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The cardiac isoform of troponin I (cTnl) has a unique 31-residue
N-terminal region that binds cardiac troponin C (cTnC) to increase
the calcium sensitivity of the sarcomere. The interaction can be
abolished by cTnl phosphorylation at Ser22 and Ser23, an impor-
tant mechanism for regulating cardiac contractility. cTnC contains
two EF-hand domains (the N and C domain of cTnC, ¢NTnC and
cCTnC) connected by a flexible linker. Calcium binding to either
domain favors an “open” conformation, exposing a large hydro-
phobic surface that is stabilized by target binding, cTnI[148-158]
for c(NTnC and ¢Tnl[39-60] for cCTnC. We used multinuclear multi-
dimensional solution NMR spectroscopy to study cTnl[1-73] in
complex with cTnC. cTnI[39-60] binds to the hydrophobic face of
cCTnC, stabilizing an alpha helix in c¢Tnl[41-67] and a type VI
turn in cTni[38-41]. In contrast, cTnI[1-37] remains disordered, al-
though cTnl[19-37] is electrostatically tethered to the negatively
charged surface of ¢tNTnC (opposite its hydrophobic surface). The
interaction does not directly affect the calcium binding affinity of
cNTnC. However, it does fix the positioning of ¢tNTnC relative to
the rest of the troponin complex, similar to what was previously
observed in an X-ray structure [Takeda S, et al. (2003) Nature
424(6944):35-41]. Domain positioning impacts the effective con-
centration of cTnlI[148-158] presented to cNTnC, and this is how
cTnl[19-37] indirectly modulates the calcium affinity of cNTnC
within the context of the cardiac thin filament. Phosphorylation
of cTnl at Ser22/23 disrupts domain positioning, explaining how
it impacts many other cardiac regulatory mechanisms, like the
Frank-Starling law of the heart.

heart failure | dilated cardiomyopathy | hypertrophic cardiomyopathy |
post-translational modification | fuzzy complex

he balance between contraction and relaxation must be

carefully regulated in the heart. Impaired relaxation can lead
to diastolic heart failure, whereas systolic failure is characterized
by insufficient contractility. Despite having different etiologies,
both forms of heart failure are similar in terms of prevalence,
symptoms, and mortality (1). Of all of the signaling pathways that
regulate contractile function, the best studied is sympathetic
Bi-adrenergic stimulation (2), which leads to cardiomyocyte
cAMP production and activation of protein kinase A (PKA).
Downstream phosphorylation of L-type calcium channels and
phospholamban increases calcium fluxes, whereas phosphoryla-
tion of sarcomeric proteins, cardiac troponin I (cTnl), cardiac
myosin binding protein-C, and titin (3) regulates the calcium-
induced mechanical response.

In human ¢Tnl, Ser22 and Ser23 are the residues most con-
sistently phosphorylated (4, 5). (There are some numbering
inconsistencies in the literature, and we will refer to Ser22/23
instead of Ser23/24 to account for physiologic removal of the
N-terminal methionine residue.) Originally identified as PKA
targets, Ser22/23 are now known to be phosphorylated by other
kinases, including PKG, PKCp, PKC8, and PKD1 (6), showing it
to be an important locus at which multiple signaling pathways
converge. Phosphorylation at ¢Tnl Ser22/23 decreases the cal-
cium sensitivity of the cardiac sarcomere (7). High levels of
phosphorylation are seen in healthy individuals, but decreased
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phosphorylation levels occur in a number of pathologic states,
including heart failure with reduced ejection fraction, heart failure
with preserved ejection fraction, dilated cardiomyopathy, and hy-
pertrophic cardiomyopathy (5, 8). Although dephosphorylation
is likely a compensatory mechanism in many cases, it may be a
disease-driving dysregulation in others.

Other regulatory mechanisms are strongly influenced by the
phosphorylation state of Ser22/23. The Frank-Starling law of the
heart, also known as length-dependent activation or stretch ac-
tivation, is more pronounced when Ser22/23 are phosphorylated
(9, 10). In contrast, Ser5 (11) or Ser41/43 (12, 13) phosphorylation
has more of an impact when Ser22/23 are unphosphorylated. Fi-
nally, some mutations that cause familial dilated cardiomyopathy
have been shown to mitigate the effect of Ser22/23 phosphorylation
(14). Despite the physiologic importance of Ser22/23 phosphoryla-
tion in regulating cardiac calcium sensitivity, the extent of its
modulatory capacity has remained elusive.

