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ABSTRACT. A monocysteine mutant of cardiac muscle troponin I, cTnl(S5C/C811/C98S), was generated

from a mouse cTnl cDNA clone and expressed

in a bacterial system. Cys-5 was modified with the

fluorescent sulfhydryl reagent IAANS to probe the conformation of the N-terminal extension of the mutant
and the mutant complexed with cardiac muscle troponin C. Our emphasis was on the effect of
phosphorylation of Ser-23 and Ser-24 by protein kinase A on the conformation of the N-terminal segment.
Phosphorylation resulted in an 8-nm red-shift of the emission spectrum of the attached IAANS probe and
a reduction of its quantum yield by a factor of8. The intensity decay of nhonphosphorylated IAANS-
labeled mutant was complex and had to be described by a sum of three exponential terms, with lifetimes
in the range 0.15 ns. A fourth component in the range-9 ns was required to describe the intensity
decay of the phosphorylated mutant. Phosphorylation also reduced the weighted mean lifetime, consistent
with the changes observed in the steady-state fluorescence parameters and a 33% decrease in the global
rotational correlation time calculated from anisotropy decay data. This change in correlation time suggested
a decrease in the axial ratio of the protein. The fluorescence changes of the labeled mutant induced by
phosphorylation were carried over to its complex with troponin C. The Stéatmer plots of acrylamide
guenching of the steady-state fluorescence were essentially linear for nonphosphorylated mutant but
displayed pronounced concave downward curvatures for the phosphorylated protein under all conditions
studied. The present results are interpreted in terms of a more compact hydrodynamic shape of the
phosphorylated cTnl mutant and are consistent with a folded conformation of the N-terminal extension
induced by phosphorylation of the two serines. These conformational changes may play a role in the
modulation of cardiac muscle contractility by troponin | phosphorylation.

Activation of vertebrate striated muscle is triggered by
calcium binding to troponin, which is located on the thin
filament. Troponin consists of three nonidentical subunits:
troponin C (TnC);, which is the calcium-binding component,
Tnl, which is the inhibitory subunit of actomyosin ATPase,
and TnT, which binds to tropomyosin. Primarily on the basis
of information derived from studies of fast skeletal muscle
Tnl and TnC (Zot & Potter, 1987; Tao et al., 1990), calcium
binding to the regulatory sites of TnC is believed to
strengthen the interaction of ThC with Tnl, and concomi-
tantly to weaken the inhibitory Tnl with actin. With these

calcium-dependent partial dissociation of Tnl from actin and
release of tropomyosin from its inhibitory state.

Although the isoforms of Tnl from cardiac and fast skeletal
muscle are highly similar in their amino acid sequences,
unique structural features of cTnl suggest that there may be
important differences in the way cTnl functions in cardiac
myofilaments. The cardiac isoform contains an additional
32-residue N-terminal extension in which are located two
adjacent serine residues at positions 23 and 24. The
importance of this additional N-terminal segment was
recognized when it was reported that these two serines can

changes tropomyosin moves toward the groove of the double-,o phosphorylated by protein kinase A (Moir et al., 1980;

helical actin filament. These events “switch” on the thin
filament, leading to release of ATP hydrolysis products from
the myosin active site. Activation of muscle thus involves
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Swiderek et al., 1988). It was shown in an earlier study
that the extent of cTnl phosphorylation correlated with the
degree of positive inotropy in rabbit heart stimulated by
catecholamines (Solaro et al.,, 1976). Several lines of
evidence indicate that phosphorylation of cTnl may have an
important regulatory role in controlling cardiac function
(Solaro, 1986). The calcium affinity of the single regulatory
site of cTnC in reconstituted cardiac troponin was reduced
when cTnl was phosphorylated by PKA (Robertson et al.,
1982). Recent studies have shown that the N-terminal
segment of cTnl regulates myofibrillar ATPase activity only
when the segment is phosphorylated (Guo et al.,, 1994;
Wattanapermool et al., 1995). The mechanism by which
cTnl phosphorylation affects the calcium affinity of cTnC
and regulates myofibrillar ATPase activity remains obscure.
A reasonable hypothesis is that the mechanism may involve
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a change in the interaction between cTnl and cTnC which the second step to generate S5&YI/C98S cTnl DNA
is modulated by a new phosphorylation-induced conforma- Fragment.
tion of the N-terminal extension. This induced conformation  (2) Isolation of S5C/C811/C98S cTnl FragmenTwo
may have a more symmetric hydrodynamic shape (Liao et separate PCR were carried out using S5C/C98S DNA
al., 1992). fragment as the template and the following oligonucleotides
The present study was initiated in an attempt to define as primers. The forward primer for reaction | was primer
the structural characteristics of the N-terminal segment of 1. The nucleotide sequence of the reverse primer (primer
cTnl for understanding the role of phosphorylation in calcium 5: SCAACTCCAAAGGCTGGATACGAGTCCTCAGAAC
regulation of cardiac function. To address this problem a 3') corresponded to the noncoding strand which included
mutant of cTnl, cTnI(S5C/C811/C98S), was generated and codons for amino acids 7#86. This sequence incorporated
labeled with the fluorescent probe IAANS at Cys-5. Large @ change in codon at position 81 (in bold) to substitute Cys
changes were observed in the steady-state and time-resolve#ith lle. The nucleotide sequence of the forward primer
fluorescence properties of this labeled mutant induced by (primer 6: 3 GTTCTGAGGACTCGRATCCAGCCTTTG-
phosphorylation by PKA. These results support the notion GAGTTG 3) for reaction Il was complementary to primer
that phosphorylation induces large conformational changes5. The reverse primer for reaction Il was primer 4. The

