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ABSTRACT Titin is a giant filamentous polypeptide of multidomain construction spanning between the Z- and M-lines of the
cardiac muscle sarcomere. Extension of the I-band segment of titin gives rise to a force that underlies part of the diastolic
force of cardiac muscle. Titin’s force arises from its extensible I-band region, which consists of two main segment types:
serially linked immunoglobulin-like domains (tandem Ig segments) interrupted with a proline (P)-, glutamate (E)-, valine (V)-,
and lysine (K)-rich segment called PEVK segment. In addition to these segments, the extensible region of cardiac titin also
contains a unique 572-residue sequence that is part of the cardiac-specific N2B element. In this work, immunoelectron
microscopy was used to study the molecular origin of the in vivo extensibility of the I-band region of cardiac titin. The
extensibility of the tandem Ig segments, the PEVK segment, and that of the unique N2B sequence were studied, using novel
antibodies against Ig domains that flank these segments. Results show that only the tandem Igs extend at sarcomere lengths
(SLs) below ~2.0 um, and that, at longer SLs, the PEVK and the unique sequence extend as well. At the longest SLs that may
be reached under physiological conditions (~2.3 um), the PEVK segment length is ~50 nm whereas the unique N2B
sequence is ~80 nm long. Thus, the unique sequence provides additional extensibility to cardiac titins and this may eliminate
the necessity for unfolding of Ig domains under physiological conditions. In summary, this work provides direct evidence that
the three main molecular subdomains of N2B titin are all extensible and that their contribution to extensibility decreases in
the order of tandem Igs, unique N2B sequence, and PEVK segment.

INTRODUCTION

When the myocardium is stretched, a passive force is gert995). The extensible region of skeletal muscles also con-
erated that influences ventricular filling during diastole andtains the N2A element (4 Ig domains and a 106-residue
ventricular emptying during systole. Many observationsunique sequence). N2A titin has also been found in a human
have indicated that, in the generation of passive force, @ardiac titin isoform (Labeit and Kolmerer, 1995). A differ-
significant role is played by a unique protein called titin ent splice element known as the N2B element (3 Ig domains
(also known as connectin). Titin is the largest protein knownand a 572-residue unique sequence) is found exclusively in
to date (a single polypeptide is3 million dalton) and itis  cardiac muscle and contains, within its central I-band re-
the third-most abundant myofibrillar protein, making up gion, a 163-residue PEVK segment and tandem |g segments
about 10% of the total muscle protein mass. In addition tayith 37 Ig domains (Labeit and Kolmerer, 1995). Myocar-
influencing ventricular filling, titin also helps to maintain djum of avian and small mammals (such as rat, mouse, and
sarcomeric integrity during contraction and has been implitabbit) expresses predominantly N2B titin, whereas large
cated in myofibrillogenesis as a thick filament scaffold andmammals coexpress N2B and N2A titins (Cazorla et al.,
cell-signaling molecule. (For reviews and original citations, 2000).
see Gregorio et al., 1999; Labeit et al., 1997; Maruyama, |n sjack sarcomeres, titin’s extensible segment has a short
1997; Trinick, 1996; Wang, 1996.) ~ end-to-end length as a result of thermally-induced bending
Titin's force arises from its extensible I-band region, motions that impact the flexible titin molecule and that
which consists of two main segment types: 1) a segmenfesyit in a “contracted state” with a maximal entropy (Trom-
type rich in proline (P), glutamate (E), valine (V) and lysine pjtas et al., 1995; Granzier et al., 1996; Linke et al., 1996).
(K) residues (the so-called PEVK segment) and 2) seriallysyrajghtening the extensible region by extending the sarco-
linked immunoglobulin-like domains (tandem Ig segments)ere owers the conformational entropy and results in a
flanking this PEVK segment (Labeit and Kolmerer, 1995). 4516 known as entropic force. Our work on human soleus
In skeletal muscles, the PEVK and tandem Ig segments, ;scle reveals that Ig domain unfolding is likely to be
differ in length in different muscles (Labeit and Kolmerer, absent along the physiological sarcomere length range

