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ABSTRACT ATP-binding cassette transporter BtuCD mediating vitamin B4, uptake in Escherichia colicouples the energy of ATP
hydrolysis to the translocation of vitamin By, across the membrane into the cell. Elastic normal mode analysis of BtuCD
demonstrates that the simultaneous substrate trapping at periplasmic cavity and ATP binding at the ATP-binding cassette (BtuD)
dimer proceeds readily along the lowest energy pathway. The transport power stroke is attributed to ATP-hydrolysis-induced
opening of the nucleotide-binding domain dimer, which is coupled to conformational rearrangement of transmembrane domain
(BtuC) helices leading to the closing at the periplasmic side and opening at the cytoplasmic gate. Simultaneous hydrolysis of two
ATP is supported by the fact that antisymmetric movement of BtuD dimer implying alternating hydrolysis cannot induce effective
conformational change of the translocation pathway. A plausible mechanism of translocation cycle is proposed in which the

possible effect of the association of periplasmic binding protein BtuF to the transporter is also considered.

INTRODUCTION

ATP-binding cassette (ABC) transporters are membrane
protein complexes that use the energy of ATP hydrolysis to
facilitate the transmission of various substrates, from small
ions and drugs to lipids and proteins across biological mem-
branes (1). Examples of clinically relevant ABC transporters
are associated with multidrug resistance in cancer cells (2),
cystic fibrosis (3), and antigenic peptide transport (4), etc. In
bacteria, ABC importers are mostly involved in nutrient
uptake and exporters extrude toxins and harmful substances
out of cell (5,6).

Most ABC transporters consist of two transmembrane
domains (TMDs) and two cytoplasmic nucleotide-binding
domains (NBDs). TMDs form the pathway for substrate
translocation with poor sequence similarities reflecting the
diversity of the substrates whereas NBDs with ATPase ac-
tivity are highly conserved among all ABC transporters.
Crystal structure studies of isolated NBDs from different
ABC transporters (7-19) established that the dimeric arrange-
ment of the NBDs is required for ATP binding and hydrolysis.
Recent success in solving the high resolution structures of
intact ABC transporters form the basis for our understanding
of the molecular mechanism of transport (20-24). BtuCD
from Escherichia coli is the ABC importer that mediates the
uptake of vitamin B,. The transporter consists of four sub-
units arranged as two homodimers, one transmembrane dimer
BtuC and one nucleotide-binding dimer BtuD. The two mem-
brane-spanning BtuC domains have a total of 20 transmem-
brane helices forming the translocation pathway, which is
accessible to the periplasm and closed at the cytoplasm (20)
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(Fig. 1 a). In the crystal structure of ATP free transporter (20),
the nucleotide-binding subunits BtuD form a nucleotide-
sandwich dimer that is similar with the structures observed in
MJ0796, the NBD subunit of the LolD transporter from
Methanococcus jannaschii (12), and MalK, the NBD com-
ponent of the maltose transporter from E. coli (19). The con-
served residues from both BtuD subunits, including P-loop
(or Walker A) and LSGGQ signature motifs together form the
putative ATP binding site at the NBD dimer interface (Fig.
1 a). The L-loops at the cytoplasmic end of the two BtuC
domains interface the TMD part with the NBD part and are
expected to play an important role in coupling ATP hydrolysis
with transport. Like the majority of bacterial importers,
BtuCD employs a specific periplasmic binding protein (PBP)
BtuF to selectively bind the vitamin B, and deliver it to the
extracellular gate of the transmembrane domain (25). It is
found that interaction of BtuF with the transporter increases
the ATPase activity of the cytoplasmic NBDs (26). Both
crystal structure study of BtuCD (20) and molecular dynamics
simulation (27) suggest that the ATP binding at BtuD dimer
triggers the conformational rearrangement of the BtuC dimer
and provides the power stroke of substrate translocation
across the membrane. However, the newly reported crystal
structure of ABC importer HI1470/1 that belongs to the same
family of BtuCD demonstrated an inward-facing conforma-
tion at TMD and an open conformation at NBD dimer, which
implies that the ATP hydrolysis is likely to be responsible for
the translocation power stroke. The recent simulation studies
of BtuCD (28,29) also examined the possibility of this trans-
port scenario. Nevertheless, a detailed picture of conforma-
tional transition and communication between TMDs and
NBDs during the whole transport cycle remains elusive.

In this study, we applied coarse-grained elastic normal
mode analysis (NMA) on the BtuCD system aiming at
simulating the large-scale conformational change during the
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transport events. The intrinsic flexibility of isolated BtuC and
BtuD dimers are evaluated and the conformational move-
ment of intact BtuCD transporter is studied in the context of
conformational coupling between BtuC and BtuD. In recent
years, many studies have demonstrated the efficiency of the
coarse-grained NMA using elastic network models (30-37).
The extracted low-frequency modes successfully describe
the collective motions and conformational changes of proteins.
The simultaneous closing of NBD dimer and periplasmic
gate of TMDs is observed along the lowest normal mode, in
agreement with previous MD simulation. However, the con-
formational change of cytoplasmic gate opening is encoded in
ahigher frequency mode, in which the opening of NBD dimer
upon ATP hydrolysis triggers the closing of the periplasmic
side of the pore. The conformational coupling between TMDs
and NBDs also supports the simultaneous hydrolysis of two
molecules of ATP. The effect of BtuF association on the
transporter conformational movement is also discussed.