in the N-terminal segment of cTnl. PCR products from these two reactions were gel purified,
digested withNcd and BanHI, and ligated into the pET3d
MATERIALS AND METHODS expression vector (Novagen). Plasmid DNA from the clone

] ] ] carrying the mutant cTnl(C5S/C811/C98S) was purified, and

Preparation of TnC from Cardiac MuscleCardiac muscle  {he gene was sequenced to ascertain the authenticity of the
troponin was extracted from an ether powder prepared from sequence. Expression and purification of cTnl were as
the left ventricle of fresh bovine hearts (Potter, 1982). TnC yescribed before (Guo et al., 1994).
was separated from the other_two troponin subunits on a CM- Phosphorylation of Cardiac Tnl MutantMutant cTnl was
Sepha_dex C-50-120 column in the presenicé Bl urea, 50 phosphorylated at pH 7.0 in 50 mM KRO, 0.5 mM
mM Tris at pH 8.0, and 1 mM DTT. Crude cTnC was eluted £GTa 0.5 mM DTT, 125 units of the catalytic subunit of
from the same buffer and subsequently purified on a DEAE- protein kinase A/mg of cTnl. The reaction was started by
Sephadex A-50 column in the same buffer and eluted with 5q4ing ATP to a final concentration of 0.5 mM, followed
a gradient of 8-0.5 M KCI. The purity of the protein was  py incubation at 30C for 20 min. The solution was then
monitored by sodium dodecyl sulfate polyacrylamide gel jalyzed exhaustively at 4C against a solution containing
electrophoresis, and the purified protein was lyophilized in 309 1M MOPS at pH 7.0, 1 mM EGTA, 0.3 M KCI, and 0.5
the presence of 0.1 M KCl, 0.5 mM EGTA, 0.5 MM DTT,  ,\ DTT (basic buffer). Previous work showed that this
and 20 mM imidazole at pH 7.2 and stored-&20 °C. protocol yielded about 90% phosphorylation of the two PKA

Preparation of Mutant cTnl The methodology for  sites (Robertson et al., 1982).
performing mutagenesis by PCR was as described by Ho et |abeling of cTnl Mutant cTnl was first dialyzed against
al. (1989). The mutant cTnl(S5C/C811/C98S) was generatedthe basic buffer, followed by a second dialysis in which DTT
In two steps. was omitted. The sulfhydryl-reduced protein was reacted

(1) Isolation of S5C/C98S cTnl DNA Fragmentwo with a 3-fold molar excess of IAANS in the presence of 6
separate reactions were carried out using cTnl plasmid DNA M urea at 4°C for 10 h. The reaction was terminated with
(Guo et al., 1994) as the template DNA. The nucleotide a 3—5-fold molar excess of DTT, followed by dialysis against
sequence of the forward primer (primer ITGBGATATAC- the basic buffer in the presencé & M urea to remove
CATGGCTGATGAATGCAGCGATGCGG3 for reaction unreacted fluorophore. The resulting labeled protein was
| was designed to include codons corresponding to amino further dialyzed against the basic buffer in the absence of
acids -8 of cTnl (underlined) which also included a change urea, and this dialysis was repeated twice. The concentration
in codon at position 5 to convert Ser to Cys. This sequence of IAANS-labeled cTnl mutant was determined with either
was flanked on the'Side by nucleotides of the pET3d vector a turbidimetric tannin micromethod (Mejbaum-Katzenellen-
(Novagen) including th&ldd restriction enzyme site. The bogen & Dobryszycha, 1959) or the Bradford method
nucleotide sequence of the reverse primer (primer 2: (Bradford, 1976), and the amount of covalently labeled
5AGCGTGAAGCTGTCGsCTTAAFTCCTGAAGCTC 3) IAANS was determined by absorbance using a molar
for reaction | contained codons for amino acids—9483. extinction coefficient of 24900 M cm™ at 325 nm
The codon at position 98 was designed to substitute Cys with(Johnson et al., 1980). The labeling ratio wa8.9 mol
Ser. Nucleotide sequence of the forward primer (primer 3: fluorophore/mol of protein.
5'GAGCTTCAGGACTTAAGCCGACAGCTTC- Steady-State Fluorescence Measuremer8teady-state
ACGCT3) for reaction Il was complimentary to primer 2. fluorescence measurements were carried out at P0L °C
Nucleotide sequence of the reverse primer (primer 4: on an SLM 8000C spectrofluorometer. The band pass of
5'CGTGTCTGGATCOCAGCCCTCAAACTTTTT- both the excitation and emission monochromators was set
CTTG 3) for reaction Il corresponded to the noncoding at 3 nm, and the measurements were made in the ratio mode.
strand of the ¢Tnl gene which included codons for amino Emission spectra were corrected for variations of the detector
acids 206-211 (underlined). This was flanked on theskle system response with wavelengths. The fluorescence inten-
by a stop codon (in bold) and tliganH]I restriction enzyme sity of IAANS attached to a cTnl mutant decreased slowly
site. The PCR products from these two separate reactionammediately upon illumination, but approached a limiting
were gel purified and combined, and final PCR was carried level within 90 s. The lost intensity was fully reversible
out in the presence of primers 1 and 4. The final PCR after a brief period in the dark. It was necessary to use a
product containing the full-length cTnl DNA fragment (S5C/ standardized timing to record the intensity. This procedure
C98S) was gel purified and used as the template DNA in was found to yield reproducible results.




