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ABSTRACT. The binding of C&" to cardiac troponin C (cTnC) triggers contraction in cardiac muscle. In
diseased heart, the myocardium is often desensitized 0, Gzading to weak cardiac contractility.
Compounds that can sensitize cardiac muscle & @auld have potential therapeutic value in treating
heart failure. The thiadiazinone derivative EMD 57033 is an identified*Gansitizer’, and cTnC is a
potential target of the drug. In this work, we used £B1, 1°N}-HSQC NMR spectroscopy to monitor the
binding of EMD 57033 to cTnC in the Casaturated state. By mapping the chemical shift changes to
the structure of cTnC, EMD 57033 is found to bind to the C-domain of cTnC. To test whether EMD
57033 competes with cardiac Tnl (cTnl) for cTnC and interferes with the inhibitory function, we examined
the interaction of cTnC with an inhibitory cTnl peptide (residues-1287, clp) in the absence and presence

of EMD 57033, respectively. cTnC was also titrated with EMD 57033 in the presence of clp. The results
show that although both the drug and clp interact with the C-domain of cTnC, they do not displace each
other, suggesting noncompetitive binding sites for the two targets. Detailed chemical shift mapping of the
binding sites reveals that the regions encompassing helix G-loop IV-helix H are more affected by EMD
57033, while residues located on helix E-loop Ill-helix F and the linker between sites Il and IV are more
affected by clp. In both cases, the binding stoichiometry is 1:1. The binding affinities for the drug are 8.0
+ 1.8 and 7.4+ 4.8uM in the absence and presence of clp, respectively, while those for the peptide are
78.24+ 10.3 and 99.2t 30.0uM in the absence and presence of EMD 57033, respectively. These findings
suggest that EMD 57033 may exert its positive inotropic effect by not directly enhancitigo®aling

to the C&" regulatory site of ¢cTnC, but by binding to the structural domain of cTnC, modulating the
interaction between cTnC and other thin filament proteins, and increasing the appatesegsitivity

of the contractile system.

Heart muscle contraction is regulated by contractile to tension producing cross bridges between actin and myosin,
proteins. These include myosin, actin, tropomyosin, and and ultimately muscle contraction [for reviews, sée§)].
troponin. Troponin is composed of three subunits: troponin
C (TnC)} troponin | (Tnl), and troponin T (TnT). In the
relaxed state, the troponin complex holds tropomyosin in a
conformational state that blocks the interaction between
myosin and actin. When €& binds to troponin C, the
troponin—tropomyosin complex changes so that it no longer
inhibits the interaction between actin and myosin. This leads

One main cause of congestive heart failure is desensitiza-
tion of the myocardium to Ca as well as depressed cardiac
contractility. Thus, the ability to sensitize cardiac muscle to
C&" and increase myocardial contractility would have
promising therapeutic potential for the treatment of the
disease. Great interest has been focused on the development
of C&"-sensitizing agents in the past decade. These drugs

T Supported by the Medical Research Council of Canada, the Heart have be-en shown to SenSI-tlze the contracyle prOtem?% ca
and Stroke Foundation of Canada, and the National Instituteé of Health.WIthOUt Increase O_f CYtO,SOIIC Gacqnce_ntratlon [for rewgws,

L.S. is a Heart and Stroke Foundation of Canada Research Fellow. S€€ 6—8)]. The thiadiazinone derivative EMD 57033 is one

*To whom correspondence should be addressed. E-mail: of the C&" sensitizers identifiedd—11). It has been found
b”?BﬁKﬁgg“ﬁ%ggfz to increase the Ca sensitivity of both myofibrillar ATPase

SE. Merck. (11, 12) and force development by skinned muscle fibers

'iggit;/efs_it)t/_ of Te¥aSC'Vt|6dica|_ Sghoq- C skelotal ot _ (1. However, the molecular mechanism underlining the
reviations: InC, troponin C; sInC, skeletal muscie troponin 4 - .
C; cTnC, cardiac muscle troponin C; cTnC(A-Cys), C35S and C84S Ca'-sensitizing effects of EMD 57033 is not well under-

mutant of cTnC; Tnl, troponin I; sTnl, skeletal muscle Tnl; c¢Tnl, stood. It is possible that the compound interacts directly with

