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Release of Entropic Spring Reveals Conformational
Coupling Mechanisminthe ABC Transporter BtuCD-F
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ABSTRACT Substrate translocation by ATP-binding cassette (ABC) transporters involves coupling of ATP binding and hydro-
lysis in the nucleotide-binding domains (NBDs) to conformational changes in the transmembrane domains. We used molecular
dynamics simulations to investigate the atomic-level mechanism of conformational coupling in the ABC transporter BtuCD-F,
which imports vitamin B12 across the inner membrane of Escherichia coli. Our simulations show how an engineered disulfide
bond across the NBD dimer interface reduces conformational fluctuations and hence configurational entropy. As a result, the
disulfide bond is under substantial mechanical stress. Releasing this entropic spring, as is the case in the wild-type transporter,
combined with analyzing the pairwise forces between individual residues, unravels the coupling mechanism. The identified path-
ways along which force is propagated from the NBDs via the coupling helix to the transmembrane domains are composed of
highly conserved residues, underlining their functional relevance. This study not only reveals the details of conformational
coupling in BtuCD-F, it also provides a promising approach to other long-range conformational couplings, e.g., in ABC exporters

or other ATP-driven molecular machines.

INTRODUCTION

ATP-binding cassette (ABC) transporters are a large family
of membrane protein complexes that couple the free energy
gained from ATP binding and hydrolysis to the transport of
substrate across the membrane, often uphill against a con-
centration gradient (1-6). ABC transporters are classified
into importers and exporters. Exporters, which are present
in both prokaryotes and eukaryotes, move substrates from
the cis-side of the membrane (the side where ATP is bound
and hydrolyzed) to the trans-side, i.e., in archaea and bacte-
ria they move substrates out of the cell. By contrast, im-
porters are only found in prokaryotes, where they mediate
the uptake of nutrients. All ABC transporters have a core
with the same architecture, a dimer of two nucleotide-bind-
ing domains (NBDs) and two transmembrane domains
(TMDs). The NBDs are highly conserved among all ABC
transporters, whereas TMDs can differ considerably. ATP
is bound and hydrolyzed in the soluble NBDs to provide
the free energy required for active transport, and the
TMDs form the substrate transport pathway. Hence, the
functional working cycle of ABC transporters involves
coupling of ATP binding, hydrolysis, and product release
in the NBDs to conformational changes in the TMDs, which
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ultimately switch in an alternating access manner between
substrate accessibility from the cis- and frans sides of the
membrane. It is an open question how exactly this allo-
steric cross talk (5) is accomplished. In particular, despite
a growing number of available x-ray crystal structures,
recently summarized in the review by ter Beek et al. (6), it
remains to be elucidated in atomic detail 1) how the required
tight coordination of interactions between the individual
subunits is achieved, and 2) along which pathways the me-
chanical work is transmitted from the NBDs to the TMDs.
In addition to this interest in ABC transporters from a mech-
anistic point of view, they are also of physiological impor-
tance. Malfunction of human ABC transport systems is
linked to a plethora of diseases (7), and ABC exporters
contribute to multidrug resistance of bacteria and cancer
cells (8,9).

BtuCD from Escherichia coli is one of the structurally
most thoroughly characterized ABC transporters (10—14).
It is a type II importer comprising BtuC and BtuD homo-
dimers that form the TMDs and NBDs, respectively. BtuCD
facilitates the uptake of vitamin B;,, which is captured on
the trans-side by the periplasmic substrate-binding protein
BtuF that docks onto the core transporter (15). A distinct
transport mechanism has been suggested (13,14) based on
the available x-ray crystal structures, all of which represent
static snapshots of different conformations along the pro-
posed working cycle. These are 1) an ATP-bound BtuCD
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outward-facing state (14), 2) an ATP-bound BtuCD-F
occluded state (13), 3) a transient, inward-facing state that
was deduced from the x-ray crystal structure of Hi1470/71
of Haemophilus influenzae (16), 4) a closed, asymmetric
nucleotide-free BtuCD-F state (11), and 5) an outward-
facing nucleotide-free BtuCD state (10). The mechanistic
hypotheses have been corroborated by a wealth of functional
assays (15,17,18) as well as by electron paramagnetic
resonance spectroscopy (19-21), the latter with a partic-
ular focus on the gating mechanism in the TMDs. These
studies also highlighted that ABC transporters with different
TMD architecture, such as exporters and importers, or im-
porters of type I and II, do not necessarily share the same
mechanism (6).

