BioMol Concepts, Vol. 2 (2011), pp. 53-64 « Copyright © by Walter de Gruyter « Berlin « New York. DOI 10.1515/BMC.2011.005

Review

Solution NMMIR studies of periplasmic binding proteins

and their interaction partners

Sara Pistolesi’, Nico Tjandra' and Guillermo
A. Bermejo**

! Laboratory of Molecular Biophysics, National Heart,
Lung, and Blood Institute, National Institutes of Health,
Bethesda, MD 20892, USA

2Division of Computational Bioscience, Center for
Information Technology, National Institutes of Health,
Bethesda, MD 20892, USA

*Corresponding author
e-mail: bermejog @mail.nih.gov

Abstract

Periplasmic binding proteins (PBPs) are a crucial part of
ATP-binding cassette import systems in Gram-negative bac-
teria. Central to their function is the ability to undergo a
large-scale conformational rearrangement from open-unli-
ganded to closed-liganded, which signals the presence of
substrate and starts its translocation. Over the years, PBPs
have been extensively studied not only owing to their essen-
tial role in nutrient uptake but also because they serve as
excellent models for both practical applications (e.g., biosen-
sor technology) and basic research (e.g., allosteric mecha-
nisms). Although much of our knowledge at atomic level has
been inferred from the detailed, static pictures afforded by
crystallographic studies, nuclear magnetic resonance (NMR)
has been able to fill certain gaps in such body of work,
particularly with regard to dynamic processes. Here, we
review NMR studies on PBPs, and their unique insights on
conformation, dynamics, energetics, substrate binding, and
interactions with related transport proteins. Based on the
analysis of recent paramagnetic NMR results, as well as crys-
tallographic and functional observations, we propose a mech-
anism that could explain the ability of certain PBPs to
achieve a closed conformation in absence of ligand while
others seem to remain open until ligand-mediated closure.

Keywords: ABC transporters; glutamine-binding protein;
maltose-binding protein; nuclear magnetic resonance;
paramagnetic relaxation enhancement; periplasmic binding
proteins.

Introduction
ATP-binding cassette (ABC) transport systems constitute one

of the largest protein superfamilies. They couple ATP hydrol-
ysis to the translocation of substrates across cellular mem-

branes, and are involved in an overwhelming variety of
biological processes, ranging from bacterial nutrient uptake
to human diseases (1). ABC transporters share a common
organization: two multi-span transmembrane domains asso-
ciated with two cytosolic ATP-binding domains (the ABCs).
In the case of importers, most additionally rely on a high-
affinity binding protein that acts as a primary receptor, essen-
tial for capturing a specific substrate molecule and presenting
it to the membrane-associated machinery for translocation.
Gram-negative bacteria display such binding proteins as sol-
uble polypeptides in the periplasmic space, earning them the
generic name of periplasmic binding proteins (PBPs).

A PBP is a single-chain polypeptide with a mass in the
25-60 kDa range, and can bind one or more ligand types
with high affinity (0.01-1 wm). Thus, for instance, whereas
maltose-binding protein (MBP) binds a series of maltooli-
gosaccharides, glutamine-binding protein (GInBP) binds L-
glutamine with high specificity. Collectively, however, PBPs
handle a wide variety of ligands, ranging from peptides to
inorganic ions. The central role of PBPs in the nutrient
uptake process is highlighted by the fact that the ATP-
dependent translocation across the membrane is initiated by
the conformational change that accompanies ligand binding,
and not the substrate directly.

Knowledge on how PBPs function has been deeply
enhanced by the availability of three-dimensional structures
of numerous members of this large family. Such structures
primarily stem from X-ray crystallography studies, which
have been extensively reviewed both exclusively in terms of
PBPs (2-7) and in the larger context of complete ABC
importer systems (8—14). Here, we review structural PBP
research conducted in aqueous solution, where nuclear mag-
netic resonance (NMR) spectroscopy has shed unique light
on molecular structure and dynamics, conformational ener-
getics, binding affinity, binding mechanism, and protein-
protein interactions.

Are X-ray structures crystal clear?

Although the PBP family displays a range of sizes, diversity
of substrates, and lack of high sequence similarity, crystal
structures reveal a common architecture for all its members:
two globular domains or lobes that share a similar size and
topology, each comprising pleated (-sheets surrounded by
a-helices. One or more polypeptide segments link the
domains to each other; in the case where the number of seg-
ments is odd, the N- and C-terminus fall in different
domains, and can be used to name the latter as in the N- and
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C-domain of MBP (Figure 1). In the absence of substrate the
two domains of a PBP are typically far from each other,
separated by a deep solvent-accessible cleft or groove (Fig-
ure 1A). A dramatic conformational change transforms this
‘open’ configuration into a ‘closed’ one, exhibited by ligan-
ded structures, where the substrate occupies the cleft and the
two domains come close to each other, making extensive
contacts with the substrate which becomes highly seques-
tered from the surrounding solvent (Figure 1B). Because the
structure of the individual domains remains largely unchan-
ged in liganded and unliganded versions of a PBP, and only
differences in their relative position and orientation are
observed, the conformational transition can be regarded as a
rigid-body-domain process where the linker segments func-
tion as a hinge.

