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Motility Powered by Supramolecular
Springs and Ratchets

L. Mahadevan1 and P. Matsudaira2,3*

Not all biological movements are caused by molecular motors sliding
along filaments or tubules. Just as springs and ratchets can store or release
energy and rectify motion in physical systems, their analogs can perform
similar functions in biological systems. The energy of biological springs is
derived from hydrolysis of a nucleotide or the binding of a ligand, whereas
biological ratchets are powered by Brownian movements of polymerizing
filaments. However, the viscous and fluctuating cellular environment and
the mechanochemistry of soft biological systems constrain the modes of
motion generated and the mechanisms for energy storage, control, and
release.

In his famous letter of 1676 to the Royal
Society, the 17th-century microscopist Leeu-
wenhoek (1) described how the body of a

simple unicellular organism, probably a vor-
ticellid, was connected by a slender stalk to a
fragment of leaf and wrote this about its
movement: “. . .their whole body then lept
towards the globul of the tayl. . .and un-
wound again. This motion of extension and
contraction continued a while . . . ”

This example of motility, the retraction by
the stalk of peritrich ciliates, is caused not by
the sliding action of a motor protein but by a
spring that operates according to a simple

mechanism: the entropic collapse of polymeric
filaments. Although they are regarded as unusu-
al engines for motility, springs and ratchets
composed of filaments and tubules power many
of the largest, fastest, and strongest cellular and
molecular movements. Just as muscles magnify
forces and movements by a clever geometrical
hierarchy, these unusual mechanochemical en-
gines (2) use a similar principle: Small changes
in a protein subunit are amplified by their linear
arrangement in filaments and bundles. From the
biochemical and physical characteristics of sev-
eral molecular springs and ratchets we will
argue that they represent ancient and common-
place eukaryotic molecular engines.

Supramolecular Springs—
Conformation Changes Driven by
Ion Binding
Biological springs are active mechanochem-
ical devices that store the energy of confor-
mation in certain chemical bonds that act as

1Department of Mechanical Engineering, 2Depart-
ment of Biology and Division of Bioengineering and
Environmental Health, Massachusetts Institute of
Technology, 3Whitehead Institute for Biomedical Re-
search, Cambridge, MA 02142, USA.

*To whom correspondence should be addressed. E-
mail: matsu@wi.mit.edu

www.sciencemag.org SCIENCE VOL 288 7 APRIL 2000 95

M O V E M E N T : M O L E C U L A R T O R O B O T I C



latches (3). In the absence of an external
force, the potential energy is released and
converted into mechanical movement when
the chemical bonds are broken.

The contractile avoidance reaction de-
scribed by Leeuwenhoek in 1676 is a dramatic
example of an active mechanochemical spring.
The body of a vorticellid is attached to a leaf by
a long slender stalk (Fig. 1). Within the stalk
lies a rodlike helical cytoplasmic organelle, the
spasmoneme. In its extended state, the spas-
moneme is 2 to 3 mm long, depending on the
species of ciliate. When exposed to calcium but
no external energy source, the spasmoneme
contracts in a few milliseconds to 40% of its
length at velocities approaching 8 cm/s (4, 5).
Based on the hydrodynamics, the force of con-
traction is on the order of a millidyne, whereas
the power generated is a few milliergs per
second. In terms of specific power per unit

mass, the spasmoneme is among the most pow-
erful biological engines (Table 1).

How might this engine work? The spas-
moneme is a bundle of filaments, each 2 nm in
diameter (Fig. 1B). Although the structures of a
filament and of the bundle are unknown, bire-
fringence measurements (4) show that the ex-
tended spasmoneme is composed of roughly
aligned but weakly cross-linked filaments.
Shrinkage and swelling of the spasmoneme in
the absence or presence of calcium (6) suggest
that contraction is driven by the imbalance be-
tween osmotic and entropic forces, much as in
a polyelectrolyte gel (7). Hoffmann-Berling
proposed that energy is stored by the electro-
static repulsion between negatively charged fil-
aments (8). In the presence of calcium, the
highly charged state is neutralized so that the
spasmoneme filaments collapse entropically
and condense into an isotropic state. Implicated

in calcium binding and perhaps contraction is
spasmin, the major spasmoneme protein and a
member of the EF-hand superfamily of calci-
um-binding proteins (9). Contraction is ampli-
fied by the number and linear arrangement of
the subunits in the polymeric network that form
the contracting organelle. Because the spas-
moneme is helical, it rotates during contraction.
This interplay between twisting (or bending)
and extension is a recurring theme in all mech-
anochemical springs.

