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Recent advances in rapid mixing and freeze quenching have
opened the path for time-resolved electron paramagnetic reso-
nance (EPR)-based double electron-electron resonance (DEER) and
solid-state NMR of protein–substrate interactions. DEER, in con-
junction with phase memory time filtering to quantitatively
extract species populations, permits monitoring time-dependent
probability distance distributions between pairs of spin labels,
while solid-state NMR provides quantitative residue-specific infor-
mation on the appearance of structural order and the develop-
ment of intermolecular contacts between substrate and protein.
Here, we demonstrate the power of these combined approaches
to unravel the kinetic and structural pathways in the binding of
the intrinsically disordered peptide substrate (M13) derived from
myosin light-chain kinase to the universal eukaryotic calcium regu-
lator, calmodulin. Global kinetic analysis of the data reveals cou-
pled folding and binding of the peptide associated with large
spatial rearrangements of the two domains of calmodulin. The ini-
tial binding events involve a bifurcating pathway in which the
M13 peptide associates via either its N- or C-terminal regions with
the C- or N-terminal domains, respectively, of calmodulin/4Ca2+ to
yield two extended “encounter” complexes, states A and A*, with-
out conformational ordering of M13. State A is immediately con-
verted to the final compact complex, state C, on a timescale τ ≤
600 μs. State A*, however, only reaches the final complex via a col-
lapsed intermediate B (τ ∼ 1.5 to 2.5 ms), in which the peptide is
only partially ordered and not all intermolecular contacts are
formed. State B then undergoes a relatively slow (τ ∼ 7 to 18 ms)
conformational rearrangement to state C.

rapid freeze quenching j substrate binding pathways j conformational
transitions j coupled folding and binding

Calmodulin (CaM) is a universal eukaryotic calcium sensor
that plays a central role in calcium signaling (1). Binding of

two Ca2+ ions per CaM domain exposes methionine-rich hydro-
phobic patches that prime the system for high-affinity binding
to a wide range of protein partners (2). Free calcium–loaded
calmodulin (CaM/4Ca2+) is predominantly extended (3–5),
although sparsely populated, highly transient compact states
are sampled (6, 7), but clamps down upon target substrates like
two hands capturing a rope in the final complex (8–11) (Fig. 1).
Concomitant conformational changes involve the transition of a
largely helical interdomain linker to a long flexible loop and the
adoption of a helical conformation by the intrinsically disor-
dered substrate. Although CaM has been the subject of exten-
sive biophysical studies (12–16), current structural knowledge is
limited to calcium-free, calcium-loaded, and calcium-loaded/
peptide-bound states as separate entities, with little experimen-
tal information about the molecular mechanisms that connect
the latter two states. For example, it is not known whether sub-
strates bind first to the N-terminal domain (NTD) or
C-terminal domain (CTD) of CaM/4Ca2+, whether identifiable
intermediate states exist, whether there is a single predominant
pathway for complex formation, or at what stage in the process
the CaM binding regions of target protein substrates become

conformationally ordered. To address this knowledge gap, we
have performed time-resolved electron paramagnetic resonance
(EPR)-based double electron-electron resonance (DEER) and
solid-state (ss) NMR studies that jointly elucidate the process of
CaM/4Ca2+–peptide complex formation in quantitative kinetic and
structural terms. This work relies on three technological advan-
ces: 1) rapid mixing and freeze quenching to sequentially trap
the state of the reaction mixture on the millisecond timescale
(17–24), thereby permitting time-resolved DEER EPR and
ssNMR measurements of protein–substrate interactions; 2) the
application of phase-memory time (Tm) filtering (25) to quanti-
tatively extract species populations from DEER data (26) so that
time-dependent probability distance distributions between pairs
of spin labels can be monitored; and 3) quantitative analysis of
ssNMR 13C-13C correlation spectra to provide residue-specific
information on the appearance of structural order and the devel-
opment of intermolecular contacts between substrate and pro-
tein (21, 23).

Results
Experimental Design and Setup. DEER EPR (27) provides dis-
tance distributions, P(r), for pairs of nitroxide spin labels (26)
covalently attached to surface cysteine residues introduced by
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site-directed mutagenesis (28). Here, the R1 nitroxide spin
labels (29) are located at S17C and A128C in the NTD and
CTD of CaM, respectively, thereby affording global structural
information related to the positioning of the two domains with
respect to one another. The introduction of R1 labels at
A17C–R1 and A128C–R1 entails no observable structural per-
turbation in CaM/4Ca2+ and only reduces the affinity for the
M13 substrate about 2.5-fold (6). CaM and the solvent were
fully deuterated to maximize the phase memory relaxation
times (Tm), thereby both increasing signal to noise and the
accuracy with which longer distances can be determined (30,
31). The synthetic 26-residue peptide substrate, known as M13,
comprising the CaM binding site of skeletal muscle myosin light
chain kinase (skMLCK), however, was fully protonated, allow-
ing us to exploit Tm filtering (25) to extract accurate popula-
tions of components within P(r) (see below).

For ssNMR measurements, M13 was 13C labeled at residues
K5, F8, V11, A13, F17, and I20 (Figs. 1 and 2A), thereby permit-
ting site-specific assessments of the development of α-helical con-
formational order in M13 upon interaction with CaM/4Ca2+

from intramolecular cross-peak line shapes in two-dimensional
(2D) 13C-13C correlation spectra with a spin-diffusion mixing
period, τSD = 20 ms (23). In addition, all methionines of CaM
were 13Cmethyl labeled (Fig. 1) to monitor the appearance of

intermolecular contacts between CaM and M13 using τSD = 1 s to
generate strong intermolecular M13–CaM cross-peaks via homo-
nuclear dipole–dipole interactions with a distance of ≤8 Å (23).

Rapid mixing and freezing for ssNMR were carried out using
the apparatus and mixer described previously (21), with minor
modifications for EPR measurements (22). The total reaction
time, tr, is the time for the two reactants to pass through the
mixer and travel as a high-speed jet (850 to 2,550 cm/s) from
the mixer nozzle to the spinning copper plate cooled to 77 K.
The reaction time, tr, is controlled by the flow rate through the
mixer and the distance between the nozzle and the copper plate.
With our apparatus, the minimum tr value is 1.5 ms. Cooling of
the entire sample (a ∼25-μm-thick film on the copper plate) to
a temperature below 200 K, where the viscosity of our 20%
(vol/vol) glycerol/water solutions exceeds 1,000 cP (32), occurs
within 0.5 ms (33). Once frozen, the sample was scraped off the
copper plate (under liquid nitrogen) and packed into either a
quartz EPR tube (1.2-mm outer diameter and 1.0 -m inner
diameter) or a magic angle spinning (MAS) rotor (4.00-mm
outer diameter and 3.18-mm inner diameter) for ssNMR. Com-
positions of the solutions prior to and after mixing for Q-band
DEER EPR and ssNMR are shown in Fig. 2B.

