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Molecular Structure of Troponin C from

Chicken Skeletal Muscle at 3-Angstrom Resolution

Abstract. The x-ray structure of chicken skeletal muscle troponin C (TnC), the

Ca**-binding subunit of the troponin complex, shows that the protein is about 70
angstroms long with an unusual dumbbell shape. The carboxyl and amino domains
are separated by a single long o helix of about nine turns. Only the two high-affinity
Ca*t-Mg** sites of the COOH-domain are occupied by metal ions resulting in
conformational differences between the COOH- and NH,-domains. These differ-
ences are probably important in the triggering of muscle contraction by TnC. Also
the structure of TnC is relevant in understanding the function of other calcium-
regulated proteins, in particular that of calmodulin because of its strong similarity in

amino acid sequence.

Muscle contraction involves the rela-
tive sliding of interdigitating myosin- and
actin-containing filaments. This process
is controlled by the two actin-associated
proteins troponin and tropomyosin (/).
Troponin contains three subunits: tro-
ponin T (TnT), which binds the troponin
complex to tropomyosin, troponin I
(TnI), which inhibits actomyosin adeno-
sine triphophatase activity and troponin
C (TnC) which binds four Ca?" ions (2,
3). Calcium binding to TnC causes large
conformational changes in the protein,
which alters protein-protein interactions
in the other thin filament proteins—
namely, Tnl, TnT, tropomyosin, and ac-
tin—leading to the muscle contractile
process.

TnC (the molecular weight is 18,000)
binds four Ca?* ions; two in low-affinity,
Ca-specific sites and two in high-affinity
sites, which can also bind Mg?* (4). The
Ca-binding sites are each thought to be
flanked by a pair of helices because of
amino acid sequence similarities to Ca
sites in parvalbumin (5). Details of the
three-dimensional structure are essential
for understanding (i) the stereochemistry
of the specificity and selectivity of the
metal-ion binding domains and (ii) the
relation between TnC and the contractile
mechanism.

Reports on the crystallization and dif-
fraction of chicken TnC (6, 7) have
shown that the crystals belong to the
space group P3,21 with unit cell dimen-
sionsofa = b = 66.7 A, c = 60.8 A, and
vy = 120°. We now report the three-
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dimensional structure of chicken TnC at
3.0-A resolution. The structure was
solved with the use of a single isomor-
phous neodymium heavy-atom deriva-
tive at 3.8-A resolution and the applica-
tion of a novel phase improvement and
phase extension procedure to 3-A resolu-
tion (8). Crystals of the corresponding
turkey TnC (9) have the same trigonal
space group, and have unit cell constants
similar to those of chicken TnC. A pre-
liminary report of the structure of turkey
TnC has been presented (10).

Troponin C was isolated from breast
and leg muscles of chicken and purified
(3). The protein was crystallized by va-
por diffusion method at 8°C, and the
reservoir buffer contained 50 mM sodi-
um acetate, pH 4.9, 5.0 mM MnCl, and
1.0 mM NaNj; in 43 percent saturated
ammonium sulfate. The details for crys-
tallization and crystallographic data have
been described (6, 7).

Intensity data including equivalent re-
flections and Friedel pairs were collected
on the Enraf-Nonius CAD-4 diffractom-
eter with the 6-20 scan mode. The data
were reduced and scaled in the usual
way (11).

Heavy atom reagents were examined
for suitability in the preparation of iso-
morphous derivatives. Many of the re-
sulting crystals produced large intensity
changes, but the difference Patterson
maps (12) were not interpretable. How-
ever, the lanthanides [TbCl;, Sm(NO3)3,
NdCl;, LaCls], produced the same single
site derivative but with varying occupan-
cies of which neodymium (Nd) was the
greatest. A different single site derivative
for gold was also obtained with
KAu(CN),. The heavy atom sites in the
Nd or Au derivative were refined by
means of the centrosymmetric set of 40/
reflections. The space group was estab-
lished as P3,21 (rather than P3,21) with
the use of the anomalous data and
SIRAS (single isomorphous replacement
data set with anomalous scattering)
phases from the Nd derivative to repro-
duce the known site in the gold deriva-
tive. When the two derivatives, Au at 5.0
A and Nd at 3.8 A resolution (13), were
used, 1190 native reflections were
phased with an overall figure of merit of
0.78. The ‘‘best”’ (I4) electron density
map showed secondary structural fea-
tures but was not completely interpret-
able.

