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Biochemical Characterisation of 14S Dynein Isolated from the Cilia of
Tetrahymena thermophila.

Hazel A. Tharia

Dynein is the ATPase responsible for cilia and flagella motility in eukaryotic organisms. 
At least two ATPases have been identified in Tetrahymena thermophila and are termed 
22S and 14S on account of their differing sedimentation coefficients.

14S dynein was fractionated, using anion-exchange Fast Protein Liquid Chromatography, 
into four fractions (designated 1-4). Electron microscopy analysis revealed that the four 
fractions were structurally distinct. Fraction 1 comprised two globular heads 
interconnected via two stems; fraction 2 consisted of at least two clearly different globular 
structmes; fraction 3 was a single globular head; and fraction 4 comprised three globular 
heads interconnected via three stems to a base. Further structural characterisation involved 
the use of hydrodynamic techniques in which the mass and sedimentation coefficient were 
determined for each fraction. In the presence of 40mM NaCl, fraction 1 had a mass of 
654kDa and a sedimentation coefficient of 20.IS. Fraction 2 had a variable mass due to 
aggregation (616-966kDa), and a sedimentation coefficient of 16.68, whereas fractions 3 
and 4 had variable sedimentation coefficients but were of mass 70ikDa and 527kDa 
respectively. These parameters were then utilised, in conjunction with electron 
microscopy data, in the construction of low-resolution bead models to represent the 
fractions.

The four fractions had a unique polypeptide composition as shown by SDS polyacrylamide 
gel electrophoresis. At least four unique heavy chains were identified immunologically; 
two associated with fraction 1, one associated with fraction 2, and one associated with 
fractions 3 and 4.

Fractions 1 and 2 were readily distinguished from fractions 3 and 4 using the technique of 
vanadate-dependent photolysis. The requirement for ATP in the photolysis reaction 
indicated differences in the structure of the heavy chain. The fractions were also 
distinguished with respect to the number and location of V2 sites, and the specific ATPase 
activity. These latter studies also showed that, for all four fractions, an increase in ionic 
strength resulted in a decrease in ATPase activity. This was coincident with an observed 
change in the structure and/or conformation of the fractions as determined by 
hydrodynamic analysis under equivalent conditions.
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Chapter 1

Introduction



Section A

Motor Proteins

Motor proteins are specialised enzymes which enable a wide variety of mechanical tasks to 

be accomplished in eukaryotic organisms. Tasks such as the contraction of muscle, 

beating of cilia or flagella, translocation of vesicular organelles, and movement of 

chromosomes during cell division, are all achieved through the action of specific motors. 

By definition, motor proteins utilise the energy from nucleotide hydrolysis to generate a 

controlled translocational movement along a cytoskeletal polymer (Vale & Goldstein, 

1990). The polymer with which the motor interacts is either of actin or tubulin and 

consequently motors are termed actin-based or microtubule-based respectively.

Molecular motors can be categorised into three families of proteins: myosins, dyneins and 

kinesins (figure 1.1). Myosins are actin-based motors, whereas both dyneins and kinesins 

translocate along microtubules. The three motor protein families share a common overall 

structure. In each case, the force generating unit of the protein is identified as a globular 

head domain which is typically attached to a tail or stem structure. The head domain has 

conserved sites for nucleotide and polymer (actin filaments or microtubules) binding, 

whereas the tail is a highly variable region presumed to confer functional and possible 

regulatory properties on the intact molecule (Spudich & Warrick, 1991). The microtubule- 

based motors can be categorised further. Dyneins are often termed 'minus' end-directed 

motors whereas kinesins are generally 'plus' end-directed. This terminology reflects the 

specific direction in which the two classes of motor protein actively translocate along 

microtubules and arises due to the intrinsic polarity of the microtubule structure (section

1.5.1).

Despite basic similarities, the three motor families differ significantly with respect to size, 

composition, specific function, and location. In this section, each family of motors will be 

considered in turn with the exclusion of axonemal dynein which will be discussed in 

section B.
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Figure 1.1. Diagrammatic representation of myosin II (top) from striated muscle (redrawn 
from Amos & Amos, 1991), 'conventional' kinesin (middle) from porcine brain (redrawn 
from Amos & Amos, 1991), and 22S dynein (below) from Tetrahymena axonemes 
(Johnson & Wall, 1983; Goodenough & Heuser, 1984). The globular heads in each case 
indicate the sites of ATPase activity.

1.1. Myosins

Myosins represent a superfamily of actin-based motor proteins. These can be subdivided 

into two major classes; myosins I and H, so called since they represent single-headed and 

double-headed molecules respectively (figure 1.2).

By far the most extensively studied actin-based motor is myosin II isolated from striated 

muscle. The general structure is well established and can be simply described as two pear- 

shaped head domains which are interconnected via a long flexible tail (figure 1.2). The 

heads (known as subfragment 1) represent the motor unit of the protein and each possesses 

ATPase activity and an ATP-sensitive actin-binding site. In contrast, the tail is derived 

from the flexible extensions of the two head domains which entwine to form a coiled-coil. 

Each two-headed myosin molecule is comprised of two identical high molecular mass 

polypeptides or heavy chains (220kDa), and two pairs (termed regulatory and essential) of



light chains (20kDa). The amino terminus of each heavy chain folds to form the globular 

head domain whereas the carboxy-terminus adopts the a-helical coiled-coil conformation 

of the tail. In addition, each of the heads is associated with one of each pair of light chains. 

The function of myosin II in striated muscle has been well documented (for eg see Warrick 

& Spudich, 1987; Bagshaw, 1993). In this context, myosin molecules assemble to form 

'thick* bipolar filaments which exhibit ATPase activity and are activated by actin or 'thin' 

filaments. The interaction of thick and thin filaments is known as the crossbridge cycle 

reaction and is the basis of muscle contraction. In contrast, myosin II isolated from 

nonmuscle cells does not exhibit such an ordered structure and only forms active filaments 

after phosphorylation of the regulatory light chains. This mechanism of myosin assembly 

ensures the controlled formation of filaments both spatially and temporally within the cell. 

The filaments then function to generate tension or cause movements of actin filaments. 

Functional roles include contractile events of the cell such as the formation of the 

contractile ring during cell division and cytoplasmic streaming.

Myosin I

Myosin II

Figure 1.2. Diagrammatic representation of myosin I and II (from Hammer, 1991).

Myosins belonging to class I have also been isolated from non-muscle cells (for reviews 

see Hammer, 1991; Pollard et al., 1991). These are single-headed or monomeric 

molecules which consist of a single heavy chain (figure 1.2). The tail region is highly 

variable in both structure and amino acid composition, and is generally short or globular.



In addition, the tail comprises a characteristic secondary actin-binding site. This unique 

site is ATP-insensitive and thought to be functionally significant since a single myosin I 

molecule can bind two actin filaments simultaneously. In this way, myosin Is are 

presumed to move actin filaments relative to one another, as well as to bind and translocate 

membranes and organelles. Myosin Is have been isolated from a variety of sources which 

include vertebrate, invertebrate, fungal, and protozoan.

