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Abstract
Site directed spin labeling (SDSL) has potential for mapping protein flexibility under
physiological conditions. The purpose of the present study was to explore this potential using 38
singly spin-labeled mutants of myoglobin distributed throughout the sequence. Correlation of the
EPR spectra with protein structure provides new evidence that the site dependent variation in
lineshape, and hence motion of the spin label, is due largely to differences in mobility of the
helical backbone in the ns time range. Fluctuations between conformational substates, typically in
the μs-ms time range, are slow on the EPR time scale and the spectra provide a snapshot of
conformational equilibria frozen in time as revealed by multiple components in the spectra. A
recent study showed that osmolyte perturbation can positively identify conformational exchange
as the origin of multicomponent spectra (Lopez et al. (2009), Protein Sci. 18, 1637). In the present
study this new strategy is employed in combination with lineshape analysis and pulsed-EPR
interspin distance measurements to investigate the conformation and flexibility of myoglobin in
three folded and partially folded states. The regions identified to be in conformational exchange in
the three forms agree remarkably well with those assigned by NMR, but the faster time scale of
EPR allows characterization of localized states not detected in NMR. Collectively, the results
suggest that SDSL-EPR and osmolyte perturbation provide a facile means for mapping the
amplitude of fast backbone fluctuations and for detecting sequences in slow conformational
exchange in folded and partially folded protein sequences.
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Proteins in solution exhibit a hierarchical flexibility that encompasses a range of time and
length scales, and this flexibility may be intimately related to function. Conformational
flexibility corresponds to inter-conversion (exchange) between discrete conformational
substates that have lifetimes typically on the μs to ms time scale.1–3 Structural changes
corresponding to transitions between substates range from simple rigid body movements of
helices to large scale rearrangements of entire domains. The existence of conformational
substates in equilibrium can account for promiscuity in protein-protein and protein-ligand
interactions4–8, and provides a framework for describing molecular switching in terms of

‡This study was supported by NIH Grant number: 5R01 EY005216 and the Jules Stein Professor Endowment
*Contact information: Wayne L. Hubbell, Ph.D. Tel: (310) 206 8830. hubbellw@jsei.ucla.edu.

SUPPORTING INFORMATION. Supporting information include the entire EPR data set in each of the states, gel filtration profiles
for the WT and a set of cysteine mutants, CD spectroscopy data, UV-Vis data of holomyoglobin R1 mutants, MOMD fits, and a table
of the most probable interspin distance and distance distribution. This material is available free of charge via the Internet at http://
pubs.acs.org.

NIH Public Access
Author Manuscript
Biochemistry. Author manuscript; available in PMC 2013 August 21.

Published in final edited form as:
Biochemistry. 2012 August 21; 51(33): 6568–6583. doi:10.1021/bi3005686.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org
http://pubs.acs.org


shifting equilibrium populations of substates in response to changes in the energy landscape
triggered by external signals.7

Within each conformational substate, there is large number of “statistical” substates2 each
with different dihedral angles in the backbone and side chains. The lifetime of these
substates is in the ps-ns range, and transitions between them correspond to fast backbone
and side chain fluctuations. Backbone motions on this time scale can range from small
amplitude oscillations about an average regular structure to large amplitude motions
corresponding to dynamic disorder in a sequence. Intrinsically disordered sequences
apparently play a role in protein-protein interactions and ligand binding,9 as well as in
providing hinge-regions that allow transitions between conformational substates.3

Thus, to understand molecular mechanisms underlying protein function it is necessary to
have experimental strategies that are capable of detecting the existence of conformational
substates at equilibrium, measuring the exchange rates between them, and identifying
dynamically disordered sequences within a substate. NMR spectroscopy has been
particularly effective in providing atomic level information on dynamics for proteins in
solution.10–11 However solution NMR is challenged for application to membrane-bound
proteins in their native lipid environment under physiological conditions, and for studying
non-equilibrium states that evolve in time. Our laboratory is interested in the role of protein
flexibility in G-protein coupled signal transduction, a system that involves precisely these
situations. To enable facile study of such systems, we are exploring strategies based on site-
directed spin labeling (SDSL) and EPR spectroscopy, which has high sensitivity, a time
scale favorable for measuring protein dynamics, and has no limitations as to the size or
complexity of the systems which can be studied under native-like conditions.

In SDSL, a paramagnetic side chain is introduced site-specifically. The most commonly
used nitroxide side chain is R1 (see inset in Figure 1), although many others have been
developed.12–15 The EPR spectrum of an R1-labeled protein reflects the overall motion of
the nitroxide in the 0.1–100 ns time scale; this is the intrinsic time window through which
the dynamics of R1 is viewed via an X-band EPR spectrum. Thus, backbone fluctuations
that occur in this time range must contribute directly to the EPR spectral lineshape.16–17

Indeed the capability of SDSL to identify large amplitude ns motions of the backbone in
unstable helical structures has been well documented.17 Subtle variations in R1 motion
between sites in stable helices have also been attributed to differences in local backbone
fluctuations,16 however recent theoretical studies imply that local interactions and rotamer
exchange of R1 may play an important role.18 The present study provides new data that may
be taken as support for a dominant role of backbone fluctuations.

Unlike that for backbone fluctuations, the characteristic time scale of exchange between
conformational substates in equilibrium is too slow to produce magnetic relaxation, thus no
information on exchange dynamics is contained in the spectrum. However, the existence of
multiple conformational substates can be directly revealed by multiple components in the
spectrum,19–21 thereby providing a snapshot of conformational equilibria frozen in time,
with no averaging effects. EPR spectra of spin-labeled proteins often contain multiple
components, but only a subset of these represents conformational exchange because
multicomponent spectra can also arise from multiple rotamers of R1 at a given site, wherein
each rotamer experiences a unique environment.22–23 Several experimental strategies have
recently been developed to distinguish conformational from rotameric equilibria as the
origins of multicomponent spectra in SDSL, namely osmolye perturbation EPR,19 high
pressure EPR,21 pulsed saturation recovery (SR) EPR,20 and pulsed electron-electron double
resonance (ELDOR).15 Among these strategies, the SR and ELDOR methods can measure
exchange rates on the functionally important μs time scale.
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In principle then, SDSL-EPR has the potential to provide a sequence specific map of
backbone fluctuations in the ps-ns range and of regions in slow (μs-ms) conformational
exchange. The purpose of this report is to present the results of the first comprehensive
study aimed at evaluating this potential using myoglobin as a model system. Spectral
lineshape analysis is used to identify dynamically disordered sequences and to elucidate
structural features underlying the variation of R1 motion in ordered helices, while osmolyte
perturbation is employed to identify site-specific conformational equilibria in various states
of the protein.

Myoglobin is an ideal model system, particularly for exploring conformational equilibria,
because conditions have been established for which folded and partially folded states are
populated under equilibrium conditions suitable for biophysical characterization. The states
are: (1) native holo (NHolo) containing the heme ligand; (2) native apo (NApo); (3) a locally
unfolded intermediate24 (I); (4) the molten globule intermediate (IMG), and (5) the acid
unfolded state (UAcid). High resolution crystal structures are available for the holo
form,25–26 while solution NMR24,27–34 and CD spectroscopy,35 along with small angle x-
ray scattering,36 and mass spectrometry37 have provided a wealth of information on the
structure and dynamics of the protein in solution for each of the states.

In the work reported here, R1 was placed, one at a time, at 38 individual solvent-exposed
sites throughout myoglobin, and the EPR spectra were recorded in three of the
aforementioned states (i.e., NHolo, NApo, IMG). In addition, distance measurements between
R1 pairs were determined using double electron-electron resonance (DEER) spectroscopy to
provide structural insights into the changes that follow the NHolo → NApo → IMG
transitions.