Quantitative Analysis of Time-Resolved DEER Data. Fig. 3 shows
the results of time-resolved, Tm-filtered DEER measurements
obtained for tr values from 1.5 to 25 ms. The initial conditions
(after mixing) are 50 μM fully deuterated CaM/4Ca2+

(A17C–R1, A128C–R1) and 1 mM protonated M13 peptide.
Tm filtering is analogous to transverse relaxation T2 filtering

in NMR (25). Tm is the timescale for transverse relaxation of a
nitroxide spin label caused by flip-flop transitions of neighbor-
ing protons and especially methyl groups, in close spatial prox-
imity (4 to 8 Å) to the unpaired electron (34–37). Deuteration
significantly increases Tm by removing electron–proton dipolar
interactions; an increased density of protons in the neighbor-
hood of the unpaired electron, on the other hand, decreases
Tm. Hence, it is expected that intermediates along the binding
pathway of the M13 peptide substrate to CaM/4Ca2+ will be
characterized by different Tm values depending upon the local
density of M13 protons in the vicinity of the unpaired electron
on each nitroxide spin label on CaM/4Ca2+.

DEER echo curves and corresponding distance distributions
for free CaM/4Ca2+ (tr = 0) and the final CaM/4Ca2+–M13
complex (tr = ∞) together with those obtained at tr = 1.5 ms
are displayed in Fig. 3A. Free CaM/4Ca2+ has a major P(r)
peak at 48 Å, consistent with an extended conformation (3–5),
as well as several shorter distance components of lower inten-
sity arising from a variety of sparsely populated, partially closed
states trapped in local minima (6, 7). The end-state CaM/
4Ca2+–M13 complex is characterized by overlapping P(r) peaks
at 21 and 26 Å. These peaks must reflect two distinct rotamer
populations of one of the R1 nitroxide labels (25, 36) given that
the end-state complex has a well-defined structure in both solu-
tion (8, 10, 11) and crystal states (9). Finally, the sample pre-
pared with tr = 1.5 ms exhibits three P(r) peaks at 21, 26, and
43 Å. Importantly, P(r) distributions obtained by validated,
model-free Tikhonov regularization and Gaussian modeling
implemented in DeerLab (38) and DD/GLADDvu (39, 40),
respectively, are fully consistent with one another.

The accuracy of the peak height and width of any component
in the P(r) distribution obtained from a four-pulse DEER experi-
ment (SI Appendix, Fig. S1A) depends upon the maximum length
of the acquired dipolar evolution time tmax, with upper limits for
an accurate distance and width determination of ∼50(tmax/2)

1/3

and ∼40(tmax/2)
1/3, respectively (26). However, for a system with

multiple species, the relative intensities of the peaks in the P(r)
distribution are also functions of the Tm values, which may be dif-
ferent for each peak depending upon the proximity of the spin

Fig. 1. Schematic overview of the time-resolved DEER EPR and ssNMR
experiments. The predominant extended conformation of free CaM/4Ca2+

seen in the crystal structure is shown in Upper Left (3); the locations of the
R1 nitroxide spin labels (transparent red spheres) at A17C–R1 and
A128C–R1 in the NTD (blue) and CTD (purple), respectively, and of the rel-
evant methionine residues (gray balls) are indicated. The intrinsically disor-
dered M13 peptide, comprising the CaM binding site of skMLCK, is shown
in Upper Right, with 13C-labeled residues in the N- and C-terminal halves
of the peptides shown as blue and mauve balls, respectively. The structure
of the final CaM/4Ca2+–M13 complex (8, 9) is shown in Lower, with the
helical M13 peptide in red. The reaction time is controlled by the flow
rate through the mixer and the flight distance from the mixer nozzle to
the spinning copper disk cooled to 77K.
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labels on deuterated CaM to protons of the M13 peptide (25,
35–37). Thus, the relative intensities of peaks in P(r) depend on
the length of the second echo period (T = 2τ2) of the DEER
experiment (SI Appendix, Fig. S1A), which must satisfy T ≥ 2tmax.
At a distance of 50 Å, for example, this means that tmax should
be at least 4 μs, requiring T ≥ 8 μs, by which time the relative
intensities of the different peaks in the P(r) distribution deviate
significantly from their values at T = 0 owing to differential Tm

decay. In our experiments, we used tmax = 7.5 μs, except when T
< 15 μs, in which case tmax was set to T/2.

To quantify the relative integrated P(r) peak intensities at T =
0, we used a three-Gaussian fit to describe P(r), with peaks at
21, 26, and 43 Å. Note that, at tr ≥ 1.5 ms, the 48-Å peak corre-
sponding to free CaM/4Ca2+ is no longer detectable. The use of
Gaussian fitting for quantitative global analysis of the DEER
data in terms of fractional populations of P(r) peaks was critical
for three reasons. 1) Gaussian fitting enables one to directly
quantify the area under each P(r) peak. 2) Peak positions and
widths can be restrained to be invariant for all values of Tand tr.
Finally, 3) Gaussian fitting is beneficial when dealing with a
broad peak, such as the one at 43 Å, that could potentially rep-
resent a heterogeneous ensemble of states. The optimal number
of Gaussians used to represent the DEER data was assessed
using the Akaike information criterion corrected for finite size
and the Bayesian information criterion, as implemented in DD/
GLADDvu (39, 40), and it was found to be three.

DEER data for all values of T and tr were fit simultaneously,
with the peak positions, line widths, and apparent phase memory
relaxation rates (R

app
m ¼ 1=T

app
m ) as global parameters. The

resulting P(r) distributions and T dependences of the relative
intensities of the three distance peaks are shown in Fig. 3 B, Left
and Right, respectively. The best-fit parameters, uncertainties,

and χ2 values for the global fits to the DEER echo curves are
listed in Table 1. (Experimental Procedures has additional details
of the fitting procedure, and SI Appendix, Fig. S2 has the com-
plete set of experimental DEER echo curves, fits, and residuals.)

As shown in Fig. 3 C, Upper Left, the disappearance of the
P(r) peak at the 43-Å peak is associated with the rise of the 21-Å
peak, which reaches a maximum at tr ∼ 3 ms before decaying to
its final equilibrium value; the rise of the 26-Å peak occurs con-
currently with the rise and decay of the 21-Å peak. These results
imply that there are at least two intermediates: a largely
extended state A associated with an interspin label distance of
43 Å formed by binding of M13 to CaM/4Ca2+ within 1.5 ms
and a subsequent compact state B with a distance of 21 Å.

