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ABSTRACT
The fact that an object, for example, a protein, possesses a three-
dimensional structure seems an obvious concept. However, when
the object is flexible, the concept is less obvious. Growing experi-
mental data over several decades show that proteins are not rigid
objects, but they may sample more or less wide ranges of different
conformations. To stress this concept, we propose to call the range
of sampled conformations the “fourth dimension” of the protein
structure. Nuclear magnetic resonance is a precious technique to
define this fourth dimension. Examples of conformational hetero-
geneity taken from the realm of metalloproteins and their func-
tional implications are discussed.

Introduction
Elucidating the structure of a protein is necessary to
understand its function. The three-dimensional X-ray
structure of a protein provides a good description of the
conformation occupying the global (or sometimes a local)
energy minimum. However, it is more and more apparent
that the function often depends upon higher energy
conformations and, thus, upon protein mobility.1-3 In-
deed, in several cases, the existence of different conforma-
tions with similar energy has been demonstrated,4-8 and
sometimes these conformations correspond to different
functional states.9,10

Solution structures determined by nuclear magnetic
resonance (NMR) suffer from different drawbacks. A well-
known “problem” in protein solution structure determi-
nation is that a poor definition in particular regions of a

protein may occur, usually arising from the lack of
experimental restraints. However, when not the result of
poor experimental quality, the lack of restraints depends
upon internal motions affecting these regions. The result-
ing structural family disorder may thus actually reflect an
intrinsic conformational heterogeneity of the protein and
should be seen as an additional piece of information
rather than as a problem. The real structure, in this case,
should be more appropriately represented by a family of
conformations, each of them with its own population.

There is growing evidence that the width of the
accessible conformational space can be very different from
one protein to another, but it always has functional
significance.5,11 To stress its importance, we propose to
call the width of the conformational space the fourth
structural dimension. It will be minimal for well-folded
proteins whose role does not depend upon structural
changes, maximal for natively unfolded proteins whose
physiological role may depend upon transiently adopting
a variety of conformations, and intermediate for proteins
with a well-defined three-dimensional structure but still
undergoing important structural changes while perform-
ing their biological function.

In our definition of the fourth dimension, be it large
or small, there is no consideration of the time that it takes
for the fourth dimension to be sampled by the protein.
However, this does not imply that the time scale of the
associated motions is irrelevant, because it reflects the
time scale of functional events. NMR is also an appropriate
technique to estimate the time scale of motions, from
seconds to picoseconds (Figure 1), and novel methods are
continuously developed.1,4,6,7,12-15 NMR can thus provide
information both on conformational heterogeneity and on
the time scale of the motions associated to it. As such, it
can effectively complement X-rays in determining the
four-dimensional structure of proteins.

Although the above considerations hold for all proteins,
here, we focus on metalloproteins. Besides constituting
the core research field of our lab, metalloproteins do
provide a good variety of examples of different widths of
the fourth structural dimension and its functional impli-
cations.

Variable Width of the Fourth Dimension
The energy landscape of a protein is a function of all its
degrees of freedom, which are at least as many as the
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number of freely rotatable bonds. It is however customary
to draw a cartoon, often called the folding funnel or energy
landscape16 (Figure 2), where the degrees of freedom on
which the energy of the protein depends are reduced to
two and on which possible folding trajectories may be
depicted. Because we are interested in the width of the
conformational space without reference to trajectories, our
representation of the bottom of the funnel has only one
dimension. This dimension, defined as the fourth dimen-
sion of the four-dimensional protein structure, is a 1D
representation of the conformational space.

