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Probing structural transitions in both
structured and disordered proteins using
site-directed spin-labeling EPR spectroscopy‡

Sonia Longhi,a∗ Valérie Belle,b André Fournel,b Bruno Guigliarellib

and Frédéric Carrièrec∗

EPR spectroscopy is a technique that specifically detects unpaired electrons. EPR-sensitive reporter groups (spin labels or spin
probes) can be introduced into biological systems via site-directed spin-labeling (SDSL). The basic strategy of SDSL involves
the introduction of a paramagnetic group at a selected protein site. This is usually accomplished by cysteine-substitution
mutagenesis, followed by covalent modification of the unique sulfydryl group with a selective reagent bearing a nitroxide
radical. In this review we briefly describe the theoretical principles of this well-established approach and illustrate how we
successfully applied it to investigate structural transitions in both human pancreatic lipase (HPL), a protein with a well-defined
α/β hydrolase fold, and the intrinsically disordered C-terminal domain of the measles virus nucleoprotein (NTAIL) upon addition
of ligands and/or protein partners. In both cases, SDSL EPR spectroscopy allowed us to document protein conformational
changes at the residue level. The studies herein summarized show that this approach is not only particularly well-suited to
study IDPs that inherently escape atomistic description by X-ray crystallography but also provides dynamic information on
structural transitions occurring within well-characterized structured proteins for which X-ray crystallography can only provide
snapshots of the initial and final stages. Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction to SDSL-EPR Spectroscopy

EPR spectroscopy is a technique that specifically detects unpaired
electrons. It is based on the observation of the energy absorbed by
a paramagnetic system in a magnetic field. In biological systems,
these centers are mainly free radicals or some ions of transition
metals such as iron, copper, and nickel. SDSL combined with
EPR is a powerful technique for detecting structural changes in
proteins that are devoid of such paramagnetic centers. The basic
strategy of SDSL involves the insertion of a paramagnetic label at a
selected site of a protein and its observation by EPR spectroscopy
(for reviews see [1–8]). This is usually accomplished by cysteine-
substitution mutagenesis, followed by covalent modification of
the sulfydryl group with a selective nitroxide reagent, such as
the MTSL (Figure 1). Since the pioneering works of the group of
Hubbell [9,10], SDSL EPR spectroscopy has emerged as a valuable
tool for studying structural characteristics in a wide range of
proteins. Several EPR approaches can be used to study labeled
proteins and to obtain information on the side chain mobility
of the nitroxide probe and its solvent accessibility, as well as
on distances between two intra- or intermolecular spin probes.
In particular, the combination of these different approaches has
been extensively used to study conformational changes arising
from either protein–substrate, protein–ligand interactions or light
irradiation [4,11–16]. The recent development of pulse EPR [17],
in particular combined with DEER techniques (4-pulses DEER
sequence [18]) allows determination of inter-spin distances in the
range of 1.8–8.0 nm, thus covering a wide range of interest for
the study of large conformational transitions and biomolecule
associations. The method is based on the introduction of two spin

probes and the distance between them is determined through
spin–spin dipolar interaction analyses [19,20]. This technique has
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JosephAiguier,13402MarseilleCedex,France.E-mail: carriere@ifr88.cnrs-mrs.fr

a Architecture et Fonction des Macromolécules Biologiques, UMR 6098 CNRS
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been applied to a wide range of biological structural systems
[21–26].

In the following, we describe the basics of nitroxide EPR spectral
shapes with respect to spin label mobility and the means to extract
semi-quantitative parameters from these shapes.

Nitroxide radicals are anisotropic paramagnetic centers charac-
terized by the interaction between an electronic spin S = 1/2 and
a nuclear spin I = 1 arising from the magnetism of the 14N nucleus
located in the vicinity of the unpaired electron. The anisotropy of
both g tensor (Zeeman interaction) and A tensor (hyperfine inter-
action) makes EPR spectra critically dependent on the mobility of
the radical. Figure 2 shows a set of characteristic EPR spectra, sim-
ulated by the EasySpin software [27], for various motional regimes,
differing in their rotational correlation time τr . When these radicals
are allowed to tumble rapidly in an isotropic way, as in the case
of a liquid, magnetic interactions (g and A tensors) are completely
averaged and the EPR spectrum displays three narrow lines (see
spectrum A in Figure 2). As the motion becomes progressively
slower, the magnetic anisotropy is no longer totally averaged. As
long as the correlation time τr is in the nanosecond timescale, it
results in a differential broadening of lines in the spectrum, while
line positions remain constant (see spectrum B in Figure 2). This is
the so-called fast motional regime, valid until τr = 10−9s. For values
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PROBING STRUCTURAL TRANSITIONS BY SDSL EPR SPECTROSCOPY

Figure 1. MTSL chemical structure and covalent modification of the SH group of a cysteine.
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Figure 2. Set of various simulated EPR spectra, using EasySpin software
[27], of a nitroxide radical corresponding to different isotropic motional
regimes characterized by various rotational correlation times τr (1.10−12s
(A); 1.10−9s (B); 1.10−8s (C); 1.10−5s (D)). The different semi-quantitative
parameters used to characterize the spectra are represented (see text for
details): the amplitude of the derivative lines (B), the width of the central
line δ (C) and the outer line splitting 2Azz, Azz being the z-component of
the hyperfine tensor (D). Note that in the simulation, we did not take into
account the contribution of the 13C lines (i.e. natural abundance of 13C).

