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Numerous membrane importers rely on accessory water-soluble
proteins to capture their substrates. These substrate-binding pro-
teins (SBP) have a strong affinity for their ligands; yet, substrate
release onto the low-affinity membrane transporter must occur
for uptake to proceed. It is generally accepted that release is facili-
tated by the association of SBP and transporter, upon which the
SBP adopts a conformation similar to the unliganded state, whose
affinity is sufficiently reduced. Despite the appeal of this mechan-
ism, however, direct supporting evidence is lacking. Here, we use
experimental and theoretical methods to demonstrate that an
allosteric mechanism of enhanced substrate release is indeed plau-
sible. First, we report the atomic-resolution structure of apo TeaA,
the SBP of the Na*-coupled ectoine TRAP transporter TeaBC from
Halomonas elongata DSM25817, and compare it with the sub-
strate-bound structure previously reported. Conformational free-
energy landscape calculations based upon molecular dynamics
simulations are then used to dissect the mechanism that couples
ectoine binding to structural change in TeaA. These insights allow
us to design a triple mutation that biases TeaA toward apo-like
conformations without directly perturbing the binding cleft, thus
mimicking the influence of the membrane transporter. Calorimetric
measurements demonstrate that the ectoine affinity of the confor-
mationally biased triple mutant is 100-fold weaker than that of
the wild type. By contrast, a control mutant predicted to be con-
formationally unbiased displays wild-type affinity. This work thus
demonstrates that substrate release from SBPs onto their mem-
brane transporters can be facilitated by the latter through a me-
chanism of allosteric modulation of the former.

binding thermodynamics | periplasmic binding protein | secondary
transporter | ABC transporter | replica-exchange metadynamics

A variety of membrane transport systems rely on high-affinity,
accessory binding proteins whose function is to sequester
the substrate. These substrate-binding proteins (SBP) typically
consist of two distinct globular domains, or lobes, separated by
a deep binding cleft. Extensive structural and biophysical data
(1-7) demonstrate that the binding and release mechanism of
SBPs, generally referred to as “Venus flytrap,” entails an equili-
brium in which the protein adopts two alternative conformations:
one in which the binding cleft is open, allowing the substrate to
bind, and another in which the two lobes close around the ligand,
precluding its release.

SBPs have been identified in import systems driven by ATP
hydrolysis (ABC) as well as by transmembrane ionic gradients
(TRAP). The role of the SBP in these systems is not only to se-
quester the substrate but also to deliver it to the membrane trans-
porter. Indeed, for the bacterial ATP-driven import systems of
maltose, molybdate, and vitamin B,,, crystal structures have re-
vealed the SBP docked onto the perisplasmic face of the trans-
porter domain (8-10). A widely accepted notion consistent with
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these structures is that ATP loading of the membrane transporter
causes the SBP to revert to a conformation where the binding
cleft is open, thus facilitating substrate release into a transporting
pathway (11-14).

Although this mechanism is perfectly intuitive, its underlying
premise has not been demonstrated directly. This premise is that
the substrate-affinity of the SBP can be significantly diminished
solely by stabilizing an open-like conformation, so that the sub-
strate may be readily unloaded onto a low-affinity binding site in
the transporter.

A number of experimental observations justify the need to
assess this principle. For example, in the aforementioned maltose
transport system, competitive binding of a nonconserved peri-
plasmic loop from the transporter (MalG) to the SBP binding
cleft is apparently associated with substrate release (10, 15). Thus,
this structure does not clarify whether opening of the SBP is
sufficient; in fact, it suggests the opposite. Moreover, crystallo-
graphic studies have shown that substrate-bound SBPs may exist
in both the closed and open states (16-18). This implies that the
binding affinity of the open state is certainly not negligible and
raises the question of how much the closure step actually contri-
butes to the total binding free energy. In fact, available biophy-
sical studies of the open-closed equilibrium of unliganded SBPs in
solution show the closed state is either marginally populated or
not accessible (3, 5), indicating that domain closure involves a
significant free-energy cost in the form of conformational strain.

Here, we set out to assess directly the hypothesis that induced
opening of the SBP, as it probably occurs upon interaction
with the membrane transporter, enhances substrate release to a
significant degree, even without direct perturbation of the SBP
binding cleft. Our model system is TeaA, the ectoine-specific
SBP (K; ~200 nM) of the TRAP transporter TeaABC, from
Halomonas elongata DSM 25817 (19). Ectoine is an aspartate de-
rivative, used widely among halophilic bacteria as a compatible
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solute. Upon hyperosmotic stress, H. elongata synthesizes ectoine
de novo, but it is also able to import this solute using TeaABC
(20). This is the only ectoine-specific transporter in H. elongata
known to be activated by osmotic stress; therefore TeaABC seems
to function as a recovery system for ectoine that leaks out of the
cell (21).

