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eliminate emission from BFP. Conditions were the same as for the steady-state

measurements apart from the protein concentration (1.0 mM).

Model building. We constructed structural models of GS1dCB in the

M**.ADP.Pi and M.ADP states using coordinates of the Vi and ADP structures

of S1dC11±13 and those of GFP20. As many residues of the C-terminal domain of

S1dC are missing in the S1dC data, they were restored by ®tting with the

chicken S1 structure using the program Eos25. The myosin head with the lever-

arm domain, assuming the Vi or ADP structure, was then reconstructed

from the Vi or ADP structure of the Dictyostelium S1dC11±13 and the structure

of the lever-arm domain of chicken S1 (ref. 3) as before5. Next, we calculated

the probability distribution of the position of ¯uorophore of BFP or GFP.

The calculation was based on FRET data and the following assumptions: (1) the

chain of GFP or BFP cannot occupy the same position as the S1dC chain;

(2) the distance between the ¯uorophore of GFP and the N terminus of S1dC

is 3.5 nm, and that between the ¯uorophore of BFP and the C terminus of S1dC

is 2.5 nm, consistent with the atomic structure of GFP20; (3) each of the

distances between the points (GFP ¯uorophore and N terminus of S1dC, GFP

¯uorophore and Cy3, BFP ¯uorophore and C terminus of S1dC, BFP

¯uorophore and Cy3, BFP ¯uorophore and GFP ¯uorophore) can vary

around the measured value as though the points are connected by springs

for which the spring constant is kBT/(0.25 nm)2. By introducing this length

variability, the error of the distance obtained by FRETmeasurements (the range

of the standard deviation was 0.02±0.14 nm) and the error in the initial

estimate of the position of Cy3 can be accommodated. Then we calculated

the probability distribution of the ¯uorophore using two types of S1dC

structure found in the PDB (Brookhaven Protein Data Bank) ®les under

accession numbers 1mmd (S1dC complexed with MgADP.BeFx) and 1vom

(S1dC complexed with MgADP.Vi). The best probability distribution was

obtained when we used the PDB ®les 1vom and 1mmd for the M**.ADP.Pi

and M.ADP states, respectively.
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Muscle contraction is driven by a change in shape of the myosin
head region that links the actin and myosin ®laments1,2. Tilting of
the light-chain domain of the head with respect to its actin-bound
catalytic domain is thought to be coupled to the ATPase cycle3±6.
Here, using X-ray diffraction and mechanical data from isolated
muscle ®bres, we characterize an elastic bending of the heads that
is independent of the presence of ATP. Together, the tilting and
bending motions can explain force generation in isometric
muscle, when ®lament sliding is prevented. The elastic strain in
the head is 2.0±2.7 nm under these conditions, contributing 40±
50% of the compliance of the muscle sarcomere. We present an
atomic model for changes in head conformation that accurately
reproduces the changes in the X-ray diffraction pattern seen when
rapid length changes are applied to muscle ®bres both in active
contraction and in the absence of ATP. The model predictions are
relatively independent of which parts of the head are assumed to
bend or tilt, but depend critically on the measured values of
®lament sliding and elastic strain.

We measured the elastic properties of the actin and myosin
®laments and myosin heads in actively contracting single muscle
®bres by imposing a sinusoidal length change of about 5 nm per
half-sarcomere, peak-to-peak with period 320 ms (Fig. 1). The force
oscillated between about 0.6 and 1.6 T0, where T0 is the steady force
during isometric contraction (Fig. 1a). No phase difference could
be detected between the force and sarcomere length changes with
the 8-ms sampling interval (Fig. 1b). Thus the length changes are
suf®ciently fast, and the compliance of the ®bre attachments
suf®ciently small, that the force response is purely elastic7; neither
the rapid force recovery associated with the working stroke in the
attached myosin head8, nor the slower detachment of myosin heads
from actin and reattachment to it9,10 contribute to the force response
during the 320-ms cycle.