of τr > 10−9s up to 10−6s, the averaging of the magnetic interac-
tions (g and A tensors) becomes less and less efficient, leading to
shape distortions of the EPR spectrum (see spectrum C in Figure 2).
This range of τr values defines the intermediate motional regime.
When τr becomes superior to 10−6s, the slow motional regime is
reached, and the full effects of the anisotropy of the magnetic
interactions (g and A tensors) are observed. In this case, the EPR
spectrum corresponds to the one obtained from a frozen solution
of the spin label (see spectrum D in Figure 2).

When grafted onto proteins, nitroxide spin labels give rise to
EPR spectra whose shape reflects the spin label mobility. Any
change in this environment resulting from either a physical or
chemical event can then be identified from the change in the EPR
signature. Notably, EPR spectra of spin-labeled proteins can be
recorded at room temperature, thus providing information on the

local environment of the spin label under conditions close to the
physiological ones.

The mobility of a spin label grafted onto a protein is due to
the movement of the entire protein (τprot) and to an ensemble
of different local movements (τlocal) including local backbone
fluctuations and internal dynamics of the spin-labeled side chain.
The influence of the movement of the entire protein on the EPR
spectra is negligible when the rotational correlation time of the
protein (τprot) is much greater than τlocal. This is the case for a
protein with a molar mass ≥50 kDa (τprot > 20 nsec) and when
τlocal is in the nanosecond timescale. For smaller proteins, the
influence of the movement can be reduced by increasing the
viscosity of the solution by adding up to 30% w/v sucrose. This
induces an increase of τprot by a factor of about three, while τlocal

remains unchanged [28].
How can mobility information be extracted from EPR spectra?

One way to process the data in a quantitative way is to
simulate EPR spectra, an approach developed by Freed and co-
workers [29,30]. Besides the simulation method, semi-quantitative
analyses can be used, consisting in measuring in EPR spectra
a parameter that directly depends on the mobility of the spin
label.

In the fast motional regime of the spin label (10−11 < τlocal <

10−9 s), the parameter of choice is the ratio between the peak-to-
peak amplitude of the lateral lines arising from the different spin
states of the nitroxide 14N nucleus, referred to as h(MI = +1) or
h(MI = −1), and that of the central line, referred to as h(MI = 0)
(Figure 2). For a fast anisotropic motion, the h(+1)/h(0) ratio was
found to be a more sensitive parameter than the h(−1)/h(0) ratio,
as shown from analysis of the variation of these ratios from a set
of simulated spectra as a function of typical rotational correlation
times [31].

Another parameter that is sensitive to label motion is the so-
called ‘scaled mobility’ that has been introduced by Hubbell and
co-workers [4]. It is based on the measurement of the peak-to-
peak width of the central line δ (Figure 2). This parameter is well
suited when the study involves a collection of spin labels grafted
individually on a protein and has the advantage of being not
restricted to a particular regime of mobility. On the other hand,
in the intermediate/slow motional regime of the spin label, the
outer line splitting 2Azz is a well-suited and sensitive parameter
(Figure 2).

Using SDSL-EPR Spectroscopy to Monitor Con-
formational Changes within Proteins

In 1996, Mchaourab and co-workers established the basis for
the interpretation of the EPR line shape of spin labels grafted
on proteins by investigating the relationship between the
mobility of the nitroxide side chain and the structure of T4
lysozyme and showed that the mobility of the spin labels grafted
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reflects backbone fluctuations as well as the protein tertiary
structure [32]. Since these pioneering studies, the importance
of backbone fluctuations and of tertiary contacts on EPR spectra
has been studied in more detail using a collection of nitroxide
methanethiosulfonate reagents [33,34].

In this review we summarize the main findings resulting from
the application of SDSL EPR spectroscopy to the study of structural
transitions within the HPL and the intrinsically disordered C-
terminal domain of the measles virus nucleoprotein (NTAIL), two
well-characterized proteins for which a wealth of biochemical and
structural data are available.

Application of SDSL EPR Spectroscopy to the Study of
Structural Transitions within HPL

X-ray crystallography studies on HPL have shown that this enzyme
consists of a catalytic N-terminal domain with an α/β hydrolase
fold and of a β-sandwich C-terminal domain [35–37]. The active
site in the N-terminal domain comprises a ser-his-asp catalytic
triad, and its access is controlled by a lid adopting two different
conformations (referred to as ‘open’ and ‘closed’). The C-terminal
domain is required for the interaction with a lipid–water interface
[38], as well as for binding to colipase, a physiological cofactor
required for the adsorption of the lipase at a lipid–water interface
in the presence of competing amphiphiles such as bile salts [39].
When the HPL-colipase complex was crystallized in the presence
of bile salts and phospholipids, the lid was observed in the open
conformation, thus giving free access to the active site. The N-
terminal part of colipase was also found to interact with the lid
domain, thus forming a second lipase–colipase interaction site.
On the basis of these structural findings, it was suggested that
colipase may help to bring the catalytic N-terminal domain of
pancreatic lipase into close contact with the lipid interface, where
a drastic change occurs in the conformation of the lid.

