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Abstract Ca’" and human cardiac troponin I (cTnl)
peptide binding to human cardiac troponin C (¢cTnC)
have been investigated with the use of 2D {'H,"°N}
HSQC NMR spectroscopy. The spectral intensity,
chemical shift, and line-shape changes were analyzed to
obtain the dissociation (Kp) and off-rate (k.g) constants
at 30 °C. The results show that sites III and IV exhibit
100-fold  higher Ca®* affinity than site 1I
(Kpai,ivy=0.2 uM, Kpap~20 uM), but site II is par-
tially occupied before sites I1I and IV are saturated. The
addition of the first two equivalents of Ca®" saturates
90% of sites II1 and IV and 20% of site II. This suggests
that the Ca®" occupancy of all three sites may con-
tribute to the Ca’’-dependent regulation in muscle
contraction. We have determined a kog of 5000 s ' for
site I Ca®”" dissociation at 30 °C. Such a rapid off-rate
had not been previously measured. Three cTnl peptides,
c¢Tnls4 71, cTnljsg 147, and cTnl 47 163, Were titrated to
Ca’® " -saturated ¢TnC. In each case, the binding occurs
with a 1:1 stoichiometry. The determined Kp and k.g
values are I pM and 5 s ! for ¢Tnls4 7;, 78 + 10 uM and
5000 s for ¢Tnljag 147, and 150+ 10 uM and 5000 s !
for c¢Tnl 47_1¢3, respectively. Thus, the dissociation of
C3.2+ from site II and CTl'l1128,147 and CTI’III47,163 from
¢TnC are rapid enough to be involved in the contrac-
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tion/relaxation cycle of cardiac muscle, while that of
cTnlz4 7, from ¢cTnC may be too slow for this process.

Keywords Troponin C - Calcium binding -
NMR - Kinetics

Abbreviations 7nC: troponin C - ¢TnC: cardiac muscle
TnC - ¢NTnC:  N-domain of cardiac  muscle
TnC - ¢CTnC: C-domain of cardiac muscle TnC - sTnC:
skeletal muscle TnC - sNTnC: N-domain of skeletal
muscle TnC - sCTnC: C-domain of skeletal muscle
TnC - Tnl: troponin I - ¢Tnl: cardiac muscle Tnl - sTnl:
skeletal muscle Tnl - ¢Tnlz,_,;: ¢Tnl peptide (residues
34-71) - ¢Tnl;sg 1472 cTnl peptide (residues 128—
147) - ¢Tnl;47 1632 cTnl  peptide (residues 147-
163) - HSQC: heteronuclear single-quantum coherence

Introduction

As the Ca’ ™ -binding member of the troponin complex,
troponin C (TnC) plays a key role in the Ca>" regula-
tion of contraction/relaxation in striated muscle. Con-
formational changes in TnC induced by Ca’”"
association/dissociation are believed to be transmitted
through other thin filament proteins, troponin I, trop-
onin T, tropomyosin, and actin, resulting in activation/
inhibition of actomyosin ATPase and muscle contrac-
tion/relaxation (for reviews see Geeves and Holmes
1999; Gordon et al. 2000). Two isoforms of TnC exist in
striated muscle, skeletal muscle troponin C (sTnC) and
cardiac muscle TnC (¢cTnC). Both molecules are dumb-
bell-shaped (for a review see Gagné et al. 1998) with two
domains, N- and C-, connected through a linker and
comprise four EF-hand helix-loop-helix motifs as po-
tential Ca® " -binding sites (sites I-IV). Sites I and II are
paired as a unit in the N-terminal half, and sites III and
IV form another pair in the C-terminal half of the
molecule. Sites IIT and IV are of relatively higher affinity
for Ca®" and also bind Mg® ™. Sites I and II are of lower
affinity and are believed to be specific for Ca*>™. Site I in
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¢TnC is unable to bind Ca’>" at physiological concen-
trations owing to key amino acid substitutions (van Eerd
and Takahashi 1975). Current evidence indicates a
largely structural role for the C-domain, whose sites
would be occupied by Ca’*/Mg>" throughout the
contraction/relaxation cycle. The regulatory role is
considered to be associated with the conformational
changes induced by the association and dissociation of
Ca®* from N-domain sites I and II of sTnC or site IT of
cTnC.

