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The binding of troponin-Ito tropomyosin, as well as
its effects on the binding of troponin-T and its fragments T1 (residues 1-158) and T2 (residues 159-259) to
tropomyosin, have been studied using immobilized atropomyosin. Whenapplied alone, troponin-I exhibited
weak interaction with tropomyosin and was eluted
with a NaCl gradient at 0.12 M. Intact troponin-T was
eluted at 0.40 M NaC1, while its fragment T1 was eluted
from site 1 (near the COOH terminus of tropomyosin)
at 0.32 M, independently fromT2, which was eluted
from site 2 (near Cys-190) at 0.22 M NaC1. However, the
simultaneous presence of troponin-I andT2 resulted in
formation of a strong troponin-I/T2/tropomyosin ternary complexat site 2 such that troponin-I/T2 complex
was now eluted at 0.45 to 0.5 M NaCl. Thisbinding was
Ca2+-sensitivein the presence of troponin-C. An additional effect oftroponin-I binding at site 2 was the
strengthening of the Tl/tropomyosin interaction at site
1, such that T1 was now eluted at the higher value of
0.45 to 0.50 M NaC1. Troponin-I also enhanced the binding of intact troponin-T to tropomyosin. These results
suggest that cooperativity exists between the two sites,
presumably induced by the binding of troponin-I to
tropomyosin and mediated by a conformational
change
in the latter.

distance from its COOH terminus (site 2) (18-24). The interaction with T M of this fragment, which also binds to Tn-C
and Tn-I (1-4), has been shown to be sensitive toeaL+
in the
presence of Tn-C(17).In
the presentstudy,usinga-TM
immobilized on a Sepharose 4B column, we have examined
the effectsof Tn-I andthe Tn-I/Tn-C complex onthe binding
T1 a n d T 2 tTM.
o
We confirmthat
of Tn-T and its fragments
Tn-I binds weakly to TM under minus and plus Ca2+ conditions, whereas the Tn-I/Tn-C complex shows no’detectable
the
interaction withTM under the same conditions. However,
complex Tn-I/T2 showsa much stronger bindingto T M than
either component alone and this interaction persists in the
presence of Tn-C under minus Ca2+conditions. In plus Ca2+
buffer, all three components are eluted in the void volume.
the presentstudynoevidencefol
Curiously,althoughin
interaction betweenT1 or the CB3 fragmentof Tn-T (residues
1-70) and Tn-I was observed, the binding of Tn-I t o T M (at
site 2) led to a strengthening of the binding of T1 t o TM (at
site 1) even though Tn-I was eluted at an earlier position on
the salt gradient. We interpret this to indicatea cooperative
effect between the two sites of T n a t t a c h m e n t o n t h e T M
molecule.
MATERIALSANDMETHODS

Preparation of Proteins and Fragments-Rabbit skeletal muscle
Tn-T, Tn-I, and Tn-C were prepared according to the method of
Greaser and Gergely (25). The chymotryptic fragments T I and T2
The actin-linked regulatory system of striated muscle is
have been described earlier (11).Rabbit cardiac a-TM, identical in
mediated through the interactions of the troponin complex
sequence with the u component from skeletal muscle (26), was used
with F-actin and tropomyosin. of
Allthe troponin components in this study.
Affinity Chromatography-wTM was covalently linked to cyano(troponin-C, -I, and -T) are known to be in intimate contact
gen bromide-activated Sepharose 4B as instructed by Pharmacia. As
with one other (1-8) and to be linked to F-actin by a Ca”previously described (17), a column (0.9 X 15 cm) was equilibrated at
sensitive interaction through Tn-I.’ T n - T is known to bind
room temperature with starting buffer (stored under Nz) using a flow
the T n t o TM (3, 9-11) and,although the experimental rate of 12 ml/h prior to application of Tn-T or its fragment(s). When
evidence is contradictory, Tn-I may also contribute to this
the effects of Tn-I (and Tn-I/Tn-C complex) on the binding of Tn-T
latter interaction (7, 12-14). Recently, two regions of the Tn- or its fragments to immobilized TM were beingexamined, the protein
T molecule have been shown to interact with TM. One of or fragment(s) (50nmol of each) was first applied and then the
these, represented by fragmentT1 (residues 1-158), interacts column was washed with 2 to 3 column volumes of equilibration
with T M at a site close to or at its COOH terminus (site 1) buffer. Tn-I(or Tn-I/Tn-C complex, 50 nmol of each) was then
applied and the column was washed with a further 2 volumes of the
(15, 16). This interaction is unaffected by the presence
of T n - same buffer. (IfTn-T fragment and Tn-I were applied simultaneously
C in “minus” and “plus
Ca”’’ conditions(17). The other, as a mixture instead of sequentially, the same results were obtained.)
fragment T2 (residues 159-259), interacts with T M close t o
Linear gradients were established from either 0.05 or 0.10 M NaCl to
the region of cysteine 190 or about one-thirdof the molecular 0.45, 0.50, or 0.60 M NaCl and, in all cases, the total volume of the
gradient adjusted such that the rate of increase of NaCl concentration
was 0.01 M/ml of effluent. Fractions (1.2 ml) were collected and the
absorbance was monitored at 230 nm. The compositions of the eluted
* This work was supported by the Medical Research Council of
peaks were determined as reported earlier (17) using SDS or SDS, 6
Canada. The costs of publication of this article were defrayed in part
M urea, 15%polyacrylamide gel slabs and the Laemmli buffer systems
by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 (27).
The minus Ca2+buffer, pH 7.0, contained either 0.05 or 0.1 M NaC1,
solely to indicate this fact.
’ The abbreviations used are: Tn, troponin complex; Tn-T, tropo- 0.01 M Tris, 1 mM dithiothreitol, 0.01% Na azide and 1 mM ethylene
nin-TTn-I, troponin-I; Tn-C, troponin-C; a-TM, a-tropomyosin; glycol bis(P-aminoethyl ether)-N,.V,N’,N”tetraacetic acid. The plus
CaY+buffer had the same pH and composition as the minus Ca”
SDS, sodium dodecyl sulfate.
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buffer but with 0.1 mMCaCI:! replacing ethylene glycol bis(B-aminoethyl ether)-N,N,N,N-tetraaceticacid.
Sample solutions of Tn-C (5 mg/ml) and Tn-T fragments
(1.5 mg/
ml) were each dissolved in plus or minus Ca2+ starting buffer and
dialyzed overnight against the samebuffer a t 4 “C under N2. Due to
the poor solubility to Tn-T and Tn-I at physiological pH and ionic
strength, these proteins(2 mg of Tn-T/20 ml and 1.5 mg of Tn-I/ml)
were initially dissolved in 5% formic acid (pH 1.9),and then dialyzed
overnight a t 4 “C with repeated changes against the desired starting
buffer (5Ca’’) until the pH was 7.0. Since previous studies on Tn-I/
Tn-T interactions (4-6) indicated the necessity of keeping Tn-I in a
completely reduced state, fresh dithiothreitol to a final total concenprior to use and
tration of 1 mM was added to the buffer immediately
a constant N2 environment was maintained. Dialyzed samples were
centrifuged a t 1500 X g for 5 min and 0.025 or 0.050 ml of each
supernatant (0.250 ml in the case of Tn-T) was taken for amino acid
analysis todeterminetheproteinconcentration.Theappropriate
samplevolume(s), usually containing 50 nmolof eachprotein or
fragment, was then applied to the
column singly, or as a mixture
when more than one fragmentor protein was to be applied.
RESULTS

