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SUMMARY

When the glycerinated, blended and washed fibrils of the cross-striated skeletal muscle
of Limulus polyphiemuns are extracted with solutions of high KCl concentrations
containing pyrophosphate or ATP the A bands are removed. The protein removed from
the fibrils (approximately 382, from the washed or 12 °, trom the glycerinated un-
washed fibril) consists predominately of actomyosin. This is in contrast to the resulis
of similar trecatment of rabbit fibrils in which myvosin with traces of actin is extracted
when the A bands are removed.

INTRODUCTION

" The present revival of interest in the correlation of structure and function focuses on
- the molecular rather than tissue or organ level. In muscle, where considerable is
known about the biochemical mechanisms of gontraction, an attempt has been made
- to establish the precise location of the contractile proteins within the myofibriis of
: striated muscle (see reviews!:2). The methods instituted by HasseLsacH? and refined
- by HuXLEY AND Hanson?-7 and other®-!? have made it possible to now state, with
* reascnable assurance, that mammalian and bird myosin is localized in the A (aniso-
. tropic) band of skeletal, cross-striated muscle. On the basis of this localization a rather
interssting concept of contraction has been developed® 1!; that is, the myosin of the
© A band pulls in further, by a “‘slip and catch’ mechanism, the smaller filaments of the
I region which already extend into the ‘A band? 1%,
_ In the preoccupation with the ‘““warm-blooded” striated skeletal muscle other
types of muscle, with presumably a similar contraction mechanism, have been largely
~overlooked. Although frog skeletal muscle exhibits much the same fine structure as its
- warm-blooded vertebrate counterpartst!:*? the localization of its contractile proteins
i is unknown. The muscle of insects and other arthropods reveals a banded pattern
“gimilar to that of vertebrate muscle??. 14 1 zlthough other studies!®17 seemn to indicate
“that it lacks an I band. Attempts to localize the contractile proteins in this muscle
““have not been successfull?. 18,

* Coniribution no. 235 from the Department of Zoology, Smith College.
** A preliminary account of this work has appeared in Biol. Bull., 113 {1555).
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Another arthropod, Linulns polyphemus, whose muscle is superficially similar to
vertebrate striated muscle’, has sufficient muscle, arranged in more or less parallel
bundles; so that it can be glycerinated and treated in a manner comparable to the
psoas muscle of rabhit?® 21, We have confirmed SarKAR’s findings of the contraction of
glycerinated preparations of Limudus muscle and have further found that the A band
of such preparations can be easily removed. it is thus possible to compare directly a
cold-blooded, striated, invertebrate muscle with the classical warm-blooded, striated,
vertebrate muscle which has been used so successfully®l.

MATERIALS AND METHODS

Limulus polyvphemus were killed by cutting off all the legs with tin snips and allowing-
the animal to hleed. Muscle for the experiments here described was obtained from
the dorsal and ventral sets of muscles joining the cephalothorax to the abdominal
exoskeleton. The exoskeleton in this region was cut away and the muscles exposed.
Muscles, still attached at both ends to the exoskeleton, were separated into small
bundles and tied to wooden splints at rest length. Both ends, after tying, were cut and
the muscle, with its splint, was placed in ice cold g0 9%, aqueous glycerol®®-2!, the
muscles, after 24 h at 0°, were then stored for 6 to 10 days in the deep freeze at
approximately —20°,

Preparation of washed fibrils was cssentially the same as that used by SzenT-
GyORGYI1 ef al 3 and VILLAFRANCA® for rabbit psoas. Bundles of fibers were cut from the
splints, placed on absorbmg paper to remove excess glycerol, weighed and cut,
transversely, into small pieces. They were then blended for 114 to 2 min in a Waring
Blendor in o0.04 A KCl and o.006%7 Af phosphate buffer, pH 7.4 (here-after to be
referred to as “wash solution). It had been noted that horseshoe crab muscie blended
in this manner did not satisfactorily disperse into smaller units (either fibrils or
isolated myofibrils) but, rather, tended to separate into thick sheets of material.
It had also been noted!? that arthropod muscle seemed more resistant than vertebrate
muscle to breakdown and disintegrates into units about 100 2 wide, which are
somewhat coarse. It was found that longer blending times usually resulted in much
foam and made the preparations difficult to handle with no improvement in comminu-
tion. Glycerol (50%), 0.155 M KCl, and 0.1 M ethylene diaminetetraacetic acid
(EDTA) solutions were tested for efficacy of dispersion with blending time held to
I ¥4, min. The most effective solution, however, sered to be the “wash solution™:
ED’I‘A very interestingly, caused a total disinte-,sation of the fibers, It was subse-
quently noted that larger amounts of muscle (6 g or more) rather than the 2 to 4 g
empioyed in preparations 1 through 4 seemed to favor more homogeneous suspensions.

