis, which are analyzed by
monitoring NBDs relative orientations; (3) formation of putative hydrolysis-competent states
of Pgp and detecting the catalytic base responsible for trapping a putative catalytic water;
and, (4) observing multiple hydrolysis-competent states with putative catalytic water present
in either NBDs.

Hydrolysis induced local conformational changes

The bound nucleotides in our simulations are stabilized due to their tight interactions with
the nucleotide binding site motifs and loops. In particular, the adenine base of the nucleotide
interacts with A-loop, whereas the phosphates form contacts with Walker-A and signature
motifs (Figure 2A), as also reported in previous structural and MD studies on ABC
transporters [16, 19, 33, 57]. RMSF values for the nucleotide binding site in NBD1 (Figure
2A), calculated using the starting structure as the reference and averaged over all three
replicates, show stable nucleotide binding to the Walker-A motif in the case of ATP/ATP,
ATP/ADP, ADP/ATP, and ADP/ADP systems (Figure 2B). In contrast, the stability of this
region diminishes significantly in the APO system, indicating the importance of the
nucleotide binding in stabilizing the Walker-A motif through several non-bonded
interactions between this motif’s side-chains and the nucleotide phosphates, which was also
reported in previous mutagenesis and protein modeling studies on ABC transporters [18].
ATP to ADP transformation does not seem to destabilize the Walker-A motif since this motif
mostly interacts with the a- and B-phosphates of the bound nucleotide. This observation is
consistent with a previous study on HlyB [58] emphasizing the importance of the NBD’s
conserved motifs in ABC transporters for ATP binding, the ATPase activity, and substrate
translocation. However, RMSF values corresponding to the signature motif residues increase
significantly after ATP to ADP transformation (comparing the ADP/ATP and ADP/ADP
systems to ATP/ATP and ATP/ADP systems, respectively), reflecting the importance of the
ATP y-phosphate in stabilizing the signature motif. Q1175 (part of the signature motif) was
observed to be the most sensitive binding residue to ATP hydrolysis in the ADP/ATP, ADP/
ADP, and APO systems. RMSF values for this residue can reach 3.5 A for the APO and 1.5
A for both the ADP/ADP and ADP/ATP systems. Signature motif RMSF values obtained for
the ATP/ADP system are different in comparison to the ATP/ATP system, indicating that
ATP hydrolysis in NBD2 and the consequent conformational changes in both NBDs may be
due to cooperativity between the two NBDs. This cooperativity between the NBDs in Pgp
was also reported in vanadate trapping studies on NBDs catalytic site and ATPase activity
[59, 60]. Furthermore, based on the nucleotide binding site RMSFs calculated for NBDL1 in
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all simulated systems, Y401 (A-loop) does not display a clear pattern of conformational
changes, indicating that A-loop is not directly involved in ATP hydrolysis, likely due to its
lack of direct interactions between with y-phosphate, consistent with previous mutagenesis
and modeling studies on ABC transporters [18]. Finally, Q1175 RMSF only changes in the
case of the APO system, confirming that this residue does not have a substantial interaction
with the ATP y-phosphate. Therefore, only the complete dissociation of the nucleotide can
disturb Q1175 and increase its RMSF, whereas ATP to ADP transformation shows no direct
effect on this residue.

The constructed distance phase space for the nucleotide binding site (Figure 2C and D) in
NBD1 contains four main clusters, each representing a different bound state. We excluded
the APO system from the phase space due to its substantial variation from the other systems
which would excessively stretch the phase space, making the comparison between ATP- and
ADP-bound systems difficult. The highest-population density of clusters containing the four
nucleotide-bound systems fall into four separate islands with small overlap (Figure 2D).
This separation in the phase space speaks to differences in nucleotide-NBD1 binding and
interactions in these four different bound states. ATP to ADP transformation in NBD1
induces a new configuration in comparison to the ATP-bound structure, due to the -
phosphate removal. The ADP/ADP cluster occupies a region with the highest population
quite far from the ATP/ATP and ADP/ATP clusters, indicating a substantial difference in the
nucleotide binding pocket in NBD1 due to two ATP hydrolysis reactions in the NBDs
(Figure 2D). The ADP/ADP system shows some overlap with the ADP/ATP system as well
since both systems contain ADP in their NBD1 and may sample the same NBD1
configuration through the course of the simulations. The ATP/ADP system is scattered in
different areas of the phase space with a significant population two units away in TICAL
direction with respect to the ATP/ATP cluster (Figure 2D), which can be due to different
interactions between the signature motif and A-loop with the nucleotide in NBD1 (Figure
S2). Similar TICA2 values observed, on the other hand, may correspond to similar
interactions between the Walker-A motif and Q-loop with the nucleotide (Figure S2). This
suggests that ATP hydrolysis in NBD2 can induce conformational changes in the nucleotide
binding pocket in NBD1, since the ATP/ADP system shows a different population in
comparison to the ATP/ATP system. This observation provides additional evidence for
potential cooperativity between the NBDs in Pgp. This behavior may be caused by
abolishment of the non-bonded interactions between the signature motif and ATP )~
phosphate, since resdiues in this motif shows the highest RMSF values after each ATP to
ADP transformation in comparison to other motifs and loops interacting with ATP.

