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FIG. 3 p35 is a substrate of murine ICE, human NEDD-2/ICH-1, human
CPP32/Yama and chicken S/M extract. >*S-methionine-labelled p35
proteins (*p35) were incubated with 40 ng purified protease for 20 min
at 30 °C. Lanes 1-6, wild-type p35; lanes 7-12, mutant p35D87A; lanes
1 and 7, CED-3 buffer; lanes 2 and 8, purified CED-3 protease (40 ng);
lanes 3 and 9, purified murine ICE protease (40 ng); lanes 4 and 10,
purified human NEDD-2/ICH-1 protease (40 ng); lanes 5 and 11, puri-
fied human CPP32/Yama protease (40 ng); lanes 6 and 12, 1 pl chicken
S/M extract®.

did not generate a functional cell-death inhibitor, it is conceiv-
able that such an inhibitor can be made only by proteolysis of
an intact protein. Alternatively, the CED-3/ICE cleavage site in
p35 could act by allowing p35 to bind to the active site of,
and thereby competitively inhibit, these proteases. If present at
relatively high levels, p35 could inhibit by mass action; appropri-
ately high levels of p35 expression might be obtained normally
as a consequence of viral infection, and in cell culture and in
the worm as a consequence of expression from strong promoters.
If cleaved relatively inefficiently, p35 could inhibit by prolonged
association with the proteases. We further suggest that crmA,
or any other exogenous or endogenous substrates of members
of the CED-3/ICE cysteine protease family, might similarly
function as competitive inhibitors of these enzymes and hence
of programmed cell death. O
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THE unbinding and rebinding of motor proteins and their substrate
filaments are the main components of sliding movement'. We have
measured the unbinding force between an actin filament and a
single motor molecule of muscle, myosin, in the absence of ATP,
by pulling the filament with optical tweezers®. The unbinding force
could be measured repeatedly on the same molecule, and was
independent of the number of measurements and the direction of
the imposed loads within a range of +90°. The average unbinding
force was 9.2 £4.4 pN, only a few times larger than the sliding
force> but an order of magnitude smaller than other intermolecu-
lar forces®’. From its kinetics® we suggest that unbinding occurs
sequentially at the molecular interface, which is an inherent prop-
erty of motor molecules.

In the absence of ATP, a myosin molecule binds to an actin
filament forming a crossbridge through a rigor bond. On a glass
surface coated with a low concentration of heavy meromyosin
(HMM), which is a proteolytic fragment of myosin, short actin
filaments (1-2 pm long) rotated around a single point over a
range of more than 360° (which is analogous to a microtubule
tethered by a single kinesin molecule®). Long filaments (5-20 pm
long) were attached to the surface at nodal points a few micro-
metres apart (Fig. 1), between which the filament showed brown-
ian bending motion. These observations suggest that each
attachment point corresponds to a single HMM molecule',
although it is possible that a cluster of HMM molecules may
have been involved in some cases.

To measure the unbinding force needed to rupture the rigor
bond, we used optical tweezers to impose an external load on
the crossbridge by manipulating a polystyrene bead attached to
the rear end of an actin filament using gelsolin, an actin binding
protein (Fig. 1). The actin filament, once detached, could be
reattached by manipulating it into the same position on the
surface, provided the front remained attached to the surface by
one or more HMM molecules. The reattachment was usually
made at a slightly different point on the actin filament indicating

§ To whom correspondence should be addressed.

251



LETTERS TO NATURE

that the unbinding had occurred between the actin filament and
the HMM molecule, not between the HMM molecule and the
glass surface.

The time course of the displacement of the bead is shown in
Fig. 2a. First, the bead smoothly followed a laser spot moving
at a constant rate (along the dotted line), but lagged behind
after the actin filament became taut (at 1.4 s; compare with Fig.
14, a), so that a load proportional to the distance between the
bead and the trap centre was imposed on the rigor bond (labelled
‘stress’ in Fig. 2a). When the rigor bond was ruptured, the bead
returned to the trap centre (at 2.9 s in Fig. 2a; compare with
Fig. 14, b), and we could directly determine the unbinding force
from this abrupt displacement. The distribution of this

FIG. 1 A, A series of fluorescence micrographs showing the measure-
ment of the unbinding force of a rigor bond(s) between a single actin
filament and a single HMM molecule. The bead (indicated by the black
arrow in a) was trapped by a single beam of laser light and moved at
a constant rate to the direction indicated by the white arrow, such that
the actin filament became taut. The actin filament was attached to the
surface by two separate HMM molecules identified as two nodal points
(arrowheads in a)'°. As the laser spot was further moved, the load was
increased and subsequently one of the two molecules unbound (b),
such that the filament became nearly straight (c). The actin filament
could be reattached to the same HMM molecule repeatedly by manipui-
ating the filament into the same position while the second molecule
was still attached, and the external loads could be imposed in any
direction, as indicated by the white arrows (d and e). Scale bar, 5 um.
B, Schematic illustration of A: 6 is the angle of the applied force, h
(<1 um) is the height of the bead (¢ <10°).

