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ABSTRACT. The ionic strength dependence of skeletal muscle myosin subfragment 1 (S1) binding to actin
in the presence of ADP and ATP was measured for S1 with either only an essential light chain [S1(elc)]
or with both an essential and the regulatory light chains [S1(elc,ric)] bound. The data were analyzed to
determine the apparent association constént,for actin binding and the absolute value of the product

of the net effective electric charges at the aetimyosin interface|zyza|. When MgADP is bound at the
myosin active siteia values &40 M ionic strength for S1(elc) and Si(elc,ric) are 12 and»4.90° M4,
respectively, andizyza| values are 3.9: 0.3 and 3.6+ 0.2 esd. In the presence of AT, values at

0 M ionic strength for S1(elc) and S1(elc,ric) are 81 and .30* M1, respectively, andizyza| values

are 14.7 esufor Sl(elc) but only 6.4 edufor S1(elc,ric). The Michaelis constarify, for the actin
activation of S1 steady-state MgATPase activity was significantly smaller for S1(elc), consistent with its
greaterKa and|zuza|. These data indicate that the regulatory light chain can allosterically regulate the
interactions of myosin and actin by modulating the electric charge at the actin bindingksjtand

|zwza| were also measured at 2& for S1(elc,rlc) binding to actin in the presence of the ATP analog
ATPyS. At 0 M ionic strengthKa is 8.0 x 10* M1, and|zuza| is 0, within experimental uncertainty,
suggesting that for SMgATP the electric charge at the actin binding site is abolished. The results are
interpreted in terms of possible roles of electrostatic interactions in mechanismsNtg/IP dissociating

from one actin and SMgADP-P; being guided electrostatically to bind to another.

The myosin ATP site has primary control over structural  The interactions between the rlc, the ATP site, and the
changes at the actin binding site. During the contractile actin binding site on myosin provide an interesting allosteric
cycle, the changing nucleotide structure induces changes insystem. The three interacting sites are distant from one
actin affinity and the overall structure of the actimyosin— another on the myosin motor domain (Botts et al., 1984;
nucleotide complex. The structural changes generate forcedosRemedios & Moens, 1995), and now that the atomic
while myosin is bound to actin (Huxley, A. F., 1957; Huxley, structure of myosin subfragment (S1) is known (Rayment
H. E., 1969), and the affinity changes introduce a dissociation et al., 1993b), the precise locations of the sites can be
step into the contractile cycle (Lymn & Taylor, 1971). assigned (Figure 1). This spatial arrangement appears to be
Although neither myosin light chain is required for actin- similar for many myosins, from muscle and nonmuscle
activated activity (Wagner & Giniger, 1981), the myosin sources, whether primary regulation is at the thin or thick
regulatory light chain (rld)does exert control over the actin  filament.

binding site structure. In smooth muscle (Trybus, 1991), | has long been known that nucleotide-driven structural
molluscan muscle (Szent-Gyorgyi, 1996), and many non- -hanges at the actirmyosin interface involve both electro-

muscle myosins (Korn & Hammer, 1988), the ric is the g¢a1ic and hydrophobic interactions (Tonomura et al., 1962).
primary site of regulation of the contractile cycle. Control - ggctrostatic interactions appear to dominate in the earliest
over myosin-actin interactions in these cases is due 10 i qing” steps (Geeves & Conibear, 1995), and several

calcium binding or phosphorylation of the regulatory light - ojectrically charged structures at the interface have been
gham. Skeletgl muscle is primarily regulated a't the thin identified tentatively (Rayment et al., 1993a: Miller &
filament (Leavis & Gergely, ;984)_, but the ric has important Reisler, 1995). A portion of the S1 structure that is
secgndary regulatory r((j)les llnvolvmg _modulanon of the rr]ate particularly likely to contribute to the electrical charge at
or duration of force development in response to pnos- i atin binding site is thought to be the 636 sequence
phorylation (Sweeney et al., 1993) and changes in calcium ¢ e myosin heavy chain. This presumably flexible loop
concentration (Szczesna et al., 1996). has five positively charged amino acid side chains (Tong &
Elzinga, 1990), is protected from trypsinolysis by actin

" Supported by NIH Grant AR42895. binding (Mornet et al., 1979; Yamamoto & Sekine, 1979),

f AAgstra?ttPUb“ngeld irdvance Ab(f33 AbStrtagtﬁSeleJlafé 11 l?h97- | and can be chemically cross-linked to actin (Mornet et al.,

reviations: , Myosin subfragmen ) s with only . .