In addition to the common open-unliganded and closed-
liganded configurations, crystallographic studies have also
yielded a few structures that are (i) closed-unliganded, as in
glucose/galactose-binding protein (GGBP) (15) and choline-
binding protein (ChoX) (16), and (ii) open-liganded, as in
leucine/isoleucine/valine-binding protein (LIVBP) (17) and
MBP (18-20). The open-liganded structures have been
achieved by either soaking crystals of an open-unliganded
form with a solution of natural substrate (17, 19) or cocrys-
tallizing the PBP with an inactive ligand (18-20); in each
case the ligand preferentially interacts with one of the two
domains.

Given that the conformational change between a substrate-
free and -bound PBP represents a crucial control mechanism
for transport and signal transduction processes, the charac-
terization of the tertiary structures of both protein forms has
become an important research goal. In the crystal state, how-
ever, the relatively wide range of opening angles observed

Figure 1 Crystallographic models of maltose-binding protein
(MBP), a representative PBP. The N-domain is colored red, the C-
domain blue, and the linker segments green; backbone traces are
shown along with the translucent surface representation of all heavy
atoms. The open-unliganded conformation (PDB ID 10MP) is dis-
played in (A), and the closed, maltotriose-loaded (PDB ID 3MBP)
in (B). Maltotriose atoms are displayed as magenta spheres. N-
domain backbone atoms were used to align both structures prior to
their lateral translation into (A) and (B). All graphical representa-
tions of atomic coordinates were generated with PyMOL (http://
pymol.org).

for different unliganded PBPs suggests that ‘the extent of
opening is likely to be influenced by crystal packing con-
straints’ (7). Indeed, even the same PBP can yield various
distinct unliganded structures upon crystallization, as in
ribose-binding protein (RBP) (21), allose-binding protein
(22) and its mutant engineered to bind serotonin (23), LIVBP
(24), ChoX (16, 25), leucine-binding protein (26, 27), and
GGBP (15, 28). Closed-liganded conformations — where the
two domains are stabilized by multiple interactions with the
sandwiched ligand — are less likely to suffer from such
strong crystal lattice effects. Furthermore, the latter are not
expected to occur for all unliganded PBPs, as confirmed by
solution NMR on MBP (29) and GInBP (30), and solution
small-angle X-ray scattering (SAXS) on a MBP mutant (31)
(see below). Nevertheless, the interdomain angle variability
in the above crystallographic examples highlights the need
for studies aimed at establishing the average structure in
solution.

Despite that the solution structure of a PBP can be deter-
mined de novo by NMR, as demonstrated with MBP (32), a
significantly more straightforward strategy, when a crystal
form of the protein is available, consists of realizing that the
conformation of the individual domains is less likely to be
affected by crystal packing than that of the hinge region. This
assumption, along with the known rigid-body-domain behav-
ior mentioned above, transforms the NMR solution structure
elucidation problem into one of finding the relative three-
dimensional arrangement of the two domains, whose indi-
vidual structures are those previously determined by X-ray
crystallography. The outcome of this hybrid approach is
henceforth referred to as the ‘solution structure’ of a PBP,
making the necessary exception when alluding to the above-
noted sole de novo model (32).

Starting from an available X-ray structure of a PBP in a
given conformation, the interdomain configuration in solu-
tion can be found by maximizing the agreement of certain
interatomic bond orientations (e.g., peptide backbone N-H)
with those experimentally inferred from residual dipolar cou-
plings (RDCs) [technique reviewed in Ref. (33)]. A salient
example of this approach is the study of ligand-induced
effects on the structure of wild-type MBP (29, 34) (structures
of MBP hinge mutants are discussed in the following sec-
tion). Whereas solution structures of MBP both unliganded
and maltotriose-bound were found consistent with their crys-
tal counterparts (29), that in complex with B-cyclodextrin
revealed significant discrepancies (29, 34). The X-ray struc-
ture of MBP bound to 3-cyclodextrin displays a fully open
structure (i.e., virtually identical to unliganded MBP) (20),
whereas the average conformation in solution is 11° more
closed, although still more open than the maltotriose-bound
structure which is 35° away from fully open. This result,
based on the above-described hybrid X-ray/NMR approach,
is consistent with the de novo NMR structure of (3-cyclo-
dextrin-loaded MBP (32) and with NMR relaxation experi-
ments aimed at characterizing the rotational diffusion of the
protein in solution (35). An NMR methodological review on
this system can be found elsewhere (36).

The ability to accurately and straightforwardly determine
average interdomain conformations in solution, as exempli-
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fied by the above NMR studies, has proven to be crucial for
the characterization of the energetic cost of PBP domain
rearrangement and its relationship to ligand binding affinity.

