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aB-crystallin, a major component of the vertebrate
lens, is a chaperone belonging to the family of small heat
shock proteins. These proteins form oligomers that bind
to partially unfolded substrates and prevent denatur-
ation. aB-crystallin in cardiac muscle binds to myofi-
brils under conditions of ischemia, and previous work
has shown that the protein binds to titin in the I-band of
cardiac fibers (Golenhofen, N., Arbeiter, A., Koob, R.,
and Drenckhahn, D. (2002) J. Mol. Cell. Cardiol. 34, 309-
319). This part of titin extends as muscles are stretched
and is made up of immunoglobulin-like modules and
two extensible regions (N2B and PEVK) that have no
well defined secondary structure. We have followed
the position of aB-crystallin in stretched cardiac fibers
relative to a known part of the titin sequence. aB-
crystallin bound to a discrete region of the I-band that
moved away from the Z-disc as sarcomeres were ex-
tended. In the physiological range of sarcomere
lengths, aB-crystallin bound in the position of the N2B
region of titin, but not to PEVK. In overstretched myo-
fibrils, it was also in the Ig region between N2B and the
Z-disc. Binding between aB-crystallin and N2B was
confirmed using recombinant titin fragments. The Ig
domains in an eight-domain fragment were stabilized
by aB-crystallin; atomic force microscopy showed that
higher stretching forces were needed to unfold the
domains in the presence of the chaperone. Reversible
association with aB-crystallin would protect I-band
titin from stress liable to cause domain unfolding until
conditions are favorable for refolding to the native
state.

aB-crystallin is one of several crystallins in the vertebrate
lens. An important function of the protein is to act as a chap-
erone preventing partially unfolded proteins from forming ag-
gregates that would make the lens opaque (1, 2). aB-crystallin
is a member of the family of small heat shock proteins
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(sHSPs)!. These are chaperones in multisubunit complexes
that bind to proteins in the early stages of denaturation, hold-
ing them in a folding-competent state. aB-crystallin is also
found in tissues other than the lens, including cardiac and
skeletal muscle (3). The aB-crystallin content of cardiac muscle
is 3—5% of the total soluble protein (4), and it protects the fibers
from the effects of ischemia, preventing extensive structural
damage (5-7). aB-crystallin moves from general distribution in
the cytosol to myofibrils following ischemia (8, 9). Recent im-
munoelectron microscopy of rat heart has shown that aB-crys-
tallin is in a narrow region of the I-band rather than in the
Z-disc, as was previously thought, and is also associated with
desmin filaments connecting neighboring myofibrils (10).
When actin was extracted from pig heart myofibrils, aB-crys-
tallin remained, suggesting that the protein was associated
with titin in the I-band rather than with actin; and this was
supported by co-purification of aB-crystallin with titin (10).

Titin is a large (3 MDa) protein in striated muscle that spans
half the sarcomere, forming an extensible link between the
Z-disc and the thick filaments (11, 12). The molecule is largely
made up of repeating modules composed of Ig- and fibronectin-
like domains. The passive tension in muscle fibers is due to the
part of titin that is in the I-band. In cardiac titin, this part of
the sequence is made up of tandem Ig domains; an extensible
PEVK domain, which is mostly random coil; and the N2B
region, in which a central unique sequence (uN2B) is flanked
by Ig domains (see Fig. 1) (13, 14). When cardiac myofibrils are
stretched, the different parts of I-band titin extend sequen-
tially: tandem Ig regions straighten out; the PEVK domain is
pulled out; and the N2B region extends last (15, 16). The
elasticity of cardiac muscle is affected by the relative amount of
two titin isoforms: the N2B isoform, which has two tandem Ig
regions separated by the N2B region together with a short
PEVK domain, and the N2BA isoform, which has additional
tandem Ig regions and an N2A region on the N-terminal side of
a longer PEVK domain (see Fig. 1) (17, 18). The predominant
isoform in rabbit heart is N2B, which makes up >80% of the
total titin.

The parts of cardiac titin most likely to associate with aB-
crystallin are the PEVK domain and ulN2B region. aB-crystal-
lin binds to proteins that have non-native secondary structure,
and these regions of titin have no well defined structure. An-
other possible target is the less stable Ig domains in the prox-
imal Ig region. When rabbit cardiac myofibrils are stretched, Ig
domains in the proximal region start to unfold at the upper

! The abbreviations used are: sHSPs, small heat shock proteins;
ulN2B, unique N2B; GdnHCI, guanidine hydrochloride; AFM, atomic
force microscopy; pN, piconewtons.
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limit of physiological sarcomere length (19), which would leave
them prone to denaturation. The aim of this study was to
determine to which part of titin the chaperone binds in vivo. As
PEVK and N2B are the most extensible regions, aB-crystallin
bound to either would affect the passive tension of cardiac
fibers with consequences for the function of the heart.