Three models were tested against the DEER-derived time
courses by numerical solution of the appropriate differential
equations and optimization of the unknown rate constants
(Table 2): a linear model (CaM/4Ca2+ + peptide � A ! B !
C), a simple branched model (CaM/4Ca2+ + peptide � A ! C
and CaM/4Ca2+ + peptide � A ! B ! C), and a complex
branched model (CaM/4Ca2+ + peptide � A ! C and CaM/
4Ca2+ + peptide � A*! B ! C). In the latter model, states A
and A* are both characterized by the 43-Å distance but repre-
sent the peptide binding initially to either the CTD or the NTD
of CaM (see the next section). Note that the initial bimolecular
binding reaction is pseudofirst order under the mixing conditions
employed for DEER (a 20-fold excess of M13) (Fig. 2B), and
the initial concentration of free CaM/4Ca2+ can simply be set to
a normalized value of one. Integrated intensities of the 43-, 21-,
and 26-Å peaks as a function of tr are given by I43(tr) = [A(tr)] or
[A(tr)] + [A*(tr)], I21(tr) = [B(tr) + (1 – λ)[C], and I26(tr) =
λ[C(tr)], where λ is also a fitting parameter that determines the
ratio of the 21- and 26-Å peak intensities in P(r) for the final

A

B

Fig. 2. Samples and mixing setup for time-resolved DEER EPR and ssNMR experiments. (A) Sites of 13C labeling of the M13 peptide for ssNMR. (B) Mixing
conditions for rapid freeze quenching. The reaction time (tr) comprises the mixing time and the time to reach the copper plate, and was varied from 1.5
to 25 ms; freezing occurs within 0.5 ms. The tr = 0 (i.e., free CaM/4Ca2+) and tr = ∞ (i.e., final CaM/4Ca2+–M13 complex) samples were prepared using the
identical mixing procedure. For the former, M13 is omitted from the second "syringe" (on the left); for the latter, M13 is in the first "syringe" (on the
right) together with CaM/4Ca2+. (Note the term "syringe" is used to represent the two pieces of tubing containing the two sample solutions that are
driven through the mixer by water from two high pressure pumps.) Succinyl DOTOPA is the triradical dopant for dynamic nuclear polarization (52).
d-HEPES, deuterated 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; DOTOPA, 4-(N,N-di-[2-(succinate, sodium-trimethylamine salt)-3-(2,2,6,6-tetra-
methyl-1-piperidineoxyl-40-oxy)-propyl]g-amino 2,2,6,6-tetramethyl-1-piperidinyloxy; Tris, tris(hydroxymethyl)aminomethane.
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complex. Results from the three kinetic models are shown in SI
Appendix, Fig. S3. The best fit is obtained with the complex
branched model (Fig. 3C, Table 2, and SI Appendix, Fig. S3A).

With the above result in hand, the complete set of DEER echo
curves at all T and tr values was globally fit with the tr-dependent
populations of states A, A*, B, and C calculated from the complex
branched kinetic model, yielding excellent fits to the DEER echo
curves (SI Appendix, Fig. S4). Excellent agreement was also
obtained with populations (Fig. 3 C, Upper Right) and fractional
peak intensities (SI Appendix, Fig. S5) obtained from the simpler
three-Gaussian global fit. The calculated P(r) distributions from
the global four-Gaussian fit for states A/A* at 43 Å, state B at 21
Å, and state C at 21 and 26 Å are shown in Fig. 3D.

Quantitative Analysis of Time-Resolved ssNMR Data. To obtain a
more detailed structural understanding of the A, A*, and B
states, we carried out time-resolved ssNMR 13C-13C correlation

experiments that monitor the development of either conforma-
tional order (i.e., folding) at residues K5, F8, V11, A13, F17,
and I20 of the M13 peptide (Fig. 4A and SI Appendix, Figs. S8
and S9) or intermolecular contacts between methionine methyl
groups of CaM and residues F8, A13, and F17 of the M13 pep-
tide (Fig. 4B and SI Appendix, Fig. S10). In the final complex,
Met145 is in close proximity to F8, Met71/Met72 to A13, and
Met51/Met71 to F17 (8, 10). The time courses of quantities
that represent residue-specific conformational order or inter-
molecular contacts (determined from 2D cross-peak volumes as
described in Experimental Procedures) were globally fit to the
complex branched model. Under the mixing conditions
employed for the ssNMR experiments (1.5 mM CaM/4Ca2+

and 2 mM M13), the initial association events to form states A
and A* are second order. The normalized time course for each
of the nine quantities derived from ssNMR cross-peak volumes
is given by Σεi[Xi(tr)]/ηi, where [Xi(tr)] is the concentration of

A

C

D

B

Fig. 3. Kinetics of M13 binding to R1 nitroxide–labeled CaM/4Ca2+ monitored by time-resolved Q-band DEER with Tm filtering. (A) DEER echo curves
recorded with a second echo period time (T) of 10 μs (Left; blue) and corresponding P(r) distributions (Right) calculated using validated Tikhonov regulari-
zation (38) (blue line with light blue shading representing the upper and lower error estimates) and Gaussian modeling (39, 40) (red line). (B) Left shows
the P(r) distributions obtained with a global three-Gaussian fit to all DEER echo curves as a function of T (from 2 to 40 μs) and reaction time tr (1.5 to 25
ms and the final complex). Right shows the corresponding dependence of the relative peak intensities (with the total integrated intensity at each T value
normalized to one) for the distances at 21, 26, and 43 Å as a function of T. The dependence of the relative peak intensities on T is characterized by three
exponential decays characterized by separate Tapp

m values for each distance peak (Eq. 1 in Experimental Procedures). (C) Best fits (continuous lines) of the
complex branched kinetic scheme (Lower) to the time courses for the relative distance peak intensities extrapolated to T = 0 (Upper Left; circles) obtained
from the three-Gaussian global fit to the DEER data in B and comparison of calculated species populations derived from the global three-Gaussian fit to
DEER data (Upper Right; circles) with those obtained from the global four-Gaussian fit to the DEER data that includes both Tm and kinetic dependence
on T and tr, respectively (continuous lines). The optimized values of the rate constants are provided in Table 3. (D) Calculated normalized P(r) distributions
for the intermediate states A/A0 (black) and B (blue) and the final complex C (red). The P(r) distribution for free CaM/4Ca2+ (green) is also shown.
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state Xi at time tr obtained by numerical integration of the dif-
ferential equations describing the kinetic model and ηi is a nor-
malization factor required because the cross-peak volumes are
in arbitrary units. The coefficients εi quantify the contribution
of each state Xi in the kinetic model to a given ssNMR-derived
quantity (as plotted in Fig. 4) relative to state C (i.e., εC = 1.0).
In other words, the values of εi tell us the extent of conforma-
tional order or intermolecular interaction that exists for individ-
ual isotopically labeled residues of M13 in states A, A*, and B.
All nine time courses were fit simultaneously; the rate constants
were optimized as global parameters, while the values of εi and
ηi were optimized for each i.