the larger alkali (or essential) light chain bound; S1A2, S1 with only 1981) Complememary structl,!res that bind this segment
the smaller alkali light chain bound; Si(elc), a mixture of S1A1 and inhibit actin binding exclusively to SMgADP-P,
S1A2; Sl(elc,ric), a mixture of S1 that has one alkali light chain and (Chaussepied & Morales, 1988; Chausspied, 1989). On the

the regulatory light chain boundsa, apparent association constant;  pagis of the actin activation arid zitro motility rates due
Kw, Michaelis constantVima, maximum steady-state MgATPase

activity; [zvza|, absolute value of the product of the net effective electric {0 chimeric exchanges at this site on myosin, it has been
charges at the actirmyosin subfragment 1 binding interface. postulated that it is the 632646 loop in skeletal muscle
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to which both the myosin ATP site and the its regulatory
light chain affect the electric charge at the actin binding site.
Quantitative measurements have been made of the electric
charge at the interface of actin and S1 with only the larger
essential light chain bound, S1A1 (Highsmith, 1990; High-
smith & Murphy, 1992). To gain more information about
control of the electrostatic interactions at the interface, the
ionic strength dependencies of actin binding to S1 with either
only an essential light chain [S1(elc)] or with both an
essential and the regulatory light chain [S1(elc,ric)] were
measured in the presence of ATP and ADP. The data are
used to estimated changes in the actin affini€y, and in

the net effective electric chargézuza|, at the actin-S1
interface, which are due to the presence of the rlc, for
A-S1:MgADP-P, and AS1:-MgADP. Ka and |zuza| were
also measured for actin binding to S1(elc,rlc) in the presence
of the ATP analog ATPS, in order to obtain information
relevant to the SMgATP complex.

MATERIALS AND METHODS

Proteins. Myosin was isolated from New Zealand rabbit
dorsal muscle (Nauss et al., 1969). S1 with both elc and ric
bound was prepared from myosin in the presence of'Mg
using papain (Margossian & Lowey, 1973) and purified by
FiGure 1: Si(elc,rlc) structure. The-carbon coordinates from the ~ Size exclusion chromatography (Sephacryl S-400) followed
Brookhaven Data Bank for chicken skeletal muscle myosin sub- by anion-exchange chromatography (DE-52) (Weeds &
fragment 1 [from Rayment et al. (1993b)] were modified by addition Taylor, 1975). The final sample, S1(elc,rlc) is a mixture of
of heavy chain amino acids missing in the crystal structure but 1" with one of either alkali light chain 1 or 2, and the

present in the primary sequence, of amino acid side chains, and of lat liaht chai P in | the rlc intact but
MgADP at the active site (Michael Lorenz, personal communica- 'egulatory light chain.  Fapain leaves the ric intact bu

tion). The essential light chain is a truncated alkali light chain 2, partially cleaves the heavy chain and removes entirely the
consisting of 149 amino acids. The regulatory light chain has 166 N-terminus of the larger elc (Margossian et al., 1975). S1
amino acids. The structures of the regulatory light chain, ADP, and with only an elc bound was prepared from myosin in the
the heavy chain sequence 62746 (a positively charged flexible presence of EDTA using-chymotrypsin and purified by
loop that is part of the actin binding site) are the purple space- h h for th h . he final
filed structures. The structures of the essential light chain and the '€ Same method used for the papain preparation. The fina
rest of the heavy chain are the green lines. sample, S1(elc), was a mixture of about equal amounts of
S1 with either alkali chain 1 or 2, which was used to make
myosin, and its equivalent in other myosins, that in fact comparisons with the Si(elc,rlc) mixture. Measurements
determines the degree of actin-activated myosin ATPasewere made using mixtures because methods for purifying
activity for all myosins (Spudich, 1994). adequate amounts of skeletal muscle S1 with rlc and one
The complementary cross-linked structure on actin is the SPecific elc bound are not available. The S1 samples were
1-11 N-terminal sequence (Sutoh, 1982), which has a netdialyzed exhaustively against 10 mM MOPS and 2 mM Mg-
electric charge of-5 (Collins & Elzinga, 1975). Antibodies (OAC), pH 7 at 4°C, and kept on ice until used in a
to this structure block actin binding to 94gADP-P, measurement. Steady-state MgATPase activities were-8.040
(DasGupta & Reisler, 1989). It has also been shown that 0-050 s* at 25°C, pH 7.0. F-Actin was isolated from
the MgATPase activity of yeast S1 is increased more and acetone-extracted muscle tissue (Spudich & Watt, 1971) and
less, respectively, by mutant actins with more and less Purified by size exclusion chromatography (Sephadex G-150)
negative electric charge at that location (Cook et al., 1992, (MacLean-Fletcher & Pollard, 1980). After polymerization,
1993). Both sequences, 63846 of myosin and 411 of ~ F-actin was pelleted by centrifugation at 80g0fr 3 h,
actin, are too flexible for their coordinates to be determined and the pellet was homogenized in the MGR&g(OAc),
by X-ray crystallography, but their positions can be localized Puffer before use. Protein concentrations were r:ietermlrjed
in the atomic structures (Kabsch et al., 1990; Rayment et by absorbance measurements at 280 nm, correcting for light
al., 1993b). Computer graphical docking of the S1 atomic scattering. Chemicals were of the highest commercial grades

structure onto an actin filament reconstructed from the actin available.