Determination of high-resolution x-ray crystal structures
of BtuCD (14) and BtuCD-F (13) in the nucleotide-bound
state requires the reduction of residual ATPase activity and
also the restriction of conformational dynamics. To trap the
BtuD subunit in a closed sandwich conformation, Korkhov
et al. (12) engineered an S-S bond that bridges the two
BtuD chains across the NBD dimer interface by introducing
the N162C mutation, in addition to the E159Q mutation that
suppresses ATP hydrolysis. In this work, we used atomistic
molecular dynamics (MD) simulations to investigate the
effect of these mutations, as well as the presence or absence
of ATP, on the structure and dynamics of BtuCD-F. Atomistic
MD simulations are a powerful technique for studying the
conformational dynamics of membrane protein systems
(22,23) and have been applied to different ABC transporters,
both for isolated NBD dimers in solution (24-35) and for
entire transporter complexes in an explicit lipid membrane
environment (36-47), also including BtuCD (48-52). While
these initial efforts toward understanding the conformational
transitions in BtuCD have elucidated important aspects, the
atomic details of the mechanical coupling mechanism remain
to be elucidated. To address this question, we carried out mul-
timicrosecond MD simulations of the BtuCD-F complex
embedded in a POPC lipid membrane (Fig. 1). We quantify
how strongly, and in which structural elements, conforma-
tional fluctuations are reduced due to the engineered C162-
C162 disulfide bond, which is found to be under substantial
mechanical stress. Release of this entropic spring, combined
with a spatially resolved analysis of interresidue forces,
reveals a clear picture of the conformational coupling mech-
anism in terms of the pathways along which force is propa-
gated from the NBDs to the TMDs. The residues involved
in these identified networks are highly conserved, suggesting
that they are of functional importance.

MATERIALS AND METHODS
MD simulations

Al MD simulations were carried out with the GROMACS program package,
ver. 4.6.5 (53,54). The BtuCD-F complex was simulated in a fully solvated
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FIGURE 1

(A) MD simulation system. BtuCD-F is embedded in a sol-
vated POPC bilayer. The subunits are colored blue (BtuD dimer), orange
(BtuC dimer), and red (BtuF). The C162-C162 disulfide bond at the NBD
dimer interface is highlighted. (B) The nucleotide binding site consists of
the conserved motifs Walker A (red), Walker B (orange), Q-loop (purple),
switch (blue), LSGGE (yellow), and D-loop (green). To see this figure in
color, go online.

POPC (palmitoyloleoylphosphatidylcholine) lipid bilayer (Fig. 1). The sim-
ulations of the ATP-bound state were initiated from the x-ray crystal structure
(PDB: 4FI3 (13)) after replacing AMP-PNP by ATP. The wild-type structure
was obtained by changing glutamine 159 to glutamate and cysteine 162 to
asparagine. For wild-type apo BtuCD-F, two sets of simulations were carried
out (apo refers to the absence of ATP, not of vitamin B;,, which was not
included in any of our simulations). The first set was initiated from the nucle-
otide-bound x-ray structure after removal of MgATP and reintroducing the
wild-type residues E159 and N162. For the second set, we used the x-ray
crystal structure of apo BtuCD-F (PDB: 2QI9 (11)). The first approach
was adopted to generate a conformationally excited apo* state, and to probe
by MD the onset of the relaxation toward the equilibrium apo state. The latter
is, by construction, studied in the second set of simulations initiated from the
actual apo x-ray crystal structure.

To determine the orientation and insertion of the protein in the lipid
bilayer, the orientations of proteins in a membranes (OPM) web server
(55) were used. The oriented protein was inserted into a preequilibrated
POPC bilayer using the inflation/deflation protocol of Kandt et al. (56).
The protein-bilayer systems were solvated such that no water molecules
were introduced to the hydrocarbon region of the bilayer. The periodic
simulation box contained BtuCD-F embedded in a bilayer comprised of
256 POPC lipids (128 in each leaflet), ~41,090 TIP4P-Ew (57) water mol-
ecules, and Na™/C1™ counterions to neutralize the simulation box. The X,02
dimensions of the simulation box were ~11.0, 10.5, and 15.1 nm. The
AMBER99SB-ILDN force field (58) was used for the protein. The proton-
ation states of titratable side chains were assigned with PROPKA (59,60).
For POPC, the Berger lipid parameters (61,62) were used, including dihedral
parameters (63) for the torsion around the bond adjacent to the cis double
bond in the POPC hydrocarbon tail. We used xLeap as part of the AMBER
tools to create an ATP force-field topology, using the parameters from the
AMBERY9 force field for adenosine and the parameters published by
Meagher et al. (64) for the triphosphate. Long-range electrostatic interac-
tions were treated with the particle-mesh Ewald method (65) with a grid-
spacing of 0.12 nm. Short-range van der Waals interactions were described
with a Lennard-Jones 6-12 potential that was cut off at 1.0 nm. This cutoff
was also used for the division between short- and long-range Coulomb inter-
actions. The nonbonded neighbor list was updated every 20 fs. Analytical
corrections to the pressure and potential energy were applied to compensate
for the truncation of the Lennard-Jones interactions. The SETTLE algorithm
(66) was used to constrain the bonds and angles of the water molecules, and
LINCS (67) was used to constrain all other bond lengths. Together with
virtual interaction sites for the protein hydrogen atoms (68), this allowed
for an integration timestep of 4 fs. The temperature was kept constant at
300 K by coupling to a velocity rescaling thermostat (69) with a coupling
time constant 0.4 ps. For constant pressure, semiisotropic coupling was



applied by separately coupling the lateral (x,y) and normal (z) directions to a
pressure bath at 1 bar using a Berendsen barostat with a time constant of
2.0 ps and compressibility 4.5 x 107> bar .

After energy minimization (1000 steps steepest descent), the system tem-
perature was linearly raised from 60 to 300 K during 400 ps, followed by
20 ns equilibration at 300 K. During these simulations, harmonic position
restraints with force constants 100 kJ mol~' nm ™2 were applied to all pro-
tein heavy atoms. Finally, for each system (apart from apo*), five indepen-
dent 500-ns production MD simulations were carried out. Different random
seeds were chosen for the initial Maxwell velocity distribution at 300 K.
Because we studied five different systems (see Table 1), the overall simula-
tion time accumulates to 12.5 us.

