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Abstract—Cardiac titin was isolated from rabbit and ground squirrel ventricular muscles by a method that was used earlier
to obtain myofibrils with intact minor proteins located in A-bands of sarcomeres (Podlubnaya, Z. A., et al. (1989) J. Mol.
Biol., 210, 655-658). Small pieces of cardiac muscle were incubated for 2-3 weeks at 4°C in Ca"-depleting solution before
their homogenization to decrease activity of Ca?"-dependent proteases. Then the muscle was homogenized, and titin was
isolated by the method of Soteriou, A., et al. (1993) J. Cell Sci., 14, 119-123. In control experiments, titin was isolated from
cardiac muscle without its preincubation in Ca?*-depleting solution. Sometimes control titin preparations contained only
T2-fragment, but generally they contained ~5-20% N2B-isoform of titin along with its T2-fragment. Preparations of titin
obtained from rabbit cardiac muscle by our method contained ~30-50% of N2BA- and N2B-titin isoforms along with its
T2-fragment. The content of a-structures in titin isolated by our method was increased. Actomyosin AT Pase activity in vitro
increased in the presence of titin preparations containing more intact molecules. This result confirms the significant role of
titin in the regulation of actin—myosin interaction in muscles. The method used by us to preserve titin might be used for iso-

lation of other proteins that are substrates of Ca?"-dependent proteases.
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Titin (connectin) [1, 2] is a giant elastic protein in
the sarcomeres of striated muscles of vertebrates. It plays
an important role in the formation and maintenance of a
highly ordered sarcomeric structure, and it is also
involved in the regulation of actin—myosin interactions
and intracellular signaling processes [3, 4]. Titin mole-
cules cover half of the sarcomere from the M-line to the
Z-disc and form the third filament system in myofibrils.
Titin is bound to myosin filaments in the sarcomere A-
zone [5]. This part of the titin molecule was named T2.
Titin interacts with thin filaments in the sarcomere I-
zone close to the Z-disc [6], but the greater part of its
molecule passes freely in this zone, forming a flexible

Abbreviations: ATPase, adenosine triphosphatase; CD, circular
dichroism; CaD-solution, Ca?'-depleting solution; LV, left
ventricle; MHC, myosin heavy chains; p, ionic strength; S1,
myosin subfragment 1; SR, sarcoplasmic reticulum.
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connection between the ends of the myosin filaments and
the Z-membrane.

The discovery of titin stimulated studies of the struc-
ture and functional properties of this protein. The first in
vitro studies of molecular parameters of titin, its second-
ary structure, amino acid composition, degree of phos-
phorylation, solubility, proteolytic degradation, interac-
tion with contractile proteins, and influence on actin-
activated myosin ATPase activity were conducted in the
1980s on T2-fragments of the protein (B-connectin, MW
~ 2000 kDa) [7-16]. In particular, an activating effect of
titin on actomyosin ATPase was found in vitro [7]. This
result pointed to the possible involvement of titin in the
regulation of actin—myosin interaction in muscle.

Later, some authors reported the extraction of intact
titin-1 (T1 or a-connectin, MW ~ 3000 kDa); studies
were conducted to determine its amino acid composition,
secondary structure, interaction with a number of sar-
comeric proteins, and its influence on actomyosin
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ATPase [17-24]. The content of sulfhydryl groups in titin-
1 [21] and its molecular parameters [20, 25, 26] were
studied. In particular, electron microscopy showed the
length of the straightened individual T1 molecules to be
900-1000 nm [20, 26]. However, the length of a.-con-
nectin molecule (T1) was assumed to be up to 1250 nm
[25]. Further studies confirmed this assumption. Some
titin molecules from rabbit striated muscles were shown
to be ~1300 nm long [26].

