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The ribose-binding protein (RBP) is a sugar-binding bacterial periplasmic
protein whose function is associated with a large allosteric conformational
change from an open to a closed conformation upon binding to ribose. The
crystal structures of RBP in open and closed conformations have been
solved. It has been hypothesized that the open and closed conformations
exist in a dynamic equilibrium in solution, and that sugar binding shifts the
population from open conformations to closed conformations. Here, we
study by computer simulations the thermodynamic changes that
accompany this conformational change, and model the structural changes
that accompany the allosteric transition, using umbrella sampling
molecular dynamics and the weighted histogram analysis method. The
open state is comprised of a diverse ensemble of conformations; the open
ribose-free X-ray crystal conformations being representative of this
ensemble. The unligated open form of RBP is stabilized by conformational
entropy. The simulations predict detectable populations of closed ribosefree conformations in solution. Additional interdomain hydrogen bonds
stabilize this state. The predicted shift in equilibrium from the open to the
closed state on binding to ribose is in agreement with experiments. This is
driven by the energetic stabilization of the closed conformation due to
ribose–protein interactions. We also observe a significant population of a
hitherto unobserved ribose-bound partially open state. We believe that this
state is the one that has been suggested to play a role in the transfer of
ribose to the membrane-bound permease complex.
q 2005 Elsevier Ltd. All rights reserved.
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Introduction
Ligand-induced conformational changes are
essential for the functioning of biological systems.
They are important in a variety of protein functions
such as transport, signaling and enzymatic activity.1
Large conformational changes in multi-domain
proteins often involve motion of one domain as a
relatively rigid subunit with respect to another.2,3
Various simulation techniques have been used to
study these macromolecular motions, including
molecular mechanics,4 targeted and steered
molecular dynamics, 5–7 and elastic network
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theory. 8,9 Modeling techniques using lowresolution data from FRET10 and cryo-EM11,12
measurements have also been developed.
Here, we model by computer simulations the
allosteric conformational change of the ribosebinding protein (RBP). RBP is a sugar-binding
protein found in the periplasmic space of some
bacteria. It serves as the initial receptor for transport
of ribose across the cytoplasmic membrane into the
cell, and it is the first component in the chemosensory pathway of bacterial chemotaxis.13 On
binding to ribose, the protein undergoes a large
conformational change (see Figure 1), which allows
recognition by membrane components that are
responsible for transport and chemotaxis.13,14 The
structures of the closed-ribose bound conformation,15 and three open apo conformations of the
protein,16 have been determined by X-ray crystallography. RBP is a 271 residue protein, consisting of
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Figure 1. (a) The closed ribose-bound crystal structure of RBP (PDB id 2dri) and (b) the open ribose-free crystal
structure of RBP (PDB id 1urp). Ribose (D-ribopyranose) is shown in ball-and-stick representation, carbon atoms are
colored dark grey, oxygen atoms in red. The N-terminal domain of RBP is shown in blue, the C-terminal domain is
shown in red and the hinge region in green. The Figures were generated using the program MOLSCRIPT.47

two structurally homologous domains linked by a
three-stranded hinge (see Figure 1). The three
strands that connect the two domains serve as a
flexible hinge that allows opening and closing of the
cleft between the two domains, which also forms
the ribose-binding site. In the ribose-bound closed
conformation, ribose is engulfed completely by the
two domains (see Figure 1(a)). Comparison of the
closed (see Figure 1(a)) and the open (see
Figure 1(b)) crystal structures16 revealed that the
conformational change can be described as a rigid
rotation of the two domains with respect to each
other, whereas the internal structure of the two
domains remains largely intact. Small-angle X-ray
scattering studies17 indicate a reduction of the
radius of gyration of the protein by roughly 1.5 Å
in the presence of ribose, confirming the transition
in solution from an extended open conformation to
a compact closed conformation upon ligand binding. NMR cleft angle studies18 and disulfidetrapping19 studies on the related glucose binding
protein20 further confirm these conclusions.
In the present study, our aim is to correlate
structural changes with thermodynamic changes
and to identify possible paths for the allosteric
transition of RBP, using simulations based on

detailed effective atomic potentials. The protein is
assumed to exist in solution in an ensemble of
conformations that can be described by statistical
populations that follow statistical mechanical
laws,21,22 and the distribution of populations is
expected to shift in favor of closed conformations
on binding to ribose.
Standard molecular dynamics simulations using
physics-based atomic force-fields are generally
unsuitable for the study of large conformational
changes in macromolecules, as the timescales
involved are beyond what is currently achievable.
Advanced sampling techniques are therefore
necessary to study the conformational change of
RBP. In this work, we perform molecular dynamics
simulations using the angle of opening of RBP (the
angle between the centers of mass of the two
domains and the center of mass of the hinge
segments, see Figure 2(a)) as the principal order
parameter to describe the conformational change.
This angle varies between 1098 and 1308 from the
closed to the open X-ray conformations; the opening angles of the two known open conformations of
a mutant of RBP are 1348 and 1458.16 A biasing
potential based on the opening angle is defined and
the free energy profile and population distribution
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Figure 2. (a) Definition of the hinge angle q, and (b) definition of the twist angle f. The N-terminal domain of RBP is
shown in blue, the C-terminal domain is shown in red and the hinge region in green. In (a) the segments joining the
centers of mass of the N-terminal domain (bottom) and of the C-terminal (top) to the center of mass of the hinge region
are shown in black. The angle between the segments is defined as the hinge angle. In (b) the centers of mass of the
N-terminal domain (bottom), the base of the N-terminal domain (the base of a domain is defined by the three residues
lining the three hinge strands), the C-terminal domain (top) and the base of the C-terminal domain define three
segments, which are shown in black. The dihedral angle formed by these three segments is defined as the twist angle.

of protein conformations along this order parameter
are then obtained using umbrella sampling23 and
the weighted histogram analysis method
(WHAM)24,25 unbiasing methodology. The free
energy profile is calculated in the presence and in
the absence of ribose to study the effect of ribose on
the relative populations of the closed and open
states. The free energy is further decomposed into
energetic and entropic components. The thermodynamic forces that drive the transition from open
to closed conformations on binding to ribose and
the concomitant structural changes are investigated.