1.2. Kinesins

Kinesin was discovered following the development of an assay for organelle or 

microtubule motility (Allen etal., 1982; Brady et ah, 1982). This in vitro motility assay 

showed that 'soluble factors' within the axoplasm of squid giant axons could induce ATP- 

dependent motility of organelles along tracks of microtubules (Vale et al., 1985a, b). 

Kinesin was then identified (Vale et al., 1985c) when the non-hydrolysable ATP analogue 

adenylyl imidodiphosphate (AMP-PNP) was shown to specifically inhibit kinesin- 

dependent vesicle motility (Lasek & Brady, 1985). This property, in particular, 

distinguished kinesin from myosins or dyneins and, in conjunction with motility assays, 

provided a means for the identification of kinesin. Indeed, kinesin was subsequently 

purified from microtubules isolated from a range of tissue types using taxol and AMP- 

PNP. Taxol enabled microtubules to be purified in the absence of GTP (which inhibits 

kinesin-microtubule binding), whereas AMP-PNP immobilised kinesin on the microtubule 

surface (for reviews see Brady, 1995; Bloom & Endow, 1994).

Kinesin was initially considered to have a specialised function in anterograde fast axonal 

transport where vesicles and organelles are translocated along microtubules from the nerve 

cell body to the synapse (Vale et al., 1985c; Hirokawa et al., 1991). The identification of 

kinesin from a non-axonal form (sea urchin eggs), however, revealed an association with 

the mitotic spindle (Scholey et al., 1985). As a result, kinesin was proposed to have some 

function in the events of cell division presumed to be related to the translocation of 

chromosomes. The subsequent localisation of kinesin to vesicles and tubules within a 

range of tissues and cell types then implicated this motor in a variety of plus end-directed 

transport processes (Hollenbeck, 1989; Wright e ta l,  1991; Marks e ta l, 1994). In each



case, kinesin was identified by characteristic properties which included microtubule- 

activated ATPase activity, and the plus end-directed translocation of vesicles and 

microtubules in vitro.

The kinesin molecule consists of two head domains and a rod-shaped tail (Amos, 1987; 

Hirokawa et al., 1989). Each head represents the force-generating unit of the motor which 

was shown to be sufficient for ATP-sensitive microtubule-binding and translocation (Yang 

et al., 1990). In contrast, the tail region comprises an a-helical coiled-coil stem and a fan

shaped tail which was thought to interact with chromosomes or vesicular organelles 

awaiting translocation (Vale & Goldstein, 1990). Each kinesin molecule possesses two 

identical heavy chains (110-140kDa) and two light chains of approximately 60-80kDa 

(Vale et al., 1985c; Scholey et al., 1985). The amino-terminus of each heavy chain 

represents the force^generating head domain, whereas the carboxy-terminal region 

corresponds to the tail (Yang et al., 1989; Gilbert & Johnson, 1993). In addition, the two 

light chains, which have been localised to the fan-shaped tail of the molecule (Hirokawa et 

al., 1989), are thought to associate with the carboxy-terminal ends of the heavy chains.

This 'conventional' kinesin was originally thought to represent the sole member of a unique 

class of motor protein distinguishable from both myosins and dyneins (figure 1.1). Since 

its discovery, however, many 'kinesin-like' proteins have been identified (figure 1.3). 

Kinesin-like proteins have been categorised with respect to structural, functional and/or 

locational similarities into five classes (Goodson et al., 1994). Two of the classes 

(including conventional kinesin) represent motors showing significant amino acid 

sequence homology within both the head and tail regions of the molecule. A third class 

categorises molecules in which the force-generating motor unit or head domain is 

represented by the carboxy-terminus of the heavy chain sequence rather than the typically 

amino-terminal region. Class four segregates motors specifically associated with the 

mitotic spindle, whereas the fifth class represents monomer molecules which lack a coiled- 

coil tail. In general, kinesin and kinesin-like proteins share a high level of homology 

within the region of heavy chain corresponding to the motor domain. The limited 

similarity within the non-motor or tail region of the molecule, however, is considered 

indicative of functional specialisation. Indeed, the large number of kinesin-related proteins



currently emo’ging are thought to reflect the wide variety of microtubule force-generating 

events that occur within the cell (fOT reviews see Goldstein, 1991; Vale, 1992; P«*ira & 

Goldstein, 1994).

KINESIN

bkttC 

a it?  

KAm

nod O O  

uno-104^

Figure O .  Schematic diagram of some members of’the kinesin superfamily (from 
Goldstein, 1991). The force-generating motor domains are represented as circles whereas 
the various tail structures are indicaW by a range of shapes.

13. Dyneins

Dyndn was first identified as the ATPase responsible for cilia and flagella motility in 

eukaryotic organisms (Gibbons & Rowe, 1965). ITiis axonemal dynein was so-called 

since it was shown to be an intergral part of the highly ordered stucture of cilia and flagella 

known as the axoneme (section 1.4). A second, more recently-isolated, form was 

identified in association with microtubules in the cyteplasm of a wide range of organisms 

and tamed cytoplasmic dynein (section 1.3.2). Both were ittentified as dyneins on the 

basis of a number of comnmn features (figure 1.4).

By definition, dyneins are large multisubunit complexes which exhibit a similar stroctine 

and polypeptide composition. They possess a number of large globular head domains



interconnected via an equivalent number of stems to a common base (Johnson & Wall, 

1983; Goodenough & Heuser, 1984; Sale et al., 1985; Vallee et al., 1988; Marchese- 

Ragona et al., 1988). Cytoplasmic dyneins generally possess two identical heads, whereas 

the heads associated with axonemal dynein are distinct and more variable in number. The 

polypeptide composition typically comprises one or more heavy chain components (350- 

540kDa), and a variable number of intermediate (57-140kDa) and light chains (6-22kDa). 

As well as their large size, dynein heavy chains are identified with respect to their ability to 

undergo cleavage at specific sites in the presence of nucleotide, inorganic vanadate, and 

UV light (Lee-Eiford et al., 1986). Indeed, this phenomenon, known as vanadate- 

dependent photolysis, is often utilised as a diagnostic tool for the identification of dyneins 

(section 4.6.1). In terms of function, dyneins exhibit ATPase activity which can be 

activated by the presence of microtubules (section 4.2.1), and translocate microtubules in 

vitro from the minus to the plus end (Paschal et al., 1987; Vale & Toyoshima, 1988; 

Paschal & Vallee, 1987).

1640 kDa 1266 kDa

25mn

Figure 1.4. Schematic diagram of axonemal 22S dynein (left) isolated from the cilia of 
Tetrahymena (Johnson & Wall, 1983; Goodenough & Heuser, 1984), and cytoplasmic 
dynein (right) isolated from bovine brain (redrawn from Vallee, 1991). Mass estimates for 
axonemal (Wells etal., 1990) and cytoplasmic (Vallee etal., 1988) dynein are indicated.



1.3.1. Sequence analysis

Other dynein characteristics have been more recently identified as a direct result of amino 

acid sequence analysis of heavy chains from both cytoplasmic and axonemal dyneins. 

