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Abstract

Striated muscle contraction is regulated by the actin-associated proteins tropomyosin and troponin.
The extent of activation of myosin ATPase activity is lowest in the absence of both Ca2* and
activating cross-bridges (i.e., S1-ADP or rigor S1). Binding of activating species of myosin to
actin at a saturating Ca2* concentration stabilizes the most active state (M state) of the actin—
tropomyosin—troponin complex (regulated actin). Ca?* binding alone produces partial stabilization
of the active state. The extent of stabilization at a saturating Ca2* concentration depends on the
isoform of the troponin subunits, the phosphorylation state of troponin, and, in the case of cardiac
muscle, the presence of hypertrophic cardiomyopathy-producing mutants of troponin T and
troponin I. Cardiac dysfunction is also associated with mutations of troponin C (TnC). Troponin C
mutants A8V, C84Y, and D145E increase the Ca2* sensitivity of ATPase activity. We show that
these mutants change the distribution of regulated actin states. The A8V and C84Y TnC mutants
decreased the inactive B state distribution slightly at low Ca2* concentrations, but the D145E
mutants had no effect on that state. All TnC mutants increased the level of the active M state
compared to that of the wild type, at a saturating Ca* concentration. Troponin complexes that
contained two mutations that stabilize the active M state, A8V TnC and A14 TnT, appeared to be
completely in the active state in the presence of only Ca2*. Because Ca2* gives full activation, in
this situation, troponin must be capable of positioning tropomyosin in the active M state without
the need for rigor myosin binding.
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Hypertrophic cardiomyopathy is a cardiac disease in which the left ventricle becomes stiff,
thus compromising muscle relaxation during diastole.! Missense and frame-shift mutations
in sarcomeric proteins are the most common cause of this clinical presentation.> On average,
75% of the hypertrophic cardiomyopathy patients screened for sarcomeric mutations are
found to be positive for at least a single gene mutation, including those encoding proteins of
the troponin complex.2~> However, the molecular basis for the poor relaxation kinetics of the
heart and diastolic dysfunction in these patients remains obscure. We investigated the effects
of mutations in the regulatory apparatus to understand how regulation is altered in
hypertrophic cardiomyopathy.

Cardiac troponin C (TnC) is a Ca2* binding protein of the thin filament that confers Ca2*
sensitivity to the actin-activated ATPase activity of myosin.%7 At low resting levels of
intracellular Ca%*, the single functional site of the N-terminal domain, site 11, is free of
bound Ca2*, while high-affinity sites Il and 1V in the C-terminal domain are bound to Ca2*
and/or Mg2*.8 When Ca2" is released from the sarcoplasmic reticulum into the cytoplasm, it
binds to site Il of TnC. This promotes a series of conformational changes in the troponin—
tropomyosin complex that culminates in faster actomyosin cycling, thus generating
contraction.®-12 Troponin is a ternary complex that in addition to TnC is comprised of
troponin | (Tnl), the subunit known to inhibit contraction,13 and troponin T (TnT), which
connects the ternary complex to tropomyosin and directly modulates the rate of actomyosin
ATPase activity.141 The ability of troponin to control actin activation of ATPase activity is
known to be altered by hypertrophic cardiomyopathy-associated mutations in troponin.16

The ability of the actin—tropomyosin—troponin complex to stimulate the ATPase activity of
myosin S1 depends on the level of Ca2* bound to troponin C and S1 or S1-ADP bound to
actin. Many features of actin activation of ATPase activity can be simulated by assuming that
these actin states fall into two categories: those that activate ATP hydrolysis and those that
do not.1” The activating and nonactivating species of actin were assumed to bind to S1
during steady state ATP hydrolysis as suggested by experimental evidence.18-21 Several
lines of evidence suggest three states of regulated actin are in rapid equilibrium with each
other at a saturating Ca2* concentration.22-2% Despite the fact that two of these states are

Biochemistry. Author manuscript; available in PMC 2019 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baxley et al.

Page 3

nonactivating, the transitions between them are important because these transitions are
affected by disorders such as hypertrophic cardiomyopathy.16

The inactive state is heavily populated in the absence of either bound Ca?* or activating
cross-bridges. This state is often called the blocked state (B state) because tropomyosin
appears to block the binding site of activating cross-bridges (rigor S1 or S1-ADP). Myosin—
ATP can bind to actin in this state, however.18.26-28 So|ution studies show that the Viax,
rather than the Ky, is most effected by an increase in the CaZ* concentration.19:28-30 At g
saturating Ca2* concentration, ~60% of the actin is in an intermediate state that is often
called the closed or calcium state (C state). That state also has low activity with respect to
stimulating myosin ATPase activity.2> The active state, sometimes called the open or myosin
state (M state), is stabilized by high-affinity myosin binding31:32 and by some reports
requires both CaZ* and myosin binding.33 The ATPase activity of actin-myosin is
approximately defined by the fraction of actin in the active state. Note that in some earlier
publications we used the terms I, X, and A for the inactive, intermediate, and active forms of
regulated actin, respectively.

Actin—tropomyosin-troponin complex-activated ATPase activity is a function of the
cooperative transition from the inactive to the active states that occurs with an increase in the
Ca?* concentration32:34:35 and the absolute activities at the limits of zero Ca2* and saturating
Ca?* concentrations. These limiting activities are altered by the troponin structure; several
mutants of TnT and Tnl changed these limiting activities by changing the distribution of
states of regulated actin at the extremes of Ca2*.30:36-38 \\We wished to determine if
mutations in TnC function in the same manner.