cardiac muscle Tnl; clp, inhibitory synthetic peptide (£287) of  troponin C and increases its affinity for €a(13). It is also
cardiac Tnl; slp, inhibitory synthetic peptide (9615) of skeletal Tnl; ible that i ff. he i f f .
EMD, EMD 57033; NMR, nuclear magnetic resonance; HSQC, POSSIble that it exerts an effect on the interface of myosin

heteronuclear single-quantum coherence. actin (12).
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Cardiac troponin C is the Gabinding component in the  This work provides new insight into the molecular mecha-
thin filament of cardiac muscle and an attractive target for nism underlining the Ga-sensitizing effects of EMD 57033.
potential C&'-sensitizing compounds. Knowledge of the
structure and surface topology of cTnC is critical for an EXPERIMENTAL PROCEDURES

understanding of how these compounds interact with cTnC. ) ) . ,
Until recently, most of the drug binding studies have relied _Sample PreparatiarRecombinant chicken cardiatii]-
on structural models of cardiac TnC derived from structures ¢TNC with the mutations C35S and C84S [denoted cTnC

of skeletal TnC and calmodulil¢4—16). As a result, an  (A-Cys)] was used in this study. The expression and
open conformation for the N-domain of cTnC was proposed, Purification of cTnC (A-Cys) are as described previously
and the drugs were thought to bind to the hydrophobic (17)- Since cTnC(A-Cys) is the only protein used throughout
surface. However, the recent NMR solution structures of th|§ work, (A-Cys) is Om,'tted in this paper. Tyvo portions of
intact C&*-saturated cTnC1() and the apo and C& solid [**N]-cTnC were dissolved separately into 5060 of_
saturated N-domain of cTnQ8) reveal significant CH- NMR buffer containing 100 mM KCI, 10 mM |m|_dazole in
induced structural differences between sTnC and cTnC with 90% H0/10% DO. The sample concentrations were
a closed N-domain for cTnC in the @asaturated state. de.termlned.to be 0.70 and 0.56 mM, respectively, by amino
These structures have significant implications with respect a¢id analysis. To each sample was addedi 5 1 M CaCl,

to drug binding sites in cTnC. In this study, taking advantage © €nsure that the protein was Teaturated, and the pH
of the availability of the high-resolution structure of cTnC Was adjustedypl M HCl to 6.7. The synthetic peptide clp,
and its completely assigned 2PH,N}-HSQC NMR acetyI-TQKIFDLRGKFKRPTLRRV_R-ar_nlde, was prepared
spectra, we monitored in detail the binding of EMD 57033 @S described for the slp peptide in Tripet et @9)( The
to cTnC and mapped its location on the structure of cTnC. PePtide was lyophilized twice to remove residual organic

Another interesting issue is whether thesé'Gsensitizing solvents. Solid clp was dissolved in double distilled water
compounds interfere with c¢Tnl binding to cTnC. The to make two stock solutions, and the concentrations were

interaction of cTnC and cTnl plays a central role in cardiac 44 and 77 mM, respectively, as determined by amino acid

muscle contraction. Biochemical and biophysical studies haveanalyg,ls. E. Merck kindly prqwded EMD 57033. The
clarified how various regions of cTnl react with cTnC and chem!cal fprmula and properties Of. EMD 57033 are as
participate in thin filament Cd signaling [for a review, see described in Jonas et aB@. The purity of the drug was
(3)]. An antiparallel arrangement between cTnC and cTnl checked by 10H NMR spectrosgopy. Two sto_ck solutions
has been proposed9), and an inhibitory region (residues (53.3 a_nd 10.6'5 mM, resp_ect|_vely, def[e_rmmed by UV
128-147) has been identified2(). A movement of the absorption using a molar extinction coefficiafitm s2onm=
inhibitory region of cTnl from cTnC to actintropomyosin 20 000) of EMD 57033 n DMSO were prepared |mmed|ately
is believed to be the major switch between contraction and before use, and .the wa!s containing the“sqluuons_ were
relaxation 1), and this switch is modulated by the interac- WTapped. in aluminum foil due to its sensitivity to I|ght..
tion of the C-terminal region of cTnl and cTn@Z 23). Gilson Pipetman P (mode_:ls P2 and P_lO) was used to deliver
Structural data on cardiac Tnl include the structure of cTnl the drug or peptide solutions for all titrations.

