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ABSTRACT The nucleotide-induced structural rearrangements in ATP binding cassette (ABC) transporters, leading to substrate
translocation, are largely unknown. We have modeled nucleotide binding and release in the vitamin B4, importer BtuCD using
perturbed elastic network calculations and biased molecular dynamics simulations. Both models predict that nucleotide release
decreases the tilt between the two transmembrane domains and opens the cytoplasmic gate. Nucleotide binding has the opposite
effect. The observed coupling may be relevant for all ABC transporters because of the conservation of nucleotide binding domains
and the shared role of ATP in ABC transporters. The rearrangements in the cytoplasmic gate region do not provide enough space
for B42 to diffuse from the transporter pore into the cytoplasm, which could suggest that peristaltic forces are needed to exclude B4,

from the transporter pore.

INTRODUCTION

ABC transporters are membrane-spanning proteins contain-
ing the ATP binding cassette (ABC) motif (1). They use en-
ergy from ATP binding, hydrolysis, and ADP-Pi release to
drive active transport of a large variety of substrates across
biological membranes (2). There are 48 different transporters
in humans and 80 in the gram-negative bacterium Escher-
ichia coli, transferring different compounds such as anions,
vitamins, lipids, and amino acids (3-5). (Mal)function of ABC
transporters can have dramatic pathological consequences
(6,7), such as cystic fibrosis, and also accounts for multidrug
resistance (8), e.g., human tumor cell resistance to cytotoxic
drugs used in chemotherapy (9,10). Thus, it is of great in-
terest to understand in detail how ABC transporters use ATP
to facilitate transport.

ABC transporters have two transmembrane domains
(TMDs) and two nucleotide binding domains (NBDs), which
can be organized into four, two, or one polypeptide chain.
ATP hydrolysis takes place in an NBD dimer sandwich
where highly conserved residues from both NBD monomers
contribute to nucleotide binding and hydrolysis (4,11). Crys-
tal structures of a number of NBDs, including four structures
of MalK, the E. coli maltose transporter NBD (12,13),
provide insight into their possible rearrangements during the
transport cycle. Even though MalK contains an additional
regulatory domain per monomer, it has been assumed that
the nucleotide-dependent tweezers-like opening and closing
motions of MalK are not an exclusive feature of this protein
but rather reflect a general characteristic of all NBDs (12,13).
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In all ABC transporters, such NBD rearrangements are
expected to propagate to the TMDs to enable transport. The
structural basis of this propagation is not well understood yet
(14). Three crystal structures of the complete lipid flippase
MsbA have been solved (15), but the fold and orientation of
the NBDs suggest that two of these structures may be subject
to crystallization artifacts (4,11,16), and it is not clear how
the lipid substrate enters and leaves the transporter. Besides
MsbA, crystal structures have also been determined for two
other full ABC transporters; namely the E. coli vitamin B,
importer BtuCD (17) and the bacterial multidrug transporter
Sav1866 from Staphylococcus aureus (18). In this study we
focus on BtuCD, whose structural organization is illustrated
in Fig. 1 a. In the B, uptake (Btu) system the substrate is
delivered to the transporter by its associated periplasmic
binding protein BtuF. Once docking has occurred and vitamin
B, has entered BtuC, it is most likely accommodated in a
large cavity in the periplasmic half of the protein (17). The
subsequent steps of the transport cycle are still unknown.
Two functional models have been proposed for the transport
mechanism and the coupling between NBDs and TMDs. The
MalK model (Fig. 1 b) is based on crystal structures of two
ATP-free and one ATP-bound conformation of MalK (12).
This model predicts thatupon ATP binding the NBDs approach
each other, forming a tight dimer (closed MalK configuration),
which closes the TMDs toward the cytoplasm but induces an
opening on the periplasmic side. Opening of the periplasmic
gate allows the substrate to enter; subsequent release of hydro-
lysis products translocates the substrate and resets the trans-
porter to the resting state (open MalK configuration). The crystal
structure of the semiopen MalK is thought to represent an
intermediate between the open and closed MalK configurations.

doi: 10.1529/biophysj.106.097972
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(a) The BtuCD crystal structure (17) with a schematic illustration of the membrane. The BtuC-internal vitamin B, uptake cavity is shown in red,

the BtuC-BtuD interspace appears in blue, and clefts on the protein surface appear in gray. In the x-ray structure the B, uptake cavity is accessible from the
periplasm for any particle with a radius: 2.0 A. () The MalK transport model (12). (¢) The BtuCD model (17). The red to white color gradient of the TMDs
emphasizes their gates’ state of accessibility: a closed gate appears red; a white gate is open. NBDs are colored yellow. The black squares symbolize ATP;
white squares symbolize vanadate. The dashed boxes mark known x-ray structures.

