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ABSTRACT. The electrical properties of contractile proteins contribute to muscle structure and perhaps
function but have not been characterized adequately. Electrophoretic mahility,sensitive to the net

electric charge and hydrodynamic size of a molecule in solution. Zeta potehtadsticle chargeQe,

and particle charge-to-mass ratio are proportionakdoWe measured. for nucleotide complexes of
skeletal muscle heavy meromyosin (HMM) and subfragment 1 (S1). The results indicatefdradd MM

changes depending on the ligand bound in the active site. The changes in electric charge appear to occur
mainly on the S1 moieties. For HMM(MgATE), and HMM(MgADP-P)), the values of«. are—0.077

and —0.17 um/s)/(V/cm), respectively. For these complexesis independent of [ATP], [ADP], and

[P]. When R dissociates from HMM(MgADHP,), to form HMM(MgADP),, u. decreases te-0.61 um/
s)/(VIcm). This large decrease jn is independent of free [ADP] or [ATP]. Increasing]jFon the other

hand, increaseg. for HMM(MgADP), to values near those observed for the steady-state intermediate.
For HMM, ue = —0.34 and is independent of. MgADP binding to HMM decreaseg to —0.57 um/
s)/(Vicm), and the dissociation constant igldl. Taken together, these data indicate thaand, thusf

are controlled by ligand binding to the active site. The magnitudes of the particle charge-to-mass ratios
for the HMM complexes are all in a range that falls within published values determined for a variety of
other proteins. Possible roles that the observed nucleotide-dependent changes in cross-bridge electric charge
might have in the contractile cycle in muscle are considered.

Skeletal muscle structure is sensitive to the electrical remarkably large change in myosin electric charge, which
properties of myosin and actin. The thin and thick filaments could affect muscle fiber structure and/or function. But to
have a net negative charge that generates electrostatidegin to interpret this result, one must know where on myosin
repulsion {, 2). As a result, in relaxed and contracting the change occurs. To this end, we have measured electro-
muscle, the hexagonal arrays of filaments are under repulsivephoretic mobility and hydrodynamic size of nucleotide
stress §), and the ATP hydrolysis-driven contractile cycle complexes of heavy meromyosin (HMM)a soluble pro-
occurs in the electric field of the filaments. More recently, teolytic fragment of myosin, which includes two motor
it has been shown that mammalian skeletal muscle thick domains connected to a portion of the coiled coibfelices,
filaments have negatively charged motor domains that areand of subfragment 1 (S1), the isolated motor domain (Figure
longer than the thick-to-thin surface-to-surface interfilament 1B).
distance, so that the motor domains extend azimuthally from
the thick filament surface into space between neighboring
thin filaments 4, 5). This spatial arrangement makes it likely

Electrophoretic mobilityue, in solution depends on the
net electric charge density at the shear plane (zeta potential,
d N = . ) of a particle or molecule in the presence of an applied
that motor domain position is sensitive to changes in net electric field. Phase analysis light scattering, PALS, was used

electric char_ge on _elther filament (Flgure 1A). If these to measuree (31, 32). At constant temperature, if the electric
electrostatic interactions have a functional role, then changes

) X L . charge increases or the hydrodynamic size decreases, the
in electric charge on the thick filament, particularly on the mobility of the molecule in the electric field increases
myosin motor domain, should be coupled to the ATP Chan )és in electric charge for the molecule can be due.to
hydrolysis cycle and be nucleotide-dependent, chan ges in surface chagrJ e and/or changes in counterion
Information on myosin motor domain electrical properties . 1ges in . 9 9 .
: - tblndlng within the shear plane. Changes in hydrodynamic
size are due to conformational changes and need to be

myosin indicate that large decreases in negative surface ; S .
charge occur when ATP is adde@)(The data suggest that measured independently. Dynamic light scattering, DLS,
measures the rate of Brownian motion by photon correlation

ATP causes a decrease of-300 |e| per myosin, due in part , :
to increased binding of anions other than ATP. This is a spectroscopy, which can be used to calculate a mean effective
diameter,d(eff), for the molecule or to determine a size
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Motor pendent changes in electric charge were observed for S1,

— Domains suggesting that thefhduced HMM electric charge increase
Light

occurs mainly on the motor domains.
Catalytic
subdomain

QO O O i MATERIALS AND METHODS

O O :&m&.ain Proteins and Chemical#lyosin was isolated from rabbit
Q O skeletal muscle2b). HMM was prepared from myosin using
O O coled  THom TLCK-treateda-chymotrypsin (Sigma) in the presence of
O O o-helices Mg?* (26) and further purified by size exclusion chroma-
Q Q tography using Sephacryl S-300. S1 with both light chains
O B present was prepared from myosin using papain in the
presence of MY (27) and purified on Sephacryl S-400. The
specific steady-state ATPase activities at’@0were 0.07
0.10 s for HMM and 0.035-0.042 for S1, using Malachite

