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Background: Titin is a giant muscle protein that is responsible for the elasticity of muscle
and may also function as a molecular scaffold for myofibrillar assembly.
However, its presence in the nucleus remains elusive.

Methods: Nuclear titin was extracted with 0.15 M sodium phosphate buffer containing
0.3 M NaCl, followed by ammonium sulfate fractionation and gel filtration
column chromatography. The proteins not separable from titin were subject-
ed to mass spectrometry (MS) and MS/MS analyses.

Results: This purification procedure removed almost all impurities except three low
molecular weight proteins (12-15 kDa). These proteins were not separated
from titin through various types of column chromatography, indicating their
strong interaction with nuclear titin. These proteins were identified as his-
tones H2A, H3 and H4 by MS and MS/MS analyses.

Conclusion: The existence of titin in the nucleus was confirmed by obtaining purified titin
from the nucleus. Furthermore, nuclear titin exhibited strong interaction with
histones H2A, H3 and H4, suggesting its role as a chromosome scaffold.
(Chang Gung Med J 2010;33:201-10)
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Chromosomes are highly ordered, elastic struc-
tures that maintain their integrity throughout the

physically strenuous process of cell division.
Chromosomal DNA must be compacted to fit inside
the cell nucleus and further compacted 5-10 fold dur-
ing mitosis. To fully understand the mitotic chromo-
some structure, it is necessary to identify the protein
components of the chromosome and to learn the role
each protein plays in chromosomal architecture.
Several proteins required for chromosome condensa-
tion have been identified, including histones, topoi-
somerase II and the structural maintenance of chro-
mosomes (SMCs). The SMCs are comprised of the
condensin and cohesion complexes, which mediate
chromatin condensation and sister chromatid cohe-
sion, respectively.(1-4)

Titin, the largest known polypeptide chain, is a
giant elastic muscle protein with a molecular weight
of 3000-3700 kDa.(5,6) Vertebrate titins are highly
modular, and are comprised mostly of immunoglob-
ulin (Ig)-like and fibronectin type 3 (Fn3)-like
domains arranged in tandem.(7) Titin also contains an
elastic region rich in proline (P), glutamic acid (E),
valine (V), and lysine (K) residues, called the PVEK
domain,(8) and a carboxy-terminal serine kinase
domain.(9) Titin is responsible for the elasticity of
muscle and also functions as a molecular scaffold
specifying the correct assembly of myofibrils.(10,11)

Machado et al reported that chromosomes contain a
titin-like molecule. They isolated the gene that
encodes the drosophila homologue of vertebrate titin
(D-titin). The D-titin antibodies stain condensed
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human and drosophila mitotic chromosomes,(12) as
well as insect spermatocyte mitotic spindles.(13)

Mutations in D-titin cause chromosome undercon-
densation, chromosome breakage, loss of diploidy
and premature sister chromatid separation.(14) Zastrow
et al. showed that the C-terminus of nuclear titin
binds lamins in vivo and might contribute to nuclear
organization during interphase.(15) Qi et al. identified
the nuclear location of titin’s amino-terminal region
and proposed a role for it in promoting cell divi-
sion.(16)

A model for chromosome structure has been
proposed based on elasticity measurements, specifi-
cally the longitudinal deformability and bending
rigidity of whole chromosomes. This model proposes
that the condensed chromosomes are formed by one
or several thin rigid elastic axes built of titin-like
molecules, surrounded by a soft envelope of chro-
matin.(3) However, Takata et al. performed titin array
analyses and found no titin transcript in HeLa cells.
They also analyzed HeLa cell extract by gradient gel
and found no bands in the ultra-high molecular
weight region. Based on these results at both the
transcript and protein levels, they concluded that titin
with a molecular weight higher than 1000 kDa is
absent in metaphase chromosomes as well as in
HeLa cells.(17)

In this study, we showed that titin with a molec-
ular weight similar to its counterpart in muscles is
present in the nucleus. Furthermore, our results indi-
cate that nuclear titin interacts strongly with histones
H2A, H3 and H4.