Our results suggest a similar nucleotide binding pattern in NBD2. Similar to NBD1, the
signature motif fluctuates the most after ATP conversion to ADP in NBD2 based on the
nucleotide binding site RMSF (Figure S3), as well as COM distance calculations between
different regions within the nucleotide binding site and the nucleotides (Figure S2).
However, some differences in nucleotides binding of NBD1 and NBD?2 are observed that are
worth mentioning. RMSF values of the nucleotide binding site in NBD2 change significantly
in the APO system with the largest deviation taking place in the Walker-A motif (Figure S3).
Furthermore, pairwise distance calculations between different regions of the nucleotide
binding site, as well as the signature and Walker-A motifs root-mean-square deviation
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(RMSD) show more fluctuations in NBD2 for the APO system, indicating a more flexible
binding site after dissociation of the nucleotides in comparison to NBD1 (Figure S4, S5, and
S6). Differences in hydrolysis-induced conformational changes in NBD1 and NBD2 are not
surprising, in light of a previous infrared spectroscopy study also suggesting that the NBDs
have an asymmetric structure and possibly different functions in the Pgp catalytic cycle [61].

Hydrolysis-induced global conformational changes

We monitored global conformational changes of the NBDs, induced by the change in the
nucleotide state, by measuring their relative orientations as quantified by the ¢ and @angles
(see Methods), representing the roll and pitch motion of the NBDs, respectively. ATP
conversion to ADP in one of the NBDs (either in NBD1 or NBD2, corresponding to the
ADP/ATP and ATP/ADP systems, respectively) changes the 8angle by ~1.5° (Figure 3A,
left panel). Hydrolysis of two ATPs (the ADP/ADP system) opens up the @angle by more
than 3°, almost twice as in the case of one ATP hydrolysis. Finally, transitioning from the
ATP/ATP to the APO system is accompanied by a change of 6° in & opening. These results
indicate that each ATP hydrolysis is responsible for almost 1.5° opening of &and removing
the nucleotides (APO structure) can add up an additional 3—-3.5° change in @ (Figure 3A, left
panel). These changes in @ may consequently facilitate the dissociation of the NBDs (Figure
S7), bringing Pgp to a post-hydrolysis state [11]. The relatively large orientational changes,
as well as larger distances observed between the Walker-A and signature motifs in the APO
structure compared to the ATP/ADP-bound systems (Figure S4, S5, and S8) suggest that
NBDs dissociation may be initiated as a direct effect of nucleotide dissociation and not just
ATP hydrolysis (Figure S7), in line with previously reported studies investigating
conformational changes during the catalytic cycle of Pgp and ABC exporter MRP1 [62, 63].

Comparison of the @angle histogram distributions (Figure 3A, right panel) of different
bound states illustrates that in the ATP/ATP system the @distribution is narrower than the
other four systems. During progressive ATP hydrolysis as we move toward the APO system,
the @ histograms become wider due to the decrease in the NBDs stability. This illustrates the
role of ATPs in stabilizing the NBD dimerization and neutralizing the repulsion between the
signature and Walker-A motifs due to their electrostatic positive charges, as also described in
previous studies [18]. Histogram distributions of the ATP/ADP and ADP/ATP systems show
a perfect overlap in the &values, suggesting that each ATP hydrolysis plays a vital role in
triggering the NBDs’ global conformational changes, as was also previously shown [62],
and that ATP hydrolysis in each NBD has an equal contribution to 6 opening.