The BtuCD model (Fig. 1 ¢) assumes that the BtuCD
crystal structure is close to the physiological resting state,
with the cytoplasmic gate closed (17,19). In this state the
transporter is open toward the periplasm, allowing the sub-
strate to enter the B, uptake cavity (Fig. 1 a) from the binding
pocket of the periplasmic binding protein BtuF. Again, ATP
binding brings the NBDs in a tight dimeric configuration. But
in the BtuCD functional model this causes the transporter to
close on the periplasmic side while simultaneously opening
toward the cytoplasm to translocate vitamin B,. The cyto-
plasmic gate closes when the hydrolysis products are released
and the transporter returns to its resting state.

Clearly, the MalK and BtuCD models predict opposite
effects of NBD dimerization in the transport cycle. Irre-
spective of which transport model is correct, it is also unclear
whether the structural rearrangements in the TMDs are large
enough for the respective substrates to leave the transporter
by diffusion or if peristaltic forces, generated by the TMDs
on the substrate, are necessary for transport (17).

Computer simulations can provide insight into protein
function and dynamics. Molecular dynamics (MD) simula-
tions of ABC transporters have focused on rearrangements in
the NBDs upon ATP binding and hydrolysis to ADP (20—
22), and a recent simulation of the full BtuCD transporter
found that ATP binding draws the NBDs closer to each other
(23). At the same time a closing of the TMD section of the
transporter was observed on the periplasmic side, but no
significant opening of the cytoplasmic gate occurred.

In this study, we use a combination of elastic network
normal mode analysis and MD simulation techniques to
characterize the nucleotide-induced rearrangements in the
TMDs of BtuCD to better understand the mechanism that
drives substrate transport and gather evidence that can con-
tribute to decide which one of the two proposed contra-
dicting functional models is more likely. We assume that the
three MalK crystal structures correspond to physiological
states that also occur in BtuCD and derive from these struc-
tures two directions in conformational space that take MalK
from the semiopen to closed and from semiopen to the open
state. We then use these directions as bias in computer sim-
ulations of BtuCD to bring the BtuD NBDs into an ori-
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entation resembling the ones experimentally observed in the
MalK structures and monitor the structural response of the
TMDs. Our analysis is focused on the overall response of
the TMDs and the detailed response of the cytoplasmic gate
region.

METHODS
Perturbed anisotropic network model

In the anisotropic network model (ANM) BtuCD is described as a network of
springs with a spring constant of 1 kcal/(mol A?), connecting Cer atoms within
a 13-A cutoff (24,25). Normal mode analysis yields 3N — 6 nonzero
eigenvalues with 3N — 6 corresponding eigenvectors for N Cas (25,26). Each
eigenvector describes a direction along which the protein vibrates with some
frequency. Modes with low eigenvalues correspond to motions taking place
on long timescales and in directions in which there is a low energy cost for
deformation. In ANM calculations, only vibrations around an energy
minimum are predicted; the effect of ligand binding cannot be accounted
for directly. Further, it is not obvious how to determine the linear combination
of low frequency modes that is functionally relevant (as reviewed in Ma (24)).
Thus, we investigated the effect of ATP using a perturbational variant of the
elastic network (PEN, perturbed elastic network) that resolves these issues
(27). The effect of ligand binding is accounted for by introducing a small
number of Ca-Ce distance constraints as a perturbation to the network energy.
This perturbation gives a response vector that describes how all Cas in the
protein respond to changing a few Ca-Ca pair distances. Zheng and Brooks
validated the method on 22 proteins for which two crystal structures,
representing two conformational states of the same protein, are known (27).
They chose 10 Ca pairs for the perturbation that cross the network cutoff and
have the largest distance change between the two structures. Inherently, this is
not possible for BtuCD since only one crystal structure is available. Therefore,
we find the relevant Ca pairs from crystal structures of MalK. We map the
perturbation sites from MalK to the equivalent sites in the BtuCD NBD, BtuD.
The perturbations in BtuD then mimic nucleotide binding and release events
and we monitor the response in the TMD BtuC. The perturbation sites in MalK
were confined to regions conserved among the NBDs in ABC transporters,
and therefore the same is true after mapping the sites onto BtuD. As a control,
we ran simulations on MalK structures to verify the bias introduced from the
perturbed normal mode indeed causes a transition between the two structures
(details not shown). We implemented PEN in the ANM code from the Jernigan
group (http://ribosome.bb.iastate.edu/software.html).

