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In this experiment, fluorescent N- (1-pyrenyl)

iodoacetamide modified the two reactive thiols, SH1 (Cys

707) and SH2 (Cys 697) on myosin to detect SH1-SH2 α-helix

melting. The excimer forming property of pyrene is well

suited to monitor the dynamics of the SH1 and SH2 helix

melting, since the excimer should only form during the

melted state. Decreased anisotropy of the excimer relative

to the monomeric pyrene fluorescence is consistent with the

disordering of the melted SH1-SH2 region in the atomic

model. Furthermore, nucleotide analogs induced changes in

the anisotropy of the excimer, suggesting that the

nucleotide site modulates the flexibility of SH1-SH2

region.
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INTRODUCTION

Myosin produces force by converting the chemical

energy of ATP into mechanical work. Myosin, by hydrolyzing

ATP, provides the energy necessary for muscle contraction.

The essential features of this complex mechanism are rapid

binding of ATP to myosin and subsequent hydrolysis of ATP

into ADP and Pi, followed by a stepwise release of first Pi

and then ADP. It is believed that ATP hydrolysis induces

conformational changes in the myosin head that result in

force generation. During the conformational changes,

several transition states are created in the myosin head

for cyclic interaction with actin and force generation,

which are illustrated in Fig. 1.

At a salt concentration approximating physiological

conditions, myosin aggregates to form bipolar thick

filaments with a central bare zone, due to the coiled coil

interactions of the myosin rod region. The catalytic and

actin-binding properties of myosin reside in the water-

soluble S1 heads. Without the insoluble properties of the

myosin rod region, S1, having enzymatic and structural

features of the native myosin, has been widely used for

experiments. A number of subfragments of myosin can be
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Fig. 1. The simplified step scheme for myosin-catalyzed

hydrolysis of ATP in the presence of Mg2+ with the

interaction of actin. M1-M8 represent transitional

conformational states of myosin, A is actin, Pi is

inorganic phosphate, A•M is actomyosin. The process of ATP

hydrolysis in the presence of actin and myosin occurs as a

cycle in which actin can bind to and dissociate from myosin

at different step. Pi loss is rate limting step, so the

predominant steady state intermediate is the M5•ADP·Pi step.

M•ATP and M•ADP·Pi states are weak binding state for actin,

so most of myosins follow the M3•ATP → M5•ADP·Pi pathway

rather than the A•M4•ATP ↔ A•M6•ADP·Pi pathway.
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obtained by limited proteolytic digestion. Digestion with

trypsin results in light meromyosin (LMM), which like the

rod retains the polymerizability of myosin, and in heavy

meromyosin (HMM), which consists of the two myosin

subfragment-1 (S1) heads attached to the flexible

subfragment-2 (S2) region, which is illustrated in Fig. 2.

Single headed HMM and single headed myosin have also been

prepared by limited digestion of myosin with papain.

Recent X-ray crystallographic structures of the myosin

head complexed with Mg-ADP exhibit striking features not

observed in numerous other myosin atomic models (Houdusse

et al., 1999). These striking features seen in this novel

conformational state of scallop myosin subfragment S1 are

that the SH1-SH2 helix is unwound and the lever arm has an

usual orientation accompanied by a distinctive position of

the converter region (Fig.3), when it is compared with the

previous crystal structures of chicken striated S1 (Rayment

et al., 1993), the chicken smooth MDE-AlF4-S1 (Dominguez et

al., 1998) and a variety of structures of Dictyostelium S1

(Fisher et al., 1995). No other structure accounts for the

significant biochemical covalent crosslinking of the 19 Å

apart reactive cysteines, SH1 (Cys 707) and SH2 (Cys 697)

with 3-14 Å spanning reagents (Burke
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Fig. 2. Schematic drawing of myosin’s primary structure.

Papain digests myosin between S1 and S2. Chymotrypsin

cleaves myosin between S2 and LMM. Trypsin digests the 95 K

S1 heavy chain into 50 kDa, 25 kDa, and 20 kDa fragments,

by first cleaving between the 50 kDa and 20 kDa junction.

