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Amino Acid Sequence of Bovine Cardiac Troponin I*
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ABSTRACT: Troponin I (Tnl) is the inhibitory subunit of troponin, the thin filament regulatory complex
which confers calcium sensitivity to striated muscle actomyosin ATPase activity. We have determined the
amino acid sequence of Tnl from adult bovine cardiac muscle. This protein is a single polypeptide chain
of 211 amino acids with an acetylated amino terminus, a calculated molecular weight of 23975, and a net
charge of +17 at neutral pH. There was no evience for heterogeneity of the sequence. Comparison with
other available Tnl sequences shows an amino-terminal extension of 27-33 residues which is present in cardiac
but not skeletal Tnl. The remainder of the polypeptide is common to both cardiac and skeletal Tnl. In
the amino-terminal half of the common polypeptide, only 29% of the residues are invariant in all sequences.
The carboxyl-terminal half (residues 124-210) is much more highly conserved, with 66% invariant residues.
Bovine cardiac Tnl and rabbit cardiac Tnl are very similar in sequence: only 12 of 26 residues are identical
in the amino-terminal segments, but the remaining residues of the proteins are 97% identical.

'Ee interaction of actin and myosin that occurs during
muscle contraction is regulated by changes in intracellular
Ca?* concentration. In vertebrate striated muscles, the dom-
inant regulatory system involves binding of Ca?* to troponin
in the thin filaments. Troponin is a complex of three different
protein subunits: troponin C (TnC)! binds Ca?*, Tnl binds
to actin—tropomyosin and inhibits actin—myosin interaction,
and TnT binds the troponin complex to tropomyosin (Pearl-
stone & Smillie, 1983). The amino acid sequences of all three
rabbit fast skeletal muscle troponin subunits have been de-
termined (Collins et al., 1973, 1977; Wilkinson & Grand,
1975a; Pearlstone et al., 1976, 1977), and they have served
as the basis for extensive structure—function studies, carried
out in several laboratories, on the details of the interactions
among these proteins [see Leavis and Gergely (1984) and Zot
and Potter (1987) for reviews].

Rabbit cardiac muscle and bovine cardiac muscle have most
frequently been used as the tissue sources for the relatively
few studies which have been carried out on cardjac troponin.
The sequences of the rabbit cardiac troponin subunits are
known (Grand & Wilkinson, 1976; Wilkinson, 1980; Pearl-
stone et al., 1986), but important biochemical and physiological
studies have also been carried out with bovine cardiac troponin
[e.g., see review by Potter et al. (1982)]. In order to correlate
experiments which have been done with cardiac troponin from
both species, and to carry out additional studies, the bovine
cardiac troponin subunit sequences are needed, but only the
sequence of TnC (Van Eerd & Takahashi, 1975) was avail-
able. We therefore determined the sequences of bovine cardiac
TnT (Leszyk et al., 1987) and Tnl (this report). The avail-
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ability of another cardiac Tnl sequence also enables us to
identify consistent similarities and differences between skeletal
and cardiac Tnl. The most recent comparison of available
Tnl sequences (chicken and rabbit fast skeletal, rabbit slow
skeletal, and rabbit cardiac muscles) was by Wilkinson and
Grand (1978a). With the exception of a confirmatory
cDNA-derived sequence for chicken fast skeletal TnI (Nikovits
et al., 1986), and an identical cDNA sequence for quail fast
skeletal muscle Tnl (Baldwin et al., 1985), no new Tnl se-
quences have been reported during the past 10 years.

Tnl and TnT occur naturally as phosphoproteins (Cole &
Perry, 1975; Solaro et al., 1976; England, 1976; Moir & Perry,
1977; Stull & Buss, 1977; Moir et al., 1980). The functional
significance of troponin phosphorylation in muscle contraction
is not fully understood. It has been suggested that phospho-
rylation of troponin may be involved in the speed and/or force
of contraction (England, 1975; Solaro et al., 1976; Moir &
Perry, 1980; Moir et al., 1980), Ca?*-dependent regulation
by troponin (Holroyde et al., 1979; Robertson et al., 1982;
Yamamoto & Ohtsuki, 1982), proteolysis of troponin
(Toyo-Oka, 1982), and a long-term modulation of cardiac
contractility (Villar-Palasi & Kumon, 1981; Katoh et al.,
1983).