METHODS

The elastic network model has been shown to be effective in deriving slowest
motions of protein dynamics that are almost the same as those obtained from
normal mode analysis with empirical atomic force field (30-37). In this
coarse-grained model, atomistic structures are simplified as one Ca atom per
residue and the Ca atoms that lies within a certain cutoff distance, R., to each
other, are connected by Hookean springs with the harmonic pairwise poten-
tial. As an extension to the simplest Gaussian network model, anisotropic
network model (ANM) incorporates the anisotropic effects on fluctuation
dynamics. In the ANM method, the pairwise potential is defined as,
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FIGURE 1 (a) Ribbon diagram of
BtuCD crystal structure. Transmem-
brane helices TMS5, L-loops, Walker A,
and signature motifs are indicated.
Colors of one-half of the BtuCD are
rendered darker than the other. (b) Top
view looking down from the periplasmic
side of the BtuC dimer. Rotational axes
of the two subunits along the two lowest
normal mode of isolated BtuC dimer
are indicated. (¢) Porcupine plot of the
lowest normal mode of BtuC dimer
(cones denote the direction of the move-
ment of each Ca atom, from the base
to the tip, with the length of the cone
describing the amplitude of the motion).
(d) Porcupine plot of the second lowest
normal mode of BtuC dimer.

Vnelwork = Z Z (dl - di(J)')27 (1)

2
dj <Re

where dj; and dg are the separation and equilibrium vectors between residues
i and j, respectively. A force constant of 1.0 kcal/mol-A? with a cutoff
distance R, of 13 A was employed in the calculation of vibrational modes,
yielding root mean-square fluctuations (RMSF) in excellent agreement with
experimental B-factors (data not shown). The stability of the normal mode
analysis was also verified within the cutoff distance range of 10 ~ 15 A. A
component analysis was performed to see how the normal modes of isolated
domains contribute to the normal modes of the whole protein. Because in the
ANM model crystal structure is presumed as the local minimum on the
potential energy surface, the weights of modes of the isolated domain in a
certain mode of the whole protein can be derived by direct vector product.
For a certain isolated domain A, the weight of its ith vibrational mode in the
kth mode of the whole protein is calculated with,

Pu(a) = [Uin U T, @

where Uj 4 is the ith normal mode vector of domain A andﬁk the kth normal
mode vector of the whole protein, with the double-line above indicating
normalization.

The contribution of overall rigid body rotation and translation of domain
A in the kth mode of the whole protein is evaluated as

3N-6

Pk(ART) =1- Z Pk,i(A)a 3)

where N is the number of residues in the isolated domain. By removing the
contributions of overall rotation and translation of the isolated domain,
Pyi(A) is reevaluated through normalization,

3N-6

Li(A) = Pi(A)/ Z Pyi(A). “4)
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We aligned the sequences of proteins according to their secondary
structures (23) with ClustalX 1.83. The aligned residue pairs whose score in
Gonnet Pam250 matrix is >0.5 (that is, the pairs belong to ‘‘single’’ groups
or ‘‘strong’’ groups) are picked out. The involvement coefficients were
calculated based on these selected residues:

U, AX
Ci=— oy 5
TN ©)

where AX denotes the direction of the conformational change AX =
X — X, based on the selected residues, and Uy denotes the motions of the
selected residues in the kth mode.

When the protein consists of two domains, A and B, all the selected
residues can be ascribed to the two domains and the above involvement
coefficient can be divided into two parts:

_ Uk,A AXA
Cor =10, [ax] ©
Ck,B - |Uk| |AX‘7 (7)

where AX 5, AXg, Ui, U;p denote the conformational change and normal
mode of domain A and B, respectively, based on the selected residues. As a
result, the involvement coefficient can be yielded by summing up the coef-
ficients of A and B

Ck - Ck,A + Ck,B'

The translational vectors T'a(1), Ta(2), Ta(3) and rotational vectors
RA(1), RA(2), RA(3) of the domain A can be obtained from the coordinates
of the Car atoms of the corresponding residues. These six vectors are orthogonal
to each other and are normalized. Their contributions to the kth mode of the
whole protein are evaluated as:

: ~ U .

an (i) = Ta(i) - |z;:\| i=1,23 @®)
. ~ U .

arx (i) = RA(i) - |l;kA| i=1,2,3. ©)

The contributions of translational and rotational motions to the involve-
ment coefficient of the kth mode are derived by:

3 AX

Ray = ZaR.k(i)RA(i)ﬁ (10)
3 AXA

TA.k = ZaTk(l)TA(l)M (1 1)

To model the BtuCDF system, BtuF is docked manually onto BtuC
following the method in Borths et al. (25). The interface is formed so that the
two conserved negatively charged knobs in BtuF are in close contact with
the positively charged pockets in BtuC and the substrate binding site
connects well with the putative translocation pathway. To test the reliability
of the docking, we chose several docking structures by changing the distance
between BtuF and BtuC slightly and did normal mode analysis for each
structure. No obvious variations of the eigenvectors and eigenvalues were
found among different structures.

