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Arrangement of the Heads of Myosin in Relaxed
Thick Filaments from Tarantula Muscle
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Thick filaments from leg muscle of tarantula, maintained under relaxing conditions {Mg-
ATP and EGTA), wers negatively stained and photographed with minimal electron dose.
Particles were selected for three-dimensional image reconstruction by general visual
appearance and by the l-.-trulglh and sy mmetrﬁ. of their oplical diffraction pattama the beat
of which extend to spacings of 1;5 nm™", The helical symmetry is such that, on a given
laver-line, Bessel funclion contributions t:-f' different orders start to overlap at f.ulrl:!. low
resolution and must therefore be separated computationally by combining data from
different views. Independent reconstructions agree well and show more detail than
previous reconstruetions of thick filaments from Limwfus and seallop. The strongest feature
is a set of four long-piteh right-handed helical ridges (pitch 4 x43-5nm) formed by the
le!ﬂbﬂh’;"d myosin heads. The long-pitch helices are modulated to give udgEb with an axial
spacing of 14-5 nm, lyving in planes roughly normal to the filament axis and runnlng
circnmferentially. We suggest that the latter may be formed by the stacking of

subfragment: 1 (81) head from one myosin molecule on an 81 from an axially neighhuuring
molecule. Internal features in the map indicate an approximate local twofold axis relating
the pulative heads within a molecule. The heads appear to point in opposite directions
along the filament axie and are located very close to the filament backbone, Thus, for the
first time, the two heads of the myosin molecule appear to have been visualized in a native

thick filament under relaxing conditione.

1. Introduction

The thick filaments of striated musecle are bipolar
structures hearing myosin crossbridges, which are
responsible for filament shiding during muscular
contraction (Huxley, 1937, 1963, 1969). They are
formed by polymerization of myosin molecules
whose tails lic in the filament backbone and whose
two heads (which together we term a crosshridge)
lie at the surface where they are free to interact
with actin {(Huxley, 1963). X-ray diffraction shows
that the crossbridges in relaxed muscle are helically
arranged but does not reveal the precise symmetry
or crosshridge shape (Huxley & Brown, 1867; Wray
ef al., 1975). Methods have been developed recently
for the preservation of the three-dimensional
arrangement of crossbridges in negatively stained
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thick filaments (Kensler & Levine, 1982a). Il hes
thus been possible to determine the rotational
symmetry, helix handedness and low resclution
crosghbridge shape in several muecles (Stewart et af_,
1981; Kensler & Levine, 19826; Vibert & Craig,
19583, Kensler & Stewart, 1983}, The croasbridges
appear as elongated units that are tilted and slewed
with respect to the flament axis, but the two heads
within a crossbridge have not been resolved.

We report here a study by electron microscopy
and image analysis of tarantula mmuscle thick
hlaments, which are particularly suitable for a
detailed structural study, since X-ray diffraction
shows that these filaments have highly erdered
crosshridge arrays (Wray, 1982). Filaments in the
relaxed state have beoen negatively stained with
uranyl acetate and low electron dose micropraphs
recorded to maximize resolution and image fidelity
(Williams & Fisher, 1970; Unwin, 1%74). Image
analysis has been carried out by computer
programs that separate overlapping Bessel
functions on the same layer-line, thus further
enhancing detail. Three-dimensional reconatrue-
tions reveal a four-stranded, right-handed helical
arrangement of crossbridges, each resolvable into

T 19835 Academic Preas Inc. (Londong Litd.
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two myosin  heads, which apparently overlap
between one axial level and the next. These
reconstructions provide the basis for a study of the
atructural changes that oceur in these filaments in
different physiological states (Craig «f i, 19835).

Preliminary reports of this work have appeared
elsewhere (Craig & Padran, 1982; Padron e af.,
1954},

2, Materials and Methods
a) Preporation of flaments

Mexican red-knee tarantulse (Brachypelma ap., sex
unknown) were cooled at 4°C for 1h and their lega
removed and disseeted at room temperature. Muscles of
the femuor and tibia were exposed by eutting away
longitudinally about one-third to one-half of the
exoskeleton of each segment. The segmentz were then
transferred immediately to vials containing 20 ml of ice-
cold demembranating solution, consisting of fresh relaxing
mediom (100 mu-NaCl, 8 mna-MgCl,, 5mM-EGTA,
10 mym-sodium phosphate, 3 mu-NaXN;, 5 ma-ATE, 1 mu-
dithiothreitol (pH 7-0)) containing (1Y% {w/v) saponin
(Vibert & Craig, 188%; Padron & Huxley, 1984). The vials
were ugitated by rotation at about 80 reve/min for 3 to
4h at 4°C and the muscles then transferred to fresh
relaxing solution (without saponin) and left in this
overnight or up to 3 days at 0°C, with a change to fresh
relaxing medium each day.