An iterative approach was used for optimization of the εi
coefficients. Initially, coefficients for states A, A*, and B were
optimized freely. Subsequently, if the optimized value of a coef-
ficient was found to be very small and was ill defined by the
data, its value was set to zero; if a coefficient optimized to a
value of greater than one and was poorly defined, its value was
set equal to 1.0. Finally, if the coefficient for state A* was
greater than that of state B and the 5 to 95% confidence limits
of the two coefficients overlapped, the coefficient for state A*
was set equal to that of state B during minimization. In addi-
tion, the values of εi for conformational order at K5 and F8 and
at V13 and F17 were set equal as these pairs of experimentally

measured quantities are highly correlated (correlation coeffi-
cient of 0.995) (Fig. 4A). Although the same is true of the time
courses of conformational order at V11 and I20, this constraint
on εi values was not imposed since V11 and I20 interact with
different domains of CaM in the final complex (CTD and
NTD, respectively).

The global best fits to the ssNMR experimental data are
shown in Fig. 4. As for the DEER data, the ssNMR data fit sig-
nificantly better to the complex branched scheme than to either
the linear or simple branched schemes (Table 2). Optimized
values of the rate constants and εi coefficients are provided in
Tables 3 and 4, respectively. No attempt was made to fit the
ssNMR and DEER data together as the experimental condi-
tions were slightly different (e.g., the presence of nitroxide
labels for the DEER experiments; pH and salt concentrations,
optimized for the two sets of experiments, also differ) (Fig. 2).
The values of kAC, kA*B, and kBC are 1.7 (1.2 to 2.3) × 103, 410
(310 to 540), and 55 (37 to 81) s�1, respectively, slightly smaller
than the values determined from the DEER data.

An alternative approach to fitting the time-resolved ssNMR
data using multiple sets of randomly chosen initial values for
fitting parameters and steepest-descent minimizations was also
applied independently (Experimental Procedures). This alterna-
tive approach yielded optimized rate constants and εi values
that are consistent with results in Tables 3 and 4. Thus, we con-
sider these conclusions to be robust consequences of the experi-
mental data.

The values of the coefficients εi (Table 4) provide structural
insight into the nature of the intermediate species, as depicted
in Fig. 5. In the final complex, K5 and F8 interact with the
CTD of CaM; A13, F17, and I20 interact with the NTD; and
V11 interacts with both the NTD and the CTD (8, 10). None of
these residues are conformationally ordered (ε = 0) in states A
and A*. Thus, the M13 peptide does not acquire its helical sec-
ondary structure in the initial association events. In state B,
however, K5 and F8 are fully ordered (ε = 1), V11 and I20 are
partially ordered (ε ∼ 0.5), and A13 and F17 are disordered (ε
= 0). Intermolecular contacts between F8 and methionine side
chains of CaM are present in states A (ε ∼ 1) and B (ε ∼ 0.6).
For A13 and F17, intermolecular contacts to methionine side
chains of CaM are absent in state A but present in states A*
and B. While the proximity of A13 to methionine methyls in
states A* and B is similar (ε ∼ 0.8) to that in the final complex,
contacts between F17 and methionine methyls are more distant
or incomplete (ε ∼ 0.4).

The simplest explanation of the above data is that the
N-terminal half of M13 (which includes F8) contacts the CTD

Table 1. Normalized χ2 values for the global fits to the DEER
echo curves using Gaussian models together with the
corresponding peak positions and widths

Three-Gaussian fit
(global Rapp

m values)*†

Four-Gaussian fit
(global Rapp

m values)
with kinetic model†‡

Normalized χ2 0.99 1.10
Gaussian 1 (43-Å peak)

Mean distance (Å) 43.4 ± 0.1 43.2 ± 0.5
Width (Å) 6.8 ± 0.2 7.2 ± 1.2
Rapp
m (μs�1) 0.074 ± 0.010 0.062 ± 0.010

Gaussian 2 (21-Å peak)
Mean distance (Å) 20.6 ± 0.1 20.2 ± 0.1
Width (Å) 2.2 ± 0.1 1.5 ± 0.1
Rapp
m (μs�1) 0.134 ± 0.010 0.075 ± 0.010

Gaussian 2’ (21-Å peak)
Mean distance (Å) — 22.2 ± 0.1
Width (Å) — 2.9 ± 0.1
Rapp
m (μs�1) — 0.165 ± 0.010

Gaussian 3 (26-Å peak)
Mean distance (Å) 26.4 ± 0.1 26.1 ± 0.1
Width (Å) 3.6 ± 0.1 4.1 ± 0.1
Rapp
m (μs�1)† 0.091 0.091

Gaussian global fits using DD/GLADDvu (39, 40) to the complete set of
Q-band DEER echo curves recorded over a series of second echo period
times (T = 2 to 40 μs) and reaction times (1.5 to 25 ms together with the
final complex). In all the fits, the mean distances, widths, and Rapp

m values
are constrained to be equal for all values of T and reaction times.
*The Rapp

m dependence of the relative peak intensities in the P(r)
distributions as a function of T is included in the global fits. The value of
Rapp
m for the 26-Å peak was fixed at a reference value of 0.091 μs�1 set

equal to the Rapp
m (1=Tapp

m ) value determined from a two-pulse Hahn spin-
echo experiment (SI Appendix, Fig. S1B) recorded on the final complex (SI
Appendix, Fig. S7). The Rapp

m values for the other peaks are optimized.
†A three-Gaussian fit that does not include the Tm dependence of the
fractional peak intensities on T has the same normalized χ2 value and yields
the same values (within error) for the mean peaks distances and widths.
‡In the four-Gaussian fits, Gaussians 1 and 2 correspond to states A/A* and
B, respectively, and Gaussians 2’ + 3 correspond to state C. The dependence
of the integrated peak intensities on reaction time tr is determined by the
complex branched kinetic scheme (Fig. 3C and Table 2), and the rate
constants are included as global parameters.