The blunded material was washed 7 times, or until very little protein appeared in
the supernatant after centrifugation. The final residue was then extracted witho.48 M
KCl, o.01 M pyrophosphate, 0.1 4 phosphate buffer pH 6.5, o.001r M MgCl,
(HASSELBACH-SCHNEIDER solution as employed by Haxsox axp HuxrLey") or, in one
case, preparation 4, with 0.3 A KCl, o.15 M phosphate buffer pH 6.5 and 2103 M
ATP (Gusa-STRAUB solution also as used by Hanson anp Huxrevd).

Phase contrast observations were made with either ¢ 7.tz Ortholux or an AJO
microscope and the photographs were taken on Kodak M plates with a Makam
camera. Material for the electron microscope observations was fixed with 1 Y%, osmic
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acid in "wash solution”. Fixed material was dehydrated with isopropy! alcohol,
counterstained with 2 % phosphotungstic acid in isopropyl alcohol and embedded
in methacrylate. Sections of this material were examined under an RCA model
EMU-2B Electron microscope. -

Protein was estimated as 6.2 times the amount of nitrogen determined by the
semi-micre Kjeldahl procedure. Crystailine disodium ATP was purchased from
Pabst Co.

RESULTS

Washing the blended fibers in the buffered “wash solution” remeoved approximately
70 % of the protein originally present in the glycerinated fibers (Table I). This was
calculated rather than directly determined and is, undoubtedly, higher than the tiue
value due to some loss of sinaller fibrils when the washings were decanted. This
suggests a higher concentration of “soluble” sarcoplasmic protein in Limulus muscle
than in rabbit psoas muscle. The latter yields 42 9,3, 50 %, %, or 28 2,7 under comparable
conditions.

When the washed residue was extracted with the HASSELBACH-SCHNEIDER or the

TABLE 1

AMOUNT OF MATERIAL REMOVED FROM GLYCERINATED Linitlis MUSCLE PREFPARATIONS
BY WASHING 7 TIMES WITH ¢.04 M KCl axp o.0067 3 pHOSPHATE BUFFER, PH 7.4

Frolein in - ;
Prolein . Protein ileft
7 genal . : : Percent Icft
Prep. ;:% ; :s;‘: n ﬁ;t:;;r ;rusr’s mrl;bgr;is '_,‘:c;é bn'I'.;
I 5357 9.24 13z.0 25.7
2 516.8 1.0 143.7 28.7
3 534.2 0.0 154.4 28.9
4 220.2 5.44 -60.8 28.9
6 924, — 257.0 27.8
3 567.0 —_— 201.5 33.5
TABLE II

ANALYSIS OF MATERIAL EXTRACTED, WITH HIGH CONCENTRATIONs OF IK(CI,
FROM THE WASHED FIBRILS

Extract. Protein Protein rol., i el vise. 4TP
Prep. (i:;::;) m(ﬁ;:ls m.f‘;:g)“d ﬁbi:“;:c;;i o ’;ﬁrf’m‘ Rel. visc. I\-j TP‘ ATP
ia 15 50.4 13.4 26.6 1.68 1.68 1.34 74.7
H 30 50.4 14.0 27.8 1.75 1.73 1.30 72.8
za 5 40.6 14.5 35.7 1.53 L.46 I.zg 67.3
2b 1o 30.6 16,4 49.5 1.74 .48 1.27 67.g
2¢ L[5 30.6 18.1 447 1.2 1.46 1.26 - 65.F
3 I35 [20.4 33.3 38,2 2,46 2.32 1.57 87.2
4" 15 41.7 17.8 2.7 1.99 — 1.58 —
5 z 319.0 128.2 40.2 .21 5.10 1.85 165.0
(8 15 160.0 a3.3 16,6 1.30 2.45 1.65 78.2
8 i5 104.5 40.1 38.3 1.34 3.60 1.80 101.0

_ * Extracted with a.3 3 KCl, o.15 ;W phosphate bulfer pH 6.5, and 2-10-3 3 ATP.
:: Rafevences p. 155 ’
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'ig. 1. Phase contrast nucro;,raph of muscle washed 7 times with “wash solution’'. Prep. 5.
Magnification 082 x.

Ig. 2. Phase rontrast micrograph of the same fibrils as in Fig. 1 but after extraction with
HasseLBACH-SCcHNEILER solution. PPhotograph taken z min after Hooding the slide with the
cxtracting solution. Magnification 682 x.

