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adjusted in each fraction to either 115 or 100 mM for the 5-HT,cR and GluR-B
substrates, respectively.

Pharmacological characterization. For analysis of phosphoinositide hydro-
lysis, transfected cells were plated in DMEM medium containing 10% calf
serum, penicillin and streptomycin; 24h after electroporation, cells were
labelled overnight with 2 pCi [*H]myo-inositol/ml in serum-free, inositol-free
DMEM. Before addition of 5-HT, cells were washed with serum-free medium
and the accumulated *H-inositol monophosphate assayed®. Competition
binding with [SH]mesulergine (1mM) (Fig. 3b) was done as described” and
nonspecific binding was determined with 10 wuM methysergide. Apparent K;
values were calculated according to ref. 30. Published 5-HT,cR (INI) K; values
were used for clozapine, mesulergine, bromo-LSD and mianserin®. 1.6 puM
PBZ decreased receptor density to 29.6% of control (Fig. 5¢), as determined by
saturation binding of [*H]mesulergine. ECsg, Epay and By values (1 = 3) for
PBZ-treated INI and VSV isoforms were 6.6 = 2.5nM compared with
8.5 £3.7nM, 320 = 10 compared with 240 £ 20 per cent of basal, and
3,444 *+ 448 compared with 946 = 227 fmol per mg protein, respectively.
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The giant muscle protein titin, also called connectin, is respon-
sible for the elasticity of relaxed striated muscle, as well as acting
as the molecular scaffold for thick-filament formation"’. The titin
molecule consists largely of tandem domains of the immuno-
globulin and fibronectin-III types, together with specialized
binding regions and a putative elastic region, the PEVK
domain’. We have done mechanical experiments on single mole-
cules of titin to determine their visco-elastic properties, using an
optical-tweezers technique. On a fast (0.1s) timescale titin is
elastic and force—extension data can be fitted with standard
random-coil polymer models, showing that there are two main
sources of elasticity: one deriving from the entropy of straighten-
ing the molecule; the other consistent with extension of the
polypeptide chain in the PEVK region. On a slower timescale
and above a certain force threshold, the molecule displays stress-
relaxation, which occurs in rapid steps of a few piconewtons,
corresponding to yielding of internal structures by about 20 nm.
This stress-relaxation probably derives from unfolding of immu-
noglobulin and fibronectin domains.

Relaxed striated muscle possesses markedly nonlinear visco-
elastic properties, including stress-relaxation and hysteresis. The
steady-state force—extension relationship is at first roughly expo-
nential, but at extreme stretch there is a yield point, after which the
curve is less steep. Elasticity derives principally from connections
between the ends of thick filaments and the Z-line (Fig. 1a). These
connections are formed by the I-band region of the roughly 3,000K
protein titin; the end-to-end length of this region increases with
muscle stretch, from about zero to 1 wm. The remaining (A-band)
region of the titin molecule, 0.8 pm long, runs to the M-line and is
normally integral with the thick filament. The maximum passive
(yield) force per thick filament is in the range 100-200 pN, with
between 3 and 6 titin molecules in each half filament, so the
maximum force per molecule lies between 15 and 70 pN. The
major part of skeletal muscle titin consists of 140—160 immuno-
globulin domains and 132 fibronectin-III domains; in the I-band
region the 1,000-2,200 residues of the so-called PEVK region are
flanked by 70-90 immunoglobulin domains, depending on
isoform®. Recent studies of epitope positions in preparations of
stretched muscle fibres*® suggest that titin has two physiologically
important elastic mechanisms (Fig. 1b—d). At rest length, with no
external force, the I-band region of the molecule probably assumes a
random-coil configuration® (Fig. 1b). As the sarcomere is extended
force begins to rise as the molecule is straightened, with little change
in secondary or tertiary structure (Fig. 1c). With further stretch,
force rises more steeply as the polypeptide conformation in the
PEVK region changes from a compact to a more extended config-
uration (Fig. 1d). At extreme lengths titin detaches from the thick
filament (yield point) and the A-band part of the molecule becomes
extensible’ (Fig. le). Whether the immunoglobulin or fibronectin

1 Present address: Institute of Theoretical and Experimental Biophysics, Puschino, Moscow Region
142292, Russia.
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domains can be mechanically unfolded (Fig. 1e) and contribute to
extensibility or elasticity is controversial*>* .