DNase 1 atomic structure suggests that myosin-@&3% and MgATPase Measurements:or determiningKy, steady-
actin 1-11 are positioned to be among several potential state MgATPase activities for S1 and aeti®l were
electrostatic interactions (Rayment et al., 1993a). determined spectrophotometrically at 25, pH 7.0, using

The changes in the electrostatic interactions continue to @ coupled assay system (Imamura et al., 1966). For verifying
be of interest because the formation of a primarily electro- that adequate levels of ATP or AJB remained during a
static and very flexible linkage between myosin 6326 binding measurement, actis1 activities were determined
and actin 311 may be the first step in the sequence of Using a phosphomolybdate method (Lin & Morales, 1977).
reactions that generate force (Brenner et al., 1982; Raucher Association ConstantsThe fractions of bound and free
& Fajer, 1994; Geeves & Conibear, 1995; Thomas et al., S1 in the presence of F-actin were determined by a
1996). For this reason, it is important to know the degree cosedimentation method, except that intrinsic tryptophan
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fluorescence was used to determine [S1] instead of the 17

radioactivity of an extrinsic label (Marston & Weber, 1975). 16

Solutions with final concentrations of 6-% uM S1 and 15t ;,\

2—50 uM F-actin were prepared from stock solutions to S| é\é R

obtain a final volume of 40QL. Higher ionic strengths were =t 14 \i\;\:‘\\fgg\;\g
obtained by including the appropriate volunfeld KOAc 13y ]

[in Mops—Mg(OAc), buffer]. For measurements in the 127

presence of MgATP or MgATFS, the magnesium-nucle- 1 . ; s s

otide complex [100 mM in MOPSMg(OAc), buffer] was 0.2 0.4 06 08 1.0 1.2
included to obtain an adequate final concentration. MgAT- 12, M2

Pase or_MgATI?S activities were measured for identical FIGURE 2: lonic strength dependence of S1(elc) and S1(elc,rlc)
preparations to ensure that [MgATP] or [MgA¥8] re- binding to F-actin in the presence of MgADP. The fractions of
mained high enough to saturate the S1 active site throughoutfree and bound Sinucleotide complexes in the presence of actin
the course of the binding measurement. Samples werewere determined by a cosedimentation technique and used to

; calculate the apparent association constdpt(see Materials and
prepared at 25C and centrifuged at 50 000 rpm for 50 Methods). The natural logarithm &f for the binding of S1(ele)

min at 25°C in a TLA']'OQ rotor using a temperature-. MgADRP (filled circles) and Si(elc,rleMgADP (open circles) is
controlled desktop ultracentrifuge (Beckman) to remove actin piotted against the square root of the solution ionic strength. KOAc
and bound S1. The free [S1] in the supernate was determinedwas added to-1 uM S1 and 3-5 4M actin in 10 mM MOPS, 1
by fluorescence intensity of 2Q4_ aliquots taken fromthe ~ MM ADP, and 2 mM MgC}, pH 7 at 25°C, to adjust the ionic

; T strength. The solid lines are best fits of the equation of Pitzer (Pitzer,
acto-S1 samples and diluted to 1 mL (excitation at 279 nm, 1979; Highsmith, 1990) to obtain the product of the net effective

emission at ,335 nm),' Standard samples C_O'qta”_'“ng only Sj‘electric charges on actin and S1 at the interface, and the apparent
and only actin were included in every centrifugation run and association constant at zero ionic strength, where the electrostatic
used to determine the fluorescence intensity for total [S1] interactions are least shielded by counterions. The best fit to the
and the correction for any unsedimented actin, respectively. data gavelzyza| = 3.9 and 3.6 esyandKa(0 M) = 1.2 x 10

The apparent association constafy, was calculated from Mg Aggd r‘e"siécﬁw“ﬂ , for S1(elc)MgADP and Si(elc,ric)
{[total S1] — [free S1}/{[free S1][free actinj. ' '

Data Analysis. The reversible equilibrium binding of the ~ be used with eq 3, above, to fit data from measurements of
solutes M and A Ka that are made over any rangelaénd has been used to

obtain estimates of the values Kfat 0 M ionic strength

M+A=M-A (1) and |zwza| for acto—-S1 interactions (Highsmith, 1990;
Highsmith & Murphy, 1992; Kirshenbaum et al., 1993).
Myosin and actin are very large molecules compared to the

— — ionic species for which the theory has been tested rigorously
K= 8unf@uan = (Cun/CuCa)rualvmya) - (2) (Pitzer, 1979), which is whyy and za are net effective
whereK is the association constamtjs chemical activity, ~ €l€ctric charges at the myosin and actin surfaces of the
cis concentration, angl is the activity coefficient. The ratio  interface.
of the concentrations i,, the apparent association constant

is described by the expression

which usually is measured. For ions M and A binding in RESULTS
solution,yma = 1 andywmya is represented as., which has Light Chain Effects on SMgADP-P and SiMgADP
values that decrease from 1 as the ionic strength increasesBinding to Actin. The association constant for F-actin
Thus, eq 2 can be written binding to S1 when MgADP was bound in the ATP site was
determined in solutions that had the ionic strength adjusted
INK=InKy—Iny, ©) between 0.1 and 1.0 M by added KOAc. The data were

