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Myosin heads are helically ordered on the thick filament surface in relaxed
muscle. In mammalian and avian filaments this helical arrangement is
dependent on temperature and it has been suggested that helical order is
related to ATP hydrolysis by the heads. To test this hypothesis, we have
used electron microscopy and image analysis to study the ability and
temperature dependence of analogs of ATP and ADP.Pi to induce helical
order in tarantula thick filaments. ATP or analogs were added to rigor
myofibrils or purified thick filaments at 22 °C and 4 °C and the samples
negatively stained. The ADP.Pi analogs ADP.AIF, and ADP.Vi, and the
ATP analogs ADP.BeF,, AMPPNP and ATPyNH),, all induced helical order
in tarantula thick filaments, independent of temperature. In the absence of
nucleotide, or in the presence of ADP or the ATP analog, ATPYS, there was
no helical ordering. According to crystallographic and tryptophan
fluorescence studies, all of these analogs, except ATPYS and ADP, induce
the “closed” conformation of the myosin head (in which the y phosphate
pocket is closed). We suggest that helical order requires the closed
conformation of the myosin head but is not dependent on the hydrolysis of
ATP.
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Introduction

Muscle contraction occurs by the sliding of the
thin filaments past the thick filaments. Force is
generated by the cyclic interaction of myosin heads
with actin. In resting conditions (ATP and low
calcium) myosin heads are detached from actin
filaments. X-ray diffraction of muscle'™ and elec-
tron microscopy of isolated thick filaments
shows that detached heads in the relaxed state are
helically ordered (or approximately so) around the
backbone of the thick filament. We are interested in
understanding the molecular basis and physio-
logical relevance of this helical organization.

Thick filaments from invertebrates share basic
structural parameters with vertebrate thick fila-
ments although they are larger in diameter and
length. Because invertebrate filaments have a well-

ordered and stable helical arrangement they repre-
sent a very useful system for studying the relaxed
organization of heads. Several three-dimensional
reconstructions have been calculated for negatively
stained thick filaments®®'® and the 3D map for
tarantula thick filaments has resolved the indivi-
dual myosin heads.® The molecular basis of the
helical ordering of the heads is not well understood,
although in the case of tarantula muscle thick
filaments, interactions between antiparallel heads
from successive crowns appear to be involved.>'*

Establishment of helical order appears to require
the presence of ATP"*'*'7 and it has been sug-
gested that it is the specific chemical state of the
ATP (i.e. pre- or post-hydrolysis) trapped in the
active site of the myosin heads that determines
whether helical ordering occurs.'®?° Rabbit thick
filaments become disordered at temperatures
below 20°C, and this has been attributed to a

6-13

Abbreviations used: AMPPNP, adenosine 5'-(B,y-
imido) triphosphate; ATPYNH,, y-amido adenosine 5-
triphosphate; ATPYS, adenosine 5'-[y-thio] triphosphate;
APsA, diadenosine pentaphosphate; FFT, fast Fourier
transform; Pi, phosphate; Vi, vanadate.

E-mail address of the corresponding author:

maria.zoghbi@umassmed.edu

lowering of the rate of ATP hydrolysis by myosin.
It was suggested that helical order is established
only after the hydrolytic step, when the ADP.Pi
produced is bound at the active site.'"® This sug-
gestion was supported by X-ray diffraction patterns
of rabbit skeletal muscle exposed to different
nucleotides at different temperatures'® (although
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the possibility of a coupling between the helical
order and a specific conformation of the myosin
head that may depend on the bound nucleotide was
also considered as an alternative). However, while
warm-blooded animals (chicken as well as rabbit)
require warm temperatures (>20°C) for helical
01‘de1ring,18_22 cold-blooded animals, such as frog
and fish, do not,>>* and the dependence of helical
order on the chemical state of ATP in thick
filaments from cold-blooded animals has not yet
been studied.

Here, we have used a cold-blooded species to test
the hypothesis that helical ordering of the heads
requires ATP hydrolysis. We have studied the
dependence of the helical order on both the
temperature and the chemical state of the bound
nucleotide in native thick filaments from tarantula.
We observe a small dependence of helical order on
temperature in the presence of the naturally
occurring nucleotide (ATP), but no dependence on
the chemical state of the ATP. Instead, helical
ordering appears to require a specific conformation
of the myosin head: the so called “closed” confor-
mation that has been reported in crystallographic
studies (see Geeves & Holmes” for a review). In
this closed conformation switch 1 and switch 2 are
near to the nucleotide, keeping the y phosphate
pocket closed (although the actin-binding cleft is
open).”*® This work has been presented in
preliminary form.*

Results

Myofibrils can be used to study the effect of
nucleotides on the ordering of myosin heads

Permeabilization and homogenization of muscle
in rigor conditions produced a suspension of
myofibrils where thin and thick filaments were
strongly bound through cross-bridges (Figure 1a).
When 5 mM MgATP was added to myofibrils in
suspension, thick and thin filaments dissociated
from each other and the thick filaments appeared
helically ordered (Figure 1b). In the same way, we
determined if the analogs of ATP or ADP.Pi induced
helical order when they were added to myofibrils in
suspension.

