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ABSTRACT. In experiments reported here, we compared tension and thin filamerit stgnaling in
preparations containing either wild-type cardiac troponin | (cTnl) or a mutant cTnl with an R146G mutation
[cTnI(146G)] linked to familial hypertrophic cardiomyopathy. Myofilament function is altered in association
with cTnl phosphorylation by protein kinase C (PKC), which is activated in hypertrophy. Whether there
are differential effects of PKC phosphorylation on cTnl compared to ¢cTnl(146G) remains unknown. We
therefore also studied cTnl and cTnl(146G) with PKC sites mutated to Glu, which mimics phosphorylation.
Compared to cTnl controls, binary complexes with either cTnl(146G) or cTnI(43E/45E/144E) had a small
effect on Ca"-dependent structural opening of the N-terminal regulatory domain of cTnC as measured
using Foster resonance energy transfer. However, this structural change was significantly reduced in the
cTnC—cTnl(43E/45E/144E/146G) complex. Exchange of cTnl in skinned fiber bundles with cTnI(146G)
induced enhanced €asensitivity and an elevated resting tension. Exchange of cTnl with cTnI(43E/
45E/144E) induced a depression in?Caensitivity and maximum tension. However, compared to
cTnl(146G), cTnl(43E/45E/144E/146G) had little additional effects on myofilament responséto Ca

By comparing activation of tension to the open state of the N-domain of cTnC with variations in the state
of cTnl, we were able to provide data supporting the hypothesis that activation of cardiac myofilaments
is tightly coupled to the open state of the N-domain of cTnC. Our data also support the hypothesis that
pathological effects of phosphorylation are influenced by mutations in cTnl.

C&" regulation of striated muscle contraction involves (11). Moreover, there are mutations found in cTnl that have
interactions among proteins of the troponin (Topmplex been linked to familial hypertrophic cardiomyopathy (FHC)
(TnC, Tnl, and TnT) and tropomyosin (Tm)+7). Ca&" and that culminate in sudden deaft?{14). An important
binding to TnC triggers a release of the thin filament from unanswered question is whether effects of PKC-dependent
inhibition by an inhibitory region of Tnl and a movement phosphorylation of wild-type cTnl are the same or different
of TnT and Tm that promotes the reaction of cross-bridges in the FHC-related cTnl mutant. In experiments reported
with actin. In heart muscle, phosphorylation and mutations here, we have probed effects of FHC-linked mutation
of cardiac Tnl (cTnl) that modify the activation process (R146G of cTnl; R145G in human cTnl sequence) and PKC-
appear to be of significance in hypertrophy and failure. dependent phosphorylation of cTnl, alone and together, on
Depression of myofilament tension and shortening velocity molecular signaling at the interface of cTnl and cTnC and
occurs with phosphorylation of cTnl by protein kinase C 4 tension developed by myofilaments.

(PKC) (8—10), which is activated in the cascade that signals

compensatory myocyte growth and leads to deCompensationT A primary event in signaling at the interface of Tnl and

nC is a Ca&"™-dependent structural opening of the N-domain
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complex formation with the C-terminal part of the inhibitory
region of ¢Tnl is required 20, 21). The C&"-induced
interaction between the hydrophobic pocket of the N-domain
of TnC and the C-terminal part of the inhibitory region of
Tnl triggers the series of conformational transitions among
myofilament proteins (e.g., ref82—27), which results in
activation of thin filament.

In experiments reported here, we conductetrster
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wavelength at 333 nm for donor Trp. The titration was
sequentially performed on the donor-only labeled protein
sample (P-D), followed by measurements on the denor
acceptor labeled protein sample (P-DA) at the same con-
centration as the P-D samplg5]. Background tracings were
recorded with buffer containing no proteins. Fluorescence
intensity was collected by monitoring changes in fluorescence
intensity of the tryptophan donor for both P-Yand P-DA

resonance energy transfer (FRET) experiments in order to(lba) samples at 333 nm, and the background was subtracted.
assess the effects of PKC-dependent phosphorylation andThe C&F-dependent average FRET efficienck, was

or FHC-related mutation of cTnl on the structural opening
of the N-terminal domain of cTnC. We used Glu substitution
at major PKC-dependent phosphorylation sites on cTnl (Ser-
43, Ser-45, and Thr-144) to mimic fully phosphorylated states
as we demonstrated recentl$0f. We also measured the

determined from the ratio of the two averaged fluorescence
intensity signals from the P-DA and P-D titrations using the
equation:

E=1—lIp/lp (1)

effects of these mutations on steady-state tension of detergent- . ]
treated mouse cardiac fiber bundles. Our data demonstratel he Cé&'-dependent distanceR)( change was then deter-

significant differences between effects of PKC pseudophos-
phorylation of cTnl and cTnl (R146G) on myofilamentCa
sensitivity and maximum tension as well as the open state
of the N-domain of cTnC.