Ser22/23 lie within the cardiac-specific N-terminal region,
cTnl[1-31], not present in the skeletal muscle isoforms. cTnl
[1-209] forms long stretches of helical structure along a winding
course that binds to troponin C, troponin T, and actin—-tropomyosin.
The X-ray structure of the cardiac troponin complex (15) did not
include cTnl[1-34], so the structure of this region has not been
determined, although there have been some preliminary investi-
gations (16, 17). It is known that cTnlI[1-31] interacts with ¢cTnC in
its unphosphorylated state (18), but phosphorylation abolishes this
interaction, having an effect similar to truncation or removal of
cTnl[1-31] (19). Our present study provides a detailed analysis of
the structure and dynamics of ¢Tnl[1-73] in complex with ¢TnC
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using solution NMR spectroscopy, highlighting its unique mecha-
nism of action and physiologic implications.

Results

Chemical Shift Assignment and Secondary Structure of cTnl[1-73]
Free and in Complex with ¢cTnC. NMR chemical shift assignment
of protein backbone atoms 'Ha, *Ca, 1*Cg, 1*CO, 'HN, and °N
provides information about secondary structure on a per-residue
basis. For example, a-helical residues have downfield '*Ca
chemical shifts compared with random coil values, whereas res-
idues with extended structure appear upfield. In free cTnI[1-73],
residues 42-67 possess downfield *Ca shifts indicative of a na-
scent helical structure (Fig. 1). The chemical shift analysis pro-
gram 82D (20) indicates overall <25% helical content for this
region and random coil for the rest of the protein (Fig. S14).
There is no suggestion of a stable helix from residues 19-31, as
had been suggested by a previous NMR analysis (16) that did not
have the benefit of "*C chemical shift data.

Large deviations from random coil chemical shifts are ob-
served in residues preceding proline (Fig. 1), which are almost
always in an extended conformation. (Prolines themselves can
adopt either turn-like or extended conformations.) The chemical
shift analysis program DANGLE analyzes glycine, proline, and
preproline residues separately from other amino acid residues
because of their unique conformational preferences (21).
DANGLE predicted an extended conformation for the proline-
rich region spanning residues 10-18 (containing P11, P13, P15,
and P17), although it does not specify a percentage, like 52D,
which predicted a random coil conformation with a small degree
of extended conformation (Fig. S1). NOE assignments showed
that all prolines in ¢TnI[1-73] preferred the trans conformation,
although there is evidence of some minor peaks corresponding to
cis forms.

Addition of wild type— or C35S,C84S—cTnC to cTnl[1-73]
causes pronounced chemical shift changes in cTnl residues
42-68, suggestive of increased helical content (Fig. 1 and Fig. S1B),
with Ser41 acting as the N-terminal helix cap residue (22). Helical
structure is induced by binding of cTnlI[39-60] to the large hydro-
phobic patch of the cTnC C-domain (cCTnC), forming a very tight
complex with a nanomolar range dissociation constant (18) that
effectively anchors cCTnC to the rest of troponin at all physiologic
calcium concentrations.

Negligible chemical shift changes occur in c¢Tnl residues 1-34
upon addition of cTnC (Fig. 1), despite a wealth of biochemical
data documenting an interaction between this region and the N
domain of cTnC (cNTnC) (for example, see refs. 23, 24). Using
chemical shift data alone, there is no evidence of helix formation
or other induced conformational preference anywhere along
cTnl[1-34] as a result of the interaction (Fig. S1). There are
examples in the literature of “fuzzy complexes” (25), some of which
involve intrinsically disordered regions (IDRs) that show minimal
chemical shift changes upon binding, like the phosphorylated
Sic1-Cdc4 protein complex (26) and cystic fibrosis transmembrane
conductance regulator (CFTR) R domain complexes (27). Evi-
dence of an interaction can still be found through 'H-'"H NOEs,

signal broadening, or relaxation measurements, as turns out to
be the case for cTnI[19-37]-cNTnC.