The phase improvement and phase ex-
tension were carried out with a novel
iterative procedure developed by Wang
(8, 15). At the start, the single isomor-
phous replacement (SIR) and the anoma-
lous scattering (SAS) phasing statistics
for Nd, La, Tb, and Au were calculated.
The statistics showed (Table 1) that Tb
and Au had lower phasing power. There-
fore, the analysis was carried out with
only Nd and La derivative data, and the
four data sets (SIR and SAS for Nd at 3.8
A and SIR and SAS for Laat 4.5 A) were
merged into a single data set. Since the
Nd and La derivatives had a single com-

Table 1. Some initial statistics aiding the selection of TnC derivatives.

SIR data SAS data

Deriv- Reso- Figure Figure
ative lution (&) R* of Rt of

(Cullis) merit (acentric) merit
Nd 3.8 0.547 0.40 0.323 0.42
La 4.5 0.537 0.42 0.341 0.42
Au 4.0 0.604 0.33 0.515 0.20
Tb 5.6 0.574 0.42 0.301 0.45

*R (Cullis) = SIIAF sl —1Fyealll/ZIAF s, Wwhere AF,, is the observed structure factor difference between
the heavy atom derivative and the native and Fy, is the calculated heavy atom contribution. The summation

is taken over only the centric reflections.

1R (acentric) = SHAF" gpsl — IF" pgeal /Z1AF} ), where AF" g,

is the Bijvoet difference in the derivative data and F"y., is the calculated imaginary component of the heavy
atom contribution. The summation is taken over 25 percent acentric reflections with the largest AFy,.
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mon site (at x = 0.200, y = 0.040, and
z = 0.040) the merged data set (contain-
ing 1375 reflections) was essentially
SIRAS information. The phase improve-
ment process was carried out by first
identifying the protein-solvent boundary
in the structure with an iterative proce-
dure (15). With this information, a direct-
space filter was constructed, and the
process was iterated for four cycles.
Then a new filter was generated and the
process repeated for four more cycles
starting from the original SIRAS phases.
After eight cycles of phase improve-
ment, the extension to 3.0 resolution was
started, first from 3.8 A to 3.3 A and then
from 3.3 A to 3.0 A with four cycles of
iteration in each stage. At the end of the
process, a total of 2782 reflections were
phased, which is nearly double the num-
ber of 1375 starting phases at 3.8 A. Thus

TROPONIN C  3.8A BEFORE ISIR
Z= 0.2100

b

TROPONIN C 3.8A BEFORE ISIR
Z= 0.1400

TROPONIN C

TROPONIN C 3.8A BEFORE ISIR
Z= -0.0750

-0.0300

TROPONIN C  3.84 BEFORE ISIR
Z= 0.2100

3.8A BEFORE ISIR
Z= 0.1400

phases were generated for 1407 reflec-
tions (between 3.8 A and 3.0 A) that had
no previous phase information.

An anomalous Fourier map calculated
with these phases for both Nd and La
data sets showed a minor site (at —0.131,
0.090, 0.072) at a height of 25 percent of
the lanthanide site. This site did not
appear in the difference maps when the
Nd or La data and the native data were
used. Inclusion of this additional minor
site lowered the acentric R (Table 1)
from 0.323 to 0.300 for Nd and 0.341 to
0.307 for La. This minor site was includ-
ed and the entire procedure was again
repeated. The final figure of merit for all
the 2782 reflections at 3.0-A resolution
was 0.84. The average change in phase
for the 1375 reflections with SIRAS
phases at 3.8-A resolution was 20° and
for the entire set of 2782 reflections at 3.0

TROPONIN € EXT. 3.0A 120,150
Z= 0.2100

0.5000

TROPONIN C EXT. 3.0A 120,120
Z= 0.1400

A
A

X,

3

)
= "’[s
N 0

A was 56° (16). Some representative
electron density maps showing the re-
sults before and after this phase im-
provement and extension process are
given in Fig. 1.