As previously described (17), the elutionposition of a particular component from the column (either before or after
application of the salt gradient)was taken as a measure of its
strength of interaction with the immobilized a-TM. Thus, TnT and fragments T I and T2 were eluted from the column a t
positions on the gradientcorresponding to 0.40,0.32, and 0.22
M NaCl, respectively (Table I, runs 1, 2, and 3), whereas TnC, which did not bind to TM, was eluted in the void volume
before application of the gradient. Whena mixture of T1 and
4), the two
T2 was appliedtothe
column (TableI,run
components were eluted in the samepositions as when applied
singly, indicating the absenceof any interactionbetween them
as well as any detectable cooperative effects between their
sites of interaction on TM. The study (17) also showed that
the binding of T1 to TM was unaffected by the presence of
Tn-C (kCa”) whereas thatof T2 to TMwas disrupted under
plus Ca2+ conditions, but not when Ca” was absent. In the
present work, it was of interest to extend these studies to
examine the binding of Tn-I and of the Tn-I/Tn-C complex
and the effects of these on the binding of T1 and T2 to the
immobilized TM in the presence and absence of Ca’+.
Binding of T n - I a n d T n - I / T n - Complex
C
to Immobilized
a-TM-When Tn-Ialone was appliedtothe
T M affinity
column in minus and plus Ca2+buffer (see Fig. lA, and Table
I, run 5, a and b), a significant portion was eluted with the
wash buffer (0.1 M NaCl) in a retarded position after the void
volume, while a lesser amount was eluted only after application of the NaCl gradient, at about 0.2 M. When the NaCl
concentration of the startingbuffer was lowered to 0.05 M, all
the Tn-I was now bound to TM and was eluted as a single
symmetrical peak spanning the rangeof 0.06 to 0.28 M NaC1,
with the topof the peak occurring at 0.12 M (Table I, run512).
These results suggest that weak interaction occurs between
Tn-IandTMundertheseconditions,
in agreementwith
certain observations in the literature (7, 12-14) but not with
others (20, 28-31).
Whena mixture of Tn-I and Tn-C was applied to the
column, both proteins were eluted in the void volume (Table
I, run 6, a and b), irrespectiveof whether Ca2’ was present or
absent. Thus, the complex formed between Tn-I and Tn-C
(-tCa”) leads toa weakening of the interactionobserved with
T M and Tn-I alone.
Effects of Tn-I and Tn-I/Tn-C
Complex on the Bindingof
TI to Immobilized a-TM-When a mixture of T1 plus Tn-I
was applied to the column in 0.1 M NaCl starting buffer (Fig.
1, A and B, and Table I, run 71, Tn-I appeared to show no
direct interaction withT1 and was eluted in a manner similar
to thatof Tn-I alone; that is, aportion was eluted in aretarded
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position after thevoid volume while the remainderwas eluted
after application of the gradient at a position corresponding
to 0.21 M NaC1. The bulk of T1 was eluted inaposition
corresponding to thatfor the application of TI alone (0.31 M).
Curiously, however, a small proportion of T1 was eluted only
after the NaCl concentration had reached 0.50 M and at a
position where none of the Tn-Iremained on thecolumn (see
Fig. 1, A and B, fraction 43). When the Tn-I/Tn-C complex
8, a and b), and none
was applied instead of Tn-I (Table I, run
of the Tn-I was available to interact with T M (as observed
previously in run 6, a and b), this strengthened binding between T I and TM was not observed and T1 was eluted at its
usual position of 0.31 M NaCI. A similar effect of Tn-I on the
binding of intact Tn-T to
immobilized a-TM will be discussed
below.
Sincetheseexperimentsappearedtoindicatenodirect
interactive effects between T1 and Tn-I, an observation in
contradiction with ourearlier demonstration (4) by gel filtra1tion studiesusing 0.5 M KC1 buffer that both CB1 (residues
151) and CB3 (residues 1-70) interact with Tn-I, we re-examined the behavior of a mixture of CB3 and Tn-I, this time
using an immobilized a-TM column and 0.1 M NaCl buffer.
When CB3 alone was applied to thecolumn, it was eluted in
the void volume (Table I, run 9) in agreementwith previous
results (17). When CB3 plus Tn-I was applied to the column
(Table I, run IO), CB3 was still eluted in the void volume
while Tn-I was eluted in the same manner as
in Fig. 1A. These
results indicate that, at physiological ionic strength (0.1 M
NaCl), the binding of CB3, CBI, and T I with Tn-I is very
weak or absent, an observation that has been confirmed by
gel filtration experiments (results not shown) in 0.1 M NaCl
which detected no interaction between CB3 and Tn-I. We
must therefore conclude that theprevious evidence (4) for an
interaction between this portion of the Tn-T molecule (residues 1-70) and Tn-I was artifactual as a result of the high
ionic strength conditions employed. The earlier conclusion,
however (2,4), that there
is an interaction sitefor Tn-I in the
T2 region (residues 152-209) of Tn-T is fully confirmed by the
present work (see below).
Effects of Tn-I and Tn-I/Tn-C
Complex on the Bindingof
T2 to Immobilized a-TM-When T2 was boundto thecolumn
and then Tn-I was applied (Fig. 2 and Table I, run I l ) , t h e
proteins elutedas a doublet peak a t a higher salt concentration
than for either component alone. This observation isconsistent with the formation of a complex between T2 and Tn-I
which is bound more strongly to a-TM than is either
component alone. The reason for the elution of this complex as a
double peak was thought
initially to be related to difficulty
the
in maintaining the sulfhydryl residues of Tn-I in the fully
reduced state even though every precaution was taken in the
present work to doso, since the interactionof Tn-I and Tn-T
has been shown previously to be highly dependent upon the
integrity of the sulfhydryls of Tn-I (4-6). This possibility was
ruled out by experiments (not shown) in which 1 uersus 10
mM dithiothreitol was used in the buffers, accompanied by
constant N, bubbling. In both cases, the identical double
peaks were observed in the same proportion, that
is, with the
first of the eluted double peaks always less in amount than
the second. Another possibility is that this “doublet” phenomenon may be due to heterogeneity in the Tn-I (and perhaps
the Tn-T)used inthese experiments. Reports in the literature
(32, 33) have showndifferencesin
the Tn-I isolatedfrom
“fast” uersus “slow” rabbit striatedmuscle, not only incertain
segments of their amino acidsequences, but alsoin their
abilitytoinhibitthe
actomyosin systems of eachtype of
tissue. Differences in molecular weight, amino acid composition, and pattern of the cyanogen bromide digest on SDS gels
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TABLE
I
Binding of Tn-Iand Tn-T fragments, alone and in combination, to immobilized a-TM
Run No.

