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Conformational selection and adaptation to ligand
binding in T4 lysozyme cavity mutants
Carlos J. López, Zhongyu Yang, Christian Altenbach, and Wayne L. Hubbell1

Jules Stein Eye Institute and Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095-7008

Contributed by Wayne L. Hubbell, October 4, 2013 (sent for review August 23, 2013)

The studies presented here explore the relationship between protein
packing andmolecularflexibility using ligand-binding cavitymutants
of T4 lysozyme. Although previously reported crystal structures of
the mutants investigated show single conformations that are similar
to the WT protein, site-directed spin labeling in solution reveals
additional conformational substates in equilibrium exchange with
a WT-like population. Remarkably, binding of ligands, including the
general anesthetic halothane shifts the population to the WT-like
state, consistent with a conformational selection model of ligand
binding, but structural adaptation to the ligand is also apparent in
one mutant. Distance mapping with double electron-electron reso-
nance spectroscopy and the absence of ligand binding suggest that
the new substates induced by the cavity-creating mutations repre-
sent alternate packing modes in which the protein fills or partially
fills the cavity with side chains, including the spin label in one case;
external ligands compete with the side chains for the cavity space,
stabilizing the WT conformation. The results have implications for
mechanisms of anesthesia, the response of proteins to hydrostatic
pressure, and protein engineering.

EPR | site-directed spin labeling | DEER | benzene | saturation recovery

Globular proteins have overall packing densities similar to
those of crystalline solids (1) but nevertheless contain cav-

ities and pockets that can range from a few to hundreds of cubic
angstroms (2, 3). These native packing defects are generally
destabilizing (4, 5), and improving the packing of the protein
interior may be a general way to increase protein stability. In-
deed, small-to-large mutations that fill native cavities can in-
crease stability (6–8), but with a concomitant loss of function (7,
8). Thus, cavities in the protein interior can play a critical role in
function. One role of cavities may be to allow alternative packing
arrangements of the core. The resulting ensemble of conforma-
tional substates could give rise to promiscuity in protein–protein
interactions (9) and allosteric behavior (7, 8, 10). In addition,
large-to-small mutations that generate cavities may have played
an important role in the evolution of protein function (11).
Considering the potentially important role of cavities in sculpt-

ing the energy landscape of proteins, the present study was un-
dertaken to investigate, in solution, the structural and dynamical
response of a protein to engineered cavities introduced by large-to-
small mutations. T4 lysozyme (T4L) was selected for study because
of the large database of crystal structures of ligand-binding cavity
mutations and the corresponding thermodynamic characterization
from Matthews and coworkers (4, 12–15). Remarkably, compari-
son of the WT and mutant structures showed very little difference
or limited local relaxation near the cavity, although the mutations
were strongly destabilizing (4, 15).
In the present study, we examined the cavity-creating mutants

L121A/L133A, L133G, and W138A in solution, free from the
confines of the crystalline lattice, using site-directed spin labeling
together with continuous wave (CW), pulsed saturation recovery
(SR), and double electron-electron resonance (DEER) methods.
The CW spectra and SR reveal the existence of multiple sub-
states in equilibrium as well as the time domain for exchange
between them. DEER spectroscopy measures interspin distance
distributions between pairs of spin labels, and thereby directly

reveals the structural heterogeneity in an equilibrium mixture and
provides clues to the structure of the contributing species. Col-
lectively, the CW, SR, and DEER data suggest a model in which
the engineered cavities populate new substates of the protein that
are in equilibrium with a native-like conformation; the new sub-
states appear to be alternative packing arrangements that fill or
partially fill the cavity. Binding of nonendogenous ligands to the
engineered cavities shifts the equilibrium toward a native-like
state, generally consistent with a conformational selection model
of ligand binding; however, for the W138A mutant, the DEER
data indicate additional structural adaptation upon ligand bind-
ing. Plausible structural models for the new substates, which are
not seen in the crystal structures, are discussed.

Experimental Strategy and Results
Three large-to-small mutations were introduced at buried sites in
the C-terminal domain of T4L to generate cavities. T4L mutants
L121A/L133A and L133G have known crystal structures (14, 15);
the engineered cavities are large (>170 Å3) and bind nonpolar
ligands such as benzene (14). Although a crystal structure has not
been reported for W138A, it apparently does not bind benzene
(14). However, modeling shows that W138A should generate
a new large cavity (∼233 Å3) capable of ligand binding. A model
of the W138A cavity and models of the X-ray structures showing
the cavities of the other mutants are provided in Fig. S1.
For each of the cavity mutants, a nitroxide side chain desig-

nated R1 (Fig. 1A, Inset) was introduced at solvent-exposed sites
to serve as a sensor of local structure. At such sites, R1 typically
has weak or no interactions with the protein, as reflected by a single-
component electron paramagnetic resonance (EPR) spectrum, and
introduces little structural perturbation (16–19). The R1 sensor
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sites were selected to monitor the helix in which the cavity-cre-
ating mutation was introduced, or in a neighboring helix that
shares the cavity. Where relevant, the selection was guided by the
corresponding crystal structure that revealed subtle changes due
to the presence of the cavity. In particular cases, R1 sites distal to
the cavity were selected to look for global changes. For sim-
plicity, we will refer to any T4L species without the native
cysteines (the so-called “pseudo-WT”) and without a cavity
mutation as WT′. This includes species containing spin labels at
nonperturbing solvent-exposed sites.

CW EPR Spectra of R1 Reveal New Conformational Substates in the
Cavity-Creating Mutations. T4L L121A/L133A and L133G. Crystal struc-
tures show that the L121A/L133A and L133G mutations merge
two native cavities into a single large cavity with volumes of 180
and 176 Å3, respectively (Fig. S1). Compared with the WT
protein, the structural changes due to the L133G and L121A/
L133A mutations were similar and subtle (≤0.8 Å), and limited
to the helical bundle (helices E–J) around the cavity (14, 15).