Although X-ray crystallography is a powerful technique, it mainly
yields static information. The closed and open conformations of
HPL observed in the crystal structures are thought to correspond
to the initial and final stages of the opening of the lid. However,
the opening of the lid can be anticipated to be a complex
process probably involving several steps and implying different,
intermediate conformations, as in the case of the lipase from
Thermomyces lanuginosus [40]. How and when the lid opens
has long been a matter of discussion, although a few studies have
indicated that the lid may be open in solution in the presence of bile
salts and colipase [41–44]. The presence of a lipid–water interface
would not be strictly required to induce and stabilize the open
conformation of the lid, with this latter being stabilized in solution
by interactions with both bile salt micelles and colipase [43].
Inhibition studies have shown, however, that the sole presence of
bile salts suffices to induce a fast inactivation of pancreatic lipase,
probably via the opening of the lid that normally prevents the
access of inhibitors to the active site in solution [45].

In view of achieving a dynamic description of the opening of
the lid, as well as to unveil the possible coexistence of several lid
conformations, a paramagnetic probe was covalently bound to
the lid of HPL. EPR spectroscopy was then used to monitor the con-
formational change occurring in the lid in solution in the presence
of its physiological partners, namely colipase and bile salts.

To this endeavor, we targeted for cysteine substitution and
ensuing spin-labeling residue D249, a residue of the lid whose
side chain is fully exposed to solvent in both the open and closed
conformations and that is not involved in any interactions with the
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Figure 3. EPR spectra of spin-labeled D249C-C181Y HPL variant (80 µM)
recorded at room temperature on an ESP 300E Bruker spectrometer
equipped with an ELEXSYS Super High Sensitivity resonator operating
at 9.9 GHz. The microwave power was 10 mW and the magnetic
field modulation frequency and amplitude were 100 kHz and 0.1 mT,
respectively. The EPR spectra of spin-labeled HPL variant in the absence
or presence of colipase either with or without 4 mM NaTDC are shown.
The difference spectrum (bottom) obtained by subtracting the spectrum
of HPL alone from the composite spectrum obtained in the presence of
colipase and 4 mM NaTDC is also shown. The horizontal arrows indicate
the outer line splitting of the two spectral components.

lipase core or the colipase according to the crystal structures [46]. In
order to ensure specific spin labeling at a single position, the other
accessible free cysteine, namely C181 [47,48], was substituted
by a tyrosine, as observed at the equivalent position in other
pancreatic lipases [49,50]. The double C181Y-D249C HPL variant
(hereafter referred to as HPL variant) was produced in the yeast
Pichia pastoris and purified to homogeneity in a single cation
exchange chromatography step. A DTT reduction step prior to
spin labeling turned out to be crucial to ensure reduction of the
oxydized cysteine(s) and to lead to high (i.e. approximately 80%)
labeling yields [46].

The HPL variant, irrespective of the presence or absence of the
spin label, was found to have the same kinetic properties as native
HPL and was shown to be inhibited by E600 only in the presence
of micellar concentrations of bile salts, like in the case of native
HPL [46].

The EPR spectrum of the spin-labeled HPL variant (see spectrum
1 in Figure 3) showed a relatively narrow single-component shape,
with an outer line splitting of 3.22±0.02 mT, indicating a fairly fast
motion of the radical typical of a solvent-exposed location [32].
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Active site

Figure 4. (A) Molecular surface representation of HPL in its closed (pdb code 1N8S) [36] and open (pdb code 1LPA) [37] conformations. Hydrophobic and
polar surfaces are shown in white and gray, respectively. Residue 249 targeted for cysteine substitution and spin labeling is shown in space-filling model.
The EPR spectra of the spin-labeled closed or open forms of HPL are shown. (B) and (C) Ribbon representation of the open and closed conformations of
the lid showing the environment of residue 249. The 237–261 region of HPL is shown in the form of a ribbon model. The disulfide bridge between C237
and C261 is shown in sticks, whereas residues I248, D249 and G250 are shown in space-filling CPK. Panel C is the left side view corresponding to the view
in Panel B. The picture was drawn using PyMOL (DeLano Scientific, San Carlos, CA; http://www.pymol.org) [51].

While addition of a two-fold molar excess of colipase did not induce
any change in the EPR spectrum (see spectrum 2 in Figure 3), the
presence of 4 mM bile salts gave rise to a composite spectrum (see
spectrum 3 in Figure 3) consisting of two components showing
different mobilities of the nitroxide radical: one with a relatively
narrow spectral shape with an outer line splitting of 3.22 ± 0.02
mT (hereafter referred to as the fast-motion component), and one
with a very broad spectral shape reflecting a highly restricted
mobility of the radical as indicated by its outer line splitting of
6.65 ± 0.05 mT. This shape will be hereafter referred to as the
slow-motion component. When both physiological partners were
present, the proportion of the slow-motion component increased
strongly (see spectrum 4 in Figure 3). In order to isolate the slow-
motion component we subtracted the fast-motion component
(see spectrum 1 in Figure 3) from the composite spectrum. The
resulting spectrum (see spectrum 5 in Figure 3) is representative
of a radical with a very restricted mobility suggesting a location at
a site poorly accessible to the solvent [32]. The proportion of the
slow-motion component in composite spectra was quantitatively
estimated from the integrated intensities of the absorption line.