EXPERIMENTAL PROCEDURES

Preparation of Proteins, Titin Constructs, and Antibodies—Titin was
isolated from rabbit hearts by the method described previously (20).
Titin fragments used in binding assays were derived from the sequence
of human cardiac titin (13, 14), with the same numbering of domains.
The constructs used were the same as those described previously (21,
22) and were expressed in Escherichia coli BL21(DE) pLysS cells (Strat-
agene): 124/125 (two Ig domains flanking a short unique sequence in the
N2B region; formally called 116/117), 126/127 (two Ig domains C-termi-
nal to the uN2B region; formally called 118/119), 126/127-184 (the PEVK
domain common to N2BA and N2B of cardiac titin flanked by two
N-terminal Ig domains and one C-terminal Ig domain; formally called
118/119-120), 184 (one Ig domain; formally called 120), and skeletal
PEVK (a PEVK fragment of skeletal muscle titin). The uN2B construct
(the unique sequence in the central N2B region) was expressed and
purified using a similar method (23). A block of tandem Ig domains,
191-198 (formally 127-134), was prepared as described (24).

Recombinant human oaB-crystallin was expressed in E. coli and pu-
rified as described (25). The antibody to aB-crystallin used was a rabbit
polyclonal antibody raised against recombinant aB-crystallin; IgG was
isolated from the serum by affinity chromatography. The mouse mono-
clonal antibodies used for immunolocalization and immunoaffinity as-
says were as follows: S54/56 and anti-126 (118/23) (26) and anti-125 (15).
The positions of the epitopes used for immunolocalization are shown in
Fig. 1.

Preparation of Cardiac Myofibrils and Immunofluorescence Micros-
copy—-Myofibrils were prepared from the left ventricle of rabbit heart
and skinned as described previously (15, 27). Trabeculae tied to glass
rods were skinned in cold rigor solution with 0.5% Triton X-100 and
then homogenized in rigor solution. A single myofibril was picked up
from a drop of suspension on a coverslip with two glass needle tips
coated with water-curing silicone adhesive using a Zeiss Axiovert 135
inverted microscope. Myofibrils were equilibrated at room temperature
in a relaxing solution of 200 mM ionic strength at pH 7.1 (15). Leupeptin
was included in all solutions to minimize titin degradation (28). Single
myofibrils were stretched in relaxing solution to a particular sarcomere
length and incubated with aB-crystallin (0.1 mg/ml) in relaxing solution
for ~30 min. After washing in relaxing solution, myofibrils were incu-
bated with anti-aB-crystallin IgG (0.1 mg/ml) for ~20 min, followed by
Cy3-conjugated anti-rabbit IgG (diluted 1:50; Rockland Inc.); both were
in relaxing solution. In double-labeling experiments, stretched myofi-
brils were incubated with anti-I125 (hybridoma supernatant diluted 1:5)
and then aB-crystallin, followed by anti-aB-crystallin; incubations were
for 20-30 min. The secondary antibodies used were Cy3-conjugated
anti-mouse IgG and fluorescein isothiocyanate-conjugated anti-rabbit
IgG (Rockland Inc.), both diluted 1:50. Images were recorded in the
epifluorescence mode of the microscope using a 3CCD color video cam-
era (Sony) and Scion Image software (Scion Corp.). The automatic
integration feature of the CCD camera was used to superimpose three
to five images during each recording. Epitope spacing was measured as
described (28).

Immunoelectron Microscopy—Trabeculae were dissected from the
left ventricle of rabbit heart 30 min after the rabbit was killed to allow
development of ischemia and tied to glass rods in relaxing solution (0.1
M NaCl, 20 mM sodium phosphate (pH 7.0), 5 mm MgCl,, 2 mm EGTA,
and 5 mM ATP) so that the muscles were stretched by different
amounts. Muscles were fixed in relaxing solution with 4% paraformal-
dehyde for 2 h at room temperature and processed as described previ-
ously (29). Frozen specimens were cryosectioned, and sections were
labeled with anti-aB-crystallin IgG (0.1 mg/ml) or S54/56 hybridoma
supernatant (diluted 1:5), followed by protein A complexed with 10-nm
gold. Images were taken with a Philips 400T electron microscope at 80
kV. The distance from the center of the Z-disc to individual gold parti-
cles was measured on electron micrograph negatives for at least four
myofibrils at each sarcomere length from 1.9 to 2.7 pum.