The fundamental difference between sTnC and cTnC
is that the binding of Ca”>" to sTnC is coupled by a large
structural “opening” (Gagné et al. 1995), while the as-
sociation of Ca?" with ¢TnC results in minimal con-
formational changes (Sia et al. 1997; Spyracopoulos et al.
1997). This is mainly due to the fact that both sites I and
II are functional in sTnC (Sheng et al. 1992), while only
site I is active in cTnC (Putkey et al. 1989). The exposed
hydrophobic surface in the Ca®*-saturated sTnC has
long been proposed (Herzberg et al. 1986) and has
subsequently been proven (McKay et al. 1997, 1999) as
the sTnl binding site. The significant reduction in the
hydrophobic surface exposure of Ca®"-saturated cTnC
suggested that the mode of interaction between cTnC-
c¢Tnl may be different than that between sTnC-sTnl.
However, we have found that both the regulatory do-
mains of sTnC and ¢TnC adopt similar “open” con-
formations when bound to their respective Tnl regions
(STI’]1115,131 and CTl’lIl47,163) (Ll et al. 1999, Spyraco—
poulos et al. 2000). This region of Tnl has been identi-
fied by many biological and biophysical studies to be the
region responsible for binding to the regulatory domain
of TnC and this interaction modulates the interaction
between the N-terminal (sTnl;_49 and cTnls4 71) and the
inhibitory regions (sTnlgg ;15 and cTnlj,g 147) of Tnl
and TnC (for reviews see Farah and Reinach 1995;
Solaro and Rarick 1998). Thus, the sequence of events
involved in initiating skeletal and cardiac muscle con-
traction are actually very similar. However, the kinetics
and thermodynamics of these events must differ for the
two systems to account for the different physiological
behavior of the two muscle types (for discussions see
McKay et al. 2000; Pearlstone et al. 2000).

To understand the unique delicate energetic balance
that exists for each system, it is important to study the
time scales of Ca®>"* binding and release from TnC, the
accompanied structural changes, and the subsequent
interactions of Tnl with TnC. A number of studies have
been performed on the kinetics of Ca®* binding to TnC,
isolated or in the troponin complex. There are major
differences between the skeletal and cardiac isoforms. In
sTnC, Ca®" binding to sites I/II appears to be diffusion
limited (kon~10® M ' s 1) with a Ca®>" dissociation rate
(ko) of ~400-500 s' and the conformational change
occurs almost simultaneously with the Ca" association/
dissociation (Johnson et al. 1994; Rosenfeld and Taylor
1985a, 1985b). In ¢TnC, although Ca®" binding to site
I1 is also diffusion limited (kop~10® M 1's7!, kogae500—
800 s '), the conformational change was found to be

significantly slower than the Ca’’ on- and off-rates
(Dong et al. 1996, 1997; Hazard et al. 1998). These re-
ported on- and off-rates may not, however, represent the
time scales of the molecular events that occur at physi-
ological temperature (e.g. 37 °C in human heart), since
most of these experiments were performed at 4 °C be-
cause Ca®" kinetics become too fast to be measured by
stopped-flow methods at temperatures higher than 4 °C
(Hazard et al. 1998).

In the present work, we have systematically examined
the kinetics of Ca®" and three cTnl peptides (cTnls, 71,
CTHI]287147, and CTHI]47,163) blndlng to ¢TnC at 30 °C
with the use of 2D {'H,">N} HSQC NMR spectroscopy.
An advantage of NMR spectroscopy is that this tech-
nique can measure the time scales of the molecular
events on proteins at temperatures close to physiological
and can report information related to individual atoms
throughout the sequence. Ca>" and peptide titrations of
sTnC and c¢TnC domains followed in detail by 2D
{'"H,"> N} HSQC NMR spectroscopy have been proven
to be a powerful way of providing information such as
binding stoichiometry, affinity, and energetics. For ex-
ample, using this technique, we have previously char-
acterized Ca?" binding to sNTnC and sCTnC (Li et al.
1995; Mercier et al. 2000) and to ¢cNTnC and an E41A
mutant of SNTnC (Li et al. 1997). We also monitored
the binding of sTnl;;5s_;3; to SNTnC and E41A sNTnC
(McKay et al. 1997, 2000), cTnl47_163 to cNTnC (Li
et al. 1999), ST1'111410 and STHIgG,“S to sCTnC (Mercier
et al. 2000), and cTnls4 7; and ¢Tnljsg 147 to cCTnC
(Wang et al. 2001). In this study, the analysis of NMR
spectral intensitzy, chemical shift, and line-shape changes
induced by Ca®" binding to ¢cTnC and c¢Tnl peptide
binding to Ca®" -saturated ¢TnC allow us to determine
the dissociation (Kp) and off-rate (k.g) constants at
30 °C for these binding events. These measurements
provide new insights into the time course of the impor-
tant molecular events involved in the regulation of car-
diac muscle contraction. In turn, it allows us to
understand further the differences between cardiac and
skeletal muscle contraction.

Materials and methods
Sample preparation

Recombinant human ¢TnC (residues 1-161) with the mutations
C35S and C84S [denoted ¢TnC (C35S,C84S)] was used in this
study. Since cTnC (C35S,C84YS) is the only protein used throughout
this work, (C35S,C84S) is omitted in this paper. The engineering of
the expression vector of ¢TnC (C35S, C84S) was as follows: pE-
T3a.cTnC(WT) was constructed as described previously (Pearl-
stone et al. 2000) and was used as the template for the construction
of pET3a.cTnC(C35S,C84S); two rounds of mutagenesis (Strata-
gene) were performed using the paired 31-mer oligonucleotides
5-GGCGCTGAGGATGGCAGCATCAGCACCAAGG-3" and
5-CCTTGGTGCTGATGCTGCCATCCTCAGCGCC-3’ for the
C35S mutation and the paired 37-mer primers 5-CCTGG
TCATGATGGTTCGCAGCATGAAGGACGACAGC-3" and 5'-
GCTGTCGTCCTTCATGCTGCGAACCATCATGACCAGG-3’
for the C84S mutation (with base changes underlined). DNA