We observed changes in the ¢ angle as well, however, 8 exhibits a more consistent and
significant change. The change in ¢ was observed to be less than 2° for the ADP/ADP
system with respect to the ATP/ATP system. We identified a less than 1° change in ¢ after
one ATP hydrolysis in NBDs, which takes place in opposite directions in the ATP/ADP and
ADP/ATP systems (Figure 3A, left panel). Based on these results, it seems that the
dissociation of the nucleotides (going from ADP/ADP to APO) closes back the ¢ angle by
1°, bringing the NBDs orientation closer to the initial ATP/ATP structure. This change may
result from disruption of the ADPs-NBDs interactions and the higher flexibility of the motifs
at the nucleotide binding sites in the APO system. Therefore, & shows a monotonic trend in
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the constructed phase space, whereas ¢ changes in a non-monotonic fashion (Figure S8).
The small and non-monotonic changes in the ¢ angle in comparison to @are likely due to the
tight binding of the nucleotides to the signature motif, making the & direction/path more
favorable on the constructed & ¢ phase space (Figure 3A, B, C, and S1). Furthermore, ATP
to ADP transformation and subsequent nucleotide dissociation each abolishes part of the
nucleotide-signature motif non-bonded interactions, resulting in a sequential opening of
NBDs in the @direction (Figure 3A and D).

Mg?2* coordination and capturing hydrolysis-competent states in both NBDs

The ATP y-phosphate in our simulations is tightly coordinated with a Mg2*, also present in
the initial cryo-EM structure. The Mg2* position in the ATP-bound systems (ATP/ATP in
both NBDs, ATP/ADP in NBD1, and ADP/ATP in NBD2) is highly conserved and remained
stable in the course of the simulations, where the ion is coordinated with the Q-loop (Q475/
Q1118 in NBD1/NBD?2), a SER residue from the Walker-A motif (S434/S1077 in NBD1/
NBD2), B and y-phosphates from ATP, and two water molecules (Figure 4A). In the ADP-
bound systems (ADP/ADP in both NBDs, ATP/ADP in NBD2, and ADP/ATP in NBD1), we
observe that Mg2* is coordinated with another water molecule due to the lack of the -
phosphate interactions (Figure 4B). The two water molecules coordinating Mg?* in the ATP-
bound structures remain bound in ADP-bound systems as well. This indicates that neither of
these two water molecules is the catalytic water participating in ATP hydrolysis since they
remain present even after the ATP to ADP conversion, as was also observed in a previous
QM/MM study to investigate the molecular mechanism of ATP hydrolysis in ABC importer
BtuCD-F [34]. The electrostatic interactions between Mg?* and these two coordinated water
molecules may prevent them from initiating a nucleophilic attack on the ATP )~phosphate
and consequently ATP hydrolysis. However, we observed in our ATP-bound simulations
another water molecule approaching the nucleotide binding site, with a substantial
occupancy, presenting a strong candidate for initiating the ATP hydrolysis. This water is
present and coordinated with the catalytic glutamate and y-phosphate of ATP, and may
represent a putative catalytic water (Figure 4A).

