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Our previous studies (Howarth, J. W., Meller, J., Solaro, R. J.,
Trewhella, J., and Rosevear, P. R. (2007) J. Mol. Biol. 373, 706–
722) of the uniqueN-terminal regionof human cardiac troponin
I (hcTnI), predicted a possible intramolecular interaction near
the basic inhibitory peptide. To explore this possibility, we
generated single cysteine mutants (hcTnI-S5C and hcTnI-
I19C), which were labeled with the hetero-bifunctional cross-
linker benzophenone-4-maleimide. The labeled hcTnI was
reconstituted to whole troponin and exposed to UV light to
form cross-linked proteins. Reversed-phase high-perform-
ance liquid chromatography and SDS-PAGE indicated intra-
and intermolecular cross-linking with hcTnC and hcTnT.
Moreover, using tandem mass spectrometry and Edman
sequencing, specific intramolecular sites of interaction were
determined at position Met-154 (I19C mutant) and Met-155
(S5C mutant) of hcTnI and intermolecular interactions at
positionsMet-47 andMet-80 of hcTnC in all conditions. Even
though specific intermolecular cross-linked sites did not dif-
fer, the relative abundance of cross-linking was altered. We
also measured the Ca2�-dependent ATPase rate of reconsti-
tuted thin filament-myosin-S1 preparation regulated by
either cross-linked or non-labeled troponin. Ca2� regulation
of the ATPase rate was lost when the Cys-5 hcTnI mutant was
cross-linked in the absence of Ca2�, but only partially inhib-
ited with Cys-19 cross-linking in either the presence or
absence of Ca2�. This result indicates different functional effects
of cross-linking toMet-154 andMet-155,which are locatedondif-
ferent sides of the hcTnI switch peptide. Our data provide novel
evidence identifying interactions of the hcTnI-N terminus with
specific intra- and intermolecular sites.

The human cardiac variant of troponin I (hcTnI)2 has struc-
tural and functional specializations that are related to its critical

role in control of cardiac dynamics. These specializations
include variations in amino acids that are significant factors in
the response of the heart to: adrenergic stimulation (1), sar-
comere length (2, 3), and pH (4, 5). An especially significant
region of specialization is a unique N-terminal extension of
30–32 amino acids, which contains serial serines at positions
23/24 that are substrates for kinases that control cardiac
dynamics (6–8). Despite its significance in control of cardiac
function,molecularmechanisms of how theN-terminal human
cardiac troponin I (N-hcTnI) region controls sarcomeric and
cardiac function remain poorly understood. There is evidence
that upon phosphorylation the interaction between the
N-hcTnI and the N-lobe of N-hcTnC is weakened (9, 10). The
structure of the N-hcTnI wasmissing in the crystal structure of
cardiac troponin (11). However, we recently reported (12) the
structure of theN-terminal peptide usingNMR.Docking of this
structure into the core troponin structure indicated the poten-
tial for a previously unappreciated intramolecular interactions
of the N terminus with the regions at or near the highly basic
inhibitory peptide region of cardiac troponin (12, 13). This
interaction appeared plausible not only on the basis of the
structure of hcTnI, but also on the basis of the preponderance
of basic amino acids in the inhibitory peptide and the presence
of acidic residues in the N terminus.
In experiments reported here, we tested the hypothesis that

the unique N-terminal region of hcTnI engages in both intra-
and intermolecular interactions. We introduced Cys residues
into the N-hcTnI at positions 5 and 19 and labeled the Cys
residue with the hetero-bifunctional cross-linker, BP-MAL,
which upon UV irradiation cross-links to residues within �10
Å of the modified Cys (14). We analyzed the cross-linked pep-
tides by Edman sequencing and mass spectrometry to deter-
mine specific sites of interaction. The intramolecular sites of
interaction were Met-154 and Met-155 in the hcTnI switch
peptide for labeled positions 19 and 5, respectively. The inter-
molecular cross-linking sites on N-hcTnC were 47 and 80 for
hcTnI labeled at either position 5 or 19.Measurement of Ca2�-
dependent ATPase rate in reconstituted preparations indicated
that allosteric effects of the different specific intramolecular
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cross-links (position Met-154 versus Met-155) to different
hydrophobic positions on the switch peptidemay affect hcTnC
interaction with the switch peptide.

