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Molecular Polarity in Tropomyosin-Troponin T Co-Crystals
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ABSTRACT New features of the structure and interactions of troponin T and tropomyosin have been revealed by electron
microscopy of so-called double-diamond co-crystals. These co-crystals were formed using rabbit «, tropomyosin complexed
with troponin T from either skeletal or cardiac muscle, which have different lengths in the amino-terminal region, as well as
a bacterially expressed skeletal muscle troponin T fragment of 190 residues that lacks the amino-terminal region. Differences
in the images of the co-crystals have allowed us to establish the polarities of both the troponin T subunit and tropomyosin
in the projected lattice. Moreover, in agreement with their sequences, the amino-terminal region of a bovine cardiac muscle
troponin T isoform appears to be longer than that from the rabbit skeletal muscle troponin T isoform and to span more of the
amino terminus of tropomyosin at the head-to-tail filament joints. Images of crystals tilted relative to the electron beam also
reveal the supercoiling of the tropomyosin filaments in this lattice. Based on these results, a three-dimensional model of the

double-diamond lattice has been constructed.

INTRODUCTION

Troponin T (TnT; M, 33,000) is a key component of the
regulatory switch in vertebrate skeletal and cardiac muscle.
TnT, together with troponins I (Tnl; M, 24,000) and C
(TnC; M, 18,000) forms a complex that binds at intervals of
400 A along the tropomyosin filament (Ebashi and Endo,
1968; Flicker et al., 1982; Cohen et al., 1972). TnT is an
elongated molecule that binds directly to tropomyosin fila-
ments to anchor the regulatory complex to the thin filament
(Mak and Smillie, 1981; Flicker et al., 1982; Ishii and
Lehrer, 1991; Dahiya et al., 1994). The amino-terminal
portion of TnT spans the tropomyosin filament head-to-tail
joint, and the rest of the subunit extends approximately 180
A along the tropomyosin molecule (White et al., 1987; Mak
et al., 1983). The amino-terminal portion of TnT increases
the cooperativity of myosin binding to the thin filament
(Schaertl et al., 1995). TnC and Tnl form a globular com-
plex that binds to the carboxyl-terminal region of TnT.
There are many different isoforms of TnT (for review see
Bandman, 1992), some of which have been sequenced (for
example, see Leszyk et al., 1987; Gahlmann et al., 1987,
Mesnard et al.,, 1993; Pearlstone et al., 1986). Different
isoforms are also developmentally regulated (Briggs and
Schachat, 1993; Cooper and Ordahl, 1985) and specific for
skeletal or cardiac tissue (Breitbart et al., 1985; Anderson et
al., 1991). The most variable region among TnT isoforms is
the amino-terminal portion, here defined as the sequence
preceding the conserved Pro-47 of rabbit fast skeletal mus-
cle TnT (Pearlstone et al., 1977). Among major isoforms,
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this region can be as short as 31 amino acids in rat fast
skeletal muscle (Breitbart et al., 1985) or as long as 89
amino acids in newborn rabbit heart (Grieg et al., 1994) and
in chicken embryo heart (Cooper and Ordahl, 1985). Its
heterogeneity is increased by alternative splicing of the 5’
portions of cardiac muscle, fast skeletal muscle, and slow
skeletal muscle TnT gene transcripts, which also undergo
splicing of other regions. Despite the resultant TnT isoform
variability, cardiac TnTs are consistently larger than those
from skeletal muscle due to a greater length of the amino-
terminal region. For example, the amino-terminal regions of
TnT isoforms in cardiac versus skeletal muscle are 87 vs.
49-54 amino acids in fetal rat and 77 vs. 25—-45 amino acids
in adult rat (Jin and Lin, 1989; Breitbart et al., 1985).
Similar patterns are found in rabbit (Grieg et al.,, 1994,
Briggs and Schachat, 1993) and chicken (Cooper and Or-
dahl, 1985; Wilkinson et al., 1984; Smillie et al., 1988).
Recently, the adult cardiac muscle isoform of TnT was
recognized as an important serum marker in the diagnosis of
several types of myocardial injury in humans (for review
see Mair et al., 1992), and a highly sensitive enzyme im-
munoassay for cardiac TnT has been developed for use in
coronary heart disease diagnosis and prognosis (Katus et al.,
1992). There is little information, however, about possible
structural differences among TnT isoforms and whether
these are important in regulatory function.