sequence analysis was used to confirm the correctness of all the
mutants. The expression and purification of the 'N-cTnC in
BL21(DE3)pLysS cells were as described previously for '’N-
¢NTnC (Li et al. 1997). Decalcification of "N-cTnC follows the
procedure for "N-cNTnC (Li et al. 1997) except that 200 mM
EDTA was used instead of 100 mM. A higher concentration of
EDTA helps to remove the tightly bound metal ions in the
C-domain of c¢TnC. Three synthetic ¢Tnl peptides, cTnlzy 71,
acetyl- AKKKSKISASRKLQLKTLLLQIAKQELEREAEERRG-
EK-amide, c¢Tnljpg 147, acetyl-TQKIFDLRGKFKRPTLRRVR-
amide, and cTnlj47 163, acetyl-RISADAMMQALLGARAK-
amide, respectively, were prepared using standard methodology for
a typical Tnl peptide (Tripet et al. 1997). The sequences were
confirmed by amino acid analysis (Smillie and Nattriss 1990) and
the mass verified by electrospray mass spectrometry. All NMR
samples were 500 pL in volume. The buffer conditions were
100 mM KCI, 10 mM imidazole, 0.2 mM 2,2-dimethyl-2-silapen-
tanesulfonic acid (DSS), and 0.01% NaN3; in 90% H,0/10% D,0,
and the pH was 6.9. The concentration of the apo "*N-cTnC
sample used for Ca®™ titration was determined to be 0.95 mM. The
concentration of the *’N-cTnC sample used for ¢Tnls4 7, titration
followed by c¢Tnl 47_16; was 0.80 mM and the N-cTnC sample
used for cTnlyg 147 titration was 0.56 mM. Each of the samples
contains ~3-5 mM CaCl,. A Gilson Pipetman P (model P2) was
used to deliver the CaCl, solution and ¢Tnls4 7; and cTnljyg 147
peptide solutions for the titrations. Solid c¢Tnl 47 143 was added
during the titrations.

Ca’" titration of "’N-¢TnC

Stock solutions of standardized 50 mM and 100 mM CaCl, in
water were used for the titrations. To a NMR tube containing a
500 pL sample of 0.95 mM "N-cTnC were added, consecutively,
aliquots of 0.5, 1.0, and 1.5 pL of 50 mM CacCl, for the first three
titration points, and aliquots of 1.0, 1.0, 1.0, 1.0, 1.5, 1.5, 1.5, 1.0,
1.0, 1.0, 1.0, 2.0, 2.0, and 3.0 pL of 100 mM CaCl, were added
consecutively for the next 14 individual titration points. The sample
was mixed thoroughly with each addition (total of 17 additions).
The total volume increase was 22.5 pL, and the change in protein
concentration due to dilution was taken into account for data
analysis. The change in PH from Ca®" addition was negligible.
Both 1D 'H and 2D {'H,'>N} HSQC NMR spectra were acquired
at every titration point.

¢Tnlsy 7 titration of '*N-¢TnC-3Ca>"

To a NMR tube containing a 500 pL sample of 0.80 mM '’N-
¢TnC and 5 mM CaCl, were added consecutive aliquots of 1.0 pL.
of 31 mM c¢Tnls4 7; stock solution in water for the 13 individual
titration points. The sample was mixed thoroughly with each ad-
dition. The total volume increase was 13 puL, and the change in
protein concentration due to dilution was taken into account for
data analysis. The decrease in pH associated with cTnls4 7; addi-
tions was adjusted by 1 M NaOH to pH 6.9 at every titration
point. Both 1D 'H and 2D {'H,"’N} HSQC NMR spectra were
acquired at every titration point.

cTnl 47163 titration of ’N-cTnC3Ca?" ¢Tnls, 7

Following titration B, the sample was filtered, and the appropriate
amount of NMR buffer was added to generate a 500 pL NMR
sample containing the ¢cTnC3Ca®* cTnls4 5 complex. The total
c¢TnC concentration in this sample was 0.75 mM. cTnl 47 163
peptide is highly soluble in aqueous solution but tends to form a gel
at high concentrations, likely due to aggregation. Thus, no stock
peptide solution was prepared; instead, solid peptide was added at
every titration point (total 6 additions). The concentrations of *N-
c¢TnC and cTnl;47 163 were determined by amino acid analysis
(Smillie and Nattriss 1990) at every titration point, giving the
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peptide/protein ratios. The decrease in pH associated with
cTnl 47163 additions was adjusted by 1 M NaOH to pH 6.9. Both
1D 'H and 2D {'H,'’N} HSQC NMR spectra were acquired at
every titration point.

cTnl s 147 titration of "N-¢TnC-3Ca?*

This titration was as described previously (Li et al. 2000). In the
previous report, the binding affinity (Kp) was determined but the
line-shape analysis was not done. The titration data were analyzed
further here to determine the exchange broadening and off-rate
constant (k.g), for the purpose of comparing with the results of
CTHI3477] and CTn1147,1(,3 blndlng to ¢cTnC.