The TeaABC system includes a transporter (TeaC) presumed
to be Na*-coupled (22) and an accessory transmembrane protein
of unknown function (TeaB). These are predicted to comprise 12
and 4 transmembrane helices, respectively, by analogy with other
TRAP transporters in the DctPQM family (23). The structure of
TeaA, however, was recently solved in complex with ectoine, at
aresolution of 1.55 A (24). The structure is reminiscent of the SBPs
of other TRAP and ABC transport systems; the characteristic o/f
lobes adopt a closed conformation around the ectoine-binding cleft.

To assess the principle of allosteric modulation of the substrate
affinity of this SBP, we have first resolved its atomic structure
in the ligand-free state by X-ray crystallography. This structure
reveals a pronounced domain rearrangement and opening of
the binding cleft, relative to the substrate-bound state. Based on
these structures, quantitative molecular simulation methods are
then employed to elucidate the microscopic mechanism by which
the conformational dynamics of TeaA is coupled to ectoine bind-
ing. This insight allows us to design a triple mutation that impairs
closure of the binding protein, while not directly affecting the
substrate-binding site. This mutation therefore mimics the con-
formational change induced upon interaction with the transpor-
ter domain, TeaC. Calorimetric analysis support the multistep
binding mechanism observed in the simulations and demonstrate
how the conformational modulation induced by the mutation re-
sults in a marked reduction of the apparent affinity of TeaA for
ectoine. Altogether, this data provides clear support for the view
that substrate release from TeaA onto TeaC may be facilitated by
the latter by stabilizing an open conformation of the former.

Results

Crystal Structure of TeaA in the apo State Adopts an Open Conforma-
tion. The apo structure of TeaA (PDB entry 3GYY) was solved
from crystals grown in the absence of ectoine, diffracting to 2.2-A
resolution (Table 1). Phases were determined by molecular repla-
cement, using as a template the structure of ectoine-bound TeaA
previously determined (PDB ID code 2VPN, 1.55-A resolution).
In the apo state, TeaA adopts a new open conformation that
reveals a pronounced cleft between the N-terminal domain
(B1-B3, B9, and al-04, a8) and the C-terminal domain (p5-8, f10
and a5-a7, al0-all) (Fig. 14). In comparison to the ectoine-
bound closed state, the N and C lobes are rotated by about 30°
relative to each other, around a hinge point approximately
located at position Glu121/Gly122 in p4 (Fig. 1B); this p-strand,
together with helix a9, connects both domains (Fig. 14). Residues
involved in ectoine coordination in the bound structure become
up to 4 A further apart in the apo state (Fig. 2, Insets), although
their conformation shows only subtle changes. Trp188, which in
the closed state forms a z-r interaction with ectoine (Fig. 2B,
Inset), adopts an alternate rotamer in the apo structure, so as
to interact with Phel87 instead (Fig. 24, Inset). Glu9, which
together with Argl44, participates in the ionic coordination of
ectoine, interacts in the apo state with one of the seven cocrys-
tallized Zn?* ions, present in the crystallization buffer. However,
the most remarkable change in TeaA upon release of ectoine is
the straightening of helix 9, which in the closed state is partially
unfolded and noticeably kinked at the position of Lys247/Gly248/
Leu249 (Fig. 1B). As mentioned, this long helix extends across
the protein, flanking both N- and C-terminal domains and is con-
served in the SBPs of other TRAP transporters (7, 22, 25).

Calculated Free-Energy Landscapes Reproduce Expected Conforma-
tional Equilibrium. Based on the crystal structures of TeaA in the
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Table 1. X-ray data collection, refinement, and model statistics for
apo TeaA

Data collection

Cell dimensions

a (A) 74.7
b (A) 65.0
c (A 1215
a () 90
B 915
Y () 90
Space group P2,

Wavelength (A)

Resolution* (A)

Number of observed reflections*
Number of unique reflections*

0.9999
10-2.2 (2.3-2.2)
174,104 (21,201)

57,867 (7,165)

Completeness* (%) 97.3 (97.8)
1/6* (1) 8.03 (2.22)
Rmeas*," (%) 21.4 (90.0)
Refinement

Resolution (A) 2.2
Rwork (DA’)1 21.7
Riree (%)f 28.4
Number of protein atoms 9,825
Number of solvent molecules 214
Number of zinc ions a1
rmsd from ideal bond length (A) 0.005
rmsd from ideal bond angles (°) 0.817
Average B-factor model atoms (A?) 34.5
Wilson B-factor (A2) 37.4
Ramachandran plot favored (%) 97.3
Ramachandran plot allowed (%) 2.4
Ramachandran plot disallowed (%) 0.3

*Data in parentheses correspond to the highest-resolution shell.
'R factors are defined according to ref. 53; 2% of the total reflections were
used to compute Rfee-

apo and ectoine-bound states, we sought to identify a mutation
that would trap the protein in an open conformation, or at least
impair its closure upon ectoine binding, without perturbing the