Amino acid sequences have been published for the P heavy chain of outer arm sea urchin 

dynein (Gibbons et al., 1991; Ogawa, 1991), and the three heavy chains of 

Chlamydomonas outer arm (Mitchell & Brown, 1994; Wilkerson et al., 1994). In 

comparison, several cytoplasmic heavy chain sequences have been determined including 

those from rat brain (Zhang et a l, 1993; Mikami etal., 1993) andDictyostelium (Koonce 

et al., 1992).

These studies revealed that dynein heavy chains have a highly conserved polypeptide 

structure and aie unique in that they possess multiple putative ATP-binding sites (figure 

1.5). The most conserved region corresponds to the central third of the heavy chain in 

which four evenly spaced phosphate-binding pockets or P-loops have been identified 

(Gibbons et al., 1991; Ogawa, 1991). These P-loops are thought to represent nucleotide- 

binding sites since the consensus sequence resembles that identified in several other 

nucleotide-metabolising enzymes (Walker et al., 1982). One of the four P-loops 

(designated PI) shows absolute conservation throughout the dyneins and is thought to 

represent the ATP hydrolysis site that is fundamental to dynein-microtubule interaction 

(section 1.5.2). The role of the remaining P-loops, however, is uncertain and a possible 

function in ATP-binding has yet to be established. A potential microtubule-binding site 

has also been identified in the heavy chain sequences of both cytoplasmic and axonemal 

dyneins (figure 1.5).

Despite the presence of common characteristics, a comparison of the sequence data from 

cytoplasmic and axonemal dyneins has revealed some striking differences. Heavy chain 

sequences, for example, have been shown to be homologous within the carboxy-terminal 

region, but divergent within the amino-terminus (Mikami et al., 1993; Wilkerson et al., 

1994; Mitchell & Brown, 1994; Koonce et al., 1992). Similarly, a comparison of 

intermediate chain sequences derived for a 74kDa cytoplasmic (Paschal et al., 1992) and a 

78kDa axonemal subunit (King et al., 1992), indicated no homology within the amino- 

terminus but significant homology within the carboxy-terminus. These and other



observations led to a proposal for the molecular organisation of the dynein molecule. An 

analysis of mass indicated that each heavy chain could be equated to a single globular head 

and some proportion of the stem (Witman et al., 1983; Vallee et al., 1988). The force- 

generating head of the molecule was thought to represent the highly conserved carboxy- 

terminal region of the heavy chain since this domain is fundamental to both axonemal and 

cytoplasmic dyneins (Koonce et al., 1992; Mikami et al., 1993; Zhang et al., 1993; 

Wilkerson et al., 1994; Mitchell & Brown, 1994). In contrast, the divergent amino- 

terminus was considered to represent the variable stem and confer the specialisation 

associated with the different forms of dynein. The stem portion of axonemal dynein, for 

example, is permanently attached to an A-subfiber within the structure of the axoneme 

(section 1.4), whereas cytoplasmic dynein must attach to (and actively translocate) a range 

of intracellular structures (section 1.3.2). Consequently, the variable amino-terminal 

region of the heavy chain is thought to reflect different anchorage sites of the dynein 

molecule in situ. It is uncertain, however, whether the heavy chain is involved directly or 

indirectly (through interactions with intermediate and light chains) with these specific sites 

of attachment.

Cytoplasmic dynein also differs from the axonemal form in that the former is thought to 

represent a 'primitive' dynein species since it is composed of two similar, or identical, 

heavy chains which are thought to be the products of a single gene (Mikami et al., 1993). 

In contrast, axonemal dynein has two or three heavy chains (depending on the species) 

which are considered to be the products of separate genes (Endow & Titus, 1992). 

Similarly, a difference in substrate specificity for the two forms of dynein (Shpetner et al.,

1988) is thought to reflect variation within the heavy chain (Mikami et al., 1993). The 

non-specificity exhibited by cytoplasmic dynein (in which ATP, CTP, TTP, and GTP can 

be hydrolysed) may indicate the presence of primitive partially-functional nucleotide- 

binding sites which are presumed to be inactive in the ATP-specific axonemal dynein.
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Figure 13. Schematic diagram of the heavy chain amino acid sequences from axonemal 
(sea urchin sperm (Gibbons et al., 1991); Chlamydomonas (Mitchell & Brown, 1994; 
Wilkerson et al., 1994)) and cytoplasmic (rat brain (Mikami et al., 1993); Dictyostelium 
(Koonce et al., 1992)) dyneins. The proposed site of ATP hydrolysis (PI), putative ATP- 
binding sites (P2-P5), potential microtubule-binding sites (shaded area), and sites of 
vanadate-dependent cleavage (VI and V2) {see section 4.4} are indicated.
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1.3.2. Cytoplasmic dvnein

Cytoplasmic dynein (initially called MAP 1C) was identified as a member of the dynein 

motor protein family following its isolation from mammalian brain microtubule 

preparations (Paschal & Vallee, 1987; Paschal et ah, 1987). This protein was shown to 

translocate microtubules (in an ATP-dependent manner) in vitro from the minus to the plus 

end (Paschal & Vallee, 1987), have a structure comparable to that of axonemal dynein 

(Vallee et al., 1988), and exhibit microtubule-activated ATPase activity (Paschal et al., 

1987; Shpetner et al., 1988). Cytoplasmic dynein was shown to be a double-headed 

molecule connected via two stems to a basal structure comprising several smaller globular 

domains (figure 1.4; Vallee et al., 1988). The polypeptide composition comprises two 

identical heavy chains (~410kDa), three 74kDa intermediate polypeptides, and foui" light 

chains of mass 59, 57, 55, and 53kDa (Vallee et al., 1988; Paschal et al., 1987). It is 

thought that each heavy chain comprises the majority of each globular head domain, and 

that the intermediate and light chains are localised at the base of the stem (Vallee et al., 

1988; Schroer, 1994).

The function of cytoplasmic dynein was indicated by in vitro motility assays in which 

dynein was shown to actively translocate membrane vesicles toward the minus end of 

microtubules (Schnapp & Reese, 1989; Schroer et al., 1989). This in vitro function was 

thought to reflect the role of the motor protein in vivo. Dynein has been shown, for 

example, to exhibit the directional properties expected of a retrograde translocator (ie from 

the periphery to the cell body) in fast axonal transport (Paschal & Vallee, 1987), and has 

been localised in vivo to axonal vesicles destined for minus-end directed translocation 

(Hirokawa et a/., 1990). Similarly, in non-neuronal cells, immunocytochemical studies 

localised cytoplasmic dynein to membrane-bound vesicles (such as lysosomes) expected to 

be translocated within the cell (Lin & Collins, 1992). In addition, a specialised role was 

implicated in spindle separation and possibly chromosome movements, by the localisation 

of dynein to the mitotic kinetochore of chromosomes in early metaphase (Pfarr et al., 

1990; Steuerera/., 1990).