No protein can be considered rigid, because in all cases,
local fluctuations on nano-picosecond time scales occur.7

These movements can be monitored through relaxation
rate studies, and an order parameter S2 can be obtained
to quantify the extent of single local motions. S2 values
larger than 0.85 are regularly observed in well-folded
“rigid” proteins. We can say that, if only these fast motions
are present, the width of the fourth dimension is small
(Figure 3A). Other motions characterizing conformational
equilibria may be present, and these may be in the nano-
millisecond time scale. They usually involve collective
motions of several atoms.4,7,8 Interestingly, they are also
often accompanied by smaller values of S2, pointing to
the concomitant presence of motions in faster time scales.
These movements can allow the protein either to switch
between two different equilibrium states (Figure 3B) or

to move almost freely in a wide range of conformations
(Figure 3C). Finally, some proteins can assume very
different conformations, involving the relative movements
of extended protein regions on even slower time scales,
which can result in equilibria among two (Figure 3D) or
a variety of (Figure 3E) different conformations.

Copper-Thionein: Metal Exchange with Minimal
Conformational Width. Yeast copper-thionein (CuMT) is
a small cysteine-rich protein with high affinity for copper-
(I) ions. MT can bind 6-8 copper(I) ions, with Cu7MT
being the most representative species. The protein folds
only in the presence of copper(I) ions. The role of MT is,
among others, that of a depository for copper transfer into
apocopper proteins and apocopper chaperones, implying
the ability to quickly bind and release copper when
required. Crystallization attempts have always failed, while
the solution NMR structures of M7MT (M ) AgI 17 and
CuI 17)18 could be solved. The topology of the metal-
cysteine binding network in Ag7MT could be obtained by
exploiting the magnetic coupling between protein nuclei
and silver nuclei,17 while this was impossible for Cu7MT.
Unfortunately, the two structures are similar but not
identical,18 indicating that Ag7MT is not a perfect model
for Cu7MT.

A high-resolution NMR structure of Cu7MT could be
obtained only for residues 5-40, with a backbone root-
mean-square deviation (rmsd) of 0.32 Å (Figure 4), while
the 4 N- and 13 C-terminal residues were disordered.18

Therefore, the central metal-bound polypeptide region has
a very small fourth dimension width. The solution struc-
ture of the truncated 5-40 residues Cu7MT was then
shown to be identical to that of the holoprotein.19 Prompted
by these observations, crystallization of the truncated form
was attempted and immediately achieved.20

Surprisingly, the crystal structure showed the presence
of eight copper(I) ions. The structure was virtually identical
to the NMR structure except for the orientation of one
cysteine (inset of Figure 4), which is incompatible with
copper binding in solution but is posed to coordinate the

FIGURE 1. Time scales of the protein mobility and detection range
of NMR techniques.

FIGURE 2. Folding funnel.

FIGURE 3. Energy profile as a function of the 1D representation of
conformational space.
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eighth copper ion in the X-ray structure.20 Apparently,
crystals containing Cu8MT were formed from a solution
of Cu7MT. Cu6MT molecules are then left in solution,
possibly lacking another copper ion, located at the other
side of the cluster. These two more labile copper(I) ions
may be the ones transferred fast to copper chaperones in
vivo. It is surprising that, although the folding of MT is
totally dependent upon copper(I) binding, the last (or the
last two) copper(I) ions are taken up with such minimal
structural rearrangement. Figure 3B1 depicts the very
small width of the functional fourth dimension of the core
part of CuMT, at least as far as the uptake-release of the
eighth copper(I) ion is concerned. The small barrier
separating the two minima is essentially relative to the
local rearrangement of a cysteine side chain. On the other
hand, the fourth dimension is large if the 4 N- and 13
C-terminal residues are considered. However, there is no
evidence that these residues have a functional role.
Remarkably, neither NMR nor X-ray alone could have
provided this exhaustive picture of CuMT.