) _ green to determine;Production 28) or using a coupled
Ficure 1: Schematic structures. (A) A cross section of skeletal assay to detect ADP productiod). Commercial reagent
muscle A-band shows the crowded hexagonal arrangement of the y . N e
filaments. The core diameters of the thick and thin filaments are 9rade chemicals were used without further purification,
16 and 10 nm, respectively, and their surfaces are 12 nm apart,except for ATE'S, which was purified by ion-exchange
based on X-ray diffraction experiments on skinned fib&)s The chromatography30).
protrucing from oné thick flament at azmuthal angles, For ciarty, . 125 Analysis Light Scatteringhe instrument has been
only one of the two motor domains that are part of éach myosi'n defprlbgd ). !n a PALS experiment the. scattered I'.ght at
cross-bridge is shown. All the surfaces have net negative electric 15° is mixed with a reference beam that is phase shifted by
charge 48). (B) The 350 kDa soluble proteolytic fragment of @ digitally controlled mirror. The scattered signal is phase
myosin called heavy meromyosin (HMM) has two 19 nm long shifted relative to the reference signal to a degree that is
motor domains (each depicted as two ovals connected by a blackgetermined primarily by the average positions of the particles.

dot) connected to a 58 nm long coiled coilohelices. Each motor . . .
domain has a catalytic subdomain that binds actin and ATP and a!f the particles move under the force of an applied electric

light chain-binding subdomain that is thought to move as a lever field, the phase difference changes. The average electro-
arm during contraction. The black dots represent sites of flexible phoretic mobility, [k.[} is determined from the measured
linkage. The coiled-coil region behaves hydrodynamically as arigid phase difference. PALS is well suited for measuring small
rod. The parent molecule myosin has-ail0 nm extension of the 764 potentials, which are expected for individual molecules
coiled coil, which induces myosin to aggregate into thick filaments. (32)

The theoretical basis of the PALS analysis is too lengthy

An individual motor domain contains the actin and ATP to include here in detail32), but it is useful to consider the
binding sites. It can generate force in the presence of actinequation '

(8) and has been intensely studied. Structures have been
solved for several nucleotide complexes of intact motor _ = Y

domain @—11) and of a truncated catalytic subdomal2€ Ad() = lel(a-Eo) cosel/we + @Vt (1)
16), which have led to hypotheses of force generation by in which A
movement of a lever arm subdomain of the motor domain.
The structural and kinetic aspects of motor domain force
generation are reviewed frequentl7-20), although pos-
sible roles of the negative potential due to the filament
surface charge are usually ignored. HMM is a more complex
structure, and results obtained with it are more difficult to
interpret. But HMM is the myosin construct used most often
for in vitro assays of motility and force2(). It retains

¢(t) is the measured, amplitude-weighted phase
difference;g is the scattering wave vectdg; is the applied
electric field; we is the frequency at which the field is
oscillated; V. is any field-independent drift velocity, e.g.,
convection. The magnitude of the scattering wave vecor,
is calculated from the refractive indem, of the liquid, the
wavelength of the lasef,, and the scattering anglé, as
follows:

structural properties required for processivit22) and q= (4n/Ay) sin(0/2) 2)
regulation in several nonskeletal myosir#3,(24), which
are lost when the motor domain is isolated. Data (see Figure 2) are fitted to eq 1 to determig]

The effects of ATP, ADP, and;Rnd of the analogue of andV,, the magnitude of the drift velocity, of which only
unhydrolyzed ATP, ATRS, onu. and d(eff) were deter- [&eis important. Compared to conventional laser Doppler
mined for HMM and S1 in solution at 2. There are many  electrophoresis methods, PALS has the advantages of al-
advantages to being able to characterize the properties oflowing one to measure smaller particles, with lower mobili-
purified molecules in solution, where the conditions can be ties, using smaller electric fields, which makes it possible
manipulated and the data analyzed using physical chemicalto investigate the electrical properties of HMM in the /8l
theory. The values qf. were used to estimate zeta potentials, range. Accuracy was validated using the electrophoretic
¢, and particle chargeQe. The results indicate that the HMM  mobility standard goethiteatFeOOH) in phosphateper-
portion of myosin has a net negative charge and that its chlorate (pH 2.5), supplied by NIST. The PALS measured
magnitude is dependent upon the ligand bound at the activevalue wasu. = 2.54 + 0.05 um/s)/(V/cm) and the NIST
site. The most striking result is that the net charge is much SRM1980 value was 2.5& 0.12 ¢«m/s)/(V/cm).
more negative when; @issociates from HMM(MgADHP), Electrophoretic Mobility Measurementdn a typical
to produce HMM(MgADP). Comparable nucleotide-de- experiment, the ligand was added last from a concentrated
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0.77 was no measurable loss of activity. Samples containing

g ATPyS are more susceptible to electro- and/or photochemical
g degradation due to some combination of field strength, laser
= strength, and [ATPS]. By reducing [ATR'S] to 0.5 mM
4 (compared to £5 mM for other ligands) and keeping the
137 = > v electric field below 8 V/cm, samples are stable enough to
. . 0.84

make several runs ove 1 hperiod.

