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SI Materials and Methods
Mutagenesis, Expression, and Purification of Regulatory Light Chain
(RLC). Wild-type human smooth muscle RLC (CAG33124) has
one Cys at residue 108 that was mutated to Ala for a cysteineless
background. Single Cys mutants for spin-labeling were prepared
using the Quick Change kit (Stratagene) using primers from
Integrated DNA Technology, Inc. The smooth muscle RLC se-
quence was introduced in the pET7-7 vector (with ampicillin re-
sistance gene) via heat shock (30 sec at 42 °C). For mutagenesis,
DH5α super competent cells were used. For large protein expres-
sion pET7-7 were transformed into BL21 (DE3) (1). All con-
structs were verified by sequencing. Bacteria were grown in LB
media supplemented by 50 μg∕mL ampicillin (37 °C∕160 rpm)
for 9–11 h, auto-induced. RLC was purified on a Q-Sepharose
column (Amersham Biosciences). The RLC was eluted using a
0–500 mM NaCl gradient at 2 mL∕min. Thrombin was added
to remove the N-terminal His-tag (5 U∕mg of RLC) for 3 h at
25 °C. A second Q-Sepharose chromatography was performed to
separate RLC fromHis-tag and thrombin. The purity of RLC was
confirmed by SDS-PAGE gels. The proteins were expressed at
20–50 mgs per liter of media. Spin-labeling was performed with
MTSSL (Sigma–Aldrich) by incubating with a fourfold excess of
spin label at 4 °C for 12 h. Excess free spin label was removed by
dialysis. The labeling level for RLC was 0.75–1.0 labels per RLC.
RLC concentration was determined using the bicinchoninic acid
(BCA) protein assay, smooth muscle myosin (SMM) concentra-
tion was determined by both BCA and UVabsorption at 280 nm
using 0.56 ðmg∕mLÞ−1 cm−1 as the extinction coefficient (2).

Reconstitution of SMM with Spin-Labeled RLC. SMM was purified
from frozen chicken gizzards (3) and heavy meromyosin (HMM)
was prepared as described (4). A modification of the method of
ref. 5 was used to exchange the native RLC with the mutant-la-
beled RLC. SMM (10 mg∕ml) was placed to a stripping buffer
containing 20 mM imidazole (pH 6.5), 0.4 M KCl, 5 mM EDTA,
2 mM EGTA, 3 mM ATP, 20 mM DTT, 0.05% Triton and 5 mM
trifluoroperazine to weaken the binding of the RLC to the heavy
chain. The mixture was incubated on ice for 2–3 h and applied to
a 5 mL spin column of Sephacryl S400 HR (Sigma). Effluents
were collected at 4 °C after two consecutive centrifugations at
475 g and 1000 g for 7 and 5 min respectively. A G-25 column
eluting at 1.0 mL∕min was used to change to a buffer containing
0.4 MKCl, 10 mM imidazole, 6 mMMgCl2, 2 mMEGTA, pH 6.5.
The spin-labeled RLC, dialyzed overnight in the above buffer,
was added to the RLC-deficient SMM at a four- to sixfold molar
excess of RLC and incubated on ice for 4 h. The incubation mix-
ture also contained essential light chain (ELC) prepared from
purified SMM at a two- to threefold molar excess. of RLC. For
underlabeled samples, the time of incubation was decreased to
30 min. The solution was dialyzed against low salt buffer [10 mM
3-(N-morpholino)propanesulfonic acid (MOPS), 0.2 mM EGTA,
2 mM MgCl2, 20 mM KCl, pH 7.0] to induce the precipitation of
filaments, which were obtained by centrifuging at 10,000 g for
10 min. The pellet was rinsed three times with the same buffer.