The cleavage site is indicated by arrow in this figure. ELC

and RLC represent essential light chain and regulatory

light chain, respectively.
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Myosin Subfragment 1
Catalytic domain
Nucleotide Cleft
SH1-SH2 Helix

Converter region
Neck region



8

Fig. 3. Backbone diagram of the structure of scallop S1

(right; Houdusse et al., 1999) complexed with Mg-ADP (Cyan)

compared to backbone diagram of the chicken striated S1

(left; Rayment et al., 1993). The structures are oriented

so that the lower 50 kDa subdomains superimpose. Note that

the converter and the lever arm adopt very different

positions in the two structures. SH1 (red) and SH2 (violet)

are 19 Å apart in skeletal S1, whereas SH1 helix is

disordered in Mg-ADP scallop S1. SH1 of Mg-ADP scallop is

not shown because it is highly disordered.
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et al., 1977 and Wells et al., 1980) or the formation of a

disulfide bond between SH1 and SH2 upon oxidation with

cobalt (Wells and Yount 1979). The stabilities of the SH1

helix are suggested to be affected by ATP hydrolysis and to

be linked with lever arm movement, which also may allow

crosslinking between SH1 and SH2.

Fluorescence spectroscopy has provided a powerful tool

for the studies of biological systems. The excitation and

emission spectra of intrinsic, extrinsic and prosthetic

chromophores can give information on the protein

conformation, ligand binding, and the accessibility of the

chromophore to quenchers. Absorption of specific

wavelengths of electromagnetic radiation causes the

transition of an electron to a higher energy state,

represented by the transition from S0 to S2 in Fig. 4. This

process occurs rather rapidly compared to other processes,

taking approximately 10-15 sec, and the positions of the

nuclei of the molecule do not change during this time.

Because the cloud of electron density is different in the

excited state, the nuclei of the excited molecule as well

as charged groups in the surroundings are no longer in

their equilibrium positions. These groups relax to their

new equilibrium positions in a radiationless transition, S2
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Fig. 4. An energy level diagram schematically indicating

the electronic states for a fluorophore. S2 and S1 represent

singlet excited electronic states, and S0 is the ground

state. The straight arrow lines represent the absorption of

photons or their fluorescence. Excitation energy may also

be dissipated in radiationless processes such as internal

conversion (dash lines). Excited dimers are formed when two

monomers are in a close proximity.
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to S1, that requires approximately 10
-12 sec to complete.

Several processes now compete for the transition from the

lowest excited state back to the ground state as shown in

Fig. 4. The excited state can decay with the emission of

photons (fluorescence) or its energy can be dissipated into

molecular vibrations in a nonradiative transition known as

internal conversion (heat). Alternatively, the spin of an

electron can flip, giving rise to a triplet excited state

(intersystem crosslinking) that can decay via the emission

of photons (phosphorescence) or by internal conversion. The

competing processes with emission, like internal

conversion, excited state electron transfer and intersystem

crosslinking, nonradiative processes, result in a decrease

in the fluorescence intensity, and influence the

fluorescence lifetime.

Light can be described as having characteristics of

both particle and wave phenomena. As a wave, light has two

components, electric (E) and magnetic (H), which travel in

space perpendicular to one another (Fig 5). The

instrumental set up for measuring fluorescence polarization

is shown in Fig 6. The polarization of the fluorescence can

be used to measure the rate of probe rotations and to
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Fig. 5. An electromagnetic light wave with electric field

vector E in the x-y plane and magnetic field vector H in

the x-z plane. In natural or lamp light, vector E and H are

distributed 360 ° around x axis when light travels in x axe.

X-y plane polarized light is shown here.
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Fig. 6. Instrumental approach for measuring fluorescence

polarization. Plane polarized excitation light is generated

by passing light through a polarizer. This plane polarized

excitation light is absorbed maximally by fluorophore whose

absorption dipole moments are oriented parallel to the

plane of excitation light. This results in only a certain

sub-population of fluorophores being excited

(photoselection). Fluorescence emitted from the fluorophore

is measured both parallel (I║) and perpendicular (I┴) to the

plane of the polarized excitation light. Molecular movement

causes the decrease of the amount of emission oriented

parallel to the plane of the exciting light and a reduction

in the measured anisotropy.
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define the orientations of chromophores. The probability