Time, s One experimental approach was to measure the time
Ficure 2: Amplitude-weighted phase shift difference data. A plot dependence af. for HMM in the presence of the substrates
of A¢(t) versust for 5 uM HMM(MgADP), in 5 mM Mops (pH ATP and ATH’S. They form steady-state intermediates that

7.0), 1 mM KOAc, 1.0 mM MgADP, and 0.6 mM MgOAat 20 persist for from 30 to 60 min under the conditions used. The

°C after 50 cycles of an applied 10.7 V/cm electric field is typical. time required for a 50-cycle run is 2.3 min, allowing time
The solid line is the fit of eq 1 to the data to determpne(see . .
Materials and Methods). for adequate sampling before and after substrate is exhausted.

Typically five or fewer measurements were made at varied
increasing times on a sample to avoid damage, and data for
10 o several samples were combined. When HMM and ATP are
incubated at £C for 16 h to convert all ATP to ADP and
P;, the electrophoretic mobility at 2TC is the same, within
00 experimental error, as observed for an identical sample for
. . which measurements were made at 20 after ATP
hydrolysis was complete. This control measurement indicates
1.0 - ¢ that neither the electric field nor the laser irradiation affects
the mobility during a typice2 h measurement period. The
MgATPase activity of HMM samples after three measure-
20, g 5 - 20 ments of 50-cycle runs is undiminished, within experimental
. . error, compared to an identical sample that was not used for
Electric Field, V/cm measurements, confirming that HMM is not modified de-
Ficure 3. Electric field strength dependence @f The electro- tectably by the PALS measurements.
phoretic mobility of HMM(ADP} was measured for field strengths Particle Sizing Particle size measurements on HMM were
between 2.2 and 16 V/cm to determine the minimum field that will 1,54e by conventional dynamic light scattering techniques
give reliable results for a 50-cycle measurement. The data in Table -
1, and in Figures 4, 6, 7, and 8, were collected using field strengths (7,’ 34). The data were us'ed to cglculatg the gﬁectlve
above 7 Vicm. diameter, d(eff), of a spherical particle with equivalent
hydrodynamic mobility 84).
stock solution to obtain 2.0 mL of sample that was passed Simulation of ATPase KineticOne of the products of
through a syringe-mounted 0.46n filter directly into a HMM hydrolysis of ATP and ATRS is ADP, which is a
cuvette. The electrode was inserted into the cuvette, and thecompetitive inhibitor of HMM activity. An integrated rate
assembly was placed in a temperature-controlled cell holder.equation cannot be solved for [HMM(ADBR),] or [ADP]
To minimize the time between adding a reactive ligand and at all times, when there is competitive product inhibiti88)(
the first measurement of a time-dependent series, the stockl'o calculate the time dependence of the transition from
solutions and buffers were preequilibrated at°ZDbefore HMM —substrate to HMM-product, a kinetic simulation was
the mixing, filtering, and loading procedure. This procedure made using the equation
enabled data collection to begin within 5 min of adding ATP
or ATPyS to the HMM solution. Ets<pskEpteip 3)
Data were collected in runs consisting of some number
of cycles of exposure to the applied electric field. The in which E = HMM, S = MgATP or MgATPy)S, P =
wavelength of the incident light was 676 nm. The laser MgADP, k is the steady-state specific rate for the reaction
intensity was 30 mW. With aM HMM samples, the signal-  in the presence of excess substrate = [E][S]/[ES], and
to-noise ratio for a run was satisfactory after 25 cyctegQ Kp = [E][P)/[EP]. Assuming thaE, = ES+ EP, substitution

s). Typically 50 cycles were collected per run, but results of Ks andKp followed by rearrangement gives
for runs with from 25 to 200 cycles are reported here.