METHODS

Nucleus isolation
To prevent oxidation and degradation of titin

catalyzed by endogenous proteases, all solutions for
nucleus preparation and titin purification included 1
mM DTT, 1 µM trans-epoxysuccinyl-L-leucylami-
do(4-guanidino)-butane (E-64), 1 µM pepstatin and 1
mM phenylmethylsulfonyl fluoride (PMSF). Nucleus
preparation was performed according to published
procedures with slight modification.(18,19) Briefly, rab-
bit uterus dissected free of adipose tissue was
washed with phosphate buffered saline (PBS) and cut
into small pieces. The minced tissue was homoge-
nized with 15 volumes of 10 mM Tris-HCl buffer
containing 0.25 M sucrose and 10 mM MgCl2, pH

7.5 in a blender with six 10-sec bursts and 10-sec
intervals and filtered through two layers of surgical
gauze to remove connective tissue, followed by cen-
trifugation at 5000 rpm (JA-17 rotor, Beckman, Palo
Alto, CA, U.S.A.) for 12 min. The pellet was resus-
pended in 15 volumes of 10 mM Tris-HCl buffer
containing 2.2 M sucrose and 10 mM MgCl2, pH 7.5,
followed by blending for three 10-sec bursts and 10-
sec intervals. The mixture was centrifuged at 30,000
rpm (Type 35 rotor, Beckman, Palo Alto, CA,
U.S.A.) for 1 hour.

Isolation and purification of nuclear titin
The pellet of nuclei was suspended in 5 volumes

of 50 mM sodium phosphate buffer containing 10
mM ethylenediamine tetra-acetic acid (EDTA) and
homogenized in a blender with seven 10-sec bursts
and 10-sec intervals. The homogenate was cen-
trifuged at 14,000 rpm for 15 min using a JA-17
rotor. The pellet was homogenized and centrifuged in
5 volumes of the buffer described above. The pellet
from the centrifugation was thoroughly suspended in
5 volumes of 0.15 M sodium phosphate buffer con-
taining 0.3 M NaCl, 20 mM EDTA, 10 mM DTT, 2
mM PMSF, 2 µM pepstatin, and 2 µM E-64
(Extraction Buffer) and homogenized in a blender
with seven 10-sec bursts and 10-sec intervals. The
extraction proceeded for two hours with gentle stir-
ring and was centrifuged at 15,000 rpm (JA-17 rotor)
for 25 min. The supernatant was called 2 h Extract.
The pellet was thoroughly suspended in 4 volumes of
Extraction Buffer and the extraction proceeded for
approximately 20 h (overnight) accompanied by
gentle stirring. The supernatant from the centrifuga-
tion was called Overnight Extract.

The extract was precipitated with 30% ammoni-
um sulfate and centrifuged in a JA-17 rotor
(Beckman) at 15000 rpm for 25 min. The super-
natant was dialyzed against high-ionic-strength
buffer (0.6 M NaCl, 50 mM sodium phosphate, 1
mM DTT and 1 mM EDTA, pH 7) to remove ammo-
nium sulfate and was concentrated with 35% poly-
ethylene glycol (35000 MW for synthesis, Merck,
Hohenbrunn, Germany) in the same buffer. The con-
centrated sample (called 30% S) was dialyzed
against high-ionic-strength buffer to remove contam-
inated polyethylene glycol and was applied to a
Sephacryl S-500 (GE Healthcare Bio-Sciences,
Uppsala, Sweden) gel filtration column (100 x 1.5
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cm). The column was equilibrated and eluted with
high-ionic-strength buffer at a flow rate of 0.75
ml/min and fractions were collected every 4 min.
Eluted fractions were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and SDS-gradient gel electrophoresis.