We observed in our simulations that the putative catalytic water can be captured only if the
catalytic glutamate is present at a close distance to the y-phosphate. Distance calculation
between one of the oxygens located in the catalytic glutamate side-chain carboxy group
(named OEL1 in the CHARMM force-field) and the »-phosphate phosphorus (P,) atom in
NBD1 for one of the ATP/ATP systems during the course of 200 ns of simulation shows that
the catalytic glutamate has two energetically favorable states, one 4.5 A and another 8.0 A
away from the phosphorus atom (Figure 4C). The simulations reveal that H-loop (H587 in
NBDZ1) coordination with the catalytic glutamate plays a key role in stabilizing the catalytic
glutamate in each state (Figure S9). The putative catalytic water can be trapped when the
catalytic glutamate is close to the y-phosphate (4.5 A distance). In order to better describe
the dependence of the putative catalytic water on specific arrangement of side chains in the
binding site, we calculated the number of water molecules in NBD1 within 3 A of the
catalytic glutamate side-chain and y-phosphate atoms for the same ATP/ATP system used
for the above distance calculation during 200 ns of equilibrium simulation (Figure 4D). The
results show that the distance between the catalytic glutamate and »-phosphate and the
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number of tightly bound water molecules are highly correlated. Between 0 and 70 ns of the
simulation, the distance between the catalytic glutamate and y-phosphate fluctuates from 4.5
to 8 A, making the catalytic glutamate and y-phosphate unable to stably trap any water
molecule. The water count in this time period fluctuates between 0, 1, and 2, with the water
molecules remaining transient and only staying in the pocket for a very short time. This time
period is followed by an approximately 20 ns of the glutamate being at 8 A distance from
the y-phosphate (Figure 4C), causing no water trapping in the pocket. After this, we observe
a time period between 95 and 165 ns, where the glutamate is present at a close distance to »-
phosphate (4.5 A). In this time period a stable water in the pocket tightly binds to the two
oxygen atoms from the glutamate and the y-phosphate. This water in our simulation has the
characteristics of a potential catalytic water, due to the high occupancy time (more than 70
ns) and being present at a close distance with respect to the y-phosphate that is necessary for
a nucleophilic attack. This suggestion is consistent with previous computational and
experimental studies using QM/MM and mutagenesis of the catalytic glutamate, respectively
[34, 64]. The proximity of this water to the glutamate carboxy group can polarize the water
for the nucleophilic attack. We believe this state of Pgp captured in our simulations can be
characterized as a hydrolysis-competent state due to the existence of a putative catalytic
water that may enable ATP hydrolysis by the NBDs. Furthermore, the simulations suggest
that the glutamate can be characterized as the catalytic base in Pgp, playing an important
role in capturing the catalytic water, with mutation in this loop found to abolish Pgp ATPase
activity, as observed in previous Pgp structural studies [35].

In the course of 600 ns simulations (three replicates each simulated for 200 ns) for each
system, the putative catalytic water was captured in multiple occasions. These include: (1)
the ATP/ATP system between 95 and 170 ns of the first replica in NBD1, (2) the ATP/ATP
system in the second replica between 175 and 185 ns in NBD2, (3) the ATP/ADP system in
the second replica within a time period between 55 and 125 ns in NBD1, and finally, (4) the
ADP/ATP system in the third replica between 110 and 175 ns in NBD2 (Figure 5A, B, C,
and D, respectively). The nature of all the captured hydrolysis-competent states are similar,
meaning that the catalytic glutamate (E556/E1201 in NBD1/NBD?2) is at a close distance
with respect to ATP y-phosphate (4.5 to 5.5 A between the glutamate carboxy oxygen and
the »-phosphate phosphorus atom), subsequently capturing the putative catalytic water
(Figure 5 left and middle panels). Therefore, based on our results, the putative catalytic
water can be captured in both ATP-bound NBD1 or NBD2 (Figure 5 right panels), implying
that both NBDs in Pgp are capable of ATP binding and hydrolysis, as was also suggested in
previous studies [59].

Even though the catalytic glutamate is capable of capturing the putative catalytic water in
both the NBDs, the occupancy time of the catalytic water in the binding pocket vary when
comparing NBD1 and NBD2. The occupancy time of the putative catalytic water in NBD1
and in the ATP/ATP and ATP/ADP systems are 75 and 70 ns, respectively (Figure 5 left
panels), whereas, this time in NBD2 and in the ATP/ATP and ADP/ATP systems were
measured to be 10 and 65 ns, respectively (Figure 5 left panels). During a total sampling of
1200 ns for the ATP/ATP and ATP/ADP systems (each simulated for 600 ns), the total
occupancy times of the putative catalytic water in NBD1 and NBD2 are 145 ns and 75 ns,
respectively (overall 220 ns). The occupancy time corresponds to 12 % and 6 % probability
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of trapping the putative catalytic water in NBD1 and NBD2, respectively, and 18 %
probability of finding this water in either NBDs, which matches with the similar probability
reported in a QM/MM study investigating molecular mechanism of ATP hydrolysis in the
ABC transporter BtuCD-F [34]. One might speculate that NBD1 is more likely to hydrolyze
the bound ATP, and that NBDs may in fact alternate in the catalysis, as has been suggested
in earlier studies [59]. We note, however, that this observation may be biased by the limited
simulation time nd much longer simulations are needed to make firmer conclusions.