Analysis of R1 spectra at sites throughout the solvent-exposed surface of NHolo reveals that
site-to-site variation of R1 motion in helices is correlated with the fraction of buried surface
area of the helical segment containing the spin label; this is consistent with a model in which
the variation of R1 motion results from backbone fluctuations that are modulated by local
interactions. A map of conformational flexibility in the various states, deduced from
osmolyte perturbation, is in excellent agreement with results from NMR, to the extent that
they can be compared. Importantly, the data provide additional insight into the
conformational properties of sequences for which direct information was not accessible by
other methods.

Materials and Methods
Construction, expression, and purification of myoglobin mutants

The plasmid pET17b (Novagen, Madison WI) carrying the WT gene of sperm whale
myoglobin was kindly provided by Steven Boxer (Stanford University). The individual
cysteine substitutions were introduced by using the QuikChange Method (Stratagene, La
Jolla, Ca). All mutations were confirmed by DNA sequencing. Mutant plasmids were
transformed into the expression cells E. coli BL21(DE3) and the protein was expressed and
purified from inclusion bodies as previously described38 with some modifications. Briefly,
the washed inclusion body pellets were resolubilized in a solution containing 40%–50%
acetonitrile/0.1% trifluoroacetic acid followed by sonication. The resolubilized inclusion
bodies were subjected to centrifugation at 15,000 rpm for 15 minutes to remove any
insoluble material. The protein was purified by reverse-phase HPLC using a linear gradient
(20 – 100 %) of an acetonitrile solution containing 0.1% trifluoroacetic acid as a mobile
phase. Following HPLC purification, the protein fractions containing myoglobin (as judged
by SDS-PAGE) were lyophilized and stored at 4 °C until needed.
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Resolubilization of lyophilized protein, size-exclusion chromatography, and spin-labeling
of myoglobin mutants

The lyophilized protein was resuspended in a freshly made resolubilization solution (10 mM
sodium acetate, 6 M urea, 5 mM DTT, pH 6.1). The protein solution was allowed to
equilibrate at 4 °C for at least 30 minutes. In vitro refolding of myoglobin was achieved by a
rapid 10-fold dilution of the urea-denatured protein into the refolding buffer (10 mM sodium
acetate, 5 mM DTT, pH 6.1). The protein concentration during refolding was maintained at
or below 1 mg/ml to minimize aggregation. For some mutants, higher yields from in vitro
refolding were achieved by overnight dialysis of the urea-denatured protein into the
refolding buffer instead of rapid-dilution (Figure S1). DTT was removed using a Hi-Trap
desalting column (GE Healthcare) and the eluted protein was immediately incubated with 10
fold molar excess of 1 oxyl 3 methanesulfonylthiomethy-2,5-dihydro-2,2,5,5 tetramethyl-1H
pyrrole (MTSL)14 reagent and allowed to react overnight at 4 °C. Excess spin label was
removed and the buffer was exchanged to gel filtration buffer (10 mM sodium acetate, 100
mM NaCl, pH 6.1) on the Hi-Trap desalting column. To separate the correctly folded
monomeric species from any soluble misfolded aggregates, the spin-labeled protein was
injected into a Superdex 75 column (GE Healthcare) equilibrated with gel filtration buffer.
The misfolded and correctly folded fractions eluted at Ve of ~ 7.6 ml and ~ 12.6 ml (± 0.1
ml), respectively (Figure S1). The monomeric protein at this point was > 95% pure (as
judged by SDS-PAGE). For EPR studies of myoglobin in the NApo state, the buffer was
exchanged to 10 mM sodium acetate, pH 6.1 and the proteins were concentrated to ~ 400
μM with Amicon ultra concentrator (10 kDa MWCO: Millipore). Protein concentrations
were determined by the absorbance at 280 nm using an extinction coefficient of 15,400 M−1

cm−1.

For EPR studies of myoglobin in the NHolo state, the apoprotein at pH 6.1 was incubated
with a 1.2-fold molar excess of bovine hemin (Sigma) dissolved in 10 mM NaOH
(concentration of stock hemin solution was 10 mM) and the solution was incubated
overnight at 4 °C. Excess of heme was removed using the Amicon ultra concentrator and the
binding of heme was assessed via a UV-Vis scan (Figure S4). The holo-protein reconstituted
in this manner auto-oxidizes into the aquomet form (Fe+3−H2O) as judged by the absorption
maxima at 409 nm.39 The aquomet myoglobin samples were concentrated to ~ 400 μM as
judged by the absorbance at 409 nm using an extinction coefficient of 157,000 M−1cm−1.

For studies of myoglobin in the IMG state, the buffer solution was exchanged by repeated
washes (5 * 15 ml each) with buffer containing 10 mM sodium acetate, pH 4.1 using the
amicon concentrator. To populate the UAcid state (see supplementary section), the protein
solution was exchange to a solution consisting of 10 mM acetic acid/HCl, pH 2.3.

EPR spectroscopy
The continuous wave (CW) EPR spectra of spin-labeled myoglobin mutants were recorded
in a Bruker ELEXSYS 580 fitted with a high sensitivity resonator at 298K using an incident
microwave power of 20 mW and a modulation amplitude of 1 Gauss. Samples of at least 6
μl were loaded in sealed capillary tubes (0.6 ID × 0.84 OD; VitroCom, Inc., NJ). Spectra
were recorded at X-band frequency with a scan width of 100 Gauss. Solution spectra were
recorded either in 30 % w/w sucrose or 25% w/w Ficoll 70 solutions with a final protein
concentration of 200–400 μM. To obtain the EPR spectra of protein immobilized on the
CNBr solid support, the protein was coupled to a cyanogen bromide activated Sepharose
(GE Healthcare) as previously described.19 50 μl of the gel slurry containing spin-labeled
myoglobin was loaded into a quartz capillary tube (1.5 ID μ 1.8 OD; VitroCom Inc., NJ).
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Root mean square differences (RMSD) of the EPR spectra were computed after baseline
correction, alignment, and normalization using software developed in LabView by Christian
Altenbach.

DEER spectroscopy
The four-pulse DEER experiment for the double spin-labeled myoglobin mutants was
conducted according to published procedures.40 The protein concentration during the DEER
experiments were maintained at or below 200 μM. 20 μL of myoglobin samples at the
appropriate buffer conditions containing 20 % v/v glycerol as cryoprotectant were loaded
into a quartz capillary tube (1.5 ID μ 1.8 OD; VitroCom Inc., NJ) and then flash frozen in
liquid nitrogen. The DEER measurements were performed at 80K on the Bruker ELEXSYS
580 fitted with a 2-mm split ring resonator. Distance distributions were obtained from the
raw dipolar evolution time data using the DEER Analysis 2009 program (available at http://
www.epr.ethz.ch/software/index) and by fitting the background-subtracted dipolar evolution
data using Tikhonov regularization.41

Fraction of surface-buried
The fraction of solvent accessible areas for each side chain (facc,R) was calculated with
Getarea42 using the high-resolution structure of myoglobin (PDB: 2mbw) and a probe radius
of 1.4 Å. The fraction of solvent-inaccessible (buried) area per side chain was computed as
fburied,R = 1- facc,R. The fraction of surface buried for a helical segment bearing the nitroxide
was then computed as

where the sum extends over side chains i in a segment of n=6 or n=9 residues. The short
windows (6 residues) were used for cases in which the nitroxide was introduced near a helix
terminus and for short helices (helices C and D), whereas the 9-residue (from i − 4 to i + 4)
window was used for R1 in the center of helices.