Force on the disulfide bond

To obtain the force on the disulfide bond, we used the free energy imple-
mentation of GROMACS. We recorded the force acting on a constraint
between the two disulfide S-atoms during the MD. The force is the nega-
tive gradient of the Hamiltonian with respect to the reaction coordinate 4,
F = —0H/02. In our case, the reaction coordinate is the S-S bond length.
A negative gradient (positive force) implies that the reaction coordinate
tends to adopt larger values, i.e., a positive force represents a stretching
(pulling) of the S-S bond. The relationship between the S-S bond dis-
tance, r, and the reaction coordinate used in the free energy implementa-
tion of GROMACS, 4, is r(4) = ro + A x (r; — ro). Here, ro and r; are the
bond lengths used for the initial (A = 0) and final (A = 1) states, respec-
tively. The equilibrium length ry, was set to 0.2038 nm, as defined in the
force field. To obtain the desired force, the derivative of the Hamiltonian
with respect to A needs to be the physical force, i.e., dH/dA = dH/dr x
dr/dA = dH/dr. Thus, drldA = 1. Therefore, because dr/dA = ry — ro,
setting r; = ry + 1 nm directly yields the force on the S-S bond in units
of kI mol™' nm™".

TABLE 1 Overview of Simulation Systems and Mean
Ca-RMSD with Respect to Starting Structure, Averaged Over
the Last 100 ns of Each MD Simulation

Duration Ca-RMSD
System Simulation (ns) (nm)
BtuCD-F-MgATP (E159Q/N162C) mutl 500 0.161
mut2 500 0.185
mut3 500 0.172
mut4 500 0.169
mut5 500 0.182
BtuCD-F+-MgATP (wild-type) wtl 500 0.177
wt2 500 0.159
wit3 500 0.161
wt4 500 0.169
wtS 500 0.196
BtuCD-F-MgATP wt 1 500 0.166
(wild-type, H191") wtt 2 500 0.168
wtt 3 500 0.190
wtt 4 500 0.167
wtt 5 500 0.155
BtuCD-F apo (wild-type) apol 500 0.181
apo2 500 0.182
apo3 500 0.285
apo4 500 0.191
apo5 500 0.191
BtuCD-F apo* (wild-type) apo*1 800 0.208
apo*2 800 0.211
apo*3 900 0.188

The apo* structure was generated by removing MgATP from the nucleo-
tide-bound structure.

Conformational Coupling in BtuCD-F

Configurational entropy

We calculated configurational entropies using the quasi-harmonic approxi-
mation as formulated by Schlitter (70). Following the procedure described
previously in Baron et al. (71,72), Debnath and Schifer (73), and Fisette
et al. (74), we analyzed the entropy buildup over time. The quasi-harmonic
approximation yields an upper bound to the configurational entropy,
S =0.5 kg Indet(1 4 kgTe*h 2 MC) > Syye. We are only interested in en-
tropy differences between two states, AS, where the entropies of both states
can be expected to be overestimated to a similar degree, and hence this ef-
fect to largely cancel-out. In the above formula, kg is Boltzmann’s constant,
T is the temperature, e is Euler’s number, 7 is the reduced Planck constant,
and M is the 3N-dimensional diagonal mass matrix for the N particles. C is
the covariance matrix of particle positions with the matrix elements
Cij = (¥ — (X)) (Xj — (Xj))), where X; is the three-dimensional Cartesian
coordinate vector of particle i. For removing overall translation and rota-
tion, we used the starting structures of our MD simulations as reference
structures for fitting. Averaging was done over all trajectory frames. Covari-
ance analysis was carried out for fluctuations of Ca-atoms, either for the
entire BtuCD-F complex, or for the individual dimeric BtuC, dimeric
BtuD, and BtuF subdomains separately. This decomposition into the contri-
butions from the individual subdomains neglects correlations between them
(i.e., the entropy of the entire complex is not simply the sum of the entropies
of the individual subdomains), but it enables us to assign changes in entropy
to certain structural elements.

Force distribution analysis

Pairwise residue-residue forces in BtuCD-F were analyzed through force
distribution analysis (75,76). Force distribution analysis (FDA) has been
used previously to investigate the mechanics of different proteins in
terms of stress (re-)distribution, with a focus also on allosteric communi-
cation (77-79) and protein-protein interactions (74). One advantage of
FDA over analyzing correlated motions is that atomic displacements are
often small, but can nevertheless lead to rather large forces. Using the
GROMACS-PF2 ver. 4.5.3 implementation of FDA (80), we calculated
the forces F;; between atom pairs i,j for every frame of our MD trajectories.
According to Newton’s third axiom, in equilibrium, the sum of interatomic
forces Fj; on any atom i is on average zero over time, (Z]f,j) = 0. How-
ever, individual forces between pairs of atoms i and j (or, accordingly, pairs
of residues v and w) do not necessarily need to average out to zero. We
analyzed pairwise interresidual forces, which were calculated as the norm
of the sum of all interatomic force vectors between all atoms i and j of res-
2
forces are distinguished by sign. Forces were averaged over the entire
(accumulated) MD data to minimize statistical error. To analyze force dif-
ferences between different forms of BtuCD-F, e.g., wild-type and disulfide
mutant, we calculated the absolute differences of the interresidual forces,
AF™SS = |Fe (wt) — F'%(mut) | . We interpret the degrees of freedom
with large force differences AF|. as pathways of the propagation of me-
chanical perturbations, see below. This is justified in our case, because
for all BtuCD-F systems investigated in this work, the introduced pertur-
bations can be considered relatively minor in relation to the size and
complexity of the overall system (e.g., wild-type versus disulfide mutant,
or ATP-bound versus -unbound state).