Cardiac troponin is phosphorylated, exclusively at a Ser
residue near the amino terminus of its Tnl subunit, when
hearts are perfused with 8-adrenergic agonists (Solaro et al.,
1976; England, 1976; Moir et al., 1980) or when troponin or
troponin-tropomyosin preparations are incubated in vitro with
cyclic AMP dependent protein kinase (Cole & Perry, 1975;
Moir & Perry, 1977; Stull & Buss, 1977; Blumenthal et al.,
1978; Lincoln & Corbin, 1978) or cyclic GMP dependent
protein kinase (Blumenthal et al., 1978; Lincoln & Corbin,
1978). This phenomenon does not occur in the skeletal tro-

! Abbreviations: Tnl, troponin I; TnC, troponin C; TnT, troponin T;
CM-Tnl, S-carboxymethylated Tnl; TFA, trifluoroacetic acid; PTH,
phenylthiohydantoin; PTC, phenylthiocarbamyl; HPLC, high-perform-
ance liquid chromatography; TPCK, N-tosyl-L-phenylalanine chioro-
methyl ketone; SAP, Staphylococcus aureus V8 protease; EDTA, eth-
ylenediaminetetraacetic acid; Tris-HCI, tris(hydroxymethyl)amino-
methane hydrochloride.
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ponin complex, undoubtedly because skeletal Tnl lacks the
extended amino terminus of cardiac Tnl (Grand & Wilkinson,
1976). This finding has aroused a great deal of interest, since,
in beating hearts, it has been possible to correlate the degree
of positive inotropy brought about by §-adrenergic agonists
and the degree of cardiac Tnl phosphorylation (England, 1975;
Solaro et al., 1976). The mechanism of this phenomenon has
not been established, but it may be related to a lowering of
the Ca?* affinity of the sinngle Ca?*-specific site (on TnC)
in phosphorylated cardiac troponin (Robertson et al., 1982).

Skeletal Tnl and cardiac Tnl are also phosphorylated by
phosphorylase kinase (Perry & Cole, 1974; Moir & Perry,
1980), but this is not likely to be of physiological significance
(Moir et al., 1977; Stull, 1980). Of greater potential interest
is the action of protein kinase C, which appears to have a
greater ability, compared to other protein kinases, to pho-
shorylate both Ser and Thr residues in cardiac and skeletal
Tnl and TnT (Katoh et al., 1983; Mazzei & Kuo, 1984),
suggesting a potential involvement of this kinase in the regu-
lation of myofibrillar activity by troponin.

EXPERIMENTAL PROCEDURES

Materials. All reagents were of the highest grade com-
mercially available. Sequencer reagents were purchased from
Applied Biosystems. PTH-amino acid standards were obtained
from either Pierce or Applied Biosystems. Amino acid
standards, phenyl isothiocyanate (for nonsequencer use),
constant-boiling HC]l, CNBr, and urea were purchased from
Pierce. TPCK-treated trypsin, a-chymotrypsin, and pepsin
were obtained from Worthington. SAP and Arg-C protease
were obtained from Boehringer Mannheim. HPLC-grade
water, TFA, methanol, and 8-mercaptoethanol were obtained
from Fisher., HPLC-grade acetonitrile was obtained from
Burdick & Jackson. Triethylamine was purchased from
Aldrich, and iodoacetic acid was from Sigma. Sephadex was
purchased from Pharmacia and Bio-Gel from Bio-Rad. All
other chemicals were obtained from Fisher.

Preparative HPLC. Preparative HPLC was performed on
one of two systems. The first system contained a Waters U6K
injector, two Waters M 510 pumps, a Waters M680 controller,
a Waters M480 variable-wavelength absorbance detector, and
a Linear dual-channel recorder. The second system contained
a Glenco SV-3 injector, a Waters M6000A pump, a Waters
M45 pump, a Waters M660 gradient maker, a Gilson Holo-
chrome variable-wavelength absorbance monitor equipped with
an HPLC flow cell, and a Linear dual-channel recorder.
Equivalent results were obtained with both systems. Most
separations were carried out by gradient elution on a 4.6 mm
X 25 cm Vydac 218TP54 reverse-phase column. Peptides T-1
through T-8, CB3-C2, and CB3-C4 were purified by using a
3.9 mm X 30 cm Waters uBondapak C;; reverse-phase col-
umn. Separations carried out on the Vydac column used the
following solvent system. Solvent A was 0.1% TFA in ace-
tonitrile/water (5:95 v/v), and solvent B was 0.1% TFA in
acetonitrile/water (95:5 v/v). Separations carried out on the
uBondapak column used a solvent system in which solvent B
was acetonitrile and solvent A was either 20 mM HK,PO, (pH
2.2) or 20 mM triethylammonium phosphate (pH 3.5). The
flow rates were usually 1.00 mL/min, and the absorbance at
220 nm was monitored. Peptide mixtures were either applied
directly to the column or dissolved in a minimum volume of
solvent A or 70% formic acid. Peptide peaks were collected
manually and used directly for amino acid analysis and se-
quencing.