Energetics of domain reorientation and binding
affinity

Traditional studies on the ligand binding affinity of PBPs, as
well as other proteins, have focused on the careful dissection
of the different ligand-protein interactions at the binding
pocket (2, 3, 5, 7). More recently, however, emphasis has
been placed on residues that do not contact the ligand, locat-
ed in the hinge region. Such efforts primarily stem from pro-
tein engineering initiatives [reviewed in Refs. (37, 38)], with
the goal of increasing binding affinity by performing modi-
fications far removed from the binding site instead of directly
in it, as the latter approach often requires the delicate main-
tenance of stereochemical complementarity. Indeed, from the
thermodynamic linkage relationships shown in Figure 2 it
follows that the apparent binding affinity (given by
AGﬁf’,ﬁ,ing) can be enhanced not only by strengthening ligand-
PBP contacts at the binding site (i.e., decreasing AGglo%d,
but also by destabilizing the ligand-free open conformation
relative to the closed one (i.e., decreasing AGHys, -, ciosed)>
because

AGH1ine=AGOs6 - closeat AGiiine. ey
The latter strategy has been demonstrated with MBP (31,
39) and relies on the existence of an interface in the hinge
region, opposite the binding pocket, that becomes solvent-
exposed upon interdomain closure (Figure 2). Perturbation
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Figure 2 Thermodynamic linkage relationships involving MBP.
The ligand is represented by a magenta circle. The protein is colored
yellow and appears either in an unfolded state (line) or in a folded
one (other). Folded protein displays either an open conformation
(top left corner) or a closed one (right corners); the hinge is denoted
by a black circle. The balancing interface and the nomenclature for
the free-energy changes between thermodynamic states are
indicated.

of stabilizing interactions across such so-called ‘balancing
interface’ (31) disfavors the open conformation and concom-
itantly tightens binding. The disruption of the balancing
interface can be achieved sterically by replacing one or more
of its wild-type residues by bulkier ones. Thus, for instance,
MBP 1329W single mutant and I329W/A96W double mutant
show 20- and 60-fold improvement in binding affinity rela-
tive to wild-type MBP, respectively (39).

An atomic level explanation of the above phenomenon has
been afforded by a NMR study that determined the solution,
unliganded conformations of a series of five MBP mutants
(40) (I329X and the I329W/A96W double mutant; for the
complete set, see Figure 3), following the RDC-based meth-
od discussed in the previous section. Such structures display
different average interdomain closure angles around a com-
mon hinge axis, ranging from 5.5° (I329C) to 28.4° (I329W/
A96W), and, along with the solution conformations of wild-
type unliganded MBP (0° closed by definition) and malto-
triose-MBP (35° closed) (29), they trace the trajectory
between the fully open and fully closed states. Careful
inspection of this set of structures reveals that the greater the
degree of closure, the more non-polar surface area at the
balancing interface is exposed to the aqueous environment
(40). Furthermore, protein stability, as assessed by the free-
energy change of unfolding AG2"%, (Figure 2) (excluding
the contribution of the mutation, a correction assumed hence-
forth), decreases linearly with the closure angle at a rate of
212%16 cal/mol/deg (Figure 3) (40). This suggests the sol-
vent exposure of non-polar residues at the balancing interface
as the source of instability.

Figure 2 indicates that AGHS, . cipsed and AGZ<, are
related via

A I(;;Je(f;lﬁCl(},vezlequIf:r;./_AG[gl(—?i;l’ (2)
where the newly introduced symbol AGE%¢ is the free-ener-
gy change of unfolding of the unliganded, closed confor-
mation. Inserting Eq. (2) into Eq. (1) yields

A, — O, Closed Closed
AGH ing=AGE - AGELT + MG 3)

Assuming the mutations do not affect the liganded confor-
mation, as expected from their distal location to the binding
site, AGF%¢! and AGgSd, are constant. Therefore, any
mutation-induced interdomain closure angle dependence
observed in protein stability (AG27¢%,) should be reflected in
the binding affinity. Indeed, measurements of binding con-
stants of wild-type MBP and its mutants for maltose produce
a linear decrease of AGgﬁ«’,‘,"ding with increasing closure angle,
at a rate of 151%38 cal/mol/deg (40), comparable to the rate
obtained for AG2¢%, (212+16 cal/mol/deg).

Increase in MBP binding affinity has been alternatively
achieved by removal of favorable interactions at the balanc-
ing interface (e.g., loop deletion), which do not significantly
affect the unliganded structure, as suggested by both crys-
tallography and solution SAXS data (31). By contrast, the
above-discussed bulky substitutions that modulate both affin-
ity and interdomain closure angle have allowed a detailed
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Figure 3 Dependence on interdomain closure angle of the relative
free energy of a wild-type MBP polypeptide that adopts either the
wild-type conformation or that of hinge mutants 1329C, 1329W,
1329F, 1329C*, and 1329W/A96W (the asterisk indicates derivati-
zation with N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-
2-oxa-1,3-diazole). The closed-liganded state (‘closed-bound’) is
arbitrarily set as the energy origin. The energy of a hypothetical
closed-unliganded conformation (‘closed-free’) is calculated by
extrapolation of the linear correlation extracted from the free-energy
change of unfolding (AGZ;) for the unliganded MBP set, which
has the wild-type conformation (‘open-free’) as the most stable
member. A dashed line indicates the point where unliganded, folded
MBP is as stable as the unfolded state. Figure adapted from Ref.
(40); Copyright (2003) National Academy of Sciences, USA.

analysis of the energetics of domain orientation (40). Both
mutational approaches, however, highlight the importance of
the balancing interface in stabilizing the open conformation.
Indeed, solvent exposure of the interface to the degree dis-
played by closed-liganded MBP would render an unstable
ligand-free structure with a population of approximately
0.001%, as suggested by extrapolation of the experimentally
determined closure angle-dependent energy profile (Figure 3),
using AGEs, . crosea=212-cal/mol/degX35°=-RT In([Closed]/
[Open]), where R is the gas constant, 7=310 K, and angular

brackets indicate the equilibrium concentration of the cor-
responding conformation. Although extrapolation from small
angles (i.e., large interdomain separation) neglects interdo-
main interactions likely to occur in a putative fully closed,
unliganded conformation, they are expected to be unfavor-
able owing to electrostatic repulsion (41) and lack of surface
complementarity to support bridging hydrogen-bonded water
molecules (40). The latter are observed replacing the ligand
in the closed-unliganded crystal structures of GGBP (15) and
ChoX (16), and are suspected to be a significant stabilization
factor. These observations reinforce the concept of an unsta-
ble closed-unliganded MBP conformation, which has impli-
cations with regard to the ligand binding mechanism.