idues v and w, iy = , with iev, jew. Attractive and repulsive

RESULTS AND DISCUSSION
Structural stability

We carried out several MD simulations of different BtuCD-F
systems (Table 1). These include the ATP-loaded E159Q/
N162C disulfide mutant used for crystallization (13,14), the
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wild-type, and apo BtuCD-F (i.e., in the absence of nucleo-
tide). First, we investigated the structural stability of the over-
all BtuCD-F complex (Fig. 1, 1389 residues) as well as of each
subunit individually (BtuC, BtuD, BtuF). Table 1 shows the
deviation of the protein from the starting structure for all sim-
ulations (see also Fig. S1 in the Supporting Material). For both
wild-type (wt) and mutant, the Ca-root mean-square deviation
(RMSD) of the entire transporter complex stabilizes at
~0.2 nm, reflecting a stable structure that undergoes thermal
fluctuations in the vicinity of the starting structure.

Asymmetry of the NBDs

The NBDs are formed at the interface of chains A and B of the
homodimeric BtuD subunit (Fig. 1). They contain highly
conserved motifs that are essential for ATP binding and hy-
drolysis. First, we focus on the comparison of the ATP-bound
form of wt and E159Q/N162C mutant; apo BtuCD-F will
be discussed later. For the subsequent analysis, we use
the following definition: NBD1/2 consists of Walker A,
Walker B, Q-loop, and the H191/switch motif from monomer
A/B, and the LSGGE and D-loop from monomer B/A. To
investigate the overall structural integrity of these elements,
Fig. 2 shows the RMSD distributions. In the E159Q/N162C
mutant, the deviations of the NBDs from the starting struc-
ture are very small, as shown by the sharp distributions peak-
ing at ~0.08 nm. By contrast, for the wt, the distributions are
broader and shifted to slightly larger values, with peak posi-
tions at ~0.10 and 0.13 nm for NBD1 and NBD?2, respec-
tively. Thus, especially wt NBD2 deviates stronger from its
starting structure. In addition, the tail of the distribution
that extends up to 0.22 nm indicates a more heterogeneous
structural ensemble. This difference in RMSD from the start-

ing structure suggests a different time evolution of NBD1 and
NBD2 during the MD, which would lead to asymmetric
structures. To test this hypothesis, we calculated the RMSD
after fitting NBD2 on NBD1 for each time frame of the simu-
lation (Fig. 2 B). The x-ray structure (13) was solved with
twofold noncrystallographic symmetry restraints (except
from the parts that contact the asymmetric BtuF), and
the structures of the two NBDs are hence very similar
(Fig. 2 B, black vertical line). For the E159Q/N162C disul-
fide mutant, we find a mean RMSD of 0.08 nm, and thus
only slightly asymmetric behavior of the two NBDs in the
course of the MD simulation. By contrast, the NBDs in
the wild-type are significantly more asymmetric (0.15 nm
RMSD). For interpreting this result, one has to consider
that completely symmetric behavior cannot be expected,
because different instantaneous deviations of NBD1 and
NBD2 even from identical average structures of the two
would, after pairwise fitting of corresponding MD time
frames, yield a nonzero RMSD. In addition, insufficient
sampling can also contribute to apparent, transient asym-
metry, as reported for the homodimeric ABC exporter
Sav1866 (37).

Indeed, the RMSD between the average structures ob-
tained from our MD simulations is smaller (Fig. 2 B, vertical
lines). However, it is 1) larger than in the x-ray structure,
and 2) larger in the wild-type than in the disulfide mutant.
In addition, sampling limitations should be equally present
in both wt and mutant, and thus the observed differences
are meaningful. Asymmetric conformations of homodimeric
ABC transporters have also been shown experimentally for
MsbA (81). Finally, we note that in our simulations of the
wild-type, Mg>" is coordinated by the catalytic E159 in
NBD2, but not in NBD1 (see Fig. S3), which could thus

A __ 60 ‘
i\ A — NBD1 (mut)
£ — — — NBD2 (mut)
-E_- a0l ——— NBD1 (wt)
@ — — — NBD2 (wt) FIGURE 2 Distribution of RMSD of NBD1 and
% NBD?2, obtained from combined data of all simula-
g 20} | tions (Table 1). For each NBD, the all-atom RMSD
g (including side-chain atoms) with respect to the
g starting structure was calculated. (A) RMSD from
o - -~ < _ starting structure. (B) RMSD of NBD2 with respect
0 1 — to NBD1. The distributions show the instantaneous
B ‘,'H 70+ mut g NBDI/NBD2 asymmetry during the MD (solid
g 60l —wt | lines, all atoms; dashed lines, only Ca-atoms).
= I —© crystal struct. The vertical lines indicate the RMSD in the x-ray
2 50} \ " ——© mut av. struct. || structure (black) and between the average structures
G 40} " ,'\'," " —oO wtav. struct. | obtained from the MD (red and blue for E159Q/
'Cf 30 /I ! I\ i N162C mutant and wild-type, respectively). Only
g | Ca-atoms were considered for calculating the
-g 20 | i RMSD between the average structures. To see this
E 101 / 7 figure in color, go online.
0 2 — 1
0.05 0.1 0.15 0.2 0.25
RMSD [nm]