The 3.0-A resolution electron density
map was sectioned along the z axis at
intervals of 0.9 A, and the sections were
stacked and studied. The most striking
feature of the map, which revealed the
molecular boundary, was the extremely
well-defined long helical stem consisting
of about nine turns and connecting the
globular NH,- and COOH-terminal do-
mains. The backbone chain trace began
with the long central helix and pro-
gressed toward both domains. The helix-
loop-helix alternation in the secondary
structure aided in the interpretation of
the electron density map. All the helices
were right-handed and, except for the

TROPONIN C EXT. 3.0A 120,150

Z= 0.2100

0.5000 0.1000

TROPONIN C EXT. 3.0A 120,120
Z= 0.1400

h =2 (

XY )
Sl G W\
i AN 2 T

> X

TROPONIN C 3.8 BEFORE ISIR TROPONIN C  EXT. 3.0A 120,12
Z= -0.0750 Z= -0.07S0

0.5800 0.2400

TROPONIN C  EXT. 3.0A 120,120
Z= -0.0750

-0.0300 X

0.2100 0.2100 ~0.0300

-0.0300 X 0.2100

Fig. 1. Representative stereo pairs of the extent of map improvement before (left) and after (right) the phase improvement and phase extension
process. (a) Electron density sections in the region of the long continuous helix. (b) Electron density sections of the NH,-terminal (NT) helix. (c)
Electron density of a segment of the Ca®*-binding loop (site IV).



long central helix, consisted of about
three turns. Both of the expected Ca?*-
Mg?* sites (III and IV) in the COOH-
domain are occupied in the native struc-
ture either by Ca?* or Mn** (since Mn?*
is present in the crystallization medium).
One of these sites (site III) is occupied
by Nd** in the heavy-atom derivative.
The distance between these two metal
sites is 11.3 A. The backbone and many
of the side chains were clear. A model of
the backbone trace and a schematic
drawing of the TnC is shown in Fig. 2
7).

The observed structure of TnC is most
unusual in that a single long right-handed
a-helix of about nine turns spans the
globular NH,- and COOH-domains. The
overall length of the molecule is about 70
A. This structure is different from the
proposed model for TnC with Ca?*
found at all four sites (/8); specifically,
the long central helix results from the D
helix, the D-E linker, and the E helix of
the predicted structure (Fig. 3). The ex-
pected four helices—three short helices
of about three turns each plus the end of
the long central helix—are present in
each domain (Fig. 2). The NH,-domain,
in addition, contains a short helix near
the NH,-terminus, and the four short
helices surround the D helix, the NH,-
terminal end of the long helix.

TnC has four metal binding sites—two
high-affinity Ca?*-Mg?* sites in the
COOH-domain and two Ca?"-specific
low-affinity sites in the NH,-domain.
The x-ray structure shows that only the
two sites in the COOH-domain are occu-
pied by metal, but no metals were found
in either of the two putative Ca®*-bind-
ing sites of the NH,-domain probably
because of the low pH used in the crys-

sites.
chicken TnC.

tallization. The two Ca®*-binding helix-
loop-helix: configurations (E and F heli-
ces and G and H helices) of the COOH-
domain are approximately at right angles
to each other and are similar to the ‘‘EF-
hand” (19, 20) of the Ca’*-binding re-
gions of parvalbumin and intestinal
Ca?*-binding protein (19, 21, 22).

In contrast, the two putative Ca?’-
binding folds in the NH,-domain are
very different from those of either the
COOH-domain or other known Ca?*-
binding proteins parvalbumin and intesti-
nal Ca*-binding protein. The A and B
helices are antiparallel, whereas the C
and D helices are somewhat skewed.
This suggests that, when Ca?" is not
bound, the geometry of the helix-loop-
helix is somewhat different from the
standard EF-hand. Such differences in
the conformation accompanying the
binding of Ca?* may provide a molecular
basis for the understanding of the Ca®*-

- induced conformational changes in TnC

and of the propagation of these changes
to Tnl, TnT, tropomyosin, and actin
leading to muscle contraction.