Molecular dynamics simulations
For the MD simulations, the crystal structure of BtuCD (1L7V) was placed

in a preequilibrated palmitoyloleonyl-phosphatidyl-ethanolamine (POPE)
bilayer consisting of 326 lipids using a new method (28) and solvated with
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25,000 single point charge water molecules and 20 chloride ions (29). The
full system contained ~100 000 atoms. Titratable residues had default
protonation states. The MD simulations were performed in GROMACS
3.2.1 using the ffgmx force field for the protein (30,31). Constant pressure
was maintained by semiisotropic coupling to a Berendsen barostat with 7 =
4 ps, a compressibility of 4.5 107> bar~ ", and a reference pressure of 1 bar.
Protein, bilayer, and solution were kept at 310 K by a Berendsen thermostat
with 7 = 0.1 ps. Bonds were constrained by LINCS (32) and SETTLE for
water (33). The system was propagated with a 2-fs time step. Electrostatic
interactions were evaluated using particle mesh Ewald (34,35), and Van der
Waals interactions were evaluated directly with a twin-range cutoff of 0.9
and 1.4 nm. The system was equilibrated for 8 ns, when the Ca root mean
square deviation (RMSD) of BtuCD converged at 0.23 nm relative to the
crystal structure. Equilibrium data were collected during the next 4 ns.

Essential dynamics sampling

Long timescales of protein dynamics can be explored using essential
dynamics sampling (EDS) (36,37). We used EDS to explore the directions
that are relevant for nucleotide binding and release more efficiently. The
input is a generalized direction in which the algorithm should increase the
sampling. For this input direction we calculated the transition vectors from
the semiopen to the open and from the semiopen to the closed structures of
MalK. From these transition vectors, the (X, y, z)-elements for the Cas close
to functionally important and highly conserved regions, i.e., residues 30-44,
77-83, 124-138, 153-161, and 188-194 were used to bias both BtuD
monomers. We ran 10 simulations biased in the direction corresponding to
nucleotide binding and 10 simulations biased in the direction corresponding
to nucleotide release, with different initial random velocities. The transitions
to the tight dimeric structure took ~75 ps, whereas the transitions to the
loose dimeric structure took ~150 ps in the biased simulation.

Both the perturbed network and the essential dynamics simulations only
give the direction in which the protein deforms upon the simulated nucleotide
binding and release but not the amplitude of the motion. Thus, we define the
tight/loose dimeric structures of BtuCD as having the lowest RMSD from
homologous parts of the closed/open MalK structures. The RMSD between
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the equilibrated BtuCD structure and homologous parts of the closed and open
MalK crystal structures are 4.8 and 9.0 A, respectively. In the biased MD
simulations, the minimal RMSD between BtuCD and homolog parts of the
closed MalK crystal structure, defining the tightly dimerized state of BtuCD,
is 3.8 A. The minimal RMSD between BtuCD and homologous parts of the
open MalK crystal structure, defining the loose dimeric state, is 4.5 A.

Cavity and pathway analysis

Cavity analysis on the all-atom BtuCD structures was performed by
SURENET (38), using a minimum probe sphere radius of 2.0 A. To scan for
possible vitamin B, exit pathways we used HOLE (39).

Angle between inertia axes

The angle between the TMD inertia axes was calculated in VMD (40) using
the additional plugins ‘‘orient”” and ‘‘lalO1psx’’.