Filaments were prepared from these skinned muscles az
described by Vibert & Craig (1983), except that just after
homogenization a “cocktail” of engyme inhibitors con-
sisting of 20 pl of LOG my-phenylmethylsulphony] Huoride
in igopropancl and 200 gl l:uf a freshly thawed solution of
l mg leupeptin/l (Sigma, L-2884), 1 mg }mpatutirl Al
(Sigma, P-4266), 10 mg ulplm M-lbenzoyl-L-arginine ethyl
enter hydrochloride/] [(Higma, 13-4504), 10 mg
p-loluenesulphonyl-v-arginine  methyl ester  hydro-
chlovide/l (Sigma. T-4626). and 10 mg trypsin inhibitor/1
from chicken ege-white type 110 (Sigma, T-9253), were
added in order fto reduce proteolysis (following a
sagpestion  of  J. Kendrick-Jones, personal com-
munication).

{b) Electron micrascopy

Negative staining of filaments, wsing 1Y% (w/v) uranyl
acetate on  holey carbon  films, and subsequent
gtabilization of the grids by a light coating of earbon were
carried out essentially as described by Vibert & Craig
(1982, 1933). The grid was rinsed with a relaxing solution
of 01 m-sodium  acetate, 2 mm-magnesium  acetate,
(-2 my-BEGTA, 1 mM-ATP, 2 mu-imidazole, 3 mm-NaN,
(pH 7)) immediately before staining, This replaces the
rinee with a simple 0-1 M-ammanivm acetate solution
used previowsly (Kensler & Levine, 1982a; Vibert &
Craig, 1983} and instead maintains the filaments in o
relaxing medium until the instant of staining. An acetate-
based vinse vather than one based on chloride was
egeential for the preservation of helical order in the
negatively stained filaments. Grida were prepared soon
after isolation of filaments {usually within 2 to 3 h), since
the crosshndge order in the filaments deteriorated with
bime.

Grids were examined in a Philips EM400 electron
microseope operated at B0 kY with a 20 pm objective
aperture, & 200 um ©O2 aperture and an  anii-
contamination eold finger. Filaments suspended in stain

over holes in the carbon appeared to be better orderecd
than those on the carbon iteelf, as reported by Vibert &
Craig (1883). The best contrast and order were observed
in medium thickness sheets of stain, Only filaments lying
in unbroken films of stain over holes were used for image
processing. An initial study was made with normal high
dose pictures, which allowed us to determine adequate
vonditions for the best preservation of helieal order,
Fhotographing the filaments for  3-dimensional
reconstruction was performed on previously unexplored
grids using the minimal electron dose technique (Unwin &
Henderson, 1975) with the aid of the low dose kit on the
EM400 microscope. An estimated electron dose of 10 to
15 8/A® was need, with a 1 pm spot size and a high beam
current (approx. 40 gA) to improve beam coherence.
Filamente were photographed at 25000x nominal
magnifieation, and tropomyosin paracrystals (395 nm
repeat] were photographed under the same conditions
during each photographic session st the same magnifi-
cation to calibrate the electron-optical magnifivation,

For determination of the handedness of the dominant
helical family. flaments were unidirectionally shadowed
with Pt az deseribed by Vibert & Craig (1983),

{¢) Fmage analysis ond three-dimensional reconatruction

Optical diffraction patterns of selected filaments lying
in unbroken sheets of stain over holes were recorded with
the surveying diffractometer {DeRosier & Klug, 1972).
Particlen were selected for computer processing by
general visual appearance and by optical diffraction,
Those areas giving the strongest and most symmetrieal
diffraction patterns were digitized with a computer-
controlled film scanner (Arndt £ ol 1969}, on a raster
covresponding to 8+4 4 sampling of the original image, All
images were ariented in the same way from bave-zone to
tip before densitometry.

Stondard computer programs  for analysing  helical
particles {DeRogier & Moors, 1970; Amos, 1975), adapted
for the VAX 11-780, were used. An additional program
was written to allow hepurutinn of overlapping Bessel
function contributions on a given layer-line by combining
data from particles in different ovientations. In order to
do this, the relative azimuthal orientations and origins of
the different particles were first found by comparing
those parts of the layer-lines nearest the meridian, where
only a single Bessel function contributes,

On each laver-plane the tranaform value F2.®) can be
pxpressed as o sum over the allowed Bessel function
contributions & (R} on that layer, namely:

F(RM) = T:”,[R];" =

Two-dimensional transforms of the variowe particles in
different  orientations give valueg F{R© i of  the
d-dimensional transform at a set of angnolar p{mmnn:q, P,
for each radius &, on a given layer-plane, so that:

FIRD) =} GAR" o™, (1)

Far an arbitrary set of views these equations, split into
real and imaginary parts. ean then be solved at each
radiua i by least squares to give the separate Bessel
contributions [ R) on each layer-plane {Crowther ef ol
1970;  Amos, 1876}, The [least-squares residuals,
congidered particle by particle or layer-plane by layer-
plane, may then be used to assess the quality of the data
and if necessary eliminate any particles which agree
paorly with the others.