Thus the difference in the structures of
the NH,- and COOH-domains and their
metal-binding specificities and affinities
are dependent on the subtle sequence
effects of the two domains. Although
there is a striking homology between the
NH,- and COOH-terminal domains of
TnC, the binding constants for Ca?*™ do
differ (K, = 10°M ™! for the NH,-domain
and =10’M " for the COOH-domain) (I,
4). This is probably due either to the
relative importance of the hydrophobic
interactions in the two domains with and
without Ca" or, in contrast, to the pres-
ence of a Gly residue in the fourth posi-
tion of the Ca?*-binding loop. The occur-

Fig. 2 (left). A model of the backbone trace of chicken TnC (left) and a
drawing of the structure (right). Closed circles represent the two metal
Fig. 3 (right). The predicted and observed secondary structure of

rence of more than one Gly in the loop
appears to generally lower the Ca’*-
binding affinity (/) probably arising from
an enhanced conformational flexibility of
the loop (23). The x-ray structure shows
a clustering of hydrophobic residues (for
example, Phe, Ile, Val) in the core of the
NH,-domain produced by the distinctive
organization of the helices. Nuclear mag-
netic resonance studies had also shown
that (in rabbit TnC) hydrophobic interac-
tions (involving Phe!®, Phe?*, and Phe?
of the A helix and Phe’? and Phe”” of the
D helix) stabilize the NH,-terminal do-
main in the absence of Ca?", whereas the
reverse is the case in the COOH-domain,
where the hydrophobic interactions ap-
parently stabilize the Ca’*-bound state
(24-27). Therefore, there must be a deli-
cate balance between the hydrophobic
interaction energy of the NH,-domain in
the metal-free state and the ionic interac-
tion energy on Ca®* binding to the loops
(27). The conformational transition be-
tween the metal-bound and metal-free
states is apparently regulated by the con-
centrations of Ca?" in the cell cytosol,
and this in turn depends on Ca?* binding
and release by the sarcoplasmic reticu-
lum. After nerve stimulation, the in-
crease in Ca?" ion concentration (107°
M) results in the uptake of Ca’>" by the
NH,-domain of TnC; this leads to the
Ca?*-induced conformational change in
TnC, the key step in the initiation of
muscle contraction.

The structure of TnC is not only of
significance because of the role of the
protein in the regulation of muscle con-
traction, but also because of the similar-
ity of its amino acid sequence to that of
calmodulin, a calcium-controlled regula-
tory protein (28). The main differences



are the absence of the first 12 residues at
the NH,-terminal end in calmodulin and
a D-E linker shortened by three residues.
The four Ca?* sites in calmodulin have
binding constants (K, = 10°M ') similar
to the lower affinity, Ca?" specific sites
in the NH, domain of TnC (29). Whether
calmodulin assumes a structure similar
to that of TnC and undergoes similar
structural perturbations upon metal
binding remains to be determined.
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Effects on Trichinella spiralis of Host

Responses to Purified Antigens

Abstract. Purification of two antigens (48-kilodalton polypeptide and a group with
major subunits of 50 and 55 kilodaltons) from the infective larvae of the parasitic
nematode Trichinella spiralis was recently reported. Immunization of mice with
either of these antigens induces strong resistance to a subsequent challenge
infection. In the study reported here the mechanism of this resistance was investigat-
ed by monitoring the parasite’s life cycle in mice immunized with the antigens.
Immunized mice were able to expel intestinal adult worms and to inhibit the
fecundity of adult female worms at an accelerated rate compared to control mice.
Accelerated expulsion and inhibition of fecundity may account entirely for the level
of resistance induced by immunization. Although the effects of the immune response
apparently are exerted on adult worms, the target antigens are expressed only by
developing larvae. This suggests that immune effector mechanisms act on intestinal
larvae in such a way that they develop into defective adults.

Infection with the parasitic nematode
Trichinella spiralis stimulates complex,
stage-specific immunologic responses in
the mammalian host. These responses

inhibit development of the parasite at
several points in its life cycle. Ultimate-
ly, they can limit the production and
perhaps the migration of the newborn
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