Syracuse Scholar (1979-1991)
Volume 7
Issue 2 Syracuse Scholar Fall 1986

Article 4

9-15-1986

The Structures of Cell Movement
Fred D. Warner

Follow this and additional works at: https://surface.syr.edu/suscholar

Recommended Citation
Warner, Fred D. (1986) "The Structures of Cell Movement," Syracuse Scholar (1979-1991): Vol. 7 : Iss. 2 ,
Article 4.
Available at: https://surface.syr.edu/suscholar/vol7/iss2/4

This Article is brought to you for free and open access by SURFACE. It has been accepted for inclusion in Syracuse
Scholar (1979-1991) by an authorized editor of SURFACE. For more information, please contact surface@syr.edu.

Warner: The Structures of Cell Movement

The Structures
of Cell Movement

FRED D. WARNER

ll

WO PROMINENT MECHANISMS u.OO by ocgani•m•

Fred D. Warner is professor of biology
at Syracuse University and adjunct
professor of cell biology at SUNY
Health Science Center, Syracuse. He
received undergraduate and masters
degrees from San Francisco State University and a Ph .D. from the University
of Chicago. Following postdoctoral
studies at Yale University and the University of California, Berkeley, he
joined the Syracuse University fuculty
in 1973. Warner has received numerous
grants from the National Institutes of
Health to support his research on the
structure and biochemistry of
cell movement.

Published by SURFACE, 1986

for purposes of movement are seen in the contraction of skeletal muscle and the swimming of ciliated protozoa. The biology of both
systems is well understood, serving as the conceptual model for analysis of intracellular movements which, historically, have proved difficult
to study. However, long before the evolutionary development of the
highly organized contractile structures comprising cilia and muscle, their
constituent proteins were used in several different mechanisms associated
with intracellular movement. These proteins are ubiquitous; found in
plant and animal cells alike, they have been used repeatedly in both
to construct a variety of motile systems intrinsic to the growth, proliferation, and maintenance of cells.
Cell movement, however, has not always been seen in relation to
other activities of the cell. The study of the biology of cells has been
primarily an analysis of compartments, the largest be.ing the cell, limited
by its lipid-protein membrane, and the smallest being membrane associated ribosomes that synthesize proteins. Subcellular compartments,
while necessary for the normal expression of otherwise incompatible
biological functions, often disguise important events occurring outside
compartments or interactions between different compartments. A peptide hormone synthesized on ribosomes, for example, may move
through as many as four or five different compartments before being
secreted to the extracellular environment. The questions of what controls interactions between compartments, what directs proteins to the
appropriate sequence of compartments, and what transports proteins
along diverse routes remain important and unresolved issues in cell
biology.
The concept of the interior structure and organization of cells has
been greatly influenced by images obtained by use of transmission electron microscopes. These images rely on the chemical stabilization of
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biological structures followed by thin sectioning and staining. A thinsection of a secretory cell from a mouse pancreas, shown in figure r,
illustrates several subcellular compartments including the nucleus (which
contains the genetic machinery), mitochondria (which provide chemical energy [ATP]), the endoplasmic reticulum (where protein synthesis occurs), and secretory granules (which transport newly synthesized
proteins to the cell surface}. All of these components appear to exist
in an otherwi&e structureless cytoplasmic matrix . However, this
representation df the cell is incomplete and somewhat misleading. Missing from the image are the complex and highly organized arrays of filaments that comprise much of the cytoplasmic matrix and that have
come to be known as the cytoskeleton.

Figure 1. Electron micrograph of a
thin-section of a secretory cell from a
mouse pancreas, illustrating several of
the major cell constituents including
the nucleus, the endoplasmic reticulum (rER), secretory vesicles (seer), and
mitochondria (mito) (xis,ooo).

A NEW VIEW OF THE CELL

A

~cytoskeleton can be found in traditional electron microscopic
LTHOUGH INDICATIONS of the existence of the

images, it is immunofluorescence images that provide the most dramatic and representative view of the filament arrays. These images are
formed by the light microscope, used in conjunction with antibodies
to cytoskeletal proteins that have been fluorescently labeled.
Cytoskeletal filaments consist primarily of the proteins tubulin or
actin. When allowed to react with specific antibodies that have been
coupled with fluorescein (one of several dyes that emit visible light when
excited by ultraviolet irradiation), the cytoskeletal arrays are revealed
with both precision and beauty. Figure 2, provided by Dr. Bill Brink-

https://surface.syr.edu/suscholar/vol7/iss2/4

2

Warner: The Structures of Cell Movement
THE STRUCTURES OF CELL MOVEMENT-23

B. R. Brinkley et al., "Microtubules
in cultured cells: indirect immunofluorescence staining with tubulin antibody;' International Review ofCytowgy 63
1.