Concluding Remarks

We have performed MD simulations on Pgp in different nucleotide-bound states of the two
NBDs, including all possible ATP/ADP binding combinations and the APO system, to study
the coupling between ATP hydrolysis and local and global conformational changes in NBDs.
Each system was replicated three times and run for 200 ns. Within the timescale of the
simulations, we find that local conformational changes in NBDs induced by the change in
the nucleotide state are initiated mostly from the signature motif. Residues in this motif
show the highest RMSF values in comparison to other loops and motifs at the nucleotide
binding site after ATP hydrolysis in either NBDs. While the dissociation of the hydrolyzed
nucleotide shows differential effects on the two NBDs, they both become more flexible in
response, resulting in their facilitated dissociation.

During ATP hydrolysis and nucleotide dissociation, NBDs also undergo global
conformational changes, which are characterized in our study using two orientational
collective variables, Euler angles &and ¢, representing relative pitch and roll motions of the
NBDs, respectively. Our results suggest that may be a more favorable direction for the

global conformational changes in NBDs. The ATP to ADP transformation and the nucleotide
dissociation steps each abolishes part of the nucleotide-signature non-bonded interactions,
resulting in a sequential opening of the NBDs along the @direction.

In the ATP-bound sites, we observe that the conserved glutamate of the Walker-B motif
(E556/E1201 in NBD1/NBD2) may function as a catalytic base in Pgp, trapping a putative
catalytic water in an optimal position for the nucleophilic attack on the ATP »~phosphate.
Multiple hydrolysis-competent configurations are captured in both NBDs during the course
of 3 15 of MD simulations. The occupancy time of the putative catalytic waters in these
states varies between 10 to 75 ns. These results further suggest that both NBDs in Pgp are
catalytic, although the putative catalytic water in NBD1 shows a slightly longer occupancy
time.

Altogether, the local and global conformational changes of NBDs induced by ATP
conversion to ADP suggest that in Pgp, ATP hydrolysis can trigger a series of orientational
changes in the NBDs, which start mainly form the signature motif of each NBD (Figure 6),
and that the nucleotide dissociation step (formation of the APO state) further promotes
NBDs dissociation. As a part of this catalytic cycle, ATP hydrolysis and the nucleotide
dissociation generate different binding states of the transporter, accompanied with various
degrees of local, as well as global conformational changes in the NBDs (Figure 6).
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FIGURE 1.

Initial systems configuration including all possible combinations of ATP or ADP bound to
the NBDs, as well as the APO (nucleotide-free) system. (A) Pgp ATP-bound structure
embedded in a POPC/Cholesterol lipid bilayer (molar ratio 1:1) after 100 ns of MD
equilibration. POPC and cholesterol lipids are colored in blue and yellow, respectively.
Pgp’s different domains, TMD1, TMD2, NBD1, and NBD2, are colored in orange, green,
purple, and red, respectively. (B) The bound states simulated in this study, including all
possible combinations of binding nucleotides (ATPs and ADPs), and the APO system which
does not include any nucleotide. Each bound state was simulated in three independent

simulations.
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FIGURE 2.

Nucleotide binding site conformational changes in NBD1 for all simulated systems induced
by ATP hydrolysis. (A) Nucleotide binding site in NBD1 for one of the ATP/ATP systems.
Residues belonging to the A-loop, Walker-A motif part (1), Walker-A motif part (1), the
signature motif, and the Q-loop are colored in magenta, blue, green, orange, and yellow,
respectively. (B) RMSF values for the residues in the five regions highlighted in panel (A),
calculated in different bound states of Pgp and averaged over the last 100 ns of all three
replicas for each system. Background colors correspond to different regions of the
nucleotide binding site and are consistent with colors in (A). As reflected in its high RMSF,
the interactions between the signature motif and ATP are affected the most after ATP
hydrolysis. (C) A network used to calculate the pairwise distances between different
nucleotide binding regions. Each line represents a distance and each node corresponds to a
region within the binding site. Colors here are consistent with (A). (D) The reduced
dimension distance phase space constructed for NBD1. Colors representing each bound state
are consistent with lines in (B). Highest population of ATP/ATP, ATP/ADP, ADP/ATP, and
ADP/ADP systems occupy different regions in the phase space indicating a different
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configuration of the nucleotide binding site in each bound state (see Figure S4 for 10
calculated pairwise distances in NBD1 used to construct the phase space).
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FIGURE 3.