Three mutations in the TnC gene have been linked to hypertrophic cardiomyopathy in
humans.3? Recent reviews describe these and other TnC mutations.#9-42 Incorporation of the
TnC mutants A8V, C84Y, and D145E into skinned fibers increased the Ca2* sensitivity of
contraction, which was also recapitulated in a reconstituted actomyosin ATPase assay.439
Furthermore, A8V TnC knock-in mice develop diastolic dysfunction.#3 The changes caused
by these TnC mutations might be linked to an increase in the level of the M state at a
saturating Ca2* concentration.

We now show that the cardiomyopathy mutations A8V, C84Y, and D145E in TnC stabilize
the active state of regulated actin to various extents. Furthermore, actin filaments containing
both A8V TnC and Al4 TnT, another activating mutation3¢:38 that is associated with
hypertrophic cardiomyopathy,*445 were fully activated by Ca2* without high-affinity
binding of myosin to actin. This demonstrates that troponin can actively direct tropomyosin
to the activating position as well as perform its established function of stabilizing the
inhibitory position.

EXPERIMENTAL PROCEDURES

Proteins.

Actin was prepared from rabbit back muscle.*6 Pyrene-labeled actin was prepared by
reacting F-actin with A-(1-pyrenyl) iodoacetamide.4” Myosin was prepared from rabbit back
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muscle.*8 Skeletal myosin S1 was made from myosin digested with chymotrypsin.*® A
Ethylmaleimide-modified S1 (NEM-S1) was prepared by reacting 33 4M S1 with 495 xM
N-ethylmaleimide for 30 min at 25 °C in a buffer containing 100 mM KCI and 50 mM
tris(hydroxyethyl)aminomethane hydrochloride (pH 8.0).50 The reaction was quenched with
5 mM dithiothreitol, and NEM-S1 was dialyzed exhaustively against 100 mM KCI and 10
mM MOPS, frozen in a dry ice/ethanol bath, and stored at —80 °C.

Bovine cardiac left ventricles were used to prepare tropomyosin.>! Acrylodan-labeled
cardiac muscle tropomyosin was prepared using a 10:1 acrylodan:tropomyosin molar ratio.
38 These conditions gave >70% labeling using an extinction coefficient of 14400 M~ cm™!
at 372 nm for acrylodan.>2

Human cardiac troponin TnT (isoform 2) in pSBETA and human cardiac Tnl in pET17b
were purified after expression.3® The preparation of wild-type and mutant human cardiac
TnC in pET3d was described previously.>3 Troponin subunits were reconstituted following
the previously described protocol®* with modifications. TnT, Tnl, and TnC were mixed in a
1:1:1.2 molar ratio, and following dialysis, the intact troponin complex was isolated by
chromatography on a Protein Pak DEAE 15HR column (Waters, Milford, MA). The start
buffer consisted of 0.1 M NaCl, 20 mM Tris-HCI (pH 8.0), and 5 mM MgCl,. Troponin was
eluted with a 0.1 to 1.0 M NaCl gradient in the same buffer.

Protein concentrations were determined using the following extinction coefficients (£%-1%)
for 280 nm: 1.15 for actin and 0.75 for myosin S1. Concentrations of tropomyosin and
troponin subunits were determined by the Lowry protein assay with a bovine serum albumin
standard. Protein molecular weights were assumed to be 42000 for actin, 120000 for myosin
S1, 68000 for tropomyosin, 24000 for troponin I, 35923 for troponin T, and 18400 for
troponin C.

ATPase Assays.

Rates of ATP hydrolysis were measured by the time course of liberation of 32P; from [y
-32p)ATP.19 The total reaction volume was generally 0.2 mL. A 0.05 mL aliquot of the
reaction mixture was analyzed at each of three or four time intervals to ensure that P; release
was linear over the time period in this cooperative system. Data were fitted with a linear
least-squares program to determine the initial rate. Measurements were taken at 25 °C with
0.1 /M S1, 10 M F-actin, 2.2 M tropomyosin, and various concentrations of troponin. The
buffer was 1 mM ATP, 3 mM MgCl,, 34 mM NaCl, 10 mM MOPS, 1 mM dithiothreitol, 2
mM EGTA, or 0.1 mM CaCl, (pH 7.0).

With two populations of regulated actin, one inactive (B and C states) and one active (M
state), the observed rate, Vypg, is equal to (1 = fn)(Vmax- Bc[AD/(Ku- Bc + [A]) +

M Wax-MIAD/(Km-m + [A]). The fraction of actin in the active M state is Fyy, and [A] is
the actin concentration. Because [A] < Ky and because the M state is much more active than
the B and C states, the rates are proportional to fyy Vitax/ Km-

Determination of 74, from values of vy, requires knowledge of the minimum, v, and
maximum, Vmax, Values of ATPase activity under these same conditions of actin
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concentration, ATP concentration, temperature, and ionic strength. The fraction of regulated
actin in the active M state is given by (Vops = Vinin)/(Vinax — Vinin)- The lowest actin activated
ATPase activity that we have measured was at low Ca2* with a protein kinase C
phosphomimetic mutation, S45E Tnl.37 Actin filaments containing that troponin had a rate
in EGTA that was 0.61 times that of filaments containing wild-type troponin. We assume
that represents the fully inactive state and use that value for viin. Not to be confused with
Uviax at a saturating actin concentration, vina iS rate at the actin concentration used to
measure Ipps When actin is fully stabilized in the M state.