Reciprocal chemical shift changes in ¢TnC are also observed
when c¢TnlI[1-73] is added. The hydrophobic binding of cTnl
[39-60] induces large chemical shift changes in cCTnC, but the
interaction with ¢cNTnC produced only minimal chemical shift
changes (Fig. 2). It has previously been suggested that the in-
teraction between cTnl[1-31] and ¢cNTnC shifts the equilibrium
of ctNTnC toward the “open” state (28). The dominant confor-
mation of calcium-bound cNTnC is in fact closed (29), with the
open conformation sampled less than 20% of the time (30). The
equilibrium is shifted to the open conformation when cNTnC
binds hydrophobically to the helical switch region ¢TnlI[148-158]
(31), the critical step that releases the flanking inhibitory seg-
ments of cTnl and triggers muscle contraction. The shift to the
open conformation manifests in large NMR chemical shift
changes, particularly in loops I and II (Fig. 2). Stabilization of
the calcium-bound open conformation also markedly increases
the calcium affinity of cNTnC (32). However, because minimal
chemical shift changes are observed when cNTnC interacts with
cTnl[1-73], the cardiac-specific cTnl[1-31] must exert its calcium
sensitizing effect through a different mechanism than stabilization
of the open conformation.

In summary, the interaction between cTnlI[1-31] and cNTnC
has no observable effect on the secondary structure of cTnl
[1-31] or the closed—open equilibrium of cNTnC.

'H-'H NOE Analysis of the cTnC—cTnl[1-73] Complex Homonuclear
'H-! H NOESs can be observed between any two 'H atoms within
~6 A, critical for any NMR- based structure determination. The
vast majority of intermolecular "H-"H NOEs occur between
cTnl[39-60] and cCTnC, consistent with extensive hydrophobic
binding. There are few intermolecular NOEs observed between
c¢NTnC and cTnI[1-73], but the most critical NOEs are between
c¢cNTnC Ala7 and cTnl Ala42/Ser43. The importance of this
contact is underscored by the fact that a double Ser41/43
mutation to aspartate (mimicking phosphorylation) markedly
decreases troponin calcium affinity (33). Because c¢Tnl Ala42/
Ser43 are part of a rigid alpha helix bound to cCTnC and Ala7 is
part of cNTnC helix N, the interaction fixes the position of
c¢NTnC relative to cCTnC. This contact is actually present in the
X-ray crystal structure (Fig. 3 4 and B), suggesting that the true
interdomain orientation in solution is in fact very similar. This
single contact point is alone insufficient to stably fix the domains
in solution, but it is stabilized by crystal packing contacts in
the X-ray structure. In solution, the orientation is bolstered by
additional electrostatic interactions from the disordered N-
terminal tail of ¢Tnl.

cTnl Ser4l is the N-terminal helix cap residue, but it is also
part of a type VIII turn based on Ser38-Lys39-Ile40-Ser41
backbone chemical shifts, according to the Motif Identifica-
tion from Chemical Shifts (MICS) program (22). Lys39 shows
NOE contacts with Asp131 and Glu135 of helix G in cCTnC,
whereas Ser38 has intermolecular NOEs to a lysine residue
consistent with cNTnC Lys6 in the crystal structure (Fig. 3C).
This brings Lys35-Lys36-Lys37 into contact with a prominent
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Fig. 1. Deviation from random coil values for backbone 3Ca chemical shifts in free cTnI[1-73] (open bars) and cTnl[1-73] in complex with ¢TnC (filled bars).
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Fig. 2. Binding-induced structural changes in C355,C845—cTnC are highlighted by backbone amide "°N chemical shift changes. The filled bars denote changes
that occur when ¢TnC binds to cTnI[1-73]. The largest changes occur in cCTnC (see helices E-H along the x axis), whereas negligible changes are observed in
cNTNnC (helices N, A-D). This is because of the extensive hydrophobic interface between ¢Tnl[39-60] and cCTnC, as opposed to the more superficial elec-
trostatic interactions between cTnI[19-37] and ctNTnC. In contrast, the open bars highlight the structural changes that occur when cTnlI[144-163] binds cNTnC
hydrophobically, driving a closed-to-open conformational transition in ctNTNnC. In this case, the predominant structural changes occur in ¢cNTnC and not cCTnC.
Stretches of missing assignments due to conformational exchange include residues 36-41, 60-62, 81-83, and 95-97.