EXPERIMENTAL PROCEDURES

Preparation of Proteins.Recombinant human cardiac
troponin C (cTnC) and a mutant cTnC(20W/51C) were
expressed in BL21(DES3) cells using the pET3d vector and
purified according to the method described previougly; (
28, 29). The Trp-less mutant (dW) of mouse cTnl(wt)
inserted into the pET3d vectoB@) was created by replacing
Trp-192 with Phe using the QuickChange site-directed

mined using the equation:

R=Ry[(1 — E)E]"® ()

With egs 1 and 2, one can generate an experimental measure
of FRET efficiency or distance as a function of fChfor
each donor and acceptor pair.

Fluorescence intensity decay was measured at ZD1
°C in the time domain with an IBH 5000 photon-counting
lifetime system equipped with a very stable flash lamp
operated at 40 kHz in 0.5 atm of hydrogen. For determination
of FRET, the donor intensity from donor-alone and denor
acceptor samples was collected into 1024 channels of a
multichannel analyzer under identical experimental condi-

mutagenesis kit (Stratagene). PKC pseudophosphorylation;ons These decay data were analyzed as a sum of expo-

(S43E/S45E/T144E) and/or FHC-related mutation (R146G)
were further introduced into either cTnl(wt) or dW-cTnl(wt).
Recombinant cTnls were expressed and purified as previ-
ously described25). Recombinant mouse cardiac troponin
T (cTnT) inserted into the pSBET vector was expressed and
purified as described3(, 32). The single cysteine in the
¢TnC mutant [cTnC(20W/51C)] was labeled with IAEDANS
in the presencef® M urea @3), and the degree of labeling
was found to be>0.97 mol of probe/mol of protein.
Reconstitution of the binary complex with unlabeled or
labeled cTnC and cTnl mutants was carried out by following
the procedure described in the previous w@#%)(The final
step of dialysis was against a working buffer containing 0.15
M KCI, 5 mM MgCl,, 1 mM EGTA, 1 mM dithiothreitol,
and 50 mM MOPS at pH 7.0.

Fluorescence Measuremengteady-state measurements
were carried out in a solution containing 0.15 M KCI, 5 mM
MgCl;, 1 mM EGTA, 1 mM dithiothreitol, and 50 mM
MOPS, pH 7.0 at 26+ 0.1 °C, on an ISS PC1 photon-
counting spectrofluorometer, using a band-pass of 3 nm on
both the excitation and emission monochromatds).(
Emission spectra were corrected for variation of the detector

nential terms to calculate the distribution of the intersite
distances using the program CFS_LS/GAUDIS (http://
cfs.umbi.umd.edu/index.html) as in previous stud8s; 84).

The reduced chi square ratigrf) was used to judge
goodness of fit for the distribution. For all FRET experi-
ments, the donor was Trp-20 of cTnC and the acceptor was
the extrinsic fluorophore AEDANS covalently linked to the
single Cys residue at position 51 of cTnC. The excitation
and emission wavelengths for Trp were 295 and 333 nm,
respectively. For AEDANS the corresponding wavelengths
were 330 and 480 nm, respectively. The overlap integral was
determined for each experimental condition, using experi-
mental values of the quantum yield and thedter distance
(Ro).

Steady-State Tension MeasuremeWs.measured tension
generated by detergent-treated fiber bundles dissected from
the left ventricular papillary muscles of mouse hearts as
previously describedl(Q). Male CD-1 mice (age 3 months)
were anesthetized by injection with pentobarbital sodium (50
mg/kg body weight) into the peritoneal cavity. The hearts
were quickly excised, and left ventricular papillary muscle
fiber bundles were isolated and dissected into strips ap-

system with wavelength. For each emission spectrum, theproximately 156-200 um in width and 3-4 mm in length

background signal was corrected using solutions in which
proteins were omitted. Protein concentration wag\b for
all spectral measurements. WhertCaas present, the total
concentration was 2 mM.

FRET Ca&" titration was carried out on the ISS PC1
equipped with a Micro 4 autotitrator (World Precision) with
the excitation wavelength set at 295 nm and the emission

at 4°C. The fiber bundle was then placed in HR solution
(53.5 mM KCI, 10 mM EGTA, 25«M CaCk, 6.81 mM
MgCl,, 5 mM ATP, 12 mM creatine phosphate, 10 units/
mL bovine heart creatine kinase, 1 mM dithiothreitol, 1%
Triton X-100, and 20 mM MOPS, pH 7.0). The detergent-
skinned fiber bundle was mounted between a force transducer
and a micromanipulator, and the sarcomere length was
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adjusted to 2.3tm. Initial maximum isometric force was 0.25 . , : : ,
measured in activating solution (pCa 4.5) containing 33.8 — cTni(wt)
mM KCI, 10 mM EGTA, 9.96 mM CaGl 5.39 mM ATP, 0.20 nitasey 448
6.47 mM MgC}, 12 mM creatine phosphate, 10 units/mL
creatine kinase, 1 mM dithiothreitol, and 20 mM MOPS,
pH 7.0. Force was measured while the fibers were bathed in
sequentially increasing €aconcentrations ranging from pCa
8.0 to pCa 4.5. Endogenous Tn was then exchanged as
described in Burkart et al1(Q). The skinned fiber bundles
were incubated with an excess of cFadTnl, followed by 0.05 L
reconstitution with cTnC. After reconstitution with cTnC,
maximum Cé&"-activated force was measured in pCa 4.5 0.00
solution, followed by force measurements ranging from pCa
8.0 to pCa 4.5.