(1980) : 59-95·

ley of the University of Alabama, shows an indirect immunofluorescence image of a mouse 3T3 cell produced by the use of antitubulin
antibody.1 The tubulin cytoskeleton can be seen to occupy much of
the interior of the cell. In some types of cells cytoskeletal proteins may
comprise more than 6o% of the total mass of cell protein. Most cells
have, in fact, at least three different cytoskeletal arrays, one composed
of tubulin, a second composed of actin, and a third and sometimes
a fourth array composed of intermediate filament proteins. The necessity for such diversity resides in the fact that the cytoskeleton is a dynamic structure which must be capable of responding to demands made
by a variety of physiological mechanisms. The cytoskeleton is fundamentally linked to nearly every activity of the cell, through its ability to
move the cell or any subset of its components.

Figure 2. Light micrograph of a
mouse 3T3 cell stained with
fluorescein-labeled antitubulin antibody. The image illustrates the
tubulin-constructed cytoskeleton
typifYing non proliferating cells
(X1,700). (Courtesy of Dr. B. R.
Brinkley.)

The normal behavior of cells and tissues entails many different kinds
of movements, ranging from the obvious example of muscle contraction to the less obvious amoeba-like gliding of white blood cells in the
circulatory system. Moreover, all cells undergo dynamic changes in surface architecture during growth and proliferation, as well as in response
to various physiological mechanisms. Within any cell, the cytoplasm
(or fluid-gel interior of the cell) is in constant motion, transporting
structural as well as biochemical constituents along highly organized
tracks of cytoskeletal filaments. In addition, many kinds of cells, particularly respiratory epithelia (cells that line respiratory passages), sperm
cells, and protowa, have actively beating projections on their surfaces
called cilia or flagella (figure 3) that are responsible either for moving
the cell or for moving fluid over the cell surfuce. In relation to epithelial
cells, common air pollutants such as cigarette smoke contain compounds that inhibit ciliary beating, and, in consequence, prolonged
exposure to these compounds can result in reduced or inefficient clearance of the upper respiratory passages.

Published by SURFACE, 1986
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The cytoskeletal polymers oftubulin (or microtubules) which comprise cilia, spermtails, and even the mitotic (cell division) apparatus were
first seen by means of the light microscope during the late 18oos; understanding of their structure and function did not occur, however,
until the electron microscope, with its greatly improved resolution, came
into widespread use in the 1950s. More recent knowledge has resulted
not from technical improvements in the electron microscope but from
improvements in the ways in which organic macromolecules or structures are prepared for viewing. All methods of electron microscopy rely
on the ability of specimen atoms to scatter electrons, which produce
an image on an electron-sensitive photographic plate or screen. Because
the relative molecular mass of the atoms occurring in organic molecules
is low, they scatter fewer electrons. Therefore, biological materials are
usually stained with the atoms of metal salts such as lead and uranium
to enhance electron scattering.

Figuw 3A. Low magnification elec-

tron micrograph of a thin-section of
the ciliated gill epithelium from the
freshwater mussel Unio. Numerous
cilia project from the cell surface and
are sectioned in the longitudinal plane
to reveal several stages of their beat cycle as represented by the variable waveform (x4,6oo) .

Figuw 3B. High magnification view

8

----------------------------

of several gill cilia sectioned in the
transverse plane to reveal the internal
structure of the organelle and its surrounding extension of the cell membrane (XIOI,ooo) .