EXPERIMENTAL PROCEDURES

Protein Purification and Mutagenesis—hcTnT, hcTnI, and
hcTnC were expressed and purified as previously described
with some modifications (15). The hcTnT cDNA was cloned
into the pSBETa vector (16). Two cysteines in hcTnC were
changed to serines by site-directed mutagenesis (Invitrogen).
The hcTnI was cloned into pET17b (Novagen), and two mutants
were generated, C80S/C97S/S5C and C80S/C97S/I19C, using a
site-directed mutagenesis kit (Invitrogen). The hcTnI was

expressed in Rosetta 2 cells (Nova-
gen), and hcTnT and hcTnC were
both expressedusingBL21(DE3) cells
(Novagen).
Troponin Complex Formation

and Photocross-linking—HcTnIwas
dissolved from a freeze-dried pow-
der in 6 M urea, 25mMTris-HCl, pH
7.6, 0.3 M NaCl, 5 mM MgCl.
BP-MAL was added to the hcTnI in
a 2:1 molar ratio. The labeling reac-
tion was incubated at room temper-
ature for 2 h protected from light,
then quenched with 2 mM dithio-
threitol (17) anddialyzed against 6M
urea, 25 mMTris-HCl, pH 7.6, 5 mM
MgCl, and 1 M NaCl to remove
unincorporated BP-MAL. The
hcTnT and hcTnC were resolubi-
lized in 6 M urea, 25 mM Tris-HCl,
pH 7.6, 5 mM MgCl, and 1 M NaCl.
The subunits were then mixed, and
the rest of the troponin complex
formation and purification was per-
formed as described (15). The tro-
ponin complex was cross-linked in
the presence of Ca2� (0.2 mM) or
absence of Ca2� (2 mM EGTA) by
irradiating with 365 nmUV light on
ice protected by borosilicate glass
for 0–30 min (18).
Reconstituted Thin Filament and

ATPase Assay—Tropomyosin was
prepared from bovine left ventricle
and actin from rabbit skeletal tissue
as previously described (19). The
myosin subfragment-1 (S1)was pre-
pared from rabbit skeletal tissue as
described (20). To reconstitute the
thin filament for actin-activated-S1
ATPase assays wemixed: 0.2 �M S1,
5 �M actin, 2 �M tropomyosin, 3.29
�M troponin in 28 mM MOPS, pH
7.0, 140 mM NaCl, 7 mM MgCl. The
final reaction conditions were: 21

mM MOPS, pH 7.0, 105 mM NaCl, and 5.25 mM MgCl at 25 °C.
Components weremixed in the order given: 85�l of protein, 20
�l of Ca2� buffer (0.1 mM Ca or 1 mM EGTA final), 15 �l
of 2-amino-6-mercapto-7-methylpurine ribonucleoside and
purine-nucleoside phosphorylase (substrate and enzyme ratio
1:17, EnzChek Phosphate assay kit, Molecular Probes), and 20
�l of 7mMATP (1mMATP final). The inorganic phosphatewas
measured directly in the cuvette in real-time every 10 s for 5
min at 360 nm (21). To compare ATPase assays, two-tailed
t-tests were performed with the level of significance set at p
value of �0.05 expressed as the means � S.E.
Protein and Peptide Separations—Cross-linked and non-

cross-linked proteins were separated in 15% total acrylamide,

FIGURE 1. Representative 15% SDS-PAGE of cross-linked troponin subunits. BP-MAL, benzenophenone-4-
malemide cross-linker; min, minutes exposed to 365 nm UV light; T, troponin T; I, troponin I; C, troponin C; I-T,
troponin I cross-linked to troponin T; I-C1*, slower migrating troponin I cross-linked to troponin C; I-C2*, faster
migrating troponin I cross-linked to troponin C; I-I* intramolecular cross-link of troponin I; I-T*, troponin I
cross-linked to troponin T; I-C, troponin I and troponin C complex; T-I-C, whole troponin complex; � Ca, cross-
linked in the presence of Ca2�; - Ca, cross-linked in the absence of Ca2�. A, the S5C mutant troponin I was used
on all lanes of the gel. B, the I19C mutant troponin I was used in all lanes of the gel. Note: the protein loads were
equalized on each gel, but gels were not equalized to each other.
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0.5% cross-linked bis-acrylamide, pH 8.8, and the stacking gel
was 2.95% total acrylamide, 15% cross-linked with N,N-dial-
lyltartardiamide, pH 6.8, as previously described (22–24). The
troponin units were separated using a Grace Vydac C4
reversed-phase HPLC column 150mm � 4.6 mm at a flow rate
of 1 ml/min using a Dionex U-3000 analytical HPLC. The
mobile phase solution A (5% acetonitrile with 0.1% trifluoro-
acetic acid) was used to equilibrate the column, and proteinwas
eluted using solution B (95% acetonitrile, 0.1% trifluoroacetic
acid). The linear gradient was stepped with solution B: 0% B,
0–5min; 0–30% B, 5–20 min; 30–50% B, 20–80 min; 50–90%
B, 80–85min; 90%B, 85–90min; 90–0%B, 90–91min; and 0%
B, 91–101 min.
Protein fractions separated in the C4 column as above were