Amino Acid Compositions and Sequence Analysis. Most
amino acid compositions were determined by the method of
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Heinrikson and Meredith (1984). Phenylthiocarbamylated
acid hydrolysates of samples were prepared by using the
Waters “PICO-TAG” work station. PTC-amino acids were
analyzed by reverse-phase HPLC on a Waters “PICO-TAG”
column, using the gradient elution system recommended by
the manufacturer. Most amino acid sequences were deter-
mined by using an Applied Biosystems Model 470A gas-phase
protein sequencer as described by Hewick et al. (1981).
PTH-amino acids obtained from the sequencer were analyzed
by reverse-phase HPLC, using a Waters Nova-Pak column
and the gradient elution system described in Waters Associates
Applications Brief M3500. The recovery of PTH-amino acids
at each cycle was measured quantitatively. PTH-Ser and
PTH-Thr were usually obtained in low yields and sometimes
not detectable at all; however, they could always be identified
by the appearance of breakdown products which absorbed at
313 nm. PTH-Arg and PTH-His were also often recovered
in low yields. A Waters HPLC system including two M510
pumps, a M721 system contoller, a WISP 710A autoinjector,
a temperature-control module, a M440 dual-channel absor-
bance detector, and a M730 integrative recorder was used for
both PTH (sequence) and PTC (composition) amino acid
analyses. The detector was set at 254 nm to measure PTC-
amino acids and the sum of 254 nm (to measure quantitatively
PTH-amino acids) and 313 nm (for qualitative detection of
breakdown products of PTH-Ser and PTH-Thr).

In the early stages of this work, some peptides were analyzed
with a Glenco MM-60 amino acid analyzer and sequenced on
a Beckman 890-C sequencer, according to procedures de-
scribed previously (Collins et al., 1983),

Preparation of Protein. Bovine cardiac Tnl was prepared
as described by Potter (1982). For alkylation of thiol groups,
75-100 mg of protein was dissolved in 40 mL of alkylation
buffer (50 mM Tris-HCI], 6 M urea, and 1 mM dithiothreitol,
pH 8). The solution was bubbled with nitrogen under constant
stirring. The pH was maintained at 8 throughout the entire
procedure. After 30 min, 583 uL of 8-mercaptoethanol was
added. After another 20 min, 1.7 g of iodoacetic acid (dis-
solved in a minimum volume of alkylation buffer) was added
slowly over a 40-min period. About 10 min after the pH had
stabilized at 8, an additional 583 uL of 8-mercaptoethanol was
added. The sample was then immediately desalted on a 5 cm
X 55 cm Sephadex G-25 column run in 25% acetic acid. The
resulting protein, CM-Tnl, was used as the starting material
for all peptide generation.

Tryptic Digestion of CM-Tnl. A 102-mg portion of CM-
Tnl was dissolved in 8.0 mL of digest buffer (0.2 M N-
methylmorpholine acetate, pH 7.9). To this was added 1.72
mg of TPCK-trypsin (freshly dissolved in 1.72 mL of water).
Digestion was allowed to proceed for 16 h at 37 °C and then
stopped by adding 2.0 mL of glacial acetic acid. The digestion
mixture was then applied to a 2.7 cm X 195 cm Sephadex
G-50 (superfine) column equilibrated with 25% acetic acid.

CNBr Digestion of CM-Tnl. A 62-mg portion of CM-Tnl
was dissolved in 5 mL of 70% formic acid. Then 350 mg of
CNBr (freshly dissolved in 350 uL of water) was added. The
reaction mixture was stirred overnight in a closed screw-cap
tube at room temperature. The digest was stopped by dilution
to 60 mL with water and drying on a rotary evaporator. The
resulting peptides were dissolved in 2.0 mL of 88% formic acid
and applied toa 2.7 cm X 195 cm Sephadex G-50 (superfine)
column equilibrated with 25% acetic acid.

Tryptic Digestion of CBI. A 50-nmol portion of CB1 was
dissolved in 400 uL of digest buffer (0.1 M NH,HCO,/0.1
mM CaCl,, pH 8.3). To this was added 10 ug of TPCK-
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trypsin (freshly dissolved in 10 L of water). Digestion was
allowed to proceed for 23 h at 37 °C, with further 10-ug
portions of TPCK-trypsin added at 30 min and 19 h. Digestion
was stopped by adding 170 uL of 88% formic acid, and the
resulting mixture was applied to HPLC.