Tarantuin Thick Filament Structure 431

3. Results

Thick  fhlaments,  isclated by the  method
tleseribed, appeared well-preserved and mtact, with
an approximate length of 4 to 5 pm and a centrally
st hare zone of  length about 21nm
(e, 1faly. The filaments have a diameter of 200 nm

io?

i Lhe bare zone and an overall diameter of 32 nm in
the crossbridee region, measured to the outermost
boundary of the heads.

Filaments  shadowed  wmidirectionally with
platinum (Fig. (b)) show prominent  long-piteh
helices which are right-handed, as previoosly shown
by Laswvine of ol (1883). The correctness of this

Figure 1. Flectran micrographs of tarantula thick filaments, (a)] Negatively stained whole filament zhowing the
ventral bare zane, b () Shadowed lilament, showing the central bare zone with prominent sets of nght-handed long-
piteh hielives of crosshridges on either side of it The photegraphie contrast of the micrograph has been reversed before
printing. so deposited metal appears white. (¢} Higher magrnification view of a negolively stained filament that, when
viewed obliquelv, shows elearly the long-piteh heliees of crossbridges (bars). Prominent longitudinal striping (=) arising
from the backbone 35 also visille in varions parts of the Glament. Actin thin filaments are visible m the backgroun:ds.
Approximate magnifeations: (a) 55000 = ; (b 48 OH00 = 0 (o) TG AN =
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determinadion = conlicmed by stmoudtaneons
vhscrvating ol thin dilaments, which also appear
eleh - biavdedd { Drepe & Foiees THGS). The handedness
of thae Toclis ds thae some ome T b sides of The baee
o o o some Favouranhle alicnmentsz. w0 14-5 mmn
tratsver=c landing i= al=o =eer,

Sewidively stained tilaments [Fia T aemd (e
amel Frge 20 display the sanwe prominent helical
trarks Thot are seen in The shicdowied [reetires atied
alsee =howe transverse bandmg with o spaenge of
T4 e corvesponeding to the repeating levels of
prossberioloe b some pewions ol e Bliineents IJ"i;_f.
Prethe there apppueae 1o b longitwedinal stridions wilh
d .IIi'l:I'II"'«.”II.'”I"‘ 'I I,
apprrent FEisz2
sutbstilarment pooded af dhe thick Bhosent Bivek hone,
Hewever, we have not been able 1o ke o detaled
terpeetation ol these leatues o terms ol the
ke ol the rod pacts ol the mvosin medeaealies,
Iartieles lomaitucingl  sieipane
e to have lessowell-ordered ceossbridges wol
were not sed in the reconstroetion. A montawe of
sone of Vhe fillaoment s gsed For thae theeeadimensional

i o v -
it rie i i= !-Cl'IIZZI'a'I. Ioae E'iullr'l' _'I.

sitle-to-snbe speing of

consislent with Weav s (1979,

Hll-!l'n.".'EII_u :ﬂH'h

['nr||p|||4'|l Prans=lem= Trom =selectel U TTE o]
Lo parbicles aree <hown i Figoee 30 The patterns
disploy w0 clear series of laver-lines indexing on oan
approximale 450 nm repeat. For standardiation,
all data were sealed 1o the 455 nmerepeat ncdiead edd
]1:.' :"-:-:I'.'l} [“"-“.1" =2y, The
meridional reltlections on the thied and zasth laver-
lines corresponding to axial spacings of 1425 o and
T-20 nm oare pactienlarely clear, as are the first anld
fourth laver-lines. in agreement with Levine of ol
CER T =onme -I'IH!IL]II.||1‘I| transforms, 1The =sventh,
cighth and mnth (meridional) Inver-lines are also
seen, thoueh they are alwavs weal, The relidive
intens=ities of the laver lmes appear Lo oagree quie

(NRIER A PR A AR A

well with those seen i Xoeay difraction padterns of

relaxed tarantula musele (kindly provided by GF 5,
Worayv, personal commumeation ), This sugoests thad

the helieal order has been preserved and that the
filaments retain kev Basotuees of their native relaxed
stewcture afler bedne stained

Fasviane of ol (19530 estabdished thal the eross-
Braluwes on the tarantula thick  tlament have
fourfold rotational svmmetey and that there = g
roladion of 0 Dedween sueeessive 1-5 e bevels of
L'I!'L!nrl:-'||l'i-:|gt'x-. ser 1l I||L'I1,' e oy a0 sel ol fogr-=iarel
ferrnae ||i1:'|1 s lees, eael sl 12 wmils [ Laen. Ao
dati sgree with this conclusion, This combinaton
af svmmedry operations means that the stmeaee
vl afler 3= 1-0mn e, 05 nm) but 1had
thi= axial period contains only o six andepenedent
Thee hehiead indexing
Foemre 4. thus indicates  an
overkup ol Bessel funetion contributions cven al
guinte o resolution, =so that a theeeadinensional
resconistenction cannot be macde from a sinehe view of
[he fabenent. [ oi= 1hoeebore Neeessaey 1o L ETIIE
ll.l"l.ji"l E.HJ!'I'I il r||.|r'|'|.|||"'|' I:'II IlIEETIE'['l_"‘I'” I'I.E'I_r'1i‘|'|E'H |:'|.[|'|# i'l'l
tifferent oricntations lo separate oot the varions
Bessel Tunction contrbutions on ench lover dine, s
deseribed o Materiids and Methods, scetion (e},