SDS-gradient gel electrophoresis
Protein samples were analyzed by 2-12% SDS-

gradient gel electrophoresis using a SE 250 mini-ver-
ticle gel electrophoresis unit (GE Healthcare Bio-
Sciences) and a Hoefer (San Francisco, CA, U.S.A.)
SG 50 gradient maker. A plunger was inserted into
the mixing chamber of the gradient maker to hold the
mixing volume constant and to generate exponential
gradients. The volume used for 2% acrylamide is
three times that used for 12% acrylamide. This gel
system, called 2-12% (3:1) gradient gel, is appropri-
ate for separating proteins with molecular weights
greater than 1000 kDa. The upper region of this gel
is wider than the lower region after staining.

Gel samples were heated at 60°C for at least 8
min with 50 mM DTT and 1% SDS to completely
reduce intermolecular disulfide bonds.(20,21) This step
is critical because titin is sensitive to oxidation and
titin oligomers formed through intermolecular disul-
fide bonds remain in gel wells. Urea was added to
dissolve the sample thoroughly if necessary. The gel
sample was mixed with glycerol (final concentration
greater than 10%) and bromophenol blue before
loading. High molecular weight standard was synthe-
sized by cross-linking myosin molecules into even-
number myosin oligomers by p-NN”-phenylenebis-
maleimide.(22,23)

Western blotting
Titin samples were separated with SDS-agarose

(1.5%) gel electrophoresis and transferred to a nitro-
cellulose membrane. After 1 h blocking with 5%
milk, the nitrocellulose membrane was subsequently
incubated with monoclonal anti-titin (T11, Sigma)
and alkaline phosphatase-conjugated anti-mouse IgG
(H + L) (Promega, Madison, WI, U.S.A.). The pro-
tein bands were visualized by incubating with nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate.

Mass spectrometric analysis
Coomassie Blue stained protein bands were

excised and in-gel digested with trypsin.(24) Briefly,
the gels were destained by 50 mM NH4HCO3 / 100%
acetonitrile (3:2). The proteins were reduced with 25
mM NH4HCO3 containing 10 mM DTT at 56°C for
45 min, alkylated with 55 mM iodoacetamide at
room temperature for 30 min, and digested overnight
with trypsin (20 µg/ml) at 37°C. The tryptic peptides
were acidified with 0.5% trichloroacetic acid and
loaded onto a target plate (MTP AnchorChipTM

600/384 TF, Bruker-Daltonik, Bremen, Germany).
Matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) MS and MS/MS analyses were
performed in an Utraflex MALDI-TOF mass spec-
trometer (Bruker-Daltonik). Monoisotopic peptide
masses were assigned and used for data base search
with the Mascot search engine (Matrix Science,
London, U.K.).

RESULTS

The gel patterns of the samples obtained from
the various purification steps of nuclear titin are
shown in Fig. 1. The early washing procedures with
50 mM phosphate buffer removed proteins of molec-
ular weights less than 1000 kDa with a slight extrac-
tion of titin (lanes 2 and 3). Titin was extracted with
0.15 M phosphate buffer containing 0.3 M NaCl for
2 hours. The 2 h Extract contained an appreciable
amount of 500 kDa protein in addition to titin (lane
4). Overnight Extract contained a relatively lower
amount of impurities (lane 7).

Both the 2 h Extract and Overnight Extract were
subjected to 30% ammonium sulfate precipitation.
The centrifugation pellet of the 30% ammonium sul-
fate precipitate of the 2 h Extract (2 h 30% P) con-
tained mainly impurities (lane 5); the supernatant
(2 h 30% S) contained mainly titin (lane 6). The 2 h
30% S fraction was subjected to gel filtration column
chromatography. However, the eluted titin fraction
contained an appreciable amount of impurities (date
not shown). At least one more cycle of column chro-
matography was needed to collect titin of reasonable
purity.

