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ABSTRACT Past attempts to detect tropomyosin in electron micrograph images of frozen-hydrated troponin-regulated thin
filaments under relaxing conditions have not been successful. This raised the possibility that tropomyosin may be disordered
on filaments in the off-state, a possibility at odds with the steric blocking model of muscle regulation. By using cryoelectron
microscopy and helical image reconstruction we have now resolved the location of tropomyosin in both relaxing and
activating conditions. In the off-state, tropomyosin adopts a position on the outer domain of actin with a binding site virtually
identical to that determined previously by negative staining, although at a radius of 3.8 nm, slightly higher than found in
stained filaments. Molecular fitting to the atomic model of F-actin shows that tropomyosin is localized over sites on actin
subdomain 1 required for myosin binding. Restricting access to these sites would inhibit the myosin-cross-bridge cycle, and
hence contraction. Under high Ca®* activating conditions, tropomyosin moved azimuthally, away from its blocking position
to the same site on the inner domain of actin previously determined by negative staining, also at 3.8 nm radius. These results
provide strong support for operation of the steric mechanism of muscle regulation under near-native solution conditions and
also validate the use of negative staining in investigations of muscle thin filament structure.

INTRODUCTION

Muscle contractility is widely thought to be controlled by alized directly in low and high Ca states (Lehman et al.,
movement of tropomyosin strands on actin-containing thinl994, 1995; Vibert et al., 1997). Results of x-ray diffraction
filaments. The assumption is that muscle relaxes becausaodeling and image reconstruction were mutually support-
Ca& " -free troponin constrains tropomyosin over strong my-ive, and tropomyosin positions were identical by both tech-
osin-binding sites on actin, blocking cross-bridge interacniques (Lehman et al., 1994, 1995; Poole et al., 1995; Vibert
tion and hence contraction (Holmes, 1995). After*Ca et al., 1997). In the low C4 (off)-state, tropomyosin was
binds to troponin, tropomyosin movement away from thejocated on the surface of the outer domain of actin, obstruct-
binding sites is followed by cross-bridge-actin interactioning access to several clusters of amino acids on subdomain
and contraction (Kress et al., 1986) This steric model Ofl thought to be involved in Strong stereospeciﬁc myosin_
regulation was originally based on changes observed ipinding and required for the power stroke during the cross-
x-ray diffraction patterns of intact skeletal muscle fibersprigge cycle (Lehman et al., 1994, 1995; Holmes, 1995;
(Haselgrove, 1972; Huxley, 1972; Parry and Squire, 1973)j grenz et al., 1995; Poole et al., 1995; Vibert et al., 1997).
Further analysis, §timulated by the elucidation of atomicg switching-on of thin filaments and concomitant un-
structures of F-actin (Holmes and Kabsch, 1991) and thecking of myosin-binding sites was found to involve a
actin-myosin interface (Rayment et al., 1993a, b; Holmesy,_step movement of tropomyosin to the inner domain of
1997), has led to more detailed models while retaining theactin, dependent on &4 and the binding of small numbers
basic tenets originally proposed (AL-Khayat et al., 1995; myosin heads acting in sequence (Poole et al., 1995:

lemes, 1995; Lorenz 'et al., 1995; Poole 'et al., 1995)Vibert et al.,, 1997). The three structural states of the thin
Direct support was obtained from electron microscopy anqilament identified (off-, C&"-induced, myosin-induced)

trtlr?ne-nge?si[lodna;ill (?r;Dr)nl mi?lg@;?%o?rstrucr:gon ?r: rxgagYEI¥may correspond to three biochemically distinguished states
stained 1solated flaments ch fropomyos as visu (Bremel et al., 1972; Lehrer and Morris, 1982; McKillop

and Geeves, 1993; Lehrer, 1994; Landis et al., 1997; Lehrer
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overcoming these concerns because it permits elucidation @mos and Klug, 1975; Owen et al., 1996) as described previously (Vibert
structures in a near-native state (with no fixation, staining®t al., 1993, 1997). The statistical significance of densities in maps was