METHODS. Actin and myosin were prepared from rabbit skeletal white
muscle. HMM prepared by chymotryptic digestion of myosin was stored
in liquid N, (ref. 18). Gelsolin was prepared as described previously*®
and crosslinked to the carboxylated polystyrene bead (1 um in diameter;
Polysciences, PA) with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(N. Suzuki et al., submitted), such that the barbed end of an actin
filament was attached to the bead. The average number of actin fila-
ments attached to the bead was controlled by crosslinking an appropri-
ate amount of bovine serum albumin (BSA) to the bead (for example,
BSA:gelsolin=20:1 in weight ratio). A small amount of BSA labelled
with rhodamine X maleimide (Molecular Probes, Eugene, OR) was also
crosslinked to the bead surface, and the actin filaments were labelled
with rhodamine phalloidin (Molecular Probes). The in vitro assay system
was based on that reported previously®® but with modifications as fol-
lows: the coverslip was exposed to vaporized hexamethyl disilazane
(HMDS; Nakalai Tesque, Kyoto) at room temperature overnight. A 50-
um thick flow cell, of which the lower surface was an HMDS-coated
coverslip, was filled with assay buffer (25 mM KCI, 4 mM MgCl,, 25 mM
imidazole-HCI (pH 7.4), 1 mM EGTA, 1 mM dithiothreitol). Then 2-
5ugml ' HMM, in assay buffer, was infused from each side of the
cell, at an interval of 60s, and washed with assay buffer containing
0.5 mg mi~* BSA, 10 mM dithiothreitol, 0.22 mg mlI~* glucose oxidase,
0.036 mg mi™* catalase and 4.5 mg ml™* glucose (solution B). Finally,
bead-tailed actin filaments (20 nM actin and 0.05% (w/v) bead), in
solution B, were infused. All experiments were done at 28-30 °C after
rinsing the flow cell three times with solution B to wash out ATP
(<20 nM) carried over from the G-actin solution. An inverted microscope
(TMD-300: an oil-immersion objective lens with a phase ring,
x100 NA=1.3; Nikon, Tokyo) was equipped with optical tweezers
based on a 1 W Nd:YLF laser (1053-1000p: A=1.053 pm; Amoco
Laser, IL). The linear polarization of the laser light was changed to
circular using a quarter waveplate. The trap centre could be moved at
a constant rate by controlling a movable mirror with d.c. servo-motors
(optmike-e; Sigma Koki, Hidaka, Japan). A phase-contrast image of the
bead was digitized and its centroid was calculated with a frame memory
computer (DIPS-C2000; Hamamatsu Photonics, Hamamatsu, Japan). A
fluorescent image of an actin filament was simultaneously acquired with
a modified dual-view microscopy system?*?2. The trap stiffness used
was about 0.1 pN nm™* (at a laser power of 95 mW without the objec-
tive) as measured by the following two distinct methods. First, the posi-
tion of a bead undergoing thermal brownian motion around the trap
centre at a low laser power, for example, 0.43 mW, was analysed at a
shutter speed of 1/8,000 s with a non-interlace CCD camera (TM-9700;
PULNiX, Kyoto). Assuming the Boltzmann distribution for the bead

position, the trap stiffness was calculated as 0.44x1072pNnm™,
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unbinding force is shown in Fig. 2¢: the peak was at 7 pN and
the mean value was 9.2 +4.4 pN (n=168). This unbinding force
is much smaller than other intermolecular forces, for example
110 pN for actin-actin®, 160 pN for avidin-biotin’ and >20 pN
for actin-gelsolin (judging from the stability observed in the
above measurements), but is comparable to the maximum sliding
force produced by a single HMM molecule in the presence of
ATP*™.