However, structural order must first be stabilized, typically by using chemicals which crosslink certain amino acid residues in the protein structure. Such chemicals may take minutes to act, however,
allowing modification of the native structure or conformation of the

https://surface.syr.edu/suscholar/vol7/iss2/4
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2. J. E. Heuser, "Three-dimensional
visualization of coated vesicle formation on fibroblasts;' journal ofCell Biol-

qqy 84 (1980) : 560-583.

molecule before stabilization is complete. A second and more reliable
way to stabilize structure is by the rapid freezing of organic matter in
liquid gases. Dr. John Heuser ofWashington University pioneered the
use ofliquid helium ( -269XC) to stabilize protein structures in as little as 2 milliseconds? This method allows the study of functional
changes in the conformational states of a protein or enzyme, inasmuch
as those changes often occur in a time span greater than ro milliseconds.
When the rapid-freeze technique is used on cells that have also been
fractured or cleaved open, it can reveal the elaborate cytoskeletal arrays
with a very high spatial resolution not visible in either light micrographs
or traditional electron micrographs. Figure 4, provided by Drs. Heuser
and Hirokawa, shows the intermediate and actin filament cytoskeletal
arrays of a mouse hepatocyte (liver cell), arrays that may be involved
in transporting geometrically structured vesicles from the cell membrane to the cell interior, a common mechanism by which cells internalize chemical signals received at the cell surface.
The use of a variety of structural and biochemical techniques thus
allows an an appreciation and understanding of both the mechanisms
of movement as they occur in cilia or muscle and the relationships of
those mechanisms to cytoplasmic-based systems of movement. Using
microtubule-constructed cilia as a model system, the following analysis examines the basic features of the system's sliding filament mechanism in order to provide a conceptual framework that can be applied
to other systems using this unique type of protein-protein interaction.

Figure 4. Platinum replica of a cultured mouse hepatocyte, subjected to
rapid-freeze, deep-etch electron
microscopy to reveal the intermediate
filament -constructed cytoskeleton. The
view looks outward from immediately
below the cell surface and includes
coated vesicles (cV) forming at the cell
membrane (X55,ooo). (Courtesy of
Drs. N. Hirokawa and J. E. Heuser.)

Published by SURFACE, 1986
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THE SLIDING FILAMENT MECHANISM

N

EARLY ALL KINDS OF CELL MOVEMENT de-

pend on a common mechanical principle. Net displacement
between two surfaces can occur only when one of the surfaces is either
stationary or moving in a direction opposite to the movement of the
other surface. The force required to produce motion results from the
chemical energy released by the hydrolysis of adenosine triphosphate
(ATP) by an enzyme attached to both the component to be moved
and to a stationary cytoskeletal filament . This filament provides the
path and direction for movement as well as the necessary resistance or
anchor point. Chemical energy changes the shape of the enzyme, allowing it to do its work of displacing an attached structure or filament.
It is this mechanochemical coupling between two protein structures-an
enzyme and a cytoskeletal filament-that comprises the sliding filament
mechanism underlying most kinds of cellular and subcellular
movement.
Plant and animal cells both utilize protein-protein interactions,
within two different groups of proteins, to effect sliding filament-based
motions. The first group consists mainly of the proteins actin and myosin which together constitute most of the mass of skeletal, cardiac,
and smooth muscle cells. Actin is the structural or cytoskeletal protein
against which work is done by the enzyme myosin . The enzyme (an
ATPase) hydrolyzes ATP in a reaction that sets off sequential changes
in the structure of the enzyme when it is attached to an actin filament.
The cyclic interactions of myosin with actin result in the relative displacement, or sliding, of adjacent actin and myosin filaments and hence
in muscle contraction. These interactions are regulated by a different
group of proteins called calmodulins whose behavior is controlled by
the concentration of free calcium ions. Similar behavior is also found
in the second group of proteins. This group consists mainly of the proteins tubulin and dynein which comprise the molecular machinery associated with the movement of cilia, spermtails, and other tubulinconstructed arrays. Again, tubulin forms the cytoskeletal track against
which work is done by the ATPase dynein .
The actual movement of either a filament or a subcellular compartment along a stationary track of cytoskeletal filaments can be seen by
a variety oflight microscopic methods, although the structural details
associated with movement can be seen only with the electron microscope. Cilia or flagella are suitable systems to use in studying the sliding filament mechanism because, after these organelles are separated
from the cell surface, they can be induced to resume normal beating
motions if provided with chemical energy or a substrate (ATP) for the
dynein ATPase to act upon. The repetitive beating motions, of course,
do not reveal the underlying sliding filament mechanism from which
the force for beating is derived . However, the ancillary structures that
normally restrain the microtubules within the cilium can be uncoupled
from the microtubules by controlled protein degradation ; this allows
the tubules to undergo unrestricted sliding, wherein each microtubule

https://surface.syr.edu/suscholar/vol7/iss2/4
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3- K. E. Summers and I. R Gibbons,
"Adenosine triphosphate-induced sliding of tubules in trypsin-treated flagella
of sea urchin sperm;' Proceedingsofthe
National Academy ofSciences U.S.A. 68
(1971): 3092-3096.