The assignment of the EPR spectrum components to HPL lid
conformations was based on experiments with E600. After addition
of the E600 inhibitor to the spin-labeled HPL variant in the absence
of bile salts and colipase, the rate of lipase inhibition was extremely
slow (no access of the inhibitor to the active site) and the EPR
spectrum remained mainly composed of a fast-motion component
[46]. When the experiments were performed in the presence of
micellar concentrations (2–4 mM) of NaTDC and colipase, the
inhibition rate increased significantly and the EPR spectrum
was mainly (i.e. 80%) composed of a slow-motion component.

Subsequent dilution of the samples aimed at reducing bile salt
concentration below the CMC, did not give rise to any spectral
changes, whereas similar experiments performed in the absence
of E600 allowed to restore an EPR spectrum mainly composed of
a fast-motion component. As the closed conformation of HPL lid
is not compatible with the presence of E600 covalently linked to
the active serine of HPL, these results allowed unambiguous
assignment of the fast-motion and slow-motion components
to the closed and open form of HPL, respectively (Figure 4A).
In addition, the experiments without E600 showed that the lid
opening is a reversible process. These conclusions are supported
by the analysis of the 3D structures of HPL showing that the
side chain of residue 249 onto which the spin label is grafted is
more constrained in the open form than in the closed form of
HPL (Figure 4B,C). In addition, when the kinetics of reduction of
the spin-labeled HPL variant in the presence of an excess of DTT
was studied, the fast-motion component of the EPR spectrum in
the absence of bile salts and colipase was found to disappear
immediately after addition of DTT and to be totally converted
into a signal of unbound, free-rotating radical in solution [46]. On
the other hand, the slow-motion component of the EPR spectrum
obtained in the presence of bile salts and colipase remained
unchanged up to 30 min after the reduction reaction was started
[46]. These data are consistent with the spin label being less
accessible to the solvent in the open form of HPL than in the
closed form.

The effects of the bile salt concentration on the spectral shapes
were studied by recording the EPR spectra of the spin-labeled
HPL variant in solution, in either the absence or the presence
of a two-fold molar excess of colipase (Figure 5) [46]. In the
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absence of colipase and up to 0.5 mM NaTDC, the shape of the EPR
spectrum remained unchanged. Above 1 mM NaTDC, however, the
proportion of the slow-motion component quickly, and reversibly,
increased with increasing bile salts concentration and reached a
plateau at 40–50% in the absence of colipase and 80% in the
presence of the latter. The effects of the colipase/lipase molar
ratio were investigated by recording the EPR spectra of the spin-
labeled HPL variant in a solution containing 4 mM of NaTDC with
variable amounts of colipase. Without colipase, the proportion of
the slow-motion component spectrum was found to be 45%, and
this proportion was shown to gradually increase with increasing
amounts of colipase and to reach a maximum of 70–75% above a
two-fold molar excess.

In conclusion, these studies established a clear correlation
between an EPR spectral shape and a conformational state of
HPL and thus allowed a quantitative estimation of the opening
of the lid under various conditions. In particular, the opening
of the lid was observed in solution at room temperature in the
presence of increasing bile salts concentrations. The opening of
the lid was found to be already largely induced by bile salts before
they reach the CMC (Figure 5), indicating that bile salts monomers
are sufficient to stabilize the open conformation of HPL. This
conclusion is supported by the analysis of the crystal structure of
the open HPL showing detergent monomers (β-octyl glucoside)
interacting with the hydrophobic side of the lid [53]. Notably,
the opening of the lid was shown to be a reversible process,
as decreasing the bile salts concentration restored the EPR fast
motion spectrum. In addition, and contrary to one previous report
in the literature [43], colipase was found to be not strictly required
to induce the opening of the lid, although it was found to stabilize

the open conformation induced by bile salts. In a subsequent
study [52], decreasing the pH was found to have the same effect
as bile salts on the lid opening until a pH of 3. Below this threshold,
the protein was found to be unfolded, as judged by both FTIR and
EPR spectroscopy.

Finally, in a recent study, a strategy of double spin labeling
was applied for measuring the amplitude of the lid opening
via interspin distance measurements [54]. One spin label was
introduced at the above-described position 249 of the mobile lid,
while the second one was grafted at a rigid position (residue 181)
of HPL, where an accessible cysteine residue naturally occurs.