Stabilization of the M state was achieved by high-affinity binding of myosin to regulated
actin. The cooperative binding of ATP-free myosin to actin® enhances the ability of actin to
stimulate myosin S1 ATPase activity?-31:56 and maximizes the phosphate release step.33
Myosin S1 that is modified with A-ethylmaleimide has a very low ATPase activity but still
retains the ability to bind regulated actin and stabilize the active state.5”59 To maintain a
constant free regulated actin concentration in the presence of a competitive inhibitor of
binding of S1-ATP to actin, the concentration of the actin— tropomyaosin—-troponin complex
was increased by an amount equal that of the added NEM-S1.59 ATPase rates were corrected
for the rate of hydrolysis of S1 in the absence of actin [0.06 £M s~ (1M S1)~1] and for the
rate of hydrolysis of the added NEM-S1 in the presence of the actin—-tropomyosin— troponin
complex [0.02 zM s~ (1M NEM-S1)71].

Rapid Kinetic Measurements.

Binding of rigor S1 to the actin—tropomyosin—troponin complex stabilizes the active state.
Rapid dissociation of S1 with ATP in EGTA causes the regulated actin to relax to the
inactive B state after transiently passing through the intermediate C state.%0 Skeletal S1
detaches more rapidly than cardiac S1 and is preferred for these assays.38

A mixture of actin, troponin, tropomyosin, and S1 (protein concentrations and buffers are
given in the figure legends) was rapidly mixed with a high concentration of ATP at 10 °C.
The kinetics of the transition from the active state to the inactive state were measured with a
SF20 sequential mixing stopped-flow spectrometer (Applied Photophysics, Leatherhead,
U.K.). The temperature was maintained with a circulating water bath. Acrylodan was excited
through a monochromator set at 370 nm (below the optimum of 391 nm to reduce light
scattering) and a slit width of 0.5 mm. The fluorescence was measured through a Schott
(Duryea, PA) GG 475 long-pass filter.

The reaction is shown diagrammatically in Scheme 1, where T is ATP, S is myosin S1, and
the states of actin are shown in bold. The active (M) and inactive (B) states are characterized
by high acrylodan-tropomyosin fluorescence.%!

The ATP concentration used to dissociate the actin-myosin complex was chosen to make the
formation of free actin (in the active M state) occur sufficiently fast that the first two
processes in Scheme 1 do not affect the kinetics of the acrylodan tropomyosin changes.62
The transition from actin in the active M state to actin in the C state occurs with a rate
constant that is close to the limit of the stopped-flow device. The observed rate constant for
that process is essentially s + &g. This was confirmed by direct fitting of the differential
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equations describing Scheme 1 to the data.5 The observed rate constant for the slow
increase is essentially equal to A7 + kg. Because k7 + kg was much slower than the preceding
reactions, this slow increase appeared as a monoexponential function.

The equilibrium constants describing the transitions among actin states are Kg and K,
where Kg = [C]/[B] = kg/k7 and K1 = [M]/[C] at equilibrium.?2 Apparent rate constants
were obtained by exponential fits to the data using the software provided by Applied
Photophysics. Estimates of true rate constants were determined by solving the set of
differential equations®? using KinTek Explorer.62:63 Rate constants k;—kg were estimated
earlier as follows: k&3 = 10 M~ 1s71, k3 =700571, k5 = 200571, k5 =15.4 571, and k, and 4
were set to zero.61 Values of k7 + kg were equal to the apparent rate constants obtained from
exponential fits.

The amplitude of the slow fluorescence increase, corresponding to A7 + Ag, is a measure of
the fraction of actin in the inactive B state.38:61 Wild-type regulated actin filaments are
approximately 87% in the inactive B state at low Ca2* concentrations (see Table 2) with the
rest primarily in the intermediate low-fluorescence C state. Thus, the amplitude of the
fluorescence increase is proportional to the occupancy of the inactive B state.

Equilibrium constant K can also be determined from the ratio of the observed rate of
binding of S1 to pyrene—actin in EGTA (kggTa) to that under saturating Ca2* conditions
(Keatcium):8* Ka is 1/(Kcalcium/ kecTA — 1). This equation is valid when K7 is small compared
to Kg. The process was assumed to follow Scheme 2, where the states of actin are in bold
and an asterisk indicates a high-fluorescence state. The assumptions are that Ca2* alone
gives the maximal rate of binding of ATP-free S1, that the reduced rate of binding in EGTA
is due to the reduction in the number of actin sites available for S1 binding in the inactive or
blocked state, and that the affinity of actin for S1 is the same for the C and M states. That is,
if the B state binds to rigor S1 but with a reduced rate constant,° then rate constants g’ and
Ky are not necessarily identical with Ag and k7 measured with acrylodan—tropomyosin.

Pyrene actin binding kinetics were measured in the stopped flow using excitation at 365 nm
with emission measured through a 384 nm long pass filter with a midpoint of 400 nm. Slit
widths of 0.5 or 1 mm were used. Pyrene-labeled actin was stabilized with a 1:1 complex of
phalloidin (Sigma-Aldrich, St. Louis, MO). An excess of phalloidin-stabilized pyrene-
labeled actin—-tropomyosin—troponin complex was rapidly mixed with nucleotide-free
myosin S1 in the stopped flow. Ratios of initial rates of fluorescence decreases (low Ca2* to
high Ca2*) were used to estimate the population of the B state.