that a molecule absorbs light is maximized for those

molecules whose absorption dipoles are aligned along the

direction of the polarization of the excited light. The

properties of the emitted light are governed by the

emission dipole. The electric vector of the emitted light

is constrained to lie in a plane defined by the emission

dipole and the direction of propagation. These properties

allow one to determine the orientation of fluorophores that

are rigidly attached to target molecules. When the

fluorophores are attached to molecules that are rotating in

solution, measurements of fluorescence polarization can be

used to determine their rate of rotation. In practice, what

is done is to measure the emitted light that is parallel or

perpendicular to incident polarized light. Taking the

intensities of these two beams as I║ and I┴, the

polarization (P) and anisotropy (A) are defined by

P=(I║ - I┴)/(I║ + I┴), A=(I║ - I┴)/(I║ +2 I┴), A=2/3[1/P-1/3]

For the totally rigid system, P=1/2 and A=2/5. These

are maximum values of polarization and anisotropy possible

under any circumstance and indicate that the probe is

completely rigid. In contrast, an anisotropy or
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polarization value of 0 indicates rapid rotation of the

probe.

N-(1-pyrenyl) iodoacetamide that was used to modify

SH1 and SH2 in this experiment undergoes the reaction

illustrated in Fig. 7. Pyrene is a fluorophore that has

four rings and has a special spectral property that it can

form an excited dimer, called an excimer, when two monomers

are in close proximity (within about 1-2 Å). An excimer is

formed if an excited pyrene monomer, during its

fluorescence lifetime, interacts in a specific manner with

neighboring ground (unexcited) states of pyrene. Upon

excitation of the absorption band of pyrene (λmax= 340-343

nm) an excited monomer is produced. During its lifetime,

>90 nsec in the absence of oxygen, the excited monomer can

rotationally diffuse near its neighbor ground state pyrene,

and if unhindered, an excited state dimer with precise

symmetric configuration can be formed. The excimer emits

fluorescence with a red-shifted unstructured spectrum,

because it originates from a lower energy excited state

than the excited monomer and dissociates while remaining

tethered on returning to the ground state. The excimer

produces fluorescence at 480 nm, compared to 405 nm

emissions by the monomer. This property can be used to
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Fig. 7. N-(1-pyrenyl) iodoacetamide reaction for cysteine

modification. The thiol group of a Cys residue usually

ionizes at slightly alkaline pH values with an intrinsic

pKa in the region of 9.0 to 9.5. The thiolate anion formed

is very reactive with alkyl halides, such as iodoacetate

and iodoacetamide, to give the stable alkyl derivative.
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investigate the proximity and interaction between the

labeled sites.

The hydrophobicity of pyrene sometimes causes it to

bind or stick to the target molecules in a noncovalent,

nonspecific way. The presence of a noncovalently bound

label in the protein solution may lead to extrinsic excimer

fluorescence, complicating interpretation, when two

nonspecific pyrene-bound molecules are in a close

proximity. Therefore, exhaustive dialysis is required, and

the removal of free pyrene can be monitored by

polyacrylamide gel electrophoresis by detecting blue

fluorescence migrating with the front.

Compared with previous covalent crosslinking studies,

in this study the SH1-SH2 helix melting was determined by

noncovalent excimer formation of pyrene and various

nucleotide analogs were added to see the effects.

Furthermore, anisotropy changes were also determined to

detect the dynamic properties of the melted states. By

following the experimental procedures (Fig. 8), we can

demonstrate the dynamic properties of the melted SH1-SH2

helix shown by chemical crosslinking and the x-ray crystal

structure of scallop myosin.
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Purification of S1

Prepare rabbit back muscle

↓

Grind muscle and filter through cheesecloth

↓

Allow actin aggregation at high salt overnight

↓

Prepare myosin by centrifugation of supernatant at low salt

↓

Prepare S1 with papain digestion of myosin

↓

Further purify S1 over a DEAE column

A
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Fluorescence labeling and analysis

Label S1 with pyrene iodoacetamide overnight

↓                        ↓

Determine the [pyrene]/[S1]  Verify modification sites

↓

Excite pyrene at 344 nm

↓

Scan emission of pyrene (405 nm) and its excimer (480 nm)