TnC-Tnl Binding Measurement$he effects of mutations Distance (A)
on the interactions of cTnl with cTnC were assessed by Figure 1: Area-normalized distance distribution profiles of the
surface plasmon resonance spectroscopy using a BlIAcorecTnl—cTnC binary complex. The energy donor was Trp-20 of

1000 instrument (BlAcore, Inc., Piscataway, NJ) at°Z5 ¢TnC, and the acceptor was AEDANS attached to Cys-51 of cTnC.

; o ; _(o. The binary complexes contained either dW-cTnl(wt) (black), dW-
(36, 37). To immobilize ¢Tnl on a sensor chip, 2-(2
. o - . . CcTnl(43E/45E/144E) (cyan), dW-cTnl(146G) (magenta), or dW-
pyridinyldithio)ethanamine was first cross-linked to carboxyl CTnI(43E/45E/144E/146G) (green). Solid lines and dash lines are

groups of sensor chip C1 by EDC/NHS, and then cTnl was mg?+ states and Ca states, respectively. Distribution parameters
introduced for immobilization through thiol coupling. To are summarized in Table 1. The experiments were repeated to

analyze the kinetics of the interaction between cTnC and confirm reproducibility.
immobilized cTnl, different concentrations of cTnC, ranging
from 5 to 250 nM depending on the analysis were injected. T_abl_e 1. Distance Distribution Parameters from Fluorescence
The analysis was carried out with association times of either Lifetime Measurements

cTnl{43E/45EM144EM146G)

0.15 |

0.10 L

Probability P(r)

5 10 15 20 25 30 35

90 or 120 s and a dissociation time of 300 s in 0.3 M NaCl, - d@ti?]rc]:e - g:f;ig:
- | -WI
5 mM MgCl, 0.1 mM CaC}, and 20 mM MOPS, pH 7.0, mutation conditions (RIA) (HW/A) 2 A)

at a flow rate of either 30 or 5aL/min. Regeneration of

the sensor chips was carried out by injegttM urea, 1 M wt Mg=* 15'(",17 5) 4.42 1'(()5 97)
NaCI,'lo mM EDTA, qnd 20 mM MOPS, pH 7.0. Contro.I cat 229 537 1.07 74
experiments were carried out using a flow cell prepared with (20.9) (3.10)
the same procedure except that cTnl was omitted. We found43E/45E/ Mg"  16.9 584 110
no nonspecific binding of cTnC to the sensor chip under . (19.0) (5.23)
. e c& 21.9 6.85 1.05 5.0
our experimental conditions. After the background was (19.0) (4.81)
subtracted, the data were fit to a two-step binding model 146G Mg 159 542  1.06
(two-state reaction model): (18.0) (14.1)
cet 219 535  1.07 6.0
Ky Ky, (19.0) (12.7)
A+ B<—(AB)* — AB A3E/45E/ Mgt 17.2 6.25  1.09
k-1 k-2 144E/146G (18.0) (3.2)
cet 203 742 108 3.1
using the global data analysis with the BlAevaluation version (19.0) (2.78)
3.1 program. Thus association rate constest= ki, a|ntersite distances between Trp-20 of cTnC and AEDANS at Cys-
dissociation rate constamt; = k-1k—o/(ky1 + Ki2), and 51 of cTnC were measured in a binary complex with one of the cTnl
association constamt, = Ko/Kof. mutants. Experimental conditions were described in Experimental
Procedures. Each set of data was refitted by holding the mean distance
RESULTS at the value in parentheses, and the resultafvalue is also shown

in parentheses.

Distance Distribution Analysisio determine the influence
of PKC pseudophosphorylation and/or FHC-related mutations of the donor in the presence and absence of the acceptor
on the ability of cTnl to induce a structural transition in the allowed us to recover the distance distribution between donor
N-domain of ¢cTnC, we employed FRET measurements and acceptor3d8). In a binary complex with dW-cTnl(wt)
between Trp-20 (donor) and AEDANS labeled at Cys-51 and cTnC(20W/51C), the mean distance between the donor
(acceptor) of cTnCA1, 35). Trp-20 is located in the A-helix, —and acceptor was 15.5 A, as calculated from distance
and Cys-51 is located at the-& linker. Upon C&" binding distribution analysis in the absence of2CaUpon Ca&"
to the regulatory site(s) of TnC, helices B and C move away binding to the regulatory site and induction of the structural
from helices A and D. Thus CG&dependent structural change in the N-terminal domain of cTnC(20W/51C), the
opening of the N-terminal domain of cTnC in a binary mean distance increased to 22.9 A. These distances and the
complex with ¢cTnl can be monitored as a decrease of transferdistance change are in good agreement with our previous
efficiency by FRET measurements between these two sites.measurements2(, 35) and with the distances calculated