RESULTS

It is believed that the conformational changes are commu-
nicated between TMD and NBD during the translocation
cycle. In this section we first investigate the normal modes of
isolated TMD and NBD, which reflect the intrinsic flexibility
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encoded in their structures. The motions of these isolated
parts do contribute to the conformational change of the
whole transporter in substrate translocation. Then the confor-
mational changes of the overall transporter are examined by
analyzing the normal modes of the intact molecular complex
BtuCD in the context of the motional coupling between
TMDs and NBDs.

Normal modes of the isolated TMD dimer

The lowest frequency mode of the TMD dimer is essentially
the reverse rigid body rotation of the two monomers around
respective axes shown in Fig.1, b and c¢. The axis is ap-
proximately parallel with the lipid bilayer along a line
passing through residues 1198 of TM6, L70 of TM2, L258 of
TMS, and V316 of TM10. As the translocation pathway is
mainly formed by the opposing TM5 and TM10 helices of
the two BtuC subunits (20), the distance between two TMS5
helices is taken as a measure of the size of translocation pore.
Along this mode, the periplasmic side of the two TMS5
helices undergoes large opening and closing motions by
tilting of the helices, whereas the cytoplasmic side of the
pathway keeps closed. At the same time, the cytoplasmic
ends of TM10 helices also keep fixed. All these result in the
deviation from total rigid body movement of the two BtuC
subunits. The intracelluar L-loops that interface transmem-
brane domain with nucleotide-binding domain swing with
two BtuC subunits back and forth reversely along this mode
(see Fig. 1 ¢). It is worth noticing that the L-loops of the two
BtuC move close to each other as the periplasmic side of the
translocation pathway opens.

The second lowest normal mode of BtuC dimer can also
be basically described as reverse rigid body rotation of the
two BtuC subunits around respective axes (Fig. 1, b and d).
Different from mode 1, the rotation axis of the BtuC subunits
tilts an angle of 25° with the lipid bilayer, and passes through
residues W15 of TM1, C279 of TM9, and L70 of TM2. Little
distance variation between two TMS5 helices can be seen
in this mode thereby the diameter of the translocation pore
hardly changes. However, the surrounding helices distal from
the translocation pore undergo large-scale movements and
the extramembrane helix 5a immediately following TMS5
swings to restrict the periplasmic entrance of the transloca-
tion pore. The cytoplasmic gate of the translocation pathway
has a tendency to open although the observed opening in this
mode is inconspicuous. In this mode, the L-loops swinging
with two BtuC subunits move apart as TM helices pack more
closely at the periplasmic end. It is interesting to note that the
axes around which the BtuC subunit rotates in the two lowest
normal modes cross at L70 of TM2 (Fig. 1 b). In another
words, L70 of TM2 helix serves as a pivot in the two lowest
frequency conformational movements of TMDs.

Among low-frequency vibrations of TMD dimer, there are
two other normal modes, mode 5 and mode 6, affecting the
translocation pathway significantly. Mode 5 is in a similar
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fashion as mode 1, i.e., the periplasmic ends of TM5 undergo
large opening and closing motions. But the stretching and
twisting of many helices are obvious, reflecting more locate
fluctuations than in mode 1. Along mode 6, two BtuC do-
mains rock in a similar way as that of mode 2. However, the
opening of the cytoplasmic gate of translocation pathway is
much more obvious than in mode 2 since the axis of the
rotational motion tilts a larger angle with respect to the lipid
bilayer. Overall, the analysis of low-frequency normal modes
of BtuC dimer demonstrates that the TM helices are more
flexible at its periplasmic side than at its cytoplasmic side.
The gate of the translocation pathway is closely packed and
keeps rigid in most low-frequency modes. Modes 1 and 5
represent the motion that significantly changes the shape of
the transloction pore whereas the motion encoded in modes 2
and 6 tends to open the cytoplasmic gate of the pore.