Results and Discussion
Conformational equilibrium and allostery of RBP
The calculated free energy profile of ribose-free

RBP as a function of the hinge angle q (which
measures the degree of opening; see Figure 2(a)) is
shown in Figure 3(a). The closed state corresponds
to the free energy minimum at qZ1088. The open
state corresponds to a shallow basin that covers a
wide span of hinge angles from 1258 to 1558. The
global minimum of the free energy profile is at qZ
1298, in correspondence with the known crystal
structure of the wild-type apo form of RBP (qZ
1308).16 The free energy minimum corresponding to
the open state is lower than that corresponding to
the closed state by roughly 2 kcal/mol. A free
energy barrier at qZ115, 2 kcal/mol higher than the
closed state, separates the closed state from the
open state. The calculated population distribution,
shown in Figure 3(b), shows that, in the absence of
ribose, the protein is predicted to exist mainly in the
open state, in agreement with experimental evidence. The ratio of the open state to closed state
populations is roughly 95:5. Thus, some population
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Figure 3. (a) The potential of
mean force and (b) the population
distribution of ribose-free RBP as a
function of the hinge angle q. The
arrows indicate the values of the
hinge angle q of the crystal structures of the closed ribose-bound
(PDB id 2dri) conformation, the
ribose-free open (PDB id 1urp)
conformation and of the two conformations of the RBP mutant
(PDB id 1ba2).

of the closed state exists even in the absence of
ribose. Significant population of the open state,
which spans hinge angles between qZ1258 and
1558, is found. The population peak centered at 1298,
covering hinge angles between 1258 and 1318,
corresponds to conformations similar to that of the
wild-type RBP open crystal structure (PDB id 1urp);
61% of the population of RBP is predicted to lie in
this peak. In all, 35% of the population of RBP
corresponds to conformations with larger hinge
angles between 1318 and 1558 outside this main
peak. The population at larger values of q corresponds to conformations similar to the two X-ray
crystal conformations of a mutant of RBP,16 which
have hinge angles qZ1358 and qZ1458. Our
calculations support the hypothesis that in solution,
ribose-free RBP exists in a wide range of conformations; the wild-type and the two mutant crystal
conformations being representative solution conformations stabilized by the crystal environment.16
Our calculations confirm that the crystal structure
of wild-type RBP is representative of the conformations of highest concentration in solution.16
The calculated free energy profile of ribosebound RBP is shown in Figure 4(a). In the presence
of ribose, the hinge angle of the closed conformation
of RBP increases, on average, by 38 due to the extra
interdomain space required to accommodate the
ligand. Correspondingly, the free energy barrier

separating the closed and the open ribose-bound
states is shifted to qZ1188, from qZ1158 in the
absence of ribose. The height of the barrier is larger
than in the absence of ribose by 1 kcal/mol. As seen
in Figure 4(a), the free energy minimum of the
closed state of ribose-bound RBP is lower than that
of the open state by roughly 1 kcal/mol. The free
energy profile indicates that in solution, the ribosebound protein exists in two distinct states; a
predominant closed state (qZ1098–1128) with 70%
population, representative of the ribose-bound
X-ray crystal structure (see Figure 4(b)),15 and a
previously unobserved, partially open ribosebound state with 25% population centered at qZ
1228 and ranging from qZ1198–1308.
The predicted shift in population from the open
to the closed state on binding to ribose is in
agreement with experiments.16,17 A crystal structure of the bound closed15 form has been determined, whereas only open structures for the apo
form of RBP have been identified.16
Small-angle X-ray scattering studies have
revealed that the radius of gyration of RBP in
solution is reduced by 1.4(G0.2) Å when ribose is
introduced.17 This further indicates a shift in
population from the more extended open conformations to the more compact closed conformations
upon binding to ribose. We have measured the
average radius of gyration from the simulations
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Figure 4. (a) The potential of
mean force and (b) the population
distribution of ribose-bound RBP
as a function of the hinge angle q.
The arrows indicate the values of
the hinge angle q of the crystal
structures of the closed ribosebound (PDB id 2dri) conformation,
the ribose-free open (PDB id 1urp)
conformation and of the two conformations of an RBP mutant (PDB
id 1ba2).

