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ABSTRACT: W7 is a well-known calmodulin (CaM) antagonist and has been implicated as an inhibitor of
the troponin C-mediated €a activation of cardiac muscle contraction. In this study, we use NMR
spectroscopy to study binding of W7 to cardiac troponin C (cTnC) free or in complex with cardiac troponin
| (cTnl) peptides. Titration of cTN@Ca&" with W7 shows that residues throughout the sequence, including
the N- and C-domains of cTnC and the central linker, are affected. Analysis of the binding stoichiometry
and the trajectories of chemical shift changes indicate that W7 binding occurs at multiple sites. To address
the issue of whether multiple-site binding is relevant within the troponin complex, W7 is titrated to a
cTnC—cTnl complex (cTNE3C&a&"-cTnlzs-71:CTnlizg-163). IN the presence of the N-terminal (residues
~34—71), inhibitory (residues-128-147), and switch (residues147—163) regions of cTnl, W7 induces
chemical shift changes only in the N-domain and not in the C-domain or the central linker of cTnC. The
results indicate that in the presence of cTnl, W7 no longer binds to multiple sites of cTnC but instead
binds specifically to the N-domain, and the bindin¢,(= 0.5 + 0.1 mM) can occur together with the
switch region of cTnl. Hence, W7 may play a role in directly modulating thé"Gensitivity of the
regulatory domain of cTnC and the interaction of the switch region of cTnl and cTnC.

As a well-known calmodulin (CaM)antagonist, W7 has  to muscle contraction (for a review, see #f Structural
been frequently used to explore a wide range of physiological studies have shown that the apo N-domain of cTnC adopts
processes that are mediated byG@aM. There is consider- a “closed” conformation with most of its hydrophobic
able evidence that CaM and its antagonists modulate thie Ca residues buried5). The energy barrier for “opening” is
signaling pathway in cardiac myocyte$).( The fact that overcome by the binding of Gaand the switch region of
another Ca'-binding protein, cardiac troponin C (cTnC), cTnl (residues~147—163) @, 7). In the NMR structure of
exists in abundance in cardiac myocytes has prompted athe cNTnGCa*-cTnlis7-163 complex ¢) and the X-ray
study of the role of W7 in the interplay of troponin- and structure of the cTN@GCa&"-cTnlz;—210:CTNT183-288 COMpleEX
myosin-based pathways of €aactivation in skeletal and  (8), cTnh4r-163 adopts ana-helical conformation and lies
cardiac muscle, which showed that in both skeletal and across the hydrophobic groove with contacts to key hydro-
cardiac muscle fibers, W7 inhibits the maxi- phobic residues in the N-domain. This interaction initiates
mum ATPase activity and Ca sensitivity @). The W7 the movement of the adjoining inhibitory (cTipd-147) and
inhibition is most likely mediated via specific interactions C-terminal (cTnles-210 regions of cTnl away from the
between W7 and TnC. This notion is supported by the actin—tropomyosin and releases the inhibition. The gt
observation that W7 binds specifically to TnC and not to region binds tightly to the C-domain of ¢cTnC in the
tropomyosin, actin, or myosirl). absence or presence of Laln the X-ray structure of the

Like CaM, cTnC is an “elongated” molecule with two ¢cTnC3Ca&"-cTnl—210CTNT1g3-288 COMplex, the cTrl-71
globular domains connected by a flexible linker in solution region forms a longx-helix and makes extensive contacts
(3). Both domains of cTnC contain a core of hydrophobic with the hydrophobic surface of the C-domain of cTnC. Most
amino acids, and these residues are essential for binding ofof the inhibitory region of cTnl is invisible in the core domain
cardiac troponin | (cTnl) to cTnC, transmitting the ®a  structure of the cTNBCa&*-cTNls;_210CTNT1g3-28s cOMplex,
signal to other thin filament proteins, signaling the activation but the similar region of skeletal Tnl (sTnl) is shown to have
of the actomyosin ATPase reaction, and ultimately leading an extended conformation and interact with the central helix
area of skeletal TnC (sTnC) in the X-ray structure of the

t Supported by the Canadian Institutes of Health Research and thesTNG4C&"-sTnl—15»STNTis6-262 COMplex Q). Specifically,
Heart and Stroke Foundation of Canada. . the inhibitory region of sTnl was found to make electrostatic
5 46g'olé’g‘(?r?%oor)refg’zo_%%%%‘?e;gy::d Eﬁ ;ﬁg;isessg'uzrboen% gst) 492'contacts_wi_th the acidic residues on the central DE helix of