1
2
3

Sample applied

Bufferh

4

Tn-T
T1
T2
T1 + T2

Minus Ca'+
Minus Ca2+
Minus Ca2+
Minus Ca2+

5a
5b
5c
6a
6b

Tn-I
Tn-I
Tn-I
Tn-I + Tn-C
Tn-I + Tn-C

Plus Ca'+
Minus Ca"'
Minus Ca'+, 0.05 M
Minus Ca"
Plus Cas+

7

TI

+ Tn-I

Minus Ca'+

8a
8b
9
10

TI; Tn-I + Tn-C
T1; Tn-I + Tn-C
CB3
CB3 + Tn-I

Minus Ca2+
Plus Ca2+
Minus Ca2+
Minus Ca2+

11

T2; Tn-I

Minus Ca'+

Component(s)
eluted
in void
volume

Component(s) eluted
after Tn-I/Tn-C
addition

Tn-T (0.40 M)
"1 (0.32 M)
T2 (0.22 M )
T1 (0.31 M)
T 2 (0.22 M)

-

Tn-I/Tn-C
Tn-I/Tn-C

Tn-I/Tn-C
Tn-I/Tn-C

-

-

Tn-I (0.31* & 0.47 M * )
T2 (0.31* & 0.47 M*)
T2' (0.32* & 0.50 M * )
Tn-I" (0.32* & 0.50 M I )
T2

Plus Ca2+

T2/Tn-I/Tn-C

13
14a

T1 + T2; Tn-I

Minus CaL+

T2/Tn-I/Tn-C

14b

T 1 + T2; Tn-I + Tn-C

Plus Can+

T2/Tn-I/Tn-C

+ Tn-C

Tn-I+ (0.21 M)

TI (0.31 & 0.50 M e * )
TI (0.31 M)
T1 (0.31 M)

T2/Tn-I/Tn-C

12b

-

Tn-I+ (0.19 M)

Minus Cad+

T2; Tn-I

Tn-I+ (0.21 M )
Tn-I' (0.19 M )
Tn-I (0.12 M)
-

-

+ Tn-C
T2; Tn-I + Tn-C
T 1 + T 2 + Tn-I

12a

Component(s) eluted
with NaCl
gradient'