NMR spectroscopy

All of the NMR spectra were obtained at 30 °C usin% Unity
600 MHz and Unity Inova 500 MHz spectrometers. 2D {'H,'°N}
HSQC NMR spectra were acquired using the sensitivity-enhanced
gradient pulse scheme developed by Lewis E. Ka?/ and co-workers
(Kay et al. 1992; Zhang et al. 1994). The 'H and "°N sweep widths
were 7000 and 1500 Hz, respectively, on the 500 MHz spectrometer
and were 8000 and 1650 Hz, respectively, on the 600 MHz spec-
trometer. All spectra were processed and analyzed using VNMR
(Varian Associates) and NMRPipe (Delaglio et al. 1995) and ref-
erenced according to the ITUPAC conventions.

Results
Ca’™ titration of ¢TnC

This study involves the use of 2D {'H,'"’N} HSQC
NMR spectroscopy to characterize Ca** and Tnl pep-
tide binding to the full-length ¢TnC. In previous studies
we have demonstrated the utility of 2D {'H,'’N} HSQC
NMR spectroscopy in characterizing Ca’" and Tnl
peptide binding to the isolated N- or C-domains of sTnC
or cTnC (see McKay et al. 2000 and references therein).
The 2D {'H,'’N} HSQC NMR spectrum of Ca’" -sat-
urated cTnC is completely assigned (Sia et al. 1997) and
used as a guide to assign the Ca’"-induced spectral
changes. Figure 1 depicts the Ca®*-induced 2D
{TH,15N} HSQC NMR spectral changes of the backbone
amide resonance in ¢TnC. The spectrum of apo cTnC is
shown as multiple contours in Fig. 1A, in which the
N-domain peaks (e.g. G70 and G42) are well dispersed,
while the C-domain peaks fall within regions of 'H and
5N chemical shifts characterized as “random coil” by
Wiithrich (1986). This suggests that the apo C-domain
does not adopt a defined structure in solution, while the
apo N-domain possesses a folded structure. Sites III/IV
possess higher affinity than site II, so the C-domain is
filled first by Ca®" and this binding occurs with slow
exchange kinetics on the NMR time scale. Thus, as ti-
tration progresses, the resonance peaks corresponding to
a structured C-domain appear and grow (single contour
peaks in Fig. 1A). This is better illustrated by the growth
of D113 and D149 peaks in Fig. 2. It is interesting to
notice that this growth did not stop when the [Ca® " Jo a1/
[cTnC]ioa1 ratio reached 2:1 and the resonance peaks
corresponding to the N-domain started shifting at a
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[Ca®  iotal/[cTNCliow Tatio of 1.47:1 (Fig. 1B). G70 and
V72 are typical examples (Fig. 2). This indicates that site
IT is being partially filled before sites III/IV are com-
pletely saturated. When the intensities of D113 and
D149, respectively, and the chemical shifts (both 'H and
5N) of G70 and V72, respectively, were measured at
every titration point and the changes were averaged,

normalized, and plotted as a function of the [Ca® " J,ou/
[¢TnCliora ratio (Fig. 3), curve A corresponding to Ca?

binding to sites III/TV increases rapidly and in a parallel
fashion during the addition of the first and second
equivalents of Ca®". During the addition of the third
equivalent of Ca®>" it increases slowly to reach 100%
occupancy. On the other hand, the gradient of curve B
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Fig. 3. Binding curves derived from the 2D {'H,">N} HSQC NMR
spectra of ¢TnC upon addition of Ca?". The wupper curve is
normalized according to the average intensity changes of D149 and
D113, representing Ca>" binding to the C-domain, while the lower
curve is normalized according to dVeI’dng chemlcdl shift changes of
G70 and V72, representing Ca’>" binding to the N-domain. The
best-fit curves to the data are shown by solid lines. The curve fitting
procedures are as described in Results

(Fig. 3), corresponding to Ca®" binding to site II, in-
creases slowly during addition of the first two equiva-
lents of Ca®" and increases rapidly in the region
between two and three equivalents to reach 100% oc-
cupancy. The curves indicate that all three sites have
some degree of occupancy from the first addition of
Ca’" and that the occupancy of all three sites is essen-
tially completed when three equivalents of Ca>" have
been added.

Assuming sites III and IV in the C-domain are in-
dependent and equal, which is not distinguished from
100% positive cooperativity, and site II is independent

of sites III and IV, and assuming each of the three sites
(I1, III, IV) binds Ca®" in a 1:1 stoichiometry, the

spectral changes as a function of [Ca® " Jiowi/[cTNCliotal
were fit to the equations:

Site 1T + Ca*" == Site I11.Ca*" (1)
Site IV 4 Ca®" == Site IV.Ca*" (2)
Site II + Ca>* = Site I1.Ca>" (3)

and yielded macroscopic dissociation constants of
KD(HLW)%O.Z },LM for sites III and IV and KD(H)WZO HM
for site II, respectively. This fitting also permits the
calculation of a site III and IV occupancy of ~90% and
a site II occupancy of ~20% at 2 equivalents of Ca’”"
(the curve fitting script used is available upon request
from brian.sykes@ualberta.ca). These results are con-
sistent with the consensus results that the C-domain sites
III/IV have ~100-fold higher Ca®* binding affinity than
the N-domain site II. However, the determined site II
dissociation constant of Kp~20 uM is approximately 10
times weaker than that for native cTnC reported previ-
ously (Hannon et al. 1992; Hazard et al. 1998; Holroyde
et al. 1980; Johnson et al. 1980). This discrepancy is
probably due to the fact that the previous reported af-
finities were measured at lower temperatures (e.g. 4 °C)
and it is likely that site II binds Ca®" tighter at lower
temperatures than at 30 °C. Ca®" titration of ¢TnC at
lower temperatures (e.g. 4 °C) by the use of 2D {'H,'°N}
HSQC NMR spectroscopy would provide insight into
this matter, a project currently in progress in our labo-
ratory. Somewhat surprisingly, this affinity is also ~10
times weaker than what we have observed in the Ca’*
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titration of cNTnC (Kp=2.6 uM) (Li et al. 1997). It
seems that the presence of the C-terminal domain
somehow reduced the affinity of Ca>" for the N-domain
of ¢cTnC. At present, there is no compelling data for
rationalization.

In addition to the Ca’'-induced intensity and
chemical shift changes, individual cross peaks in the 2D
{'"H,"”>N} HSQC NMR spectra during Ca®" titration
display differential broadening, especially those in the
N-domain, indicating exchange broadening. Typical
examples are G70 and V72, as shown in Fig. 2. The
NMR spectral changes can occur in fast, intermediate,
and/or slow exchange limit on the NMR time scale,
depending on the size of the Ca®"-induced resonance
shift (Li et al. 1995). In the intermediate to fast exchange
limit, the effect of chemical exchange on linewidth is
dependent on the chemical shift differences between free
and bound species:

Avex = PiPyTex(AS;)? (4)

where Av,, is the observed line width, Py and Py, are the
populations of free and bound ¢TnC, and 7., is the ex-
change lifetime defined as (z¢tp,)/(tr+ 1p). Previously, we
have used the linewidth simulation to analyze the be-
havior of the 2D {'H,"’N} HSQC NMR spectra taken
during titrations of sTnC with sTnl peptides (McKay
et al. 1997, 1999). Here we use the same approach to
analyze the 2D {'H,"’N} HSQC NMR spectral changes
induced by Ca®>" binding to the N-domain of ¢TnC.
One-dimensional traces in the 'H dimension through the
cross peaks of residues G42, D73, G70, and V72 are
shown in Fig. 4 to demonstrate the effect of exchange at

Fig. 4. 1D ("H dimension) traces taken through the 2D {'H,"’N}
HSQC NMR spectral cross peaks of G42, D73, G70, and V72
during Ca?" titration are shown in the lower panels. While the
peaks of G42 and D73 shift from left to right, those of G70 and V72
shift from right to left. The upper panels are computer simulations
using KD(III,’IV):O-Z ]J.M, KD(H):2O ]J.M, and koﬁ‘: 5000 s 1. The
line widths of the free (Avg) and the bound (Avy) species and the
starting (dg) and the final () resonance positions for those four
residues are as follows: G42, Avy=19, Av,=21, 6;=4358, and
0,=4315 Hz; D73, Avy=21, Av,=23, §;=4424, and J,=4332 Hz;
G70, Ave=21, Av,=21, 6¢=5178, and 6, =5379 Hz; V72, Av;=22,
Av, =23, 0r=4409, and 6,=4833 Hz

various titration points during the addition of Ca®>*. For
G42, where the Ad =43 Hz, the line shape only slightly
broadens during the titration. On the other hand, V72,
which has Ad=424 Hz, broadens substantially during
the titration and then sharpens dramatically at the end.
The A values for D73 and G70 are 92 Hz and 201 Hz,
respectively, and the line broadening fell between G42
and V72. The line-shape changes for these four residues
were simulated to obtain the site II Ca>" off-rate con-
stant k.. The line widths of the free (Avg) and bound
(Avy) species and the starting (of) and final (dy,) reso-
nance positions for those four residues are listed in the
legend of Fig. 4. The simulations were done using the
experimentally derived values for Avy Aw,, df Jy, and
KD(H):Q,O HM and KD(III/IV):0~2 },LM and adjusting
kow. A kog of 5000 s™' provides the closest fit to the
experimental data for all four residues (Fig. 4). Since the
simulation program does not take into account the re-
laxation in both 'H and '°N dimensions during the 2D
{"H,">N} HSQC pulse sequence, which will lead to lower
intensities in the middle of the titration when the line
broadening is the largest, differential intensities of the
cross peaks between the simulated and experimental
spectra are observed (X. Wang, M.X. Li, B.D. Sykes,
unpublished data). The most obvious is with V72
(Fig. 4). The site IT Ca*" off-rate of 5000 s ' at 30 °C
had not been measured previously because this rate is
too fast to be measured by fluorescence stopped-flow
experiments. Using the relationship Kp=kog/kon, the
calculated k., is 2.5x10° M s !, indicating that Ca’*
binding to site II is diffusion controlled at 30 °C.

cTnls, 7, titration of ¢TnC:3Ca®™"