The rapidity of contraction may be ex-
plained by the mechanism of calcium release in
the stalk. Calcium stored in a membrane com-
partment that lies along the length of the stalk is
globally released from the stores, and the con-
traction rate becomes limited by calcium diffu-
sion across the membrane (which typically oc-
curs in a few milliseconds). The process revers-
es during extension of the stalk, as intracellular
membrane compartments sequester calcium
ions. However, extension is limited by the slow
rate of dissociation of the calcium ions, and a
few seconds are required to attain full length.

Although the mechanism of contraction is
plausible and is consistent with experiments,
some key biochemical and structural issues re-
main unresolved. Most important, because a
spasmoneme filament has not been reconstitut-
ed from purified proteins, we do not know
whether spasmin is indeed the contractile fila-
ment. In addition, the extent of the electrostatic
changes induced by calcium and the triggering
process are unresolved. Ironically perhaps,
three centuries after Leeuwenhoek’s observa-
tions, the technological quest for soft actuators
(10) such as artificial muscles (11, 12) is based
on essentially the same geometrical and phys-
ical principles that power these biological
machines.

A spasmoneme-like spring is implicated
in other movements. The nuclear movements
of unicellular protists involve a spasmin ho-
molog, centrin (13): a ubiquitous component
of centrioles and basal bodies and part of a
filamentous contractile rootlet of unicellular
flagella. The sequence homology between
spasmin and centrin and centrin’s presence in
a fiberlike structure suggest that a spasmin-
like engine may power several basic steps in
mitosis, including duplication of the centri-
oles and spindle pole body (14, 15).

A very different spring is involved in
initiating the process of fertilization in some
marine invertebrates, whose eggs are covered
by a jelly that presents a soft barrier to fer-
tilization. To penetrate the jelly coat, a sperm
cell extends a 60-mm-long finger, the acroso-
mal process, which fuses with the egg plasma
membrane (16). In sperm cells of the horse-
shoe crab Limulus polyphemus, a bundle of
actin filaments initially lies coiled around the
base of the nucleus (Fig. 2). At fertilization,
the bundle uncoils and slides through a tunnel
in the nucleus forming the acrosomal process.

Fig. 1. A spasmoneme spring. (A) The spasmoneme in
Vorticella, shown in its fully extended (left), fully con-
tracted (middle), and partially extended (right) states
(52). The body measures 50 mm across. (B) The extend-
ed state (left) consists of aligned filaments held apart
by negative charges (blue). Calcium (red) neutralizes
the charge, and the filaments condense (right) into a
rubberlike material.

Table 1. Engines. The performance of various cellular engines is compared with thermal energy (kT) and
an automobile engine. Calculations for the specific power are based on the molecular weight of the
smallest unit of the engine. Thus, molecular motors and polymerization-based engines are more powerful
than the cellular structures in which they are found; for example, compare myosin to striated muscle.

Engine
Velocity
(mm s21)

Force (dynes)
Specific power
(erg s21 g21)

kT (thermal energy) – 4 3 1027 dyne nm
Actin polymerization (40) 1 1 3 1026 1 3 109

Microtubule polymerization (49) 0.02 4 3 1027 5 3 108

Myosin II (55) 4 1 3 1026 2 3 108

Kinesin (56) 1 6 3 1027 7 3 107

Vorticellid spasmoneme (4) 8 x 104 1 3 1023 4 3 107

Typical passenger car engine (57) 3 3 106

Striated muscle (57) 2 3 106

Bacterial flagellar motor (58, 59) 100 Hz 4.5 3 10211 dyne cm 1 3 106

Thyone acrosomal reaction (60) 6–9 5 3 1024 1 3 105

Limulus acrosome reaction 10 1 3 1026 1 3 104

Eukaryotic flagellum (57) 3 3 102

Mitotic spindle (57) 2 1 3 1025
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The reaction is completed within a few sec-
onds. Two remarkable features characterize
this phenomenon. First, the extension does
not involve a myosin motor or actin polymer-
ization. Second, the bundle is crystalline in its
coiled and uncoiled states (17, 18).

