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A Salt-Bridge Motif Involved in Ligand Binding and Large-Scale Domain
Motions of the Maltose-Binding Protein

Thomas Stockner, Hans J. Vogel, and D. Peter Tieleman
Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada

ABSTRACT The uptake of nutrients is essential for the survival of bacterial cells. Many specialized systems have evolved,
such as the maltose-dependent ABC transport system that transfers oligosaccharides through the cytoplasmic membrane. The
maltose/maltodextrin-binding protein (MBP) serves as an initial high-affinity binding component in the periplasm that delivers the
bound sugar into the cognate ABC transporter MalFGK,. We have investigated the domain motions induced by the binding of
the ligand maltotriose into the binding cleft using molecular dynamics simulations. We find that MBP is predominantly in the
open state without ligand and in the closed state with ligand bound. Oligosaccharide binding induces a closure motion (30.0°
rotation), whereas ligand removal leads to domain opening (32.6° rotation) around a well-defined hinge affecting key areas
relevant for chemotaxis and transport. Our simulations suggest that a “hook-and-eye” motif is involved in the binding. A
salt bridge between Glu-111 and Lys-15 forms that effectively locks the protein-ligand complex in a semiclosed conforma-
tion inhibiting any further opening and promoting complete closure. This previously unrecognized feature seems to secure the
ligand in the binding site and keeps MBP in the closed conformation and suggests a role in the initial steps of substrate

transport.

INTRODUCTION

Periplasmic-binding proteins serve as primary high-affinity
receptors for active transport of various nutrients across the
inner membrane of Gram-negative bacteria (1,2); ~100 family
members are known, and they specifically bind substrates as
varied as amino acids, carbohydrates, oxyanions, polyamines,
and vitamins (3-5). They share a common structural fold
consisting of two lobes of similar size (6,7). The conforma-
tion of these lobes each shows a Rossman fold or a/3 motif
that is composed of a B-sheet core flanked on both sides
by a-helices. Conformational changes involving a reorien-
tation of these lobes play a key role in the ability of the
periplasmic binding proteins to capture their respective
substrates (8).

The maltose-binding protein (MBP) belongs to the malt-
ose transport system, an ATP-binding cassette (ABC) trans-
porter (9,10) that accumulates linear maltooligosaccharides
of up to seven a(1-4) linked glucose units (11,12). It can
increase the maltose concentration 10°-fold against the con-
centration gradient (13). The maltose transporter depends on
the periplasmic MBP for transport, but MBP-independent
mutants of the integral membrane proteins MalF and MalG
have been identified (14). Allele-specific suppressor MBP
mutants, e.g., Gly-13Asp, Asp-14Tyr, or Tyr-210Asp, can
restore MBP-dependent transport to these MalFGK, mutants
(15), whereas suppressing wild-type transporters (16). The
first crystal structures of MBP were solved by Sharff et al. (8)
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in the open conformation and by Spurlino et al. (6) in the
closed conformation, highlighting a large conformational
hinge bending motion (>30° rotation) upon ligand binding.
The maltose-binding protein binds maltooligosaccharides in
the deep groove between the N- and the C-terminal domain.
Maltotriose has the highest binding affinity (K4 ~ 1.6 X
10~ M), other maltooligosaccharides bind one order of mag-
nitude less strongly (11), whereas glucose, the basic mono-
saccharide unit, does not bind.

We have used molecular dynamics (MD) simulations to
study the sequence of events involved in the large-scale con-
formational changes that occur during the transition that
follows maltotriose binding or release. In simulations of the
structurally related proteins glutamine-binding protein (17)
and the ligand-binding domain of the glutamate receptor
(18), no complete transition could be detected on the shorter
timescale of these studies; however, the presence of the ex-
pected conformational changes was indicated by extensive
mobility in their directions. Substantial energy barriers can
impede simulations of the complete transition pathway
(19,20). Normal mode analysis (21-23) allows the prediction
of conformational changes from a single crystal structure and
does not require the high computational cost of MD, but this
approach has its own limitations. The transition can be
directly estimated, if crystal structures are available in more
than one conformation (24), but the picture is based on only
the most stable open and closed states captured in the crystal
structure, whereas mechanistically important interactions
along the interconversion pathway might remain hidden.