with and without ribose. The average radius of
gyration of the ribose-bound and ribose-free forms
of the protein is obtained by integrating the product
of the radius of gyration and the corresponding
population distribution as a function of the hinge
angle. We predict a change in the radius of gyration
upon binding to ribose of 0.8 Å, in reasonable
agreement with the experiment (1.4(G0.2) Å). The
difference between the measured and predicted
radius of gyration change may be due partly to
hydration shell effects, which were not considered
in our analysis. The underprediction of the radius of
gyration change may also be an indication that our
model overpredicts the population of the ribosebound open state and/or underpredicts the
population of conformations with large hinge
angles in the absence of ribose.
Thermodynamic analysis of the conformational
equilibrium
The simulations indicate that in the absence of
ribose the open state is more stable than the closed
state, despite the fact that the average effective
potential energy (see Table 1) favors the closed state.
The open state of RBP has larger conformational
entropy than the closed state and, indeed, inspection of the trajectories reveals that in the open state
the two domains of RBP can rotate with respect to

each other more freely than in the closed state.
Thus, due to the higher entropy associated with the
open state, which is sufficient to overcome
the energetic stabilization of the closed state in the
absence of ribose, the open state is the major species
in solution.
In the presence of ribose, however, the entropic
stabilization of the open state is not sufficient to
overcome the increased energetic stabilization of
the closed state. Whereas the average effective
energy of the apo closed conformation is
14 kcal/mol smaller than the average effective
energy of the apo open conformations (see
Table 1), the ribose-bound closed conformation is
Table 1. Free energy difference DG, effective energy
difference DE, and entropy difference KTDS, between the
open and closed states of ribose-free and ribose-bound
RBP

Ribose-free
Ribose-bound

DG
(kcal/mol)a

DE
(kcal/mol)a

KTDS
(kcal/mol)a,b

K1.9
0.6

14.0
30.2

K15.9
K29.6

a
Open form is defined to span hinge angles between 1178 and
1558. Closed form is defined to span hinge angles between 1048
and 1168.
b
Entropies obtained using the equation KTDSZDGKDE, TZ
300 K.
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stabilized energetically with respect to the open
state by roughly 30 kcal/mol (see Table 1). The
increase of the relative population of the closed
state is thus a consequence of the energetic
stabilization of the closed state due to the presence
of ribose.
In Table 1, the higher conformational entropy loss
of ribose-bound RBP in going from the open state to
the closed state compared to ribose-free RBP should
be noted (third column of Table 1). This is a
consequence of the lower conformational entropy
of the closed state of ribose-bound RBP relative to
the closed state of ribose-free RBP. This is caused by
the specific interactions of ribose with RBP (see
below), which restrict interdomain motion.
The agreement between our calculations and the
experiments15–17 on the allosteric equilibrium of
RBP would have been difficult to obtain with a lowresolution representation of the RBP–ribose
complex. The difference in the energy between the
open and closed states is small relative to the energy
of each state, and the shift in free energy on ribose
binding is even smaller. Moreover, the allosteric
change is caused by the interaction of RBP with a
small molecule for which an atomic-resolution
model is well suited. The OPLS-AA/AGBNP allatom force-field coupled with the morphing and
umbrella sampling/WHAM methodology provides
estimates of thermodynamic changes associated
with structural changes predicted by the model
that are consistent with the structural changes
observed experimentally by X-ray crystallography
and small-angle X-ray scattering.
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within the high population region of the closed
ribose-bound RBP predicted by the calculations. In
the absence of ribose (Figure 5(a)), the closed state is
much less populated and the corresponding peak is
shifted to slightly lower values of the hinge and
twist angles. The ribose-free open state (Figure 5(a))
is characterized by a broad region corresponding to
conformations with hinge angles spanning 120–1558
(the upper limit explored in this study) and twist
angles between 608 and 1608. In this region, two
high population regions can be identified, one
centered at (qZ1298, fZ958) in correspondence
with the wild-type ribose-free crystal structure
located at (qZ1308, fZ908) and another, composed
of more open conformations with hinge angles q
between 1408 and 1558, in proximity to the crystal

Mechanism of opening
In addition to the hinge angle q, the ensemble of
conformations generated by the simulations is
represented by another order parameter; the twist
angle f between the two domains. The twist angle
is defined as the dihedral angle formed by the
centers of mass of the N-terminal and C-terminal
domains and the centers of mass of the regions at
the base of each domain (see Figure 2(b)). The base
of each domain is defined by the three residues
lining the three hinge strands. Figure 5(a) and (b)
show the calculated population distribution p0 (q,f)
as a function of the hinge angle q and twist angle f
for ribose-free and ribose-bound RBP, respectively,
obtained by the WHAM analysis described in
Materials and Methods. It is evident from
Figure 5(a) and (b) that, although the q and f
order parameters are generally correlated (the
larger the hinge angle the larger the twist angle),
for any given value of the hinge angle the protein
can assume a variety of conformations that span a
wide range of twist angles.
In terms of the (q,f) order parameters, the ribosebound closed state corresponds to the population
peak spanning qZ1058–1158 and fZ308–708
(Figure 5(b)). The crystal structure of ribose-bound
RBP (indicated by a cross in the lower left of
Figure 5(b)) is located at (qZ1108, fZ508), well