Minus Ca2+

-++

Tn-I (0.27* & 0.45 M*)
T 2 (0.27* & 0.45 M * )
T I (0.45 M * * )
T1 (0.32 & 0.47 M**)
T2" (0.30' & 0.47 M*)
Tn-I" (0.30* & 0.47 M * )
"1 (0.30 M)
T2
-++

15a

Tn-T; Tn-I+ Tn-C

Minus Ca"

Tn-I/Tn-C

15b

Tn-T: Tn-I + Tn-C

Plus Can+

Tn-I/Tn-C

T n - T (0.39 & 0.53 M* * * )
Tn-I' (0.39*** & 0.53 M***)
Tn-C" (0.39)
Tn-T (0.37 & 0.50 M * * * )
Tn-I' (0.37 M * * * )
Tn-C" (0.37 M)

' Semicolons separating samples ina singlerun indicate that the
column was washed with2-3 volumes of starting
before the second sample (Tn-I or Tn-I/Tn-C
buffer after the first application of Tn-T or its fragments and
complex) was added.
Plus c a n +buffer, pH 7.0, contains 0.1 M NaCl, 0.01 M Tris, 1 mM dithiothreitol, 0.01% Na azide, 0.1 mM CaC12.
Minus Ca" buffer has the same pH andcomposition as the plus Can+buffer but with 1 mM ethylene glycol bis(Paminoethyl ether)-N,N,N',N"tetraacetic acid replacing the Ca"+. When a lower salt concentration was used in the
starting buffer (0.05 M instead of 0.1 M NaCI) and in the linear gradient(0.05-0.45 M instead of 0.10-0.50 M NaCl),
the value 0.05 M is also shown.
'' The [NaCl] at the topof each eluted peak is given for all components which bound to theligand and is taken
as a measure of its strengthof binding to a-TM.-, the component did not bind and was eluted in the void volume
after its application to the column. +, although most of the Tn-I applied was eluted with the 0.1 M NaCl starting
buffer in a retarded position after the void volume (see "Discussion"), a small amount bound to a-TM and was
eluted with the NaCl gradient. ++,T 2 which was previously bound to a-TM was now eluted (after application of
Tn-I/Tn-C to the column) with the 0.1 M NaCl starting buffer as a T2/Tn-I/Tn-C complex. *, cases in which the
ternary complex T2/Tn-I/TM resulted in stronger interaction such that the T2/Tn-Icomplex was eluted from aT M a t a nincreased [NaCl] as compared with the elution positions of T 2 and Tn-I when applied separately (see
runs 3 to 5c). **, cases in which Tn-I/TM binding at site 2 resulted in stronger interaction between TI a n d T Mat
site 1, such that T1 was now dissociated from a-TM at an increased[NaCl] as compared with its elution position
when applied alone (run 2) or in the absence of Tn-I/TM interaction in plus Ca"+ buffer in the presence of Tn-C
(runs 8b and 14b). ***, cases in which Tn-I/TM binding resulted in stronger interaction such that the remainder
of the Tn-T/Tn-I complex (or Tn-T)was now dissociated from a-TM a t a nincreased [NaCl] as compared with the
1 and 5, a-c).
elution positions of Tn-T and Tn-I when applied separately (runs
"Although some T2 and Tn-Iwere eluted with the starting 0.1M NaCl buffer as a T2/Tn-I/Tn-C complex, some
bound to the ligand to form a stronger T2/Tn-I/TM ternary complex as in runs 11 and 13, designated by *.
Although some Tn-I/Tn-C complex was eluted with the starting 0.1 M NaCl buffer after its application to the
column, some bound to Tn-T/TM and was elutedwith the NaCl gradient, as a Tn-T/Tn-I/Tn-C complex.
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FIG. 1. Binding of T1 and Tn-I,
alone and in combination, to immobilized a-TM. A, a-TM-Sepharose affinity column profiles of TI, Tn-I, and T I
+ Tn-I in minus Ca”‘ buffer (see text for
buffer composition and columnconditions). Position of sampleapplication
and start of the 0.1 to 0.5 M NaCl gradient (- - -) are indicated by the solid
and broken u r r o m , respectively. B.
SDS, 15%polyacrylamide Laemmli (27)
gel of lyophilized fractions taken across
the peaks for the run of T I + Tn-I. The
sample volumes applied to the gel were
the same for all fractions.
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FIG. 2. Binding of T2 + Tn-I to immobilized a-TM. A, column profile of

T2 + Tn-I in minus Ca’+ buffer. Column,
buffer, and NaCl gradient conditions are
thesameas in Fig. LA. B, SDS, 15%
polyacrylamide Laemmli gel of lyophilized fractions takenacrossthe peaks.
The sample volumes applied to the gel
were the samefor all fractions. S, a standard mixture of T2 + Tn-I was applied
to this slot on the gel.
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have also been reported for Tn-T isolated from chicken breast
and leg muscles (34-36). Since we have already shown (Table
I, run 5c) that by using a lower NaCl gradient (0.05 to 0.45 M)
all of the Tn-I isbound to TM and elutedas a single peak, it