TnT has not yet been crystallized, but this subunit readily
forms a co-crystal with tropomyosin, called the double-
diamond mesh, that is especially suitable for electron mi-
croscopy (Cohen et al., 1972; Margossian and Cohen, 1973;
Carr et al., 1988). All of the crystal forms of native tropo-
myosin are composed of polar filaments of molecules
bonded head-to-tail with a short overlap, and the cross-
connections in the lattice are related to specific interactions
of the tropomyosin molecules (Phillips et al., 1986; Whitby
et al., 1992; Xie et al., 1994). In the double-diamond mesh,
however, it is primarily the interactions of the TnT subunits
that determine the form of the lattice. In this co-crystal,
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pairs of tropomyosin filaments are linked at one end by
pairs of interacting TnT subunits. The crossovers in the
lattice (which appear as bright nodes in electron micro-
graphs of negatively stained co-crystals) are separated by
~100 A and ~300 A, giving a mesh of alternating large and
small diamonds (Fig. 1 A). The lattice in projection has cmm
plane group symmetry (Cohen et al., 1972) with unit cell
dimensions of ~726 A and ~324 A for a and b, respec-
tively (Fig. 1 A, inset). Because of this symmetry, in the
three-dimensional lattice the tropomyosin filaments interact
with the TnT subunits facing each other. By using certain
tissue-specific isoforms of TnT as well as an expressed
truncated form of this subunit, we have established the

FIGURE 1 Electron micrographs of dou-
ble diamond co-crystals of tropomyosin-
TnT specimens in negative stain. Protein
appears as white on a black background.
The open-mesh pattern in the images col-
lapses at one end into the double-ladder
tactoid observed by others for these crystals
(Cohen et al., 1972; Carr et al., 1988). (4)
Image of a double diamond crystal of rabbit
a,-tropomyosin and rabbit skeletal TnT
negatively stained with uranyl] acetate. Bar,
100 nm. The inset shows a noise-filtered
image of a selected portion enlarged ap-
proximately three times. An area of the
lattice outlining the double-diamond pat-
tern is shown (thin white lines) with one
unit cell (thick white lines) and associated
symmetry elements. The projection
(viewed down c) has cmm plane group
symmetry witha = ~726 A and b = ~324
A. (B) Electron micrographs of representa-
tive tropomyosin-TnT,,,. co-crystals. Bar,
100 nm.
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polarity of TnT binding to tropomyosin, as well as addi-
tional features of the molecular interactions in the lattice.

MATERIALS AND METHODS
Protein isolation and crystallization

a,-Tropomyosin was purified from frozen rabbit hearts as described by
Phillips et al. (1979). Rabbit skeletal muscle TnT (TnT259) was isolated
from rabbit psoas muscle according to Greaser and Gergely (1973). This
TnT259 was used without separating different TnT isoforms. The major
isoform of bovine cardiac TnT (TnT284) was isolated as described by To-
bacman and Lee (1987). A fragment of rat skeletal muscle TnT (TnT,,.)
missing the amino terminus region was expressed in E. coli DE3 cells and
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purified as described in Hill et al. (1992). TnT, is 97% homologous to
residues 70-259 of rabbit skeletal muscle TnT.

Double-diamond crystals of tropomyosin-TnT259 or tropomyosin-
TnT,,,. Were made by first mixing equimolar ratios of tropomyosin and
TnT in 0.6 M KCl, 50 mM Tris, pH 8.0, at a total protein concentration of
1.5 mg/ml. The protein solution was then dialyzed at 4°C against 0.1 M
sodium acetate, 0.05 M ammonium sulfate, pH 5.6. Tropomyosin and
TnT284 were co-crystallized by dialysis against 0.1 M ammonium sulfate,
0.01 M sodium acetate, pH 5.6. In all cases, a fine white precipitate formed
overnight.