ATP induced helical ordering of tarantula thick
filaments at 22 °C and 4 °C

Thick filaments in the presence of ATP showed
helical order at 22°C (Figure 2a) and 4°C
(Figure 2b). Fourier transforms of well-stained
regions of filaments were computed to analyze the
ordering. The transforms revealed layer-lines
indexing on a repeat of ~43 nm, confirming the
visual appearance of helical order (insets). Layer-
lines were evident at both temperatures, indicating
that helical order in tarantula thick filaments is
maintained even at low temperature.

Figure 1. a, Washed myofibrils from muscle homo-
genate in rigor conditions. b, Addition of 5 mM MgATP
caused dissociation of the thick from the thin filaments.
The thick filaments were helically ordered (evident by
viewing along the filament at a glancing angle). The inset
in b is the Fourier transform of the filament indicated by
the asterisk. Transforms in this and other Figures are
oriented with the filament axis vertical, regardless of the
filament orientation shown in the micrographs. The
transform shows strong layer-lines based on a ~43 nm
helical repeat (layer-lines 1 and 4, and the meridionals 3
and 6 are numbered). The specimens in all electron
micrographs were negatively stained with 1% uranyl
acetate. Scale bars represent 1 um in a and 100 nm in b.

ATP«yS induced dissociation but not helical
order, while AMPPNP and ATPyNH, did not
induce dissociation of myofibrils

Three ATP analogs (ATPyS, AMPPNP and
ATPyNH,) gave two different results (Figure 3).
ATPvS dissociated thin and thick filaments from
each other, but failed to induce helical order in the
thick filaments at either 22 °C (Figure 3a) or 4 °C
(not shown). With AMPPNP and ATPyNH, no
separation of the filaments occurred (Figure 3b
and c). Because thick and thin filaments did not
dissociate (even up to 30 mM nucleotide), it was not
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Figure 2. Tarantula thick filaments in relaxing con-
ditions are helically ordered at 22°C (a) and 4 °C (b).
Asterisks here and in other Figures indicate the filament
used to calculate the Fourier transform shown in the inset
of each image. In both transforms, layer-lines indexing on
the repeat of ~43 nm are evident. Scale bars represent
100 nm.

possible to determine whether AMPPNP or
ATPyNH; could induce helical ordering of the
myosin heads.

ADP.BeF,, ADP.AIF, and ADP.Vi induced helical
order at both 22 °C and 4 °C

ADP, like AMPPNP and ATPyNH,, did not
dissociate filaments (Figure 4a). However, a
dramatically different result was obtained if ADP
was accompanied by either Vi, or NaF plus BeCl, or
AICl;. Formation of the complexes ADP.Vi,
ADP.BeF, and ADP.AIF, resulted in dissociation of
the thick from the thin filaments similar to that
observed with ATP (Figure 4b—d). In all cases the
thick filaments were helically ordered at both 22 °C
and 4 °C, evident both visually and by the appear-
ance of strong layer-lines in their respective Fourier
transforms. Thus, tarantula thick filaments can be

Figure 3. Analogs of ATP produced different effects on
thick filament structure. ATPyS caused dissociation but
not ordering, as was evident both by eye and by the
absence of helical layer-lines in the Fourier transform (a).
Neither AMPPNP (b) nor ATPyYNH, (c) dissociated
filaments. Scale bars represent 100 nm.

helically ordered by ADP.AIF, and ADP.Vi (ADP.Pi
analogs) and also by ADP.BeF, (an ATP analog).

Purified thick filaments can be used to study the
effect of analogs that do not induce dissociation

Although most of the studied nucleotides dis-
sociated the thick and thin filaments, ADP,
AMPPNP and ATPyNH, did not. It was therefore
not possible to determine if these nucleotides could
induce helical order in the thick filaments because
the myosin heads remained bound to the thin
filaments. Prior dissociation of thick from thin
filaments, followed by removal of the thin fila-
ments,” is an alternative way to study the effect of
these analogs on thick filament structure. This
purification method requires ATP (relaxing solu-
tion) to initially dissociate the thick and thin
filaments, and the ATP must then be completely
removed for the effect of the added nucleotide to be
determined (see Materials and Methods). Purified
thick filaments in rigor conditions were visually
disordered (Figure 5a), and this was confirmed by
the extreme weakness of helical layer-lines in the
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Figure 5. Purified thick filaments in rigor appear
disordered (a), and this was confirmed in the Fourier
transform (inset). Addition of ATP to these filaments
caused helical ordering (b), and strong layer-lines with
helical information appear in the Fourier transform. Scale
bars represent 100 nm.

Figure 4. ADP did not induce dissociation of thick from
thin filaments (a), while ADP.BeF, (b), ADP.AIE, (c) and
ADP.Vi (d) all induced dissociation and helical ordering
of thick filaments with strong helical layer-lines in Fourier
transforms (insets in b—d). Scale bars represent 100 nm.