Previously, we have shown that c¢Tnls; 7, binds
¢CTnC2Ca’" in a 1:1 stoichiometry to form a stable
cCTnC2Ca’" ¢Tnlz4 7 complex (Kp=1 uM) and the
interaction of cTnls, 7; with cCTnC2Ca*" occurs with
slow exchange kinetics on the NMR time scale (Wang
et al. 2001). Here we show a similar binding behavior of
cTnlsy 7 for ¢cTnC3Ca’", indicating that the interac-
tion of this region of c¢Tnl binds specifically to the
C-domain of ¢cTnC-3Ca”" regardless of the presence of
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the N-domain. Figure 5SA shows a superimposition of
the 2D {'H,'’N} HSQC NMR spectra of cTnC3Ca’*"
and the ¢cTnC3Ca® " cTnls4 7, complex. As the titration
progresses, the resonance peaks corresponding to
¢TnC3Ca®>" becomes less intense while those corre-
sponding to the ¢cTnC3Ca®"cTnlsy 7; complex grow.
Only the C-domain residues are affected (Fig. SA). For
example, G110 and G146 shift to new positions, while
G70 peak does not move at all. When the peptide to
protein ratio reaches 1:1, all cross peaks corresponding
to the C-domain of ¢cTnC3Ca®" have completely dis-
appeared, while those corresponding to the complex
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attain maximum intensity. This phenomenon is more
clearly illustrated in Fig. 6A. The intensity changes as a
function of peptide to protein ratios were fit to the
equation:

¢TnC.3Ca*" + ¢Tnlzy_7; = ¢TnC.3Ca** .cTnls_7
(5)

and yielded a dissociation constant (Kp) of 1 uM,
agreeing with the affinity of ¢Tnls4 7, for cCTnC2Ca®"
(Wang et al. 2001) and that of sTnl; 4, for
sCTnC2Ca’* (Mercier et al. 2000). The line shapes of
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S 42 105
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Fig. 6. Stacked plots of 1D ("H dimension) traces from 2D
{'"H,">N} HSQC NMR spectral cross peaks of ¢TnC residues
DI113and D149, A31, and 1128, respectively representing A cTnlz4 74
binding to ¢TnC-3Ca>", B ¢Tnl 47_;63 binding to ¢cTnC-3Ca’* cT-
nls4 71, and C ¢Tnl; s 147 binding to ¢TnC3Ca*"

G110 were simulated using experimentally derived val-
ues of Av=20Hz, Av,=24 Hz, 6;=6215 Hz,
0, =06329 Hz, A0=114 Hz, and Kp=1 puM and adjust-
ing kog. A ko value of 5 s provides the closest fit to the
experimental data (Fig. 7A). This indicates that the
dissociation of this region of ¢Tnl may be too slow to
participate in muscle regulation.

¢Tnl 47 163 titration of ¢cTnC:3Ca®* cTnls4 7,

Previously, we have titrated ¢Tnl 47 63 to cNTnC-Ca®"
and determined a binding affinity (Kp) of 154+ 10 uM
(Li et al. 1999). In this study, we show the titration of
this peptide to ¢TnC-3Ca’>"cTnlz4 7;. In this complex
the C-domain hydrophobic pocket is occupied by
cTnls4 7;, which binds tightly (Kp=1 uM). Figure 5B
shows the superimposition of the 2D {'H,"’N} HSQC
NMR spectra of c¢TnC3Ca’*cTnly 7, titrated by
cTnl47 1¢3. Similar to cTnlj4; 143 binding to
cNTnC'Ca’", this reaction occurs with fast exchange
kinetics on the NMR time scale. Figure 6B shows the
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shifts of the A31 resonance and the chemical shift
changes of A31 as a function of peptide to protein ratios
were fit to the equation:

¢TnC.3Ca*" + cTnl34_71 + cTNI 47 163

= CTHC.3C32+.CTHI34,71.CT1’11147,163 (6)
and yielded a Kp of 150 £10 uM. Within experimental
error, this affinity agrees with that of cTnl4; 143 for
c¢NTnC'Ca’", indicating that the affinity of this peptide
for the N-domain of ¢TnC is independent of the pres-
ence of the C-domain. The line shapes of A31 were
simulated using experimentally derived values of
Ave=21 Hz, Av,=16 Hz, 6;=3938 Hz, J,=4012 Hz,
Ad=74 Hz, and Kp=150 uM and adjusting k.. A ko
of 5000 s ' provides the closest fit to the experimental
data (Fig. 7B). This indicates that the dissociation rate
of this region of cTnl from cTnC is in the same order of
Ca®" dissociation from site II and is fast enough to
regulate muscle contraction.

cTnljsg 147 titration of ¢TnC-3Ca’"

This titration was done in a previous study and we have
reported the binding affinity of 7810 uM (Li et al.
2000), but the line-shape analysis was not done. For the
purpose of comparing with the binding of the other two



