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E xpression and purification of human cardiac troponin subunits and
their functional incorporation into isolated cardiac mouse myofibrils
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Abstract

The three subunits of the human cardiac troponin complex (hcTnC, hcTnI, hcTnT) were overexpressed inE. coli, purified
and reconstituted to form the hcTn complex. This complex was then incorporated into subcellular bundles of mouse cardiac
myofibrils whereby the native mcTn complex was replaced. On thus exchanged myofibrils, isometric force kinetics following

21sudden changes in free Ca concentration were measured using atomic force cantilevers. Following the exchange, the
21myofibrillar force remained fully Ca regulated, i.e. myofibrils were completely relaxed at pCa 7.5 and developed the same

21maximum Ca -activated isometric force upon increasing the pCa to 4.5 as unexchanged myofibrils. The replacement of
21endogenous mcTn by wild-type hcTn neither altered the kinetics of Ca -induced force development of the mouse

21myofibrils nor the kinetics of force relaxation induced by the sudden, complete removal of Ca . Preparations of functional
Tn reconstituted myofibrils provide a promising model to study the role of Tn in kinetic mechanisms of cardiac myofibrillar
contraction and relaxation.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction contraction, different protocols have been developed
in skinned cardiac and skeletal fibres to exchange

In cardiac muscle the thin filament proteins tropo- endogenous Tn for species- and muscle-specific
21myosin and Tn regulate the Ca -dependent cyclic isoforms, recombinant modified or mutant Tn

interaction of the force-generating myosin heads with subunits. For instance, incubation with orthovanadate
actin. Tn is a heterotrimer consisting of troponin C resulted in extraction of endogenous TnI and TnC
(TnC), troponin I (TnI), and troponin T (TnT). TnC from chemically skinned cardiac preparations, which

21is the Ca -binding subunit, TnI inhibits the inter- were then reconstituted with exogenous subunits [2].
action between myosin and actin and TnT integrates Other ways to exchange Tn in muscle fibres are
the complex into the thin filament through its strong based on first replacing the endogenous Tn complex
binding to tropomyosin [1]. In order to study the by an excess of either TnT [3] or a mixture of TnI
functional role of Tn in the regulation of muscle and TnT [4] and thereafter completing the reconstitu-

tion by adding either TnI and TnC or TnC, respec-
tively. Incubation of skeletal muscle fibres with an*Corresponding author. Tel.:149-221-478-6951; fax:149-
excess of the whole Tn complex also yields quantita-221-478-6965.
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A particular advantage of this protocol is that the [18]. The purpose of the present study was to
muscle has its complement of the three Tn subunits establish a similar method to exchange the Tn
during the whole exchange procedure. The structural complex in cardiac myofibrils and, furthermore, to
integrity and the contractile properties of skinned confirm their contractile function after the exchange.
skeletal fibres in which the endogenous Tn complex In recent years, hcTn has gained an important role
was replaced by fluorescently labelled skeletal Tn in investigations of inherent human heart diseases.
complex with this protocol were not affected [5–7]. Linkage studies and candidate-gene approaches have

These approaches gave important insights regard- demonstrated that about half the patients suffering
ing the structural requirements of the Tn complex for from familiar hypertrophic cardiomyopathy (HCM)
the regulation of the actomyosin interaction in have mutations in a protein of the sarcomere (for
cardiac muscle under steady-state conditions [8–15]. reviews, see Refs. [19,20]). So far, nine mutations in
However, due to diffusion limitations of these multi- the cTnI gene [20,21], several mutations in cTnT
cellular preparations, information regarding the (for a review, see Ref. [22]) and just recently the first
kinetics of contraction or relaxation is sparse and mutation in cTnC [23] can be linked to HCM. Due to
could only be obtained by the use of so-called caged their particular relevance in studying the mechanisms

21 21compounds, which release Ca or Ca chelators of heart diseases such as HCM, we exchanged the
upon flash photolysis of the biologically inert pre- cTn complex formed by the three isolated recombi-
cursor compound. This approach has limitations, nant human wild-type subunits, hcTnC, hcTnT and
however, e.g. incomplete relaxation because of the hcTnI. To the best of our knowledge, this is the first

