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ABSTRACT: Calcium-loaded calmodulin (CaM/4Ca2+) com-
prises two domains that undergo rigid body reorientation from a
predominantly extended conformation to a compact one upon
binding target peptides. A recent replica-exchange molecular
dynamics (MD) simulation on holo CaM/4Ca2+ suggested the
existence of distinct structural clusters (substates) along the path
from extended to compact conformers in the absence of substrates.
Here, we experimentally demonstrate the existence of CaM/4Ca2+

substates trapped in local minima by three freezing/annealing
regimes (slow, 40 s; intermediate, 1.5 s; fast, 0.5 ms) using pulsed
Q-band double electron−electron resonance (DEER) EPR spec-
troscopy to measure interdomain distances between nitroxide spin-
labels positioned at A17C and A128C in the N- and C-terminal domains, respectively. The DEER echo curves were directly fit to
population-optimized P(r) pairwise distance distributions calculated from the coordinates of the MD clusters and compact crystal
structure. DEER data on fully deuterated CaM/4Ca2+ were acquired at multiple values of the second echo period (10−35 μs) and
analyzed globally to eliminate instrumental and overfitting artifacts and ensure accurate populations, peak positions, and widths. The
DEER data for all three freezing regimes are quantitatively accounted for within experimental error by 5−6 distinct conformers
comprising a predominantly populated extended form (60−75%) and progressively more compact states whose populations
decrease as the degree of compactness increases. The shortest interdomain separation is found in the compact crystal structure,
which has an occupancy of 4−6%. Thus, CaM/4Ca2+ samples high energy local minima comprising a few discrete substates of
increasing compactness in a rugged energy landscape.

■ INTRODUCTION

Conformational substates of proteins play a key role in protein
folding and molecular recognition.1,2 In the context of large
interdomain rearrangements associated with ligand binding,
the free energy landscape3,4 describing the transition from the
apo form to the bound form, just as in protein folding,5−7 is
likely to be rugged with numerous local minima along the
pathway. Moreover, even in the absence of ligands, many
highly transient conformational substates comprising sparsely
populated local minima may be sampled, some of which are
likely to be close but not identical to the ligand-bound
conformation.8,9 A key question lies in determining exactly
what conformations are sampled by protein substates.
Conformational substates were first inferred on kinetics
grounds in studies on carbon monoxide rebinding to
myoglobin over a wide range of temperatures spanning from
liquid helium temperatures to room temperature.2,3,10 To date,
however, most of the structural information on substates has
been gleaned from molecular dynamics (MD) modeling
studies.1 Here, we show, using the universal eukaryotic calcium
sensor calmodulin (CaM)11 as an example, that, in suitable

cases, substates can be detected experimentally by double
electron−electron resonance (DEER) EPR spectroscopy and
that population-optimized clusters obtained from molecular
dynamics simulations can quantitatively account for the DEER
data within experimental error.
CaM provides a classical example of a protein undergoing

large interdomain rearrangement upon substrate binding that is
critical to its function as the major calcium sensor within all
eukaryotic cells.12−18 CaM comprises N- and C-terminal
calcium-binding domains connected by a linker. In all but one
crystal structure,19 holo calcium-loaded CaM (CaM/4Ca2+)
(i.e., in the absence of a bound protein/peptide substrate)
adopts an extended dumbbell conformation in which the linker
forms a continuous rigid helix, known as the “central” helix.11
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In solution, however, NMR has clearly shown that the middle
four residues of the “central” helix are not rigid but dynamic
and partially disordered.20 Thus, although the overall shape of
holo CaM/4Ca2+ in solution is predominantly extended, the
two domains reorient relative to one another and, for the
majority of the time, sample a cone of semi-angle ∼30−40°, as
assessed by extended Lipari−Szabo analysis21 of heteronuclear
relaxation data,22 as well as maximum occurrence analysis of
residual dipolar coupling, paramagnetic pseudo-contact shift,
small-angle X-ray scattering, and EPR data.23−28 Sparsely
populated (<5%) compact states of holo CaM/4Ca2+ are also
sampled in the absence of substrates, as evidenced by
interdomain paramagnetic relaxation enhancement studies.9,29

These compact states occupy a relatively broad region of
conformational space that encompasses the compact holo

CaM/4Ca2+ crystal structure (PDB code 1PRW)19 and is close
to but not identical to that found in a wide array of CaM/
4Ca2+−substrate complexes9 where the two domains of CaM
clamp peptide substrates in a manner similar to two
overlapping hands holding a rope.30 Single-molecule Förster
resonance energy transfer31 and cross-section measurements
by mass spectrometry−ion-mobility spectrometry in a solvent-
free environment32 also provide evidence for the existence of a
compact state of holo CaM/4Ca2+ coexisting with the
dumbbell extended conformation but do not reveal the
presence of distinct substates.