. . . analyzed as described above in Materials and Methi§gls.
which describes the lowerd(l in terms ofK, the value of at 0 M ionic strength is 1.% 107 M~ for S1(elc) and 4.9

Ka at 0 M strength= 0, and the activity coefficient of the _ ;
. x 10° M~ for Si(elc,ric). A comparable reduction i
ions. The greater the chgrggs on M and A, the stronger thedue to the presence of the rlc was observed over the entire
depende'n(_:e oKa on the ionic strength of the solutioh, ionic strength range (Figure 2). This decrease Kin
The original theory of Debye and Huckel for the effect of corresponds to a small—B%, decrement in the standard

ionic strength on the chemical activity of ions in low ionic free energy of actin binding to SUGADP when the ric is
strength solution was modified to be applicable at all ionic present

strer)gths (Pitzer, 1979). It has the following expression The values ofzuza| for the actin interface when S1(elc)
relatingy. andl: and S1(elc,ric) are bound are 3.9 and 3.6°esspectively

— 112 1 (Table 1). Althoughizwza| is somewhat larger for S1(elc),
Iny. 0.39322,[I"*/(1 + bl 2) +(20) In(1 + as isKa, the|zyza| values are nearly equal. Taken together,
bI*3)] + m{28(0) + [28(1)/0A][1 — (1 + a2 — the K and|zyza| values indicate that the presence of the ric
aZI/Z) exp(—al”z)]} + mz(SC/Z) (4) has a sm_all_or negligi_ble e_f‘fect on the actin binding site when

MgADP is in the active site.
where|zvza| is the absolute value of the product of the net  Ka at 0 M ionic strength for S1(elc) binding to actin is

effective electric charges on myosiny] and actin ) at equal, within experimental error, to the value measured under
their binding sites,m is the molar concentration of the similar conditions for S1A1 (S1 with only the larger essential
solution,b = 1.2 anda. = 2.0 for all electrolytes, anfd(0), light chain) (Highsmith, 1990; Highsmith & Murphy, 1992).

(1), andC are parameters that were determined experimen- The value of |zyzs| for Sl(elc), on the other hand, is
tally for KOAc (Pitzer & Mayorga, 1973). Equation 4 can substantially smaller than 7 &uwhich was measured for
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Table 1: Regulatory Light Chain Effects on Actin Binding Site
Si(elc) Si(elc,ric) w 8r
N = ADP 2 6}
Ka(0 M) (in MY (1.2+0.2)x 107 (4.94+0.6) x 1° 2
|zZvza| (in esy) 3.94+0.3 3.6+ 0.2 9 4r
N = ATP =
Ka(0 M) (in MY (8.1+0.6)x 106 (7.3+0.8) x 10 27
|Zvza| (in es¥) 147+ 0.9 6.4+ 0.5 0 , ‘ ) ,
2The ionic strength dependencies of S1(elc) and S1(elc,rlc) binding 0E00 2E+5 4E+5 6E+5 8E+5 IE+6
to actin at 25°C in the presence of MgADP and MgATP were measured 1/[actin], 1/M

(Figures 2 and 3) and analyzed to determine the apparent association ) ) . o
constantKa, at 0 M ionic strength and the absolute value of the product FIGURE 4: Michaelis-Menten plots for the actin activation of S1-

of the net electric charge at the acti1 binding site|zvza| (see text). (elc) and S1(elc,ric). The MgATPase activities gil¥! S1(elc) or
Si(elc,rlc) in 10 mM MOPS, 10 mM KOAc, 2 mM Mggl0.25

mM EDTA, and 90uM ATP (maintained by a backup system),
pH 7 at 25°C, were measured in the presence of increasing [actin].
The solid lines are best fits of the Lineweav@urk equation to

12

1 t the data to obtaiKy, the free [actin] that activates the MgATPase
< 10} activity to 50% of maximum V{nay. For Sl(elc) (filled circles),
o) Ku and Ve Were (1.2+ 0.3) x 106 M and 5.9+ 0.8 s¢,
£ 97 respectively, and for S1(elc,ric) (open circles), they were .5

0.5)x 10°M and 4.1+ 0.7 s%.

oo
T
o

; ‘ . ‘ ‘ Comparing actin binding for the mixture S1(elc) to that
0.10 020 030 040 050 0.60 of purified S1A1 in the presence of ATP, the value Kx
2. M at 0 M ionic strength is somewhat smaller for S1(elc), but
_ ’ |zwza| is reduced from 1719 esd for S1A1 (Highsmith &
Ficure 3: lonic strength dependence of Sl(elc) and S1(elc,ric) Murphy, 1992; Kirshenbaum et al., 1993) to 14.5 %

binding to F-actin in the presence of MgATP. The natural logarithm . .
of the apparent association constant for the binding of St(elc) S1(€lc) (Table 1). This decreased electrostatic charge for