Fourier transform. The transforms were noisier
than those obtained from ordered filaments and
only weak meridional reflections were occasionally
observed. Addition of ATP to such filaments
induced helical re-ordering comparable to that
seen in ATP-dissociated myofibrils (compare
Figures 1b and 5b). Helical order is evident by the
strong layer-lines in the Fourier transform. Thus,
we used this preparation to determine if ADP,
AMPPNP or ATPyNH, induced helical order.

AMPPNP and ATPyNH, but not ADP induced
helical order in purified thick filaments

While ADP, AMPPNP and ATPyNH, all gave the
same result in myofibrils (no dissociation), they
gave differing results with purified filaments
(Figure 6). After addition of ADP (Figure 6a) the
filaments were not obviously different from fila-
ments in rigor. On the other hand, AMPPNP and



Helical Order and Myosin Head Conformation

1227

Figure 6. Purified thick filaments in the presence of
ADP were disordered (a), with no obvious helical layer-
lines (inset). In contrast, AMPPNP (b) and ATPyYNH, (c)
induced helical order in purified filaments, and this was
confirmed by the presence of helical layer-lines in their
transforms. Scale bars represent 100 nm.

ATPyNH, induced helical ordering, at both 22 °C
(Figure 6b and c, respectively) and 4 °C (not shown).
Thus, these two ATP analogs also induce helical
order.

Comparison of helical order in tarantula thick
filaments exposed to different nucleotides and
temperatures

To compare the degree of ordering of the helices
induced by different temperatures and analogs, we
calculated average Fourier transforms from 20
equal-length segments of the best-ordered
examples of each condition. The relative degrees
of helical order were determined by visual inspec-
tion of the averaged transforms (Figure 7) and by
comparing their vertical profiles (the integrated
intensities of the layer-lines projected onto a line
parallel to the meridian). These vertical profiles are
shown to the right of each averaged transform.
Based on these criteria, ATP-dissociated filaments
at 22°C showed the best order (Figure 7a), in
agreement with the apparent order seen in the
filament images. Strong layer-lines were also seen in
ATP filaments at 4 °C, although in vertical profile
they appeared weaker than at 22 °C (Figure 7b),
suggesting a small effect of temperature on helical
order. In rigor, most filaments showed no order. In
the few partially ordered filaments that were found,
the layer-lines were very weak and occurred mainly
on the meridian of the third and sixth layer-lines
(Figure 7c). The averaged transforms and vertical
profiles for those analogs that induced helical order
showed strong layer-line peaks and were very
similar both between analogs, and with the same
analog at 22 °C and 4 °C. Thus, only those calculated
for filaments at 22 °C are shown (Figure 7d-h).

For a quantitative comparison of the helical order
we analyzed the horizontal profile of the first
myosin layer-line of each averaged Fourier trans-
form (see Materials and Methods, Figure 10d and
Xu et al."®). The area under each profile provides an
indication of the helical order in each condition,
greater area implying better order. Areas (Table 1)
for ADP.AIF,, ADP\Vi, ADP.BeF,, and ATPyNH,
were not significantly different from ATP or from
each other (p>0.05), suggesting a similar helical
order with ATP and these analogs. However,
AMPPNP induced a significantly poorer helical
order than ATP and ADPAIF, (p<0.05). In the
presence of ATP, the helical order at 4°C was
significantly less than at 22 °C, whereas in the
presence of analogs the helical order was not
significantly affected by temperature. Thus, lower
temperature appears to affect only the helical order
induced by ATP. These area measurements suggest
that at 4°C helical order induced by ATP was
poorer than helical order induced by ADP.AIF,,
ADP.Vi, and ADP.BeF,, and similar to helical order
induced by AMPPNP and ATPyNHo,.

Discussion

Our results show that helical ordering of the
myosin heads is induced by analogs of both ATP
(ADP.BeF,, AMPPNP, and ATPyYNH,) and ADP.Pi
(ADP.AIF, and ADP.Vi), but not by ADP, ATPvS, or
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Figure 7. Averaged transforms calculated from filaments under different conditions, together with their vertical
profiles calculated by projecting density onto the ordinate (at right of each transform, intensity in arbitrary units). Strong
layer-lines are clearly visible in the presence of ATP at both 22 °C (a) and 4 °C (b). The profile in a was scaled so that the
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Table 1. Area (pixel>x10%) of the first myosin layer-line
(mean +standard error, n=20) measured between
1/20nm ™! and 1/5nm ™! (Figure 10d) for the different
analogs that induce helical order at 22 °C and 4 °C

Analog 22°C 4°C 4°C/22°C
ATP 129+13 97+4 0.75"
ADPAIF, 119410 124+13 1.04
ADPVi 113417 11348 1.00
ADPBeF, 110+21 116+10 1.05
ATPyNH, 107+11 117415 1.09
AMPPNP 91+3 99+7 1.09

The column 4 °C/22 °C shows the effect of temperature for each
analog and the asterisk indicates that for ATP the effect was
statistically significant (p <0.05).

the absence of nucleotide. We conclude that ATP
hydrolysis is not a requirement for helix formation,
contrary to the previous hypothesis that the bound
ATP had to be in the ADP.Pi state.'®'” As discussed
below, the conformation of the myosin head, rather
than the state of the bound nucleotide, appears to be
the key determinant of helix formation.