Global conformational changes in NBDs induced by ATP hydrolysis. (A) Left: the

constructed phase space illustrating global conformation changes in NBDs with ATP/ATP,
ATP/ADP, ADP/ATP, ADP/ADP, and APO systems shown in orange, yellow, blue, green,
and magenta, respectively. Each angle is averaged over the last 100 ns of all three replicas.
Right: histogram distributions of &angles obtained from the last 100 ns of all three
simulation replicas (see Figure S8 for ¢ distributions). The y axis is the scaled probability
distribution function (PDF), with the highest probability within each distribution set to one.
(B, C) Euler angles used to construct the phase space and their corresponding axes. Coloring
in (B) and (C) are consistent with each other and they represent different domains of Pgp

with TMD1, TMD2, NBD1, and NBD2 shown in orange, green, purple, and red,

respectively. (D) Schematic representation of ATP binding to the signature motif and
binding/unbinding direction. Springs represent non-bonded interactions between ATP

oxygen atoms and side-chain of residues located in the signature motif, which are
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represented with orange spheres. Each cross represents dissociation of a non-bonded
interaction. Changes in NBDs ¢ angle tend to break many non-bonded interactions between
nucleotide and the signature motif at the same time, whereas NBDs opening in @ direction
dissociates each interaction at a time making the NBDs dissociation more favorable in this
direction.
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FIGURE 4.

Mg?2* coordinations in ATP- and ADP-bound structures and a hydrolysis competent state
captured for one of the ATP/ATP systems. (A) Mg?* six coordinations with the 4 and -
phosphate of ATP, two water molecules, Q-loop, and SER434 (part of the Walker-A motif),
as well as a captured putative catalytic water coordinating with one of the catalytic
glutamate carboxy oxygens (OE1) and one of the ATP »-phosphate oxygens (O1G). The
candidate catalytic water is highlighted in a circle. (B) Mg?* six coordinations in an ADP-
bound system including interactions with g-phosphate of ADP, three water molecules, the
Q-loop, and SER434. (C) Distance between the catalytic glutamate carboxy oxygen (OE1)
and ATP y-phosphate phosphorus (P,) atoms with respect to time in one of the ATP/ATP
systems. The catalytic glutamate is found to be the catalytic residue capturing the putative
catalytic water in Pgp. (D) Number of water molecules trapped in a region within 3 A of
both the catalytic glutamate and the y-phosphate with respect to time for the same system
presented in (C). The putative catalytic water can only be captured when the catalytic
glutamate is within a close distance of the y-phosphate (4.5 A in this case).
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FIGURE 5.
Hydrolysis-competent states captured in any of the simulated bound states. (A, B) NBD1

and NBD2 of the ATP/ATP system, respectively. (C, D) NBD1 of the ATP/ADP system and
NBD2 of the ADP/ATP system, respectively. Left panels correspond to distances between
the catalytic glutamate carboxy oxygen and the y-phosphate phosphorus atoms with respect
to time for all three simulation replicas separated by dashed lines. Middle panels represent
the histogram distributions of distances calculated in the left panels. Right panels show the
number of water molecules captured in a region within 3 A of the catalytic glutamate and the
y-phosphate with respect to time for the same systems presented on the left. Blue and red
boxes correspond to a captured putative catalytic water in NBD1 and NBD2, respectively.
The putative catalytic water can be captured in both NBDs indicating that in Pgp both NBDs
are catalytic active.
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FIGURE 6.
Schematic representation of coupling between NBDs conformational changes and ATPase

activity in Pgp. Different regions of NBDs interacting with the nucleotides are colored
differently with Walker-A motif part (1), Walker-A motif part (1), the signature motif, the
catalytic glutamate, and putative catalytic water shown in light blue, green, orange, red and
dark blue, respectively. Each dashed line represents a tight non-bonded interaction. ADP-
bound NBDs lack y-phosphate and therefore motifs interacting with the »-phosphate are
removed from those NBDs. Local conformational changes mostly affect the signature motif.
Global conformational changes mainly take place in the &direction in a monotonic fashion,
meaning, both ATP hydrolysis and dissociation of the nucleotides open up &by a certain
value and play a role in NBDs global conformational changes. The change in & mostly
comes from the signature motif and its rotation. Unlike 6, ¢ changes in a non-monotonic
fashion upon ATP hydrolysis. Furthermore, both NBDs are catalytic active, i.e., capture of
catalytic waters and subsequent ATP hydrolysis are feasible in both NBDs.
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