(Trombitzs et al., 1998). Furthermore, when slack skeletal

e o din final ) muscle fibers are stretched, extension of titin’s I-band re-
Ej;e've for publication 4A:g“it éggg an g‘f'”a form Sf?/Cto er 1999.4ion does not occur uniformly, rather tandem Ig extension

ress rgpnnt requests to Hen ranzier, epz?\rtment (0] etennary an Ominates |n|t|a”y and, at a sarcomere Iength (SLWG
Comparative Anatomy, Pharmacology and Physiology, Wegner Hall, 20 . . .
Washington State University, Pullman, WA, 99164-6520. Tel.: 509-335-#M, PEVK segment extension becomes dominant (Linke et
3390; Fax: 509-335-4650; E-mail: granzier@wsunix.wsu.edu. al., 1998a,b; Trombitet al., 1998). This behavior can be
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largely as an unfolded polypeptide) as serially-linked worm-Antibodies to titin
like chains (WLCS) with different bendmg r|g|d|t|es (Trom_ For raising titin domain-specific antibodies, human cardiac titin cDNA

bitas et al., 1998)- fragments were isolated by polymerase chain reaction from total cardiac
In a recent study of rat cardiac titin, we found that thecDNA. The following primer pairs were used (sequences were derived

extensible region of titin extends beyond what can be exfrom EMBL data library accession X90568): x214: tttccatg GAA GGC

: ACT GGC CCAATT TTC ATC AAA GAA; x215: titggtacc-ta-GTC TGT
plained by the contour length of the tandem Ig and PEVKGTC TTC CAG AAG CAC AAG CAG CTC; x216: tttccatg-GAG GAT

segments (Helmes et al., 1999). This contour length adjusscc ccc ATG ATA CAT ACA CCT TTA; x217: titggtacc-ta-CAC TGT
ment was seen in sarcomeres that were longer thari  CAC AGT TAG TGT GGC TGT ACA GCT. (Small letters denoté 5

wm, and results suggested that contour length adjustmemismatch tags for introducing cloning sites, start and stop codons; capitals

. . . . are for codons/reverse codons from titin.)
does not arise from Ig domain unfolding, but, surpnsingly, The amplified cDNA fragments, x214-x215 and x216-x217 were

frqm extension of the 572-residue u_niq.ue N2B Seguence- I@ubcloned into modified pET9D vectors, which expresses their insert
this work we extended these novel findings by a direct studyequences as fusions with N-terminal Hiags. The recombinant peptides
of the behavior of the tandem Ig, PEVK, and unique N2Bwere purified from the soluble fractions by nickel chelate affinity chroma-

; . - tagraphy on NTA (Ni-NTA) resins as specified by the manufacturer
séquence that together make up the extensible |-band regl(%%Puiagen, Chatsworth, CA). Antibodies to the respective peptides were

of ti_tin- I_mmunoeleCtron micrpscopy with Sequer?ce'specmcraised in rabbits by Biogenes (Berlin, Germany) and the specific IgG
antibodies that flank the various segments provided conclutraction was isolated by affinity chromatography. Western blot analysis of
sive evidence that the unique sequence of N2B titin isextracts of cardiac and skeletal muscle was used to verify the specificity of
extensible. The I-band region of titin may be viewed asth® 2ntibodies.

| | . h . h ibl . The Ig repeats N2B-116-117 are recognized by anti-x214-x215. Be-
molecular spring that contains three extensible Segment%ause this antibody binds N-terminal of the unique N2B sequence, it will

the tandem Igs, the PEVK segment, and the uniqueée referred to as Un. The Ig repeats N2B-118—119 are recognized by

sequence. anti-N2B x216-x217, and this antibody will be referred to as Uc (for
C-terminal of the unique N2B sequence). The existing antititin antibodies
120/22, T12 and MIR were used as well. Antibody 120/I122 was to the
nucleotide positions 13978-14826 of the human cardiac titin data library

entry (GenBank accession no. X90568). This is an affinity-purified poly-
MATERIAL AND METHODS clonal antibody raised in rabbit (Linke et al., 1998a). T12 is a mouse
Cardiac myocyte isolation monoclonal antibody (Fst et al., 1988) mapped to 12/13 (Sebesty al.,