■ RESULTS AND DISCUSSION

MD-Derived Structure Clusters and Calculated P(r)
Distributions. Recently, a new method of inflection core state

Figure 1. Ribbon diagrams of representative structures from the 16 clusters obtained from a 460 ns replica-exchange solute-tempering MD
simulation33,34 on holo CaM/4Ca2+ and of the compact crystal structure (1PRW)19 of holo CaM/4Ca2+ together with the corresponding P(r)
distributions between A17C-R1 and A128C-R1 calculated from a R1 rotamer library.18 The MD clusters can be grouped into six families (A−F),
with the compact crystal structure as a seventh family (G). The positions of the R1 nitroxide labels are indicated by red spheres located at the
relevant backbone Cα atoms for visualization purposes only. The N- and C-terminal domains of CaM/4Ca2+ are colored in blue and purple,
respectively, with the linker region shown in gray. The distance corresponding to the peak of the P(r) distribution is indicated below each model.
The P(r) distributions are calculated from a weighted ensemble of nitroxide oxygen positions based on molecular coordinates of the structures, as
described previously.18 Because the nitroxide labels are represented as a weighted ensemble, the shape of the calculated P(r) distribution can be
non-Gaussian and can include shoulders or separate peaks that correspond to distinct regions of conformational space occupied by one or both
nitroxide labels.
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clustering, based on Gaussian mixtures, was used to extract 16
well-defined core substates (clusters)33 from the free energy
landscape of a 460 ns replica-exchange solute-tempering MD
simulation on holo CaM/4Ca2+.34 These substates, which
range from extended to compact, provide a pathway between
extended and compact forms and suggest that the transition
between substates is driven by electrostatic interactions; while
the trajectory used a TIP3P water model, bias toward compact
structures was counteracted through the use of a wide range of
temperatures (spanning 300−545 K) in the replica-exchange
solute-tempering procedure.33 Ribbon diagrams of a repre-
sentative structure from each cluster (models 1−16) together
with the crystal structure (PDB code 1PRW) of the compact
form of holo CaM/4Ca2+ (model 17)19 are displayed in Figure
1. DEER yields probability distance distributions, P(r),
between pairs of spin labels,35 and the two sites of R1
nitroxide spin-labeling36,37 at A17C and A128C in the N- and
C-terminal domains, respectively, are indicated on the ribbon

diagrams by the red spheres. The expected P(r) distributions
calculated from the molecular coordinates,18 based on a
rotamer library of the R1 nitroxide side chain implemented in
Xplor-NIH,38 are shown alongside the structures. Model 1 is
closest to the extended dumbbell X-ray structure of holo CaM/
4Ca2+ (backbone rmsd of ∼3 Å) with a P(r) peak at 47 Å; the
P(r) peaks for the remaining MD structures range from 59 Å
(model 5) to 24 Å (model 16); and finally, the P(r) peak for
the compact X-ray structure (model 17) of holo CaM/4Ca2+ is
at 18 Å. From the perspective of the distance between the
A17C-R1 and A128C-R1 nitroxide spin-labels, the replica
exchange MD clusters can be grouped into five families (A,
∼54 to 59 Å; B, ∼43 to 47 Å; C, ∼37 to 39 Å; D, ∼34 to 35 Å;
E, 29 to 31 Å; and F, ∼24 Å). It is worth noting that the
distance of ∼18 Å between the two spin-labels in the compact
holo crystal structure19 (model 17, family G) is smaller (i.e., a
higher degree of compactness) than that observed with the
M13 peptide substrate-bound, either in the compact binding