The centrifugation pellet of the 30% ammonium
sulfate precipitate of the Overnight Extract (o/n 30%
P) also contained mainly impurities (lane 8). The
amount of impurities in the supernatant (o/n 30% S,
lane 9) was much lower than that of the 2 h 30% S
(lane 6). The o/n 30% S was also subjected to gel fil-
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tration column chromatography. The eluted titin frac-
tions contained a small amount of impurities (lanes
10 and 11). One more cycle of column chromatogra-
phy was usually performed to achieve higher purity.
Because proteins with molecular weights less than
20 kDa moved close to the gel front in the 2-12%
(3:1) gradient gel system, we performed a 12% SDS
polyacrylamide gel electrophoresis (PAGE) to identi-
fy the low molecular weight impurities. Titin frac-
tions from the column chromotography identified by
both 2-12% (3:1) gradient gel and 12% SDS-PAGE
are shown in Fig. 2. The titin band on the gel of Fig.
2A was further confirmed by its cross-reactivity with
the monoclonal antibody against skeletal muscle titin
(Fig. 2C). Three bands corresponding to molecular
weights between 12 kDa and 15 kDa were detected
in the titin fractions of 12% SDS-PAGE (Fig. 2B).
More cycles of gel filtration column chromatography
failed to separate these proteins from titin.
Furthermore, various types of columns were used to
separate these proteins from titin with no success.
The inseparable feature between these low-molecu-
lar-weight proteins and titin suggests strong interac-
tions among them. The molecular weights of these
bands were estimated to be 12 kDa, 14 kDa, and 15
kDa. These protein bands were excised, digested in-

titin

1      2     3     4     5      6     7     8     9    10   11

2640 kDa
2200 kDa
1760 kDa
1320 kDa

880 kDa

440 kDa

titin

1 2 3 4

15 kDa
14 kDa

12 kDa

Fig. 2 Titin fractions from Sephacryl S-500 gel filtration column chromatography analyzed by gradient gel electrophoresis and
SDS-PAGE. The amount of protein loaded onto each lane is 1.0 µg. (A) 2-12% (3:1) gradient gel: 1, fraction corresponding to an
elution volume of 54-57 ml; 2, fraction corresponding to an elution volume of 66-69 ml; 3, fraction corresponding to an elution vol-
ume of 78-81 ml. (B) 12% SDS-PAGE: 1-3, titin fractions as described in (A); 4, Mark 12TM molecular weight standard (Invitrogen,
Carlsbad, CA, U.S.A.). (C) left: Commassie blue-stained nuclear titin (Lane 1) and skeletal muscle titin (Lane 2); right: immunoblot
of nuclear titin (Lane 1) and skeletal muscle titin (Lane 2) detected with a monoclonal antibody (T11) against skeletal muscle titin.

36.5 kDa

31.0 kDa

21.5 kDa

14.4 kDa

titin

1 2 1 2

A B C
1                2               3

Fig. 1 Purification procedures for nuclear titin. The amount
of protein loaded onto each lane is indicated in parentheses
below. 1, myosin oligomers with molecular weights of 440,
880, 1320, 1760, 2200 and 2640 kDa; 2, the supernatant from
centrifugation of the first washing cycle of the nuclear
homogenate (0.4 µg); 3, the supernatant from centrifugation
of the second washing cycle of the nuclear homogenate (0.2
µg); 4, 2 h Extract (2.9 µg); 5, 2 h 30% P (1.9 µg); 6, 2 h 30%
S (2.4 µg); 7, o/n Extract (1.4 µg); 8, o/n 30% P (2.0 µg); 9,
o/n 30% S (1.4 µg); 10 and 11, eluted titin fractions from the
Saphacryl S-500 gel filtration column (1.0 µg). Abbreviations
used: 2 h 30% P: 30% ammonium sulfate precipitate of 2 h
Extract; 2 h 30% S: concentrated supernatant from 30%
ammonium sulfate precipitation of the 2 h Extract; o/n
Extract: Overnight Extract; o/n 30% P: 30% ammonium sul-
fate precipitate of the o/n Extract; o/n 30% S: concentrated
supernatant from 30% ammonium sulfate precipitation of the
o/n Extract.
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gel with trypsin and the resulting peptide mixtures
were analyzed by MALDI-TOF MS.