Normal modes of the isolated NBD dimer

The lowest mode of BtuD dimer is a hinge bending motion
between the two monomers, reminiscent of the tweezer-like
motion of MALK dimer revealed by several crystal structures
(15,19) (Fig. 2 a). The bending hinge of the dimer is located at
residues of the D-loop and switch region. Consequently along
this mode, the interface of the NBD dimer opens widely at the
TMD side and the two composite ATP binding sites open
simultaneously. Simultaneous opening of the two ATP
binding sites is also found in the second mode of NBD
dimer, in which the two monomers rotate reversely along
respective axes shown in Fig. 2 b. Residues G33 of P-loop,
A76 of S5 near Q-loop and N 149 of the loop connecting TM5
helix and Walker B consist of the axis of each monomer. Upon
the rotation of two BtuD, the two a-subdomains undergo
larger scale movements than the catalytic subdomains, and the
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dimer interface decreases resulting in simultaneous opening
of the two ATP binding sites. Along the third mode, however,
the two subunits rotate around the twofold axis of the dimer
conversely, resulting in the alternating opening and closing of
the two ATP binding sites (Fig. 2 c). The three lowest normal
modes of isolated NBD dimer can essentially be attributed to
rigid body motions of NBD subunits, and they dominate the
NBD dimer motions in low-frequency modes of the intact
BtuCD as we will discuss below.

Normal modes of the intact BtuCD

In this case, the criterion that we judge a specific normal
mode potentially functional relevant or not is the conforma-
tional change of the translocation pathway in TMDs. By
examining the low-frequency spectrum of normal modes of
intact BtuCD, we can find in Fig. 3 that modes 2, 4, 5, 6, 8,
and 9 were excluded from the functional relevant modes as
no obvious distance variation between two TMS helices are
found. These modes are further analyzed by projecting them
onto the normal modes vector set of isolated TMD and NBD
dimers. Table 1 lists the weights of various modes of isolated
domains in the mode of the intact BtuCD. This decompo-
sition is quite illuminating. First, we noticed that except
mode 5 all the modes that we considered as nonfunctional
relevant (modes 2, 4, 6, 8, 9) involve the NBD movement
along the third mode of isolated BtuD dimer, i.e., the
alternating opening of the ATP binding sites. This antisym-
metric movement of two NBD subunits with respect to the
twofold axis of the transporter cannot induce any meaningful
conformational change of the translocation pathway in BtuC
dimer. This is not surprising since all the effective modes
related to shape changes in translocation pathway are all
symmetric motion of the two TMD subunits with respect to

FIGURE 2 Normal modes of the isolated
nucleotide-binding domain BtuD dimer. (a)
Porcupine plot of the lowest normal mode. (b)
Top view porcupine plot of the second lowest
normal mode looking down from the periplas-
mic side. The axes around which each monomer
rotates are indicted. (¢) Top view porcupine plot
of the third mode looking down from the
periplasmic side.
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FIGURE 3 Distance variations of the opposing TMS5 helices of BtuC
dimer along low-frequency normal modes. The distances between two TM5
helices are represented by the distances between corresponding C,, atoms.
The variation values are the deviations of TMS distances in the end structure
of each mode from those in the crystal structure. The vibrational directions in
all the modes are chosen such that the nucleotide-binding site at BtuD dimer
is opening.

the twofold axis. All the symmetric movements of TMD
subunits couple with the symmetric motion in the NBD
dimer through the L-loops. These data strongly suggests that
the two ATP binding sites bind and hydrolyze two ATP at
the same time, and the former ‘‘alternating’’ mechanism of
ATP hydrolysis (38) seems unlikely at least in the case of
BtuCD. Excluding the nonfunctional related modes, the left
low-frequency modes may contribute to some extent to the
translocation event of BtuCD. Tablel shows that the two
lowest normal modes of isolated NBD and TMD dimers
dominate the motion of their counterparts in the low-fre-
quency modes of intact BtuCD. There are exceptions, how-
ever, in mode 5, in which the TMD movements are
dominated by the sixth and fifth mode of isolated TMD. In
the following section, we will discuss these modes in detail.

In Table 1, the weights of normal modes of isolated TMDs
or NBDs in the modes of whole BtuCD complex are evaluated
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by excluding the translational and rotational motions of TMD
or NBD dimer as a whole from the projection basis set. The
weights of these translational and rotational rigid body
movements of TMD and NBD dimer are listed separately. We
can see that the lowest normal mode of BtuCD contains large
portion of overall rigid body movements of TMD and NBD
dimer, up to 60% for TMDs and 87% for NBDs. This rigid
body movement can be mainly described as relative rotation
of TMD and NBD dimers about the twofold axis of the whole
complex, resulting in the change of the angle between the long
axes of TMD dimer and NBD dimer. In addition to the overall
rigid body movement of TMDs relative to NBDs, the lowest
frequency mode of the intact BtuCD can be considered as a
composite of the first mode of isolated TMDs and the second
mode of isolated NBDs (Table 1). The two TMD subunits
rotate along the opposite direction leading to the pore opening
at the periplasmic side while the two NBDs rotate along the
respective axis to open the ATP binding sites simultaneously.
Looking from the side face of the whole transporter, the two
halves of the BtuCD each of which includes a BtuC and a
BtuD subunit are rotating reversely with the pivot locating
near the cytoplasmic gate of the translocation pathway. The
movement of TMD is coupled to the motion of NBD through
the back and forth swinging of the L-loops. As the cytoplas-
mic gate of TMD serves as a pivot of the rotation, there is no
evidence at all of gate opening along this motion. The main
characteristic of this mode is the simultaneous opening and
closing of the periplasmic side of the pore and the two ATP
binding sites at NBDs.

