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• Sparsely-populated species can be
detected by paramagnetic relaxation
enhancement.
• Maltose-binding protein and calmodulin
exist as a mixture of open and partiallyclosed states in the absence of bound
ligand.
• The partially-closed states occupy a
region of conformational space in the
vicinity of the holo state.
• Partially closed-states may facilitate the
transition to the holo state upon ligand
binding.
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a b s t r a c t
The binding of ligands and substrates to proteins has been extensively studied for many years and can be
described, in its simplest form, by two limiting mechanisms: conformational selection and induced ﬁt. Conformational selection involves the binding of ligand to a pre-existing sparsely-populated conformation of the free
protein that is the same as that in the ﬁnal protein–ligand complex. In the case of induced ﬁt, the ligand binds
to the major conformation of the free protein and only subsequent to binding undergoes a conformational change
to the ﬁnal protein–ligand complex. While these two mechanisms can be dissected and distinguished by transient
kinetic measurements, direct direction, characterization and visualization of transient, sparsely-populated states of
proteins are experimentally challenging. Unless trapped, sparsely-populated states are generally invisible
to conventional structural and biophysical techniques, including crystallography and most NMR measurements.
In this review we summarize some recent developments in the use of paramagnetic relaxation enhancement to
directly study sparsely-populated states of proteins and illustrate the application of this approach to two
proteins, maltose binding protein and calmodulin, both of which undergo large rigid body conformational
rearrangements upon ligand binding from an open apo state to a closed ligand-bound holo state. We
show that the apo state ensemble comprises a small population of partially-closed conﬁgurations that are
similar but not identical to that of the holo state. These results highlight the complementarity and interplay
of induced ﬁt and conformational selection and suggest that the existence of partially-closed states in the
absence of ligand facilitates the transition to the closed ligand-bound state.
Published by Elsevier B.V.
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1. Introduction
Protein interactions are crucial to all aspects of cell function. In its
simplest form, the interaction of a protein with a ligand (which may
be a small molecular weight substrate, another protein, or an intrinsically disordered peptide) can be described by two limiting mechanisms [1–10]: conformational selection or induced ﬁt (Fig. 1). In the
case of conformational selection, the protein exists in a dynamic
equilibrium between major and minor species, and the substrate
selectively binds the minor species leading to the formation of the
protein–ligand complex. In the case of induced ﬁt, the ligand
binds to the major species followed by a conformational change in
the initial (weak) complex that results in the formation of the
ﬁnal protein–ligand complex. These two mechanisms, which have
been the subject of extensive investigation for the last 50 years,
can potentially be distinguished by transient kinetic measurements, and the relative importance of conformational selection
and induced ﬁt for a given protein–ligand interaction can be
assessed by comparing the ﬂuxes through each pathway [8]. In
reality, the choice of which pathway is actually followed is not an
all or nothing phenomenon. Rather, in many instances both mechanisms may be operational and the preferred reaction path can be
modulated by the protein and ligand concentrations.
Experimental characterization of sparsely-populated states of
proteins that may be involved in conformational selection, is technically
challenging, since in general such short-lived states are invisible to
structural and biophysical techniques, including crystallography and
conventional NMR spectroscopy [11,12]. In this brief review we
summarize some recent developments in NMR involving paramagnetic
relaxation enhancement (PRE) that permits such sparsely-populated
states to be directly detected and in suitable cases visualized, and
illustrate the application of this methodology to two proteins,
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Fig. 1. Simple scheme for conformational selection and induced ﬁt. The protein exists in
two states, a major species P* and a minor species P. In the case of conformational
selection, the ligand L binds to the minor species P resulting in the formation of the
speciﬁc complex PL, in which the conformation of the protein is the same as that of
the free minor species P. In the case of induced ﬁt, binding of the ligand to the
major species P* results in the formation of an intermediate P*L in which the protein
conformation is the same as that in the free P*; a subsequent conformational change
results in the formation of the ﬁnal complex PL.
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maltose binding protein (MBP) [13] and calmodulin (CaM) [14],
where ligand binding involves large scale rigid-body interdomain
rearrangements. In both instances the bound ligand in the holo
state is effectively buried from solvent. Consequently, if an unliganded
closed state with the same interdomain conﬁguration as that observed
in the ligand-bound holo state existed in free solution, the ligand
binding site would be occluded and unavailable to bind ligand. Thus,
in both instances ligand binding most likely involves a more subtle
interplay between conformational selection and induced ﬁt than that
envisioned by the simple scheme shown in Fig. 1.

