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1. Introduction

Since the original demonstration of the phosphory-
lation of troponin-1 by a 3':5"-cyclic AMP-dependent
protein kinase [1], there have been a number of
somewhat contradictory reports [2-4] as to which
components of the complex can be phospharylated

by phospharylase kinasc and a 3": 5'-cyclic AMP-depen-

dent protein kinase. From recent studies in this labo-
ratory [5] we conclude that there are phosphorylation
sites on both troponin-I and troponin-T and that the
troponin complex isolated from white skeletal muscle
of the rabbit contains ene molecule of phosphate
covalently bound to troponin-T. Prolonged incubation
of either troponin-T ar the troponin complex with
phosphorylase kinase increases the phosphate content
of troponin-T up to about three moles per mole.
Troponin-l incorporates up to 1.6 moles of phospho-
rus when incubated with phosphorylase kinase but
this phosphorylation is markedly inhibited in the
presence of troponin-C [5—7]. This effect is due to
the strong complex formed between iroponin-1 and
troponin-C [8,9] and is responsible for the different
patterns of phosphorylation obtained with troponin
[3.4] and with troponin-B [2].

In this communication we report the amino acid
sequences around the two residues of troponin-I that
are phosphorylated by phosphorylase kinase from
rabbit skeletal muscle and a 3": 5'-cyclic AMP-depen-
dent protein kinase from bovine heart. Essentially
similar findings are reported in the accompanying
cogrmunication by Huang et al. [14].
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2. Materials

Troponin was purified from rabbit skeletal muscle
by the method of Ebashi et al. [10], and separated
into its components by chromatography on DEAE-
cellulose [5]. Phospharylase b kinase was isolated
from rabbit muscle by the procedure of Cohen [11].
3":5'-cyclic AMP-dependent protein kinase, prepared
from beef heart, was obtained from Sigma (London)
Chemical Ca. Ltd., Kingston-on-Thames, Surrey, UK.
The cyanogen bromide fragments, CN5 and CN10
from unphosphorylated troponin-I were isolated as
described previously [12]. The namenclature of the
cyanogen bromide fragments is that used previously
[12], the suffix P indicating that the fragments
were phosphorylated.

3. Methods

Phosphorylation with phosphorylase kinase was
carried out by the procedure of Perry and Caole [5],
except that theophylline was omitted from the incu-
bation mixture. For phosphorylation with the bovine
cardiac protein kinase, troponin-1 (2 mg/ml) was
incubated at 30°C for 6 hr with the enzyme (0.05
mg/ml) in 10 mM sodium glycerophosphate (pH
6.8), containing 20 mM NaF. 10 mM magnesium
acetate, 1.5 mM EGTA, 0.05 mM 3":§"-cyclic AMP
and 1 mM [y->2P] ATP. Total phosphate determina-
tions on troponin-1 and determination of **P were
carried out as described previously [4].
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Phosphorylated peptides were isolated in the
following manner. *?P-abelled troponin-1 was dis-
solved in 0.1 N HCI (20 mg/ml) and incubated with
a 100-fold molar excess of cyanogen bromide for
40 hr at 23°C. Cysteine residues were then carboxy-
methylated with iodoacetic acid [12]. The cyanogen
bromide fragments were fractionated by chromato-
graphy on a column (2.5 X 110 cm) of Sephadex G-50
in 6 M urea, 0.2 M sodium formate, pH 3.5, Fractions
were desalted on a column (2.0 X 100 ¢cm} ol Sepha-
dex G-10 in 0.01 N HCL

Fractions containing radioactivity were further
purified by high voltage electrophoresis and **P-label-
led peptides located by autoradiography. Enzymic
digests of protein and cyanogen bromide fragments
were carried out in 1% NILHCO; pH 7.9 at 37°C
for 3 hr using an enzyme/substrate ratio of 1:50.
Amino acid analysis and amino acid sequence determi-
nations were performed as described previously [12].