The curve for the fractional change in rate as a function of the total troponin concentration
was determined by fitting a quadratic binding equation to the data using Mathematica 10.4
(Wolfram Research, Inc. Champaign, IL). The fraction of change in rate was assumed to be
proportional to the amount of troponin bound: fractional change = { Atotal/7 + T1otal * KD —
[(Atotal! 7 + Trotal + Kb)? = (4ATota)/ (7 Trotal)]¥2}/2. The dissociation constant for binding
of troponin to the actin— tropomyosin complex is Kp; Atotal and T1ota) are the total
concentrations of actin and troponin, respectively. The factor of 7 was to convert the total
actin concentration into the concentration of possible troponin binding sites. Student’s #tests
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were performed with either SigmaPlot (Systat Software, San Jose, CA) or SPSS (IBM Corp.,
Armonk, NY).

RESULTS

ATPase measurements in solution can define changes in the functional state of the actin—
tropomyosin—troponin complex that occur with disease-associated mutations. However,
changes in ATPase rates reflect changes in distribution only if two conditions are met. First,
the ATPase rates must be compared at comparable levels of saturation of actin filaments with
each type of troponin complex. Second, the ATPase rates must be normalized to the rates of
the inactive and fully active states of regulated actin under the same conditions.

Figure 1 shows the actin-activated myosin S1 ATPase activity, at a low Ca2* concentration,
as a function of the concentration of each type of troponin used. There are small differences
in activity among the troponin types. In particular, the C84Y mutant was slightly less
inhibitory than wild type with a p value of 0.008. However, the TnC mutations do not appear
to have significantly changed the affinities of troponin for actin—tropomyosin. The inset of
Figure 1 shows the ATPase data normalized to the highest and lowest rates observed with
each troponin. This shows more clearly that the ATPase rate has a similar concentration
dependency for each troponin type. That is, the mutations did not cause a significant change
in the affinity of troponin for actin—tropomyosin.

The ATPase activities, in the absence of Ca2* at the high troponin concentrations of Figure
1, are compared with those of other types of actin filaments in Figure 2. The concentration
of ATP was saturating, but the actin concentration was well below the Ky;. Actin was most
active as a cofactor in the absence of tropomyosin and troponin. Tropomyosin reduced the
activity to 0.63 of the unregulated rate. Addition of wild-type troponin reduced the rate to
0.17 of the unregulated rate. The three TnC mutants produced minor changes in the degree
of inhibition. The largest effect was seen with C84Y TnC where the activity increased 20%
compared with that of wild-type troponin. For comparison, A14 TnT, which is known to
eliminate the B state of regulated actin,38 doubled the ATPase activity. Interestingly, the
double mutant of the troponin complex containing A8V TnC and Al4 TnT increased the rate
2.4-fold compared to that of wild-type troponin containing actin filaments. Although the
average activity of filaments containing the double mutant exceeded that of filaments
containing A14 TnT, the difference between them was not statistically significant (o = 0.67).

Under saturating Ca%* conditions (Figure 3), the wild-type actin-tropomyosin-troponin
complex was approximately twice as effective as actin alone at stimulating myosin ATPase
activity. The activities of actin filaments containing the C84Y, D145E, and A8V mutants of
TnC were all greater than those of wild-type regulated actin filaments. All of these changes
were significant with p values of 0.026, 0.015, and 0.004, respectively. Regulated actin
filaments containing A8V TnC had 3.7 times the activity of pure actin. The activity
produced by actin filaments containing A8V TnC approached that observed with the A14
TnT mutant (4.4 times that of pure actin). The A14 TnT mutant produced higher levels of
activation with Ca2* alone than any troponin type that we have investigated.36:38 Hybrid
troponin that contained both A8V TnC and A14 TnT produced levels of activation of myosin
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S1 ATPase rates higher than that of either mutant alone. The double mutant had 1.8 times
the activity of A8V alone (p=0.001) and 1.5 times the activity of A14 TnT alone (o=
0.019). Filaments containing the double mutant produced ATPase rates that were 6.5 times
those of pure actin.

To determine the maximal actin-activated ATPase activity at this actin—tropomyosin—
troponin complex concentration, we measured activities at a saturating Ca* concentration in
the presence of NEM-S1. Actin filaments containing A14 TnT troponin were particularly
prone to form the M state and were employed as a control to ensure that we had reached full
activation. Figure 4 shows that the activity of bare actin filaments was unaffected by the
presence of NEM-S1. Actin filaments containing tropomyosin, and wild-type TnC, C84Y
TnC, D145E TnC, or A8V TnC containing troponin, were more active in the presence of
NEM-S1. Actin filaments containing tropomyosin and both A8V TnC and Al4 TnT had the
same activity as in the presence of Ca2* but in the absence of NEM-S1 (see Figure 3).
Therefore, these actin filaments were fully activated by Ca2* without the need for high-
affinity myosin binding. Table 1 gives values of the fraction of regulated actin in the active
M state using ATPase values from the figures.

A14 TnT increases the population of the M state and eliminates the B state. We wished to
determine if activating TnC mutants also eliminated or reduced the B state. Measurements of
ATPase activity are inaccurate for distinguishing the B and C states because both states have
little ability to stimulate ATPase activity. We showed earlier that the fluorescence of
acrylodan-labeled tropomyosin increases when the C state undergoes its transition to the B
state,38:61 giving a qualitative indication of the presence of the B state. Furthermore, the
ratio of amplitudes to a standard gives the occupancy of the B state relative to that standard,
in this case wild-type troponin.