We are interested in the mechanism of substrate binding
with a focus on the structural changes that can occur in peri-
plasmic binding proteins (5). Here we report converged MD
simulations of the functionally important transition between
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the open and the closed state of MBP as the fast substrate
binding (association constant of 2.5 X 107" M s (25)
allows for a direct investigation by MD simulations, which
were performed without any bias or guidance and the struc-
tural changes are solely due to changes in the ligand-binding
state. The combination of simulations, starting from different
conformations and ligand-binding states, allows us to inves-
tigate the structural transitions in both directions and to esti-
mate convergence. We focus on the sequence of events on
alocal and a global scale. Our analyses show that the domain
closure is not a completely linear motion: an intermediate
structure displays a correlated sequence of conformational
changes, which we characterize as a hook-and-eye motif.
This mechanism secures the ligand in the binding site and
locks MBP in a closed conformation.

MATERIALS AND METHODS

The crystal structures of MBP (370 residues) with the Protein Data Bank
entry codes ILLS (open apo structure) (26) and 3MBP (closed holo
structure) (11) were obtained from the Protein Data Bank. The structures
were carefully checked using the server Biotech Validation Suite for Protein
Structures (27); the side chains of some Gln, Asn, and His residues needed
to be inverted to have the correct orientation for hydrogen bonding. Four
simulations were carried out. Two simulations started from the open
conformations, in the absence and presence of ligand (apo-reference and
holo-transition, respectively) and two simulations started from the closed
conformation, with and without ligand (holo-reference and apo-transition,
respectively). The open holo-transition starting structure was constructed by
extracting the coordinates of the sugar residue from the ligand-bound 1EZ9
(28) crystal structure and inserting the sugar into the open structure (1LLS)
after fitting the backbone atoms of the C-terminal domain of both structures.
The linear sugar unit at the reducing end of the sugar chain as present in the
1EZ9 structure was removed. The binding site of the remaining three sugar
units coincides with the positions occupied in the closed holo structure,
binding site S1 to S3. The MBP structures were solvated with water in
a truncated dodecahedron water box with a minimal distance to the box wall
of 1 nm for the protein in the most open conformation. The initial box size
was the same in all simulations. The water was equilibrated and eight sodium
ions were added to neutralize the system. The protein was slowly released by
reducing the restraining force on all protein atoms (1000, 100, 10, 1, 0 kJ/
mol nm?) in five steps (20 ps each).

MD simulations were carried out using the GROMACS 3.0 MD pack-
age (29,30). The protein and the maltotriose were represented using the
GROMOS96 43a2 force field (31), with SPC water (32). The simulations
were carried out for 30 ns with a constant temperature of 300 K, using
a Berendsen (71 = 0.1 ps) thermostat (33), while coupling the protein, the
maltotriose, and the water/ions separately. The pressure was maintained at 1
bar using the weak coupling algorithm (33) with a coupling constant of 1.0
ps and a compressibility of 4.6 X 10> bar~'. The electrostatic interactions
were evaluated using the smooth particle mesh Ewald method (34,35), with
a cutoff of 0.8 nm. The long-range electrostatic interactions were calculated
with sixth-order B-spline interpolation and a Fourier spacing of 0.12 nm.
The Lennard-Jones interactions were evaluated using a twin-range cutoff
(0.8 and 1.4 nm) with the neighbor list updated every three steps. All bonds
in the protein and ligand were constrained using LINCS (36). The bonds and
the angles of the water molecules were constrained using the SETTLE
algorithm (37). Additionally, the hydrogen atoms of the protein were treated
as dummy atoms (38) allowing a time step of 5 fs.