Both mutants bind nonpolar ligands such as benzene with ap-
proximately millimolar affinity (14).
Fig. 1A shows a model of the L121A/L133A mutant based on

the crystal structure, along with the location of R1 sensor sites
and the spectra compared with those of the WT′. The spectra for
the WT′ protein have been published previously and interpreted
in terms of the protein structure and dynamics (16–20); the basic
principles of spectral analysis are outlined in SI Materials and
Methods. The spectra of 131R1, 132R1, 140R1, and 151R1 in the
WT′ reflect a simple anisotropic motion characteristic of R1 at
solvent-exposed sites in relatively rigid helical segments, whereas
the spectra of 48R1, 109R1, 123R1, 128R1, and 135R1 reflect
higher mobility of the nitroxide consistent with their location
near or at the helix termini (16). The spectra of 109R1 and
116R1 have two components; for 109R1, the two components
apparently arise from different rotamers of R1 (21). Residue
130R1 is unique among the sites investigated in that it is located
at a contact site between helices H and J, where the nitroxide
interacts with the protein, as revealed by the presence of a sec-
ond spectral component reflecting immobilization (arrows, Fig.
1A). This residue plays a special role in the present study and will
be considered separately from the other sensor sites.
In the 121A/133A cavity mutant, new spectral components

corresponding to immobilized states of the nitroxide appear for
sensor mutants in helices G and H, which surround the cavity
(116, 123, 128, 131, 135), but not at sites in helices B, F, I, and J
(48, 109, 140, 151) or at site 132R1 in helix H. The absence of
a spectral change for 132R1 is of particular interest and shows
that introduction of the cavity, although in immediate contact
with helix H, does not lead to a change in the secondary structure
or activation of fast backbone dynamic modes (20, 22). In each
case where an immobilized state appears, it unequivocally iden-
tifies a new substate(s) of the protein in solution in which the
nitroxide has interactions with the environment. The L133G
mutant, monitored by sensors in helices H (131R1), I (151R1),
and F (109R1), gave similar results to the L121A/133A mutant,
as anticipated from the similarity of the cavities (Fig. S2).
The EPR spectra of R1 in 121A/133A can be simulated by a

one- or two-component macroscopic order microscopic disorder
(MOMD) model (23) to give the populations, orders, and rates
of nitroxide motion for each component (Fig. S3). In the case
of two-component spectra, the component corresponding to the
highest mobility has the same dynamic parameters as the WT′,
suggesting equilibrium between substates, one of which has a WT′-
like conformation (Fig. S3). It should be noted that the substate
identified by the immobilized nitroxide may, in fact, itself be
heterogeneous, because spectral resolution with respect to mo-
tion is poor in this slow-motion regime for X-band EPR. How-
ever, treating the spectra as two-state (mobile and immobile) will
not change the conclusions of this study.
From the simulations, the immobilized components amount

to ≈50% of the population for 116R1, 123R1, and 131R1 and to
≈90% for 128 and 135. However, the R1–protein interactions
that give rise to the immobilized states in the cavity mutants are
weakly attractive, as judged by increases in the melting temper-
ature (Tm) for reversible unfolding due to the introduction of the
R1 side chain (Table S1). The attractive interaction presumably
biases the population, and spectral analysis likely overestimates
the true populations of the state giving rise to the immobilized
component (Discussion).
T4L W138A. Modeling of T4L W138A suggests that the mutation
should create an internal cavity between helices H, I, and J (Fig.
S1). Thus, R1 sensors were placed in each of these helices, as
well as in remote helices B and F (Fig. 1B). The EPR spectra of
131R1 (helix H) and 140R1 (helix I) show the appearance of a
new immobile component in the mutant relative to the WT′,
whereas those for 151R1 (helix J) and 109R1 (helix F) are
essentially unchanged, suggesting a localized nature of the effect.

Fig. 1. Cavity mutants introduce new conformational states in solution. (A)
L121A/L133A. (B) W138A. (Left) Ribbon models of the T4L cavity mutants
(PDB ID code 251L for L121A/L133A; for W138A, the cavity was modeled
using PDB ID code 3LZM). The surfaces of the cavities are shown in green.
The spheres at Cα identify the sites where R1 was introduced, one at a time.
Red spheres identify sites where spectral changes were observed between
the WT and the cavity mutants; yellow spheres indicate the sites with no
change. Residue Y139 is shown as a stick representation in the W138A
mutant. (Right) EPR spectra of the indicated sites in the WT′ (black) and
cavity mutants (green). Arrows identify relatively immobile components.
(Inset) Structure of R1 side chain.
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Spectral simulations show that the component in the EPR spec-
trum of 140R1/138A corresponding to the more mobile state is
essentially identical to that of the WT′ (Fig. S3); the immobile
component strongly dominates in the case of 140R1. Although
residue 48R1 in helix B is nearly 30 Å from the cavity, a minor
population (∼5%) of a relatively immobile component appears
in the cavity mutant. Importantly, mutation Y139A in the 138A
protein strongly suppresses the formation of the immobilized
component in the 140R1 spectrum (Fig. 1B), indicating a key
role for this residue in stabilizing the new state, as will be
discussed below.

Pulsed SR EPR Confirms Conformational Exchange Between Substates
in the 121A/133A Cavity Mutant. The appearance of two-compo-
nent spectra in the cavity mutants clearly signals a structural
change in the protein, but the origin of the two components
could either be due to two rotamers of the R1 side chain in
a single new conformation or to two conformations of the pro-
tein. These cases can apparently be distinguished by SR EPR
methods, as discussed in detail elsewhere (21, 24) and outlined in
SI Materials and Methods. Briefly, SR measures the recovery of
the EPR signal following a saturating microwave pulse applied
to the maximum absorbance of the nitroxide MI = 0 resonance
(Fig. 2). For two spectral components arising from rotamer ex-
change, the recovery has been found to be monoexponential due
to fast exchange on the nanosecond time scale. On the other
hand, for slow protein conformational exchange, the relaxation is
biexponential and SR data in the presence of various concen-
trations of a relaxation reagent nickel ethylenediaminediacetate
(NiEDDA) can be analyzed in terms of the exchange lifetime in
the range of 1–70 μs. In addition, the data provide a measure of
the residue solvent accessibility (21, 25).
In the present study, five mutants were selected in the 121A/