Fluorescence of an N-Terminal Segment of Cardiac Tnl

Quantum yield of IAANS was determined by the com-
parative method, using quinine sulfate in 0.1 NS, as
the standard (0.52 &fx = 465 nm and 0.47 ate, = 325
nm) (Melhuish, 1964):

Qb _ AF(),
Qe AF(gs

where subscripts p and gs refer to probe (IAANS) and
quinine sulfate, respectivel® is quantum yieldA is probe
absorbance at the excitation wavelength, B is the area

(1)
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collected in the peak channel. The decay data were fitted
to a sum of exponential terms (Grinvald & Steinberg, 1974)
by using a least-squares reconvolution procedure:

FO) = 3 o exp (-t/r) (4)

wherer; are the lifetimes and; are the associated fractional
amplitudes. The goodness of fit was evaluated by the
reduced chi-squares ratig i), the weighted residuals, and
the Durbin-Watson parameter (BW). In the present
experiments, 0.%< y 3 < 1.2, and B-W > 1.8.

of the corrected emission spectrum. Absorption spectra were Anisotropy decays were determined by using polarized
recorded on a Beckman DU-40 spectrophotometer at roomeXxcitation and measuring the emitted light polarized in the

temperature.

vertical [F(t)] and horizontal Fr(t)] directions. Typically,

Quenching of IAANS fluorescence intensity was measured 40 000-50 000 photons were collected in the peak channel

by adding aliquots ofm8 M acrylamide to the sample. When

neccessary, a correction was made for inner filter effects.

for Fy(t), and theFp(t) component was counted for the same
length of time as folF(t). The time-dependent anisotropy

The emission was measured at 459 nm for nonphosphoryl-f(t) was calculated from the difference and sum curves
ated sample and at 467 nm for phosphorylated samples withobtained from the two polarized components:

excitation at 325 nm. The quenching data were analyzed

by either the SternVolmer equation

0_

E 1+ KSV[Q]

(2)

or a modified SterarVolmer equation (Lehrer & Leavis,
1978)

fiKSV,i[Q] )l
1+ Kgy,[Ql

I:0
Fo—F

o]

®3)

whereF, andF are the fluorescence intensities in the absence

and presence of quencher, respectivey] {s the molar
quencher concentratioisy is the Stera-Volmer dynamic
quenching constant. Equation 3 is applicable to multiple

(= 10— GF:0) ©
F(t) + 2GF(1)

The G-factor, which corrects for optical differences in the
collection of the two polarized decay components, is the ratio
of the vertically polarized and horizontally polarized emission
intensities obtained with horizontally polarized excitation
(Wang et al., 1992). The calculated anisotropy data were
fitted to a sum of exponential terms:

r(t) = roy G exp(-tg) (6)

whereg; are the rotational correlation times with fractional
amplitudesg;, andr, is the limiting anisotropy at zero time.
For a two-component fit, the total anisotropyis given by

classes of emitting species, each with its own fractional "o = Gifo + Galo, With g1 + > = 1.

intensity f; and Stera-Volmer constantKsy;.

Time-Resaled Fluorescence Measurementduorescence
intensity decay and anisotropy decay of IAANS linked to
mutant cTnl were measured in the basic buffer af@Gn

Reagents and ChemicalslAANS was obtained from
Molecular Probes (Eugene, OR) and used without further
purification. It was dissolved in dimethylformamide at
concentrations of 1815 mM and stored in the dark at either

a PRA single-photon counting system (model 3000) with a 4 or—20°C. The catalytic subunit of protein kinase A from

DCM [4-(dicyanomethylene)-2-methyl-@{dimethylami-
nostyryl-4H-pyran)] dye laser synchronously pumped by a

beef heart was obtained from Sigma (St. Louis, MO). Taq
DNA polymerase was purchased from Promega.