↓

Measure fluorescence anisotropy of pyrene monomer and dimer

↓

Analyze results

B
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Fig. 8. Experimental design to demonstrate the dynamic

properties of SH1-SH2 helix. S1 purification steps are

shown in Panel A and labeling and analysis steps are shown

in panel B. Note that in the verification of modification

sites step in panel B, labeling of SH1 and SH2 are

confirmed by SDS PAGE with limited digestion of S1 and

reactivity of SH1 and SH2 was checked by Ca2+ ATPase assay.
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MATERIALS AND METHODS

Reagents. N-(1-pyrenyl) iodoacetamide was from Molecular

Probes (Eugene City, OR). ATP was purchased from Research

Organics, Inc. (Cleveland, OH). ADP and other phosphate

analogs (aluminum chloride, beryllium, sodium orthovanadate

and sodium fluoride), tripsin and tripsin inhibitor were

purchased from SIGMA (St. Louis, Mo).

Proteins. Rabbit skeletal myosin was prepared as described

by Godfrey and Harrington (Godfrey et al., 1970).

Subfragment 1 (S1) was prepared by digestion of myosin (20

mg/ml) in 0.1 M KCl, 2 mM MgCl2, 10 mM imidazole, pH 7.0

with 0.05 mg/ml papain (SIGMA) for 10 min at 22°C. Digestion

was terminated by adding 50 µl/ml of trans-epoxysuccinyl-l-

leucylamido (4-guanidino)-butane (SIGMA), which reacts with

thiol groups of cysteine proteinases (Barrett et al.,

1982). The digested myosin was dialyzed against 40 mM KCl,

10 mM imdazole, pH 7.0, for 10 hrs and centrifuged for 1 hr

at 4°C in a Beckman TLA 100.3 rotor at 47,000 rpm.  The

concentration of the S1 (supernatant) was determined

spectrophotometrically by using an extinction coefficient

of E1%280nm= 7.5 cm
-1 (Wagner and Weeds, 1977) and M.W.=

115,000 Da. S1 was further purified over DEAE cellulose

(SIGMA) with a linear KCl gradient, using FPLC (Pharmacia
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Biotech) and elution profile is shown in Fig. 9. Rabbit

skeletal actin was purified as described by Straub and

Feuer (Straub et al., 1950).

Pyrene Modification. Purified S1 (10 µM) in 0.15 M KCl, 10

mM imidazole, pH 7.0 was incubated with a 30-fold molar

excess of N-(1-pyrenyl) iodoacetamide (dissolved initially

at high concentration in DMF so that the final amount of

organic solvent was below 3% in the reaction mixture),

various nucleotide analogs and actin at 10 °C overnight to

see the effects of nucleotide analogs and actin on

modification ratio. The excess pyrene was removed by gel

filtration (Sephadex G-25 (SIGMA) in a HR-10/10 column

(Pharmacia)) using FPLC (Pharmacia Biotech). The buffer

also was exchanged with 0.1 M KCl, 20 mM Tris-HCl, pH 7.0

due to fluorescence of the imidazole buffer (Fig. 10). The

amount of bound N-(1-pyrenyl) iodoacetamide was determined

from absorbance at 344 nm using A344= 2.2×104 M-1cm-1 (Kouyama

et al., 1981) and S1 concentration was determined using A280,

corrected= (A280-0.88×A340), E1%280nm= 7.5 cm-1 and M.W.= 115,000

Da, in which 0.88 is the absorbance contribution of pyrene

at 280 nm measured using free N-(1-pyrenyl) iodoacetamide

as a reference. Because nucleotide analogs and actin
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Fig. 9. Elution profile of papain digested S1 over a DEAE

column. Absorbance (solid) and conductivity (dash) are

shown. Right y-axis corresponds to the % of elution buffer

(1 M KCl, 10 mM imidazole, pH 7.0). First two peaks

correspond to S1A1 and S1A2 isozymes, respectively. S1A1

was collected for the experiments.
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Fig. 10. Emission scan of various buffers with 344 nm

excitation under the same conditions. The peaks at 390 nm

arise from Raman light scattering. The fluorescence of

imidazole buffer is due to an impurity in imidazole, which

corresponds to 0.3% of β-NADH. The fluorescence of 20 mM

Tris and 20 mM Hepes buffers at 405 nm and 480 nm was

negligible.
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cause the decrease in modification ratio (Table 1), which

may be caused by suppression of SH1 or SH2 modification,

the modification was done without nucleotide analogs or

actin to maximize modification ratio. The modification

ratio ([pyrene]/[S1]) was 1.8.