Figures SA 11ntl SB. Doublet
microtubules from cilia of the protowan Tetrahymena which have actively
slid out of the axoneme in response to
the addition of ATP. Sliding results
from the cross bridge activity of the
dynein arms positioned at 24 nm intervals along the microtubules
(5AX42,ooo; sBx8,4oo).

Published by SURFACE, 1986

displaces relative to an adjacent tubule (figures). This sliding can extend up to ninefold the apparent length of an isolated organelle. Drs.
Ian Gibbons and Keith Summers of the University of Hawaii were the
first to describe it, providing direct proof of a sliding filament mechanism.3 Subsequent to ATP-induced reactivation of sliding, the microtubules and their dynein crossbridges can be clearly identified by a
process of negative contrast, through the use of a solution of uranyl
ions which accumulate in the valleys of molecular structure, highlighting the structures themselves (figure 5). The dynein crossbridges responsible for sliding repeat at 2+ nm between the overlapping tubule surfuces
(r nm=rxro- 6 mm or one millionth of a millimeter). A typical cilium
or flagellum IOJ.tm long contains about 7,ooo dynein crossbridges distributed equally among the nine doublet microtubules (r~-tm=
rxro- 3mm or one thousandth of a millimeter).

Sliding
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The different kinds of tubulin-based or actin-based sliding filament
mechanisms derive not only from the characteristics of the constituent
proteins but also from the ways in which the various structures are organized and restrained by other components. Ciliary microtubules are
restrained at the cell surfuce as well as at uniform points along their
entire lengths so that sliding forces generated by dynein are converted
into propagated bending. In contrast, skeletal muscle actin filaments
are organized differendy and are restrained only at their ends, such that
sliding forces induced by adjacent myosin filaments contract, shortening the muscle. In comparison with these systems, the translocation
of secretory vesicles from the endoplasmic reticulum to the cell surfuce
apparently occurs along a stable track of microtubules. Vesicle movement occurs presumably because the energy transducing .KI'Pase is located on the surfuce of the vesicle, allowing it to interact with the surfuce
of an adjacent microtubule. Directionality is provided in each case by
the intrinsic molecular polarity of the interacting proteins which
precludes movement of the same kind being generated in opposite directions along a single filament or tubule.

THE STRUCTURES and MECHANISM OF MOVEMENT

C

ILIA AND FLAGELLA are uniquely suited for study

because of the geometrical precision with which these organelles are constructed and the ease with which they can be isolated
in pure form. The organelle, regardless of its source, has a fundamental structure or axoneme of nine double microtubules (doublets)
equidistandy positioned around two central single microtubules (figure
6A). This structure is maintained by no fewer than six kinds of crosslinkages including the dynein ATPases.4 A number of accessory components may also be found with the axoneme, particularly mitochondria
in the case of sperm flagella, but regardless of their nature, the mechanism of movement remains the same.

F. D. Warner, "Structure-function
relationships in cilia and flagella;' in
Electron Microscopy ofProteins, vol. 1, ed.
J. R. Harris (London: Academic Press,
4·

1981), 301-344·

Micro tubules
Microtubules are polymers of the protein tubulin, which has a
molecular weight of so,ooo but exists as a dimer (a molecule consisting of two identical subunits) of ex and {3 tubulins. Tubulin dimers assemble into long filamentous arrays, thirteen of which make up the
wall of a typical single microtubule. In contrast, a double microtubule
is comprised of one thirteen-filament tubule (subfiber A) and one
eleven-filament tubule (subfiber B) (figure 6). Although individual
microtubules are quite uniform with respect to their diameter (25 nm)
and lattice structure, they vary considerably in their length and in the
types of tubulin found within a given class of microtubules. For example, microtubules occurring in mammalian sperm tails generally do not
exceed 20 ttm in length while those in insect spermtails may exceed
r mm. Similarly, cytoplasmic microtubules occurring in secretory cells
are probably less than 20 ttm long while those in nerve axons may be

https://surface.syr.edu/suscholar/vol7/iss2/4
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Figure 6A. Isolated Tetrahymena cilia
from which the limiting cell membrane
has been solubilized, stabilized in
relaxed configurations of the crossbridge cycle. In this conformation, the
dynein arms are attached only to the A
subfiber (X27o,ooo) .