RESULTS
Characterization of the mutants

For this study, 41 single cysteine substitution mutants at solvent exposed sites of myoglobin
were engineered throughout α-helices A to H and three of the interhelical turns (i.e., the A/
B, E/F, and G/H) (Figure 1), and subsequently spin labeled with the R1 side chain. Some of
the mutants formed soluble oligomeric species in addition to the monomer following
isolation and refolding of the NApo form, presumably due to misfolding (Figure S1). In such
cases, it was found to be essential to remove the oligomeric species which contributed to the
EPR spectra of the spin labeled mutants. In three cases (R118C, A127C and K133C)
oligomerization was essentially complete and these mutants were not investigated further.
Thus, 38 of the mutants were employed in the following experiments.

Previous crystallographic studies have shown that introduction of the R1 at surface sites
causes little structural perturbation in soluble14,22,23,43 and membrane44 proteins. Indeed, for
the purified monomeric apomyoglobin, substitution of R1 at surface sites caused little
change in the secondary structure for the cases investigated as judged by Far UV CD
spectroscopy (Figure S3). In addition, mutations of the surface residues did not impair heme
binding to the apo protein (Figure S4), as expected.45
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R1 motion in the helices of NHolo

The EPR spectrum of a spin-labeled protein encodes information on the overall motion of
the nitroxide ring on the nanosecond time scale with contributions from: (1) the internal
motion of the R1 side chain, which can be modulated by interactions of the nitroxide with
the environment, (2) local backbone fluctuations, and (3) rotational diffusion of the protein.

The contribution from the rotational diffusion of the protein can be minimized by increasing
the effective viscosity of the protein solution46 or by immobilizing the protein on a solid
support.19 In the present study, 25% w/w Ficoll 70 is employed as a viscogen to effectively
eliminate the effects of overall rotational diffusion. Ficoll 70 at this concentration has no
effect on the internal motions of the R1 side chain,19,47 does not affect the secondary
structure or the stability of the protein in the NApo state19 and has only minor effects on the
stability of the IMG globule state (Figure S3, Table S1), suggesting that crowding effects are
minimal. Thus, the EPR spectra recorded in solutions of Ficoll 70 at 25% w/w are taken to
reflect primarily the R1 internal motion and any contributions from ns backbone dynamics.

At non-interacting solvent exposed sites in helices and loops, the purely internal motion of
R1 is believed to give rise to a single-component EPR spectral lineshape reflecting an
anisotropic motion that can be described by an order parameter (S) ≈ 0.5 and a rate (τ−1) of
approximately 0.5 ns−1, where τ is the effective correlation time.13,17 An operational
definition of a “non-interacting” site is one at which the R1 side chain makes no contacts
with neighboring residues and where S ≤ 0.5; increased ordering beyond 0.5 is believed to
arise from interactions of the nitroxide with the environment.43,48,49 The structural basis of
the internal motion of R1 has been elucidated through high-resolution structures of spin
labeled proteins,14,22,23,43 variation of side chain structure,12–13 mutational analysis,14,46

and quantum mechanical calculations.50 An outcome from these studies is a model of
internal motion of the R1 side chain known as the X4/X5 model (see inset in Figure 1).13–14

Within the context of this model, the internal motions of the side chain for non-interacting
surface sites should be independent of the sequence position and hence, the site-to-site
variations in S and τ for such sites are a reflection of differences in the local backbone
fluctuations.16–17

The present study examines the position-dependent variation of R1 motion in the helices of
NHolo myoglobin for which NMR relaxation29 and hydrogen exchange31 studies reveal
stable secondary structures. Remarkably, 26 of the 38 sites studied throughout NHolo meet
the criteria for non-interacting surface sites. The sites are identified in Figure 1 (blue
spheres), and the EPR spectra for R1 at representative sites are shown in Figure 2; the
complete data set is provided in Figure S5. The resolved spectral features in the spectra of
sites 66R1, 95R1, and 113R1 are the parallel (∥) and perpendicular (⊥) hyperfine
components (Figure 2) characteristic of an anisotropic motion of the nitroxide with S ≥
0.3.17

Although the spectral lineshapes in Figure 2 all reflect anisotropic motion, there is a
variation in detail from site-to-site attributable to differences in amplitude and/or rate of
motion on the ns time scale. The spectral differences can be measured by an empirical
“scaled mobility” parameter (Ms) determined directly from the spectral central linewidth
and proportional to τ−1 for weakly anisotropic motion.17 Alternatively, numerical values for
both S and τ−1 can be determined by fitting the entire spectrum to the MOMD model of
Freed and coworkers.51 If the variations in S and/or Ms and τ−1 are due to local backbone
fluctuations in a helical segment, it is intuitively reasonable to expect a correlation of these
parameters with the number of atomic contacts made by the helical segment containing R1;
as the number of contacts increases, one would expect S to increase and the rate of motion,
measured by Ms or τ−1 to decrease. This is indeed the case for the empirical parameter Ms
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as shown in Figure 3A, where the number of contacts is conveniently measured by the
fraction of buried surface area (fburied) for a segment of 6–9 residues around the R1 site (see
Methods).

Fits of the spectra to the MOMD model were done for 13 representative sites from the set of
28 and a plot of both S and τ−1 determined from the fits versus fburied are given in Figure 3B
(the fits and parameters are given in Figure S6 and Table S2, respectively). As for Ms, the
rate of motion measured by τ−1 is inversely correlated with fburied while S increases with
increasing fburied. Interestingly, extrapolation of S to the hypothetical state of fburied = 1
yields S = 0.55 ± 0.08, which is close to the order parameter observed at sites reflecting pure
internal motion of R1.13,16 The correlations shown in Figures 3A and B are consistent with a
model in which structural fluctuations of the helix, modulated by packing interactions, play
a dominant role in the of variation in motion of R1. Figure 3C shows the average value of
R1 mobility for each helix as measured by <Ms>. Within the context of the above model,
the data indicate that the short helices C, D and F are the most flexible in the holomyoglobin
molecule on the nanosecond time scale.

Ms for R1 in α-helices could either reflect rigid body motions of an entire helix or local
segmental fluctuations.16 For long helices, where the fraction of surface buried varies along
the length of the helix, the site-to-site differences in mobility of the R1 side chain may
reflect local segmental motions. Indeed, this appears to be the case in the long Helix H
sequence. As shown in Figure 3D (see also Figure S7), a gradient of increasing mobility is
observed from residue 132R1 to residue 149R1 at the C-terminus. The fraction of surface
buried along the same sequence (red trace in Figure 3D) shows a decreasing gradient due to
the reduction in contact near the C-terminus for which only 25% of the surface interacts with
other structural elements.

Results regarding the sequence dependence of Ms are summarized graphically in Figure 3E,
which shows relative rates of motion on models of NHolo encoded by both color and width
of the tube representing the backbone.

Identifying conformational flexibility with SDSL
The above analysis of backbone motion employed one-component EPR spectra that reflect a
single dynamic mode of R1; such spectra are common for R1 at solvent-exposed sites in
rigid helices. However, multiple-component spectra that reflect distinct motions of the
nitroxide are often observed for R1 in helices. Generally, one of the components resembles
that of a non-interacting surface site such as those shown in Figure 2, while the other reflects
immobilization of the nitroxide due to interactions with nearby groups of the protein.22,23

The immobilized component is resolved as a broad resonance in the outer wings of the
spectrum (arrows, Figure 4A). In the slow motional regime of the immobilized state, the
spectral lineshape is only weakly dependent on mobility and a spectral component assigned
as “immobilized” could in fact consist of multiple unresolved states. For simplicity, spectra
with resolved states of relatively high and low mobility will be treated as two-component.