Ca2+ATPase Assays. Ca2+ ATPases of pyrene iodoacetamide

labeled S1 were performed by the malachite green phosphate

assay. Aliquots (2 μl) of pyrene iodoacetamide (1 mM) in

DMF were mixed with 200 μl of S1 (1 μM) in 5 mM CaCl2, 40 mM

KCl, 10 mM imidazole, pH 7.0, for 5 min, 10 min, 20 min and

30 min. The modification was terminated by 2 μl of DTT (10

mM) and 2 μl of ATP (100 mM). After 5 min of ATP

hydrolysis, the reaction was stopped by adding 0.6 ml of

sulfuric acid (5 N) and then 0.2 ml of 15 % ammonium (w/v)

diluted four fold with malachite green stock. Absorbance

was read at 630 nm after 5 min. Each time a control blank

was used for acid induced ATP hydrolysis. The standard

curves of Ca2+ ATPase activity also were determined to

estimate the released Pi concentration.

Protein Mapping of Modification Sites. The modified sites

were determined by limited tryptic digestion of pyrene

modified S1 and SDS PAGE (Fig. 11). Pyrene modified S1 (4
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Table 1. Modification ratio changes by nucleotide analogs

and actin binding.

ADP AlF4 BeFx VO4 Actin No ATP

[pyrene]/[S1] 1.5 1.00 1.15 1.02 0.8 1.4
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Fig. 11. Coomassie blue staining (left) and fluorescence

filtered image of the same gel. The gel has two separating

(10% (upper) and 15% (lower) acrylamide) components for

better separation of low and high molecular weight

fragments. Myosin (a), S1 (b), trypsin digested S1 (3 min

(c), 6 min (d)), which have 75 kDa, 50 kDa, 25 kDa, 20 kDa

fragments. LC-1 is slightly digested by papain. Only SH1

and SH2 containing fragments were fluorescent.
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µM) was digested with trypsin (0.02 mg/ml) in 0.1 mM KCl, 20

mM Tris-HCl, and 1 mM MgADP, pH 7.0, for 3 min and 6 min at

22°C, and then the reaction was terminated with trypsin

inhibitor (0.06 mg/ml). Under these conditions, the heavy

chain was fragmented into 75 kDa, 50 kDa, 25 kDa and 20 kDa

fragments as determined by SDS PAGE (Fig. 11). Before

staining with Coomassie blue, fluorescent bands were

visible on the UVP transilluminator and a 400

nm-440 nm interference filtered COHU MODEL 4915 integrating

CCD was used to record the contrast adjusted, 50 frames-

averaged pyrene fluorescence gel image. The background

image under the same conditions was subtracted, using NIH

Image software. Only SH1 and SH2 were modified by N-(1-

pyrenyl) iodoacetamide, as indicated by Fig. 11.

Fluorescence Measurements. Pyrene fluorescence emission

spectra were measured by the SLM AMINCO Bowman Series 2

luminescence spectrometer, with excitation at 344 nm. The

emission peaks at 405 nm and 480 nm correspond to monomer

and excimer fluorescence, respectively. Light scattering

was detected at 389 nm. Buffer background fluorescence was

measured first for the control (Fig. 10). The fluorescence

of 10 mM Tris-buffer and other nucleotide analogs at their

final concentrations (0.5 mM ADP + 2 mM Mg2+, 0.5 mM ADP +
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0.1 mM Al3+ + 5 mM NaF + 2 mM Mg2+, 0.5 mM ADP + 0.1 mM Be+ +

5 mM NaF + 2 mM Mg2+, 0.5 mM ADP + 0.2 mM Vi+ + 2 mM Mg2+, 1

mM ATP + 2 mM Mg2+, or 5 µM actin in 2 mM Mg2+, respectively)

are negligable even at high voltage photomultiplier

settings. All fluorescence intensities were corrected for

instrumental errors and normalized to the intensity of S1

with MgADP. The bandpass and bandwith were set to 4 nm. In

addition to the fluorescence intensity of pyrene,

anisotropy at 405 nm and 480 nm with 54.7° rotated (to

correct polarization artifacts by simulating unpolarized

light), polarized light emission were also measured under

various conditions.
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RESULTS

SH1 and SH2 Modification of S1 with N-(1-pyrenyl)