A number of T1 isoforms, i.e. N2B, N2BA, and N2A
with MW 3000-3700 kDa were later discovered in mam-
malian striated muscles [3, 4]. Recently, titin isoforms
with molecular weight ~3750-3900 kDa were discovered
in muscles of mutant rats [27, 28]. Our own research con-
ducted on mammalian striated muscles has shown the
presence of titin isoforms of higher molecular weight
(NT-isoforms) along with the known N2B-, N2BA-, and
N2A-isoforms [4, 29-31]. We previously extracted differ-
ent titin isoforms from mammalian striated muscles by
method [20] to study their structural and functional prop-
erties. We expected to get titin preparations containing
different amounts of its isoforms and T2-fragments.
However, the results of our electron-microscopic and
electrophoretic studies showed the preparations of skele-
tal muscle titin with the majority of molecules being
about 900-1000 nm long, and individual molecules being
over 1 um, to contain only T2-fragments [32] (Fig. 1).
Cardiac titin preparations contained, besides T2, no
more than 7% of its N2B isoform [31, 32]. Our subse-
quent research focused on the search for approaches to
the isolation of intact titin molecules in an amount suffi-
cient to study their structural and functional properties.
In this paper, we suggest a new method for isolation of
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Fig. 1. Isolation of titin from rabbit skeletal muscle and prepara-
tion of straightened protein molecules. a) Electrophoretic analysis
of titin in 1.9% polyacrylamide gel strengthened by agarose: /) rab-
bit m. psoas; 2) titin preparation isolated from rabbit m. psoas. b)
Electron micrographs of straightened titin molecules obtained by
method [26]. Scale, 100 nm.
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titin from mammalian heart muscle that provides protein
preparations containing ~50% of N2BA- and N2B-iso-
forms.

MATERIALS AND METHODS

We suggest pre-incubating muscle tissue for 2-3
weeks at 4°C in Ca>"-depleting solution to reduce the
activity of Ca’'-dependent calpain proteases (prior to
homogenization). Preparations of rabbit heart muscle
myofibrils with transverse bands of myosin-binding pro-
tein C (MyBP-C) were first obtained by using this
approach [33]. Titin, as well as MyBP-C, is known to be
a substrate of Ca**-dependent calpain proteases [34, 35].
Calcium ions were suggested to play an important role in
the process of muscle protein turnover, which starts with
a Ca?"-dependent splitting of titin and other proteins of
thick and thin filaments [35]. Given this, we assumed that
prolonged incubation of muscle tissue in a Ca?"-depleting
solution would reduce substantially titin proteolysis prior
to homogenization as well as in the process of its isola-
tion, which would result in preparations of this protein
with high content of intact molecules. The Ca**-deplet-
ing solution (CaD-solution) contained 100 mM NacCl,
2 mM MgCl,, 2 mM KCI (Panreac, Spain), 4.3 mM
Na,HPO,, 1.7 mM NaH,PO, (Reakhim, Russia), 2 mM
EGTA, 0.1% (w/v) glucose, 0.2-0.3 pl/ml complex of
protease inhibitors (Sigma, USA), 2 mM DTT (DIA-M,
Germany), pH 7.0.

Striated muscles of rabbit and long-tailed ground
squirrel (Spermophilus undulatus) were used for the exper-
iments. Animals were kept in a vivarium in individual
cages under natural photoperiod. Food, water and nesting
material were provided ad libitum. All the procedures with
experimental animals were approved by the Commission
on Biomedical Ethics of the Institute of Theoretical and
Experimental Biophysics, Russian Academy of Sciences.
The following muscles were used for titin isolation: left
ventricle (LV), the m. psoas fiber bundles, 5.0 x 0.5 cm
strips of back muscle (m. longissimus dorsi), whole mus-
cles soleus and gastrocnemius. These skeletal muscles as
well as LV pieces (~2 x 2 mm) were incubated for 1-21
days in CaD-solution at 4°C. In most experiments,
stretched skeletal muscles were fixed on glass rods, and in
some cases they were not fixed. The solution to muscle
ratio was 25 : 1 (v/w). The CaD-solution was changed
every 1.0-1.5 h during the first day of the experiment and
later once a day. After the end of the incubation, the mus-
cle tissue was homogenized, and titin was isolated by the
method described in [20]. Titin was purified on a 1 x
60 cm column with Sepharose CL-2B (Sigma).