Table 2. SDs of global fits to DEER EPR and ssNMR data

Model

SD of fit (%)

DEER EPR ssNMR

Linear

6.3 4.1

Simple branched

3.4 4.1

Complex branched

2.3 3.2

The SD of the fit is given by ϕ[RSQ/(d – p)]1/2, where ϕ is the overall SE
of the data, RSQ is the residual sum of squares, d is the total number of
experimental points, and p is the number of optimized parameters. Note
that RSQ/(d – p) is equivalent to the normalized χ2 (i.e., the χ2 per degree
of freedom). The estimated average value for ϕ is ∼0.025 for the DEER EPR
data and ∼0.03 for the ssNMR data.
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of CaM in state A, while the C-terminal half of M13 (which
encompasses V13 and F17) contacts the NTD of CaM in state
A*. This interpretation is supported by the fact that the
peptide–methionine intermolecular contacts involving F8 are
very similar in states A and C (Table 4), and the conversion
from state A to state C is fast (Table 3); likewise, the
peptide–methionine intermolecular contacts involving V13 and
F17 in states A* (open) and B (compact) are very similar
(Table 4). However, given that methionines are present in both
the NTD and CTD of CaM, one cannot definitively exclude
that the M13 peptide binds in reverse in state A* such that its
C-terminal half contacts the CTD rather than the NTD, fol-
lowed by a rearrangement to the correct orientation either in
the compact state B or during the final transition from state B
to state C. However, this alternative pathway seems physically
less likely and would be expected to probably entail an addi-
tional intermediate. A further argument against nonnative con-
tacts in state A* involving, for example, alternate methionine
residues in the NTD is that the methionine 13Cmethyl chemical
shifts for the intermolecular cross-peaks involving F8, A13, and
F17 do not change position or shape as the reaction time
increases; nonnative contacts, however, would be expected to
produce different cross-peak positions and/or shapes. The
13Cmethyl chemical shifts for the relevant methionine residues
(Met72, Met71 and Met52, and Met145) in the final complex
are at 15.5, 19.5, and 21.4 ppm, respectively (23), consistent
with the positions of the intermolecular cross-peaks in Fig. 4B
and SI Appendix, Fig. S10.

Discussion
The current work demonstrates the combined power of time-
resolved DEER and ssNMR to unravel complex kinetic path-
ways both temporally and structurally. The picture that emerges
from global analysis of the combined data for the binding
pathway of the intrinsically disordered M13 peptide to the pre-
dominantly extended free state of CaM/4Ca2+ is one of coupled
folding and binding (41, 42) of the peptide, associated with
large spatial rearrangements of the two domains of CaM (Fig.
5). The initial steps involve the formation of what can be
termed “encounter” complexes, in which either the N-terminal
half of M13 binds to the CTD (state A) or the C-terminal half
of M13 binds to the NTD (state A*). In states A and A*, the
peptide is still intrinsically disordered, and thus, an ensemble of
configurations is likely sampled, but in state A, definitive con-
tacts between F8 of M13 and methionine methyl groups of
CaM are apparent. States A and A* are largely extended with a
mean interspin label distance, r17R1-128R1, between A17C–R1
on the NTD and A128C–R1 on the CTD of ∼43 Å, slightly
reduced from that of the major configuration in the free state
(r17R1-128R1 ∼ 48 Å) (Fig. 3D). The width of the P(r) distribu-
tion for states A and A*, however, is broad (∼8 Å) (Fig. 3D
and Table 1), indicating that the two domains of CaM sample a
wide range of relative orientations with respect to one another.
State A undergoes rapid collapse (τ ∼ 0.3 to 0.6 ms) to the final
compact state C (r17R1-128R1 ∼ 21 and 26 Å), presumably
because the anchoring of the aromatic ring of F8 in approxi-
mately the correct location on the CTD in state A facilitates
rapid folding of M13 to an α-helix together with the formation
of the correct, “in-register” intermolecular contacts with both
the CTD and NTD. Although not monitored in the ssNMR
experiments, it seems likely that anchoring of the indole ring of
W4 is also important in this regard since the latter makes
contact with 12 hydrophobic residues of the CTD in the final
complex (8–10). State A* undergoes an approximately five-fold
slower conversion (τ ∼ 1.5 to 2.5 ms) to a compact state B
(r17R1-128R1 ∼ 21 Å), in which M13 adopts a partially helical

conformation that is more extensive in its N-terminal half than
C-terminal half.

The final step from state B to the final complex (state C) is
slow (τ ∼ 7 to 18 ms), suggesting that the interactions between
the N-terminal half of M13 and the CTD may not be in the cor-
rect register in state B. This is supported by calculations of the
interspin label P(r) distribution using an R1 rotamer library
(Experimental Procedures) based on either the coordinates of the
final CaM/4Ca2+–M13 complex or a set of modified coordinates
in which the first three residues of M13 are deleted. Calculations
with full-length M13 yield a bimodal P(r) distribution (SI
Appendix, Fig. S6A) that is in excellent agreement with the mea-
sured P(r) for state C (Fig. 3D), presumably because of steric
constraints imposed by the close proximity of the N-terminal end
of the M13 peptide to the nitroxide label at A128C–R1. Calcula-
tions with truncated M13 alter the P(r) distribution such that the
21-Å peak becomes the predominant component (SI Appendix,
Fig. S6B), in agreement with the P(r) distribution for state B
derived from global analysis of the DEER time courses (Fig.
3D). In addition, the T

app
m values for the 21-Å peak, obtained

from the global four-Gaussian fit of the DEER data (includ-
ing their dependence on both T and tr) (Table 1), are longer
for the component attributable to state B than for state C,
consistent with closer proximity of the A128C–R1 nitroxide
label to protons of M13 in state C. (The T

app
m value for the R1

rotamer corresponding to the 21-Å peak is significantly
shorter than that corresponding to the 26-Å peak in state C,
which is also fully consistent with the structure and the
A128C–R1 rotamer distribution calculated for state C [Table 1
and SI Appendix, Fig. S6A].) One possible explanation is that
in the A* to B transition, the N-terminal half of the M13 pep-
tide docks incorrectly onto the NTD such that perhaps W4
occupies the same space that F8 does in the final complex.
Indeed, such an out-of-register configuration, which would
shift the N-terminal end of the peptide away from A17C–R1
spin label, may account for the slow B to C transition as the
peptide threads its way through the staggered clamp created
by the two domains of CaM.

An earlier time-resolved ssNMR study by Jeon et al. (23),
in which calcium-free CaM was rapidly mixed with a solution
containing both M13 and Ca2+, found that the N-terminal
half of M13 became helical and formed contacts to the CTD
of CaM in about 2 ms, while the C-terminal half of M13
became helical and formed contacts to the NTD of CaM in
about 8 ms. Comparison with the results described above sug-
gests that binding of Ca2+ to the NTD can be a rate-limiting
step for completion of the complex if CaM is initially calcium
free, consistent with kinetic studies of calcium binding (14),
and that the A* branch in Fig. 5 may then be suppressed.
However, full kinetic modeling and time-resolved EPR meas-
urements starting with calcium-free CaM have not yet been
performed. Additional experiments in which a solution con-
taining calcium-free CaM and M13 is rapidly mixed with
Ca2+ may also be of interest to test whether weak association
of M13 with the CTD of CaM (Kdiss ∼ 1 μM, which is about
two orders of magnitude weaker than that for the interaction
of M13 with CaM/4Ca2+), indicated by earlier isothermal
titration calorimetry and solution NMR paramagnetic relaxa-
tion enhancement measurements (6), affects the process of
complex formation.