We tested these proposals by measuring the mechanical proper-
ties of individual titin molecules. We tethered a molecule between a
glass surface and a polystyrene bead, using antibodies directed
against epitopes located near the ends of the molecule. A bead
was trapped using optical tweezers and the molecule was stretched
by moving a microscope stage horizontally (Fig. 1f—j). We measured
force from the displacement of the bead from the trap centre.

We designed the first type of experiment (‘dynamic method’) to
collect data quickly, to minimize stress-relaxation. We stretched the
molecule using a triangular wave movement with a frequency of
about 2 Hz (Fig. 2, inset). The resulting force—extension curves were
highly nonlinear (Fig. 2, continuous curve). We fitted the curves
with two polymer models for a chain of contour length L: (1) the
freely-jointed chain model (fic)", in which the molecule is con-
sidered to consist of rigid segments of average length a, which are
freely jointed with respect to neighbouring segments; or (2) the
worm-like chain (wlc) model', in which the direction of the chain
varies continuously, with a persistence length b (which is equivalent
to half the segment length at zero external force). Assuming one
component of elasticity, there were systematic deviations from the
experimental curves (Fig. 2, dots), but excellent fits were obtained
assuming two components in series (Fig. 2, circles). The results from
both models are summarized in Table 1.
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Figure 1 Schematic diagram of mechanisms of elasticity and extensibility of titin
in situ (a-e) and in isolated molecules (f-j). a, Structure and location of titin. Ovals
represent immunoglobulin and fibronectin domains; there is a total of about 280.
Vertical arrows indicate the positions of the antibodies used. b, At zero stretch,
the titin configuration in the I-band is a random coil and force is zero. ¢, Stretch
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At low force most of the compliance derives from a component
with an estimated contour length of 1,000-1,100 nm, with a
segment length (fic) of about 5nm, or persistence length (wlc)
also about 5 nm (component 1, Table I, first section). The contour
length corresponds to the extended length of the molecule excluding
the PEVK region (Table 1, second section), and its elasticity then
results from the path of the molecule adopting a random coil

Table 1 Lengths of the elastic components of titin

Method n Ly (nm) di (nm) Lo (nm) d, (nm)

Two-component models

Freely-jointed chain 104 1,070(125) 53(0.8) 619(122) 0.35(0.03)
Worm-like chain 104 1,020(58)  4.6(0.9) 416(45)  015(0.01)
Other studies

Sequence®* 1,100 4 530-840 0.38
Molecular combing® 1,100 160-500
In situ epitope* 500-600

The first section shows the results of fitting two-component models to the experimental
force-extension curves of titin. L is the contour length and d the unitary length of a
component. For the freely-jointed chain model d is the segment length, and for the worm-
like chain model d is the persistence length. Figures in brackets are s.e.m. Variability in the
results may be due to a proportion of the beads having multiple attachments or to tangling or
knotting of the titin. The second section shows published results from studies using other
methods, where L, is the length of the molecule, after subtracting 200 nm for the length
excluded by the epitopes inthe present study. L , is the length of the PEVK region whose size
is estimated from its sequence®* and which correlates to a selectively extensible region
identified by molecular combining® or epitope monitoring in situ®.
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initially straightens the molecule and force rises. d, At moderate stretch, the PEVK
region extends. e, At extreme stretch, titin detaches from the thick filament.
Immunoglobulin and fibronectin domains may also unfold. f, Experimental
procedure for single molecules. g-j, Mechanisms of elasticity in single-molecule
experiments, corresponding to b-e.
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configuration, with flexibility of 1-2 domains between units. The
second component accounts for a greater share of the compliance at
higher force (component 2, Table 1, first section). Its contour length
is commensurate with the extended length of the PEVK region
(Table 1, second section), and its segment length of 0.35nm is
consistent with the predicted repeat per residue of 0.38 nm of fully
extended polypeptide.
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In the second type of experiment (‘static method’) we measured
the steady-state force—extension relationship by increasing the
length of a molecule in steps of about 250 nm, waiting at each
stage until stress-relaxation (time constant about 1s) was nearly
complete (inset to Fig. 3a). For small stretches the force—extension
behaviour followed the dynamic curve. Stress-relaxation became
apparent at some threshold value of force (15-60 pN), after which