The reconstituted myosin pellet was either dissolved in high
salt buffer (0.5 M KCl, 0.1 mM EGTA, 10 mM MOPS, 50%
glycerol, pH 7.5) and used for monomer experiments, or was
resuspended in 35 mM KCl, 2 MgCl2, 10 mM MOPS, pH 7.5
for filament experiments. HMM samples were prepared similarly
to SMM, using Sephacryl S300 HR and without the filament for-
mation step, in 2 MgCl2, 10 mM MOPS, 50% glycerol, pH 7.5
with 35 mM KAc (sites 48, 108) or without any salt (sites 59,

96, and 108). All reconstituted samples were P by gizzard myosin
light chain kinase as previously described (6). Complete phos-
phorylation was verified by 2D gels and by single-turnover
ATPase. Prior to the acquisition of EPR data the proteins were
frozen by plunging into a liquid N2 bath. During acquisition the
protein concentration was typically 50–150 μM. Samples with
greater than 0.7 spins per head contained sufficient spins to
analyze.

The gel filtration steps ensured that the samples did not con-
tain appreciable free labeled RLC as determined by the room
temperature conventional EPR spectra. Free RLC results in
an EPR signal with splitting of 35 Gauss due to motional aver-
aging, bound RLC that moves on ms timescale (6) has a splitting
of 70 Gauss. The largest observed fraction of narrowed spectrum
in the reconstituted samples was 15% of total signal. The free
RLC contributes to the total EPR signal but it does not contri-
bute to either broadening of the spectra or time evolution of the
echo (signals used the determination of distances). At 10–50 μM
free RLC, the distance between the molecules is expected to be
larger than the limits of EPR distance sensitivity. Only at the con-
centrations of 0.5–1 mM did we observe modulation of an echo
from water soluble proteins, e.g control experiments with 100 μM
free RLC confirmed no dipolar coupling between free RLC.

Single-Turnover of Formycin Triphosphate in the Presence of Actin.
Single-turnover assays to measure the rate of phosphate release
from the acto-HMM formycin diphosphate Pi complex was
performed as described at the indicated actin concentration (7).
The temperature was 25 °C and the buffer was 10 mM MOPS
(pH 7.0), 150 mM NaCl, 0.1 mM EGTA, 0.4 mM MgCl2,
1 mM DTT.

EPR Spectroscopy. Room temperature (298 K) cw-EPR spectra
recorded on an EMX series spectrometer (Bruker Biospin, Bill-
erica) were used to estimate the labeling efficiency. Low tempera-
ture (150 K) cw-EPR and double electron electron resonance
(DEER) (at 65 K) were recorded on a Bruker Elexys 680
equipped with a Bruker dielectric ring resonator (Bruker, ER
4118X-MD5). Glycerol (25% final concentration) was added
to the sample to ensure a homogeneous distribution of protein
by avoiding water crystallization-induced phase separation. Sam-
ples were transferred into 4∕3.2 mm o.d./i.d. quartz capillaries
and flash frozen in liquid nitrogen. Instrumental parameters for
cw experiments were: 9.7 GHz frequency, 0.02 mW microwave
power, 1 G modulation amplitude, 100 kHz modulation fre-
quency, 21 ms time constant, 41 ms of conversion time, 1024
points/scan and sweep width between 200 and 300 G. For four-
pulse DEER experiments, the temperature was set to 65 K and
the dielectric resonator was over coupled (low Q factor) for
obtaining a broad resonator resonance line and minimizing the
interference between the ringing coming from the pulses and
our signal (8). The pumping frequency was set to the central
manifold of the 14N spectrum whereas the observing frequency
was located on the low field shoulder of the nitroxide signal, with
a 60–70 MHz downfield from pumped position. This arrange-
ment maximizes the fraction of coupled spin as well as minimizing
the orientational selectivity (9, 10). Shot repetition time was
set within 2–3 ms and typical π∕2 pulse length was 16 ns with
π electron electron double resonance pulse length of 32 ns.