Chymotryptic Digestion of CBI. A 20-nmol portion of CB1
was dissolved in 200 uL of digest buffer (0.1 M
NHHCO,/0.1 mM CaCl,, pH 8.3). To this was added 20
ug of a-chymotrypsin (freshly dissolved in 20 uL of water).
Digestion was allowed to proceed for 22 h at 37 °C. Digestion
was stopped by adding 100 uL of 70% formic acid, and the
resulting mixture was applied to HPLC.

Peptic Digestion of CB1. A 20-nmol portion of CB1 was
dissolved in 200 uL of 5% formic acid. To this was added 25
pL of pepsin (freshly dissolved in 5% formic acid to a con-
centration of 1 mg/1 mL). The digest mixture was stirred
at 30 °C for 2 h, another 25 uL of pepsin was added, digestion
was continued for another hour, and the resulting mixture was
applied to HPLC.

Arg-C Protease Digestion of CBI. A 20-nmol portion of
CBI1 was dissolved in 200 uL of digest buffer (0.1 M NH,H-
CO;, pH 8.3). To this was added 25 ug of Arg-C protease
(freshly dissolved in 25 uL of water). Digestion was allowed
to proceed for 2 h at 37 °C; then another 15 ug of Arg-C
protease was added. After a total digestion time of 5.5 h, the
resulting mixture was applied to HPLC.

Partial Acid Hydrolysis of CBI. A 15-nmol portion of CBI
was dissolved in 200 uL of 0.03 N HCI and incubated at 105
°C for 8.5 h. The digest was cooled to room temperature and
applied to cation-exchange chromatography, using the HPLC
apparatus described above. The column used was Bio-Gel
TSK SP-5-PW (0.75 cm X 7.5 cm; obtained from Bio-Rad),
equilibrated, and run with a solvent of 5 mM KH,PO, (pH
2.75) and a flow rate of 0.8 mL/min. Peptides were eluted
with a linear, 40-min gradient from zero to 0.5 M KCl.

SAP Digestion of CB2. A 100-nmol portion of CB2 was
dissolved in 300 uL of digest buffer (4 M urea, 0.1 M
NHMHCO;, and 2 mM EDTA, pH 7.8). To this was added
20 uL of a 1 mg/1 mL solution (freshly dissolved in 0.01%
NaN;) of SAP. Digestion took place at 37 °C for 4 h and
then was stopped by adding 107 uL. of 88% formic acid, and
the resulting mixture was applied to HPLC.

Chymotryptic Digestion of CB3. A 1870-nmol portion of
CB3 was dissolved in 900 uL of digest buffer (0.2 M N-
methylmorpholine acetate, pH 8.0). To this was added 300
ug of a-chymotrypsin (freshly dissolved in 100 uL of water).
Digestion was allowed to proceed overnight at room temper-
ature, and then the digest was applied directly to a 2 cm X
192 cm column of Bio-Gel P-4 run in 25% acetic acid.

RESULTS

The strategy and results of our sequence determination of
bovine cardiac Tnl are summarized in Figure 1. Only the
peptides needed to establish the sequence are shown. As with
most contractile proteins, the amino terminus of bovine cardiac
Tnl was blocked, and no information could be obtained from
direct sequence analysis. We began by digesting 62 mg (2600
nmol) of CM-Tnl with CNBr. The expected four peptides,
CB1-CB4, were purified by size-exclusion chromatography
on sephadex G-50. Because of incomplete cleavage at Met-53,
we also obtained some CB1-CB2.

CBlI, the blocked amino-terminal 54 residues of the protein,
was initially cleaved with trypsin, and three peptides (CB1-T2,
CB1-T3, and CB1-T4) were purified by HPLC and sequenced.
A fourth tryptic peptide, CB1-T1, was blocked and assumed
from its composition to be X-(Ala,Asx)-Arg, the amino-ter-
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FIGURE !: Amino acid sequence of bovine cardiac Tnl. The figure
shows peptides obtained by cleavage with CNBr (CB), trypsin (T),
chymotrypsin (C), pepsin (P), S. aureus V8 protease (S), Arg-C
protease (R), and dilute acid (D). Solid lines indicate residues
identified by sequence analysis.

minal tripeptide of Tnl. Due to the specificity of trypsin, it
seems safe to presume that Arg is the carboxyl-terminal residue
of CB1-T1. Attempts to characterize CB1-T1 by carboxy-
peptidase digestion or by tandem mass spectrometry (Johnson
& Biemann, 1987) were unsuccessful.