The trajectories are analyzed in terms of essential dynamics analysis (39),
which is based on the diagonalization of the covariance matrix of atomic
fluctuations. The 2-D projection is calculated by the inner product between
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actual atomic coordinates and the direction of the eigenvector. Additionally
we calculate the inner product between eigenvectors to compare the motion
displayed in different simulations.

The distance distribution function P(r) is calculated as an atom pair
distribution and is normalized to one using a bin-width of 0.05 nm and
averaging over the last 10 ns of the trajectory.

The domain motion analysis was done using DynDom (40,41). The
standard ratio of 1 is used to distinguish between interdomains and intra-
domain motions. A window length of 9 residues was used together with a mini-
mal domain size of 11 residues.

RESULTS

The MBP has been crystallized in the open (1LLS) and the
closed conformation (3MBP) and the structures differ by
a 36.9° rotation of the N-terminal domain relative to the
C-terminal domain. We investigated the conformational changes
induced by ligand binding or ligand removal and obtained
a global picture based on four simulations of the open and
closed MBP conformations in the holo (ligand-bound) and
the apo (ligand-free) state. The evolution of the radius of
gyration (R,) and the domain opening angle 6 (defined as the
angle between the centers of mass of the N-terminal domain,
the central hinge 3-sheet and the C-terminal domain) clearly
indicates large structural changes (Fig. 1, A and B). We in-
clude the sugar ligand in the calculation of the R, of both
holo simulations (holo-reference and holo-transition) for
a better comparison with experimental values. The results
show that the 6 and R, are relatively stable in the closed holo-
reference and the open apo-reference simulations. Large
changes occur in the simulations starting from the modified
structures (apo-transition and holo-transition). The holo-
transition simulation shows a closure motion burying the
substrate in the binding cleft. The transition is clearly visible
in Fig. 1, where R, and 6 simultaneously decrease. Removal
of the ligand (apo-transition) from the closed structure
induces domain opening. The R, and 6 rise toward values
reflecting the open structure. Interestingly, we notice an
initial drop of the R, in all simulations. The R, recovers in the
holo simulations but in the apo-reference simulations
continues to decrease and remains significantly below the
value derived from the crystal structure (R,, averaged over
the last 10 ns; apo-reference: 2.119 = 0.013 nm, apo-
transition: 2.162 = 0.010 nm, holo-transition: 2.062 = 0.008
nm, and holo-reference: 2.057 = 0.008 nm). These
calculated R, values are consistently smaller than the
experimental values (42) (apo: 2.198 = 0.010 nm,
maltose-bound: 2.095 = 0.011 nm, maltotriose-bound:
2.066 = 0.007 nm). The experimental R, of maltotriose-
bound MBP seems to be very low. Small differences of the
radius of gyration (2—4%) and the molecular dimension can
originate from the first hydration shell (0.3-nm thickness)
surrounding the protein (43) that has a significantly higher
density (10-20%) than bulk water (44).

The domains behave largely like rigid bodies, remain-
ing very stable and close to the initial conformation even
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(A) Domain opening angle 6, defined as the centers of mass (Ca atoms) of the N-terminal domain (residues 1-108, 263-311), the central

B-sheet hinge residues (109-112, 259-262), and the C-terminal domain (113-258, 320-370). The horizontal lines represent the values for the crystal structures
(apo form and holo form). (B) The radius of gyration (Ry). All protein atoms are included in the analysis. The maltotriose ligand is included in the analyses of
the holo simulations to allow for a direct comparison with experiments. The horizontal lines represent starting structures and experimental values from SAXS.

Data points have been smoothed using a 50 data point window.

during significant changes of their relative orientation. We
monitored the root mean-square deviation (rmsd) of the
N-terminal (residue 1-108, and residue 263-311) and the
C-terminal domain (residue 113-258 and residue 320-370)
individually and determined their stability (see insets of Fig.
2). The rmsd values reach a comparable level of 0.15-0.20
nm in all simulations. No significant differences exist between
the apo and the holo simulations, indicating that the structures
of the individual domains remain largely unperturbed on the
simulation timescale.