Gupa-Stravn solutions an average of 38,29, of the fibril protein was removed
(Table IT). The amount extracted is increased slightly with increased time of extraction
as can be scen in the table (preps. 1a, b or 2a, b, ¢). Re-extraction of the fibrils, in the
one case attempted (prep. 8), netted only 4.4 % additonal material; 7.e. a total of
42.7 %, of the washed fibril. From the viscosity data (ATP sensitivity2?) it is readily
apparent that the extracted material represents a proteir solution comparable to
actomyosin from rabbit: that is, when ATP was added to the extract there folowed
a pronounced drop in viscosity. It is, furthermore, evident, since the increased
References p. 155,
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Fig. 3. Llectron micrograph of muscle washed 7 times with "wash solution’’. Material the same
as in Fig. 1 (prep. 53). Black line is 1 micron: magnification 18,500 =,

extraction time does not greatly change the ATP sensitivity, that actomyosin is
extracted as such, rather than first an extraction of myosin which is then followed by a
disruption of the fibrils allowing niore and more actin to go into solution. When
prep. 4 was dialyzed for 20 h against .04 M KC1 the precipitate exhibited an ATP
sensitivity of 43 in 0.6 3/ KCL

In an attempt to assay the amount of actomyosin present and to ascertain
whether any other protein was extracted from the fibrils, the extract of preparations 6
and 8 were diluted with 10 vol. of ion-free cold water and the resulting precipitate
collected by centrifugation. The precipitate (67.5 and 7.3, of the extract), when
dissolved in 0.6 M/ KCl, exhibited the typical actomyosin viscosimetric response upon
the addition of ATP (ATP sensitivitics of 100 and 118 respectively). In 0.15 W KCl it
exhibited the typical superprecipitation reaction when ATP was added: at 0.3 M KCI
the precipitate which was present appeared to go into solution in the presence of ATP,
The ATPase activity was 1200 and 2400 gamma P 'mg protcin/h at pH 9.0, 0.005 M
CaCl,; and 0.06 M KCl. Although the ATPase activity and solubility properties (that
is, soluble in high salt and insoluble in low salt) cannot, at this time, distinguish
between actomyosin and myosin, they do, however, lend support to the view that
myosin, or actomyosin, has been extracted from the {ibrils. The viscosity response and

-
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[

Fig. 3. \s in Fig. 3. Cross sections through the A band region in the upper right hand corner of
the phatograph. Line is 1 micron: magnification 48,000 x.

superprecipitation reaction definitely indicate that it is actomyosin rather than
myosin.

Whether the material (about 30 %;) which does not precipitate when the ionic
strength of the extract is lowered with 10 vol. of water is EP%°® cannot be definitely
stated at this time. Ultracentrifugal analysis of the extract itself (prep. 8) shows at
least three distinct peaks with approximate sedimentation constants (S,;) of 22.02,
11.33, and 6.24.

The striations of Linelus muscle fibrils washed 7 times were cormpletely preserved
through the washings (Figs. 1 and 3), and the fibrils also retaincd their ability to
contract upon the addition of ATP in o.04 M KCl and o.4 M MgCl,. No lengthy

Refevences p. 157,



voL. 34 (1959) A BAND OF Limzlus MUSCLE 153

Fig. 5. Electron micragraph of washed muscle {prep. 5) but after extraction with 1ASSELBACH-
SCHNEIDER solution: that is, the material is compuarable to that in Fig. 2. Line is 1 micron:
magnification 13,000 .

discussion of the fine structure of this muscle will be included here®: it is sufficient
to point out that the A, I, and 7Z bands characteristic of vertebrate muscle are also
present in Limulues muscle (Figs. 1 and 3). As in the Coleoptera!? no M line has yet
been observed. This is in contrast to other arthropod muscle?3-1%_ It will be noted that
the A band consists of large filaments about 150 .\ in diamecter. The A band also
contains material of smaller diameter (60 A) which cither may exist in the form of a
ring around the larger filaments (as in Fig. 4, cross-section), or as cross-bridging
“filaments” between the large filaments, or as the sccondary filaments of HUXLEY!2,
The precise arrangement cannot be definitely stated at this time. Similarly, the Z band
appears to be filamentous in structure (Figs. 3 and 5).

When the washed fibrils were extracted with the “myosin” extractives the A
band disappeared completely leaving behind the Z bands (Figs. 2, 5, 6, and 7).
Fig. 2 shows the same fibrils as in Fig. 1 but after the extracting solution had been
drawn under the cover slip of the phase contrast microscope. Fig. 8 shows a similar,
but longer (30 min as opposed to 2 min) time sequence of extraction of aingle fibril.