1995) and was purchased from Boehringer-Mannheim Biochemicals (India-
Both mouse and rabbit cardiac myocytes were used in this study. Theseapolis, IN). MIR is a polyclonal antibody raised in rabbit to the expressed
species were selected because they express predominantly N2B carditg#FN3 repeats 145-146-147 (Freiburg et al., submitted for publication).
titin, unlike large mammals that express also a titin isoform that contains
the N2A element (Labeit and Kolmerer, 1995; Cazorla et al., 2000). Thgmmunoelectron microscopy
protocols conform to theGuide for the Care and Use of Laboratory
Animalspublished by the US National Institutes of Health, 1985. Mouse Cardiac myocytes were present in relaxing solution and were stretched (at
myocytes were isolated from 10—12-week-old FVB-Taconic mice, using”0-25 nm/sarcomere/s) to different lengths, held in that state for about 5
an isolation procedure adapted from Wolska and Solaro (1996). Briefly, thin, and then fixed, immunolabeled, embedded, and processed for electron
coronary arteries were perfused with oxygenated physiological saline sghicroscopy (E_M) as explained in Trombstat aI.,_(199_1) and Granzier et
lution (PSS) containing (in mmol/l): 133.5 NaCl, 4 KCI, 1.2 N&O,, 1.2 al., (1996)._ Briefly, the muscle samples were fixed in 3% formaldehyde/
MgSO,, 10 HEPES, 11 glucose, pH 7.4. Solutions were preheated toPBS solution for 20 min, then washed and blocked in 1% BSA/PBS

achieve a perfusion temperature of 37°C. During perfusion, the heart wa%OIUtion for one ‘hour. After dilution of antibodies to the appropriate
P p ) gp ’ oncentrations (typically-50 ug/ml), the samples were labeled with first

immersed in a tissue-organ bath kept at 37°C. The hearts were firs . L
the primary and then secondary antibodies, for 24 h each. The samples
perfused for 5 min with C& -free PSS containing 0.1% bovine serum P y y P

Ibumi Urmin d sub v f . were fixed in glutaraldehyde and osmium-tetroxide solutions, and embed-
albumin (BSA) at a 1.3 mi/min flow rate, and subsequently for 1020 min ded in araldite. Sections were cut using a Leica microtome, the sections

with PSS containing 2qumol/l CaCl, collagenase (317 U/mg, type Il \yere stained with 2% potassium permanganate and lead citrate. EM neg-

Worthington, Freehold, NJ) and hyaluronidase (1000 U/mg, Sigma, Staiives were taken using JEOL 1200 type electron microscope.

Louis, MO) using a 1.6 ml/min flow rate. Then the heart was washed with  The z-jine to epitope distances were measured from EM negatives

C&"-free PSS containing 15 mmol/l 2,3-butanedione monoxime (BDM). following high-resolution scanning (UMAX, UC-1260) and digital image

Ventricles were cut into small pieces that were repeatedly drawn thI’OUgf'brocessing using custom written macros for the image ana|ysis program

a plastic pipette tip to release isolated cells. The majority of myocytesNational Institutes of Health Image (v. 1.6, Wayne Rasband, National

obtained this way had a normal, rod-like shape. The cells were skinned fomstitutes of Health). For spatial calibration, the electron microscope’s

50-min with 1% Triton X-100 in relaxing solution containing, in mmol/l: (JEOL 1200) magnification was used.

40 imidazole; 10 EGTA; 6.4 Mg-Acetate; 5.9 NaATP; 10 creatine-phos-  When myocytes were labeled with only one antibody, a single epitope

phate; 80 K-propionate; 1.0 DTT; pH 7.0 at 21°C. The detergent waswas typically detected. On occasion, however, additional weak and spotty

removed through extensive rinsing with relaxing solution. To preventepitopes were also seen that may result from the coexpression of N2B titin

degradation, all solutions contained protease inhibitors (PMSF: 0.5 mmol/Iwith a small amount of a larger N2A containing isoform. Alternatively, a

leupeptin: 0.04 mmol/l and E64: 0.01 mmol/l). low level of nonspecific staining may have occurred. In this work, we
For some of our studies, we also used rabbit myocytes. Adult male Nevfocused on the prominent epitopes that were consistently detected.

Zealand white rabbits were used (weigh8 kg). The rabbits were anes-

thetized by intramuscular injection of ketamine, xylazine, and atropine (35RESULTS

7.5, and 0.02 mg/ml, respectively) and exsanguinated by removing the

heart. Myocytes were isolated from the left ventricle as explained earlieEEXperiments were performed to monitor the following titin