Figure 5 shows time courses of acrylodan-tropomyosin fluorescence changes as actin
underwent its transition from the active M state following rapid detachment of S1-ATP. The
average results of two experiments are shown. The experiment that yielded the data
presented in panel B had a higher free troponin concentration and a lower ionic strength
compared to those used for panel A and was performed with different preparations of
proteins. Similar results were obtained under both conditions.

The rapid fluorescence decrease, completed within 50 ms (near the limit of detection),
results from the transition from the active M state to the intermediate C state. Actin
filaments containing the wild type (curve 1), A8V (curve 2), C84Y (not shown), or D145E
(not shown) exhibited a subsequent fluorescence increase as the inactive B state became
populated. The average values for &7 + kg were 7.8 and 7.7 s™2 for the filaments containing
the wild type and A8V TnC, respectively (see Scheme 2). Actin filaments containing A8V
troponin had 87 and 78% of the amplitude of filaments containing wild-type troponin in
panels A and B, respectively. Actin filaments containing C84Y TnC exhibited an amplitude
of ~85% of that of the wild type, while those with D145E TnC had an amplitude of
acrylodan tropomyosin fluorescence that was indistinguishable (1.03 times) from that of the
wild type.
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Table 2 lists the fluorescence amplitudes relative to the wild type (Facr! Facr-wt) fOr actin
filaments containing various troponin species. The last column of Table 2 gives the
estimated fraction of actin in the B state with the assumption that the occupancy of wild-type
filaments is 87% B state.

Regulated actin filaments containing A14 TnT or both A14 TnT and A8V TnC showed little
or no fluorescence increase characteristic of the B state. There was a possible increase of
<12% for these systems in Figure 5A. However, no such increase was seen in Figure 5B or
in our earlier work with A14 TnT.38 Taken together, the results of Figure 5 show that while
the A14 TnT mutation appeared to eliminate the B state at low Ca2* concentrations, the A8V
TnC mutation alone decreased the probability of forming the B state marginally but D145E
TnC had no effect.

The population of the B state was also estimated by the rate of binding of S1 to pyrene-
labeled actin filaments in the absence of a nucleotide.2? Figure 6A shows time courses for
binding of S1 to the actin-tropomyosin—troponin complex at very low free Ca*
concentrations. Actin filaments containing A8V TnC alone (curve 2; Aypp = 0.12 sh
exhibited similar rates of binding to wild-type regulated actin filaments (curve 1; Aypp =0.1s
~1). S1 bound to actin filaments containing both A8V TnC and A14 TnT (curve 3; Kapp = 0.5
s71) at a significantly faster rate. Because the rate of binding to the B state is slower than that
to the C and M states, this indicates a decrease in the B state population for the double
mutant.

Figure 6B shows time courses for binding of S1 to the actin— tropomyosin-troponin
complex at a saturating Ca2* concentration. Again, the rate of binding of S1 to actin
filaments containing A8V TnC alone (curve 2; kypp = 0.7 s~1) was similar to that for wild-
type filaments (curve 1; App = 0.77 s71). S1 bound to actin filaments containing both A8V
TnC and A14 TnT (curve 3; Agpp = 0.91 s71) at a significantly faster rate. This might be an
indication of previously unidentified differences in binding kinetics between the C and M
states.

Figure 6C shows the fractional change in the rate of binding of S1 to actin—tropomyosin as a
function of the concentration of free troponin (2 £M total troponin gave 1.4 (/M free
troponin, and 1.1 4M total troponin gave 0.62 M free troponin). The affinity of A8V TnC
troponin for actin— tropomyosin was indistinguishable from that of wild-type troponin as
both exhibited the same concentration dependence. Actin filaments containing both A8V
TnC and A14 TnT were also at a plateau of activity at the same troponin concentration (data
not shown). Data shown in panels A and B of Figure 6 were from the highest troponin
concentration shown in Figure 6C.

Estimates of the fraction of actin filaments in the B state were made from ratios of binding
rates at a saturating Ca* concentration to those at a very low Ca2* concentration. Column 2
of Table 2 shows that A8V TnC increased the value of Kg slightly, leading to a 5% reduction
in the level of the B state (column 3). This change was smaller than that calculated from
acrylodan—tropomyosin studies. The value of Kg for the system containing A8V TnC and
A14 TnT was elevated by 14-fold, leading to a large reduction in the level of the B state.
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However, the reduction in the level of the B state was not as large as that observed in the
acrylodan—tropomyosin studies.

DISCUSSION

Disease-associated mutations in human cardiac TnT and Tnl lead to changes in the
distribution of states of regulated actin.16:30 We show here that some disease-associated TnC
mutations alter the distribution of states of regulated actin at high and low free Ca%*
concentrations (Tables 1 and 2). The D145E mutant produced the greatest effect in our
earlier ATPase assays under different conditions,3 so that mutant was also included in some
of the more detailed analyses. However, the focus of the work presented here was the A8V
TnC mutant that tended to produce larger effects in our current assays. The A8V TnC
mutation decreased the level of the B state to a small degree under relaxing conditions but
increased the level of the active M state under activating conditions. The effects were not as
dramatic as observed earlier with the A14 TnT mutation, which eliminated the B state under
low-Ca2* conditions and stabilized the M state under high-Ca?* conditions to a greater
extent,36.38

Changes in the distribution of actin states may be a normal regulatory function of troponin.
For instance, introduction of negative charges at the protein kinase C phosphorylation sites
of Tnl (S45E, S43E/S45E, and S43E/SA5E/T144E) changed the actin state distribution to
favor the inactive state.3” An important function of the troponin complex is to modulate the
orientation of tropomyosin on actin filaments, and it appears that the magnitude of this
function may be altered by disease or by regulatory changes.