21 21low Ca affinity of the currently available Ca report of the force kinetics of the contraction–relaxa-
chelators. tion cycle in single cardiac myofibrils following

In contrast, myofibrils or myofibrillar bundles exchange of endogenous Tn by exogenous Tn. The
having a diameter of a few micrometres completely exchange protocol described here in principle allows
equilibrate with the surrounding solution within 1 ms the replacement of each individual native Tn subunit
and are, hence, ideally suited for studying transient by a foreign wild-type or a mutant isoform. It
kinetics invoked by either rapid mixing methods or therefore provides a general tool in basic and clinical
rapid solution change. Rapid flow-quench and fluo- research to study the effects of Tn subunit isoforms
rescence stopped-flow techniques, which are usually or Tn subunit mutations on molecular kinetic mecha-
restricted to proteins in solution, have been success- nisms of myocardial contraction and relaxation.
fully applied to myofibrillar suspensions to investi-
gate the transient kinetics of myofibrillar ATPase
[16,17]. In spite of their small size, myofibrils 2 . Materials and methods
consist of contractile sarcomeres containing the
structurally organised complete assembly of contrac- 2 .1. Protein expression and purification of
tile and regulatory proteins. Thus, using EGTA- recombinant human cardiac troponin subunits

21buffered solutions, the free Ca concentration can
be rapidly raised or lowered by a microflow-based The human cardiac subunits were expressed inE.
solution change technique to well-defined concen- coli BL21(DE3) cells using constructs cloned into a
trations without the need for caged compounds to pET 11c vector [24] with ampicillin resistance (TnC,

21invoke Ca -induced force kinetics of isometrically TnT) or a pET 9a vector with kanamycin resistance
installed myofibrils [7]. In addition, the small size of (TnI). TnI and TnC expressing cells were grown at
these specimens will also facilitate diffusion of 378C in LB medium (Gibco, Paisley, UK) con-
proteins into the myofilament lattice which may taining 50mg/ml ampicillin or kanamycin. An
improve the homogeneity of binding of exogenous overnight culture was diluted 1:100 and induced at
protein in exchange studies. OD50.6 with 0.4 mM IPTG for 4 h. Since the

Recently, it has been shown that exogenous hcTnT cDNA contains rare arginin codons the
fluorescently labelled Tn complex binds to skeletal synthesis of hcTnT was performed in BL21 codon
myofibrils at specific locations in the sarcomeres plus RP (DE3) cells (Stratagene, Amsterdam). Cul-
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ture and induction was performed according to the 1 mM EDTA, 0.1 mM DTT) before being loaded on
protocol given by the suppliers. Expression of all an equilibrated DEAE Sepharose column (XK 16/
subunits was confirmed by SDS–PAGE as described 20, Amersham Biosciences). TnT was again eluted
in Ref. [25]. with a linearly increasing NaCl gradient (0.5M NaCl

Bacterial pellets from 1 l TnI and TnT cultures in buffer F) from 0 to 40% and then dialysed against
were resuspended in 20 ml homogenisation buffer 1 mM ammonium hydrogencarbonate and lyophil-
(25 mM TEA–HCl, 8 M urea, 1 mM DTT, 5 mM ised prior to storage at280 8C.
EDTA, 1 mM PMSF). Pellets containing TnC ex-
pressing bacteria were resuspended in the same2 .2. Reconstitution of recombinant hcTn complex
buffer without urea. Cells were lysed by ultrasonifi-
cation at 10 s intervals for 2 min at 08C. The lysate The purified hcTn subunits were reconstituted to a
was centrifuged at 15 000g for 20 min at 48C. The complex using a previously reported method [28]. 1
resulting supernatants were dialysed overnight mg/ml of each of the subunits was dissolved in a
against the buffer used in the first chromatographic buffer containing 25 mM MOPS pH 7.0, 0.2M
step. NaCl, 0.5M CaCl , 1 mM DTT and 8M urea. After2