Fig. 1. (A) X-ray structure of the open apo-state of TeaA. The structure was
solved to 2.2-A resolution by molecular replacement, using the structure of
ectoine-bound TeaA (PDB ID code 2VPN) as a template for phasing. The asym-
metric unit comprises four TeaA monomers, about 250 solvent molecules and
41 Zn?* ions. Residues 44 to 47 and 311 to 316 in the C-terminal domain are
disordered. The long helix a9 and strand p4, depicted in orange, extend across
TeaA, flanking both N- (blue) and C- (red) terminal domains. (B) In the open
state, the flanking helix a9 (orange) is fully formed, while in the bound state
it unravels around Gly248/Leu249. As the N- and C-terminal domains close
around the substrate, helix a9 becomes noticeably kinked.
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Fig. 2. Comparison of the apo (A) and ectoine-bound (B) structures of TeaA.
Protein and substrate are represented as cartoons and sticks, respectively.
Water molecules are shown as dotted spheres, and Mg?* and Zn?* as solid
spheres in cyan and green, respectively. The apo-protein adopts an open con-
formation, in which the N-terminal (blue) and C-terminal (red) lobes are
further away than in the ectoine-bound structure. (Insets) Architecture of
the ligand-binding sites in the apo (A) and ectoine-bound (B) structure of
TeaA. Ectoine-binding residues in the N domain are shown in blue, and those
in the C domain in red, with ectoine in black. The dotted line indicates the
distance between the Cf atom of Trp167 and the Ce; of Phe209 in the two
structures. These atoms are about 4 A further apart in the apo-structure com-
pared to the ectoine-bound structure.

binding site itself. To do so, we set out to obtain microscopic char-
acterization of the process of substrate binding, and its influence
on the conformational equilibrium of the protein, using atomically
detailed molecular dynamics simulations (Fig. 34). Specifically,
we employed the bias-exchange metadynamics (BE) method
(26-28), to derive quantitative information on the conformational
freedom of the protein, in the form of free-energy landscapes (see
Materials and Methods).

BE simulations were thus carried out for wild-type TeaA, in the
apo and substrate-bound states. The resulting free-energy land-
scapes in each case are shown in Fig. 3. In these representations,
the free energy is plotted as a function of two collective variables,
or reaction coordinates, that describe the conformational state
of the protein; S; reports on the global motions of the N- and
C-terminal lobes, while S, is a specific descriptor of the degree
of bending of helix 9. The apo and ectoine-bound conformations
observed by X-ray crystallography correspond to S; =S, =1,
and S| =S, = 2, respectively.

This energetic analysis confirms the expectation that in the
apo state the protein preferably adopts an open conformation.
However, it also reveals that conformational fluctuations leading
to partial closure of the N and C lobes are energetically feasible
even without the substrate (reflected in the broad shallow mini-
mum at §; < 1.7 and §, ~1.2). Complete closure, however,
entails a significant energy cost. The closed conformation seen
in the ectoine-bound X-ray structure appears here to fall in a sec-
ond, meta-stable minimum, whose free energy is approximately
3 kcal/mol higher than that of the open-like conformations (it
is thus less than 1% probable).

In the ectoine-bound state, however, this energy landscape is
drastically reshaped; as may be expected, the closed conforma-
tion becomes the most probable. Nonetheless, the computed
free-energy difference relative to the semiopen conformations is
only about —2 kcal/mol. Given that the binding free energy of
ectoine is approximately —10 kcal/mol (K; ~ 200 nM 100 nM),
this result implies that binding to the open conformation reflects
most of the energetic gain upon association. Nonetheless, this
result also suggests that by impairing the closure step (or by sta-
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Fig. 3. (A) All-atom molecular simulation model of TeaA. The system com-
prises the protein (and ectoine), approximately 12,000 TIP3P water mole-
cules, 54 Na*, and 20 CI~ ions (approximately 100 mM plus counterions),
enclosed in a truncated-octahedron periodic box. Glu121 is set in the proto-
nated state. Wild-type and mutant simulation systems, in the apo or bound
states, are based on the X-ray structures; these were constructed through a
series of energy minimizations and constrained dynamics of the protein and
its environment. (B) Conformational free-energy landscapes for the apo and
ectoine-bound states, obtained from bias-exchange molecular dynamics
simulations. Contours are plotted in increments of 1 kcal/mol. The statistical
error in these landscapes is discussed in the S/ Appendix, Supplementary
Materials.

bilizing the open conformation), a significant reduction in the
affinity of TeaA could be in principle accomplished.

Simulations Indicate Complete Substrate Coordination Precedes
Closure. Further analysis of the BE simulation of TeaA in the
presence of ectoine permits to characterize the interplay between
substrate recognition and conformational change. To do so,
additional collective variables are considered that describe the
distance, orientation, and contacts between ectoine and the bind-
ing cleft, in addition to those pertaining to the conformational
change in TeaA (see SI Appendix, Supplementary Methods). Clas-
sification of the ensemble of conformations explored during the
simulation according to this expanded set of variables (via clus-
tering, free-energy ranking and kinetic modeling) (27) reveals a
pathway of connected states between a transient configuration
in which ectoine is in the vicinity of the protein, but disengaged
from the binding cleft, and another that corresponds to the
ectoine-bound structure revealed experimentally.
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Fig. 4. Microscopic mechanism of ectoine recognition by TeaA. Representa-
tive snapshots of configurational clusters along the binding reaction are
depicted, highlighting the side chains involved in direct ectoine contacts
as well as the fold of helix a9 and the overall protein conformation (water,
ions, and most side chains are omitted for clarity). The calculated free ener-
gies of the corresponding clusters are also plotted. The connectivity between
this clusters is established based on their characteristic free energy and ob-
served transitions during the bias-exchange simulations (see S/ Appendix,
Supplementary Methods).