Binding mechanism: population shift vs.
induced fit

Two different classic models exist for the ligand binding pro-
cess in PBPs. The population shift or conformational selec-
tion mechanism assumes a PBP spontaneously alternates
between an open and a closed conformation, the relative pop-
ulation of which is affected by the ligand: under ligand-free
conditions the open form predominates, whereas the intro-
duction of ligand favors or ‘selects’ the closed conformation
thus shifting the equilibrium (42, 43). By contrast, the
induced fit model assumes in absence of ligand the closed
conformation is inaccessible; consequently, the PBP remains
open until interaction with the ligand triggers interdomain
closure in a similar manner an insect triggers the closure of
a Venus flytrap (2, 44). It is noteworthy that because the
closed conformation precludes access to the binding site
(Figure 1B), both binding mechanisms require the open con-
formation for a successful encounter with the ligand, which
possibly involves an initial, preferential interaction with one
of the domains, as suggested by open-liganded X-ray struc-
tures (17-20).

The population shift mechanism is notably supported by
the existence of closed-unliganded X-ray structures for
GGBP (15) and ChoX (16) [arabinose-binding protein, ABP,
has also been mentioned in this select group although no
structural details have been provided (3, 45)], the assumption
being that such conformations, highly similar to their closed-
liganded counterparts, exist in solution and were captured
during crystallization. X-ray structures of lysine/arginine/
ornithine-binding protein (LAOBP) from Salmonella typhi-
murium also suggest a ‘free hinge’ model as no obvious
trigger mechanism for domain closure is observed: (i) there
are neither direct nor indirect (via water molecules) hydrogen
bond interactions between the substrate and the hinge in the
closed, lysine-loaded structure, and (ii) comparison with the
open-unliganded form shows neither water molecule dis-
placement nor side chain movements that can account for
the backbone conformational change (43). Interestingly
enough, conformation-specific monoclonal antibodies have
been found to trap histidine-binding protein (HisJ), also from
S. typhimurium, in a closed-unliganded conformation in solu-
tion (46); HisJ not only shares 70% sequence identity with
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the above-mentioned LAOBP molecule but also the same
membrane-associated component of the importer.

Structural evidence for the induced fit model of binding
stems from the careful study of crystallographic structures,
which suggests possible triggering mechanisms for interdo-
main closure, such as hydrogen bond interactions between
the ligand and the hinge, which can be direct [e.g., maltose-
Glulll in MBP (45)] or indirect via network(s) [e.g., Gln-
Thr70-GIn183 and GIn-Asp157-Tyrl85 in GInBP (47)].
From a functional perspective, induced fit seems advanta-
geous given that the interaction of the closed conformation
itself — and not the substrate — with the transmembrane
domains of the importer serves as a translocation signal
responsible for eliciting ATPase activity. By contrast, a pop-
ulation shift mechanism implies a small proportion of closed-
unliganded conformers capable of unproductive ATP
hydrolysis, indeed a ‘faulty switch’ behavior.

An interesting alternative to the two classic binding mod-
els, as described above, has been afforded by paramagnetic
NMR. The enhancement of the magnetic relaxation of a
nucleus (e.g., that of a peptide backbone HY) by a paramag-
netic label chemically attached to the protein (e.g., nitroxide
group) is proportional to ¢, r being the distance between
them. This known distance-dependence of the paramagnetic
relaxation enhancement (PRE) can be exploited to determine
the interdomain arrangement of a PBP in solution, following
a rigid-body-domain approach similar to that implemented
with RDCs (see above) (48). In contrast to RDCs, however,
PREs are additionally sensitive to the existence of lowly pop-
ulated conformations [for a recent review, see Ref. (49)].
Indeed, owing to the ¢ scaling, a particular site in a protein
in fast exchange between a major and a minor conformation
experiences a population-weighted average PRE which has
a significant contribution from the minor species as long as
the distance between the site and the spin label is consider-
ably shorter than that in the major species. This situation,
schematized in Figure 4, in the context of a minor, closed-
unliganded PBP conformer in fast equilibrium with the
major, open form, allows the structure determination of the
minor species. The strategy was demonstrated with MBP
(41) where, in absence of ligand, a minor, closed confor-
mation (approx. 5% population) was detected in coexistence
with a major, open one (approx. 95% population), intercon-
verting with a time scale estimated in the 20-ws to 20-ns
range. The PRE data were consistent with the major species
assuming the open conformation given by the X-ray struc-
ture, and the minor species adopting a semi-closed confor-
mation with 33° interdomain closure, in contrast to the 35°
of fully closed, liganded MBP. Furthermore, the minor con-
former deviates from the common ‘closure path’ followed
by wild-type MBP and several hinge mutants (40) (see pre-
vious section), as the domains additionally experience an 18°
twist and a 6-A translation that move the C-domain out of
the binding pocket thus avoiding unfavorable electrostatic
interactions. Figure 5 compares the minor conformation with
that of closed-liganded MBP; the fact that they differ is con-
sistent with an RDC-based NMR study that suggests the lat-
ter is unstable (approx. 0.001% population) in absence of
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Figure 4 Paramagnetic NMR strategy for structure determination
of a minor closed-unliganded PBP conformation in equilibrium with
a major open one. A red star represents a spin label, chemically
connected to the ‘lip” of one domain. The induced distance-depend-
ent paramagnetic relaxation enhancement (PRE) on the protein is
graphically indicated via a color gradient, red being the strongest
and yellow the weakest. PRE', the measured PRE on site i, located
in the domain that does not contain the label, considerably reflects
that from the minor conformation (PRE,,,,,) despite the low pop-
ulation of the latter (p,,;,,,). Symbols labeled ‘major’ refer to the
major conformation (with population p,,;or > Pyino) and are anal-
ogous to those associated with the minor species. Although a bal-
ancing interface such as that in MBP is implied, it might not apply
to all PBPs (14).

