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SUMMARY Calcium regulation of the insect actomyosin ATPase is associated
with the thin filaments as in vertebrate muscles, and also with the myosin mole-
cule as in mollusks. This dual regulation is demonstrated using combinations of
locust thin filaments with rabbit myosin and locust myosin with rabbit actin;
in each case the ATPase of the hybrid actomyosin is calcium dependent. The
two regulatory systems are synergistic, the calcium dependency of the locust
actomyosin ATPase being at least 10 times that of the hybrid actomyosins de-
scribed above. Likewise Lethocerus myosin also contains regulatory proteins. The
ATPase activity of Lethocerus myosin is labile and is stabilized by the presence of
rabbit actin. Tropomyosin activates the ATPase of insect actomyosin and the
activation occurs irrespective of whether the myosin is calcium dependent or
rendered independent of calcium.

INTRODUCTION

Muscular contraction in all animals appears to be regulated by the concentra-
tion of calcium within the myofibrils. The calcium interacts with so-called
regulatory proteins which in the vertebrates (Ebashi and Endo, 1968) and in

the arthropods (Regenstein, 1972; Bullard et al., 1973; Lehman et al., 1973)
are a complex of troponin and tropomyosin occurring on the thin filament.
Troponin is a complex molecule itself and one of its components interacts with

calcium specifically (Hartshorne and Mueller, 1968; Schaub and Perry, 1969;
Greaser and Gergely, 1971). In mollusks, on the other hand, no troponin is

found and the regulatory system is linked to the myosin and calcium binds to
this molecule (Kendrick-Jones et al., 1970). Apparently in all these cases, the
calcium, by combining with the regulatory proteins, modifies the affinity of
myosin for actin (Eisenberg and Kielley, 1970; Parker et al., 1970; Lehman
and Szent-Gy6rgyi, 1972 a; Szent-Gy6rgyi et al., 1973) and this controls the
adenosine triphosphatase (ATPase) activity and the force of contraction (Hel-
lam and Podolsky, 1969; Podolsky and Teichholz, 1970; Julian, 1971; Abbott,
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1973). The regulatory proteins act by inhibiting the actin-activated ATPase
of myosin when calcium is absent. Remarkably, annelids and certain groups
of arthropods contain both thin filament-linked and myosin-linked regulatory
systems within the same muscles (Lehman et al., 1973; Lehman and Szent-
Gybrgyi, unpublished results).

In most cases this dual nature of regulation has been demonstrated by study-
ing the interaction of isolated thin filaments with rabbit myosin and by use of
an indirect ATPase test (Lehman et al., 1973). In this indirect assay we intro-
duce pure rabbit actin to myofibrils or natural actomyosin at low calcium con-
centration, and determine if the myosin present is blocked or is free to inter-
act with the rabbit actin. The advantage of this "competitive actin-binding
assay" is that it tests whether the myosin is calcium dependent or not, without
having to extract or purify the myosin. Interpretation of the results of this as-
say does, however, assume firstly that in all muscles actin and myosin are dis-
sociated in the absence of calcium, and secondly that any actin (or actin com-
plexed with tropomyosin) will activate the ATPase of a particular myosin.

The competitive actin-binding assay indicates that several orders of insects
contain a myosin-linked regulatory system in addition to the thin filament-
linked system (Lehman et al., 1973; Lehman and Szent-Gy6rgyi, unpub-
lished results). There is, however, as yet no evidence on purified myosin from
insects being calcium dependent. In the present investigation myosin was
prepared from locust and Lethocerus, and direct evidence is presented for a
myosin-linked regulatory system in these insects.

MATERIALS AND METHODS

Preparations

All proteins were prepared at 0-4°C. Rabbit actin free of tropomyosin was prepared
by the method of Straub (1942) employing either of two modifications (Kendrick-
Jones et al., 1970; Bullard et al., 1973). Pure tropomyosin was prepared by the method
of Bailey (1948) with the additional purification procedure of Hartshorne and Mueller
(1969) or Lehman and Szent-Gyorgyi (1972 a). Rabbit myosin was prepared accord-
ing to Szent-Gy6rgyi (1951) with the modification of Mommaerts and Parrish (1951)
which further removes actomyosin impurities. Insect myofibrils were prepared and
washed as described by Bullard et al., (1973) from the flight muscles of the locust,
Schistocerca gregaria, and the waterbug, Lethocerus cordofanus.