1 Abbreviations: TnC, troponin C; cTnC, cardiac troponin C; cNTnC, STNC, similar to those observed in the NMR solution

N-domain (residues-189) of cTnC; cCTnC, C-domain (residues-91 structure of the cCTn@C&*+cTnlyg-147 cOmplex (0, 11).
161) of cTnC; sTnC, skeletal troponin C; CaM, calmodulin; W7(6- . .
aminohexyl)-5-chloro-1-naphthalene sulfonamide; NH83-aminooctyl)- The hydrophobic patches on both domains of cTnC are

5-jodo-1-naphthalene sulfonamide; TFP, trifluoroperazine. essential for binding cTnl and are therefore important targets
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for cardiotonic drugs (usually organic compounds with cTnl peptides, cTnk-71 (acetyl-AKKKSKISASRKLQLK-
aromatic groups) used in the therapy of heart conditions (for TLLLQIAKQELEREAEERGEK-amide) and cTnRbs 163
reviews, see refgl and 12—15). Agents such as CaM (acetyl-TQKIFDLRGKFKRPTLRRVRISADAMMQALL-
antagonists TFP and bepridil have been employed for this GARAK-amide), were prepared by the use of standard
purpose, and multiple binding sites of TFP and bepridil on methodology as described by Tripet et aR)( The sequences
cTnC have been identifiedL§). In the X-ray structure of  were confirmed by amino acid analysis, and the mass was
the cTnG3Ca&"-3bepridil complex, two bepridil molecules  verified by electrospray mass spectrometry. W7 was pur-
pull the N- and C-domains close together to result in a chased from Sigma-Aldrich. Two stock solutions of W7
compact structure for cTnC while a third bepridil appears (117.8 and 108.1 mM) in DMS@; (Cambridge Isotopes
to stabilize an open regulatory domain conformation by Inc.) were prepared, and the vials containing the solutions
binding to the center of the hydrophobic pocket, much like were wrapped in aluminum foil due to its sensitivity to light.
CTnlyz-163 (17). The NMR structure of the cNTnCa&*- The concentrations were determined by UV absorption using
cTnl47-163bepridil ternary complex shows that both bepridil a molar extinction coefficiente{cm 297n) Of 8060. All NMR
and cTnls7-163bind to the hydrophobic pocket of the protein  samples initially had volumes of 50QL. The buffer
concurrently 18). In the structure of cTnC in complex with  conditions were 100 mM KCI and 10 mM imidazole in a
a C&'-sensitizing drug EMD 57033, favorable interactions 90% H0O/10% DO mixture, and the pH was 6.7. The NMR
position EMD 57033 in the hydrophobic pocket of the samples also contained 0.17 mM DSS, 0.01% Haihd
C-domain with the chiral group making several key contacts protease inhibitor cocktail | (Calbiochem). Gilson Pipetman
with the protein 19). In the X-ray structure of the P2 and P10 were used to deliver the drug solutions for all
STNGAC&"-sTnh-152STNTis6-262 COMplex, a polyoxyeth- titrations.
ylene detergent molecule, Anapoe, binds specifically to the W?7 Titration ofcTnC:3C&". To a NMR tube containing
Cat-saturated N-domain of sTnC together with the switch a 500 uL sample of 0.81 mM PN,=C]cTnC-Ca&" were
region of sTnl (sTnkhs-131), and this binding is likely added aliquots of 0.5, 1, 1.5, 2, 3, 4, 4, 4, 4, 6, and_&f
responsible for the increase in the contractile force of muscle 117.8 mM W7 for the 11 titration points. The sample was
fibers in the presence of Anapo&)( Another C&'- mixed thoroughly with each addition. The titration was
sensitizing drug, levosimendan, currently used as a treatmentstopped when white precipitate started to appear. The volume
for acute heart failure, has been discovered by using cTnCincrease during titration and the change in protein concentra-
as a target protein, and its €asensitizing effect has been tion due to dilution were taken into account for data analy-
shown to be located in the N-domain of cTnT4(20). sis. The change in pH caused by addition of W7 was