The free energy along the pathway and a few representative
configurations are shown in Fig. 4. In the first step, ectoine has
few direct contacts with TeaA (there are approximately 14 water
molecules within 4 A; SI Appendix, Table S1), which is in an open
conformation with helix a9 folded and straight. As expected the
free energy decreases as the substrate enters the binding pocket
and hydrophobic and electrostatic contacts are formed (e.g., with
Phe66 and Glu44). These transient contacts help to orient ectoine
so as to enable its interaction with the conserved Argl44, early on
in the binding reaction. Transient interactions are also formed
with Asn184 and Glu9, which is in this state still partially disen-
gaged from Glul21 and is therefore more dynamic (SI Appendix,
Table S1). Meanwhile, additional hydrophobic interactions with
Trp167, Trp188, Phe66, and Phe209 contribute to further stabilize
ectoine binding. Importantly, Trp188 is seen to change its rotamer
(as seen in the X-ray structures), thus allowing ectoine to further
penetrate into the binding cleft.

At this stage (state 3 in Fig. 4 and SI Appendix, Table S1), the
coordination of ectoine within the binding cleft is mostly com-
plete, and yet TeaA remains in a semiopen conformation with
helix o9 still completely folded. This is, however, a metastable
state. In subsequent steps the hydrophobic side chains around ec-
toine become more compact, while the substrate becomes largely
dehydrated; the interaction with Glu9 more persistent, as this
engages the protonated Glul21 and become conformationally
locked. These changes are concurrent with the closure of the
N and C lobes around the binding cleft and the formation of di-
rect interactions between them (S Appendix, Table S1). However,
the two protein domains do not fully interact until the unfolding
and bending of helix a9 occurs, in the last steps. According to our
analysis, the final state of the pathway (state 5 in Fig. 4), which
closely resembles the ectoine-bound X-ray structure, ranks as the
lowest in free energy.

This series of events underscore the dynamical nature of the
binding process when viewed at the microscopic level, whereby
initial local structural adaptations facilitate recognition prior to
larger-scale conformational changes. More specifically, these in-
sights suggest that mutations that increase the stability of helix a9
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should not have a major effect on the ability of TeaA to coordi-
nate ectoine. However, by hindering the last steps of the binding
reaction, such mutation will preclude some of the energetic gain
upon binding; that is, the binding affinity of TeaA would be
diminished.

A Triple-Alanine Mutation in 9 Biases TeaA Toward the Open Confor-
mation. Among all natural amino acids, alanine has the greatest
propensity to form a-helical segments (29, 30). Therefore, we rea-
soned that a triple mutation of G248, L249, and S250 to alanine
should hinder the bending of helix @9 upon ectoine binding; by
stabilizing the open conformation of TeaA, the mutation would
thus mimic the presumed allosteric effect of TeaBC, the mem-
brane transporter. To examine and substantiate this hypothesis
further, we first carried BE molecular dynamics simulations of
the apo AAA mutant, analogous to those presented above for the
wild type. The corresponding free energy as a function of S; and
S, is shown in Fig. 5. This landscape clearly shows that closed
conformations with a kinked helix a9 are much more disfavored
in the mutant than in the wild type (4-5 kcal/mol), relative to
those in which the helix is straight and the N and C lobes are
open. A second type of calculation, using the so-called alchemical
free-energy perturbation method, confirmed this marked shift in
the intrinsic conformational dynamics of TeaA. Here, the free-
energy cost or gain upon triple mutation (and back to wild type)
was computed for the apo/open and bound/closed states (Fig. 6).
The agreement between the resulting AAG (approximately
5 kcal/mol) and the BE metadynamics calculation implies great
confidence in the prediction that this triple mutant will be
strongly biased toward the open conformation. Indeed, the bias
imposed by the mutation (toward the open state) is comparable in
magnitude with that by substrate binding (toward the closed
state). This indicates that the closed conformation captured by
ectoine-bound X-ray structure would not be normally attainable
for the mutant and that closure of the N and C domains upon
ectoine binding would be, at most, transient. In summary, the
calculations support the notion that the conformational bias
imposed on TeaA by the triple helix mutation is, at least qualita-
tively, reminiscent of that presumed for the membrane transpor-
ter. From this energetic analysis, we also anticipate that the
binding affinity of the mutant will be significantly reduced.