iodoacetamide. The specificity of N-(1-pyrenyl)

iodoacetamide labeling at SH1 and SH2 was checked to ensure

selective incorporation of the fluorescent dye into these

groups. Fig. 11 shows that when the S1 heavy chain is

digested with trypsin, the 95 kDa S1 heavy chain was

cleaved into 20 kDa and 75 kDa fragments at an early stage

of digestion, and then the 75 kDa fragment was further

digested (decrease in density) to 50 kDa and 25 kDa

fragments. The 50 kDa fragments and 25 kDa fragments band,

which was diffuse, increased staining with digestion time

was readily observed, which is consistent with previous

reports (Balint et al., 1978, Mornet et al., 1979 and

Yamamoto et al., 1980). The fluorescence band of pyrene is

found in the 20 kDa fragment. The absence of fluorescence

in the 75 kDa confirms the specificity of the 20 kDa

fragment labeling. These results are consistent with

previous reports (Balint et al., 1978, Yamamoto et al.,

1980, Sutoh et al., 1981). The specificity of N-(1-pyrenyl)

iodoacetamide labeling at SH1 and SH2 on myosin can also be

checked by measuring Ca2+ ATPase activity (Fig. 12) with the

standard curve (Fig. 13). Previous Ca2+ ATPase assays with
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Fig. 12. Ca2+ ATPase assay of pyrene iodoacetamide modified

S1. Ca2+ ATPase activity was checked by released Pi

concentration. The initial increase of Ca2+ ATPase is due to

SH1 labeling and the decrease with time corresponds to SH2

modification.
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Fig. 13. Standard curve of Ca2+ ATPase assay. The linear R2

factor was 0.998. The initial Ca2+ ATPase of purified S1 was

4 S-1. By modification of S1, Ca2+ ATPase increased up to

200%.
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pyrene modification on myosin also show that Ca2+ ATPase

increases at low modification ratios and then decreases as

labeling ratio increases, suggesting that SH1 is more

reactive than SH2 (Ikkai et al., 1986), which also agrees

with Fig. 12. Therefore, at the 1.8 labeling ratio almost

all of SH1 was modified with pyrene and 80% of SH2 should

be labeled.

Fluorescence Measurements. Before measuring the

fluorescence intensity at 480 nm, the concentration of S1

needs to be considered. The previous data about excimer

formation of pyrene reported that the 480 nm fluorescence

depends not only on the SH1 and SH2 modification ratio but

also on the S1 concentration, suggesting that

intermolecular excimer formation was occurring (Ikkai et

al., 1986). Below the concentration of 4 µM of S1 as used in

this study, the intermolecular excimer formation was

reported to be negligible. Therefore, excimer fluorescence

at 480 nm should occur only when SH1 and SH2 come into

close proximity.

Fig. 14 shows emission spectrum of pyrene at a low

modification ratio (0.9) in which pyrene hardly forms a

dimer because only SH1 is primarily modified. At high

modification ratios (1.8), in which both SH1 and SH2 are
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Fig. 14. The emission scan of pyrene modified S1. With the

excitation at 344 nm, the first two peaks correspond to the

emission of pyrene monomer and the third peak at 480 nm

shows up when intramolecular excimers are formed.
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modified, the 480 nm peak was obvious. The differences

between the nucleotide analog effects on 480 nm

emissions were shown in Table 2. The data were ratioed

because vanadate absorbs U.V. light which gives rise to an

inner filter effect, but the ratios of fluorescence

intensities are still comparable. In all conditions, 480 nm

emission was observed, suggesting that the SH1 helix has

flexibility in all conditions.

Anisotropy Measurements. Table 3 shows the normalized

anisotropy values at 405 nm from monomers and 480 nm from

excimers. The value ranges at 405 nm were 0.09-0.13, which

means pyrene is stable when it is in the monomer state

(probably with intact SH1 helix) compared to the excimer

state with 480 nm emission, whose anisotropy values spanned

from 0.04 to 0.09. Noticeable changes were detected by

adding vanadate or actin at 480 nm. Vanadate, a well known

inorganic phosphate analogue, has been used extensively to

characterize the myosin-ADP·Pi state. It has been proposed

that this complex is conformationally analogous to the

intermediate myosin-ADP·Pi state based on X-ray diffraction

(Goody et al., 1980) and spin label experiments (Wells et

al, 1984). It is clear that S1 with bound ADP·VO4 has

decreased flexibility of the melted SH1 helix (Table 3)
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Table. 2. Fluorescence intensity changes by nucleotide

analogs.