negatively charged surface that includes EF-hand loop II, the
all-important calcium-binding loop (Fig. 3C). c¢Tnl Lys35-37
display NOE:s to residues with Asp- and Glu-like chemical shifts,
but these could not be unambiguously separated from each
other. In the crystal structure, there are two troponin complexes
per asymmetric unit. In one complex, Lys35-37 are invisible, but
in the other, they are modeled hovering over EF-hand loop II,
with Lys37 closest to Asp75 of cNTnC. Finally, cTnl Arg21 and
Arg26 also make weak NOEs to c¢TnC residues with Glu-like
chemical shifts (Fig. S2), but these could not be unambiguously
assigned either.

The considerable chemical shift overlap for charged Lys, Arg,
Asp, and Glu side chains makes unambiguous intermolecular
NOE assignment near impossible. Nevertheless, these NOEs
demonstrate specific and stable electrostatic interactions in-
volving c¢Tnl Arg2l, Arg26, and part of Lys35-37. This is in
marked contrast to the lack of NOEs involving hydrophobic
residues, which are usually critical for defining intermolecular
contacts. ¢Tnl Prol7, Ilel8, Tyr25, Ala27, Tyr28, and Ala29
showed no intermolecular NOE:s (see Fig. S2 for an example).

Classically, protein—protein interactions are dominated by
hydrophobic interactions, which require close packing, exclusion
of water, and a rigid structuring of the backbone, as exemplified
by the interaction between ¢TnI[39-60] and cCTnC. In contrast,
the electrostatic interactions involving ¢TnI[19-37] occur in a
solvated environment that does not require as much rigidifica-
tion of the backbone. It does require many positive charges, with
as many as eight potentially involved (if His33 is included).
Notably, Lys35 has been strongly implicated in autosomal dom-
inant dilated cardiomyopathy (K36Q by the alternate numbering
scheme), decreasing the calcium sensitivity of reconstituted thin
filaments by 0.3-0.6 pCa units (14, 34).

5N Relaxation of cTnl[1-73] Free and in Complex with ¢TnC. °N
relaxation rates provide a window into nanosecond to picosec-
ond (107 to 107'? s) timescale conformational fluctuations in a
protein. Structured proteins tumble with a global rotational
correlation time, tc, on the order of several nanoseconds for
a small domain, with ¢ scaling roughly proportionally to molecular
weight. In rigidly structured regions, the overall motion is ap-
proximated by the global correlation time. As structural flexi-
bility increases, for example, toward the N or C terminus, faster
internal motions begin to dominate NMR relaxation behavior.
Binding causes a decrease in internal motions that can be detected
via changes in relaxation.

5N backbone relaxation studies were obtained for ¢TnI[1-73]
both free and bound to C35S,C84S—cTnC (Fig. 4). The trans-
verse relaxation rate, R,, is roughly proportional to the weighted
average correlation time (including global tumbling and internal
motions) at each backbone amide site. R; relaxation is most
effectively induced by motions with a timescale near 2-3 ns (*°N

14414 | www.pnas.org/cgi/doi/10.1073/pnas.1410775111

nucleus on a 600-MHz spectrometer). A negative 'H-">N het-
eronuclear NOE is most effectively induced by motions with
a timescale near 0.2-0.3 ns.

Looking at the plots of Ry, R,, and heteronuclear NOEs in
free cTnl[1-73], it becomes evident that residues 45-67 are the
most rigid in all of ¢cTnlI[1-73], with the highest Ry, R,, and least
negative heteronuclear NOE values, consistent with nascent
helix formation. When this region binds to ¢TnC, it appears
more massive and tumbles with a correlation time of about 15 ns
(calculated using a model-free analysis: Ry, ~29 sTL Ry, ~0957Y;
NOE, ~0.8). The 15-ns correlation time is consistent with a
28-kDa protein. This suggests that not only is cTnI[1-73] tightly
bound to cCTnC, but ¢cNTnC is immobilized as well, with the
whole complex tumbling as a single 28-kDa unit.