Unlike mode 1, the contribution of overall rigid body
translation and rotation of TMD or NBD dimer in the third
mode of BtuCD is much less. The two lowest modes of
isolated TMD dimer dominate the motion of the transmem-
brane helices. However, the helices exhibit more flexibility
than those in mode 1, and motions in the TMD part cannot be
mainly described as rigid body movements. Along this mode,
the surrounding helices far removed from the translocation
pore are bending outwards whereas the two TMS5 helices of

TABLE 1 Weights of normal modes of isolated TMDs and NBDs in the low-frequency modes of intact BtuCD complex

TMD NBD
Mode (k) Plin(i)* Pl Prip (D) Phry
1 82.9(1) 10.1(2) 1.7(6) 60.1 86.2(2) 8.2(4) 2.7(11) 86.8
2 48.8(9) 10.1(4) 8.4(7) 88.1 73.0(3) 19.2(5) 1.2(20) 89.0
3 58.6(1) 36.2(2) 2.7(6) 2.7 68.7(1) 21.4(2) 6.0(10) 333
4 49.5(4) 21.4(11) 7.809) 73.7 71.5(3) 19.2(5) 2.309) 46.9
5 49.2(6) 39.0(2) 1.3(10) 39.1 64.0(1) 17.8(2) 11.7(4) 30.1
6 75.6(3) 20.2(4) 0.6(2) 154 91.9(3) 3.309) 1.7(5) 37.6
7 47.7(2) 20.3(1) 14.5(5) 1.4 45.4(2) 42.8(1) 2.4(8) 4.9
8 64.4(4) 11.9(7) 10.4(11) 23.1 84.5(3) 6.509) 5.1(6) 41.7
9 65.4(3) 24.4(4) 2.909) 3.0 92.0(3) 4.209) 1.1(2) 7.7
10 95.2(5) 2.8(1) 0.4(4) 0.4 79.8(2) 7.6(1) 45(4) 40

*Values after renormalization by removing the overall rotation and translation of TMD or NBD dimer. The numbers in parentheses are the indices of the

normal modes of isolated TMD or NBD dimer.

TThe contribution of overall rotation and translation of isolated TMD or NBD dimer.
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each subunit approach each other leading to the contract of
the periplasmic side of the translocation pore (Fig. 4 b). The
motion of NBD dimer is basically a combination of the
lowest two normal modes of isolated NBDs in a way that
the two BtuD domains rotate reversely along mode 2 and at
the same time approach each other in a hinge bending manner
of mode 1. As a result, the two ATP binding sites open while
the distance between the centers of mass of the two BtuDs
decreases slightly. Generally, the translocation pathway con-
tracts at the periplasmic side upon the opening of the two
ATP binding sites at NBDs. We also noticed that in this
mode the vibrational amplitude of the TMD part is much
larger than that of the NBD part. In addition, the cytoplasmic
gate of the translocation pathway remains occluded.

In mode 7, we also find the domination of the two lowest
normal modes of isolated TMD and NBD dimers. Similar
with mode 3, the translocation pathway formed by the two
TMS helices contracts at the periplasmic side along with the
opening of the ATP binding sites at NBDs in this mode (Fig. 4
c). However, the surrounding TM helices are less flexible than
those in the third mode. Therefore there is no expansion of the
surrounding helices together with the pore contraction. The
movement of nucleotide-binding domains in this mode is also
a combination of the two lowest normal modes of isolated
BtuD dimer (Table 1), but this combination is in a ‘‘coherent’’
way that the hinge bending and converse rotation of two
NBDs open and close the two ATP binding sites simulta-
neously resulting in the obvious separation of the centers of
mass of two BtuD monomers. The distinct feature of mode 7
different from mode 3 is that with the opening of the two NBD
subunits the L-loops exhibit lateral movement outwards
leading to the expansion of the cytoplasmic side of the BtuC
dimer (Fig. 4 ¢). The cytoplasmic gate thereby has a tendency
of opening, although the amplitude of movement at the gate is
still small compared with that at the periplasmic side.

The effect of the BtuF capping

The translocation cycle is triggered by the binding of the
periplasmic binding protein (PBP) BtuF to the periplasmic
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side of BtuC. Although it is not sure whether the association
of BtuF with BtuCD is retained all through the translocation
cycle, BtuF is shown to affect the ATPase activity of BtuCD
(26). Therefore we examined the effect of BtuF association
on the conformational dynamics of BtuCD. The interaction
between BtuF and BtuC is attributed to interprotein salt
bridges formed by E72 and E202 of BtuF and R56, R59, and
R295 of BtuC. According to the crystal structure, the salt-
bridge forming sites match pretty well between BtuF and
BtuCD (25). To examine the effect of the BtuF association,
we modeled the system by docking BtuF onto BtuCD and
redid the normal mode analysis of the BtuCD-F complex,
finding that the order and main feature of most low-fre-
quency modes are conserved (data not shown). This is
especially true for the lowest mode, which is conserved more
than 90%. However, the third mode of BtuCD disappeared in
low-frequency spectrum of the complex. This can be com-
prehended by noticing that in mode 3 of BtuCD the
periplasmic side of the TMD helices experience large-scale
movement resulting in the large distance variation between
the R56, R59, and R295 residues of two BtuC subunits that
contribute to the salt bridges between BtuF and BtuCD.
Therefore the capping of BtuF confines the periplasmic
motion thereby moving mode 3 to higher frequency region.