Figure 1 illustrates the distance distribution with the from NMR structuresZ0, 39, 40). As summarized in Table
assumption of Gaussian distribution, and Table 1 summarizesl, introduction of PKC pseudophosphorylation into dwW-
the distance distribution parameters. Lifetime measurementscTnl(wt) resulted in a small increase of the mean distance
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(15'4 A) in the abs_ence of Gaand a smaller increase _Of the Table 2: Anisotropy Parameters of Tryptophan (Donor) and
distance (5.5 A) induced by €acompared to the binary  |AEDANS (Acceptor) in cTnC(20W/51G)cTnl Complexed
complex with dW-cTnl(wt). In both the absence and the depolarization orientation
presence of CGd, half-widths (HW) of the distance distribu- dW-cTnl anisotropy factor factor
tions increased as compared to dW-cTnl(wt). dW-cTnl(146G)  mytation  conditions fop  Toa 000 A0 Komn Koma
had an effect on distance change similar to dW-cTnl(43E/

; - Mg2*  0.158 0.141 0.718 0.381 0.200 1.94

45E/144E). Introduction of the PKC pseudophosphorylation v C§2+ 0.165 0.157 0.750 0.424 0.275 2.08
to dW-cTnl(146G) increased the mean distance to 17.2 A 43g/45€/ M@+ 0.151 0.144 0.686 0.389 0.308 1.92
and the HW to 6.25 A in the absence ofZabut the effect 144E Cé*+ 0.162 0.158 0.736 0.427 0.279 2.07
of Ca* on the distance was an increase of only 3.1 A, 146G Mg* 0165 0157 075 0.424 0.275 2.07
Ithough the distribution was broadened by 1.17 A. The ca 0.157 0.149 0.714 0403 0.294 1.9
a 9 y 1. - 43E/45E/ M@* 0.160 0.147 0.727 0.397 0.292 1.99

difference in the mean distance between the absence and 144E/146G  C&  0.155 0.139 0.775 0.376 0.283 2.02
presence of Ca for this mutation was only-40% of that aExperimental conditions were the same as those used in Table 1.
observed for dW-cTnl(wt) and~50% of that for dw- brop and roa are limited anisotropy of the donor and acceptor,
cTnl(146G). The C&-induced increase in HW was40% respectively, and are determined from the respective anisotropy decay
of that observed for dW-cTnl(wt). Thus the combined effects curves.® [d*pCand [@*xCare axial depolarization factors for the donor

: _ .~ and acceptor in the protein, respectively, and are calculated as previously
of PKC pseudophosphorylation and FHC-related mutation described 41). 2 and k% are the lower and upper limits,

appeared to be essentially additive. _ respectively, of the orientation factors calculated fiemandro  (41).
To examine the extent to which the observed difference

between two distributions of distances determined in the N .
cTnl mutants (data not shown). The limiting anisotropy

absence and presence of?Ca&an be considered distinct, I derived f he d q cul hei
we refitted the data by holding the mean distance at the valueV&'Ues derived from the decays were use to calculate their
respective axial depolarization factors and the range?of

shown in parentheses in Table 1. For dW-cTnl(wt), a change ‘ >
P (o g (k®min — K%may). These results are listed in Table 2. The range

of 2 A resulted in a 3-fold increase in the values)@f. , )
Larger elevations (514-fold) in yr? were obtained for two of k was 0.28-2.1 for all distances. The exp(_acted_error
resulting from the use of a value &k for the orientation

of the other three mutants of dW-cTnl. For the third mutant, ¢ lcul h di is | han 20%. Th
a change b1 A in the mean distance resulted in a 3-fold actor to calculate the mean distance Is less than 20%. The
variations of the axial depolarization factors listed in the

elevation of theyr? value. This analysis indicates that the Table 2 for either d in diff |
uncertainty of the best fitted values for the mean distances able 2 for either donor or acceptor in different complexes
was not likely more tha 2 A and, in each case, the two with or without the presence of €aare less than 11%. These
distributions are distinct ' ' results suggest that both fluorophores do not experience
In general, deviation O'f the distances in the Mgtate or significant changes in their orientations upon reconstitution
Ca' state from dW-cTnl(wt) was accompanied by an with different cTnl mutants and €a binding. Therefore,
increase of HW, indicating alteration of the equilibrium much of the ob_served chan_ges |n_the mean distance and
fPparent half-width of the distribution between the donor

between the open and closed forms of cTnC, as discusse ) .
below. When PKC pseudophosphorylation and/or the FHC- and acceptqr sites could be due to structural dynamic changes
of the proteins.

related mutation were introduced into dW-cTnl, the apparent
structure of the N-domain of cTnC became more flexible in ~ Steady-State Fluorescencio assess the effects of PKC
both the presence and the absence &fCa pseudophosphorylation and/or FHC-related mutation of cTnl
In our FRET data analysis to recover the distribution of 0n C&" sensitivity of the structural opening of the N-domain
distances between Trp-20 and Cys-51 of cTnC, severalOf cTnC, we employed C4 titration in the absence and
criteria clearly showed distinct distributions of doror ~ Presence of acceptor (AEDANS at Cys-51 of cTnC) and
acceptor distances for the complexes reconstituted withcalculated FRET efficiency. Figure 2 shows the pCa
different cTnl mutants. The recovered distributions are distance relations in a binary complex with each of the
apparent distributions in that they are influenced by the recombinant cTnis. The distance between the donor and