Electron microscopy and image processing

Electron micrographs of negatively stained double diamonds were re-
corded at an electron dose of approximately 10 e /A% at a nominal
magnification of X48,000 and 30007000 A underfocus. Areas of micro-
graphs showing clear double diamonds were digitized using an Eikonix
model 1412 scanner at 25 wm raster corresponding to 5.4 A/pixel. Noise-
filtered images were produced according to Carr et al. (1988) using a
1.5-pixel radius for the final two-dimensional Fourier mask.

Crystals of tropomyosin-TnT259 and tropomyosin-TnT284 were also
preserved unstained in vitreous ice and viewed at —172°C as described
previously (Cabral-Lilly et al., 1991). Electron micrographs were recorded
at 5000 A defocus and at electron doses of <10 e /A2, Selected micro-
graphs were digitized using an Eikonics imaging system at a raster step of
5.4 A/pixel. The average image size was 900 X 900 pixels (~100 unit
cells). For images of unstained crystals viewed in projection, lattice dis-
tortions were corrected and structure factors extracted from computed
transforms of the unbent crystals according to Henderson et al. (1986). The
structure factors were not corrected for the effects of the contrast transfer
function. It should be noted, however, that the first zero of the transfer
function fell outside the range of useful data so that corrections were not
necessary for the phase component of the structure factors. The phase
origin was refined and the cmm plane group symmetry of this projection
was imposed (Cohen et al., 1972). The mean nonweighted phase residuals
upon imposing cmm symmetry were 32.4° and 32.6° for the tropomyosin-
TnT284 and tropomyosin-TnT259 co-crystals, respectively.

Similarities and differences between the crystals formed with the two
TnT isoforms were explored as follows. The resolution for each structure
factor set was filtered to 20 A, and images produced for 11 or 7 data sets
for the cardiac and skeletal TnT co-crystals, respectively. The images were
then normalized and average maps computed for each of the two groups
(Cabral-Lilly et al., 1991). A difference image was computed by subtract-
ing the skeletal average image from the cardiac average. Finally, a signif-
icance map was computed by applying the Student’s r-test on a pixel by
pixel basis (Trachtenberg et al., 1987), using 15° of freedom and a 95%
cutoff. The question being asked is whether the cardiac and skeletal
averages are statistically different. Statistically significant regions are
represented by either white or black pixels in the significance image; gray
regions are not statistically different. Dark regions in the difference map
correspond to additional protein present in the cardiac average and give rise
to black regions in the significance map. White regions correspond to a
deficiency of protein in the cardiac average relative to the skeletal average.

RESULTS AND DISCUSSION

A previously unsolved question about the double-diamond
lattice is the polarity of both the TnT and tropomyosin
molecules. It had not been possible to deduce the polarity as
one end of the TnT subunit is obscured in the lattice,
although an orientation has been proposed based on indirect
evidence (Carr et al., 1988). In this study, the polarity of
TnT in the lattice was determined directly by using double-
diamond co-crystals containing a bacterially expressed
rat skeletal muscle carboxyl-terminal fragment of TnT
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(TnT,,.)- This fragment contains residues 70-259, num-
bered according to the rabbit protein sequence (Pearlstone et
al., 1977). Although the co-crystals formed with TnT,,..
are smaller than those with the native subunit and tend to
collapse at the ends, the key crystal contact at the acute
vertex of the large diamond is maintained despite the ab-
sence of a large portion of the TnT amino terminus (Fig. 1
B). Moreover, when TnC, which binds to the carboxyl-
terminal region of TnT, is mixed with tropomyosin and TnT
before crystallization, the double-diamond lattice is not
formed; instead, the Bailey-type crystal is produced (data
not shown; see also Margossian and Cohen, 1973). Corre-
spondingly, when TnC is added to preformed double-dia-
mond crystals, no evidence of additional density (TnC bind-
ing) is detected (data not shown). These results suggest that
the carboxyl-terminal portion of TnT is responsible for the
contacts at the acute vertex of the large diamond, most
likely through a TnT/TnT association. On this basis, the
TnT amino-terminal region would extend into the arms of
the mesh. As the amino terminus of TnT spans the head-
to-tail overlap of tropomyosin molecules in a filament
(White et al., 1987), this joint must lie roughly midway
along the arm of the mesh. (Note that the TnT polarity
determined from these experiments is opposite that pro-
posed by Carr et al., 1988.)