MgADP-P, (filled circles) and S1(elc,rleMgADP-P, (open circles) Sl(elc) compared to S1A1 in the presence of ATP is similar
is plotted against the square root of the solution ionic strength. in magnitude to that observed with ADP (see above) and is
FA%%CS was K‘/Idﬁ/ledciofn 5"& 1501 n?&d,\“/l’52 Tﬂ;\/' a|_0|“7“ ;?2159(:”1:\'4' also likely due to S1A2 having less positive charge at the
order té) adjust th% ic;nic strength. The gnalyéig of the data io obtain actin binding site. The magnltudgs .Of Umz,| differences
|zwza] andKa was as in Figure 2 (see text). The best fit to the data P€tween S1A1 and S1(elc) are similar for the MgADP and
gave|zyza| = 14.7 and 6.4 edyandKa(0 M) = 8.1 x 10° M1 MgADP:-P, cases.
and 7.3x 10* M™%, for S1(elc)MgADP and S1(elc,rlcMgADP, Light Chain Effects on K for Actin Actiation of S1
respectively. MgATPase Actity. The Michaelis constant{y, for the

, , ) i . actin activation of S1 MgATPase activity is not a binding
S1A1 (Highsmith, 1990; Highsmith & Murphy, 1992). This  constant, but it can be used to estimate the strength of the
reduction of~3 esd in |zyza| is likely due to the inclusion  jyteraction of SIMgADP-P, and actin. Ky measured at 25
of S1A2 in the S1(elc) preparation, which appears to have a-c in 10 mm MOPS, 2 mM Mg(OAg) and 10 mM KOAc,
much lower net effective electric charge. Actin binding to pH 7.0, was 1.2 106 M for S1(elc) and 2.5¢ 10-6 M for
S1A2 is less sensitive to ionic strength than S1A1 (Chalovich Si(elc,ric) (Figure 4). The increasét, for S1(elc,ric) is

et al., 1984), which is consistent with the observed lower -gnsistent with its reduced, for actin binding in the

|2uza| value for the mixture. presence of ATP at low ionic strength as determined by
When ATP was present at concentrations high enough tocosedimentation (Figure 3). The chang&ipdemonstrates
maintain the steady state intermediateNs§ADP-P; during that the rlc modulation of the electrostatic charge at the actin
the actin binding measurement, the presence of the regulatoryinding site has functional kinetic consequences that may
light chain had a significant effect on bolu and |zvza|. be related to the contractile cycle. Removing light chains
AtOM, Kais 8.1x 10°M~*for Si(elc) and 7.3 10* M~* from myosin has also been shown to chamgeand Viax
for Sli(elc,ric), but at high ionic strengths, the relative for actin activation (Lowey et al., 1993), but the myosin
affinities are reversed (Figure 3). tA M ionic strength,  results cannot be compared directly to those reported here.
the difference in the association constants for Sl{elc)  Actin Site Electric Charge for S1(elc,i&yTPyS. Myosin
MgADP-P, and S1(elc,rlcMgADP-P; corresponds to a  MgATP is the first species that is formed when ATP binds
standard free energy change of interactiodG®, of 1.3 to free myosin, and it, or a structure similar to it, is also the
kcal/mol for the interaction between the ric binding site and  intermediate that dissociates from actin when ATP binds the
the actin binding site, if one assumes that rlc is a ligand for actin—myosin rigor complex at the end of a contractile cycle.
S1(elcyMgADP-P. S1:MgATP is not stable, but the slowly hydrolyzed ATP
The values ofzyza| are 14.7 esufor S1(elcyMgADP-P, analog, ATR'S, can be used to approximate-BgATP.
and 6.4 estfor Sl(elc,ricyMgADP-P; (Table 1). Si Si(elc,rlc) is the S1 preparation that is structurally the most
MgADP:-P; has more electric charge than-SIgADP at the similar to the S1 portion of myosim vivo, and the above
actin binding site for both S1(elc) and S1(elc,ric), but the data indicate that the absence of the rlc makes a significant
addition of the rlc to S1(elc) when ATP is bound to the active difference in the nucleotide and actin interactions; so
site reduces the electric charge on the actin site by a factorS1(elc,ric) was used to investigate the electrostatic interac-
of 2.3. Unlike the ADP case, the rlc has a significant tions of actin and SMgATPyS for comparison to the ADP
allosteric effect orkKa and|zyza| when ADPP, is bound to and ADPP, results. Data were collected for S1(elc,ric) in
S1. the presence of 1 mM AT at 25°C in solutions in the
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17 had been removed by centrifugation. For AR the fact
that|zuza| is zero indicates that contributions from ATP or
ADP contamination are negligible. For ATP, any error due
13 to too low [ATP] would make the obser¥&, too large, but

it is in the range reported in earlier studies (Chalovich et

. 3
np Hyewdty i iiigg al., 1981; Highsmith & Murphy, 1992). An additional

potential problem for the ATP case is the possible contribu-

1 tion of actin-bound species other thanrBg§ADP-P,, which

7 — . . : s exist in the kinetic cycle. If other bound species do

00 02 04 06 08 10 12 contribute, then the measured valuekafis larger and the
12, M2 measured value dfyza| is smaller than the true values, but