Forster critical distanceR) of the donotacceptor pair, the ~ acceptor was calculated from FRET efficiency according to
orientations of donor and acceptor, and their motions, €ds 1 and 2. The maximum and minimum distances obtained

conformation fluctuation, and sitesite diffusion of the  from these experiments are in good agreement with those
protein. In particular, a distribution of the orientation factor obtained from the distance distribution analysis described

(<?) can contribute to the overall observed apparent distance@bove. The pGa values, which correspond telog [C&']
distributions. In our calculation of the mean distances from at which 50% of the distance change occurred, obtained by
the distribution of the distances, a value?afwas used for fitrating the distances with Cawere 5.41 for dW-cTni(wt),

the orientation factor?, based on the assumption of isotropic 9-30 for dW-cTnl(43E/45E/144E), 5.30 for dW-cTnl(146G),
and rapid tumbling of the fluorophores. If this value was and 5.09 for dW-cTnl(43E/45E/144E/146G). Both 146G and
inappropriate or different for the different biochemical states, 43E/45E/144E mutations reduced the pQzalue by 0.11

the calculated distances would be subjected to an uncertaintyPCa unit compared to the dW-cTni(wt). The 43E/45E/144E
that cannot be quantitatively assessed. There is no theoreticall46G mutation reduced the p&aalue by 0.32 pCa unit
model to predict the exact value &t However, the potential ~ compared to the dW-cTnl(wt).

contribution of the orientation factors can be estimated from  Figure 5A shows the relationship between pQCalues

the axial depolarization factors of the donor and acceptor obtained from steady-state fluorescence experiments and the
(41). We measured the anisotropy decays of both the donormean distances and distance changes obtained from FRET
and acceptor in each complex reconstituted with different measurements. The data show a clear correlation between
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20+

Distance (A)

18+

. InT(recombinant)

16+

B T TnT{endogenous)

55

45 40

5.0
pCa
Ficure 2: FRET-sensed Ca titration of the cTni-cTnC binary
complex. The complexes contained either dW-cTnl(wt) (closed
circle), dW-cTnl(43E/45E/144E) (open circle), dW-cTnl(146G)
(closed square), or dW-cTnl(43E/45E/144E/146G) (open square).
Trp at position 20 (donor) of cTnC was excited at 295 nm, and
emission was recorded at 333 nm. AEDANS attached to Cys-51
of cTnC was the acceptor. FRET efficiency was converted to
distance as described in Experimental Procedures. The data were
fitted with a simple Hill equation. pGa (Hill coefficient) values
obtained from these experiments were 5.41 (2.19) for dW-cTnl(wt),
5.30 (2.58) for dW-cTnlI(43E/45E/144E), 5.30 (2.05) for dw-
cTnl(146G), and 5.09 (1.77) for dW-cTnl(43E/4A5E/144E/146G).
The experiments were repeated to confirm reproducibility.

65 6.0

QOO

80 |

40

% Maximum Force

20

the C&" sensitivity and distance changes. This indicates %
significant energy coupling between Cabinding and the
structural transition in the cTn€cTnl binary complex.
Tension Measurementslo assess functional effects
of recombinant cTnls [cTnl(wt), cTnl(43E/45E/144E),
cTnl(146G), and cTnl(43E/45E/144E/146G)] and their dW-
cTnl counterparts, as well as the cTnC mutant [cThnC(20W/
51C)], we measured the isometric tension of detergent-treated
(skinned) fiber bundles, in which the endogenous cTn
complex was exchanged with each of the recombinant cTn
complexes. The results are summarized in Figure 3 and Table
3.We first replaced the endogenous cTn ternary complex with
the cTnT-cTnl binary complex, and the whole cTn complex
was then reconstituted by adding cTn@),(31). Alkali—
urea polyacrylamide gel electrophoresis verified the absence
of ¢cTnC following extraction (data not shown). The slower
mobility of recombinant cTnT, which contained a myc tag
at its N-terminus, permitted determination of cTnT exchange.
Using an anti-TnT antibody, we determined the extent of
Tn replacement by Western blot analysis (Figure 3A). When
we exchanged the endogenous Tn complex with the recom-
binant Tn complex containing cTnl(wt) or cTnl(S43E/S45E/
T144E), we were able to replace nearly 100% of the Tn
complex with the exogenous Tn complex, whereas 80%
of the native Tn complex was exchanged with Tn complexes

60 | s
40 |

20 .