133A background for SR analysis, namely, 116R1 and 123R1 in
helix G and 128R1, 131R1, and 135R1 in helix H. In each case,
the SR recovery curves are biexponential, suggesting that the
spectra have contributions from conformational exchange; an
example for 128R1 is shown in Fig. 2A. For 123R1 and 128R1,
analysis of the recovery curves in the presence of various con-
centrations of the relaxation reagent NiEDDA (21) shows the

exchange lifetimes to be ≥70 μs and numerical values cannot be
determined. Solvent accessibility determined from SR revealed
that the immobilized states are solvent-inaccessible for the five
sites investigated (Table S2).
For the T4L 138A cavity mutant, 131R1 and 140R1 were in-

vestigated by SR. Despite the two-component nature of the CW
spectra, the SR curves are monoexponential, suggesting that the
two spectral components arise from R1 rotamer exchange in a
new conformational state that is nearly completely populated
(≥93%); an example SR relaxation curve is shown for 131R1/
138A in Fig. 2B. Solvent accessibility measurements suggest that
140R1 remains solvent-exposed in the cavity mutant, although it
is relatively immobilized (Table S2).

Ligand Binding Shifts Conformational Equilibria in the Cavity Mutants
Toward the WT′ State. T4L L121A/L133A. To investigate the effect of
hydrophobic ligand binding on the conformational equilibria in
the L121A/L133A mutation, the protein solution was brought
into vapor equilibrium with benzene, m-xylene, or anisole at
295K, resulting in a free ligand concentration in solution equal to
the corresponding saturated solution value (22 mM, 1.4 mM, and
14.8 mM, respectively). At these concentrations, previous studies
show that binding of these ligands to the analogous L133G cavity
should be close to saturation (14). Binding of the general anes-
thetic halothane, not previously reported for T4L cavity mutants,
was investigated as a function of concentration.
As examples of the effect of ligand binding, the EPR spectra of

the sensors 128R1, 131R1, and 135R1 in the L121A/L133A mu-
tation in equilibrium with benzene vapor (red trace) and 10 mM
halothane (blue trace) are shown in Fig. 3 (upper three spectra);
the similar effect of other ligands and binding detected by other
sensor sites are shown in Fig. S4. It is apparent that ligand binding
shifts the population toward the WT′-like state; indeed, the
spectra of 128R1, 131R1, and 135R1 in the presence of ligands
can be simulated with the same two components as the empty
cavity state by variation of only the relative populations (Fig. S3).
Similar population shifts upon binding of various ligands using
131R1 as a sensor were obtained for the 133G cavity mutant
(Fig. S4A).
An important conclusion from these results is that the ligands

bind preferentially to the WT′-like state. Assuming a simple
model wherein the ligand binds only to the WT-like state, the
equilibria can be represented as

X⇔
K1

WT′

WT′þ L⇔
K2

WT′ ·L;

where X is the conformation corresponding to the immobile
state of R1, WT′ is the WT′-like state of the cavity mutant,
and L is the ligand.
For halothane binding, titrations were done using both 128R1

and 135R1 as sensors to estimate the binding affinity to the
121A/133A cavity. These sites were selected for titration studies
because they show the largest spectral differences between the
mutant and WT′. Best fits of the data for either sensor to the
above model yields K2 = 4 × 105 (K2d ≈ 250 μM) (SI Materials
and Methods and Fig. S5).
T4L W138A.Unlike the 121A/133A mutant, W138A does not bind
the hydrophobic ligand benzene (14). However, the polar ligand
phenol apparently binds to the cavity, as judged by a shift in the
population toward a WT′-like state, as sensed by 140R1 (Fig. 3,
lower spectrum). Titration of W138A with phenol using 140R1 as
a sensor gives K2 = 2.2 × 102 (K2d ≈ 4.5 mM) for binding to the
WT′-like substate in the context of the above model (Fig. S5C).

Fig. 2. SR curves for R1 in T4L cavity mutants. (A) 128R1/121A/133A. The plot
shows the signal intensity recorded at position I (vertical dashed lines) in the
first derivative spectrum as a function of time following a saturating micro-
wave pulse delivered at the same position (black trace); position I corresponds
to the maximum of the absorption spectrum. Also shown is the fit to a double
exponential (red trace). The values of T1 for the slowly relaxing [T1(s)] and fast-
relaxing [T1(f)] components are given; these correspond to the s and f spectral
components. The residuals for a single-component and double-component fit
are shown as gray and cyan traces, respectively. (B) Same representation for
131R1/138A. The fit to a single exponential and residuals from the fit are shown.
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W138A also binds the similar ligand p-cresol with similar affinity
(Fig. S4).

DEER Spectroscopy Reveals Structural Differences Between the Cavity
Mutants and WT Protein, and Structural Changes upon Ligand Binding
to the Cavity. The magnitude of structural difference between
conformational substates can be determined by DEER spec-
troscopy, which measures interspin distance distributions be-
tween two nitroxides in the range of 17–70 Å (26). To explore
the structural changes due to the cavity-creating mutants, pairs
of R1 side chains were introduced into both 121A/133A and
138A backgrounds. In each case, one member of the pair is a
“reference” site, where the EPR spectrum of R1 is not changed
by the cavity, or is located at a site distal to the cavity; the other
member is located at an “active” site showing spectral changes
due to the cavity-creating substitution. Results for the two cavity
mutants are presented separately below.
T4L L121A/L133A. For 121A/133A, attention was focused on the
motion of helix H, with five R1 pairs involving an active site in
this helix (81R1/128R1, 68R1/130R1, 81R1/132R1, 89R1/131R1,
and 109R1/131R1) and a sixth pair monitoring helix G (123R1/
151R1) (Fig. 4A). The pair that contains residue 130R1 will be
considered separately below.
Fig. 4B shows DEER data in the WT′ and cavity mutant for

the four pairs involving 128R1, 131R1, and 132R1, the last two
of which monitor the center of helix H. In all cases, the distance
distributions in the WT′ protein are multimodal, with modes that

could, in principle, be accounted for by rotamers of R1 (27) but
could also be due to distinct states of the host helices. Under any
condition, the most probable distances are in reasonable agree-
ment with those estimated from modeling the R1 side chain in
the crystal structure of the WT protein [Protein Data Bank
(PDB) ID code 3LZM] (Table S3).
In general, the distance distributions for the cavity mutant are

broader than those for the WT′, and include discrete populations

Fig. 3. Ligand binding to the 121A/133A and 138A cavities shifts the equi-
librium toward the WT′-like state. EPR spectra of R1 at the indicated sites in
121A/133A and 138A are shown for the WT′ background (black), the corre-
sponding cavity mutant (green), and in 10 mM benzene (red), with 10 mM
halothane (blue) or with 50 mM phenol (gray, for 138A).