mode-locked argon ion laser (model 171, Spectra-Physics).RESULTS

The mode-locker operated at 41 MHz, and the cavity-dumped
laser was set at 4 MHz and provided a train of light pulses

with a 15 ps full width at half-maximum (FWHM). The

Characterization of Mutant cTnl To establish that the
mutations in cTnl had no detrimental effect on the functional

output from the dye laser was frequency-doubled to 325 nm properties of the protein, we tested the ability of mutants to
by an angle-tuned KDP crystal (model 390, Spectra-Physics)regulate C&'-dependent ATPase activity in reconstituted

to generate uv picosecond laser pulses with tunable frequencymyofibrillar preparations. Wild type and mutant cTnl were

from 315 to 335 nm. The laser intensity was attenuated by complexed with cTnC and reconstituted into myofibrillar

neutral density filters such that the emitted photon counting preparations in which native cTatTnC complex was

rate was reduced te3 kHz to avoid photon pileup. The

extracted by treatment with exogenous cTnT as previously

PM tube was a Hamamatsu R955, and the photon countingdescribed (Wattanapermpool et al., 1995). In the presence

system had a response time-9500 ps in FWHM.

of EGTA (pCa 8.5), ATPase activity of preparations contain-

For lifetime measurements, the excitation polarizer was ing mutant cTnl was moderately (12%) higher compared to
set at the vertical direction and the emission polarizer was the wild type cTnl. When tested at pCa 4.8, ATPase activity

oriented at the magic angle (54 ffom the horizontal). The

of preparations containing mutant cTnl was only 2% higher

emission was detected at a right angle to the excitation beamthan the wild type cTnl, and this difference was found to be
The emission wavelengths were selected with either a 4-nmstatistically insignificant.

band pass monochromator (Instrument SA, Inc.) or a Ditric

3-cavity 334-nm interference filter. Decay curves were

Steady-State Fluorescence of ¢lmls The steady-state
emission spectrum of mutant cTnl labeled with IAANS at

collected into 1024 channels of a multichannel analyzer at a Cys-5 showed a peak at 459 nm. The emission peak was

resolution of 26-30 ps/channel until Z 10* photons were

essentially unchanged when the mutant was complexed with
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Table 1: Fluorescence Emission Spectral Parameters of Mutant cTnl Labeled with IAANS at Cys-5

sample quantumyield emission peak, nm sample quantumyield emission peak, nm
cTnl 0.047 459 p-cTnl 0.010 467
cTnl+ cTnC 0.044 458 p-cTnt cTnC 0.010 466
cTnl+ cTnC+ Mg?" 0.033 456 p-cTnk cTnC+ Mg?*" 0.009 466
cTnl+ cTnC+ Mg?" + Ca&* 0.039 460 p-cTnk cTnC+ Mg?™ + Ca&" 0.011 464

acTnl denotes mutant cTnl labeled with IAANS at Cys-5 and cTnC denotes native cTnC. When cTnC was present, labeled cTnl was incubated
with a 2—3-fold stoichiometric excess of cTnC for several hours before measurements were taken. See Figure 1 for other conditions.

biexponential function, but the fit was considerably improved
with a triexponential function (Figure 2). The recovered
three lifetimes were well separated, and the two longer
1.0 — a components contributed over 85% to the total emission
(Table 2). The intensity decay profiles of the protein
complexed with cTnC, both in the absence of added cation
0.8 — or in the presence of Mg and C&", were very similar to
that shown in Figure 2. The decay parameters recovered
for the complex in different ionic conditions are summarized
in Table 2. The three lifetimes were well separated in every
case and appeared not be sensitive to cations.

As shown in Figure 3, the intensity decay curve of
0.4 — phosphorylated mutant cTnl labeled with IAANS had a shape
b very different from that observed with unphosphorylated cTnl
mutant. The data could not be fitted with a triexponential
function and required a fourth exponential term for a
satisfactory fit. As in the case of unphosphorylated mutant
cTnl, the recovered lifetimes were well separated, with the
ratio of any two lifetimes>2. It is noted that the excitation
light source used in the present study was a synchronously
pumped dye laser with very narrow pulse widths, and the
Wavelength, nm detector system had a sub-nanosecond response. These
FicurRe 1: Fluorescence emission spectra of mutant cTni(S5c/cs1y/ instrumental responses and the large difference in the ratio
C98S) labeled with IAANS at Cys-5. (a) Unphosphorylated mutant Of i/7i+1 provided assurance that the decay model we chose
and (b) phosphorylated mutant. Protein concentration wad th was reasonable. The decay parameters for the phosphoryl-

3DOT;“MSMOF;S atpH7.0,1 rBM E(;;A, 0.3 ’\QOKCTLha“d 0.5 m:V' ated cTnl mutant and its complex with cTnC are also
. Samples were excited at 5 nm, . e spectra summarized in Table 2.

parameters are given in Table 1.