The regulation of dynein-driven motility has yet to be established, although at least two 

levels of control have been implicated. One mechanism is thought to involve the

11



conversion of dynein to an active form, since cytoplasmic dynein has been shown to 

localise to membranous organelles in both the proximal and distal region of neurones 

(Hirokawa et al., 1990). The activation of dynein for retrograde translocation is thought to 

involve phosphorylation. In axonal transport, for example, the extent of phosphate 

incorporated into dynein heavy, intermediate, and light chains was shown to be reduced in 

a fraction of anterograde material compared to the total levels in the cytoplasm (Dillman & 

Pfister, 1994). Similarly, in non-neuronal cells, phophorylation was implicated as a 

regulatory mechanism since the removal of calcium was shown to cause dynein, associated 

with lysosomes (in cultured fibroblasts), to redistribute into a cytoplasmic pool (Lin & 

Collins, 1993).

A second level of control has been indicated by in vitro studies in which cytoplasmic 

dynein-dependent motility has been shown to require at least one additional component 

known as the dynactin (dvnein activator) or Glued complex (Gill et a l, 1991; Holzbaur et 

a l,  1991). The exact role of this complex is unknown although one proposal is that 

dynactin acts as a receptor and targets organelles for dynein-dependent translocation 

(Holzbaur et a l, 1994). In contrast, a second proposed action is that the complex 

facilitates binding of cytoplasmic dynein to organelles by the formation of a transient link 

between the organelle and microtubule 'tiack'. This latter proposal was based on the 

observation that one component of the dynactin complex (ISOkDa) showed a region of 

homology with two repeats in a cytoplasmic linker protein (CLIP 170) involved in the 

binding of endocytic vesicles to microtubules (Pierre et a l, 1992). This consensus 

sequence was thought to represent a potential microtubule-binding motif and, as a result, 

the ISOkDa peptide was implicated as a potential mediator between the dynactin complex 

and microtubules (Holzbaur et a l, 1994). In addition, a second component (45kDa) of the 

dynactin complex was identified as an actin-related protein which shared approximately 

50% sequence homology with conventional actin (Paschal et a l, 1993). This component 

may associate into short filaments and provide a possible link between actin- and 

microtubule-based motors (Langford, 1995).
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Section B

Axonemal Dynein

1.4. The axoneme

Axonemal dynein is localised specifically to the highly conserved structural unit of 

eukaryotic cilia and flagella known as the axoneme (for reviews see Murray, 1994; 

Gibbons, 1981). This organelle is characterised by the presence of a '9 + 2' array of 

microtubules (figure 1.6). Nine peripheral doublet microtubules, comprising an A-subfibre 

and B-subfibre, surround two central singlet microtubules (section 1.5.1). The outer 

doublets are interconnected by a permanent elastic link involving the protein nexin, 

whereas the two central microtubules (referred to as the central pair) are interconnected by 

cross-bridges, which also project outwards towards the peripheral doublet microtubules, to 

form a roughly cylindrical structure. Radial spoke proteins emanate from the central pair 

to each A-subfibre of the outer doublet microtubules, and dynein is identifiable on the A- 

subfibre as two 'arm-like* projections (figure 1.6).

plasma nexm
m em brane

dynein  arms

radial
spoke

central  singlet 
m ic ro tubu  Ie

inner
sheath 100 nm

A subfiber B subfiber
J

o u te r  do u b le t  m icro tubule

Figure 1.6. Schematic representation of the axoneme as shown in tranverse section (from 

Alberts et al., 1983).
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Two dynein arms are apparent within the axoneme and have been designated (with 

reference to their relative positions) as outer and inner arms (Gibbons, 1963; Gibbons & 

Rowe, 1965). The outer arm repeats with a regular 24nm periodicity along the entire 

length of the A-subfibre (Takahashi & Tonomura, 1978; Avolio et al., 1986). In contrast, 

the inner arm structure, though much less well-defined, is thought to adopt a periodicity 

identical to that of the radial spoke proteins (Goodenough & Heuser, 1985). Radial spoke 

proteins comprise at least 17 distinct polypeptides (Pipemo et al., 1981) and form a 

connection between the central apparatus and each A-subfibre of the outer doublet pairs of 

microtubules (Goodenough & Heuser, 1985). Two (in Chlamydomonas) or tiiree (in 

Tetrahymena) radial spokes are arranged periodically (figure 1.7) along the length of the 

axoneme in a 96nm-repeating helical unit.

Chlamydomonas

Tetrahymena
SI

32nm 64nm
--------------1 I------------------

S2 SI

32nm 24nm 40nm
I-----------1 I-------- II--------------1 ,

SI S2 S3 SI

Figure 1.7. Schematic representation of the periodicity of radial spoke proteins 
(designated SI, S2 and S3) along the length of Chlamydomonas and Tetrahymena 
axonemes.

The central pair microtubules and associated cross-bridges (commonly referred to as the 

central apparatus) comprise at least 18 different polypeptides (Adams et al., 1981) 

including three kinesin-like proteins (Bernstein & Rosenbaum, 1994). The role of the 

complex is thought to involve regulation of cilia and flagella beating and is présumai to 

take effect through a close association with rWial spoke proteins and dynein arms (section 

1.6.1).
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1.5. The interaction between dynein and microtubules

The outer arm is by far the most well characterised dynein and has a defined structiure 

comprising two or thiee globular heads attached via an equivalent number of stems to a 

common basal structure (see figure 1.4). The basal (or structural) end of the molecule is 

permanently attached to the A-subfibre of the outer doublet microtubules via an ATP- 

insensitive site (figure 1.8). In contrast, the force-generating (or active) globular heads of 

the molecule interact in an ATP-sensitive manner with an adjacent B-subfibre (section

1.5.2).

1.5.1. Microtubule structure

The A- and B-subfibres of the outer doublet microtubule pairs (as with all microtubules) 

are polar structures composed almost entirely of a  and P tubulin heterodimers. 

Heterodimers form microtubules by polymerisation in which the a -P  subunits arrange 

end-to-end in longitudinal helical rows called protofilaments (figure 1.8). The central pair 

microtubules and A-subfibre comprise 13 protofilaments composed of tubulin 

heterodimers airanged in a so-called A-lattice (see Amos & Amos, 1991). In contrast, the 

B-subfibre has 10 protofilaments and exhibits a B-lattice assembly. The differential lattice 

arrangement reflects the association of a -P  heterodimers which is either unlike (ie a -p .a -  

P) or like (ie a —p.p-a) in the A- and B-lattice respectively.

Microtubule polarity arises as a consequence of the asymmetric addition of tubulin dimers 

to the free ends of the microtubule structure during growth. The end which polymerises 

fastest is designated the 'plus' end, whereas the slower growing terminus is referred to as 

the 'minus' end. Microtubules present within the cytoplasm undergo polymerisation and 

depolymerisation as required for their various functions within the cell. In contrast, the 

microtubules of the axoneme are highly stable and thought to persist as a consequence of 

microtubule-associated proteins (MAPs) which are believed to induce stability (see 

Margdlis & Job, 1994). These stable axonemal microtubules are uniformly arranged 

within the cilium or flagellum such that the plus end is located at the tip.
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Figure 1.8. Microtubule structure to show (left) arrangement of a—P tubulin dimers in the 
A-subfibre (from Darnell et al., 1986) and (right) attachment of the outer and inner dynein 
arms (from Satir, 1976),

1.5.2. Microtubule sliding

The dynein arms interact with the B-subfibre of outer doublet microtubules in an ATP- 

driven cyclical interaction (figure 1.9) which results in the relative sliding of microtubules. 