Helical order requires the “closed”
conformation of the myosin head

Myosin heads from different species have been
crystallized in three globally different confor-
mations. An “open” conformation (with the y
phosphate pocket open, and the lever arm
“down” at an angle of approximately 45° to the
thin filament axis) has been reported for heads in
the absence of nucleotide, in the presence of ADP,
AMPPNP, ATPyS, and ADP.BeF,, and also in the
presence of ATP in a head unable to hydrolyze
it.>'> A “closed” conformation (with the y phos-
phate pocket closed, and the lever arm “up”
approximately perpendicular to the thin filament
axis) has been reported with ADP.AIF,, ADP.Vi and
ADP.BeF,.%>%4337 A third conformation called the
“detached” conformation (with the y phosphate
pocket open, and the lever arm close to and almost
parallel to the thin filament axis) has been reported
only in scallop myosin crystallized in the presence
of ADP, ADPBeF,, AMPPNP, or ATPvS.%¥% In these
structures, the closure or opening of the y phos-
phate pocket is determined by the positioning of
switch 2 either near to or away from the nucleotide,
respectively.”*?® The closed or open notation for the
myosin head is frequently used to denote the

closing or opening of switch 2, and thus of the
nucleotide pocket.

In addition to this crystallographic information,
dynamic experiments have been carried out in the
presence of different analogs in solution, using the
intrinsic tryptophan fluorescence of the myosin
head as an indicator of head conformation (greater
fluorescence corresponding to a closed confor-
mation).***> These experiments have shown that
there is an equilibrium between the open and
closed conformations that depends on the nucleo-
tide and/or the ’cemperature.41 It is therefore not
surprising® that the same analog (for example,
ADPBeF,) can induce both the open® and the
closed conformation®” in crystallographic studies.
However, most of the available crystallographic
studies (see above) have trapped just one of the
conformations (presumably that favored by the
crystallization conditions employed).

Intrinsic fluorescence of nucleotide-free Dictyo-
stelium myosin increases in the presence of ATP and
ADP.AlF,, and also in the presence of ADP.BeF, and
AMPPNP (but only at temperatures higher than
20 °C).*! This suggests that the open/closed tran-
sition is temperature-dependent and does not
require the hydrolysis reaction.*' In a similar way,
ATPyYNH, seems to stabilize the closed confor-
mation in rabbit myosin without being hydro-
lyzed.*> Concomitantly, every analog that has been
shown to induce the closed conformation of the
myosin head also induces helical order in tarantula
thick filaments, while those that promote the open
conformation fail to induce order (Table 2). Thus,
while helix formation does not require the hydroly-
sis reaction, it does appear to require that the
myosin head adopts the closed conformation.
Therefore, a slower hydrolytic step is not the
cause of decreased helical order in thick filaments
at low temperature as was previously suggested.'®
2022 Tngtead, because the closed conformation
appears to be necessary for the hydrolysis of
ATP?*%7¢ the slower hydrolytic step may be a
consequence of the less favorable transition to the
closed conformation at low temperature.***>

During the course of this work, an X-ray diffrac-
tion study of helical ordering in rabbit muscle
filaments in the presence of ATP analogs was
reported.*® Helical order was found in the presence
of ADP.Vi, AMPPNP, ADP.BeF, and ADP.AIF,, but
only at temperatures higher than 20 °C. Myosin
heads were disordered with ADP or ATPYS, or in
the absence of nucleotide at all temperatures. The
ability of each analog to promote helical order at

intensity of the first layer-line (arrowheads) was arbitrarily assigned a value of 100. All other profiles were scaled by the
same factor, so that the peak intensities between the different profiles are directly comparable. Averaged transforms and
their vertical profiles for filaments at 22 °C are shown for filaments in rigor (c) and in the presence of different analogs
that induced helical order: AMPPNP (d); ATPYNH, (e); ADP.BeF; (f); ADP.AIF, (g); ADP.Vi (h). Twenty equal-length
filament segments were used to calculate each averaged transform, except for rigor, where only ten usable segments
were found (these were the only ones showing any clear reflections on the third and sixth layer-lines, which were
necessary for the spatial scaling of the transforms required for averaging). Because disordered filaments (the majority)
could not be included in the rigor average, the true degree of helical order in rigor will be considerably less than that

suggested by the transform in c.
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Table 2. The ability of the analogs to induce helical order observed in negatively stained thick filaments was related to
their ability to induce the closed conformation of the myosin head according to crystallographic or intrinsic tryptophan

fluorescence studies

Myosin head conformation

Analog Helical order Crystallography Fluorescence

No nucleotide No Q3134 o

ATP Yes 035 (un-hydrolyzed ATP) C40

ADP NO 033,, D38,39 (cross-linked) 040,41

ATPYS No 033; DS‘) (cross-linked) 040

AMPPNP Yes o3 D% Ci41 (at T >20°C)
ATPyNH, Yes Not cr;lstallized yet c*

ADP.BeF, Yes Cc¥; 0°%, D% C* (at T>20°C)
ADPAIF, Yes c¥*7 clott

ADPVi Yes 36 Not studied*’