Changes in the time-dependent rmsd of the Ca atoms
(residues 5-369) correlate with the behavior of 6 and R,. The
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rmsd (see Fig. 2) rises to normal levels of ~0.2—0.3 nm in the
reference simulations. The holo-transition simulation, start-
ing from the open conformation, shows a large increase of the
rmsd values relative to the open starting structures (Fig. 2 A),
reflecting the transition away from the open state. Comparing
the same trajectory with the closed crystal structure (Fig. 2 B)
shows an initially large rmsd (~0.4 nm) that decreases to the
value of the holo-reference simulation (0.18 nm). The iden-
tical, but opposite transition occurs upon removing the ligand
from the closed conformation (apo-transition).

In addition to R, we can calculate the distance distribu-
tion function P(r). Comparing our calculated P(r) function

B e —
06 Eox
s g 015
Z 010f
0‘5 B 0.05 1 L 1 1 L N
0 5 10 15 20 25 30

Time {ns)

04
03| s WA

0.2 - .
RPN e A s
i e g R D U dnbtio] Dt cialadclahet Y

—— apo-reference

o= apo-transition

i - = holo-transition

0 L | . 1 L L L L - holo-reference
0 5 10 15 20 25 30

Time (ns)

FIGURE 2 Time evolution of the rmsd of the Ca atoms for the four simulations. (A) The rmsd values with respect to the open apo crystal structure. (B)
The rmsd values with respect to the closed holo crystal structure. The insets show the structural stability of each domain individually: the rmsd of the Ca
atoms from the starting structure of the N-terminal domain is shown in the inset of panel A and for the C-terminal domain in the inset of panel B. The
analyses exclude the flexible terminal residues 1-5 and 369-370. Data have been smoothed using a 50 data point window.
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(averaged over the last 10 ns), shown in Fig. 3, with the
P(r) function determined by small angle x-ray scattering
(SAXS) measurements (42) shows that the properties are
very similar. The shapes coincide, the ligand-bound MBP is
smaller than the ligand-free MBP and the molecule dimen-
sions are similar. The maximal molecular size determined
from our simulations, truncating the P(r) function at 1% of
its maximal values, is 6.0 nm (holo-transition) and 6.2 nm
(holo-reference) for the close holo state and 6.4 nm for both
apo MBP simulations.

We analyzed the nature of the structural changes (holo-
transition and apo-transition) using DynDom (40,41), by
comparing the starting structures to the structures closest to
the average conformation (averaged over the final 10 ns).
Fig. 4 A shows the 30.0° rotation of the N-terminal domain of
the holo-transition simulation by an overlay of the Ca atoms
of the C-terminal domains. The screw axis is located close to
the backbone atoms of the (-sheet that connects the two
domains (residues Val-110, Glu-111, Val-259, Gly-260,
Val-261) and the loop connecting helix XIII and helix XIV
(Pro-315—Ala-319). The hinge residues are Val-110 to Ala-
112, Val-259 to Val-261, and Asp-314 to Ala-319. The apo-
transition simulation shows the transition in the opposite
direction, starting from a closed structure and displaying
a domain opening motion. Fig. 4 B highlights this 32.6°
opening motion by showing the closed and open structure
fitted to the Ca atoms of the C-terminal domain. The screw
axis is again placed close to the hinge residues (Val-110,
Glu-111, Gly-260, Val-261). The hinge is defined as Ala-109
to Ala-112, Gly-260 to Leu-262, and Arg-316 to Ile-317. In
the crystal structure the [B-hairpin (Lys-170 to Asp-177)
is detached from the protein body, making crystal pack-
ing interactions with an adjacent MBP molecule in the asym-
metric unit cell. In the simulations starting from the closed
crystal structure (11) the B-hairpin relaxes and covers the
exposed hydrophobic residues (Ile-178, Ile-329, Ile-333)
beneath.