Figure 2 Dynamic force-extension relationship of titin. Experimental curve from
one experiment (continuous curve); fitted using single-component worm-chain
model, with L = 1,932nm, b = 0.76 nm (dots); fitted using two-component worm-
chain model, with L, =1,174nm, b, =4.15nm, L, =791nm, b, =0.19nm
(circles). Fits using the freely-jointed chain model were slightly worse for a
single component and equally good for two components. Inset, records of
stage movement and resulting bead movement. Extension of the molecule was
obtained from the stage movement after subtracting the bead movement and
applying a geometric correction; force was obtained from the bead movement,
trap stiffness and a geometrical correction (see Methods).
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Figure 3 Static force-extension relationship. a, Steady-state force-extension
relationship (solid lines and circles) derived from three cycles of stretches and
releases (records shown ininset). For clarity, only the later non-overlapping points
from succeeding cycles are shown. After the end of the last cycle the bead
escaped from the trap. The dashed line shows the dynamic force-extension
relationship. b, Stepwise stress-relaxation (enlargement of part of the record in a).
The bar shows the scale for the corresponding extension of the molecule,
obtained from the slope of the instantaneous force-extension relationship during
the rapid length changes. Inset, histogram of step size; the average unitary step
size in this experiment was 13 nm, but there was considerable variation between
experiments, and the average for all was 19 nm. ¢, Hysteresis. Force-extension
relationship from another experiment; complete curves were obtained in three
stretch-release cycles. Arrows mark progression around each loop. Inset, force
record from third cycle to show unchanging force levels after releases.
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the curve was less steep. The average maximum extension achieved
in all experiments was 3.2 um at a force of 110 pN; 5 molecules (out
of 22) were extended to 4-7 wm. Indirect evidence for such large
extensions has been reported previously” and must entail unfolding
of immunoglobulin and/or fibronectin domains.

Stress-relaxation occurred in stepwise fashion (Fig. 3b), with a
unitary drop in force in the range 3 to 10 pN (or multiples of the
unitary value). The corresponding internal extension (‘step size’),
calculated from the change in force divided by the instantaneous
stiffness, was 19 = 11 nm (mean * s.d., n = 821) from all experi-
ments. The contour length of an unfolded domain was about 35nm
(see Methods), agreeing well with the theoretical maximum of
38 nm for domains of 100 residues.

Complete stretch—release cycles show hysteresis loops, which
become increasingly wide as the degree of stretch is increased
(Fig. 3c), as observed in muscle”'. There was no visible sign of
reversal of stress-relaxation following length decrements (inset to
Fig. 3¢c). However, after a completed cycle the subsequent ascending
curve usually showed a partial recovery from the previous descend-
ing curve, and this was accompanied by stepwise stress-relaxation
starting at about the same threshold of force as in the previous cycle
(inset to Fig. 3a). This suggests that refolding occurs, but only when
the external force has been reduced to a low level. Whether complete
recovery can occur after a sufficiently long interval at low force
remains to be investigated.

Why do domains unfold? The unperturbed equilibrium constant
(K,) for the folded—unfolded transition determined for a low-
stability titin immunoglobulin domain (AG = 2.6kcalmol ') is
about 750 (ref. 15). The half-time of unfolding of an immuno-
globulin domain from the related protein twitchin (AG =
4kcalmol ') is 40 min and the refolding half-time is about 0.5
(ref. 16). The energy of stretching a domain at a force of 50 pN can
be calculated from our experiments to be about 1.8 kcal mol ~'. The
strain in a domain at 50 pN is about 0.5 nm, presumably sufficient
to break inter-chain bonds in the 3-sheets of the domains. Allowing
for the differences in stability of the titin and twitchin domains, the
strain energy could reduce the time constant for unfolding to 1s,
and K, to 4. In our experiments stretching an unfolded domain to
20 nm will increase its free energy by about 50 kcal mol ™', trapping
the unfolded state’. For appreciable refolding to occur, the unfolded
domain must shorten to near its native folded length, requiring the
force to be reduced to a few piconewtons (see Methods). The
average stabilities of immunoglobulin and fibronectin domains
are comparable®™'%, but variations in stability within both classes
will ensure that unfolding is not catastrophic.