The additional decay component of the phosphorylated
apo cTnC, but the intensity decreased slighth6¢). The cTnl mutant had a long lifetime (7-28.6 ns). In spite of
presence of MY resulted in a further decrease of the the presence of this longer component, the weighted mean
quantum vyield £30%) of the labeled mutant cTnl in the lifetime of the phosphorylated protein was shorter than the
binary protein complex. Subsequent addition of2Ca  unphosphorylated protein. This decrease was due to the fact
recovered about 17% of the lost intensity. The emission that the shortest component now became the dominant
spectrum of the binary complex was slightly blue-shifted in species, contributing 30% to the total emission intensity.
the presence of Mg, and the addition of Ca resulted in ~ Becasue of incomplete and possible heterogeneous phos-
a red-shift of the spectrum. These results are summarizedphorylation of the PKA sites, it was unclear how each of
in Table 1. the three decay components of the unphosphorylated protein

The intensity of phosphorylated cTnl mutant was consid- Was affected by the phosphorylation. The differences in
erably lower than the corresponding unphosphorylated mean lifetimes between the unphosphorylated and phospho-
protein (Figure 1), and the quantum yield was reduced by arylated protein were consistent with the differences in
factor of 4-5. Relative to the unphosphorylated mutant, the quantum yields and spectral peaks between the two forms
emission spectrum of the PKA phosphorylated mutant Of the protein. Qualitatively, the phosphorylation resulted
displayed a 8-nm red-shift in thenax from 459 to 467 nm. in changes in both the steady-state and decay properties of
These spectral properties were only slightly affected when the IAANS probe in the same direction.
the phosphorylated protein was complexed with apo cTnC  Anisotropy Decay of Mutant cT@hns Figure 4 is a
or with cTnC in the presence of Mg A small blue-shift representative anisotropy decay curve of mutant cTnl labeled
of the spectrum was observed in the presence &f.Cahis at Cys-5 with IAANS. The decay was biexponential,
Ca effect, although small, was in the opposite direction of characterized by two rotational correlation times. The
that observed with unphosphorylated mutant cTnl complexed biexponential characteristic of the decay was retained regard-
with cTnC. less of the state of phosphorylation of the mutant, whether

Fluorescence Intensity Decay of Mutant cTnl Labeled with the protein was complexed with cTnC, and ionic conditions.
IAANS The intensity decay of IAANS-labeled mutant cTnl The anisotropy decay parameters obtained under these
was analyzed by a sum of exponential terms. The data coulddifferent conditions are given in Table 3. The long correla-
not be fitted to either a monoexponential function or a tion time of unphosphorylated cTnl increased by 3 ns from

0.6 —

Fluorescence Intensity

0.2

[ i T I
400 440 480 520
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Ficure 2: Fluorescence intensity decay of IAANS attached to Cys-5 of unphosphorylated cTnl mutant. (A) The intensity decay was fitted
to a triexponential function (solid curve). The sharp peak on the left shows the laser profile. This fit yielded the following parameters:
=4.81ns;, = 1.15 ns,t3 = 0.096 nso; = 0.0.08,a, = 0.0.14,053 = 0.0.79;y é =1.09 and D-W = 2.06. (B) Autocorrelation function
of the residuals for the fit shown in A. (C) Autocorrelation function of the residuals for a biexponential fit of the same set of data shown

in A. This nonrandom autocorrelation function indicates that the fit was unacceptable. For this unacceptable biexporppétial Tig7
and W-D = 1.59. Protein concentration wag®, 1ex was 325 nm, and.,, was 450 nm. See the legend for Figure 1 for other conditions.

Table 2: Fluorescence Intensity Decays of Mutant cTnl Labeled with IAANS at €ys-5

sample 7i (ns) o f; <7> (ns) x2 D-W

cTnl 4.81+ 0.05 0.08+0.01 0.62 3.27 1.09 2.22
1.15+0.02 0.144+0.01 0.26
0.096+ 0.010 0.79 0.03 0.13

cTnl+cTnC 4.83+ 0.04 0.10+0.01 0.65 3.42 1.13 2.04
1.18+0.03 0.17+£0.01 0.26
0.10+0.01 0.724+0.03 0.09

cTnl+ cTnC+ Mg?" 4,784+ 0.06 0.16+ 0.01 0.66 3.48 1.11 2.17
1.14+0.02 0.28+ 0.03 0.28
0.13+0.01 0.56+ 0.04 0.06

cTnl+ ¢cTnC+ Mg?+ + Ca&* 4.84+ 0.06 0.15+0.01 0.66 3.52 1.13 2.13
1.15+ 0.02 0.26+ 0.19 0.27
0.14+0.01 0.59+ 0.03 0.07

p-cTnl 8.36+ 0.09 0.005+ 0.001 0.16 2.58 1.14 1.96
3.00+ 0.02 0.029+ 0.005 0.33
0.82+0.01 0.068+ 0.009 0.21
0.090+ 0.010 0.89Gt 0.053 0.30

p-cTnl+ cTnC 7.21+ 0.08 0.012+ 0.008 0.25 2.89 1.06 1.00
2.80+0.03 0.04+ 0.01 0.32
0.82+ 0.02 0.091+ 0.023 0.22
0.08740.01 0.86+ 0.062 0.22

p-cTnl+ cTnC+ Mg?* 7.66+ 0.09 0.009+ 0.001 0.21 2.75 1.06 2.17
277+ 0.03 0.039+ 0.009 0.34
0.76+ 0.02 0.085+ 0.012 0.20
0.092+ 0.010 0.8 0.04 0.25

p-cTnl+ cTnC+ Mg?+ + Ca&* 7.57+0.08 0.015+ 0.030 0.29 2.93 1.07 1.99
2.73+0.03 0.08+ 0.01 0.37
0.74+0.03 0.164+ 0.02 0.20
0.11+4+ 0.02 0.814+0.04 0.14

acTnl denotes mutant cTnl labeled at Cys-5 with IAANS, and cTnC refers to native cTnC. p-cTnl is phosphorylated mutant cTnl labeled with
IAANS. 7; are the lifetimes of the attached IAANG; are the associated fractional amplitudiesre the fractional intensities calculated fréne
oti/yoit, and <> is the intensity-weighted mean lifetime calculated frem> = Soiri¥3 oyri. The uncertainties im; and o, are the standard
errors obtained from the nonlinear least-squares fitting. cTnl concentration-@ad1. Other conditions were the same as given in Table 2.