R, values for ¢Tnl[1-73] are consistent with those measured
by Rosevear and coworkers for cTnC bound to ¢Tnl[1-80] (35).
In the absence of ¢cTnI[1-80], the two domains of ¢cTnC tumbled
independently (like two smaller proteins) (mean R,, 13 s7%).
Upon addition of cTnl[1-80], the two domains became rigidly
fixed and tumbled as a single unit (mean Ry, 31 s™). Pseudo-
phosphorylation of cTnl Ser22/Ser23 by mutation to aspartate
caused the two domains of ¢TnC to tumble as two separate
proteins (mean R,, 15 s™'). This work, along with the present
study, shows that interaction with the cardiac-specific N-terminal
extension of cTnl fixes the position of the cNTnC regulatory
domain relative to the rest of the troponin complex, whereas
phosphorylation of ¢Tnl Ser22/Ser23 abolishes this.

The relaxation data for ¢TnI[19-37] are quite informative.
Upon addition of ¢TnC, the most striking change is the plateau
of increased R, values in this region (Fig. 4). This indicates that
although cTnl[19-37] is intrinsically disordered with no sec-
ondary structure preference, there is a substantial restriction
of mobility. This would be expected if Argl9-21, Arg26, and
Lys35-37 are electrostatically tethered, but there is likely tran-
sient structuring occurring in the intervening segments as well.
Faint intermediate-range (i,i+3 and i,i+4) intramolecular "H-"H
NOE:s are scattered throughout residues 18-32, indicating a
transient helix- or turn-like structure, although chemical shift
analysis indicates no net helical preference. Interestingly, the
MICS Protein Structural Motif Prediction program indicates
some potential turn structure at residues 22-25 and 31-34. The
increased R, values in ¢TnI[19-37] could result from fast con-
formational exchange (microsecond to millisecond timescale)
and/or conformational restriction on the nanosecond time-
scale. Support for the latter comes from accompanying changes
in R; and heteronuclear NOE values. Note that the R; values for
cTnl[19-37] are the highest in all of ¢Tnl, and these could not
arise from an equilibrium between a strongly bound structured
state (which would have a correlation time of 15 ns and R; < 1s7")
and a free state (with R; < 1.5 s™" from Fig. 4). If this were the
case, the R; values would be an average of these two states and
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Fig. 3. Ribbon diagrams of the troponin complex drawn by PyMol and
derived from ref. 15. ¢tNTnC is shown in magenta, and cCTnC is shown in
cyan. Calcium ions are shown as green spheres. Troponin T, residues 226—
271, is shown in yellow. cTnl, residues 34-135 and 147-161, is shown in
orange. (A and B) The key contact that fixes the position of cNTnC relative
to cCTnC is between A7 of ctNTnC and A42/543 of cTnl, shown as space-
filling spheres. The side chains of ¢Tnl[35-39] are also shown in stick
figures, with K39 of c¢Tnl contacting D131 and E135 of cCTnC (shown in
sticks) and K35-S38 hovering over cNTnC. (C) Electrostatic surface repre-
sentation of cNTnC showing the negatively charged surface that interacts
with cTnI[19-37].

significantly lower (so long as the exchange time constants were
significantly longer than the nanosecond timescale correlation
times). Instead, the high R, values (up to 2 s™") suggest a single
partially structured state (or ensemble of very rapidly inter-
converting partially structured states).

Residues 2-18 of c¢Tnl appear to be very mobile with consid-
erable subnanosecond timescale motions and increasing mobility
toward the N terminus. Upon addition of cTnC, there is no change
in the rapid motions (followed by R; and NOEs) in this region,
suggesting that it is not tethered in the same way as cTnI[19-37].

Calcium Titration of cTnI[1-73]-cTnC. The calcium binding affinity
of the 2-(4'- (iodoacetamido)anilino)naphthalene-6-sulfonic acid
(IAANS)-Cys84 conjugate of C35S-cTnC was studied using
fluorescence, in complex with either ¢TnI[1-73] or ¢Tnl[34-71]
(Fig. S3). ¢Tnl[1-73]-cTnC had a calcium pCas, of 6.04 + 0.03,
and cTnl[34-71]-cTnC, 6.04 + 0.04. Thus, there was no mea-
surable difference between the calcium affinities of the com-
plexes. Thus, the electrostatic interaction between c¢TnI[19-37]
and cNTnC does not exert a direct effect on the calcium binding
affinity of cNTnC.