ADP AlF4 BeFx VO4 Actin ATP No ATP

405 nm 100 107±4 107±6 64±5 113±4 107±0 109±8

480 nm 100 98±5 100±2 48±8 95±2 98±0 95±3

480nm/405nm 1 0.91 0.93 0.75 0.84 0.91 0.87

Data are normalized to the signal with ADP bound.
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Table. 3. Anisotropy of SH1 and SH2 labeled pyrene S1.

ADP AlF4 BeFx VO4 Actin ATP No ATP

405 nm 100 85±7 90±9 87±8 81±15 95±11 94±4

480 nm 100 86±5 85±10 152±15 124±19 94±25 88±18

480/405 nm 1 1.01 0.94 1.75 1.53 0.99 0.94

Data are normalized to the anisotropy with ADP Bound. The

405 nm anisotropy values range from 0.09 to 0.13, whereas

480 nm anisotropy values range from 0.04 to 0.09.
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based on anisotropy values at 480 nm. Therefore, multiple

states of the melted helix must exist.
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DISCUSSION

Pyrene iodoacetamide was introduced to two reactive

cysteines (SH1 and SH2) to demonstrate dynamic flexibility

of the SH1 helix by measuring the fluorescence intensity

and anisotropy. For pyrene iodoacetamide-labeled proteins,

the extended distance from the sulfur of the cysteine to

the middle of the pyrene group is about 9 Å. It is

therefore theoretically possible for the excimer

fluorescence to be observed for labeled cysteines that are

at most 20 Å apart. However, in the skeletal myosin

crystallographic structure, the thiols of the two reactive

cysteines are positioned away from each other and there is

insufficient room for the modified pyrenes to reorient

themselves in the intact helix conformation. Therefore, the

excimer fluorescence is observed only when SH1 and SH2 are

completely disordered to allow perfectly symmetrical

configurations as in the melted helix state. ADP, phosphate

analogs and Mg2+ were added to modified S1. ADP with AlF4
-,

BeF3
-or vanadate or ATP and actin were used to mimic a

variety of transition states (Phan et al., 1993), one of

which might have the melted SH1 helix conformation, which

can give flexibility to the converter orientation for the

power stroke. This melted SH1 helix can also allow pyrene
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modified SH1 and SH2 to get closer and form an excimer.

Therefore, if the SH1 helix melts more readily under

certain conditions, the stronger the 480 nm excimer

signals.

The effect of phosphate analogs on the melting of the

SH1 helix in pyrene labeled S1 (Table 2) was MgADP> BeF3-,

AlF4
-, MgATP>No ATP, actin> vanadate which roughly

corresponds to crystallographic evidence that uncovered a

melted helix only with ADP bound. The % difference between

ADP and other nucleotide analogs can’t be directly applied

to calculate absolute rates of melted SH1 helix formation,

although relative changes can be estimated. The pyrene

excimer can produce very high 480/405 intensity ratios

greatly exceeding those measured here which suggests that

the fraction of molecules with melted SH1-SH2 helices is

small under all conditions tested. Note that the nucleotide

analogs can affect by the covalent crosslinking distance.

For example, 5 Å covalent crosslinking reagents have small

increases (2-7 fold increase in the crosslinking rate) in

SH1 and SH2 crosslinking rates compared to 15 Å spanning

reagents (25-270 fold increase) (Lisa et al., 1998). For

formation of the dimer, monomers should be within 1-2 Å,

which reduces the nucleotide effect. It seems that 1-2 Å
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approaches of SH1 and SH2 are low probability conformations

in all conditions. These results are consistent with

previous covalent crosslinking experiments in that

nucleotide analogs increase the crosslinking ratio (Lisa et

al., 1998) and support the novel X-ray crystal structure of

scallop myosin.

The spectral properties of pyrene again allow further

investigations of the dynamic properties of the SH1 helix.