ligand owing to, at least in part, exposure of non-polar sur-
face at the balancing interface (40) (Figure 3). Presumably,
the twist and translation motion in the approximately 5%
populated semi-closed conformer is able to mitigate such
exposure and/or counteract it with favorable interactions at
the domain-domain interface.

A binding mechanism alternative to those classically pro-
posed is suggested by the structure of the minor, semi-closed
conformation of MBP, which displays a partially occluded
binding pocket, with a fully exposed C-domain (41). The
latter interacts almost exclusively with the ligand in all open-
liganded X-ray structures of MBP, which involve maltose

Figure 5 Conformational differences between crystallographic
closed-liganded MBP (PDB ID 3MBP; magenta) and the solution,
minor, semi-closed-unliganded species (PDB ID 2V93; green). Both
structures are superimposed via the N-domain, shown only for the
closed-liganded model (gray).
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(19), maltotriitol (18), maltotetraitol (18, 19), and the B-
cyclodextrin exception that shares this feature only partially
as it additionally makes loose contacts with the N-domain
(20). In this light, the minor MBP species could act as a
binding intermediate that facilitates the transition to the
closed-liganded form, a conformational change triggered by
ligand-C-domain interactions (41). Such an induced fit
mechanism, however, is different from the classic one that
takes the open conformation as the starting point; the pos-
sibility that both these binding modes are active in MBP
cannot be excluded.

The hinge of a PBP balances two competing forces: (i)
the tendency to freely allow interdomain movement, an
essential feature to achieve the closed-liganded conformation
that initiates the ATP-driven import of the substrate, and (ii)
the need to discourage such closed conformation in absence
of substrate to avoid unfruitful ATP hydrolysis. The above-
described minor species of MBP could represent a harmless
expression of hinge flexibility that results in a closed con-
formation different enough from the liganded one, therefore
unable to promote significant ATPase activity. Indeed, the
minor conformer could explain the ability of unliganded
MBP to weakly stimulate ATP hydrolysis (50); such stimu-
lation would presumably be stronger if the minor species had
the liganded conformation. Recent findings, however, intri-
guingly implicate the open conformation of MBP in the sub-
strate-free ATPase levels (51).

In contrast to MBP, a similar paramagnetic NMR study
(Figure 4) recently conducted with GInBP found no evidence
of a minor, closed conformation as the open-unliganded X-
ray structure was able to appropriately account for the PRE
data (30). Such study suggests a different solution to the
aforementioned hinge balancing act: a sufficiently rigid
hinge to remain open until substrate-mediated closure, i.e.,
the classic induced fit model. Such rigidity could stem from
the strong hydrogen bond interactions between the hinge
strands of GInBP, rarely observed in other PBPs (47). Figure
6 depicts the hinge hydrogen bond connectivity for GInBP
and the PBPs with known closed-unliganded structures. It is
noteworthy that whereas GInBP binds L-glutamine in a high-
ly specific manner, MBP binds a series of maltooligosaccha-
ride substrates of up to seven a(1-4)-linked glucose units.
This promiscuity of MBP is shared by GGBP (binds D-glu-
cose and D-galactose), ChoX (choline and acetylcholine) and
ABP (L-arabinose, D-galactose, and D-fucose), all involved
in closed-unliganded crystal forms (3, 15, 16), and HisJ (L-
histidine, L-arginine, and L-lysine) and LAOBP (L-lysine, L-
arginine, and L-ornithine), suggested to have closed-
unliganded conformations in solution (43, 46). Indeed, an
interesting hypothesis is that binding a single substrate could
allow a PBP to approach a ‘pure switch behavior’: a hinge
that closes only in presence of the ligand to signal the start
of the transmembrane response. By contrast, the need to
accommodate several substrates could require a more per-
missive hinge, the evolutionary advantage of this versatility
possibly outweighing unproductive signaling caused by a
small population of closed-unliganded conformer. [Note that
although a closed-unliganded conformation of RBP — which

binds D-ribose only — has been recently suggested by solu-
tion NMR data (23), the latter probably reflects residual
endogenous ribose as protein purification omitted the dena-
turation step used elsewhere for this (21) and other PBPs,
e.g., Refs. (30, 41), to ensure complete substrate release.]