- _ - _ computed from the standard deviations associated with contributing points
or drylng). However, 3-D reconstruction of cryo-EM data using a Student’s-test (Milligan and Flicker, 1987; Trachtenberg and

has not been effective in reso""ng tropomyosin in all State%eRosier, 1987). Layer-line data extended to a resolution of 3.5-3.6 nm as
examined. By using cryo-EM, tropomyosin was resolved inestimated by the method of Owen and DeRosier (1993), and no data were
the myosin-induced state (Milligan et al., 1990) and in thecollected beyond 2.75 nm. Significant data fell within the first node of the

Ca*-state (R. A. Milligan, personal communication), but contrast transfer function and no phase or amplitude corrections were

not in the off-state, raising the objection that tropomyosinPP!ied (Milligan and Flicker, 1987; Milligan et al., 1990). Information on

. . . troponin is not acquired by the methods applied (cf. Milligan and Flicker,
may be disordered in the relaxed state and thus mlght not a§§87). Fitting of the atomic structure of F-actin into our maps was carried
as a steric inhibitor. If so, this would imply that the use of out (McGough and Way, 1995) as described previously (Lehman et al.,
the negative staining procedure itself may have artifactuallyt997). Maps were displayed using the program O (Jones et al., 1991) and

3 . T _(Vibert et al., 1997). Surface rendering of reconstructions was performed
the off-state. We have excluded this pOSSIbIlIty in the cur using AVS5 3-D visualization software (Advanced Visual Systems, Inc.,

rent study, where we have examined reconstituted thifyaiham, MA). For the purposes of comparison, electron microscopy and
filaments by cryo-EM and 3-D reconstruction, and havenelical reconstruction were performed on filament samples negatively
demonstrated that tropomyosin can, in fact, be resolvedtained with 1% uranyl acetate as previously described (Moody et al.,
under relaxing conditions. In addition, we show that tropo-1990; Vibert et al., 1993, 1997).

myosin strands occupy positions very close to those previ-
ously determined by negative staining, hence strongly sup-
porting the steric model of regulation.

MATERIALS AND METHODS
Protein preparation

Bovine cardiac troponin and tropomyosin and rabbit skeletal muscle F-
actin were purified as described previously (Tobacman and Adelstein,
1986; Spudich and Watt, 1971). Thin filaments were reconstituted by first
combining troponin and tropomyosin and then adding F-actin to the mix-
ture to final concentrations of 7.5, 7.5, and @M, respectively. Recon-
stitution was carried out in solutions consisting of 100 mM NaCl, 3 mM
MgCl,, 0.2 mM EGTA, 1 mM NalN, 5 mM PIPES/sodium phosphate
buffer (pH 7.1), with or without CaGladded to 0.4 mM. Filaments were
allowed to incubate at room temperature26°C) for 5-10 min before
making a 20-fold dilution with additional buffer and then applying the
diluted samples to grids for electron microscopy.
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Freezing was carried out at room temperature in a chamber at 85% relative
humidity to minimize changes in salt concentration due to evaporation after
blotting. Fiveul of filaments was applied to “holey” carbon-coated copper
grids that had been glow-discharged in air. After 30 s, grids were blotted
from both sides by squeezing between two layers of Whatman #40 filter
paper for 1-2 s and then immediately plunged into a 2:1 mixture of liquid
ethane and propane cooled by liquid nitrogen. Frozen grid samples were
stored in liquid nitrogen until use. A Gatan transfer system and cryoholder
(Model 626) were used to transfer grids to a Philips CM120 cryoelectron
microscope equipped with a Philips sandwich blade anticontaminator.
Images of filaments over holes were recorded at a nominal magnification
of 35,000 at 120 kV with a defocus of between 1.6 and 2 and an
electron dose of-10 e /~10e /A2 Micrographs were digitized with an 50 nm
Eikonix 1412 CCD camera with a pixel size corresponding to 0.71 nm in S B
the micrographs. Filaments were chosen for analysis from areas close to the
periphery of holes, where ice was relatively thick and minimal evaporation
presumably had occurred during the plunging of grids after blotting. Only
filaments with diameters wider than15 nm were chosen for analysis FIGURE 1 Electron micrographs of F-actin and F-actin-troponin-tropo-
because narrower ones frequently do not show tropomyosin in reconstruenyosin complexes & b) Cryopreserved samples;, (d) negatively stained
tions (Lehman et al., 1995). Curved filaments were straightened by applysamples;, ) pure F-actin;§, d) F-actin-troponin-tropomyosin. Note the
ing spline-fitting algorithms (Egelman, 1986). Helical reconstruction wastropomyosin strandsérrow arrowg and troponin bulgesafrowhead$in
carried out by standard methods (DeRosier and Moore, 1970; Amos, 197%d). Scale bar represents 50 nm.
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RESULTS from the filament center. The extra mass and its location