FiGure 5: lonic strength dependence of Si(elc,ric) binding to contributions from other bound intermediates are thought to

F-actin in the presence of MgAT#S. The natural logarithm df be small (Highsmith & Murphy, 1992). The statistically
for the binding of S1(elc,rleMgATPyS to actin is plotted against ~ determined error fotzyza| is 7—10%.

the square root of the solution ionic strength. KOAc was added to

~3 uM S1 and~50 M actin in 10 mM MOPS, 2 mM MgGJ DISCUSSION

and 1 mM MgATR'S, pH 7 at 25°C, in order to adjust the ionic

strength. The analysis of the data was as in Figure 2 (see text). ; ; ; ;
The best fit to the data gayeuzs| — 0 andKa(0 M) = 8.0 x 10° Regulatory Light Chain Allosteric Interactionshe data

ML, indicate that the addition of the rlc to the S1(elc) complex
modifies the nucleotide control of the actin binding site
Table 2: Nucleotide Effects on Actin Binding Site of S1(elc#lc) structure. The actin affinity for Sl(elc,rkigADP is

reduced by 60% compared to S1(eMyADP, and the

nucleotide electric charge at the actin binding site is almost unchanged
ATPYS ADP-R ADP (Table 1). The effect the rlc on the Si(elgADP-P,
Ka(0.2M) (inM71) (8.0 1) x 10* (8.1+2) x 10° (1.2+0.7)x 1C° complex is greater. The actin affinity for Si(elc,flc)
l2uzal inesd)  00+02 6.4+05 3.6+02 MgADP-P, is reduced by 90% compared to Si(elc)

2The ionic strength dependencies of S1(elc,rlc) binding to actin at MgADP-P, and|zyza| is reduced by 57%. If the reasonable
25_ °C in the presence of MgATIFS, MgATP, MgADP were measured_ __assumption is made that both S1(elyADP-P, and
(Figures 2, 3, and 5) and analyzed to determine the apparent assouatloré . - .
constantK, at 0.20 M ionic strength and the absolute value of the >L1(€lC,FIc)MgADP-P; bind at the same site(s) on actin, then
product of the net electric charge at the aet81 binding site|zyza| the reduction in|zuza| that occurs when the rlc is added
(see text). indicates that the electric charge at the actin binding site of

S1(elc,rlc)yMgADP-P, is less than half of that of S1(elc)

0.10-1 M ionic strength range. Increasing [A¥8] to 2 MgADP-P. The decreased value dw measured for
mM had only an ionic strength effect, indicating that the S1(€lc) in low ionic strength solution, compared to
ATP site was saturated when S1 was bound to actin. The S1(elc.ric) (Figure 4), is consistent with S1(elc,ric) having
data were analyzed as described above for ATP and ADP less electric charge at the actin site and lower actin affinity.
At 0 M ionic strengthK, for S1(elc,rlcyMgATPyS is 8.0 The changes Ky, Ka, and actin binding site electric
x 1074 M (Figure 5), which is near the value obtained for charge, caused by the presence or absence of the ric, cannot
Si(elc,rlc)yMgADP-P.. At higher ionic strengths, however, be compared directly to aim »ivo regulatory mechanism
the actin affinity of S1(elc,rleMgADP-P, decreases while  for myosin. In vivo, the ric is always present. lIts effects
that of Si(elc,rlcMgATPyS does not (Figures 3 and 5). on the ATP and actin binding sites are due to ric confor-
The value for|zyza| for S1(elc,ricyMgATPyS is 0, within mational changes caused by calcium binding or phosphory-
experimental error (Table 2). This striking result suggests lation, which affect the conformation of the rest of the heavy
that when ATP binds to myosin, and presumably to aetin  chain—essential light chain complex. Nonetheless, the results
myosin, the electric charge on the myosin side of the actin  shown here indicate that the ric communicates with the ATP
myosin interface is abolished. and actin binding sites. The rlc modulates their allosteric
Error Analysis. Stock solution protein concentrations were interactions, as well as the structure of the actin binding site,
determined spectrophotometrically and are accurate within @S others have reported [see Sweeney (1995) and Szczesna
1—2%. Dilution errors in making up the working solutions €t al. (1996) and references therein]. The fact that the ric
contribute another23%. The individual activity measure-  effectis greater for SMgADP-P, the intermediate that first

ments have~5% error (SD). The error foKy determina- binds to actin, is consistent with rlc involvement in regulation
tions is~20%. For the association constant measurements,of the initiation of the contractile cycle.
the random error was reduced to-116% by repeating It is possible that proteolytic artifacts contribute to the