Immunoaffinity Binding Assay—aB-crystallin binding to titin was
measured by an immunoaffinity method using protein A. Hybridoma
supernatant containing monoclonal antibody to 126 was passed through
a column of 200 pl of protein A-Sepharose CL-4B (Amersham Bio-
sciences) equilibrated in binding buffer (0.1 m NaCl, 10 mum Tris-Cl (pH
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7.2), 1 mM phenylmethylsulfonyl fluoride, and 0.1% Triton X-100). The
protein A-Sepharose beads were washed, and aliquots of 50 ul were
added to titin alone (10 pg), to titin (10 ug) plus aB-crystallin (5 ug), or
to aB-crystallin alone (5 pg) in a total volume of 100 ul of binding buffer
and incubated at 42 or 0 °C for 1 h. The beads were centrifuged for 3
min at 14,000 X g; and after removing the supernatant, they were
washed three times with 500 ul of binding buffer. Protein bound to the
beads was eluted by adding 50 ul of SDS-PAGE sample buffer; after
heating for 3 min at 95 °C, the beads were centrifuged at 14,000 X g for
3 min, and the supernatant was run on a gel. An immunoblot was
incubated with anti-aB-crystallin.

Circular Dichroism—The near-UV CD spectrum of 191-198 was
measured at 25, 37, 45, 50, and 55 °C. Protein was in 0.1 M NaCl and 50
mM sodium phosphate (pH 7.0). Spectra were recorded with a Jasco
J600 CD spectrophotometer coupled with a Hewlett-Packard signal
analyzer; 32 scans were averaged to reduce noise. Temperature was
controlled by a water-jacketed cell of 10-mm path length. To study the
effect of denaturation by GdnHCI, the near-UV CD spectrum of 191-198
was measured in 0.1 M NaCl and 50 mM sodium phosphate (pH 7.0) at
25 °C. The protein was denatured by incubation in the same buffer with
6 M GdnHCI for 1 h at 25 °C, and the CD spectrum was recorded. The
protein was renatured by exchanging with buffer without GdnHCI
using a Centricon-30 (Amicon, Inc.), and the CD spectrum was meas-
ured again.

Electrophoresis and Immunoblotting—Gels (12% polyacrylamide)
were run in the Laemmli buffer system and stained with Coomassie
Blue or blotted onto nitrocellulose. Blots of titin fragments were incu-
bated with aB-crystallin (0.1 mg/ml) in milk blocking buffer for 1 h; and
after washing, they were incubated with anti-aB-crystallin serum (di-
luted 1:1000 in milk blocking buffer) for 1 h, washed again, and in-
cubated with peroxidase-tagged goat anti-rabbit secondary antibody
(diluted 1:50,000; Sigma). Reaction of recombinant proteins with aB-
crystallin was determined from dot blots of native proteins. Recombi-
nant proteins were spotted onto nitrocellulose; and after blocking in
milk blocking buffer, the nitrocellulose was incubated with aB-crystal-
lin, anti-aB-crystallin, and secondary antibody as described for blots of
gels. Blots were developed with a luminescent substrate (ECL, Amer-
sham Biosciences).

Atomic Force Microscopy (AFM)—Single molecule force spectroscopy
was performed on 191-198 in the presence and absence of aB-crystallin.
A custom-built AFM setup was used that incorporated a commercial
AFM head stage (Veeco Instruments, Mannheim, Germany) as de-
scribed (19). The force transducer was a standard SigN, triangular
cantilever (Veeco Instruments) whose stiffness was calibrated in solu-
tion for each separate experiment using the equipartition theorem and
was nominally 40 piconewtons (pN)/nm to within 20%. In a typical
experiment, 50 ul of 0.17 pg/ml 191-198 in 0.1 M NaCl and 50 mm
sodium phosphate (pH 7.0) was deposited onto a freshly coated gold
coverslip (produced by evaporation of a 40-nm layer of nickel/chromium,
followed by a 10-nm surface layer of gold) and allowed to adsorb onto
the surface for 5 min before washing away unbound protein with excess
buffer. Triangular input waveforms were applied to a z-piezo actuator
(Physik Instrumente, Karlsruhe, Germany), resulting in five different
stretch rates: 200, 400, 1000, 1500, and 3000 nm s~ '. Sawtooth data
were acquired, and the peak forces were recorded (30). aB-crystallin
was then added to the same sample at a molar ratio of ~130:1 (aB-
crystallin/I91-198) and not washed away. Because some fraction of the
aB-crystallin molecules will bind to the gold, we estimated that the
effective molar ratio of non-surface-bound aB-crystallin to I191-198 was
~170:1 (~9 aB-crystallin molecules/Ig domain), with an error of at least
20%. Sawtooth data were then acquired at the same rates of stretch,
and the peak forces were similarly recorded. In control experiments,
excess protein kinase A (catalytic subunit from bovine heart) was added
to 191-198 instead of aB-crystallin; the effective molar ratio of protein
kinase A to I91-198 was ~60:1.