were especially obvious when difference densities com-

Inspection of cryoelectron micrographs of reconstituted F- . . .
: . S . puted between maps of F-actin-tropomyosin-troponin and
actin-tropomyosin-troponin filaments showed typical dou-

. : . . . -actin were superimposed on F-actin reconstructions.
ble-helical arrays of actin subunits, but no obvious signs o

. . ; . hese difference densities contoured to tH2nm diameter
either troponin or tropomyosin, although the filaments were . o .
~10-20% wider in diameter than F-actin controls (Figal, of trop?myqsm were S|gn|_f|cant at conﬁd_ence levels
andb). Relative to background, unstained frozen-hydrate 99.95% (Fig. :.ﬂ)' The Iocat|.on of tropomypsm qlong the
filaments were inherently low in contrast. This was apparen e_ngth Of, F-actin filaments is bes_t—wsualllzed in surface
when they were compared to corresponding negatively!€WS (Fig. 4@ where tropomyosinréd) is seen as a
stained filaments, which sometimes did display identifiablecOntinuous strand of density running peripherally along
tropomyosin strands and troponin bulges repeating at 40-nifictin filaments gold) associated with subdomain 1 of suc-
intervals (Fig. 1,c andd; cf. Lehman et al., 1994, 1995; Cesswe.actln monomers and_ bridging over the shallow as-
Vibert et al., 1997). To detect tropomyosin and determine it€Ct Of intervening subdomain 2. To define tropomyosin’s
position on actin in frozen-hydrated filaments, helical imagemteractlons with thin filaments in more detail, the atomic
processing was necessary. model of F-actin (Lorenz et al., 1993) was fitted to these

Density maps were calculated from the averaged Fourigieconstructions and substituted for the F-actin densities

transform layer line data (Fig. B) obtained from 26 F- (Fig. 5). Viewed from the “front” surface of actin (Fig.&,
actin-tropomyosin-troponin filaments reconstituted and therfropomyosin (ed wire cag¢ can be seen to lie over pro-
maintained in EGTA during cryopreservation. The mapsposed strong sites of myosin bindirtgighlighted in yelloy
revealed actin monomers (Figs.b3and 4a) whose shape and adjacent to but not covering proposed weak sites of
and connectivity were indistinguishable from those in re-myosin binding Kighlighted in whitg (cf. Lehman et al.,
constructions of other thin filaments (Milligan et al., 1990; 1995; Vibert et al., 1997). The point of contact between
Vibert et al., 1993, 1997; Lehman et al., 1994, 1995). Intropomyosin and the surface of actin in cryo and compara-
addition, extra density (tropomyosin) was observed assocble negatively stained filaments was indistinguishable (Fig.
ated with the outer domain of F-actin at a+3.8 nm radius 6 f). However, the radial distribution of tropomyosin mass
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FIGURE 2 Average layer-line data derived from Fourier transforms of cryoimages) &0( F-actin filaments;l) 26 F-actin-troponin-tropomyosin
filaments maintained in EGTA;c| 15 F-actin-troponin-tropomyosin filaments treated with?CaAmplitudes are represented as continuous lines, and
phases (0—360°) as broken lines. Rotational (Bessel) onmi@n@ layer-line numbers)(allowed by the 13/6 actin-helical symmetry imposed on the data
are shown; resolution extended 4.5 nm in both axial and radial directions. Phase residuats SD) between individual filament layer-line data sets
and the average of the data, a measure of the accuracy of filament alignment, wete3°7 64.1+ 5.2°, and 59.7= 8.1°, respectively; the up-down
phase residuals\fy = SD), a measure of filament polarity, were 18:27.3°, 12.2+ 6.1°, 17.3+ 9.6°. Note that relative to the first layer line € 1),