2410 Biophysical Journal 110, 2407-2418, June 7, 2016



contribute to the observed asymmetry. Therefore, we carried
out an additional 1000-ns control simulation of the wild-type
with the same Mg®" coordination in both NBDs (by S40,
Q80, and E159, in addition to ATP phosphates). This simula-
tion yielded a similar asymmetry, with a mean all-atom
RMSD of NBD2 with respect to NBD1 of 0.14 nm, compa-
rable to the results shown in Fig. 2 B. Although coordination
of Mg>" by the catalytic glutamate was also observed in
MD simulations of Sav1866 (37), further studies are neces-
sary to explore whether the catalytic glutamate can coordi-
nate Mg®". In summary, we conclude that removing the
C162-C162 disulfide bond loosens the coupling between
NBDI1 and NBD2 and leads to a higher degree of transient
structural asymmetry. Although not explicitly studied here,
we speculate that this could be linked to asymmetric ATP
hydrolysis in the two NBDs.

Next, to more closely analyze the observed asymmetric
structural dynamics, we calculated the Co root mean-square
fluctuations (RMSFs) of each residue in BtuD around its
average position (Fig. 3). To compare wild-type and mutant
fluctuations, Fig. 3 shows the relative increase in RMSF
with respect to the EI59Q/N162C mutant, ARMSF =
(RMSF 4 -RMSF 1,,)/[RMSF . Overall, the fluctuations of
the individual residues are increased in the wild-type as
compared to the disulfide mutant. Especially the motifs
responsible for ATP binding and hydrolysis are affected
(highlighted in Fig. 3). As shown in Table 2, this increase
in fluctuations is more pronounced for NBD2 than for
NBDI1, consistent with the results discussed above. Notable
is the pronounced fluctuation of the H191 switch region,

Conformational Coupling in BtuCD-F

TABLE 2 Ca-RMSF Increase Relative to E159Q/N162C
Disulfide Mutant, Averaged over Residues Belonging to the
Respective Motifs

Motif Increase in NBD1 (%) Increase in NBD2 (%)
Walker A 14 25
Walker B 37 8
Q-loop 42 17
Switch 31 94
LSGGE 20 47
D-loop 13 19

with an RMSF increase of 31 and 94% in NBDI and
NBD?2, respectively. Closer inspection revealed that this in-
crease is due to a flip of H191 between two states. In the
starting (x-ray crystal) structure, the H191 side chain is
hydrogen-bonded via its N.-H to the ATP vy-phosphate.
We observed that this hydrogen bond can break (Fig. 4 A),
which occurred more frequently in the wild-type than in
the E159Q/N162C mutant. For wt NBD2, the H191-ATP
hydrogen bond was broken in four out of five simulations,
whereas for NBD1 the breakage was observed in only two
out of five simulations. Once the hydrogen bond is broken,
the H191 side chain has a substantially increased mobility
and can even completely flip to an outward conformation
in which it is oriented away from the ATP. By contrast,
for the disulfide mutant, this H191 flip was much less pro-
nounced: it was not seen in any of the five simulations in
NBD2, and in two out of five cases for NBD1. The out-
ward-pointing conformation of H191 seen in our simula-
tions of the ATP-bound wt is similar to the conformation

150 I ‘
0.4 : : : BtuD Chain A
BtuD Chain B wt BtuD Chain B
0.3 BtuD Chain B mut
€
=
w 0.2
100 & 1
o«
—_ 0.1
&
] 0 y y : - - .
(7] 40 80 120 160 200 240
3 Residue number o _ .
5 50F ~ FIGURE 3 Relative increase in Ca-RMSF with
£ respect to E159Q/N162C mutant. (Shaded area)
w Statistical uncertainty. (Inset) Absolute RMSF for
‘é’ chain B of wt (blue) and mutant (red) BtuD. To
o see this figure in color, go online.
0 L
Walker A Q-Loop Switch
_50 1 1 1 1 1 1
40 80 120 160 200 240

Residue number
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of H191 in the x-ray crystal structures of nucleotide-free
BtuCD-F (11) and vanadate-bound BtuCD (10).

As an additional check, we also carried out five indepen-
dent 500-ns MD simulations with doubly protonated H191
(see Fig. S2). These simulations show a similar conforma-
tional dynamics of H191, including the transitions to an out-
ward-pointing conformation in NBD2. Fig. 4 B and Table 3
show that the H191 flip correlates with the number of water
molecules that are in close proximity to the y-phosphate. In
mutant NBD2, where the hydrogen bond between H191 and
the y-phosphate is never broken, a single water molecule is
within 0.5 nm of the P, atom. This water is also coordi-
nating Mg and does not exchange with other (bulk) waters
on the simulation timescale (see Fig. S3 for a more detailed
analysis of the local environment of the hexa-coordinated
Mg " ion). In mutant NBD1, an average of 2.8 water mol-
ecules are close to P,. In this case, several different water
molecules enter and leave the ATP binding pocket region
during the simulations (Table 3). In the wild-type, the
average water occupancies are 3.6 and 4.4 for NBD1 and
NBD2, respectively, and again several different water
molecules are involved. Thus, both the average occupancy