Elastic deformation of myosin heads alters the intensity of the M3
X-ray re¯ection (IM3) arising from the 14.5-nm spacing between
adjacent sets of myosin heads along the ®laments11,12. IM3 decreased
by 25 6 3% (mean 6 s:e:, 5 ®bres) during the stretch phase of the
length-change cycle (Fig. 1c, ®lled circles). The change in IM3,
recorded at 20-ms time resolution, was exactly 1808 out of phase
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with the length and force signals. Thus the motion of the myosin
heads in this protocol is purely elastic, like the mechanical response.

The compliance of the myosin ®laments was estimated from the
spacing of the M3 re¯ection, and that of the actin ®laments from the
spacing of the 5.9-nm layer line re¯ection from the actin helix, by
comparing 100-ms time-frames at the peak and trough of the force
oscillation. The strains in the myosin and actin ®laments were
0:12 6 0:01%=T0 and 0:30 6 0:13%=T0 respectively (6s.e., 5 ®bres),
in agreement with the spacing changes of a wider range of X-ray
re¯ections during slow stretch of whole muscles13,14. Our results
show that these spacing changes are not caused by attachment or
detachment of the myosin heads or by the working stroke in the

attached heads, processes that are slower than the length-change
cycle used here.

The total compliance of the muscle ®bre segment illuminated by
the X-ray beam during the 320-ms length-change cycle was 5.1 (6
0.3) nm/T0 in each half-sarcomere. This includes the contributions
of myosin and actin ®laments and the myosin heads that crosslink
them in the zone of ®lament overlap. The contributions of the
myosin and actin ®laments were calculated from the X-ray mea-
surements of average ®lament strain, taking into account the strain
distribution along the ®laments15,16, as 0.8 and 2.3 nm/T0 respec-
tively. Neglecting possible small contributions from other sarco-
meric structures, the remaining 2.0 nm/T0 of the half-sarcomere
compliance in active contraction should be due to the myosin heads.
The main source of uncertainty in this estimate is our value of
0:30 6 0:13%=T0 for the average strain in the actin ®lament. If this
were replaced by the more precise published values, either
0:23 6 0:01%=T0 from the spacing change of the 2.7 nm actin-
based X-ray re¯ection during slow stretch of whole muscles13, or
0:21 6 0:03%=T0 from the variation of sarcomere compliance with
sarcomere length in isolated ®bres16, the myosin head compliance
would be about 2.7 nm/T0.

Elastic deformation of myosin heads should still be present in the
absence of ATP (in rigor), when all the myosin heads are bound to
actin17,18. To test this prediction, we applied a peak-to-peak length
change of 2.4 nm per half-sarcomere and period of 320 ms to ®bres
that had been permeabilized and depleted of ATP (Fig. 2). The

Figure 1 Changes in force and intensity of the M3 X-ray re¯ection (IM3) produced

by rapid length oscillations. a, Length change (nm per half-sarcomere) of the

segment in the X-ray beam and force, when 4,000 oscillations with period of

320 ms were imposed duringelectrical stimulation of an intact muscle ®bre; cross-

sectional area, 20,100 mm2; length, 6.63mm; mean sarcomere length in the

2.34mm segment, 2.09 mm. b, Changes in motor position, segment length and

force, sampled at 8-ms intervals 1 s after the start of the oscillations. c, IM3 (®lled

circles) and force (continuous lines; that in the upper panel inverted and scaled to

®t IM3) averaged over the 4,000 cycles from 61 tetani in 5 ®bres; peak-to-peak

length change 5:27 6 0:12 nm per half-sarcomere. Dashed line: IM3 without

applied length changes in the same ®bres (11 tetani).

Figure 2 Changes in force and IM3 produced by length oscillations with 320 ms

period in rigor.a, Motor position, length changeof segment in the X-raybeam, and

force sampled at 16-ms intervals starting 30 ms after the start of 4,000 stretch-

shortening cycles. Before the oscillations force was 0.51T0; ®bre length, 3.52mm;

mean sarcomere length in the 2.16mm segment, 2.15 mm. Cross-sectional area:

21,100 mm2 in the intact ®bre, 24,800 mm2 in rigor. b, IM3 (®lled circles) and force,

summed over the 4,000 cycles, from 200 runs in 8 ®bres, peak-to-peak length

change, 2:4 6 0:1nm per half-sarcomere. Dashed line: IM3 without imposed length

changes in the same ®bres (29 runs); force was similar to the minimum value

during oscillations.
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resulting force modulation was 0:57 6 0:02 T0 (6s.e., 8 ®bres),
corresponding to a half-sarcomere compliance of 4:3 6 0:2 nm=T0.
There was no detectable phase lag between the sarcomere length and
force signals (Fig. 2a), as expected for a purely elastic response. IM3

increased by 14 6 4% during the stretch (Fig. 2b); this change is in
the opposite direction to that seen in active contraction (Fig. 1c), as
reported previously for slower length changes19. The spacings of the
X-ray re¯ections could not be measured precisely in rigor but,
assuming that ®lament compliances have the same value as in active
contraction20, the compliance of the myosin heads in rigor would be
1.2 nm/T0, or about 1.9 nm/T0 if we use published values of actin
®lament compliance13,16 as above.

We constructed an atomic model for the compliance of the
myosin head based on elastic bending of its light-chain domain
(Fig. 3). Head conformation in an unstrained rigor ®bre (Fig. 3a)
was assumed to be the same as that deduced from electron micro-
graphs of isolated actin ®laments decorated with myosin head
fragments3. When a ®bre in rigor is stretched, the light-chain
domain of the head is displaced towards the M line of the sarcomere
(upwards in Fig. 3b), so the axial position of its centre of mass moves
closer to that of the catalytic domain. The mass projection of the
head onto the ®lament axis becomes narrower, so IM3 increases, as
we observed. The size of the increase depends on the myosin head
compliance; the observed increase of 14 6 4% (Fig. 2b) requires a
head compliance of 1:3 6 0:4 nm=T0, in agreement with the value of
1.2±1.9 nm/T0 in rigor estimated above.

In active contraction, IM3 decreases during a stretch (Fig. 1c). This
can only be explained by bending of the light-chain domain if it has
already tilted substantially away from the rigor conformation
during active contraction. Following current models for the changes

in myosin head conformation during the ATPase cycle3±6, we
represented this active motion as tilting of the entire light-chain
domain with respect to the actin-bound catalytic domain. Starting
from the unstrained rigor conformation, the light-chain domain
must be tilted by 228 towards the M line of the half-sarcomere to
give the narrowest projection of the mass of the whole head on the
®lament axis, and thus the maximum value of IM3. Experimentally,
IM3 is maximized by shortening of ,1 nm per half-sarcomere from
the active isometric conformation21, which corresponds to tilting
the light-chain domain away from the M line by ,88. Thus the total
tilt between rigor and active isometric contraction is about 308.

In the experiment shown in Fig. 1, the average force is higher than
in isometric contraction and IM3 is lower (Fig. 1a, c). This suggests
that the light-chain domain is tilted upwards by a further ,108 from
its isometric conformation during this protocol (Fig. 3c). When an
active ®bre is stretched, bending of the light-chain domain displaces its
centre of mass away from that of the catalytic domain, so IM3 decreases,
as we observe. The decrease of 25 6 3% in the experiment shown in
Fig. 1 requires a myosin head compliance in active contraction of
2:3 6 0:3 nm=T0, in agreement with the value 2.0±2.7 nm/T0 esti-
mated above from the ®lament and sarcomere compliances.

According to this model, the tilting motion associated with the
ATPase cycle can still occur during isometric contraction, when
®lament sliding is prevented and the strain in the ®laments is
constant. In these conditions, the local conformational change at
the junction between the catalytic and light-chain domains is
accommodated by elastic bending of the light-chain domain, so
that the head±rod junction does not move with respect to the actin-
binding site. The resulting change in head conformation would be
dif®cult to detect by low-resolution structural methods.