Discussion

The unphosphorylated cardiac-specific N-terminal extension
of cTnl interacts with cNTnC while remaining in a mobile,

Hwang et al.

disordered state. IDRs are believed to make up a large pro-
portion of protein sequences in eukaryotic proteomes. Due to
their high solvent accessibility, they are readily available for
posttranslational modifications like proteolysis and phosphory-
lation (36). IDRs can be regulated by multiple weak electro-
static interactions, and multiple phosphorylations are an effective
means to add to or overcome these. A good example of the
former is the increasing binding affinity between Sic-1 and Cdc4
as Sic-1 is increasingly phosphorylated (26, 37). In contrast,
phosphorylation of both Ser22 and Ser23 in cTnl has been shown
to abolish the interaction with cNTnC (23, 35, 38), with the two
phosphate groups neutralizing the +4 positive charge locally
contributed by Argl9, Arg20, Arg21, and Arg26. The physiologic
effect of arginine mutation or PKA phosphorylation is to reduce
the calcium sensitivity of troponin (24, 38). On the other hand,
the R21C (R20C by our numbering) mutation disrupts the PKA
consensus phosphorylation sequence, RRXS, causing increased
calcium sensitivity and hypertrophic cardiomyopathy in humans
(39) and animal models (40, 41).

The direct consequence of the interaction between ¢InC and
unphosphorylated ¢TnI[1-37] is that the orientation of cNTnC
becomes fixed relative to the rest of the troponin complex. Any
posttranslational modification or mutation within the troponin
complex that disrupts the delicate positioning of the cNTnC
domain would then be expected to have an effect similar to cTnl
Ser22/23 phosphorylation, releasing ¢cNTnC and allowing it to
gyrate independently of the troponin complex. This may explain
why many of these modifications abolish the effect of Ser22/23
phosphorylation or have a greater influence on the unphos-
phorylated state (see Introduction).

The positioning of ctNTnC is critically important because it
binds to the switch region, ¢TnlI[148-158], to initiate cardiac
contraction. The switch region is flanked by the inhibitory and
regulatory regions, cTnl[136-147] and cTnl[161-209], that are
anchored to actin during diastole (42). During calcium-activated
systole, hydrophobic binding of “opened” cNTnC induces helix

—>¢= cTnl[1-73]
- cTnl[i-73]-cTnC

Backbone 'H-"N NOE

_2 |l

Backbone "N R, (s™)

Backbone *N R, (s™')

cTnl residue number

Fig. 4. "N backbone relaxation data for cTnI[1-73]; “x" denotes free, and
“0" denotes bound to C35S,C84S—cTnC.
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formation in c¢Tnl[148-158] and sequesters the inhibitory and
regulatory segments from their respective binding sites on actin.
The positioning of cTnI[148-158] in the context of the thin fil-
ament is currently unknown, but it is quite possible that when
cTnl is unphosphorylated, cNTnC is well positioned to bind
c¢Tnl[148-158] as soon as calcium becomes available during
systole. This would increase the effective concentration of the
cTnl[148-158] switch peptide, driving the ¢cNTnC equilibrium
toward the calcium-stabilized open state and thereby enhancing
the calcium sensitivity of the cardiac thin filament.

Optimal positioning of the cNTnC domain may also explain
the steeper length dependence curve of the Frank—Starling law
of the heart when c¢Tnl is phosphorylated (9, 10). The Frank-
Starling law is caused by an unknown structural change that
brings myosin heads into closer proximity of actin (43, 44), in-
creasing duty ratio, the proportion of myosin heads strongly
bound to actin. This change displaces tropomyosin and the in-
hibitory segments of cTnl from their diastolic actin binding sites,
making the switch region, cTnI[148-158], more readily available
for ¢cNTnC binding. The effective concentration of free cTnl
[148-158] may be a more important factor when cNTnC is un-
restrained and must randomly “search” for its binding partner.
Alternatively, downstream structural changes resulting from the
actin-myosin interaction may lead to a positioning of cNTnC
(through an as-of-yet uncharacterized interaction) that is re-
dundant to that set up by unphosphorylated cTnI[1-37].