Comparison with HI1740/1 structure

The HI1740/1 transporter with an inward facing conforma-
tion is of the same family with BtuCD and shares 24 and
33% sequence identity to BtuD and BtuC, respectively (23).
Therefore it may serve as a reference structure of an inter-
mediate in the transport cycle of BtuCD. We calculated the
involvement coefficients of the normal modes of BtuCD in
the putative conformational change between BtuCD and
HI1470/1. The results listed in Table 2 demonstrate that the
lowest normal mode has the largest involvement coefficient
and some low-frequency modes including mode 10, 14, 3,
and 7, also have significant contributions. Looking at the
involvement coefficients in more detail by decomposing
them into contributions corresponding to TMD and NBD

FIGURE 4 Normal modes of the intact BtuCD
complex. (a) Porcupine plot of the lowest normal
mode of BtuCD. (b) Porcupine plot of the third
normal mode of BtuCD. (c) Porcupine plot of the
seventh normal mode of BtuCD.
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TABLE 2 Some large global and local involvement coefficients associated with the BtuCD to HI1470/1 transition based on the normal

modes of BtuCD

Mode (k) Cit CJ;MD CItIBD T’ltMD T;F\IBD R%MD R%\IBD

1 0.4072 0.2868 0.1205 0.0009 0.0013 0.0850 0.1270
10 0.2849 0.2989 —0.0144 0.0011 —0.0019 0.0039 —0.0011
14 —0.2832 —0.0369 —0.2453 —0.0011 0.0006 —0.0234 0.0273

3 —0.2667 —-0.3170 0.0505 0.0035 0.0034 0.0153 0.0358

7 0.2625 0.2547 0.0054 0.0009 0.0029 —0.0310 —0.0254
47 0.1933 0.1300 0.0594 0.0001 —0.0005 0.0164 0.0102
17 0.1836 0.0255 0.1605 0.0026 0.0028 0.0192 —0.0019
25 0.1732 0.1531 0.0203 0.0002 0.0013 0.0098 —0.0115
19 0.1601 0.0619 0.0994 —0.0056 —0.0088 —0.0052 —0.0078
22 0.1590 0.2313 -0.0727 0.0052 0.0050 —0.0057 0.0112
92 0.1270 0.1154 0.0088 —0.0009 —0.0005 0.0111 0.0049
49 —0.1050 —0.0399 —0.0633 0.0005 0.0010 —0.0130 —-0.0111
58 0.1037 0.0397 0.0618 0.0004 —0.0010 0.0070 0.0317
62 —0.1034 —0.0827 —0.0211 0.0002 0.0004 0.0016 —0.0088
26 0.1031 0.0724 0.0344 0.0014 0.0005 0.0026 —0.0106

*Global involvement coefficients.
tLocal involvement coefficients of TMD or NBD parts.

*Isolated translational components of overall TMD or NBD in the involvement coefficients.
SIsolated rotational components of overall TMD or NBD in the involvement coefficients.

parts, we found that modes 1, 10, 3, and 7 contribute more in
the conformational change of the TMD part whereas mode
14 contributes mostly in the conformational change of the
NBD part. In addition, in modes 10 and 3 the coefficients in
TMD and NBD parts have different signs, which means that
these modes contribute along different directions to the con-
formational change of TMD and NBD parts, respectively. In
another words, the conformational coupling between the
TMD and NBD parts in these modes does not conform with
the structure difference between BtuCD and HI1470/1 al-
though the total involvement coefficients are large. We also
noticed that mode 1 has significant contribution to confor-
mational change in NBD, but almost all the contributions
come from the overall rotational movement of NBD dimer
instead of conformational change within the NBD dimer.
Overall, among the few normal modes with large involve-
ment coefficients, modes 10 and 3 exhibit wrong coupling
relationship between TMD and NBD. Modes 1 and 7 con-
tribute largely to the conformational change of the TMD part
and mode 14 contributes mostly to NBD movement.