digested with proteinases to generate small peptides. Endopro-
teinase Arg-C from Roche Applied Science was used to digest
the intramolecular TnI cross-links. The final Arg-C digestion
conditionswere incubated overnight at 37 °C in 1Murea, 56mM
Tris-HCl, pH 7.6, 5.6 mM CaCl, 200 mM NaCl, and 0.5 �g of
enzyme. To digest the intermolecular cross-links between TnI
and TnC, we used immobilized L-1-tosylamido-2-phenylethyl
chloromethyl ketone-treated trypsin from Pierce. Then the
tryptic digests were sequentially treated with Glu-C to better
digest the hcTnC. The final Glu-C digest conditions were 1 M
urea, 200 mM NaCl, 40 mM NH4HCO3, pH 7.8, and 0.2 �g of
enzyme. The reaction mixtures were incubated overnight at
37 °C.
After the proteins were digested into peptides, they were

separated using a Dionex U-3000 capillary LC system with a
C18 PepMap 150- � 0.3-mm column and a flow rate of 4
�l/min. The mobile phase solution A (5% acetonitrile with
0.1% trifluoroacetic acid) was used to equilibrate the col-
umn, and protein was eluted using solution B (95% acetoni-
trile, 0.1% trifluoroacetic acid). The linear gradient was
stepped with solution B: 0% B, 0–10 min; 0–60% B, 10–130
min; 60–90% B, 130–135 min; 90% B, 135–140 min; 90–0%
B, 140–142 min; and 0% B, 140–160 min.
Cross-linked Peptide Analysis—Peptide fractions were ana-

lyzed by mass spectrometry using an ABI 4700 MALDI TOF/
TOF, LTQ hybrid ion-trap/FTICR (Thermo Scientific Inc.),
and a Voyager De Pro MALDI-TOF (Applied Biosystems), or
by Edman sequencing using a Procise 494 cLC instrument at
the W.M. Keck Foundation, Yale University. The ABI 4700
MALDI TOF/TOF was used to generate tandem mass spec-
trometer data using an �-cyano-4-hydroxycinnamic acid
matrix as previously described (25). The samples used for direct
infusion via static spray into the LTQ-FTICR were dissolved in
50% acetonitrile and 0.1% formic acid. The sample was loaded
into a coated nanospray emitter with a 4-�m inner diameter
(New Objective Inc.) and a 1.5-kV spray voltage. The peptide
peaks were manually detected and selected forMS2 fragmenta-
tion using collision-induced dissociation (26). The use of the
Voyager DE Pro was similar to the ABI 4700, except 150 shots
were performed. All mass spectrometry experiments were
repeated in full at least four times.
The analysis of themass spectrometry data were largely done

manually. However, Edman sequencing and use of software
“Links” were helpful in first determining the cross-linked pep-

tides (27). After determining cross-linked peptides, manual
tandem mass spectrometry analysis was manageable. With
cross-linking experiments it is not possible to use the normal
search algorithms. Using the peptide known to be cross-linked,
manual de novo sequencing was done to determine the b/y ions
that corresponded to the cross-linked peptide complex and
thus determine site-specific cross-links. The suspected cross-
linked peptide complex was input into anMS/MS fragment ion
calculator from the Institute for Systems Biology available on
the web allowing matching of experimental to theoretical b/y
ions, and with trial and error we determined the specific cross-
linking site. PyMOL software was used to create Fig. 6C using
available crystal structure (PDB: 1J1D).3