inhibitory peptide bound to cardiac TnC determined by  (A) Titration of [**N]-cTnC with EMD 57033To an NMR
Campbell et al. 24) and the structural information generated tube containing a 50@L sample of 0.70 mM PN]-cTnC

by using NMR and selective isotope labeling of Met residues Were added aliquots of AL of 53.3 mM EMD 57033 in

in both cTnC and cTnl 49, 25, 26). The NMR solution DMSO for the first three titration points, and aliquots of 1
structure of the complex of the N-domain of cTnC and the #L of 106.5 mM EMD 57033 in DMSO were added for the

cTnl 147-163 region is the only high-resolution structure Next three titration points. The sample was mixed thoroughly
of the cTnC-cTnl binary complex available to dat@7). with each addition. After the sixth addition, a small amount

To evaluate the possible competitive binding of EMD 57033 Of white precipitate was observed. This precipitate is likely
and cTnl on CTnC, we performed detailed titrations of C|p unbound EMD 57033, which is insoluble in agueous solution.
peptide binding to cTnC in the absence and presence of EMD The appearance also resembles that of solid EMD 57033 in
57033, respectively. EMD 57033 was also titrated into cTnC adueous solution. The total volume increase was 6and

in the presence of clp. The inhibitory peptide chosen is the Fhe change in protein concentration due to dilution was taken
critical functional region for cTnl interacting with cTnQ@§). into account for data analyses. The change in pH from EMD
These titrations are monitored by ZBH,15N}-HSQC NMR 57033 addition was negligible. Both 1B1 and 2D{'H,
spectroscopy, and the ligand-induced chemical shift changes N} -HSQC NMR spectra were acquired at every titration
are used to map the binding sites for EMD 57033 and clp Point. As a control experiment, a 2DH,**N}-HSQC NMR

on cTnC. Together with the titration of EMD 57033 on cTnC, Spectrum of ¥N]-cTnC in the presence of GL of pure
these studies reveal that both EMD 57033 and clp bind to DMSO was acquired to test possible effects of DMSO on
the C-domain of cTnC with 1:1 stoichiometry, but with cTnC.

noncompetitive binding sites, implying that EMD 57033 may  (B) Titration of [*>N]-cTnC with clp To an NMR tube
not interfere with the interaction of cTnC and clp. These containing a 50Q:L sample of 0.56 mM PN]-cTnC was
findings suggest that EMD 57033 may exert its positive added 0.5uL of 44 mM clp for the first titration point,
inotropic effect by not directly enhancing €abinding to aliquots of 1uL of 44 mM clp were added for the following
the C&" regulatory site of cTnC, but by binding to the three titration points, aliquots of ZL of 77 mM clp were
structural domain of cTnC, modulating the interaction added for the next four titration points, and aliquots @fl2
between cTnC and other thin filament proteins, and increas-of 77 mM clp were added for the last two titration points.
ing the apparent Ca sensitivity of the contractile system. The sample was mixed thoroughly with each addition. The
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total volume increase was 1145, and the change in protein Effect of EMD 57033 on cTnO'he 2D{*H,!*N}-HSQC
concentration due to dilution was taken into account for data NMR spectrum of cTnC(A-Cys) in the €asaturated state
analyses. The change in pH from clp addition was negligible. is completely assigned.{) and used as a starting point to
Both 1D*H and 2D{'H, *N}-HSQC spectra were acquired monitor EMD 57033-induced spectral changes. Figure 1A
at every titration point. depicts the EMD 57033-induced backbone amide resonance
(C) Titration of [1N]-cTnC:-clp with EMD 57033 Fol- changes in cTnC. The cross-peaks located outside of the most

lowing titration B, the sample was filtered, and the appropri- crowded area of the spectrum are labeled with the residue
ate amount of NMR buffer was added to generate a/800  assignments. All the chemical shift changes fall into the fast
NMR sample containing‘fN]-cTnC-clp complex. The total ~ €xchange limit on the NMR time scale. The linear movement
cTnC concentration was 0.42 mM. Aliquots of:lL of 53.3 of the cross-peaks indicates that only two species exist in
mM EMD 57033 were added for each point. The sample the interaction between the drug and the protein. The position
was mixed thoroughly with each addition. After the fifth of each cross-peak corresponds to the weighted average of
addition, free EMD 57033 began to precipitate. The total the bound and free chemical shifts of cTnC. This phenom-
volume increase was &L, and the change in protein €non was also observed in our earlier studies off @ad
concentration due to dilution was taken into account for data CTnl 147-163 binding to cNTnCZ7). Multiple binding of
analyses. The change in pH from EMD 57033 addition was EMD 57033 to protein would result in cross-peak-shifting
negligible. Both 1D*H and 2D {H, 15N}-HSQC NMR in a nonlinear fashion in the 2B'H,'>N}-HSQC NMR
spectra were acquired at every titration point. spectrum, as observed in the case of TFP binding to cTnC
(D) Titration of [1N]-cTnGEMD 57033 with clp After (38). It is important to note that DMSO has no effect on the
titration A, the sample was filtered, and appropriate amount 2D {*H**N}-HSQC NMR spectrum of cTnC (data not