Fig. 4. Distance measurements of doubly labeled T4L in the WT′ and 121A/
133A cavity mutant. (A) Ribbon model of T4L (PDB ID code 251L) shows the
sites where R1 was introduced as spheres at the Cα position; yellow and red
spheres identify reference and active sites, respectively. Interspin distances
measured are shown as dotted lines; black dotted lines identify the interspin
distances shown in B and Fig. 5B, whereas the red dotted line identifies an
additional distance measured and shown in Fig. S6A. (B) Background-corrected
dipolar evolution functions (Left) and corresponding distance distributions
(Right) for the indicated doubly labeled protein in the WT′ (black), cavity
mutant (green), and cavity mutant with halothane added (light blue).
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corresponding to the WT′ in addition to new populations shifted
by 5–10 Å relative to the mode of the WT′ distribution; these
new populations presumably correspond to the immobilized
components in the CW spectra of R1 (Fig. 1A). In the interesting
case of 132R1 in helix H, the CW line shape does not change due
to the cavity, showing that the nitroxide makes no contact with
the protein and that the secondary structure of the helix does not
change; these conclusions are supported by the fact that the
addition of R1 at site 132 does not change the thermal unfolding
temperature (Table S1). Nevertheless, the distance distribution
between 132R1 and a reference at 81R1 reveals new populations
reflecting increased structural heterogeneity in the cavity mutant
(arrows, Fig. 4B). Although these populations are small, the data
are of sufficiently high quality to detect their presence reliably. In
each case, addition of saturating concentrations of ligand results
in a shift in the populations toward the WT′ (Fig. 4B). For
halothane binding to 81R1/128R1 and 81R1/132R1, the ligand-
bound distribution is essentially identical to that for the WT′; for
89R1/131R1 and 109R1/131R1, the distribution is similar but not
identical to that for the WT′. Qualitatively similar population
shifts were observed upon benzene binding (Fig. S6).
These results strongly support the conclusion based on the

CW spectral data, namely, that in solution, the cavity mutants are
in equilibrium between a WT-like conformation and another
with an alternative packing arrangement, and that ligand binding
shifts the equilibrium toward the WT′-like state.
An unusual behavior of residue 130R1 in helix H offers unique

insight into the structure of a conformational substate in the
cavity mutant. In the WT′ protein, the nitroxide of 130R1 is at
a contact site between helices H and J and close to the cavity in
the 121A/133A mutation. A stick model of 130R1 based on the
known crystal structure (28) in the WT′ is shown in Fig. 5A (gray
ribbon), along with the cavity, whose location is shown as a
transparent surface. The two-component CW EPR spectrum of
130R1 (Fig. 1A) indicates two discrete states of the nitroxide in
solution. Interestingly, SR analysis showed that the two states
arise from two conformations of the structure rather than two
rotamers of R1 (21), a result that reveals an inherent flexibility in
the H helix even in the WT′ structure.
In the cavity mutant, the 130R1 CW spectrum changes to a

single component, reflecting a highly ordered state (Fig. 1A and
Fig. S3). SR gives a monoexponential recovery curve with a spin
lattice relaxation time (T1) for 130R1 of 6.6 μs (Table S2), which is
characteristic of immobile nitroxides at buried sites in proteins
(21). Moreover, the T1 is insensitive to NiEDDA up to 1.5 mM,
which shows that residue 130R1 is solvent-inaccessible (SI Mate-
rials and Methods and Table S2). Remarkably, the EPR spectrum
and Tm in the 130R1/121A/133A cavity mutant are insensitive to
the addition of saturating concentrations of halothane (∼20 mM)
(Fig. S4 and Table S1), indicating that halothane does not bind to
this mutant. However, the unlabeled 130C/121A/133A variant
without R1 binds halothane, as judged by the increase in the Tm in
the presence of the ligand (ΔTm ∼ 5.8 °C).
The above data suggest that the nitroxide of 130R1 is seques-

tered in the engineered cavity of 121A/133A. If R1 is accom-
modated in the cavity with little strain, the presence of R1 should
stabilize the protein due to the overall reduction of cavity volume.
Indeed, thermal denaturation studies showed an increase in the
melting point (Tm) of ∼8.5 °C for 130R1/121A/133A compared
with the same mutant without the R1 side chain (Fig. 6A and
Table S1). As a comparison, the maximum increase in melting
point due to R1 labeling at the other sites in helices G and H was
ΔTm ≈ 3 °C (Table S1).
One model for a conformational transition that would place

130R1 in the cavity of 121A/133A is a 90° clockwise rotation of
helix H, as shown in Fig. 5A (green ribbon), where 130R1′ des-
ignates the intracavity position of 130R1. To evaluate this model,
DEER distance measurements were made for 130R1/68R1 in

both the WT′ and cavity mutant proteins. In the WT′ protein, the
distance distribution is strongly bimodal (Fig. 5B), consistent
with the two-component CW spectrum (Fig. 1A). The predicted
distance based on models of R1 in the WT′ structure is ≈33 Å
(Fig. 5A), close to the median of the measured distance distri-
bution. In the cavity mutant, the distance distribution was narrow
with a major population at 27.5 Å (Fig. 5B), in good agreement
with the predicted distance for 130R1′/68R1 of ≈27 Å (Fig. 5A).
As for the CW spectrum, the experimental distance distribution
in 130R1/68R1 is insensitive to 20 mM halothane (Fig. 5B).
A question arises as to whether the 130R1 interaction with the