Because HMM is vulnerable to damage when exposed to [ES] = E/{1 + ([PV[SD)(KJKp)} (4)

an electric field 83), control experiments were done to

determine a useful electric field strength range that provides which can be used to calculate [ES] at any time, if [S], [P],
reproducible data without damage to the sample. The field Ks, andKp are known at that time.

strength dependence of the electrophoretic mobility of HMM- A simulation was done as follows. At= 0, [P]= 0, so
(MgADPY), indicates that, for 50-cycle runs, fields above 6 [ES] = E; and the early steady-state ratekis,. After a
V/cm produce data that are reliable (Figure 3). For HMM suitably small arbitrary increment of timat, [S] = S —

in the presence of {PADP, and ATP, repeated PALS kEAtand [P]= S — [S], which are substituted, along with
measurements af. could be made using fields as high as values forKs andKp, into eq 4 to calculate [ES] at the end
12 V/cm with no detectable aggregation or loss of MgATPase of the increment. This process is repeated, using a smaller
activity. The experimental error was larger for measurementstime increment for each iteration, to obtain [ES] at increasing
made on HMM in the absence of nucleotide, although there times until it is arbitrarily close to zero. Values & =

He, (1/8)/(V/em)
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Ficure 4: Time dependence of HMM electrophoretic mobility in
the presence of ATP. At= 0, 1.0 mM MgATP was added to 5.0
uM HMM in 5.0 mM Mops (pH 7.0), 1 mM KOAc, and 0.60 mM
MgOAC; at 20°C. u. was measured over times sufficient to convert
all of the ATP to ADP and P Data points are 25 or 50 cycles per
run. The solid line was obtained using eq 4 to simulate [HMM-
(MgADP-P),] and [HMM(MgADP),], which were assigneg.
values of—0.12 and—0.45 m/s)/(V/cm), respectively, for 5.0
uM HMM and 1.0 mM MgATP; MgATPase= 0.077 s1, Ks =
108 M, and Kp = 106 M (see text). The decrease i is
cotemporaneous with; lissociation.

40 70

108 M andKp = 1078 M were used, but similar results are
obtained wheneveKg/Kp < 1.

RESULTS

Electrophoretic Mobility of HMM Complexe$he elec-
trophoretic mobility of 5-7.5uM HMM in the presence of
1.0 mM MgATP was measured at increasing times over
periods long enough to convert ATP to ADP andA early
times, when the steady-state intermediate HMM(MgADP
P). is presentu. = —0.17 £ 0.07 wm/s)/(V/cm). When
the ATP is exhausted and HMM(MgADH} present (Figure
4), ue decreases (all HMMu. are negative, so numerical
decreases ip indicate increases in mobility and in negative
charge) to—0.47 £ 0.10 um/s)/(VIicm) [ue for HMM-
(MgADP), is lower when Pis absent; Table 1]. The time at
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effect onue. In contrast, Pbinding to HMM(MgADPY),
reverses the decreaseaigobserved when;Rlissociates from
the active site (Figure 6), presumably by binding to the vacant
phosphate binding subsite of the active site.

The binding of ADP to HMM decreases from —0.34
4+ 0.11 to—0.61+ 0.11 um/s)/(V/cm). The value ofic is
lower in this case than at the end of an ATP hydrolysis
measurement (Figure 4) because there is;jpod3ent. When
the concentration dependence of the decrease was fitted to
an equation for equilibrium bindindsp = (9 & 13) x 10
M (Figure 7). The uncertainty of the fitted parameter is large,
but the value ofKp is consistent with ADP binding to the
active site 86). These ADP data confirm that is modulated
by ligand binding.

The ATP analogue ATFS is a substrate for HMM, but
the steady-state intermediate has the unhydrolyzed form of
the substrate, rather than the products, bound in the active
site 37, 38). When ATH'S is added to HMMy¢. is —0.077
+ 0.03 m/s)/(V/cm) at the early times when HMM-
(MgATPyS), is present and decreases16.56+ 0.16 «m/
s)/(Vicm) after ATR'S is hydrolyzed. The data suggest that
thiophosphate has less effect than phosphate«ornrhe
values ofue for the above HMM intermediates are sum-
marized in Table 1.

Hydrodynamic Size of HMM Complexékhe observed
decrease im. that occurs when;Rlissociates from HMM-
(MgADP-P), (Figure 4) could be due in part to decreased
hydrodynamic size. DSL measurementsi@ff) were made
for HMM at increasing times after the addition of ATP in
solutions identical to those used for the measurements.
At early times,d(eff) for HMM(MgADP-PR,), is 24.1+ 1.6
nm, and at later times, when HMM(MgADP)s present,
d(eff) increases to 31.& 2.5 nm (Figure 8). As was the
case for the decreasegg (Figure 4), simulation of the time
dependence of [HMM(MgADHPR,),] using eq 4 indicates that
the increase im(eff) occurs when ATP was exhausted.