At low forces our results are consistent with the model shown in
Fig. 1b—d. At high forces yielding is due to domain unfolding,
whereas in muscle fibres it is associated with detachment of titin
molecules from the thick filament’. Perhaps unfolding triggers
progressive detachment from the thick filament as a consequence
of loss of the tertiary structure presenting the binding site. Does
unfolding contribute to extensibility in the physiological range
of sarcomere lengths? Muscle fibres exhibit stress-relaxation and
hysteresis well below the length at which yielding occurs™ and this
might entail a limited amount of unfolding; it is thus conceivable
that the immunoglobulin domains act as shock absorbers.

Note added in proof: Gaub, Bustamante and colleagues have
independently reported similar findings**. O
Methods

Bead preparation. Antibodies were covalently coupled to aldehyde-poly-
styrene latex microspheres, diameter 1.1 um: 10 pl of the bead suspension
(~7.7 X 10" ml ') were diluted to 1 ml with 10mM HEPES buffer, pH 7.5,
and 10-50 pl of antibody solution (cell supernatant) was added. After 30 min
incubation at room temperature with constant stirring, 10—20 wl BSA solution
(10 mgml ") in HEPES buffer was added for a further 20 min. The suspension
was then sonicated, diluted to 10 ml with 50 mM Tris, 10 mM B-mercaptoetha-
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nol solution, pH 7.5, and centrifuged at 10,000g for ~10 min. Washing in the
Tris buffer was repeated before the beads were suspended in 1 ml 0.3 M KCl,
0.1 mM NaNj;, I mM EGTA, 0.1 mM DTT, 10 mM histidine, pH 7.5.
Cell-surface preparation. A flow cell (internal volume ~50ul) was made
from a clean glass coverslip, coated with a thin film of nitrocellulose and a
microscope slide, separated by two strip fragments of coverslip (attached by
Vaseline). Incubations, each 10 min, were performed at room temperature
sequentially as follows: antibody solution (cell supernatant); BSA (10mgml ')
in 0.3 M KCl, pH 7.5; titin (0.1 mgml ™" in 0.3 M KCl, pH 7.5, prepared from
rabbit back muscle') containing 5mgml ™' BSA; bead suspension. The final
solution was 0.3 M KCI. In the experiments described the antibodies used bind
~100 nm from the M- (AB5; ref. 20) and Z-lines (T12 (ref. 12) or DB1; J.T.,
unpublished data) in situ. Preliminary experiments using a wide variety of
antibodies showed that the displacement of beads with a roughly 1-pN force,
produced by fluid flow, depended on the distance between epitopes determined
in situ, thus validating the method.

Density of titin and antibodies on the bead and coverslip. Rough calculations
of antibody density on the surfaces, allowing for the likely binding efficiency
towards titin, give upper limits for the density of bound titin molecules on the
coverslip of 2 per um?, and ~8 competent binding sites per bead. The observed
density of tethered beads was very much lower than this, about 100—
1,000 per mm’, and this was not increased by longer incubation times of the
beads. Thus, it is likely that most beads were attached by a single linkage.
Equipment. Most of the optical-tweezers technique used has been described
previously”. The apparatus was based on a modified inverted microscope
(Zeiss Axiovert), using a 2W Nd-YLF laser, 1.047 um (TFR, SpectraPhysics),
with a X 63 Planapo NA 1.4 objective. The slide was mounted on a piezo-
electric transducer (pzt)-operated stage (natural frequency ~100 Hz) equipped
with capacitance gauge transducers. Experimental data were digitized using a
PC with an analog-to-digital converter (National, Labview), usually at a
sampling frequency of 2kHz. Trap stiffness was determined from the root-
mean-square deviation of the brownian motion of a trapped bead, or from the
corner frequency of brownian noise, or the response to a sine-wave input into a
stage pzt, with a trapped bead about 5 um above the coverslip surface.
Dynamic force-extension data. Having trapped a bead and centred it by trial
and error, a triangular wave was applied to one pzt, and the quadrant detector
and capacitance gauge outputs were recorded. Data were processed as follows:
calibrations for the capacitance gauge and the detector were applied and
corrections were made for the nonlinearity of the detector and for the
nonlinearity of force produced by the trap. Five to sixteen triangular wave
sweeps were averaged and filtered at 100 Hz. The four quadrants of data from
the triangular wave were averaged and converted into extension and force,
assuming that the bead was free to rotate, and correcting for the geometry of the
bead and molecule. Analysis programs were written using Matlab.