13.6 to 16.7 ns upon complexation with cTnC, and this presence of cations suggested a more asymmetric hydrody-
correlation time of the binary protein complex further namic shape of the binary protein complex induced by cation

increased in the presence of Magnd Mg* plus C&*. This binding to cTnC. The short correlation times, which were
long correlation time reflected the overall global motion of in the sub-nanosecond regime, suggested considerable mobil-
the mutant or its binary complex with cTnC. The-2 ns ity of the attached fluorescent probe. The angular range of

increase in the global correlation time observed in the the rotational mode of the short correlation time was
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Ficure 3: Fluorescence intensity decay of IAANS attached to Cys-5 of the phosphorylated cTnl mutant. Conditions were the same as for
results shown in Figure 2. (A) Laser profile as the sharp peak and the decay data fitted to four exponential terms (solid curve). (B)
Autocorrelation function of the residuals for the fit shown in A. (C) Autocorrelation function of the residuals for a triexponential fit of the
same set of data. The best-fitted parameters from A are listed in Table 2.
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FiIGURE 4. Representative plot of the fluorescence anisotropy decay of IAANS attached to Cys-5 of unphosphorylated cTnl mutant. The

data were fitted to a biexponential function, yielding two rotational correlation tinges= 0.14 ns andp, = 13.60 ns,xé = 1.16 and
D—W = 2.02. The panel across the top of the figure is the autocorrelation function of the residuals of the fit. Experimental conditions were
the same as those given in Figure 1.

expressed as a cone semiang®. (The magnitude of) values of6 determined with the phosphorylated cTnl were
reflected the angular amplitude of the motion of the attached 3—4° smaller than with the unphosphorylated cTnl mutant.
probe. Phosphorylation resulted in a decrease of the long Fluorescence Quenching by Acrylamid€he accessibility
correlation time from 13.6 to 9.23 ns, whereas the short of IAANS linked to Cys-5 of mutant ¢Tnl to solvent was
correlation time was only slightly affected. This phospho- determined before and after phosphorylation, using acryla-
rylation-induced decrease in the long correlation time was mide as the quenching agent. The Steviolmer quenching
carried over to the binary complex with cTnC. The limiting plots for unphosphorylated mutant are shown in Figure 5.
anisotropy (o) of IAANS linked to Cys-5 in the unphos- These plots were essentially linear, with Stexfolmer
phorylated cTnl mutant was in the range 0.212296 and constantsKsy) in the range of 1.61.8 M~* and bimolecular
was not affected by complexation with cTnC or different quenching constantg in the range of (4.55.5) x 1M1
ionic conditions. This parameter, however, was substantially s™*. For comparison, the quenching properties of IAANS
larger for the phosphorylated mutant (0.3G8329). The covalently linked to 2-mercaptoethanol dissolved in a 1:10
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Table 3: Anisotropy Decays of IAANS-Labeled cTnl Mutant and Its Complex with éTnC

sample #i (ns) gro o 6 (deg) %3 D-W

cTnl 0.14 0.060 0.287 22.4 1.16 2.02
13.6 0.227

cTnl+cTnC 0.243 0.065 0.296 23.1 1.19 1.98
16.7 0.231

cTnl+ cTnC+ Mg?* 0.197 0.047 0.272 20.2 1.11 2.05
17.9 0.225

cTnl+ cTnC+ Mg?+ + Ca* 0.16 0.057 0.277 22.2 1.19 1.88
18.6 0.220

p-cTnl 0.17 0.050 0.310 19.5 1.20 1.90

9.23

p-cTnl+ cTnC 0.19 0.048 0.329 18.6 1.17 1.89
12.3

p-cTnl+ cTnC+ Mg?" 0.16 0.047 0.313 18.7 1.15 1.98
13.7 0.266

p-cTnl+ cTnC+ Mg?" + Ca&* 0.83 0.051 0.309 19.7 1.11 1.87
14.8 0.258

acTnl denotes mutant cTnl labeled with IAANS at Cys-5, and ¢cTnC is native cardiac $n&e the rotational correlation times with associated
anisotropieggiro. o = Oifo + Gafo is the limiting anisotropy at zero timed is the cone semiangle over which the fluorophore moves and was
calculated from the amplitudes of the two rotational modes fogami(giro + gzro) = (1/4)cog 6(1 + cosh)? The standard errors were in the range
0.03-0.05 ns forg, (short component) and (0.39.32) ns forg, (long component) for all samples. The standard errorg{figrwere 0.002-0.007
and forggr, were 0.003-0.008.