therefore appears that the interactionbetween Tn-I and TM
is not responsible for the doubletpeak. Likewise, when intact
Tn-T or T2 was applied alone to thecolumn (Table I, runs 1
and 3), single symmetrical peaks were observed to be eluted
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I; that is, T2 and Tn-I
were again eluted astwo peaks centered
a t 0.40 and 0.22 M, respectively. By elimination, then, the
doublet peak may be caused by a variance in the strengthsof a t a higher salt concentration (0.27 and 0.45 M NaCI) than in
binding to TM, of the different Tn-I/T2 complexes present, the case of either component alone. T1, on the other hand,
when these proteins are isolated from rabbit striated muscle and in contrast to run i , was now eluted as a single peak
centeredatthehigher
NaCl concentration of 0.45 M and
consisting of a mixture of slow and fast tissue types.
coincident with the positions of elution of T2 and Tn-I. Two
When the Tn-I/Tn-C complex was applied after T2 was
bound to T M (Fig. 3 and Table I, run 12, a and b) in minus explanations are possible for this observation. Firstly, and as
Ca" buffer, a portion of T2 and Tn-Iwere complexed to Tn- described above, the binding of Tn-I to the immobilized T M
of binding of T1 tothe
C and eluted in the void volume (see Fig. 3B, fraction 17). appearstoincreasethestrength
The remaining T2 and Tn-Ibound more strongly to TM and column. Secondly, and perhaps in addition, the interaction
between T1 and Tn-I, absent or very weak at physiological
the Tn-I/T2 complex was eluted again as a double peak at
0.32 and 0.50 M NaCI. In the presence of Ca" , all of the T2 ionic strength, is promoted by high salt concentration. Thus,
is increased in the gradient,a ternary
which was previously bound to TM was now eluted in the as the salt concentration
void volume after addition of the Tn-I/Tn-C complex. These complex between Tn-I, T2, and T1 could be formed, leading
results are consistent with earlier
findings that the T2region to the elutionof T1 at a higher NaCI concentration than when
of Tn-T interacts not only with Tn-I (2, 4) and TM ( 3 , l l ) , applied to the columnalone.
Application of a mixture of T1 plus T2 to the column,
but also with Tn-C (1, 2), and that the interaction of site 2
between T2 and TM is sensitive to Ca" in the presence of followed by the Tn-I/Tn-C complex (Fig. 4 and Table I. run
14, a and b), again confirmed the results obtained previously
Tn-C (17).
Effect of Tn-I and Tn-I/Tn-CComplex on the Binding of in runs 11, 12a, and 19 for the tighter binding of the T2/Tn-I
complex toTMandtheirdoubletnature.
In minus Ca'"
a Mixture of TI plus T2 to Immobilized u-TM-Whena
buffer, since some Tn-I and were
T2 eluted in the void volume
mixture of T1, T2, and Tn-I was applied to the column (Table
I, run 13),similar resultswere obtained a s discussed previously as a complex with Tn-C, T 1 was now eluted in two positions,
for the caseof T2 (run 11) and T1 (run7) separately, with Tn- some at theusual value of 0.32 M NaCl (Fig. 4 8 , frrcctions 34-

FIG. 3. Effect of Tn-l/Tn-C complex on the binding of T2 to immobilized a-TM in the presence and absence of Ca'+. A. column profiles in

minus Ca" and plus Ca'+ buffers. Column conditions are the same as in Fig.
1A. B,SIX. 154 polyacrylamide Laemmli gel of lyophilized fractions taken
across the peaks. S. a standard mixture
of Tn-I + Tn-C + T 2 was applied to this
slot on the gel. The sample volumes applied to the gel (-Ca'+) were three times
greater for fractions 39 to 50 than for
fraction 17. In the gel showing the plus
Ca'+ run, since all fractions from 38 to
50 were devoid of protein material, only
fraction 38 is shown.
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FIG. 4. Effect of Tn-I/Tn-C complex on the binding of T1 plus T2 to
immobilized a-TM in the presence
and absence of Ca2+.A, column pro-

it

files in minus Ca2' and plus Ca'+ buffers.
Column conditions are the same
as in
Fig. 1A. B, SIX (-Ca") and SDS-urea
(+Ca'+) 154 polyacrylamideLaemmli
gels of lyophilized fractions taken across
the peaks. The sample volumes applied
to the gels were three times greater for
fractions 34 to 46 than for fraction 16. S,
a standard mixture (either Tn-I + Tn-C
or TI + 1'2) was applied t o these slots
on the gel. As with T M (35).the relative
mobilities of Tn-I andT I are affected by
the oresence or absence of 6 M urea in
the SDS gels. Whereas Tn-I runs faster
than T I on S I X gels in the absence of
urea, mobility
has a slower
than TI on
SIX, 6 M urea gels.
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I+C 15 34
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T2

Number
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36 38 40 42 44 46 TltT2 I+C

___*

s s

S

"

16 34

42) and someat thehigher value of 0.47 M NaCl (fraction 44)
and coincident with T2 and Tn-I. The same
two explanations
for this phenomenon as described above may be applied to
these observations. In plus Ca" buffer when all of the bound
T2 was dissociated from TM as a T2/Tn-I/Tn-C complex
(Fig. 4B, fraction 16), and in the absence of any Tn-I/TM
interaction, T 1 was eluted as a symmetrical peak at its usual
position (fractions 34-42 0.3 M NaCI).