TeaA Has a Much Diminished Binding Affinity if Biased Toward the
Open State. To conclusively assess whether a significant inhibition
of the TeaA affinity for ectoine may be induced allosterically,
isothermal tritration calorimetry measurements were carried out
for the triple-Ala mutant, and compared with analogous calori-
metric titrations for the wild type, reported previously (24); the
data is given in Table 2. The AAA mutant exhibits a significantly
lower affinity (100-fold), with a dissociation constant K, of

Closed
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Openii 12 13 14 15 16 17 18 19
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Fig. 5. Conformational free-energy landscape for apo TeaA after triple Ala
mutation of G248, L249, and S250 in helix a9, computed as those in Fig. 3.
Contours are plotted in increments of 1 kcal/mol.
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Fig. 6. Shift in the open-to-closed equilibrium of TeaA upon mutation of
helix a9. The change upon mutation in the free-energy difference between
the closed and open conformations (AG,. — AG,,) is equivalent to the differ-
ence in the “free energy of mutation” of each of these states (AGS, — AGS,);
these differences may be computed using alchemical-perturbation free-en-
ergy calculations (see S/ Appendix, Supplementary Material). The calculated
AAG values for the G248A/L249A/S250A (AAA) and G248P mutants can be
interpreted as an estimate of the conformational bias induced by the muta-
tion, relative to the wild type.

107> M~! (Table 2). A typical titration is shown in Fig. 74. The
characteristic saturation behavior observed for the wild type (24)
is not observed here. The enthalpy change is negative, but its
numeric value is markedly lower than in the wild type (i.e.,
AAH ~ 8 kcal/mol). Importantly, this change in the enthalpy of
binding translates only in part to the total binding free energy,
AAG ~ 2.3 kcal/mol. This is because the entropy change upon
binding is more positive in the mutant, and therefore TAAS~
6 kcal/mol (see also SI Appendix, Supplementary Materials). This
enthalpy-entropy compensation may seem surprising, because the
mutation is far from the ectoine-binding cleft. However, inspec-
tion of the computed free-energy landscapes in Figs. 3 and 5
indeed suggests that the ectoine-bound state will be more confor-
mationally variable in the mutant than in the wild type, precisely
because the fully closed state (in which the enthalpy of the
protein-substrate complex is maximally optimized) cannot be
achieved. In summary, this calorimetric analysis is consistent with
the simulated conformational effect of the triple Ala mutation of
helix a9; it also demonstrates that the binding affinity of TeaA
in an open-like conformation is much weakened, possibly to a
similar extent as that required for ectoine release onto the trans-
porter domain.

The AAA Mutation in a9 Does Not Perturb the Structure of the Sub-
strate-Binding Site. To rule out that the proposed allosteric effect
of the AAA mutation is instead caused by a direct perturbation
of the binding cleft, we prepared two additional molecular dy-
namics simulations of wild-type and mutant TeaA in the apo state
and carried them out continuously up to 1 ps each. As shown
in Fig. 8, the simulations reveal no statistically significant varia-

tion either the structure or the dynamics of the binding site upon
mutation. This result is consistent with the fact that the hinge in
a9 affected by the mutation is more than 10 A away from the
binding site; as mentioned, helix a9 flanks both the N- and
C-terminal lobes but is itself not part of the architecture of the
binding cleft (Fig. 2).

A Proline Mutant in a9 Is Conformationally Unbiased and Thus Has
Wild-Type Affinity. To further rule out that the AAA mutation in
helix a9 somehow alters the structure of the binding site, we set
out to evaluate a second mutant at this position whose effect on
the substrate affinity ought to be only marginal. Specifically, we
substituted Gly248 for proline; like glycines, prolines are known
to facilitate the reversible bending of o-helices during protein
function. We therefore reasoned that the bending of helix a9
upon ectoine binding would be unhindered by this substitution,
in contrast to the AAA mutant. Thus, analysis of this mutant
enables us to assess the possibility of a structural perturbation
of the binding pocket.

The theoretical and experimental analyses of this control
mutant are squarely consistent with the conclusions drawn in the
previous sections. As shown in Fig. 6, free-energy perturbation
calculations analogous to those carried out for the AAA mutant
show that the open-to-closed equilibrium in G248P TeaA is only
marginally biased toward the closed state. Accordingly, the mea-
sured binding affinity of this mutant is essentially unchanged
(approximately threefold stronger), as are the individual thermo-
dynamic parameters (Fig. 7B and Table 2). These results validate
the notion that localized substitutions in helix a9 have a negligible
effect on the structure of the binding cleft and therefore that the
influence of these substitutions on the binding affinity is allosteric.

Discussion
ABC and TRAP import systems are distinct structurally and
mechanistically but share a crucial dependence on accessory
high-affinity binding proteins (SBPs), whose function is to cap-
ture the substrate from solution and to deliver it to the membrane
transporter.