protein induces the conformation that allows R1 to reside in the
cavity or whether that conformation already exists and the in-
teraction of 130R1 just strongly stabilizes the state due to favor-
able packing interactions. The distance distributions of 132R1/
81R1, 131R1/109R1, and 131R1/89R1 (Fig. 4B) shed light on this
issue; the 132R1/81R1 data are of particular interest because
132R1 has no stabilizing interactions with the protein in either the
WT or cavity mutant (Fig. 1A). The model of Fig. 5A predicts that
the 132R1/81R1 distance in aWT conformation should be ≈24 Å;
if a rotated state of helix H already exists in the cavity mutant in
the absence of 130R1, it would have a population of around 31 Å
(132R1′/81R1; Fig. 5A). Remarkably, the distance distribution in
the cavity mutant has a small population at 31 Å (red arrow, Fig.
4B) in addition to those at 21 and 25 Å corresponding to the WT′
conformation, suggesting that a conformation wherein 130R1
would occupy the cavity is already present at equilibrium in the
cavity mutant. The distance distributions for both 131R1/109R1
and 131R1/89R1 show new populations at distances compatible

Fig. 5. Model for the motion of helix H in the 121A/133Amutant compatible
with CW data, SR data, and interspin distance measurements. (A) Ribbon
model shows an ∼90° rotation of helix H with R1 modeled at reference sites
68R1 and 81R1 and at active sites 130R1 and 132R1 in the WT′ and rotated
state. Positions of R1 in the rotated state are indicated with primes, and
predicted interspin distances in the rotated states are indicated on the dashed
red lines and compared with the corresponding distances in the WT′ (dashed
black lines). The models of sites 81R1 and 130R1 in the WT′ state were based
on known crystal structures (28). For clarity, only the motion of 132R1 and
130R1 under the rotation is shown; a model illustrating the change in posi-
tion for 131R1 under the rotation is shown in Fig. S6. (B) Dipolar evolution
function and corresponding distance distribution of 68R1/130R1 in the WT′
(black), cavity mutant (green), and cavity mutant in the presence of halo-
thane (cyan). Additional analysis of the model is given in Discussion.

E4310 | www.pnas.org/cgi/doi/10.1073/pnas.1318754110 López et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318754110/-/DCSupplemental/pnas.201318754SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1318754110


with the rotated state of helix H in the cavity mutant (Fig. S6 and
Table S3).
The strongly stabilizing interaction of 130R1 is presumably due

to the complementary size of the R1 side chain to the hydro-
phobic cavity and the hydrophobic nature of the disulfide linkage
and nitroxide ring of R1. If this is the case, a spin label with a more
polar linkage should not enter the cavity. One such spin label is
the acetamidoproxyl (AP) side chain shown in Fig. 6B, which
lacks the disulfide and contains a polar amide group. The spec-
trum of 130AP in the WT protein has two components, similar to
R1, and there is an increase in a population of a more immobi-
lized state in the 121A/133A background. Unlike R1, the spec-
trum of 130AP in the cavity mutant shows two components, each
of which reflects higher mobility compared with that of 130R1 in
the 121A/133Amutant. SR data for T4L 130AP in the presence of
NiEDDA show the nitroxide to be solvent-accessible (Table S2),
and the thermal stability of the protein due to the introduction of
the AP side chain is only slightly decreased (ΔTm ≈ −1°; Fig. 6A).
Moreover, the 130AP protein retains the ability to bind halo-
thane, as indicated by an increase in Tm in the presence of the
ligand (Table S1). Thus, the AP side chain does not appear to
stabilize the new state by occupying the cavity but, nevertheless,
detects its presence via changes in the CW spectrum.
T4L W138A. Residue 140R1 becomes predominantly immobilized
in W138A (Fig. 1B), signaling the appearance of a new confor-
mation. Nevertheless, it retains relatively high solvent accessi-
bility, as judged by SR in the presence of NiEDDA (Table S2) and
is unlikely to be sequestered in the cavity. Mutation of the solvent-
exposed Y139 to alanine in the W138A background dramatically
reduces the component in the 140R1 spectrum that corresponds
to the immobile state (Fig. 1B), indicating an important role for
Y139 in stabilizing the new conformation; the mutation Y139A
has little effect on the WT protein (17). An attractive model for

the new conformation is one in which Y139 confers stability by
filling the cavity. This could be achieved by a simple rotation of
helix I, reminiscent of the model proposed above for 130R1 filling
the 121A/133A cavity via helix rotation. To examine this possi-
bility, four R1 pairs (68R1/140R1, 89R1/140R1, 109R1/140R1,
and 151R1/140R1) were constructed for DEER distance map-
ping (Fig. 7A). Each pair includes 140R1, where the largest
spectral difference between the cavity mutant and WT′ was
detected (Fig. 1B). For 140R1/151R1, the distance distribution in
the cavity mutant was too short for DEER analysis and was
measured instead by CW broadening methods (SI Materials and
Methods). For all pairs, the WT′ distance distribution is multi-
modal and the shifts in the distance distributions due to in-
troduction of the cavity (Fig. 7B) are in reasonable agreement
with expectations based on a simple ∼90° rotation of helix I that
places Y139 in the cavity (Fig. 8). In particular, shifts in the ap-
proximate centers of the distributions suggest that 140R1 moves
closer to 151R1 (≈−10 Å), closer to 68R1 (≈−5 Å), and away
from 109R1 (≈+5 Å), compared with shifts of −8 Å, −3 Å, and
+5 Å, respectively, predicted by modeling. The 140R1/89R1
distance distribution shows primarily a shift in population that
could reflect changes in rotamers rather than a shift in distance;
no change in distance is predicted by the model.
For the cases investigated (89R1/140R1 and 68R1/140R1), the

addition of phenol or p-cresol increases the WT′-like population,
but with the appearance of new populations at a shorter distance
unique to the ligand-bound state (arrows for phenol, Fig. 7B;
similar data for p-cresol are given in Fig. S6), implying a struc-
tural adaptation to the bound ligand. Nonspecific binding of
phenol or cresol and concomitant change in structure are not
likely the origin of the unique distance considering the simple
hyperbolic isotherm that describes the binding (Fig. S5). In ad-
dition, even at 50 mM, phenol has no effect on the conformation
of the WT′ protein, as judged by the lack of spectral changes for
R1 residues at sites throughout the protein (Fig. S4C).