HMM has motor domains connected to the coiled coil by
flexible linkages 89), making assignment of trdeff) values
to specific structures difficult. The calculated diameter of a
sphere of equivalent mass is 10.4 nm (assgnng of

which the transition occurs is simulated using eq 4 and the water/g of protein), while the longest HMM dimension

known [HMM], [ATP], and MgATPase activity (Figure 4),

approaches 80 nm (Figure 1). Nonetheless, the observed

which is consistent with a strong correlation of the decrease d(eff) values are useful here as measures of relative

of ue and the transition from HMM(MgADRP)), to HMM-
(MgADP),. When [MgATP] is increased to 2.0 mM is
unchanged at early times, but the time at whigldecreases

hydrodynamic size. The data confirm that wherdBsoci-
atesu. decreases because of increased negative charge rather
than decreased hydrodynamic size. The increasgeff)

is doubled (data not shown). These results are consistent withmakes the magnitude of the observed decreaggarower

the observed decrease j occurring when Pdissociates
from HMM(MgADP-P)..

The possibility that the observed decreasgdiis due to
P, binding to HMM(MgADP-P,), or HMM(MgADP); as it
increases from 0 to 1 mM during ATP hydrolysis was
examined by measuring. for HMM in the presence of
nucleotides with increasing added;][FFor HMM in the
absence and presence of 1.0 mii;R was—0.34+ 0.11
and—0.33+£ 0.09 «m/s)/(V/cm), respectively. A decrease
of less that 0.1 {m/s)/(V/cm) for the value ofu. was
observed for HMM(MgADPP), when [R] was increased
from 0 to 3 mM (Figure 5). In contrast, added trad a
striking effect on HMM(MgADP), increasingt. to the level

limit (Table 1). HMM(MgADP), may be larger due to
increased electrostatic repulsion between the flexibly attached
motor domains and/or the coiled-coil region, which favors
motor domains positioned in more expanded conformations,
or it may be due to a ligand-induced conformational change
to a hydrodynamically larger particle. The mechanism for
the increase in size was not investigated further.
Electrophoretic Mobility and Hydrodynamic Size of S1
Complexes.The effect of ATP hydrolysis orue was
measured for S1 in the same buffer used for HMM. For S1
MgADP-P,, e = —0.14+ 0.05 um/s)/(V/cm). It decreases
to —0.41 +£ 0.10 m/s)/(V/cm) for SIMgADP in the
presence of 1 mM PThe decrease for S1 is comparable to

observed for the steady-state intermediate (Figure 6). Thesehat for HMM (Table 1), consistent with the HMM change

data suggest that nonspecific binding pfdHMM has little

in electrical charge occurring on the motor domains. DLS
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Table 1: Electrophoretic Mobilities and Zeta Potentials for HMM and S1 Complexes

complex e, (um/s)/(Vicm) n Z, mv Q., €| QJMZ3, |g|/D?3
HMM —0.34£0.11 10 —4.8(7.2) —19 (—28) —0.0038 (-0.0057)
HMM-ATPyS —0.077+ 0.03 9 ~1.1(-1.6) 4.3 (-6.5) —0.0009 (-0.0014)
HMM-ADP P, —-0.17+0.08 14 —2.4(-3.6) —9.3 (-14) —0.0019 (-0.0029)
HMM-ADP ~0.61+0.11 9 —8.6 (-12.9) —34 (~50) —0.0067 (0.010)
S1-ADPP, —0.14+ 0.05 7 —2.0 (3.0 -7.8(12) —0.0030 (-0.0045)
S1-ADP (-P) —0.41+0.10 7 —5.8 (-8.7) —23 (—34) —0.0086 (-0.013)

a Electrophoretic mobilitiesye, were measured for 5:07.5uM HMM or S1 at 20°C in 5.0 mM Mops (pH 7.0), 1.0 mM KOAc, 0.60 MgOAc
and 1.0 mM Mg-ligand to form a complex (except [MgATS] = 0.50 mM). Values are averages foruns of 25-200 cycles. Zeta potentials,
¢, were calculated using the Smoluchowski equatiQr; €oe:5/n7, and the Huckel equatian = %ze0e:6/7 (in parentheses), wheegis the permittivity
of light in a vacuumeg; is the relative dielectric constant for water, apds the viscosity of water at 28C. The particle charge&., was calculated
from ¢ using the equatioQe = 4meoea(1 + «a)¢ (Sl units are used here; see ¥, pp 357-359). The chargemass ratios are given &/M??
for comparison to existing tabulated data for other proted%. (Values in parentheses were calculated using Huglkel

0.0

-0.1
= = w02 o
§ 5
\>_/ -03 — S
7\"\ :"’\ 04 |—
€ £
2 sk 2
jai i;, -0.6 — °
0,
0.7 —
! | ! 08 | ! | |
0.00 1.00 2.00 3.00 4.00 0.0 1.0 2.0 30 4.0 5.0
Pi, mM Pi, mM
Ficure 5: Dependence on added free phosphate.dbr HMM- FiIGURE 6: Dependence on added free phosphate.dér HMM-