Thes pelative orientations and axial displacements
must fiest he dound and this can be done by
comparing those parts ol the laver-lines closest to
the meridhan where Lhere 12 onlv a single Bessel
funetion contributing. An averace of the 1wo sides
of the steongest and most svommed peal Aransloem
was taken as reference and all the other particles
were fibled to this, Independent reconstroctions
macde from two sets each of five particles, agreed
wedl, The hest four particles from cach set, jodged
by Ahe east-sguares residuals when =olving the
crpabions for the 7 lerm (Materials and Methodls,
section (e}l were then combmed 1o make  the
reconstruction to be deseribed here, The separated
Bessel function contributions to the varions layer-
lines are shown in Figore 5 and data on the fitting
of the particles are summarized in Table 1. For the
reconstruetion, data were included out to the ninch

vicws ol The asyvonmelen: anil
selenmwe,  shown n

Figure 2. Gallery ol images of pegatively stained thick flaments vsed in the recomstructions. Al the filaments ame
aricnted such that the bare zone would appear a1 the tep of the image. To ewch case, o centrally located length about
o hall of that zhown was masked off for transforming. corvesponding 1o 8= 43-5 nm repeats on the filament,

Approxtmate imagnification. 000 =,
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Figure 3. Computed transtorms from the leftmest paiv of filaments in Fig: 20 The patterns were photogea phed: from
e serecn of an ARD T6T raster weaphies display. The mombering of the lnverdines, corresponding to s helieal repeat ol
g m, i idicnted on the lefr, The inteusities on the Bstoand dehoand the meridional Bed and Goh layer-lines are

partieilarly strong.

Inver-line (14-2mm Y axiallv and toahont 15 sm ™!
kil v giving a uniform Fourier cat off, The data
bevond 17 nm ™" are weak,

A eomtour  map ol the  three-dimensional
reconstraction 13 Figure G{a). The
strangest feature, as expected, is the set of strong
pight-handed  lomg-piteh helices seen in the
shadowed  preparation [Fig, LBy, This s
demonsteated  more clearly by the  surfacee
repiresent ation of the reconstruetion shown in Figure
Tey, The inner core of Lhe flament is strongly stain-
excluding and shows essentindly no detail ont to a
flins of about 83 nm. The  helical  ridges of
erosshridges appear as if applied to this central

:-QEH'I'L".'I!I- ir'l

a-
I T
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m = T L= T
m G o
* . e S g SR L B
T A Lol .
u I & =
- " " £ e ¥ e
o ST ) = .
- cmse - S —
17 12 H - q | ) $ 0

Figure 4. Indexing of the diffraction pattern for the
tavantula thick Glament, showing which onders (2] of
Bessel Tunetion vecar on each laver-lioe (). The dotz or
vroeses hente that g parcticelar peak in the diffraction
patiern ran be comsidered as arising from one or other
<icke of the helix, Fach basie helix has 12 unitgtuen and
e strieture s omade from + such helices arranged with
forfeld svmmetry | Levine of wf [983] Suel symmetry
msns that different orders of Bessel Tunction (e, 4 and
— &) begin to averlap even at low pezolution amd Lheir
contributions must be separated by combiming data [ron
lifferant views before a reconstroction can be meade,

vore,  The crossbridees extend to an outermosl
Fivcdins of abowt W5 . thoueh this s diffieult 1o
judde preciselv with necative staining.

The lomg-piteh helices have a zig-saz appearanee
(e Gas and Fig. T{ay), arizing from strong ridges
of density (denoted by Boin Figo Giall at each
14-5 tm level. T s these vidges that give rise to the
strone meridionad intensities an the third and sixeh
aver-lines (Fig. 3). The nature of these morpho-
fogienl  features 15 revealed  more  clearly by
computing o reconstrnetion with the equatorial
if =1 data omitted, thus removing the central core
of density from the hlament (Fig, 6ib), 1 can also
hes seen by superimposing the top few sections from
the map in Figure G{n). as shown i Figure 8(h),
Viewed in this way it ean be seen that the strong
ridsres of density arise from the superposition of a
series of hi-lobal features, as indicated by the heavy
houndaries deawn on Lhe map in Figare Sja). The
cpivalent  teatures are also delineated  on the
surlace map in Figure 7{h). We should like 1o
sigrrest that each bi-lohal feature represents the
twir ST heads of & myosin moleenle.