ABC transporters consist of two membrane-embedded subu-
nits, which adopt alternate orientations with respect to one an-
other. This change is driven by a tandem of nucleotide-binding
domains, which bind and hydrolyze ATP on the cytosolic side.
Substrate release from the SBP occurs at the other side of the
membrane, after association of the binding protein with the trans-
porter. The substrate is released into a crevice that is formed
between the transmembrane domains in the outward-facing state
of the transporter (14). TRAP transporters are likely to function as
monomers, although by analogy with other secondary transporters,
they probably consist of two structural repeats also capable of
adopting outward and inward-open conformations. Na® binding
and release at either side of the membrane, rather than ATP, is
believed to drive transport; however, the SBP most likely releases
its substrate also into a pore formed between the repeats (22).

A basic question pertaining to the overall mechanism of
SBP-dependent transporters is how substrate release from the
high-affinity binding protein is triggered. That is to say, by which
mechanism is the affinity of the SBP sufficiently reduced that the
transporter domain can out-compete the SBP. A widely accepted

Table 2. Thermodynamics of ectoine binding to TeaA and its mutants at 25°C

Dissociation Free energy change Enthalpy change Entropy change
TeaA Stoichiometry constant Ky [M] AG [kcal/mol] AH [kcal/mol] TAS [kcal/mol] [cal/(mol K)]
Wild type* 1.0 1.9x 1077 -9.2 -11.5 -24 -7.9
G249P mutant 1.02 £ 0.05 (6.3+1.5)x10°8 -9.8 +0.2 -12.1£0.2 -23+0.2 -7.6 +0.8
AAA mutant 1.05 + 0.07 (1.0£0.1)x 107> —6.8 + 0.1 -3.3+0.1 3.6 £ 0.1 12 + 0.5

*According to the data previously reported in ref. 24, rounded and errors omitted. A detailed discussion of the results can be found in the main text and in

SI Appendix, Supplementary Materials.
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Fig. 7. Calorimetric titrations at 25°C of (A) 117 uM TeaA mutant AAA
by adding 28 x 5 ul 5 mM ectoine in 50 mM sodium phosphate at pH 7.3;
and (B) 42 pM TeaA mutant G248P by adding 23 x 4 pul 1 mM ectoine, same
medium.

and intuitive mechanism is that SBPs are forced into a conforma-
tion that is unable to retain the bound substrate when the asso-
ciated transporter adopts an outward-facing state. Indeed, SBPs
in ABC and TRAP transporters share a two-lobe architecture,
with the binding cleft in between, and are known to undergo a
transition from (mostly) open to (mostly) closed conformations
upon substrate binding. It is therefore reasonable that substrate
release would be facilitated when an SBP adopts an open-like
conformation that preserves the contact interface with the out-
ward-facing transporter.

The premise of this hypothetical allosteric mechanism is that
the binding affinity of open-like states of SBPs is sufficiently
weak. To our knowledge, however, this intuitive concept has not
been conclusively demonstrated yet. A previous study of the
Escherichia coli maltose binding protein demonstrated that bulky
sequence substitutions in the “hinge” region between the two
lobes strengthen its binding affinity, presumably because they bias
the conformational dynamics of the protein toward the closed
state (31-33). More recently, synthetic antibodies designed to se-
lect the closed state were reported to have a similar effect (34).
However, the observed reduction in maltose affinity that could be
accomplished through these approaches was modest. Moreover,
the outward-facing crystal structure of the maltose transporter
MalG in complex with this SBP shows that maltose release re-
quires a periplasmic loop in MalG to “scoop” the substrate out
of the binding cleft in the SBP. Importantly, this loop appears to
be a unique feature of MalG, as it is not conserved in other ABC
importers, and thus it is reasonable to question whether the mal-
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Fig. 8. Structural dynamics of the binding cleft in unbiased 1-microsecond
simulations of wild-type TeaA and its AAA mutant. The protein conforma-
tions obtained in each simulation (snapshots taken at 20-ps intervals) were
combined in a single ensemble and clustered based on pairwise similarity ac-
cording to a global descriptor, namely the rmsd of the complete C* trace of
the protein (the cutoff difference within each cluster is 1 A). Only clusters
with a significant population (>10%) were analyzed further. The variability
of the structure of the binding cleft across all the snapshots in each cluster
was then quantified, now using a local descriptor. This descriptor is the
pairwise rmsd of a substructure that includes only the protein residues in-
volved in ectoine coordination (N, C, C%, C#, and C” atoms). Note that this local
descriptor is not correlated with the global one used for clustering a priori,
because the binding-cleft structure is defined by <5% of the total number of
residues in the protein. The curve in the plot labeled WT + AAA is a histo-
gram of these rmsd values, combining all the pairs in each of the clusters.
The characteristic variability in the binding-cleft structure among simulation
snapshots is 0.97 + 0.27 A. To assess whether the AAA mutation has a direct
influence on the structure of the binding cleft, the distribution was recom-
puted after removing from the analysis all the snapshots from the AAA
simulation (labeled WT), or from the wild-type simulation (labeled AAA).
As the figure demonstrates, these distributions are not significantly different
from the one above. On average, the characteristic variability in the binding-
cleft structure becomes 0.99 4+ 0.28 A and 0.91 4+ 0.26 A, respectively. In
conclusion, this analysis shows that the AAA mutation does not directly per-
turb the structure of the binding cleft, even though it influences the global
conformational dynamics of the protein (Fig. 5).

tose binding protein is in fact a representative case. Analysis of
the SBP entries in the Protein Data Bank is also not conclusive,
because structures of isolated, substrate-loaded SBPs have been
reported in both open and closed states (16-18); and because
in crystal structures of SBPs in complex with membrane trans-
porters (other than the maltose system) the substrate is unfortu-
nately absent. Thus, whether or not substrate release from high-
affinity SBPs results from a conformational bias imposed by their
associated membrane transporters clearly requires further inves-
tigation.