2. Underlying basis for detecting sparsely-populated states by PRE
PRE measurements generally involve covalent linkage of a paramagnetic label such as EDTA–Mn2+ or nitroxide to the protein of interest via
an engineered surface exposed cysteine residue [15]. The magnitude of
the PRE is directly proportional to the br−6N average of the separation
between the paramagnetic center and protons of interest. Although
the distance dependence of the PRE is the same as that of the
interproton nuclear Overhauser effect (NOE) which provides the main
source of geometric information used in NMR structure calculations
[16], the PRE is much larger than the NOE owing to the large magnetic
moment of an unpaired electron [15]. As a result the PRE is detectable
up to distances of 25–35 Å depending on the nature of the paramagnetic
label, compared to only 5–6 Å for the 1H–1H NOE.
The transverse PRE rate, Γ2, is measured by taking the difference in
transverse relaxation rates measured on a paramagnetic sample and a
diamagnetic control (e.g. a paramagnetic EDTA–Mn2+ tag versus a
diamagnetic EDTA–Ca2+ tag) [17]. In a system where two or more
species are in fast exchange on the PRE time scale (i.e. the overall
exchange rate constant kex for interconversion between the species is
much larger than the difference in Γ2 rates for a particular paramagnetic
center–proton interaction), the value of the observed PRE rate, Γ obs
, is
2
simply given by the population weighted average of the PRE rates for
the component species [11,15]. Under these conditions, the footprint
of the spectroscopically invisible minor species can be observed on the
PRE proﬁles measured on the NMR resonances of the major species
providing there are paramagnetic center–proton distances that are
shorter in the former than the latter [11,12]. Sparsely-populated
states with paramagnetic center–proton distances that are longer
than in the major species will not contribute to the observed PRE
proﬁles.
As an example consider a system comprising a major species at an
occupancy (pmajor) of 99% and a minor species at a population of 1%
with a paramagnetic center–proton distance of 30 and 8 Å, respectively
[11]. For a 20–30 kDa system paramagnetically tagged with Mn2+, the
corresponding Γ2 rates will be ~2 and ~5600 s−1, respectively. The
dependence of Γobs
on kex can be calculated numerically by solving the
2
McConnell equations. When exchange is fast (kex ~ 4 × 104 s− 1),


Γ obs
= 51 s− 1 ~ pmajor Γ major
þ 1−pmajor Γ minor
; when exchange is
2
2
2
¼ Γ major
= 2 s− 1; when exchange is interslow (kex = 40 s− 1), Γ obs
2
2
is calculated to be 25 s− 1. Thus, even
mediate (kex = 4000 s− 1), Γ obs
2
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aligning media indicate unambiguously that the structures of these
two states in solution are the same as those of the corresponding apo
and holo crystal structures [21]. However, the observed RDCs are linear
population-weighted averages of the species present in solution, and
the presence of a small amount of holo state in the absence of ligand
would not signiﬁcantly impact the agreement between the RDCs
measured on the apo state and the crystal structure of the apo state
[13]. The same is also true of small angle X-ray scattering [13]. The
question therefore arises as to whether the apo state exists as a
single species in which the closed holo conformation is inaccessible
in the absence of ligand and interdomain rearrangement only occurs
subsequent to the formation of an initial complex with the apo state
(i.e. induced ﬁt), or whether the major open state exists in rapid
equilibrium with a sparsely-populated partially-closed state that is
still accessible to ligand but is structurally reasonably close to the
holo closed state. In the latter instance, ligand could bind to the
partially-closed state (conformational selection), followed by a
ﬁnal conformational rearrangement to the closed state (induced ﬁt).
PRE proﬁles for apo and holo (maltotriose-bound) MBP resulting
from the introduction of a nitroxide spin label on the NTD at position