O, open conformation; C, closed conformation; D, detached conformation.

different temperatures was found to be similar to its
ability to promote the closed conformation,**** and
these authors therefore concluded that helical order
requires the closed conformation of the head.*’ In
general, our data support these observations on
rabbit filaments at 20 °C, but we find that these
same analogs induce helical order in tarantula
filaments at lower temperature as well. Quantitative
analysis showed that in the presence of ATP the
integrated intensity of the first myosin layer-line
was only 25% smaller at 4 °C than at 22 °C (Table 1).
This effect of temperature on helical order appears
small compared to that in rabbit*** or chicken thick
filaments.! We also found no such temperature
effect with any other nucleotide. These results
suggest a small temperature dependence for the
open to closed transition in tarantula myosin, which
might also occur in myosin from other cold-blooded
animals whose thick filaments are well ordered in
the relaxed state at low temperature (like frog and
fish®>%). In support of this view, the existence of
helical order in frog muscle with ADP.Vi at 5 °C**
suggests that this analog may also promote the
closed conformation in frog myosin at low tem-
perature (in contrast to the open conformation
favored in rabbit under similar conditions*®). It
thus appears that the requirement of the closed
conformation for helical ordering is common to
both invertebrate and vertebrate thick filaments,
whether or not they are temperature-dependent.
Favoring of the closed conformation and thus of
helical ordering of myosin heads in all species at
their normal temperature of operation (homeo-
therms at high temperatures, and poikilotherms at
both high and low temperatures) suggests that this
ordering is a key feature of the relaxed state. It may
be essential to efficient energy conservation in
relaxed muscle (by minimizing thick-thin filament
interaction) and to the efficient switching on of
contraction.

Further evidence that the closed conformation
underlies the helically ordered state comes from
fitting the atomic structure of the chicken myosin
head (in the absence of nucleotide®) to the 3D
reconstruction of the tarantula filament.*'* Using

this atomic structure (which is in the open confor-
mation®'), the initial fit was poor, but this was
improved when the head was allowed to flex,
producing a structure more similar to the closed
conformation.'* This independently suggests that
helical order cannot be established when the
myosin heads are in the open conformation, and
that a molecular shape similar to the closed
conformation is required. A similar conclusion
was obtained for the thick filaments of relaxed
insect flight muscle® where optimal modeling of the
X-ray pattern of the relaxed muscle was obtained
with a modification of the open conformation®
whose final molecular shape was similar to the
closed conformation.** The one exception to this
conclusion comes from X-ray modeling of fish
muscle, in which it was concluded that resting
myosin heads had a shape similar to the nucleotide-
free’' shape.* Since ADP.Pi was expected to be the
predominant nucleotide species under the con-
ditions of this study, it was suggested that the
structure of the myosin head in the absence of
nucleotide must be very similar to that observed in
the presence of ADP.Pi.* However, this conclusion
does not appear to be supported by crystallographic
data obtained after this study, showing that ADP.Pi
heads have a different shape from those without
nucleotide.>*>?*?” Tt would be interesting to
determine if a similar modeling for the fish thick
filaments, but using a closed conformation of the
myosin head as starting shape, might result in a
better fit of the X-ray diffraction data.

Insight into how the closed conformation gener-
ates helical ordering of the heads may come from
fitting the closed atomic structure®****” to the 3D
reconstruction of frozen-hydrated tarantula fila-
ments currently in progress (R.P, L. Alamo &
R.C., unpublished results). Such an atomic model
may reveal the intra- or intermolecular interactions
involved in generating helical order. For example,
in the closed conformation some regions of the
essential light chain are much closer to the active
site than in the open conformation.”*'** This
type of intra-molecular interaction (between regu-
latory and motor domain, for example) and the
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interactions between neighboring heads** could be
important in thick filament regulation.

Different nucleotides produce the same helical
structure

Although nucleotides favoring the closed confor-
mation generate helical ordering of the heads, we
have not shown whether the helical structure is the
same for each nucleotide. We assume that the heads
in all cases originate at the same helical points on
the thick filament backbone (determined by the
packing of the myosin tails), but we do not know
whether the orientation or interactions of heads
change with different nucleotides. While the most
detailed comparison between structures would be
achieved by comparing their full 3D reconstruc-
tions,® a simple approximation can be made by
comparing the averaged Fourier transforms and
filtered images obtained under each condition.
Visual comparison of the transforms (Figure 7)
shows similar relative intensities and positions of
reflections in all the conditions that produce helical
order, suggesting similar thick filament structures.
More quantitatively, the distance between the
meridional reflection and its first subsidiary on
the third layer-line was the same for all the helically
ordered filaments, regardless of analog or tempera-
ture. This implies that the average radial pos1t10n of
the center of mass of the helically ordered heads® is
similar in all the conditions studied.