HPLC of a chymotryptic digest of CB1 yielded two key
peptides, CB1-C1 and CB1-C2. CBI1-C2 was sequenced, but
CB1-C1 was a blocked peptide with an amino acid composition
equivalent to the sum of CB1-T1 and CB1-T2. Mass spec-
trometry of CB1-Cl established that its total mass was 1950.1
daltons. This mass, together with the other information
available, confirms the existence of an amino-terminal acetyl
blocking group in Tnl and also indicates that CB1-T1 contains
an Asp (not Asn) residue. HPLC of a peptic digest of CB1
yielded a peptide, CB1-P1, which gave the sequence of residues
27-50. The carboxyl-terminal sequence of CB1 was obtained
from CB1-R1, a peptide purified by HPLC of an Arg-C
protease digest.

To complete the sequence of its amino-terminal portion, CB1
was subjected to partial acid hydrolysis under conditions in
which peptide bonds on either side of Asp and Asn residues
are preferentially cleaved (Tsung & Fraenkel-Conrat, 1965).
The resulting peptides were separated by cation-exchange
HPLC. Two partially resolved fractions, D1 and Dla,
emerged near the breakthrough volume of the column, indi-
cating that they contained no free amino groups. An attempt
to sequence D1 was unsuccessful, confirming that its amino
terminus was indeed blocked. Amino acid analysis showed
that D1 contained mainly Ala, while Dla contained nearly
equimolar amounts of Ala and Asp. Neither fraction con-
tained free amino acids, as established by amino acid analysis
without prior hydrolysis. These results, combined with the
other evidence discussed above, show that D1 is Ac-Ala and
D1la is Ac-Ala-Asp. The peptides D3 and D4 were also pu-
rified from the partial acid hydrolysate, and their sequences
confirmed the expected preferential cleavage at Asp-2, Asp-11,
and Asn-26. In addition, the sequence of D3 provided an
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fivian Fast Skeletal
Rabbit Fast Skeletal
Rabbit Slow Skeletal
Rabbit Cardiac
Bovine Cardiac
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Rabbit Cardiac
Bovine Cardiac
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FIGURE 2: Alignment of Tnl amino acid sequences. A dash indicates a deletion introduced to maximize sequence similarity. The sequence
of avian fast skeletal Tnl was derived from genomic and identical cDNA sequences from quail (Baldwin et al., 1985) and chicken (Nikovits
et al., 1986). The gene has eight exons, with exon 1 being untranslated. Bracketed numbers over the first amino acid residue translated from
each exon indicate the exon numbers and boundaries. An identical sequence (except for the removal of the amino-terminal Met) for chicken
fast skeletal muscle Tnl had been determined earlier from protein data (Wilkinson & Grand, 1978b). The rabbit fast skeletal [see Wilkinson
and Grand (1975) as corrected by Wilkinson and Grand (1978a)], rabbit slow skeletal (Grand & Wilkinson, 1977), rabbit cardiac (Grand
& Wilkinson, 1976), and bovine cardiac (this report) Tnl sequences were determined from protein data. The last amino acid residue in each
line is numbered. Residues which are identical in all five sequences are boxed. Grand et al. (1976) originally reported an additional Leu residue
in rabbit cardiac Tnl, located between Arg-140 and Arg-141. The data to support this insertion, however, are rather weak (Wilkinson & Grand,
1978a). Since this intervening Leu does not occur in the bovine cardiac sequence or in any of the skeletal Tnl sequences, we have taken the
liberty of removing it from this figure. With one exception, all the Tnl's have a blocked amino terminus, shown to be an acetyl group in rabbit
skeletal and bovine cardiac Tnl, but unidentified in the others. The exception is that rabbit slow skeletal Tnl has two forms, the more abundant
of which has a free amino-terminal Pro. (The other form is blocked.) This was the first noted example of a myofibrillar protein with a free

amino terminus (Grand & Wilkinson, 1977).

essential overlap between CB1-C1 and CB1-C2.

CB2 is the largest CNBr fragment, spanning residues
55-155. Sequence analysis of intact CB2 was successful for
51 cycles, yielding the sequence of residues 55-95. HPLC of
a SAP digest of CB2 yielded the peptides CB2-S1 and CB2-
S2, which provided the sequences of residues 94-125 and
126-155, respectively.

CB3 spans residues 157-202. Sequence analysis of intact
CB3 identified the first six residues, but the yields were very
low. This is undoubtedly due to cyclization of the amino-
terminal Gln residue (Blomback, 1967). Following Bio-Gel
P-4 chromatography and subsequent HPLC, A chymotryptic
digest of CB3 yielded four peptides, CB3-Cl1 to CB3-C4, which
provided the sequences of residues 161-199.