Analysis of EPR Data. Cw-EPR and DEER data were analyzed
using CWdipFit and DEFit dipolar broadening programs devel-
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oped in our laboratory. Both programs assume models of multi-
Gaussian shaped distance distributions between spins and utilizes
Simplex/Monte Carlo curve fitting to actual data. The back-
ground subtracted DEER signals are fitted to the function (8):
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The variables μB, g, and h are Bohr magneton, g-factor and Planck
constant, Io is initial echo amplitude, θ is the angle between the
interspin vector and magnetic field. The two parameters of inter-
est here are r the distance between the spin and Δr the width of
distribution. The Student F test was applied to determine the
number of Gaussians needed to fit the experimental curves.
For detailed information see ref. 11. All data analysis were per-
formed with the same evolution time (2 μs), as well as an analo-
gous stretched exponential baseline subtraction. The evolution
time between the π pulses was varied for many samples between
T2 and 2 � T2 relaxation time to ascertain no changes in the es-
timated distances due to limited evolution time (Fig. S7). The
fraction of the signal used for the baseline estimate was routinely
varied to avoid its influence on the estimated distances (Fig. S7).
For all spectra the modulation depth was more than 2%, which is
the limit of the amplitude of the DEER signal due to potential
aggregation as measured in singly labeled samples and samples
precipitated with ammonium sulfate. An underlabeled mutant
(30%) was used as a single-labeled reference (one RLC labeled),
in which the probability of double labeling (two RLC labeled) was
approximately 9%.

Effects of Mutations on Phosphorylation-Dependent Regulation of the
ATPase.To date approximately 50 different point mutations of the
RLC of SMM and HMM have been studied with regard to reg-
ulation of the actin-activated ATPase (6, 12–17). These mutations
represent sites distributed over the entire surface of the subunit.
The general conclusion from these and other studies is that point
mutations have little effect, even if the mutant is a cysteine mu-
tant labeled with an extrinsic probe such as a fluorophore, photo-
cross-linker, or spin probe (6, 12–17). The mutations have similar
negligible effects in both HMM and SMM, because both are
regulated proteins containing the same head domains with the
same RLC and ELC subunits.

Here we check and confirm the above and show that three of
the constructs studied here, S59C, T96C, and C108, also had
normal regulation of the actin-activated ATPase activity (see
Table S1) as determined by a single-turnover transient kinetic as-
say (16). The turnover rates for the unphosphorylated reconsti-
tuted samples reflected full inhibition and were similar to native
SMM or HMM. Transients from the phosphorylated samples
were fit to two exponentials. The effect of phosphorylation was
essentially the same as found in our previous study for native
SMM (13) using a similar reconstitution procedure. Thus, the
reconstitution procedure itself, or the presence of the labeled
mutated RLC did not alter the phosphorylation-dependent reg-
ulation of the ATPase activity. Other sites used in this study have
been previously studied and shown to retain full regulation when
labeled with various probes (see Table S1). Sites 31, 38, and 48
were not measured because the activity was not expected to be
perturbed by mutagenesis/labeling. They are nonconserved ami-
no acids with side chains exposed to the surface but not interact-
ing with the other RLC in the Wendt model.
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Fig. S1. EPR data for SMMmonomers. Buffer is 0.5 M KCl, 0.1 mM EGTA, 10 mMMOPS, pH 7.5. Left group, uP; right group, P. For each sample, the DEER signal-
time evolution of the echo (Left), best fits (Left, solid line) corresponding to the Gaussian distance distribution in the Right panel. The interspin distance range
predicted by Metropolis Monte Carlo minimization (MMCM) is shaded (dark area).

Fig. S2. EPR data for HMM. Left group, uPHMM; center group, pHMM; right group, uPHMMþ 2 mM ATP. For each group, the dipolar evolution (Left) with
best fits (Left, solid line) corresponding to the Gaussian distance distribution in the Right panel. Samples were in 0 or 35mMKAc (see SI Materials andMethods).
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Fig. S3. EPR data for uP SMM filaments. Samples were in 35 mM KCl or 35 mM KAc (See SI Materials and Methods) without (left group) or with (right group)
ATP. Dipolar evolution (Left) with best fits (solid line) corresponding to the Gaussian distance distribution in the Right panel. (See Fig. 2 for label definitions.)

Fig. S4. DEER distances as a function of (A) background subtraction (fraction of total signal used to estimate background); and (B) DEER evolution time
normalized to spin-spin relaxation time T2. Distance values are normalized to the longest value in each model compound: (A) The ▴ biradical with spin separa-
tion of 38 Å; ▪ estrogen receptor, distance 30 Å,◊ RLC 96 short (34 Å) and ω long (43 Å) distances respectively; (B) ▴ biradical −38 Å; ▪ estrogen receptor 30 Å,
○ RLC 108 49 Å, ▵ myosin S1 subfragment of Dictyostelium disc. Thirty-eight Å; ◊ C1C2: myosin binding protein, 55 Å. For visualization, some of the points
were offset on the x-axis by 0.02 to avoid overlap.