in the case of intermediate exchange the footprint of the minor
species will be apparent in the PRE proﬁle for the major species.
Moreover, because of the br− 6N dependence of the PRE, the intermediate exchange example would only result in a 13% overestimation in
the value of rminor (9 versus 8 Å) calculated on the fast exchange
is a population weighted average of the Γ2
assumption that Γ obs
2
values in the two states.

3. Maltose binding protein
Maltose binding protein (MBP) is a member of the bacterial
periplasmic binding protein family that has generally been described
to function as “Venus-ﬂy trap” [18]. MBP comprises two domains, an
N-terminal domain (NTD) and a C-terminal domain (CTD), whose
relative orientation differs by about ~ 35° between the open apo
and closed holo states (Fig. 2A) [19,20]. The transition between the
two states involves hinge bending within the linker region comprising
relatively few residues. Solution residual dipolar couplings (RDCs)
measured on apo and holo (maltotriose-bound) MPB in weakly-
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Fig. 2. PRE data provide direct evidence that free MBP exists as a dynamic equilibrium mixture of major and minor species. (A) Comparison of the crystal structures of MBP in the apo open
(1OMP [19]) and holo (maltotriose-bound) closed (3MBP [20]) conformations illustrating domain rearrangement upon ligand binding. The left panel shows the two structures with the
NTDs (gray) superimposed, and the CTDs in the apo and holo states shown in blue and red, respectively. The location of the two nitroxide spin labels attached (one per sample) to D41C in
the NTD and S211C in the CTD is indicated. The right panel shows a close-up of the linker region. (B) Comparison of experimental PRE proﬁles (red circles) for holo (maltotriose-bound)
(top) and apo (bottom) MBP spin-labeled at position D41C in the NTD with the PRE proﬁles back-calculated from the crystal structure of apo and holo MBP (black lines) [13]. In both cases
there is good agreement between observed and calculated values for the intradomain PREs; while good agreement is also obtained for the interdomain PREs in the case of holo MBP, large
deviations in the magnitude of the experimental and back-calculated interdomain PREs are observed for apo MBP. This discrepancy cannot be accounted for by a simple linear combination
of apo and holo PREs.
Adapted from [13].
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Fig. 3. PRE-driven conjoined rigid body/torsion angle simulated annealing reﬁnement of the minor species of apo MBP [13]. The calculated PREs are represented by a population-weighted
average of the PREs for the apo open state (whose structure is known from crystallography) and a partially-closed state. (A) PRE Q-factor as a function of the population of the minor
species with ﬁlled-in and open symbols representing the results obtained with the nitroxide label at positions D41C and S211C, respectively. Agreement between observed and calculated
PREs arising from the spin label at positions (B) D41C and (C) S211C at a population of 5% for the minor species. (D) Magnitude of the principal component (Da) of the alignment tensors for
the major (open-squares) and minor (ﬁlled-in circles) species obtained by singular value decomposition. Since the shape and charge distribution of the major and minor species of apo
MBP, are very similar the values of Da for the major and minor species are expected to be similar, allowing the population of the minor species to be estimated more accurately than from
the PRE data alone. (E) Comparison of observed (red circles) and calculated (black lines) PRE proﬁles originating from the spin-label attached to D41C (top) and S211C (bottom) for a 5%
population of the minor species.
Adapted from [13].
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the 1–5% level (or higher), the interdomain paramagnetic center–
proton distances in these states are longer than in the holo state, and
therefore will not contribute to the observed PRE (see Section 2).
The simplest interpretation of the PRE data for apo MBP is that the
orientation of the NTD and CTD domains in solution is different from
that in the crystal structure. Indeed a single structure can be found by
rigid-body reﬁnement that satisﬁes the PRE data. But such an interpretation would in fact be incorrect as the single structure that can satisfy
the PRE data is inconsistent with the RDC data (the RDC R-factor increases from 14% to 24 ± 3%) [13]. This leads one to the conclusion
that unliganded MBP exists in at least two states in solution, one
corresponding to the open apo state seen in the unliganded crystal
structure and one or more sparsely-populated states.
The nature of the sparsely-populated state of unliganded MBP can be
determined by PRE-driven conjoined rigid body/torsion angle simulated