TnI was purified using a modified protocol previ- incubation on ice for 1 h, proteins were dialysed
ously reported by Jha et al. [26]. The TnI-containing against the same buffer without urea, but with 1.0M
lysate was dialysed overnight against buffer A (25 NaCl. NaCl was slowly reduced to a final con-
mM TEA–HCl pH 7.5, 8M urea, 2 mM EDTA, 1 centration of 0.2M by repeated dialysis. Formation
mM DTT) and then loaded on a CM Sepharose FF of the hcTn complex was verified by gel filtration on
column (XK16/20, Amersham Biosciences, a Sephacryl S-200 column as described for purifica-
Freiburg, Germany). TnI was eluted with a linearly tion of skeletal Tn complex (see below). The com-
increasing NaCl gradient in buffer A. TnI eluted at plex was stored at220 8C in 50% glycerol for up to
conductivity values of 12–15 mS. Isolated TnI 2 weeks.
fractions were dialysed against 1 mM HCl and
lyophilised prior to storage at280 8C. 2 .3. Purification of native skeletal Tn complex

TnC was purified according to Ref. [27]. TnC-
containing lysates were dialysed against buffer B (50 Skeletal muscles from an adult rabbit were dissec-
mM Tris–HCl pH 7.5, 5 mM CaCl , 1 mM MgCl , ted, homogenised and isolated by fractionated am-2 2

1 mM DTT, 50 mM NaCl) and then loaded onto a monium sulphate precipitation [29]. The precipitate
Phenyl-Sepharose column (XK 16/20, Amersham was then dialysed against gel filtration buffer (20
Biosciences) equilibrated in the same buffer. The mM Tris–HCl pH 7.5, 0.3M NaCl, 10 mM DTT)
column was then washed with buffer C (50 mM and further purified on a Sephacryl S-200 column
Tris–HCl pH 7.5, 0.1 mM CaCl , 1 mM DTT, 1 mM (XK 16/40, Amersham Biosciences). The isolated2

NaCl). TnC was eluted with buffer D (50 mM sTn complex was extensively dialysed against 1 mM
Tris–HCl pH 7.5, 1 mM EDTA, 1 mM DTT). HCl, lyophilised and stored at280 8C.
Purified TnC was dialysed against 1 mM HCl and
lyophilised prior to storage at280 8C. 2 .4. Isolation of cardiac myofibrils

TnT was isolated based on a method described in
Ref. [28] with the following modifications. Protein Adult mice (mouse strain: HIM of 1) were sac-
solution was dialysed against buffer E (50 mM rificed by cervical dislocation. Papillary muscles
sodium citrate pH 6.0, 6M urea, 1 mM EDTA, 0.1 were dissected from mouse left ventricle and skinned
mM DTT) and then loaded on a CM Sepharose with 1% Triton X-100 in rigor buffer (132 mM
column (XK16/20, Amersham Biosciences). TnT NaCl, 5 mM KCl, 1 mM MgCl , 10 mM Tris pH2

was eluted by applying a linearly increasing gradient 7.1, 5 mM EGTA, 1 mM NaAzid and an inhibitor
from 0 to 20% 0.5 M NaCl in buffer E. TnT- cocktail) for 6–12 h and stored in the rigor buffer
containing fractions were collected and dialysed without Triton X-100 at 4–88C for up to 1 week.
against buffer F (50 mM Tris–HCl pH 8.0, 6M urea, Myofibril suspensions were prepared immediately
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before experiments by homogenising skinned papil- 2 .7. Fluorescent labelling of Tn
lary muscles in a blender (Ultra Turrax) for 10 s at 0
8C. The whole complex was first reduced at 308C in a

buffer containing 100 mM KCl, 20 mM phosphate
2 .5. Exchange of Tn complex in mouse cardiac buffer, pH 6.5, 1 mM EDTA and 2 mM DTT and
myofibrils then exhaustively dialysed in 30 mM KCl, 10 mM