253

C (1128)
N N
A XY
A AK/ iinae
\} Y \
/' / \ /\//
Y
/////i// x\ \g(\ / \
WA S AN
| =————F= — - 2}
////f\;\\
A ANV
AV N ‘\\
r//\\\,ﬂ\y\ ANV W
VA /
ANV YKL
/é// /\\/\ \/ /( 7\ y \ \
2 TN VAN L
LV SOONNN AN
V:H.V‘IVV\IHH‘\ M’MII‘ H\]HVVM YiHH‘HH‘HH[HI!‘HHI\IH’HH'I\H‘ ‘H\’HWIHH‘HH!\ \Ly‘uu‘u\\l\‘llh\[HH[HH‘HH’IM[HH[HIWHHV‘\
6250 6230 6210 Hz 4030 4000 3970 3940 Hz 4100 4070 4040 Hz

Fig. 7. 1D ('H dimension) NMR spectral traces taken through the
2D {'H,'N} HSQC NMR spectral cross peaks of G110 in the
titration of ¢cTnC-3Ca’>" with cTnlss 7; (A), A31 in the titration of
CTnC'3CaZ+'CTnI34771 with cTnli47 163 (B), and 1128 in the
titration of ¢TnC3Ca®" with c¢Tnljsg 147 (C), respectively, are
shown in the lower panels. All three residues shift from left to right.
The upper panels are computer simulations using KP:l uM and
kog=5s"' for A, Kp=150 uM and k,y=5000s"' for B, and
Kp=78 uM and kyg= 5000 s for C, respectively

regions of cTnl to cTnC, the titration plot of
¢TnC3Ca’*" with ¢Tnl;»g 147 is shown in Fig. 5C. Fig-
ure 6C shows the shifts of the I128 resonance. The
chemical shift changes of 1128 as a function of peptide to
protein ratios were fit to the equation:

CTHC.3C&2+ + cTnljpg 147 = cTnC.3Ca2+.cTn1123,147
(7)

and yielded a Kp of 78 £ 10 uM. The line shapes of the
1128 resonances were simulated using experimentally
derived values of Avy=18 Hz, Av,=20 Hz, §;=4037 Hz,
0, =4103 Hz, A0 =66 Hz, and Kp=78 uM and adjust-
ing kom. A ko of 5000 s ! provides the closest fit to the
experimental data (Fig. 7C). This indicates that the
dissociation rate of this region of cTnl from ¢TnC is in
the same order of Ca’" dissociation from site I and is
fast enough to regulate muscle contraction.

Discussion

The key events in regulating skeletal and cardiac muscle
contraction involve Ca®* binding and release from TnC,
the accompanied structural changes, and the subsequent
TnC-Tnl interactions. Although the sequence of events
involved in initiating skeletal and cardiac muscle con-
traction are very similar, the kinetics and thermody-
namics of these events must differ for the two systems to
account for the different physiological behavior of the
two muscle types. The goal of this study is to charac-
terize the kinetics of Ca”?" binding to intact human
¢TnC and of three ¢Tnl peptides binding to the Ca’" -
saturated cTnC by the means of 2D {IH,ISN} HSQC

NMR spectroscopy at 30 °C, a temperature close to that
of human heart (~37 °C). The kinetics of these events
are reflected in the Ca®"- and peptide-induced NMR
spectral intensity, chemical shift, and line-shape changes
of cTnC. Analysis of the NMR spectral changes allow us
to determine the dissociation (Kp) and off-rate (k.g)
constants and to derive the association rate (k,,) con-
stants using the relationship Kp = kog/kon.

We first examined Ca®” binding to both classes of
sites in intact human cTnC. The results show that sites
IIT and IV exhibit 100-fold higher Ca®* affinity than site
11 (KD(III,IV)zO'z HM, KD(H)WQ,O j.,lM), but that site II is
partially occupied before sites III and IV are saturated.
The addition of the first two equivalents of Ca®" satu-
rates ~90% of sites III and IV and ~20% of site II and
three equivalents saturate all three sites completely. This
suggests that the Ca?" occupancy of all three sites may
contribute to the Ca®*-dependent regulation in muscle
contraction. A similar phenomenon in Ca®>" binding to
CaM has been reported (Biekofsky et al. 1998), dem-
onstrating that the addition of two equivalents of Ca?"
saturates 15-35% of the N-domain sites (I/II) and 85—
55% of the C-domain sites (III/IV). This is not sur-
prising, since both classes of binding sites in CaM play
regulatory roles (for a review see Crivici and Ikura
1995). For ¢TnC or sTnC, such a behavior had not been
reported previously. Biekofsky et al. (1998) also reported
line broadening of the N-domain resonances (e.g. 127
and 163) during Ca>" binding to the C-domain and in-
terpreted it as due to the partial occupancy of sites I/11 in
CaM. In this work, we also observed line broadening of
the N-domain resonances (e.g. G70 and V72, Fig. 2)
during Ca®" binding to the C-domain of ¢cTnC. V72 is
the residue equivalent to 163 in CaM. Clearly, this is the
result of the partial occupancy of site II before the
[Ca”]total/[cTnC]tota] ratio reaches 2. Thus, no domain-
domain interactions need be introduced to understand
the NMR spectral changes occurring during Ca®" ti-
tration of ¢TnC.