TABLE 3 Water Molecules in the NBDs

System No. of H,O 7 (ns) Occupancy
NBD1 mut 18 77 2.8
NBD2 mut 1 >500 1.0
NBD1 wt 18 100 3.6
NBD2 wt 249 9 4.4

A water molecule was counted if it was within 0.5 nm of the ATP P,, atom.
The table contains the number of different water molecules in the vicinity
of P, during the 500-ns simulations, their mean residence time, and the
average number of water molecules (occupancy).
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and the dynamic exchange of water molecules between
the ATP binding pocket and the bulk are linked to the
conformational switch of H191, which acts as a gatekeeper
for water access to the ATP y-phosphate. We note that our
findings do not contradict a linchpin-like (82) function of
the histidine in the inward-pointing conformation, holding
together the y-phosphate and the catalytic glutamate during
hydrolytic water attack. Whether and how the observed
conformational dynamics of the highly conserved histidine
residue plays a role in the ATP hydrolysis mechanism,
and/or the release of hydrolysis products, is an interesting
question but beyond the scope of this work.

Configurational entropy

Our above analysis revealed that the ATP-bound wild-type
and E159Q/N162C disulfide mutant differ in terms of their
fluctuations at the level of individual residues, suggesting
different configurational entropies. In the following, we quan-
titatively investigate the thermodynamic implications linked
to the introduction of the C162 disulfide bond, as well as of
ATP binding, by comparing the configurational entropies of
wild-type and mutant BtuCD-F in the ATP-bound state, and
of wt BtuCD-F in the apo state. Our entropy calculations
are based on the quasi-harmonic approximation as formulated
by Schlitter (70), which links the atomic fluctuations to
configurational entropy; see Materials and Methods. For
proper statistics, we analyzed a concatenated data set consist-
ing of all independent simulations (2500 ns sampling for each
system). Fig. 5 shows the time evolution of the configurational
entropy difference with respect to the ATP-bound wild-type,
AS = Sy — Sweatp, Where X denotes either the E159Q/
N162C mutant (solid lines) or the apo* wild-type (dashed



Conformational Coupling in BtuCD-F

I
mut-wt BtuCD-F
0.8- - = = apo*-wt BtuCD-F ||
mut-wt BtuD
= = = apo*-wt BtuD
0.7 mut-wt BtuF
=T = = = apo*-wt BtuF
0.6 4 ~o . mut-wt BtuC N
/"I ~el apo*-wt BtuC
’ N~ ~ 4
0'5 ’ . N\ -~
] e\ = TN oo ma o=
0.4 / ST e N

AS [kd mol k™

-0.1
-0.2

FIGURE 5 Entropy differences with respect to
the ATP-bound wild-type. (Solid lines) E159Q/
N162C disulfide mutant. (Dashed lines) apo* wild-
type. To see this figure in color, go online.
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lines). The corresponding entropy differences for the actual
apo (instead of apo*) state are shown in Fig. S4 and agree
closely with the ones in Fig. 5, showing that initializing the
simulations from a conformationally excited apo* state does
not affect the results. The entropy differences are reasonably
converged after 2500 ns accumulated sampling and reveal that
Sconfig Of mutant BtuCD-Fis lower than of the wild-type (AS =
—0.20kJ mol™' K~ !, black solid line). By contrast, removing
ATP from the wild-type leads to an entropy increase of the
whole transporter, of ~0.34 kJ mol ! K! (black dashed
line). In agreement with the RMSF analysis described above,
the entropy changes can be attributed to the ATP binding
cassette (BtuD, blue lines), whereas AS is close to zero for
BtuC and F. For ATP binding, this entropy increase thus needs
to be overcompensated, e.g., by binding energy and contribu-
tions due to solvent reorganization.

Mechanical stress on the disulfide bond

Our entropy analysis revealed that the disulfide bond in the
E159Q/N162C mutant lowers the entropy of the transporter,
especially in the NBDs. This entropy difference corresponds
to a contribution of TAS to work that needs to be accom-
plished by the disulfide bridge, strongly suggesting a me-
chanically stressed S-S bond. Fig. 6 A shows that indeed,
a substantial force acts on the C162-C162 bond. The disul-
fide bond switches between two distinct states, which corre-
spond to repulsive (positive) and attractive (negative) forces.
These two force states peak at +116 pN (occupation 90%)
and —179 pN (occupation 10%), respectively, with frequent
transitions between the two states (Fig. 6 B). Such a substan-
tial force on the S-S bond can alter the reactivity of the

2000

2500

disulfide (83-88). For comparison, the force on the C183-
C259 disulfide bond in the BtuF domain is much smaller
(~55 pN) and does not show a similar two-state behavior.
In the major, repulsive force state the C162-C162 disulfide
bond is under strain (i.e., it is stretched), whereas in the mi-
nor state it is compressed. Closer analysis of all dihedrals in
the vicinity of the S-S bond revealed that the dihedral angle
across the S-S bond, CB-S-S-Cg, is the key link between
the force and the structural rearrangement of the disulfide
linkage (Fig. 6 B, inset). In addition, the stress is also
evident from the strained C-S-S angles, which are on
average 106.0° as compared to an equilibrium angle of
103.7° in the force field.