It may be surprising that changes in the structure of TnC or TnT increased the stability of the
M state. The active M state is named after myosin because it is the state that is stabilized by
high-affinity myosin cross-bridges. This comes from early steady state measurements of
ATP hydrolysis that showed an acceleration of activity with time as the amount of S1-ADP
bound to actin increased.17:31:56 However, as shown in Figure 3, troponin promotes the M
state of regulated actin even in the absence of high-affinity cross-bridge binding. That is,
wild-type cardiac troponin—tropomyosin increased the activity relative to that of pure actin.
An earlier study showed a more pronounced effect when skeletal troponin—-tropomyosin was
added to amoeba actin.6 In all of these cases, the rates of ATP hydrolysis were greater than
those measured with actin having neither tropomyosin nor troponin bound. This clearly
showed that the actin—tropomyosin—troponin complex is a more effective cofactor in ATP
hydrolysis than is actin. This concept is discussed in more detail elsewhere.67

Although wild-type cardiac troponin partially stabilized the M state, in the absence of strong
myosin binding (Figures 2 and 3), the three TnC mutants (C84Y, D145Y, and A8V) gave an
additional 1.3-fold stabilization of that state (Figure 3). This result is consistent with earlier
reports showing troponin containing A8V or D145E TnC to be more activating than
reconstituted wild-type troponin.53:68.69 The A14 TnT mutant has been shown previously to
stabilize the M state ~2-fold relative to the wild type.3638
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We show here that troponin containing both A8V TnC and A14 TnT produced virtually full
occupancy of the M state at a saturating Ca2* concentration in the absence of a high-affinity
S1 species (Figures 3 and 4 and Table 1). We conclude that cardiac troponin, with Ca*
bound, has been designed to position tropomyosin in the M state but only to a limited
degree. Mutations in troponin can remove that limitation. The advantage of this self-
limitation may be to allow high-affinity myosin binding to give further activation. Some
mutations in troponin circumvent the system and give greater activation with Ca2*, leading
to progressive cardiac failure. Rigor-type binding of myosin S1 to actin occupies the B and
C state sites for tropomyosin binding, so that tropomyosin is forced into the actin helical
groove (M state). Troponin may produce the same end by an alternative mechanism.

The ability of the C84Y, D145E, and A8V TnC mutants to increase the population of the M
state of regulated actin at a saturating Ca* concentration may be related to the increased
affinity of troponin for Ca2* produced by these mutants.>370 Binding of rigor-type cross-
bridges to regulated actin increases Ca2* affinity,’%."1 so it follows that an increasing Ca%*
affinity is linked with an increase in the M state. The D145E and A8V TnC mutants had
different effects on binding of Ca2* to the nonregulatory C domain sites of isolated TnC.”2
The greatest effect was seen with the D145E TnC mutant, where the Ca2* binding affinity
was greatly weakened. At present, it is unknown how alterations in the C domain affect
binding of Ca2* to the regulatory sites.

Because the C84Y, D145E, and A8V TnC mutants stabilize the M state of regulated actin,
they make the actin filaments more sensitive to activators such as Ca2* and rigor-type cross-
bridges. However, actin filaments containing any type of troponin seem to have the same
limiting ATPase activity. As this limit is approached, the effect of activators is blunted.

The A8V TnC mutant produced a small decrease in the B state (Table 2). It was shown
earlier that A8V TnC has an increased a-helical content in the presence and absence of
divalent metals.>® The A8V mutation is located in the N helix of TnC where it induces a
more open conformation of the N-terminal domain in the presence and absence of Ca2*.73
That observation was substantiated by a demonstration that Tnl binds more tightly to A8V
TnC than to wild-type TnC under low-Ca2* conditions.%®

We observed earlier that the A14 TnT mutant appeared to eliminate the B state.38 Similarly,
we show here the actin filaments containing A14 TnT or A14 TnT and A8V TnC had little or
no occupancy of the B state as judged from acrylodan— tropomyosin fluorescence changes.
The kinetics of binding of S1 to pyrene-labeled actin also showed a reduction in the B state
but to a lesser degree. Whereas the acrylodan— tropomyosin study showed 0% occupancy of
the B state, S1 binding kinetics showed 31% occupancy of the B state. This difference may,
in part, result from the assumptions used to estimate the B state from acrylodan tropomyaosin
fluorescence changes and S1 binding kinetics to pyrene actin. Acrylodan— tropomyosin
fluorescence gives changes in the B state relative to the wild type. The absolute B state was
estimated by assuming that wild type was 87% in the B state (determined from S1 binding
kinetics). The level of agreement between the methods diverged as the change in the B state
increased.
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Interpretation of the pyrene—actin study is complicated by the observation that the rate of
binding of S1 to filaments containing the double mutant was higher than that of the wild
type at a saturating CaZ* concentration, yet it has generally been assumed that binding to
wild-type filaments at a saturating Ca2* concentration is at its maximum; i.e., the kinetics of
binding to the C and M states is identical. If the maximal rate of S1 binding is actually that
of the double mutant, then all values in column 1 of Table 2 are overestimates and the
differences between the methods would be even greater. Perhaps the assumptions for
estimating Kg from S1 binding kinetics are not valid for the A8V TnC and A14 TnT double
mutant. Calculation of Kg by this method requires that K7 be small; that may not be true in
the case of the A8V TnC and A14 TnT double mutant. Rationalizing these differences will
require additional investigation. However, both measurements gave similar qualitative
changes: the TnC mutants had much smaller effects on the B state under low-Ca%*
conditions compared with the effects of A14 TnT and the combined A14 TnT and A8V TnC
mutants.