the amplitude of peaks along the second layer line @) are greater in the pattern associated with th&"@eeated than the EGTA-treated filaments. This
presumably reflects a change in the structure’s fourfold symmetry, consistent with results of x-ray diffraction on intact muscle (cf. Squinesai®d8)r
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FIGURE 3 @—0 Transverse sectionsz'sections”) through maps of 3-D reconstructions of cryopreserved thin filaments. Sections shown are at the same
relative axial position along respective reconstructions and have the same orientation. Because adjacent actin monomers on either sidentfeakis filam

are staggered, sectioning through the center of actin subdomains 1 and 3 of one actin monomer results in sectioning through subdomains 2 and 4 of the
other. @) F-actin, subdomains 1-4 are labelen). EGTA-treated F-actin-troponin-tropomyosin; note the extra denbiiid(arrowg associated with actin
subdomains 1 and 2, i.e., on the outer domains of the actin monome@( -treated F-actin-troponin-tropomyosin; note the extra denbityd(arrow)

associated with actin subdomain 3, i.e., on the inner domain of actin (extra density is also present on subdomain 4 of the adjacent monomerléut not visib
at the contour level chosen for displayJ—g) Difference density analysis of reconstructions (note scale is differentdrecn (d, f) Tropomyosin difference

densities derived by subtracting maps of F-actin from those of actin-troponin-tropomyosin filaments; tropomyosin densities from filamerAs(d) EGT

and C&" (f) were then superimposed on the map of F-acnEGTA; (g) C&f*, where tropomyosin is filled in black. Note that the position of the
difference densities has obviously changed from outer to inner domains of F-actin6rtr€atment. The difference densities shown for EGTA- and
Ca*-treated filaments were of high statistical significance@9.95% and>99.5% confidence levels, respectively). The densities, located 3.8 nm from the
central filament axis, accounted for the2.0 nm diameter of tropomyosin in each state. Note: in generating thin filament reconstructions, actin was
contoured to approximate its known volume, and insignificant low-density information at its edges was omitted. This process can compromise clear
delineation of superficially localized actin binding proteins, which also may be of low density (Hanein et al., 1997; Lehman et al., 1997), assiropomy

was in this case. The procedure of subtracting actin (and its low-density edge information) from thin filament reconstructions allowed low-density
tropomyosin information to be isolated, clearly delineating its position.

differed slightly in the two, possibly reflecting differences and 6g) and surface rendition (Fig. ). Here tropomyosin

in resolution or flattening onto the actin backbone that maywas associated with subdomain 3 of successive actin mono-

have happened during drying of negative stain (Figg).6 mers bridging over intervening subdomains 4 (Figs &yd

These differences were especially evident when helical prog, and 4 b). Fitting to the molecular model of F-actin

jections of reconstructions were compared (Fig.aé0. showed that tropomyosin was displaced from most of the

Negatively stained tropomyosin appeared more elongatestrong myosin binding sites. Its outer edge was located

and narrow in section and at an10% smaller 3.4 nm)  adjacent to the subdomain 1/3 junction, near or over only

radius from the center of the filament (Fig. &-). one set of strong myosin binding residues at positions
To determine whether the €ainduced movement of 332-334 in the actin sequence (Figb5scf. Lehman et al.,

tropomyosin observed by negative staining (Lehman et al.1994; Vibert et al., 1997) where the tip of myosin is found

1994) also occurs under more native conditions of cryoelecence bound to actin (Rayment et al., 1993b; Vibert et al.,

tron microscopy, we compared the above reconstruction$997). The point of contact between tropomyosin and the

with ones made from filaments treated with®CaDensity  surface of actin in cryopreserved and in negatively stained

maps calculated from averaged layer line data (Fig) &  filaments that had been treated with®Cavas indistinguish-

15 C&"-treated filaments revealed actin monomer shapeable (Fig. 6g).

and connectivity very similar to those seen in EGTA-treated

f!laments (Fig. 3c). Hov_vever, these maps showed addi- DISCUSSION

tional tropomyosin density at an3.8 nm radius now on the

inner domain of actin, which again became even moreBy using cryoelectron microscopy and image analysis of

obvious after difference density analysis (Figsf andg, unstained frozen-hydrated filaments, we have for the first
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state, the possibility of a dynamic equilibrium between
states (cf. Phillips et al., 1986) with one such state domi-
natingon averagecannot be easily addressed by the meth-
ods used.