RESULTS

Position of aB-crystallin in Cardiac Fibers—The position of
aB-crystallin in cardiac fibers relative to a particular region of
I-band titin was determined by labeling the fibers with the
antibody against aB-crystallin and the antibody S54/56 against
Ig domains in the N2A region of the N2BA isoform of titin (Fig.
1). The fibers were stretched in relaxing conditions by varying
amounts up to ~2.7 um; Fig. 2 shows the positions of antibody
labels at 2.0 and 2.5 um. Anti-aB-crystallin antibody labeled in
a line parallel to the Z-disc; and in stretched fibers, the line
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Fic. 2. Electron micrographs showing the position of aB-crys-
tallin relative to the N2A region of cardiac titin. Cryosections of
cardiac fibers at different sarcomere lengths were labeled with anti-aB-
crystallin or S54/56 and protein A-gold. Sarcomere lengths of 2.0 and
2.5 um are shown. In unstretched sarcomeres, aB-crystallin was
slightly closer to the Z-disc (Z) than S54/56; in stretched sarcomeres,
S54/56 was pulled farther from the Z-disc than aB-crystallin. Scale
bar = 0.5 um.

moved away from the Z-disc. This change in position of aB-
crystallin as the sarcomere was extended is consistent with
binding of aB-crystallin to titin. The S54/56 label was farther
away from the Z-disc than aB-crystallin at 2.0-um sarcomere
length and moved even farther from the Z-disc than aB-crys-
tallin in sarcomeres stretched to 2.5 um. Because the N termi-
nus of titin is in the Z-disc (12), these results show that oB-
crystallin binds to a region of titin nearer the Z-disc than N2A.
A more complete picture of the movement of aB-crystallin and
the S54/56 epitope at different sarcomere lengths shows there
is an extensible region between the epitope in N2A and oB-
crystallin (Fig. 3).

Another approach to finding binding sites for aB-crystallin
on titin was to add aB-crystallin back to cardiac myofibrils that
had been skinned and to determine the position of the bound
aB-crystallin from immunofluorescent images. Single myofi-
brils were stretched up to 3.5-um sarcomere length and incu-
bated first with aB-crystallin and then with anti-aB-crystallin.
The skinning procedure removed endogenous oB-crystallin,
and the antibody did not label untreated myofibrils. The sepa-

ration of labeled sites on either side of the Z-disc was resolved
at ~2.6-um sarcomere length and increased as the sarcomere
was stretched farther; the width of labeled stripes increased as
the myofibril was stretched (Fig. 4A). In some myofibrils with
overstretched sarcomeres, the chaperone bound in the region
between the middle of the I-band and the Z-disc. Such a myo-
fibril labeled with both anti-I25 and aB-crystallin is shown in
Fig. 4B. In the overlay image, the 125 epitope (in the N-termi-
nal part of the N2B region) is at the periphery of the broad
aB-crystallin label. In these myofibrils, aB-crystallin is in the
proximal Ig region. The PEVK domain would be considerably
extended at long sarcomere lengths; and if aB-crystallin were
bound to PEVK, a broad band of labeling C-terminal to 125
would be expected. This was not observed.

Values for the distance from the center of the Z-disc to the
fluorescent antibody label obtained from myofibrils labeled
with aB-crystallin (similar to those in Fig. 4A) were plotted on
the same graph as the values obtained from electron micro-
graphs of fibers labeled directly with anti-aB-crystallin (Fig. 3).
A nearly continuous curve was obtained with measurements
from electron micrographs at shorter sarcomere lengths, within
the physiological range, and from fluorescent images at long
sarcomere lengths. Thus, electron micrographs and immuno-
fluorescent images show that aB-crystallin bound predomi-
nately to a region of titin nearer to the Z-disc than N2A in the
N2BA isoform; aB-crystallin is therefore nearer the Z-disc than
the PEVK domain in both isoforms. Antibodies to the N-termi-
nal part of uN2B and to 126 and 184/86 were previously used to
label rabbit cardiac fibers at different sarcomere lengths (15);
the positions of these epitopes relative to aB-crystallin are
shown in Fig. 3. As sarcomeres were stretched, the position of
aB-crystallin coincided with the uN2B label and was clearly on
the Z-disc side of 126, which co-localized with S54/56, in agree-
ment with previous results (15). 126 and 184/86 are on either
side of PEVK in the N2B isoform (Fig. 1), and both these
epitopes were farther from the Z-disc than aB-crystallin in
stretched sarcomeres. The extension of PEVK is shown by
increasing separation of 126 and 184/86 (Fig. 3) (15); at corre-
sponding sarcomere lengths, aB-crystallin remained on the
Z-disc side of 126. These labeling results show that aB-crystal-
lin is associated with the N2B region of titin and is nearer the
Z-disc than the PEVK domain.