X-shift plots

To quantify the structural responses in the transmembrane BtuC subunits
and to detect possible opening or closing trends, we computed the shift in
x-coordinates for corresponding Ca atoms with respect to a reference
structure: the BtuCD x-ray structure in the case of the PEN analysis and the
equilibrated crystal structure for the EDS simulation. The simulation x axis is
almost the same as the e principal axis. We resolved the X-shift along the
pore axis using windows of 2 A.

RESULTS
Overall response of BtuCD

In Fig. 2 the start and end structures of BtuCD taken from
one representative MD simulation for the loose and tight

FIGURE 2 Structural rearrangements
in BtuCD (black and white). (a—c)
BtuCD’s main cavities: the putative
B, uptake cavity is shown in red; the
BtuC-BtuD interdomain space appears
blue, and clefts on the protein surface are
colored gray. After 12 ns of equilibration
the Bi, uptake cavity in the crystal
structure (b) is no longer connected to
the periplasm. Bringing the BtuDs closer
together (c) or farther apart (a) has no
effect on the By, uptake cavity. (d—f)
Yellow circles represent the BtuD cen-
ters of mass; vectors e, and eg are the
BtuC long axes of inertia. The MalK
NBDs are shown in red and orange.
MalK regulatory domains appear in
green.
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NBD dimerization transitions are shown, together with the
corresponding MalK crystal structures used to model these
transitions. As the structural overlay illustrates, on a global
scale, EDS in MD simulations can be used to mimic the
effect of nucleotide binding and release. During equilibra-
tion, without bias, the putative BtuC-internal vitamin B,
uptake cavity changes little, apart from losing its connection
to the periplasm due to a closing motion of BtuC, consistent
with previous simulations (23). During the EDS runs BtuC
remains closed toward the periplasm for any particle with a
radius >2 A regardless of whether the NBDs are brought
closer together or farther apart.

Fig. 3 a shows the center of mass distance between the two
NBDs in BtuCD during the transition to the loose and tight
dimeric state. As expected, both the elastic network and the
MD simulations predict that the transition to the loose
dimeric state of BtuCD increases the NBD-NBD distance
and that this distance decreases upon transition to the tight
dimeric state. The PEN calculations start from the BtuCD
crystal structure, whereas the biased MD simulations start
from an equilibrated BtuCD structure, which accounts for the
different initial values. Thus, the initial values in the elastic
network calculations correspond to the values in the crystal
structure of BtuCD.

The rearrangements in the NBDs are thought to propagate
into the TMDs via the L-loop helices located in the NBD-
TMD interface (17,19). The centers of mass distance between
the L-loop helices for the two transitions in BtuCD are
shown in Fig. 3 b. Comparing with Fig. 3 a, the distance
between the L-helix motifs in opposing TMDs is strongly
coupled to the NBD-NBD distance. Both the perturbed
network and the MD simulations predict that a transition to
the loose dimeric state, corresponding to nucleotide release,
increases the L-helix distance. Nucleotide binding has the
opposite effect. Fig. 3 ¢ shows the response in the TMD-
TMD tilt upon nucleotide binding and release. The TMD-
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TMD tilt, defined as the angle between the TMD inertia axes
and illustrated in Fig. 2, d—f, increases upon tight NBD
dimerization (nucleotide binding) and decreases upon tran-
sition to the loose dimeric state (nucleotide release).

Response in the transmembrane domains

The structural response of BtuC quantified in terms of
X-shifts is shown in Fig. 4. EDS MD induces a cytoplasmic
opening trend upon driving the BtuDs apart—intermediate
— loose dimeric (Fig. 4 a)—whereas bringing them closer
together—intermediate — tight dimeric—has no detectable
effect (Fig. 4 b). PEN analysis predicts an opening trend on
the cytoplasmic side when the BtuD interdomain center of
mass distance increases (Fig. 4, ¢ and e) and a periplasmic
opening trend when the BtuDs are brought closer together
(Fig. 4, d and f). At the same time a clear closing trend is
observed on the cytoplasmic side of the BtuCs.