To elucidate the mechanism of W7 action in cardiac negligible. One-dimensional (10H, 2D "H—*N HSQC,
muscle contraction, we have used NMR spectroscopy to and 2D'H—*3C HSQC NMR spectra of cTnC were acquired
study binding of W7 to cTnC free or in complex with cTnl at every titration point.
peptides. We use two-dimensional (21p)—*°N HSQC and W7 Titration of the cTn€Ca&"-cTnlzs—71°CTNliog 163
2D H—-13C HSQC NMR spectral changes to monitor the ComplexA 1:1:1 [**N]cTnC:cTnlzs—71°CTNli2g-163 COMplex
titration of cTnG3Ca&" with W7, the formation of a 1:1:1  was formed by dissolving solid protein and peptides together
CcTnC3Ca&"-cTnls-71-CTNl2s-163 cOMplex, and the titration  in NMR buffer. The protein and peptide concentrations were
of the cTNC3C&"-cTnlzs—71-CTnli2s-163 COMplex with W7. determined gravimetrically and calibrated on the basis of
The cTnl peptides that were chosen encompass the threeamino acid analysis of each individual component. The final
functional regions of cTnl that interact directly with cTnC; sample contains 0.48 mM cTnC, 0.48 mM cT#li3 and
as such, the cTn@GCa&"cTnlys—71°CTnlizg-163 COMplex 0.48 mM cTnks—71. The pH was adjusted to 6.7, and a slight
represents a meaningful cTARCTnl model. Our results show  amount of precipitate was eliminated by filtration. To a NMR
that W7 binds to multiple sites of cTn8Ca&", but the tube containing a 500L sample of the 1:1:1 complex were
binding becomes much simpler in the presence of the cTnl added aliquots of 0.5, 1, 1.5, 2, 3, 4, 6, andid0of 108.1
regions; i.e., W7 no longer binds to multiple sites but mM W?7 for the eight titration points. The sample was mixed
specifically binds to the N-domain, and this binding can thoroughly with each addition. The titration was stopped
occur together with the switch region of cTnl, cTsliss when white precipitate started to appear (after theulLO
Hence, W7 may play a role in directly modulating theCa  addition). The volume increase during titration and the
sensitivity of the regulatory domain of ¢TnC and the change in protein concentration due to dilution were taken
interaction of the switch region of cTnl and cTnC. These into account for data analysis. The change in pH caused by
results not only contribute to the understanding of the addition of W7 was negligible. 1EH and 2D*H—N HSQC
mechanism of action of W7 in cardiac myocytes but also NMR spectra of cTnC were acquired at every titration point.
provide useful information for the design of cardiotonic drugs ~ NMR Spectroscopyll of the NMR spectra were obtained
in general. using a Varian INOVA 500 MHz spectrometer at 3G.

All 1D *H, 2D H—1N HSQC, and 2D'H-13C HSQC

EXPERIMENTAL PROCEDURES spectra were acquired using the pulse sequences from

Sample PreparatiorRecombinant human c¢TnC (residues BioPack (Varian Inc.). Spectral processing and analyses were
1-161) with the C35S and C84S mutations was used in this accomplished with VNMR (Varian Inc.) and NMRPip23]
study. Since cTnC (C35S/C84S) is the only protein used and referenced according to the IUPAC conventions.
throughout this work, (C35S/C84S) is omitted in this paper.
The engineering of the expression vector and the expressiorﬁESULTS
of 1°N-labeled and®N- and*3C-labeled proteins iEscheri- Binding of W7 6 cTnCG3C&*. The 2DH—-15N HSQC
chia coliwere as described previousI21). Two synthetic NMR spectrum of cTn@Ca&" has been assigne8)(and
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Ficure 1: Titration of cTnG3C&*+ with W7. 2D H—15N HSQC
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TFP @7), CaM4C&+-4TFP 8), and CaM4C&-2W7 (24)
complexes.

The complex stoichiometry of binding of W7 to cTnC
3C&" is also demonstrated in Figure 2, which shows the
2D H—13C HSQC NMR spectral changes in the methionine
methyl region of cTnC with various equivalents of added
W?7. Like the backbone amides, the methionine methyls
undergo continuing spectral changes as the W7:c36&*
molar ratio increases from 0 to 9.45. The methionine methyls
are present in the hydrophobic pockets of both the N- and
C-domains of cTnC, and many are likely involved in direct
contacts with the binding ligands. These groups have been
used as site-specific structural markers of cTnC to identify
drug binding sites for TFP and bepridil), EMD 57033,
and levosimendark@). In Figure 2, the left-most panel (W7:
cTnC3Ca&" molar ratio of 0) has been assigned on the basis
of Sia et al. 8), and the right-most panel (W7:cTrRECZ"
molar ratio of 9.45) is labeled on the basis of the assignments
for cNTNC:C&* and cCTnG2C&" in W7-bound state<26).