To extend these observations, a comparison of co-crystals
containing different TnT isoforms was carried out. For this
purpose, bovine cardiac TnT (TnT284), which has 27 more
amino acids near the amino terminus than TnT from rabbit
skeletal muscle (TnT259), was used (Leszyk et al., 1987).
Structural differences between the double-diamond co-crys-
tals from these two isoforms were examined using the
technique of cryoelectron microscopy, which allows the
preservation of structural features in unstained specimens
embedded in vitreous ice. The electron micrographs of these
frozen hydrated double diamonds are remarkably clear (Fig.
2 A). Note that the density of the filaments is relatively
uniform in these images in contrast to images of negatively
stained co-crystals, which show bright stain-excluding
nodes at the diamond vertices (Cohen et al., 1972; Carr et
al., 1988). A similar finding characterized a comparison of
tropomyosin Bailey crystals in negative stain and vitreous
ice and is due to the selective enhancement of high protein
density by negative stain (Cabral-Lilly et al., 1991; see also
Xie et al., 1994). In both co-crystals, TnT appears to be in
contact with tropomyosin along its entire length. Fig. 2, B
and C, show maps of a single unit cell for the cardiac and
skeletal muscle TnT co-crystals produced by averaging
structure factors from several images of each co-crystal
type. The overall crystal packing, including the unit cell
dimensions and symmetry of this projection, are the same
for co-crystals of both TnT isoforms.

Distinctive features in this crystal view were determined
from difference maps of the averaged images (Fig. 2, D and
E). The major finding from the maps is that cardiac muscle
TnT284 appears to extend from the acute vertex farther into
the arm of the mesh beyond the tropomyosin filament joint
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FIGURE 2 Unstained frozen-hydrated double-diamond crystals. Protein appears black; ice is gray or white. (A) Electron micrograph of a tropomyosin-
TnT284 co-crystal preserved in vitreous ice. Bar, 100 nm. (B—E) Density maps of tropomyosin-TnT284 and tropomyosin-TnT259 crystals at 20 A
resolution. The average maps are displayed in B of 11 tropomyosin-TnT284 co-crystals and in C of 7 tropomyosin-TnT259 crystals. Contour levels equally
spaced at 1/5 the total density are superimposed over the gray scale maps. (D) Difference map computed by subtracting the map in C from the map B. Gray
areas represent regions in which the two groups are similar. Dark regions in the difference map correspond to additional protein present in the cardiac
average whereas white regions correspond to a deficiency of protein in the cardiac average relative to the skeletal average. The statistical significance of
differences between the two averages was determined using the Student’s #-test and is indicated graphically in E. Regions of the difference map (D) for
which there is not a statistical difference (at the 95% confidence level) are displayed in gray in E. Regions of protein in B that do not correspond to protein
in C are shown in black in E. Regions of protein in C that do not correspond to protein in B are shown in white. The statistically significant dark area that
we point to in D and E supports a protein density present in the longer cardiac TnT that is absent in the shorter skeletal TnT, located at the end of the TnT
molecule farthest from the vertex. This position is where we would expect to find additional protein based on sequence information. Other statistically
significant regions are also present (E). Most of these lie along the conserved region of the TnT molecule, and we attribute these not to conformational
differences in the TnT isoforms but rather to differences in the signal-to-noise ratio in the averaged images. These averages were filtered at 20 A. However,
the cardiac average (B) is composed of 11 images, 50% more than the 7 images used for the skeletal average (C). The result is that the TnT molecule appears
wider and less dense in C than it does in B. (This is apparent in the difference image (D); 1) the white line that includes the statistically significant white
spot of E would suggest that density is present in C that is not present in B and 2) the dark line running along the TnT would suggest that the density of
cardiac TnT is greater than that of skeletal TnT.) If the two averages had the same signal-to-noise ratio, it would be expected that the region corresponding
the conserved portion of TnT would be neutral gray, much the same as the region of ice between filaments.