aB-crystallin Binding to Titin and Recombinant Frag-
ments—Binding of aB-crystallin to the native titin molecule
was tested by an immunoaffinity method. Antibody to titin
domain 126 was immobilized on beads, and a mixture of aB-
crystallin and titin was applied to the beads. aB-crystallin
bound to beads in the presence (but not absence) of titin, and
more aB-crystallin was bound at 42 °C than at 0 °C (Fig. 5),
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Fic. 4. Fluorescence micrographs of stretched cardiac myofi-
brils showing the site of aB-crystallin binding. A, single myofibrils
were stretched to sarcomere lengths of up to 3.5 um and incubated with
aB-crystallin (aB), followed by anti-aB-crystallin (anti-aB). B, a myofi-
bril was stretched to a sarcomere length of ~3.5 um and double-labeled
with anti-I25 and «aB-crystallin, followed by anti-aB-crystallin. The
phase-contrast images (pc) show that labeling is within the I-band in A
and B. The secondary antibodies used were Cy3-conjugated anti-rabbit
IgG in A and Cy3-conjugated anti-mouse IgG and fluorescein isothio-
cyanate-conjugated anti-rabbit IgG in B. Z, Z-disc. Scale bar = 5 pm.

suggesting that the binding was at least partly hydrophobic.
Binding of aB-crystallin to recombinant fragments from dif-
ferent regions of titin was tested on immunoblots. An SDS-
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Fic. 5. aB-crystallin binding to whole titin. Shown is an immu-
noblot of samples eluted from protein A-Sepharose CL-4B beads cou-
pled with antibody to Ig domain 126. aB-crystallin (aB) (lanes 1 and 4),
a mixture of aB-crystallin and titin (lanes 2 and 5), or titin alone (lanes
3 and 6) was incubated at 4 or 0 °C and added to separate aliquots of the
beads. A blot of protein eluted from the beads was incubated with
anti-aB-crystallin. aB-crystallin in mixtures of aB-crystallin and titin
was bound to the beads.

polyacrylamide gel of the fragments is shown in Fig. 6A, with a
corresponding blot of the same proteins incubated with aB-
crystallin, followed by anti-aB-crystallin (Fig. 6B). aB-crystal-
lin bound strongly to uN2B and to the two Ig domains C-
terminal to uN2B (I26/I127) and less strongly to the PEVK
fragment (126/127-184), but did not bind to the two Ig domains
near the N terminus of N2B (I124/125) or to the Ig domain
C-terminal to the PEVK domain (I84). A block of eight Ig
domains (I91-198) from the distal tandem Ig region has been
used as a model titin fragment for studying the stability of Ig
domains (19, 24, 31). aB-crystallin bound only weakly to these
Ig domains on the immunoblot. aB-crystallin binding to a frag-
ment of the PEVK domain in skeletal muscle titin was also
tested; the protein was partially degraded because it lacks
stabilizing Ig domains at each end. aB-crystallin did not bind to
this PEVK fragment. Because the proteins were denatured by
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Fic. 6. Binding of aB-crystallin to different regions of I-band
titin. A, SDS-polyacrylamide gel of recombinant fragments used in the
binding assay. Equal amounts of fragments were loaded onto the gel,
except for 184, for which five times as much was loaded to compensate
for losses of this low molecular mass protein during immunoblotting. B,
immunoblot of a gel similar to the one in A. C, dot blot of the same
fragments. Spots of each fragment have 10, 5, and 2.5 ng of protein.
Blots were incubated with aB-crystallin (aB), followed by anti-aB-
crystallin and secondary antibody. sPEVK, skeletal PEVK.