4.0 — Stern-Volmer plots were fitted to eq 3 with two exponential
terms. Two SteraVolmer constants were recovered, one
being larger than 2 M and the other being smaller than 1
M~L. To simplify the two-component analysis, one Stern
Volmer constant was initially constrained at a value close
to the singleKsy value determined with the unphosphorylated
mutant. The recovered second Ste¥folmer constant was
2—3-fold smaller than the value from the unphosphorylated
protein, but had a significant fractional amplitude75%).
These parameters are summarized in Table 4. The two
Stern—Volmer constants could be attributed to two popula-
tions of labeled cTnl: (a) a small population consisting of
unphosphorylated protein or protein with a very low degree
of phosphorylation and (b) a large population consisting of
phosphorylated cTnl with SterfiVolmer constants in the
range of 0.5-0.8 M™%, a factor of 2-3-fold smaller than
| I I I I I that for the unphosphorylated species. Regardless of the
00 03 06 09 12 15 composition of the phosphorylated population, the recovered
[Acrylamide], M small Stera-Volmer constant was a composite value, reflect-

Ficure 5: Stern-Volmer plots for the quenching of the steady- ing the behavior of the Va_r'ous phosphoryIaIed species. The
state fluorescence of IAANS attached to Cys-5 of the unphospho- Observed value of the bimolecular quenching constet (
rylated cTnl mutant. Closed circle, cTnl alone; open circle, cTnl was also a composite value with contributions from all cTnl
complexed with cTnC; closed triangle, cTnl complexed with cTnC  species. It was not possible to separate the contribution of
+ Mg2"; open triangle, cTnl complexed with cTn€ Mg?* + the unphosphorylated species from those of the phosphoryl-

Ca&*. |, is the intensity in the absence of acrylamide and F is the ted ies b th lifeti f th X
intensity in the presence of acrylamide. Protein concentration was &t€d SPecies because the mean liretimes of the species was

2 uM. Other conditions were the same as those given for Figure 1. Used to calculatk,. Qualitatively, what emerged from these
guenching results is that the phosphorylation resulted in

considerable shielding of the IAANS labeled at Cys-5 from
collisional quenching.

3.5

3.0

F/F

2.5 —

2.0 —

1.5 —

1.0 — £X

(v/v) ethanol/water mixed solvent were measured (data not
shown). TheKsy for this system was 0.20 M andk, was
6.38 x 10® M~ s™L. These results suggested that IAANS
attached to Cys-5 was highly accessible to collision with piscyssioN
solvent. This accessibility was not affected in the complex
with ¢TnC, in the absence or presence of cations. The There is ample evidence that the phosphorylation of cTnl
quenching parameters are listed in Table 4. at its amino terminus is an important determinant of the
Very different quenching patterns were observed with the affinity of cTnC for C&" and thus the dynamics of cardiac
phosphorylated cTnl mutant. The Stefviolmer plots relaxation and contraction (Solaro, 1993). Yet the molecular
displayed downward curvatures (Figure 6). In 1.4 M basis by which phosphorylation of cTnl modulates cardiac
acrylamide, about 5660% of the intensities of the phos- muscle contractility is obscure. Structural changes induced
phorylated cTnl were quenched, whereas about 70% of theby phosphorylation may ultimately modulate cardiac function
intensities of the unphosphorylated cTnl were quenched by changing the affinity of cTnl for cTnC, cTnT, or actin.
(Figure 5). The downward curvatures suggested additional A phosphorylation-induced decrease in the apparent affinity
decay components of the attached IAANS when comparedof cTnl for cTnC has been reported (Liao et al., 1994). We
with the unphosphorylated cTnl. The concave downward have tested the hypothesis that phosphorylation of Ser-23
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Table 4: Quenching Parameters of the Fluorescence of IAANS-Labeled Mutarit cTnl

guenched Ksy kqx 1078 quenched Ksy kg x 1078
sample intensity M™! M-1lst sample intensity M™! fi M-1lst
cTnl 0.72 1.83 5.6 p-cTnl 0.49 196 0.25 291
0.49 0.75
cTnl+cTnC 0.70 1.68 4.9 p-cTnt cTnC 0.57 1.78 0.27 2.84
0.65 0.73
cTnl + cTnC+ Mg?* 0.67 1.78 5.1 p-cTnk cTnC+ Mg?* 0.52 189 0.29 2.70
058 0.71
cTnl + cTnC+ Mg?" + Ca* 0.69 158 4.5 p-cTnk cTnC+ Mg?* + Catt 0.59 1.70 0.29 2.44
0.83 0.71

acTnl denotes mutant cTnl labeled at Cys-5 with IAANS, p-cTnl is phosphorylated cTnl, and cTnC is native cardiac TnC. The quenched
intensity was the intensity determined at 1.4 M acrylamide and normalized to the intensity determined in the absence of dgnishére
Stern—Volmer dynamic quenching constant, ards the bimolecular quenching rate constant calculated #om Ks\/<7>. For phosphorylated
samples, the SterfiVolmer constant was resolved into two components with fractional amplitud&éhe mean value of the two resolvégy
values was used to calculdtgfor the phosphorylated samples.