Even after the actin filament became taut, the bead was dis-
placed slightly (‘strain’ in Fig. 2a), such that a stress-strain rela-
tion could be obtained (Fig. 2b). The maximum strain at which
the rigor bond was ruptured was 69 =27 nm (n=30), larger than
a myosin head (20 nm), which indicates that the strain contains

A

Actin
filament \

Trapping
force

HMM  —7
molecule

. Optical
trap

corresponding to 0.097 pN nm™" at 95 mW. The stiffness values thus
estimated at h=0.5, 1.5 and 2.5 um coincided to within +£5%. Second,
the flow cell was displaced at a constant rate using a substage with a
piezoelectric transducer (L. Pickelmann, Munich, Germany). A bead,
trapped at h=2.5 um so as to make the effects of viscous coupling to
the glass surface negligible, was displaced owing to the viscosity of
water. The displacement was proportional, to 200 nm, to the force cal-
culated as F=6rnav, where n is the viscosity of water, a is the radius
of the bead (0.5 pum), and v is the velocity of the flow cell. The trap
stiffness was 0.095 pN nm™* at 95 mW.
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the elongation or tilting of some elastic parts in addition to a
myosin head. It should be noted, however, that the average elas-
tic modulus, 0.58+0.26 pN nm™' (n=17), estimated at a stress
of 8-10 pN (dotted line in Fig. 2b), was similar to the elastic
modulus of a crossbridge estimated in muscle fibres"'".

We could repeatedly measure the unbinding force of the same
HMM molecule by selecting long actin filaments attached to the
glass surface at more than two points (Fig. 1); short filaments
attached at a single point were difficult to reattach after
unbinding because of extensive brownian motion at the free end.
The unbinding force did not change significantly, even with
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FIG. 2 a, Time course of the movement of the trap centre (dotted line,
120 nm s %, corresponding to about 12 pN s %) and the bead (circles)
to which a single actin filament was attached. From the abrupt displace-
ment at 2.9 s, when the rigor bond was ruptured, the unbinding force
between an actin filament and an HMM molecule was estimated. b,
Stress—strain relation obtained after the actin filament became taut at
1.4 s in a. In most samples the elastic modulus increased as the strain
became large. The dotted line shows the elastic modulus at the imposed
load of 8-10 pN. c, Histogram of the unbinding force between a single
actin filament and a single HMM molecule.

NATURE - VOL 377 - 21 SEPTEMBER 1995

repetition of the measurements (Fig. 3a), indicating that HMM
had not been denatured despite the rigor bond being ruptured
several times by the external loads.

We also examined whether the unbinding force depends on
the direction of the external load (Fig. 1 4a, d, ). The angle (6 in
Fig. 1B) was limited within the range of +£90°, because filaments
forced to bend at angles larger than 90° tended to break at the
bend. As shown in Fig. 3b, the unbinding force appeared to be
independent of the direction of the load. This is due to the
flexibility of an HMM molecule, as revealed by the rotation of
the attached short actin filaments. In contrast, the sliding force*
and velocity'>'? of an actin filament depend largely on the orien-
tation of myosin molecules assembled in a thick filament.

The lifetime of a rigor bond without a load has been reported
to be 10°-10° s (refs 14, 15). In our experiments (Fig. 2), HMM
molecules detached within 3 s of an external load being imposed
(1.5 (=2.9—1.4) in Fig. 2a), implying that the external load
decreased the lifetime of the rigor bond. To confirm this load
dependence, we applied a sudden, constant load and then
measured the time that elapsed before unbinding occurred (Fig.
4). Individual lifetimes measured repeatedly on each HMM
clearly show that a higher load tends to shorten the lifetime (see
lines connecting the symbols in Fig. 4). This is consistent with
the observation that the detachment rate of rigor crossbridges in
muscle fibres is stress-sensitive'®. Note that, although variations
between different HMM molecules are large, data on individual
HMM are relatively consistent (see also Fig. 3).

In our experiments, the actin filament was always ‘pulled’ in
the direction opposite to the ‘power stroke’ of myosin (the bead
being on the rear end of the actin filament), and the reverse pull
at ~10 pN accelerated the rate of unbinding of the rigor bond
by a factor of 10°-10* (from 10°-10°s to ~1 s (Figs 2 and 4)).
This would imply an interaction distance of the order of (In (10°-
10*))ksT/10 pN ~ (2-3) nm (where kg is the Boltzmann constant
and T the absolute temperature)'’, which is an order of magni-
tude greater than the length of individual bonds at the molecular
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FIG. 3 Effects of the number of measurements (a) and the direction (6
defined in Fig. 1B) of the external loads (b) on the unbinding force
measured on the same HMM molecules. Different symbols in each
figure represent different HMM molecules. Open and closed symbols in
b indicate the first and subsequent measurements, respectively, con-
nected by lines.
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FIG. 4 Effects of the imposed loads on the lifetime of the rigor bond.
The flow cell was displaced stepwise within 1/30 s so as to impose a
constant external load (2-15pN) using a piezoelectric substage
(p-770.10; Physik Instrumente, Germany) with a function generator
(1915; NF Electronic Instruments, Japan). The lifetime was repeatedly
measured at various loads for the same HMM molecules. For those
rigor bonds not ruptured within 60 s, the lifetimes are plotted above
the broken line indicating 60 s. Different symbols represent different
HMM molecules, and open and closed symbols indicate the first and
subsequent measurements, respectively, connected by lines.