(Granzier and Irving, 1995). epitopes (Fig. 1A) by using antititin antibodies: Ig 12-13
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FIGURE 1 @) Domain structure of I-
band region of cardiac N2B titin (adapted
from Labeit and Kolmerer, 1995) and
location of binding sites of antibodies
used in this work. Red lg domains;
white, fibronectin domains; yellow,
PEVK segmentblue unique sequence.)
(B) Top: example of rabbit sarcomere
labeled simultaneously with Un, Uc, and
120/22. Note that the unique sequence
(Un-Uc) and the PEVK (Uc-120/22) are
both extendedMiddle: rabbit sarcomere
labeled with T12, Uc and MIR antibod-
ies. Bottom: control rabbit sarcomere la-
beled with secondary antibody only.
(Scale bare: 0.5um.). (C) Extension of
tandem Igs versus sarcomere length. See
text for further details. (Proximal tandem
Ig: T12-Un; distal tandem Ig: 120/22-
MIR. Results are from five mouse cells
and nine rabbit cells. Rabbit and mouse
data were indistinguishable and, for clar-
ity sake of the graph, they are shown
with the same symbols. Curves represent
exponential fits to all data.)

2?6 l 2?8 ; 3.0
Sarcomere length (xm)

1.8 20 22 24

(recognized by T12 antibody); Ig repeats N2B-116-117 (rec-changed both with respect to the Z-line and the A/l junction,
ognized by Un), Ig repeats N2B 118-119 (recognized by Uc),reflecting the extensibility of the various sub-segments
Ig repeats 120-122 (recognized by 120/22), and 145/46 (rec-within titin’s extensible region. The following segment
ognized by MIR). The antititin antibodies labeled either in lengths were measured: T12 to Un, Un to Uc, Uc to 120/22,
titin’s extensible I-band region (T12, Un, Uc, 120/22) or at and 120/22 to MIR, and these distances were used as
the A/l junction (MIR). Consistent with earlier work (Trom- measurements of the length of the proximal tandem Ig,
bitas et al., 1995) in sarcomeres that were stretched tonique N2B sequence, PEVK, and distal tandem lIg,
lengths as long as 2.,8m, T12 stayed at a constatlO0  respectively (See Fig. 1A and B). Measurements were
nm from the center of the Z-line, whereas MIR maintainedmade on cardiac myocytes isolated from mouse and rab-
a fixed position at the edge of the A-band (data not shown)bit. Results of the two species were indistinguishable (see
However, the positions of the Un, Uc, and 120/122 epitopesbelow).
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FIGURE 2 Extensible behavior of PEVK seg-
ment. @) Example of sarcomere from rabbit double
labeled with Uc and 120/22. Note the two I|-band
epitopes with a slight separation between them.
(Scale bare: 0.5um.) (B) PEVK segment length
(Uc-120/22) versus sarcomere length. The PEVK
segment extends in sarcomeres longer th@rD um
and reaches a maximal extension-680 nm. Red
symbols data from five mouse cellfilack symbols
data from six rabbit cells. The curve represents the
exponential fit to all data.)

24 26 2.8 30 32 34

18 20 22
Sarcomere length (xm)

We first studied the behavior of the tandem Ig segmentssarcomere length range than that of the tandem Igs. Thus,
The data reveals that tandem Ig segments have a near zdf® extensibility of these two types of segments is very
end-to-end length in slack sarcomeresl(8 um), i.e., the different.
segments are in a contracted state. In response to sarcomeré&examples of sarcomeres labeled with antibodies that la-
stretch, the tandem Ig segments extended. However, theel the flanking regions of the unique N2B sequence are
extensible behavior of the two tandem Ig segments was nathown in Fig. 3A. These examples provide direct evidence
identical. The distal segment extended in a more-or-lesfor our earlier conclusion (Helmes et al., 1999) that the
step-like fashion and the proximal segment displayed contnique sequence is extensible. The scattergram of results in
tinuous extension (Fig. €). The combined extension of the Fig. 3B reveals that the extension of the unique sequence
two tandem Ig segments shows a relatively rapid extensiostarts at an SL of-2.0 um, and that it continues along the
between the slack sarcomere lengthl(85 um) and~2.1  full SL range that was studied. A maximal length of 281
um and a more gradual extension at higher sarcomer23 nm is reached at an SL of 3.3n. Such long length can
stretch (Fig. 1C). only be explained by a fully unfolded and nearly maximally

The behavior of the PEVK segment is shown in Fig. 2.extended sequence (see Discussion).