(MgADP-P),. ATP was added to HMM in solutions as described (MgADP),. ATP was added to HMM in solutions as described in
in Figure 4, except that additionalWas includedu. was measured  Figure 4, except that additiona) Was includedu. was measured
during the time that the steady-state intermediate was present. Thejuring times after the ATP was exhausted and HMM(MgADP)

small decrease in. may be due to nonspecific binding oftBthe  was present. The large increasgiirsuggests that;Binds to HMM-
complex or to increased ionic strength. The line is a linear fit to (MgADP), and decreases the negative charge of the complex. The
the data. solid line is a fit to the data for;minding assuming that it binds

HMM(MgADP); in a simple equilibrium and that. is —0.12 zm/
measurements on Siucleotide complexes indicate that s)/(vicm) for HMM(MgADP-P),. The fitted values wer&p =
d(eff) = 10.5+ 0.3 and 11.0+ 0.2 nm for SIMgADP-P, (1.1+£0.7) x 103 M andue = —0.75+ 0.18 um/s)/(V/cm) for
and STMgADP, respectively (data not shown), consistent HMM(MgADP),, consistent with Fhinding at the active site. The

. ; . fitted value ofue is lower than the values measured after ATP is
with previous r_esults:{4). As for HMM,_the decr_ease 'De converted to ADP in Figure 4 because B present in the
when R dissociates from SMgADP-P; is due to increased  experiments in Figure 4.
negative charge, not decreased hydrodynamic size.

Calculations of HMM and S1 Electrical Propertiegeta methods provide its upper and lower limits. In addition, any
potentialsZ, were calculated for the HMM and S1 complexes calculated¢ values for the HMM and S1 complexes must
from the experimentally determined electrophoretic mobilities be considered to be estimates because of their asymmetric
(Table 1). It is not obvious whether it is better to use the shapes (Figure 1). It is also true that the distribution of charge
method of Smoluchowski or of Huckel, which is applicable is not known, while the calculations @fare based on the
when the ionic atmosphere surrounding the particle is small assumption that charge is uniformly distributed on a spherical
or large, respectively, compared to the radius of the particle. surface. Fortunately in this regard, recent experiments using
A quantitative test for the appropriate equationcgs> 1 the atomic structure of lysozyme to simulate value§ ahd
for Smoluchowski andra < 1 for Huckel, wherea = the calculate electrophoretic mobilities indicate that charge
radius of the particle and 4/is the Debye length (see ref distribution is not very important4(). In summary, the
47, pp 69-71). The values od = 14 and 5.4 nm were used calculated values are less accurate than thevalues,
for HMM and S1, respectively, on the basis of the DSL because of the complex structures and solution conditions.
measurements of the hydrodynamic radii. The Debye length, The net electric chargeQ., was calculated using the
which is often taken as the thickness of the double layer of equationQ. = 4meoca(l + «a)g, whereey is the electric
small ions that surround a charged particle, is 3.5 nm. Using permittivity in a vacuume; is the relative dielectric constant
thesex and a values,ka = 4 and 1.5 for HMM and S1, for water, anda and « have the definitions given above.
respectively. These are neitherl nor <1, which reduces  These estimates dP. for HMM and S1 complexes were
the certainty of the calculated valuesiof40). Smoluchowski used to calculate the chargmass ratioQJ/M?3, whereM
and Huckel values were calculated and provide a range of = 350000 Da and 135000 Da for HMM and S1, respectively
values (Table 1). Becausgis low in all cases, the two (Table 1). For comparison, values @f/M?? that were
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skeletal muscle HMM in solution. The most interesting result

030 is thatue for a HMM complex is determined by the ligand
. bound in the active site. In addition, the ligand-induced
0 changes in for HMM are remarkably large. The values of
ot L ¢, Qe, andQJ/M?3 (Table 1) may be less accurate than

because of the assumptions made in their calculation (see
above), but the relative values are useful. QaM?3 values
calculated from the measured data (using the Smolu-
chowski¢) for S1:MgADP-P; and SEIMgADP are—0.0030
and —0.0086|e|/D??3, respectively. The comparable values
o L o . for the corresponding HMM complexes ar€0.0019 and
—0.0067 |e|//D?? (Table 1). The nearly equal decreases in
l | ' ' ' 1 charge-to-particle ratios and the larger magnitudes for the
-6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 . .
S1 complexes, in comparison to those for HMM, are con-

log1o[MgADP] sistent with the ligand-induced electric charge changes
FIGURE 7: Changes ife due to MgADP binding to HMMye was occurring on the motor domains of HMM. There is no need
measured for HMM in the presence of increasing [MgADP]. The to evoke changes on the coiled-coil moiety.
solid line is a fit to the data assuming ADP binding in a simple The measurements of HMM hydrodynamic size were done