36 38 40 42 Tl+T2kC 16

Effect of Tn-I/Tn-C
Complex on the Bindingof Intact TnT to Immobilized a-TM-When intact Tn-T was applied to
the TMaffinity column, it was eluted as a single symmetrical
peak a t 0.40 M NaCl (Fig. 5A and Table I,run 1). When Tn-T
was applied to the column followed by the Tn-I/Tn-C complex, a larger proportion of the latter was eluted in the void
volume in minus Ca" buffer than in plus Ca" buffer (Fig. 5
and Table I, run 15, a and b). Since intact I'n-T under both
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FIG.5. Effect of Tn-I/Tn-C com-

plex on the binding of Tn-T to immobilized a-TM in the presence and
absence of Ca*+.A, a-TM-Sepharose
affinity column profiles of Tn-T alone
(. .), Tn-T + Tn-I + Tn-C in minus
Ca”, and Tn-T + Tn-I + Tn-C in plus
Ca2+buffers. Column and starting buffer
conditions are the same as inFig. L4.
Positions of the sample applications and
start of the 0.1-0.6 M NaCl gradient
(- - -) are indicated by the solid and
arrows,
broken
respectively. Due to the
large volume (20 ml) of Tn-T applied
initially to the column, owing to its low
solubility at physiological pH and ionic
strength (see “Materials and Methods”
for preparation of Tn-T stock solution),
and i t s complete binding to a-TM, tubes
4 to 15 were omitted in the three profiles.
B, SDS, 15% polyacrylamide Laemmli
gels of lyophilized fractions taken across
the peaks. The sample volumes applied
to the gels were the same for all fractions.
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conditions is firmly bound to the column throughits T1
region, this difference reflects astrengthened binding between
Tn-C and the T2 portion
of intact Tn-T under plus Ca”
conditions as has been previously demonstrated (17). Under
minus Ca” conditions, however, some Tn-I/Tn-C remained
bound to the column and was eluted as a ternary complex
with Tn-T at a NaCl concentration of 0.39 M (fraction 47),
close to theusual position for Tn-T alone. The remaining TnT with a small amount of Tn-I was eluted a t 0.53 M NaCl
(fraction54).In plus Ca” buffer (Fig. 5 and Table I, run
15b),
the bound Tn-I/Tn-C was eluted as a ternary complex with
Tn-T at0.37 M NaCl (fraction 45) while the remaining Tn-T
was dissociated as a peak a t 0.50 M NaCl (fraction53),a value
significantly higher than the elution
position for Tn-T applied
to the column alone (0.40-0.42 M NaCl). This observation is
consistent with theobservationsreportedabovethatthe
binding of Tn-I to theimmobilized T M either by itself or as
a complex with T2 leads to a strengthened binding of T1 to
TM, even though the Tn-I has already
been eluted at an
earlier position from the column. The results with intact TnT are thus seen tobe explicable in terms of the properties of
interaction of the individual fragments T1 and T2 with T M
and the other troponin components. The use of these fragments has thusprovided a useful approach to theelucidation

of those factors affecting the interaction of these two regions
of Tn-T with the corresponding regions on the TMmolecule.
DISCUSSION