The MS profile of the 12 kDa protein showed
multiple peaks ranging from 900 to 2200 Da (Fig.
3A). Prominent peaks were selected for comparison
with established databases. The protein exhibiting
the highest correlation with the 12 kDa protein was
found to be histone H4, corresponded to 59%
sequence coverage. The peptides detected and
matched to H4 histone are summarized in Table 1.
To further characterize the internal sequence of the
12 kDa protein, the signals at 1325.75 Da and
1180.62 Da were selected for MS/MS analysis. The
generated fragment ion spectrum identified
the1325.75 Da peptide as DNIQGITKPAIR (Fig.
3B), equivalent to residues 25-36 of bovine histone
H4. The 1180.62 Da peptide was identified as
ISGLIYEETR (Fig. 3C), equivalent to residues 47-
56 of bovine histone H4. The sequence of bovine H4
histone was used for comparison because of the
incomplete sequence information of rabbit H4 his-
tone and the fact that H4 histone is nearly identical in
sequence in all eukaryotes.

The 14 kDa and 15 kDa proteins were subjected
to the same analyses as above. The MS profile of the
14 kDa protein is shown in Fig. 4A. It was identified
as H2A histone, which corresponded to 63%
sequence coverage. The peptides detected and
matched to H2A histone are summarized in Table 2.
The signals at 944.53 Da and 1692.91 Da were
selected for MS/MS analyses. The 944.53 kDa pep-
tide was identified as AGLQFPVGR (Fig. 4B),
equivalent to residues 24-32 of rabbit H2A histone.
The 1692.91 Da peptide was identified as
HLQLAIRNDEELNK (Fig. 4C), equivalent to
residues 83-96 of bovine H2A histone. The MS pro-
file of the 15 kDa protein is shown in Fig. 5A. It was
identified as H3 histone, which corresponded to 57%
sequence coverage. The peptides detected and
matched to H3 histone are summarized in Table 3.
The signals at 1032.58 Da and 1335.70 Da were
selected for MS/MS analyses. The 1032.58 Da pep-
tide was identified as YRPGTVALR (Fig. 5B),
equivalent to residues 42-50 of rabbit H3 histone.
The 1335.70 Da peptide was identified as EIAQD-
FKTDLR (Fig. 5C), equivalent to residues 74-84 of
rabbit H3 histone.

Fig. 3 Matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF MS) profile of tryptic
digests of the 12 kDa protein band. (A) The 12 kDa band was
digested with trypsin, the peptides were analyzed by MALDI-
TOF MS, and prominent mass peaks were chosen for the
database search. (B) MS/MS spectrum of the derivatized tryp-
tic peptide with a mass of 1325.75 Da. (C) MS/MS spectrum
of the derivatized tryptic peptide with a mass of 1180.62 Da.

A

B

C
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DISCUSSION

This study provided direct evidence for the pres-
ence of titin in the nucleus by purifying titin from the
nucleus. Furthermore, we provided the first evidence
demonstrating the strong interaction between titin
and histones.

There were two major obstacles for the isolation
and purification of nuclear titin. The first obstacle
came from the exceedingly high susceptibility of
nuclear titin to degradation. Effective protease inhi-
bition was needed in all the solutions for a successful
preparation. A failure to detect nuclear titin in HeLa
cell extract might result from insufficient inhibition
of proteases.(17) The second obstacle was the use of
the appropriate gel system to analyze titin during

Table 1. Monoisotopic Mass of Tryptic Peptides Derived from H4
Histone

Monoisotopic Peptide
mass (position) Peptide sequence

Observed Start End

989.5739 61 – 68 VFLENVIR

1134.5410 69 – 78 DAVTYTEHAK

1180.6173 47 – 56 ISGLIYEETR

1290.6413 69 – 79 DAVTYTEHAKR

1310.7470 81 – 92 TVTAMDVVYALK

1325.7502 25 – 36 DNIQGITKPAIR

1336.7324 46 – 56 RISGLIYEETR

1386.8322 57 – 68 GVLKVFLENVIR

1438.8126 80 – 92 KTVTAMDVVYALK

1454.8059 80 – 92 KTVTAMDVVYALK+ Oxidation (M)

1466.8270 81 – 93 TVTAMDVVYALKR

1481.8609 25 – 37 DNIQGITKPAIRR

1482.8278 81 – 93 TVTAMDVVYALKR+ Oxidation (M)

