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. We have used electron paramagnetic resonance, with rigid and stereospecific spin labels, to resolve

. structural states in calmodulin (CaM), as affected by binding of Ca and a CaM-binding peptide (RyRp)
. derived from the ryanodine receptor (RyR), the Ca channel that triggers muscle contraction. CaM

© mutants containing a pair of cysteines in the N-lobe and/or C-lobe were engineered and labeled with
. astereospecifically bound bifunctional spin label (BSL). RyRp was synthesized with and without

. TOAC (a stereospecifically attached spin-labeled amino acid) substituted for a single amino acid near
. the N-terminus. Intramolecular DEER distance measurements of doubly-labeled BSL-CaM revealed

. that CaM exists in dynamic equilibrium among multiple states, consistent with open, closed, and

: compact structural models. Addition of RyRp shifted the equilibrium partially toward the compact

. state in the absence of Ca, and completely toward the compact state in the presence of Ca, supporting
. aconformational selection model. Inter-protein distance measurements show that Ca stabilizes the

. compact state primarily by inducing ordered binding of the CaM N-lobe to RyRp, while only slightly

. affecting the C-lobe. The results provide insight into the structural mechanism of CaM-mediated RyR
. regulation, while demonstrating the power of using two types of rigidly and stereospecifically bound
. spin labels.

. Calmodulin (CaM) is a 148-amino acid Ca-binding protein that functions as a regulator of many crucial
. Ca-dependent cellular and molecular processes, including the release of Ca from sarcoplasmic reticulum (SR) to
* initiate muscle contraction?. CaM consists of two canonical EF-hand lobes tethered by a flexible helical linker®.
. The two lobes share high sequence homology (75%) and structural similarity in the presence*- and absence of
. Ca’". However, the differences in the two lobes result in distinct biochemical properties. The C-lobe coordinates
: Caions with 10-fold higher intrinsic affinity'®!!. The flexible linker between the two lobes enables flexibility that
- facilitates interaction with a diverse array of targets. One CaM target of growing interest is the tetrameric sarco-
. plasmic reticulum Ca release channel, the ryanodine receptor (RyR). CaM directly binds to RyR and influences
. channel opening probability in an isoform-specific manner. In skeletal muscle (RyR1) CaM potentiates channel
. opening below pM Ca and inhibits above pM Ca; in the cardiac isoform (RyR2) CaM is inhibitory at all Ca lev-
. els!>' The goal of the present study is to increase our understanding of the structural changes involved in the
. Ca-dependent regulation of RyR1. Three high-resolution structural models relating to this problem have been
. characterized. The X-ray crystal structure of CaCaM revealed an open extended conformation with the N- and
' C-lobes separated by a folded a-helix central linker region* (Fig. 1a). The solution NMR structure of apoCaM
. showed a more closed structure, with the central helix partially unfolded® (Fig. 1b). The X-ray crystal structure
. of CaCaM complexed with a peptide constituting the CaM binding site on RyR (CaCaM/RyRp), showed an even
: more compact structure, in an anti-parallel configuration'® (Fig. 1¢).

: However, these high-resolution structures leave significant gaps in our understanding of this important sys-
- tem. First, there is no high-resolution structure of the apoCaM/RyRp complex (Fig. 1d and f). Second, it is likely
. that the structural states in solution are more complex than depicted in Fig. 1, with multiple structural states
. being occupied at equilibrium, as suggested by NMR data on apoCaM>321617,
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Figure 1. Strategy for spin-spin distance measurements. (a-d) CaM lobe-to-lobe intramolecular distances. (e,f)
CaM lobe-to-RyRp intermolecular distances. Ribbon diagrams produced with PyMOL (www.pymol.org) show
CaM N-lobe blue, CaM C-lobe gray, RyRp yellow, spin labels (modeled as in?®) red. (a) CaCaM (PDB: 1CLL)*.
(b) apoCaM (PDB: 1CFD)8. (¢c,e) CaCaM/RyRp complex (PDB: 2BCX)'. (d,f) No high-resolution structures
have been reported for apoCaM/RyRp complex. **For a-d, CaM was labeled with BSL (h) in the N lobe (T34C,
$38C) and in the C-lobe (R106C, T110C). *For e and f, RyRp was labeled with TOAC (g) at position 5, and CaM
was labeled with BSL (h) in the N lobe (distance a) or C lobe (distance b).

Structure determination by X-ray crystallography requires trapping a single structural state. While NMR can
provide evidence for structural heterogeneity and dynamics, reliable structure determination by NMR typically
requires population of a single well-defined structural state. CaM is a flexible signaling protein with a versatile
repertoire of structural and functional states, influenced by the binding of Ca and target proteins. The challenge
remains to detect and resolve these dynamic structural changes. Distance measurements between spin or fluo-
rescent probes can resolve multiple protein structural states, based on specific techniques in EPR (DEER, dou-
ble electron-electron resonance, e.g'8.) or fluorescence (TR-FRET, time-resolved fluorescence resonance energy
transfer; e.g'.).

We previously used DEER to measure the distribution of interspin distances on CaM spin-labeled at positions
T117C (C-lobe) and T34C (N-lobe). That work showed that both in the presence and absence of bound Ca, CaM
simultaneously populates both closed (4 nm lobe separation) and open (6 nm lobe separation) structural states,
with Ca shifting the equilibrium to the open state?”. However, it was not possible to compare the structures in
that work rigorously with the previously obtained high-resolution structures, because the spin labels used were
conventional probes flexibly attached to single Cys residues.

Therefore, in the present study we have employed “stereospecific” spin labels that offer rigid and specific
attachment relative to the peptide backbone. For RyRp, we used solid-phase peptide synthesis to incorporate
TOAC, a spin-labeled amino acid in which the nitroxide-containing piperidine ring includes the a-carbon
(Fig. 1g) and thus directly reports backbone structural dynamics*~*. Although TOAC is an unnatural amino acid
from the family of Coi,at-disubstituted glycines?, it has been shown to have very useful applications for analyzing
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Figure 2. Simulations of DEER waveforms, based on distance predictions from structural models in Fig. 1,
show that the three structural states of CaM should be clearly distinguished and resolved, with labeling sites
at T34CS38C in the N lobe and R106CT110C in the Clobe. Each simulation assumed a Gaussian distance
distribution with a width (FWHM) of 1.0 nm.

peptide backbone dynamics®'-**?. In recent work, we used EPR of TOAC to detect the Ca-dependent structural
dynamics of spin-labeled RyRp bound to CaM?*. We showed that the structural dynamics of the CaM-bound
RyRp is Ca-dependent and non-uniform along the peptide. While compact and immobilized, TOAC requires
incorporation via peptide synthesis, which is usually not feasible for molecular weights above 6 kDa.