Using pulsed EPR and the bi-labeled HPL sample frozen at
70 ± 5K, DEER experiments were carried out. From these studies,
the inter-spin label distance of the closed conformation of HPL was
estimated to be 19 ± 2 Å (Figure 6A). A magnetic interaction was
however detected by continuous wave EPR experiments at room
temperature (296K), suggesting that a fraction of bi-labeled HPL
contained spin labels separated by a shorter distance. These results
could be accounted for by the presence of two conformational
sub-ensembles for the spin label side chain at position 249 when
the lid was closed. The existence of these conformational sub-
ensembles was revealed by the simulation of the EPR spectra and
was confirmed by molecular dynamics simulations. When the lid
opening was induced by the addition of bile salts and colipase,
a larger distance (42 ± 2 Å) between the two spin labels was
estimated from the DEER experiments (Figure 6A). The distances
measured between the spin labels grafted at positions 181 and
249 were found to be in good agreement with those estimated
from the known X-ray structures of HPL in the closed and open
conformations (Figure 6B). Notably, these experiments allowed
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Figure 6. (A) Inter-spin label distance distributions of bi-labeled HPL either alone (solid line) or in the presence of bile salts and colipase (dotted line)
obtained by DEER experiments and processed by Tikhonov regularization methods using the DeerAnalysis software [55]. When bi-labeled HPL was alone
in solution, a single distance distribution of 19 ± 2 Å was found. In the presence of bile salts and colipase (i.e. under conditions known to induce the
opening of the lid), the inter-spin distance distribution is shifted to 42± 2 Å, indicating that residue 249 is pushed away from residue 181. The minor peaks
between 25 and 35 Å are either artifacts generated by the mathematical processing of data, or may correspond to minor intermediate conformations of
the HPL lid. (B) Molecular surface representation of HPL in its open (top) and closed (bottom) conformations (pdb codes 1LPA and 1N8S, respectively).
Hydrophobic and polar surfaces are shown in white and gray, respectively. Residues 249 and 181 targeted for spin labeling are shown in the space-filling
model. The picture was drawn using PyMOL (DeLano Scientific, San Carlos, CA; http://www.pymol.org) [51].

for the first time measuring the amplitude of the lid opening in
solution or in a frozen solution in the presence of amphiphiles.

Application of SDSL EPR Spectroscopy to the Study of the
Induced Folding of the Intrinsically Disordered NTAIL Domain
of the Measles Virus Nucleoprotein

As SDSL EPR spectroscopy has been extensively used to study
folding and unfolding processes of structured proteins in the
presence of denaturing agents [56–60], it was also expected to
be well suited to assess induced folding events, i.e. disorder-
to-order transitions experienced by IDPs upon binding to their
physiological partners.

IDPs are ubiquitous proteins that fulfill essential biological
functions while being devoid of highly populated secondary
and tertiary structure under physiological conditions and in the
absence of a partner and rather exist as dynamic ensembles of
inter-converting conformers [61–66]. Although there are IDPs that
carry out their function while remaining permanently disordered
(e.g. entropic chains) [66], many of them undergo induced folding
[62,67]. Because of their inherent flexibility, IDPs escape atomistic
description using X-ray crystallography: due to the considerable
flexibility of the chain, IDPs generally fail to be crystallized and
crystals can only be obtained for IDPs bound to a partner, provided
that the disorder-to-order transition warrants a sufficient gain of
rigidity compatible with the crystal nucleation process. By contrast,
spectroscopic approaches, including SDSL EPR spectroscopy, are
ideally well suited to study IDPs and to monitor the structural
transitions they undergo in the presence of ligands/partners.

We therefore applied this technique to investigate the induced
folding of the intrinsically disordered C-terminal domain of MeV
N, in the presence of the C-terminal X domain (XD, aa 459–507)
of P. MeV N consists of two regions: a structured N-terminal
moiety and a C-terminal domain, NTAIL (aa 401–525), that is
intrinsically unstructured [68] and exposed at the surface of the

viral nucleocapsid [69]. NTAIL recruits the polymerase complex,
made of the large protein (L) and of P, via an interaction with
XD. Binding to XD triggers the α-helical folding of NTAIL [70].
Within a conserved region of NTAIL (aa 489–506, Box 2), an
α-helical molecular recognition element (α-MoRE) involved in
binding to P and in induced folding was identified [71] and
modeled in the crystal structure of XD [70]. This model has been
successively validated by Kingston and co-workers who solved
the crystal structure of a chimeric construct consisting of XD and
of the 486–504 region of NTAIL [72]. Using SAXS, a low-resolution
structural model of the complex between XD and the entire NTAIL

domain has been obtained [73] (Figure 7A). This model showed
that most of NTAIL (residues 401–488) remains disordered in the
complex and does not establish contacts with XD. It also provides
evidence for the involvement of the NTAIL region downstream the
α-MoRE in binding to XD. That NTAIL possesses an additional
site (Box3, aa 517–525) involved in the interaction with XD
has been further confirmed by several approaches, including
surface plasmon resonance, CD and both fluorescence and NMR
spectroscopy [73].

Although the NTAIL –XD interaction has been the focus of
numerous studies (for reviews see [74–78]), only partial structural
information on the NTAIL-XD complex was available by the time we
undertook the characterization of both the free and bound form of
NTAIL by SDSL EPR spectroscopy. Indeed, SAXS data only provided
low-resolution structural information, and crystallographic data
were only available for a chimeric construct containing only 18 out
of 125 NTAIL residues [72], while the full assignment of the HSQC
spectrum of NTAIL in both the free and bound form has become
available only recently [79]. In addition, the exact contribution of
Box3 to binding to XD was unclear.