Figure 2. CaM/4Ca2+ substates. (A) Examples of raw DEER echo curves (blue) recorded at a second echo period time T = 20 μs for slow frozen
(left), intermediate rate frozen (middle), and rapidly frozen freeze-quenched (right) samples. The red curves are the best fits obtained by
population optimization of the P(r) distributions for models 1−17 shown in Figure 1 using the GlaDDvu47,48 fitting routines imported into a
Python script.18 The time traces of residuals between observed and calculated DEER echo curves are shown below. The complete set of DEER
echo curves and corresponding residuals for all values of T are provided in Figures S2A−S4A. (B) Comparison of the P(r) distributions obtained by
globally fitting the DEER echo curves at all values of T using either model-free validated Tikhonov regularization in the program DeerLab46 (blue
with light blue representing upper and lower error estimates) or the population-optimized P(r) distributions for models 1−17 shown in Figure 1
(red). The integral under the P(r) distributions has been normalized to 1. (C) Optimized populations of the substates contributing to the DEER
echo curves. For the slow and intermediate freezing regimes, the total populations of family B, represented by the sum of the populations of clusters
#1, #9, and #10 are shown. For the fast freezing regime, only cluster #1 is present from the B family. (Note that cluster #7 is also present in family
A, but the P(r) distribution for cluster #7 is virtually identical to that for cluster #1, and therefore clusters #1 and #7 cannot be distinguished.
Consequently, only cluster #1 was included in the calculations). The populations systematically decrease as the interdomain separation decreases
and the degree of compactness increases. Further, the population of the extended states (interspin distance r ∼ 46−47 Å) relative to that of the
compact ones (r ≤ 39 Å) decreases with increasing freezing rate.
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intermediate (interspin distance ∼ 21 Å) or the final complex
(interspin distances ∼21 and 26 Å arising from two distinct
regions of conformational space occupied by the R1 label at
A128C).18

DEER Data Acquisition. The experimental DEER data
were acquired at Q-band and 50 K on CaM/4Ca2+(A17C-R1/
A128C-R1). These two labeling sites do not affect the
structure of CaM/4Ca2+ and only result in a very small
reduction (less than a factor of 2) in the affinity for peptide
substrates.9 CaM/4Ca2+, the glycerol cryoprotectant (30% v/
v) and the solvent were fully deuterated to increase the phase
memory relaxation time (Tm, the timescale for transverse
relaxation of a nitroxide spin-label by flip-flop transitions of
neighboring protons) by removing electron−proton dipolar
interactions.39−41 This not only increases the signal-to-noise
ratio but also ensures that the P(r) distribution derived from
the DEER data is not impacted by differential Tm relaxation
and therefore accurately reflects the populations of substates
present in the sample.18,40,42 Since the trapping of substates
can be influenced by the freezing rate (i.e., the annealing
regime), three freezing/annealing conditions were employed:
slow (∼ 40 s) freezing by placing the 1 mm (internal diameter)
quartz EPR tube in a −80 °C freezer;43 intermediate rate (1.5
s) freezing by directly placing the EPR tube in liquid nitrogen
(77 K);43 and rapid (∼0.5 ms) freezing by spraying the sample
in the form of a high-speed jet onto a spinning copper disk
cooled to 77 K.18,44,45 For each freezing condition, six sets of
DEER echo curves were acquired, with the second echo period
time (T = 2τ2) set to 10, 15, 20, 25, 30 and 35 μs (Figure S1),
and the data at all values of T were analyzed globally.18 The
accuracy of peak positions and widths is dictated by the
maximum length of the dipolar evolution time, tmax, which was
set to 7.5 μs except for the data at T = 10 and 15 μs, where tmax
was set to 4 and 6 μs, respectively. At tmax = 7.5 μs, accurate
distances and widths are obtained up to 50(tmax/2)

1/3 ∼ 78 Å
and 40(tmax/2)