Figure 5. (a) Population distributions of ribose-free RBP
and (b) of the ribose-bound RBP as a function of hinge
angle q and twist angle f. Contours are drawn at 0.08,
0.06, 0.04, 0.03, 0.02, 0.01, 0.001, and 0.0001 relative
populations. The crosses indicate the (q,f) coordinates
of the crystal structures of, with increasing hinge angle q,
the closed ribose-bound, open ribose-free and the open
ribose-free conformations of the RBP mutant.
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structure of a mutant of RBP at (qZ1458, fZ1138).
An additional populated region between the two
major open populations (see Figure 5(a)) can be
seen, which corresponds to the crystal structure of
another conformation of the RBP mutant located at
(qZ1358, fZ1008).
All of the known crystal structures of RBP
(including the mutant), indicated by the crosses in
Figure 5(a) and (b), lie within regions predicted to
be populated in solution. This correspondence is
unlikely to be an artifact due to the choice of starting
conformations, because the simulations were started
both from the crystal structure conformations and
from conformations distributed uniformly along the
morphing paths connecting one crystal structure
conformation to another (see Materials and Methods).
Moreover, the ribose-bound simulations were started
from similar initial conditions but resulted in very
different distribution of populations (compare
Figure 5(a) and (b)). This result supports the hypothesis that the range of RBP conformations observed
in different crystal forms reflects the distribution of
conformations that exists in solution.15,16
In the presence of ribose, the open state (qO1178,
see Figure 5(b)) is significantly less populated than
the open state of ribose-free RBP (see Figure 5(a)).
Moreover, the population of this state is concentrated in a region centered at (qZ1228, fZ958)
corresponding to less open conformations than the
most populated state of ribose-free RBP centered at
(qZ1298, fZ1008). It has been hypothesized that, in
order for ribose to be transferred to the membranebound permease complex, closed ribose-bound
RBP first interacts with the permease complex and
then opens partially, allowing ribose to be transferred to the complex.15 This partially open form is
still capable of binding the permease complex, and
it is thought to be stabilized by interactions between
ribose and specific binding site residues. Once
ribose is transferred to the complex, the partially
open conformation is destabilized in favor of the
open conformation. Because it interacts weakly
with the permease complex, once the open conformation is formed the protein leaves the complex
and returns to solution. The open state at (qZ1228,
fZ958) of ribose-bound RBP predicted by our
simulations could correspond to this hypothesized
intermediate involved in the mechanism of ribose
release. Later, we present a detailed structural

analysis of this conformational state, for which a
crystal structure is not available.
By comparing the closed and open crystal
structures of RBP, Björkman & Mowbray have
determined the axis of rotation of one domain
with respect to the other domain and, observing
that similar rotation axes are obtained when
comparing the closed conformation to each of the
three open conformations, have concluded that the
mechanism of opening of RBP can likely be
described by a continuous rotation of one domain
with respect to the other around an approximately
fixed axis of rotation.16 The crystal structures of RBP
(indicated by the crosses in Figure 5(a) and (b)) trace
a linear path in the (q,f) space. Similarly, the high
population regions of ribose-free RBP (Figure 5(a))
can be connected by a straight line contained within
the populated region of the (q,f) plane, thus
supporting the mechanism of opening proposed
by Björkman & Mowbray.16 In the presence of ribose
(Figure 5(b)), however, a straight line connecting the
closed state with the partially open state would
inevitably intersect the region of very low population at (qZ1158, fZ758). The distribution of
populations of ribose-bound RBP suggests that the
mechanism of opening in the presence of ribose is
more complex than in the absence of ribose. On the
basis of the shape of the population distribution and
the analysis of the molecular dynamics trajectories,
we formulate a mechanism of opening whereby,
starting at the closed state, ribose-bound RBP first
opens primarily by hinge bending until it reaches
an opening hinge angle q of approximately 1188, at
which point a sharp 108 change of the twist angle
occurs (from 658 to 758). Then the protein continues
to open with a coordinated change of both hinge
angle and twist angle, as for ribose-free RBP. The
initial phase of opening of ribose-bound RBP is
therefore best described as two successive rotations
around perpendicular axes, one perpendicular to
and the other parallel with the hinge strands, whose
overall effect is an apparent rotation around an axis
with intermediate orientation similar to that
identified by Björkman & Mowbray.16
Structural analysis
We now present an analysis of the key interactions between the two domains of RBP and

Table 2. Interdomain hydrogen bonds in the closed ribose-bound conformations and in the closed ribose-free
conformations
Ribose-bound conformations
a

Ribose-free conformations
b

Domain 1

Domain 2

Domain 1a

Domain 2b

N Ser68
Og Ser68
N Gln91

O Gly134
N Ser136
Og Ser136

Nd Asn12
Nd Asn13
Nd Asn13

Od2 Asp165
O Phe164
O32 Glu192

A hydrogen bond D-H/A-R is said to exist if the distance between H and the acceptor atom (A) is less than 2.5 Å, the D-H/A angle
(where D is the donor atom) is at least 1208 and the H/A-R angle is at least 908.
a
Represents the N-terminal domain.
b
Represents the C-terminal domain.
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between ribose and RBP, placing particular
emphasis on the ribose-free closed and ribosebound open conformational states that have not
been characterized experimentally.

Closed ribose-free conformations
Six interdomain hydrogen bonds are present in
the closed ribose-free conformations as compared to
the three interdomain hydrogen bonds that are
found in the closed ribose-bound conformations.
The three interdomain hydrogen bonds (see Table 2)
found in the closed ribose-bound crystal structure, 15 are retained in the closed ribose-free
conformations. The residues forming these three
hydrogen bonds are on one side of the ribosebinding site (the right-hand side of Figure 6). Three
new interdomain hydrogen bonds (see Table 2) are
found in the closed ribose-free conformations on the
opposite side of the ribose-binding site (left-hand
side of Figure 6). Formation of these additional
interdomain bonds is aided by the reduction of the
hinge angle by approximately 38 in the absence of
ribose, which brings the two domains into closer
proximity.

Figure 6. Representative structure of a ribose-free
closed conformation of RBP. The N-terminal domain of
RBP is shown in blue, the C-terminal domain is shown in
red and the hinge region in green. Residues involved in
interdomain hydrogen bonds are shown in ball-and-stick
representation. The interdomain hydrogen bonds are
shown as broken lines. The interdomain hydrogen
bonds that are found in the closed ribose-bound crystal
structure are those that are on the right side of the picture.
The additional interdomain hydrogen bonds that are
formed in the ribose-free closed conformation are those
that are on the left side of the picture.