Two-component spectra can arise from either protein conformational equilibria or the less
interesting case of rotameric equilibria of R1.22–23 One strategy to distinguish these two
possibilities is based on osmolyte perturbation.19 Stabilizing osmolytes such as sucrose shift
protein conformational equilibria toward the least solvent-exposed state,52–53 but have little
effect on rotameric equilibria of R1.19 Thus, if sucrose addition shifts the relative
populations in a two-component spectrum, the origin of the two-components is apparently
an equilibrium between distinct protein conformational states rather than rotameric
equilibria of R1.19 Because the least solvent-exposed conformation of a protein is the most
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compact with increased opportunities for interaction of R1, osmotic perturbation generally
shifts spectral populations toward more immobilized states.19,54

In addition to an osmolyte effect, the 30% w/w sucrose solution used in the present study
increases the viscosity and hence reduces the protein rotational diffusion rate. To isolate the
pure osmolyte effect, EPR spectra are compared for the protein in sucrose and Ficoll 70, the
latter of which increases viscosity, but has no osmolyte effect; the viscosity of 30% w/w
sucrose is matched closely by 25% w/w Ficoll 70.19

Conformational flexibility in NHolo

To map sites of conformational flexibility in the NHolo state all spectra of R1 having two
components were compared in Ficoll and sucrose solutions and the results are shown in
Figure 4A; the locations of the sites, distributed throughout the molecule, are shown in
Figure 4B as green spheres. Osmolyte shifts toward the more immobile population (arrows
in Figure 4A) are seen for R1 at sites 31, 62, 63, 87, 91 and 106. In the cases of 87R1, 91R1,
and 106R1 the population of the immobile component is small in the absence of sucrose, but
osmolyte perturbation increases the population sufficiently to be resolved. Although the
effects are relatively small, they are of the magnitude expected for osmolyte shifts of
conformational equilibria.19 Sites showing osmolyte shifts are limited to the central region
of the B helix, the N terminal region of the E helix, the center of the F helix, and the N
terminal region of the G helix (Figure 4B). Models for the conformational substates giving
rise to the two-component spectra will be considered in the discussion. As expected, the
EPR spectra of sites showing a single dynamic state of R1 show no osmolyte shift (Figure
S8).

Overall, the results show that holomyoglobin is well-ordered with limited conformational
flexibility in discrete regions of the molecule.

Conformational flexibility in NApo

To map changes in conformation that arise in the NHolo → NApo transition, the EPR spectra
of the same 38 spin labeled mutants studied for NHolo were recorded in the NApo state in
Ficoll 70 at pH 6.1. The entire set of spectra is given in Figure S9, and a subset representing
each helix is shown in Figure 5A; the spectra are compared with the same sites in NHolo to
illustrate the nature of the changes. Remarkably, 24 of the 38 sites in NApo show two-
component spectra compared to only 10 for NHolo. In each case the second component
corresponds to an immobilized state of the nitroxide, reflecting tertiary interaction with the
environment; examples in Figure 5A include residues at the C terminus of helix B (35R1), in
helix C (42R1), EF turn (78R1), and in helices F (87R1, 91R1), G (109R1), and H (140R1,
147R1, 149R1); other sites showing similar changes in these same helices are highlighted in
Figure S9. Interestingly, the sharp components in the spectra of R1 in helix F (87R1 and
91R1,) and the C terminus of helix H (149R1) reflect a high mobility of the backbone (τ ~ 1
ns, S ≤ 0.1)19, which may arise from local unfolding or from a helical segment with a high
amplitude of spatial reorientation on the ns time scale (see Discussion).

A simple measure to illustrate the site-specific differences between the NHolo and the NApo
is the root mean square difference (RMSD) of the normalized EPR spectra. Figure 5B shows
RMSD per residue; the average value for all sites is shown by the horizontal dotted line.
Above average values of RMSD are observed in four regions of the molecule, namely,
residue 23 in helix B, residue 42R1 in helix C, residues 78–109, which correspond to the EF
turn, the F-helix, the FG turn, and the first half of G-helix, and residues 147–149
corresponding to the C-terminal region of the H-helix.
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To identify which of the multicomponent spectra observed in the NApo state arise from
conformational exchange, the spectra were compared in Ficoll and sucrose solutions. The
spectra of all multicomponent sites showing sensitivity to osmolyte perturbation are shown
in Figure 6A; the complete data set is provided in Figure S10. Fourteen of the 24
multicomponent spectra showed an osmolyte shift toward a more immobile state, identifying
those sites as residing in regions of conformational exchange. Interestingly, most of these
sites are in the same sequences that exhibit spectral changes between the holo and apo states.
This is shown graphically in Figure 6B, where the spheres are color-coded according to the
magnitude of the RMSD in the transition from NHolo to NApo, and the backbone is colored
according to regions identified as conformational exchange via osmolyte perturbation. As
expected, sites with single-component EPR spectra showed no osmolyte shift (Figure S11).

Conformational flexibility in the IMG state
Earlier studies have shown that apomyoglobin at pH 4 in the absence of salt populates a
compact equilibrium molten globule state (IMG)29,55 that strongly resembles the obligatory
kinetic intermediate formed within 6 ms of the folding pathway of myoglobin.56,57 To map
the changes in conformational flexibility in the transition from NApo to IMG, the pH of the
protein solutions for 37 of the spin-labeled mutants was lowered to 4.1 and the EPR spectra
were recorded at 298 K.

Remarkably, the EPR spectra of R1 at every site studied in the IMG state had multiple
components, some of which reflected a single component in the NHolo and NApo states. A
subset of the spectra is shown in Figure 7A (blue traces) along with a comparison of the
corresponding spectra in the NApo form (green traces); the complete set of spectra is given in
Figure S12. In addition to the appearance of immobilized states at many sites, sharp
components (arrows) reflecting a high degree of mobility on the nanosecond time scale
appear or are increased in population in the spectra for sites within the C, D, E, and F helices
(e.g., 41R1, 57R1, 66R1, 70R1, 84R1). For example, the sharp component in 66R1 can be
fit with τ ≈ 0.7 ns, S = 0 (Table S2). These parameters are similar to those for disordered
sequences tethered to a folded structure,59,60 suggesting that these helices may sample
unfolded conformations. On the other hand, the more mobile states for R1 in other helices
(i.e., A, B, G, and H) reflect a restricted motion of the backbone. As an example, the
component in the spectrum of residue 113R1 corresponding to a mobile state can be
reasonably well fit with the MOMD model using τ = 2.3 ns, S = 0.26 (Figure S6; Table S2),
which is similar to the values observed for R1 at relatively mobile, non interacting helix
surface sites.

Although soluble aggregates were removed in the purification of the spin labeled mutants,
one might argue that the existence of relatively immobile states in the spectra of R1 at every
site in the IMG state is due the reappearance of aggregates at pH 4. To evaluate this
possibility, a set of spin-labeled mutants of myoglobin in the NApo state (100% monomer)
were immobilized on a Sepharose solid support (see Methods) and the pH of the solution
was lowered from 6.1 to 4.1. Except for the single case of residue A19R1, the EPR spectra
of the immobilized proteins in IMG are similar to those in solution (see Figure S13A, B).
Because aggregation cannot occur for the immobilized proteins, it is concluded that the
immobile component observed is characteristic of the IMG fold and not due to protein
aggregation. Additional evidence for this conclusion is provided by the complete
reversibility of the pH induced transitions as detected by EPR (Figure S13C).

Figure 7B shows the RMSD of the spectra for the NApo to IMG transition. There are
significant changes at most sites; in fact, the average RMSD for the NApo to IMG transition
(dashed line Figure 7B) is twice of that observed for NHolo to NApo (see black dashed line in
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Figure 7B). Above average changes in the EPR spectra were observed at sites in helices A,
F, the C terminus of G, and helix H.