One limitation of the current study is that not all of the tro-
ponin complex components are present. It is quite possible that
the large volume of space accessible to the mobile cTnI[1-37]
segment intersects with that of ¢TnlI[136-147], cTnlI[161-209],
and cTnT[272-288], highly charged IDRs invisible in the crystal
structure but known to interact with actin. Indeed, a major
consequence of fixing the orientation of cNTnC via the ¢Tnl
[1-37] IDR could be that potentially nonproductive inter-
actions with other IDRs are prevented. The extent to which all
of these IDRs interact with each other and with charged surfaces
on troponin, tropomyosin, or actin remains to be clarified by
future NMR studies.

In conclusion, our findings contradict an earlier model that
proposed a rigid structure for cT'nl[1-37] that stabilizes the open
state of cNTnC to directly increase its calcium affinity (16). We
did not observe evidence for a rigid structure in any way or a
direct increase in calcium affinity. In our proposed model, the
cardiac-specific N-terminal extension of c¢Tnl remains largely
disordered while it interacts electrostatically with cNTnC. This
interaction does not affect the closed—open equilibrium of
cNTnC but indirectly increases calcium affinity by optimally
positioning cNTnC to bind the c¢Tnl switch peptide. Phosphory-
lation at c¢Tnl Ser22/23 disrupts this delicate arrangement,
which we predict will be impacted by other regulatory mecha-
nisms as well.

Materials and Methods

Protein Production and Purification. Wild type- or C35S,C845-cTnC was
expressed in Escherichia coli using a pET3a-derived expression vector (45)
and purified according to previously published protocols (46). In brief,
purification involved three chromatographic steps: anion exchange, hydro-
phobic, and gel filtration chromatography. ¢Tnl[1-73] with a C-terminal His-
tag was expressed in a modified pET31b vector altered to fuse cTnl[1-73] to
the C terminus of the p-barrel membrane protein, PagP, as previously de-
scribed (47). ¢TnI[1-73] was separated from PagP via cyanogen bromide
cleavage in 0.1 M HCl and 6 M Gdn-HCl and purified using nickel affinity
chromatography under denaturing conditions. cTnI[144-163] and cTnl[34-
71] peptides were synthesized and purified by GL Biochem.

The cTnl[1-73] protein purified from the PagP fusion construct was stable
over the course of NMR experiments. However, after addition of cTnC, it was
not uncommon for cTnl[1-73] to be slowly degraded, with proteolytic
cleavage occurring N-terminal to Tyr25 or Tyr28, similar to what was
observed from cTnl from human heart tissue (5). The change could be
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monitored by following the disappearance of NMR peaks corresponding to
Tyr25-Ala29. Alternatively, it could be detected in cTnC by measuring "N R,
relaxation rates, which would show that the two domains of cTnC were no
longer tethered together by cTnI[1-73].

NMR Spectroscopy Sample Preparation. For spectral simplicity, only one
component of the protein complexes was isotopically labeled at a time.
Enough labeled (**N- or 2H,">N- or '3C,">N-enriched) lyophilized protein to
make a 0.5-1.0 mM sample was dissolved in 450 pL of buffer, consisting of
100 mM KCl, 10 mM imidazole, 10 mM CacCl,, 0.5 mM DSS, CalBiochem
Protease Inhibitor Mixture Set |, and 5% (vol/vol) D,O. When wild type-cTnC
was used, the buffer was further supplemented with 20 mM DTT. The pH
was corrected to about 6.2 and monitored using 1D-"H NMR by measuring
the pH-sensitive downfield imidazole H2 peak (48). A 'H,">N-heteronuclear
single quantum coherence (HSQC) spectrum of the initial sample was
obtained at 40 °C, and a 5-mM solution of the unlabeled binding partner
was titrated in 10-15-uL aliquots. The titration was followed by serial 'H,">N-
HSQC spectra. The binding equilibrium was in the slow exchange regime, so
the titration was continued until the peaks corresponding to the unbound
form disappeared completely. A ternary complex was also made by adding
an excess (2 mg) of unlabeled cTnI[144-163] switch peptide.