% Maximum Force ©

o

Tension (MN/mm2)

50F

&

with the R146G mutation.
Panels B and C of Figure 3 show the p@ansion
relations, and Figure 3D shows maximum and minimum

Ficure 3: Effects of cTnl mutations on foregpCa relation of
skinned fiber bundles. The endogenous cTh complex was replaced
by treatment with the cTn¥FcTnl complex followed by addition

of cTnC to reconstitute the whole ¢cTn complex as described

tensions for fiber bundles where endogenous cTn was previously @1, 31). (A) Western blot analysis of cTnT using an
replaced by one of the recombinant cTn complexes. Com- anti-TnT antibody to estimate the exchange efficiency. Since the
pared to fiber bundles with dW-cTnl(wt), fiber bundles that recombinant TnT has a c-myc tag at its N-terminus, it shows slower

; ] - mobility compared to endogenous cTnT. (B) For€eZ™ relations
contained dW-cTni(43E/45E/144E) were desensitized to for skinned fiber bundles containing dW-cTnl(wt) (filled circles),

Caet*, whereas fiber bundles that contained dW-cTnl(146G) qw-cTnI(43E/45E/144E) (open circles), dW-cTni(146G) (filled
were sensitized to Ca (Figure 3B). Furthermore, com-  squares), or dW-cTnl(43E/45E/144E/146G) (open squares). The Tn
pared to fiber bundles with dW-cTnl(wt), those with dw- complex was reconstituted by adding cTnC(20W/51C). (C) Ferce
cTnI(43E/45E/144E) showed a reduction of maximum ten- Ca* relations for skinned fiber bundles containing cTnl(wt) (filled

: . ; . circles), cTnl(43E/45E/144E) (open circles), cTnl(146G) (filled
sion. However, introduction of the R146G mutation resulted squares), or cTnl(43E/45E/144E/146G) (open squares). The ternary

?n an incre_as_ed maximum _tenSion and a S_ignificantly Tn complex was reconstituted by adding cTnC. (D) Maximum and
increased minimum tension (Figure 3D). Qualitatively, these minimum tensions for skinned fiber bundles containing dW-cTnls.
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Table 3: Summary of Results from Skinned Fiber Stuties

max tension min tension
cTnl pCao Hill coeff ~ (mMN/mm?)  (mN/mn¥)

wt 5.33+0.01 3.25+£0.30 23.02+-0.49 1.37+0.25

S43E/S45E/ 5.174+0.01 3.51+0.35 13.7A40.06 0.00+ 0.02
T144E

R146G 5.63+0.03 1.70+0.12 30.11+1.33 6.25+:0.82

S43E/S45E/ 5794+ 0.02 1.64+0.11 26.90+0.96 7.45+0.77
T144E/

R146G
dwiwt 5.3740.01 2.12+0.12 21.10+0.41 0.00+ 0.18
dw/S43E/ 5.25+0.02 2.09+0.14 17.57+0.43 0.70+0.16
S45E/T144E Sl o
dW/R146G 5.46+ 0.02 1.46+0.10 26.58+0.65 9.48+ 0.26 100 150 200 250 300 350 400 450 500
dW/S43E/ 5544 0.03 1.38+0.11 24.06+0.62 10.59+ 0.27 Time (sec)
SA45E/T144E/
R146G

aEndogenous cTnl in detergent-skinned fiber bundles was exchanged
with various mutant forms of recombinant cTnl, and the effects on
Ca&" sensitivity (pCao), cooperativity (Hill coefficient), and tension
development (maximum and minimum) were determined. The numbers
were expressed as meanSEM from eight to twelve fibers (three to
four mice).

observations are consistent with the data from fiber bundles
without the dW (Trp-192 to Phe) mutation of cTnl and the
20W/51C mutation of cTnC as shown in Figure 3C. Thus
the effects of PKC pseudophosphorylation on the activity
of myofilaments are dependent on whether residue 146 of
cTnl is Arg (wt) or Gly (FHC-related mutant).

In Figure 5B, we show the extent of muscle activation
defined as (maximum tension) (minimum tenson) a5 & L &, IMESSeT, O STHE, Wi MRS, St phmon
funptlon of the relat'lon between apparentztagﬁlnlty Peséjnar?ce. ngIywas immobilized on aI sensoyr clrjﬂp, an(Fj) varied
derived from the tension measurement or frond‘Gération concentrations of cTnC were injected over the surface as described
using steady-state fluorescence measurements. There was i Experimental Procedures. Injection was performed for 90 s (A)
weak correlation between muscle activation and apparentor 120 s (B) followed by 300 s of dissociation phase at a flow rate
Ce* affinity for tension development (closed circle), whereas °L52§‘L:/g‘ig7i”2th3396casr]%|5ig%“ﬁ:ﬂ“t;?“%“ts of cinc li;jezc;gd yere
there was a strong c;qrrelation between muscle.a.ctivation andgm)oI 61 nM (fr'an tdp)' Smax (dénsity o(f icr)nmgt?i?izaed C(Tr)“ on the
the apparent Ca affinity for the structural transition in the  gyrface chip) values were (A) 21.5 RU and (B) 30.1 RU,
cTnC—cTnl binary complex (open squares). respectively. Solid lines indicate fitted curves according to the two-