SDS before running on the gel, it is possible that the binding
was not representative of binding to the native protein. There-
fore, the reaction of aB-crystallin with the titin fragments was
also tested on a dot blot of the native proteins (Fig. 6C). The
result was the same as described for the blot of the SDS-
polyacrylamide gel, but aB-crystallin bound to 126/I127 more
strongly that to the other fragments. Binding of aB-crystallin
to the fragments giving a positive result on blots was tested by
several pull-down assays in which either aB-crystallin or the
fragments were bound to beads. None of the pull-down assays
showed convincing binding of aB-crystallin to any of these titin
fragments, probably because binding was too weak to be de-
tected reliably by this method. The recombinant cardiac PEVK
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Fic. 7. Stability of 191-I98 under denaturing conditions. A,
effect of temperature on the near-UV CD spectrum. Spectra of 191-198
(1.5 mg/ml) were measured at the temperatures shown. B, reversible
denaturation of 191-198 (1.0 mg/ml) by GdnHCI. Spectra of 191-198
were measured for the native protein, in the presence of 6 M GdnHCI,
and after returning to native conditions. The path length of the cell was
10 mm in A and B. The CD signal is lower in B than A because the
concentration of protein was lower.
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fragment has Ig domains 126/I127 at the N terminus and Ig
domain 184 at the C terminus to provide stability (Fig. 1). The
binding of aB-crystallin to this protein is likely to be through
126/127 because aB-crystallin binds to these domains and not to
184. The lack of binding between aB-crystallin and the skeletal
PEVK fragment supports this interpretation and makes it un-
likely that the chaperone binds to the cardiac PEVK sequence.
The antibody labeling pattern in fibers shows that the chaper-
one did not bind to cardiac PEVK in situ.

Stability of I91-198—The lack of aB-crystallin binding to the
distal Ig region in highly stretched muscle fibers suggests that
Ig domains in this part of titin are particularly stable. The
stability of 191-198 was investigated by following the change
from the native structure by measuring the near-UV CD spec-
trum at different temperatures (Fig. 7A). The CD spectrum had
distinct minima at 283 and 290 nm, which decreased slightly as
the temperature was raised from 25 to 50 °C, showing there
was a small change in the tertiary structure of Ig domains. The
sharp drop in the CD spectrum at 55 °C suggests there was a
more significant change at this temperature and perhaps some
aggregation. It was not possible to measure the effect of aB-
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Fic. 8. Effect of aB-crystallin on the stability of 191-198. A, force
extension trace of 191-198 in buffer alone (gray curve) taken at a stretch
rate of 1500 nm s~ *. Predictions based on worm-like chain fits to the
force extension trace preceding each force peak are shown (black curve),
suggesting a spacing in contour length of 29 nm. B, typical force exten-
sion traces taken in the absence (gray curve) and presence (black curve)
of aB-crystallin at a stretch rate of 1000 nm s~ '. C, variation of the
pooled unfolding forces as a function of log of stretch rate in the absence
(circles) and presence (squares) of aB-crystallin, with linear regression
fits (dashed lines). Errors bars are S.E. D, histogram of mean unfolding
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crystallin on denaturation at 55 °C because the chaperone it-
self is denatured at this temperature. 191-198 lost tertiary
structure in 6 M GdnHCI, as shown by the complete absence of
the two near-UV CD minima in this denaturing agent (Fig. 7B).
However, the CD spectrum returned fairly closely to the orig-
inal value when the protein was renatured by removing
GdnHCI. Thus, the eight Ig domains in 191-198 are extremely
stable to heat denaturation and spontaneously refold when
GdnHCI is removed, without the need for aB-crystallin.

Effect of aB-crystallin on the Stability of Ig Domains—A
stabilizing effect of aB-crystallin on Ig domains in 191-198 was
demonstrated by single molecule force spectroscopy. When 191—
198 molecules are stretched, consecutive Ig domains unfold,
giving a sawtooth pattern of peak forces (24). 191-198 mole-
cules were stretched at five different rates, and the peak forces
of the sawtooth pattern were recorded. Fig. 8A shows a repre-
sentative force extension trace for 191-198 stretched at 1500
nm s ! in the absence of aB-crystallin, with fits overlaid ac-
cording to worm-like chain predictions (24). Six sawtooth peaks
are seen with forces in the range of 250-350 pN, corresponding
to the unfolding of six of the eight Ig domains; the final peak at
~500 pN is due to detachment of the protein tether between
the cantilever and cover glass. The worm-like chain model
predicted that, upon unfolding of each Ig domain, the contour
length of 191-198 would increase by 27-30 nm; this value is
comparable with that found for stretches of Ig modular pep-
tides using both AFM (19, 24, 31) and laser tweezers (32, 33).
Fig. 8B shows overlaid force extension traces obtained in the
presence and absence of aB-crystallin employing the same
stretch rate of 1000 nm s~ 1. The unfolding force level of indi-
vidual Ig domains is typically higher in the presence of aB-
crystallin than in buffer alone. No significant change in the
increase in contour length between force peaks was observed.
Experiments in which protein kinase A was added in excess to
191-198 produced no change in the unfolding force of Ig do-
mains (data not shown). Pooling all peak force data for each
stretch rate suggested that mean unfolding forces were 30—40
pN higher in the presence of aB-crystallin at equivalent stretch
rates, although there was a relatively broad distribution of
unfolding forces (Fig. 8C). This broad distribution is similar to
that observed previously for 191-198 (19, 31) and is indicative
of heterogeneity in the mechanical properties of the eight indi-
vidual Ig domains. To minimize this effect, we compared the
unfolding forces in just the first and fourth peaks in each
sawtooth pattern because individual Ig domains will, on aver-
age, have hierarchical unfolding forces dependent upon their
relative mechanical stabilities.