Partially open ribose-bound conformations
Eleven hydrogen bonds (see Figure 7(a) and
Table 3) are formed between ribose and the binding
site residues in the closed ribose-bound conformation. Five of these hydrogen bonds are formed
with the N-terminal domain residues, five with the
C-terminal domain residues, and one with a hinge
residue. Three hydrophobic residues, Phe215,
Phe15 and Phe16, make hydrophobic contacts
with ribose in the closed conformation of RBP. In
the partially open ribose-bound conformations (see
Figure 7(b)), corresponding to the population peak
at (qZ1228, fZ958) of Figure 5(b), most of these
ribose-RBP interactions are broken, ribose is rotated
and it forms three new hydrogen bonds with RBP
(see Figure 7(b) and Table 3). Gln235, which is a
hinge residue that binds to O2 of ribose in the closed
ribose-bound conformations (see Figure 7(a)), in the
open conformations binds to O4 of ribose instead of
O2 (see Figure 7(b)). This residue was hypothesized
to play a role in stabilizing the ribose-bound open
conformation,16 and our model indicates that it is
the only binding site residue in the closed state that
continues to remain a binding site residue in the
open conformations. Furthermore, the hydrophobic
contact of ribose with Phe215, belonging to the
N-terminal domain, is absent from the partially
open conformations (the hydrophobic contacts with
Phe15 and Phe16 are retained). In summary, ribose
is bound more weakly to partially open conformations than to closed conformations, due to fewer
hydrogen bonds and fewer hydrophobic contacts
between ribose and RBP in partially open conformations. This presumably facilitates the release of
ribose into the membrane bound permease.
In more open conformations, ribose interacts
even more weakly with RBP, more often only with
binding site residues of the C-terminal domain. The
substantial loss of ligand–protein contacts in going
from the closed to the open conformations supports
the hypothesis that it is the strong interaction
between ribose and RBP that stabilizes the closed
conformation. Another point to be noted is that
ribose intramolecular hydrogen bonds frequently
replace ribose-RBP hydrogen bonds in open conformations. Formation of intramolecular hydrogen
bonds is perhaps involved in the mechanism of
ribose release.
An important feature of the ribose-bound closed
conformation is the clustering of residues (see
Figure 8(a)) that are known to be important in
transport and chemotaxis.26 This cluster of residues
colored yellow in Figure 8(a) and (b) form a
contiguous cluster distributed on the surface of
RBP facing the ribose-binding pocket. The
contiguity of this cluster of residues is conserved
in the partially open conformations (Figure 8(b))
despite the large rotation of the N-terminal domain
(shown in red in Figure 8(a) and (b)) with respect to
the C-terminal domain (shown in blue in Figure 8(a)
and (b)). The contiguity of residues involved in
binding to the membrane-bound permease is
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Figure 7. (a) Pattern of hydrogen bonds between ribose and RBP in a representative closed-ribose-bound conformation
from the simulation, and (b) pattern of hydrogen bonds in a representative conformation of the ribose-bound open
conformation. Hydrogen bonds between ribose and RBP are shown as broken lines. Residues belonging to the
C-terminal domain are shown in blue. Residues belonging to the N-terminal domain are shown in red. Residues
belonging to the hinge region are shown in green. Ribose is shown in black. It can be seen that in the open conformation
the position of the residues belonging to the N-terminal domain (in red) changes significantly with respect to the closed
ribose-bound crystal conformation in (a) due to the twisting of the N-terminal domain with respect to the C-terminal
domain. Ribose forms hydrogen bonds to two new residues in the open conformation. One residue, Glu221, belongs to
the N-terminal domain. The other residue, Gln235, is a hinge residue that forms a hydrogen bond with ribose in the
closed ribose-bound conformation, although with a different oxygen atom of the ribose. Note that 11 hydrogen bonds
between ribose and the protein are formed in the closed conformation in (a), whereas only two hydrogen bonds are
present in the open conformation in (b).

important if the partially open conformations have
to retain the capacity to bind to the permease. The
cluster of residues in the partially open ribosebound conformations (Figure 8(b)) is more symmetrical with respect to the position of ribose than
the closed ribose-bound conformation (Figure 8(a)),
and forms a channel that presumably aids the

Table 3. Hydrogen bonds between RBP and ribose in
closed conformations and in partially open conformations
Closed conformations
RBP
Nd Asn13
O Asp89
O Asp89
N3 Arg90
Nh Arg90
Nh1 Arg141
Nh2 Arg141
Nd Asn190
O Asp215
O Asp215
N3 Gln235

Partially open conformations

Ribose

RBP

Ribose

O4
O1
O2
O1
O5
O2
O3
O4
O3
O4
O2

Nd Gln235
O Gly216
Od Glu221

O4
O4
O1

transfer of ribose to the membrane-bound permease. The observed shift of the position of ribose
(Figure 8(b)) towards the face of RBP that is
expected to bind to the permease, is also consistent
with the proposal that the partially open ribosebound state of RBP observed in this study
corresponds to a relevant intermediate for the
release of ribose into the permease.