1/3 ∼ 62 Å, respectively.35

Analysis of DEER Echo Curves. The DEER data were
analyzed in three different ways. First, the DEER echo curves
were fitted individually using validated Tikhonov regularization
implemented in the program DeerLab.46 This procedure,
which is model-independent, provides a baseline for how well
the data can be fitted, given that the constraints imposed by
fitting the data at all T values simultaneously will generally
result in an increase in the reduced χ2. It is also important to
note that fitting each DEER echo curve individually may result
in overfitting the data such that extraneous peaks may appear
in the P(r) distributions, which are not reproduced at the
different values of T. Second, the DEER echo curves at all
values of T were fitted globally by validated Tikhonov
regularization in DeerLab.46 This procedure which ensures
that only a single set of peaks in the P(r) distribution
represents the DEER data at all values of T, eliminates both
instrumental and overfitting artifacts and ensures accurate peak
positions and linewidths. Lastly, the DEER data were analyzed
globally using GLADDvu47,48 to directly fit the calculated P(r)
distributions for the 17 structure models shown in Figure 1 to
the DEER echo curves while optimizing the population of each
model. A two-step procedure was employed. In the first pass,
the populations of all 17 models were optimized; in the second
pass, all models whose populations optimized toward zero
were eliminated, and the optimization process was repeated
with the remaining models. An example of the fits to the
population-optimized, structure-based P(r) distributions for

the T = 20 μs DEER data is shown in Figure 2A; the complete
set of DEER data together with fits and corresponding
residuals is provided in Figures S2A−S4A. A summary of the
reduced χ2 values of the fits to the experimental DEER data is
given in Table 1. Within the specified uncertainties, the average

reduced χ2 for the individual fits by Tikhonov regularization
are similar to those obtained from the global fits, and the
reduced χ2 values for the global fits obtained by Tikhonov
regularization and population optimization of the 17 model
P(r) distributions are also comparable (Table 1); the same is
true for the time traces of residuals for all three fits (Figures
S2A−S4A). In contrast, the P(r) distribution calculated for the
cluster populations derived from the replica-exchange solute-
tempering MD simulation33 (Table S1) fail to reproduce the
experimental DEER data (Table 1 and Figure S5).

Quantitative Analysis of Substates and Their Pop-
ulations. For each freezing regime, the P(r) distributions
obtained for CaM/4Ca2+ (A17C-R1/A128C-R1) by global
direct fitting of the DEER echo curves at multiple values of T
using model-free (Tikhonov regularization, blue curves) and
model-dependent (population optimization of precalculated
distance distributions from molecular coordinates, red curves)
methods are basically superimposable (Figure 2B). Of note,
however, is that the P(r) distributions obtained from the
individual Tikhonov regularization fits (Figures S2B−S4B),
while displaying the same overall features, clearly display
significant variation for the different T values, including
differences in number and intensity of the smaller P(r)
peaks, likely due to a combination of instrumental artifacts and
overfitting that is circumvented by the global fitting process,
whether model-free or model-dependent, at multiple values of
T simultaneously. In each instance, four P(r) peaks are
observed: a major peak at 46−48 Å corresponding to the
predominant extended dumbbell conformation and smaller
intensity peaks at 38, 30−32, and 17−18 Å, reflecting
increasingly compact conformations (Table 2). The shortest

Table 1. Reduced χ2 of the Fits to the Experimental DEER
Echo Curves

freezing regime

DeerLab
individual
fitsa,b

DeerLab
global
fitsa,c

global
population-
optimized
substates
fitsc,d

global fit to
MD cluster
populationsc,e

slow (∼40 s) 1.07 ± 0.12 1.14 1.17 3.59
intermediate
(∼1.5 s)

0.99 ± 0.10 1.06 1.16 4.67

fast (∼0.5 ms) 1.01 ± 0.08 1.07 1.00 7.23
aValidated Tikhonov regularization. bThe DEER echo curves at each
value of T are fitted individually. The standard deviation represents
the variation in χ2 values obtained for the data recorded at the six
values (10 to 35 μs) of T. cThe DEER echo curves at all values of T
ranging from 10 to 35 μs are fitted simultaneously. dFits to the DEER
echo curves are based on population-optimized P(r) distributions
calculated from the molecular coordinates of the MD clusters (models
1−16) and the compact holo X-ray structure19 (model 17) using the
fitting routines from the program GLADDvu imported into an in-
house Python script that also incorporates population optimization.
eFits of the P(r) distributions calculated from the molecular
coordinates of the MD clusters (models 1−16) using the cluster
populations from the replica-exchange solute-tempering MD simu-
lation.33 The global fits were carried out using the program
GLADDvu imported into an in-house Python script.
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distance peak corresponds to the compact holo CaM/4Ca2+