NMR spectra from the backbone amide regions of cTnC at various Most of the methyl groups exhibit high-field shifts, and these
W?7 additions are superimposed, showing the progressive shift of groups are from both the N-domain (e.g., M80 and M81)

peaks with increasing [Wgla/[cTnClota ratios (0.00, 0.16, 0.47,
0.95, 1.58, 2.52, 3.78, 5.04, 6.30, 7.56, and 9.45).

was used as a starting point to monitor W7-induced spectra
changes. Figure 1 shows the W7-induced backbone amid

resonance shifts in cTnBC&*+ as the W7:cTn€3Ca&+ molar

ratio increases from 0 to 9.45. Residues throughout cTnC
are affected to various degrees. It is interesting to notice that
the shifting of the cross-peaks does not stop even when th

W7:cTnG3Ca&" molar ratio reaches 9.45. This observation
suggests a relative weak affinity of W7 for cT{8C&" since
cTnC3C&" is not saturated at 7.7 mM W?7. It also implies
multisite or nonspecific binding of W7 to cTR8C&", which

is supported by the observation that some cross-peaks shift38) Among the a

€

€,

and the C-domain (e.g., M137 and M157) of cTnC.
Binding of W7 to the cT@-3C&"-cTnlgs—71-CTNli2g 163

IComplex. The formation of a 1:1:1 cTR&C&*-cTnlzs—71°

CTnliog 163 cOMplex was monitored by 2EH—1N HSQC
NMR spectroscopy as shown in Figure 3A. We assigned the
outlying resonances in Figure 3A on the basis of results from
previous titrations: cTnk-7; to the isolated C-domain
cCTnG2Ca&" (19) and to intact cTnE&BC&" (21), cTNnhog 147

to the isolated C-domain cCTREC&" (10) and to intact
cTnC3Ca&" (21), and cTnls7163to the isolated N-domain
cNTnC:C&*t (7) and to intact cTn@Ca&" (21). These
assignments allow us to monitor the titration of the
cTnC3C&"cTnlss—71°CTnliog-163 cOMplex with W7 (Figure
ssigned residues, it is clear that only the

in a nonlinear fashion (e.g., T124, 1128, and E161), as \_qomain residues (e.g., G34, G42, G49, T53, E66, G68,

observed in the cases of binding of TFP to cTni®)(
binding of W7 to CaM 24), binding of W7 to cNTnC and
cCTnC @5), and binding of J8 to CaM2g). The multisite

G70, D73, and V79) but not the C-domain residues (e.g.,
G110, 1112, D113, 1128, T129, and F153) undergo chemical
shift changes. For a more focused comparison, we show an

binding mechanism is also reflected in the differences in the expanded region of the 2BH—15N HSQC NMR spectra
cross-peak shift trajectories between the N-domain and thecqyering the three characteristic €inding site glycines,
C-domain. Figure 1 shows that most of the C-domain residue G709, G110, and G146 (Figure 3C,D). In Figure 3C, the

peaks gradually shift with little change in their intensity,

chemical shift changes of G70 reflect the binding of

indicating that the rate of exchange between W7 and the cTnj,,; 165 to the N-domain of cTnC while those of G110
C—doma!n is fast on the NMR time scale. However, several gnd G146 reflect the binding of cTib 147 and/or cTnds 71
N-domain resonances, such as L29, G42, and V79, areg the C-domain of cTnC. When W7 is titrated into the
broadened upon addition of W7, indicating that the binding ¢TnG3C&*+cTnlss 71-cTNlizs 163 complex, only G70 shifts

of W7 to the N-domain occurs with slow or intermediate

(Figure 3D). These results suggest that the W7 binding sites

exchange kinetics on the NMR time scale. For example, the of W7 in the C-domain are blocked by cBalz1, cTnhos 147,

shifts of G42 in the N-domain and T129 in the C-domain

or both, but W7 is capable of binding to the N-domain

are similar in magnitude, yet G42 experiences line broaden-together with the switch region, cTm}-163 The chemical
ing during the titration but not T129. This suggests that shift changes of G34, G42, G49, T53, E66, G68, G70,