D41C are shown in Fig. 2B [13]. In both instances, the intradomain PREs
are in excellent agreement with the values calculated from the two
respective crystal structures. However, while the interdomain PREs
in the case of holo MBP are in good agreement with the corresponding crystal structure, those for apo MBP reveal signiﬁcant
discrepancies. Speciﬁcally, while the peaks in the observed and
calculated interdomain PRE proﬁles for apo MBP are located at the
same positions, the calculated interdomain PREs are much smaller
than the observed ones. Moreover, the observed PRE proﬁle for apo
MBP cannot be reproduced by a linear combination of calculated PREs
from the apo and holo crystal structures [13]. The reason that the
interdomain PRE proﬁles for the ligand-bound holo species agree with
the crystal structure of the holo state and do not reveal the presence
of any sparsely-populated open, partially-open or partially-closed
states is due to the fact that if such states exist and are populated at
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Fig. 4. Structure of the partially-closed apo state of MBP (2V93 [13]). (A) Stereoview showing a superposition of the major open (blue cylinders) and minor partially-closed (green tubes)
states of apo MBP with the NTDs (gray) of the two species superimposed. The reweighted atomic probability map [42] for the backbone heavy atoms of the CTD in the partially-closed state
is displayed as a green mesh plotted at a threshold of 20%. (B) Electrostatic potential surface of the open form of apo MBP (1OMP [19]) illustrating the high density of negative charge in the
sugar binding pocket. (C) Structural comparison of the CTD in the partially-closed form of apo MBP (green cylinders; 2 V93 [13]) and holo MBP (red cylinders; 3MBP [20]) with the apo
open state shown as a molecular surface color coded according to electrostatic potential. (D) Molecular surface representation of the major open and minor partially-closed states of apo
MBP best-ﬁtted to the CTD (gray) with the NTD displayed in blue and green, respectively. A space-ﬁlling representation of maltotriose is modeled bound to the CTD. (E) Holo MBP in the
same view as in (D) with the NTD shown in red and the CTD in gray; the substrate is buried in holo MBP and is barely visible.
Adapted from [13].
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Fig. 5. Comparison of the crystal structure of CaM–4Ca2+ (1CLL [35]; top) in the extended
dumbbell conformation with a contiguous central helix and the crystal structure of the
CaM–4Ca2+/MLCK peptide complex (1CDL [32]; bottom). The Ca2+ ions and the
spin-labeling sites in the NTD (S17C) and CTD (A128C) are shown as red and yellow
spheres, respectively; the ﬂexible linker (residues 77–81) in magenta; and the bound
MLCK peptide in blue.
Adapted from [14].

annealing [22–24] in which the NTD and CTD are treated as rigid bodies
and the linker regions are given torsional degrees of freedom [13]. The
overall calculated PRE is given by the population-weighted average of
the calculated PREs for the open apo state (whose known structure
is held ﬁxed) and the sparsely-populated state. These calculations
(Fig. 3) yield excellent agreement with the experimental PRE data
using a single minor state with a population of ~5% (as assessed from
the RDC data; at a population of 5% of the minor species, the magnitude
of the principal component of the calculated alignment tensors of the
major and minor species are comparable [13]). The overall backbone
precision for the minor species coordinates is 1.3 ± 0.4 Å, and the

S17C

A
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N-terminal domain
80
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(s-1)