than does skeletal muscle TnT259 (~180 A vs. ~160 A;
arrow in Fig. 2 D). This difference in length, although close
to the resolution of the images, was observed in the pro-
cessed image of each micrograph and is significant at the
95% confidence level in the difference map (arrow in Fig. 2
E). This observation is consistent with the difference in
length of the amino-terminal region of the primary se-
quences of these isoforms (additional residues at the amino
terminus of TnT284) as well as with the orientation pro-
posed here for TnT in the lattice. Other statistically signif-
icant regions are also present. Most of these lie along the

conserved region of the TnT molecule, and we attribute
these not to conformational differences in the TnT isoforms
but rather to differences in the signal-to-noise ratios in the
averaged images (see Legend to Fig. 2).

Because of their appearance in the c-axis projection of the
negatively stained double diamonds, the tropomyosin fila-
ments were originally thought to be straight with no appar-
ent supercoiling (Cohen et al., 1972). In all crystal forms of
native tropomyosin studied so far, however, the filaments
are supercoiled with a pitch of approximately 140 A (Phil-
lips et al., 1986; Whitby et al., 1992; Xie et al., 1994). In the
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case of the ice-embedded co-crystals of tropomyosin and
TnT, the images also show some evidence of supercoiling
distinct from any lattice distortions. (see Fig. 2 A). This
supercoiling was more obvious when electron micrographs
were recorded of samples tilted relative to the electron beam
(Fig. 3), indicating that the supercoiling is probably not
limited to the ab plane (c-axis projection). The structure of
the tropomyosin-TnT co-crystal appears, however, to be
essentially layer-like because of its similarities to the lay-
ered structure of a closely related crystal form of tropomy-
osin induced by spermine (Xie et al., 1994; and see below).
Thus, although we cannot yet define the precise nature of
the supercoiling in the double-diamond lattice, the extent of
bending out of the ab plane is probably limited.

Using available information, including the polarity of
TnT and its binding sites on tropomyosin, we have devel-
oped a schematic three-dimensional model for the tropomy-
osin-TnT structure (Fig. 4). Of the four orthorhombic space
groups (C222,, C222, 1222, and 12,2,2,) that show cmm
symmetry in projection, we have excluded the body-cen-
tered space groups because of the requirement of filament
continuity. In considering the other two C-centered space
groups, we have selected C222 for the model as it has the
simplest packing arrangement. In building the model, we
have been aided by knowledge of the crystal packing in the
C222, spermine-induced tropomyosin crystal structure (Xie

Tropomyosin-Troponin T Co-Crystals 1767

et al., 1994). Both crystal forms have the same symmetry in
projection (cmm) as well as the same diagonal length of the
unit cell in projection (~800 A) although the b dimensions
of the cells differ. In the case of the spermine-induced
crystal, the layer-like structure was deduced by the fact that
this diagonal length is close to twice the molecular length,
indicating that the c-cell dimension must be very small. In
the model of the tropomyosin-TnT co-crystal, as in the
spermine-induced crystal, pairs of antiparallel tropomyosin
filaments lie within a layer of thickness of approximately 45
A (approximately the sum of the diameters of a tropomyosin
plus a TnT molecule). In contrast to the spermine-induced
crystal where the layers cross at a small fixed angle, in the
tropomyosin-TnT lattice, the b dimension is very variable
and the layers pack at a number of crossing angles. As the
TnT subunits interact face-to-face in the lattice at the acute
vertex, they must pivot relative to one another as a result of
these varied crossing angles. Thus, as seen in Fig. 1, the
lattice appears to be collapsible and forms a paracrystalline
fiber when compacted (see also Cohen et al., 1972).