04
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FIGURE 3 Distance distribution function P(r). The coordinates of the
heavy atoms are averaged over the last 10 ns. The ligand is included in the
analysis in the holo trajectories. A bin width of 0.05 nm has been used.
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FIGURE 4 Domain motions: the starting structures are displayed in
transparent mode together with the structure closest to the average over the
stable final 10 ns. The N-terminal domain is shown in red, the C-terminal
domain in blue, and the hinge region as identified by DynDom in green. The
arrows represent the screw axes. (A) The domain closing motion of the holo-
transition simulation. (B) The domain opening motion of the apo-transition
simulation. A second conformational change (B-hairpin Lys-170 to Asp-
177) is identified on the ‘backside’’ of the MBP. Figures are prepared with
MolScript (67) and Raster3D (68).

The most important motions displayed in a trajectory can
be investigated using essential dynamics analysis. The
eigenvectors with the largest associated eigenvalues describe
the most important motions (39), in our case the domain
opening motion. The similarity between our 4 trajectories
and the overlap of the sampled phase space is estimated by
projecting all 4 simulations onto the same plane spanned by
the first two eigenvectors of the apo-transition trajectory,
shown in Fig. 5. The reference simulations holo-reference
(blue) and apo-reference (red) sampled nonoverlapping
regions of the configurational space and remain near their
respective starting structures. A transition from one state to
the other is evident in the two transition simulations. The
holo-transition simulation (yellow) samples initially the area
of the open MBP conformation. The conformation then shifts
during the transition toward the closed state, populating
a region that overlaps with the holo-reference simulation. The
apo-transition simulation (cyan) displays a conformational
change in the opposite direction. Initially, the trajectory re-
sembles a closed conformation, followed by a transition toward
the open state, whereas the final fully open state samples an area
that partially overlaps with the open apo-reference simulation.
The first eigenvector of each transition simulation (apo-transition
and holo-transition) is strongly correlated with the opening/
closure motion. The normalized cross correlation fluctuation
coefficient between the projection of the trajectories along
the first eigenvector and the respective time evolution of 6 is
0.95 for the apo-transition simulation and 0.98 for the holo-
transition simulation. The inner product of the first eigen-
vectors of these two trajectories is 0.73, confirming a strong
similarity of the transition pathway.
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FIGURE 5 Projections of the protein backbone for all trajectories onto the
first two eigenvectors of the apo-transition simulation, superimposed onto
each other. The crystal structures are included to indicate the starting posi-
tion of our simulations. The arrows indicate the direction of the transition.

The formation of a salt bridge between the side chains of
Glu-111 in the hinge region and Lys-15 in the N-terminal
domain triggers a series of highly correlated rearrangements
as shown in Fig. 6 and Fig. 7. The maltotriose ligand is
not shown for clarity. The initial hydrogen bond interac-
tions involving Glu-111 (Fig. 6 A) changes to the new
arrangement (Fig. 6 B) during the domain closure motion
when the backbone carbonyl group of Glu-111 is pulled out of
the 3-sheet hydrogen bond formed with Gly-260 (Fig. 7 A) as
its side chain forms a salt bridge with the side chain of Lys-15
(Fig. 7 B). The backbone carbonyl oxygen of Glu-111 forms
anew hydrogen bond to the hydroxyl group of Tyr-155. Tyr-
155 accepts an additional hydrogen bond from the NH group
of Gly-260, effectively bridging the original B-sheet hydrogen
bond. The backbone angles of Glu-111 and neighboring
residues display sudden coordinate flips together with the
formation of the Glu-111-Lys-15 salt bridge (Fig. 7 D). They
move back to the previous state when the original B-sheet
hydrogen bond with Gly-260 is restored and MBP assumes
a completely closed conformation (Fig. 6 C). The salt bridge
distance between Glu-111 and Lys-15 remains almost
constant once formed whereas the cleft closes further.