A128C

B

N-terminal domain

C-terminal domain

80
CaM-4Ca2+
+ MLCK

60
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backbone precision for the CTD when best-ﬁtting to the NTD is
3.1 ± 1.0 Å, with an uncertainty in the relative orientation of the
two domains of 10 ± 4° (Fig. 4A). Additional calculations in which
the minor state is represented by an ensemble rather than a single
structure yield very similar results: the conformational space sampled
by the ensemble, while somewhat larger, overlaps with that sampled
by the single structure representation and the mean coordinate
positions for the single structure and ensemble representations
are very close to one another.
The sparsely-populated species of apo MBP is a partially-closed state
characterized by a ~33° hinge rotation relative to the open apo state [13]
(Fig. 4A). The partially-closed apo state and the closed holo state differ
from one another by an ~18° reorientation of the domains and a 6 Å
translation [13] (Fig. 4C). While the sugar binding sites on the NTD
and CTD are fully accessible in the apo open state and completely occluded in the closed holo state, the NTD sugar-binding site is partially
occluded and the CTD sugar-binding site exposed in the partiallyclosed apo state. The interface between the NTD and CTD is lined by
negatively charged residues (Fig. 4B) that are responsible for a large
array of hydrogen bonds (both direct and water bridged) with the
sugar in the closed holo state (Fig. 4E). However, when the sugar is removed, the energy landscape is altered and access to the closed holo
structure is energetically highly unfavorable owing to electrostatic repulsion and lack of interdomain complementarity within the ligandbinding cleft that cannot be offset by bridging water molecules. Indeed,
the occupancy of a closed holo state in the absence of ligand has been
calculated at less than 0.001% based on combined analysis of mutational, ﬂuorescence and NMR data that systematically examined the energetic cost of domain reorientation [25]. Unfavorable interdomain
electrostatic repulsion in the apo partially-closed state is avoided by
the ~6 Å translation of the CTD relative to its position in the closed
state, which increases the interdomain separation between negatively charged residues lining the sugar binding cleft (Fig. 4C) and leaves
the sugar binding surface on the CTD accessible to an incoming sugar
molecule (Fig. 4D).
The PRE data demonstrate unambiguously the existence of a
dynamic equilibrium between open and partially-closed apo states
of MBP. The lower and upper limits of the exchange time scale between these two states can be estimated to be 20 ns (from
heteronuclear {15N}–1H NOE data) and 20 μs (from relaxation dispersion), respectively [13]. Since the PREs are measured at equilibrium, the NMR data do not provide any information regarding the
pathway of ligand binding. One can surmise, however, that the
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Fig. 6. Comparison of PRE proﬁles observed for the CaM–4Ca2+/MLCK complex (top) and free CaM–4Ca2+ (bottom) with the spin-label located in either the NTD (A) or CTD (B). The
experimental PRE proﬁles are shown as open circles, and PREs back-calculated from the crystal structures of CaM–4Ca2+/MLCK [32] and CaM–4Ca2+ [35] are displayed as red and
blue lines respectively. The intra- and interdomain PREs are well-predicted for the peptide-bound state. For CaM–4Ca2+, however, only the intradomain PREs are wellpredicted, and the observed interdomain PREs cannot be accounted for by either of the two crystal structures.
Adapted from [14].
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presence of a sparsely-populated partially-closed apo state, occupying a region of conformational space similar to, but distinct from, that
occupied by the ligand-bound closed holo state, may facilitate the
transition to the holo structure that is rendered energetically accessible
and stabilized by intermolecular interactions between the two domains
and the bound ligand. Since the predominant ﬂuctuations in the apo
state do not involve the energetically highly disfavored holo conformation, one can view the conformational changes upon sugar binding as a
combination of conformational selection afforded by the partiallyclosed apo state and induced ﬁt reﬂected in the conformational transition from the partially-closed apo state to the holo state [13].
Recent theoretical work using accelerated molecular dynamics
coupled with adaptive biased force and thermodynamic integration
free energy methods was able to reproduce the existence of the
partially-closed apo state and suggested that sugar binds more tightly
to the partially-closed than to the open apo state [26,27]. However,