To monitor the response in the cytoplasmic gate region in
greater detail, we first carried out a HOLE analysis to iden-
tify putative translocation pathways through the transmem-
brane part of BtuCD in the crystal structure. We find two
possible cytoplasmic exit paths. Fig. 5 shows the two path-
ways in the BtuCD structure. The gray-colored pathway,
referred to as the TMS exit, essentially follows the membrane
normal, in between the transmembrane helices number 5
(TM5) of each of the two TMD monomers. The other exit
path, referred to as the C-terminal exit, departs from the TM5
exit path ~1 nm below the vitamin B, uptake cavity and
reaches the cytoplasm through a passage in between the
structural elements entitled the pore loop (residues 83-92),
lower transmembrane helix 5 (TMS5, residues 142-155),
transmembrane helix 8 (TMS, residues 256-267), and the
lower C-terminal helix (residues 313-325). Fig. 6 shows
the pore radius profiles for these paths. Note that due to the
rotational symmetry of the BtuC dimer, there is a second
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FIGURE 3 Structural responses associated with nucleotide binding and release in BtuCD. (@) The distance between the two NBD centers of mass. (b) The
distance between the centers of mass of the L-helix motifs in the two TMDs. (¢) The tilt between the two TMDs defined as the angle between inertia axes of
each TMD (e, and eg in Fig. 2, d—f). For the essential dynamics ‘‘intermediate to tight dimer’’ transitions (pushing NBDs closer), fewer data points could be
collected as the NBDs begin detaching from the TMDs after 60 ps.The insets illustrate the measured quantities in the protein structure. Solid black curves
correspond to the transition to the loose dimeric structure, dashed curves to the transition to the tight dimeric. Circles mark PEN results which, to facilitate the
comparison, are adjusted to the same timescale as the MD simulations. Error bars are standard deviations obtained from 10 simulations carried out for each of
the two transitions. There are no error bars on the PEN results since the method is deterministic and only the crystal structure was used. The PEN calculations
start from the BtuCD crystal structure (int.), whereas the biased MD simulations start from an equilibrated BtuCD structure (int.). The x axes have the unit of
time, which is somewhat artificial since the MD simulations are biased and the notion of time is absent in the PEN calculations.
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FIGURE 4  Structural response in BtuC subunits. (¢—d) The structural responses as monitored by X-shift of the BtuC subunits in red and blue (see Methods) for four
indicated cases. (e—f) Side view and top view of the PEN extreme conformations. The key structural elements in the cytoplasmic exit regions of the intermediate BtuC
structure are rendered as a purple cylinder (TMS5), green cylinder (C-terminal helix), pink cylinder (TMS), yellow loops (the L-loops), and orange tube (pore loop). The
corresponding structural elements in the loose and tight dimeric structures are colored blue. For clarity not all structural elements are shown. The BtuC crystal structure
is rendered in semitransparent gray. The amplitude of the responses is exaggerated to illustrate the motions of the different structural elements more clearly.

C-terminal exit in the other BtuC monomer, thus providing a
total of two equivalent C-terminal exits in BtuC. Descrip-
tions of the C-terminal exit region below refer to both of
these exits.

The response of the structural elements comprising the two
putative exits is shown in Fig. 4, e and f. The TM5 helices
change their tilt relative to the pore axis upon nucleotide
binding and release. The change in the tilt primarily takes
place in the ez-direction but not in the e,-direction. The
transition to the loose dimeric structure causes the TM8
helices and the pore loop to retract from the pore center line.

Transition to the tight dimeric structure has the opposite
effect. The response of the C-terminal helix upon transition to
the loose dimeric configuration does not affect the size of the
C-terminal exit (see Fig. 4 ¢). However, upon transition to the
tight dimeric configuration of BtuCD, the C-terminal helix
moves out of the C-terminal exit path.

We analyzed these structural rearrangements further by
monitoring changes in Ca-Ca pair distances in the cyto-
plasmic gate region. The Ca-Ca pairs used in the analysis all
line the TMS and C-terminal pores, and the lines connecting
each Ca-Ca pair approximately cross the pore centerline. To

Biophysical Journal 92(8) 2727-2734
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FIGURE 5 Two possible cytoplasmic exits in BtuCD. The gray surface is
the TMS exit path; the black surface is the C-terminal exit path. The protein
is rendered as TMS helix (purple tube), TM8 (pink tube), pore loop (orange
tube), and C-terminal helix (green tube). The residues G and P*" are
shown as blue spheres. The inset shows the two pores in the full BtuCD
structure. The gray arrows show the principal components of the inertia
tensor of the TMDs.