In the absence of ATP, the globular heads of the dynein arms form a rigor attachment with 

the B-subfibre of an adjacent doublet pair. On addition of MgATP, the heads rapidly 

detach (kj) following the binding of ATP (ki) to a single site location within each of the 

globular heads (Shimizu & Johnson, 1983a). The bound ATP is then hydrolysed in a less 

rapid reaction (k2) to produce ADP and P; (Johnson, 1983). These products are 

subsequently released from the dynein hydrolysis site in a slow (rate limiting) reaction 

which is activated by the presence of microtubules (Omoto & Johnson, 1986).
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k l  k g
D-MT+ATP ------- ► D-MT-ATP   D-MT-ADP-Pj-------- ► D-MT + ADP + ?i

kd
k2

k4

D+ATP ---------  D-ATP  ► D-ADP-Pi  ► D+ADP + P

Figure 1.9. Diagrammatic representation of the cyclical ATP-dependent interaction 
between dynein (D) and microtubules (MT) (from Porter & Johnson, 1989).

The cycle of dynein arm attachment and detachment, to cause microtubule sliding, 

provides the basis for axonemal motility and evidence for its existence has been shown by 

a number of studies (for reviews see Gibbons, 1981; Johnson, 1985). The first evidence 

for a sliding microtubule model was demonstrated by the extrusion of microtubules fitom 

sea urchin sperm axonemes briefly pratreatM with trypsin and then exposed to MgATP 

(Summers & Gibbons, 1971, 1973). Under these conditions, physical constraints such as 

nexin links and radial spoke heads were removed. Microtubules were then shown to 

telescope out of the axoneme structure as a result of ATP-dependent active sliding between 

the outer doublet microtubule pairs (figure 1.10). A similar study of Tetrahymena cilia 

then revealed the unidirectional nature of microtubule sliding in which dynein arms 

attached to the A-subfibre were shown to translocate the B-sufibre in a base to tipward 

direction (Sale & Satir, 1977). The active role of dynein in this process was confirmed by 

reconstitution experiments. The selective removal of outer arm dynein from the axonemes 

of sea urchin spermatozoa, for example, showed a reduced beat frequency (Gibbons & 

Gibbons, 1973), which could be partially restored by the recombination of outer arm 

extract with dynein-depleted axonemes (Gibbons & Gibbons, 1979; Yano & Miki- 

Noumura, 1981a). Similarly, outer arm extract restored wildtype motility in a slow 

swimming Chlamydomonas mutant lacking the entire outer arm (Sakakibara & Kamiya,

1989).

Other studies revealed more specific aspects of the dynein ATPase cyclical interaction 

(figure 1.9). Electron microscopy analysis revealed the presence of crossbridges formed 

by the dynein arms in the absence of MgATP (Gibbons & Gibbons, 1974). In addition, a
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study involving purified Tetrahymena dynein and extracted doublet microtubules revealed 

that dynein, bound specifically to the B-subfibre, was released upon the addition of 

MgATP (Takahashi & Tonomura, 1978; Mitchell & Warner, 1980). Dynein ATPase 

activity was also shown to be activated either as a result of reconstitution into dynein- 

depleted axonemes (Gibbons & Fronk, 1979; Yokota et al., 1987), or as a ctmsequence of 

exposure to purified microtubules (Omoto & Johnson, 1986; Shimizu et al., 1992). 

Furthermore, the interaction between dynein and microtubules was studied with the 

development of in vitro motility assays in which dynein adsoibW to a glass covmlip was 

shown to cause the ATP-dependent translocation of microtubules (Paschal et al., 1987; 

Vale & Toyoshima, 1988, 1989; Sale & Fox, 1988). Taken together these experimental 

observations provided evidence for the ATP-driven dynein-microtubule cyclical 

interaction underlying cilia and flagella motility.

(Al (B*

free doublets doublets slide apart
(crosslinks removed 
by (tetergrat)

(kublets held in 
cilium by 
cross-lirks

doublet sliding 
leads to bm d formation

Figure 1.10. Diagrammatic representation of microtubule sliding within a partially 
proteolysed axoneme (from Alberts et al., 1983).
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1.6. Regulation of motility

The coordination of dynein and microtubules required to produce the characteristic 

bending of cilia and flagella is a complex process and precisely how microtubule sliding is 

converted into bending is currently unclear. The differential functions of the inner and 

outer arms, however, indicate at least two levels of control. The fundamental role of the 

inner arm is demonstrated by the complete paralysis of some inner arm-deficient 

Chlamydomonas mutants (Huang et al., 1979; Kamiya et al., 1991). In contrast, 

Chlamydomonas mutants deficient in the outer arm are generally motile but exhibit a 

reduced beat frequency (Mitchell & Rosenbaum, 1985; Kamiya & Okamota, 1985). The 

generation and frequency of flagella beating may therefore be differentially controlled 

within the axoneme.

1.6.1 Radial spokes and the dvnein regulatory complex

A possible regulatory mechanism for motility could involve the dynein arms (particularly 

the inner arm), radial spoke proteins, and a recently discovered 'dynein regulatory 

complex'. The association of these axonemal components with a potential regulatory role 

was identified by the discovery of an unusual class of Chlamydomonas mutations known to 

suppress the paralysis of axonemes devoid of radial spoke proteins or central pair 

microtubules (Huang et al., 1982). Several suppressor mutations, as they are known, 

restored the motility of previously paralysed spoke-less mutants without restoring the lost 

axonemal components. This resumed motility was thought to indicate a potential 

regulatory mechanism for flagellar beating and was investigated further.

The analysis of Chlamydomonas suppressor mutations revealed defects in the dynein arms 

(most notably the inner arm) involving subsets of six polypeptides of mass 108, 83, 65, 60, 

40, and 29kDa (Piperno et al., 1992). This complement of peptides was thought to 

represent a radial spoke specific control system (Huang et al., 1982) or more recently 

termed 'dynein regulatory complex' (Piperno et al., 1992). This complex of peptides was 

shown to represent a crescent-shaped structure located within the axoneme above the radial 

spoke protein designated 82 (Mastronarde et al., 1992; Gardner et al., 1994). Furthermore, 

the complex was thought to be physically linked to a specific inner arm species designated
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12 (Piperno et al., 1992; Piperno et al., 1994) {section 1.12.2}. Thiee low molecular mass 

polypeptides {actin (42kDa), p28 (28kDa) and centrin (19kDa)} were shown to associate 

with the inner arms (via an actin-p28-centrin complex) and provide a means of interaction 

between the inner arms, dynein regulatory complex, and the closely-associated radial 

spokes proteins (Piperno et al., 1992). These components were then considered to 

represent a regulatory system through which the inner aims could be controlled.