binding of W7 to the N-domain is tighter, with slower

D73, and V79 are averaged and normalized according to

exchange kinetics, than binding to the C-domain. This is the relation §obs — Oinitia)/(Ocomplex — Oinitiar)- The norm-

consistent with our previous work on binding of W7 to
isolated N- and C-domains of cTn@%). Residues in the

alized average data as a function of [cFAC&"-cTnl3s—71
CTNli2g-163totaf [W 7] 1otal ratio were fit to the following equa-

central linker of cTnC (e.g., G91) also undergo W7-induced tion (see ref7 and references therein):

chemical shift changes. The binding of W7 to this region

may cause the bending of the flexible central linker so the CTNG3CE "+CTNlgy 7°CTNl 5 165+
two domains face each other and form a hydrophobic cavity W7 =¢cTnG3C&"cTnly, 51°CTNl g 165 W7
to accommodate several molecules of W7 similar to those

observed in cases of cTRBC&-3bepridil 17), Camv-4C& ™ and yielded a macroscopic dissociation constég) of 0.5
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FIGURE 2: Titration of cTnG3Ca&" with W7. 2D 1H—13C HSQC NMR spectra from the methionine methyl regions of cTnC with various
equivalents (shown at the top of each panel) of added W?7.

+ 0.1 mM (Figure 4). This affinity is very similar to that of  structural changes in CaMIC&"; the overall shape changes

Anapoe for the skeletal troponin comple&y(~ 0.64 mM) from an elongated structure to a compact globular structure
(9). It is likely that W7 binds in a fashion similar to that of in solution, caused by bending of the flexible central linker.
Anapoe binding to sTnC and bepridil binding to cTrIBY, This phenomenon also occurs in the structure of the eTnC
3Ca&"-3bepridil complex 17), which displays a globular
DISCUSSION shape resembling that of CalC&*-TFP and CaM4Ca&*—

peptide complexes. On the basis of these comparisons, it is
reasonable to suggest that a multisite mechanism for binding
of W7 to cTnC may cause major structural changes in cTnC
3Ca". One possibility is that cTn@GC&" undergoes a W7-
induced interdomain compaction. As a result, the ¢TnC
3Ca&"-W7 complex may adopt a globular shape resembling
that of the cTnE3C&*-3bepridil complex 7). Thus, cTnC's

The goal of this study is to assess if CaM antagonist W7
interacts with ¢cTnC and how its binding to cTnC modulates
the cTnC-cTnl interaction. To achieve this goal, we have
utilized 2D*H—N and 2D'H—3C HSQC NMR spectros-
copy to monitor the binding of W7 to cTn@C&" in the
absence and presence of cTnl peptides. When e30&"
is titrated with W7, the NMR peaks of backbone amides of : L . . .
almost all residues shift (Figure 1), suggesting the backbonekn.OWn gonformatlonal pla.sjumty, with re_spgct to interdomain
of the entire protein has been perturbed. Analysis of the orientation, may be sensitive to W7 binding.
binding stoichiometry and the trajectories of chemical shift  In the presence of cTgd-7; and cTnlzs-163 peptides, the
changes indicate that W7 binding occurs at multiple sites binding of W7 to cTnC becomes much simpler and W7 binds
located in the N-domain, the C-domain, and the central linker specifically to the regulatory domain. The peptides used in
of cTnC. Moreover, all the Met methyl groups located in this study contain the three important functional regions of
the hydrophobic pocket of the two domains of cTnC cTnl that directly interact with cTnC; as such, the 1:1:1
exhibited high-field shifts (Figure 2), possibly due to ring complex (CTNC3Ca&*cTNlss-71-CTnh2s-169 presents a rel-
current effects caused by the proximity of the W7 aromatic evant model for W7 binding. A similar approach has been
ring. These groups are from both the N-domain (e.g., M80 used to study the interaction of levosimendan with cT2Q.(
and M81) and the C-domain (e.g., M137 and M157) of cTnC. Using isolated cTnC, at least three binding sites for levosi-
Similar high-field shifts have been reported in binding of mendan were identified3@); however, by using a cTnC
W7 to isolated domains of cTn@%) and binding of W7 3C&"-cTnlsp-79°CTNli2g-180 complex, it was shown that
(30), J-8 (a derivative of W7)26), and TFP 81) to CaM cTnls-79 blocks the levosimendan binding sites on the