The putative 81 heads of one myosin molecnle
have heen labelled AT and A2 i Figure 8(b), while
the putative heads of the axially neighbouring
maolecule have been labelled B and B2. The two
lnr'g_{p Larkyes appear Lo conneet onto the hackbone
thirough a smaller common domain. labelled A3 and
Ba, The two lobes (1 and 2) plus the smaller domain
(3] together constitute the repeating morphologieal
unit {erossbreidee) on the outside of the filament,
The strong vidges of density every 145 nm are thus
produced by the stacking of one 81 head of one
madecale (oo A2 in Fig 8(b)) on the 51 head of an
axially neighbonring moleenle (e B i P 8{b1.

-

+ Abbreviation used; 21, sublfragment 1
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Figure 3. Separated Bessel function contributions on each layer-line, showing their amplitudea (lower part of each
panel) and phases (upper part of each panel). These were caleulated from the combined data from the particles shown in
Fig. 2. The amplitude of the I =0, # = ( term is plotted at one-tenth the scale of the others.
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Table 1
Strreary of data on filling particlest

Parliche View angle Phasze Least-squares
numbser [ceg. ] residual residual
-1 -5 aa 34
ThE-1 v M k3l

H20- 1 il — 24
Hil-2 15 M 29
-1 2] 1] 37
sh1-1 ) A5 157
TaR-3 £h il {24

THitk- | Lt 410 33

T Particles wre listed o the ocder shown [rom lefl Lo cighl i
Fig. 2

Angulwr orientation of pacticle relative (o the average of the
nesar ard fur sides of 226-1 as referenee,

Woeighted phase pezicdul [E-lFI"J"EI:.'IE |.f"_'|} in degrees af the
optirmal positien for tting cach partiele seainst the aversged
lata from 5261 as relerence, [ata cloze ta the meridian on luyer-
Iingees 0o Lot 0 = are iocluded.

Least-squares  residuals 3 |F o, — Fol? /% |F ol from the
Bessel s ]|.|r"|I||'|l-' progeam, eoveesponding to the lack of fit in
salving egn (1) Molerials and Metbods, section [0 All data
[ron laver Tnes S =1 to f =9 inchuded, bt 7= 0 excluded ag its
stremgth would domanate the weigshbling,

The change in directionality  of  the major
conneelivity in the density is seen clearly between
A2 and B, where the plane of sectioning is

ot
ﬁ"mf

o J

-‘.\"h "'.l"

?t

o)

Figure 6. Contour maps of reconstructions from the data shown m Fig. 5

particularly favourable. This division of density, if
correct, produces a feature containing two equally
sized domains springing from a common region on
ithe backbone, which looks very like the images of
individual myosin molecules seen in shadowed
preparations (Elliott & Offer, 1978) or in negatively
stained filoments with extended heads (Knight &
Trinick, 1984},

An alternative interpretation that we considered.
but discounted, was to aseribe the features labelled
B1, A2 and B3 (Fig. 8{b)) to o zingle myosin
crosshridge. which would join the backbone ot the
point  indicated by  the B3 arrowhead. This
interpretation would lead to considering halt of BI
plus AZ as one 81 head and hall of Bl plus B3 as
the other. However, thiz division 15 much less
symmaetrical than the hi-lobal ome deseribed above,
as regards both density and shape, and does not
produce an overall shape resembling the heads seen
in isolated molecules. We therefore prefer the bi-
lobal division of density  deseribed  above and
illnstrated in Figures T(h) and 8(a).

Fach elongated domain aseribed to o myvsoin
head is curved and is al least 15 nm long. though it
iz not clear where the domains terminate as they
join onto  the backbone of the GOlament. The
domains are about 5 nm wide and 3 to 4 nm deep in
the aspeet presented by A2 or Bl in Figure 3{b}

1 Tl P LT

Vb

1. (n) locluding the cquatorial (f = 0) data.

(1) exeluding the equatorial (f = 0) data. The maps are contoured on se vur.-ns parallel to the axis of the filament, which
FUns vertis L”1, in the dingram. Only the halt filament nearer the viewer is plotted and a length of 43-5 nm corresponding
toane helival repeeat is shown, The strang ridges at cach 14-5 nm level are denoted by 1% (see the text). The bare zone of
the thick flament would be at the top in this diagram, The contours represent exclusion of stain. The scale bar

represents T nomn.
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Figure 7. (a1} Surfaee representation of the chick

lhument  reeonsieruelion tplottea] nsing w
preoiiemn wril len h1. E. H. J;;:w loaen . "Uhae combonar lewve|
was chosen =o that the plotted surfiee represents the
pasition of maxnnum densicy gradient i the map and
thaes thee fikely boundary hetween atain and protem, The
riwht -handed long Junh lelices are the strongest surfiee
feature  and  their zig-zag nature is apparent. The
separation between plotted zections = 1 nme o lengeh of
B e s shown and the bave zone would be at the fop,
(il A o) Bt owith the putative arrangement of myiosin
heads superimposed (see the text and also Fig. 8). Tha
seale bar pepresents 1 nm.