Figure 3 Structural model for elastic bending and ATP-driven tilting of the light-

chain domain of the myosin head. a, Catalytic (heavy-chain residues 1±707, blue;

707±770, pink) and light-chain domains (heavy-chain residues 771±843, red;

essential light chain, yellow; regulatory light chain, magenta) of the myosin head,

bound to a vertical actin ®lament (grey, green, brown) in rigor, with the sarcomeric

M line at the top of the ®gure. In b±d, to which the scale bar in b applies, actin and

light chains are omitted for clarity, catalytic domain (blue) is in the same

conformation as a, and the moving part of heavy chain (residues 707±843) is

shown in red. b, Elastic bending of light-chain domain in rigor (Fig. 2), between

force 0.46 T0 (light red) and 1.03 T0 (dark red). c, Elastic bending of light-chain

domain during active contraction (Fig. 1) between 0.58 T0 (light red) and 1.63T0

(dark red). d, Head conformation before (force, 1.00 T0, dark red) and 2ms after

(force, 0.81 T0; light red) a shortening step of 5.6 nm per half-sarcomere during

active contraction. The conformations shown were calculated assuming a

myosin head compliance of 1.2 nm/T0 in rigor and 2.0 nm/T0 in active contraction.

The tilt angle between the light-chain and catalytic domains, relative to that in

rigor, was 408 in c, 308 at 1.00T0 and 08 at 0.81T0 in d. Graphics prepared using

Raster3D30. Coordinates kindly provided by I. Rayment3.
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Much larger changes in head conformation would occur if
®lament sliding were allowed. When a rapid shortening step is
imposed during active contraction, IM3 decreases during the rapid
force recovery that follows the step12,22, and we suggested previously
that this elementary force-generating process is due to a change in
conformation of the myosin heads. When a shortening step of
5.6 nm per half-sarcomere is imposed from the isometric force level
(T0), force recovers to 0.81 T0 by 2 ms after the step12, so the change
in elastic strain is only 1.0 nm and the remaining 4.6 nm must be
accounted for by tilting of the light-chain domain (Fig. 3d). The
required tilt angle is 308, which brings the head to its rigor
conformation. Moreover, the observed decrease in IM3, 29 6 6%
(mean 6 s:e:, n � 7; see Fig. 4 of ref. 12), gives an independent
estimate of the required tilt angle, 28:5 6 2:58, which is in good
agreement with that calculated from the ®lament displacement.

This structural model for the function of the myosin motor has
only two parameters: the tilt of the light-chain domain and the
elastic strain. The changes in these two parameters can be calculated
from measurements of the ®lament displacement, the force change,
and the compliances of the myosin head and sarcomere. The
observed changes in IM3 were consistent with the predictions of
this structural model in a wide range of conditions (our Figs 1 and 2,
and Fig. 4 of ref. 12). IM3 is relatively insensitive to the assumptions
about which parts of the head bend or tilt. For example, a localized
elastic element at the junction between the catalytic and light-chain
domains would have an effect very similar to that of uniform
bending of the light-chain domain. Further, tilting of the whole
head around its actin-binding site would produce a decrease in IM3

in the protocol in Fig. 3d, similar to that produced by tilting at the
catalytic/light-chain domain boundary, for the same amount of
®lament sliding. The critical features of the model for reproducing
the observed changes in IM3 are the value of the myosin head
compliance and the overall tilt of the heads towards the M line
during isometric contraction.

The elastic deformation described here for myosin is likely to be a
fundamental property of motor proteins, including those of the
kinesin and dynein families. All these motors are thought to work by
an ATP-driven change in conformation of a domain analogous to
the myosin head. Many of them have a region analogous to the
myosin light-chain domain which could amplify small conforma-
tional changes around the ATP-binding site into nanometre-scale
movements. Motor compliance may be an unavoidable conse-
quence of this lever-arm design23, but the compliance itself has
important functional advantages. It allows force generation against
an immobile cargo. It provides a sensor for modulation of the
ATPase activity by the external load, as required for ef®cient energy
transduction. Finally, as most motor proteins have more than one
head domain attached to a single tail, compliance within the head
allows two or more heads to work together. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Fibre mechanics.Mechanical measurements on single ®bres from anterior

tibialis muscles of Rana temporaria were made at 3±4 8C as described16,24.