Qinter

A

the relative contributions of sugar binding to the open and partiallyclosed state will be dependent upon the time scale of the open to
partially-closed transition relative to the characteristic diffusion time
for the ligand. Theoretical estimates suggest that the time scale for
the former (200 ns to 2 μs) is 10-fold slower than for the latter
(N 20 ns), such that the higher afﬁnity of sugar for the partiallyclosed apo state is unlikely to compensate fully for its low (~ 5%) occupancy [27]. The predominant binding pathway was therefore
proposed to involve the initial binding of the sugar to the CTD of
the open apo state, followed by a very rapid transition to the
partially-closed state, and a subsequent slower ﬁnal conformational
rearrangement to the closed holo state in which both the NTD and
CTD interact with the sugar [27]. However, a pathway in which the
sugar also binds directly and concurrently to the partially-closed apo
state followed by conformational rearrangement to the closed holo
state can also occur.

1.0

1.0

0.8

0.8

0.6

0.6

S17C

S17C
0.4

9

0.4

A128C

A128C

0.2

0.0

0

10

0.2

20

30

40

0.0

0

4

population (%)

B

8

12

16

ensemble size

S17C
N-terminal domain

C-terminal domain

80

CaM-4Ca2+

60
40

0

A128C

1H

N-Γ2

(s-1)

20

80
60
40
20
0
0

20

40

60

80

100

120

140

residue number
Fig. 7. PRE-driven ensemble simulated annealing reﬁnement for the minor closed states of CaM–4Ca2 + characterized by interdomain contacts. (A) Dependence of the
interdomain PRE Q-factors for S17C (blue) and A128C (green) as a function of minor-state population (ensemble size Ne = 8) (left) and ensemble size (at a minor state
population of 10%). (B) Comparison of observed (open circles) and calculated (magenta lines) PRE proﬁles for S17C (top) and A128C for a minor state population of 10% and
an ensemble size of Ne = 8.
Adapted from [14].
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4. Calmodulin
In terms of ligand binding calmodulin (CaM) presents a variation of
MBP with a twist. CaM is the primary calcium-sensing protein in
eukaryotes and is responsible for amplifying and adapting the effects
of Ca2+ into speciﬁc downstream signals via interactions with hundreds
of proteins [28,29]. Like MBP, CaM comprises N- (NTD) and C (CTD)terminal domains. Unlike MBP, the two domains of CaM are connected
by a short ﬂexible linker [30]. In the absence of bound peptide, calciumbound CaM (CaM–4Ca2+) exhibits a ﬂexible, extended (“open”) conformation with the two domains tumbling semi-independently of one
another [30] (Fig. 5). Upon binding peptide CaM–4Ca2 + adopts a
rigid, compact (“closed”) structure in which the NTD and CTD
are clamped round the target peptide (which adopts an α-helical
conformation) [31,32] (Fig. 5).
With one exception [33], all crystal structures of free CaM–4Ca2+
appear as an extended dumbbell structure with a contiguous helix
connecting the two domains separated by a center-to-center distance
of ~40 Å [34–36] (Fig. 5, top). However, ﬂuorescence [37], and smallangle X-ray and neutron scattering in solution [38] are indicative of an
average structure that is somewhat more compact than the extended
dumbbell structure. NMR relaxation studies have shown that the central
residues (77–81) of the linker are highly mobile (with S2 order
parameters of 0.5–0.6) [30] and that the two domains reorient almost
independently of one another on a time scale of ~3 ns undergoing
restricted diffusion within a cone of semi-angle ~30° [39]. Studies
based on lanthanide-induced RDCs and pseudo-contact shifts suggest