Macroporous 1.9-2.3% polyacrylamide gel in the
presence of SDS containing 0.5-0.6% agarose prepared
by method [36] with our modifications [4] was used for
electrophoretic separation of high molecular weight titin
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isoforms. The purity of isolated titin preparations was
tested by electrophoresis in the aforementioned macro-
porous gel as well as in 6.5-7.0% polyacrylamide gel in the
presence of SDS by the method described in [37].
Electrophoretic samples were prepared by the method
described in [4], which does not include boiling.
Electrophoresis was performed in devices from Helicon
(Russia) and C.B.S. Scientific Co. (USA) with vertically
positioned gel of 8 x 10 cm. Gels stained with Coomassie
Brilliant Blue (G-250 and R-250, a 1 : 1 mixture) were
scanned; these scans were later processed using a densito-
metric approach using the Total Lab v. 1.11 computer
program.

Circular dichroism (CD) spectra were registered on a
J-815 CD spectrometer (Jasco, Japan). Measurements
were performed at 4°C in a quartz cell with optical path
length of 1 mm in buffer containing 0.6 M KCI, 30 mM
KH,PO,, 1 mM DTT, pH 7.0. The volume of the solution
was 200 ul. The titin concentration in preparations used
for the experiments was 0.09-0.12 mg/ml. The molecular
weight of one amino acid was assumed to be 100 Da.
Difference spectra for titin N2B isoform were obtained by
subtracting the CD spectrum characteristic for T2 from
the CD spectrum of the protein preparation containing
approximately equal amounts of T2 fragment and N2B
isoform of this protein.

The effect of cardiac titin on actin-activated myosin
ATPase activity in vitro was studied by a previously
described method [31].

RESULTS AND DISCUSSION

Destruction of NT and N2A titin isoforms during
incubation of skeletal muscles in CaD-solution. We
believed that prolonged incubation of skeletal muscles in
the Ca%*-depleting solution, aimed at reduction of post
mortem proteolysis of NT and N2A titin isoforms, would
help us obtain preparations of this protein with high con-
tent of intact molecules. However, the results did not con-
firm this assumption. In particular, we discovered a near-
ly complete degradation of NT titin isoform and signifi-
cant decrease (by 2-4 times) of its N2A isoform content
in small pieces of skeletal muscles (weighing 50-100 mg)
after the first day of their incubation in a CaD-solution
(data not shown). Given these data, for further experi-
ments we used not shredded samples of muscle tissue, but
fiber bundles of psoas muscle, strips of back muscle
longissimus dorsi, and intact soleus and gastrocnemius
muscles. This, however, also did not give positive results.
In particular, we observed a significant degradation of NT
and N2A titin isoforms in these muscles after the third
day of incubation, this phenomenon being accompanied
by the appearance of a ~3300 kDa fragment (T3300) and
3-4-fold increase in the content of titin T2 fragments on
electrophoregrams (Fig. 2, lanes 7 and 2). Complete
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destruction of NT and N2A titin isoforms to T2 frag-
ments was observed in the studied skeletal muscles after
eight days of incubation (Fig. 2, lanes 3 and 4). Therefore,
there seems to be needed a further search for approaches
that would reduce post mortem proteolysis of skeletal titin
isoforms, which, in turn, would make it possible to isolate
them.

To conclude this part of the presentation of our
experimental data, we would like to note an interesting
fact. We discovered that NT and N2A titin isoforms in
skeletal muscles degraded more slowly when being fixed
on glass rods in a stretched position (in contrast to non-
fixed muscles, data not shown). So far we have not been
able to find an explanation for this experimental fact.