Therefore, in the present study, to incorporate spin labels stereospecifically into the 16.7 kDa CaM protein, we
used mutagenesis to express double-Cys mutants in the N-lobe and C-lobe and labeled each site with a bifunc-
tional spin label (BSL, 3,4-bis-(methanethio-sulfonylmethyl)—2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yl
oxy) (Fig. 1h). BSL, like TOAC, offers rigid and specific attachment relative to the peptide backbone?. When
attached to a helix with Cys residues engineered at i and i+ 4, BSL attains a well-defined orientation with respect
to the helix axis?, allowing for precise measurement of helix orientation in an oriented sample?. The confor-
mational restriction afforded by the second Cys linker also allows for precise (sub-nanometer accuracy) meas-
urement of distance distributions in dipolar EPR experiments, virtually eliminating contributions from probe
flexibility in the measured distance distributions?. The present study is the first report in which TOAC and BSL
have been used together to measure distances within a protein complex.

The principal technique used in the present study is DEER, which is most sensitive to interspin distances from
2 to 8 nm but has been shown to successfully measure distances up to 16 nm*. DEER has sufficient resolution to
detect multiple distances simultaneously, quantitating their mean values, disorder, and populations®*%. Here we
have used DEER to determine (a) the intramolecular lobe-to-lobe distance between the two BSL as a function of
Ca and RyRp binding (Fig. 1a-d), and (b) the intermolecular distance between singly labeled N-lobe or C-lobe
BSL-CaM and TOAC-labeled RyRp (Fig. le,f). This study also employed continuous wave (CW) dipolar EPR,
which is sensitive to distances between 0.8 and 2.0 nm*, to provide additional information on shorter distances.
The results provide new structural insight into the Ca-dependent interactions of CaM and RyR.

Results

Distance prediction and data simulation from CaM structural models reveal ideal BSL sites
for DEER. To determine optimal labeling sites for this study, DEER simulations were performed with BSL
attached to different pairs of double-Cys mutations in the N- and C-lobes of CaM. The goal was to select a pair of
BSL labeling sites to distinguish the previously proposed structural models: closed by NMR?, open by X-ray crys-
tallography*, and compact by X-ray crystallography'®. To achieve this, we required each BSL-labeled Cys residue
to be on a stable a-helix and solvent-exposed, as shown in the proposed structural models (Fig. 1a-c). Figure 2
shows simulated DEER data for the optimized pair of BSL labeling sites in CaM, based on spin-labeled structural
models in Fig. 1. The open model (5.7 nm) generates a DEER waveform with a slow decay and oscillation. The
closed model (4.3 nm) generates a faster decay, and the compact model (2.6 nm) yields the fastest, consistent with
a short distance on the lower end of DEER’s sensitivity range. All three structural states should be clearly distin-
guishable and resolved by DEER (Fig. 2).

DEER resolves Ca-dependent structural states of CaM in solution.  We measured four different con-
ditions of double-labeled BSL-CaM with predicted lobe-to-lobe internitroxide distances in the range of 2-6 nm
(Fig. 2). Figure 3a shows the results (data in black) of the background-corrected echo decay along with the cor-
responding best fits (blue for apoCaM and red for CaCaM). Figure 3b shows the distance distributions com-
puted via Tikhonov regularization. ApoCaM (Fig. 3a, blue) yields a DEER waveform with a single predominant
oscillation frequency, indicating a single major population. Calculation of the apoCaM distance distribution
(Fig. 3D, blue) reveals the existence of one predominant population, having a distance centered between 4 and
5nm, in excellent agreement with the predicted distance of 4.3 nm (Fig. 2, blue, from the NMR structure®). The
fit also revealed a small fraction with a center distance between 2 and 3 nm, suggesting that apoCaM exists in
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Figure 3. Intramolecular (lobe-to-lobe within CaM) DEER distance measurements resolving the Ca-
dependent structural states (compact, closed and open) of double-labeled BSL-CaM, in the absence of Ca
(blue, apo) or presence of saturating Ca (red). CaM was labeled at positions T34CS38C in the N-lobe and
R106CT110C in the C-lobe. (a,b) DEER waveforms (black), best fits and distance distributions from Tikhonov
regularization (blue/red) for double BSL-CaM (Fig. 1a,b). (¢,d) DEER waveforms (black), best fits and
distance distributions from Tikhonov regularization (blue/red) for the complex of double BSL-CaM and RyRp
(Fig. 1c,d).

equilibrium between the closed and compact states (2.6 nm, Fig. 2 black). The addition of Ca resulted in a DEER
waveform with a much slower initial decay and longer period of oscillation (Fig. 3a, red), clearly indicating an
increased distance. Analysis (Fig. 3b, red) confirms that the most populated component corresponds to a much
longer distance (between 5 and 6 nm), in excellent agreement with the open structural state (5.7 nm, Fig. 2 red,
from the crystal structure of CaCaM?*). The width of this peak is relatively broad, perhaps from the central linker
being highly mobile and allowing for the two lobe domains to tumble almost independently of one another as
previously reported®. The width (and mole fraction) of this portion of the distribution is tightly coupled to choice
of background component and is therefore less certain than the distance (Fig. S2). Furthermore, two additional
structural states are clearly resolved by DEER, one at ~4 nm, in good agreement with the predicted closed state
(4.3nm, Fig. 2 blue); and another ~2nm (near the short distance limit of DEER), in good agreement with the
predicted compact state (2.6 nm, Fig. 2, black). Thus DEER reveals for the first time that in the presence of Ca, CaM
exists in equilibrium among all three previously detected structural states. This is the first evidence for CaCaM hav-
ing a significant population in the closed state (previously observed only for the NMR structure of apoCaM?*), or
the compact state (previously observed only once for the crystal structure of CaCaM alone® and CaM bound to a
target peptide such as RyRp'®).

RyRp binding to CaM occurs through a conformational selection mechanism. The above results
strongly support a conformational selection mechanism, in which CaM binding to a target protein occurs through
“selection” of pre-existing CaM conformations®*. To test this hypothesis further, with respect to the CaM/
RyR interaction, we performed DEER measurements on double labeled BSL-CaM bound to unlabeled RyRp
(Fig. 3¢,d). In the absence of Ca, the DEER waveform is unaffected by RyRp binding (Fig. 3¢, blue). Analysis
(Fig. 3d, blue) confirmed that apoCaM remains predominantly in the closed state (4-5nm), consistent with the
closed state observed in the absence of RyRp (4-5nm, Fig. 3b, blue). A much more dramatic effect of RyRp is
observed in the presence of Ca: the DEER waveform shows a much faster initial decay (Fig. 3¢ red) than in the
absence of RyRp (Fig. 3a, red), indicating a substantial decrease in the interlobe distance. Indeed, the observed
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Figure 4. Intermolecular (between CaM and RyRp) DEER distance measurements resolving the Ca-dependent
structural states of the CaM/RyRp complex, in the absence of Ca (blue, apo, Fig. 1f) or presence of saturating Ca
(red, Ca, Fig. le). Distance measurements were made between 5-TOAC-RyRp and N-lobe BSL-CaM (a,b), and
5-TOAC-RyRp and C-lobe BSL-CaM (c,d).

waveform is in excellent agreement with that predicted (Fig. 2 black, 2.6 nm) by the compact state of the CaCaM/
RyRp complex (Fig. 1c). Thus our DEER results clearly support a conformational selection mechanism, in which
the addition of RyRp to CaCaM shifts the structural equilibrium toward the compact state, with little to no effect
on apoCaM.