Further study showed that microtubule sliding, induced by the inner dynein arm, could be 

activated by a radial spoke-dependent modification mechanism. This effect was 

discovered in an analysis of suppressor mutants using the sliding-disintegration assay 

previously described (figure 1.10). In this way, flagella bending and microtubule sliding 

were uncoupled and could be studied independently (Smith & Sale, 1992). Microtubule 

sliding velocities were then measured for two Chlamydomonas mutants; one lacking the 

outer dynein arm (p/28), and the other deficient in both outer arms and radial spokes 

(p/14p/28). The study revealed that flagella lacking both outer dynein arms and radial 

spoke proteins (p/14p/28), had significantly slower microtubule sliding velocities than a 

mutant solely deficient in the outer arm (p/28). This suggested that the radial spokes had, 

in some way, modified the inner arm to activate microtubule sliding. Furthermore, this 

activation was regarded as stable since the dynein-depleted axonemes of both mutants 

(p/28 and p/14p/28) exhibited equivalent sliding vélocités after reconstitution with their 

respective dynein extracts. The inner dynein arms were therefore shown to be activated by 

the radial spokes (Smith & Sale, 1992). A similar interaction with the outer dynein arm 

was also indicated by the identification of suppressor mutations with defects in the |3 heavy 

chain of Chlamydomonas outer arms (Huang et al., 1982; Porter et al., 1994). 

Consequently, in Chlamydomonas at least, both the outer and inner dynein aim are thought 

to be regulated by a radial spoke-dependent modification mechanism.

1.6.2. Phosphorylation

Another level of regulation was indicated by the phosphorylation of polypeptide 

components associated with the outer dynein arm. These polypeptides include a 29kDa 

light chain from Paramecium (Barkalow et a l, 1994; Walczak & Nelson, 1993), four
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components (78, 76, 47 and 23kDa) from Tetrahymena (Chilcote & Johnson, 1990), and 

multiple sites within the a  heavy chain of Chlamydomonas outer dynein arm (Piperno & 

Luck, 1981; King & Witman, 1994).

The effect of either outer or inner arm phosphorylation is as yet undefined. A potential 

mechanism, however, is thought to involve calcium ions and cyclic AMP (cAMP), as 

second messengers, since both have been shown to affect motility in dynein (for review see 

Satir et al., 1993). Despite differences in the overall response, at least one action of both 

cAMP and calcium ions is thought to involve the phosphorylation of proteins. Calcium 

ions are believed to operate through a calcium/calmodulin-dependent kinase. Evidence for 

this pathway comes from the identification of the calcium-binding protein calmodulin in 

the axonemes of Tetrahymena (Jamieson et al., 1979), and the observation that calcium 

ions and calmodulin have a stimulatory effect on the axonemes of calmodulin-deficient 

cilia (Blum et al., 1980). In contrast, support for a pathway involving cAMP-dependent 

protein kinases originates from the isolation of an axonemal Tetrahymena kinase (Chilcote 

& Johnson, 1990), and a 29kDa light chain (thought to be associated with the outer arm) in 

Paramecium which was shown to be exclusively phosphorylated by a cAMP-dependent 

protein kinase (Walczak & Nelson, 1993).

In summary, axonemal dynein is a large multisubunit motor protein responsible for the 

motility of eukaryotic cilia and flagella. The fundamental role is that of a minus-end 

directed translocator in which adjacent microtubules in the axoneme are translocated 

relative to one another in a proximal direction. The conversion of microtubule sliding into 

bending is a complex process which may involve a radial spoke-dependent modification 

mechanism and the phosphorylation of inner and outer arm components.
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Section C

Studies on Dyneins Wlated from Tetrahymena  ̂Chlamydomonm  ̂and Sea
Urchin Sperm

The work presented in this thesis involves the study of axonemal dynein isolated 

exclusively from the protozoan Tetrahymena thermopMla. Tetrahymena represents one of 

the three main species from which dynein has been extensively studied. These species, 

and their main advantages and disadvantages, are outlined in table 1.1.

Species Advantages Disadvantages

Tetrahymena Maximal dynein yield 
(muWciliate) 

Stability of dynein

No selective extraction of 
inner and outer dynein arms

Chlamydomonas Axonemal mutants easily 
generated

Minimal dynein yield (bi- 
flagellate)

Sea urchin Selœtive extraction of outer 
dynein arm

Low yield (single flagellum) 
and seasonal variation

Table 1.1. Main advantages and disadvantages associated with the three main species 
utilised in the study of dynein.

22



Tetrahym ena

Many of the early investigations on axonemal dynein utilised the multiciliated protozoan 

Tetrahymena from which two dynein ATPases were isolated and designated 14S and 22S 

(formally 30S) to reflect their differing sedimentation coefficients.

1.7. Structure and polypeptide composition

1.7.1. 22S dvnein

The structure of 22S dynein (commonly called a "bouquet") comprises three globular 

heads attached via an equivalent number of stems to a common base (Johnson & Wall,

1983). Two of the heads measure lOnm in diameter, whereas the third head is slightly 

larger with a diameter of 12nm (figure 1.4). Other studies confirmed the structure 

(Toyoshima, 1987a) and identified additional features (Goodenough & Heuser, 1984). In 

particular, Goodenough & Heuser identified small globular subunits (referred to as 'feet') 

decorating the three stems of the bouquet structure, and less conspicuous 'stalk' projections 

emanating from the globular heads and measuring 13-16nm in length.

The polypeptide composition of the 228 molecule has been analysed by SDS-PAGE and 

shown to consist predominantly of three high molecular mass components (designated a, 

p, and y) called heavy chains (Porter & Johnson, 1983). These heavy chains are 

immunologically distinct (Toyoshima, 1987b), and estimated masses have ranged from 

360kDa (Warner et al., 1977) to 560kDa (Mabuchi & Shimizu, 1974) as a consequence of 

the inadequacey of electrophoresis, and lack of appropriate standards, in the high 

molecular mass range. Improved mass estimates have been more recently determined 

using the technique of vanadate-dependent photolysis (section 4.6.3). The application of 

this technique has enabled the three heavy chains a, (3, and y, to be estimated as 417kDa, 

420kDa, and 403kDa respectively (Marchese-Ragona etal., 1989).

In addition to the heavy chains, 228 dynein consists of at least three intermediate chains of 

approximately 100, 85, and 70kDa (Porter & Johnson, 1983) and an, as yet, undetermined 

number of light chains. The precise molecular organisation of these polypeptides is 

currently unclear, although a comparison with other species suggests that the intermediate
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and light chains form a tight complex localised at the base of the molecule (section 1.11.1). 

In addition, each globular head has been shown to equate to a significant proportion of the 

dynein heavy chain since the estimated mass of each heavy chain (predicted using 

vanadate-dependent photolysis), was shown to be comparable to the mass of a single head 

determined by scanning transmission electron microscopy (Mai'chese-Ragona etal., 1989; 

Johnson & Wall, 1983).

1.7.2. 14S dvnein

By comparison, the structure of 14S dynein is much less well-defined and studies are 

restricted to those of Maichese-Ragona et al. (1988) in which a heterogeneous population 

of two types of molecule were discovered. One population was described as a single 

ellipsoidal globular head (9.5nm x 14.5nm), whilst the other comprised a globular head, of 

equivalent dimensions, but with an additional 24nm stem or tail region (figure 3.1). The 

work presented in this thesis, however, indicates that the composition of 14S dynein is 

more complex than originally proposed.