Discussion
The data presented above unequivocally identify the presence
of new conformational substates in the T4L cavity mutants in
equilibrium with a WT′-like conformation. Although the CW
spectra of single R1 residues can reveal the existence of con-
formational equilibria, DEER distance distributions show the
full complexity of the conformational space. Multimodal dis-
tance distributions are observed even in the WT protein (Figs. 4
and 7). Although the multimodality may be attributed, in part, to
rotamers of R1, it is likely that conformational heterogeneity in
the WT′ protein makes an important contribution. Evidence for
this comes from the narrow and primarily monomodal distance
distributions between R1 pairs in rigid proteins such as hol-
omyoglobin [López et al. (22)] and the Rpo4/7 stalk module of
the Methanocaldococcus jannaschii RNA polymerase (29).
The width and complexity of the distance distributions increase

in the cavity mutants, and the picture that emerges is one of a
fluctuating ensemble of conformations. Indeed, some of the broader
distance distributions in the mutants resemble those observed by
DEER in a molten globule state (22). Based on the CW spectra, the
disorder in the protein fold is confined to structures surrounding
the cavity.
Ligands apparently bind only to the WT′-like state, displaying

conformational selection in ligand binding and, at the same time,
indicating that the new states excited by the cavity have alterna-
tive packing arrangements that apparently fill or partially fill the
cavity, a suggestion that is in line with recent studies in other
proteins containing native or engineered cavities (22, 30–33).
Precedent for this behavior in T4L is found in the extensively
studied cavity mutant L99A, where it has recently been shown that
a poorly populated (≈3%) conformational substate in equilibrium

Fig. 6. At site 130 in the cavity mutant, the R1 side chain, but not the AP
side chain, stabilizes the new state. (A) Thermal denaturation of 130C/121A/
133A, 130R1/121A/133A, and 130AP/121A/133A detected by CD. Fits for the
unfolding curves are shown in red (SI Materials and Methods); the corre-
sponding Tm values obtained from the fits can be found in Table S1. (B) EPR
spectra of 130AP (black) and 130AP/121A/133A (green) are shown, along
with the structure of the AP side chain.
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with the WT is one in which the cavity is partially filled with a native
phenylalanine side chain (31).
The sections below discuss the individual cavity mutants and

possible structural models that account for salient features of the
collective data.

T4L 121A/133A Mutant. Although structures corresponding to the
alternative packing modes in 121A/133A cannot be determined
from the limited data presented here, they allow speculation
regarding salient features of the new states. The fact that the line
shape of 132R1 is the same in the WT′ and 121A/133A mutant
shows that the secondary structure of helix H is retained in the
ensemble of states detected by DEER, at least in the central
segment sampled by 132R1. The DEER data involving residues
130R1, 131R1, and 132R1 in helix H in the cavity mutant can be
accounted for by a new conformation of the protein in which the
helix is rotated by ≈90° (Fig. 5A) but may also include an inward
displacement and additional distortions of the helix, along with
coordinated motions of neighboring structures that would reduce
the size of the cavity. Moreover, the pattern of CW spectral
changes for these sensors can also be accounted for by this ro-
tation, which moves the Cα of residue i into the position occu-
pied by i-1 in the WT′ structure. Thus, residue 130R1 becomes
completely immobilized, consistent with a location in the cavity
previously occupied by Ala129; 131R1 adopts a two-component
spectrum similar to that of 130R1 in the WT′; and 132R1 is
unchanged, with a single component spectrum similar to that of
131R1. Note that the changes in the EPR spectra for residues
128R1 and 135R1, as well as the DEER distance changes for the
R1 pair involving residue 128R1, cannot be explained by the
simple rigid body helix rotation depicted in Fig. 5. These two
residues lie at or near the helix termini; thus, partial unfolding or
distortions of the termini that place the nitroxide in a partially
buried location may accompany the helical rotation. Of partic-
ular significance is that all the buried or partially buried residues
of helix H in the 121A/133A mutant are alanines, which may
reduce steric constraints and enable the rather large structural
changes observed. It should be emphasized that other structural
models may account for the data, but the dataset is too sparse to
justify modeling of more complex rearrangements involving sec-
ondary structural changes.
Little can be said regarding the motion of helix G in the 121A/

133A cavity mutant based on the limited data presented, except
that the CW EPR spectra of 116R1 and 123R1, and the DEER
distance data involving 123R1, are compatible with a rotation of
G such as to bring these residues into contact with helix H, giving
rise to the immobilized components with low accessibility (Table
S2), as observed experimentally. Interestingly, the crystal struc-
ture of T4L 121A/133A shows a slight rotation of helix H in the
same sense as suggested here (0.6-Å movement of Cα) and a
motion of helix G toward H (∼0.6 Å); these small changes are in
the direction to reduce the size of the engineered cavity (15).
Although such subtle rearrangements cannot explain the mag-
nitude of changes in solution indicated by the EPR data and the
lack of ligand binding to the new state, they suggest a trajectory
of motion that is consistent with that observed in the absence of
crystal lattice constraints.
An interesting question arises when considering the mecha-

nism of ligand binding to engineered cavities in T4L, including
the extensively studied L99A. In the WT conformation, which
apparently constitutes a major population of the conformational
ensemble, there is no access to the cavities. For L99A, the only
other detected conformation by NMR dispersion-relaxation was
one in which the protein relaxed to fill the cavity partially with
a phenylalanine side chain (31). How, then, does the ligand ac-
cess the cavity? The same question is relevant to the cavity
mutants studied here, and a possible answer is provided by
the DEER distance distributions, which resolve each state in