The complete sequence of the carboxyl-terminal CNBr
peptide CB4 was established by direct sequence analysis.

We also digested 102 mg of whole CM-Tnl with trypsin.
Eight peptides, designated T-1 to T-8, were sequenced fol-
lowing their purification by size-exclusion chromatography (on
columns of Sephadex G-50, Sephadex G-25, and Bio-Gel P-4)
and subsequent HPLC. The alignment CB1-CB2-Met-CB3-
CB4 was unambiguously established from the sequences of
T-1, T-4, and T-8. The information necessary to complete the
sequence of CB2 was obtained from T-2 and T-3. The se-

quence of T-2 also gave valuable confirming data on the lo-
cations of Cys-81 and Cys-98. The sequences of T-4 to T-8
yielded the information necessary to complete the sequence
of CB3. It should be pointed out that we only obtained sin-
gle-residue overlaps for residues 175-176 and 193-194. We
feel, however, that these assignments are correct, since they
are the only ones which are consistent with all of our data.
Although ion-exchange chromatography of bovine cardiac Tnl
indicates that there may be two isoforms (Cachia et al., 1985),
our data do not provide any evidence for heterogeneity in the
sequence.

DiscussiON

All amino acid residues numbers given in the following
discussion refer to the sequence of bovine cardiac Tnl as shown
in Figure 1. Analogous residues in other Tnl sequences,
aligned as shown in Figure 2, are given the same numbers. It
is important to point out that Grand et al. (1976) originally
reported an additional Leu residue in rabbit cardiac Tnl,
located between Arg-146 and Arg-147. Talbot and Hodges
(1981b) suggested that insertion of this Leu might be the key
difference which causes skeletal muscle Tnl to inhibit actin—
myosin interaction more effectively than does cardiac Tnl. The
sequence data to support this insertion, however, are rather
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weak (Wilkinson & Grand, 1978a). Since the intervening Leu
does not occur in our bovine cardiac sequence or in any of the
skeletal Tnl sequences, we have taken the liberty of removing
it from Figure 2.

Bovine cardiac Tnl contains a total of 50 basic residues, 33
acidic residues, and 49 residues with bulky, hydrophobic side
chains. The hydropathy plot (not shown), prepared by the
method of Kyte and Doolittle (1982), reveals a fairly regular
pattern of alternating hydrophilic and hydrophobic regions,
suggestive of a compact, globular protein with a well-defined
hydrophobic core. However, hydrodynamic studies on cardiac
Tnl (Byers & Kay, 1983) indicate that it is not a typical,
compact globular protein. An analysis of the distribution of
acidic and basic residues reveals that 25 of the basic residues
are located within 4 segments (residues 34-60, 136152,
170-179, and 204-209) which contain no acidic residues. The
remaining 25 basic residues are fairly well interspersed with
the 33 acidic residues. The longest segments of concentrated
acidic residues uninterrupted by basic residues are located at
residues 65-68 (Glu-Ala-Glu-Glu) and 108-111 (Val-Asp-
Glu-Glu). It may be significant that by far the longest segment
(residues 81-98) which contains no basic residues (and three
acidic residues) is that which includes the two Cys residues,
located at either end of the segment.

For the purpose of overall comparison, it is convenient to
divide the five known Tnl sequences into three parts. The
amino-terminal extension (residues 1-33), which is present only
in the cardiac Tnl sequences, extends to the boundary between
exons 2 and 3 (Figure 2). By assuming 6 deletions in the rabbit
cardiac sequence, we obtain a total of 17 identical residues
between rabbit and bovine cardiac Tnl in this extension. The
remainder of the sequences are common to all five TnI’s and
may be divided approximately in half at the boundary between
exons 6 and 7. In the amino-terminal half of this common
region (residues 34-124), only 29% of the residues are in-
variant in all known sequences. The carboxyl-terminal half
(residues 125-211) is much more highly conserved, with 66%
invariant residues. This includes four stretches (residues
135-143, 177-185, 189-195, and 200-207) of seven to nine
consecutive invariant residues. The greatest variability in the
carboxyl-terminal region is found around Asn-186, where
deletions of one to three residues have occurred. As noted by
Wilkinson and Grand (1978a), this region includes a Pro
residue in slow skeletal Tnl and may represent a bend or
flexible segment where sequence changes can be tolerated
without affecting the overall three-dimensional structures of
the proteins.