Ca Stabilizes the compact state by increasing binding of the CaM N-lobe to RyRp. To further
characterize the conformational selection mechanism of CaM binding to RyRp, we used DEER and dipolar
CW-EPR to measure the Ca-dependent distance distribution between BSL on the N-lobe and TOAC on RyRp.
Figure 4a shows the results (data in black) of the background-corrected DEER echo decays along with the cor-
responding best fits (blue for apoCaM and red for CaCaM). Inspection of the data for apoCaM reveals a DEER
waveform with dampened oscillations, consistent with a broad distance distribution and thus disorder. Indeed,
determination of the distance distribution reveals the presence of two overlapping populations with the center
distances of one between 2 and 3 nm, and the other between 4 and 5nm (Fig. 4b, blue). The addition of Ca
resulted in a much faster initial decay and a shorter period of oscillation (Fig. 4a, red), indicating decreased dis-
tance and increased order. Analysis revealed one predominant compact state with a center distance between 2
and 3 nm (Fig. 4b, red), consistent with the shorter of the two populations observed in the absence of Ca (Fig. 4b,
blue). Thus, supporting the conformational selection model, Ca stabilizes the pre-existing compact state, probably
by increased binding of the N-lobe of CaM to RyRp.

C-lobe of CaM binds to RyRp independent of Ca. We performed analogous experiments with BSL on
the C-lobe of CaM and TOAC on RyRp (Fig. 4c and d). In contrast with the N-lobe experiments, the effect of Ca
is small, with rapid decays indicating short distances in both cases, although there is more disorder in the absence
of Ca. Thus, our DEER results are consistent with the hypothesis that the C-lobe of CaM remains bound to RyRp
independent of Ca*>**%, and the largest effect of Ca is mainly to increase the order of the C-lobe with respect to
RyRp.
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Figure 5. Comparison of MTSSL (green) and BSL (red) in detecting backbone dynamics and distance
distributions within CaM. (a) CW EPR spectra at 4 °C, showing that BSL (labeled at position T34CS38C) is
strongly immobilized (broad spectrum) on CaM, accurately detecting backbone dynamics, while MTSSL
(labeled at position T34C) is weakly immobilized, indicating spin label flexibility (double-headed arrow).

(b) Background-corrected DEER echo decay of double BSL-CaCaM (T34CS38C-R106CT110C) and double
MTSSL-CaCaM (T34C-T110C). (c) DEER distance distributions demonstrating the resolving power of BSL.
MTSSL reveals two unresolved, broad distance distributions (green) while BSL reveals three distinct distance
populations (red). CW EPR spectra in A were obtained with a 120 G scan width, then normalized to unit spin
concentration by dividing by the double integral.

Dipolar CW EPR confirms the existence of populations with short interprobe distances.
Intermolecular DEER measurements between BSL-CaM and TOAC-RyRp resulted in populations near or below
the 2.0 nm limit of DEER sensitivity (Fig. 4b,d). To evaluate whether there were significant populations below this
limit, we performed dipolar CW EPR on all BSL-CaM/TOAC-RyRp samples (Fig. S7). N-lobe BSL-CaM in com-
plex with TOAC-RyRp reveals minimal broadening in the dipolar spectrum in the presence of Ca (Fig. S7a, red),
while no significant broadening was observed in its absence (Fig. S7a, blue). With BSL on the C-lobe, minimal
broadening was observed in the absence of Ca but not in its presence (Fig. S7d), and no distances substantially
shorter than 2 nm were detected. These results are entirely consistent with the DEER results discussed above,
indicating that DEER accurately captured all relevant structural states in this system.

Discussion

This is the first report in which two different stereospecific spin labels have been used together in a single EPR
study. We used peptide synthesis and mutagenesis to introduce TOAC and BSL, respectively. We demonstrated
that these spin labels, which offer rigid and specific attachment relative to the protein backbone, are powerful
probes to detect and resolve structural states. TOAC reflects backbone dynamics directly?-**>%7, BSL is an alter-
native to TOAC that can be applied to larger proteins, as long as Cys residues can be engineered at i and i+4 on
an a-helix?”-2%%, These labels provide a substantial advantage over conventional methods of site-directed spin
labeling, in which the attachment of probes to single Cys side chains leave several flexible bonds between the
a-carbon and the nitroxide group, thus leaving considerable ambiguity about the interpretation of the spectra.

These points are illustrated clearly in Fig. 5, which compares the CW EPR and DEER results for MTSSL-CaM
with those of BSL-CaM labeled at the same position. The BSL CW spectrum is much broader than that of MTSSL,
indicating greatly reduced nanosecond probe motion and disorder (Fig. 5a). The spectrum of BSL-CaM indicates
a rotational correlation time of 8 & 2 ns, consistent with the global tumbling of CaM*® and the rigid attachment
of the probe to the peptide backbone. The spectrum of MTSSL-CaM indicates a rotational correlation time less
than 1 ns*, consistent with flexible attachment of the probe. The DEER waveform of BSL-CaM shows clear oscil-
lations (Fig. 5b, red) and resolves three distinct structural states (Fig. 5¢, red), while MTSSL shows no discernable
oscillation (Fig. 5b, green) and yields a broad distance distribution (Fig. 5¢c, green). Thus BSL is clearly superior
to MTSSL for accurately reflecting the dynamics and locations of backbone atoms, and resolving the structural
states of the complex.

Figure 6 illustrates a model for the conformational selection mechanism of CaM binding to RyRp, as sup-
ported by our intraCaM DEER results (Fig. 3) and previous studies of CaM binding to other target peptides**-#.
In addition, we report for the first time direct high-resolution structural measurements on the apoCaM/RyRp
complex (Fig. 3¢,d, blue; Fig. 4 blue), allowing us to propose a structural model for this complex (Fig. 1d,f), pro-
viding new structural insight into the Ca-dependent interaction of CaM and RyR.

As the resultant distributions reveal distinct subpopulations, we further parameterized the waveforms by
fitting the background-corrected echo decays to a sum of Gaussians model, in order to extract mole fractions
and ascertain the uncertainty of the fit parameters, as described in Materials and Methods and in Supplemental
Information (Figs S2,S3 and S5; Tables S1 and S2). While quantitative analyses from Gaussian modeling may
yield numerical values with high uncertainty, especially for distances near the sensitivity limits of DEER, they do
nevertheless provide valuable insight into the observed population changes caused by Ca and RyRp binding. In
addition to uncertainty found in the error surface of the fit (Fig. S5 and Tables S1, S2) and the appropriateness of
model choice, several experimental factors warrant interpreting both the parameterized and Tikhonov distance

SCIENTIFICREPORTS| (2018) 8:10681 | DOI:10.1038/s41598-018-29064-8 6



www.nature.com/scientificreports/
+RyRp
- QG
= AAAA @ - N@
> )

Compact (15%) Closed (85%) \
+4Ca o Compact Closed
(75%) (25%)
@B
+RyRp

Compact (29%) Closed (28%) -
\ VRV VS @

Open (44%) Compact (97%)