of NMR buffer was added to generate a 500NMR sample ~ Shown). _ ,
of a 1:1 [N]-cTnC-EMD 57033 complex. The sample Resonances of residues that undergo backbone didide

contains a total of 0.49 mM cTnC. One microliter of 44 mm  ©F **N chemical shift changes during titration can be followed
clp was added for the first titration point, aliquots ofl L0 monitor EMD 57033 binding to the protein. Plots of EMD
of 77 mM clp were added for the next four titration points, 57033-induced chemical shift changes of individual amides
and aliquots of L of 77 mM clp were added for the last Of cTnC as a function of the [EMI/[cTNCloa ratio gave
two titration points. The sample was mixed thoroughly with Similar curves, and the average curve for all monitored
each addition. Precipitation of free EMD 57033 was not @mides is shown in Figure 3A. The normalized average
observed during the titration. The total volume increase was chemical shift data as a function of [EMEJ/[CTNClora for

9 uL, and the change in protein concentration due to dilution those amides were fit to the following equation [see Li et
was taken into account for data analyses. The change in pHal- (27) and references cited therein]:

from clp addition was negligible. Both 1EH and 2D{*H,

15N}-HSQC spectra were acquired at every titration point. cTnC+ EMD == cTnCGEMD 1)

NMR SpectroscopWll of the NMR spectra were obtained

using a Unity INOVA 500 MHz spectrometer at 3G. The L X )

2D {'H, >N}-HSQC NMR spectra were acquired using the ?7&%%'&’“'?2;0&““9 a tight and stable 1:1 cTHEMD

sensitivity-enhanced gradient pulse scheme developed by Ins ect'orF: of .F' re 1A indicates that cross-peaks corre-

Lewis E. Kay and co-workers3(, 32). The'H and**N sweep pect rigu Incic S-peaks
sponding to residues located in the N-domain of cTnC are

widths were 7000 and 1500 Hz, respectively. Spectral . .
processing and analyses were accomplished with the pro-nOt shifted upon the addition of EMD 57033. Thr-13, Gly-

grams NMRPipe 33) and PIPP 24), respectively. The 42, Glu-55, Glu-66, Gly-70, and Lys-90 are typical examples.

- - ; : : On the other hand, residues located in the C-domain, for
chemical shift mapping technique was used to delineate the ! ’
binding sites of EMD 57033 and clp on the structure of example, Leu-117, lle-128, Gly-140, Lys-142, and Glu-155,

cTnC. This approach has been demonstrated to be extremelggg;r%gl l:r:%’tecExDeSS723?)%::dauncngsg.':;'nlgﬁsab:?;me
useful for quickly identifying general sites of interaction : ! ges | ! ! W

: . a normalized, respectively, such tha,,m = 1 for each
between protein and ligan@%-37). residue represents the average change for all residues. The
RESULTS normalized values fofH and**N were averaged and plotted

against the protein sequence (Figure 4A). This plot shows

Figure 1A and 1B show the 2B'H,>N}-HSQC NMR that most of the residues located in the C-domain are more
spectral changes for the titration of cTnC with EMD 57033 or less affected by EMD 57033 binding, but 17 residues (as
and clp, respectively. Figure 2 shows the progressive shiftslabeled in Figure 4A) undergo significanAdppm = 1.5)
of 2D {H,'*>N}-HSQC NMR spectra of residues Gly-140 chemical shift perturbations. Mapping of these residues on
and lle-128 for the titration of cTnC with EMD 57033 (A), the structure of cTnC (Figure 5B) reveals clearly a contiguous
cTnC with clp (B), cTnCclp with EMD 57033 (C), and  binding surface for EMD 57033.
cTnCGEMD 57033 with clp (D), respectively. The binding Effect of clp on cTnCSimilar to monitoring EMD 57033
curves for the four titrations are shown in Figure -3B. binding to cTnC, the 2H*H,'>N}-HSQC NMR spectrum
Figure 4A and 4B compare the respective EMD 57033 and of cTnC in the Ca"-saturated state is used as a starting point
clp-induced chemical shift changes for cTnC along the cTnC to monitor clp-induced spectral changes. Figure 1B depicts
sequence. Chemical shift mapping of the EMD 57033 and clp-induced backbone amide resonance shifts in cTnC. The
clp binding sites on cTnC is shown in Figure 5B and 5C, cross-peaks located outside of the most crowded area of the
respectively. spectrum are labeled with the residue assignments. All of