Conclusions
We have used advanced simulation techniques
and high-resolution modeling to study the allosteric
equilibrium of the ribose-binding protein. Experiments show that ribose binding induces a conformational change from an open conformation to a
closed conformation that allows the protein to bind
to a membrane-bound permease complex. Similar
ligand-induced conformational changes for other
sugar-binding proteins are used as signaling events
in bacterial chemotaxis and sugar transport.
We employ the OPLS-AA/AGBNP all-atom
force-field to model RBP and the associated effector

Allosteric Transition of the Ribose-binding Protein

205

Figure 8. (a) Representative closed ribose-bound and (b) ribose-bound partially open conformations of RBP. Ribose is
shown in ball-and-stick representation. Ribose carbon atoms are colored in dark grey, oxygen atoms in red. Residues
known to be important in chemotaxis and transport are colored yellow in a space-filling representation.26 The
N-terminal domain of RBP is shown in blue, the C-terminal domain is shown in red and the hinge region in green. In the
partially open conformation, the contiguity of residues (shown in yellow) seen in the closed bound conformation is
retained despite the rotation of the N-terminal domain with respect to the C-terminal domain. In this conformation,
ribose is shifted towards the face of RBP that is involved in binding to the permease complex and in the mechanism of
ribose release.

molecule at atomic resolution. The free energy as a
function of the interdomain hinge angle is computed using the umbrella sampling methodology
and the WHAM unbiasing scheme. We show that
the free energy ranking of the closed and the open
states with and without ligand bound is in
agreement with experiments. The free energy of
open ribose-free RBP is lower than the free energy
of closed ribose-free RBP. Conversely, with ribose
bound, the free energy of the open state is higher
than in the closed state. Thus, binding of ribose
shifts the conformational equilibrium to the closed
state. We observe that the open state of ribose-free
RBP is stabilized by conformational entropy.
Binding to ribose stabilizes the closed state
energetically and shifts the equilibrium in favor of
the closed state.
The free energy surface of the open state of
ribose-free RBP calculated from the simulation is
shallow and broad, and therefore ribose-free RBP is
predicted to exist in a wide range of open
conformations in solution. In the open state, the

protein is highly mobile and can bend around the
hinge region, giving rise to a wide array of
conformations. The population distribution
of protein conformations peaks at a hinge angle of
1298, which is representative of the wild-type open
crystal conformation. A total of 61% of the open
state population lies in this conformational macrostate, while the rest of the population of open
conformations is distributed at large values of the
hinge angle, up to qZ1558, encompassing both
mutant RBP crystal conformations. The protein
shows considerable variability even with respect
to the twist angle, which describes the rotation of
one domain with respect to the other around an axis
parallel with the hinge strands.
We predict that 5% of the population of the
ribose-free RBP conformations exists in the closed
state. Although no X-ray crystal structure of closed
ribose-free RBP is known, a closed ligand-free
crystal structure of the related glucose-binding
protein has been solved.27 Furthermore, disulfide
trapping experiments on the glucose-binding
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protein indicate the existence of a closed ligand-free
state in solution.19 The existence of a minor
population of closed RBP in solution in the absence
of ribose indicates that the closing of the protein on
binding to ribose is better viewed as a shift in
equilibrium rather than as a triggered change.14 The
functional context of RBP (of transport and
chemotaxis) does not demand a high-fidelity trigger
(where no significant population of closed ribosefree conformations or of open ribose-bound conformations exists). Moreover, the need for the protein
to partially open in order to release ribose is
incompatible with a high-fidelity trigger
mechanism.
The analysis of the ensemble of conformations of
ribose-free RBP suggests that the mechanism of
opening of the ribose-free protein is likely well
represented by a smooth rotation around a fixed
axis of rotation centered on the hinge domain, as
proposed previously.16 However, the analysis of the
ensemble of conformations of ribose-bound RBP
suggests that the mechanism of opening in the
presence of ribose is better represented by a twostep process whereby the protein first opens
primarily by hinge bending and subsequently
undergoes a sharp transition involving mainly a
twisting motion.
We were able to characterize two important
conformational states of RBP that have not been
studied by experimental means; the closed conformations in the absence of ribose and the partially
open conformations in the presence of ribose. The
ribose-free closed state of the protein has three new
interdomain hydrogen bonds that are clustered
together on the opposite side of the binding pocket
with respect to the cluster of the three interdomain
hydrogen bonds already observed in the ligand
bound crystal structure.15 In open ribose-bound
conformations, all of the hydrogen bonds that are
present between ribose and RBP in the closed
conformations are absent and three new hydrogen
bonds are formed, two with the C-terminal domain
and one with the hinge region. In these conformations, ribose is rotated by almost 1808 with
respect to the closed conformation. This partially
open state could correspond to that hypothesized to
be involved in the mechanism of transfer of ribose
to the permease complex.16 The transition from the
closed conformations to the open conformations is
predicted to be an activated process that goes
through an intermediate state of unfavorable free
energy, where the interactions present in the closed
state are broken and have not yet fully been
replaced by new ones. The free energy barrier
separating the closed and open conformations is
higher in the presence of ribose due to the
more extensive rearrangement of ribose–RBP
interactions.
Allostery is a phenomenon of fundamental
importance in biology. The analysis of static
conformations as obtained by X-ray crystallography
is often not sufficient to determine the driving forces
that regulate the allosteric equilibria. The concept of
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the free energy landscape in the context of protein
function constitutes a framework to interpret
allosteric mechanisms taking into account conformational flexibility.21,22 In this work, we have
employed a high-resolution effective potential and
advanced sampling techniques to characterize the
free energy landscape of a multi-domain allosteric
protein, obtaining both thermodynamic and structural information at an atomic level for the relevant
protein conformational transitions.