A

that an even larger cone of semi-angle 50–80° can be sampled [40].
One structure of CaM–4Ca2+ has been crystallized in a compact state
that loosely resembles the peptide-bound structure [33]. The population of this closed state in solution, however, must be very small
as no interdomain NOEs indicative of direct contacts between the
NTD and CTD have ever observed [41]. One can therefore conclude
that the population of a closed state must be very small in solution.
We made use of PRE measurements to directly probe and visualize
compact, sparsely-populated states of CaM–4Ca2+ [14]. The results are
summarized in Figs. 6 to 8. Signiﬁcant interdomain PREs are observed
with a nitroxide spin label attached to either the NTD (17C) or CTD
(A128C) (Fig. 6). While agreement between observed and calculated
PREs is excellent for the peptide-bound structure, none of the existing
structures can account for the interdomain PRE proﬁles in the absence
of peptide (Fig. 6, bottom panels). Further, while the peaks in
the interdomain PRE proﬁles in the absence of peptide occur at the
same locations as in the presence of peptide, the magnitude of the
interdomain PREs is very different (Fig. 6, bottom panels), just as
was the case with MBP (Fig. 2). One can therefore conclude from a
purely qualitative interpretation of the data that there exists an
ensemble of closed states in the absence of bound peptide that sample
a region of conformational space that is close to but not identical to
that of the ligand-bound closed state.
As in the case of MBP, the minor closed state of CaM–4Ca2+ can be
visualized by PRE-driven conjoined rigid body/torsion angle simulated
annealing in which only the linker residues are given torsional degrees
of freedom [14]. In contrast to MBP, however, the closed state of CaM–
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Fig. 8. Visualization of the minor close-state ensemble of CaM–4Ca2+. (A) CaM–4Ca2+/MLCK complex [32] (CaM, cyan; MLCK, blue) overlaid on the CaM–4Ca2+ dumbbell structure [35]
(green), best-ﬁtted to the NTD (left panel) or CTD (right panel). Twenty six additional peptide-bound crystal structures were overlaid in the same manner, and the gray atomic probability
map [42] represents their distributions for the CTD (left panel) and NTD (right panel). (B) Atomic probability density maps showing the conformational space sampled by the minor
species ensemble with ensemble members best-ﬁtted to either the NTD (left panel) or CTD (right panel). The minor-state atomic probability maps derived from 100 independent simulated
annealing calculations (with Ne = 8 and a population of 10%) are plotted at multiple contour levels ranging from 0.1 (transparent blue) to 0.5 (opaque red). The gray atomic probability
density maps, plotted at a single contour level of 0.1 of maximum, show the conformational space sampled by the major species ensemble (90% occupancy), characterized by no interdomain
contacts (i.e. interdomain PRE values restrained to values less than 2 s−1). The extended dumbbell structure is displayed as a ribbon diagram for reference. Approximately half of the minor
species ensemble occupies a region of conformational space that is in the vicinity of and overlaps with that of the peptide–bound structure.
Adapted from [14].
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4Ca2+ cannot be represented by a single structure but requires an
ensemble of closed and partially-closed states. The results of these
calculations are depicted in Figs 7 and 8.
The conformational space compatible with the absence of intermolecular PREs is depicted by the gray atomic probability map [42]
which provides a rough guide for the major species (~90%) for which
there are no intermolecular contacts (Fig. 8B) (the probability map for
the major species generated in this manner is only approximate since
it is deﬁned by the absence of intermolecular PREs rather than by any
direct experimental measurements). The conformational space
occupied by one domain relative to the other occupies a hemisphere
with a cone of semi-angle ~ 90° whose distribution and tilt from the
crystallographic dumbbell structure is very similar to the ensemble
calculated on the basis of pseudo-contact shift, RDC and small-angle
X-ray scattering data [43].
The atomic probability maps describing the conformational space
sampled by the sparsely-populated (~10%) compact states is plotted
in Fig. 8B at multiple contour levels ranging from 0.1 (transparent
blue) to 0.5 (opaque red) of maximum [14]. Approximately half of the
compact minor species ensemble (i.e. ~5% of the total population)
samples a region of conformational space that overlaps with that