3 W. L. DeLano (2002) The PyMOL Molecular Graphics System, DeLano Scien-
tific, Palto Alto, CA.

FIGURE 2. ATPase assay using reconstituted thin filament-myosin-S1.
ATPase activity normalized relative to non-labeled non-cross-linked troponin
in presence of 0.7 mM Ca2� n � 4 � S.E. The assay was performed in higher salt
(21 mM MOPS, pH 7.0, 105 mM NaCl, 5.25 mM MgCl, and 1 mM ATP) to keep
human troponin in solution. X-link Ca2�, cross-linked either with or without
Ca2�; NA, not applicable; Assay Ca2�, assay condition with or without Ca2�.
A, S5C mutant, assayed with human troponin and S5C troponin I mutation.
*, p value � 0.0002; #, p value � 0.005. B, I19C mutant, assayed with human
troponin and I18C troponin I mutation. *, p value � 0.0001; #, p value �
0.0001; **, p value � 0.0044.
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RESULTS

We used SDS-PAGE analysis to determine if the N-hcTnI
cross-links to itself or other units of troponin. A time-based
response of BP-MAL to exposure of 365 nm light showed cross-
linking at positions 5 and 19 of the N-hcTnI with itself and
other troponin units (Fig. 1). As shown in Fig. 1A the S5ChcTnI
mutant cross-linked to itself (I-I), hcTnC (I-C), and hcTnT
(I-T) in the lanes designated “T-I-C � Ca” from 0- to 30-min
exposure to light. In addition, the binary complex of hcTnI
and hcTnC (I-C � Ca) showed similar inter- and intramo-
lecular cross-linking with hcTnI and hcTnC as seen in the
left part of Fig. 1A. We included non-labeled hcTnI incorpo-
rated into a troponin complex as a negative control for
breakdown. The N-hcTnI labeled with BP-MAL at position
19 cross-linked to all troponin subunits, but there were less
cross-linked bands compared with position 5. This may be
due to the increased reach of position 5 being at a more
terminal end compared with position 19.
Fig. 2A shows results in which we determined Ca2�-depend-

ent ATPase rate of reconstituted thin filament-myosin-S1
preparations regulated by a control troponin complex contain-
ing hcTnI (S5C or I19C) non-labeled or labeled with BP-MAL
and cross-linked in the absence or presence of Ca2� prior to
reconstitution into thin filaments. Ca2� regulation of ATPase
rate was similar for controls and for preparations regulated by
troponin (hcTnI-S5C) cross-linked in the presence of Ca2�

(Fig. 2A). However, Ca2� regulation was lost in preparations
reconstituted with troponin (hcTnI-S5C) cross-linked in the
absence of Ca2� (Fig. 2A). As shown in Fig. 2B there was regu-
lation ofCa2� activation ofATPase rate, albeit blunted, in prep-
arations regulated by troponin (hcTnI-I19C) compared with
non-labeled troponin (no BP-MAL) independent of whether
cross-linked in presence or absence of Ca2�.

We also established specific cross-linked sites. Our first step
was to separate the cross-linked proteins and subsequent
digested peptides by HPLC. To separate the whole troponin
cross-linked (dark line) and non-cross-linked subunits (light
line), we used a reversed-phase C4 column evaluated at 280 nm
as shown in Fig. 3A. The cross-linked proteins and peptides are
represented by the horizontal bars through the peaks (Fig. 3).
The cross-linked proteins were manually fractionated and

FIGURE 3. HPLC of peptides and whole proteins. The bar indicates either
cross-linked proteins or peptides depending on the run. Signal evaluated at
280 nm for A and 260 nm for B–E. Fractions were collected manually, and each

fraction from B–E was analyzed by MALDI-TOF to determine which fractions
were cross-linked. A, representative separation of cross-linked and non-cross-
linked whole troponin subunits. The dark line represents whole troponin
complex cross-linked for 30 min and separated by C4 (4.6 � 150 mm)
reversed-phase HPLC, and the light line is non-cross-linked negative control.
I, troponin I; T, troponin T; C, troponin C; I�I, intramolecular cross-link of tro-
ponin I; I�T, intermolecular cross-link of troponin I and T; I�C, intermolecular
cross-link of troponin I and C. B, the dark line intramolecular cross-link of the
troponin I mutant S5C digested with Arg-C and separated by C18 (0.3 � 150
mm) reversed-phase capillary HPLC, and the light line is non-cross-linked neg-
ative control. C, the dark line intermolecular cross-link of the troponin I mutant
S5C to troponin C digested sequentially with trypsin and Glu-C and separated
by C18 (0.3 � 150 mm) reversed-phase capillary HPLC, and the light line is the
enzymes-only control. D, the dark line intramolecular cross-link of the tropo-
nin I mutant I19C digested with Arg-C and separated by C18 (0.3 � 150 mm)
reversed-phase capillary HPLC, and the light line is non-cross-linked negative
control. E, dark line intermolecular cross-links of the troponin I mutant I19C to
troponin C digested sequentially with trypsin and Glu-C and separated by
C18 (0.3 � 150 mm) reversed-phase capillary HPLC, and the light line is the
enzymes-only control.