Fitting our cryoreconstructions to the atomic model of
F-actin substantiates results previously obtained on nega-
tively stained samples. In the off-state, tropomyosin is lo-
cated over amino acid residues thought to participate in
strong myosin binding required for cross-bridge cycling (cf.
Rayment et al., 1993b). Sterically blocking access of myo-
sin heads to these sites would necessarily inhibit muscle
activity by interfering with the transition myosin undergoes
from weak to strong binding on actin.

We attribute our ability to resolve tropomyosin in the
off-state to the conditions we used to prepare our samples
for electron microscopy, and not to anything unique about
our image processing procedures, which were routine. For
reasons that are not well-understood, binding interactions of
proteins are weakened during cryopreservation (Rost et al.,
1998). This problem is exacerbated in our studies, where
end-to-end bonded tropomyosin strands interacting electro-
statically with actin (Lorenz et al., 1995) may dissociate
cooperatively at the low protein concentrations used for
electron microscopy. We attempted to maximize tropomy-
osin binding to thin filaments by using ionic conditions that
optimized tropomyosin-actin binding, namely 100 mM
NaCl and 3 mM MgC} (Eaton et al.,, 1975). We also
FIGURE 4 Surface views of reconstructions of thin filaments showing attempted to ensure troponin-tropomyosin saturation and to
the positions of tropomyosin strands superimposed on actia)iEGTA diminish dissociation from F-actin by maintaining a twofold
and ) Ca". In (c) tropomyosin strands associated with both EGTA and 11,514 excess of troponin-tropomyosin over that bound sto-
C&™" positions are superimposed on actin for comparison. Reconstructions_, . . . . .
show characteristic bilobed actigdld) and continuous tropomyosin |ch|9metrlcally by F'aCt_In' ngher amo.u.nts than th!s Wer_e
strands. In EGTA, tropomyosimed) occupies a position on the inner edge @voided, as they sometimes led to additional densities being
of the outer domain of actin, whereas in“Catropomyosin ¢reen) lies ~ observed on the extreme periphery of actin near its N-
along the outer edge of the inner domain. Surface rendering was carried ogérminus, possibly due to extrastoichiometric binding of
by superimposing tropomyosin str_and densities obtained by diﬁerenc?roponin (cf. Levine et al., 1988). Our previous observations
analysis on the maps of pure F-actin. L i .

of tropomyosin in on and off positions were by negative

staining ofnativethin filaments (Lehman et al., 1994, 1995;

Vibert et al., 1997). Our observations of tropomyosin in
time resolved tropomyosin density in reconstructions of thindistinct positions here, using negative staining and cryo-EM
filaments under near-native relaxing conditions. We alsoof reconstitutedfilaments, show that native filaments are
demonstrated that tropomyosin moves to a new positiomot required for visualization of tropomyosin. In fact, re-
under high C&"-activating conditions; R. A. Milligan (per- spective tropomyosin positions in reconstituted bovine car-
sonal communication) also finds a similar high?Caosi-  diac muscle filaments are indistinguishable from those also
tion. Our data show that tropomyosin is discretely localizedfound for native filaments fromLimulus telson muscle
in both high and low C& conditions, in the positions (Lehman et al., 1994; Vibert et al., 1997) and frog skeletal
previously suggested by negative staining (Lehman et aland cardiac muscle (Lehman et al., 1995; Vibert et al.,
1994, 1995; Vibert et al., 1997), providing further support1997).
for the steric model of muscle regulation. Our reconstruc- The agreement between the thin filament reconstructions
tions argue against the notion that negative stain trapsbtained from both cryo-EM and negative staining data
tropomyosin artifactually in one or another position or thatlends validity to the use of both methods. The two tech-
tropomyosin in relaxed filaments is disordered. If tropomy-niques each have advantages and disadvantages, and in
osin were dynamically disordered between closely locatedtudies such as ours provide complementary information.
on- and off-states, its density in reconstructions would beCryo-EM is powerful because it permits preservation of
diffuse and not discretely localized, contrary to observationproteins in as close to their native configuration as is cur-
were the disorder over considerably larger distances, tropaently possible. However, the inherent low contrast of
myosin density would tend to disappear. Although tropo-cryo-EM makes image analysis difficult, particularly for
myosin appears to occupy a preferred position in a giverflexible structures such as undecorated (S-1-free) thin fila-
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FIGURE 5 Location of tropomyosin densities on the atomic structure of F-actin. Here the atomic model of F-actin (Lorenz et al., 1993) was fitted to our
EM reconstructions and the respective positions of tropomyosin determined. A single actin monomer from the atomic model was substituted for actin in
our EM maps and only tropomyosin difference densities displayed. The atomic model of F-actin is depicted as-&grben chain with clusters of amino