Materials and Methods
Choice of coordinates
The ribose binding protein is a two-domain protein (see
Figure 1). The three strands (three residues in each strand)
connecting the two domains serve as a hinge for the
motion from the closed to the open conformations, which
can be described as a rigid rotation of one domain with
respect to the other (Figure 2(a)).
Björkman and Mowbray have described the opening
motion of RBP in terms of the axis of rotation and angle of
rotation necessary to align two corresponding domains of
the closed and open conformations, oriented in such a
way that the two other domains are superimposed.16
They observed that similar axes of rotation are obtained
by comparing the closed X-ray conformation with each of
the open X-ray conformations. The rotation angle
obtained by comparing the closed X-ray conformation15
and the open X-ray conformation of wild-type RBP is
438.16 The corresponding rotation angles for the two X-ray
conformations of a mutant of RBP are 508 and 638.
The coordinates employed by Bjorkman & Mowbray16
are not convenient as order parameters for the umbrella
sampling molecular dynamics calculations described
below. We define the hinge opening angle q, formed
between the segments connecting the centers of mass of
the N-terminal (colored red in Figure 2(a)) and C-terminal
(colored blue) domains with the center of mass of the
hinge domain (colored grey). Residues 1–100 and 236–259
constitute the C-teminal domain, residues 108–231 and
269–271 constitute the N-terminal domain, and residues
101–107, 232–235 and 260–268 constitute the hinge
domain. In addition to the hinge angle q, another order
parameter, the twist angle f between the two domains, is
useful to describe the conformational change from the
closed to the open conformations. The twist angle is
defined as the dihedral angle formed by the centers of
mass of the N-terminal and C-terminal domains, and the
centers of mass of the regions at the base of each domain
(see Figure 2(b)). The base of each domain is defined by
the six residues lining the three hinge strands; residues
99–100, 236–237 and 258–259 on the C-terminal side, and
residues 108–109, 230–231 and 269–270 for the N-terminal
domain. In terms of our definition of the hinge opening
angle and the twist angle, the coordinates (q,f) of the
X-ray conformations are (1098,508) for the closed ribosebound X-ray crystal conformation (PDB id 2dri),
(1308,908) for the open wild-type ribose-free X-ray
conformation (PDB id 1urp), and (1358,1008) and
(1458,1138) for the X-ray conformations of the RBP mutant
(PDB id 1ba2).
We wish to calculate the population distribution along
the hinge angle coordinate and the twist angle coordinate.
Exhaustive sampling of the hinge angle q and twist angle
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f is not possible in the time-scale of ordinary molecular
dynamics simulations. An advanced sampling methodology is thus employed to generate the population
distributions (or equivalently the potential of mean
force) along these angles. We first generate an adiabatic
morphing path connecting the known closed and open
conformations, which is used as a starting point for the
umbrella sampling molecular dynamics simulations.
From these simulations, we collect biased distributions
of the angles q and f, which are then unbiased using
WHAM. This methodology is elaborated below.
Morphing path
An adiabatic morphing path28,29 is generated using as
the two end conformations the crystal structures of the
closed conformation (PDB id 2dri) and of the open
conformation (PDB id 1urp). The two endpoint conformations are energy minimized. The N-terminal domains
of the two structures are then superimposed. The energyminimized closed conformation is represented by a 3Ndimensional (where N is the number of atoms) position
vector X1and the energy-minimized open conformation
by XM. All the atoms of the minimized closed conformation are then displaced towards their positions in the
minimized open conformation by an amount (X1KYM)/
(MK1), where M is the desired number of conformations
along the interpolation path (here, MZ100). The resulting
structure is energy-minimized to give a new conformation represented by X2. This interpolation procedure is
then repeated iteratively to give M conformations Xi
along the morphing path.
The morphing procedure allows generation of lowenergy conformations connecting the two end
conformations. An identical procedure is used to generate
low-energy conformations between the open crystal
conformation at qZ1308 and the open crystal conformation of the RBP mutant at qZ1358, and from this
structure to the crystal conformation of the RBP mutant at
qZ1458, after replacing the mutated residue with the
corresponding wild-type residue. Energy-minimized
conformations along the morphing pathway are selected
at equally spaced values of q from 1098 to 1458 and used as
starting points for the umbrella sampling molecular
dynamics simulations. Two sets of morphing paths were
generated, one with ribose and one without it.
The purpose of starting the molecular dynamics
simulations near the morphing path is to ensure uniform
sampling along the path that connects the open and
closed states. In principle, a morphing path is not
necessary; it should be possible to start the umbrella
sampling simulations at the closed state, say, and
progressively vary the umbrella potential to force opening of the protein towards the open state. In practice,
however, we observed that, unless the rate of change of
the umbrella potential is made very small, this process
does not produce an open conformation in agreement
with the observed X-ray open structure. In particular, we
observed that the amount of twist (see below) of one
domain with respect to the other of the open conformation generated in this fashion was significantly smaller
than in the X-ray open conformation.
Umbrella sampling
We choose the umbrella sampling coordinate to be the
hinge angle q. A harmonic biasing potential given by:24

1
Vi Z kF ðqKqi Þ2
2

(1)

is added to the Hamiltonian of the system, where kF is the
force constant, q is the conformation dependent hinge
angle, qi is the reference value of the hinge angle set for
each simulation, which is varied at equal intervals from
1098 to 1548. The biasing potential forces the system to
sample conformations with hinge angles close to the set
reference angle qi. The forces that result from the biasing
potential on each atom of the protein necessary for
molecular dynamics (MD) sampling29 are derived from
equation (1) and implemented into the IMPACT molecular simulation software package.30,31
MD simulations are carried out with various values of
the reference angle qi such that, over all simulations,
conformational space is sampled nearly uniformly. The
biased distributions pi(q) of the hinge angle q generated
from each simulation are then unbiased using WHAM to
give the unbiased distribution function p0(q).24,32 The free
energy profile (potential of mean force) W(q) is then
calculated from the distribution function p0(q) as:
DWðqÞ Z WðqÞKWðq0 Þ ZKKT ln