Collating data from just one stretch rate of 1000 nm s~
showed there was a significant difference (p < 0.05, Student’s
t test) between the unfolding forces of both the first and fourth
peaks in the force extension traces of 191-198 obtained in the
presence and absence of aB-crystallin (Fig. 8D); these differ-
ences were 38 = 2 and 59 * 3 pN (mean * S.E.), respectively.
Calculations (34) from the linear fits to the pooled data of Fig.
8C show that the spontaneous rate of unfolding, averaged over
all eight Ig domains in the titin construct, was lower in the
presence of aB-crystallin than in buffer alone by a factor of ~3.
Therefore, the presence of aB-crystallin substantially reduces
the probability of Ig domain unfolding.

1

forces for the first and fourth force peaks in the absence (gray bars) and
presence (white bars) of aB-crystallin, collated at a stretch rate of 1000
nm s~ '. Error bars are one S.E. Numbers in each data set are 131, 81,
45, and 21 from left to right.
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DISCUSSION

aB-crystallin binds to cardiac myofibrils under conditions
that produce ischemia (7). Titin is a target for the chaperone,
and the isolated protein will bind aB-crystallin even when not
denatured. Antibody labeling in sectioned fibers showed that,
within the physiological range of sarcomere lengths (1.9-2.4
um), aB-crystallin was associated with a discrete region of
titin, which moved away from the Z-disc as titin was extended.
Contrary to expectation, aB-crystallin was not associated with
the PEVK domain, but was in the N2B region. At longer sar-
comere lengths, aB-crystallin added back to skinned myofibrils
had a more diffuse distribution centered on the N2B region,
which was probably due to extension of this sequence. Ig do-
mains in the proximal Ig region of cardiac titin are known to be
less stable than those in the distal region (19, 31). Some prox-
imal Ig domains are predicted to unfold at the high end of the
physiological range of sarcomere lengths, whereas Ig domains
in the distal Ig region would unfold only at sarcomere lengths
above ~6 um (19). The spread of aB-crystallin up to the Z-disc
in some overstretched myofibrils (Fig. 4B) is likely to be due to
association of the chaperone with partially unfolded Ig domains
in the proximal region.

The stability of the block of eight Ig domains (191-198) from
the distal Ig region was shown by resistance to denaturation
upon heating and spontaneous refolding to the nearly native
state after renaturation from GdnHCI. aB-crystallin would not
be expected to associate with these relatively stable Ig domains
under physiological conditions. An unexpected finding was that
aB-crystallin bound to Ig domains 126/I127 at the C-terminal
end of the N2B region under mild conditions when it did not
bind to other Ig domains. This suggests that one or both of
these Ig domains is relatively unstable, although we cannot
exclude the possibility that aB-crystallin binds to folded 126/
127. 127 is in all isoforms of titin (except the minor isoform
Novex-3, which is not a full-length titin), and an individual
exon codes for this domain (14). If 127 were responsible for
aB-crystallin binding to 126/I127 and the domain were unusu-
ally unstable, it might have an important function in titin
elasticity, possibly modulating the extension of the uN2B se-
quence upon stretch. (127 in the new nomenclature is not to be
confused with 127 in the old nomenclature, which is now called
191. 191 is stable.)

The binding of aB-crystallin to the N2B region of cardiac
titin in only moderately stretched fibers suggests that this part
of titin is particularly vulnerable to misfolding at physiological
sarcomere lengths. The N2B region in cardiac muscle binds
metabolic enzymes via a LIM protein, DRAL/FHL-2 (35); this
important function may need a specific conformation of the
central region of the uN2B sequence, which may be protected
by aB-crystallin under conditions of stress. The binding of
aB-crystallin to recombinant titin fragments from the N2B
region shows that the chaperone binds directly to titin and
therefore probably not via the enzymes or DRAL/FHL-2.