We have previously presented evidence (11, 16) that two
regions of Tn-T interact with TM. One of these, represented
by the fragment T1 (residues 1-158), binds close to or at the
COOH terminus of TM, perhaps involving the head-to-tail
overlap region in polymerized TM filaments. In this communication, this interaction region is referred to as site 1. The
other, represented by fragment T2 (residues 159-2591, has
been shown (24) to interact in the region of cysteine 190of
TM, about one-third
of the molecular distance from its COOH
terminus (site 2). This
view of a highly asymmetric Tn-T
molecule, spanning a distance of at least 13 nm and interacting
with T M a t a t least two regions along its structure is fully
consistent with its molecular properties (summarized in Ref.
16),with the immunoelectron microscopic observations of
Ohtsuki (3) and with recent estimatesof i t s molecular length
by electron microscopic measurements of rotary shadowed
specimens (38). Because Tn-I and Tn-C are also believed to
be located close to cysteine 190 of T M and since both these
proteins interactwith regions of the Tn-T sequenceincluded
in fragmentT2, we havepostulatedthatsite
2 would be
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sensitive to the concentration of Ca’+ ions in the presence of same position as when applied alone. Similarly, when a mixTn-C, whereas site1would represent a Ca*+-insensitiveinter- ture of CB3 plus Tn-I was applied to the column, CB3 was
action between Tn-T and TM. In the
previous paper (17), we eluted in the void volume while Tn-I was again eluted at its
tested this prediction by examining the effects of Tn-C on the usual position. The absence of interaction between CB3 and
binding of T1 and T2 toimmobilized T M in the presence and Tn-I at physiological ionic strength (0.1 M NaCl) was conabsence of Ca”. The results demonstrated,
in agreement with fumed by gel filtration on Sephadex G-75. These unexpected
of a measurableinteraction
our prediction, that the interaction between T2 and TM at resultsindicatedtheabsence
were
site 2 was disrupted by Ca2+in the presence of Tn-C, while between the NH2-terminalregion of Tn-T and Tn-I and
that between T1 and T M was unaffected. In the presentwork, in contradiction of our earlier conclusion that this region of
we have extended these studies andexamined the binding of Tn-T interacted stronglywith Tn-I (4). The latter was based
Tn-I and the Tn-I/Tn-C complex to TM and the effect of on gel filtration experiments carried out in 0.5 M NaCI, contheseonthe
binding of whole Tn-T and the T1 and T2 ditions chosen on thebasis of earlier experimentswith intact
fragments to immobilized T M in the presence and absenceof Tn-T and Tn-I forsolubility reasons (5, 6). Thus, the earlier
observations and conclusion concerning the role of the NH2Ca”.
When Tn-I was applied to the affinity column, in 0.1 M terminal region of Tn-T (residues1-70) in its interactionwith
NaCl, its partial elution in a retarded position after the void Tn-I were apparently an artifact of the high ionic strength
volume and the elutionof the remainderin the early region of conditions employed and thusleave unanswered the question
of the function of this segment of Tn-T in the structural
the NaCl gradient indicateda weak interactionwiththe
immobilized TM. This binding was further confirmed by its organization of the thin filamentassembly.
Although in the presentwork no direct interactionbetween
application to the column in 0.05 M NaCl under which conditions it was eluted totally after the application of the NaCl T1 and Tn-I was observed, the binding of Tn-I to the TM
gradient as a single peak at a concentration of 0.12 M. Although affinity column did appear to have an effect on the elution
no interaction with the immobilized T M was observed with
position of T1 with the NaCl gradient. Thus, for example in
an equimolar mixture of Tn-I and Tn-C ( K a ” ) , a stronger Fig. 1, it is seen thata portion of T1 is elutedfrom the column
interaction for a T2/Tn-I complex with T M was observed
at a NaCl concentration (0.50 M) higher than that for the
than for either component alone. This suggests that both Tn- usual elution position of T1 (0.32 M) when applied alone, even
I and T2 interact
directly withT M in such a complex although though all of the Tn-I has already
been eluted from the
a more indirect role for Tn-I in the strengthening of the T2/ column at a lower NaCl concentration in the gradient. A
T M binding cannot be ruled out from this evidence alone.
similar observation was made when intact Tn-T followed by
Further evidence for the direct interactionof Tn-I and TM in Tn-I/Tn-C were applied to theimmobilized T M affinity colsuch a complex is discussed below.
umn (Fig. 5 ) in equimolar ratios. In thiscase also, a portion of
Irrespective of the role of Tn-I in thisinteraction,the
the Tn-T was eluted as a complex with Tn-I and Tn-C a t a
present results permit the important conclusion that the in- NaCl concentration of 0.37-0.39 M while the remainder was
teraction between the Tn-I/T2 complex and TM is made eluted a t higher NaCl concentration (0.50-0.53 M) than the
Ca“-sensitive by the inclusion of Tn-C in the system. Thus, normal position (0.40 M) for Tn-T alone even though the other
when T2 was applied to column
the
followed by the Tn-I/Tn- components had alreadybeen eluted from the column. Thus,
C complex in the presence of Ca2+,all three components were the effect of Tn-I binding on the strengthof interaction of T1
eluted in thevoid volume. In the absence
of Ca’+, a significant with TM, observed when only Tn-I andT1 are applied to the
proportion of the T2 and Tn-I remainedbound to thecolumn column, is also observed when intact Tn-T, Tn-I, and Tn-C
and was eluted only at a NaCl Concentration equivalent to are used. This stronglysuggests that Tn-Idoes infact interact
that for the elution of the T2/Tn-I complex when these were directly withTM when it is a constituent of the whole troponin
applied to thecolumn without Tn-C. Thus, our earlier
conclu- complex. These interesting observationsalso suggest that the
sion (17)that the interactionbetween T2 and TM is rendered binding of Tn-I to TM,presumably in the region of cysteine
Ca”-sensitive by the presence of Tn-C is seen tobe valid also 190 (site 2 of TM), leads to an increase in the strength of
when Tn-I is included in the system.
binding of Tn-T and of fragment T1 t o T Mclose to or at its
When T1 was applied to the column in 0.1 M NaCl along
COOH terminus(site 1). One possible explanation of this
with Tn-I, the latter was eluted by the salt gradient at the
phenomenon is that thebinding of Tn-I to oneregion of T M
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FIG. 6 . Schematic representation of the interactions between the troponin components andTM in the
presence and absence of Ca2+.The interactions of Tn-C with Tn-I and fragment T2 are strengthened when Ca2+