and yielded a macroscopic dissociation constég) of 8.0
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Ficure 1: Titration of (A) cTnC with EMD 57033 and (B) cTnC with clp. 20H, 5N}-HSQC NMR spectra from the backbone amide
regions of cTnC at various EMD 57033 or clp additions are superimposed, showing the progressive shift of peaks with increasing EMD
57033 or clp concentrations. Conditions are as described under Experimental Procedures.
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15N ppm 4+ 10.3uM. This affinity is approximately 10 times weaker
1040 than EMD 57033 binding to cTnC.
G140 - 1042 Comparing Figures 1A and 1B reveals both similarities
- 1044 and differences. They are similar in terms of C-domain
- 1046 residues; for example, lle-128, Gly-140, and Glu-155,
1048 experience large clp-induced shifts, while residues located
[ 1050 in the N-domain undergo small or no clp-induced shifts.
[ 1os2 However, the differences are more prevalent. Residues that
o shift in both Figures 1A and 1B, such as lle-128, Gly-140,
[ 0ss and Gly-159, move in different directions. Residues such as
e Asp-113, Leu-117, Lys-142, and Phe-153 undergo large
85 84 83 &2 &1 80 78 7R 7T 76 EMD 57033-induced chemical shift changes (Figure 1A),
HN ppm but small clp-induced shifts (Figure 1B). Interestingly,
SN ppm residues located in the central linker between the N- and
r 1240 C-domains of cTnC undergo large clp-induced chemical shift
1242 perturbation, but negligible EMD 57033-induced changes.
[ 1244 Thr-93 is a typical example. It is worth noting that some
[ 1248 residues from the N-domain (for example, Asp-25, Gly-30,

[ reee and Gly-34) also move slightly in response to clp binding

but not to EMD 57033 binding. This is probably due to the

effect of the peptide on the central linker.

[ 1256 Careful tracing of chemical shift changes for every residue

[ 258 from the beginning to the end of the titration followed by

) normalization in bothtH and >N dimensions allowed the

assessment of clp binding on cTnC sequence. The normalized

values for'H and*®N were averaged and plotted against the

protein sequence (Figure 4B). The plot shows that residues

A encompassing Ca binding site Il are obviously more
L perturbed than those located in EF hand helix G-loop IV-

¢TnC + EMD  <———= ¢TnC -EMD +clp helix H. As compared to Figure 4A, the region from Lys-90

I D to Lys-97 is significantly affected by peptide (Figure 4B)

r 125.0
r125.2
- 125.4

T T T T T T T
8.4 8.3 8.2 8.1 8.0 7.9

but not at all by the drug (Figure 4A). The 14 residues that
undergo significant£d,pm = 1.5) chemical shift changes
¢TnC -EMD -clp are labeled in Figure 4B and are mapped to the surface of
cTnC (Figure 5C). Discrete patches of color on the surface
C of cTnC represent the binding site for clp. Figure 5 shows
B different binding modes for the drug and the peptide,
¢TnG + clp ¢TnC -clp + EMD i;{gr]]gcéstmg that they may not compete with each other for
FIGURE 2: Titration of (A) cTnC with EMD 57033, (B) cTnC with Effect of EMD 57033 on cTn€lp. When EMD 57033 is
clp, (C) cTnGclp with EMD 57033, and (D) cTnEMD 57033 titrated into the cTn&lp complex, additional chemical shift
with clp. 2D {*H, *N}-HSQC NMR spectra for residues Gly-140 changes are induced, and the changes do not reverse those
and lle-128 of cTnC at various EMD 57033 or clp additions are jnq,ced by clp on cTnC, indicating the drug may not disrupt