Copper Exchange between Atx1 and Ccc2a: Donor
and Acceptor Have Different Conformational Widths.
Atx1 is a copper-trafficking protein that can directly and
reversibly donate a copper(I) ion to the first soluble
domain of Ccc2 ATPase (Ccc2a).21 In the adduct between
CuAtx1 and apoCcc2a, a copper-bridged intermediate is
formed (Figure 5).22 In Atx1, the two metal-binding
cysteines move from buried in the copper(I)-loaded
protein to solvent-exposed after copper release. Therefore,
the fourth structural dimension is of the type reported in
Figure 3B2. Conversely, the structure of Ccc2a remains
almost invariant upon copper(I) coordination, indicating
a more pre-organized metal-binding site in apoCcc2a than
in apoAtx1 and a fourth dimension more similar to that

of MT (Figure 3B1). The apoproteins are much more
mobile than the copper(I)-bound proteins, with Atx1
showing a larger conformational variability than Ccc2a.
It would be tempting to speculate that the larger width of
the fourth dimension in apoAtx1 provides an overall gain
in entropy, thus helping copper(I) to pass from Atx1 to
Ccc2a.

Cytochromes: What a Tiny Electron Can Do. Cyto-
chromes are well-folded, compact electron-transfer heme
proteins accessing a diamagnetic iron(II) state and a
paramagnetic S ) 1/2 iron(III) state. NMR studies on iron-
(III) cytochromes are successfully performed by taking
advantage of the additional structural information pro-
vided by paramagnetism-based restraints.23 The NMR
structures show small but significant differences between

FIGURE 4. Cu8-MT solid-state (green) and Cu7-MT NMR (red) structures. Copper ions and cysteine side chains are indicated. The different
orientation of one cysteine, which binds one additional copper in the X-ray structure, is highlighted. The arrow indicates another possibly
labile copper ion. Adapted from ref 20.

FIGURE 5. Atx and Ccc2a exchanging a copper(I) ion.
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the two states (Figure 6).24,25 Reduced cytochrome b5 is
another good example of a protein sampling a small
conformational width, over a fast time scale, around a
well-defined equilibrium structure (Figure 3A1). However,
the oxidized protein shows a marked increase in mobility
in the nano-picosecond time scale, as indicated by an
overall decrease in the S2 values (Figure 7).26,27 Off-
resonance R1F experiments show that conformational
exchange processes in the milli-microsecond time scale
are operative in the oxidized form.28 The majority of
residues showing conformational exchange belong to
helices forming the heme-binding pocket. The latter thus
results to be quite flexible.

Similarly, larger mobility was found in the oxidized
form with respect to the reduced form of cytochrome c,
as shown by the smaller S2 values and the presence of
exchange processes in the milli-microsecond time scale
detected with off-resonance R1F experiments and 1H-15N
HSQC spectra in D2O.25 Careful inspection of the X-ray
structures29 also shows somewhat higher temperature
factors in the oxidized protein.

It can be concluded that the fourth structural dimen-
sion of cytochromes increases sizably upon passing from
the reduced (Figure 3A1) to the oxidized (Figure 3A2) form.
It is surprising that one electron less, in a protein of 10 000
Da, can produce such large effects. However, the coordi-
nation properties of low-spin iron(III), as opposed to iron-
(II), are sizably different (e.g., coordination of the axial
methionine in cytochrome c is much weaker in the
oxidized form25). This redox-dependent flexibility in heme
proteins may be not only important for molecular recog-
nition of biological partners but also for controlling the
reduction potential.24 Finally, it strikes the imagination to
think that the thermodynamic stability is so different
between the two redox states that folding of the denatured

oxidized cytochrome c can be triggered by the addition
of a tiny electron!30

A Wider Fourth Dimension in the Family of Matrix
Metalloproteinases (MMPs). MMPs are extracellular pro-
teases involved in tissue remodelling and cell signalling31,32

and are actively studied as potential drug targets. The
catalytic site is constituted by the zinc-binding region, the
S1′ pocket, and the substrate-binding groove (Figure 8)
and is able to bind a variety of different inhibitors. This
ability may be at least in part related to a relatively large
flexibility, which allows the protein to sample different
conformations and thus accommodate different ligands.
Therefore, it is expected that the fourth dimension is
sizable in these proteins (Figure 3C).