Figure 6B. Isolated Tetrahymena cilia
from which the limiting cell membrane
has been solubilized, stabilized in
cross bridged configurations of the cycle. In this conformation, the dynein
arms are attached to both the A and
the adjacent B subfibers (X27o,ooo).

as long as 1 meter. This diversity is related to function and it is made
possible by the different tubulins making up the microtubules. There
are two principle gene families coding for the a and {3 tubulins, but
within each family there are from two to twenty known genes coding
for slightly different forms of each tubulin. The multiplicity of amino
acid sequences provided by these genes presumably gives to microtubules the ability to interact with a large variety of other proteins.

Published by SURFACE, 1986
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Microtubule Crosslinking Structures
Six different categories of structures join adjacent microtubules in
the ciliary axoneme and, in view of the sliding filament mechanism,
each can be attached only intermittently to the microtubule. Each structure is likely to have a stable attachment site on one microtubule and
a different and inherently unstable attachment site on an adjacent
microtubule, thereby allowing for relative displacement or sliding between the microtubules.
The dynein ATPases occur in two forms, occupying an outer row
and inner row arm position on each doublet (figure 6) .5 Each of the
two dyneins participates in the sliding filament mechanism, although
the reason for having two ATPases and the functional differences they
imply are not presently understood. The two dyneins have intrinsically different relationships to the microtubule; the outer row arms
repeat uniformly at 24 nm (figure 5) while the inner row arms exhibit
a more complex relationship, repeating in groups of three at 96 nm .
The uniform periodicity of arms in each row implies that both rows
are capable of interacting with microtubules in exactly the same way
at any point along the length of the microtubule. Modulation of this
otherwise uniform activity is presumably what permits and controls
the geometric and hydrodynamic properties of the bend.6 These activities are carried out by two additional kinds of crosslinking structures, interdoublet links and radial spokes, each of which also exhibits
its own unique relationship to the microtubule.

5· F. D. Warner,]. G. Perreault, and].

H. Mcilvain, "Rebinding of Tetmhymena 13S and 21S dynein ATPases to
extracted doublet microtubules," journal ofCell Science 77 (1985): 263-287.

6. P. Satir, "The generation of ciliary
motion;' journal ofProrozoowgy 31
(198+): 8-12.

7. C. W. Bell and I. R. Gibbons,
"Structure of dynein-1 outer arm in sea
urchin sperm flagella. II. "Analysis by
proteolytic cleavage;' journal ofBiowgical Chemistry 257 (1982): 516-522.

The Dynein ATPases
The dynein ATPases are very high molecular weight particles
(I-2XIo 6 ) that consist of at least ten different protein subunits having
both enzymatic and non-enzymatic functions? The outer arm dynein
ATPase is the more completely characterized of the two dyneins and
in many organisms it contains three different high molecular weight
subunits (4X1o 5 ), each of which has ATPase activity and an intermittent binding site for tubulin. The presence of three active sites on each
dynein particle implies that the activity associated with one subunit
can influence the activity of one or both of the other two subunits.
Enzymes that have these characteristics are called allosteric and interactions between their subunits can be expressed in both positive and
negative ways.

https://surface.syr.edu/suscholar/vol7/iss2/4

Figure 7A. Platinum replica of outer
row dynein arms from isolated cilia of
Tetmhymena subjected to rapid-freeze,
deep-etch electron microscopy. The
dynein particles repeat uniformly at 24J.Lm along the microtubule (x206,ooo).
Figure 7B. Platinum replica of two
purified outer arm dynein particles
subjected to rapid-freeze, deep-etch
electron microscopy. The particles have
unfolded to reveal their complex
subunit structure (see figure 8 for interpretation) (x4-28,ooo) . (Courtesy of
Dr. U. W. Goodenough.)
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8. U. W. Goodenough and J. E.
Heuser, "Structural comparison of purified dynein proteins with in situ
dynein arms;' ]~ntrnal ofMolecular Bioi®' 180 (1982) : 1083-III8.

The structure of the dynein particle is best seen after isolating and
purifYing the protein ftee from microtubules and subjecting it to rapidfreeze electron microscopy. The isolated enzyme has been studied extensively by Dr. Ursula Goodenough of Washington University, who
has described numerous structural domains within the particle (figure
7) as well as the complex relationships that occur between those domains when the particle is attached to the microtubule wall (figure 8) .8
Each of the three enzymatic domains (a, {3, -y) occupies a different structural subunit and together they form the region of the particle that
interacts with the B subfiber to produce sliding.