The different methods required to measure occupancies of the M and B states required
different experimental conditions. ATPase measurements were taken at an ionic strength of
~50 mM to obtain sufficient actin activation to accurately determine changes in the M state.
Measurements of the B state with binding of S1 to pyrene-labeled actin were taken at an
ionic strength of ~180 mM but in the absence of ATP; pyrene fluorescence reveals the
transition to the high-affinity actin— myosin interaction. Acrylodan—tropomyosin
measurements of the B state were taken at ionic strengths of ~122 and 190 mM with
similar results. The differences in conditions could result in errors in the estimation of the C
state in Table 2 because the C state was determined by the conservation of mass. However,
because the M state was sparsely populated, the errors are likely to be small.

Each of the three TnC mutants examined here favored the active M state (increased K7) at a
saturating Ca2* concentration. The C84Y and A8V mutations of TnC also favored the C
state (increased Kg) at low Ca?* concentrations. The other activating mutant that we
investigated, A14 TnT, had a greater stabilizing effect on the M state and appeared to
eliminate the B state altogether.36:38 This means that the two equilibrium constants
controlling the distribution of regulated actin states may be independently affected by
mutations. This could be an important consideration when attempting to manage disorders of
the regulatory apparatus.

Comparison of Figures 3 and 4 shows that the effects of A8V TnC and A14 TnT were
additive; other examples of additive effects of troponin mutants have been reported.38.74 The
implication of additivity is that the deleterious effects of a mutant might be mitigated by
altering the structure of troponin (i.e., by drug binding or modification of an amino acid
residue) at a site remote from the mutation.

We use the term B state here for the inactive state as this is now common usage. However,
we do not imply that the binding of myosin S1 to actin is blocked during steady state ATP
hydrolysis as there is evidence that such binding occurs.18:20.27.28,33 Tropomyosin does
partially block the binding of rigor S1 and S1-ADP to regulated actin at low free Ca2*
concentrations. However, it seems reasonable that this provides a mechanism for a high
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myosin concentration to influence the activity of regulated actin just as Ca?* does.”® The
results presented here are consistent with the view that tropomyosin controls the activity of
actin rather than acting simply as a blocker/unblocker of myosin binding. Both binding of S1
to actin and, in the case of these mutants, binding of Ca2* to troponin appear to move
tropomyosin deep into the actin groove where full activation can occur. At low Ca2*
concentrations, and in the virtual absence of S1-ADP or rigor S1, troponin positions
tropomyosin in the inactivating position where actin is an ineffective activator of myosin
ATPase activity. While it has been appreciated for some time that troponin can stabilize
tropomyosin in an inactivating position on actin, it now seems that troponin can also
stabilize tropomyosin in an activating position even without high-affinity binding of myosin
to actin.
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NEM N-ethylmaleimide
S1 myosin subfragment 1
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nC troponin C
Tnl troponin |
™nT troponin T
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Figure 1.
ATPase rates as a function of the ratio of concentrations of total troponin to actin. The

troponin contained wild-type Tnl and TnT. The TnC was the wild type (O), the A8V mutant
(O), the D145E mutant (<), or the C84Y mutant (A). The figure also shows data of skeletal
troponin for comparison (@). The inset shows the ATPase rates normalized to the range of
0-1 for comparison among the troponin types. Measurements were taken at 25 °C and pH
7.0 in solutions containing 1 mM ATP, 3 mM MgCl,, 34 mM NaCl, 10 mM MOPS, 1 mM
dithiothreitol, and 2 mM EGTA. The concentrations of S1, actin, and tropomyosin were 0.1,
10, and 2.2 1M, respectively. Data are plotted with the standard deviation.
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Figure 2.
Effect of different regulatory complexes on ATPase activities in the absence of Ca2*. Three

TnC mutants, one TnT mutant (A14), and one double mutant are compared with the wild
type (WT), bare actin filaments (actin), and actin-tropomyosin (actin-Tm). The conditions
were the same as those described for Figure 1, except that the troponin concentration was
fixed at 2.8 xM. Data are plotted with the standard deviation. Of the TnC mutants, only the
C84Y mutant was significantly different from the wild type with a p value of 0.008.
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Figure 3.
Effect of different regulatory complexes on ATPase activities at a saturating Ca2*

concentration. Three TnC mutants, one TnT mutant (A14), and one double mutant are
compared with the wild type (WT), bare actin filaments (actin), and actin-tropomyosin
(actin-Tm). The conditions were the same as those described for Figure 1, except that the
EGTA was replaced with 0.1 mM CaCl, and the troponin concentrations were fixed at 2.8
UM. The activities of actin filaments with the TnC mutants were significantly higher than
that of wild type with pvalues of 0.026, 0.015, and 0.004 for the C84Y, D145E, and A8V
TnC mutants, respectively. The actin and actin-tropomyosin data are the same as those from
Figure 2 and are shown for comparison. Data are plotted with the standard deviation.
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Figure 4.
Effect of different regulatory complexes on ATPase activities at a saturating Ca2*

concentration in the presence of NEM-S1. Three TnC mutants, one TnT mutant (A14), and
one double mutant are compared with the wild type (WT) and bare actin filaments (actin).
The actin data are the same as those from Figure 2 and are included for comparison. The
conditions were the same as those described for Figure 1, except that the EGTA was