Interaction with integral membrane proteins
of the importer

Whereas PBPs have the important function of recruiting
nutrients, the membrane-associated components of ABC
importers are responsible for the actual transport. The archi-
tecture of such membrane components comprises a conserv-
ed core structure of two transmembrane domains (TMDs)
and two ATP-binding cassettes (ABCs; also known as nucle-
otide-binding domains, NBDs) associated to the cytosolic
side. The interaction of a closed-liganded PBP with its TMD
partners causes ATP hydrolysis (50, 52) and translocation of
the substrate across the membrane to the cytoplasm.
Although the conformational transitions of PBPs upon sub-
strate binding are well characterized, little is known about
the mechanism through which the ligand-bound PBP stim-
ulates ATPase activity.

Based on the eight crystal structures involving intact
membrane-associated complexes of ABC transporters solved
to date [that in Ref. (53), the rest reviewed in Ref. (13)],
each TMD typically contains two modules (Figure 7): (i) a
membrane-spanning region where a substrate binding site
and the translocation pathway are located, and (ii) an intra-
cytoplasmic loop (ICL) responsible for the association with
the ABC. Thus, ICLs are believed to be the region through
which the conformational transition following ATP hydrol-
ysis triggers substrate translocation. The membrane-spanning
region of a TMD usually consists of six a-helices, although
systems with fewer or more helices exist, which could cor-
relate with the different nature of the transported substrates.

X-ray crystallography has additionally been able to pro-
vide snapshots of the main conformations at various stages
of the transport cycle. In the resting state, the ABC importer
adopts an inward-facing conformation (Figure 8A), where
the translocation pathway is closed to the periplasm and open
to the cytoplasm. In this configuration the ABCs are loosely
associated with each other, and the ATP binding pockets are
empty. The ligand-bound PBP in the closed conformation
docks onto the periplasmic TMD surface, which leads to a
rearrangement of the TMDs that is allosterically transmitted
(via the ICLs) to the ABCs, which bind ATP and dimerize
more tightly. This event, commonly considered as the power
stroke for the transport, is associated with the TMDs assum-
ing an outward-facing conformation that allows the opening
of the PBP and substrate access to the transmembrane bind-
ing site (Figures 7 and 8B). The final step of the transport
is represented by ATP hydrolysis and phosphate release that
cause the relaxation of the ABC dimer, which in turn opens
the cytoplasmic face of the TMDs allowing substrate release
into the cytoplasm, and the restart of the cycle.
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Domain

Domain

Figure 6 Hydrogen bond connectivity within hinge segments of open-unliganded crystal forms of GInBP (PDB ID 1GGG), MBP (PDB
ID 10MP), GGBP (PDB ID 2FW0), and ChoX (PDB ID 3HCQ). Residue numbers at the end of each segment are indicated. Green, dashed
lines denote hydrogen bonds. Side chains involved in hydrogen bonding are shown, as well as the complete polypeptide backbone (only
heavy atoms included: C, gray; O, red; N, blue). Backbone covalent connections to the PBP domains are indicated by black, dotted lines.
The domains are represented by red and blue rectangles (e.g., the N- and C-domains of MBP are denoted red and blue, respectively, as in

Figure 1). Figure adapted from Ref. (30).

Atomic level knowledge on the PBP-TMD interaction has
been afforded by the crystal structures of intact importers
(54, 55). In the case of the maltose transport system, the
TMDs, called MalF and MalG, have periplasmic loop
regions involved in functional contacts with MBP. In the
crystal structure (55) (Figure 7), the periplasmic loop P3 of
MalG is located close to the substrate-binding site of MBP,
and has been proposed to help release the substrate. The
periplasmic loop P2 of MalF, by contrast, extends approxi-
mately 30 A towards the periplasm where it binds on top of
the N-domain of MBP (Figure 7). Although the P2 loop dis-
plays a well-defined two-domain fold when bound to MBP,
crystallographic studies on the MBP-free importer have been
unable to determine its structure (56).

To investigate whether in absence of MBP the P2 loop is
folded in solution, NMR studies have been performed on the
loop isolated from MalF (57). It was found that the individ-
ual domains adopt a well-defined structure in solution, very
similar to that in the crystal (Figure 7), although with a dif-
ferent average interdomain orientation. The measured rota-
tional correlation time of approximately 8.4 ns is typical of
small globular proteins of approximately 15 kDa, in contrast
to the 18 kDa of the P2 loop, a difference that can be
explained by the two domains independently tumbling in
solution. This finding could be the reason why it was diffi-
cult to interpret the crystal density map of the loop in the
MBP-free importer (56), even if the individual domains were
able to adopt a well-defined fold.