p0 ðqÞ
p0 ðq0 Þ

(2)

where q0 is a reference value of the hinge angle. A similar
procedure, described below, yields the joint probability
distribution p0(q,f) of the hinge and twist angles, and
estimation of the average effective potential energy.
Force-field and implicit solvent model
Simulations were carried out using the OPLS-AA allatom force-field.33 In the present study, we have adopted
an implicit solvent model to mimic the water environment. Implicit solvent models have the advantage over
explicit solvent models of being less computationally
intensive, because of the very much smaller number of
atomic interactions that need to be calculated at every
step and, perhaps more importantly, because of the need
of long simulations to properly average the fluctuating
effects of the explicit solvent reaction field on the
biomolecular solute. The simulations reported in this
work would have required two orders of magnitude
longer computer time if they had been performed with an
explicit solvent representation of the solvent. Depending
on the underlying model and implementation, however,
implicit solvent models may not be as accurate as explicit
solvent models, particularly in describing specific shortranged solute–water interactions. In recent years,
accurate and computationally efficient implicit solvent
models have been developed that have been applied
successfully to the study of biomolecules.34,35 We have
adopted the AGBNP implicit solvent model,36 which is
based on a novel implementation of the pairwise
descreening scheme of the generalized Born model37,38
for the electrostatic component, and a novel non-polar
hydration free energy estimator. The non-polar term
consists of an estimator for the solute solvent van der
Waals dispersion energy designed to mimic explicit
solvent solute–solvent van der Waals interaction energies,
in addition to a surface area term corresponding to the
work of cavity formation.39–41 AGBNP makes use of a
new parameter-free algorithm to calculate the scaling
coefficients used in the pairwise descreening scheme to
take into account atomic overlaps. The same algorithm is
used to calculate the solute surface area. The parameterfree approach used in AGBNP and the sensitivity of the
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AGBNP model with respect to large and small conformational changes make it suitable for high-resolution
modeling. It has been used to model peptide folding,42,43
protein loop modeling and protein ligand binding.36 The
model is fully analytical with first derivatives.
Simulation details
The crystal structures15,16 of RBP are taken from the
RCSB Protein Data Bank (PDB id 2dri, 1urp, and 1ba2).44
All calculations were carried out using the IMPACT
molecular simulations software package.30,31
A total of 32 umbrella sampling simulations (16 of RBP
complexed with ribose and 16 of apo RBP) were carried
out. For each simulation, the system is heated to 300 K
over 3 ps. The system is then equilibrated for 225 ps at
300 K. After equilibration, data are gathered for 800 ps.
Velocity rescaling was used with a temperature relaxation
time of 0.4 ps.45 The time-step of the simulations is 1 fs. A
value of 0.3 kcal/mol per deg2. was used for the force
constant kF in equation (1). All atoms were treated
explicitly. Hydrogen atoms on the protein were generated
by IMPACT. A residue-based, non-bonded neighbor list
with a 12 Å cutoff radius is used.

considered. For example, to obtain the average energy we
collect joint histograms of the hinge angle q and the
effective potential energy E by creating a 2-D grid of bins,
each corresponding to a particular value qk of the hinge
angle and a particular value El of the effective potential
energy. The histogram counts in each bin are collected
from each simulation and processed using WHAM,32
noticing that the umbrella potential factors wi,kl depend
only on index k (the one corresponding to the angle q).
The result of the WHAM processing is the joint
discretized probability distribution p0kl of q and E. The
unbiased average energy:
X
 kÞ Z
Eðq
El p0kl
l

for each hinge angle is then obtained from the joint
discretized probability distribution. The unbiased population distribution p0(q,f) with respect to the opening
angle q and twist angle f is computed in a similar way.
Statistical uncertainties have been obtained by a numerical method that we have developed recently.32

WHAM

Acknowledgements
We use WHAM to merge the data from the umbrella
sampling simulations and to unbias the histograms from
each simulation to obtain thermodynamic data independent of the biasing potential.32,46 WHAM finds the
unbiased probability distribution p0 that maximizes the
likelihood of the observed biased histogram counts n,
assuming that the observed histogram counts are
distributed according to a multinomial distribution:
Pðnjp0 Þf

S Y
M
Y

ðfi cij p0j Þnij

(3)

iZ1 jZ1

where S is the number of simulations, M is the number of
bins, nij is the observed count in bin j from simulation i, p0j
is the unknown unbiased probability of observing a
sample in bin j, cij Z expðKwij =kb TÞ, where wij is the value
of the biasing potential in bin j (evaluated at the mid point
of the bin) for simulation i, and:
2
3K1
M
X
cij p0j 5
(4)
fi Z 4
jZ1

is a normalization factor related to the free energy of the
system in simulation i.32 Maximization of P(njp0) with
respect to p0 leads to a system of non-linear equations,
which are solved iteratively.
To obtain the potential of mean force with respect to the
hinge angle q the range of hinge angles from 1008 to 1368 is
divided into 36 equally spaced bins and the number of
times that in simulation i a protein conformation is found
within each bin, nij, is recorded. These counts are then
reduced by the factor gZ ð1C 2t=DtÞK1,25 where t/Dt is the
correlation time of the samples in units of the time
interval Dt between samples, to take into account
statistical correlations in the data. The reduced counts
are then inserted in the WHAM equation to obtain the
unbiased probability distribution of the hinge angle p0(q).
To obtain unbiased probability distributions of quantities
other than the hinge angle q (such as the average effective
potential energy E and the twist angle f) joint histograms
of the hinge angle and the property of interest are
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