Average sarcomere length in the ,2 mm segment in the X-ray beam was

measured by a striation follower. Intact ®bres were electrically stimulated for

1.5 s; after 0.3 s at constant length, 4,000 stretch-shortening cycles were applied

(Fig. 1a); after the ®rst 10 ms of imposed length oscillation the force response

was the same in each cycle, whether the oscillation began with a stretch or

release10,25. For rigor experiments (Fig. 2), isolated ®bres were permeabilized in

relaxing solution (5.4 mM Na2ATP, 7.7 mM MgCl2, 25 mM EGTA, 19.1 mM

creatine phosphate, 1 mg ml-1 creatine kinase, 20 mM butanedione monoxime

(BDM), 100 mM TES, 10 mM reduced glutathione) containing a-toxin at 18 8C
for 20 min16,26. Rigor was induced at zero force by incubating in rigor solution

(34 mM EDTA, 100 mM TES) plus 20 mM BDM, for 10 min at 0 8C20,27. Fibres

were stretched by ,4 nm per half-sarcomere at constant velocity for 1.5 s, 4,000

stretch-shortening cycles were imposed, then ®bre length was slowly returned

to its initial value.

X-ray diffraction. X-ray diffraction measurements were made at stations 2.1

and 16.1 of the CLRC Daresbury Laboratory, UK, with a monochromator/

mirror X-ray camera and two-dimensional gas-®lled detector28. Fibre-to-

detector distance was 2.3 or 3.1 m. X-ray data were analysed using the

XOTOKO and BSL packages from Daresbury. Re¯ection intensities were

measured after ®tting and subtracting a linear background; the intensity of

the M3 re¯ection (IM3), which has a spacing of about 14.5 nm in active

contraction and rigor, was calculated by integrating between reciprocal

spacings of 1/12.5 and 1/17.6 nm-1 axially and 1/91 nm-1 on either side of the

meridian in active intact ®bres (Fig. 1) and 1/13.1, 1/15.9 nm-1 and 1/130 nm-1,

respectively, in rigor (Fig. 2). There was no signi®cant change in the width of

the M3 re¯ection during the length-change cycle either along or across the

meridian, in either condition. For precise measurements of re¯ection spacings,

a polynomial background was subtracted and the centre of each re¯ection

determined either by ®tting a gaussian (Peak®t, Jandel Scienti®c) or from the

centre-of-mass calculated with the program HV written by A. Stewart. The

spacing of the 5.9-nm actin-based layer line was measured by integrating from

1/91 to 1/6.5 nm-1 from the meridian; its intensity changed by only 5% during

the length-change cycle, increasing during the stretch.

Structural model. The effects of myosin head deformation on IM3 were

calculated for bending of the light-chain domain (Fig. 3) as a uniform rod

clamped at residue 770 under an axial strain (z) at residue 843. Axial

displacement of each atom, assumed to be parallel to the 829±843 vector, was

calculated as zp�3L 2 x�x2=2L3, where x is distance of the atom from residue 770

and L is the value of x at residue 829, the sharp bend in the long heavy-chain

helix. Residues between 829 and 843 were assigned x � L. ATP-driven tilting of

the light-chain domain was at residue 707.

IM3 was initially calculated from the 1/14.5 nm-1 Fourier component of the

axial mass projection of the myosin head, including every atom of both the

heavy and light chains, assuming that the population of myosin heads that

respond to a length step and bear the active force all have the same

conformation and are responsible for the observed changes in IM3 (ref. 29). The

calculations were repeated with different values for myosin head compliance in

order to ®nd the compliance required to reproduce the observed changes in IM3.