replaced with 0.1 mM CaCl,. NEM-S1 (10 zM) was included in each assay to fully stabilize
the active state. Furthermore, the concentrations of actin, tropomyosin, and troponin were
increased to 20, 4.4, and 5.7 tM, respectively, to maintain 10 zM free actin as in Figures 1—
3. None of the TnC mutants had activities significantly different from that of the wild type (p
> 0.33). Data are plotted with the standard deviation.
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Figure 5.
Acrylodan-labeled tropomyosin fluorescence changes following the rapid detachment of

myosin S1 in the absence of Ca2* at 10 °C: curve 1, actin filaments with wild-type troponin:
curve 2, A8V TnC; curve 3, A8V TnC and A14 TnT,; curve 4, A14 TnT. The gray lines are
best fits of differential equations describing Scheme 1 to the data (see Experimental
Procedures). Panel A included 4 4M actin, 0.86 £M tropomyosin, 0.86 &M troponin, and 2.5
£M S1in 20 mM MOPS, 152 mM KCI, 4 mM MgCl,, 1 mM dithiothreitol, 2 mM EGTA
rapidly mixed with 4 mM ATP, 20 mM MOPS, 132 mM KCI, 8 mM MgCl,, 1 mM
dithiothreitol and 2 mM EGTA. Values of k7 + kg: 7.8 s~1 for the wild type and 7.7 s™1 for
A8V. Amplitudes: 0.17 + 0.05 V for the wild type, 0.15 + 0.03 V for A8V, and <0.02 for
A14 TnT and the double mutant. Panel B included 2 4#M actin, 0.86 M troponin, 0.86 /M
tropomyosin, 2 4M S1 in 90 mM KCI, 20 mM MOPS buffer (pH 7), 4 mM MgCl,, 2 mM
EGTA, and 1 mM dithiothreitol rapidly mixed with 2 mM ATP in 90 mM KCI, 20 mM
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MOPS buffer (pH 7), 4 mM MgCl,, 2 mM EGTA, and 1 mM dithiothreitol at 10 °C. Values
of k7 + kg: 8.1 571 for the wild type and 7.7 s~ for A8V. Amplitudes: 0.17 + 0.02 V for the
wild type and 0.13 + 0.01 V for A8V.
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Figure 6.
Rate of binding of S1 to pyrene-labeled actin filaments containing tropomyosin and troponin

in the absence of ATP. For this experiment, 4 4M pyrene—actin (40% labeled), 0.86 xM
tropomyosin, and 2 4M troponin were rapidly mixed with 0.4 M myosin S1 in a buffer
containing 152 mM KCI, 2 mM EGTA, 20 mM MOPS buffer (pH 7), 4 mM MgCly, and 1
mM dithiothreitol at 10 °C. (A) Low Ca2* concentrations. Curve 1: wild type, Kapp = 0.10
+0.01s7L Curve 2: A8V, k=0.12 + 0.02 s™1. Curve 3: A8V TnC and A14 TnT, Kapp = 0.5
+0.02 s7L. Solid lines are monoexponential fits to each curve. (B) High Ca2* concentrations.
Curve 1: wild type, Agpp = 0.77 £0.14 s™1. Curve 2: A8V, kypp =0.70 + 0.05 5L, Curve 3:
A8V TnC and A14 TnT, kypp = 0.91 £ 0.15 s71. (C) Fraction of the maximal effect on the
binding kinetics at low Ca%* concentrations vs the free troponin concentration: wild type (O)
and A8V (0O). The highest point corresponds to the conditions used for the main figure. The
fitted curve is for a dissociation constant of 0.12 M.
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Table 1.

Fractions of the Actin—Tropomyosin—Troponin Complex in the Active M State under the Conditions Described
for Figsures 1-4

wild type C84Y TnC DI145ETnC A8V TnC A8V TnCand Al4 TnT

fraction Megra ~ 0.01 0.02 0.01 0.01 0.05
fraction Me:2* 031 0.4 0.41 0.42 1.0
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Table 2.

Distribution of Regulated Actin States at Low Ca?* Concentrations for Several Types of Troponin

a C e

KB(pyrene) prrene MATPase Facr/ F acr-wt Bacrylodan
WT 0.15 0.87 0.01 1 0.87(column 2)
C84Y TnC nd ndf 0.02 0.85 0.74
D145E TnC nd ndf 0.01 1.03 0.9
A8V TnC 0.2 0.83 0.01 0.78-0.87 0.68-0.76
Al4TnT f f 0.04 ~0 ~0

nd nd
A8V TnC and A14 TnT z_lﬁg 0_311Tg 0.05 ~0 ~0

aFrom ref 64: KB = U(kcalcium’KEGTA — 1).
bB=1 -M-C. 0B=KB. B=(1- MI(1+ KB).

From ATPase rate measurements normalized to filaments stabilized in the M state (Figures 2 and 4). ATPase measurements were taken at ionic
strengths lower than those used for fluorescence measurements.

a . . . . . .
Fluorescence amplitudes of acrylodan relative to the wild type give the B state relative to the wild type.
e . . . . .
B state estimated from column 4 assuming the wild-type value from pyrene—actin studies.

There is no assurance that KT is small in these systems as required for calculation of KB from S1 binding kinetics.

gKB calculated using Acalcium as the average from wild-type and A8V TnC cases. Using Acalcium from the A8V TnC and A14 TnT pair would
decrease all values of KB.
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