occupied by CaM–4Ca2 +/peptide complexes (Fig. 8A and B).
Thus, the PRE data for CaM–4Ca2+ provide direct and unambiguous
evidence that the two domains of CaM–4Ca2+ come into close contact
with one another for a small fraction of the time (~10%) and that
these compact states preferentially adopt peptide-bound like conﬁgurations about half of the time (~5%) [14] (Fig. 8B). The heterogeneity of
this population of closed states coupled with their short lifetimes
and low population renders them invisible to conventional NOE
measurements.
The PRE data demonstrates unambiguously that CaM–4Ca2+ has the
ability to form physiologically relevant compact structures that prime it
to bind peptide when present. CaM–4Ca2+ does not necessarily sample
the peptide-bound closed state directly which, in any case, would not be
productive since the binding surface would be largely inaccessible to
peptide, but rather samples a range of nearby conformations.
The population of the closed and partially-closed states sampled by
CaM–4Ca2+ is intimately related to the length and rigidity of the linker
[44]. Interestingly the linker of CaM is highly conserved and its length
invariant. PRE measurements indicate that transient interdomain
association is maximal for a linker extended by one residue from the
wild-type length and decreases for lengths longer and shorter than
that [44]. These results can be quantitatively rationalized using a
simpliﬁed model of a random coil whose two ends must be a speciﬁc
distance apart for an interaction to occur [45]. Further, the extent of
transient interdomain association as monitored by PRE measurements correlates well with the afﬁnity of CaM–4Ca2 + for target
peptides which suggests that the transient compact states adopted
in the absence of peptide play a direct role in facilitating peptide
binding [44].
5. Concluding remarks
MBP and CaM are representative of a very broad class of proteins in
which ligand binding results in rigid body interdomain reorientations
that effectively trap the ligand and bury it from solvent. In both cases
PRE data demonstrate conclusively the existence of short-lived
partially-closed, sparsely-populated states in the absence of ligand
[13,14] that are invisible to conventional structural and biophysical
techniques. The holo conformation, even if signiﬁcantly populated,
cannot bind ligand directly since the ligand-binding site is not accessible (cf. Fig. 4E). However, the existence of sparsely-populated
states that are partially closed, occupy a region of conformational
space in close proximity to that of the holo state, and are available
for ligand binding, may facilitate the transition to the closed-ligand
bound complexes. As such both MBP and CaM highlight the
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complementarity and interplay of conformational selection and induced ﬁt, with the former characterized by the existence of
partially-closed states and the latter by the transition to the ﬁnal holo
state, subsequent to initial ligand binding to either the open or
partially-closed apo states. Further, as suggested by accelerated MD
simulations [27], the transient ligand-bound partially-closed state can
be accessed either by direct binding to the partially-closed apo state
or by a rapid conformational transition following ligand binding to
the open apo state. Which pathway predominates will depend
upon the time scale of the open to partially-closed state transition
in the absence of ligand, the characteristic ligand diffusion time,
the concentration of protein and ligand, and the relative afﬁnities
of the open and partially-closed apo states for the ligand.
The PRE approach for detecting and visualizing sparselypopulated states is applicable to a wide-range of problems
pertaining to transient, short-lived conformational transitions in
proteins. Transitions involving large rigid body interdomain
reorientations are particularly suitable, but any type of transition
(e.g. loop rearrangements) can also be studied providing sufﬁcient
paramagnetic center–proton distances are available to characterize
the conformational states involved. Detection of transient
sparsely-populated states by PRE is not only dependent upon
rapid exchange between the major and minor species to transfer information from the minor state(s) to the spectroscopically observed major
state, but also requires that there exist paramagnetic center–proton
distances that are signiﬁcantly shorter in the minor species than
the major one. Transitions involving states where the paramagnetic
center–proton distances are longer in the minor species than the
major one will be invisible to PRE measurements.
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