AFM measurements showed that aB-crystallin stabilizes Ig
domains. When single molecules of 191-198 were stretched, Ig
domains unfolded consecutively, and the force needed to unfold
individual domains was greater in the presence of aB-crystal-
lin. Because the Ig domains in 191-198 vary in stability, the
significance of this effect was demonstrated individually for the
first and fourth sawtooth force peaks. aB-crystallin was found
to decrease the probability of Ig domain unfolding. Under con-
ditions of stress, when spontaneous unfolding of Ig domains
would be more likely, recruitment of aB-crystallin to Ig regions
of titin would have a stabilizing effect. This would be especially
important in the more labile proximal Ig region.

aB-crystallin, like other sHSPs, binds to proteins that have
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lost all or part of their secondary structure and prevents the
irreversible formation of aggregates, but it does not have the
usual chaperone activity of assisting refolding, which requires
ATP (4, 36, 37). The 20-kDa monomers of aB-crystallin form
complexes with molecular masses of 300—800 kDa; the struc-
ture of the complex is variable, and exchange of subunits be-
tween complexes suggests that the oligomer is unstable (38,
39). Recombinant aB-crystallin has a chaperone function sim-
ilar to that of the native protein (25), but it forms complexes
that are more uniform in size than the native protein. Recon-
struction of cryoelectron microscope images of selected parti-
cles showed that the roughly spherical complex is ~10 nm in
diameter, with protein subunits surrounding a central cavity
(40). The variability in size and shape of the protein shell
suggests that the aB-crystallin monomer is flexible. aB-crys-
tallin and other sHSPs have an “a-crystallin domain” in the
C-terminal region that consists of B-strands in an Ig fold (41,
42). The Ig domain has been confirmed in the crystal structures
of two sHSPs (43, 44). Target proteins are bound to aB-crys-
tallin at the a-crystallin domain and also at the hydrophobic
N-terminal region, which is inside the complex (36). The dy-
namic nature of the oligomers of sHSPs has led to the proposal
that, under unfavorable conditions, there is transient dissoci-
ation of oligomers, which allows partially unfolded target pro-
teins to bind to sites usually unavailable within the complex
(42, 43).

A model derived from studies of the binding of aA- and
aB-crystallins to mutant lysozymes of varying stability (45, 46)
can be applied to the association of aB-crystallin with titin.
a-Crystallins recognize proteins in states intermediate be-
tween the native and completely unfolded states. Two modes of
binding between a-crystallins and substrates have been iden-
tified: a low capacity, high affinity mode binding to the more
nearly native substrates and a high capacity, low affinity mode
binding to more destabilized substrates. The low affinity bind-
ing to less native substrates prevents the chaperones from
promoting protein unfolding. The extremely low affinity of aB-
crystallin for completely unfolded states would explain the lack
of binding to the PEVK domain of titin that we observed in
immunoelectron microscope and immunofluorescent images
and in binding assays with PEVK from skeletal titin. Binding
of aB-crystallin to the uN2B sequence suggests that this region
has appreciable secondary structure in vivo. As discussed
above, differential binding of aB-crystallin to Ig domains would
reflect the relative stabilities of these domains. aB-crystallin
could bind reversibly to proximal tandem Ig domains if a few
were partially unfolded at physiological sarcomere lengths, and
this would protect them from further unfolding.

Association of substrates with a-crystallins is dynamic, and
the equilibrium between binding to the chaperone and dissoci-
ation and refolding depends on prevailing conditions and the
oligomeric state of the a-crystallin. The capacity and affinity of
aB-crystallin for partially unfolded substrates are increased by
phosphorylation in the N-terminal region, which destabilizes
the structure of the oligomer, promoting substrate binding; this
is thought to regulate aB-crystallin chaperone activity (45, 47).
About 20% of the total aB-crystallin is phosphorylated when
the protein moves to myofibrils under conditions of stress (7).
In cardiac fibers, B-adrenergic stimulation produces an in-
crease in the frequency of contractions, which is due to phos-
phorylation of myofibrillar proteins such as troponin I and
myosin-binding protein C by cAMP-dependent protein kinase
(48-50). Rat heart titin is phosphorylated in the uN2B se-
quence following B-adrenergic stimulation, and this produces a
drop in passive tension (51). aB-crystallin is phosphorylated by
cAMP-dependent protein kinase (52), and activation of the
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enzyme would be expected to increase the affinity of aB-crys-
tallin for the N2B sequence as well as phosphorylating N2B
itself. Thus, aB-crystallin may protect this region from poten-
tial damage incurred when a more compliant uN2B sequence is
stretched.

In conclusion, aB-crystallin binds to cardiac titin in the N2B
region at physiological sarcomere lengths. Binding sites are in
the uN2B sequence and 126/127. At longer sarcomere lengths,
aB-crystallin can also bind to the proximal Ig region. Previous
work has shown that aB-crystallin moves to sites on myofibrils
under conditions of stress, including ischemia. The function of
aB-crystallin is likely to be the protection of the extensible N2B
region and less stable Ig domains from denaturation due to
unfolding, by binding reversibly to intermediate folding states.
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