Although the energetics, biochemistry,
and dynamics of this machine are only par-
tially resolved, structural analysis of the coil
shows that the actin cross-linking protein
scruin captures actin filaments in a slightly
overtwisted state—0.23° per actin subunit
(17, 18). Our biochemical studies (19, 20) on
scruin suggest that calcium-dependent con-
formation changes in scruin could unlatch the
overtwisted filaments; the subsequent un-
twisting of the filaments is coupled to the
extension of the bundle (Fig. 2). Here, the
geometric magnification of subtle subunit
conformation changes is achieved in yet an-
other ingenious way, by combining the shear
induced by the sliding and twisting of fila-
ments in the bent bundle and the chirality of
actin filaments. Because the actin bundle re-
mains crystalline before and after the reac-
tion, we speculate that the change in twist of
the filaments is propagated along the bundle
in the same way as a defect moves through a
crystal. Owing to the wealth of information
on the structure of actin filaments and their
organization into a bundle, this system af-
fords the possibility of bridging the connec-
tion between structure and macromolecular
function. However, two key technical ad-
vances—the purification of coils and the de-
velopment of an in vitro assay—are required
to identify the mechanism of latching and to
measure the energy stored in the coil.

More generally, a change in actin twist is
emerging as a major mechanism for modu-
lating the stability of a filament and perhaps
its interactions with other proteins. Small ac-
tin-binding proteins, such as actin depoly-
merizing factor (ADF) and cofilin, depoly-
merize actin filaments by weakening the lat-
eral contacts between subunits. Image recon-
structions show a profound [4° to 5° per
subunit (21)] untwisting at sites of cofilin
binding. An unresolved question is whether
the change in twist is propagated along the
filament.

Soft springs are not limited to eu-
karyotes; during infection of a bacterium
by T-even phages, phage DNA is injected
into the cell by contraction of the tail sheath
of the virus. Image analysis reveals large
changes in the phage after contraction when
the sheath is compressed (22). Contraction
begins when contact with a bacterium by
the phage tail fibers is transmitted to the
energetically metastable sheath through a
large rotation in the phage base plate. This
rotation nucleates a conformation change
that propagates up the sheath of the tail
(23–25), shortens the tail, and drives the

tail core into the bacterium. The source and
magnitude of the energy that drives this
movement is unknown at present.

Supramolecular Ratchets—Movement
Driven by Polymerization-Induced
Growth
The morphology and motility of a cell are
determined by a dynamic rearrangement of cy-
toskeletal polymers. For example, to generate
forces that move the cell body, actin polymer-
ization is spatially and temporally coordinated
at the membrane of an extending lamellipo-
dium. This bias in polymerization is associated
with the addition of adenosine triphosphate
(ATP)–actin subunits to the elongating end of
the filament and with the conformation change
associated with nucleotide hydrolysis. Howev-
er, unlike in motors or springs, motion in these
systems is simply due to growth; the role of
conformation changes is more subtle and is
associated with changing the kinetics of poly-
merization. The growing filaments may then be
bundled or cross-linked to form a gel that is
able to provide the motive force for movement.
This model of motility is often referred to as a
Brownian ratchet (26, 27), because it involves
the mechanochemical rectification of the ran-
dom motions of the filaments in the presence of
energy (28), much as a mechanical pawl and
ratchet mechanism can rectify oscillatory mo-
tion (Fig. 3) (29). It should be stressed that these
ratcheting motions have never been directly
observed in a biological setting.

In a wonderful example of convergent evo-
lution, the acrosome reaction has used an actin
spring and an actin Brownian ratchet. Tilney
showed that actin polymerization performs
work in the acrosome reaction of marine echi-
noderm sperm cells (30). Unlike the preformed
actin bundle of the horseshoe crab sperm, the
actin bundle in the acrosomal process of an
echinoderm sperm cell is assembled de novo
from a nonfilamentous pool of actin subunits.
The preferred site for subunit addition is at the
distal end of a filament; consequently, the
growing bundle pushes the plasma membrane
from the cell body to form a 60-mm-long acro-
somal process (31). A similar bundle of actin
forms during the acrosome reaction of the par-
asite Toxoplasma gondi (32).