crystal structure and is not represented by the MD clusters
(Figure 1). There is no evidence in the DEER-derived P(r)
distributions obtained by Tikhonov regularization for the
presence of any conformers with an interspin separation ≥54 Å
(i.e., models 2, 4, and 5; see Figure 1).
The optimized populations of the structures used to

reproduce the DEER echo curves are shown in Figure 2C
and Table 3. It is important to note that the species and/or

populations that reproduce the DEER echo curves within
experimental error for a given freezing condition do not fit the
DEER echo curves for the other two freezing conditions; in
other words, the differences in species populations between the
three freezing conditions are significant (Table 4 and Figures
S6−S8). This is particularly obvious when looking at the time
traces of residuals when the fast freezing P(r) populations are
used to fit the DEER data for the slow and intermediate rate
freezing regimes and vice versa (SI Figures S6−S8).
Only a small subset of the MD clusters,33 in conjunction

with the compact holo CaM/4Ca2+ crystal structure,19 are
required to represent the DEER data. The DEER data for the
samples obtained with slow and intermediate rate freezing can
be fully accounted for by the same set of six models: five from
the MD clusters (comprising three elongated structures with a
pairwise distance r between spin-labels of ∼46−47 Å and two
increasingly compact structures with r ∼39 and ∼29 Å) plus
the compact crystal structure (r ∼ 18 Å). The extended

structures are the most highly populated, with an overall
population of 75 and 71% for the slow and intermediate rate
frozen samples, respectively. Interestingly, the partitioning of
the extended structures is not identical between the two
samples. Further, it is of interest that three extended structures
with pairwise interspin distances of ∼46−47 Å are required to
account for the DEER data; this is because the calculated P(r)
distributions for these structures, while very similar, are not
identical (Figure 1, second row). The species populations
decrease as the degree of structural compactness increases,
with the compact holo crystal structure having the lowest
occupancy (∼4−6%). In the case of the freeze-quenched
sample, only one extended conformation, model 1 (the closest
to the extended dumbbell crystal structure12) is sampled with a
population of ∼60%; three compact MD clusters with
decreasing occupancy as the compactness increases, are
sampled, two of which (models 3 and 11) are the same as
those from the two other freezing regimes, together with an
additional cluster (model 12 populated at ∼6%) with r ∼ 24 Å;
and finally, the compact crystal structure is sampled at a
population of ∼4%. Interestingly, the compact structure
(model 3) with r ∼ 39 Å is more highly populated in the
freeze-quenched sample (∼18%) than in the other two samples
(∼12%), while that with r ∼ 29 Å (model 11) is populated at
approximately the same level (9−12%) in all three samples.
To ascertain the robustness of the species populations, we

also carried out a series of calculations in which structures
within a given family comprising similar P(r) distributions
were permuted, leaving out a single structure at a time. The
results are summarized in the SI, Tables S2−S6. This
procedure yields average populations (SI, Table S2) that are
very similar to those shown in Figure 2C and reported in Table
3 and also serves as a control for variations in the P(r)
distributions calculated from the molecular coordinates of the
replica exchange MD clusters and of the compact crystal
structure (1PRD)19 of holo CaM/4Ca2+.

Comparison with Intermolecular PRE Measurements.
In solution, there is rapid interconversion (on the nanosecond
timescale) between the substates, and it is therefore of interest
to ascertain whether the compact substates identified by DEER
in the frozen state can qualitatively reproduce features of the
interdomain paramagnetic relaxation enhancement (PRE)
profiles observed by solution NMR.9 Note that only a
qualitative comparison with solution PRE data is appropriate
since a continuum of conformational states is sampled in
solution22−29 as kBT (where kB is the Boltzman constant and T,
the temperature) lies above the energy barriers between local

Table 2. Peak Positions in the P(r) Distributions Obtained
from Global Fitting of the DEER Data by Model-Free
Tikhonov Regularization

freezing regime distance (Å)

slow (∼40 s) 46, 38, 32, 18
intermediate (∼1.5 s) 46, 38, 30, 17
fast (∼0.5 ms) 48, 38, 30, 18

Table 3. Species Populations from Population-Optimized
Direct Fitting to DEER Echo Curves

population (%)

structure modela (distance
peak in P(r) distribution)

slow
freezing
(∼40 s)

intermediate
freezing
(∼1.5 s)

fast
freezing
(0.5 ms)