Interaction between TnC and Tiilhe interaction of cTnC ~ step binding model.
with immobilized cTnl was analyzed in real time using
surface plasmon resonance spectroscopy (BlAcore). In ourTable 4: Summary of Affinities and Rate Constants for cTnC
experiments, to avoid the artifacts (such as mass-transporfndind o Immobilized cTnis
effect, steric hindrance, or nonspecific binding of the analyte crnl kon (M~*s™) kot (5™1) Ka(M™)
to the sensor chip), purified cTnl was immobilized on a C1  wt 1.59x 10°  1.54x 102 1.03x 108
chip by thiol coupling, and experiments were conducted with S43E/S45E/T144E  1.4010°  264x 10! 5.30x 10
relatively low surface density of the ligand and high flow R46G 2.80< 10 8.00x 103  3.50x 10F

o o S43E/S45E/T144E/ 1.90x 10°  1.76x 107!  1.08x 10°
rate @2). To maintain the solubility of cTnl, we used 0.3 M R146G ) ) *

NaCl for the running buffer. The interaction of cTnl with "The affint - —

; e affinities between cTnC and immobilized cTnls were measured
¢TnC was analyzed in the presence of 5 mM Mgéid 0.1 by BlAcore surface plasmon resonance. The solution conditions were
mM CaCb, pH 7.0 at 25°C. Two examples of sensograms 0.3 M NaCl, 5 mM MgC}, 0.1 mM CaC4, and 20 mM MOPS, pH 7.0
are shown in Figure 4, and kinetic parameters obtained byat 25°C. In all cases, standard errors for the fitted parameters (
global fit to a two-step binding model are summarized in K-u ki2 andk-z) were 5-15% of the fitted values. The valués,
Table 4. The R146G mutation of cTnl resulted in a decreased kott, andK, were calculated as described in Experimental Procedures.
association rate constari,{), whereas PKC pseudophos-
phorylation resulted in an increase of the dissociation rate tion sites between TnC and T3, 44). Recently, Tripet et
constant K.). PKC pseudophosphorylation of cTnl(wt) al. reported the interaction between fsTnC and several
increased the dissociation rate constant 17-fold, resulting in peptides derived from the inhibitory region and the regulatory
a 20-fold lower affinity for cTnC. PKC pseudophosphoryl- region of fsTnl using the SPR techniqu&s). The data thus
ation of cTnl(R146G) also induced a faster dissociation rate obtained should be simpler than those between whole
constant (22-fold) and lower affinity (32-fold) for cTnC. proteins. Interestingly, they also found that a two-step binding

Only a two-step binding model could fit our data reason- model was required to fit their data. Although one might
ably. This is not surprising considering the multiple interac- speculate that each step (fast or slow) in the association and