measurements four to seven times. The error for the differences shown here for the mixtures of Sl(elc) and
extrapolatedK, at 0 M ionic strength is larger, in the 15 Si(elc,rlc). Such effects would be difficult to quantitate;
60% range. There are several potential sources of systematitiowever, unlike trypsin, neither papain reoichymotrypsin
errors for theK, measurements. One is structural modifica- appears to damage the actin binding site (Yamamoto &
tion of S1 by the different proteolytic enzymes used for its Sekine, 1980); so decreaseskin andKa due to cleaving
preparation. This error cannot be readily estimated quanti- the 632-646 loop (Bobkov et al., 1996) are not likely to be
tatively, and its possible effects are discussed below. a problem here. The observation that S1(elc,ric) prepared
Another potential source of systematic error is the exhaustionwith or without actin bound, to protect the actin binding site,
of the ligand in the ATP and AT¥S cases. Error from this  has the same actin affinity (Highsmith, 1976) is consistent
source is small, as adequate ATP and ABRoncentrations  with papain not modifying the actin binding site. Nonethe-
were verified after the actin-bound Shucleotide complex  less, the possibility that proteolysis contibutes the differences
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observed for S1(elc) and Sl(elc,ric) cannot be ruled out charge on actin. It is also possible that the equilibrium
entirely. Papain does remove part of the N-terminal portion between MgATP and MgADP-P, in the active site (Trentham
of the larger elc, A1 (Margossian et al., 1975). This segment et al., 1976) provides a blinking on and off of positive electric
can be cross-linked to actin (Sutoh, 1982), suggesting thatcharge at the actin binding site. Related to this possible
it may spend some time in the actin binding site. Related blinking electric charge at the actin binding site, a formalism
to this, a drag effect caused by Al positive charge binding for a novel model of force producing motion by a periodically
to actin has been proposed (Sweeney, 1996) to explain whycharged enzymic particle in a static electric field was recently
S1Al is less activated by actin (Wagner & Weeds, 1977) developed (Zhou & Chen, 1996).
and has lowein vitro motility (Lowey et al., 1993) than The absence of electric charge at the actin binding site of
S1A2. Solution studies suggest that the-Asttin interaction S1-MgATP may also have a role in its dissociation from
may only occur for rigor binding at low ratios of S1 to actin actin and its ability to move to a new actin further along the
(Andreev & Borejdo, 1995), but some positive charge filament. If anincrease in actin binding site electric charge
contribution from S1A1 in the S1(elc) preparation, which is is, in fact, the trigger for actin binding to begin the contractile
missing in the Sl(elc,ric) preparation, seems possible. cycle, as discussed above, then the existence of an uncharged
However, papain proteolytic effects on the heavy chain or S1:MgATP would reduce the probability of rebinding to the
Al positive charge contributions cannot simply produce a same actin and give the dissociating cross-bridge time to
static structural difference; for the ADP case, the difference move to a new site. The rate of ATP hydrolysis is 150 s
in |zvza| is O esd, while for the ATP case, the difference is (White & Taylor, 1976), which makes the average lifetime
8 esd (Table 1). Even if proteolysis is contributing charge of the electrically neutral SMgATP about 7 ms. At a
to the actin binding site, the amount of charge is being shortening velocity of 2um/s (Cooke et al., 1988), the
controlled allosterically by nucleotide and the rlc. electrically neutral motor domain would move about 14 nm
It should also be emphasized that S1(elc) and S1(elc,ric)away from the actin from which it dissociated before the
are both mixtures of isozymes having either alkali light chain positive charge appeared. Althoulih values are equal for
1 or 2 bound. The data are therefore averages for two SI:-MgATPyS and SIMgADP-P, at 0 M ionic strength, at
isozymes in each case. This is not ideal. At least for so-called physiological ionic strengths-$IgATPyS binds
S1(elc), it is known that the essential light chain does affect 10-fold less strongly than SMgADP-P, (Table 2). This
actin binding (Wadzinski et al., 1979). The actin affinity of surprising result may reflect the importance of eliminating
S1Al is greater than that of S1A2 by a fixed ratio when the electric charge on SATP in order for it to dissociate
ADP, ATP, or AMPPNP is present, and the enhanced binding from actin.
appears to be largely ionic (Chalovich et al., 1984). Itis  There is always some risk in using an analog, because it
not known if there are comparable essential light chain effects must be different from the true species. In the present case,
for Sl(elc,ric) as it is not yet feasible to purify these there are datato support using Af¥and ATP as substrates
isozymes. If the essential light chain of Sl(elc,rlc) is to compare the intermediates-SIDATP and SIMgADP-P.
contributing to the differences observed in Figures 2 and 3, SI:-MgATPyS is the major primary species present; the
its quantitative effects cannot readily be assessed. Howeverhydrolysis of S1-bound ATFS is very slow and is not
the use of mixtures does not change the major conclusionsignificantly activated by actin (Goody & Mannherz, 1975;
drawn from the data: that the presence of the regulatory light Resetar & Chalovich, 1995). For ATP, on the other hand,
chain modulates the effect that nucleotides have on theat 25°C the ratio of SIMgADP-P, to S1:MgATP is greater
electrostatic charge at the actin binding site. It is not possible than 10 (Trentham et al., 1976; White & Taylor, 1976).
to rationize the observed nucleotide-dependent differencesRelevant to this point, the applicability of 8dgATPyS as
between Sl(elc) and S1(elc,rlc) electrostatic interactions withan analog of SMgATP was recently reviewed; it was
actin (Figures 2, 3, and 5) using the nucleotide-independentconcluded that complications can occur with AT when
differences of the S1(elc) isozymeactin interactions (Cha-  regulated actin is used, or when the slowly formed [ADP]
lovich et al., 1984). is high enough to compete with MgA}PB (Resetar &
The Actin Binding Site of Sl(elc,rtdJgATF/S. The Chalovich, 1995). Neither is a likely problem in the present
ATPyS data indicate that, for S1(elc,Ab)gATPyS, the actin case.
binding site has no detectable electric charge (Figure 5, Table Structural Mechanism of Actin Binding Site Electric
2). This result suggests that the electrostatic interaction is Charge ChangesThere are several nucleotide or rlc-induced
abolished when ATP binds to-M and that electric charge  S1 conformational changes that could be responsible for the
is not redisplayed at the actin binding site until ATP is observed changes in electrostatic charge at the actin site
hydrolyzed and SMgADP-P, is formed. The conclusion (Tables 1 and 2). One possibility is that protons on lysine
that SEMgATP is electrically neutral is supported by the and/or arginine side chains at the actin binding site of S1
ionic strength independence of the kinetically determined MgADP-P, dissociate to reduce the charge wherNEJATP
association constant for SdIgATP binding actin (White & or S:MgADP form. The lack of any pH dependence for
Taylor, 1976). The apparent absence of electric charge atS1:MgADP-P, binding to actin makes this an unlikely
the actin binding site of SMgATP, followed by a substan-  explanation (Duignan & Highsmith, unpublished results).
tial increase when SMgADP-P; forms, is consistent with  Another possibility is that SMgADP and SIMgATP bind
contractile cycle mechanisms which have an electrostatic more anions at the actin binding site than-B4ADP-P,
attraction as the first step. As is well known, and clear from does. The overall net electric charge of myosin is nucleotide
the data in Tables 1 and 2, electrostatic interactions are notsensitive, apparently due to chloride binding (Bartels et al.,
particularly important in determining the strength of the 1993), suggesting that anion binding may occur at the actin
actinr—myosin bond. It is more likely that the highest level binding site. The [Cl] is low in the present measurements,
of electric charge is on SMgADP-P, in order to provide but acetate may also bind. Finally, positive charges at the
longer range forces to guide it to complementary electric actin binding site of SIMgADP-P; could move to form
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Highsmith