1,8. Localisation

1.8.1. 22S dynein

The widespread acceptance that 22S is an outer arm dynein has come from a number of 

studies. Electron microscopy of the in situ outer arm and isolated 22S species showed 

significant similarities (Goodenough & Heuser, 1984). Minor differences observed, such 

as the splayed aiTangement of the three globular head domains in the 22S structure and the 

tight triangular configuration of the outer arm, were thought to reflect artefacts of the 

extraction procedure. An outer arm location was also indicated by the regular periodicity 

with which both the outer arm and isolated 22S dynein bound along the length of the A- 

subfibre within the axoneme. In longitudinal section the outer aims from Tetrahymena 

thermophila were shown to repeat with a regular 24nm-periodicity (Avolio et al., 1986). 

In comparison, studies on purified 22S dynein showed this molecule bound with an 

equivalent periodicity to outer arm-deficient axonemes (Hyams, 1985), purified bovine 

brain microtubules (Porter & Johnson, 1983a) and repolymerised axonemal microtubules
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(Omoto & Johnson, 1986). In addition, immuno-electron microscopy investigations of 

axonemes showed that antibodies raised against 22S dynein bound specifically to the outer 

arm location (Crossley et ah, 1991). More recently, investigations involving a 

temperature-sensitive mutant of Tetrahymena thermophila revealed that mutant axonemes 

lacked 90% of the outer arms when cultivated at the restrictive temperature of 39°C 

(Attwell et al., 1992). This outer arm deficiency was then correlated to a significant 

reduction in levels of 22S dynein within the axoneme (Ludmann et al., 1993).

1.8.2. 14S dvnein

The location of 14S dynein within the axoneme is much more controversial though the 

most likely location is thought to be that of the inner dynein arm. The possibility of 

alternative or additional locations, however, cannot be excluded. Dynein ATPases distinct 

from the arm-like appendages, for example, have been identified in the ciliary membranes 

of the axoneme (Dentier et al., 1980; Dentier, 1988). In addition, 14S dynein has been 

implicated in the protein complex surrounding the two central singlet microtubules of the 

axoneme (section 1.4). Evidence for this location originates from an observation of the 

translocational properties of the isolated protein. In the presence of MgATP, 14S dynein, 

which had been adsorbed to a glass surface, was shown to cause the rotational 

translocation of purified microtubules (Vale & Toyoshima, 1988). This motion was 

thought to resemble the rotational element previously described in association with the 

central pair microtubules of Chlamydomonas (Hosokawa & Miki-Noumura, 1987), 

Paramecium (Omoto & Kung, 1980), and sea urchin sperm (Gibbons et al., 1987b). 

Consequently, the central pair is considered a possible location for 14S dynein.

1.9. Function

1.9.1. 22S dvnein

The functional role of 22S dynein in the cyclical ATP-sensitive reaction underlying cilia 

and flagella motility (section 1.5.2) has been indicated by a number of studies including 

the determination of the complete microtubule-dynein ATPase pathway (Johnson, 1983; 

Shimizu & Johnson, 1983a; Omoto & Johnson, 1986) {figure 1.9}. Preliminary studies
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revealed that 22S dynein bound in an ATP-sensitive manner to microtubules (Takahashi & 

Tonomura, 1978; Mitchell & Warner, 1980; Porter & Johnson, 1983). This transient 

interaction was shown to occur via the 'broader' end of the molecule corresponding to the 

three globular heads (Porter & Johnson, 1983). Subsequent studies then showed that 

ATPase activity was localised to the three head domains of the molecule. Proteolytic 

analysis revealed that double-headed and single-headed molecules exhibited ATPase 

activity (Toyoshima, 1987b; Niino & Miki-Noumura, 1992), whereas kinetic studies 

indicated three ATP-sensitive sites per molecule (Shimizu & Johnson, 1983a).

Further evidence for the interaction between dynein and microtubules was indicated by the 

activation of ATPase activity in the presence of microtubules (Omoto & Johnson, 1986). 

In addition, the microtubule-dynein interaction was analysed by the use an in vitro motility 

assay in which the ATP-dependent translocational movements of microtubules, by dynein 

adsorbed to a glass surface, could be monitored. Preliminary studies showed that in the 

presence of MgATP, 22S dynein caused a short and discontinuous minus-end directed 

translocation of microtubules (Vale & Toyoshima, 1988). More recently, however, this 

erratic motion has been attributed to an artefact of the assay procedure and is now thought 

to reflect the random orientation of 22S molecules on the glass surface. Improved assays 

have shown that 22S dynein translocates microtubules in vitro at a faster rate 

(12|im/second as opposed to 8|im/second) and in a smooth and continuous manner 

(Mimori & Miki-Noumura, 1994).

1.9.2. 14S dvnein

The uncertain location of 14S dynein has made it particularly difficult to suggest a 

functional role for this motor. Nevertheless, the 14S does exhibit characteristic properties 

of a motor protein presumed to partake in the force-generating processes underlying cilia 

and flagella motility. The 14S exhibits a microtubule-activated ATPase activity, can bind 

to purified microtubules in an ATP-sensitive manner (Shimizu et at., 1992), and can 

translocate microtubules in the presence of MgATP (Vale & Toyoshima, 1988).
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1.10. Regulation

Regulation of 22S dynein may involve phosphorylation since an axonemal cAMP- 

dependent protein kinase was shown to phosphorylate 22S dynein in vitro (Chilcote & 

Johnson, 1990). The targets of phosphorylation were identified as four intermediate and 

light chains of estimated mass 78, 76, 47, and 23kDa. The regulation of 14S dynein has 

been implicated by the copurification of the calcium-binding protein calmodulin (Jamieson 

et al., 1979). Furthermore, a significant enhancement of ATPase activity was 

demonstrated following the exposure of calmodulin-depleted 148 dynein to a 

calcium/calmodulin mix thus implicating a calcium-dependent regulatory pathway (Blum 

etal., 1980).

27



Chlamydomonas

Chlamydomonas is a unicellular green algae characterised by the presence of two flagella. 

This species has been particularly valuable in the investigation of dynein since the relative 

ease with which specific axonemal mutants can be isolated has enabled the outer and 

inner dynein arms to be unambiguously studied.

1.11. The outer arm

1.11.1. Structure and polypeptide composition

The outer dynein aim of Chlamydomonas has been identified by electron microscopy 

analysis of a mutant (pfl2>) specifically deficient in the inner dynein arm (Goodenough & 

Heuser, 1984). The dynein isolated from this mutant was shown to be similar in structure 

to the "bouquet" arrangement previously described for Tetrahymena 228 dynein (section 

1.7.1). Three globular heads are interconnected via three stems to a common base. As 

with Tetrahymena, additional components include stem-associated decorative elements and 

stalk projections emanating from each globular head. 8imilarly, the isolated dynein 

molecule and the m situ arm are regarded as equivalent. One distinguishing feature of the 

isolated Chlamydomonas outer arm, however, is that the bouquet structure readily 

dissociates under conditions of high ionic strength to form a two-headed and a single

headed species. These structures are referred to as 188 and 128 respectively since they are 

considered to be equivalent to two dynein ATPases previously identified by the high-salt 

extraction of inner arm-deficient mutants (Huang et ah, 1979; Piperno & Luck, 1979a). 