1 (47.2 Å) 11 ± 2b 24 ± 2b 60 ± 1
9 (46.5/51.7 Å) 23 ± 2 13 ± 3
10 (45.8 Å) 41 ± 3 34 ± 2
3 (39.1 Å) 12 ± 1 12 ± 1 18 ± 1
11 (29.2 Å) 9 ± 1 11 ± 1 12 ± 1
12 (24.4 Å) 6 ± 1
17 (18.1 Å) 4 ± 1 6 ± 1 4 ± 1

aModels 1−16 are the MD clusters33 and model 17 is the compact
crystal structure (1PRW)19 shown in Figure 1. The DEER data
obtained for the slow and intermediate rate freezing samples are
reproduced by five of the 16 MD clusters together with the compact
crystal structure; for the freeze-quenched sample, four of the MD
clusters together with the crystal structure reproduce the DEER data.
The populations of models not listed in the table optimized to very
low values (≪0.1%) in the first pass of calculations and were
subsequently excluded from the second pass. Ribbon diagrams of the
clusters populated in the global fits are shown in Figure 2C. bIn the
case of the slow and intermediate freezing regime samples, models 1
(r = 47.2 Å) and 7 (r = 46.8 Å) are interchangeable and the choice
does not impact the fit to the DEER echo curves.

Table 4. Reduced χ2 Values Obtained with the Population-
optimized P(r) Distribution for a Given Freezing Regime
Versus the Experimental DEER Echo Curves for the Other
Two Freezing Regimes

reduced χ2 to DEER echo curves

population-optimized P(r)
distribution for the specified

freezing regime

slow
freezing
(∼40 s)

intermediate
freezing
(∼1.5 s)

fast
freezing

(∼0.5 ms)

slow (∼40 s) 1.17a 1.31 1.92
intermediate (∼1.5 s) 1.32 1.16a 1.66
fast (∼0.5 ms) 2.51 1.87 1.00a

aThe values in bold are the reduced χ2 values for the fits to the
experimental DEER echo curves for the specified freezing regime
(reported in the third column of Table 1).
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energy minima. The spin-label and spin-labeling sites for the
PRE measurements are identical to those used for DEER,
except that only one site is labeled at a time. The PRE is
exquisitely sensitive to the presence of short-lived, sparsely
populated conformations with short distances between the
spin-label on one domain and protons on the other, owing to
⟨r−6⟩ dependence of the PRE combined with the large
magnetic moment of the unpaired electron giving rise to
very large values of the transverse PRE rate, Γ2, at short
unpaired electron−proton distances.50 The computed trans-
verse PRE profiles for the five structures that account for the
DEER data obtained with rapid freeze-quenching are
compared to the experimental interdomain PRE profiles in
Figure 3. While the two domains of CaM/4Ca2+ in the two
extended structures (models 1 and 3, interspin distances ≥39
Å) do not contribute, as expected, to the interdomain PRE
profiles, distinct features of the PRE profiles are qualitatively
reproduced by the three compact structures with interspin
distances ≤29 Å (namely, models 11 and 12 from the MD
clusters, together with the compact crystal structure), thereby
providing a link between rapidly interconverting conformations
in solution and substates trapped in local minima by freezing
and observed by DEER EPR.
Concluding Remarks. In conclusion, three different

freezing/annealing regimes trap a small number of holo
CaM/4Ca2+ substates that can be directly observed by DEER.
The substates include both predominantly extended and less
populated, progressively more compact structures that are
trapped in local minima within a rough free energy landscape.
Although the populations of the clusters33 obtained by analysis
of replica-exchange solute-tempering MD simulations49 do not
reproduce the experimental DEER echo curves or the P(r)
distributions obtained by Tikhonov regularization (Table 1
and SI Figure S5), the MD clusters sample the “relevant”
conformations measured in terms of interdomain distances
between two spin-labels positioned at A17C-R1 and A128C-
R1. Hence, population optimization of the replica exchange
MD clusters in combination with the compact crystal structure
of holo CaM/4Ca2+ quantitatively reproduces the DEER echo
curves within experimental error (Table 1, Figure 2A, and SI
Figures S2−S4). Further structural refinement of the relative
interdomain orientations in the substates would require the
acquisition of DEER data on a series of samples with nitroxide
spin-labels positioned at multiple sites within the domains.
Of note is that rapid freeze-quenching results in not only a