imidazole pH 6.5, 1 mM MgCl , 1 mM EGTA and2

Replacement of native Tn by recombinant hcTn 0.1 mM DTT at 4 8C to remove DTT. A five-fold
was performed based on exchange of the whole molar ratio of rhodamine dye (tetramethyl-
complex, first described by Brenner et al. [5]. rhodamine-5-iodacetamide dihydroiodide, 5-TMRIA,
Reconstituted hcTn complex or rabbit sTn complex Molecular Probes, Eugene, OR, USA) to protein was
was dialysed against rigor buffer (see above), cen- added and the solution incubated for 4 h at 4 8C in
trifuged at 13 000g for 10 min and filtered through a the dark. The reaction was stopped with an excess of
polypropylene mesh (30mm pore openings) to DTT. To remove unbound label the solution was
remove aggregates. Myofibril suspension freshly dialysed extensively against rigor buffer (see Section
prepared in the same buffer was mixed with an 2.4).
excess of Tn complex. The solution was then incu-
bated at room temperature for 30 or 60 min with 2 .8. Myofibrillar force measurements
slow shaking. To remove excess Tn, myofibrils were
washed several times by slow centrifugation in rigor For force measurements, myofibrils were mounted
buffer (3 min at 300g, 10 8C). in the apparatus described in Refs. [10,32,33]. In

brief, small myofibrillar bundles were attached at one
2 .6. SDS–PAGE and Western blot analysis end to a stiff micro-needle and at the other end to the

tip of an atomic force cantilever which had been
SDS–PAGE analysis of proteins was carried out coated with a mixture of silicon adhesive and

21using a Mighty Small II electrophoresis unit (Hoefer nitrocellulose. Rapid changes in Ca concentration
Scientific Instruments, San Francisco, CA, USA). with an effective time of solution change of#10 ms
The protein samples were suspended in 100ml of 13 were applied to the myofibrils using the micro-flow
sample buffer containing 50 mM Tris–HCl (pH 6.8), setup described in Refs. [32,33], according to Ref.
4 M urea, 1% SDS, 15% glycerol, and 0.01% [10], the technique developed by Poggesi and col-
bromophenol blue (25), boiled for 2 min at 958C, laborators [7]. Force transients were detected by
and loaded on 12.5% SDS–PAGE [30]. Protein monitoring the deflection of the cantilever by laser
content was determined by the Bradford method with light reflection and analysed as in Ref. [32]. The
BSA as standard [31]. Gels were stained with compositions of the relaxation solutions (pCa 7.5)
Coomassie Brilliant Blue R-250 (Roth, Karlsruhe, and activation solutions (pCa 4.5) used in the
Germany). experiments have been described previously [32].

For Western blot analysis, protein components Experiments were performed at 108C.
were separated on SDS–PAGE, transferred onto a
nitrocellulose membrane (Schleicher & Schuell, Das-
sel, Germany) by standard tank transfer Western blot 3 . Results
and probed by a monoclonal antibody against cTnI
(clone 6F9, Dunn Labortechnik, Asbach, Germany) 3 .1. Purification of Tn and its subunits
which also recognises sTnI and a monoclonal anti-
TnT antibody (JLT12, Sigma–Aldrich, Taufkirchen, Human cardiac Tn subunits were purified fromE.
Germany). The membranes were incubated with anti- coli with yields usually ranging from 40 mg (hcTnT)
mouse IgG-HRP (Sigma–Aldrich) and enzymatic up to 60 mg (hcTnI) isolated protein per litre of
activity was detected using an ECL kit (Amersham cultured bacteria. Fig. 1 demonstrates the purity of
Biosciences). the isolated Tn subunits. TnT showed a smaller
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Fig. 1. Electrophoretic patterns of purified recombinant human cardiac Tn subunits expressed inE. coli and of skeletal Tn isolated from
rabbit skeletal muscle obtained by SDS–PAGE (12.5% AA) stained with Coomassie Brilliant Blue.

degradation product. Further purification was not with excess sTn complex, cTnI was only partly
performed, since this degradation product was no removed, whereas an additional protein band corre-
longer detectable by SDS–PAGE after reconstitution sponding to sTnI was detected atM 28 000. Afterr

of the subunits to the Tn complex (data not shown). 60 min, endogenous cTnI was completely replaced
The identity of the subunits was confirmed by by exogenous sTnI. The samples shown were also
Western blot analysis (data not shown). The protein probed for TnT isoforms, resulting in the same time-
pattern of the isolated sTn complex clearly dem- dependent exchange behaviour and in complete
onstrates the different TnT isoforms existing in removal of endogenous cTnT after 60 min incubation
skeletal muscle. It also shows the difference in (data not shown).
molecular masses between the tissue-specific iso- To verify the incorporation of hcTn into the
forms of TnI and TnT. myofibrils, the same protocol was performed using