Static force-extension data. The method used was similar to that described
for the dynamic force—extension data, except that length changes were applied
using the digital-to-analog output from a PC, giving ramp-faced steps (velocity
250nms '), and the pzt-operated stage was servo-controlled. Beads tended to
detach at high maintained force, and the most complete experiments entailed a
compromise with the time allowed for the steady state to be established after a
stretch (Fig. 3). The bead centring was checked at the end of an experiment,
showing that in most cases slippage was negligible.

Polymer models. Least-squares fits to the experimental force-extension data
were made for the freely-jointed chain model'' and the worm-like chain
model” (using the interpolation formula given in ref. 23), allowing all the
parameters to vary. A Simplex method (Matlab) was used. The force—extension
curve for an unfolded domain was obtained by subtraction of the dynamic
curve from the release section of a hysteresis curve, weighted for the number of
unfolded domains. The resultant curve was then fitted with a single component
freely-jointed chain model to obtain the contour length.
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Crystal structure of ICAM-2
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Recognition by integrin proteins on the cell surface regulates th

adhesive interactions between cells and their surroundings"*. The
structure of the I’ domain that is found in some but not all
integrins, has been determined®. However, the only integrin
ligands for which structures are known, namely fibronectin and
VCAM-1 (refs 5-7), are recognized by integrins that lack I
domains. The intercellular adhesion molecules ICAM-1, 2 and 3
are, like VCAM-1, members of the immunoglobulin superfamily
(IgSF), but they are recognized by an I domain-containing
integrin, lymphocyte-function-associated antigen 1 (LFA-1, or
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Harvard Medical School, 44 Binney Street, Boston, Massachusetts 02115, USA.
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CD11a/CD18). Here we present the crystal structure of the
extracellular region of ICAM-2. The glutamic acid residue at
position 37 is critical for LFA-1 binding and is proposed to
coordinate the Mg** ion in the I domain; this Glu 37 is surrounded
by a relatively flat recognition surface and lies in a B-strand,
whereas the critical aspartic acid residue in VCAM-1 and fibro-
nectin lie in protruding loops. This finding suggests that there are
differences in the architecture of recognition sites between
integrins that contain or lack I domains. A bend between domains
1 and 2 of ICAM-2 and a tripod-like arrangement of N-linked
glycans in the membrane-proximal region of domain 2 may be
important for presenting the recognition surface to LFA-1. A
model of ICAM-1 based on the ICAM-2 structure provides a
framework for understanding its recognition by pathogens.

The extracellular fragment of ICAM-2 containing the two
predicted IgSF domains was expressed in lectin-resistant CHO
Lec.3.2.8.1 cells® to obtain a homogeneous, high-mannose, N-linked
glycoform. Crystallization trials were done with native and endoH-
treated ICAM-2, and crystals were obtained only with the native
protein. The structure was determined by multiple isomorphous
replacement (MIR) and refined by XPLOR (see Methods and
Table 1).

ICAM-2 has two domains with an immunoglobulin(Ig)-like fold
(Fig. 1a). The molecule resembles a hockey stick, with a bend of 35°
and a rotation of 152° between the N-terminal, membrane-distal
domain 1 (D1), and the C-terminal, membrane-proximal domain 2
(D2), defined by superposition of the Ig framework. With domain 2
oriented perpendicular to the membrane, the edge of the two -
sheets formed by B-strands C and D in domain 1 faces outwards.

cell membrane (o

Figure 1 The crystal structure of ICAM-2. a, Ribbon diagram with g-strands in red,
a-helix in blue and coil in orange. The last residue of domain 1 (Tyr 85) is white. V-
linked sugars (yellow), Glu 37 in strand C of domain 1 (light blue) and disulphide
bonds (green) are included. b, View from the top of domain 1 towards the
membrane. Sugars linked to domains 1 and 2 are yellow and red, respectively. ¢,
Hydrogen bonds between residues in domain 1 (top) and 2 (bottom). Nitrogen and
oxygen atoms are in blue and red, respectively. Water molecules are shown as
red spheres. Prepared with Ribbons®.

NATURE|VOL 387115 MAY 1997