The contributions from modes 1 and 7 are predicted and in
accord with the above normal mode analysis of BtuCD. The
contribution of mode 14 is not considered in the former
discussion because this mode does not induce obvious
conformational change at the translocation pathway. This
mode is dominated by the movement of NBD dimer along
the fourth modes of isolated NBD dimer, in which the helical
subdomain of each NBD monomer rotates relative to its
catalytic subdomain. Experimentally, the hinge rotation of
helical subdomain relative to the catalytic subdomain was
observed among the crystal structures of isolated NBDs, in
which the rotation angle ranges from 5° to 25° (8-10,14,15).
We calculated the involvement coefficients of isolated NBD
dimer associated with the transition from BtuD to the ATP
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binding conformation of MalK (1Q12) or MJ0796 (1L2T),
both cases in which the two lowest normal modes of BtuD
dimer contribute mostly to the conformational change. On
the other hand, by projecting the normal modes of isolated
BtuD dimer onto the structure difference of BtuCD and
HI1470/1, we found the most involved normal modes are the
fourth and seventh. Therefore, in addition to the rigid body
tweezers-like movement of the entire NBD monomers, the
hinge rotation of helical domain contributes significantly to
the conformational change of NBD dimer between BtuCD
and HI1470/1.

DISCUSSION

The nucleotide-free crystal structure of BtuCD (20) is con-
sidered as the resting state at the beginning of a translocation
cycle. As indicated by the lowest normal mode, with the
reverse rotation of the two halves of BtuCD the transporter
undergoes simultaneous opening and closing motions at the
periplasmic side of the pore and the ATP binding sites. The
closing of the BtuD subunits will of course benefit the ATP
binding and thereby hydrolysis. Experimental evidence
shows that the presence of free-state BtuF can increase the
ATPase activity of BtuCD (26). This may be rationalized
that the forming of the BtuF-BtuCD complex prevents the
large-scale motion of the periplasmic side and even the
dissociation of BtuCD dimer.

As a translocation cycle begins, BtuF bound with substrate
docks to the periplasmic side of BtuCD. The opening motion
of the two lobes of BtuF releases vitamin B, to the cavity at
the periplasmic side of the transporter. Crystal structure of
BtuCD shows that the cavity opening to the periplasmic side
is of sufficient size to accommodate much of a vitamin B,
molecule (20). According to the lowest normal mode of
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BtuCD, the simultaneous closing of the periplasmic cavity
and the NBD dimer will occur readily, consequently result-
ing in the ATP binding. As shown in the previous section,
the docking of BtuF hardly changes the lowest mode of
BtuCD at all.

The following question is what kind of conformational
change is induced exactly at the TMD region upon ATP
binding. One possibility is that with the pore closing at the
periplasmic side the cytoplasmic gate opens and the translo-
cation of vitamin B, is achieved as proposed in the literature
(20,28). However, by examining the conformational dynam-
ics of BtuCD, we found the above mechanism unlikely. First,
the normal mode analysis of BtuCD reveals that the gate
region of the transporter is quite rigid on the whole, and from
the conformational change along the lowest mode of BtuCD
we can hardly see any tendency of gate opening. Along this
mode, the two halves of BtuCD rotate reversely about the
pivot at the cytoplasmic gate of translocation pathway. Serv-
ing as a pivot, the gate is essentially rigid and will not open
along the direction of NBD dimer closing. In another words,
the nature of the lowest normal mode destines that dramatic
conformational change at the gate will not occur along this
lowest energy pathway. Secondly, one may argue that with
the closing of NBD dimer, the conformational change may
alter the shape of potential energy surface thereby altering the
nature of the lowest normal mode. This may occur in large-
scale conformational movement, but in this case the confor-
mational change induced by NBD closing is moderate. This
can be seen in the comparison of the ATP-binding sites of the
BtuD dimer and Rad50, showing that the distance between the
ABC signature and the P-loop of opposing BtuCD subunits is
~4 A longer than that in Rad50 (20). Therefore we tend to
speculate that with ATP binding at the NBD dimer, the
vitamin B, molecule is trapped into the periplasmic cavity
of the translocation pathway rather than transported to the
cytoplasmic side.

According to the above reasoning, the dramatic confor-
mational change of translocation pathway and the substrate
transport will be the result of ATP hydrolysis. This is also
consistent with the recent crystal structure of HI1470/1 (23),
the translocation pathway of which exhibits an inward facing
conformation whereas the NBD dimer adopts a more open
conformation than in BtuCD. Therefore upon ATP hydro-
lysis, the NBD dimer opens inducing the occlusion of peri-
plasmic side of the translocation pathway and opening of the
cytoplasmic gate. This kind of motional coupling between
NBD and TMD can be found in both modes 3 and 7 of
BtuCD. These are not the lowest frequency modes of intact
BtuCD, but in Table 1 we can find that in mode 3 the motion
of NBD is dominated by the lowest normal mode of isolated
NBD dimer and in mode 7 the lowest two modes of isolated
NBD contribute equally. As ATP hydrolysis occurs at the
interface of NBD dimer, it is reasonable to expect that the
released energy has a large chance to trigger the ATP binding
site opening along the low energy pathway of BtuD dimer
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and thereby induce the collective motion of whole trans-
porter along mode 3 or mode 7. Based on this, we predict that
mode3 and mode7 may contribute largely to the conforma-
tional change upon ATP hydrolysis. However, we cannot
exclude the possibility that the BtuF association is retained
during the translocation process, which will suppress the
conformational change depicted in mode 3. If this is the case,
mode 7 is assumed to contribute mostly to the conforma-
tional change in the substrate translocation step. Another
noticeable feature of mode 7 is the lateral movement of the
L-loops outwards, consequently expanding the cytoplasmic
side of BtuCD and tending to open the gate. We can see that
the L-loops indeed play a key role in the communication
between TMD and NBD of BtuCD. The fashion of L-loop
movement directly determines what kind of conformational
changes in TMD and NBD are coupled together.