The electron micrographs were made from the residual plug after the extraction
mixture was centrifuged. The small “‘filaments®” (Fig. 5) are apparently lined up, which

* Manuscript on the fine stracture of Linefies muscle is in preparation,
References p. 157,
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,IFig. 6. Asin Fig. 5. Fibrils were probably contracted before the HasseLBacui-SCHNEIDER extraction.
Line is 1 micron: magnification 6,000 X.

may bc duc cither to the fact that the fibers arc more stretched than in Figs. 6 and 7
(sarcomerc length 5.0 1 as opposed to 2.7 p) or, possibly, that only part of the large
filaments have been extracted. The Z bands (Fig. 5) can be seen as a parallel array of
intermediate sized filaments. In Figs, 6 and 7 the filaments of the Z band, or perhaps
of contraction bands, run more or less transversely to the major axis. The residual
matcrial here is more disorganized than in Fig. 5: this is apparently more typical.
They are probably not actin tilaments since extraction of such fibrils (prep. 8) with
a 0.0 M KI - 0.0005 M ATP mixture yielded a low viscosity solution after prolonged
dialysis against several changes of 0.0005 M ATP, The viscosity did not increase when
KCI-MgCl,; were added but, rather, decreased slightly.

Whether or not the vesicular material present in almost all of the electron
micrographs represents the endoplasmic reticulum? is unknown: it is, however,
interesting to note that they aggregate around the Z bands and between myofibrils.
They may represent a primitive conducting system similar to the arrangement
postulated for vertebrate muscle?'. A few of them may represent mitochondrial
material with inner structure (sce Fig. 6).

Kefevences poo157.
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R = L : ““
Fig. 7. As in Fig. 6 but at a higher magnification to show the fine filaments {(about 6o A} left after
actomyosin extraction. Line is 1 micron: magnification 42,500 x.

DISCUSSION

It is of interest to note that the striations of horseshoe crab muscle are quite similar
to those found in vertebrate skeletal muscle. As previously reported by JorpaN!?, we
also found a distinct I band, as well as A and Z bands. This pattern is similar to that
reported for glycerinated preparations of blowfly muscle®® and fer the crab
(Paragrapsus)'® although the horseshoc crab differs from the blowfly in that it
apparently lacks an M line. The Limielus muscle pattern differs from some insect muscle
preparations?®-17 which do not show a distinct I band but do exhibit M lines. Even
within the class Insccta there are differences since the firefly may well be lacking an
M linet®, It is possible that different methods of fixation bring out differences in the
cross-striated patterns and that the differences mentioned here might not be real. If,
however, such real differences do exist one must proceed with caution, as in the past,
in formulating theories of contraction on purely maorphological grounds alone or on
the morphology of one specialized muscle.

When treated in precisely the same manner as rabbit psoas®?® Limunius muscle
vields substantially different results. When extracted with mammalian myosin
extractants the A band and its large filaments disappear as they do in the mammalian

Referenres p. 157,
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Tig. 8. Berics of phase contrast micrographs of the same fibril during the course of extraction with
HASSELEACH-SCHNEIDER solution under the microscope, Time Letween A and D was approximately
30 min, Magnification 845 x.

muscle but instead of myosin, with traces of actin, actomyosin as such is extracted
from the horseshoe crab. Apparently actomyosin exists as a discreet entity in the
Limwulus muscle rather than in a partially dissociated form, actin and myosin, or
myosin layered over actin as may be the case in rabbit muscle!2,

All attempts made to extract myosin, directly and without actin, from arthropod
muscle have failed®-2?, Either actomyosin is extracted or else no contractile material
is removed. This appears to be true of the amphibians®:2? and may be true of cold-
blooded animals in general. The work reported here thus strongly supports a difference
in protein binding in the cold-blooded vs. the warm-blooded animal.

It is now generally believed that myosin makes up the major portion of the large
(x10 A) filaments lying in the A band of vertebrate skeletal muscle, while actin
filamests Tun from Z band to H zone!2. Where EP3:® actually resides is, at the moment,
unsettled. If one, therefore, argues by analogy the case of Lémulus muscle, the data
presented here strongly support the hypothesis that in the muscle of this animal the

References p. 157.
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large filaments of the A band are formed of actomyosin: the actin and myosin moieties
probably being more firmly united. I[ this is true then it becomes more difficult to
visualize a “‘slip and catch™ mechanism of contraction in which the myosin puils the
actin into the A band region? 311, 1t is trae that smaller filaments™ remain after
actomyosin extraction but what they are, morphologically or chemically, has not been
determined. 1he one experiment reported here suggests that they are not actin but
may be tropomyosin. Itseems, therefore, more probable that in Lisdus the actomyosin
complex functions as a unit. We can ncither support nor disprove a 'slip and catch”
mechanism but, rather, suggest, il this hyvpothesis be followed, that another element
(other than actin) might s.rve as the passive” filament of the T band.
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