With the exception of their amino-terminal extensions, the
sequences of bovine cardiac and rabbit cardiac TnI’s are re-
markably similar. Residues 37-41 are Lys-Lys-Lys-Ser-Lys
in bovine cardiac Tnl and Lys-Ser-Lys-Lys-Lys in rabbit
cardiac Tnl. This slight difference could be due to an error
in aligning small tryptic peptides of rabbit cardiac TnI (Grand
et al., 1976). Over the span of residues 28-211, the only other
differences from bovine cardiac Tnl are the substitution in
rabbit of Thr for Asn-130, Thr for Ala-162, and Leu for
Ala-198.

There are two regions of TnlI (residues 33-80 and 130-150)
which have been shown to bind to TnC (Syska et al., 1976;
Leavis et al., 1978; Grabarek et al., 1981). Residues 33—-80
are located in the relatively variable amino-terminal half of
Tnl and contain only 23% invariant residues. This variability
may contribute to functional differences among TnI’s in dif-
ferent muscles. It should be kept in mind, however, that the
interaction of this region of Tnl with the acidic protein TnC

VOL. 27, NO. 8, 1988 2825

probably involves the highly basic segment encompassed by
residues 37-51. Although this segment contains only four
invariant residues, most of the basic residues are conserved.

The region of residues 130-150 binds to both TnC and actin
and exhibits inhibitory activity similar to that of whole Tnl
[see review by Leavis and Gergely (1984) and Zot and Potter
(1987)]. The most important segment for inhibitory activity
appears to be residues 132-147 (Talbot & Hodges, 1979,
1981a), which bind to tropomyosin—actin as well as to TnC
(Cachia et al.,, 1983, 1986). This segment is completely
conserved in the known Tnl sequences (Figure 2), except for
substitutions of similar hydrophobic residues at positions 133
and 134, and the substitution at position 144 of a Pro in
skeletal Tnl for Thr in cardiac Tnl. This Pro/Thr substitution
might be expected to induce a functionally important structural
difference between skeletal and cardiac Tnl. Four reverse
turns were predicted in rabbit skeletal muscle Tnl by Huang
et al. (1974), using the method of Chou and Fasman (1978).
One of these turns occurs at residues 143-146 (Pro-Thr-
Leu-Arg in cardiac Tnl and Pro-Pro-Leu-Arg in skeletal Tnl).
According to the rules of Chou and Fasman (1978), the effect
of substituting Thr for Pro in this sequence would be to reduce
the probability of turn formation by a factor of 3. On the other
hand, Talbot and Hodges (1981b) showed that the Pro/Thr
substitution had no effect on the inhibitory activity of peptides
derived from this region of Tnl.

Cyclic AMP dependent protein kinase rapidly phosphory-
lates Ser-23 in the extended amino terminus of cardiac Tnl
and more slowly phosphorylates Ser-151 in both cardiac and
skeletal Tnl (Moir et al., 1974; Huang et al., 1974; Moir &
Perry, 1977). These residues may play a functionally im-
portant role, since, as can be seen in Figure 2, Ser-23 is con-
served in cardiac Tnl and Ser-151 is invariant in all known
Tnl sequences. Identification of the sites on Tnl which are
phosphorylated by protein kinase C and determination of the
effects of phosphorylation on the interactions of contractile
proteins may yield new insights into the regulatory role played
by protein kinase C in the regulation of muscle contraction.

Two of the three Cys residues of rabbit skeletal Tnl cor-
respond to the two Cys residues (81 and 98) of bovine cardiac
Tnl. These two Cys residues are known to be involved in
TnI-TnT interactions (Chong & Hodges, 1982; Ingraham &
Hodges, 1987) and must be in a reduced state in order for Tnl
to form functional complexes with the other troponin subunits
(Horwitz et al., 1979; Hinckle et al., 1979; Potter et al., 1982).
Air oxidation apparently results in the formation of an in-
trachain disulfide bond between Cys-81 and Cys-98 of bovine
cardiac Tnl, and one may assume that these two residues are
close together in the structure. The possible functional im-
portance of Cys-81 and Cys-98 is further indicated by their
conservation in the other known Tnl sequences, with the ex-
ception that Cys-81 of rabbit slow skeletal Tnl has been
substituted by an Ile (see Figure 2).

Tryptophan may play an important role in the functioning
of Tnl. Each of the 5 known Tnl sequences contains a single
Trp residue, located in the center of an invariant heptapeptide
sequence (Val-Gly-Asp-Trp-Arg-Lys-Asn), about 20 residues
from the carboxyl terminus of the protein. Although Trp itself
is a hydrophobic residue, it is located within a hydrophilic
region of the sequence and would be expected to be at or near
the surface of the Tnl molecule. Wang and Gergely (1986)
have observed a change in Tnl Trp fluorescence in the rabbit
fast skeletal TnC-Tnl complex, caused by binding of Ca?* to
the two Ca?*-specific regulatory sites in the amino-terminal
half of TnC.
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Other residues in Tnl which may be of interest for chemical
modification studies are the invariant His-102 and Tyr-113,
neither of which is located within a region of Tnl which is
though to interact with TnC.