Cross-linking of N-terminal Troponin I

MAY 22, 2009 • VOLUME 284 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14261



digested for determination of sites of intramolecular cross-link-
ing using endoproteinase Arg-C (Fig. 3, B andD) and for inter-
molecular cross-linking sequentially with immobilized trypsin
and endoproteinaseGlu-C (Fig. 3,C andE). The intramolecular
cross-links illustrated in Fig. 3 (B andD) are represented as dark
lines, and the light lines are non-cross-linked and digested TnI
used as negative controls to help identify cross-linked peptides.
The manually collected peptide fractions were analyzed with
MALDI-TOF mass spectrometry to confirm the cross-linked
fractions.
To determine cross-linked peptides, we used MALDI-TOF

mass spectrometry (Fig. 4). The cross-linked peptide complex
has three components depicted theN-hcTnI on top of the com-
plex, the cross-linker (BP-MAL) in the middle, and the peptide
cross-linked on the bottom of the complex. As shown in Fig. 4
(A–F) we were able to fragment the components as well as the
intact complex allowing for more confidence in our peptide
assignment. Once the cross-linked fractions were determined
by MALDI-TOF, fractions were analyzed by either Edman

sequencing or tandem mass spectrometry. The intramolecular
cross-linked fraction illustrated in Fig. 3B was Edman
sequenced, and both cross-linked and non-cross-linked pep-
tides were present; however, the cross-linked peptides were
in higher abundance (Table 1). The most abundant intermo-
lecular cross-linked fraction (Fig. 3E) was Edman sequenced,
and both cross-linked and non-cross-linked peptides were
present (Table 2). The Edman sequencing results supported
the cross-linked peptide designations from theMALDI-TOF
experiments.
Tandem mass spectrometry was used to determine specific

sites of cross-linking from manually collected capillary HPLC
fractions that were either directly infused in the case of the
LTQ-FTICR or mixed with MALDI matrix and infused into an
ABI 4700 MALDI TOF/TOF. The triply charged precursor ion
2608 was static sprayed into an LTQ-FTICR to determine the
specific intramolecular cross-link of the S5C mutant specifi-
cally to aa Met-155 of hcTnI (Fig. 5A). The doubly charged
precursor ion 2645 was static sprayed into an LTQ-FTICR to

FIGURE 4. MALDI-TOF spectra of cross-linked peptide complex purified as in Fig. 3 (B–E). BP-MAL, cross-linker mass 277.1 with hydrolyzed maleimide ring
18 � 295.1 (30). Complexes are broken up into major fragments as indicated in the spectrum. The unidentified peaks are non-cross-linked peptides. A, intramo-
lecular cross-link of troponin I at position 5 to troponin I amino acids 149 –162. B, intermolecular cross-link of troponin I at position 5 to troponin C amino acids
47–59. C, intermolecular cross-link of troponin I at position 5 to troponin C amino acids 77– 83. D, intramolecular cross-link of troponin I at position 19 to
troponin I amino acids 149 –162. E, intermolecular cross-link of troponin I at position 19 to troponin C amino acids 47–59. F, intermolecular cross-link of troponin
I at position 19 to troponin C amino acids 77– 83.
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determine the specific intermolecular cross-link of the S5C
mutant specifically to aaMet-47 of hcTnC (Fig. 5B). The doubly
charged precursor ion 2055 was static sprayed into an LTQ-
FTICR to determine the specific intermolecular cross-link of
the S5C mutant specifically to amino acid Met-80 of TnC (Fig.
5C). The triply charged precursor ion 2454 was static sprayed
into an LTQ-FTICR to determine the specific intramolecular
cross-link of the I19C mutant specifically to aa Met-154 of
hcTnI (Fig. 5D). The singly charged precursor ion 2491 was
infused into an ABI 4700 MALDI TOF/TOF to determine the
specific intermolecular cross-link of the I19C mutant specifi-
cally to aa Met-47 of TnC (Fig. 5E). The singly charged precur-
sor ion 1901was infused into anABI 4700MALDITOF/TOF to
determine the specific intermolecular cross-link of the I19C
mutant specifically to amino acid Met-80 of hcTnC (Fig. 5F).