In this article we provide compelling evidence in support of the
hypothesis that substrate release from SBPs can be indeed facili-
tated allosterically. We have specifically studied TeaA, the peri-
plasmic binding protein of the TRAP ectoine-import system in
Halomonas elongata. We first determined its atomic structure in
the unliganded state, by X-ray crystallography. The structure re-
veals the expected opening of the binding cleft, relative to the
ectoine-bound state that was reported previously. Less expected
is the refolding of helix 9, which in the bound state is unwound
around Gly248 and sharply bent. Among the TRAP-transporter
SBPs of known structure, this is a distinct feature of TeaA; other
SBPs, such as UehA or SiaP, also display a distortion of this helix
in the substrate-bound state but not extensive unfolding (35, 36).

The structures of apo and ectoine-bound TeaA were then used
as the basis for a quantitative simulation-based analysis of the
conformational dynamics of the protein and the mechanism of
substrate recognition. To validate our approach, we have illu-
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strated how the computed conformational free-energy landscape
of apo TeaA is drastically reshaped upon ectoine binding (Fig. 3).
In the apo state, open-like conformations are by far the most
probable, although the protein is still able adopt a closed confor-
mation, albeit less frequently. This is consistent with theoretical
and experimental studies for the maltose, ribose, and vitamin
B, SBPs (3, 37-39). The presence of ectoine in the binding cleft
reverses this balance, and cleft opening is seen to have a very
significant energy cost. The results of these “control” calculations
are consistent with the conformational preferences reflected in
the X-ray structures of TeaA and are also in keeping with modern
views on the role of conformational dynamics in molecular recog-
nition (40, 41).

Further analysis of our simulations suggested that substrate
recognition occurs in two major steps (Fig. 4). After the first step,
most of the ectoine-protein interactions are formed while TeaA
remains in a semiopen conformation (SI Appendix, Table S1). The
most prominent among these involves the conserved Argl44,
which appears to be key to anchor the ligand. The second step
involves the unwinding and bending of helix a9, as the N and C
lobes close around the binding cleft, forming direct contacts with
each other (SI Appendix, Table S1).

Close inspection of the ITC titrations of wild-type TeaA (24)
and the wild-type-like G248P mutant reveals signs of a slow con-
formational change upon binding. Specifically, we noted that the
time required for reaching thermal equilibration upon substrate
addition increases toward the end of the titrations, both in the
wild type (see figure 2 in ref. 24) and in G248P (Fig. 7B) but not
in the AAA mutant (Fig. 74). For example, the time constant of
the decay in the last observable binding signals in the TeaA
(G248P titrations ranges between 20 and 40 s (see example in
SI Appendix, Fig. S1), while in the AAA mutant the signal decay
is always faster than the detection time. This broadening of the
signal, revealed when the concentration of the apo protein be-
comes sufficiently small, indicates that the binding kinetics is
slow and not diffusion-limited. A plausible explanation for this
observation is that the complete binding reaction includes at least
two steps, one of which corresponds to a rate-limiting conforma-
tional change.

It is worth noting that although fast single-step kinetics are
common among SBPs, slow binding rates are not unprecedented,
particularly in TRAP systems. Specifically, stopped-flow fluores-
cence measurements have demonstrated multistep processes also
in DctP (42) and RRC01191 (43) the binding proteins for decar-
boxylate and pyruvate, respectively, in Rhodobacter capsulatus.
The data were interpreted as indicating that these SBPs mostly
adopt a closed conformation in the apo state, with substrate bind-
ing requiring a rare transition to the open state. However, the
X-ray structure of apo TeaA (and of other SBPs too), and the
simulations thereof, clearly show that open-like conformations
are characteristic of the unliganded state. We therefore propose
that, at least for TeaA, the slow binding rate is primarily due to
the closure step after substrate recognition, which is hampered by
the concomitant partial unfolding of helix a9. (Other factors
may also contribute; for example, reorientation of Trp188 is re-
quired for correct ectoine coordination within the binding cleft).
Consistently, the aforementioned SiaP displays simple bimolecu-
lar association kinetics (35), probably because the change in a9
upon substrate binding is less pronounced.