The width of the fourth dimension of MMPs was
studied by comparing several X-ray and NMR protein
structures.33 A comparison of the rmsd per residue in NMR
structure families of several MMPs shows that disorder is
present in the same loop regions of different proteins
(Figure 9). Indeed, the loop regions found disordered in
solution show different conformations in the X-ray struc-
tures of MMP-12 crystallized with three different inhibi-
tors. The rmsd in the loop forming the S1′ cavity is as high
as 3 Å. Conformational heterogeneity is confirmed by
X-ray structures of other MMPs, where often some resi-
dues in this loop are missing.33 High rmsd values in other
regions indicate that MMP-12 displays conformational
heterogeneity throughout the whole structure.

Several NMR techniques were applied (Figure 1) to
investigate mobility in MMP-12 on the different time
scales. The decrease in nuclear Overhauser effect (NOE)
intensity systematically observed in some loops, in good
agreement with the X-ray thermal factors, indicates mo-
bility in the nano-picosecond time scale. 1H-15N relax-
ation, R1F, and Carr-Purcell-Meiboom-Gill (CPMG) mea-
surements, able to monitor motions on the milli-
microsecond time scales, indicated that several residues
were affected also by such motions. Residual dipolar
couplings (rdc) provided information on the mobility of
all time scales faster than or on the order of milliseconds.1

Several measured rdc are smaller than the values calcu-
lated according to available MMP-12 structures, as the
result of conformational averaging, in particular at the
extremities of the loop forming the S1′ cavity and several
other loops. This suggests a large amplitude of loop
motions. Finally, the presence of resonance splittings in
the 1H-15N HSQC spectra, clearly observed for residues in
several loops, indicates local conformational heterogeneity
with time scales on the order or longer than milliseconds.

In summary, several protein regions undergo relatively
wide and collective motions. MMPs are thus a good
example of the interplay among different motions and the
resulting complexity of the fourth dimension. It appears
that large movements of loops on the millisecond or
longer time scale are always accompanied by more
localized movements on the microsecond time scale. Of
course, faster local movements on the nano-picosecond
time scale are universally present.

FIGURE 6. Structure of cytochrome b5 in the oxidized (red) and
reduced (cyan) forms.

“Four-Dimensional” Protein Structures Fragai et al.

912 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 12, 2006



Signalling by EF-Hand Proteins Needs a Wide
Fourth Dimension
The EF-hand motif is a helix-loop-helix motif that has
the ability to bind one calcium ion. In doing so, the
relative orientation of the two helices changes, passing
from a roughly antiparallel arrangement (closed or parallel
bundle form) to an almost perpendicular arrangement
(open or orthogonal bundle form).34,35 Two EF-hand motifs
connected by a short linker constitute a EF-hand domain,
which is the functional unit recognized as the universal
calcium signal transducer (Figure 10). Its evolutionary
success resides in calcium-binding cooperativity, enhanc-

ing the opening of the whole domain. The calcium form
exposes a large part of the hydrophobic core, and the
resulting hydrophobic cavity is a very good binder for
amphypatic R-helical motifs present in a variety of target
proteins. An increase in intracellular calcium concentra-
tion triggers the EF-hand domains into their open forms,
which in turn bind target proteins and trigger biological
responses.

Calmodulin (CaM) is the perfect machine for this task.
It is constituted by two EF-hand domains, connected by
a linker. The two domains arise from gene duplication and
are very similar to one another. Therefore, target binding
is enhanced, because the target peptide can be clamped
between the two domains (Figure 11). Given the amplitude
and functional relevance of the associated conformational
changes, exploring in detail the fourth structural dimen-
sion of CaM and EF proteins in general is a necessary and
fascinating task.