LOCUST MYOSIN Locust myosin was prepared directly from washed myofibrils
by a modification of Weber's procedure for dissociating actin and myosin in the pres-
ence of ATP (Weber, 1956). The washed myofibrils were suspended in 50 mM KCI, 1
mM MgC12, 5 mM Na+ or K+ phosphate buffer (pH 7.0). The KCI concentration
was then increased to 0.6 M KC1 and ATP was added (final concentration I mM, pH
7.0). The suspension was homogenized with a Potter homogenizer (Potter Instru-
ment Co. Inc., Melville, N.Y.) and immediately sedimented for 10 min at 30,000 g to
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remove coarse fragments, and then at 200,000 g for 2/1/ h to remove the remaining
actin. The supernatant containing myosin and paramyosin was used in these studies.
No attempt was made to separate the myosin from paramyosin. Some preparations of
the myosin were precipitated by dialyzing against 50 mM KC1, 1 mM MgCl2 , 5 mM
Na + or K+ phosphate buffer (pH 7.0); very little locust myosin is precipitated by
rapid dilution of the KCI to 30 mM using phosphate buffer (5 mM, pH 6.0-7.0).
Preparations of the extracted myosin could be precipitated by dilution, if the myosin
first was mixed with rabbit actin. Here rabbit actin and the locust myosin were mixed
and then diluted with 20 vol of 50 mM NaCl, 1 mM MgC12, 5 mM phosphate buffer,
pH 7.0. The mixture was immediately centrifuged fcr 5 min at 20,000 g and the pellet
suspended in the same solution.

LOCUST THIN FILAMENTS Flight muscles were glycerinated for 12-36 h while
still attached to the cuticle, in a solution consisting of 100 mM KCI, 5 mM MgC12,
5 mM Na+ or K+ phosphate buffer, pH 7.0 and 50 % glycerol (vol/vol). The muscles
were then dissected and rinsed in 40 mM KC1, 1 mM MgC12, 5 mM Na + or K+ phos-
phate buffer, pH 7.0, and homogenized in a VirTis homogenizer (VirTis Co. Inc.,
Gardiner, N.Y.) in the same solution. The myofibrils were sedimented for 5 min at
2000 g. The pellets were resuspended in a solution consisting of 100 mM KCI, 5 mM
MgC12, 0.1 mM EGTA, 5 mM Na+ or K+ phosphate buffer, pH 6.0; the resuspension
and sedimentation was repeated twice. The washed myofibrils were then resuspended
in the same solution containing in addition 5 mM ATP (pH 6.0) and homogenized
using a Potter homogenizer. The suspension was sedimented for 10 min at 30,000 g to
remove coarse fragments, and for an additional 30 min at 80,000 g to remove thick
filaments. The thin filaments were then collected by sedimenting the supernatant at
80,000 g for 2 h and resuspended in 40 mM KC1, 1 mM MgC12, 5 mM Na+ or K+

phosphate buffer, pH 7.0.

LETHOCERUS MYOSIN Lethocerus myosin was extracted by the method used for
locust. Preparations were also made of Lethocerus myosin and rabbit actin where the
myosin was extracted in the presence of rabbit actin and the native thin filaments se-
lectively removed. This was done to protect the ATPase activity of the myosin. In
this preparation, washed myofibrils from about 7 g of muscle were sedimented at
2,500 g for 15 min and resuspended in 1 vol of 1.4 M KC1, 2 mM MgCl2 , 20 mM K-
phosphate buffer (pH 7.0) to which was added another volume of 0.7 M KC1, 1 mM
MgC12 , 10 mM K-phosphate buffer (pH 7.0); ATP was then added (final concentra-
tion 1 mM, pH 7.0). Pure rabbit actin was added to give a concentration of about 1
mg/ml in the extract. The mixture was stirred for 6-8 min and centrifuged at 15,000 g
for 15 min producing a hard pellet. The supernatant was carefully removed with a
Pasteur pipette and filtered through glass wool to remove lipid. The rabbit actin was
not removed from the extract because if it is, the myosin is inactivated. The protein
concentration of the extract was about 4 mg/ml.