It is of interest to compare the tropomyosin filament
interactions in the structures of the double-diamond and
Bailey crystal forms (Phillips et al., 1986) as both were
produced under similar ionic conditions. In both forms,
there are two regions of intermolecular contacts: one near
the carboxy terminus and the other approximately 140 A

FIGURE 3 Tilted view of a double-diamond mesh in ice. For clarity, the protein is shown as white on a black background. The micrograph was recorded
with the electron microscopy grid tilted 20° relative to the electron beam. The tilt axis, calculated from a comparison with a zero-tilt image of the same
area, is approximately 35° from the a axis. The fast Fourier transform of the digitized image was calculated, high- and low-pass filtered, and then multiplied
with a two-dimensional mask with radii of 1.5 pixels centered at each lattice point. An inverse Fourier transform was calculated to produce the noise-filtered
image shown. The supercoiling of the tropomyosin filaments can be seen more easily by viewing the figure at an angle from the plane of the paper. Bar,

40 nm.
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FIGURE 4 A threc-dimensional model of the tropomyosin-TnT structure viewed at a tilt angle of ~20° from the ¢ axis. The background shows shadows
of the tropomyosin-TnT strands (gray) to assist the three-dimensional perspective. The TnT units are modeled as cylindrical rods approximately 180 Along
and 20 A thick (Flicker et al., 1982) whereas the tropomyosin molecules are modeled on the crystallographic coordinates deposited in the Protein Data Bank
(entry pdb2tma.ent; Phillips et al., 1986). The molecules are packed in layered aggregates and a C222 cell is assumed so that cmm symmetry would be seen
in projection. Any supercoiling shown for the tropomyosin filaments is derived from the crystallographic coordinates of the Bailey crystal form. The
separation between the filaments is not to scale. The area corresponding to one unit cell depicted in the inset of Fig. 1 A is shown with a light background.

from the amino terminus. The former interaction, which
occurs at the acute vertex in the double-diamond crystal, is
very different from that in the Bailey crystal, in that it
involves intermolecular interactions between TnT mole-
cules. The latter interaction, appears, however, to be con-
served in both forms. This intermolecular interaction occurs
at the obtuse vertex of the double-diamond lattice, which
has a crystallographic two-fold as in the Bailey crystal. (We
may note that Carr et al. (1988) came to the same conclu-
sion, although they had the opposite polarity for tropomy-
osin molecules in the double-diamond lattice. This apparent
agreement springs from two differences: a reversal in the
direction of polarity and a 133 A shift in the proposed
molecular end locations.) Note that in the Bailey crystals
this conserved molecular interaction is a very close contact
between edges of the coiled coils and is mainly stabilized by
electrostatic forces (Phillips et al., 1986). Because of the
similar ionic conditions used for crystallization, the close
edge contacts may have been conserved in the tropomyosin-
TnT co-crystals as well.

Structure-function studies have shown a small quantita-
tive effect of TnT isoform content on calcium sensitivity in
isolated muscle fibers and in reconstituted thin filaments
(Greaser et al., 1988; Nassar et al., 1991; Schachat et al.,
1987; Hatakenaka and Ohtsuki, 1991; Tobacman and Lee,
1987). Other studies have indicated, however, that the TnT
amino terminus is not required for thin filament assembly or

cooperativity (Pan et al., 1991; Willadsen et al., 1992; Hill
et al.,, 1992). At present, therefore, no clear role has been
established for the differences in the amino-terminal struc-
ture in the TnT isoforms in the differential regulation of
cardiac and skeletal muscle in vivo. Additional studies seem
warranted, however, in part because cardiac TnT isoforms
are altered in human heart failure (Anderson et al., 1995).
Moreover, missense mutations near the alternatively spliced
amino-terminal region of TnT are responsible for familial
hypertrophic cardiomyopathy in some kindreds (Watkins et
al., 1995) and significantly alter actin-myosin interactions
(Lin et al., 1996). Contractile function is also affected by
hypertrophic-linked mutations occurring in other regions of
TnT (Watkins et al., 1996) and by TnT mutations in Cae-
norhabdidtis elegans (Myers et al., 1996). It is plain that
TnT plays a vital role in the sarcomere and that additional
structural studies in combination with molecular biology
will yield valuable information about this troponin subunit.
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