Preservation of titin isoforms in cardiac muscle incu-
bated in CaD-solution. Positive results were obtained in
experiments with cardiac muscle. In some cases (n = 2)
no reliable changes in the content of NT, N2BA, and
N2B titin isoforms were found after 2-3-week-long incu-
bation of myocardial samples in CaD-solution (Fig. 3,
lanes 3 and 4). In most cases (n = 4) still there was a
decrease (2-2.5-fold) in the relative content of N2BA and
NT titin isoforms, the process being accompanied by
increase in the content of T2 fragments of this protein
(Figs. 3 (lanes 1 and 2) and 4a (lanes /-3)). However, the
total content of cardiac titin isoforms decreased by no
more than ~1.5 times, and all three isoforms were clearly
visible on electrophoregrams (Figs. 3 (lane 2) and 4a
(lanes 2 and 3)).

What can explain the difference between titin preser-
vation in cardiac muscle and its destruction in skeletal
muscles during their incubation in CaD-solution? This
difference seems likely to arise from different types of
electromechanical coupling in these muscles. In particu-
lar, in the case of skeletal muscles calcium release from
the sarcoplasmic reticulum (SR) follows after depolariza-
tion of the outer membrane. In heart muscle, this process
is Ca’"-dependent (CICR, calcium-induced calcium
release). That is, in cardiac cells calcium release from SR
through ryanodine receptors occurs after uptake of exter-
nal calcium through activated potential-dependent calci-
um channels of L-type located in the outer membrane. In
our experiments, incubation of muscle in a Ca?*-deplet-
ing solution is likely to have caused a significant decrease
in Ca®' release from SR in cardiomyocytes while having
no effect on its diffusion from SR in skeletal muscles. This
could be the reason for the more pronounced proteolysis
of titin isoforms from skeletal than from cardiac muscle
(Figs. 2 and 3).

Isolation of cardiac titin isoforms and study of their
structural and functional properties. Cardiac titin isoforms
remaining after prolonged incubation of muscles in CaD-
solution were isolated by the method of Soteriou et al.
[20]. Several titin isolations from cardiac muscle without
its prior incubation in CaD-solution were used for control
experiments. Results of these experiments showed the
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Fig. 2. Destruction of NT and N2A titin isoforms during incubation of rabbit and ground squirrel skeletal muscles in CaD-solution.
Electrophoresis was performed in 2.0-2.1% polyacrylamide gel strengthened by agarose: 1) ground squirrel m. soleus (control); 2) ground squir-
rel m. soleus (3-day-long incubation; the muscle was fixed in a stretched position on a glass rod); 3) rabbit m. longissimus dorsi (control); 4)
rabbit m. longissimus dorsi (14-day-long incubation). T3300 — supposedly a fragment of NT titin isoform (~3300 kDa). For more detailed
information on the estimates of molecular weight of titin isoforms and their fragments see [4, 29, 30].

possibility of obtaining crude (pre-columnar) and puri-
fied by gel filtration on a column with Sepharose CL-2B
(columnar) preparations of rabbit cardiac muscle titin,
which along with T2 fragments contained ~5-10% (n = 3)
and ~17-20% (n = 1) of N2B isoform of this protein (Fig.
5, lanes 1, 4, and 6). In some cases (n = 2) purified prepa-
rations of rabbit cardiac titin (Fig. 5, lane 7) as well as
preparations of crude and purified ground squirrel titin
(Fig. 4b, lane 3, n = 2) contained only T2 fragments.
Thus, no titin preparations containing its NT and N2BA
isoforms were obtained in control experiments.