1577.9005 47 – 60 ISGLIYEETRGVLK

2105.0964 61 – 78 VFLENVIRDAVTYTEHAK

Fig. 4 MALDI-TOF MS profile of tryptic digests of the 14
kDa protein band. (A) The 14 kDa band was digested with
trypsin, the peptides were analyzed by MALDI-TOF MS, and
prominent mass peaks were chosen for the database search.
(B) MS/MS spectrum of the derivatized tryptic peptide with a
mass of 944.53 Da. (C) MS/MS spectrum of the derivatized
tryptic peptide with a mass of 1692.91 Da.

A

B

C
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purification. We used a 2-12% (3:1) gradient gel sys-
tem in this study. This system greatly increases the
large pore region that facilitates the movement of
titin in the gel. However, this gel is soft and break-
able which makes it extremely difficult to handle.

In muscle, titin is thought to act as a molecular
scaffold for sarcomere assembly by specifying the
precise position of its interacting proteins within
each half sarcomere. Analogous to its role in muscle,
titin may localize to chromosomes and provide a
template for the correct binding and assembly of
other proteins involved in chromosome condensa-
tion. Topoisomerase II and SMC were identified as
the two most abundant chromosomal scaffold pro-
teins and were proposed to determine the characteris-
tic shape of mitotic chromosomes.(25,26) If titin is a part
of the chromosomal scaffold, why wasn’t it identi-
fied in the initial biochemical analysis of scaffold
proteins? There are three possible explanations. The
first is the easy degradation of titin as discussed in
the previous paragraph. The second explanation is
the size of titin. Scaffold proteins are usually identi-
fied with traditional SDS-PAGE, which does not
resolve proteins of molecular weights greater than
500 kDa even when the percentage of gel is
decreased to 6%. The third explanation is the easy
oxidation of titin. Intermolecular disulfide bonds link
titin into oligomers that are too large to enter the gel.
Protein samples have to be treated with 50 mM DTT
and heated at 60°C for at least 8 min to reduce the

Fig. 5 MALDI-TOF MS profile of tryptic digests of the 15
kDa protein band. (A) The 15 kDa band was digested with
trypsin, the peptides were analyzed by MALDI-TOF MS, and
prominent mass peaks were chosen for the database search.
(B) MS/MS spectrum of the derivatized tryptic peptide with a
mass of 1032.58 Da. (C) MS/MS spectrum of the derivatized
tryptic peptide with a mass of 1335.70 Da.

A

C

B

Table 2. Monoisotopic Mass of Tryptic Peptides Derived from

H2A Histone

Monoisotopic Peptide

mass (position) Peptide sequence

Observed Start End

944.5337 22 – 30 AGLQFPVGR

1272.6822 90 – 100 NDEELNKLLGK

1692.9108 83 – 96 HLQLAIRNDEELNK

1931.2061 101 – 119 VTIAQGGVLPNIQAVLLPK

2104.1867 83 – 100 HLQLAIRNDEELNKLLGK
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intermolecular disulfide bonds before loading.
The MS and MS/MS analyses clearly indicated

that the inseparable partners for nuclear titin are
three types of histones: H2A, H3, and H4. The DNA
in chromatin is very tightly associated with histones,
which package DNA into structural units called
nucleosomes. Each nucleosome contains eight his-
tone molecules, two copies each of H2A, H2B, H3
and H4. In addition, our spectroscopic study also
indicated the association of nuclear titin with DNA
(unpublished results). Therefore, two major compo-
nents of chromatin interact with titin. These results
further supported the role of nuclear titin as a chro-
mosome scaffold. Further studies are needed to
unravel the nature of interaction between titin and
histones to elucidate the detailed mechanism. In
addition, direct evidence is not yet available to show
that nuclear titin binds to histones in vivo. The devel-
opment of a specific high-titer antibody will facili-
tate further study in this direction. The information
presented in this paper, although in the preliminary
stage, provides future direction for studying the role
of titin in the nucleus.
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