It is clear that much remains to be learned about the re-
lationship of the structure of Tnl and its role in regulating
interactions among thin filament proteins in both skeletal and
cardiac muscles. The mechanism by which Ca?**-dependent
changes in TnC lead to a release of Tnl from actin-tropo-
myosin remains a key unsolved problem in muscle biology.
The availability of the sequence of bovine cardiac troponin I
will be useful in planning further biochemical and structural
studies designed to help solve this problem.
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SUPPLEMENTARY MATERIAL AVAILABLE

Figures 3-20 showing chromatograms of the peptide sepa-
rations and Tables I-VII containing amino acid compositions
and amino acid sequence data (29 pages). Ordering infor-
mation is given on any current masthead page.
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Trypsin Digestion of Junctional Sarcoplasmic Reticulum Vesicles'
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ABSTRACT: A putative constituent of the junctional processes, connecting the terminal cisternae of sarcoplasmic
reticulum and the transverse tubules of skeletal muscle fibers, is a 2350000-dalton (Da) protein that displays
ryanodine binding and Ca®* channel properties. Ryanodine modulation of Ca?* fluxes suggests that the
ryanodine receptor and calcium channel are integral parts of one functional unit corresponding to the
2350000-Da protein [Inui, M., Saito, E., & Fleischer, S. (1987) J. Biol. Chem. 262, 1740-1747; Campbell,
K. P., Knudson, C. M., Imagawa, T., Leung, A. L., Sutko, J. L., Kahl, S. D., Raab, C. R., & Madson,
L. (1987) J. Biol. Chem. 262, 6460-6463]. We subjected vesicular fragments of junctional—cisternal
membrane to stepwise trypsin digestion. The 2350 000-Da protein is selectively cleaved in the early stage
of digestion, with consequent disappearance of the corresponding band in electrophoretic gels. The
Ca?*-ATPase is cleaved at a later stage, while calsequestrin is not digested under the same experimental
conditions. While the Ca*-ATPase yields two complementary fragments that are relatively resistant to
further digestion, the 2350000-Da protein yields fragments that are rapidly broken down to small peptides.
Under conditions producing extensive digestion of the 2350000-Da protein, the junctional processes are
still visualized by electron microscopy, with no discernible alterations of their ultrastructure. The functional
properties of the Ca?* release channel are also maintained following trypsin digestion, including blockage
by Mg?* and ruthenium red and activation by Ca?* and nucleotides. Prolonged incubations with and after
trypsin produce functional alterations. Ryanodine, at relatively high (micromolar) concentrations, partitions
into a nonsaturable compartment of the membrane and inhibits Ca?* efflux through the release channel.
On the other hand, high-affinity ryanodine binding (K3 = 3 X 1077 M) occurs with a stoichiometry ap-
proximating that of the >350000-Da protein and produces a reduction of net Ca?* uptake by the vesicles,
due to increased Ca?* efflux through the release channel. The bound ryanodine does not interfere with
digestion of the 2350000-Da protein and is still bound following digestion. We suggest that the 2350 000-Da
protein permits entrance of trypsin into a large crevice (likely at the opening of the channel) where multiple
cleavage sites are readily available. The resulting proteolytic fragments remain stabilized by multiple
noncovalent interactions and are only dissociated by strong detergents. Additional protein components may
contribute to structural stabilization of the junctional processes. Ryanodine binds to a protein domain where
it does not interfere with trypsin binding but can regulate the channel through allosteric mechanisms.

Clarification of the mechanism of Ca?* release from sar-
coplasmic reticulum (SR) is a missing link for a molecular
understanding of excitation—contraction coupling in muscle.
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Recent progress has been made in this regard by a series of
studies demonstrating that high-density SR vesicles (“heavy”
SR) are able to release Ca?* rapidly, through a Ca?*- and
nucleotide-dependent channel which is absent in light SR
(Nagasaki & Kasai, 1983; Meissner, 1984; Ikemoto et al.,
1985; Chu et al., 1986). Furthermore, membrane material
from heavy SR can be incorporated into model bilayers,
forming a high-conductance channel which is modulated by
Ca?* and nucleotides (Smith et al., 1985, 1986; Rousseau et
al., 1986). The heavy SR has been identified with vesicular
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