Crude preparations of rabbit cardiac muscle titin,
containing not only N2B isoform, but also N2BA isoform
of this protein, were obtained by our method (Fig. 5, lane
2). In the case of purified titin preparations obtained by
our method, only N2B titin isoform was present (in addi-
tion to T2 fragments; Fig. 5, lane 5). However, its content
was ~30-35% (n = 2) and ~47% (n = 1) (Fig. 5, lane 5),
which was ~2-5-fold higher than the content of this iso-
form in control titin preparations (Fig. 5, lanes 4 and 7).
Preparations of pre-columnar and columnar titin from

ground squirrel cardiac muscle obtained by our method
contained about 10-15% of N2B isoform (n = 2) (Fig. 4a,
lane 6) in contrast to control preparations containing
only T2 (Fig. 4b, lane 3). Unfortunately, we could not
obtain titin preparations containing NT isoform of this
protein. However, in contrast to the method of Soteriou
et al. [20], our approach allowed us to obtain preparations
of cardiac titin with a higher content of intact molecules.
The relatively high content of N2B isoform in columnar
preparations of rabbit cardiac muscle titin made it possi-
ble to study its secondary structure and functional prop-
erties in comparison with T2 fragment. In particular, dif-
ference spectra for titin N2B isoform were obtained by
circular dichroism, showing an increase in a-structure in
N2B isoform (Fig. 6, spectrum with triangles). Sites of
N2B titin isoform located in the I-zone of the sarcomere
are likely to contribute to these changes.

Higher ATPase actomyosin activity in vifro was
found in the presence of titin preparations with higher
content of intact molecules. In particular, titin prepara-
tions with more than 30% of N2B isoform were shown to
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Fig. 3. Preservation of NT, N2BA, and N2B titin isoforms in rabbit and ground squirrel left ventricle after prolonged incubation of the mus-
cle tissue in CaD-solution. Electrophoresis was performed in 2.2% polyacrylamide gel strengthened by agarose: ) rabbit LV (control); 2) rab-
bit LV (14-day-long incubation); 3) ground squirrel LV (control); 4) ground squirrel LV (14-day-long incubation).

activate ATPase activity of actomyosin by factor of 1.75-
1.85 (n = 2). Titin preparations with no more than 20% of
N2B isoform increased actin-activated myosin enzymat-
ic activity to a lesser degree (1.30-1.45 times, n = 3).
What is the possible explanation for these differences?
Titin is known to bind with filaments of not only myosin
[7, 12], but also actin [23]. In this case, two processes will
support actin—myosin interaction in vitro: ATP-sensitive
interaction of myosin subfragment-1 (S1) with actin, and
actin—titin—myosin interaction. The latter will facilitate
actin and myosin filaments staying close to each other
during the ATP hydrolysis cycle, despite periodic dissoci-
ation of Sl—actin complex, which is likely to cause an
increase in actomyosin enzymatic activity. Taking this
into account, we assume that the found differences in
titin effects on actomyosin ATPase to be caused by N2B
titin isoform (primarily its sites located in the sarcomere
I-zone) binding to actin filaments stronger than T2 frag-
ment binding to the same filaments. Some data confirm
this assumption: immunoglobulin-like (IgC2) titin
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domains located mainly in I-zone [38], as well as PEVK-
domain located in this sarcomere zone [39-41], were
shown to bind actin. Our results do not contradict the
cited data and indicate the important role of titin in reg-
ulation of actin—myosin interaction in muscles.
However, there remains a question why we could not
isolate NT titin isoform and obtain columnar prepara-
tions containing N2BA isoform of this protein in our
experiments. To answer this question, we performed com-
parative electrophoretic testing of titin content changes in
the course of isolation of this protein from ground squir-
rel cardiac muscle by two different methods. The results
of control experiments revealed significant degradation of
titin isoforms at the stage of protein extraction from mus-
cle homogenate (u ~ 0.6) (Fig. 4b, lanes / and 2). In par-
ticular, we observed complete destruction of NT and
N2BA titin isoforms, which were absent both in the mus-
cle residuum (Fig. 4b, lane 2) and muscle extract (Fig. 4b,
lane 1), containing T2 fragment and a small amount of
N2B isoform. We obtained similar data confirming the
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Fig. 4. Isolation of ground squirrel cardiac muscle titin. Electrophoresis was performed 2.1-2.3% polyacrylamide gel strengthened by agarose.
a) Muscle incubated in CaD-solution: 7) LV (control); 2) LV (21-day-long incubation); 3) cardiac muscle homogenate (ionic strength ~0.05);
4) extract (ionic strength of the solution ~0.6), protein bands of T2 fragment and N2B titin isoform can be seen; 5) muscle residuum after
extraction, protein bands of T2 fragment, N2B, N2BA, and NT titin isoforms can be seen; 6) titin preparation not purified on the column,
containing T2 fragment and N2B titin isoform. b) Muscle not incubated in CaD-solution: /) extract (ionic strength ~0.6), protein bands of
T2 fragment can be seen. The content of N2B titin isoform is very low; 2) muscle residuum after extraction, protein bands of N2BA and NT
titin isoforms are absent; 3) titin preparation not purified on the column, containing only T2 fragment.
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Fig. 5. Isolation of titin isoforms from rabbit cardiac muscle. Electrophoresis was performed in 2.1-2.2% polyacrylamide gel strengthened by
agarose: 1, 4, 6, 7) control preparations of crude (7, 6) and purified on Sepharose CL-2B column (4, 7) titin isolated from rabbit LV by method
[20] without muscle tissue pre-incubation in CaD-solution; 2, 5) preparations of crude (2) and purified on Sepharose CL-2B column (5) titin
isolated from rabbit LV after muscle tissue incubation in CaD-solution; 3) rabbit LV (control). Electrophoretic samples containing titin prepara-
tions (7, 2, 4-7) consisted of 3-7 parts of sample solution (1.0-1.2% SDS, 2% B-mercaptoethanol or 65-75 mM DTT, 10% glycerol, 8-10 pg/ml
leupeptin or E64, 8-10 mM Tris-HCI, pH 6.8-7.0) and one part of protein dissolved in 0.6 M KCl, 30 mM KH,PO,, | mM DTT, pH 7.0.