The effect of osmolyte perturbation is shown in Figure 8A for representative
multicomponent spectra in IMG; the complete data set is provided in Figure S14. With few
exceptions, there is an osmolyte shift toward the relatively immobilized state, suggesting
that IMG at 298K is conformationally heterogeneous, with helices C, D, E, and F sampling
highly dynamic unfolded conformations. These conclusions are summarized graphically in
Figure 8B where the spheres representing R1 sites are color-coded according to the
magnitude of the RMSD in the transition from NApo to IMG, and the backbone is coded by
color and shape to identify regions involved in conformational exchange and regions
sampling unfolded states, respectively.

Structural changes in the NHolo → NApo → IMG transitions monitored via DEER
spectroscopy

The previous sections were focused on identifying molecular flexibility in myoglobin as
probed by CW EPR lineshape analysis of singly R1-labeled protein. Complementary
structural information can be obtained with distance measurements between pairs of R1
residues using Double Electron Electron Resonance (DEER) spectroscopy61–62 that
measures the probability distribution of distances between unpaired electrons in the 17 – 80
Å range for frozen samples at cryogenic temperatures (80K).63 The most probable distance
and width of the distribution provide direct information on the structure and structural
heterogeneity, respectively. The structural heterogeneity is presumably related to the
amplitude of molecular motion at physiological temperatures, which has contributions from
both R1 motion and the intrinsic protein flexibility.

The DEER experiment measures the magnetic interaction between two unpaired electrons
by monitoring the amplitude (A) of an electron spin echo of an observed spin as a function
of the time (t) at which a microwave pulse inverts the magnetization of an interacting
partner. This primary data is corrected by subtraction of an exponentially decaying
background due to random intermolecular dipolar interactions to give the dipolar evolution
function (DEF), which in turn is fit to obtain the probability distribution of interspin
distances.62

Four pairs of R1 mutants were engineered and the interspin distance distribution was
monitored for each in NHolo, NApo, and IMG using DEER spectroscopy. Figure 9A shows the
location of the R1 pairs in myoglobin selected to monitor the distances between helices A
and H (12R1/132R1), B and E (31R1/70R1), B and F (31R1/87R1) and D and H
(57R1/132R1). Panels B and C in Figure 9 show the DEFs and derived distance
distributions, respectively.

The most probable distances for the four pairs in the NHolo state are in close agreement (±
1.5Å) with the predicted interspin distances from modeling the R1 side chain in the high
resolution structure (Table S3). The distribution widths are relatively narrow in NHolo for
12R1/132R1 and 31R1/70R1, consistent with single conformations of the A, B, E and H
helices, at least in the vicinity of the labels. On the other hand, the distance distribution for
31R1/87R1 is broader and asymmetric by comparison, implying a greater structural
heterogeneity of helix F in which 87R1 resides. This conclusion is consistent with the
conformational exchange involving helix F identified by the osmolyte perturbation.
Interestingly, the distance distribution for the 57R1/132R1 pair in the NHolo state is bimodal,
with a second population shifted by about +5 Å from the most probable distance. This may
reflect a second position for the short and flexible D helix, but could also arise from a
second rotamer of R1 (see Discussion).
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The distribution of distances sampled by 12R1/32R1, 31R1/70R1 and 57R1/132R1 in the
NApo state are very similar to those in the NHolo form (Figure 9C), indicating little change in
the overall tertiary fold sampled by these pairs. Although there is no change in the most
probable distance for the 31R1/70R1 pair, the width of the distance distribution observed in
the NApo state is greater by ≈ 5 Å (Table S3), likely reflecting higher structural flexibility in
the NApo state. The interspin distance distribution for the 31R1/87R1 pair showed a dramatic
change in the NHolo → NApo transition wherein the distance distribution between the B and
F helices monitored by this pair becomes bimodal with a long distance similar to that
observed in the holo form (36 Å) and a new interspin distance with maximum at 20 Å.
Because there is no change in the most probable distance and only a slight change in
distribution width for the 31R1/70R1 pair, the origin of the bimodal distribution for the
31R1/87R1 pair must reside in movement of 87R1 in the F helix. A model to account for the
striking change in distance distribution will be considered in the Discussion.

Upon formation of the IMG all R1/R1 distance distributions are dramatically broader than in
the NHolo and NApo state, reflecting a structural heterogeneity consistent with the
conformational exchange at physiological temperatures revealed by the osmolyte
perturbation response presented in Figure 8. It is emphasized, that due to the relatively low
signal-to-noise ratio and featureless modulation for some of the data in the molten globule
state (e.g., R31R1/T70R1) there is uncertainty in the detailed shape of the distribution
profiles.

Discussion
The overall aim of the present study was to explore the potential of SDSL to identify protein
flexibility with characteristic times ranging from ns to ms and longer. Data presented in this
study extend earlier work17 and suggest that R1 motion in ordered helices can be analyzed
to infer relative ns-scale motions of helical segments to which the nitroxide is attached.

Conformational exchange between substates is typically in the μs-ms range, at least an order
of magnitude outside the intrinsic CW EPR time window. One goal of the present study was
to elucidate how conformational flexibility is revealed in the EPR spectra, and to verify the
osmolyte perturbation strategy in SDSL for mapping of conformational flexibility using
myoglobin as a test case. The results establish an interesting principle, namely that
conformational flexibility, involving exchange between substates with characteristic
lifetimes in the μs-ms range, may be revealed by components in the EPR spectrum
corresponding to immobilized states of R1. The fact that flexibility is revealed by
immobilization of R1 is due to the fast time scale of the EPR experiment relative to the
protein motions. The lifetime of the individual conformational substates is long on the EPR
time scale, so the ≈1 ns internal motions of R1 allow the side chain to fully explore the local
environment in each substate. In some of the substates, the local conformation can be such
that R1 experiences immobilizing contacts with other parts of the structure as depicted in
Figure 10A where the substates are related by a simple repositioning of helical segments.

On the other hand, the presence of a conformational substate that involves a locally unfolded
sequence or one with a highly mobile secondary structural element will give rise to a sharp
spectral component in the CW EPR spectrum corresponding to a highly mobile state of R1
(see Figure 10B). Details of the results leading to the above conclusions are discussed below
with respect to each of the 3 equilibrium states of myoglobin together with comparisons of
SDSL and relevant NMR data.

López et al. Page 11

Biochemistry. Author manuscript; available in PMC 2013 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Monitoring nanosecond backbone flexibility in well-ordered helices of holo myoglobin
The utility of SDSL-EPR to detect ns backbone fluctuations has been demonstrated in earlier
studies on the relatively unstable helices of GCN4,17 which have been found in NMR
studies to sample non-helical conformations with large amplitude internal backbone motions
on the ps-ns time scale.64 Such large amplitude motions on this time scale give rise to sharp,
distinctive EPR spectral lineshapes that are diagnostic for this condition.17 In addition to
GCN4, the SDSL-EPR method has been employed to identify disordered sequences in other
proteins, including membrane proteins.16,65,66

In contrast to these highly flexible sequences, the EPR spectra of R1 on the solvent exposed
surfaces of well-ordered stable helices, as judged, for example, by high protection factors in
hydrogen/deuterium exchange data, exhibit broader lines reflecting anisotropic constrained
motions. Nevertheless, there are variations in the motion from site to site as shown in Figure
2. A question arises as to the origin of these variations. On one hand, the site-to-site
variations in the spectra of R1 could reflect subtle differences in the local backbone motion.
However, in principle, site-specific differences in R1 rotamers, rotamer exchange, and/or
local interactions in the protein could also account for variations in EPR spectra of the kind
shown in Figure 2.18,67 Mutagenesis experiments have ruled out interactions with
neighboring side chains in the same helix as the source of variation for R1 at solvent
exposed sites in stable helices of T4L.14,46

Numerous studies have shown a link between the amplitude of backbone motions and local
packing in proteins.68–72 The correlation of Ms and the rate and order of R1 motion with
fburied as a measure of the number of local contacts (Figure 3A and B) is consistent with this
result and supports a model in which the variation of motion of R1 from site to site in helical
sequences has an important contribution from ns backbone flexibility.