is bound to Tn-C. Those of both Tn-I and T2 with TM in the region of cysteine 190 are disrupted or at the very
least greatly weakened. ?, residual weak interactions, undetectable by the methods used in this study, may persist.
No evidence was obtained for a direct change in the strength of interactions between Tn-I and T2 or between T1
and TM in the present work. Previous studies have shown that the latter interaction is at or close to the COOH
terminus of TM, perhaps involving the head-to-tail overlap region.
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induces a conformational change in the latterwhich is trans4. Pearlstone, J. R., and Smillie, L. B. (1980) Can. J . Biochem. 58,
mitted to thesecond site and leads to
a strengthened binding
649-654
of the T I region of Tn-T to this site. The
binding of T1 to this
5. Horwitz, J., Bullard, B., and Mercola, D. (1979) J . Biol. Chem.
site would stabilize this conformation such that the TI and/
254, 350-355
or Tn-T would be dissociated only at higher ionic strength
6. Hincke, M. T., McCubbin, W. D., and Kay, C. M. (1979) Can. J.
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Biochem. 57, 768-775
7 van Eerd, J-P., and Kawasaki, Y. (1973) Biochemistry 12, 4972consistent with other evidence that conformational changes
4980
can be transmitted for long distances along the TMcoiled coil
8. Head, J. F., and Perry, S.V. (1974) Biochem. J. 137, 145-154
structure (39-42).
9. Pearlstone, J. R., and Smillie, L. E. (1977) Can. J . Biochem. 55,
The present results, taken
inconjunctionwithprevious
1032-1038
observations in both our own and other laboratories, permit IO. Jackson, P., Amphlett,G . W., and Perry, S.V. (1975) Biochem. J.
the construction of a schematic representation of the inter151, 85-97
TM in the 11. Pearlstone, J. R., and Smillie, L.B. (1981) FEBSLett. 128, 119actions between the troponin components and
122
presence and absence of Ca'+ as shown in Fig. 6. This representation is meant only to indicate the types of interactions 12. Katayama, E. (1980) in Muscle Contraction: Its Regulatory
Mechanisms (Ebashi, S., Maruyama, K., and Endo, M., eds)
and their relative strengths under minus and plus Ca'+ conpp. 251-258, Japan Scientific Society Press, Tokyo/Springerditions and is not designed as anindex of the relative binding
Verlag, Berlin
strengths between individual components under a particular 13. Dabrowska, H., Podlubnaya, Z., Nowak, E., and Drabikowski, W.
(1976) J. Biochem. 80, 89-99
set of conditions. In this representation, the interactionsbetween Tn-C and both Tn-I and the T2 region of Tn-T are 14. Drabikowski, W.,and Dabrowska, R. (1975)in Proceedings ofthe
IXth FEBS Meeting, Proteins of Contractile Systems (Biro, E.
shown to be strengthened in the presence of Cas+,a conclusion
N. A., ed) Vol. 31, pp. 85-103, AkademiaiKiado, Budapest/
that is well documented in previous work and is consistent
North-Holland, Amsterdam
with thepresent observations. Present evidence doesnot
15. Pato, M. D., Mak, A. S., and Smillie, L. B. (1981) J . Biol. Chem.
permit a conclusion concerning the effects ofCa"
in the
256,602-607
presence of Tn-C on the strengthof interaction between Tn- 16. Mak, A. S.,and Smillie, L. B. (1981)J . Mol. Biol. 149, 541-550
I and fragment T2, although this possibility cannot be ex- 17. Pearlstone, J. R., and Smillie, L. B. (1982) J. Biol. Chem. 257,
10587-10592
cluded. The evidence presented in this communication
18. Nonomura, Y., Drabikowski, W., and Ebashi, S.(1968) J. Biostrongly suggests that Tn-I interacts directly with T M and
chem. (Tohyo) 64,419-422
that this interactionis disrupted when Ca2+binds to the Tn- 19. Cohen, C., Caspar, D. L. D., Parry, D. A. D., and Lucas, R. M.
Ccomponent. Further,thepresent
work shows thatthe
(1971) Cold Spring Harbor Symp. Quant. Biol. 36, 205-216
interaction between TM and the T2 region of Tn-T plays a 20. Margossian, S. S., and Cohen, C. (1973)J . Mol. Biol. 81,409-413
key role in the molecular mechanism by which Tn and TM 21. Ohtsuki, I. (1974) J . Biochem. (Tokyo) 75, 753-765
operate in this Ca"-regulated system. Thus, the strengthening 22. Stewart, M., and McLachlan, A. D. (1976) J. Mol. Biol. 103,251260
of the interaction between Tn-C and T2 fragment by the 23. Morris,
E. P., and Lehrer, S . S. (1981) Biophys. J. 33, 239a
binding of Ca2+to the former leads toa disruption, or at the 24. Chong, P. C. S., and Hodges, R. S.(1982) J . Biol. Chem. 257,
very least to a significant weakening, of the binding between
9152-9160
T2 and TM.Although no evidence was obtained for aresidual 25. Greaser, M. L., and Gergely, J. (1971) J. Biol. Chem. 246, 42264233
binding between T2 and TM and between Tn-I and TM in
the presence of Tn-Cand Ca", itis possible that weak 26. Lewis, W. G., and Smillie, L. B. (1980) J. Biol. Chem. 255,68546859
interactions, undetectableby the techniqueemployed, persist 27. Laemmli, U. K. (1970) Nature (Lond.)227, 680-685
under these conditions.
28. Hitchcock, S.E. (1975) Eur. J . Biochem. 52,255-263
Present and previous work has demonstrated that the in- 29. Hitchcock, S.E., Huxley, H. E., and Szent-Gyorgyi, A. G. (1973)
J. Mol. B i d . 80,825-836
teraction between the T1 region of Tn-T and TMclose to or
at its COOH terminus is essentially independent of Ca'+. 30. Greaser, M. L., Yamaguchi, M., Brekke, C., Potter, J., and
Gergely, J. (1972) Cold Spring Harbor Symp. Quant. Biol. 37,
However, as discussed above, the strengthof binding of T I to
235-244
TM at site 1 does appearto beaffected by thelatter's
31. Potter, J. D., and Gergely, J . (1974) Biochemistry 13, 2697-2703
interaction with Tn-I site 2, presumably through a confor32. Syska, H., Perry, S. V., and Trayer, I. P. (1974) FEBS Lett. 40,
mational change transmitted along the TM coiled coil struc253-257
ture. Since the interaction between Tn-I and TM appears to 33. Wilkinson, J . M., and Grand, R. J . A. (1978) Nature (Lond.)271,
31-35
be affected by Ca.'+, this would imply an indirecteffect of Ca2+
34. Hitchcock, S.E. (1973) Biochemistry 12, 2509-2515
on the cooperativity between sites 1 and 2.
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Note Added in Proof-Recently, S. E. Hitchcock-De Gregori
((1982) J . Biol. Chem. 257, 7372-7380) presented evidence that the
interaction between Tn-I and Tn-T
is affected by Ca2+binding to the
whole T n complex (see Fig. 6 of this paper).
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