Concluding Remarks. The results presented in this paper demon-
strate how a combination of time-resolved DEER EPR and
ssNMR measurements, combined with global fitting to kinetic
models, leads to a detailed understanding of the molecular
structural rearrangements underlying the biologically essential
process by which calcium-loaded CaM interacts with a target
protein. The same approach can be extended to a wide variety
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of structural conversion processes involved in molecular recog-
nition, protein folding, and assembly, including, for example,
the mechanisms whereby proteins on the surface of an envel-
oped virus engage cell surface receptors to initiate the cascade
of conformational transitions that lead to viral entry. Compared
with more common techniques, such as time-resolved fluores-
cence spectroscopy, the magnetic resonance–based approach
provides data with much greater structural detail and more
direct structural interpretation.

Experimental Procedures
Sample Preparation. Human CaM was expressed and purified in
Escherichia coli BL21(DE3) cells as described previously (6,
23). For ssNMR, CaM was isotopically labeled with 13Cmethyl-
methionine. For DEER measurements, two site-directed muta-
tions at A17C and A128C in the NTD and CTD domains of
CaM, respectively, were introduced as sites of attachment for
the nitroxide spin labels, and full deuteration was achieved by
growing the bacteria in deuterated minimal medium with U-
[12C/2H]-glucose as the sole carbon source. R1 nitroxide spin
labeling was carried out with S-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (Toronto
Research Chemicals) as described previously (22, 25).

The 26-residue M13 peptide (KRRWKKNFIAVSAANRFK-
KISSSGAL) derived from skMLCK was produced synthetically
(23). Three different labeling schemes were used. For DEER, the
peptide was fully protonated; for ssNMR, one sample was uni-
formly 13C labeled at K5, V11, A13, and F17, and the other was
13Cα labeled at A13 and uniformly 13C labeled at F8 and I20.

The purity of the protein and peptide samples was verified
by mass spectrometry.

Rapid Mixing and Freeze Quenching. The apparatus used for rapid
freezing and mixing was identical to that described previously
(21–23). The shortest reaction time that can be achieved with
the current apparatus is 1.5 ms. Although a more rapid mixing
and freeze-quenching apparatus has recently been reported and
demonstrated for DEER measurements with a very impressive
dead time of just over 80 μs (24), the sample volumes are too
small for ssNMR applications, and the operational time range is
less than that of our current setup.

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 res-
onator, and a cryo-free cooling unit, as described previously
(43). Samples were packed in 1.0-mm-inner diameter (1.2-mm-
outer diameter) quartz tubes (VitroCom). DEER experiments
were acquired using a conventional four-pulse sequence (SI
Appendix, Fig. S1A) (44). The observer and electron-electron
double resonance (ELDOR) pump pulses were separated by
about 90 MHz, with the observer π/2 and π pulses set to 12 and
24 ns, respectively, and the ELDOR π pulse set to 10 ns. The
pump frequency was centered at the Q-band nitroxide spec-
trum located at +40 MHz from the center of the resonator fre-
quency. The τ1 value of 400 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 = 8 ns. The bandwidth of the

A

B

Fig. 4. Kinetics of M13 binding to CaM/4Ca2+ monitored by time-
resolved 2D ssNMR 13C-13C spectroscopy. (A) Residue-specific time courses
for cross-peak signals attributable to the appearance of conformational
order within the M13 peptide upon binding to CaM/4Ca2+. (B) Residue-
specific time courses for cross-peak signals arising from intermolecular
contacts between M13 and methionine side chains of CaM. The data in
A and B were recorded with spin-diffusion mixing times (τSD) of 20 ms
and 1 s, respectively; the former generates cross-peaks arising from
intramolecular interactions, while the latter generates cross-peaks
arising from both intra- and intermolecular interactions. A, Upper and B,
Upper show representative 2D spectra of the sample containing
13C-[K5,V11,A13,F17]–labeled M13 peptide; the signal intensities are rep-
resented by the color scale (shown on the right), which ranges linearly
from blue (at a minimum level of ζ that is slightly above the noise)
through red (50%) to white (100%). A, Lower and B, Lower show the
best fits (continuous lines) to the experimental time courses (circles)
using the complex branched binding scheme (Fig. 3C). The experimental
normalized intensities as a function of the reaction time tr were
obtained from the 2D spectra as described in detail in Experimental
Procedures. The optimized values of the rate constants and the coeffi-
cients for the contributions of the various states are provided in Tables 3
and 4, respectively.

Table 3. Optimized values of the rate constants for the complex
branched kinetic scheme obtained from global fits to the DEER
EPR and ssNMR data

Optimized value (5–95% confidence limits)

DEER EPR ssNMR

kAon (M�1 s�1) ≥5 × 106* ≥5 × 106*
KA
ass (M

�1) ≥5 × 105* ≥4 × 104*
KA�
ass=K

A
ass 0.57 (0.48–0.67) 0.56 (0.42–0.74)

kAC (s�1) ≥4 × 103* 1.7 × 103 (1.2 × 103–2.3 × 103)
kA*B (s�1) 660 (570–760) 410 (310–540)
kBC (s�1) 155 (110–215) 55 (37–81)
λ† 0.69 (0.67–0.71)

*Only lower limits can be determined from both the DEER and ssNMR data
for these rate and equilibrium association constants.
†The ratio of intensities of the 26- to 21-Å distance peaks in the bimodal
P(r) distribution for the final complex (state C) is given by λ/(1 � λ).
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overcoupled resonator was 120 MHz. All DEER echo curve
were acquired for tmax = 7.5 μs, with the exception of the
DEER echo curve for τ2 < 7.5 μs (T = 15 μs), where tmax was
set to the value of τ2. DEER data were recorded with values of
the dipolar evolution time T (=2τ2) ranging from 2 to 40 μs.
Measurement times were approximately as follows: for T = 2 to
10 μs, 3 h; for T = 15 to 25 μs, 12 h; for T = 30 to 35 μs, 36 h;
and for T = 40 μs, 72 h.

Q-Band Hahn Spin-Echo Experiment. Apparent Tm values were
measured using a two-pulse Hahn spin-echo experiment with
the echo signal recorded as a function of the echo delay time T
(SI Appendix, Fig. S1B) (25).