neutral ion pairs by binding nearby glutamates and/or Kabsch, W., Mannherz, H. G., Suck, D., Pai, E. F., & Holmes, K.

aspartates for the SUgATP and SIMgADP cases.

The last mechanism would be facilitated by a flexible
structure such as the 63846 stretch of the myosin heavy K
chain (Figure 1), which is located near a crevice in the

C. (1990)Nature 347 37—44.
Kirshenbaum, K., Papp, S., & Highsmith, S. (19%ipphys. J.
65, 1121-1129.
orn, E. D., & Hammer, J. A, lll (1988Annu. Re. Biophys.
Biophys. Chem. 1723—45.

myosin structure, which may be able to open and close Leavis, P. C., & Gergely, J. (1984RC Crit. Re. Biochem. 16
(Rayment et al., 1993b). For the many reasons given in the 235-305.

introduction, myosin 632646 and actin 10 probably are

Lin, T. I., & Morales, M. F. (1977)Anal. Biochem. 7,710-17.

the structures involved in forming the earliest contact. Itis Lowey, S., Waller, S., & Trybus, K. M. (1993Yature 365 454

true that the largest value measured f@za| when both
light chains are bound is 6.4 &swhich is less than the 25

eslf expected if the five positive charges in the myosin-632
646 loop (Tong & Elzinga, 1990) and the five negative

changes in the actin111 strand (Collins & Elzinga, 1975)

Lymn, R. W., & Taylor, E. W. (1971Biochemistry 104617
4624.

MacLean-Fletcher, S., & Pollard, T. D. (198BJochem. Biophys.
Res. Commun. 96.8-27.

Margossian, S. S., & Lowey, S. (1973)Mol. Biol. 74 313-330.

were all involved. The data here suggest that a net chargeMargossian, S. S., Lowey, S., & Barshop, B. (19R&jture 258

of 2—3 is contributed by each protein, and whatever the

163-168.

mechanism for changing charge on the actin binding site is, Marston, S., & Weber, A. (19753iochemistry 14 3868-3873.

only 2—3 positive charges are involved. This does not argue
again the myosin loop and actin N-terminus; in fact, these

Miller, C. J., & Reisler, E. (1995Biochemistry 342694-2700.
Mornet, D., Pantel, P., Audemard, E., & Kassab, R. (1®16hem.
Biophys. Res. Commun. ,8325-932.

values are consistent with the number of cross-links formed Mornet, D., Bertrand, R., Pantel, P.. Audemard, E., & Kassab, R.

between myosin 632646 and actin £10 (Yamamoto,
1990).
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