24 nm

subfi ber B

,./ ,,,.,.,.,.,.,.,.,.j ,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,{·.·.··.···

Figure 8. Interpretation of the unfolded subunit structure of the purified
outer arm dynein particle and the configuration of dynein particles when
they are attached to the microtubule
wall. In the attached configuration,
overlapping of the major structural domains (a, {3, I') suggests the possibility
of cooperative interactions between adjacent dynein particles (oligomer)
along the microtubules. (Courtesy of
Dr. U. W. Goodenough.)

9. F. D. Warner and J. H. Mcilvain,
"Binding stoichiometry of 21S dynein
to A and B subfiber microtubules;' Cell
Motility 2 (1982): 429-443.

Published by SURFACE, 1986
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In addition to their high molecular weight and complex subunit
structure, the dynein ATPases have several other unique properties that
distinguish them from other ATPases. They are highly specific for ATP
as their substrate; their ATPase activity is stimulated or activated by
tubulin; and they have both stable and intermittent binding sites for
tubulin. The interactions of the dynein ATPases with microtubules are
frequently studied using dynein and microtubules in purified forms to
observe their reactions free from the cell. Purified dynein will readily
rebind to the microtubule wall in two modes, one sensitive to dissociation by ATP and the other insensitive to dissociation by ATP. Both
modes reflect the native behavior of the dynein-microtubule complex.9
These two modes also occur in the intact axoneme (figures 6A and 6B)
where the dynein arms attach only to the A subfiber in the presence
of ATP but attach to both A and B subfibers in the absence of ATP.
The absence of ATP results in a quasi-stable crossbridged configuration called rigor (figure 6B), in which adjacent microtubules are incapable of relative displacement owing to inactivity of the ATPase. A similar
state of rigor (mortis) also occurs in skeletal muscle when, upon the
death of an organism, myosin attaches to actin filaments, contracting
the muscle and simultaneously depleting the ATP supply. Because the
calcium-based regulatory mechanism is disrupted, a quasi-stable crossbridged configuration results, preventing the passive sliding of the filaments that must accompany relaxation of the muscle.
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C

HARACTERIZATION OF THE rigor crossbridge in
cilia is important because it is related to one conformational
state of the dynein ATPase that occurs in its cycle of ATP hydrolysis.
Many enzymes share a common behavior of coupling chemical reactions that can supply energy with reactions that need energy. For the
dynein ATPases, the supply reaction (ATP hydrolysis) provides energy
in order to cause changes in the conformation of the enzyme while
it is attached to a microtubule. This results in mechanical work in the
form of displacement of the tubule. The hydrolysis of ATP is represented
by the chemical reaction ATP+H2 0-+ ADP+Pi, where ADP is adenosine diphosphate and Pi is inorganic phosphate. Not represented,
however, are two additional reactants, tubulin and dynein, both of
which undergo conformational modifications in consequence of the
reaction.

(+)

(I )

(4)

Figure 9. Interpretation of the crossbridge cycle of the outer arm dyne in
ATPase between A and B subfiber
microtubules. Four conformational
states are represented, including both
equilibrium positions (states 3 and 1)
and nonequilibrium positions (states 4
and 2) for the attached and unattached
crossbridges. In the accompanying
chemical description, T=tubulin and
D=dynein.

T·D

T + D·ADP·P,

T· D·ADP·P,

8

(3)

A

The crossbridge cycle of the dynein ATPase has been partly inferred
from kinetic analyses of the enzymatic reaction10 and, in principle, is
very similar to the model inferred for the myosin crossbridge cycle of
muscle.u The cycle is illustrated in figure 9. The relaxed or inactive
dynein particle represents the equilibrium state for the unattached crossbridge (state 3) and is the conformation most frequently seen in electron micrographs (figure 6A). Although ATP is the chemical substrate
for dynein, the enzyme is activated by the spontaneous rebinding of
the dynein ATPase to tubulin (state 4-). Binding accelerates the release
of products (ADP, Pi) from the active site on the enzyme (the ratelimiting step of the cycle) which drives a major conformational change
in the particle that results in an incremental displacement of the attached B subfiber and the stable equilibrium position for the attached
crossbridge (state 1). The equilibrium position is a conformation also
seen in electron micrographs (figure 6B) and it is equivalent to the rigor
state that can be induced by depletion of ATP. However, rebinding

https://surface.syr.edu/suscholar/vol7/iss2/4

K. A. Johnson, "Pathway of the
microtubule-dynein ATPase and the
structure of dynein : a comparison with
actomyosin;' Annual Review ofBiophysics
and Biophysical Chemistry 14 (1985):
10.