BIOCHEMISTRY (Moscow) Vol. 78 No. 5 2013



ISOLATION OF INTACT TITIN FROM MAMMALIAN CARDIAC MUSCLE

157
107
T 51
o
£
o 0
IS
Q
2 -51
©
-107
-15 T T T T T 1
190 200 210 220 230 240 250
A, Nm

Fig. 6. CD spectra of rabbit cardiac muscle titin: /) titin prepara-
tion containing only T2 fragment; 2) titin preparation containing
N2B isoform (~47%) and T2 fragment (~53%); 3) difference
spectra for titin N2B isoform.

destruction of N2A and NT titin isoforms at the stage of
extraction (and not homogenization) in the course of iso-
lation of this protein from skeletal muscles of the tested
animals (data not shown). There was one more important
result obtained in this series of experiments that seems to
be worth noting. A significant amount of T2 fragment as
well as N2B titin isoform was found to be lost with the
precipitate at the stage of removal of actomyosin from
muscle extract (u ~ 0.2). To reduce losses of titin at this
stage of isolation, we suggest precipitating the protein not
at 20,000g as suggested by the authors of [20], but rather
at 5000g.

Isolation of titin by our method — after incubation of
cardiac muscle in CaD-solution — preserved high content
of all titin isoforms in muscle residuum after protein
extraction (Fig. 4a, lane 5). However, only T2 fragment
and N2B titin isoform were present in the extract (there
were no NT and N2BA isoforms) (Fig. 4a, lane 4).

Thus, on one hand, our results have shown that incu-
bation of cardiac muscle in CaD-solution before homo-
genization to reduce titin proteolytic degradation during
isolation allows obtaining these protein preparations with
high content of intact molecules. We believe that this
method should be used for isolation of other proteins that
are substrates for Ca’"-dependent proteases, in particular,
nebulin, tropomyosin, troponin and myosin-binding C-
and M-proteins [35]. On the other hand, our results, in
particular, those presented in Fig. 4, have set a new
research problem: the search for approaches to increase
the extraction of titin intact molecules from muscle tis-
sue. In our future research we will concentrate on solu-
tion of this scientific task as well as further search for
approaches reducing titin proteolysis, especially in skele-
tal muscles.
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