Re, (um/s)/(V/cm)

$ﬂuil}2:i%m alnd a?s,i,%nmgé: f—O.E'i/I QI\;IT'\QS)X\S{SJJH) forgHiMi/lé as a control to ensure that the increaseupfwhen R

€ Tittea values 10IKp and ue Tor g 2 are . . . .

uM and—0.57 um/s)/(Vicm), reespectively, consistent with MgADP dissociates (Figure .4) is not due to a more compapt HMM
binding to the active site. complex. The magnitude of the observed increase in size is

somewhat surprising (Figure 8), although HMM has a unique
and flexible structure that could assume conformations

° having a range of hydrodynamic mobilities. It is clear that
the size increase and the electric charge increase occur when
P, dissociates. The low ionic strength makes electrostatic
repulsion a likely mechanism, but there is insufficient data
to determine whether the size increase is caused by the charge
increase.

The electrophoretic mobility measurements are consistent
with Donnan potential measurements on skinned skeletal
muscle fibers, which indicate that ATP increases thick
filament negative chargel®). The present data localize the
changes to the motor domains. They also suggest that the
net negative electric charge is little changed by ATP
hydrolysis but increases dramaticall {24 |e]) when R
dissociates. The change in particle charge calculated from
Ficure 8: Time dependence of HMM hydrodynamic size in the e for the HMM(MgADP-P), to HMM transition is—9.4
presence of ATP. The conditions were identical to those in Figure le| (Table 1), which is smaller than the charge difference of

4. DLS was used to measudéeff), the effective diameter of a  _ _ :
sphere with a translational diffusion rate equal to the HMM 30 to— 40]e| calculated from the Donnan potential change

complexes, at increasing times after the addition of ATP. The solid that occurs when ATP is added to myosin gesy. (The
line was obtained using eq 4 to simulate [HMM(MgADH.] and reason for the difference in the values for the change in
[HMM(MgADP)], which were assigned(eff) values of 24.1 and  electric charge is not clear. It may be due to contributions
31.9 nm, IFESIOGCUVGBAl for 7.8M :'MM and 1.0 mMGMgATP; from the myosin structure that are absent from HMM, to
MgATPase= 0.084 s%, Ks = 10° M, andKp = 10° M (see differences in ionic strength, or to the assumption that HMM
text). HMM hydrodynamic size increases whendi@sociates and .
1o decreases (Figure 4). is a.hard sphere u;ed to calcu.I@te _ . .

_ Given the magnitude of the increase in negative electric
measured and tabulated for a large number of proteins havecharge, it is worthwhile considering possible artifacts for the

350 —

d(eff), nm

50 60

Time, minutes

values that fall in the range0.026 to+0.027|e|/D?3 (42). HMM(MgADP-P), to HMM(MgADP), transition. P dis-

The Q/M?? values for HMM and S1 complexes fall in this  sociation would decrease the negative charge of an HMM

range. complex, opposite of the observed increase. ATP is a stronger
It is possible to estimate a limit for the value @ at pH chelator of divalent cations than is ADP, so converting all

= 7 in the absence of any counterion binding from amino of the free ATP to ADP might increase the free [Ny
acid sequence data, assuming that all the Glu and Asp arewhich, if bound to HMM, also would decrease its negative
—1 |e| and all the Lys and Arg are-1 |e|. Using skeletal charge. The measurements were made in low [buffer], and
muscle heavy and light chain sequencé8—45), the ATP hydrolysis produces H which could bind to HMM-
estimated upper limit iQ. = —78e|. The measured values  (ADP), if it were competing with the buffer. But binding of
for HMM complexes (Table 1) are in the4 to —50 |€| H* to HMM(ADP), also would decrease the negative electric
range. charge. It is difficult to systematically eliminate all artifacts,
but none of the obvious ones would contribute to an increase

DISCUSSION in negative electric charge.

This is the first characterization of the electrical properties The mechanism of the observed charge changes is of
of any isolated myosin cross-bridge, in this case rabbit interest. Donnan potential measurements suggest that Cl
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binding causes the increased negative charge on myosin gels 9.
when ATP is removedd). The binding of monovalent anions

to increase HMM and S1 negative charge is consistent with 4,
the results reported here, although™ @ present at trace
levels and TOACc] is only 2.2 mM. It is not known if these
monovalent ion concentrations are high enough to bind
HMM.