acids thought to be involved in strong myosin binding (representing residues 144-148, 332—-334, 340-346; Rayment et al., 1993b) highlighted in yello
and those in weak myosin binding (representing residues 1-4 and 92-95; Miller et al., 1995) highlighted in white. Were actin decorated with myosin in
rigor, myosin heads would approach actin from the lower right corner of the figures (Milligan et al., 1990; Rayment et al., 1993b; Vibert et gla) 1997).
Filaments treated with EGTA; tropomyosire¢l wire cage lies over several strong myosin binding sites, presumably blocking access of myosin heads.
However, N-terminal amino acid$ighlighted in white on subdomain) &nd residues 92-9%ighlighted in white on subdomain) tvolved in weak

prepower stroke myosin contacts (Miller et al., 1995) remain exposed. Accessibility of the latter sites is particularly manifest in transvitagview

shown). b) Filaments treated with G&; tropomyosin pink wire cagg has moved onto the inner domain of actin and most of the myosin binding interface

is exposed. However, the outer edge of tropomyosin remains positioned near or over residues 332-334 (amino acid cluster highlighted in yellow in the
center ofb at the junction of subdomains 1 and 3). Other studies (Vibert et al., 1997) have shown that strong myosin binding causes a further displacement
of tropomyosin from this C& -induced location. Ind) tropomyosin positions associated with both EGTA and'Qaositions are shown for comparison.

FIGURE 6 Location of tropomyosin-actin contacts by cryo-EM and negative stairdnrg) Helical projections of reconstructions formed by projecting
component densities down the long-pitch actin helices (i.e., along th& helical tracks) onto a plane perpendicular to the filament axis. Such projected
images suggest differences between tropomyosin orientation in cryopreserved and negatively stained ap@glesedonstruction of reconstituted thin
filaments in EGTA. b, ¢ Reconstructions of negatively stained filaments; feconstituted thin filamentsgc) isolated “native” (frog) thin filaments
(Lehman et al., 1995) in EGTA. Note that the tropomyosin densifa®Ws) associated with the negative stained filaments are more elongated than those
of frozen-hydrated filamentsafrowhead$. To investigate the possibility that the two methods might produce different actin-tropomyosin contact sites,
difference density analysis was carried out as above where tropomyosin densities from reconstructions of negatively stained and cryoprassatsed fil
treated with EGTA were aligned to and superimposed on the reconstruction of frozen-hydrated F-actin for compérisbri{g. 3€). The distinctions

noted above again are evident; stained tropomyosin is narrower and more asymmetric, but appears to contact actin at virtually the same site as
frozen-hydrated tropomyosin. Tropomyosin from) Cryo-EM; (€) negative staining;f] tropomyosin from both sources superimposed on actin for
comparison (tropomyosin marked as above)fjrofly the outermost contour of the respective tropomyosin densities is displayed to help in distinguishing
relative shapes. The same analysis was carried out for reconstituted filaments treated?Witin@g) tropomyosin difference densities derived from
negatively stained and cryopreserved filaments were aligned and then both superimposed on the reconstruction of frozen-hydrated F-actisdor compa
as in ). Tropomyosin from cryo-EM4&rrowhead$ and from negatively stainingafrows) again contact actin at the same site, how on the inner domain
of actin. Negatively stained tropomyosin appears to be slightly closer to actin than cryotropomyosin, but the difference is small.
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despite difficulties encountered when using cryo-EM, J. Mol. Biol. 251:191-196.

changes in thin filament ultrastructure can be determinedehrer, S.S. 1994. The regulatory switch of the muscle thin filamerit: Ca
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