Fourth Dimension of Individual EF-Hand Domains.
The two CaM domains are not exactly alike. 15N relaxation
rates and 1H and 15N NMR spectra of apoCaM show that
the N-terminal domain adopts a static antiparallel helical
conformation,36,37 while the C-terminal domain undergoes
dynamic exchange between an antiparallel (∼95% of the
molecules) and one or more not parallel helical arrange-
ments (Figure 12).38,39 Indeed, the C-terminal domain of
apoCaM obtained in nearly identical conditions adopts

FIGURE 7. Internal mobility in cytochrome b5 in the oxidized and reduced forms, in the nano-picosecond range (left) and in the milli-
microsecond range (right). The sphere radii are proportional to the exchange rates.

FIGURE 8. General substrate-binding mode in the catalytic site of
MMPs.
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substantially different conformations,37,40 despite the order
parameter for secondary-structure elements is as expected
for well-folded proteins (S2 ∼ 0.85).38 Furthermore, the
solution structure of calcium(II)-loaded CaM indicates that

the N-terminal domain is considerably less open with
respect to the X-ray structure.36 Different from the apoC-
aM, both the N- and C-terminal domains of calcium(II)-
loaded CaM exist only in the open (or semi-open) state.36

A dynamic equilibrium involving conformations with a
partially exposed hydrophobic core thus provides CaM
with the ability to interact with its targets in the absence
of excess calcium(II).41 Target binding then moves the
equilibrium toward the open state.42 All of these findings
indicate that EF-hand domains have a remarkably large
fourth dimension, independent of the presence of cal-
cium(II), and that the latter simply “drives” the protein
from one conformational energy minimum to another.
This interpretation fits recent views on allosteric regula-
tion.9,11

Fourth Dimension of CaM. The definition of the
relative position of the two CaM domains is a formidable
task. Early X-ray structures of calcium(II)-loaded CaM
suggested that the last helix of the N-terminal domain,
the first helix of the C-terminal domain, and the interdo-
main linker constitute a long continuous helix. Such
conformation is inconsistent with NMR data in solution,
which show high mobility of residues 78-81 in the
interdomain linker, indicating that the helical structure
in such a region is disrupted.43,44 Disorder in the interdo-
main linker was subsequently confirmed also in the solid
state.45 Remarkably, a crystal structure has recently ap-
peared in which the two domains touch each other.46

Conversely, one X-ray structure of apoCaM also reports
the N- and C-terminal domains to interact,40 whereas the
solution structures indicate the absence of stable contacts
between the two domains.37 It appears as though X-ray
structures only provide snapshots of either closed, com-
pact, or open, fully elongated forms.

The relative conformational freedom of the two CaM
domains was explored using paramagnetism-based NMR
restraints.47 Pseudocontact shifts and rdc were obtained
for a suitably designed CaM mutant,48 where terbium(III)
or thulium(III) were selectively substituted at the second
binding site, with calcium(II) in the other three sites. If
there were no relative motions, the spreading of the
lanthanide-induced rdc should be approximately the same

FIGURE 9. rmsd per residue for the NMR structure families of
various MMPs (adapted from ref 33).

FIGURE 10. EF-hand motifs in the closed and open forms in the
presence of calcium ions.

FIGURE 11. Extended structure of free CaM and closed structure
in peptide adducts.

FIGURE 12. N- and C-terminal domains of the CaM switch from
an (essentially) closed to an open conformation upon calcium and/
or peptide binding.
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in both domains, and their analysis would easily provide
the relative orientation of the two domains. However, the
rdc spreading in the C-terminal domain was found to vary
between 5 and 15% of that of the N-terminal domain,47

showing that the relative motions are very large. However,
not all sterically allowed conformations are equally popu-
lated: with respect to the N-terminal domain, the C-
terminal domain was found to preferentially reside in a
region of space roughly inscribed in a wide elliptical cone47

(Figure 13). Apparently, CaM possesses a particularly wide
fourth dimension, being able to sample a large range of
very different conformations, as schematically depicted
in Figure 3E. X-ray structures provide snapshots of
conformations that may not even be the most populated
ones.