Some extracts were precipitated by dialyzing against 40 mM KC1, 1 mM MgC1,
1 mM ATP, 10 mM K-phosphate buffer (pH 7.0). The precipitate was sedimented at
2,500 g for 10 min and dissolved in 0.6 M KC1, 1 mM MgC12 , 1 mM ATP, 10 mM
K-phosphate buffer (pH 7.0).
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Analysis

The Mg-activated ATPase of actomyosin was measured using the pH-stat method as
previously described (Szent-Gyorgyi et al., 1971); ATPase assays were performed at
25°C. A creatine phosphate-creatine kinase backup system was not employed. Cal-
cium sensitivity was measured by comparing the ATPase rates in the presence of 0. 1
mM EGTA before and after calcium was added to 0.6 -- 1.0 X 10- 4 M. The sub-
strate was Mg-ATP and the initial concentrations were 0.7 mM ATP and 1 mM
MgC12. Protein samples dissolved in approximately 0.6 M KCI were added to 10 ml
of assay solution and the final salt concentration in the assay medium varied between
20 and 40 mM. The only pH buffers present were the ATP and EGTA and 0.05 -
0.35 mM phosphate introduced with the sample.

Protein concentrations were measured by the method of Lowry et al., (1951) and
by the microbiuret method (Goa, 1953), each standardized by Kjeldahl N-determina-
tions. Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis was per-
formed using Coomassie Blue as a stain according to Weber and Osborn (1969).
Stained gels were scanned with a Gilford densitometer attachment (Gilford Instru-
ment Laboratories, Inc., Oberlin, Ohio) on a spectrophotometer.

RESULTS AND INTERPRETATION

Locust Flight Muscle

LOCUST MYOSIN AND RABBIT ACTIN 'The locust myosin is relatively pure as
shown by the presence of only trace amounts of actin and tropomyosin on
SDS gels (Fig. 1 a) and by the very low Mg-activated ATPase of the extracted
myosin (Table I, a) which is stimulated by pure rabbit actin about 20 times
(Table I, b). Myosin can be extracted directly from the myofibrils because
most of the thin filaments remain firmly attached to the Z disks and are sedi-

mented with them; the remaining thin filaments are removed by high speed
centrifugation.

The Mg-ATPase of the locust myosin stimulated by rabbit actin is de-

pendent on calcium concentration (Table I, b). Since the actin does not con-
tain regulatory proteins, the calcium sensitivity can be attributed to the locust
preparation. Tropomyosin activates the ATPase rate of the locust actomyosin

about three times, and the activation at low and high calcium concentrations
is about the same (Table I, c); thus, the degree of the calcium dependence is
not altered by tropomyosin. The ATPase activity of locust myosin in the pres-
ence of both actin and tropomyosin is lower than the ATPase activity of locust
myofibrils which is about 0.3 umol ATP split/min/mg myofibrillar protein
at the high calcium concentration.

Locust myosin which has been precipitated and redissolved and then is
mixed with rabbit actin, has a normal A'I'Pase activity but it is not calcium
dependent. 'I'Thus, this reprecipitation results in a loss of calcium sensitivity.
Since the entire dialyzed sample of precipitated myosin was assayed without
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TABLE I