The PEVK segment extends in sarcomeres longer tHai0
pwm (Fig. 2B) and it reaches a length of 74 7 nm at a  TaBLE 1
sarcomere length of 2.8m (Table 1). This extension ex- _ ) )

: Proximal Distal Unique
ceeds that WhIFh can be accommodated by the fully un-g tandem Ig tandemlg  PEVK sequence
folded and maximally extended 163-residue PEVK segment,m) (nm) (nm) (nm) (nm)
(see Discussion). Because it is not known exactly where thg
antibodies bind in the antigen that was used for raising the, g
antibodies, it is possible that the epitopes do not precisei% imal tandem 1o: T12-Un: Distal tander 16 [20/22-MIR (note that thi
demarcate the PEVK segment. Despite these uncertaintieéerox'ma1 andem ' i Jise andem B . _(noe e s

. “§8gment includes three Fn domains as well); PEVK: Uc-120/22; unique
the results clearly show that the PEVK segment is extensisequence: Un-Uc. Shown are the mearSD. The number of data points
ble and that its main extension takes place at a longewas typically~20.

Mean segment lengths

73+ 12 103+ 18 57+ 13 79+ 27
131+ 10 123+ 14 1=7 165+ 13
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A)

FIGURE 3 Extensible behavior of N2B unique se-
quence. A) Examples of rabbit sarcomeres double
labeled with Un and Uc. Note that the two epitopes in
the middle and bottom sarcomeres are clearly sepa-
rated, revealing the extensibility of the unique se-
quence. (Scale bare: Ouan.) (B) End-to-end length of
unique sequence (Un-Uc) versus sarcomere length. unique sequence
The unigue sequence extends in sarcomeres longer B)

than~2.0 um and reaches an extension-6200 nm 03
at an SL of 3.3um. (Red symbolsdata from seven

mouse cellplack symbolsdata from eight rabbit cells. 1 epitope separation (nm) ®
The curve represents the exponential fit to all data.) 0.257
021
0.15]
0.17
0.057
0 o r— t t t t
18 20 22 24 26 28 3.0 32 34

Sarcomere length (xm)

To compare the extensible behavior of the tandem IgsPEVK, and unique N2B sequence. Results indicate that the
PEVK, and unique sequence, their fitted extension curvesarious segments all extend, but that their main extension
are shown superimposed in Fig. 4. The vertical line in Fig.occurs at different SLs with tandem Igs extending from the
4 denotes the maximal SL that may be encountered undelack SL onward, and PEVK and unique segment extension
physiological conditions (see Discussion). Along the physstarting at a SL of~2.0 um. Considering that the end-
iological SL range, all three segment types contribute tadiastolic SL range in small mammals may have an upper
titin’s extensibility. The SL range within which the main limit of ~2.3 um (Grimm et al., 1980, 1991; MacKenna et
segment extension occurs varies for the three segmeiat., 1996) extension of the tandem Igs and that of PEVK and
types; 0—70% of the maximal extension of tandem Ig,unique sequence are likely to be physiologically relevant.
PEVK, and unique sequence occurs at an SL range of
1.8-2.0um, 2.0-2.2um, and 2.0-2.Gum, respectively. Tandem Igs
Single molecule mechanical experiments (Kellermayer et
DISCUSSION al., 1997; Rief et al., 1997; Tskhovrebova et al., 1997) have
In this work, the molecular origin of N2B cardiac titin's provided evidence that the persistence length of tandem Ig
extensibility was dissected by using immunoelectron mi-segments is relatively high. The conformational entropy of
croscopy with antibodies that demarcate the tandem Igdandem Igs is therefore low, and tandem Igs are predicted to
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0.25 End-to-end length (um) Tandem Ig segments be explained by unfolding of some of the domains contained
within the segment (because unfolding of one domain re-
o~ sults in a length gain of~30 nm, unfolding of two domains
Unique sequence could explain the large mean domain spacing at ;218-
SL). In contrast, the distal tandem Ig has a mean domain
a5 spacing that is less than 5.0 nm in sarcomeres as long as 2.8
um (Table 2) suggesting that domains in this region are
0.1 more stable than those of the proximal tandem Ig. Studies
PEVK .
by Greaser et al. (1996) and Witt et al. (1998) have shown
0,051 /‘ that the domains from the proximal tandem Ig form a
structurally distinct group of domains, characterized by, for
0 ¢ 1 : 1 example, fewer residues in one of tifestrands and a

1.6 18 20 22 24 26 28 3.0 shorter linker sequence. It is possible that, because of these
Sarcomere length (xm) differences, the Ig domains from the proximal tandem Ig are
less stable and, thus, more prone to force-induced unfolding
FIGURE 4 Comparison of extensible behavior of tandem Igs, uniquethan those from the distal tandem g.

sequence, and the PEVK segment. (Shown are the fitted curves of the data In summary. in hiahlv stretched sarcomeres. all domains
in Figs. 1-3). Tandem Ig segments contribute most to titin’s extensibility. Y gnly !