In further support of this model are correlations of the EPR, crystallographic, and NMR
data. For example, the high <Ms> for the short helix D in NHolo (Figure 3C) are consistent
with relatively high B-factors for Cα in the high-resolution structure73 and the low
{1H}-15N NOE values which reflect large amplitude ps-ns time scale motions of the
backbone.29 In addition, crystallographic studies of NHolo at variable temperature revealed a
considerable volumetric expansion of the sequence corresponding to helices C and D with
increasing temperature, which implies greater plasticity for this region.74 In this regard, the
average <Ms> value for helix C is the second highest among the 8 helices. Of particular
interest is the clear gradient of motion observed for R1 along helix H, increasing toward the
C-terminus, which is inversely correlated to fburied (Figure 3D). The high-resolution
structure of myoglobin shows a gradient of B-factor values along the same sequence (Figure
S7) increasing toward the C-terminus,1,73 while different high-resolution structures of
myoglobin show plasticity beyond residue 146 (Figure S7). Finally, {1N}-15H heteronuclear
NOE measurements appear to show a gradient, albeit within the noise level of the
measurement, along the same sequence.29

The details of the dynamic mode of backbone motion that is sensed by R1 remains
uncertain, but the EPR spectra of R1 are primarily sensitive to motions of a helical segment
that result in reorientation of the 2p orbital of the nitroxide (e.g., rocking motions), which
lies approximately perpendicular to the helical axis in the favored R1 rotamers.16 The NMR
S2

NH order parameter determined by 15N relaxation measurements is not expected to be
sensitive to rocking motions of a helix because the N-H bond vector is collinear with the
helical axis. Rather, S2

NH is apparently modulated by a “crankshaft” motion that results in
fluctuations of the N-H bond vector,75 but does not reorient local side chains, including R1.
Thus, a strong correspondence of EPR lineshape effects and the NMR S2

NH parameter is not
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necessarily expected, but the distinct motions may be correlated as a result of a common
structural origin.

For simplicity, the analysis of backbone motion in this work has been restricted to sites
reflecting simple one-component spectra in NHolo; however, a similar analysis could be
carried out for sites reflecting two component spectra by using spectral simulations. In such
cases, the more mobile component is expected to arise from states of the side chain not in
tertiary contact with neighboring residues and hence should reflect contributions from
backbone motions. Taken together with earlier work,16–17 the data presented here shows the
capability of SDSL-EPR as a general method for mapping backbone dynamics of disordered
and well-ordered protein sequences in the ps-ns range.

Mapping conformational exchange in proteins: folded and partially folded states of
myoglobin The NHolo state

For the majority of sites studied in NHolo the spectra of R1 have a single component
consistent with relatively low amplitude backbone motions on the ps-ns time scale (Figure
2). The paucity of two-component spectra by itself suggests a rigid tertiary fold, which is
consistent with the narrow distance distributions between the R1 pairs investigated (Figure
9). Notable exceptions are the two-component spectra of residues 87R1 and 91R1 in the F
helix, 62R1 and 63R1 at the N-terminus of helix E, and 106R1 in the G-helix, each of which
was attributed to conformational flexibility by the osmotic perturbation criterion. The
spectra of residues 84R1 and 96R1, at the ends of the F-helix (96R1 has a single component
spectrum, Figure S8), are insensitive to osmotic-perturbation, suggesting that the
conformational exchange detected by residues 87R1 and 91R1 is localized to the central
region of the F helix. Interestingly, the sequence near residues 87 and 91 contains a proline
at position 88 which may be responsible for the conformational flexibility observed. In
addition, residues 87 and 91 are close to His 93, which is directly bound to the heme group.
Hence, it is possible that the localized conformational exchange identified on the F-helix
may be functionally significant given that this region has shown plasticity upon binding of
different ligands to the heme iron.1,76,77

Although multiple conformations in any of the aforementioned sequences were not
specifically discussed in NMR reports for the NHolo state,29 the EPR data is compatible with
that from NMR. The 13Cα resonances for residues 86–87 of the F-helix were not assigned in
the NMR studies,38 and the average 13Cα chemical shifts value for the residues in the center
of the helix (88–90) are low relative to those in other helices. In addition, H/D exchange
experiments revealed low protection factors for several amides within the F-helix. Thus, it is
plausible that helix F samples states with distorted geometry with lifetimes shorter than
milliseconds, a situation that would give population-weighted average chemical shifts, but
resolved components on the EPR time scale. We have in mind a situation such as that in
Figure 10A where the helix samples different positions in which one leads to tertiary
contacts of R1; helical distortions, aided by proline 88, may be required to reach the position
in tertiary contact.

Residues 62–63 in helix E have 13Cα chemical shifts values and protection factors
characteristic of residues in well-ordered helices. However, submillisecond exchange of the
helical segment containing 62 and 63 between states differing only in position of the
segment may not be detected in the averaged chemical shift data, particularly since 13Cα
shifts are predominantly determined by backbone structure. On the other hand, the R1 side
chain is extremely sensitive in the detection of such substates due to the short-range nature
of intermolecular attractive interactions78 (1/r6) that lead to the appearance of immobilized
components. Thus even subtle structural changes can bring the nitroxide into a productive
interaction.
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It should be noted that the relative population of the second conformation giving rise to the
immobilized state for most sites exhibiting sensitivity to osmolyte perturbation is relatively
low (≤ 10 %) as determined by spectral simulation (Table S2; Figure S6). Thus, it is likely
that the NMR methods used in earlier studies were not sufficiently sensitive to detect
exchange between a highly populated ground state and a transiently populated state.

The origin of the two discrete distances of narrow width observed between resides 57R1 and
132R1 in helices D and H (Figure 10), respectively, remains to be determined. However, the
origin of the bimodal distribution likely lies in residue 57R1 in helix D, since the distance
distribution between another pair involving 132R1 is monomodal as depicted in Figure 9.
Whether the bimodal distance distribution for the 57R1/132R1 pair represents two positions
of helix D or two rotamers of 57R1 will be determined in future experiments using a
conformationally constrained nitroxide side chain and a double resonance experiment that
monitors spatial reorientations of a helix under physiological conditions.15

The NApo state
The most striking feature of the difference between NHolo and NApo is the appearance of
two-component spectra for R1 in NApo at multiple sites; in each case, an osmotic shift
confirms conformational exchange. Of particular interest is the F helix in NApo, where NMR
resonances for the entire sequence 81–102 are undetected, presumably due to
conformational exchange on the ms time scale.29 However, on the EPR time scale, the states
contributing to the apparent exchange are resolved by R1. At each site in the F helix
investigated here and elsewhere,19 the spectra reflect a dominant immobilized state in
addition to a second population (~15–25 %) exhibiting narrow resonance lines diagnostic of
a highly flexible backbone. For example, fits to the 87R1 spectrum to the MOMD model
give τ = 1.3 ns and S=0.1 for the mobile component.19