Because in the X-ray structure of the MBP-bound importer
the P2 loop does not have stabilizing interactions with other
parts of the TMDs, and binds only to MBP (Figure 7), the
isolated loop was considered a good candidate to study the
interaction of MBP with the rest of the transporter (57). The

Periplasm

Membrane

ICL
Cytoplasm

Figure 7 Crystal structure of the complete maltose importer (PDB
ID 2R6G), an example of the ABC transporter superfamily. Protein
backbone trace is shown, with the PBP (MBP) in yellow, and the
two TMDs (MalF and MalG) and ABCs in blue and green, respec-
tively, with different tones for each monomer. Atoms of a maltose
substrate molecule are shown as magenta spheres occupying the
transmembrane binding site. Atoms of two ATP molecules are dis-
played as red spheres at their corresponding ABC sites. The position
of the membrane (horizontal lines) was chosen to correspond to the
predicted buried residues of the TMDs.
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Figure 8 Schematic representation of inward-facing (A) and out-
ward-facing (B) conformations of ABC importers. The color codes
of the different subunits are indicated in the caption to Figure 7;
the latter corresponds to an outward-facing configuration (B).

P2 loop was found to bind MBP both in the presence and in
the absence of maltose, as confirmed by isothermal titration
calorimetry, and this independence on substrate presence is
clear if one observes that the loop interacts only with the N-
domain of MBP. In the solution, MBP-bound form, the struc-
ture of domain 1 of the P2 loop remains unperturbed when
compared to its MBP-free version, whereas the relative ori-
entation of the two domains changes. This orientation change
to accommodate MBP leads to a conformational change in
domain 2 that shows significant differences, mainly on the
surface, relative to the free form and, consequently, also rel-
ative to the X-ray MBP-bound form, suspected to suffer from
crystal contacts (57).

The central role of exceptionally long periplasmic loops,
such as MalF-P2, characteristic of enterobacteria, raises the
question of how the majority of importers, which lack exten-
ded periplasmic regions, signal the presence of substrate to
the membrane-associated components of the importer.

The other side of the membrane

The interaction of a substrate-bound PBP with its associated
TMDs serves as a signal that ultimately reaches the ABCs
across the plasma membrane. ABCs are L-shaped peripheral
membrane proteins with two lobes and three subdomains
(14) (Figure 7). Lobe I includes the RecA-like subdomain,
comprising the Walker A and B motifs, and the 3-sheet sub-
domain. Lobe II is an a-helical subdomain containing the
LSGGAQ signature sequence that is unique to the ABC trans-
porters and defines the ABC superfamily.

ABCs work as dimers arranged in a head-to-tail confor-
mation and bind two ATP molecules in a sandwich-like man-
ner so that the nucleotides are embedded in the binding
interface. In particular, these binding sites are represented by
Walker A and B motifs from one monomer and signature
sequence from the other monomer (58, 59). This conforma-
tion has been observed by X-ray crystallography in both iso-
lated ABCs (59-66) and complete transport systems (67—

71). ABCs share a high degree of sequence similarity and
identity, being the most conserved components of the trans-
port system. Many regions are highly conserved, such as
Walker A and B motifs, and the signature sequence, sug-
gesting a common mode of coupling ATP hydrolysis to TMD
movement (12). Therefore, the study of ABCs even from
systems that do not rely on PBPs can help provide insights
on PBP-dependent import.

Because solution studies of TMDs, and integral membrane
proteins in general, are challenging, most of the NMR work
on the membrane-associated components of ABC systems
has been conducted on the ABC cassettes that are easier to
solubilize. Such investigations notably involve the cystic
fibrosis transmembrane conductance regulator (CFTR) and
MJ1267 ABC from Methanococcus jannaschii [for addition-
al work, see the recent review in Ref. (72)].

CFTR is a mammalian ABC-based ion channel responsi-
ble for the transport of thiocyanate and chloride across epi-
thelial cell membranes. Although encoded as a single chain,
CFTR shares a common domain organization with bacterial
ABC importers, except for the existence of a characteristic
accessory domain, the hydrophilic regulatory domain R,
which contains various serines as phosphorylation sites. Cys-
tic fibrosis is caused by point mutations, the most common
being the deletion of F508 (AF508) within the first ABC,
referred to as NBD1. This deletion causes the protein to be
retained by the endoplasmic reticulum (ER) and be degraded.

The effect of the F508 deletion on the structure of peptides
around the mutation region have been investigated by NMR
(73), revealing that the wild-type peptide adopts an a-helical
structure with the F508 residue lying within the helix. By
contrast, a peptide corresponding to the deletion mutant
AF508 shows a lesser propensity of forming well-defined
secondary structure in solution. Such structural differences
in AF508 could prevent CFTR from undergoing the confor-
mational transition necessary to be released by the ER (74),
thus avoiding degradation caused by misfolding.