Figure 6. Schematic of structural models based on DEER distance measurements (Figs 3 and 4). Blue, N-lobe
of CaM; gray, C-lobe of CaM; yellow, RyRp; green, Ca ion. In the absence of RyRp and Ca (upper left) CaM

is primarily in the closed structural state. Ca binding to CaM (bottom left) populates all three states (open,
closed, compact), with the open state predominant. In the presence of RyRp and the absence of Ca (upper
right), the complex is in dynamic equilibrium between the compact state, and a closed-like state with the N-lobe
potentially being highly mobile and not bound to RyRp. Ca binding to CaM (bottom right) shifts the complex
almost completely to the compact state by increasing binding of the N-lobe to RyRp.

distributions with caution. In the case of short distances (<3 nm), limits in our excitation bandwidth result in
errors in population center and fraction due to incomplete excitation of short distance spin-pairs*’. For longer
distances, experimental constraints limit our maximal evolution time (which determines the maximum resolv-
able distance’, see Figs S2-54), allowing for the potential of un-resolved populations and errors in population
width and therefore fraction near the sensitivity limit.

In the absence of RyRp and Ca, apoCaM exists in equilibrium between a predominantly closed state (85%,
consistent with the NMR structure®) and a weakly-populated compact state (15%) (Fig. 6, top left). Ca shifts this
distribution to a more complex one (Fig. 6, bottom left), in which CaCaM exists in structural equilibrium among
three distinct structural states: compact (29%), closed (28%) and open (44%). CaCaM has a diverse array of bind-
ing modes to over 300 targets;* probably facilitated by the complex conformational equilibrium reported here.
RyRp binding to CaCaM induced an almost complete structural equilibrium shift toward a compact structure
(Fig. 6, bottom right) consistent with the X-ray crystal structure CaCaM/RyRp complex'®. Figure 6 (top right),
illustrates the new proposed structural model of the apoCaM/RyRp complex, which is primarily in equilibrium
between compact (75%) and closed (25%) structural states, while addition of Ca shifts the equilibrium almost
completely toward the compact state (97%). The compact state of CaCaM/RyRp was previously reported by X-ray
crystallography's, but here, we show directly for the first time the structural transition from the compact (75%)
and closed (25%) states in the absence of Ca to a single compact state (97%) of the CaM/RyRp complex upon
addition of Ca.

At first glance, the addition of RyRp has no effect on the lobe-lobe distance in apoCaM (Fig. 3b and d, blue;
Table S1), suggesting that RyRp may not be binding CaM in the absence of Ca. However, two lines of evidence
indicate that there is at least partial binding between apoCaM and RyRp, and Ca is required for maximum bind-
ing, as supported by our DEER measurements. First, binding has been detected in the absence of Ca by several
investigations at a lower affinity than in the presence of Ca*>%%. Second, we have previously shown by CW EPR
that TOAC-labeled RyRp was only partially immobilized by apoCaM while CaCaM led to complete immobiliza-
tion of the peptide?. These observations led us to try to detect the presence of binding, although potentially weak,
by labeling the lobes of CaM individually with BSL and the RyRp with TOAC through peptide synthesis. In this
system, if there were no binding in the absence of Ca, we would not be able to measure any inter-protein DEER
distances (Fig. 4, blue), therefore at least some fraction of RyRp is bound to apoCaM. Thus, it is possible that a
large fraction of the double BSL apoCaM/RyRp sample is uncomplexed proteins (giving it a distance distribution
similar to apoCaM alone), and the DEER signal coming from the BSL N-lobe CaM/TOAC RyRp sample is from
a smaller bound fraction (with the labeled CaM and RyRp not in complex contributing merely to the background
signal).

Previous investigations by us® and others®#>4, suggest that the N-lobe of CaM is involved in tight binding
of CaM to RyRp, and this is important for regulation of RyR*. Our DEER distance measurement between the
N-lobe of CaM and RyRp revealed the flexibility and structural heterogeneity of this complex, with two broad
distance populations in the absence of Ca (Fig. 4b, blue and Table S2); the major population (75%) corresponds
to the compact state. The longer distance population is too long to be explained by the compact state of CaM,
so this population probably represents a state where the N-lobe is not bound tightly to RyRp. Addition of Ca
shifted the equilibrium to one predominant population with a short distance (Fig. 4b, red and Table S2), indicat-
ing complete binding of the N-lobe to RyRp in a compact state. In contrast, distance measurement between the
C-lobe of CaM and RyRp indicate that the C-lobe is tightly bound to RyRp independent of Ca (Fig. 4d), with Ca
only slightly decreasing the disorder (Table S2). These results are consistent with our previous report in which
complete immobilization of the C-terminal region of TOAC-labeled RyRp (by CaM N-lobe) was Ca-dependent,
whereas the N-terminal region of RyRp was completely immobilized (by the C-lobe of CaM) independent of Ca?.
Thus, we present further structural evidence that supports the hypothesis that CaM functions as a subunit of RyR
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through binding of the C-lobe, and complete interaction of the N-lobe of CaM (in response to increased cytosolic
Ca levels) is responsible for maximum inhibition of RyR.

Conclusions

We report a unique approach utilizing a combination of BSL, TOAC, and DEER, to resolve and quantitate the
structural states of CaM as affected by Ca and RyRp binding. Our results directly support a conformational selec-
tion model of CaM binding to RyRp, which occurs by RyRp shifting the structural equilibrium of CaM toward
pre-existing states. We were also able to directly detect and resolve structural states of CaM/RyRp even in the
absence of Ca with sub-nanometer precision, while such high-resolution information is not available from X-ray
crystallography or NMR. We detected structural changes in each CaM lobe with respect to RyRp binding, and
showed that the N-lobe/RyRp interaction was much more sensitive to Ca than the C-lobe, providing unique
structural insight into the mechanism of Ca-dependent CaM-mediated RyR regulation. Finally, we have demon-
strated the power of TOAC and BSL in measurement of protein backbone rotational dynamics and interspin
distance (Fig. 5). This establishes the power of DEER spectroscopy with stereospecific spin labels as a tool that
complements conventional structural techniques. This approach will be powerful in future studies of CaM and
other Ca-binding proteins, with important implications for molecular pathology and therapeutic development
for muscle disorders.

Materials and Methods

Computational approach. The Discovery Studio Visualizer software (windows version 2.5.5.9350) was
used to optimize BSL-CaM labeling sites in the N-lobe and C-lobe. For this purpose, PDB files (Fig. 1a. ICFD,
B. 1CLL, C. 2BCX) were individually opened by the software. In the second step two amino acids in the N-lobe
and C- lobe at i and i +4 positions were chosen to be mutated to Cys. In the modified PDB files, BSL was attached
in the N-lobe (T34CS38C) and C-lobe (R106CT110C). The distances from nitrogen to nitrogen between the
attached BSL labels in the N-lobe and C-lobe were determined (Fig. 1a-d). The shorter distance from the singly
labeled BSL- CaM mutant (T34CS38C) to 5-TOAC-RyRp (TOAC substituted for Ala5) was accomplished in a
similar way, by using the modified PDB file 2BCX (Fig. 1e,f). The estimated distances were then used to simulate
the expected DEER waveforms (Fig. 2) using WACY, an in-house laboratory developed EPR software (Edmund
Howard).