How is a polymerization-based engine con-
trolled? In the quiescent cell, the actin subunits
are kept in an unpolymerized state as a complex
with profilin, and the engine is off. Changes in
intracellular pH dissociate the complex; the
high concentration (10 mM) of unpolymerized
actin provides the chemical potential that drives
the assembly of filaments through mass action.
In this example, the monomer/polymer equilib-
rium controls polymerization just like an imbal-
ance of ions across a cell membrane drives
transport. The location and orientation of nucle-
ating sites and the polarity of actin filaments
channel the forces induced by polymerization

(33); however, a competing osmotic pressure
model cannot be ruled out (34).

This intracellular machinery for motility is
coopted by some viruses and bacteria for their
own motility during the spread of infection to
other cells. The most studied of these systems is
associated with the pathogenic bacteria Listeria
monocytogenes, which powers its way through
the cell by polymerizing a bundle of host cell
actin filaments (Fig. 3B) (35). The velocity of
the bacterium matches the rate of actin poly-
merization (36), and the bundle remains sta-
tionary, enmeshed in the host cytoskeleton.

Actin polymerization is nucleated on the
posterior end of the bacterium by factors that
include a bacterial protein, ActA, and host cell
actin-binding proteins, including fimbrin, Arp2/
3, and ADF. Because of the asymmetric loca-
tion of the polymerization nucleation sites on
the bacterium, the growth of actin is also asym-

C
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Fig. 2. An actin spring. (A) The actin bundle in
a Limulus sperm is coiled (left) around the base
of the nucleus and extends through a nuclear
channel at activation (right) (17). The sperm
head is 3 mm in diameter. (B) A portion of the
coil (left) shows bends in the bundle and the
superhelicity of the bundle. In contrast, the
filaments in the extended bundle (right) are
straight and unwound (53). (C) The coiled bun-
dle stores energy in an overtwisted filament
(left). When unlatched by calcium, the change
in twist of the filament causes the bundle to
extend.
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metric, leading to the formation of a tail trapped
in the host cytoskeleton. As polymerization
proceeds at the membrane-associated end, the
resulting stresses lead to movement of the bac-
terium. A major step in studying this type of
engine has been the reconstitution of motility
using silicon spheres or pure proteins (37, 38).

Similar studies on cell motility have un-
covered many parallels with the acrosome
reaction and Listeria movements, including
biased growth of filaments and the role of
membrane-associated assembly factors and
actin binding proteins Arp 2/3 and ADF.
Exquisite light and electron microscopy stud-
ies (39) have revealed the organization of
filaments in the meshwork. One feature of the
meshwork is the orthotropic orientation of
filaments with respect to the membrane at the
leading edge of a cell. Estimates of the forces
exerted by actin filaments suggest that poly-
merization is sufficient to extend the plasma
membrane (40).

Other polymers also cause substantive
movements through similar mechanisms. The
amoeboid crawling movements of nematode
sperm are driven by the polymerization of the
major sperm protein (MSP). MSP, a 24-kD
protein, forms a helical filament that self-
associates into subfibers of a filamentous net-

work (41). Assembly takes place at the cell
membrane by the addition of MSP subunits
thought to be dimers. The rate of polymer-
ization, 1 mm/s, approximates the rate of cell
extension. The assembly mechanism involves
membrane vesicles (Fig. 3C) and ATP, al-
though MSP does not bind ATP and can
polymerize in the presence of ethanol. This
suggests that energy from the hydrolysis of
nucleotides does not drive the reaction, and
may be derived from an unknown step at the
membrane. Though the filaments are not po-
lar, the requirement for assembly at the mem-
brane confers the directionality of assembly;
how a subunit is incorporated into a filament
at the membrane remains unknown, leaving
this critical step in the operation of the engine
unresolved (42).

In principle, all filamentous polymers are
potential ratchets because the dynamics of a
polymer is dominated by viscous forces and
thermal fluctuations at the molecular level,
and Brownian motion of filaments can be
rectified mechanically (34). Filament fluctu-
ations eventually allow for the addition of a
monomer, which effectively prevents the ob-
stacle from diffusing backward. This action is
similar to the physical operation of a mechan-
ical ratchet. Thus motion becomes biased and

leads to an effective velocity and an associ-
ated force. Because the force generated by a
single filament is minuscule, being limited by
the buckling threshold, we need to under-
stand how filaments act cooperatively in a
bundle to generate force on an object. On the
mesoscale, the asymmetric mechanical stress
on the object caused by the asymmetry of
growth of the polymer network on the bacte-
rium can lead to motion (43). However, the
crucial step of connecting the microscopic
picture to the mesoscopic one remains an
open question.