Other EF-Hand Proteins: Variations on the Theme.
Calbindin D9k (Cb) is a single EF-hand domain protein.
Its structure is known both in the apo and in the dicalcium
form (Figure 14).49 A solution structure of monolan-
thanide-substituted Cb with a very low backbone rmsd
(0.25 Å) was obtained using paramagnetism-based NMR
restraints.50 Very small changes in the conformation of the
first EF-hand motif occur upon calcium(II) binding,42 and
somewhat larger but still minor changes occur in the
second EF-hand motif.51 Relaxation data indicate that the
flexibility of Cb is largely reduced upon calcium(II) bind-
ing, particularly in the loop of the second EF-hand motif.52

The resulting reduction in nano-picosecond time scale
dynamics correlates with the loss of conformational
entropy and affects substantially the calcium-binding
affinity.5,53,54 The width of the fourth dimension in calbi-
ndin is thus small, e.g., as in Figure 3A1 for Ca2Cb and as
in Figure 3A2 for apoCb.

EF-hand proteins such as Cb function as calcium
buffers and carriers. Conformational changes are avoided
in this case, because these would lead to a reduction in

calcium(II) affinity. Cb avoids conformational changes
through mutations in one of the loops, which uncouple
calcium binding and domain opening. The inequivalence
of the two EF-hand motifs is illustrated by, e.g., the
selective lanthanide substitution to only one site (Figure
14). Other calcium buffer EF-hand proteins like R-parval-
bumin (PV) and â-parvalbumin (OM) avoid opening
through a different mechanism. They originate from a
CaM ancestor lacking the first of the four EF-hand motifs.
The second motif then lost its calcium-binding ability,
while the C-terminal domain remained functional. NMR55,56

and X-ray57,58 structures of PV and OM show that the first
EF-hand motif resembles a peptide permanently bound
to the open form of the C-terminal domain (Figure 15).
In this way, apoPV and apoOM are already in a peptide-
bound form and ready to bind two calcium ions, therefore,

FIGURE 13. C-Terminal domain of CaM moves within a wide
elliptical cone about the axis defined by the last helix of the
N-terminal domain. Three possible conformations are shown.

FIGURE 14. Structure of Cb. The calcium ion in violet is located in
the modified EF-hand motif, and the one in blue can be selectively
substituted by lanthanides.50

FIGURE 15. Superimposed structures of PV and OM.
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with high affinity. Figure 3A is again adequate to describe
the situation of calcium-bound PV and OM.

EF-hand domains thus span a large variety of fourth
dimension widths. We have recently found a CaM-like
protein with a N-terminal domain having the normal four-
helices secondary structure, little or no tertiary structure,
and erratic calcium-binding properties.59

Conclusions and Perspectives
Protein conformational heterogeneity can be viewed as a
fourth structural dimension. In some cases (e.g., CaM),
the latter can be quite large. Even in proteins with a
smaller fourth dimension, conformational heterogeneity
may play important roles. For instance, in catalytic
enzymes, it allows binding sites to adapt to a more or less
large variety of substrates (and/or inhibitors).1-3 The
knowledge of the whole set of allowed conformations
rather than of a single averaged conformation may be
fundamental for rationalizing the inhibitor-binding capa-
bility of drug targets.5,60,61 As computational methods
become more and more powerful, there are hopes that
predictions of molecular mobility on times longer than
nanoseconds can be obtained by molecular dynamics
simulations or normal-mode approaches.62,63

In this Account, we have attempted to stress the
importance of conformational heterogeneity of proteins,
with examples taken from the world of metalloproteins.
Upon passing from the genomic to the proteomic era, we
need to have a clear mental representation of the main
actors, the proteins, not as static but as dynamic objects.
The proteome gives rise to the interactome, and dynamics
is at the core of the proper understanding of protein-
protein and protein-biomolecule interactions. We foresee
that the increasing awareness, on the side of structural
biologists, of the richness of functional information con-
tained in the conformational heterogeneity of a protein
will lead us not to consider a protein structural investiga-
tion complete until data on the width of this fourth
structural dimension is provided.
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