Force propagation pathways

The above analysis focused on the mechanical stress upon the
engineered C162-C162 disulfide bond. However, because
this S-S bond is of course absent in the wild-type, we aimed
at characterizing the consequences of removing this disulfide
linkage in terms of interresidual forces. Therefore, we per-
formed FDA (see Materials and Methods), focusing on the
differences between the E159Q/N162C disulfide mutant
and the wild-type, and how exactly the force differences
are distributed over the protein structure. Fig. 7 shows a map-
ping of the force difference networks onto the transporter.
These networks provide the basis for the long-range coupling
between conformational changes in the NBDs and the TMDs.
The largest force differences are observed at the NBD dimer
interface and in the vicinity of the ATP binding site. That
was expected, because the N162C and E159Q mutations
are located in that part of the structure. Furthermore, FDA

Biophysical Journal 110, 2407-2418, June 7, 2016 2413



Prie3 and Schéafer

2500 FIGURE 6 Force acting on the C162-C162 di-
sulfide bond (A) and the corresponding distribution

(B). The force and the dihedral angle across the S-S

linkage are correlated (inset). The time traces
shown are 200 ps moving averages. To see this
figure in color, go online.
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reveals that force differences are transmitted to the coupling
helix and propagated through the TMD core toward the peri-
plasmic side of the transporter. Interestingly, unlike in the
NBDs (see below), force propagation through the core of
the TMDs occurs predominantly along the individual helices,
especially the TMS gating helices, and does not involve many
residue pairs across the TMD dimer interface (see Fig. S5).
We speculate that this renders the mechanism robust in two
regards: first, with respect to the presence of substrate, which
could otherwise perturb the force transmission pathway by

B
&
-y Cgoa
é\
b7 S
e I\ Q
RS
Caagabes
{3',"

FIGURE 7 Force difference network. Force differences larger than
100 pN (A) and 50 pN (B) are shown as cylinders and color-coded according
to magnitude (from blue, small AF, to red, large AF). The L2 coupling helix
motif is shown in orange. Force differences are transmitted from the NBD
interface via the coupling helix through the core of BtuC toward BtuF. To
see this figure in color, go online.
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binding at the dimer interface; and second, mutations in the
TM helices would be tolerated (as long as they do not disrupt
the helix), because the pathway proceeds along the backbone
hydrogen bonds.

The force analysis shown in Fig. 7 visualizes the me-
chanics underlying the conformational coupling mechanism
of BtuCD-F in a clear manner. This may be considered sur-
prising, given that we analyzed force differences between
two ATP-bound states (disulfide mutant versus wild-type),
whereas ABC transporters are driven by ATP binding and
hydrolysis. Thus, from a physiological perspective, it might
be more meaningful to consider the ATP-bound and -un-
bound states instead. Therefore, we have repeated the above
analysis and calculated the force differences between the
ATP-bound and -free wild-type. The results are qualitatively
similar to the force differences between the disulfide mutant
and the wild-type (see Fig. S6). In addition, similar results
were obtained for the apo and apo* states. This indicates
that the transmission pathways, as probed by the release
of the stressed disulfide bridge upon converting the mutant
to the wild-type, report on the same mechanical couplings
as ATP binding/unbinding does.

Next, to more closely analyze which residues play a key
role in the observed transmission networks, we focused
on residue-residue force differences larger than 100 pN in
BtuD. This analysis revealed two main networks that are in-
terconnected, one from the ATP binding site toward the
coupling helix (network 1), and the other across the NBD
dimer interface (network 2). Network 1 is shown in Fig. 8
and the forces are listed in Table S1 in the Supporting Ma-
terial. Originating from S40 (Walker A) and E/Q159
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FIGURE 8 Force difference network from the ATP binding site to the
coupling helix (network 1). (A) Residues involved in this network. (Red
thick lines) AF > 700 pN; (green lines) AF > 300 pN; (thin blue lines)
AF > 100 pN. (B) Zoom on NBD2 with mapping of the force differences.
Residues that are part of the network are highlighted in red. To see this
figure in color, go online.

(Walker B) at the ATP binding site, force differences are
transmitted over two pathways toward Q223 in the coupling
helix. The first pathway involves S189, L43, A47, and R75,
whereas the second one proceeds via D158, L78, and Y77.
These two pathways are connected (A47-Y77).

Network 2 (Fig. 9) highlights the changes that occur at
the NBD interface. Upon conversion of the disulfide
mutant to the wild-type, pairwise residue-residue forces
decrease on average (see Table S2), i.e., get less repulsive
(or even more attractive, as for S163-E/Q159). These
relaxation processes mainly take place within the LSGGE
motif, between LSGGE and Walker A residues, and be-
tween D-loop residue D165 and the H191 switch. Thus,
the mechanical stress associated with the close contact
of the two NBDs, enforced by the C162-C162 disulfide
bond, is released in the wt, in line with increased average
distances between the residues involved in the NBD1/2
interface and the larger fluctuations (see above). These
identified networks partly comprise residues of the mo-
tifs essential for ATP binding and hydrolysis (colored in

>

Chain A :Chain B

FIGURE 9 Force difference network across the NBD dimer interface
(network 2). (A) Residues involved in this network. (Red thick lines)
AF > 700 pN; (green lines) AF > 300 pN; (thin blue lines) AF > 100 pN.
(B) Zoom on NBD2 with mapping of the force differences. Residues that
are part of the network are highlighted in red. To see this figure in color,
go online.
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Figs. 8 A and 9 A), but also other residues that are
conserved as well (see below).