The CFTR channel gating properties are controlled by
both ATP hydrolysis (at the ABCs) and phosphorylation (at
the R-domain). The R-domain has been postulated to have
phosphorylation-dependent interactions with the ABCs, and
its properties have been successfully investigated by NMR
(75), affording a dynamic picture of its possible conforma-
tions in solution. NMR data on the R-domain suggest it is
mainly disordered, with a certain propensity of some frag-
ments towards a-helical structure. In the presence of NBD1
many regions of the R-domain remain unstructured with dif-
ferent mobility, whereas the fragments with helical propen-
sity are transiently stabilized in an a-helix. The interactions
between R-domain and NBD1 are weakened by phospho-
rylation, where the entire R-domain becomes disordered, and
the overall mobility increases. Because in crystals the a-
helical region of R-domain binds NBD1 at the putative dimer
interface between NBD1 and NBD2 — the other ABC —
unphosphorylated R-domain is believed to inhibit ABC
dimerization, whereas its unfolding and subsequent unbind-
ing upon phosphorylation promotes ABC association and
ATP cycling.
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Further NMR work has shed light on the mechanism
underlying regulation of CFTR and its dysfunction in the
disease (76). Specifically, the study probed the interactions
of NBD1 with coupling helix 1 of the ICL, responsible for
coupling ATP hydrolysis to transport, in addition to the role
of the R-domain in modulating such interactions. It was
found that whereas phosphorylation promotes the interaction
of NBDI1 with coupling helix 1, it weakens the fluctuating
interactions between NBD1 and the R-domain. The latter is
consistent with previous NMR work (75) (discussed above)
and could explain increased ATPase activity observed for the
phosphorylated protein (76). In the AF508 mutant, however,
the interactions between NBD1 and the R-domain are not
disrupted upon phosphorylation, thus inhibiting the binding
with coupling helix 1. These structural and dynamic differ-
ences are believed to be responsible for the dysfunction of
the disease-causing deletion.

Solution NMR has been applied to the study of MJ1267
to further characterize the conformational and dynamic prop-
erties of ABCs, and explore the coupling of these properties
to the ATP hydrolysis reaction cycle (77). MJ1267 from
Methanococcus jannaschii is the single-chain ABC of a
transporter responsible for the uptake of leucine, isoleucine,
and valine. MJ1267 presents in the a-helical subdomain a
region termed LivG insert, which, by homology with other
ABCs, has been localized in a region responsible for the
communication with the TMD (77). ADP-Mg binding to
MJ1267 strongly affected several NMR spectral signals,
including those of the Walker A and B motifs, and LivG
insert. This indicates major conformational changes in these
areas, which are allosteric in the case of LivG insert as it is
located 30 A away from the nucleotide-binding site. The fact
that NMR dynamics experiments indicate LivG insert is
mobile on the ps—ms time scale, in both the apo and ADP-
Mg-bound states, thus suggests that ADP-Mg allosterically
changes the distribution and/or nature of the dynamically vis-
ited conformations. Such changes could be important for
energy coupling to TMD conformational transitions and thus
to the transport. Concomitantly with nucleotide binding, fur-
ther NMR dynamics analysis on the ps—ms time scale
revealed that although several regions in contact with ADP-
Mg in the known crystal structure remain flexible, others
such as the Walker A and the aromatic residue responsible
for adenosine stacking (F17) experience a restriction in their
mobility. These dynamic changes are consistent with a pop-
ulation shift model of binding, discussed in a previous sec-
tion in the context of PBPs.

Although many structures of ABCs have been solved both
as monomers and dimers, the mechanism through which ATP
hydrolysis provides energy for transport is not completely
clear. Considering the high sequence identity among ABCs
from different transport systems, it is realistic to think that a
common mechanism might exist. A complicating factor,
however, is the existence of both homodimer ABCs (e.g.,
MIJ1267) and heterodimer ABCs (e.g., CFTR). The fact that
in the latter class the single monomers show distinct ATP
affinity and hydrolyzing capabilities leads to question if the
two classes of ABCs behave in the same manner. For

instance, it would be interesting to verify if homodimers
hydrolyze ATP in a concerted manner whereas heterodimers
use the so-called alternating catalytic sites model (78).

Conclusions

The atomic level study of PBPs and related transport proteins
highlights the synergy between the two main techniques
available to structural biology: while X-ray crystallography
has been invaluable in providing static molecular pictures,
solution NMR has taken advantage of such informa-
tion, notably, to enrich our understanding on the dynamic
properties of such systems. Thus, for instance, studies on
MJ1267 ABC, at the cytoplasmic end of the transport pro-
cess, indicate that nucleotide binding allosterically affects the
dynamics of the region in contact with the TMD, a possible
mechanism to communicate the occupancy state of the ATP
binding site to the rest of the system (77). On the periplasmic
end, NMR has helped tackle long-standing questions regard-
ing PBP open-closed transitions and ligand binding. Such
studies suggest that, as far as MBP (40, 41) and GInBP (30)
are concerned, the closed conformations are inherently unsta-
ble and require substrate-PBP interactions (encapsulated in
AGEo s see Figure 2 for this and the following free-energy
expressions) to overcome the significant energetic cost of the
open — closed deformation, AGS, _, cipseq- The handling of
several different substrates by a single PBP could represent
an efficiency gain. However, such versatility could require
lowering AGHS, . ciosea (i-€., favoring a closed-unliganded
state) to accommodate the substrate that contributes less
towards the stabilization of the closed conformation, and
achieve the characteristic tight binding [small AG§%,,..; see
Eq. (1)], probably needed for efficient substrate uptake
against an uphill concentration gradient. This could explain
the ability of MBP to reach a semi-closed-unliganded con-
formation in solution (41). By contrast, when only a single
substrate has to be bound, the closed form might be as unsta-
ble as the favorable interactions with the substrate allow it
to be while still achieving a high binding affinity. The advan-
tage of this situation is the discouragement of a closed-unli-
ganded conformation that could falsely signal substrate
presence to the rest of the importer, thus eliciting ATP
hydrolysis. At least to a certain extent, this might be the case
of GInBP, and explain the lack of support for a ligand-free
closed conformation in solution for this system (30).
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