P(r) Distributions and Analysis of Tm-Filtered DEER Series. P(r) dis-
tributions from the DEER echo curves were obtained by
model-free validated Tikhonov regularization using the pro-
gram DeerLab (38) (for example, Fig. 3A) and by a sum of
Gaussians to directly fit the experimental DEER data (includ-
ing background correction with a best-fit exponential decay)
using the program DD/GLADDvu (39, 40) (Fig. 3 A and B and
SI Appendix, Figs. S2 and S4). Validated Tikhonov regulariza-
tion was performed with the bootstrap analysis for uncertainty
quantification via the bootan function in the DeerLab library,
with the number of bootstrap samples evaluated set to 1,000
(38). For global fitting and analysis of the complete second
echo period time T (=2τ2) and reaction times tr series (Fig. 3B
and SI Appendix, Figs. S2 and S4), we imported the fitting rou-
tines from DD/GLADDvu (39, 40) into a home-written Python
program and included terms that allowed us to treat peak
positions and widths as global optimized parameters with and
without including a phase memory time Tm dependence of the
relative peak intensities as a function of T.

The intensity of a given P(r) peak Ii(T) as a function of T is
given by

Ii Tð Þ ¼ piexp �R
app
m,i T

� �
=∑n

i¼1piexp �R
app
m,i T

� �
, [1]

where R
app
m,i is the apparent phase memory time relation rate

(¼ 1=T
app
m,i ), pi is the fractional population of each peak i (at a

given reaction time), ∑n
i¼1pi ¼ 1, and ∑n

i¼1Ii ¼ 1 at every point
T. Because there is not sufficient information to determine all
the R

app
m values, the R

app
m value for the peak at 26 Å was set to

the value of 1/Tm = 0.091 μs�1 obtained from a Hahn spin-echo
experiment recorded on the final complex (SI Appendix, Fig.
S6). (Note that the exact value of the reference R

app
m does not

affect the fits but only impacts the ratios of Rapp
m values.) By this

means, we are able to determine the fractional populations of

the peaks at T = 0, where relative peak intensities are no longer
impacted by different values of R

app
m,i . Minimization was carried

out using the least squares Levenberg–Marquard algorithm. In
addition, one set of global fit calculations to all the DEER data
also incorporated the kinetic scheme for the complex branched
binding pathway (Fig. 3C and Table 2), in which the reaction
time dependence of the various species was calculated by
numerical integration of the corresponding differential equa-
tions and the values of the rate constants were optimized (Fig.
3 C, Right and SI Appendix, Figs. S4 and S5).

DNP-Enhanced ssNMR. Dynamic nuclear polarization (DNP)-
enhanced ssNMR measurements were performed at 9.4 T
(100.8-MHz 13C NMR frequency) and 25 K on a Bruker
Avance III spectrometer console, essentially as described previ-
ously (23). An extended interaction oscillator (Communications
& Power Industries) and quasioptical interferometer (Thomas
Keating Ltd.) provided 1.5 W of circularly polarized micro-
waves at 263.9 GHz. The home-built DNP probe (45) allows for
sample cooling to 25 K at MAS frequencies up to 7.00 kHz. For
1H-13C cross-polarization, 1H and 13C radiofrequency (RF) fields
of 52 and 45 kHz, respectively, were used with a MAS frequency
of 7.00 kHz, and 51- and 46-kHz 1H and 13C RF frequencies,
respectively, were used with a MAS frequency of 5.00 kHz. 1H
decoupling was carried out with a 1H RF field amplitude of 85
kHz using two-pulse phase modulation (46). The 2D 13C-13C
spectra were recorded with a spin-diffusion mixing period τSD =
20 ms to look at the appearance of structural order within the
M13 peptide and with a spin-diffusion mixing period τSD = 1.0 s
to observe the appearance of intermolecular contacts (arising
from homonuclear dipolar–dipolar interactions) between the
residue-specific 13C-labeled M13 peptide and 13Cmethyl-methio-
nines of CaM. The t1 increment in the indirect dimension was set
to 40 μs for the former and 38 μs for the latter [to avoid overlap of
the intermolecular 13Caromatic(F8,F17)-

13Cmethyl(Met) cross-peaks
with the aliased signals from spinning side bands]; the maximum

Table 4. Optimized values of the relative contributions (εi
coefficients) to the residue-specific ssNMR time courses from
individual states

Coefficients (5–95% confidence limits)

State A State A* State B State C

Intramolecular order
K5/F8 0 0 1.0 1.0
V11 0 0 0.5 (0.3–0.8) 1.0
A13/F17 0 0 0 1.0
I20 0 0 0.5 (0.3–0.8) 1.0

Intermolecular contacts
F8 1.0 0 0.6 (0.4–0.9) 1.0
A13 0 0.8 (0.7–1.0) 0.8 (0.7–1.0) 1.0
F17 0 0.4 (0.2–0.6) 0.4 (0.2–0.6) 1.0

An iterative approach was used for the optimization of the εi
coefficients as described in the text.
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NTDNNNN
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complex

CaM/4Ca2+  M13 peptide
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CTD
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Fig. 5. Kinetic and structural characterization of the complex branched
binding pathway for the interaction of M13 with CaM/4Ca2+ elucidated by
time-resolved DEER and ssNMR. The approximate values for the lifetimes of
the various steps are indicated with those derived from the ssNMR data in
parentheses. (The optimized values of the rate constants are listed in Table
3.) The initial encounter complexes (states A and A*, the intermediate state
B, and the final complex C) are depicted as cartoons; the NTD and CTD of
CaM are shown as blue and purple circles, respectively. The M13 peptide is
depicted as a ribbon drawing, with the residues monitored by ssNMR indi-
cated by the blue (N-terminal half) and mauve (C-terminal half) spheres.
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value of t1 was 8.0 ms. The recycle delay was set to 1.26 times the
buildup time, τDNP (typically 3.5 ± 0.5 s), for cross-polarized 13C
signals under microwave irradiation. Spectra were processed using
NMRPipe (47) with 120- to 180-Hz Gaussian line broadening in
both dimensions. Contour images of 2D ssNMR spectra were
plotted using Igor 6.37 (Wavemetrics, Inc.) from text files gener-
ated with the pipe2txt command of NMRpipe, and cross-peak vol-
umes were measured in ImageJ using tiff files generated with the
pipe2tiff command of NMRpipe. The 2D 13C-13C spectra and dif-
ference spectra are shown in SI Appendix, Figs. S8–S10.