N

Stockner et al.

DISCUSSION

MD simulations were used to investigate the most stable
states of the apo and holo form of MBP, to follow the domain
closure motion triggered by the addition of the maltotriose
ligand as well as to study the domain opening induced by
ligand removal from the closed structure. The transitions
occur spontaneously upon changing the binding state. We
reach convergence in the holo as well as in the apo sim-
ulations, indicated by rmsd, 6, R,, and the overlap of the 2-D
projection (see Figs. 1 and 5). The observed domain closure
(30.0°) and opening (32.6°) are slightly smaller (see Fig. 1)
than predicted by the crystal structures (36.9°). The average
closed structure is moderately less closed, whereas the apo
simulations converge to a slightly less open conformation.
Our data indicate that the open state shows remarkable
flexibility (0 varies between 144 and 168°), most probably
because of the small number of interdomain interactions. The
open MBP crystal structure adopts a very open conforma-
tion, possibly selected by crystal packing. The apo wild-type
MBP crystal structures (1JW4 (28), 1LLS (26), 1OMP (8))
show minimal variability in their relative opening angles
(159-160°). Similar large fluctuations have been found by
Pang et al. (17) in simulations of the open apo glutamine-
binding protein, although they could not observe a complete
transition between states.

The crystal structures of the periplasmic siderophore-
binding protein FhuD and the vitamin B, binding protein
BtuF have shown that there is a second class of periplasmic
binding proteins that has a similar bilobal structure but
contains a long a-helix connecting the two domains (45,46).
These proteins do not undergo a large domain reorientation,
when the ligands dissociate from the protein (47). Indeed,
MD simulations of the FhuD protein with its ligand removed
appear consistent with this restricted motion (48), as well as
preliminary results obtained with the BtuF protein (C. Kandt,
Z. T. Xu, T. Stockner, and D. P. Tieleman; unpublished
results). It will be interesting to see how these proteins are
recognized in a ligand-specific manner by their cognate
transporter.

FIGURE 6 Hook-and-eye motif: representative structures (holo-transition simulation) of the (A) open, (B) intermediate, and (C) closed conformations,
showing the hydrogen bond interactions (yellow) of Glu-111 with Lys-15, Tyr-155, and Gly-260. The sugar ligand is not shown for clarity.
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FIGURE 7 Changes in local interactions of the important residues Lys-15, Glu-111, Tyr-155, and Gly-260 in the holo-transition simulation. The color-
coding represents the open conformation (black), an intermediate conformation (dark gray), and the closed conformation (light gray) with the time points
defined by the change of the B-sheet hydrogen bond. (A) The disruption of the B-sheet hydrogen bond due to the salt bridge formation displayed in panel B.
(C) The simultaneous formation of the hydrogen bond between Glu-111 and the hydroxyl group ring of Tyr-155. (D) The backbone ¢- and i-angles of
Glu-111. (E) The 2-D projection of the two largest eigenvectors of the holo-transition simulation.

The pathways of the conformational changes (opening and
closing) overlap strongly. The similarity is evident in the
domain rotation analysis. The screw axes are located in both
cases in an almost identical position and enclose an angle of
only 6.5°. The similarity of the transition pathways is clearly
visible in the 2-D projections (Fig. 5) where they can be seen
to connect nonoverlapping areas sampled by the two refer-
ence simulations, with the inner product of the first eigen-
vectors as high as 0.73. Our results indicate that i), the
transitions are complete and convergence of the global con-
formational changes has been reached; and ii), the transitions
occur along the same pathway.