NMR Spectroscopy and Data Analysis. The 3D backbone assignment spectra
were recorded on a Varian Inova 600 spectrometer. All experiments were
from Agilent BioPack (VnmrJ 3.2D) unless otherwise specified. The experi-
ments used for backbone assignment were HNCA, HN(CO)CA, HN(CA)CO, and
HNCO. The molecular weight of the ¢cTnC-cTnI[1-73] complex was 28 kDa,
and sensitivity was further limited by exchange broadening. Additional
experiments were used to assign the flexible regions of ¢TnI[1-73]: HNCACB,
H(CCO)NH-TOCSY, and (H)C(CO)NH-TOCSY. To obtain the complete assign-
ments of ¢cTnC, HN(CA)HA and HA(CACO)NH (49) experiments were recor-
ded, in-house modified from the BioPack HNCACB and CBCA(CO)NH
experiments, respectively. '>N-edited nuclear Overhauser enhancement
spectroscopy (NOESY)-HSQC spectra were also used for backbone assign-
ment. Enhanced sensitivity and gradient selection was used in the backbone
assignment triple resonance experiments, but TROSY was not used for the >N
and "H dimensions.

The 3D NOESY spectra were acquired on a Varian Inova 800 spectrometer
equipped with cryoprobe. '*C-edited HMQC-NOESY spectra were run on
13¢,">N-labeled samples in H,O, although the majority of intramolecular
NOE data were obtained from '3C-edited NOESY-HSQC spectra acquired in
D,0, and intermolecular NOEs were obtained from '2C-filtered, '*C-edited
NOESY-HSQC spectra in D,O. NMR data were processed using NMRPipe (50)
software and visualized and analyzed with NMRView)J (51).

"N T;, T,, and 'H-""N NOE experiments were conducted using 2H,
5N-labeled cTnl[1,73] with unlabeled aCys—cTnC. TROSY was used in the 'H
and ">N dimensions. A 6-s saturation time or recycle delay was used in the
NOE experiments. For T; and T,, curves were fit using a mono exponential
decay function using the simplex minimization algorithm in MATLAB. The
variance for each time point was estimated from the sum of the squares of
the residuals divided by (N - 2), where N is the number of data points for
each curve and 2 is the number of fitting parameters. A Monte Carlo method
was then applied to obtain error estimates for R, and R,. For "H-">N NOE,
the error estimate was based on the ratio of spectral noise to signal in-
tensity in the reference spectrum, multiplied by a factor of /2 to reflect
the fact that the "H-">N NOE is a ratio. '°N Ry, Ry, and 'H-'>N NOE data
were further analyzed using a model-free analysis of internal motions (52).

Fluorescence Spectroscopy. IAANS reacted with C35S cTnC Cys84 in labeling
buffer (in 50 mM Tris, 150 mM KCl, 1 mM EGTA, and 6 M urea, pH 7.0) for
4 h at 4 °C (32). The labeling reaction was stopped by addition of 2 mM
DTT, and the labeled protein was exhaustively dialyzed against refolding
buffer (600 mM Mops, 150 mM KCI, and 2 mM EGTA, pH 7.0) to remove
unreacted label.

All steady-state fluorescence measurements were performed at 22 °C.
IAANS fluorescence was excited at 325 nm and monitored at 450 nm. Mi-
croliter amounts of CaCl, were titrated into a 2-mL solution containing cTnC-
cTnI[1-73] or cTnC~cTnlI[34-71] (0.2 pM), 200 mM Mops, pH 7.0, 150 mM KCl,
2 mM EGTA, 1 mM DTT, and 3 mM MgCl,. An excess of cTnl peptide was
used for the complexes ([cTnl] / [cTnC] = 1.3), with protein concen-
trations quantitated by amino acid analysis following acid hydrolysis. Free
[Ca®*] was calculated with the program Maxchelator developed by Chris
Patton and available at http://maxchelator.stanford.edu/CaMgATPEGTA-
NIST.htm. Fluorescence experiments were performed in triplicate to de-
termine error ranges for individual measurements as well as pCa.
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