There is a long debated question about the number of ATP
molecules hydrolyzed in each power stroke of translocation.
The alternating mechanism proposed that ATP is hydrolyzed
alternately at the two binding sites of NBD dimer (38). In this
mechanism, the NBD dimer is undergoing antisymmetric
wobbling upon hydrolysis. In our normal mode analysis, it is
found that the antisymmetric movement of NBD dimer cannot
induce effective conformational change of the translocation
pathway in BtuCD. Thus it is more likely that two ATP
molecules are hydrolyzed simultaneously to achieve the
inward opening of the translocation pathway and to transport
the substrate across membrane. It is difficult to determine
whether one or two ATPs are hydrolyzed per transport cycle.
Experimental evidences supporting both models are reported.
The early work of growth yields measurements in bacteria
suggesting that only one ATP is used to transport one sub-
strate (39), whereas a more recent report of OpuA transporter
suggests that two ATPs are needed (40). The recent crystal
structure of HI1470/1 with an inward opening translocation
pathway may represent a posthydrolysis structure with sym-
metric homodimer conformation (23).

Comparison with the inward-facing structure of HI1470/
1 (23) also provides insights into the translocation mechanism
of BtuCD. The calculated involvement coefficients show that
mode 1 and mode 7 contribute largely to the conformational
change of TMD from the outward-facing to inward-facing
and the coupling between TMD and NBD of these modes also
conforms to the structure difference between BtuCD and
HI1470/1. However, the movement of NBD part in mode 1 is
almost pure overall rotation of NBD dimer relative to TMD.
This rotation changes the angel between the long axes of NBD
and TMD dimers but not the conformation of NBD itself.
Therefore, mode 1 may contribute partly to the conforma-
tional change of TMD whereas mode 7 may contribute to the
coupling between NBD and TMD upon ATP hydrolysis. It is
worth noting, however, that the conformational coupling of
TMD and NBD parts dictated in the experimental structures of
BtuCD and HI1470/1 does not conform to any of the normal
mode very well. The conformational change of NBD dimer is
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FIGURE 5 A proposed mechanism of vitamin B, transport cycle. ATP binding induces NBD closure. ATP hydrolysis triggers NBD opening that coincides
with opening of translocation pathway to cytoplasm and closing to periplasm. See text for detailed description.

best represented by mode 14, in which the NBD dimer
vibrates along a higher frequency mode including helical
subdomain movement and no obvious conformational change
of TMD part is found. This strongly suggests that between the
conformations of BtuCD and HI1470/1 there exists another
intermediate state, which is also a posthydrolysis structure
without the subdomain displacement at NBD. Obviously,
comprehensive understanding of the detailed transport mech-
anism needs further biochemical and structural characteriza-
tions to catch more snapshots along the transport cycle.

So far, a plausible framework of transport mechanism can
be sketched and is depicted in Fig. 5. In a first step, the
association of BtuF bound with substrate to BtuCD promotes
the binding of two ATP molecules at the NBD interface, and
vitamin B, is trapped into the cavity at the same time. The
conformational change in this step is moderate and proceeds
readily. In a second step, upon hydrolysis of two ATP mol-
ecules and simultaneous opening of two nucleotide-binding
sites at NBD dimer, the periplasmic side of the pathway
occludes and the cytoplasmic gate opens, consequently push-
ing vitamin B, toward the cytoplasmic side. TMD experi-
ences larger conformational change in this step and we
presume that the NBD dimer experiences a tweezers-like
motion to open the two ATP binding sites simultaneously.
Thirdly, the ADP dissociation presumably causes the helical
subdomain displacement accompanied by further opening of
the cytoplasmic gate of the translocation pathway resulting in
the release of substrate to the cytoplasm. At last, the gate-
opening conformation of the transporter may return to the
resting state upon ATP association to the catalytic subdomain
of NBD and a new cycle of translocation begins

CONCLUSIONS

The elastic normal mode analysis in this work reveals the
intrinsic conformational motions of isolated TMD and NBD
dimers and motional communication between them in
BtuCD transporter. The contraction of the periplasmic side
of the translocation pathway is found to induce the closing of
the ATP binding sites at the NBD readily along the lowest
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normal mode. However, the opening of the cytoplasmic gate
of the translocation pore is predicted to be triggered by ATP-
hydrolysis-induced conformational rearrangement encoded
in another low-frequency mode of BtuCD. The simultaneous
hydrolysis of two molecules of ATP is suggested according
to the conformational coupling between the TMD and NBD
parts of BtuCD complex.
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