DISCUSSION

Our data are the first to identify specific sites of intramolec-
ular interactions between the unique N terminus of hcTnI and
the switch peptide (�149–162) at Met-154 and Met-155.
Under all conditions we also identified sites of intermolecular
cross-linking between N-hcTnI at I19C and S5C and positions
Met-47 and Met-80 of N-hcTnC. Moreover, measurements of
Ca2� regulation of ATPase rate revealed insights into the inter-
action of the N-hcTnI with hcTnI Met-154 and Met-155. As

discussed below these new insights on the role of Met residues
in the switch peptide comes from our data on the different
effects of cross-linked productswith BP-Mal located at position
19 of hcTnI (cross-linked to Met-154) versus BP-MAL located
at position 5 of the N terminus (cross-linked to Met-155). In
thin filaments reconstituted with troponin-containing hcTnI-
I19C there was intramolecular cross-linking to Met-154, and
Ca2� was able to partially switch onmyosin-S1 ATPase activity
(Fig. 2B) whether the cross-linking was carried out in either the
presence or absence of Ca2�. However, when thin filaments
were regulated by hcTnI-S5Cwith an intramolecular cross-link
to Met-155, Ca2� regulation was completely lost, when the
cross-linking was carried out in the absence of Ca2�.
There are several possibilities for the differential Ca2� regu-

lation with hcTnI-I19C compared with hcTnI-S5C mutant.
One possibility as illustrated in Fig. 6, is that Met-154 (cross-
linked from I19C) exists on a different side of the switch peptide
from Met-155 (cross-linked to S5C) (28). Met-155 is more
exposed and accessible compared with the Met 154 in the core
crystal structure in the presence of Ca2�. The 10-Å distance of
the cross-linker along with the flexibility of the N-hcTnI (11,
12) should allow for the interaction as depicted in Fig. 6. Thus
we speculatewhen cross-linking occurred atMet-154 therewas
a more prominent effect on the closed state by reducing the
movement of the complex not allowing hcTnC to fully open, or
by stabilizing the closed state of hcTnC to a greater extent.
Moreover, the N-hcTnI likely moves to a different position
when interacting with either Met-155 or Met-154 allowing for
different stabilizing effects of the switch peptide. The Ca2�

binding site of hcTnC may be affected by the interaction
between N-hcTnI and Met-154 as depicted in Fig. 6A. Con-
versely when the N-hcTnI cross-links with Met-155 the
N-hcTnI may move around to the other side of the N-hcTnC,
which allows for normal Ca2� regulation when cross-linked in
the presence of Ca2� Fig. 6B. When cross-linked in the absence
of Ca2� the conformation of hcTnC is likely different and this
different interaction of the N-hcTnI with hcTnC may contrib-
ute to the ablation of Ca2� regulation.

As proposed by Baryshnikova et al. (29) and Li et al. (28),
there is also the possibility that cross-linking of the N-hcTnI to
the switch peptide induces an allosteric effect influencing
hcTnC conformation. In the case of Met-155 the N-hcTnI may

TABLE 1
Edman sequence of peptides from C18 Arg-C digested fraction from
Fig. 3B (intramolecular cross-link S5C)
Sequencer yields are in picomoles, and X-link represents cross-link.

Cycle X-link
TnI (2–6)

X-link
TnI (149–163)

Non-X-link
TnI (52–66)

1 A 35.2 I 44.4 T 9.5
2 D 20.3 S 19.5 L 9.5
3 G 7.1 A 19.8 L 8.1
4 NDa D 16.9 L 7.4
5 S 4.4 A 12.6 Q 5.3
6 M 1.6 I 4.5
7 M 3.2 A 8.6
8 Q 4.8 ND
9 A 7.8 Q 4.5
10 L 3.0 E 2.1
11 L 5.2 L 5.2
12 G 2.1 E 1.5
13 A 2.3 R 0.7
14 R 0.6 E 1.0
15 A 1.7

a ND, not determined quantitatively due to low yields.

TABLE 2
Edman sequence of peptides from C18 trypsin/Glu-C digested fraction from Fig. 3E most abundant fraction (I�C cross-link I19C)
Sequencer yields are in picomoles, and X-link represents cross-link.