ATPASE ACTIVITIES OF LOCUST PREPARATIONS

Mg-ATPase Calcium sensitivity
No. of pre- ATPase (calcium)/
parations EGTA Calcium ATPase (EGTA)

jumol A TP split/min/mg*

(a) Locust myosin alone 6 - 0.004
(b) Locust myosin +

rabbit acting 6 0.039 0.085 2.3 (1.8-3.4)
(c) Locust myosin + rabbit

actin + rabbit tropomyosin§ 4 0.11 0.26 2.4 (2.1-3.8)
(d) Locust myofibrilsll 3 0.06 0.29 5

* ATPase activities of myofibrils calculated in terms of total protein present, the other values
are in terms of myosin present. The results are averages of the number of preparations indicated.
Figures in brackets are the range of values observed. The duration of an assay was from 4 to 12
min; the ATP being split did not exceed 60% of that added.
I Myosin and actin were mixed in ratios of 3-4/1 (wt/wt). The calcium sensitivity of every
myosin preparation was also tested with actin in concentrations two and four times higher than
saturating amounts, and was found to be unchanged.
§ The ratio of actin to tropomyosin was 2/1 (wt/wt).
|| The ATPase of locust myofibrils in EGTA was high for the first 2 min of any assay and then
lowered. The rate in EGTA was measured after 10 min in the EGTA and compared with the
initial rate with added calcium.

further fractionation, the loss of the calcium dependence is not due to removal
of a factor. The ATPase of this preparation is still activated to the same extent
by tropomyosin, and thus this property of the myosin is not influenced by pre-
cipitation. When the same myosin preparation is not precipitated by itself
but precipitated in the presence of rabbit actin and then collected by centrifu-
gation, it retains its calcium-dependent properties (Table II). In this pro-
cedure the myosin is coprecipitated with various excess concentrations of actin,
insuring that the myosin will bind saturating amounts of actin. Therefore,
actin prevents the loss of the calcium dependence during precipitation of the
myosin.

SDS gels of such coprecipitates of locust myosin and rabbit actin show large
excesses of actin to tropomyosin (Fig. 1 b). This further illustrates that the ob-
served calcium dependence of locust myosin and rabbit actin is not due to con-
taminating tropomyosin.

Tropomyosin is a necessary constituent for the actin-linked regulatory sys-
tem in the arthropods as it is in the vertebrates (Regenstein, 1972; Lehman
et al., 1973; Bullard et al., 1973). Since the evidence is that locust myosin prep-
arations have a calcium-dependent ATPase in the absence of tropomyosin,
this shows that the calcium sensitivity is an inherent property of the myosin.

LOCUST MYOSIN AND LOCUST THIN FILAMENTS Locust thin filaments confer
a calcium dependence to the actomyosin ATPase formed with rabbit myosin
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FIGURE 1. 10% SDS polyacrylamide gels of insect muscle preparations. Bands seen on
these gels correspond to the myosin heavy chain (HC), paramyosin (P), a 55,000 dalton
protein (X) associated with arthropod thin filaments, actin (A), tropomyosin (TM), and
the myosin light chains (LC). (a) Unprecipitated locust myosin. (b) Locust myosin co-
precipitated with rabbit actin. N.B. Even though this gel shows a heavy loading of actin,
the actin band has not superimposed on the tropomyosin band which appears as an ex-
tremely faint line. (c) Locust thin filaments. N.B. SDS gels of all other arthropods thin
filaments show significant amounts of 19,000, 29,000, and 55-60,000 dalton chains.
Preparations of locust thin filaments, whether from fresh or glycerinated muscles, only
show the 55,000 dalton chain and trace amounts of the 19,000 dalton chain. Locust thin
filaments always form a calcium-sensitive ATPase with rabbit myosin, and it may be
that the troponin chains have been partly proteolyzed during preparation. (d) Lethocerus
myosin extracted in the presence of rabbit actin.

TABLE II

COPRECIPITATION OF LOCUST MYOSIN WITH EXCESS
RABBIT ACTIN

Ratio (wt/wt) of actin added to myosin 1.4 2.0 2.1 4.2
Calcium sensitivity 3.0 2.4 2.3 2.2
ATPase (calcium)/ATPase (EGTA)

These data are results from three different preparations of myosin. Since the
percentage of myosin in the pellet was not determined, specific activities are
not given.