higher proportion of compact states (r ≤ 39 Å) relative to the
slow and intermediate freezing regimes (∼40% versus ∼25−
30%) but also skews the population of extended states (family
B) to the most extended member within that family (such that
only model 1 is represented in the B family for the rapid freeze-
quenched sample) (Figure 2C and Table 3). The latter is also
consistent with the finding that within the B family of clusters,
the population of model 1 is increased, while the populations
of models 9 and 10 are decreased for the intermediate freezing
regime compared to the slow freezing one (Figure 2C and
Table 3). These observations can be rationalized as follows.
Rapid freeze-quenching provides a glimpse of the room
temperature distribution, which is broad and traps substates
in the closest higher local energy minima. Slow freezing, on the
other hand, allows the system to gently anneal and slowly settle
into the low temperature, lower energy, local minima. Hence,
the P(r) distributions are narrower for the slow and

intermediate freezing regimes than for the rapid freeze-
quenched one (Figure 2B and SI Figure S9).

■ EXPERIMENTAL SECTION
Sample Preparation. Human calmodulin (CaM) was expressed

and purified in Escherichia coli BL21(DE3) cells, as described

Figure 3. Clusters that reproduce the experimental DEER data for
freeze-quenched CaM/4Ca2+ reproduce features of the experimental
interdomain paramagnetic relaxation enhancement (PRE) profiles
obtained by solution NMR.9 (A) Ribbon diagrams of the clusters with
the N- and C-terminal domains in blue and purple, respectively, and
residues comprising the “central helix” in the dumbbell crystal
structure12 of holo CaM/4Ca2+ in gray. The positions of the R1
nitroxide labels at S17C and A128C are indicated by the red spheres
located at the corresponding backbone Cα positions (for visualization
purposes only). Models 1, 3, 11, and 12 are from the replica exchange
solution tempering MD simulation,33 and model 17 is the compact
holo crystal structure (1PRD).19 (B) P(r) distributions calculated
from the molecular coordinates18 of the clusters (blue) compared to
the P(r) distribution obtained from global analysis of the DEER data
at all values of T simultaneously (gray). (C) Comparison of the
experimental intermolecular PRE profiles9 (gray) with those
calculated for the five models. The red circles represent the calculated
PREs on the N-terminal domain arising from the R1 nitroxide spin-
label attached to A128C in the C-terminal domain; the blue circles
represent the calculated PREs on the C-terminal domain arising from
the R1 nitroxide spin-label attached to A17C in the N-terminal
domain. The interdomain PREs are normalized to the largest value.
The PREs originating from the R1 nitroxide labels were calculated in
Xplor-NIH38 using a five-conformer member ensemble for the spin-
label, as described previously.9,51
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previously.9 Two site-directed mutations at A17C and A128C in the
NTD and CTD domains of CaM, respectively, were introduced as
sites of attachment for the nitroxide spin-labels.9 Full deuteration was
achieved by growing the bacteria in deuterated minimal medium, with
U-[12C/2H]-glucose as the sole carbon source. R1 nitroxide labeling
was carried out with S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl methanesulfonothioate (MTSL; Toronto Research
Chemicals), as described previously.9 The purity of A17C-R1/
A128C-R1 nitroxide-labeled calmodulin was verified by mass
spectrometry.
Solutions for DEER EPR comprised 50 μM CaM (A17C-R1/

A128-R1), 8 mM CaCl2, 100 mM NaCl, 25 mM d-HEPES pH 6.4,
and 20% (v/v) d8-glycerol, placed in 1.0 mm inner diameter (1.2 mm
outer diameter) quarts EPR tubes (VitoCom). Freezing of the DEER
samples was carried out using three different approaches: slow rate
freezing (∼40 s) by placing the EPR tube in a −80 °C freezer;43

intermediate rate freezing (∼1.5 s) by directly placing the EPR tube in
liquid N2;

43 and rapid freeze-quenching (∼0.5 ms) by spraying a high-
speed jet onto a spinning copper plate cooled to 77 K, as described
previously.18,45