A second major finding from this study is that a much
higher site II Ca®" dissociation rate (kog=5000s ",
30 °C) was observed as compared to previous published
results. Such a rapid off-rate had not previously been
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measured. A number of studies have been performed on
the kinetics of Ca?" binding to sTnC or ¢TnC, isolated
or in the troponin complex, and the experiments involve
the use of proteins with mutated or attached fluorescent
reporter groups. In sTnC, Ca’>" binding to sites I/I1
appears to be diffusion limited (ko,~10* M's™") with a
Ca’" dissociation rate (koq) of ~400-500 s ' and the
conformational change occurs almost simultaneously
with the Ca®" association/dissociation (Johnson et al.
1994; Rosenfeld and Taylor 1985a, 1985b). In cTnC,
Ca’" binding to site II is also diffusion limited
(kon=108 M 57!, ko qr2500-800 s '), but the conforma-
tional change was found to be significantly slower than
the Ca’" on- and off-rates (Dong et al. 1996, 1997,
Hazard et al. 1998). These reported on- and off-rates
may not, however, represent the time scales of the mo-
lecular events that would occur at physiological tem-
perature (e.g. 37 °C in human heart), since most of these
experiments were performed at 4 °C because Ca’" ki-
netics become too fast to be measured by stopped-flow
methods at temperatures higher than 4 °C (Hazard et al.
1998). Moreover, it is well known that both the time to
peak tension after excitation and the relaxation time can
vary widely with temperature, and are species-depen-
dent. Knowing the dissociation constant Kppy=20 uM
and off-rate constant ko= 5000 s ', the calculated on-rate
of Ca®" (Kpan = kofi/kon) for site II is 2.5x10* M ' s,
indicating that Ca®" binding to site II of ¢TnC is dif-
fusion-controlled. Hence, at a temperature (30 °C) close
to the physiological level, Ca®" association and disso-
ciation from site II is rapid enough to account for the
speed of cardiac muscle contraction and relaxation,
which occur on the time scale of milliseconds (Mason
1983).

The rapid rate of the rise of the tension necessitates a
rapid binding of Ca®" to the Ca®"-specific regulatory
site II of ¢cTnC as well as a rapid propagation of these
Ca®"-induced conformational changes to other com-
ponents of the thin filaments, such as cTnl. Limited
information is available on the kinetics of sTnC-sTnl or
c¢TnC-cTnl interactions. In a previous study, we initiated
the kinetic analysis of sTnC-sTnl interaction by study-
ing the binding of the sTnl;;5.13; peptide to
sNTnC2Ca’* (McKay et al. 1997). In the present work,
we have determined the off-rate constants for the bind-
ing of three ¢Tnl Peptides to ¢TnC: these are 5s ' for
cTnlsy 71, 5000 s' for c¢Tnljag j47, and 5000 s for
cTnl 47_1¢3, respectively. Thus, it appears that the kg
values for the blndlng of CTHI]28,147 and CTHI]47,|63 to
c¢TnC are in the same order as the kg for the binding of
Ca?" to site IT of cTnC, and these events are fast enough
to be kinetically competent for muscle contraction, while
that of cTnlz4_7; may be too slow for this process. These
three regions of ¢Tnl have been identified by many
biophysical and biological studies to be responsible for
interacting with cTnC. In the antiparallel arrangement
of ¢TnC-cTnl interaction (Farah and Reinach 1995;
Krudy et al. 1994), ¢Tnls4 7, corresponding to sTnl_4,
binds tightly to the Ca®*-saturated C-domain of ¢TnC

and the binding site was identified to be in the hydro-
phobic pocket of the C-domain (Gasmi-Seabrook et al.
1999). This region of cTnl presumably adopts an «-he-
lical conformation similar to that of sTnl;_4; observed in
the X-ray structure of the sTnC2Ca% " sTnl, 4 complex
(Vassylyev et al. 1998). The inhibitory domain of c¢Tnl
(cTnl;»5_147) binds to the central helix area toward the
C-domain of ¢TnC and this binding constitutes a major
switch between muscle contraction and relaxation (Van
Eyk and Hodges 1988); this switch is also modulated by
the interaction of the C-terminal region of cTnl and
cTnC (Ramos 1999; Rarick et al. 1997). The residues
(~147-163) immediately following the inhibitory region
bind to the hydrophobic pocket of the N-domain of
c¢TnC. In the NMR structure of cTnl 47 143 in complex
with ¢cNTnC:Ca®*, ¢Tnljs7 163 forms an o-helix and
interacts with the hydrophobic surface of the N-domain,
stabilizing its open conformation (Li et al. 1999). Two
models of sTnC-sTnl interactions have been proposed to
rationalize the functional roles of these three regions of
Tnl. One proposes that the N-terminal and the inhibi-
tory regions share overlapping binding sites on the
C-domain of sTnC, which are alternatively occupied by
either one or the other depending on the interactions
between the N-domain of TnC and the C-domain of Tnl
(Tripet et al. 1997). Another proposes that the N-ter-
minal region of Tnl always binds to the C-domain of
TnC regardless of the Ca®*-dependent interaction be-
tween the N-domain of TnC and the C-domain of Tnl,
while the inhibitory region interacts with the central
helix area (Luo et al. 2000; Tung et al. 2000). Clearly,
our results are in line with the second model, which
implies a structural role for the ¢Tnls4 7, region but
functional roles for both the cTnls5 147 and cTnl 47 163
regions.
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