Additional information on the helical organiz-
ation in different conditions can be gained by helical
filtering of the filament images. Filtering enhances
the helical structure (by removing non-helical
information) and can be used to separate infor-
mation coming from the two sides of the filament,
providing a visual image of the helical tracks on
one side without interference from the other.*
Figure 8a shows a one-sided filtered image of a
representative thick filament in ATP at 22 °C. The
subunit shape and organization are similar to those
in a one-sided longitudinal projection of the full 3D
reconstruction of the tarantula filament® (L. Alamo,
personal communication). This confirms that the
simple filtering procedure provides a valid indi-
cation of the subunit organization on these fila-
ments. Filaments with a high degree of helical order
(higher peak areas in Table 1) revealed strong
helical tracks along the thick filament (e.g. ATP at
22°C (Figure 8a) or ADP.AIF, (Figure 8b). Less
favorable conditions, such as AMPPNP (Figure 8c)
or ATP at 4 °C, showed weaker helical tracks. In
these cases, the weaker helical ordering appears to
result from patches of filament that are well ordered
(with a similar structure in all cases) combined with
patches that exhibit less order, rather than from a
homogeneous distribution of a different helical
structure. In rigor, helical tracks were essentially
absent (Figure 8d). The subunit shape and
organization in the filtered images were similar in
all the ordered filaments studied, supporting the
conclusion (from comparison of the transforms)
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Figure 8. One-sided image filtrations obtained under
four representative conditions: a, ATP; b, ADP.AIF,;
¢, AMPPNP and d, rigor, all at 22°C. Helical order
decreases from left to right. Filaments with ATP and
ADP.AIF, show strong helical tracks with a subunit shape
and organization that resembles the atomic model for the
tarantula thick filament.'* The filament with AMPPNP
shows similar helical tracks, although weaker. Scale bar
represents 50 nm.

that different nucleotides do not significantly alter
the orientations or interactions of helically ordered
heads.

Implications for muscle physiology

We have concluded that in relaxed muscle a high
proportion of myosin heads are in the closed
conformation, forming helices on the thick filament
surface. Because the closed conformation is the pre-
power stroke state,”® the heads in relaxed muscle
are ready to produce force. Ordering of the heads
near the thick filament backbone might be an
important mechanism for reducing the probability
of interactions with thin filaments in relaxing
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conditions (in addition to regulation by the thin
filament). The possible importance of sequestering
heads away from the thin filament in relaxed
muscle becomes clear when one considers the
dimensions of the filament lattice. In tarantula
muscle, each thick filament in the overlap region
is surrounded by 9 to 12 regularly distributed
thin filaments” (Figure 9). In the live state, the thick
filaments form a hexagonal lattice with a center-to-
center distance of 58 nm (based on X-ray diffrac-
tion).**® If the thin filaments lie approximately
midway between the thick filaments, the center-to-
center distance between thick and thin filaments
will be ~29nm. With thin and thick filament
(backbone) radii of ~5nm* and ~10 nm,® respec-
tively, the distance between their surfaces would be
only ~14nm. This distance is shorter than the
length of the myosin head,” which could make it
easy for myosin heads to contact actin. However,
the diameter of relaxed, helically ordered tarantula
thick filaments to the outer edges of the myosin
heads is 38 nm (based on measurements of frozen
hydrated filaments; L. Alamo, R. Horowitz, FE. Q.
Zhao, R.C. & R.P, unpublished results). The
compact ordering of the heads implied by this
measurement would thus maintain a gap of ~5nm
between filament surfaces (Figure 9). This may
function to minimize thick-thin filament interaction
(and therefore ATP usage), and thus help to
maintain the relaxed state. Maintaining a gap
between filament surfaces may also be important
in minimizing resistance to stretch that occurs when
antagonist muscles contract (cf. Xu et al.**). Similar
calculations, combining published interfilament
distances and estimates of thick filament diam-
eter,'”° suggest that a comparable gap occurs in a
variety of muscles having different lattices and thick
filament structures. Modeling of muscle X-ray
patterns suggests that in some cases this gap may

Figure 9. Diagram showing diameters and distances (in
nm) between thin and thick filaments in the filament
lattice of live tarantula muscle. In the thick filament, the
dark annulus represents the volume occupied by the
heads. See details in the text.

4,5,52

be very small (1-2 nm ). Ordering of heads in
the relaxed state may thus play a similar role in
many muscles.

In summary, our electron microscopic obser-
vations directly relate the atomic structure of the
myosin head as determined by X-ray crystallo-
graphy to the head conformation present in the
native filament. We conclude that the closed
conformation of the myosin head is the key
requirement for the ordering of the heads into
helical paths on the filament surface. This may play
an important role in the energetics and mechanics of
relaxed muscle.