Insight into the structural origin of the two-component spectra observed for sites in helix F
in NApo was obtained from the interspin distance distribution between the reference 31R1 in
helix B and 87R1 in helix F, which reveals a bimodal distance distribution. The relatively
broad interspin distance of 40 Å is similar to that observed in the NHolo state while the
shorter distance near 20 Å can only be satisfied by a second population whereby the 87R1
side chain is buried in the now empty heme cavity. Thus the substate giving rise to the short
interspin distance and to the more immobilized state of the nitroxide likely represents a state
where the heme pocket is filled or partially filled with the F-helix sequence. In accord with
the above interpretation, radical footprinting studies79 and recent relaxation dispersion NMR
data24 both suggest that the heme binding site is partially occupied in the apo state, likely by
the flexible F-helix sequence. The 40 Å distance then likely corresponds to the more mobile
state of R1 at ambient temperature. The relatively broad distribution is consistent with static
disorder of a helical segment, but not with a disordered coil state, which would have a much
broader distribution.80 Collectively, the data suggest the model shown schematically in
Figure 10C, where large amplitude fluctuations of a native-like F helix give rise to the
mobile state, and the immobile state arises from a second substate where the sequence is
partially buried in the heme cavity. Simulations show that helix fluctuations of amplitude
≈15° on the ns time scale could give rise to a lineshape similar to that observed for the
mobile component, as illustrated in Figure 10C. It is noted that there is not enough evidence
from our study to establish whether the collapsed state of the F-helix sequence is helical or
distorted/unfolded.

In addition to R1 sites in helix F, R1 at sites located in helices C, E, G and H have two-
component EPR spectra that appear in the transition from NHolo to NApo and show osmolyte
shifts (Figure 6). To a large extent, these are in sequences that overlap with those identified
by NMR to be in conformational exchange. For instance, the NMR resonances for 13Cα, 1H
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and 15N were not observed in residues 144–148 at the C terminus of helix H, attributed to
conformational exchange on the ms time scale.28–29 Recent NMR relaxation dispersion
measurements of NApo revealed additional exchange processes for residues in the sequences
103–108 in the F-G loop and the N terminus of helix G, and in 136–152 in the H helix with
exchange lifetimes less than about 500 ms.24 Moreover, similar exchange rates were found
for residues in the sequence 38–42 corresponding to helix C. Comparison with Figure 6B
shows that there is excellent agreement between the NMR and SDSL-EPR data regarding
the assignment of conformational exchange.

The NMR and EPR data suggest that the conformational exchange observed in the C, E, G,
and H helices extends to sites beyond those in direct contact with the conformationally
disordered helix F. For example, osmolyte shifts are detected in two-component spectra for
R1 residues along an extended solvent-exposed surface of helix H directly opposite that in
contact with F (137R1 to 147R1); the most distal of these residues is a full turn from the
nearest contact with helix F. Similar arguments can be made for helix G, where R1 residues
along the solvent exposed surface that extend 2 turns away from F sense local packing
changes (102–109). These results argue for fluctuations in the NApo structure delocalized
from sites in direct contact with helix F. Further evidence for such fluctuations may be
found in the reduced values of the 13Cα shifts for 38–42, 102–109, and 137–144 in NApo
relative to NHolo,29 suggesting the presence of states with distorted backbone geometry in
exchange, perhaps on a μs time scale, with the native helical state.

The fluctuations of the protein fold sensed by R1 in helices other than F may involve states
such as those shown in Figure 10A. As applied to the NApo state, the more mobile
component arises from R1 at a solvent-exposed helical site similar to its counterpoint in
NHolo, while the relatively immobilized component likely corresponds to a displacement or
distortion of the helix that brings R1 into contact with other elements of the fold.

The IMG state
The transition from NApo to IMG is remarkable in that the spectra for R1 at every site
analyzed reflect two resolved components, many of which were single-component in the
NApo state. Osmolyte shifts suggest that for most sites the multicomponent spectra arise
from conformational exchange between at least two states. The mobility of the nitroxide in
each of the resolved spectral components provides insights into the backbone flexibility and
structure of each of the conformational states in equilibrium. For example, in cases where
the more mobile component of the spectrum reflects constrained motion of the backbone
(i.e., τ > 1 ns and S > 0), it is likely that the substates involved have a folded structure. This
appears to be the case for residues within the sequences corresponding to helices A, B, G
and H in the native state. As an example, the more mobile component of residue 113R1,
located in helix G, can be reasonably fit with τ = 2.3 and S = 0.26, which are comparable to
those values observed for R1 in folded helical structures13–14 including those in the NHolo
state (Figure S7; Table S2).

The EPR data depict a very different situation for residues within the C, D, E and F regions.
On each of these helices, most of the spectra of R1 have a resolved component that reflects a
fast, essentially isotropic, motion likely arising from a flexible random coil state. For
example, the more mobile component on the spectrum of 66R1 located on helix E, can be
reasonably fit with isotropic motion (i.e., S = 0) and τ = 0.7 ns (Figure S6; Table S2), which
is comparable to τ values observed in unfolded protein sequences.59–60

Differences in the conformational flexibility of the A-B-G-H and the C-D-E-F sequences in
the IMG state can also be inferred from the DEER data. Although the DEER data set is
limited, qualitative differences were observed in the distance distribution between pairs
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involving sites within helices A and H, and those involving sites located in helices D, E, and
F (Figure 9). For example, the width of the distance distribution for the 12R1/132R1 pair,
located in helix A and H, respectively, is narrower than the other three pairs, which include
sites 57R1, 70R1, and 87R1, located in helices D, E, and F, respectively. In addition to the
narrower distance distribution, the 12R1/132R1 pair has a monomodal distribution, while
the distribution on the other three pairs reflect multiple peaks, presumably corresponding to
different positions of the backbone.

Thus, the EPR data collectively suggest that the entire IMG structure is conformationally
heterogeneous on the EPR time scale with exchange lifetimes longer than about 100 ns.
Importantly, the data reveal that helices C-D-E and F explore non-helical states with
dynamically disordered backbones, while the A-B-G-H core helices apparently retain folded
structures. These findings are entirely consistent with NMR data on the IMG state.29,32 In
particular, backbone chemical shifts, low temperature coefficients for HN chemical shifts,
and relatively high heteronuclear NOEs all point to a substantial content of helical structure
with a low amplitude of fast backbone dynamics in A, the C terminal end of B, G and H.
NMR relaxation parameters revealed restricted ns mobility of the backbone in the A-B-G-H
sequence, but with higher amplitudes of motion on a slower (μs) time scale, perhaps
reflecting rigid body rotational diffusion of a compact unit, and possibly conformational
exchange.29,32 In regard to the C, D, E, and F sequence, the data from 13Cα backbone
chemical shifts, temperature coefficients for HN chemical shifts, and reduced heteronuclear
NOEs revealed that the C-D-E sequence have lower helical content and higher amplitude of
fast backbone dynamics compared to the A-B-G-H helices.29,32

Although the helices A, B, G and H maintain much of the secondary structure of NHolo and
NApo in IMG

29,32, they are nevertheless involved in conformational exchange, as suggested
by both the NMR and EPR data. One model consistent with the data is a conformational
ensemble of these helices in the IMG state involving substates such as those shown in Figure
10A wherein regular helices fluctuate between positions. The remaining sequences in
helices C, D, E and F may involve a similar ensemble of states, but also include a
dynamically disordered state, such as that shown in Figure 10B.