CaM mutagenesis and purification.  Tetra-Cys CaM was engineered containing two Cys in the N-lobe
(T34CS38C) and C-lobe (R106CT110C) followed by cross linking with BSL to measure intra-molecular distances
by DEER. Di-Cys CaM mutants (T34CS38C or R106CT110C) were also expressed and purified for experiments
involving inter-protein distance measurement with TOAC labeled RyRp. In detail, recombinant human CaM
was expressed in Escherichia coli using the pET-7 vector”’. Mutations targeting the Cys labeling sites were intro-
duced using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA), and the mutation was verified by DNA
sequencing. Following induction with isopropyl 3-D-1-thiogalactopyraoside, di- and tetra-Cys-CaM were puri-
fied via phenyl-Sepharose chromatography*. Protein concentrations were determined by the bicinchoninic acid
procedure (Pierce, Rockford, IL) using bovine brain CaM as the standard®.

BSL-CaM spin labeling. BSL-CaM spin labeling was accomplished by first reducing the protein with
5mM DTT for one hour at room temperature. DTT was removed using Zeba Spin desalting columns (Thermo
Scientific) and the reduced CaM sample then incubated with 4 x molar excess BSL (Toronto Research Chemicals)
at 4°C overnight. Excess BSL was removed and the protein was exchanged into EPR buffer (20 mM MOPS, 5 mM
Ca or 5mM EGTA, pH 7.4) using a Zeba Spin desalting column. Spin counting results showed that >80 of
BSL-CaM were labeled.

Synthesis of TOAC-RyRp and RyRp. RyRp and TOAC-RyRp (with TOAC substituted for Ala5) were
synthesized by solid-phase peptide synthesis (SPPS) as previously described?. Spin counting results showed that
>60 of TOAC-RyRp were labeled. Cys22 was replaced with c-amino-n-butyric acid (Abu) to prevent disulfide
exchange with BSL labeled CaM. EPR studies of BSL labeled CaM with WT-RyRp (Cys 22 instead of Abu) caused
the appearance of a highly mobile spectral component, corresponding to free spin label. BSL labeled CaM showed
only 41% spin labeling efficiency. The most likely interpretation of the free BSL label is that the Cys residue of
WT-RyRp participates in disulfide exchange with BSL-CaM as previously reported®. BSL is a sulthydryl-reactive
cross linker and linked by disulfide bonds to the —-SH peptide side chain. The reaction between pairs of free or
reduced sulthydryl groups (-SH) is selective and precise. To control the number of free ~SH groups we replaced
Cys22 with Abu.

CD spectroscopy. CD spectra were acquired at 22 °C with a JASCO J-815 spectrophotometer, scanning
from 190 nm to 260 nm with a scan rate of 50 nm/min, 0.1 nm bandwidth. Spectra were signal-averaged five
times and baseline subtracted. Reported spectra are expressed as mean residue ellipticity, [0]. Linear combina-
tions of a-helix, 3-sheet and random coil bases spectra were used to determine secondary contributions from
fits to acquired CD spectra®>2 Samples for CD consisted of 20 pM CaM, BSL-CaM or double BSL-CaM in
10mM Na,HPO,. pH 7.4, loaded into quartz cuvettes with a path length of 0.1 cm. We previously reported that
TOAC labeling of RyRp does not significantly alter its secondary structure and how it responds to the alpha-helix
inducer TFE?. We performed CD on BSL labeled CaM mutants and show that single (T34CS38C) and double
labeled BSL-CaM (T34CS38CR106CT110C) does not significantly alter the secondary structure compared to
wild-type CaM (Fig. S1). The linear fit of the CD spectrum yielded 90.3% o-helix for WT-CaM, 89.8% for single
BSL-CaM and 88.1% for double BSL-CaM (Fig. S1).
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EPR spectroscopy and data analysis. We performed DEER to measure distances from 2 to 6 nm, and
dipolar CW-EPR for distances from 0.5 to 2nm. DEER signals were acquired with an Elexsys E580 spectrometer
(Bruker) operating at Q-band (34 GHz) equipped with a EN5107 resonator using a four-pulse DEER sequence*
with a 12ns /2 pulse and a 24 ns ELDOR pulse. The spacing between the echo forming ©/2 and 7 pulses was
incremented in 8 steps of 16 ns to average out D,O artifacts®. The pump frequency was assigned to the maxi-
mum of the nitroxide absorption spectrum and the observe frequency placed at a 24 Gauss higher magnetic field
strength on the field swept absorption spectrum. Data was acquired at 65K and lasted 16-24 hours. All DEER
samples contained 90-100 uM CaM in 20 mM MOPS, pH 7.4, 95% D,0. 10% glycerol was added for cryoprotec-
tion. Samples containing RyRp had a ratio of 1.25:1 (peptide:CaM). DEER waveforms were analyzed using custom
software written in Mathematica based on DeerAnalysis®® and DEFit* (github.com/thompsar). Background cor-
rected waveforms were analyzed using Tikhonov regularization, with choice of smoothing parameter informed by
both the l-curve and leave one out cross validation (LOOCV) criteria®. After stable populations were identified
via a systematic variation of the region fit for the background component (similar to DeerAnalysis’ validation
tool), highly unstable populations that were well separated from the primary distribution (and beyond the sen-
sitivity range afforded by acquired evolution time) were suppressed by repeating background correction with
the appropriate spectral components included as a correction to the initial homogeneous background model,
followed again by Tikhonov regularization. The resultant filtered Tikhonov distribution (which showed no dis-
tortion beyond the suppression of the unstable components) was then used as seed for a Monte Carlo fit of the
waveform using a sum of Gaussians model, p;(R), determining population centers, widths and mole fractions as
well as their respective uncertainties with respect to the error surface of the fit (Fig. S5):

2
p{R) = ! exp _[R _ Rj]
j UJm 2(er
(1)
0; = FWHM;/(2+/2In2) (2)

where o is the standard deviation and FWHM is the full width at half maximum of the distribution. The minimal
number of Gaussians necessary to produce a satisfactory fit was determined by both a comparison of RMSDs with
the Tikhonov fit as well as using Bayesian information criterion®, which in our experience performs better than
the Akaike information criterion® at picking the most parsimonious model.