Materials and Methods

Solutions

(1) Rigor solution is 100 mM sodium chloride, 3 mM
magnesium chloride, 1 mM EGTA, 5mM Pipes, 1 mM
sodium azide (pH 7.0). (2) Relaxing solution is rigor
solution plus 5 mM MgATP (pH 7.0). (3) Analog solution
is rigor solution plus 5 mM MgAnalog (pH 7.0). Analog
solutions also contained hexokinase and glucose as
detailed below under Treatment with nucleotides.
(4) Rigor rinse solution is 100 mM sodium acetate,
1 mM magnesium acetate, 1 mM EGTA, 5 mM imidazole,
1mM sodium azide (pH 7.0) (see more details below
under Electron microscopy). (5) Vanadate (Vi) stock
solution was made as described by Goodno.”®

Specimen preparation

Myofibrils

Rigor myofibrils were obtained from tarantula leg
muscles (Brachypelma sp and Avicularia avicularia;
Carolina Biological Supply, USA) in a similar way to
that described for thick filaments,*> only using rigor
solution instead of relaxing solution in all procedures.
Briefly, muscles were permeabilized for three hours in
rigor solution plus saponin (0.1%, w/v) and then rinsed at
least twice with rigor solution (the first overnight).
Skinned muscles were homogenized in rigor solution
and the homogenate spun for ten seconds at 6000g to
remove large debris. The supernatant contained a
suspension of myofibrils in rigor. All procedures were
carried out at 4 °C.

Purified thick filaments

Some analogs did not induce dissociation of thick and
thin filaments when added to myofibrils. In these cases a
thick filament suspension previously dissociated from
thin filaments was used to study the effect of these
analogs on thick filament structure. Following dis-
sociation, thick filaments were purified using calcium-
insensitive gelsolin to remove the thin filaments.** The
filament suspension was then centrifuged for 15 minutes
at 18,000g. Pellets were resuspended and incubated two
hours at room temperature in rigor solution (pH 6.5)
containing hexokinase (1 mg/ml) and glucose (1 mM) to
remove residual ATP* and APsA (1 mM) to inhibit
endogenous adenylate kinase.” The suspensions were
then centrifuged again for 15 minutes at 18,000g and the
pellets resuspended in the desired solution (rigor, or
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relaxing solution, or rigor plus the specific analog, pH
7.0).

Treatment with nucleotides

The nucleotides studied were ADP, the ATP analogs:
ATPvS,%° AMPPNP ATPyYNH,*? and ADP.BeF,;** and
the ADP.Pi analogs: ADP.AIF,***! and ADP.Vi.**"*%2 ATP,
ADP, ATPyS, AMPPNP and NaF were purchased from
Sigma, BeCl, and AICl; from Fluka, and sodium
orthovanadate from Aldrich. ATPyYNH, was kindly
donated by John Wray and Werner Jahn (Max Planck
Institute, Germany). ATP contamination (0.1-0.8%) was
detected in some analogs through the luciferin/luciferase
bioluminescent assay (Sigma). This contamination could
have significantly affected the results at the 5mM
concentration of analogs used. All solutions containing
analogs were therefore treated for 20 minutes at room
temperature with hexokinase (type IV, Sigma; 1 mg/ml)
and glucose (1 mM) prior to use,” reducing ATP
contamination below 100nM according to the same
assay. The inability of AMPPNP and ATPyNH,, even at
high (30 mM) concentration, to dissociate thick and thin
filaments, confirms that ATP contamination is effectiveLy
eliminated by this procedure (see Results). APsA>®
(Sigma) was also added to preparations prior to analog
addition.

Myofibrils or purified thick filaments in rigor were
incubated at least ten minutes at room temperature or
4°C prior to analog addition. ATP or analogs (rigor
solution plus 5mM Mg.Analog pretreated with hexo-
kinase and glucose) were then added and the specimens
maintained at their respective temperature. To form the
complexes ADP.BeF,, ADP.AIF, and ADP.Vi, 5 mM
Mg.ADP was added to myofibrils, followed by 5 mM
NaF and 1 mM BeCl,, or 5 mM NaF and 1 mM AICl; or
1 mM Vi, respectively.”®®'-%?

Electron microscopy

Tarantula thick filaments were negatively stained with
1% uranyl acetate on holey carbon grids covered with an
additional thin carbon layer floated from mica. Only
filaments on the thin carbon over holes were studied.
Staining was improved (1) by using relatively fresh
(<one week old) thin carbon, which was picked up
from the water surface just prior to applying the speci-
men; (2) by leaving a significant meniscus of stain on the
grid before drying (i.e. not all stain was withdrawn); and
(3) by drying the grids slowly in a humid atmosphere
(~80% R.H.). Specimens were rinsed with an acetate-
based rinse prior to staining to prevent disruption of thick
filament structure that can occur with high (0.1 M)
chloride;*'® imidazole was used as the buffer in these
solutions as it appeared to improve the staining. An
appropriate rinse solution was used for each case, rigor
filaments being rinsed with rigor rinse, and nucleotide-
treated filaments with rigor rinse containing 1 mM
Mg.ATP or 1 mM of the respective analog pretreated
with hexokinase and glucose. All specimens and solu-
tions were pre-incubated at the appropriate temperature
before staining. Filaments incubated at room temperature
were stained at room temperature, and filaments incu-
bated at 4 °C were stained in the cold room at 4 °C.