superimposed, showing the progressive shift of peaks with increas- S
ing EMD 57033 or clp concentrations. The corresponding equilibria the cTnCclp complex. In fact, the 20H,"N}-HSQC NMR

for titrations A-D are also shown. Conditions are as described Spectrum of cTn&lp-EMD does not superimpose with those
under Experimental Procedures. of cTnC, cTNCEMD, or cTnGclp, indicating the formation

of a ternary complex. Using Gly-140 and lle-128 as
the chemical shift changes fall into the fast exchange limit examples, Figure 2 demonstrates the EMD 57033-induced
on the NMR time scale. The linear movement of the cross- peak shifts in the absence (arrow A) and presence of clp
peaks indicates the interaction between the peptide and thgarrow C). The normalized average chemical shift data as a
protein occurs with a 1:1 stoichiometry, as observed in the function of [EMDJiota/[c TNCliotal for monitored amides were

case of EMD 57033. fit to the equation:
Plots of clp-induced chemical shift changes of individual
amides of cTnC as a function of the [clfad/[cTNClota ratio cTnCGEMD + clp==cTnCGEMD-clp 3)

gave similar curves, and the average curve for all monitored
amides is shown in Figure 3B. The normalized average and yielded a macroscopic dissociation constég) of 7.4
chemical shift data as a function of [cipd/[cTNCiota for + 4.8 uM (Figure 3C). This affinity, within experimental

all amides were fit to the equation: error, agrees with that for EMD 57033 binding to cTnC,
suggesting that the drug interacts the same way with cTnC
cTnC+ clp=cTnCclp 2) regardless of the presence of clp.

Effect of clp on cTn€EMD. When clp is titrated into the
and yielded a macroscopic dissociation constiép} ¢f 78.2 cTnCGEMD complex, additional chemical shift changes are
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Ficure 3: Titration of (A) cTnC with EMD 57033, (B) cTnC with clp, (C) cTn@p with EMD 57033, and (D) cTnEMD 57033 with

clp. The curve represents the average of residues affected by ligand binding as shown in Figure 1A, Figure 1B, and Figure 2, respectively.
The curve is normalized according tdofs — Oiniial) /(Osinal — Oinitiat)- A S0lid line represents the best fit to the data. Conditions are as
described under Experimental Procedures.

induced, and the changes do not reverse those induced byhe bound drug does not interfere with the interaction
EMD 57033 on cTnC, indicating the peptide is not displacing between cTnC and the inhibitory peptide.
the bound drug. In fact, the ZBH,'>N}-HSQC NMR
spectrum of cTN€EMD-clp does not superimpose with those DISCUSSION
0f ¢TnC, cTnGEMD, or cTchIp, indicating the formation In this paper, we have addressed two important issues
of a t;srnalr:y comzpleﬁ. Uswt:g (.?Iy_—lgo e:jnd ”i’lisﬂ a5 regarding (1) whether the €a sensitizer EMD 57033
e_>|<_arcr:1p es, |gure d S OGNS tTeE(Ii/IFIJD-m UC? pea 55 S OMinteracts directly with cardiac TnC and increases its affinity
cint (a”OW. )an onthectn compiex (arrpw )- for Ca*, and (2) whether EMD 57033 competes with cardiac
It is interesting to notice that arrows C and D point to the Tnl (cTnl) for cTnC and interferes with the inhibitory
same end position. This indicates that the ternary complexfunction To achieve the goal, we have used PB,1N} -
cTnCG-EMD-clp formed from this titration is the_ Same as the HSQC NMR spectroscopy to ,monitor in detalil thé binding
cTnCclp-EMD complex resulting from the previous titration. of EMD 57033 to C&'-saturated cTnC in the absence and
The normalized average che.mlcal Sh'ff[ data as a functlon Ofpresence of clp, respectively, and that of clp in the absence
[pr]mEa/[cTnC]tom for all monitored amides were fit to the 4 presence of EMD 57033, respectively. Since 2D
equation: {1H,'>N}-HSQC NMR spectroscopy can report information
cTNG-EMD + clp= cTnCEMD-clp (4) pertaining to individual atoms throughout the protein se-
guence, we are able to detect the effect of EMD 57033 or
and yielded a macroscopic dissociation constigp} 0f 99.2 clp binding on all backbone amides of cTnC under various
+ 30.0uM (Figure 3D). This affinity, within experimental  conditions. These studies allow the identification of binding
error, agrees with thip for clp binding to cTnC, suggesting  sites of EMD 57033 and clp on the structure of cTnC.
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Sequence

Ficure 4: Comparison of EMD 57033 (A) and clp (B) induced chemical shift changes for cTnC. The chemical shift changes for each
residue were calculated by averaging the normalized chemical shift change of the batkkam®!>N chemical shifts. For a particular

nucleus, the normalized chemical shift change of a residue is obtained by dividing the observed shift change by the average shift change
for all residues. Thushdpem= 1 indicates that the chemical shift change for a given residue is equal to the average change for all residues.