(Table III). Since locust muscle is a tissue from which calcium-sensitive thin
filaments and myosin can be prepared, it is of interest to compare their indi-
vidual and combined contributions to the calcium sensitivity of the muscle.
This was examined by mixing locust thin filaments with calcium insensitive
rabbit myosin, and locust myosin with calcium-insensitive pure rabbit actin,
and comparing the calcium sensitivities of these actomyosins with that of lo-
cust thin filaments and locust myosin. The calcium sensitivity of the mixture of
locust thin filaments and locust myosin is greater than either of the other two
actomyosins by a factor of about 10 (Table III).
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TABLE III

ATPASE ACTIVITIES CONFERRED BY LOCUST THIN FILAMENTS
AND LOCUST MYOSIN

Mg-ATPase Calcium sensitivity
ATPase (calcium)/

EGTA Calcium ATPase (EGTA)

lmol A TP split/min/mg myosin

Rabbit actin + rabbit myosin, calcium-insensi- 0.5 0.5 1.0
tive control proteins

Rabbit actin + locust myosin* 0.023 0.083 3.4
Locust thin filaments + rabbit myosin 0.1 0.5 5
Locust thin filaments + locust myosin <0.008t 0.31 >40

* The preparation of locust myosin used in this experiment showed the highest calcium sensi-
tivity of all preparations examined.

The ATPase rate in EGTA was lower than could be measured.

Lethocerus Flight Myosin

Extracted Lethocerus myosin has a low ATPase activity that is activated by rab-
bit actin and tropomyosin (Table IV, b and c). But although this activated
ATPase is sensitive to calcium, the specific activity is never greater than 0.05
pumol ATP split/min/mg myosin, a value considerably less than that of myo-
fibrils. The low ATPase is likely to be a result of the isolation of the myosin in
0.6 M KCI, since unfractionated extracts of myofibrils are fully active. Thus,
it seems likely that the myosin is inactivatd by removal of the thin filaments.

With this idea in mind, myosin was extracted from myofibrils in the pres-
ence of rabbit actin and indeed the preparation is more active and is calcium
sensitive (Table IV, d and e). The extract contained myosin (heavy and light
chains) and actin, and a small amount of tropomyosin, and a protein of sub-
unit molecular weight 55,000 (Figs. 1 d, 2). The actin band is mostly due to the
rabbit actin. This is evident from the densitometry tracing; the ratio of actin to
tropomyosin in the extract is about 15: 1 (wt/wt) which is considerably higher
than the 3: 1 (wt/wt) found with Lethocerus myofibrils.

The ATPase of this actomyosin does not seem to be influenced by the small
amounts of intrinsic tropomyosin since addition of rabbit tropomyosin acti-
vates the ATPase rate (Table IV, e) to the same extent as that obtained pre-
viouslywith Lethocerus myosin free of tropomyosin (Bullard et al., 1973). Since
this actomyosin has a calcium-dependent ATPase and most of the actin is
uncomplexed with tropomyosin, the calcium sensitivity therefore is very
likely to be a property of the myosin, for the same reasons discussed in the case
of the locust.

The calcium dependence of Lethocerus myosin is likewise lost by precipitation
of the preparation; this occurs in the presence of rabbit actin. The precipitation
also results in the specific ATPase activities being increased from three to four
times (Table IV, f and g).
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TABLE IV

ATPASE ACTIVITIES OF LETHOCERUS PREPARATIONS

Calcium sensitivity
No. of ATPase (Calcium)/

preparations EGTA Calcium ATPase (EGTA)

pmol A TP split/min/mg

(a) Lethocerus myofibrils 2 0.08 0.25 3.1
(b) Lethocerus myosin extracted alone 2 - 0.01 -
(c) Lethocerus myosin extracted alone, then 5 0.008 0.04 5

rabbit actin + rabbit tropomyosin added
(d) Lethocerus myosin extracted with rabbit 4 0.014 0.038 2.7 (2.5-3.0)

actin §
(e) Lethocerus myosin extracted with rabbit 4 0.029 0.10 3.4 (2.8-4.0)

actin, then rabbit tropomyosin added§
After precipitation:

(f) Lethocerus myosin extracted with rabbit 2 0.18 0.17 0.94
actin, then precipitated

(g) Lethocerus myosin extracted with rabbit ac- 2 0.40 0.33 0.83
tin, then precipitated and rabbit tropo-
myosin added

* ATPase activities of myofibrils are calculated in terms of total protein, other values in terms of
myosin only. The results are averages of the number of preparatios indicated. Figures in brackets
are ranges of values.
I Myosin and actin were mixed in 0.6 M KCI in the ratio of 3/1 (wt/wt), actin and tropomyosin
in the ratio 2/1 (wt/wt).
§ Specific activities calculated assuming that the difference between the total protein concentra-
tion of the extract and the rabbit actin was entirely Lethocerus myosin, i.e. 1 mg/ml actin, 3 mg/
ml myosin. Densitometry of 7.5% SDS gels of extracts of Lethocerus myosin with rabbit actin,
show that the ratio of total protein to actin is about 4:1. The real specific activities are probably
slightly higher since other proteins in the extract such as paramyosin have been included in cal-
culating the myosin fraction.
Myosin preparations extracted with rabbit actin had saturating amounts of actin. The ATPase
activity and calcium sensitivity of the myosin are not significantly altered by actin concentra-
tions up to four times that in the extract.

DISCUSSION

It was previously shown that, like the vertebrates, the insects contain a thin
filament-linked regulatory system (Maruyama et al., 1968; Meinrenken, 1969;
Lehman and Szent-Gy6rgyi, 1972 b; Bullard et al., 1973). However, no at-
tempts were made to look for a myosin-linked system until the competitive
actin-binding test was developed, and it was then found that insects, like anne-
lids, contain a dual regulatory system (Lehman et al., 1973). In the present
study we have shown directly that myosin from insects can confer calcium sen-
sitivity to an actomyosin ATPase. Although our myosin preparations contain
tropomyosin contamination, tropomyosin is not present in sufficient amounts
to be considered part of a relaxing protein system.

The reason for the loss in calcium sensitivity after insect myosin is precipi-
tated is not known. Whereas with scallop myosin, removal of a myosin light
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LC LC TM A X P

FIGURE 2. Densitometer tracing of the SDS gel shown in Fig. 1 d, illustrating the small
quantity tropomyosin relative to actin. The myosin heavy chain is off scale on the tracing.

chain was shown to be the cause (Szent-Gy6rgyi et al., 1973); there is, how-
ever, no obvious loss of light chain components after precipitation of locust
myosin and this agrees with results reported previously for myosins of other
insects (Bullard et al., 1973). Although we cannot explain why insect myosin
loses its calcium-dependent properties after precipitation, or how actin pro-
tects the myosin, our results do explain why in a previous study (Bullard et
al., 1973), where only precipitated myosin was analyzed, calcium sensitivity
was not detected.

An advantage of having both the thin filament and myosin-linked systems
in a single muscle is obvious. Since both systems probably act by independent
mechanisms (Lehman et al., 1973), the calcium sensitivity of the dual system
should be a function of the product of the individual sensitivities and thus in-
creased. If the interaction behaved as a monomer-monomer reaction, the in-
creased calcium sensitivity would be expected to be the product of the in-
dividual calcium sensitivities. The increased sensitivity is in fact even greater
than this. If a double system is a more powerful way to control muscular con-
traction, then it is unclear why certain groups evolved single systems, and if in
these systems there are further adaptations.

Tropomyosin has been found to activate the ATPase of Limulus (Lehman
and Szent-Gy6rgyi, 1972 a) and all insect muscles investigated (Bullard et al.,
1973) but this property is not a general feature of arthropods since no crusta-
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cean investigated demonstrates the effect (Lehman and Szent-Gy6rgyi, un-
published results; Regenstein, 1972). The most likely explanation for the ac-
tivation is that tropomyosin provides a better fit for particular myosins on
actin (Lehman and Szent-Gy6rgyi, 1972 a).