The most significant changes in ¢- and -angles upon the
conformational transition are almost completely confined
within the hinge region defined by the DynDom analysis of
the crystal structures (110-112, 259-261, 312-318). One
could expect all ¢- and -angles of involved residues to
reflect the hinge bending motion in a linear way, like hinges
of a door. Although ¢- and -angles of several residues are
highly correlated with the conformational change, many
backbone angles are not, mainly caused by specific changes
in the hydrogen-bonding pattern. The large flexibility of the
backbone angles suggests that the hinge residues should be
considered as a flexible rope-like element rather than a rigid
hinge. The almost rigid domains could require some plas-
ticity in the hinge, providing adaptability in response to pos-

sible strains. Several other systems will have to be studied to
recognize whether this is a general feature of hinges or
specific to MBP.

Hook-and-eye motif

Well-defined molecular rearrangements accompany the global
conformational transition. A salt bridge between the side chain
of Glu-111 in the hinge region and Lys-15 in the N-terminal
domain, proximal to the reducing end of the bound sugar
chain, forms and triggers a number of correlated transitions,
shown in Fig. 7. The salt bridge between Glu-111 and Lys-
15 operates as a latch (Fig. 6) that keeps the ligand-bound
MBP in the closed conformation. Our holo-transition sim-
ulation shows that a salt bridge is formed during the domain
closure pathway at the moment the side chain—side chain
distance allows for it, at the expense of breaking a B-sheet
hydrogen bond. Mutating Glu-111 to Lys abolished the sugar-
binding capacity (15). This salt bridge has been identified
previously in MBP (6,8) and similar salt bridges have been
found in the glutamate-binding protein (49,50) and the
ribose-binding protein (49,50), but its importance for func-
tion has to our knowledge not been recognized. The confor-
mations of Glu-111 and Lys-15 are similar in both the
completely open and the closed structure, whereas function-
ally relevant structural changes occur on the domain motion
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pathway, guiding domain closure. This salt bridge locks the
ligand-bound MBP in a semiclosed conformation. A force
toward the completion of substrate capture is exerted by the
disrupted hydrogen bond between Glu-111 and Gly-260 that
can only be restored at complete domain closure. The local
three-step mechanism can be recognized on the global scale. The
time points at which these events occur correlate with distinct
regions found in the 2-D eigenvector projection (Fig. 7 E)—the
open, the intermediate, and a closed conformation—although
the time points of the local changes anticipate the global
structural transition by a small extent. This motion cannot
directly be related to sugar transport, because in our system
the MalFGK, transporter is absent, but our results indicate
that once the substrate has left the binding site, MBP is more
stable in the open conformation in line with a vanadate-
trapped intermediate state of sugar transport (51). It is inter-
esting to note in the context of the proposed hook-and-eye
motif, that the MBP mutants Gly-13Asp and Asp-14Tyr at the
edge of the binding pocket, next to Lys-15, have been shown
to inhibit maltose transport by interacting with wild-type
transporter in a nonproductive manner (16) and to allele
specifically restore maltose transport in MalFGK, mutant
strains (15), whereas a Tyr-155His mutant is indicated to
affect transport by indirect effect. This suggests a potential
relation between the hook-and-eye motif identified in our
study and the stability of the closed conformation and sugar
transport.

Chemotaxis and transport

The ligand-bound closed MBP is required to trigger the
formation of the strong binding complex of MBP with the
maltose ABC transporter MalFGK, that subsequently enables
sugar transport (51,52). The change in relative distance
between the two domains seems to be important for transport.
Of particular relevance are the loops in the N-terminal domain
that contact the ligand as well as helix II and Trp-210 on the
C-terminal domain (Fig. 8 A). The suppressor mutants Gly-
13Asp and Asp-14Tyr show stronger binding to the trans-
porter compared to the wild-type MBP. These interactions
could potentially represent a strain on the closed MBP that
could disrupt the salt bridge in the hook-and-eye motif and
destabilize the closed conformation.