Q-Band DEER. Pulsed EPR data were collected at Q-band (33.8
GHz) and 50 K on a Bruker E-580 spectrometer equipped with a 150
W traveling-wave tube amplifier, a model ER5107D2 resonator, and a
cryofree cooling unit, as described previously.52 DEER experiments
were acquired using a conventional four-pulse sequence (Figure
S1).53 The observer and ELDOR pump pulses were separated by ca.
90 MHz, with the observer π/2 and π pulses set to 12 and 24 ns,
respectively, and the ELDOR π pulse to 10 ns. The pump frequency
was centered at the Q-band nitroxide spectrum located at +40 MHz
from the center of the resonator frequency. The τ1 value of 350 ns for
the first echo period time was incremented eight times in 16 ns steps
to average 2H modulation; the position of the ELDOR pump pulse
was incremented in steps of Δt = 10 ns. The bandwidth of the
overcoupled resonator was 120 MHz. All DEER echo curves were
acquired for tmax = 7.5 μs, with the exception of the DEER echo curve
for τ2 < 7.5 μs, where tmax was set to the value of τ2. DEER data were
recorded with values of the dipolar evolution time T (=2τ2) set to 10,
15, 20, 25, 30, and 35 μs. Measurement times were approximately as
follows: for T = 10 μs, 3 h; 15−25 μs, 12 h; and 30−35 μs, 36 h.
Calculation of P(r) Distance Distributions from Molecular

Coordinates. P(r) distance distributions between pairs of R1
nitroxide spin-labels were calculated in the program Xplor-NIH38,54

from molecular coordinates, as recently described,18 using a rotamer
library of R1 side-chain conformations whose populations consist of
an intrinsic component modulated by overlap with nearby backbone
atoms such that the population of a particular rotamer goes to zero
when it closely approaches a backbone atom. Because the R1
nitroxide labels are represented as an ensemble, the shape of the P(r)
distribution can be non-Gaussian and can include shoulders and/or
separate peaks that correspond to distinct regions of conformational
space occupied by one or both nitroxide labels.
P(r) Distance Distributions from DEER Echo Curves. P(r)

distributions from the DEER echo curves were obtained by two
methods: (a) model-free validated Tikhonov regularization using the
program DeerLab;46 (b) direct fitting to the experimental DEER data
(including background correction with a best-fit exponential decay) of
a population-optimized sum of P(r) distributions calculated from the
molecular coordinates18 of the MD clusters33 and compact 1PRW
crystal structure19 using the fitting routines from the program DD/
GLADDvu47,48 imported into a home-written Python program.18

Validated Tikhonov regularization was performed with bootstrap
analysis for uncertainty quantification using the Bootan function in
the DeerLab library, with the number of bootstrap samples evaluated
set to 1000.33 The DEER echo curves at the different values of T
(ranging from 10 to 35 μs) were either fitted individually (DeerLab)
or globally (DeerLab and DD/GLADDvu).
In the case of the global fits using DD/LADDvu in conjunction

with the P(r) distributions calculated from the coordinates of models
1−17 (see Figure 1), the calculated DEER echo curve is given by
∑iεi{X[(P(ri),λ,Δ,t)]}, where εi is the population of model i,

X[(P(ri),λ,Δ,t)] is the normalized DEER echo curve for the ith

model, P(ri) is the probability pairwise distance distribution for
model i calculated from the molecular coordinates using Xplor-NIH, λ
is the exponent of the background function, Δ is the modulation
depth, and t is the dipolar evolution time.47,48 The DEER echo curves
for T = 10−35 μs were fitted globally: εi are global parameters, while λ
and Δ are local parameters specific for each value of T. ∑iεi is
constrained to a value of 1. A two-pass iterative approach was
employed for the optimization of the εi coefficients: initially, all εi
were optimized; subsequently, if the optimized value of a given εi was
found to be very small (≤10−4) and ill-defined by the data, its value
was set to zero, and only the εi coefficients of the remaining models
were optimized. Calculations with various initial values of εi were
carried out to ensure the uniqueness of the solutions: the starting εi
values were chosen randomly within a range of ±3 to ±50% of 0.0588
(=1/17). Minimization was carried out using the Levenberg−
Marquardt algorithm. The standard deviations of the εi values
reported in Table 3 are calculated from the variance−covariance
matrix.
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