Fig. S5. Comparison of modeled structures using EPR constraints versus EMmodel. Free head of theWendt model is blue and blocked head is red. Light chains
have been omitted for clarity. The dark gray and white ribbons depict our attributed off- and on-state blocked head positions, respectively, both at χ2 ¼ χ2min.
Note the close similarity of our off state with the EM model. The ribbons show the MD in the original Wendt “bent” configuration for clarity, but our data do
not stipulate this. Our data stipulate the position of the lever arm only. The on model is generated by a complex rotation and a twist that can be approximated
by 110° rotation about the axis depicted in green. The yellow and orange balls show the positions of the top of the MD (residue 560) for all solutions for which
χ2 < 2χ2 min for the off and on models respectively, again assuming that the MD adopts the blocked conformation. Green asterisk shows position of K791 of
HC. The model on the left was rotated by 90° to generate the orthogonal view of the model (Right).
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Fig. S6. Comparison of observed distance distribution widths to those predicted byMMCMusing Protein Data Bank (PDB) ID code 1I84. The line represents the
1∶1 correspondence between the predicted and observed values expected for rotamer distribution. Monomeric and filamentous states are represented by
open and filled symbols respectively. The filament data were offset by 2 Å in with respect to corresponding monomers for visualization purposes. Similarly the
values for sites 23, 31, 48, and 96 were offset to avoid overlap with each other. Labeled site key: x, 23; blue x, 31; •, 38; ▪, 48; gray square, 59; ♦, 96; ▴, 108.

Fig. S7. Effect of number of distance restraints on modeling. (A) Two subunits of the cdb3 crystallographic dimer (from PDB ID code 1HYN). The actual
structure is shown in red and blue and the best fit obtained by our model on the red structure is shown in gold. (A and B) Illustrate the poor/excellent agree-
ment obtained with 4∕7 restraints, respectively. (C) The rmsd is plotted as a function of the number of distance restraints used to probe the dimer (Fig. S5).
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Table S1. ATPase data for myosin with point mutations on the RLC

uP P*

Sample† Actin (μM) Rate‡ (s−1) Fractionalamplitude (%) Rate‡ (s−1) Fractionalamplitude (%)

SMM(native unlabeled) 5 0.001 100 0.001 71
0.114 29

12.5 0.001 100 0.010 31
0.178 69

SMM (WT, C108) 5 0.001 100 0.0016 68
0.109 32

SMM S59C 5 0.001 100 0.004 70
0.095 30

SMM T96C 12.5 0.001 100 0.004 29
0.155 71

HMM (native unlabeled) 5 0.004 100 0.12 60
0.52 40

HMM (WT, C108) 5 0.005 100 0.08 63
0.45 37

HMM Q15C labeled with benzophenone-iodoacetamide, normal regulation (1)
HMM A23C
HMM S59C
HMM C108
HMM C108 labeled with 3-(5-f luoro-2,4-dinitroanilino)-PROXYL spin probe; normal regulation (2)
HMM G165C
SMM C108 labeled with InVSL spin label; normal regulation (3)

labeled with biotinylated benzophenone-iodoacetamide; normal regulation (4)
labeled with benzophenone-iodoacetamide; fully inhibited in the uP state (5)

The first 4 entries in this table show data from this study using the single-turnover kinetic assay. Also listed are data from similar
studies relating to the other mutants used in this study
*For phosphorylated (P) samples, the data was best fit to two exponentials, giving two rates and their fractional amplitudes. See
ref. 6 for a plot of the actin-dependence of the turnover rates for native HMM.

†All samples were labeled with MTSSL unless otherwise indicated. WT, wild-type.
‡Each value is the average of at least three measurements. Variations in both the rates and the fractional amplitudes were
approximately �5%. Total amplitudes of all measurements were similar.