Fig. 7. Distance measurements of doubly labeled T4L in theWT′ andW138A
mutant. (A) Ribbon model of T4L (PDB ID code 3LZM) shows the interspin
distances measured as blue dotted lines. Yellow spheres at the Cα identify
reference sites. (B) Background-corrected dipolar evolution functions (Left)
and corresponding distance distributions (Right) for the indicated doubly la-
beled protein in the WT′ (black), cavity mutant (green), and cavity mutant
with phenol added (orange). Arrows indicate new distances populated with
phenol that are not observed in theWT′ or the cavitymutant in the absence of
ligand. For W138A/140R1/151R1, the distance was determined by the CW
broadening method, as described in SI Materials and Methods. The extent of
spectral broadening due to spin–spin interaction is shown by the comparison
of the normalized spectra for the double mutant (black trace) and the alge-
braic sum of the spectra for the individual mutants (green trace), with the
latter representing the hypothetical noninteracting spectrum. The broaden-
ing, revealed by the reduction in spectral amplitude, is reasonably well
accounted for by the Gaussian distribution of distances shown.
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a heterogeneous mixture. For example, in the 121A/133A cavity
mutant, the distance distribution for the pair including 132R1 in
helix H shows a small but significant population at shorter (∼18.5
Å) as well as longer distances (arrows, Fig. 4B); the longer distance
corresponds to the proposed helix-rotated state. The shorter dis-
tance observed exclusively in the cavity mutant could be achieved
by a motion in the opposite sense, which could open rather than
close the cavity. Thus, this small population in an ensemble could
be the “open door” state for ligand entry.

W138A Mutant. For W138A, CW spectra and DEER distance
distributions (Figs. 1B and 7) also reveal at least two confor-
mational substates in solution, one of which is similar to the WT′
protein. The structural difference between the substates appears
to be confined to helices H and I. The CW, DEER, and muta-
genesis data are all consistent with a model in which Y139 has
moved into the cavity in the non-WT conformation via a rotation
of helix I (Fig. 8), although other rearrangements involving a
change in secondary structure are possible; coordinated motions
of helix H would also be required.
The cavity formed by the W138A mutation is polar due to

Q105, which forms a hydrogen bond with W138 in the WT
protein. Q105 can also act as an H-bonding partner for Y139,
providing stability for the new conformation and offering an
explanation for the binding selectivity of the mutant for phenol
and cresol over the nonpolar benzene. As analogs of the tyrosine
side chain, phenol and cresol, but not benzene, could compete
with Y139 for H-bonding with Q105 and shift the conformation
toward a WT′ state, as observed experimentally. However, the
effects of ligand binding to W138A are complex. DEER data
show that a WT distance distribution is enhanced upon ligand
binding, but with the appearance of new distances not present in
either the WT′ or cavity mutant in the absence of ligand (Fig.
7B). Thus, the ligand-bound state has a unique conformation,
and it must be assumed that the local structure can relax to adapt
to the ligand.

Question of R1 Perturbation in Flexible Proteins. Introduction of the
R1 side chain at surface sites in a protein with a single stable

conformation generally leads to decreases, or more rarely, small
increases in stability as measured by Tm (16, 34). For R1 at
contact sites between helices, such as 130R1 in the WT′ protein,
destabilization is observed due to unfavorable steric interactions
(16, 28). On the other hand, introduction of R1 into the cavity
mutants at surface sites where immobilized states appear results
in stabilization of the protein, as judged by an increase in the
thermal melting point (Table S1). Thus, the spin label experi-
ences attractive, stabilizing interactions that immobilize the
nitroxide in the conformational ensemble of the cavity mutants
but not in the WT′. Such interactions will bias the population in
favor of the interacting state. For the two-component spectra, an
apparent equilibrium constant (Kapp) can be defined as Kapp =
X/WT, where X includes the concentration of all immobilized
states arising in the cavity mutant; Kapp can be determined di-
rectly from the CW spectra but will overestimate the true equi-
librium constant (KT) by an amount dependent on the interaction
strength, which can vary from site to site where R1 is placed.
The magnitude of the effect can be estimated from the R1–

protein interaction energy, which, in principle, can be estimated
from the melting curves. However, the existence of two or more
conformations in equilibrium (WT, X) belies simple analysis in
terms of two-state melting. An order-of-magnitude estimate of
the interaction energy can be made assuming that the interaction
is hydrophobic adsorption of the nitroxide ring to the surface of
the protein surface. The ring is approximately spherical, with a
surface area of ≈80 Å2, and adsorption to the protein surface
could bury ≈40 Å2. Taking the hydrophobic free energy to be
≈−25 cal/Å2 (35) gives ≈−1 kcal of favorable interaction. Based
on the current model for the internal motion of R1 at helix sur-
face sites (17, 20, 36), the adsorption would entail an entropy loss
due to restriction of rotamers about the two terminal bonds of R1,
each of which is taken to have two most probable configurations
(37). This yields an unfavorable contribution to the free energy
of−RTln(1/4) ≈ 0.8 kcal/mol, giving a net favorable interaction of
ΔGo

int ≈ −0.200 kcal/mol. For 116R1, 123R1, and 131R1 in the
121A/133A mutant, spectral simulations give Kapp ≈ 1 (Fig. S3).
An attractive interaction of −0.2 kcal/mol would result in Kapp
being an overestimation of the true equilibrium constant by ≈40%
(KT ≈ 0.7). Thus, the perturbation of the spin label from this
source is not large enough to populate strongly a conformation
that is not already present in detectable amounts. For sites where
the nitroxides are completely buried in the structure, the hydro-
phobic contribution to the attractive interaction could be ≈ −1.2
kcal/mol. This could apply, for example to, 128R1 and 135R1 in
the 121A/133A background, where Kapp ≈ 9. If this were the case,
the true equilibrium constant would be KT ≈ 1, the same order of
magnitude as that estimated for the 116R1, 123R1, and 131R1
equilibria, but this calculation does not include any unfavorable
strain energy that may be involved in reaching the state. Under
any condition, in equilibrium ensembles where the free energy
difference between conformers is small, the perturbation due to
molecular probes in general must be considered; the situation
could be considerably larger for very hydrophobic fluorophores.
In principle, the populations in the DEER distance distribu-

tion for 132R1 in the 121A/131A mutant can be used to estimate
an unperturbed KT assuming that the ≈30% decrease in the WT
distance population measures the population of new conforma-
tions; with this approximation, KT ≈ 0.3. However, without ad-
ditional information, a unique correspondence of distances with
conformations cannot be guaranteed.
The 130R1 residue in the 121A/133A mutation is a special

case, representing an extreme level of population bias due to the
side chain interaction. In this case, the entire side chain, in-
cluding the hydrophobic disulfide, is at least partially removed
from solvent and the free energy of transfer to the cavity from
hydrophobic sources alone is on the order of −2.5 kcal/mol, as
judged by the free energy of transfer of R1 from aqueous to