allow for comparison, the same analysis was carried out on
the BtuCD structures predicted by PEN. The distance
analyses of both the MD simulations and the perturbed
network (data not shown) show a significant increase in the
Ca-Ca pair distances in the C-terminal exit region, which
indicates that this gate opens upon transition to the loose
dimeric state of BtuCD. Nucleotide binding has the opposite
effect. In the TM5 exit region, the magnitudes of the struc-
tural rearrangements are smaller and primarily take place
in the e,-direction. Although the rearrangements in the
C-terminal exit region are larger than the ones found in the
TMS exit region, the largest Ca-Ca pair distance increase in
the C-terminal exit is merely ~2 A.

DISCUSSION

It is commonly thought that ATP binding induces tight
dimerization of the NBDs in ABC transporters, whereas the
transition to a loose dimeric state may be coupled to the
release of hydrolysis products (reviewed in Davidson and
Chen (4); 12,17). These transitions are thought to cause struc-
tural rearrangements in the TMDs that facilitate transport,
but the exact nature of this coupling is not well understood
(14). Due to the long timescales involved, global rearrange-
ments are difficult to capture in direct MD simulations.
Therefore, instead of including the nucleotides explicitly in
direct MD simulations (23), we modeled the effects of
nucleotide binding and release in a PEN model and in biased
MD simulations—using experimentally observed transitions
in MalK as templates for perturbing and biasing the NBDs in
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BtuCD—and then monitored the response in the TMDs.
Thus our simulations are restricted to investigating the effect
of conversion of the NBDs from open to closed on the
TMDs, where the closed state corresponds to the ATP-bound
conformation and the open state corresponds to a nucleotide
configuration we do not identify. Additional NBD confor-
mations may exist in the entire cycle of ATP binding,
hydrolysis, and Pi/ADP release, with possible corresponding
structural changes in the TMDs.

Which transport model?

When the NBDs of BtuCD dissociate into the loose dimeric
configuration, the distance between the L-loop helices, which
connect the two TMDs to the NBDs, increases and the tilt
angle between the two TMDs decreases (Fig. 3). The tran-
sition to the tight dimeric state has the opposite effect. Our
data indicate that transition to the loose dimeric configuration
induces an opening trend of the TMDs toward the cytoplasm
and a closing trend on the periplasmic side, whereas the
transition to the tight dimeric state has the opposite effect.
These results are consistent with the MalK transport model
(4,12) and disagree with the BtuCD functional model (17;
reviewed in Locher (19)). Instead the adaptation of the MalK
model for the BtuCD transport cycle as presented in the
schematics in the review article by Van der Does and Tampé
appears to be valid (16). The results of the PEN and the biased
MD simulations are qualitatively similar, which shows some
universality in our prediction.

Recently Vergani et al. (41) reported that the tightly
dimerized NBD conformation of the CFTR, an ABC protein
with TMDs comprising an ion channel, corresponds to the
so-called open-burst state. In ABC exporters and importers,
this state is thought to be equivalent to a TMD configuration
where the periplasmic gate is open and the cytoplasmic gate
is closed. In MsbA, site-directed spin labeling and electron
paramagnetic resonance spectroscopy suggest that ATP bind-
ing closes the cytoplasmic gate (42). If there is a common
transport mechanism among ABC importers and exporters,
these experimental results also support the MalK transport
model. Other ways to experimentally test if BtuCD follows
the MalK model—and is indeed open to the periplasm and
closed to the cytoplasm in the absence of nucleotides—could
be to appropriately mark for example the upper half of the
translocation channel and measure the corresponding signals
in absence and presence of ATP, possibly by spectroscopic
methods.