In order to more precisely map the α-helical folding that NTAIL

undergoes in the presence of XD, and to achieve a better
understanding of the molecular mechanisms governing this
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Figure 7. (A) Model of the NTAIL-XD complex as derived by small-angle X-ray scattering studies, highlighting the involvement of the α-MoRE and of the
C-terminus of NTAIL in the interaction with XD [73]. The structure of the chimera between XD and the NTAIL region encompassing residues 486–504 (PDB
code: 1T60) is zoomed in, and the side chains of residues targeted for cysteine substitution and spin labeling are shown. The picture was drawn using
PyMOL (DeLano Scientific, San Carlos, CA; http://www.pymol.org) [51]. (B) Schematic representation of positions targeted for cysteine substitution and
spin labeling (diamonds). The three regions of homology conserved in Morbillivirus members (Box1, Box2, and Box3) are also shown.

folding process, we targeted for spin-labeling 14 sites within
NTAIL, 12 of which are scattered in the 488–525 region, while
two (positions 407 and 460) are located outside the reported
region of interaction with XD (Figure 7B) [80]. Fourteen single-site
cysteine variants were designed and purified from the soluble
fraction of Escherichia coli. Spin labeling of all NTAIL variants was
carried out using the same labeling procedure used during the
mono spin-labeling of HPL [46]. Labeling yields ranged from 50 to
80%. Differences in labeling yields were not position-dependent
and were ascribed to more subtle differences in the experimental
conditions rather than to a different extent of solvent-exposure of
the sulfydryl group, in agreement with the prevalently unfolded
state of NTAIL [80].

The possibility that the cysteine substitution and the introduc-
tion of the spin label might affect the overall structure and the
folding propensities of the NTAIL variants was checked and ruled
out by far-UV CD [80].

The EPR spectra of all NTAIL variants were recorded at room
temperature. For all the spin-labeled NTAIL proteins, the EPR spectra
are indicative of a high radical mobility, as judged on the basis
of the ratio of the peak-to-peak amplitudes of the low field and
central field lines (h(+1)/h(0) ratio) that is a sensitive indicator of
the radical mobility in the fast motional regime and that decreases
with decreasing radical mobilities [31,80] (Figure 8, left panel).
The EPR spectra exhibit a relatively narrow, single-component
shape, with an outer line splitting of 3.22 ± 0.02 mT (Figure 8,
left panel). Despite the overall high mobility, slight differences
were observed in the different spin-labeled NTAIL proteins. These
differences in mobility could reflect differences in the content of
transient secondary structure elements in the local environment
experienced by each label.

EPR spectra were also recorded in the presence of either the
secondary structure stabilizer TFE or the physiological partner XD
(both either in the absence or in the presence of 30% sucrose)
(Figure 8, right panel and data not shown). In all cases, addition
of stoichiometric amounts of XD was not sufficient to lead to
saturation, with a two-fold molar excess of XD being required in
most cases. For each EPR spectrum (except for the S491C NTAIL

variant in the presence of XD), we measured the h(+1)/h(0) [31,80].
The effects of XD on the mobility of the spin label ranged from null
(positions 407 and 460) to either dramatic (positions 488–502)
or significant though less pronounced (positions 505–522). For
position 491, which is the only one whose side chain is located
at the XD-binding interface (Figure 9A), the mobility of the spin
label was so dramatically reduced that the h(+1)/h(0) parameter
was no longer appropriate. In the case of the S491C NTAIL variant
(Figure 9A), the experimentally observed EPR spectrum consists
of two components: one arising from the unbound spin-labeled
protein and one resulting from the spin-labeled protein bound
to XD (Figure 9B,C). The one-component spectrum corresponding
to the bound form of the labeled protein was obtained upon
subtracting the spectrum of free spin-labeled protein from the
composite spectrum. The percentages of free and bound forms
were calculated from the ratio of the integrated intensities, as
already described above for HPL. They were estimated to be
25 ± 5% and 75 ± 5%, respectively. The inability of spin-labeled
S491C to bind to XD at 100% under saturating conditions, was
ascribed to the occurrence of two protein populations in solution,
one of which (25%) would be unable to bind to XD even at
over-saturating XD concentrations. These two populations were
proposed to reflect static disorder, i.e. two alternate conformations
of the side chain in position 491 (and hence of the spin label) with
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Figure 8. Normalized room temperature EPR spectra of the spin-labeled NTAIL proteins (100 µM) in the absence (left panel) or presence of a molar excess
of XD (right panel). The spectra were recorded on an ESP 300E Bruker spectrometer equipped with an ELEXSYS Super High Sensitivity resonator operating
at 9.9 GHz. The microwave power was 10mW and the magnetic field modulation frequency and amplitude were 100 kHz and 0.1 mT, respectively. The
bottom panel shows the h(+1)/h(0) ratios of the spin-labeled NTAIL proteins free and in the presence of either saturating amounts of XD or 20% TFE as a
function of spin-label position. Note that the h(+1)/h(0) ratio of the spin-labeled S491C variant was not indicated, as it is not a reliable indicator of the
mobility of this spin label (see text). The schematic representation of the NTAIL variants is shown on the top. Data were taken from [31,80].
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Figure 9. (A) Schematic representation of the S491C NTAIL variant and structure of the chimera between XD and the NTAIL region encompassing residues
486–504 (PDB code: 1T60), where the side chain of residue S491 is shown. The picture was drawn using PyMOL (DeLano Scientific, San Carlos, CA;
http://www.pymol.org) [51]. (B) and (C) Normalized room temperature EPR spectra of the spin-labeled S491C NTAIL protein (100 µM) in the absence (B) or
presence (C) of 30% sucrose either in the absence (top) or in the presence of saturating amounts of XD (middle). The EPR spectra were recorded using the
same settings described for Figure 8. The EPR spectra shown at the bottom were obtained upon subtraction of the spectra of the unbound form (top)
from the composite spectra (middle). The horizontal arrows indicate the outer line splitting for the free and bound forms.