In any case, the specific insights derived for TeaA from the si-
mulations and the ITC experiments enabled us to design a triple-
alanine substitution that hinders the closure of the binding cleft,
without perturbing its ability to coordinate ectoine. Independent
calculations of the conformational free-energy landscape of
the mutant protein (Fig. 5) and of the free energy of mutation
(Fig. 6) clearly showed that the mutation induces a strong bias
(4-5 kcal/mol) toward open-like conformations, by precluding
the unwinding of helix a9. We therefore postulate that this muta-
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tion mimics the restraining effect presumably imposed on TeaA
by the membrane transporter TeaC, in its outward-facing confor-
mation.

Crucially, microcalorimetric analysis of this triple-alanine
mutant revealed a 100-fold reduction in the affinity for ectoine,
relative to the wild type (Fig. 7 and Table 2). In other words,
simulations and experiments demonstrate that a membrane trans-
porter could significantly enhance substrate release from its acces-
sory high-affinity SBP solely by restricting its dynamical range to
open-like conformations. In TeaA in particular, the effective
binding affinity of this conformationally biased state seems to be
sufficiently weakened to allow the outward-facing transporter to
compete for the substrate.

Lastly, it should be noted that computations and experiments
on a second mutant of helix a9 (glycine to proline) provided
results that are both mutually supportive as well as consistent
with the allosteric mechanism outlined above (Figs. 6 and 7 and
Table 2). Specifically, free-energy calculations analogous to those
carried out for the triple-alanine substitution predicted a negli-
gible effect on the conformational equilibrium of TeaA, with re-
spect to the wild type. Consistent with this, the thermodynamics
of ectoine binding to this mutant are essentially unchanged.

Materials and Methods

Protein Crystallization, Data Collection, and Processing. TeaA was synthesized
and purified as previously described (24). Protein crystallization was achieved
using the sitting-drop vapor-diffusion method after 6 mo incubation with
mother liquor containing 100 mM Tris pH 8.0, 50 mM zinc acetate and
30% PEG,,y 3350. After flash-freezing the crystals in liquid nitrogen a da-
taset to 1.8 A was collected in the X10SA beamline at the SLS. Data were
processed and scaled with XDS and XSCALE (44) in the space group P2;.

Structure Determination and Refinement. The structure of apo-TeaA was
solved by molecular replacement with PHASER (45), using the structure of
the ectoine-bound TeaA as a template (24). However, each its two domains
had to be used as separate search models to obtain a solution in PHASER.
The Rfee and Ryor Of the initial model were 39% and 34%, respectively.
The model was further improved by iterative rounds of manual model build-
ing in COOT (46) and refinement in PHENIX (47). By using NCS restraints, TLS
refinement, and SA the Rgee and Ry could be improved to 22 and 28%,
respectively. NCS restraints were imposed as strict for the main chain and
loose for the side chains over the whole molecule except for residues 41 to
49. For simulated annealing in PHENIX, the starting temperature was 5,000 K;
it was reduced by a cooling rate of 100 K/cycle to the final temperature of
300 K. For TLS refinement the protein was separated into seven groups,
which were defined by TLSMD (48).

Molecular Dynamics Simulations and Free-Energy Calculations. Three types of
computer-simulation analyses were carried out, in every case based on an
all-atom molecular dynamics simulations of TeaA and its substrate in solution
(Fig. 3A): (i) bias-exchange metadynamics simulations of wild-type TeaA in
the apo and ectoine-bound states, and of the triple Ala mutant of helix
a9 (AAA) in the apo state; (ii) free-energy perturbation analysis of the
AAA and the G248P mutations in the apo and ectoine-bound states; and
(iii) unbiased, 1-microsecond simulations of apo TeaA, for the wild type and
AAA mutant. The computations in i were carried out with GROMACS4/
PLUMED (49, 50), to derive the conformational free-energy landscapes in
Figs. 3 and 5; in total, these amount to approximately 1.5 microseconds of
biased sampling time. The calculations in ji were carried out with NAMD
2.7 (51), to quantify the conformational influence of the AAA and G28P
mutations, shown in Fig. 6; these simulations amount to approximately
300 ns in total. Lastly, the 1-microsecond trajectories in (3), also calculated
with GROMACS4, were used to assess whether the AAA mutation directly
influences the structure of the binding cleft (Fig. 8).

All calculations were carried out at a constant temperature of 298 K and
a constant pressure of 1 bar, using the CHARMM22/CMAP force field (52);
parameters for ectoine were obtained ab initio (see S/ Appendix, Fig. S2).
Short-range electrostatic and Lennard-Jones interactions were cut off at
1 nm; the PME method was used to treat long-range electrostatic interac-
tions. A detailed description of the simulations and analysis thereof is pro-
vided in S/ Appendix, Supplementary Materials section.
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Bane

Microcalorimetry. Microcalorimetric titrations were carried out at 25°C
employing a MicroCal MCS ITC instrument; all solutions were vacuum de-
gassed. Because ectoine is zwitterionic, the ionic strength of the cell solutions
was constant during the titrations. The heat of the dilutions, determined by
carrying out suitable reference titrations, was therefore very low and could
be neglected. The titrations were analyzed using a single-site model and
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