Previously, we have used the same method to characterizadentifying the binding sites of targets on the structure of
C&" binding to skeletal and cardiac Tn@9 40) and to cTnC.

map the binding site for several skeletal and cardiac Tnl  Two previous studies have shown that EMD 57033
peptides to the structure of skeletal TnC and cardiac TnC interacts with the C-domain of cTnC44, 45). Using
(27, 41, 42). Very recently, we investigated the competitive  fluorescence spectroscopy, Pan and John&érhave shown
binding of the inhibitory (sTnl 96115) and the N-terminal  that EMD 57033 selectively binds to the Tasaturated
(Rp40) regions of skeletal Tnl to the C-domain of skeletal C-domain of cTnC with &y of approximately 4Q:M, but
TnC @43). Here we demonstrate again the power of 2D does not increase the €aaffinity of regulatory site II.
{H,°N}-HSQC NMR spectroscopy in determining the Kleerekoper and Putkey have shown that EMD 57033
stoichiometry and affinity of target binding to cTnC and in induces chemical shift changes of Met methyl groups in the
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The noncompetitive binding sites based on chemical shift

a @ b c mapping of EMD 57033 and clp on cTnC suggest that cTnl
89\ jerminal does not inhibit the binding of EMD 57033 to cTnC, and

™ p N vice versa. Although clp constitutes a small segment of cTnl,
4.\ Lo | G it encompasses the important inhibitory region of cTnl, and

: EMD ~g é functional studies have shown that a major switch between

c,.ermaﬁ?ﬁf w‘ﬂ 4 ‘f muscle contraction/relaxation involves a movement of this

) iy < region of Tnl from TnC to actirtropomyosin 21). In

Fiure 5: Ribbon representation of the NMR structure of cTnC  Contrast to the contiguous binding surface for EMD 57033,

(PDB code 1AJ4) (a) and molecular surfaces of cTnC in complex the binding site for clp consists of discrete patches on cTnC

with EMD 57033 (b) and clp (c). A view of the figure after a 280  (see Figure 5). Although structural data are not available for
rotation along they axis does not show an interaction by either clp peptide in isolation or in complex with cTnC, a number

EMD 57033 or clp with the other side of the protein. The EMD : ; . - :
57033 (b) and clp (c) binding sites are identified by using chemical of earlier studies have concluded that clp interacts primarily

shift mapping and colored in purple and green, respectively. The With the C-domain of cTnCZ5, 47—49). NMR studies on
figure was created by GRASB3). the inhibitory region of skeletal Tnl 96115 have shown