an occupancy of 0.75 and of 0.25. In the less populated one, the
spin label would occur in a spatial position that would cause steric
hindrance thereby preventing formation of a complex with XD.
Indeed, the side chain of the native serine residue at position
491 is buried at the interface in the complex with XD (pdb code
1T6O) (Figure 9A). The finding that the grafting of the radical at
the binding interface does not abolish complex formation and
yet results in a highly constrained motion of the spin label is
in agreement with earlier observations showing that nitroxide
spin labels are tolerated at contact surfaces [82–85]. Interestingly
however, in the case of the NTAIL-XD complex, although the grafting
of the nitroxide radical at this position does not suppress complex
formation, it causes a significant reduction in affinity and impairs
the ability of the protein to yield 100% complex formation.

The occurrence of a considerable conformational heterogeneity
at position 491 has been further confirmed in a subsequent
EPR study [86], as well as in a vibrational spectroscopy study of
cyanylated single cysteine variants of NTAIL [87].

In agreement with the location of the radical buried at the
NTAIL/XD interface (Figure 9A), the EPR spectrum obtained in the

presence of saturating amounts of XD is typical of a highly restricted
mobility of the spin label, as judged by the appearance of a novel
spectral lineshape with a broader outer line splitting (5.95 ± 0.05
mT) as compared to the unbound form (3.22±0.02 mT) (Figure 9B).
As expected, this effect is even more pronounced in the presence
of 30% sucrose (Figure 9C), where the mobility of the radical
is severely restricted and approaches the so-called ‘rigid-limit’
regime obtained for a frozen solution of the free radical.

EPR experiments in the presence of 30% sucrose (a condition
where the contribution of protein rotation to the EPR spectral
line shape is reduced) allowed us to precisely map to residues
488–502, the NTAIL region undergoing α-helical folding [80].
Indeed, under these conditions, the obtained spectra were found
to be reminiscent of those observed with spin-labeled variants of
proteins in which the radicals have been grafted at the surface of
helices [32].

In order to assess whether the restrained motion of the 505–522
region observed upon addition of XD was due to a gain of rigidity
arising from α-helical folding of the neighboring Box2 region or
to the presence of XD, which might restrain the conformational
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space available to the radicals grafted within the C-terminal region
of NTAIL, we monitored the gain of rigidity that NTAIL undergoes
in the presence of 20% TFE, a condition where the impact of the
α-helical folding of Box2 upon the mobility of the radicals grafted
downstream can be assessed and separated from the effect due
to complex formation with XD. Addition of 20% TFE was shown
to trigger a decrease in the mobility of the spin labels bound
within the 505–522 region that is comparable to that induced
by XD (Figure 8). Taking also into account the fact that TFE was
known not to promote α-helical folding within Box3 [73], these
data suggest that the α-helical transition taking place within
Box2 is responsible for the restrained motion of the downstream
region, rather than a direct interaction with XD. On the other
hand, the reduction in the mobility of the spin labels grafted in
the 488–502 region is more pronounced in the presence of XD
than in the presence of 20% TFE (Figure 8), suggesting that XD
would stabilize the formation of the α-MoRE, which would be only
transiently populated in the unbound form of NTAIL in the presence
of TFE. Notably, lack of stable contacts between Box3 and XD, was
also confirmed by heteronuclear NMR titration experiments using
15N-labeled XD with an unlabeled Box3 peptide (aa 505–525)
[88], although similar studies with 15N-labeled NTAIL did show a
magnetic perturbation of the Box3 region upon addition of XD
[79]. To date, the precise mechanism by which Box3 contributes
to binding remains poorly understood.

On a more methodological side, the higher impact of TFE on
the mobility of the radicals grafted within the 488–502 region as
compared to that of radicals grafted to other NTAIL positions points
out the relevance of studies making use of TFE. Indeed, while the
reliability of structural information derived by CD studies in the
presence of TFE is still a matter of debate, with artifactual (i.e.
non-native) α-helical folding induced by this solvent being often
evoked [89–91], these results clearly indicate that the extent of
TFE impact on radical mobility well reflects the inherent structural
propensities of the various protein regions, with the 505–522
region, as well as positions 407 and 460, being ‘resistant’ to
undergoing α-helical folding. Altogether, these data show that, in
the case of NTAIL, TFE does not promote non-native folding, thus
pointing out the relevance of studies making use of TFE to infer
information about protein structural propensities.