Myosin can serve as a solid surface for anisotropy

measurements of the pyrene chromophore. Fujii et al (1988)

show that anisotropy measurements are possible for pyrene

monomers and excimers when fixed on a solid surface.

Anisotropy is a measurement of the rotational movements of

fluorescent probes. In these experiments, anisotropy values

result from rotational movements of S1 and rotational

movements of pyrene. The rotational movements of S1 should

be almost the same, regardless of the nucleotide analogs

added and will affect the anisotropy of monomer and excimer

to a similar extent. Therefore, rotational movements of

pyrene, which are strongly connected to movement of the SH1

helix, will be the primary factor that affects the relative

anisotropy values. In the case of actin binding, the

anisotropy depends not only on the rotational movements of
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pyrene but also on actin binding, which causes an increase

of the anisotropy. This complication makes it difficult to

measure the changes in the flexibility of the SH1-SH2

region due to actin binding. Previous chemical crosslinking

experiments reported that when SH1 and SH2 are crosslinked,

the affinity of S1 for actin decreases greatly, which

suggests that the anisotropy changes of the excimer in the

presence of actin might reflect dissociated states and that

actin does indeed decrease the flexibility of the melted

SH1-SH2 region (Chalovich et al., 1983).

 The modification of SH1 and SH2 was reported to alter

the properties of myosin subfragment 1. Myosin alone has 3

ATPase activities, K+ ATPase, Ca2+ ATPase, and the

physiological Mg2+ ATPase, which can be greatly accelerated

by the binding to actin. Ca2+ and K+ ATPases have been used

as indicators of chemical modification. SH1-modified myosin

S1 has decreased K+ ATPase activity and increased Ca2+

ATPase activity, whereas SH2-modified myosin S1 has

decreased K+ ATPase activity but doesn’t have changes in

Ca2+ ATPase activity. The modifications of both SH1 and SH2

of myosin subfragment 1 cause a decrease in Ca2+ ATPase

activity. Modification with pyrene iodoacetamide also

alters the activity of myosin S1, which may not allow the
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measurement of the exact, native properties of myosin S1,

but it still allows detection of a number of states that

can be induced by nucleotides and their analogs.

These studies support the recent atomic model of

scallop myosin with the melted SH1 helix and also confirmed

that 1) vanadate and actin binding decreased rotational

flexibility of the melted SH1 helix, 2) melted SH1 helix

states exist in all conditions, and that 3) multiple states

of the melted helix must exist. These results have

significant implications for the complexity of the

molecular mechanism of the power stroke, since it is

possible that multiple conformations of the SH1-SH2 region

can be induced by different nucleotide states and these

conformations underly a signaling pathway at the molecular

level in myosin. For instance, previous covalent

crosslinking studies and this modification study showed

that nucleotide analogs affect SH1 and SH2 crosslinking

ratios and change SH1 and SH2 modification ratio. Those

studies suggest SH1 helix states changes in response to

nucleotide binding states. Then, SH1 helix states can

affect actin affinity, which suggest SH1 helix states

influence actin binding sites.  X- ray crystallography of

scallop S1 shows that nucleotide analogs affect disorder
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and orientation of converter and lever arm through SH1

helix. Therefore, the changes of SH1 helix states are

induced during the communication among ATP binding sites,

actin binding sites and lever arm. Moreover, SH1 and SH2

modifications cause the changes in ATPase and motility of

myosin. Therefore, SH1 and SH2 may mediate the

communications among the actin binding site, ATP binding

cleft and lever arm (Fig. 15). The existence of multiple

melted states of SH1 helix may be required in this

communication pathway during hydrolysis. The finding of

melted states in all conditions may suggest that not only

does ATP binding and hydrolysis steps affect the

conformational changes in the SH1 helix, but also the

conformational changes by the linked heads in the filaments

of myosin may induce the changes in ATP binding and its

hydrolysis steps, that can be transmitted in a cooperative

manner through the thick filament backbone to affect the

lever arm orientation and thereby the SH1-SH2 region’s

conformational state. These induced conformational changes

can influence the ATPase and actin binding cycle.
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Fig. 15. Simplified and superimposed diagram of scallop S1

and chicken striated S1. ATP binding site, actin binding

site and lever arm communicate each other through SH1

helix, whose multiple states are induced during

communication.
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