The unique sequence contributes less and the PEVK segment contributé3 the _diStal tandem Ig are |i|_<e|¥ to_ remain folded, Wh_ereas

the least. Vertical broken line indicates the maximal sarcomere length thatinfolding of several Ig domains is likely to take place in the

may be reached under physiological conditions. See text for details. proximal tandem Ig segment. At physiological SLs, how-
ever, tandem Ig extension can be explained by the alignment

extend at low force. The rapid extension of tandem Igs seeﬁlc g domains without requiring domain unfolding.

at SLs between slack ang2.1 um, an SL-range where
myocytes develop relatively low levels of passive forcePEVK segment

(Helmes et al., 1999), is thus consistent with the meChanicaéxtension of the PEVK starts at an SL 0f2.0 um and

properties of titin obtained at the single molecule level. OurContinues until a maximal length 8f70 nm is reached at an

work reveals, however, that the proximal and distal tandenél_ of ~ 2.6 um (Fig. 2B). Considering the 163 PEVK

g segments do not bghave iQenticaIIy. The di§tal tandem I%’esidues (Labiit and kolmérer 1995) and the 3.8-A maxi-

T e 1 et 1l residue spacing of an urfoldd pptde (Cantor a
. 9 - nep chimmel, 1980), the predicted maximal length of the N2B

tandem Ig segment, in contrast, extends continuously over,

the full SL-range that was studied (FigC). This contin- EVK is 62 nm. The longer maximal length that was

uous extension may be explained by Ig domain unfolding apweasurgd may result from Uc and 120/22 epitopes that are
?ot localized exactly at the edge of the PEVK (see Results).

long SLs. Pr.evigusly, we estimated the mean spacing o The average PEVK residue spacing at gi3-SL is 3.5

folded domains in the fully extended proximal tandem IgA (Table 2), suggesting that, at end-diastole, the PEVK may

isnec?l%eegt :rjwzug] ﬁnm_fgéelgbgﬁzflzngtai’f)lnor?nr(ﬂ'snvalu%e largely unfolded. The conclusion that the PEVK reaches
’ 9 ) 9 an unfolded state at a relatively short SL is consistent with

linker sequence) (Trombisaet al., 1998). Thus, the maxi- ) .
: ; the preponderance of prolines and charged residues that
mal predicted length of the proximal tandem Ig segment . .
: . . : ._make the formation of stable structures unlikely. Whether
while completely straight and all of its domains folded is

~75 nm, and that of the distal tandem Ig segmeat0 nm. the PEVK refolds into secondary structures upon sarcomere

The mean domain spacing of the proximal tandem Ig Seg§horten|ng remains to be established. Refolding during re-

ment that we measured in this study (Table 2) is below S_Aease and unfoldmg during stre.tch would t.)e energeucglly
. costly because it would result in hysteresis (force during
nm in sarcomeres shorter than 18, whereas, at longer

SLs, the domain spacing exceeds 5.0 nm (at an SL of 2_§Fretch would be higher than during release). Our recent

um the value is 8.7 nm). These high values at long SLs Carsl,lng_le—moleculg mechanical experiments (_K.ellermayer (.:"t
al., in preparation) suggest that, when the titin molecule is

held at a short length for several minutes, noncovalent

TABLE 2 Mean domain/residue spacing interactions take place between different regions of the

Proximal Distal Unique PEVK polypeptide. Furthermore, these interactions are
SL tandem Ig tandem Iy PEVK sequence abolished in repeated stretch-release cycles, giving rise to
(um) (nm) (nm) A A) hysteresis-free force-length loops. We speculate that, in
23 48 a1 35 14 vivo, the PEVK segment behaves analogously and that,
2.8 8.7 4.9 4.3 2.9 under the repeated stretch—-release conditions that occur in

Assumptions: T12-Un: 15 domains; 120/22-MIR: 25 domains; Uc-120/22: ("€ Deating heart, the PEVK behaves as a permanently