Altogether, these experiments showed that different NTAIL re-
gions contribute to a different extent to the binding to XD. Indeed,
while the mobility of the spin labels grafted at positions 407 and
460 is unaffected upon addition of XD, that of the spin labels grafted
within the 488–502 and the 505–522 regions is severely and mod-
erately reduced, respectively, with position 491 experiencing a
very restrained mobility and with α-helical folding only concern-
ing the 488–502 region (Figures 8 and 9). Notably, the mobility of
this latter region was found to be restrained even in the absence
of the partner (Figure 8), a behavior that could be accounted for
by the existence of a transiently populated folded state. The oc-
currence of a transiently populated α-helix even in the absence
of the partner suggests that the molecular mechanism governing
the folding of NTAIL induced by XD could rely, at least partly, on
conformer selection (i.e. selection by the partner of a pre-existing
conformation) [92,93] rather than on a ‘fly casting’ mechanism [94].

Furthermore, in equilibrium displacement experiments, we
showed that the XD-induced folding of NTAIL is a reversible process,
with NTAIL adopting its original prevalently unfolded conformation
upon dissociation of XD from the complex [80].

Finally, in a recent study, a novel approach to describe
the structure of partly disordered protein complexes has been

Figure 10. Model of the partly disordered NTAIL-XD complex as a
conformational ensemble. Fifty best-fit structures of the 488–525 region
of NTAIL in complex with XD. The NTAIL conformers are depicted with a color
gradient ranging from yellow to red with decreasing structural density,
while XD is shown in black.

proposed and applied to the intrinsically disordered NTAIL domain
both free and in complex with XD (Figure 10) [86]. This original
approach relies on a combination of SDSL EPR spectroscopy and
modeling of local rotation conformational spaces. By comparing
measured and modeled temperature-dependent restrictions of
side-chain conformational spaces of 12 out of the 14 above-
described spin-labeled NTAIL variants, the 490–500 region of NTAIL

was shown to be effectively pre-structured in the absence of
the partner and the extent of the α-helical sampling of the free
form could be quantitatively estimated. In addition, the 505–525
region of NTAIL was found to conserve a significant degree of
freedom even in the bound form [86], in agreement with previous
spectroscopic studies [88].

As a last note, the large number of spin-labeled NTAIL variants that
were generated, together with their analysis by EPR spectroscopy,
provides a panel of spectral signatures that have a high predictive
value. Indeed, since the EPR spectral shape reflects the specific
environment in the proximity of the spin label, together with
the extent of involvement of the radical in the interaction with
a partner and in possible α-helical transitions, one should be
able to infer information on the chemical environment and the
implication of specific NTAIL residues within complexes with other
partners, such as the NTAIL-Hsp72 complex [95,96] for which no
structural information are presently available.

Conclusions and Perspectives

Monitoring conformational changes in proteins is of a broad gen-
eral interest because structural transitions are involved in many
biochemical processes, including allosteric enzymatic activity reg-
ulation, molecular recognition and assembly, signal transduction,
cell cycle regulation, transcription, and amyloidogenesis associ-
ated to neurodegenerative diseases.
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SDSL EPR spectroscopy has been shown to be a valu-
able approach to document structural transitions in proteins.
Even when high-resolution structural data are available, SDSL
EPR spectroscopy can provide invaluable information: indeed,
while X-ray crystallography mainly provides static pictures cor-
responding to snapshots of extreme conformational stages,
SDSL EPR spectroscopy allows monitoring structural transi-
tions in solution under conditions close to the physiological
ones, and also yields quantitative information about the pa-
rameters inducing conformational changes and the relative
proportions of structural intermediates. In addition, SDSL EPR
spectroscopy has been proven to be a powerful method for
studying induced folding events within IDPs: not only it pro-
vides information at the residue level, but also allows atomistic
description of partly disordered complexes as conformational
ensembles. As such, it can be added to the panel of widely
used experimental approaches [97,98] to study induced folding
events.

In spite of its proven suitability for studying structural
transitions in proteins, SDSL approaches are limited by the
fact that only a limited number of nitroxide radicals are
commercially available, with all of these targeting cysteine
residues. The fact that cysteine residues are often crucial for
the biological function represents a serious limitation of this
technique. Recent developments based on the use of unnatural
amino acids and of orthogonal labeling strategies represent
valuable alternative approaches to circumvent these limitations
[99,100]. The incorporation of such unnatural amino acids relies,
however, on a rather complex strategy where an orthogonal
tRNA/aminoacyl-tRNA synthetase pair specific for the unnatural
amino acid added to the media is co-expressed together with
the gene of interest bearing a TAG amber codon at the desired
incorporation site [99,100]. Future developments of SDSL EPR
spectroscopy will certainly benefit from the design and synthesis
of new paramagnetic labels allowing grafting on sites other
than cysteine and/or yielding different spectroscopic signatures.
These methodological improvements are the focus of our current
efforts.
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Macromoléculaires (CNRS UPR 9027) for the FTIR studies of
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