Fig. 8. Motion of helix I in the W138A mutant consistent with CW data and
interspin distance measurements. A ribbon model shows an ∼90° rotation of
helix I with R1 modeled at reference sites 68, 89, 109, and 151 and at active
site 140 in the WT′ (gray ribbon) and rotated state (green ribbon). The po-
sition of 140R1 in the rotated state is indicated with a prime, and predicted
interspin distances in the rotated state are indicated on the dashed red lines
and compared with the corresponding distances in the WT′ (dashed black
lines). Models of R1 are based on known rotamers of R1 (17); the model of
151R1 is based on the known crystal structure (17). The model of 140R1 in
the mutant required a change in rotamer due to steric clashes in the struc-
ture. Native residue Y139 is shown as a sphere representation filling the
cavity in the rotated state (Discussion). Experimental distances are tabulated
in Table S3.
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nonpolar media (38); additional contributions from interactions
within the cavity could further increase the interaction. In such
serendipitous situations, the more polar AP side chain is a better
choice and reveals something closer to the true equilibrium pop-
ulations (Fig. 6B).

Summary and Implications
Collectively, the data presented here show that cavities of a size
present in many proteins can allow alternative packing arrange-
ments of the core that are not observed in the crystal structures.
Although critical to function, cavities can also lead to anomalous
regulation due to the binding of unnatural ligands that shift the
populations, as demonstrated here for the T4L cavity mutants. For
example, a current theory of general anesthesia, and for the effect
of alcohol on protein function, proposes exactly this mechanism;
that is, anesthetics and ethyl alcohol function by binding to cavities
in ion channels and proteins involved in signal transduction, thus
shifting the population of functional conformational substates (39–
41). A particularly interesting recent report shows that creation of
a cavity mutation due to a phenylalanine-to-alanine substitution
bestows alcohol sensitivity to an otherwise insensitive ion channel
(39). The data provided here provide direct structural evidence in
support of this idea; the general anesthetic halothane binds to the
121A/133A cavity mutant with a Kd close to the clinically effective
dose and strongly shifts the populations of substates.
Cavities also play a central role in accounting for the pressure

effects on proteins. A protein in solution will respond to appli-
cation of hydrostatic pressure by changing in a manner to reduce
the total volume of the system. This can be accomplished by a shift
in conformational equilibria toward substates with the lowest
partial molar volume. Extensive NMR studies from Akasaka and
coworkers (42, 43) led to the attractive idea that the substates with
lowest partial molar volume are those where cavities have been
filled with solvent. The results presented here suggest another
model that may be appropriate in particular cases; that is, pres-
sure may populate states wherein the protein partial molar vol-
ume is reduced by filling the cavity with side chains of the protein.
Finally, considering the major effect of cavities on conformational
equilibria in solution, large-to-small substitutions in the protein
core should be considered in attempting to engineer new func-
tions in proteins.

Materials and Methods
Construction, Expression, Purification, and Spin Labeling of T4L Mutants.
Construction, expression, and purification of T4L mutants was done as pre-
viously described (17). Some mutants formed inclusion bodies, and isolation

was done as described by Liu et al. (44), with some modifications (SI Mate-
rials and Methods). Sample purity of isolated T4L was greater than 95%, as
judged by SDS/PAGE electrophoresis. Spin labeling of the T4L mutants was
done in buffer consisting of 50 mM 3-(N-morpholino)propanesulfonic acid
and 25 mM NaCl at pH 6.8, as described previously (17). The 3-(2-iodoace-
tamido)-proxyl was obtained from Sigma.

EPR Spectroscopy. CW EPR spectra were recorded at X-band in a Bruker
ELEXYS 580 spectrometer at 295K in buffer containing 30% wt/wt sucrose to
eliminate the contribution of the protein rotational diffusion, except for the
ligand titration experiment, for which the spectra were recorded in pure
buffer. SR experimental procedures are described in detail in SI Materials and
Methods. Protein concentrations were in the range of 200–500 μM.

DEER Spectroscopy. Four-pulseDEERdata at 80KwereobtainedonanELEXSYS
580 spectrometer operated at Q-band. The protein concentration was at or
below 200 μM. Samples of 20 μL in spin-labeling buffer containing 20% vol/
vol glycerol in a glass capillary (1.4 i.d. × 1.7 o.d.; VitroCom, Inc.) were flash-
frozen in liquid nitrogen. A 36-ns π-pump pulse was set at the maximum
absorption spectra, and the observer π/2 (16 ns) and π (32 ns) pulses were
positioned 50 MHz (17.8 G) upfield, which corresponds to the absorption
maxima of the center-field line. Distance distributions were obtained from
the raw dipolar evolution data using the program “LongDistances”. The
program is written in LabVIEW (National Instruments) and can be down-
loaded from www.chemistry.ucla.edu/directory/hubbell-wayne-l.

CD Spectroscopy. Thermal denaturation studies were performed on a Jasco
810 spectropolarimeter, as described in SI Materials and Methods.

Ligand Binding and Halothane Titration Assay. Addition of benzene, halo-
thane, anisole, and p-xylene to the L133G and L121A/L133A mutants was
done by vapor diffusion. Briefly, 5–10 μL of the protein solution was placed
on siliconized coverslips suspended in a well containing the ligand (300 μL).
The well was sealed immediately and allowed to equilibrate for 1–2 h at
room temperature. Incubating for more than 2 h made no difference in the
binding of the ligand to the protein, as judged by changes in the EPR
spectra. For the halothane titration experiments, a saturated solution of
halothane in buffer (20.6 mM) was diluted to the appropriate concentration
in the protein solution and the EPR spectra were recorded immediately.
Estimation of Kd using EPR data is described in SI Materials and Methods.
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