For dipolar CW-EPR measurements of BSL-CaM to 5-TOAC-RyRp, samples were prepared in 20 mM MOPS,
pH 7.4, 95% D,O at a concentration of 90 pM of spin-labeled protein. All CW-EPR spectra were recorded at
X-band (9.6 GHz) with a Bruker E500 Elexsys spectrometer equipped with an ER 4122 SHQ resonator. For dipo-
lar EPR spectra acquisition, temperature was maintained at 200 K with a quartz dewar insert and nitrogen gas
flow temperature controller. All frozen spectra were acquired using 0.6 mW power to prevent spin saturation, and
200 G sweep width. All spectra were baseline correct then normalized to the double integral prior to analysis. For
determination of spin-spin distance from dipolar CW-EPR spectra of BSL-CaM/5-TOAC-RyRp, spectral simu-
lation and least-square fits were performed as previously described (Fig. $6)°%. Essentially, experimental spectra
were fit to a model corresponding to a sum of Gaussian distance distributions. CW EPR spectra of BSL-CaM at
4°C were analyzed to determine the rotational correlation time,

7 = all = (/)Y 3)

where a=0.54ns, b= —1.36, T)'= splitting between the outer extrema, and T};= the rigid-limit value of T)*.
Each spectrum was analyzed to determine the order parameters S,

§ = - I = T, @

where T| = splitting between the outer extrema, T} = the rigid-limit value of T)" and T, = the fast-limit value
of Tj/. Results indicate no significant detectable differences in CW EPR dynamics between the N- and C-lobes
(Table S3).

References

1. Crivici, A. & Ikura, M. Molecular and structural basis of target recognition by calmodulin. Annual review of biophysics and
biomolecular structure 24, 85-116, https://doi.org/10.1146/annurev.bb.24.060195.000505 (1995).

2. Fill, M. & Copello, J. A. Ryanodine receptor calcium release channels. Physiol Rev 82, 893-922, https://doi.org/10.1152/
physrev.00013.2002 (2002).

3. Barbato, G., Ikura, M., Kay, L. E., Pastor, R. W. & Bax, A. Backbone dynamics of calmodulin studied by 15N relaxation using inverse
detected two-dimensional NMR spectroscopy: the central helix is flexible. Biochemistry 31, 5269-5278 (1992).

4. Chattopadhyaya, R., Meador, W. E., Means, A. R. & Quiocho, F. A. Calmodulin structure refined at 1.7 A resolution. Journal of
molecular biology 228, 1177-1192 (1992).

5. Chou, J. ], Li, S., Klee, C. B. & Bax, A. Solution structure of Ca(2+)-calmodulin reveals flexible hand-like properties of its domains.
Nature structural biology 8, 990-997, https://doi.org/10.1038/nsb1101-990 (2001).

6. Fallon, J. L. & Quiocho, E. A. A closed compact structure of native Ca(2+)-calmodulin. Structure 11, 1303-1307 (2003).

7. Finn, B. E. et al. Calcium-induced structural changes and domain autonomy in calmodulin. Nature structural biology 2, 777-783
(1995).

8. Kuboniwa, H. et al. Solution structure of calcium-free calmodulin. Nature structural biology 2, 768-776 (1995).

9. Zhang, M., Tanaka, T. & Ikura, M. Calcium-induced conformational transition revealed by the solution structure of apo calmodulin.
Nature structural biology 2, 758-767 (1995).

SCIENTIFICREPORTS| (2018) 8:10681 | DOI:10.1038/s41598-018-29064-8 9


http://dx.doi.org/10.1146/annurev.bb.24.060195.000505
http://dx.doi.org/10.1152/physrev.00013.2002
http://dx.doi.org/10.1152/physrev.00013.2002
http://dx.doi.org/10.1038/nsb1101-990

www.nature.com/scientificreports/

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

—

42.

43.

44,

45.

Forsen, S. et al. Ca2+ binding in proteins of the calmodulin superfamily: cooperativity, electrostatic contributions and molecular
mechanisms. Ciba Foundation symposium 161, 222-236 (1991).

. Linse, S. & Forsen, S. Determinants that govern high-affinity calcium binding. Advances in second messenger and phosphoprotein

research 30, 89-151 (1995).

Ikemoto, T., lino, M. & Endo, M. Enhancing effect of calmodulin on Ca(2+)-induced Ca2+ release in the sarcoplasmic reticulum
of rabbit skeletal muscle fibres. ] Physiol 487(Pt 3), 573-582 (1995).

Buratti, R., Prestipino, G., Menegazzi, P,, Treves, S. & Zorzato, E. Calcium dependent activation of skeletal muscle Ca2+ rselease
channel (ryanodine receptor) by calmodulin. Biochem Biophys Res Commun 213, 1082-1090, https://doi.org/10.1006/
bbrc.1995.2238 (1995).

Tripathy, A., Xu, L., Mann, G. & Meissner, G. Calmodulin activation and inhibition of skeletal muscle Ca2+ release channel
(ryanodine receptor). Biophys ] 69, 106-119, https://doi.org/10.1016/S0006-3495(95)79880-0 (1995).

Maximciuc, A. A., Putkey, J. A., Shamoo, Y. & Mackenzie, K. R. Complex of calmodulin with a ryanodine receptor target reveals a
novel, flexible binding mode. Structure 14, 1547-1556, https://doi.org/10.1016/j.st.2006.08.011 (2006).

Evenas, J., Malmendal, A. & Akke, M. Dynamics of the transition between open and closed conformations in a calmodulin
C-terminal domain mutant. Structure 9, 185-195 (2001).

Malmendal, A., Evenas, J., Forsen, S. & Akke, M. Structural dynamics in the C-terminal domain of calmodulin at low calcium levels.
Journal of molecular biology 293, 883-899, https://doi.org/10.1006/jmbi.1999.3188 (1999).

Lin, A. Y, Prochniewicz, E., James, Z., Svensonn, B. & Thomas, D. D. Large-scale opening of utrophin’s tandem CH domains upon
actin binding, by an induced-fit mechanism. Proc Natl Acad Sci U S A, accepted (2011).

Kast, D., Espinoza-Fonseca, L. M., Yi, C. & Thomas, D. D. Phosphorylation-induced structural changes in smooth muscle myosin
regulatory light chain. Proc Natl Acad Sci USA 107, 8207-8212 (2010).

McCarthy, M. R. et al. Impact of methionine oxidation on calmodulin structural dynamics. Biochemical and biophysical research
communications 456, 567-572, https://doi.org/10.1016/j.bbrc.2014.11.091 (2015).

. Karim, C. B,, Kirby, T. L., Zhang, Z., Nesmelov, Y. & Thomas, D. D. Phospholamban structural dynamics in lipid bilayers probed by

a spin label rigidly coupled to the peptide backbone. Proceedings of the National Academy of Sciences of the United States of America
101, 14437-14442, https://doi.org/10.1073/pnas.0402801101 (2004).

Karim, C. B,, Zhang, Z., Howard, E. C., Torgersen, K. D. & Thomas, D. D. Phosphorylation-dependent Conformational Switch in
Spin-labeled Phospholamban Bound to SERCA. ] Mol Biol 358, 1032-1040 (2006).

Karim, C. B,, Zhang, Z. & Thomas, D. D. Synthesis of TOAC spin-labeled proteins and reconstitution in lipid membranes. Nature
protocols 2, 42-49, https://doi.org/10.1038/nprot.2007.2 (2007).

Toniolo, C. et al. Synthesis and conformational studies of peptides containing TOAC, a spin-labelled C alpha, alpha-disubstituted
glycine. J Pept Sci 1, 45-57, https://doi.org/10.1002/psc.310010107 (1995).