In addition to the magnitude of the force differences be-
tween the residues, the number of links that each residue es-
tablishes to other residues in the force network might also be
of importance. For example, in an idealized, hypothetical
network in which all pairwise force differences are iden-
tical, those knots that are connected to a large number of
neighbors would be central for overall transmission. The
connectivity analysis in Fig. S7 shows a distinct pattern
throughout the sequence of BtuD. This pattern agrees with
the previous analysis of the strongest residue-residue force
differences, indicating that both the number of connections
and the strength of the connections provide a congruent
picture. In addition, the results obtained for different AF
thresholds are consistent, indicating that our findings are
statistically robust. In this context, we point out that due
to the large fluctuations of the forces, microsecond time-
scale simulations were required for obtaining statistically
meaningful results (see Fig. S8 for a closer analysis of
statistical noise).

Our simulations clearly visualize the mechanical coupling
mechanism. Direct experimental validation is difficult,
though, because it is very challenging to measure individual
residue-residue forces. However, sequence alignment
(Fig. S9) shows that the residues involved in the identified
networks are highly conserved between different bacteriae,
strongly supporting the identified force transmission path-
ways. Notably, not only are the motifs essential for nucle-
otide binding and hydrolysis conserved, but also virtually
all residues of the force networks. Out of the 22 residues
involved in the force propagation networks, 18 are strictly
conserved and 3 show high similarity. Close inspection re-
vealed that the only nonconserved residue, S189, transmits
forces mainly via the backbone, consistent with the observa-
tion that S189 can be replaced by another small amino acid
such as cysteine or alanine. In summary, based on these find-
ings, we propose that mutation of the network residues will
affect the function of the transporter, a prediction that can
be tested experimentally.

CONCLUSIONS

We investigated the structural dynamics and conformational
coupling mechanism of the ABC transporter BtuCD-F
by means of atomistic MD simulations. In addition to the
wild-type transporter in the ATP-bound and -free states, we
considered the E159Q/N162C mutant with an engineered
S-S bond between the two NBDs, which was introduced
for crystallization of the nucleotide-bound states (13,14).
Our simulations reveal that the wild-type transporter that
lacks the C162-C162 disulfide bond undergoes increased
fluctuations, which are localized especially in those NBD
motifs that are essential for ATP binding and hydrolysis.
Furthermore, the two NBDs are slightly asymmetric, both
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in terms of their structure and in their dynamic fluctuations.
The H191 switch is flexible in the wild-type and can adopt
two distinct conformations even in the presence of ATP—
an inward-pointing state in which the H191 side chain is
hydrogen-bonded to ATP, and an outward-pointing state
that is similar to the conformation seen in other x-ray crystal
structures (10,11).

Thus, in addition to its linchpin function (82), H191 acts as
a gatekeeper that regulates water access to the ATP vy-phos-
phate, with possible mechanistic implications. Configura-
tional entropy analysis revealed how the engineered C162
disulfide bond reduces conformational fluctuations in the
NBDs, thus leading to an entropic force acting on the S-S
bond. Release of this entropic spring, as probed by the simu-
lations of the wild-type, in combination with a spatially
resolved analysis of the interresidue forces, enabled mapping
of distinct pathways along which force is propagated from
the NBDs via the coupling helix to the TMDs. The residues
involved in these identified networks are highly conserved,
suggesting that they play a functional role. Highly similar
pathways were found when analyzing the corresponding
force differences between ATP-bound and -free wild-type
proteins (instead of between ATP-bound wild-type and
E159Q/N162C disulfide mutant). Hence, breaking the S-S
bond reports on the same structural dynamics and conforma-
tional couplings as ATP unbinding, a result that can be attrib-
uted to the similar location of the S-S bond and the ATP
binding site near the NBD dimer interface.

From a somewhat more general perspective, ABC trans-
porters can be understood as molecular machines whose
functional working cycle is based on converting the chemi-
cal energy stored in ATP into mechanical work. The forces
generated in the ATP binding site in the NBDs are trans-
mitted through the protein structure toward the TMDs,
which ultimately undergo large-scale conformational mo-
tions that lead to the transport of substrate. Hence, analyzing
the forces between the individual elements of the molecular
machine can sensitively probe these mechanical couplings,
as shown in this work; although we did not explicitly sam-
ple the conformational changes between the inward- and
outward-facing states, which take place on much slower
timescales. In addition, a complete understanding of the
transport mechanism requires taking several other factors
into account, such as ATP binding, hydrolysis, and product
release (which we included in this work only in an approx-
imate, ad hoc manner by instantaneous removal of ATP)
and, importantly, to explicitly include a substrate molecule.
In addition to the ongoing efforts to obtain high-resolution
x-ray crystal structures, MD simulations will likely play a
key role in addressing these formidable challenges, espe-
cially when combined with enhanced sampling techniques
and the calculation of free energy profiles along suitably
chosen reaction coordinates, taking ATP binding and hydro-
lysis, as well as large-scale conformational changes, into
account.
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