reconstituted hcTn complex labelled with a
3 .2. Exchange of Tn complex in mouse cardiac rhodamine dye (5-TMRIA). Fig. 3 shows a micro-
myofibrils scopic image of mouse cardiac myofibrils exchanged

with rhodamine-labelled hcTn complex. The image
Since it is difficult to differentiate hcTn from demonstrates that the sarcomeric striation of myofib-

mcTn by Western blot analysis, the exchange proto- rils is well preserved after the exchange. No structur-
col was first established with purified native rabbit al modifications on the microscopic level, such as
skeletal Tn complex. Antibodies specific against TnI irreversible overcontraction of sarcomeres, were
or TnT were used to distinguish these Tn subunits produced by the exchange protocol. In agreement
from other myofibrillar proteins. Fig. 2 shows a with previous studies [5,18] we find that the labelled
Western blot of myofibrils obtained 30 and 60 min complex predominantly binds to the A-bands in the
after incubation with excess of rabbit skeletal Tn sarcomeres.
complex and of a control suspension of mouse In summary, these data indicate that the exchange
cardiac myofibrils. Control samples were subjected procedure results in the complete removal of endog-
to the same protocol except for the addition of enous mcTn complex and in the incorporation of the
exogenous Tn complex. After 30 min incubation recombinant hcTn complex without causing any
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Fig. 2. Western blot analysis of time-dependent Tn exchange in mouse cardiac myofibrils. Samples were probed with mouse-anti-cTnI
antibody. Control: myofibrils subjected to the exchange procedure in the absence of hcTn. Note the complete displacement of cTnI after 60
min exchange.

obvious structural damage, such as, for example, myofibrils (Table 1). Further, the exchange did not
overcontraction of sarcomeres to the myofibrils. significantly increase the resting force perA (F /passive

A in Table 1) determined by slackening the myofib-
3 .3. Force activation and relaxation in mouse rils in the relaxing solution of pCa 7.5 (at time
cardiac myofibrils exchanged with hcTn 0.2–0.3 s in the force transients shown in the left

panel of Fig. 4). This indicates that the myofibrils
21Fig. 4 shows examples of force tracings from remained fully Ca regulated after Tn exchange.

myofibrils from mouse heart (A) and hcTn ex- Myofibrillar relaxation kinetics are shown on
changed mouse heart (B). Starting from relaxation at enlarged time scales in the right panels of Fig. 4.

21pCa 7.5, at times 0.5 s indicated in the left panel of After the rapid removal of Ca (switching from pCa
21Fig. 4, the myofibrils were maximally Ca activated 4.5 to 7.5 at time 0) the force decays markedly

21by rapidly increasing the [Ca ] to saturating levels biphasic, with an initial slow linear decay until time
21(pCa 4.5). Following Ca application, force de- t , which was abruptly followed by a rapid ex-LIN

veloped mono-exponentially (rate constantk ) to ponential decay (rate constantk ). No significantACT REL
21reach a plateau (maximum Ca -activated force, difference in eithert or k could be detectedLIN REL

F ). When normalised to myofibrillar cross-sec- between native myofibrils and myofibrils after re-max

tional area (A), the hcTn exchanged mouse cardiac placement of native mcTn by exogenous hcTn
21myofibrils developed the same maximum Ca -acti- (Table 1), demonstrating the capability of the recon-

vated force (F /A) as unexchanged mouse cardiac stituted hcTn complex in the myofibrils to triggermax
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binding induces complex conformational changes
involving all regulatory proteins (cTnI, cTnT, tropo-
myosin), together turning the thin filament to an
‘‘on’’ state [14]. This is a prerequisite for the cyclic
interaction of myosin cross-bridges and force gene-
ration. Reverse events take place during myofibrillar

21relaxation: dissociation of Ca from cTnC turns the
thin filament back to an ‘‘off’’ state. This results in
detachment of cross-bridges, which causes the
myofibrillar force to decay.