I'Elr'|||'ll_l1l_'l'

This 1.1;[:-111[1 give a volume in the range 120 to
160 nm?, if the domain were cllipsoidal, where the
uncertainty arises from the difficoliy of estimating
precise  dimensions in negative staining. In the
filiment. head number 1 points towards the hare
zome. making a slew angle of about 8 with the
filament axis, while head number 2 points away
from the bare zone making o slew angle ol about
43" with the filament axis (Fig. 8ib). The angle
between the heads is about 1277 The dimer nature
of the myvozin molecule implies that a twotold axis
of svmmetry might be expected. Here o an
approximate local twotold axis relates the two
domains forming one of Lthe hi-lobal features,
making a slew ang]e of about 72 with the filament
axis and lying in a plane about 10 nm from the
axis, The [Hriainn of density described means that
although the shapes of the two lobes 1 and 2 are

their  environmenis  wre eather
with lobe 1 elose to the backhone and
baried  whereas lobe 2 s much more

very  similar,
dilTerent.,
sonrnew i
RPN

4. Dhiscussion

T this stody. we have wsed inproved steactueald
leclimigues To ohseeve Testores of Lhe erosshridoes of
a ek dlament that have not been seen in SR ES TN
thick filument reconstrouetions (el Stowart of of
L Vibert & Orane. PUE3

For several reasons we believe 1hat the Hlanments
wis oy hegative stamane have a
slrvcture =umilar 1o that cecarrng momdact, relased
Lavpanret s resile i1y The  Hlaments  were
s ainedd relasing  conditions until Lhe
=t ol SLianEny: Lhis TepresIils nn i|1|]|r'r:-'.'4'1r1r-|]:
over preevions studies, where the Hhoments were

THEIRE '.1‘(l |I'l.

|II!H|IZ'['

rinsed with a -'i|1:|||h~ ammnronan seedate solution
prior {o staining, which may have produeed some

lunknown} Il{'f,_{li'l" ol rigor (Kensler & Levine.
182 Vibert & Crade. 19530 (2) We have shown
that  the  fHloment= as  dsolated  have  non-

phosphorviated repalatory Bl chains (Craig of of
PasaL Thos, by comparison with the elosely relatd
Liwmnles muscle, whach is activated Dy licht elain
phosphorylation (ef. Sellers, TOS15 our llaments aee
in the mactive {relaxed) state, (3 The filaments
were ahserved over holes in e carbon support i,
thus eliminating any interaction of the erosshridges
with the substrate, which can induee o disordering
of the erosshridge wreayv (ef. Triniek & Elliot,

197 (4) Micrographs were faken with minimal
clectron dose o minimize  chianees  in surface

features That oceur as a resnlt of stain |1|'[y,r':l|ic:|1
under  high  electron  doses  (Unwin,  1974).
() Diifraction patterns of the filament images are
similar to the myvosin portions of X-rav diffraction
paticrns of relaxed whole tarantala musele (Weay,
1952, and personal communication).

Computer  programs  were  developed  Tor (s
study  that  allowed  an improverment o the
resolution of the three-dimensional reconstraetion
compared with earlier work on the elosely relatod
Limolus muscle (Stewart of af., 19581), where cach
crosshridge appeared as a single morpholosical unit.
With low, even-order helical svmmetry, Bessel
functions of different orders start o overlap at
fairly low  resolution on any miven  laver-line,
imiting the resolution of the three dimensional
map obtainable from o single view. By separating
the Bessel functions computationally (see Materials
and Methods), a higher resolution has been oblained
showing the repeating morphological unit as thres
domains, The two large domaing (1 and 2 in
Fig, 8(b}) are of similar size and shape and are most
easily interpreted as the two heads of a single
myosin molecule, while the third domain (3 in
Tig. 8(h}) may represent part of the 82 region or the
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Figure 8. (a) Contoar map of the reconstruction of the thick filament using the data in Fig. & buat with the equator
(=1 omitted {as g Gib). Tha Hll]u:t"llt]p-mif‘d hﬁm-':.' Lowndaries indieate thee bilobwsel Fewlures, 1]1ul:g]11 Lo represent
the 2 21 heads of a single myosin molecule {see the text), The 2 putative heads ol one molecule stack, respectively, under
and over the heads of the axially neighbouring molecules. (b Buperposition of 4 neighbouring sections fram the map
shown in Fig. Gia), apanning a depth of 58 nm. The outermost pair of sections are shown as unbroken vontoues and the
next pair as broken contours. AT and A2 represent the putative heads of one myosin moleeule, while Bl and B2
epresent the heads of the next axially positioned molecale. The large domaing appear 1o conneet to the backbone
throngh a smaller common domain (A%, B3). The shape and connectivity of the density features ean chus be seen. as ean
the abrupt clange in divection of features between A2 and B1 The zig-zap arrangement of density features forming the
bong-piteh helices is also clear, The bare zone would be at the top of the diagram, The scale represents 1 nm.

unresolved, narrow necks of the two heads: This is
the first time thatl the spatial arrangement of the
two heads of the myosin molecule on a relaxed
thick filament has been resolved. Use of these
Bessel separation programs on Lémulus flaments
(Stewart o al, 1985) has now  shown  finer
aubstructure within that which was seen previously
as a single domain crossbridge (Stewart ef al., 1851).
In the case of scallop, which has higher-order ¥ =7
rotational symmetry (Vibert & Craig. 1983), there is
no problem with overlap of Bessel funetions, but
the resolution in this case appears to be limited by
an inherently less stable crossbridge array in these
tilaments.