A valid concern is to what extend the transitions we find in
BtuCD are biased by the MalK-like input. To this end it is
important to note that MalK and the NBDs of BtuCD have
almost complete sequence identity in the regions that are
involved in ATP binding and hydrolysis and an almost
identical structure at the binding sites. The structural changes
in the above mentioned regions, induced by nucleotide
binding and release, are therefore expected to be the same in
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FIGURE 6 Pore radii as functions of the position projected on the pore
axis e;. The graph shows the radii for two possible pores through the crystal
structure of BtuCD: the TMS exit path (dotted) and the C-terminal exit path
(solid). We have indicated the dimensions of B, by the vertical line at R‘g“i“,
which is the minimal radius of gyration of Bj,.

the two transporters (4,11,17). We assume that the absence
of regulatory domains in BtuCD compared to MalK does not
cause a substantial difference in the mechanisms of these two
importers.

Cytoplasmic gate opening

Our analyses of the putative transport pore suggest that there
may exist two types of cytoplasmic exit paths, which we
refer to as the TMS5 exit and the C-terminal exit, respectively
(Fig. 5). If nucleotide binding or release were responsible for
opening the TMS5 exit, one would expect the response in the
cytoplasmic ends of the TMS5 helices to go toward the
e,-direction (Fig. 5). Such a motion is, however, observed in
neither the perturbed network nor the biased MD simula-
tions, which is consistent with previous MD simulations
(23). The structural elements that make up the C-terminal
exits, on the other hand, are found to retract from the pore
centerline upon transition to the loose dimeric state of BtuCD
in both the PEN model and the biased MD simulations.
Therefore, release of hydrolysis products, which could reset
the transporter in the resting state, seems to be responsible
for opening the C-terminal exit. However, the observed gate
opening is not large enough to accommodate vitamin B,.
Thus, it is interesting that the C-terminal helix, which lines
the C-terminal exit, contains a molecular hinge, i.e., GXP
motif (43) (see Fig. 5). This hinge region (G*'-P*'%), located
just ~0.2 nm below the central cavity, could provide con-
siderable structural flexibility in the C-terminal exit region.
Indeed, the crystallographic B-factors do increase down
through the C-terminal helix, although this is a common
characteristic in protein crystal structures. Therefore, it is not
possible to associate this increase in B-factors with the GXP
motifs or with the function of BtuCD without further in-

2733

vestigations—especially since at 3.2 A the resolution of
the BtuCD x-ray structure does not permit a quantitative
interpretation of B-factors.

Two transport scenarios

Two contradicting models have been proposed to explain the
ABC transporter functional mechanism. Our data indicate
that of these two the MalK model appears to be more likely.
However, compared to the cartoon transport models pre-
sented in the literature (4,12,16,17), the magnitude of the
cytoplasmic gate opening we find is strikingly small. Even
the structural changes in the C-terminal exit are not large
enough to allow B, to diffuse from the central cavity and
out into the cytoplasm. This finding points to one of the
following two transport scenarios:

1. The structural response from nucleotide binding and
release are in fact as small as predicted here. In this case,
the modest opening indicates that peristaltic forces from
the TMDs pushing B;, toward the cytoplasm are im-
portant. The changes in the TMD tilt upon nucleotide
release drive the periplasmic ends of the TMDs closer
together, which could generate a force pushing B,
toward the cytoplasm via the C-terminal exit. In line with
these speculations, the C-terminal helix could act as a
passive hatch, which moves to the side as B, propagates
through the C-terminal exit. The term ‘‘passive hatch’
refers to the fact that such a motion of the C-terminal
helix is not seen in this study and is therefore expected to
be independent of nucleotide binding and release. If this
is true, and the C-terminal helix is simply pushed to the
side by Bj,, it is important that the C-terminal helix is
moved easily, which could indicate the role of the GXP
motifs in the C-terminal helices.

2. The structural rearrangements we find are too small, and
larger rearrangements, coupled to events that are not ac-
counted for in this study, control transport. For example,
the structural responses to nucleotide binding and release
could be altered by the presence of the periplasmic
binding protein BtuF. The presence of binding proteins
stimulate ATPase activity (4) and in the schematic trans-
port mechanism presented by Locher and Borths (14),
BtuF sends a ‘‘signal’’ from the periplasmic side of
BtuCD to the hydrolysis sites, which trigger ATP hy-
drolysis. The signaling between BtuF and the hydrolysis
sites could involve changes in the transporter structure
that in turn could change the response to nucleotide
binding and release. This hypothesis could be tested by
the same techniques as employed in this study once the
structure of the BtuF-BtuCD complex is solved exper-
imentally or accurately modeled.
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