1 Wu XD, Clack BA, Zhi G, Stull JT, Cremo, CR (1999) Phosphorylation-dependent structural changes in the regulatory light chain domain of smooth muscle heavy
meromyosin. J Biol Chem 274:20328–20335.
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Table S2 Summary of EPR data and modeling results

RLC site

Modeled
parameters

from MMCM* Sample† Phosphorylation‡ ATP‡ EPR parameters§ Modeled state

rave (Å) Δ (Å) rave (Å) ± Δ (Å) ±
15 NA NA monomers — — 30 5 28 12 —

p — 41 5 38 10 —
23 43 4 monomers 44 5 33 7 off/on
31 11 4 momomers — 10(50%)¶ 1 5 2 off

27(50%) 5 35 7 on
38 11 2 monomers — — 15(50%) 1 8 4 off

34(50%) 3 45 5 on
P no broadening¶

P — 38 3 42 6
filaments — — 44 4 43 7

— +ATP 40 3 36 7
HMM — — 46 2 34 4

48 36 4 monomers — — 44 3 42 4 off/on
filaments — — 45 5 43 8

— +ATP 44 6 41 11
HMM — — 36 4 27 7

P — 39 4 28 5
— +ATP 38 4 26 7

59 30 16 monomers — — 30(67%) 2 14 4 off
50(33%) 6 35 9 on

P — 28 5 24 11
filaments — — 37 6 38 8
HMM — — 32 4 41 7

P — 30 4 45 7
96 36 4 monomers — — 34(31%) 2 4 2 off

43(69%) 2 19 3 on
P — 42 4 26 8

filaments — — 41 3 29 5
HMM — — 36(45%) 3 6 3

40(55%) 3 33 9
P — 50 4 37 9
— +ATP 36(45%) 2 4 3

43(55%) 3 24 7
108 49 6 monomers — — 51 2 31 4 off/on

filaments — — 49 6 35 10
— +ATP 46 5 40 8

HMM — — 44 4 43 8
P — 38 3 34 6
— +ATP 38 4 40 8

165 NA NA monomers — — 43 2 23 3 —
filaments — — 38 4 23 8

— +ATP 37 4 26 6

*rave and Δ designate the spin-spin distance and distance distribution width, respectively. The uP HMM structure (PDB ID code 1I84) fromWendt et al.
(1) was used here except for A23C where the calcium-free scallop myosin RD (2) (PDB ID code 3JTD) was used. The most probable rotamer
conformations for MTSSL on the RLC were found using MMCM for each of labeled sites. Note that the distance distribution width is much
smaller than the widths measured by EPR.

†Monomers and filaments refer to SMM under high and low salt conditions, respectively. Filaments were formed in the presence of 35 mMKCl. For sites
48, 108, and 165, filaments were also formed in the presence of 35 mMKAc (KCl data are quoted here). The differences in the results with the two salts
were found to be smaller than the measurements errors. HMM samples were prepared in 35mMKAc (sites 48 and 108) or without any salt (sites 59, 96,
and 108), 2 MgCl2, 10 mM MOPS, 50% glycerol, pH 7.5.

‡P (P) or not (-), in the presence (þATP) or absence (—) of 2 mM MgATP.
§The � symbol indicates 67% confidence limit. The values in parentheses refer the relative fractions of the double Gaussian populations.
¶Only for site 31 and 38 in monomers have we observed an appreciable broadening of conventional spectra. For all other sites the distances quoted are
from DEER experiments. Coupled spins (spin labels that see each other) broaden the conventional spectra of uncoupled spins if they are at a distance
smaller than 20 Å. Above this distance the effect is too small to observe but can be extended to a range of 20–70 Å using pulsed EPR DEER.

1 Wendt T, Taylor D, Trybus KM, Taylor K (2001) Three-dimensional image reconstruction of dephosphorylated smooth muscle heavy meromyosin reveals asymmetry in the
interaction between myosin heads and placement of subfragment. Proc Natl Acad Sci USA 98:4361–4366.

2 Studier FW, Moffatt BA (1986) Use of bacteriophage-T7 RNA-polymerase to direct
selective high-level expression of cloned genes. J Mol Biol 189:113–130.
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