Her, C., McCaffrey, J. E., Thomas, D. D. & Karim, C. B. Calcium-Dependent Structural Dynamics of a Spin-Labeled RyR Peptide
Bound to Calmodulin. Biophys J 111, 2387-2394, https://doi.org/10.1016/j.bpj.2016.10.025 (2016).

Losel, R. M., Philipp, R., Kalai, T., Hideg, K. & Trommer, W. E. Synthesis and application of novel bifunctional spin labels.
Bioconjugate chemistry 10, 578-582, https://doi.org/10.1021/bc980138v (1999).

Fleissner, M. R. et al. Structure and dynamics of a conformationally constrained nitroxide side chain and applications in EPR
spectroscopy. Proceedings of the National Academy of Sciences of the United States of America 108, 1624116246, https://doi.
org/10.1073/pnas.1111420108 (2011).

Binder, B. P, Cornea, S., Thompson, A. R., Moen, R. J. & Thomas, D. D. High-resolution helix orientation in actin-bound myosin
determined with a bifunctional spin label. Proceedings of the National Academy of Sciences of the United States of America. https://doi.
org/10.1073/pnas.1500625112 (2015).

Thompson, A. R., Binder, B. P., McCaffrey, J. E., Svensson, B. & Thomas, D. D. Bifunctional Spin Labeling of Muscle Proteins:
Accurate Rotational Dynamics, Orientation, and Distance by EPR. Methods in enzymology 564, 101-123, https://doi.org/10.1016/
bs.mie.2015.06.029 (2015).

Schmidt, T., Walti, M. A., Baber, J. L., Hustedt, E. ]. & Clore, G. M. Long distance measurements up to 160 A in the GroEL
tetradecamer using Q-band DEER EPR spectroscopy. Angew Chem Int Ed 55, 15905-15909, https://doi.org/10.1002/anie.201609617
(2016).

Pannier, M., Veit, S., Godt, A., Jeschke, G. & Spiess, H. W. Dead-time free measurement of dipole-dipole interactions between
electron spins. Journal of magnetic resonance 142, 331-340, https://doi.org/10.1006/jmre.1999.1944 (2000).

Jeschke, G. DEER distance measurements on proteins. Annual review of physical chemistry 63, 419-446, https://doi.org/10.1146/
annurev-physchem-032511-143716 (2012).

Rabenstein, M. D. & Shin, Y. K. Determination of the distance between two spin labels attached to a macromolecule. Proceedings of
the National Academy of Sciences of the United States of America 92, 8239-8243 (1995).

Henzler-Wildman, K. & Kern, D. Dynamic personalities of proteins. Nature 450, 964-972, https://doi.org/10.1038/nature06522
(2007).

Newman, R. A,, Sorensen, B. R., Kilpatrick, A. M. & Shea, M. A. Calcium-dependent energetics of calmodulin domain interactions
with regulatory regions of the Ryanodine Receptor Type 1 (RyR1). Biophysical chemistry 193-194, 35-49, https://doi.org/10.1016/j.
bpc.2014.07.004 (2014).

Xiong, L. W. et al. Lobe-dependent regulation of ryanodine receptor type 1 by calmodulin. J Biol Chem 277, 40862-40870, https://
doi.org/10.1074/jbc.M206763200 (2002).

Zhang, Z., Remmer, H. A., Thomas, D. D. & Karim, C. B. Backbone dynamics determined by electron paramagnetic resonance to
optimize solid-phase peptide synthesis of TOAC-labeled phospholamban. Biopolymers 88, 29-35 (2007).

McCaffrey, J. E., James, Z. M., Svensson, B., Binder, B. P. & Thomas, D. D. A bifunctional spin label reports the structural topology of
phospholamban in magnetically-aligned bicelles. Journal of magnetic resonance 262, 50-56, https://doi.org/10.1016/j.
jmr.2015.12.005 (2015).

Thomas, D. D. Large-scale rotational motions of proteins detected by electron paramagnetic resonance and fluorescence. Biophys |
24, 439-462 (1978).

Hoang, J. & Prosser, R. S. Conformational selection and functional dynamics of calmodulin: a (19)F nuclear magnetic resonance
study. Biochemistry 53, 5727-5736, https://doi.org/10.1021/bi500679c (2014).

Gsponer, J. et al. A coupled equilibrium shift mechanism in calmodulin-mediated signal transduction. Structure 16, 736-746,
https://doi.org/10.1016/j.5tr.2008.02.017 (2008).

Erwin, N., Patra, S. & Winter, R. Probing conformational and functional substates of calmodulin by high pressure FTIR
spectroscopy: influence of Ca2+ binding and the hypervariable region of K-Ras4B. Physical chemistry chemical physics: PCCP 18,
30020-30028, https://doi.org/10.1039/c6cp06553h (2016).

Banham, J. E. et al. Distance measurements in the borderline region of applicability of CW EPR and DEER: a model study on a
homologous series of spin-labelled peptides. ] Magn Reson 191, 202-218, https://doi.org/10.1016/j.jmr.2007.11.023 (2008).

Tidow, H. & Nissen, P. Structural diversity of calmodulin binding to its target sites. FEBS J 280, 5551-5565, https://doi.org/10.1111/
febs.12296 (2013).

Lau, K., Chan, M. M. & Van Petegem, E Lobe-specific calmodulin binding to different ryanodine receptor isoforms. Biochemistry
53, 932-946, https://doi.org/10.1021/bi401502x (2014).

SCIENTIFICREPORTS| (2018) 8:10681 | DOI:10.1038/s41598-018-29064-8 10


http://dx.doi.org/10.1006/bbrc.1995.2238
http://dx.doi.org/10.1006/bbrc.1995.2238
http://dx.doi.org/10.1016/S0006-3495(95)79880-0
http://dx.doi.org/10.1016/j.str.2006.08.011
http://dx.doi.org/10.1006/jmbi.1999.3188
http://dx.doi.org/10.1016/j.bbrc.2014.11.091
http://dx.doi.org/10.1073/pnas.0402801101
http://dx.doi.org/10.1038/nprot.2007.2
http://dx.doi.org/10.1002/psc.310010107
http://dx.doi.org/10.1016/j.bpj.2016.10.025
http://dx.doi.org/10.1021/bc980138v
http://dx.doi.org/10.1073/pnas.1111420108
http://dx.doi.org/10.1073/pnas.1111420108
http://dx.doi.org/10.1073/pnas.1500625112
http://dx.doi.org/10.1073/pnas.1500625112
http://dx.doi.org/10.1016/bs.mie.2015.06.029
http://dx.doi.org/10.1016/bs.mie.2015.06.029
http://dx.doi.org/10.1002/anie.201609617
http://dx.doi.org/10.1006/jmre.1999.1944
http://dx.doi.org/10.1146/annurev-physchem-032511-143716
http://dx.doi.org/10.1146/annurev-physchem-032511-143716
http://dx.doi.org/10.1038/nature06522
http://dx.doi.org/10.1016/j.bpc.2014.07.004
http://dx.doi.org/10.1016/j.bpc.2014.07.004
http://dx.doi.org/10.1074/jbc.M206763200
http://dx.doi.org/10.1074/jbc.M206763200
http://dx.doi.org/10.1016/j.jmr.2015.12.005
http://dx.doi.org/10.1016/j.jmr.2015.12.005
http://dx.doi.org/10.1021/bi500679c
http://dx.doi.org/10.1016/j.str.2008.02.017
http://dx.doi.org/10.1039/c6cp06553h
http://dx.doi.org/10.1016/j.jmr.2007.11.023
http://dx.doi.org/10.1111/febs.12296
http://dx.doi.org/10.1111/febs.12296
http://dx.doi.org/10.1021/bi401502x

www.nature.com/scientificreports/

46. Boschek, C. B., Jones, T. E., Squier, T. C. & Bigelow, D. J. Calcium occupancy of N-terminal sites within calmodulin induces
inhibition of the ryanodine receptor calcium release channel. Biochemistry 46, 10621-10628, https://doi.org/10.1021/bi700655h
(2007).