4. Results

4.1, Incorporation of **P into roponin-I by phos-
phorylase b kinase

Preparations of troponin-l contained 0.06 mole
of phosphorus per mole. After incubation with phos-
phorylase kinasc, the phosphorus content was increas-
ed to between 0.90 and 1.25 moles per mole.

Gel chromatography of a ¢cyanogen bromide digest
of #2P-labelled troponin-1 indicated that covalently
bound phosphorus had been incorporated mainly
into three fragments (fig. 1, fractions A, B and C).
On examination by paper electrophoresis, fractions
B and C were each found to contain one major radio-
active component. The amino acid compositions of
these phosphorylated peptides are given in table 1.
CN5-P (from peak B) contained 0.79 mole >?P/mole
and CN10-P (from peak C) contained 0.83 mole
32P/mole. As is shown by the distribution of 3P
between peaks B and C (fig. 1), the yield of CN5-P
was considerably greater than that of CN10Q-P; how-
ever, the non-phosphorylated form of CN1Q was
also isolated from the digest, the ratio of phosphory-
lated to non-phosphorylated peptide being about
35:65,

Tryptic digestion of CIN5-P gave rise to a single
radioactive peptide CN5-T2. This contained 0.91
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Fig. 1. Chromatography on Sephadex GS0 of the cyanogen
bromide peptides derived from 3% P-labelled troponin-l.
Troponin-l iabelled by incubation with phosphorylase kinase
in the presence of [7»32P}ATP as described by Perry and
Cole [5]. 100 mg of digest were applied to a column (2.5 X
110 cm) that had previously been equilibrated against 6M
urea, (.2 M sodium formate (pH 3.5), 5 ml fracilions were
collected and appropriate tubes pooled into fractions A, B
or C as indicated by the horizontal bars.

mole **P/mole and its amino acid compasition
(table 1) indicated that the single threonine residue
in CN5-P was phosphorylated. Fraction A was also
digested with Lrypsin and the only radicactive pep-
tide obtained was identical with CN5-P-T2. Thus
the large phosphorylated fragment in peak A did
not contain a third phosphorylation site but was a
partial degradation product resuiting from incom-
plete cleavage during the cyanogen bromide digest.

4.2. Incorporation of *2P into troponin-I by pro-
tein iinase

Less than one mole of phosphorus was incorpo-
rated into troponin-I on proelonged incubation with
the bovine cardiac 3":5"-cyclic AMP-dependent pro-
tein kinase (6 hr). Tryptic digestion of 32P-labelled
troponin-I gave rise to two major radioactive peptides,
Ta and Tb (see table 1). Both peptides come from
the same part of troponin-I as CN10 and their com-
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bined sequence is: Val—Arg— Met—Ser P—Ala—Asp—
Ala--Met—Leu--Lys (J.M. Wilkinson, unpublished
work}. The unphosphorylated versions of Ta and Tb
were not found, but their presence cannot be ruled
out. Ta and Th together accounted for 90% of the
32P incorporated into troponin-1 by protein kinase
and thus if the threonine residue in CN5 was phos-
phorylated it could only be to the extent of 10%

or less,

4.3. Amino acid sequence of CN5 and CN10
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Table 1
Amino acid composition of phosphorylated peptides from troponin-l

Phosphorylase b kinase Protein kinase

Enzyme

CN5-P  CN5P-T2 CN10-P CNI10 Ta Tk
Asp 2.25 (0.20) 1.04 1.04 1.39 1.40
Thr 0.75 0.91 ~ - - -
Ser 1.07 .29 0.67 0.65 1.09 1.02
Glu 3.32 (6.20) (©.41) (028 (021) {0.43)
Gly 1.24 (0.29) (0.46) (0.34) (041  (0.32)
Ala 1.90 1.91 2.02 2.08 2.03 2.12
Val 1.10 ~ - - 0.61 -
Ite 0.99 1.08 - - - -
Leu 1.12 - - 1.20 1.05
His 1.00 - - - -
Lys 1.63 - - - 081 0.95
Arg 3.90 1.10 - - 0.79 -
ilsr 1.00 0.96 1.17 - -
Met - - - - 1.50 1.60
moles 32P/mole 0.79 0.91 0.83 - 0.54 0.74