Nucleotides and pyrophosphate bind to myosin at sites
other than the active site, which could contribute to the low
values ofue. When [M@'] is low, two to three molecules
of ADP, ATP, or AMPPNP bind to myosin, when the
nucleotide concentration is in the 10 mM rangé6)(
However, nonspecific nucleotide binding that is not coupled
to active site occupancy is not consistent with the electric 16.
charge changes reported here for several reasons. Theq;
nucleotide concentrations used here (6:2®M mM) are
below the reported dissociation constant for nonspecific
binding =5 mM) (46). The number of nucleotides reported
to bind, two to three per myosid), is too low to account
for the observed net electric charge (Table 1). In addition,
the free [Md*] in the measurements reported here is 0.6
mM, high enough to eliminate nucleotide binding. The
concentration dependence and stoichiometry of ATP and
ADP binding are similar 46), whereas the increase in
electrophoretic mobility is not observed in 1 or 2 mM ATP
or in the presence of 0:2 mM ADP if ATP or ATPyS is
bound in the active site. The dependence of the increase in

11.

18.
19.
20.
21.

22.

24.
25.

Bernt et al.

Rayment, I., Rypniewski, W. R., Schmidt-Base, K., Smith, R.,
Tomchick, D. R., Benning, M. M., Winkelmann, D. A., Wesen-
berg, G., and Holden, H. M. (199%cience 26150-58.

. Dominguez, R., Freyzon, Y., Trybus, K. M., and Cohen, C. (1998)

Cell 94, 559-571.
Houdusse, A., Kalbokis, V. N., Himmel, D., Szentgyorgyi, A. G.,
and Cohen, C. (1999Fell 97, 459-470.

. Fisher, A., Smith, C. A., Thoden, J. B., Smith, R., Sutoh, K.,

Holden, H. M., and Rayment, |. (199Bjochemistry 348960~
8972.

. Gulick, A. M., Bauer, C. B., Thoden, J. B., and Rayment, |. (1997)

Biochemistry 3611619-11628.

. Gulick, A. M., Bauer, C. B., Thoden, J. B., Pate, E., Yount, R.

G., and Rayment, |. (200Q). Biol. Chem. 275398—-408.

. Smith, C. A., and Rayment, |. (199B)jochemistry 348973—

8981.
Smith, C. A., and Rayment, I. (1998)ochemistry 355404~
5417.

. Cooke, R. (1997Physiol. Re. 77, 671-697.

Geeves, M. A,, and Holmes, K. C. (1999)nu. Re. Biochem.
68, 687—728.

Highsmith, S. (1999Biochemistry 389791-9797.

Spudich, J. A. (2001)\at. Re.. Mol. Cell Biol. 2 387—392.
Warrick, H. M., Simmons, R. M., Finer, J. T., Uyeda, T. Q. P.,
Chu, S., and Spudich, J. A. (1998)ethods Cell Biol. 391—21.
Mehta, A. D., Rock, R. S., Rief, M., Spudich, J. A., Mooseker,
M. S., and Cheney, R. E. (1998)ature 400 590-593.

. Trybus, K. M., Freyzon, Y., Faust, L. Z., and Sweeney, H. L.

(1997)Proc. Natl. Acad. Sci. U.S.A. 948-52.

Sellers, J. R. (1999). Muscle Res. Cell Motil. 2(47—349.
Nauss, K. M., Kitagawa, S., and Gergely, J. (196Biol. Chem.
244, 755-765.

26. Weeds, A. G., and Taylor, R. S. (1978ature 257 54—56.

- ’ 27. Margossian, S. S., and Lowey, S. (198%thods Enzymol. 85
net electric charge on the conversion of the steady-state = 55-71.
intermediate to the ADP complex (Figures 4 and 5, Table 28.Kodama, T., Fukui, K., and Kometani, K. (1988) Biochem.

1) is strong evidence that if nonspecific nucleotide binding
is involved, it is coupled to the;Rlissociation step of the
hydrolytic cycle.

Two biological roles can be hypothesized for the nucle-
otide-induced motor domain electric charge changes. The
first is based on intramolecular motor domain electrostatic
repulsion. Because the largest increase in negative charge
occurs when Pdissociates, it is possible that increased 32.
electrostatic repulsion may contribute in some way to the 33
power stroke that results when dissociates from a motor 34
domain bound to actin. To be more specific, the change from
non-force-producing to force-producing motor domain state,
which occurs before the lever arm rotates, may involve
increased electrostatic repulsion between the catalytic and
lever arm subdomains. The second possible role for the
changes in net electric charge is the position of the cross-
bridge relative to the thick and thin filaments. The closeness
of the motor domains to both the thick and thin filaments
(Figure 1) makes it likely that changes in electric charge
would cause the motor domain to move.
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