Emergent Themes
Supramolecular springs and ratchets are com-
monplace in biological systems and serve in a
variety of functions ranging from avoidance
and infection mechanisms to whole-body mo-
tion and mitosis. An emerging theme is the
ability of the linear geometry of polymer
subunits to magnify small conformation
changes and growth into large and rapid
movements. The geometry can take the form
of weakly ordered or disordered structures, as
in the spasmoneme or the Thyone acrosome,
or be highly regular and crystalline, as in the
case of the microtubules or the Limulus
sperm acrosome. From a functional view-
point, this difference is due to the large dis-
parity between the mechanical properties of
the individual filaments; actin filaments are
very flexible and cannot generate large forces
except in a bundle, whereas microtubules are
sufficiently stiff to generate these forces
alone. Because some aspects of the active
kinetics of polymerization-induced growth
are structure-independent, to a first approxi-
mation many biomolecular ratchets are simi-
lar, even though they are based on different
proteins. However, springs exhibit a confor-
mational bistability of latched and unlatched
states. Consequently, nature has evolved sev-
eral designs for springs because they derive
from many structurally dissimilar protein
switches. Based on these examples, it is like-
ly that biopolymers have the ability to be both
springs and ratchets.

The dynamics and energetics of biological
springs and ratchets are dominated by factors
that are inconsequential on the large length
scales that are associated with our everyday
world. In a cell, viscous forces, Brownian
motion, short-range hydrophobic interac-
tions, screened electrostatics, and steric ef-
fects influence the kinetics of filament and
subunit diffusion and growth. In this soft,
wet, and dynamic world, structural features
are dominated by filamentous and membra-
nous objects, a constant reminder that all
events at this level are mediated by interfacial
interactions. The interactions are like a hand
and glove, not a lock and key. Motion and
force result from energy, usually a stored
chemical energy, which is dynamically trans-
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Fig. 3. Movements caused by ratchets. (A) Polymerization from one end of an actin bundle provides
the force that propels a 2.5-mm-long Listeria bacterium (black oblong) through the cell surface (35).
(B) In an in vitro system, a polymerizing bundle of MSP filaments moves a membrane vesicle. Scale
bar, 5 mm (54). (C) A mechanical ratchet consists of a pawl (blue) and ratchet (red) that work
against a load (black). The pawl and the asymmetry of the rachet rectify motion into a
unidirectional movement. An anchored filament is a pawl that converts unidirectional polymer-
ization—the ratchet—into movement against a load.
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duced into mechanical work by macromolec-
ular systems. However, many efforts to apply
physicochemical concepts to different protein
polymer machines have been hampered by
the lack of information about molecular
structures and the unavailability of genetic
and molecular biology techniques.

Perhaps a full physicochemical understand-
ing of a spring or ratchet will first emerge from
a microtubule system. The idea that microtu-
bule dynamics can do work was proposed by
Inoue as a mechanism for chromosome separa-
tion (44). Later work (45–48) showed that a
flux of subunits through a polymer (treadmill-
ing) or dynamics at the ends of a polymer can
do work. In vitro experiments involving the
growth of microtubules in vesicles show that
they are capable of forces approaching 5 pN
(49). The effect of a load on the rate of depo-
lymerization of microtubules is consistent with
the action of a ratchet (50).

The structural basis of the instability of a
microtubule may be derived from stored en-
ergy of protofilaments in the microtubule
wall. During the formation of a microtubule,
guanosine triphosphate bound to the tubulin
subunits is hydrolyzed; this reaction is
thought to induce a conformation change that
leads to curved protofilaments. Lateral con-
tacts between protofilaments stabilize a nor-
mal microtubule; however, the end of a mi-
crotubule has a frayed appearance from the
bared protofilaments (51). Thus, a microtu-
bule protofilament is a spring that indirectly
stores mechanical strain energy. The strain
modifies the kinetics of polymerization and
depolymerization, in particular by reducing
the relative activation energy barrier, and thus
changes the dynamics of force generation.
With new structural, kinetic, and mechanical
information, we may not be too far away
from the goal of coupling molecular structure
to function through dynamics.
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