161-188.

n. R. W. Lymn and E. W. Taylor,
"Mechanism of adenosine triphosphate
hydrolysis by actomyosin;' Biochemistry
10 (1971): 4617-+624 .
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ATP to the active site on the state 1 crossbridge rapidly dissociates the
tubulin-dynein complex (state 2) which promotes hydrolysis of ATP.
ATP hydrolysis then returns the dynein particle to its unattached
equilibrium conformation (state 3) where it is ready to attach to a new
tubulin domain, beginning another cycle. Repeated cycles push the intermittently attached B subfiber in a uniform ( +) direction and thus
form the basis for the active displacement of microtubules illusti;ated
in figures. However, the cycle as represented does not take into account several intermediates in the reaction sequence, nor does it explain the mechanism as it relates to the three active subunits of each
dynein particle.
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Figuw 10. Kinetic profile of outer arm

dynein ATPase activity plotted as enzyme velocity versus the concentration
of ATP. For dynein alone, the resulting
saturation kinetics exhibit a simple
hyperbolic profile (h=I.o). However,
in the presence of microtubules, saturation kinetics exhibit a strong sigmoid
profile (h=2.6) indicative of positive allosteric behavior. The kinetic constants
(K,, V m•" h) were derived from the
curve as fitted by a nonlinear, least
squares computer program .
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As indicated earlier, multiple active subunits imply (but do not require) interaction by those subunits to influence net ATPase activity
of the overall particle. This allosteric behavior is most frequently expressed in a positive way and will reveal itself in the kinetics or rate
of ATP hydrolysis. In general, this positive interaction increases regulatory control over the enzymatic mechanism by ensuring that manipulation of the subtrate concentration will affect the rate of the reaction .
If we examine the rate of ATP hydrolysis by the purified enzyme
(amount of product released per unit of time per milligram of protein)
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relative to increasing concentrations of ATP, the resulting plot of enzyme velocity vs. ATP concentration should exhibit a sigmoid (Sshaped) profile if the allosteric behavior is positive or enhancing. In
fact, dynein that is free from tubulin exhibits only a hyperbolic rate
profile, characteristic of a lack of allosteric behavior (figure ro). However,
if we simultaneously add tubulin (microtubules) to the reaction mixture, the rate profile becomes decidedly sigmoid, suggesting that in the
presence of an activating concentration of microtubules, the activity
of one enzymatic domain enhances the activity of adjacent domains.12
It is not clear, however, if this allosteric behavior occurs in relation to
interactions between the three active subunits of individual dynein particles or in relation to interactions between adjacent dynein particles
along the microtubule (figure 8). Both the individual particle and adjacent particles, or oligomer (a group of identical, interacting particles),
are likely domains for cooperative interactions and it is easy to envision a mechanism in which the activity of one dynein particle influences
the activity of an adjacent particle and thereby coordinates active sliding along the microtubules. This behavior could then be coordinated
with other mechanisms in order to control the bending which typifies
ciliary motion.

12. F. D. Warner and J. H. Mcilvain,
"Kinetic properties of microtubuleactivated 13S and 21S dynein ATPases;'
journal of Cell Science 83 (1986): 251-267.

CONCLUSIONS

II

N VIEW OF OUR KNOWLEDGE of the dynein and myo-

sin cross bridge cycles, the concepts and perhaps many of the constituents of these systems can be used as models for studying the many
different types of movement that occur in cells. Although the dynein
ATPases have already been implicated in providing force for several intracellular systems, myosin ATPase and the recently discovered kinesin13
are known to be responsible for several other kinds of intracellular movements. The evolution of three energy-transducing proteins that evoke
similar mechanochemical responses may seem remarkable until viewed
in the context of the diversity of movements that cells undergo. No
single protein could possibly retain the large number of specific reactive groups required to generate these diverse movements, although
some groups appear to have been conserved in the repeated use of tubulin and actin filaments as pathways for movement.
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13. R.. D. Vale, T. S. Reese, M. P.
Sheetz, "Identification of a novel forcegenerating protein, kinesin, involved in
microtubule-based motility." Cell 42
(1985): 39-50.
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