Values expressed as mole amino acid/mole peptide. Values in brackets indicate
impurities.

from unphosphorylated troponin-1. Peptides were
isolated by electrophoresis from tryptic and thermo-
lysin digests of CN5S and sequence information obtained
by the dansyl-Edman procedure. Peptide T1 possessed
no free amino group and must therefore be the N-termi-
nal peptide of troponin-I; its mobility at pH 6.5 was
consistent with it being N-acetylated but this has yet

to be confirmed. The sequence of CN10 was obtained
directly by the dansyl—-Edmun procedure. The two
sequences and a summary of the evidence by which
they were obtained are shown in fig. 2.

The sequences were determined using material

CN3 Pronasc

— T —

«—— Tl lﬁl¢TSa—>J’<——F2 > | - T5—> | «—Td4a—>
[(Asp,Glu,Glu,Gly,Lys} Arg—Asn —Arg~ Ala Ile E}' ﬂa’ Arg= Arg % ﬂg—Lcu —Lys-"Ser—Val—lsr
< Ths Thg — > <= The——>"

CNI19

Ser—Ala—Asp—Ala—Hsr
_— = 7

The square bracket indicates a blocked N-terminal group. T and Th indicate tryptic and thermolysin peptides
respectively — Represents one step of the dansyl—-Edman procedurc.

Fig. 2. Amino acid sequence of the cyanogen bromide fragments CN5 and CN10 from troponin-L.
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5. Discussion

The site in the troponin molecule most readily
phosphorylated by phosphorylase kinase [rom rabbit
skeletal muscle is the threonine residue in position 11.
Whereas phospherylation of this threonine residue
was virtually complete under the conditions cmployed,
the only other phosphorylated site detected in tropo-
nin-l, a serine residue in position 118 (J. M. Wilkinson,
unpublished observations) was never more than 35%
phosphorylated. The variation in the extent of phos-
phorylation of troponin-I by phosphorylase kinase
observed in these and earlier cxperiments [5] probably
reflects differences in the extent of phosphorylation
at serine 118. In contrast, phosphorylation of tropo-
nin-I by the bovine cardiac 3":5"-cyclic AMP-dependent
protein kinase was largely restricted to serine 118,
90% of the total phosphate being incorporated in this
site. Thus although the cardiac enzyme catalyses phos-
phorylation principally at serine 118 of troponin-]
from rabbit white skeletal muscle the 3':5"-cyclic AMP-
dependent pretein kinase from the latter muscle ap-
pears to calalyse the phosphorylation of another
serine in addition (see preceding article, this jssue
pp. 249--252). The observation [5] that the phosphory-
lation of troponin-] by phosphorylase kinase in the
presence of troponin-C was more strongly inhibited
than in the case with the bovine cardiac protein kinase
is consistent with our findings that the major sites of
phosphorvlation by these two enzymes are diflerent.

The amino acid sequence of the major phosphory-
lated region of troponin-1, Ala—Ile—~Thr—Ala—Arg,
shows a relatively high degree of similarity to the
amino acid sequence around the serine phosphate of
phosphorylase a, Gln--Ile—Ser—Val—Arg [13]. There
is, however, little similarity between these sequences
and the second phosphorylation sile on troponin-I
and those two of the three phosphorylated regions of
troponin-T that have been determined (A.J.G. Moir
and S.V. Perry, unpublished observations). Although
all five of these sites are phosphorylated by phos-
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phorylasc kinase preparations, the rates are low com-
pared to those obtained with phosphorylase b as
substrate. This suggests that the specificity of phos-
phorylase kinase is much broader than was previously
supposed. At this stage it cannot be excluded, how-
ever that the phosphorylase kinase preparations con-
tain traces of other, as yet uncharacterised, kinases
of different specificity and which may be responsible
tor phosphorylation of some of the sites on troponin.
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