that this peptide binds sTnC in an extended forb®)(
C-domain, but not in the N-domaid$). However, the exact ~ Recently, we have mapped the binding site for sTnt-96
binding site was not identified. Pan and Johnsdd) ( 115 to the C-domain of sTnCAB). The epitope of clp on
suggested that both Tyr-111 and Tyr-150 be in close cTnC is strikingly similar to that of sTnl 96115 on sCTnC.
proximity to the bound drug since the tyrosine fluorescence This is not surprising considering the 85% sequence homol-
of ¢cTnC was substantially quenched by EMD 57033. ogy between cTnl 128147 and sTnl 96115. The associa-
Kleerekoper and Putkey reported significant drug-induced tion constant of 7&M of clp for cTnC is comparable to
chemical shift changes for Met-120 and Met-185)( Our that of sIp for sSCTnCKp = 47 uM). Together, these results
results agree with those studies that the drug binds 1:1 tosuggest that cTnC-bound clp adopts an extended conforma-
the C-domain of cTnC with no effect on the N-domain. In tion that stretches across the hydrophobic surface of the
addition, we identified 14 residues (labeled in Figure 4A) C-domain.
which undergo significant drug-induced chemical shift ~ The results presented here show clearly that EMD 57033
changes and together they form a contiguous patch on thedoes not compete with clp for cTnC and interfere with the
surface of the C-domain, the binding site for EMD 57033. inhibitory function. A pertinent question is whether this is
The identified residues include Met-120 and Met-157, but &lSo the case with intact cTnl. Two regions of cTnl, cTnl
not Tyr-111 and Tyr-150. It is interesting to note that the 33—80 and cTnl 128147, are implicated in binding to the
EMD 57033 binding site is not completely located in the C-domain of cTnC 29). A recent NMR study has shown
exposed hydrophobic pocket on the C-domain (Figure 58), that ¢Tnl 33-80 binds to the hydrophobic pocket of
but rather to the left side of the pocket. The hydrophobic €-domain b1). The X-ray structure of STnC in complex with
patch located in the Ga-saturated C-domain of cTnC has S'Nl 147 shows that the corresponding region of sTRB3
long been proposed as the cTnl binding site, and the residued®'™MS @ longa-helix and fits into the hydrophobic groove
located outside or on the opposite surface may interact with of the C-domain%2). We have shown that sTnI—]AO_bmds
TnT, tropomyosin, or other contractile proteing6). This strongly to SCTnC with &p of ~2 ”.M anq can displace
observation implies that the drug may achieve its effect by §Tn| 96-115 cqmplgtely 43)'. In add_mon, it is likely th_at
modulating the interaction of cTnC with other thin filament in order for the |_nh|.b|_t(.)ry region to bind to the C—(_jomamlof
proteins in addition to cTnl, enhancing the apparentCa TnC to release inhibition, other factors, such as interactions

- - . : . between the N-domain of TnC with the C-domain of Tnl or
(?L)nndtlrr;%tﬁg;mty of the system, and partially restoring cardiac the C-domain of TnT, are required9). It is interesting that

the binding epitope of EMD 57033 on cTnC overlaps
The determined EMD 57033 binding affinity for cTnC is  partially with that of sTnl +40 on sTnC [see Figure 5 in
~8uM. This is approximately 5 times lower than the value thjs paper and Figure 6 i@8)]. Thus, it is possible that the
reported by tyrosine fluorescence titration measuren#®t ( drug blocks the interaction between the N-terminal region
This discrepancy probably results from different experimental of Tnl and the C-terminal region of TnC and, consequently,
conditions between fluorescence and NMR methods. The enhances the binding of the inhibitory region of Tnl to TnC.
affinity of the cTnC-EMD 57033 complex at the level of  From the data presented here, it is likely that the drug plays
40uM is much higher than the concentration of EMD 57033  a similar role as the C-domain of cTnl does in the interaction
used in functional studies, while ary®/ affinity is closer between the N-terminal domain of cTnC and the C-terminal
to the drug concentration. EMD 57033 is known to exert domain of cTnl. Since this interaction is dependent oA*Ca
detectable positive inotropic effects on isolated cardiac binding to the N-domain of c¢TnC, the apparent?Ca
myocytes at concentrations as low a¥l (12), and in sensitivity of the contractile system can be modulated by
skinned cardiac muscle fibers, less thanuM)EMD 57033 EMD 57033.
induced significant Cd sensitivity of force development
(11). However, cTnC does not act alone, and the contractile CONCLUSIONS
proteins work in a highly organized and cooperative manner This study was undertaken to investigate the interaction
in muscle contraction [for a review, seB) It is possible of cTnC with its targets: C4 sensitizer EMD 57033 and
that cTnC in myofilaments may have a higher affinity for cTnl 128-147 inhibitory peptide. Detailed titrations reveal
EMD 57033 than it does when cTnC is isolated in solution. that both targets bind to cTnC in 1:1 ratios and form stable
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complexes Kp = 8 uM for EMD 57033 andKp = 78 uM
for clp). Neither is EMD 57033 binding affected by clp nor

does the drug affect clp binding. In the end, a stable ternary

cTnCGEMD:-clp complex is formed. Using the NMR solution
structure of cTnC as a framework ), the target binding
sites are identified by using chemical shift mapping. The

study demonstrates that EMD 57033 and clp do not share
common epitopes on cTnC although both interact with the

C-terminal domain of cTnC, indicating that the drug does
not interfere with the interaction of cTnC and the inhibitory
region of cTnl. This study has profound implications in
understanding the mechanism underlining"Csensitizing
effects of EMD 57033 in cardiac muscle.
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