Grids were observed in a Philips CM-10 or CM-120
transmission electron microscope at 80 kV and normal
electron dose. Micrographs were recorded on Kodak 4489
film.

Image processing

Digitization of filaments and computation of the fast Fourier
transform

Micrograph negatives were digitized using a Panasonic
Industrial CCD Camera (GP-MF-802) controlled by Scion
Image v 4.0.2 (Scion Corporation). Segments of filaments
containing ten helical repeats (435nm for tarantula
filaments) were digitized at ~9 A/pixel and boxed in a
460X 60 pixel window with the bare zone located at the
top of each image. The boxed image was floated in a 512X
512 pixel array, the box edges apodized and the fast
Fourier transform computed. All image processing
procedures were carried out using Scion Image.

Quantification of helical order

For a quantitative comparison of the helical order of the
thick filaments at different temperatures and with
different analogs, an averaged Fourier transform power
spectrum computed from 20 of the best stained and best
ordered filament segments was calculated for each
condition. To calculate the average, each transform was
spatially scaled using the third and sixth layer-line as
reference, and ensuring that each layer-line lay on an
integral number of pixels. Observable changes in the
averaged transforms were minimal after ten filaments
had been included. The use of 20 filaments therefore
ensured that each average was an accurate representation
of each state.

A vertical profile of each averaged transform was
obtained by projecting the average intensity value along
each horizontal line of pixels onto a line parallel to the
meridian (Figure 10a and b, right). The background on the
transform (Figure 10a) was subtracted using the rolling
ball method (Figure 10b). The vertical profiles obtained
after subtraction of the background were used to compare
the overall helical information present under different
conditions.

For quantification of helical order we calculated the
integrated intensity of the first myosin layer-line (43.5 nm
repeat, the helical track most obvious to the eye in the
original micrographs). A similar procedure was used
previously to quantify the degree of helical order of
myosin heads in X-ray diffraction patterns.'® In order to
measure this integrated intensity we obtained a hori-
zontal profile of the first myosin layer-line (Figure 10c)
using a slice 512 pixels long and three pixels wide of the
averaged transform. In these horizontal profiles, the
information extending laterally beyond 1/5nm~"' was
considered to be noise. The base line was adjusted to
coincide with the approximate mid-level of this noise,
and the area above this base line measured between
1/20nm~" and 1/5nm~' on both sides of these
horizontal profiles (Figure 10d). These limits select out
primarily the ], Bessel function of the first layer-line of
tarantula thick filaments.® This area provides a measure
of the degree of helical order of the myosin heads.

Statistical comparison of areas in different conditions
was not possible by measuring individual transforms,
owing to the poor signal-to-noise ratio. Areas could be
measured, however, from averages of five filaments. For
statistical comparison, the 20 filaments selected for each
condition were therefore randomly distributed into four
groups of five filaments, and four average transforms
calculated. The averages were used to calculate a mean
and standard error for each condition. Statistical
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Figure 10. Analysis of Fourier transforms. The central
part (256 X256 pixels) of a raw average (512 X512 pixels)
and its vertical profile is shown in (a). Peaks with helical
information lie on top of a high background. After
background subtraction (b) the vertical profiles show
the peaks above a straight base line. A horizontal profile
in a 512X 3 pixel window centered on the first layer-line
(indicated by the arrow in b) is shown in c. This profile
was used to measure the area of the first myosin layer-line
above a base line drawn through the approximate mid-
level of the noise (obtamed from the profile extending
laterally beyond 1/5nm ") (d). Vertlcal lines (located at
positions corresponding to 1/20nm ' and 1/5nm ' on
both sides of the meridian) show the limits of the area
measured (see Materials and Methods). Intensity is in
arbitrary units.

comparison of the mean areas obtained under different
conditions was carried out by the Student ¢-test.

Filtering

The Fourier transforms from representative filament
images were layer-line filtered to provide a visual
comparison of the head organization under different
conditions. Interpretation of filtered images was facili-
tated by mcludmg information from only one side of the
filament.*® Selection of layer-lines (equator and layer-
lines 1-6) coming from the back or front of the filament
was made according to the previously published 1ndex-
ing of the diffraction pattern for tarantula thick filaments.®
In these f1laments some Bessel functions overlap even at
low resolutlon However, at the resolutlon of our filtering
(1/6.8 nm ™' equatorially and 1/7.2 nm™ merldlonally)
the overlapping of Bessel functions (i.e. J5 and Js) is small,’
and does not have a significant impact on the filtered
image.*® This was clear from the close similarity of such a
one-sided filtered image of a filament in ATP (relaxing
solutlon) to a one-sided projection of the 3D reconstruc-
tion® of tarantula filaments, where Bessel function
separation had been carried out (L. Alamo, personal
communication; data not shown).
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