Cycle X-link
TnI (14–20)

Non-X-link
TnI (83–94)

Non-X-link
TnI (49–60)

X-link
TnC (47–59)

X-link
TnC (77–83)

Non-X-link
TnC (100–112)

1 P 42.2 L 21.8 L 21.8 M 36.2 F 26.3 L 21.8
2 A 69.4 E 3.5 NDa L 58.3 L 58.3 F 10.5
3 P 26.1 L 6.8 T 2.4 G 19.3 V 25.4 R 5.9
4 A 34.2 ND L 8.4 Q 25.7 M 6.8 M 6.8
5 P 16.4 G 7.8 L 6.3 N 15.1 M 11.8 F 4.5
6 ND L 7.7 L 7.7 P 13.2 V 10.7 D 6.0
7 R 6.2 G 7.1 Q 3.0 T 8.8 R 6.2 ND
8 F 3.3 I 2.3 P 6.0 N 4.7
9 A 4.8 A 4.8 E 6.1 A 4.8
10 E 7.0 ND E 7.0 P 3.0
11 L 4.0 Q 2.1 L 4.0 G 6.7
12 Q 3.4 E 4.9 Q 3.4 Y 2.1
13 E 5.6 I 2.4

a ND, not determined quantitatively due to low yields.
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hold the switch peptide in a conformation that inhibits normal
allosteric effects on hcTnC conformation. The position of I19C
relative to S5C in hcTnI structure may also be responsible for
the different effects of the cross-linked products on Ca2� con-

trol of ATPase rate. Position 19 is closer to the core structure of
troponin than position 5 and, when cross-linked, may retard
the interaction of the switch peptide with N-hcTnC thus stabi-
lizing the closed state of hcTnC. Our demonstration of rela-
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tively abundant cross-linking for N-hcTnI-I19C to hcTnC is
consistentwith a previous report (10) andmay contribute to the
blunted response to Ca2�. Therefore, position hcTnI-I19C
interacting with N-hcTnC (suspected Met-47 see “Discussion”
below) may be the intermolecular site responsible for the
blunted response to Ca2� in the N-hcTnI-I19C mutant. It is
also possible that differences in Ca2� regulation of thin fila-
ments regulated by hcTnI-S5C and hcTnI-I19C are due to
increased cross-linked products in the S5C mutant involving
troponin T.
Compared with results obtained with hcTnI-I19C, Ca2� reg-

ulation was completely lost, when the cross-linking was carried
out in the absence of Ca2� in thin filaments regulated by hcTnI-
S5C with an intramolecular cross-link to Met-155. This result
indicates that the conformational state in the absence of Ca2� is
such that, when cross-linked atMet-155 and then reconstituted
into the thin filament, the troponin complex is locked in a
closed state. Once cross-linked in the absence of Ca2� the
closed state may interfere with Ca2� binding to hcTnC, how-
ever, due to the flexibility of the N-hcTnI the Ca2� binding site
of hcTnC should only be partially blocked.Our data support the
idea of flexibility in N-hcTnI based onmultiple sites of interac-
tion identified at the same point of time during cross-linking. In

addition, the specific cross-linking
sites of N-hcTnI (S5C mutant) to
hcTnT may be different and cause
the loss of Ca2� regulation. We
were not able to determine specific
sites for hcTnT due to low yields
from the HPLC (retention time 47.4
min in Fig. 3A).
The intermolecular cross-linking

sites N-hcTnC from N-hcTnI were
at positions Met-47 and Met-80.
The Met-47 and Met-80 flank the
switch peptide with Met-47 being
more exposed to the surface and the
Met-80 residue being more inter-
nally positioned in a similar fashion
as the Met-155 and Met-154 cross-
links (Fig. 6C). The relative abun-
dance of site-specific intermolecu-
lar cross-linking could not be
definitively determined with mass
spectrometry or SDS-PAGE. How-

ever, the intramolecular cross-linking abundance was not
greatly changed from hcTnI position 5 and 19 based on SDS-
PAGE. We found two cross-linked protein bands migrating at
different positions in SDS-PAGE corresponding to an I-C com-
plex. We were unable to use in gel digests to identify specific
sites due to low yield. Thus we used in-solution digests, which
weremuchmore efficient, and only then were we able to obtain
enough cross-linked peptide to determine the specific sites of
interaction. We were unable to determine specifically which
band corresponded to which cross-link due to incomplete sep-
aration using HPLC. We think the SDS-PAGE band difference
arises from the two sites identified as Met-47 and Met-80; one
site is exposed in the Ca2� saturated structure (Met-47),
whereas the other is embedded (internally located) in the
N-lobe. Based on the structure (Fig. 6C) and accessibility, the
I-C2 is likely the cross-link withMet-47 and the I-C1 is from the
Met-80. The intramolecular cross-linking efficiency did not
change significantly in �Ca2� conditions nor did the intermo-
lecular cross-linking of hcTnI to hcTnT suggesting the prox-
imities or efficiency of cross-linking was not affected by �
Ca2�.