150 200 250 300 350 400 450 500

Time (sec)
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dissociation phases corresponds to sequential binding of Tnichange of the inhibitory region and the following regulatory
to the N- and C-domain of TnC, this interpretation requires region of cTnl @9). Yet the precise structural mechanism
more investigation. In general, clearer determination of the by which PKC pseudophosphorylation and/or the FHC-
relationship between kinetic parameters and the structuralrelated mutation introduced into cTnl affect(s) the structural
information awaits further experiments. transition of the N-domain of cTnC and its transduction to
other thin filaments remained to be established.
DISCUSSION There are previous reports describing mutations that induce
Our data provide novel and important evidence on the alteration in the C&-binding property of TnC (e.g., refsO—
mechanism of activation of cardiac myofilaments and how 55). For example, the replacement of the?Gaoordinating
this mechanism is modified by Tnl charge modifications Glu residue at the-Z position of the E-F hand C&binding
associated with FHC and posttranslational modifications. By site | of fsTnC to Ala resulted in the loss of €&inding to
comparing activation of tension to the open state of the the site 40). da Silva et al. §6) were able to increase €a
N-domain of cTnC with variations in the state of cTnl, we binding affinity by mutating hydrophobic residues that are
were able to provide data supporting the hypothesis thatexposed upon CGa binding to less hydrophobic residues.
activation of cardiac myofilaments is tightly coupled to the Another example reported recently involved the replacement
open state of the N-domain of cTnC. Both PKC pseudophos- of hydrophobic residues that buried in the apo state to less
phorylation and a missense mutation of cTnl induced hydrophobic amino acids57). In these latter two cases
alterations in the open state of cTnC. Moreover, the apparentchanges in the stability of either the €ebound or apo state
Ca* affinity of this structural transition in a binary complex, of TnC induced altered C&binding affinity. Another way
not apparent C4 affinity for fiber bundles, correlated well  to alter C&*-binding affinity is by manipulating the interac-
with isometric tension activation of skinned fiber bundles. tion with a target proteingg). In this study, by introducing
Our data demonstrating that effects of PKC pseudophos-PKC pseudophosphorylation and/or FHC-related mutation
phorylation of cTnl on tension and the open state of the into cTnl, we were able to change the apparerit @anding
N-terminus of cTnC are significantly altered in an FHC- property of cTnC. This effect appeared to be derived from
related mutant of c¢Tnl are also of importance to our the alteration of binding affinity between cTnC and cTnl as
understanding of regulation of myocardial contraction in shown in Figure 4 and Table 4.
physiological and pathological states. Despite the number of reports describing the alteration of
Evidence on the crystal structure of the core domain of Ca&*-binding affinity of cTnC as mentioned above, the
the cTn complex provides a rationale for the effects of charge structural consequence of changing thé'@ainding affinity
modification of the PKC sites on cTnd6). Two of the PKC of cTnC remains unknown. Gagmet al. 69) reported that
phosphorylation sites, Ser-43 and Ser-45, are located in thethe N-domain of fsTnC with replacement of th& position
N-terminal o-helical region of cTnl [H1(l)]. Although the  of the C&"-binding site | to Ala remained as a closed form
N-terminal half of H1(l) interacts with the C-lobe of cTnC even after binding Ca to site Il. However, to the best of
extensively, close examination of the crystal structure of the our knowledge, ours is the first report that describes the
core domain of the cTn complex revealed that there is no partial structural opening of the N-domain of TnC by altering
interaction between Ser-43 or Ser-45 with the C-domain of the C&"-binding properties. It should be mentioned that what
cTnC; rather Ser-45 of cTnl may interact with Glu-10 in we observed here are average distances derived from distance
the N-domain of cTnC. Thus PKC phosphorylation of Ser- distribution analysis under certain conditions. If there are
45 may disrupt the interaction with Glu-10 of cTnC and have only two structural states (open and closed states) in the
direct impact on the G4 binding to the regulatory site of  N-domain of cTnC, an observed shift of a distribution along
cTnC. This is intriguing considering the recent NMR the distance axis may be interpreted as the shift of the
measurements that detected a structural disruption at theequilibrium between closed and open states. Interestingly,
N-cap position of the G-helix in the C-domain of ¢cTnC, all of the mutations we investigated in this study caused a
rather than residue(s) in the N-domain, by replacement of shift of structural equilibrium in both the presence and the
Ser-43 and Ser-45 of cTnl with Asp both in a cHdTnC absence of C4 at the single regulatory site of cTnC in the
binary complex and in a cTr¥cTnl—cTnC ternary complex ~ ¢TnC—cTnl complex. The only exception was the single
(47). Another PKC phosphorylation site, Thr-144, and FHC- mutant R146G mutation in the presence of C@lable 1).
related mutation site we are investigating, Arg-146, are It is apparent that PKC pseudophosphorylation and/or
located in the minimum inhibitory region of cTnl. The FHC-related mutation affect the distribution among three
minimum inhibitory region (residues 13849 of cTnl) by states of thin filaments by altering the equilibrium between
itself is able to interact with actin and inhibit actin-activated the open and closed state of the N-domain of cTnC. There
myosin ATPase activity. In the crystal structure of the core is evidence that thin filaments exist in a dynamic equilibrium
domain of the ¢cTn complex4g), the minimum inhibitory among three states (blocked, closed, and open states). In
region was not visible, indicative of the flexible structure of diastole (low [C&"] conditions), the state of cardiac thin
this region in the complex. This was also indicated by a spin- filaments is believed to be 50% in a blocked state and 40%
labeling EPR experiment8). Studies by Dong et al20) in a closed state6(). Upon C&" binding to the regulatory
detected the structural transition of the inhibitory region by site in cTnC, the equilibrium changes to one in which 75%
measuring of the distance between the N-terminus and theof thin filaments are in the closed state and 20% are in an
C-terminus of this region, which increased upoi'Gzinding open state. As shown in Figure 3, the introduction of the
to the regulatory site of cTnC both in the cTRCTnI binary R146G mutation into cTnl(wt) or cTnl(43E/45E/144E)
complex and in the cTn ternary complex. We also measuredresulted in the increase of minimum tension caused by
the various distances among cTnl and modeled the structuraincomplete turning off of cross-bridge cycling. This indicates
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that the R146G mutation may shift the equilibrium from the
blocked state to the closed and open states in diastole. This
is intriguing because whereas the 43E/45E/144E/146G muta-
tion affected the mean distance between the donor and
acceptor the most and increased the distance between the
donor and acceptor in the Mystate, the R146G mutation
caused minimum effect on the mean distance in thé'Mg
state. This effect, however, must be attributed to the alteration
of actin—cTnl interaction rather than alteration of the cFAC
cTnl interaction, since, as mentioned above, the R146G
mutation is located in the inhibitory region of cTnl, which
interacts with actin in the absence ofand inhibits actin-
activated myosin ATPase activity. It should also be men-
tioned that mutation at position 146 of cTnl affects co-
operative activation of the myofilaments (Figure 3 and Table
3).

The most interesting finding in the present study is that
the muscle activation, defined as (maximum tensien)
(minimum tension), correlates well with pgavalues
obtained from FRET titration, not pGgvalues from tension
measurements, as shown in Figure 5B. As mentioned above,
pCay values obtained from FRET titration also correlate with
the structural opening of the regulatory N-terminal domain
of ¢cTnC. Thus the extent of muscle activation was deter-
mined by the extent of structural opening of cTnC, which
was altered by mutations introduced into cTnl. This is
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