4C&*. X-ray structure analysis revealed that Cdkaa"- C-domain, whereas cTnk-150 does not compete with
TFP complexes (CaMC&":TFP ratio of 1:1 and 1:4)27, levosimendan for the binding site on the N-domain. This
28) adopt a globular structure similar to that of CefM@a&™— study allowed Sorsa et al. to conclude that the*'€a

target peptide complexe82). By using small-angle X-ray  sensitizing effect of levosimendan is located solely in the
scattering as well as NMR spectroscopy, Osawa e2d). ( regulatory N-domain of cTnC2(Q). Our results show that in
showed that binding of two molecules of W7 induces large the 1:1:1 cTnE3C&"-cTnls—71:CTNlizg-163 COMplex, the
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Ficure 3: Titration of cTNnG3C&*+ with cTnlzs—71 and cTnlog 163 (A) and of the cTNE3C&+cTnlzs—71°CTNliog 163 cOMplex with W7 (B).

(A) The 2D*H—1N HSQC NMR cross-peaks corresponding to cT3C2" are shown as multiple contours, whereas the peaks corresponding

to the cTNC3C&"+cTnlss71°CTNlig-163cOMplex are shown as single contours. (B) The!RB-1°N HSQC NMR cross-peaks corresponding

to the cTnC3C&*-cTnls-71°CTNliog-163 COMplex are shown as multiple contours, whereas the peaks at various W7 additions are shown
as single contours. A selected region of panel A is shown in panel C and a selected region of panel B in panel D to demonstrate the
chemical shift changes of the three signature glycine residues, G70 fréivb@aling site | and G110 and G146 from Tebinding sites

Il and IV, respectively.

cTnl peptides block the binding sites for W7 in the C-domain the cNTNGCa&*-cTnlis7-16zbepridil ternary complex, a
of cTnC and that W7 binds to the regulatory domain of cTnC. binding site for cTnds7—163 is primarily located on the AB
Most importantly, this binding can occur in the presence of interhelical interface and a binding site for bepridil is in the
the switch region of cTnl. center of the hydrophobic pocket. A similar binding scenario
We have shown previously that bepridil and the switch is observed in the X-ray structure of the sTAC&'-
region of cTnl bind to cNTn@&&" concurrently 18). In STnh-152STNTis6-262 COMplex Q); a detergent molecule,
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12+ and they cluster around the binding site of Anapoe (Figure
5). This result demonstrates that the biologically relevant
binding site of W7 is in the N-domain of cTnC and suggests
that W7 may play a role in directly modulating the €a
sensitivity of the regulatory domain of cTnC and the
interaction of the switch region of cTnl and cTnC in cardiac
myocytes.

The affinity determined for binding of W7 to the
cTNC3Ca&"-cTnlzs—71-CTNl12g-163 cOMplex Kp = 0.5+ 0.1
mM) is comparable to that for binding of Anapoe to the
STNG4C&"-sTnh-18STNTi56-262 cOMplex Kp ~ 0.64 mM)
and binding of levosimendan to the cT#3C&":

r CTNlza—79'CTNl128-180 complex Kp = 0.2 mM) 0). This
supports the notion that binding of W7 to cardiac troponin
occurs in a mode similar to that of binding of levosimendan
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Normalized Chemical Shift Changes
(=] (=]
FS S

02+ to cardiac troponin and binding of Anapoe to skeletal
troponin. Note that thesKp values are in the millimolar
range, which is generally considered weak for protairug
00 A ]} t : o interactions. It is possible that micellization of drug molecules
[W7]101a/ICTNC -3Ca2*CTlyy 70 €Ty 051 saliotar in agueous solutions contributes to this phenomeBdr3p).
FIGURE 4: Titration of the cTNE3C&*-cTnls 71:CTNliog 163 The dissociation constant for binding of W7 to the

complex with W7. The chemical shift changes of G34, G42, G49, cTnC3C&"+cTnlis—71°CTnliog-163cOMplex is approximately
T53, E66, G68, G70, D73, and V79 are averaged and normalized 2 times greater than that reported for binding of W7 to the

according to the relatiordus — Jinitial)/(Ocomplex— Oinitial)- The best- ; _ ; — ;
fit curve to the data is shoswn zl;lslaa socltij(rjnplier?e. " isolated N-domain of cTnCKp 0.22 mM) @5). This

difference suggests that the interaction between W7 and
cTnC is weakened when the hydrophobic surface in the
N-domain of ¢cTnC is shared by W7 and the switch region
of cTnl.