Our data have important implications with regard to
advancing our understanding of the role of N-hcTnI. The

FIGURE 5. Tandem mass spectrometry. BP-MAL, cross-linker mass 277.073 with hydrolyzed maleimide ring � 18 � 295.073 (30). Some spectra have two series
of b/y ions represented by a 1 or 2 preceding ion type as shown in C, E, and F. A, spectra of the intramolecular cross-linked troponin I labeled at position 5 and
cross-linked to position 155. Cross-linked peptide complex was direct infused into an LTQ-FTICR instrument and MS/MS ions are from the m/z 869.7264
precursor ion (z � 3), �0.153 ppm. B, spectra of the intermolecular cross-linked troponin I labeled at position 5 and cross-linked to position 47 of troponin C.
Cross-linked peptide complex was directly infused into an LTQ-FTICR instrument, and MS/MS ions are from the m/z 1323.0645 precursor ion (z � 2), �3.25 ppm.
* � precursor (z � 2) loss of H2O. C, spectra of the intermolecular cross-linked troponin I labeled at position 5 and cross-linked to position 80 of troponin C.
Cross-linked peptide complex was directly infused into an LTQ-FTICR (precursor ion) instrument, and MS/MS (LTQ) ions are from the m/z 1027.9635 precursor
ion (z � 2), �2.48 ppm. * � 1b6 (z � 1) loss of H2O. D, spectra of the intramolecular cross-linked troponin I labeled at position 19 and cross-linked to position 154.
Cross-linked peptide complex was direct infused into an LTQ-FTICR instrument, and MS/MS ions are from the 818.3980 precursor ion (z � 3), �0.57 ppm. * �
b11 (z � 2) loss of ammonia on Gln. E, spectra of the intermolecular cross-linked troponin I labeled at position 19 and cross-linked to position 47 of troponin C.
Cross-linked peptide complex was analyzed by MALDI TOF/TOF instrument, and MS/MS ions are from the 2491.4072 precursor ion (z � 1), �117 ppm. The three
spectra are zoomed in from the same spectra. * � cleavage of the BP-MAL from PAPAPCR. ** � loss of H2S from the cysteine of PAPAPCR. F, spectra of the
intermolecular cross-linked troponin I labeled at position 19 and cross-linked to position 80 of troponin C. Cross-linked peptide complex was analyzed by
MALDI TOF/TOF instrument, and MS/MS ions are from the 1901.1526 precursor ion (z � 1), �124 ppm. The two spectra are zoomed in from the same spectra.
* � 2a2 (z � 1).

FIGURE 6. A model of troponin complex showing change in structural organization associated with
intramolecular cross-linking. Pink, troponin C subunit; green, troponin I subunit; light blue, troponin T sub-
unit; green strips, N-terminal troponin I; and darker green, switch peptide of troponin I. A, schematic of the I19C
mutant cross-linking to Met-154 of N-hcTnI and N-hcTnC. B, schematic of the S5C mutant cross-linking to
Met-155 of N-hcTnI and N-hcTnC. C, N-terminal lobe of TnC along with the switch peptide part of TnI. Gray, site
II Ca2� binding loop; black bead, Ca2� bound to site II; dark blue, intermolecular cross-linked site at aa 47 of
troponin C; red, intramolecular cross-linked sites at aa 154 and 155 of troponin I; orange, intermolecular cross-
linked site at aa 80 of troponin C.
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N-terminal peptide of hcTnI is now known to be a critical
factor in control of cardiac dynamics (13, 15). Although the
last �12 amino acids of the N-terminal extension of cTnI are
highly conserved, there are significant differences in the pri-
mary structure of the first 20 amino acids of cTnI in hearts of
large and small animals. For example, the first 20 amino
acids in both human andmouse cTnI are acidic; however, the
mouse has more of a net negative charge than the human
isoform due to an additional glutamic acid and a lack of two
basic arginines. Our identification of the intramolecular
sites of interaction of the hcTnI N-terminal region with the
hcTnI switch peptide provides a basis for further testing
hypotheses for the relation between primary structure of the
N-terminal peptide of cTnI and tuning the contraction/re-
laxation dynamics of the heart to heart rate.

Acknowledgment—Special thanks to Chao Yuan for help with static
spray on the LTQ-FTICR.
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