Our interpretation of the reconstrocted map 15
that one of the two elongated heads of a myosin
moleenle points approximately axially towards the
bare zone, while the other points in the opposite
direction making a slew angle of aboul 457 with the
axis (see Fig. 8], Thus. each head ol a given
molecule stacks, respectively, under or over one of

the heads of the {wo  axially neighbounring
molecules. The under and over packing of hoads
produces the continnity of the strong right-handed
long-piteh helices, This interpretation of the map in
terms of Lhe two heads of a8 maoleenle produces an
envelope Lhal closely resembles the head structore
seen in shadowed  pictures of dsolated  myosin
molecnles (Elliott & Offer, 1975 Each head has a
similar curved  shape  consistent  with  previous
reconstruetions  of Sl-decorated  thin  filaments
(Moore «f of,, 1970; Taylor & Amos, 1051) and with
details seen in solated thick blaments (hmght &
Triniclk, 19584). The volume of each head 15 about
140 nm?, which agrees reasonably well with that
eslimated from isolated heads {Taylor & Amos,
14951}, from heads on solated molecules (Elliote &
Ofter, 1978), and from the estimated molecular
weight of 130L000 for the head (Margossian et al.,
1991}, particularly as it is unelear how mueh of the
head is included within our quoted  dimensions.
While our interpretation of the density in terms of
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the two heads iz not the only one possible, it is the
most consistent with the two-headed nature of the
myosin molecule and with the myosin head shape,
volume and size determined by other technigues.
With this {or with any other plausible) interpre-
tation. the long axis of the head must run close to
the filament backbone as was also found for the
scallop (Vibert & Craig, 1983), X-ray diffraction
studies (Wray ef al, 1975; Haselgrove, 1980),
which sugrest that the myosin heads in relaxed
museles generally tilt considerably away from the
perpendicular to the filament axis, are eonsistent
with this finding.

The structure we have deseribed has implications
for contraction mechanisms. The stacking inter-
action between heads from axially neighbouring
myosin molecules suggested by our interpretatlion is
very striking, [t secems that in the relaxed state
with dephosphorylated regulatory light chains, the
erossbridges are closely asgociated with the thick
filament  backbone and with each other. 1t s
possible  that this ordered structure is  thus
physically “locked™ (like a zip [astener) through the
tips of the heads, helping lo maintain the “off™
state of the filament, by preventing interaction with
actin, The intermelecular interactions we observe
may be related to the co-operative switehing “an™
of filaments that oceurs when some muscles are
activated (ef. Chantler of af., 1981), allowing the
heads 1o interact with actin, We are currently
studying the stroetural changes that oceur in these
myosin filaments when they are activated by
phosphorylation of the hight chains (R, Craig & J.
Iendriclk-Jones, unpublished resuls).

The crossbridge arrangements in several thick
filaments (Limulus, lobster, seallop and frog) have
Been investigated both by Xoray diffraction [(Wray
el al., 1975 Haselgrove, 1980) and more recently
and more directly by cleetron microscopy (Stewart
et al.. 1981 Kensler & Levine, 19826, Vibert &
Craig, 1983; Kensler & Stewart, 19083). We have
stuchied tarantula thick filaments (ef. alzo Levine of
el 1983), since they appear to be amongst the most
hichly ordered of all thick filaments and thus can he
considered as “maodel” structures. offering greater
mnsights into crossbridge organization than do other
speeics, A disposilion of the myosin heads close to
the backbone and pointing in opposite divections
along the filament as found here for tarantula was
also suggested  (though less directly) by Xeoray
midelling studies of relaxed [rog striated musele
(Haselgrove,  1980). This apparent similarity
hetween  two very different species of  filament
suggests  that our  conclusions  concerning  the
positioning of the myosin heads may also be true in
other less ordered filaments,

We thank D John Wray for dizeussion and for lending
us an unpublished X-ray diffraction pattern of relaxed
tarantula musele, Drs H. K. Huxley and A, Klug for
comments on the manuseript, Mr Claudio Villa for
excellent aszsistance with photography, and Mres J. M.
smith for help with computer programs. R P. was the

recipient of the Vollmer Fellowszhip from the Instituto
Venezolano de Investigaciones  Cieotifiens  [IVICY,
Veneruels, from 1980 to 1982, and R. C. held & Medical
Research Couneil postdoctoral fellowship.