In this study we show that incorporation of the
human isoform complex into mouse myofibrils does

21not significantly alter the kinetics of Ca -induced
force development and relaxation. Unfortunately, it
is not known whether the on or off rates differ
between Tn isoforms. Thus, we do not know whether
the on and off rates of hcTn are slower than those of
mcTn. It may be speculated from our results that,

Fig. 3. Fluorescence image of myofibrils from mouse heart after presumably, any functional Tn complex restoring the
2160 min incubation with 59TMRIA-labeled hcTn. The periodic full Ca regulatory capacity will not alter the

distribution in fluorescence along the myofibrils reflects the
kinetics of contraction or relaxation in the heart. Thispreferential binding of the fluorescently labelled complex to the
may be different if the interactions between in-A-bands in sarcomeres. Fluorescence microscopy was performed
dividual subunits of the Tn complex are perturbed,under excitation at 510–550 nm and emission at$590 nm.

e.g. by mutations, covalent modification or by ex-
change of individual subunits rather than the whole

21force relaxation upon Ca removal as fast and complex. These interesting questions are yet not
complete as the native Tn complex. clearly resolved, especially concerning the effects of

Tn on the relaxation kinetics of cardiac myofila-
ments, which have so far only been studied using

4 . Discussion skinned multi-cellular preparations (e.g., skinned
trabeculae) as a model. For example, the effects

We have purified the subunits of hcTn overex- attributed to cTnI phosphorylation on trabecular
pressed inE. coli, reconstituted them to a functional relaxation kinetics reported in the literature differ
protein complex and incorporated the complex into greatly, ranging from no change [4], to a¯50%
subcellular bundles of myofibrils by a sensitive increase [13] up to about a two-fold increase [15,34]
exchange procedure. Mouse cardiac myofibrils which in relaxation rates. One explanation for these vari-
had their endogenous mcTn complex replaced by able results could arise from the difficulty in com-

21hcTn by this procedure, retained their structural pletely removing Ca from skinned trabeculae. As
21stability, their full capacity to regulate Ca -depen- diffusion in multicellular trabeculae is too slow to

dent force development and showed no change in obtain kinetic information by solution changes,
21force kinetics induced by the rapid application and caged Ca chelators are activated by flash photo-

21 21the rapid removal of the activator, Ca , demon- lysis to induce relaxation. However, the low Ca
21strating the functionality of Tn reconstituted myofib- affinities of caged Ca chelators make it difficult to

rils and their suitability for studying the influence of achieve complete relaxation and to control the final
21Tn subunit structure on the kinetics of the contrac- Ca concentration after photolysis. Myofibrillar

tion–relaxation cycle. force relaxation kinetics, however, very strongly
Systolic cardiac myofibrillar contraction is trig- depend on the level of the final steady state reached

21gered by binding of Ca to site II of cTnC. This after force decay. By applying the same solution
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Fig. 4. Examples of force tracings showing activation and relaxation kinetics. The force transients (black line) were recorded from native
21cardiac myofibrils (unexchanged) (A) and from myofibrils exchanged with hcTn (B). The left panels show the full tracing, i.e. Ca -induced

21force development and force decay following Ca removal. The right panels show the relaxation kinetics on expanded time scales. Red
lines indicate the best fit to the transient by a mono-exponential function (left panel) or by a function consisting of a linear and a
single-exponential term (right panel) to obtain the kinetic parameters indicated.x-Axis indicates time in seconds.

change as used here for skeletal myofibrils, Tesi et activated force of as little as 10% of their maximum
al. [35,36] demonstrated that relaxation rates can force.
decrease manifold when relaxation is only slightly The method of Tn exchange in cardiac myofibrils
incomplete, even when the pCa is reduced to levels described here and the possibility of controlling the

21 21at which myofibrils develop a final partial Ca - final [Ca ] may therefore provide an advantageous

Table 1
Effect of Tn exchange on cardiac myofibrillar force and force kinetics at 108C

Preparation F /A F /A k t kmax passive ACT LIN REL
2 2 21 21(nN/mm ) (nN/mm ) (s ) (s) (s )

Native myofibrils 88616 764 7.360.7 0.03060.003 3962
hcTn exchanged
myofibrils 90612 962 6.060.8 0.02560004 3763

21Values are means6SEM of 10 (native) and seven (hcTn exchanged) myofibrils.F /A indicates the maximum Ca -activated force atmax

pCa 4.5 normalised to the cross-sectional area of myofibrillar bundles. The passive force per cross-sectional area (F /A) was determinedpassive

under relaxing conditions (pCa 7.5) at sarcomere lengths of 2.3mm.
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