Preparations of relaxing proteins have been found to activate the actomyosin
ATPase of vertebrate muscles (Katz, 1964; Schaub et al., 1967; Hartshorne
and Mueller, 1968; Greaser and Gergely, 1971; Spudich and Watt, 1971). This
has never been investigated in detail, and it is not understood which component
is responsible for the activation. At low ATP concentrations, it has been ob-
served( Shigekawa and Tonomura, 1972; Bremel et al., 1973) that the ATPase
of actomyosin or an actin-subfragment-l system is activated by tropomyosin
alone. Bremel et al. (1973) suggest that tropomyosin mediates a cooperative
change on the actin filament, resulting in a greater reactivity of the actin for
myosin. The activation by tropomyosin found in Limulus and the insects may
involve a similar type of cooperativity occurring at higher ATP concentra-
tion. Further research should establish if activation by tropomyosin is re-
stricted only to certain species, and what its function in the regulaion of mus-
cular contraction is.

Received for publication 14 August 1973.

REFERENCES

ABBOTT, R. H. 1973. Stretch and calcium activation of glycerol extracted insect fibrillar muscle
J. Physiol. (London.). 231:195.

BAILEY, K. 1948. Tropomyosin: a new asymmetrical protein component of the muscle fibril.
Biochem. J. 43:271.

BREMEL, R. D., J. M. MURRAY, and A. WEBER. 1973. Manifestations of cooperative behavior
in the, regulated actin filament during actin-activated ATP hydrolysis in the presence of
calcium. Cold Spring Harbor Symp. Quant. Biol. 37:267.

BULLARD, B., R. DABROWSKA, and L. B. WINKELMAN. 1973. The contractile and regulatory pro-
teins of insect flight muscle. Biochem. J. 135:277.

EBASHI, S., and M. ENDO. 1968. Calcium ion and muscular contraction. Prog. Biophys. Mol.
Biol. 18:123.

EISENBERG, E., and W. W. KIELLEY. 1970. Native tropomyosin: effect on the interaction of
actin with heavy meromyosin and sub-fragment-i. Biochem. Biophys. Res. Commun. 40:50.

GOA, J. 1953. A micro biuret method for protein determination: determination of total protein
in cerebrospinal fluid. Scand. J. Clin. Lab. Invest. 5:218.

GREASER, M. L., and J. GERGELY. 1971. Reconstitution of troponin activity from three protein
components. J. Biol. Chem. 246:4226.

HARTSHORNE, D. J., and H. MUELLER. 1968. Fractionation of troponin into two distinct pro-
teins. Biochem. Biophys. Res. Commun. 31:647.

HARTSHORNE, D. J., and H. MUELLER. 1969. The preparation of tropomyosin and troponin
from natural actomyosin. Biochim. Biophys. Acta. 175:301.

HELLAM, D. C., and R. J. PODOLSKY. 1969. Force measurements in skinned muscle fibres. J.
Physiol. (Lond.). 200:807.

JULIAN, F. J. 1971. The effect of calcium on the force-velocity relation of briefly glycerinated
frog muscle fibres. J. Physiol. (Lond.). 218:117.

KATZ, A. M. 1964. Influence of tropomyosin upon the reactions of actomyosin at low ionic
strength. J. Biol. Chem. 239:3304.

562



LEHMAN ET AL. Calcium-Dependent Myosin from Insect Flight Muscles

KENDRICK-JONES, J., W. LEHMAN, and A. G. SZENT-GYoRGY. 1970. Regulation in molluscan
muscles. J. Mol. Biol. 54:313.

LEHMAN, W., J. KENDRICK-JoNEs, and A. G. SZENT-GYORGY. 1973. Myosin-linked regulatory
systems: comparative studies. Cold Spring Harbor Symp. Quant. Biol. 37:319.