Normalized intensities plotted in Fig. 4A are [1 – Ra(tr)],
where Ra(tr) are cross-peak volume ratios that represent frac-
tional populations of conformationally disordered M13 mole-
cules at a residue-specific level. Normalized intensities are then
residue-specific fractional populations of conformationally
ordered molecules. The cross-peak volume ratios are defined as
Ra(tr) = Vdiff(tr)/V(tr), where V(tr) and Vdiff(tr) are cross-peak
volumes in the original and difference 2D spectra, respectively.
Difference spectra Sdiff(tr) are calculated as S(tr) – η(tr)S∞; S(tr)
and S∞ are the 2D spectra at reaction time tr and ∞ (i.e., the
final complex), respectively, and η(tr) is a scale factor adjusted
to cancel out the conformationally ordered, helical component
of the V11 13Cα/

13Cβ or I20 13Cα/
13Cγ2,δ cross-peak in S(tr)

(23). 13Cα/
13Cβ cross-peak volumes were used to calculate

residue-specific Ra(tr) values for K5, A13, and F17; 13Cα/
13Cβ

and 13Cα/
13Cγ cross-peak volumes were used for V11,

13Cα/
13Cγ2,δ cross-peaks were used for I20, and 13Cα/

13Caromatic

cross-peaks were used for F8.
Normalized intensities plotted in Fig. 4B are Rb(tr) =

[Vinter(tr)/Vintra(tr)]/Rb(∞), where Vintra(tr) and Vinter(tr) are vol-
umes of intramolecular M13 cross-peaks and volumes of inter-
molecular cross-peaks between M13 and methionine methyls of
CaM, respectively. For F8 and F17, volumes of intramolecular
13Caromatic/

13Cβ and intermolecular 13Caromatic/
13Cmethyl cross-

peaks were used. For A13, volumes of 13Cα/
13Cα diagonal peaks

and 13Cα/
13Cmethyl cross-peaks were used.

Fitting Time-Resolved DEER and ssNMR Data. The time courses for
the fractional peak intensities and derived species populations
from the three-Gaussian global fits to the DEER data were
simultaneously fit by nonlinear optimization using the program
FACSIMILE (48, 49), which uses a modified Gear method for
numerical integration of systems of nonlinear stiff differential
equations in conjunction with modified Powell minimization to
produce rapid convergence of the sum of squares of residuals
for nonlinear systems. The same approach was used for global
fitting of the residue-specific time courses derived from ssNMR
that describe the appearance of both structural order within the
M13 peptide and intermolecular contacts.

A Monte Carlo approach for analysis of the ssNMR-derived
quantities plotted in Fig. 4 was also used. The motivation for
this approach was to identify all combinations of fitting parame-
ters that produce a reasonably good fit to the ssNMR data (i.e.,
to identify deep local minima in the deviation between experi-
mental and calculated data). In this approach, initial values of
rate constants and εi coefficients were chosen randomly (with
rate constants between 0.2 and 5.0 times the best-fit values in
Table 3 and coefficients between 0.0 and 1.0) and then opti-
mized by steepest-descent minimization of the total χ2, defined

as ∑8
j¼1∑

9
k¼1 Ek tr,j

� �� λkSk tr,j
� �� �2

=σ2kj, where Ek(tr,j) and Sk(tr,j)

are experimental and simulated values of quantity k at reaction
time tr,j, σ

2
kj is the uncertainty in the experimental value deter-

mined from the noise in the 2D ssNMR spectrum, and λk is the
analytically determined scaling factor that minimizes the contri-
bution to the total χ2 from quantity k. In a first set of Monte
Carlo analyses, coefficients εi (with i = 1, 2, 3, 4 for states A,
A*, B, and C, respectively) were constrained by the conditions

ε4 = 1 and ε2 ≤ ε3, which correspond to conditions that the
maximal conformational order and intermolecular contacts
exist in state C and that the extent of conformational order and
intermolecular contacts in state A* does not exceed the extent
in state B. From 1,000 sets of random initial values, 345 sets of
final values with a total χ2 < 50 were obtained. Final values of
ε1 and ε2 were small for quantities that represent residue-
specific conformational order at K5, F8, V11, F17, and I20. For
quantities that represent conformational order at A13 or inter-
molecular contacts for F8, A13, and F17, final values of ε1 and
ε2 covered large ranges. A second set of Monte Carlo analyses
was then performed with the additional condition ε1ε2 = 0,
meaning that either state A or state A* (or both) would not
contribute to a given ssNMR-derived quantity. From 1,000 sets
of random initial values, 153 sets of minimized values with
total χ2 < 50 were obtained. Mean values of fε1, ε2, ε3g for
ssNMR-derived quantities that represent conformational order
at K5, F8, V11, A13, F17, and I20 were f0.07(0.17), 0.02(0.05),
0.81(0.15)g, f0.04(0.12), 0.01(0.05), 0.90(0.11)g, f0.00(0.03),
0.0(0.0), 0.43(0.14)g, f0.42(0.40), 0.04(0.07), 0.08(0.10)g,
f0.01(0.02), 0.01(0.02), 0.14(0.13)g, and f0.01(0.07), 0.0(0.02),
0.54(0.13)g, respectively, with SDs in parentheses. Mean
values and SDs for quantities that represent intermolecular
contacts for F8, A13, and F17 were f0.52(0.47), 0.13(0.16),
0.65(0.15)g, f0.08(0.27), 0.66(0.20), 0.78(0.04)g, and f0.58(0.49),
0.11(0.14), 0.32(0.14)g, respectively. Thus, the Monte Carlo
analysis of the time-resolved ssNMR data supports a near
absence of conformational order in states A and A*, nearly
full conformational order at K5 and F8 in state B, and partial
conformational order at V11 and I20 in state B, as in Table 4.
Agreement between experimental and calculated data for
F8–CaM contacts was better for parameter sets with the A*
coefficient equal to zero (85 of 153 sets, average χ2 value
equal to 4.51, average A coefficient equal to 0.93) than sets
with the A coefficient equal to zero (68 sets, average χ2 value
equal to 5.12, average A* coefficient equal to 0.30). Agree-
ment between experimental and simulated data for F17–CaM
contacts was better for parameter sets with the A coefficient
equal to zero (64 of 153 sets, average χ2 value equal to 1.86,
average A* coefficient equal to 0.26) than sets with the A*
coefficient equal to zero (89 sets, average χ2 value equal to
2.38, average A coefficient equal to 0.999). For A13–CaM
contacts, agreement was better with the A coefficient equal to
zero (141 of 153 sets, average χ2 value equal to 5.24, average
A* coefficient equal to 0.72) than with the A* coefficient
equal to zero (12 sets, average χ2 value equal to 5.92, average
A coefficient equal to 0.998). Thus, the results from the
Monte Carlo analysis for intermolecular contacts agree well
with those using Powell minimization presented in Table 4.

Calculation of P(r) Distributions from Molecular Coordinates. P(r)
distance distributions between nitroxide spin labels were calcu-
lated from molecular coordinates using a rotamer library for
the nitroxide spin labels in the program Xplor-NIH (50). P(r) dis-
tributions were calculated from existing Protein Data Bank coor-
dinates using a library of R1 residue 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 (SI Appendix has more details). This representa-
tion was generated in a fashion analogous to that described by
Del Alamo et al. (51).

Data Availability. All study data are included in the article and/or SI Appendix.
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