163 residues; Un-Uc: residues. Shown are the me®D. The number of ~ Unfolded polypeptide with a force-length curve during
data points was typically-20. stretch (diastole) and release (systole) that is hysteresis-free.
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Unique N2B sequence elevated. Thus, it is likely that I|g domain unfolding would
now have to take place at relatively short SLs. We propose,

- ‘therefore, that the extension of the unique N2B sequence
repetitive element referred to as the N2B element (Labeif,; io-tes the need for unfolding of Ig domains under
and Kolmerer, 1995). In addition to the Ig repeats 116, Il?’physiological conditions.

anc_i 118, the NZB element codes alsg for a ceniral 572- Our work on the large human soleus titin isoform (Trom-
reS|d_ue—Iarge unique sequence. Pre_wously, we compare&tés et al., 1998) and the present work on N2B cardiac titin
our 'm”.‘“r.‘O'E_'V' results obtained with an antibody thatsuggest that, under physiological conditions, Ig domain
labels within this sequence to results obtained by others Whﬁnfolding is undesirable. Considering that refolding during

used an anilhbotdtyr/] against 118, and c_oncltudet_jblfror: fh'§elease may be fast enough to take place under physiolog-
c?n}palrlgsgg Ta i etL:rr]]_lque selquencle IS extensi ed( _em?éal conditions (Kellermayer et al., in preparation), unfold-
eta. ). To test this novel conclusion, we used, in ‘?ng during stretch and refolding during release may be

present work, new antibodies that flank the unique se- ndesirable because it would lead to enerav loss due to
quence. Double labeling with both antibodies provided di-u I use 1t wou 9y N

rect evidence that the unique sequence indeed extends (Fh steresis. -Another possibility is that the unfolded 1g
lypeptide is highly sensitive to proteolysis (it contains a
3). At the upper limit of the end-diastolic SL range (2.3 ypepuae 1s nign'y v P ysis !

! sensitive proline-rich sequence) and that this is why unfold-
pm), the unigue sequence accounts fa25% of the total P d ) y

tensi £ titiny tensible I-band region. In the ab ing has to be avoided under physiological conditions.
extension ot titin's extensible I-band region. In e absence 4, - +,ncysion, our work shows that the tandem Igs,

of unique sequence extension, the fractional extension of th&nique sequence, and PEVK are all extensible. Thus, N2B
tandem Ig and PEVK segment (at a given SL) would becardiac titin is a three-element molecular spring. In com-
much elevated and, as a result, passive force would b

ted 1o b h higher. Thi b desirable b arison, skeletal muscle titin contains only the tandem Ig
expected o be much higher. This may beé undesirablé D&y, peyk segment as extensible elements and, thus, itis a
cause the irreversible structural sarcomere damage that

K i . rreteched to lenaths | fRo-element spring. Extension of the N2B unique sequence
nown fo occur in sarcomeres stretched 1o 1engins 10N9€L iminates the need for Ig unfolding in cardiac N2B titin

f:?)n pg.ysmlo?cal (tf)(’);eﬁarrllpli;;gugment_ ortitin dfrlo m the under physiological conditions. Whether it provides an ad-
-band: see frombiaet al., , ranzier and IVing, - yiinna| reserve for extensibility that is relevant for patho-

1995) would now occur at physiological SLs. Thus, the#]ogical conditions remains to be established.
unique sequence allows sarcomeres to be extended to the

upper limit of the physiological SL range while avoiding an

extremely steep increase of passive force. _ o _ _
The structure of the 572-residue sequence is currently n \We thank Danielle Higgins and Mark MacNabb for technical support. This
q y Q/\tlork was supported by the Deutsche Forschungsgemeinschaft La 668/5-1

kn_own. S_equen_ce'based pred_ictior_ls indicate a tendency f@g s 1), and the National Institutes of Health National Heart, Lung, and

coiled-coil a-helical conformations in part of the sequenceBlood Institute (HL61497 and HL62881) to H.G. H.G. is an established

(Gautel et al., 1996). Recent work by Rief et al. (1999) hagnvestigator of the American Heart Association. During the review of this

shown that the unfolding forces af-helical coiled-coil manuscript, Linke and colleagues also reported a contribution of the N2B

. unique domain to cardiac titin extensibility (Linke et al., 1999Cell. Biol.

structures are several-fold less than those of Ig domains, aqq6,631)

this is consistent with our finding that the unique sequence

undergoes large-scale extension at SLs where Ig domain

unfolding is minor or absent. Comparison of the N2B se-
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