LEHMAN, W., and A. G. SZENT-GY6RGYI. 1972 a. Activation of the adenosine triphosphatase of
Limulus polyphemus actomyosin by tropomyosin, J. Gen. Physiol. 59:375.

LEHMAN, W., and A. G. SZENT-GYORGYI. 1972 b. Thin filaments from different muscles. Bio-
phys. Soc. Annu. Meet. Abstr. 12:279 a.

LOWRY, O. H., N. J. ROSEBROUGH, A. L. FARR, and R. J. RANDALL. 1951. Protein measure-
ment with the Folin phenol reagent. J. Biol. Chem. 193:265.

MARUYAMA, K., J. S. W. PRINGLE, and R. T. TREGEAR. 1968. The calcium sensitivity of
ATPase activity of myofibrils and actomyosins from insect flight and leg muscles. Proc. R.
Soc. Lond. Biol. Sci. 169:229.

MEINRENKEN, W. 1969. Calciumionen-unabhangige kontraktion und ATPase bei glycerinierten
muskelfasern nach alkalischer extraktion von troponin. Pfliiegers Arch. Eur. J. Physiol. 311:243.

MOMMAERTS, W. F. H. M., and R. G. PARRISH. 1951. Studies on myosin. I. Preparation and
criteria of purity. J. Biol. Chem. 188:545.

PARKER, L., H. Y. PYUN, and D. J. HARTSHORNE. 1970. The inhibition of the adenosine triphos-
phatase activity of the subfragment 1-actin complex by troponin plus tropomyosin, troponin
B plus tropomyosin and troponin B. Biochim. Biophys. Acta. 223:453.

PODOLSKY. R. J. and L. E. TEICHHOLZ. 1970. The relation between calcium and contraction
kinetics in skinned muscle fibres. J. Physiol. (Lond.). 211:19.

REGENSTEIN, J. M. 1972. The regulatory proteins of lobster striated muscle. Ph.D. Thesis.
Brandeis University, Waltham, Mass.

SCHAUB, M. C., and S. V. PERRY. 1969. The relaxing protein system of striated muscle. Resolu-
tion of the troponin complex into inhibitory and calcium sensitizing factors and their rela-
tionship to tropomyosin. Biochem. J. 115:993.

SCHAUB, M. C., S. V. PERRY, and D. J. HARTSHORNE. 1967. The effect of tropomyosin on the
adenosine triphosphatase activity of desensitized actomyosin. Biochem. J. 105:1235.

SHIGEKAWA, M., and Y. TONOMUTRA. 1972. Activation of actomyosin-ATPase by tropomyosin.
J. Biochem. (Tokyo). 71:147.

SPUDICH, J. A., and S. WATT. 1971. The regulation of rabbit skeletal muscle contraction. I.
Biochemical studies of the interaction of the tropomyosin-troponin complex with actin and
the proteolytic fragments of myosin. J. Biol. Chem. 246:4866.

STRAUB, F. B. 1942. G- and F-actin and the effect of ATP. Studies Inst. Med. Chem. Univ.,
Szeged. 2:3.

SZENT-GY6RGYI, A. 1951. Chemistry of Muscular Contraction. Academic Press, Inc., New
York. 2nd edition.

SZENT-GY6RGYI, A. G., C. COHEN, and J. KENDRICK-JoNEs. 1971. Paramyosin and the fila-
ments of molluscan "catch" muscles. II. Native filaments: isolation and characterization.
J. Mol. Biol. 56:239.

SZENT-GY6RGYI, A. G., E. M. SZENTKIRALYI, and J. KENDRICK-JoNEs. 1973. The light chains
of scallop myosin as regulatory subunits. J. Mol. Biol. 74:179.

WEBER, A. 1956. The ultracentrifugal separation of L-myosin and actin in an actomyosin sol
under the influence of ATP. Biochim. Biophys. Acta. 19:345.

WEBER, K., and M. OSBORN. 1969. The reliability of molecular weight determinations bv do-
decyl sulphate-polyacrylamide gel electrophoresis. J. Biol. Chem. 244:4406.

563