The single-conformation model is unrealistic in that the catalytic domains of

myosin heads with head/rod junctions on a 14.5 nm axial repeat could not bind

to actin sites with a 5.5 nm axial repeat. We calculated the effects of the

mismatch in ®lament periodicities for an array of 50 myosin heads with their

head-rod junctions (residue 843) ®xed on a 14.5 nm repeat. In addition to the

elastic strain and inter-domain tilt parameters used in the single-conformation

model, the extra strain required for the catalytic domain to bind in its normal

conformation to the nearest actin site was simulated by applying an additional

strain, chosen at random in the range 62.75 nm, to the light-chain domain of

each individual head. The Fourier transform in the region of 1/14.5 nm-1 was

then calculated for the axial mass projection of the 50-head array. The static

values of IM3 were reduced by about one third compared to those from the

single-conformation model, but the fractional changes in IM3 produced by the

length-change protocols in Fig. 3b±d were essentially the same as in the single-

conformation model. The latter gives an accurate estimate of fractional changes

in IM3 for the protocols used here because the effect of conformational

dispersion is constant during the synchronous conformational change pro-

duced by rapid length changes, as shown analytically for the case of three

populations of heads with different conformations22.
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The repertoire of secondary metabolism (involving the produc-
tion of compounds not essential for growth) in the plant kingdom
is enormous, but the genetic and functional basis for this diversity
is hard to analyse as many of the biosynthetic enzymes are
unknown. We have now identi®ed a key enzyme in the ornamental
plant Gerbera hybrida (Asteraceae) that participates in the bio-
synthesis of compounds that contribute to insect and pathogen
resistance. Plants transformed with an antisense construct of
gchs2, a complementary DNA encoding a previously unknown

function1,2, completely lack the pyrone derivatives gerberin and
parasorboside. The recombinant plant protein catalyses the prin-
cipal reaction in the biosynthesis of these derivatives: GCHS2 is a
polyketide synthase that uses acetyl-CoA and two condensation
reactions with malonyl-CoA to form the pyrone backbone of
the natural products. The enzyme also accepts benzoyl-CoA to
synthesize the backbone of substances that have become of
interest as inhibitors of the HIV-1 protease3±5. GCHS2 is related
to chalcone synthase (CHS) and its properties de®ne a new class of
function in the protein superfamily. It appears that CHS-related
enzymes are involved in the biosynthesis of a much larger range of
plant products than was previously realized.

CHS, stilbene synthase and acridone synthase are polyketide
synthases that are found in plants; they share .65% identity.
They use aromatic CoA-esters as a starter substrate, perform three
condensation reactions with malonyl-CoA, and form new aromatic
ring systems6. We have previously characterized cDNAs encoding
two CHS enzymes from G. hybrida and a cDNA encoding a CHS-
like protein (GCHS2) with 73% identity to the CHS enzymes. In
contrast to CHS, GCHS2 is highly expressed in almost all tissues of
the plant. Its presence does not correlate with ¯avonoid biosyn-
thesis1, and its substrate preferences differ from those of the CHSs1,2.

By using antisense transformation of G. hybrida with the gchs2
cDNA, we obtained 14 plant lines that lacked gchs2 expression
partially or completely7. We next analysed methanol extracts from
leaf, ¯oral stem and corolla tissue of four transgenic lines, and from
non-transgenic plants. This analysis showed that downregulation of
gchs2 correlates with the absence of a dominant substance found in
control plants (Fig. 1a, b). In non-transgenic plants, the ontogenetic
distribution of this substance correlates with the presence of gchs2
messenger RNA (found in large amounts in all tissues except
anthers), but not with the transcripts of the other CHS-related
genes. A partial suppression of CHS genes takes place in the
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Figure 1 HPLC analysis of methanol extracts from leaves. a, Wild-type plant.

b, gchs2 antisense transformant, with no detectable gchs2 expression. The

major peak in a contains a mixture of gerberin and parasorboside. The peaks

marked with arrows in b are hydroxycinnamic acid derivatives which are present

at higher concentrations in the transgenic plants. A second independent

transformant with no detectable gchs2 mRNA also showed the pattern seen in

b. Two more transformants with partial antisense effect (17% and 97% of wild-type

gchs2 mRNA was detected) showed a reduced gerberin/parasorboside peak

(17% and 72% of the wild-type, respectively). Corolla samples from antisense

plants showed the same pattern of change as leaves. The wavelength used for

detection of the pyrone derivatives (254 nm) does not detect most ¯avonoids, but

analyses at the appropriate wavelength indicate that their concentration is

affected only sightly (,10% reduction) in gchs2 antisense transformants. HPLC

was done with an RP18 column, a linear gradient from 100% phosphoric acid (pH

2) to 100% methanol in 30min, and a ¯ow rate of 1 mlmin-1. mAu, absorption units

´10-3.