interface. On the other hand, the rate of unbinding of molecular
bond(s) having a typical interaction distance (~0.3 nm) would
be increased only by a factor of 2~exp (10 pN - 0.3 nm/kpT)
(cf. Fig. 3 in ref. 8). This suggests that the reverse pull of the
actin filament decreased very efficiently the activation energy
barrier for unbinding.

Taken together, our results indicate that pulling an actin fila-
ment tends to distort the actin-myosin interface in such a way
as to break the bonds at the interface sequentially from one end.
This should be a rapid process compared to unbinding without

a load, in which all bonds must break almost simultaneously.
Conversely, if the myosin molecule in the ‘power stroke’ prestate
could be ‘pushed’ in the direction of the ‘power stroke’, that is,
towards the rigor-like state, a conformational change(s) that
progressively increases the cohesive force between actin and
myosin would occur and a longer lifetime would be expected.
These properties were predicted on the basis of biochemical data,
but our mechanical results suggest that they are inherent to the
actin-myosin interaction, and that the role of ATP splitting
regulate the process of conformational change. O
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ONE of the important regulatory concepts to emerge from studies
of eukaryotic gene expression is that RNA polymerase II promo-
ters and their upstream activators are composed of functional mod-
ules whose synergistic action regulates the transcriptional activity
of a nearby gene'™. Biochemical analysis of synergy by ZEBRA,
a non-acidic activator of the Epstein—Barr virus (EBV) lytic cycle®,
showed that the synergistic transcriptional effect of promoter sites
and activation modules correlates with assembly of the
TFIID: TFIIA (DA) complex in DNase I footprinting and gel shift
assays. The activator-dependent DA complex differs from a basal
DA complex by its ability to bind TFIIB stably in an interaction
regulated by TATA-binding protein-associated factors (TAFs).
TFIIB enhances the degree of synergism by increasing complex
stability. Similar findings were made with the acidic activator
GAL4-VP16. Our data suggest a unifying mechanism for gene

1 To whom correspondence should be addressed.
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activation and synergy by acidic and non-acidic activators, and
indicate that synergy is manifested at the earliest stage of preinitia-
tion complex assembly.

ZEBRA (also called Zta) is known to stimulate assembly of
the DA complex in vitro'. We reasoned that if this was indeed
a biologically relevant event then it should be included in the
mechanism of transcriptional synergy®. The electrophoretic
mobility shift assay in Fig. la and the corresponding DNase I
footprints in Fig. 15 demonstrate that ZEBRA strongly stimula-
ted formation of DA complexes on two different core promoters
bearing multiple upstream sites (3 and 7 sites: Z;- and Z,-E4T
or -M), but did not alter the basal amount of complex formed
on a template bearing a single site (Z;). The results indicate
that the site-dependent synergistic effect of ZEBRA observed
in transcription assays in vivo and in vitro'” (M.C. and T.C.,
unpublished observations) is first manifested at the DA complex
and that the cooperativity is not restricted to a particular core
promoter. Furthermore, synergistic DA recruitment occurs while
the ZEBRA sites are saturated, which suggests that multiple
molecules of activator are simultaneously interacting with DA,
in accordance with a model we have proposed previously®’.
DNase I footprinting also showed that removing either of two
non-acidic activation modules (regions I and II), which act
synergistically to enhance ZEBRA’s activity in transcription
assays'’ (data not shown), abolishes formation of the DA com-
plex (Fig. 1¢), which is similar to the mutant’s transcriptional
effects. The ZEBRA-responsive DA footprint encompasses both
the TATA box and downstream regions, generating an extended
series of downstream enhancements and protections'® 2.

ZEBRA promotes binding of TFIIB to DA (Fig. 2). The gel
shift in Fig. 2a shows that, although TFIIB had no discernible
effect on the mobility or amount of basal DA complex (lanes 1
and 3), it generated a clear DAB supershift in the presence of
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