Binding of the ligand-bound MBP to Tar induces signal
transduction that ultimately affects the activity of the
Escherichia coli flagella and therefore the motion of the
bacteria toward nutrients (53). The surface area of MBP
relevant for chemotaxis has been identified by mutation
analysis (16,51,54-57) and is confined in the region of helix
II and helix III on the N-terminal domain, and in the last two
helices of the C-terminal domain. The relative orientation of
the relevant helices differs widely between the open and
the closed states. A docking study (57) indicated that these
key regions have the correct relative orientation only in the
closed conformation (57,58) (see Fig. 8 B).
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FIGURE 8

(A) Residues involved in transport. (B) Helices involved in
chemotaxis. The functionally important residues are highlighted in red and
blue. The arrows symbolize the changes of these elements by the confor-
mational transition. The ligand is shown in yellow. The figures were pre-
pared with PyMOL (69).

The chemotaxis receptor Tar and the ABC transporter
MalFGK, use the structural differences from the large con-
formational changes of MBP as a signal to recognize the
presence of oligosaccharides. This interpretation requires the
apo MBP to be predominantly in the open conformation to
avoid the stimulation of an incorrect signal. Several open
ligand-bound structures of periplasmic binding proteins have
been determined, a closed apo structure of the glucose/
galactose-binding protein (59) has been crystallized, and
antibody binding studies have demonstrated that the apo
form of histidine-binding protein can adopt both conforma-
tions (60). Based on this data, it has been hypothesized that
periplasmic binding proteins could exist in an equilibrium
between open and closed conformations in both binding
states (9) following the Monod-Wyman-Changeux model (61).
Our simulations indicate that MBP is predominantly in the
open conformation when ligand-free and in the closed state
when ligand-bound, thereby resembling the Koshland-Nemethy-
Filmer (62) induced fit model. This finding is supported by
NMR experiments (63) that determined the solution structure
of MBP. These studies illustrate that apo MBP is in the open
state and the ligand-bound MBP is in the closed state. The
NMR experiments suggests that the apo open state of MBP is
stabilized by 31.4 kJ/mol in the ligand-free form compared to
the closed form, whereas the closed state is stabilized by 35.1
* 0.8 kJ/mol relative to the open state in the ligand-bound
form (64). Although we cannot calculate a free energy differ-
ence from our simulations, we tried to estimate the effect of
a change in hydrophobic solvent accessible surface area. We
calculate a decrease (averaged over the last 10 ns) in the hydro-
phobic solvent accessible surface area (65) between the closed
and the open conformation of MBP (probe radius 0.14 nm)
of 1.4 = 0.2 nm” upon domain opening. This change in area,
using a simple estimate of the free energy cost of exposing
hydrophobic surface (66), corresponds to a free energy
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difference of ~9 kJ/mol. This is a significant contribution to
the overall free energy change promoting opening in the apo
form. In the presence of the ligand, the total change in sol-
vent exposed hydrophobic surface area is a decrease of 2.2 *
0.3 nm? upon ligand binding and domain closure, corre-
sponding to a contribution of ~17 kJ/mol to the solvation
free energy. Electrostatic interactions between the two do-
mains and the ligand as well as entropic terms might be
additional factors, but these are difficult to estimate from the
simulations. Finally we can compare our results to the confor-
mational changes detected in solution by SAXS experiments
(42). The overall agreement is good (see Fig. 3). The shape
of the P(r) function and the effect of sugar binding are well
reproduced by the simulations. Ligand-free MBP is in the
elongated open conformation and becomes more compact
upon ligand-binding, supporting the view of a predominantly
open apo form and a closed holo state of MBP.

CONCLUSIONS

In this study we show that large conformational changes
(~30° rotation) induced by changes in the ligand binding
state can be successfully investigated by MD simulations on
a timescale of 30 ns without the need of an additional bias.
The strength of the simulation approach is evident in the
convergence of both the apo and the holo simulations as well
as in the characterization of the hook-and-eye motif that
shows highly correlated local structural changes with func-
tionally important global effects along the transition pathway.
The proximity of Lys-15 of the hook-and-eye motif to residue
Gly-13 and Asp-14, that have been shown to prominently
interact with MalG, points toward an important role of this
motif in substrate transport.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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