mined by the two different fluorophores are different. The
o5 _| value of rotational correlation times calculated from anisot-
ropy decay data are dependent upon the average orientations
of transition dipoles with respect to the principal rotational
diffusion axis of the protein (Harvey & Cheung, 1977;
Barkley et al., 1981). These orientations of Trp-192 in native
c¢Tnl and IAANS attached to Cys-5 in mutant cTnl are not
known, but it is highly unlikely that they are very similar.
Because of the likely difference in dipole orientations, the
different correlation times sensed by the different probes are
not unexpected. The important finding is that both probes,
one located near the C-terminus and the other located near
the N-terminus, sense a very similar phosphorylation-induced
reduction of the long correlation time. This decrease is
probe-independent and not affected by probe location. As
discussed previously (Liao et al., 1992), a simple explanation
of the decreased correlation time is a decrease in the apparent
axial ratio of the phosphorylated cTnl mutant when compared
with the unphosphorylated mutant. In addition to the
FiGURE 6: Stern-Volmer plots for the quenching of the steady- nfluence of dipole orientations of the fluorophore, the
state fluorescence of the phosphorylated c.TnI mutant labeled atmeasured long correlation time always is a lower limit of
Cys-5 with IAANS. Closed circle, cTnl alone; open circle, cFnl - . . .
cTnC: closed triangle, cTnt cTnC + Mg?*; and open triangle,  the global correlation time of the molecule. This arises from
cTnl + cTnC + Mg?* + C&*. F, andF are the intensities in the  internal motions of the fluorophore about certain axes, and
absence and presence of acrylamide, respectively. Conditions werethis leads to a depolarization effect. The IAANS probe
the same as given in Figure 5. attached to Cys-5 has considerable mobility as reflected by

and Ser-24 has a structural effect on the N-terminal extensionthe observed limiting anisotropy of 0.287. Phosphorylation
as well as on the overall conformation of the protein. Our Increases, to 0.310, a value approaching that of free IAANS
approach involved the generation of a single-cysteine mutantMéasured in a high-viscosity medium at a low temperature.
cTnI(S5C/C811/C98S) for probing the local conformation of This increase im, is accompanied by a decrease of the cone
the N-terminal extension using the fluorescent probe IAANS Sémiangle. These two results provide evidence that the
covalently linked to Cys-5. The spectral results provide attach_ed IAANS has less flexibility in ph_osphorylatgd cTnl
evidence that the conformation of the N-terminal extension than in the nonphosphorylated protein, and this more
of cardiac cTnl is profoundly affected by phosphorylation. restricted internal motion is expected to result in a Ionggr
The structure of the N-terminal extension of cTnl is not Measured correlation time. The observed phosphorylation
known, but this segment is unlikely to have a well-defined €ffect, however, is in the opposite direction: a shorter
secondary structure (Liao et al., 1992). IAANS attached to correlation time. Thus, th_e observed shor_ter correlation time
a side chain near the N-terminus within this segment is likely Must be due to changes in the conformation of cTnl. These
very accessible to solvent. The emission peak of the changes are interpreted in terms of a change of the
unphosphorylated labeled mutant is consistent with this idea. hydrodynamic shape of the protein and suggest a folding of
Moreover, the bimolecular quenching constant indicates thatthe N-terminal extension.
the attached probe is highly accessible to collisional quench- Folding of the N-terminal extension of cTnl may be due
ing. A previous study of the fluorescence anisotropy decay to electrostatic interactions. The N-terminal extension of
of Trp-192 in native c¢Tnl showed that phosphorylation cTnl has four arginines at positions 20, 21, 22, and 28. The
resulted in a 38% decrease in the long correlation time (Liao segment from residues 20 to 28 is likely extended at neutral
et al.,, 1992). This decrease is corroborated in the presentpH because of electrostatic repulsion. The two phosphoryl-
study (33% decrease in the long correlation time), using an ation sites (Ser-23 and Ser-24) are located within this cluster
extrinsic probe located at the opposite end of the elongatedof basic residues. Phosphorylation introduces negatives
protein, although the values of the correlation time deter- charges within this cluster of arginyl side chains and can

[ ! [ I I I
00 03 0.6 0.9 1.2 1.5
[Acrylamide], M
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lead to a collapse of the extended segment and a partial In summary, the results from several types of fluorescence
folding of the segment due to electrostatic interactiofif- measurements on a cTnl mutant show that phosphorylation
NMR studies of synthetic peptides with sequences corre- Of the N-terminal extension leads to substantial changes in

sponding to residues @7 indicated that phosphoserine at the conformation of the N-terminal extension and a more

position 24 was near to one of the three contiguous arginyl €0mpact hydrodynamic shape of the protein. These results

residues, strongly suggesting interaction between the phos-are compatible with a phosphorylation-induced folding of

. : . lthe N-terminal segment. In the following paper (Dong et
phate group and one of the arginine side chains (Jaquet “al 1997), we will present a fluorescence resonance energ
al., 1993). This putative interaction is consistent with the . " ; 4

, - X transfer study that supports this suggestion.
present suggestion of a folding of the N-terminal segment
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