Summary and future prospects
By way of comparison with extensive data from NMR and other methodologies on
myoglobin, the results of this study demonstrate the utility of CW lineshape analysis to map
local ns backbone motions and, in combination with osmolyte perturbation, to identify
regions in μs-ms conformational exchange in proteins. As a result of the intrinsic EPR time
scale, such conformational exchange does not result in spectral averaging and the individual
components corresponding to the substates in equilibrium can be determined by spectral
simulation. The individual components in turn provide specific information on the local
tertiary fold and backbone dynamics of the substates. 14,17,22,23,43,44,46 Thus, SDSL-
EPR is a facile approach for studying the structure and dynamics of highly heterogeneous
sequences such as MG states and intrinsically disordered proteins. Although the osmotic
perturbation method employed here to map conformational exchange has the advantage of
simplicity, the method does not provide the exchange rate between substates. For this
purpose, pulsed saturation recovery (SR) EPR,20 and pulsed electron-electron double
resonance (ELDOR)15 can be employed to measure exchange with characteristic times in
the range of 1 – 70 μs. Given the high sensitivity of EPR spectroscopy, exchange on a ms
and longer time scale can in principle be determined in real time by perturbation
spectroscopy. High pressure EPR21 and pressure-jump EPR are currently being explored for
this purpose.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SDSL site directed spin labeling

EPR electron paramagnetic resonance

DEER double electron electron resonance

NMR nuclear magnetic resonance

CW continuous wave

Ms scaled mobility

RMSD root mean squared difference

MOMD microscopic order macroscopic disorder.
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Figure 1.
Ribbon diagram of myoglobin (PDB code 2MBW)25 showing the positions where the R1
side chain was introduced. The spheres at the Cα indicate the sites where the EPR spectra
reflect single (blue and yellow) and multiple (green) components (see text). The yellow
spheres indicate sites where the spectra reflect a single component, but of S > 0.5. Inset:
Stick representation of the R1 side chain showing the intra-residue Sδ-Hα interaction14,43,49

that restricts the internal motion of all dihedral angles except the last two (X4/X5
model).14,48,49
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Figure 2.
Representative EPR spectra in NHolo that reflect a single dynamic state. The helix in which
each R1 side chain is located is indicated. The symbols ⊥ and ∥identify the well-resolved
hyperfine components.17
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Figure 3.
Mapping fast backbone motion in myoglobin with SDSL. (A) Correlation of scaled mobility
(Ms) with fraction of surface buried (see Methods). (B) Correlation between rate (τ−1) and
order of motion (S) of R1 with local fraction of surface buried. (C) Mean Ms value per
helical segment. The dashed red line indicates the overall average value. (D) Ms values and
local fraction of surface buried for residues within the H-helix. (E) Cartoon representation of
myoglobin indicating the mobility of the nitroxide as judged by the Ms values. The width
and color of the backbone are proportional to Ms (N/D: not determined).
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Figure 4.
Conformational exchange in NHolo. (A) EPR spectra of R1 at sites with multicomponent
spectra in Ficoll 70 (black) and sucrose (red). The light blue and gray shaded areas identify
regions where relatively immobile and mobile states of the nitroxide, respectively,
contribute to the intensity. The arrows identify an increase in intensity of a more immobile
component due to sucrose addition. The low field lines are amplified for clarity. (B) Ribbon
diagram of holo myoglobin. The spheres at the Cα indicate the sites where the EPR spectra
reflect two components. The regions in conformational exchange as judged by the osmotic
shift are colored red.
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Figure 5.
Conformational changes in the NHolo → NApo transition. (A) The EPR spectra of spin-
labeled NHolo and NApo in Ficoll are shown in black and green, respectively. The light blue
and gray areas identify regions where relatively immobile and mobile states of the nitroxide,
respectively, contribute to the intensity. The symbols ⊥ and ∥in the spectra of residues 70R1
and 132R1 identify the well-resolved hyperfine components arising due to anisotropic
motion of the nitroxide. The low field region of the spectra of residues 35R1 and 140R1 are
amplified and overlaid to show the differences. (B) RMSD of the EPR spectra for each
residue between the NHolo and NApo state. The horizontal bars indicate the location of each
site in the high-resolution structure of holomyoglobin (Helices A–H). The dashed line shows
the overall average RMSD value.
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Figure 6.
Conformational exchange in NApo. (A) EPR spectra of R1 at sites exhibiting osmotic shifts.
The spectra recorded in Ficoll 70 and in sucrose are shown in black and red, respectively.
The light blue and gray areas identify regions where relatively immobile and mobile states
of the nitroxide, respectively, contribute to the intensity. (B) Ribbon diagram of myoglobin
showing regions identified to be in conformational exchange as a red ribbon and relative
RMSD values from Figure 5B as color coded spheres at Cα: gray, RMSD < <RMSD>;
yellow, <RMSD> ≤ RMSD ≤ <RMSD> + σ; magenta, RMSD > <RMSD> + σ, where σ is
the standard deviation from the mean.
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Figure 7.
Conformational changes in the NApo → IMG transition. (A) Representative EPR spectra of
NApo (green traces) and IMG (blue traces) recorded in Ficoll 70. The light blue and gray
areas identify regions where relatively immobile and mobile states of the nitroxide,
respectively contribute to the intensity. The helices in which the R1 side chains are located
are indicated. The arrows identify sharp spectral components reflecting high mobility of the
backbone (see text). The EPR spectra of residues 41R1 and 66R1 in NApo and IMG states in
Ficoll have been previously reported (Armstrong et al. 58) and are reproduced here. (B) The
RMSD of the EPR spectra between the NApo and IMG state. The horizontal dashed line
shows the overall average RMSD value. The average RMSD between the NHolo and NApo
states is shown for comparison (see black dashed line). The horizontal bars indicated the
location of each site in the high-resolution structure of holo myolglobin (Helices A–H). The
horizontal red bars identify the regions in which the EPR spectra show a highly mobile state
of the nitroxide side chain.
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Figure 8.
Conformational exchange in IMG. (A) Representative spectra recorded in Ficoll 70 (black)
and sucrose (red) are superimposed. The light blue and gray areas identify regions where
relatively immobile and mobile states of the nitroxide, respectively, contribute to the
intensity. (B) Ribbon diagram of myoglobin showing sequences believed to be in
conformational exchange in red (the entire molecule). The thin tube representation of the
backbone identifies sequences that sample unfolded conformations (see text). The spheres at
the Cα are color coded according to the magnitude of RMSD between the NApo and IMG
states (data from Figure 7B) gray, below <RMSD> holo to apo (below dashed black line);
yellow, <RMSD> ≤ RMSD ≤ <RMSD> + σ; magenta, RMSD > <RMSD> + σ, where σ is
the standard deviation from the mean.
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Figure 9.
Monitoring structural changes in the NHolo → NApo → IMG transitions with DEER
spectroscopy. (A) Ribbon diagram showing the location of R1 sites from which pairs were
selected to monitor the indicated distances. (B) Dipolar evolution functions for the indicated
mutants in the NHolo , NApo , and IMG states, and (C) the corresponding interspin distance
distributions. The vertical black bars indicate the predicted interspin distance from modeling
the R1 side chains in the high resolution structure of NHolo (see Supplementary Materials).
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Figure 10.
Schematic representation of substates that could give rise to the multicomponent EPR
spectra observed in the NHolo, NApo, and IMG states of myoglobin. For each scenario,
candidates from myoglobin experimental data are shown in the right panel (see text). (A)
Helical motion on the μs-ms time scale brings the nitroxide into tertiary contact with the
protein environment in one substate, giving rise to a relatively immobile state of R1. (B)
Exchange between a highly mobile state of R1 arising from unfolded polypeptide chain with
high backbone flexibility and a more ordered state(s) giving rise to a second relatively
immobile component (see text below). Spectral simulation (red dashed lines) and the
deconvoluted mobile component obtained from the fit (orange) of the spectrum of residue
66R1 in the IMG state are shown. (C) Exchange between a highly dynamic helical segment
and a second substate where the F-helix sequence collapses into the heme pocket to give rise
to the relatively immobilized nitroxide. It is noted that there is an uncertainty as to the nature
of the secondary structure of the F-helix sequence in the collapse substate.
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