References

Amos, L. A, (1975). Procesfings af the 33rd  Awnnual
Meeting af the Electron Microscopy Society of America
(Bailey, Q. W., ed), pp. 200-201. Claitor's
Publishing Dhivision, Baton Rouge.

Amas, Lo Ao {W6). Proceedings of the 6th Huropenn
Congress  on Electron  Microscopy,  Jerusalem
(Brandon. D, G ed.), pp. 14-19, Tal International
Puldishing Co.. Tsrael.

Arndt, U W., Barrington-Leigh, 1., Mallett, J. F. W. &
Twinn, K. E. (1969}, .f. Phys. E. ser. 2, 2, 385-387.

Chantler, P, 1), Sellers, J. R. & Seent-Gyirgyi, A, (.
(1081 Miockemistry, 20, 210-216.

Cralg, K. & Padredn, B (1982). 1. Wuscle Hes, Ocll Motil
3, 487,

Cralg, 1., Padedn, R. & Kendrick-Jones, J.
Hiophys, f, 47, 44,

Crowther, R AL DeRosier, D, J. & Klug, AL {1970, Proe.
Hoy. Hee, ser. A 317, 310340,

Depue, . H. & Rice, B. V. (1965). J. Mol Hinf, 12, 302-
303

DeRosier, 13 J, & Klag, A, (1972), J. Mol Biol. 65, 469
4HH.

DeRosier, D.J. & Moore, PP, B, (1970). J, Mal. Bial. 52
A5a-360.

Elliott, Ao & (MFer, G, (1978 J. Mol Bicl. 123, 505519,

Haselgrove, J, C (19800, J, Musele Res, Oell Molil, 1, 177
1491.

Huxlev, H. E. (19571, J. Biophys. Hivchem. Cyial, 3, G31-
13,

Huxley, H. K. (1963). . Mol Biof. 7. 281-30%.

Huxley, H. 1. (1968). Seience, 164, 1356 16,

Huxley, H. E. & Brown W, (1067), J, Mal. ol 30, 383
434,

IKeneler, B, W, & Levine R0 O (198200, L Cell Higd, 92,
4351

Kensler, B. W, & Levine B, J, O (19520, J. Muscle fes.
Cell Motil, 3, 349-361.

Kensler, o W, & Stewart, M. (1983). J. Cell Biol. 96,
1797-1302,

Knight, P, & Trinick. J. (1954). J. Mol B, 177, Q61—
452,

Levine. R, L. (., Kensler, B, W, Reedy, M. C.. Holmwann,
W, & King, H. AL [IHE3). S Cell Biol. 97, 1586-195,

Margosmian, 5, 5, Stafford. W, F. & Lowey, 3, (18581},
Hrochenistry, 20, 215121545

Moore, I B, Huxley, H, E. & DeRosier, [0 (10703, .7,
Mol Biol. 50, 270205,

Padrdn, B. & Huxlev, H. K. {1834}, J, Muscle Hes 'ell
Motil. 5, 613653

Padrom, K., Crowther. R AL & Craig. 18, (1984). Hiopliye.
45, 10,

Sellers, . B, (1981), /. Biel. Chem. 256, 92740278,

Stewart, b, Kensler, 11, W, & Levine. BE. L. O (1981). L
Mal. Biol. 153, 781790,

HStewart, M., Kensler, B, W. & Levine, E. J. (. {1U55).
SOl Bicl, In the press.

Tavlor, K. A, & Amaes, L, AL (1981, J. Mel. Biof. 147.
207-324.

Trimick, J. & Elliott, A, (1979). J. Mol Bief, 131, 133-
136.

(19835).



Taranfule Thick Filopment Stracture 439

Unwin, P. N. T. {1974). J. Mol Biol. 87, 637-6710. Wreay, JJ. 8. (1970}, Nature [ London), 277, 3740,

Unwin, . K. T. & Henderson, B, (1975). J. Mol Biof. 94, Wray, J. 8. {1982). In Basic Biology of Museles: A
Comparefive  Approceh (Twarag, B, M., Levioe,

425—44h.
Vibert, P'. & Craig, B. (1882), J. Mol Biel, 157, 200-319, B.J O & Dewey, M. M., eds), pp. 20-36, Haven
Vibert, . & Craig, 3. (1883). J. Mol Hiol. 165, 303 320. Press, New Yoark.

Williams, B. O, & Fisher, H. W, (1870}, J. Mol Bial. 52, Wray, J. 5. Vibert, P. J. & Cohen, C, (1975). Nature
T21-123. {f.ﬂmffrhrﬁ], 257, 561-hH64.

Eedited by M. F. Moody



	imagen-01.JPG
	imagen-02.JPG
	imagen-03.JPG
	imagen-04.JPG
	imagen-05.JPG
	imagen-06.JPG
	imagen-07.JPG
	imagen-08.JPG
	imagen-09.JPG
	imagen-10.JPG
	imagen-11.JPG