In the context of designing cardiotonic drugs, the current
results add support to the growing body of evidence that
most potential drug candidates (or their analogues) exert their
effects in the regulatory N-domain of cTnC, by acting as
either C&" sensitizers (e.g., levosimendan and Anapoe) or
Ca&" desensitizers (e.g., W7). The net effect depends on
which exact binding site is involved and whether this binding
stabilizes or destabilizes the opening of the hydrophobic
pocket and the interaction of cTnC with cTnl. A study by
Kleerekoper et al. suggested that there are two drug binding
sites in the N-domain hydrophobic pocket, with one site
(marked by M45, M60, and M80) conferring €asensitizing
effects and the other site (containing M47, M81, and M85)

sTnT also being capable of coordinating ligand but being capable
FIGURE 5: Ribbon representations of the X-ray structure of the of inhibiting the association of cTnC with cTnl or cTnl
STNGAC&*-sTnh-157STNTis6-26ANapoe complex (PDB entry  peptides and therefore conferringCalesensitizing effects

1YTZ). The protein subunits are color-coded as follows: red for ;
sTnC, blue for sTnl, and yellow for sTnT. Pink spheres represent (16). In the case of Anapoe, the detergent molecule interacts

Ce+ atoms. The residues corresponding to the cTnC residues (G34 SPecifically with the hydrophobic side chains of eight amino
G42, G49, T53, E66, G68, G70, D73, and V79) are colored green. acid residues of the N-domain of sTnC and also three
The figure was created with PyMOL. hydrophobic residues of the switch region of sTnl. The net
result is the stabilization of the hydrophobic pocket, corre-
Anapoe, was found to bind together with the switch region sponding to the facilitation of the binding of &ato the
of sTnl to the C&’-saturated N-domain of sTnC (Figure 5), regulatory sites and enhancement of the contractile force of
and this binding is responsible for the increase in the muscle fibers g). Although the idea of Ca sensitizers has
contractile force of muscle fibers in the presence of Anapoe been widely accepted, the idea of designing'Giesensitiz-
(9). W7 appears to bind to a similar region where bepridil ers may be useful considering the phenomenon of Ca
binds to the cNTn&C&"-cTnlis7-163 cOMplex, and Anapoe  oversensitization in a majority of cardiomyopathids (V7
binds to the sTnelC&"-sTnh—_157STNTi56-262 COMplex has been shown to act as a potent and reversible inhibitor of
(Figure 5). This is supported by mapping the residues (G34, contraction in skeletal and heart mus@g Qur results show
G42, G49, T53, E66, G68, G70, D73, and V79) that undergo that while binding of W7 to cardiac troponin may occur in
W?7-induced chemical shift changes (Figure 3B) on the X-ray a mode similar to that of binding of Anapoe to skeletal
structure of the sTN@C&*+sTnk-_18STNTi56-262 COMpleXx troponin, it may target the desensitizing site involving M47,
(Figure 5). These residues are conserved from human cTnCM81, and M85 and may interfere with the binding of the
to chicken sTnC on the basis of primary sequence alignment,switch region of cTnl to cTnC. Ca desensitizers such as
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W7 may be utilized in aiding muscle relaxation that is 11.

compromised under certain cardiac conditions.

The data presented in this work provide evidence to
support the notion that cTnC is the primary target for the 12
CaM antogonist W7 in the myofilament and the effective
binding site of W7 is located in the regulatory domain of
cTnC. The position of W7 in the cardiac troponin complex
is analogous to that of Anapoe in the skeletal troponin

complex. This is based on the observation that the binding 14.

of the switch region of Tnl to the N-domain of TnC is the
same in the X-ray structure of the cardiac troponin core
complex, the solution NMR structure of the cNTnC g
Cé&"-cTnly7-163 cOmplex, and the X-ray structure of the
skeletal troponin core complex. While it is not relevant to

any conclusion drawn herein, we have discussed our data 16-

under the assumption that cardiac troponin behaves in
solution in a manner consistent with recent models of the 47
thin filament @6) derived from the skeletal troponin crystal
structure 9); i.e., the central helix of cTnC is stabilized by
the inhibitory region of cTnl (Figure 5). This is supported
by the demonstration that the electrostatic force between the
central helix of cTnC and the inhibitory region of cTnl is

observed in the NMR solution structure of the cCtnC  19.

2C&"-cTnlig-147 cOMplex (O, 11).
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