47. Wang, S., George, S. E., Davis, J. P. & Johnson, J. D. Structural determinants of Ca2+ exchange and affinity in the C terminal of
cardiac troponin C. Biochemistry 37, 14539-14544, https://doi.org/10.1021/bi9814641 (1998).

48. Gopalakrishna, R. & Anderson, W. B. Ca2+ -induced hydrophobic site on calmodulin: application for purification of calmodulin by
phenyl-Sepharose affinity chromatography. Biochemical and biophysical research communications 104, 830-836 (1982).

49. Fruen, B. R. et al. Direct detection of calmodulin tuning by ryanodine receptor channel targets using a Ca2+ -sensitive acrylodan-
labeled calmodulin. Biochemistry 44, 278-284, https://doi.org/10.1021/bi048246u (2005).

50. Kirby, T. L., Karim, C. B. & Thomas, D. D. Electron paramagnetic resonance reveals a large-scale conformational change in the
cytoplasmic domain of phospholamban upon binding to the sarcoplasmic reticulum Ca-ATPase. Biochemistry 43, 5842-5852,
https://doi.org/10.1021/bi035749b (2004).

51. Adler, A. ], Greenfield, N. J. & Fasman, G. D. Circular dichroism and optical rotatory dispersion of proteins and polypeptides.
Methods Enzymol 27, 675-735 (1973).

52. Lockwood, N. A. et al. Structure and function of integral membrane protein domains resolved by peptide-amphiphiles: application
to phospholamban. Biopolymers 69, 283-292, https://doi.org/10.1002/bip.10365 (2003).

53. Jeschke, G. et al. DeerAnalysis 2006 - a Comprehensive Software Package for Analyzing Pulsed ELDOR Data. Appl. Magn. Reson.
30, 473-498 (2006).

54. Sen, K. I, Logan, T. M. & Fajer, P. G. Protein dynamics and monomer-monomer interactions in AntR activation by electron
paramagnetic resonance and double electron-electron resonance. Biochemistry 46, 11639-11649, https://doi.org/10.1021/bi700859p
(2007).

55. Edwards, T. H. & Stoll, S. A Bayesian approach to quantifying uncertainty from experimental noise in DEER spectroscopy. Journal
of magnetic resonance 270, 87-97, https://doi.org/10.1016/j.jmr.2016.06.021 (2016).

56. Priestley, M. B. Spectral Analysis and Time Series. 375 (1981).

57. Stein, R. A, Beth, A. H. & Hustedt, E. J. A Straightforward Approach to the Analysis of Double Electron-Electron Resonance Data.
Methods in enzymology 563, 531-567, https://doi.org/10.1016/bs.mie.2015.07.031 (2015).

58. Klein, J. C. et al. Actin-binding cleft closure in myosin II probed by site-directed spin labeling and pulsed EPR. Proceedings of the
National Academy of Sciences of the United States of America 105, 12867-12872, https://doi.org/10.1073/pnas.0802286105 (2008).

59. Goldman, S. A., Bruno, G. V. & Freed, J. H. Estimating slow-motional rotational correlation times for nitroxides by electron spin
resonance. ] Phys Chem 76, 1858-1860 (1972).

Acknowledgements

We thank Robyn Rebbeck for insightful discussions, Octavian Cornea and Sarah Blakely for administrative
assistance. EPR and CD experiments were performed at the Biophysical Technology Center, University of
Minnesota. This study was supported by NIH grant R01 AG26160 to D.D.T. C.H was supported by NIH T32
ARO007612 and a Doctoral Dissertation Fellowship from the University of Minnesota.

Author Contributions
C.H,, C.B.K,, and D.D.T. designed the research; C.H. and C.B.K carried out the experiments; C.H. and A.R.T.
analyzed the data; C.H., C.B.K,, and D.D.T. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29064-8.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10681 | DOI:10.1038/s41598-018-29064-8 11


http://dx.doi.org/10.1021/bi700655h
http://dx.doi.org/10.1021/bi9814641
http://dx.doi.org/10.1021/bi048246u
http://dx.doi.org/10.1021/bi035749b
http://dx.doi.org/10.1002/bip.10365
http://dx.doi.org/10.1021/bi700859p
http://dx.doi.org/10.1016/j.jmr.2016.06.021
http://dx.doi.org/10.1016/bs.mie.2015.07.031
http://dx.doi.org/10.1073/pnas.0802286105
http://dx.doi.org/10.1038/s41598-018-29064-8
http://creativecommons.org/licenses/by/4.0/

	Structural dynamics of calmodulin-ryanodine receptor interactions: electron paramagnetic resonance using stereospecific spi ...
	Results

	Distance prediction and data simulation from CaM structural models reveal ideal BSL sites for DEER. 
	DEER resolves Ca-dependent structural states of CaM in solution. 
	RyRp binding to CaM occurs through a conformational selection mechanism. 
	Ca Stabilizes the compact state by increasing binding of the CaM N-lobe to RyRp. 
	C-lobe of CaM binds to RyRp independent of Ca. 
	Dipolar CW EPR confirms the existence of populations with short interprobe distances. 

	Discussion

	Conclusions

	Materials and Methods

	Computational approach. 
	CaM mutagenesis and purification. 
	BSL-CaM spin labeling. 
	Synthesis of TOAC-RyRp and RyRp. 
	CD spectroscopy. 
	EPR spectroscopy and data analysis. 

	Acknowledgements

	Figure 1 Strategy for spin-spin distance measurements.
	Figure 2 Simulations of DEER waveforms, based on distance predictions from structural models in Fig.
	Figure 3 Intramolecular (lobe-to-lobe within CaM) DEER distance measurements resolving the Ca-dependent structural states (compact, closed and open) of double-labeled BSL-CaM, in the absence of Ca (blue, apo) or presence of saturating Ca (red).
	Figure 4 Intermolecular (between CaM and RyRp) DEER distance measurements resolving the Ca-dependent structural states of the CaM/RyRp complex, in the absence of Ca (blue, apo, Fig.
	Figure 5 Comparison of MTSSL (green) and BSL (red) in detecting backbone dynamics and distance distributions within CaM.
	Figure 6 Schematic of structural models based on DEER distance measurements (Figs 3 and 4).