The 188 possesses two globular head domains measuring 12.7nm in diameter and 

interconnected by a "Y-shaped" filamentous stem (Witman et ah, 1983), whereas the 128 

species is described as a single globular head with a stem attachment (Goodenough et a l, 

1987).

The high salt-induced dissociation of the isolated outer dynein arm facilitated the analysis 

of polypeptide composition. The single-headed 128 species was shown to consist of one 

heavy chain component, designated y, and three light chains (Piperno & Luck, 1979a; King 

& Witman, 1988). In contrast, the 188 comprised two heavy chains, termed a  and P, two
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intermediate chains, and eight light chains (Piperno & Luck, 1979a; Pfister & Witman,

1984). This latter complement of polypeptides could be further investigated by the 

subfractionation of the 18S species. Two smaller components (derived from the low ionic 

strength-dissociation of 18S) were separated by density gradient centrifugation and the 

polypeptides associated with each subunit investigated (Pfister & Witman, 1984). One 

subunit, termed a , comprised the a  heavy chain and a 16kDa light chain whereas, the p 

subunit possessed the P heavy chain and remaining intermediate (78kDa and 69kDa) and 

light chains (8-20kDa).

An analysis of heavy chain mass indicated that each globular head visualised by electron 

microscopy was too small to include an entire heavy chain. Consequently, a proportion of 

each heavy chain was thought to contribute to the 'non-head' regions of the dynein 

molecule (King & Witman, 1987, 1988; Witman et al., 1983). Other polypeptide 

components were also localised. Antibodies recognising epitopes on a specific 

intermediate chain (IC-69) associated with 18S dynein were shown to localise to the base 

of the molecule (King & Witman, 1990). In addition, the tight association of this 

polypeptide with the 78kDa intermediate chain (IC-78) and four light chains, led to the 

proposal that the base of the molecule was the location of an intermediate-light chain 

complex (King & Witman, 1990; Mitchell & Rosenbaum, 1986; King et al., 1991). 

Furthermore, IC-78 was shown to interact in situ with a-tubulin and therefore thought to 

provide a potential site for structural attachment (King etal., 1991).

1.11.2. Function and regulation

The fundamental role of the outer dynein arm is that of a force-generator in the cyclical 

microtubule-dynein ATPase reaction underlying flagella motility. Detailed analysis of this 

function has been possible following the identification of Chlamydomonas mutants 

specifically deficient in outer arm components. The a  and P heavy chains, for example, 

have been localised to two of the three force-generating head domains associated with the 

outer arm. The outer most appendage of the in situ three-headed molecule was shown to 

be absent in a mutant lacking the a  heavy chain (Sakakibara et al., 1991), whereas the p 

heavy chain was localised to the second of the three heads (Sakakibara et al., 1993). In
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terms of function, the outer arms were indicated as generators of force and speed since 

mutants completely deficient in this structure were slow swimming and had a reduced beat 

frequency (Kamiya & Okamoto, 1985; Mitchell & Rosenbaum, 1985). More specifically, 

the function of each head was determined by an analysis of mutants deficient in outer arm 

components. One mutant (designated odaW), shown to lack the a  heavy chain and a 

16kDa light chain, exhibited a reduced (119|Xm/sec) swimming speed (Sakakibara et al., 

1991). In contrast, a mutant (designated oda4-s7) lacking the carboxy-terminus of the p 

heavy chain was shown to have a considerably more marked effect on motility since the 

swimming speed was reduced to 65|im/sec (Sakakibara et ah, 1993). This polypeptide was 

therefore implicated as a major force-generating unit of the outer arm.

The a  and P heavy chains of the outer dynein arm are thought to be regulated by at least 

two levels of control. Firstly, phosphorylation has been implicated by the observation that 

the a  heavy chain has been shown to undergo phosphorylation in vivo (King & Witman, 

1994). Secondly, a radial spoke-dependent regulatory mechanism may be involved since 

suppressor mutations have been identified within the P heavy chain of the outer dynein 

arm (Huang et a l, 1982; Porter et al., 1994).

1.12. The inner arm

1.12.1. Structure

The inner dynein arm of Chlamydomonas is much more complex than that of the outer arm 

as indicated from the number of different inner arm mutants obtainable. Evidence for 

inner arm heterogeneity was first indicated when five heavy chain components possessing 

ATPase activity were identified for an outer arm-deficient mutant (Huang et al., 1979; 

Piperno & Luck, 1979a, 1981). The heavy chains were thought to originate from the inner 

arm since they were not only distinguishable from previously described outer arm dynein 

heavy chains, but were also specifically lacking in mutants displaying variable levels of 

inner atm deficiency (Huang et al., 1979; Piperno & Luck, 1981). These multiple inner 

arm heavy chains indicated the existence of more than one type of inner arm structure 

within the axoneme (Piperno, 1988) since dyneins with more than three heads (and more 

than three heavy chains) have not been identified. Furthermore, two morphologically
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distinct inner arm structures were identified within the axoneme (Goodenough & Heuser, 

1985). These structures represented three-headed (termed triad) and double-headed 

(termed dyad) molecules shown to repeat witii a 96nmn pmodicity (in accordance with the 

radial spoke proteins) along the lengtii of the axoneme in a dyad-dyad-triad array (figiue 

1.11).

Figure 1.11. Schematic representation of the dyad-dyad-triad array of inner dynein arms 
situated along the A-subfibre of the outer doublet microtubules and extending (by stalk 
projections from the heads) to an adjacent B-subfibre (from Goodenough & Heusw, 1985). 
Radial spokes are represented as X's and project outwards from the page.

The relationship between the inner arm heavy chain composition and the two distinct inner 

arm structures visualised on the axoneme were investigated further. A detailed structural 

study involved a comparison of the in situ inner arm structure with that of the isolated 

dynein (Goodenough et at., 1987). In this work, high-salt extracted dynein was 

fractionated into five peaks (using HPLC) and identified as inner or outer dynein arm 

components by comparison of the fractionation profile for troth wild type and dynein arm 

mutant axonemes. Three peaks were then identified as inna- arm components and shown 

to consist predominantly of one or two heavy chains. Electron microscopy analysis of 

these peaks revealed three structures; two distinct single-heMed species (each with a single 

slender stem and a stalk projection), and a double-headed structure connected by two 

stems. Comparisons with the heavy chain composition showed that, as with outer arm 

dyneins, the number of heavy chains and globular-head domains were equivalent. The 

structures associated with the three isolated fractions were then compared to the dyad-
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dyad-triad morphology of the in situ inner arm (Goodenough & Heuser, 1985). 

Similarities between the structures suggested that the isolated double-headed species was 

equivalent to the in situ triad (although a third head was not identified), whereas the single

headed species were thought to constitute the dyad either as homo- or hetero-dimers 

(Goodenough et a l, 1987).

1.12.2. Polypeptide composition and inner arm organisation

A model for the organisation of the inner arms was proposed following the studies of 

Piperno et al. (1990) in which a sixth heavy chain was identified. In this study, specific 

mutants were used to compare deficiencies in heavy chain composition with changes in 

inner arm structure. Two mutants (p/30 and p/23) were shown to be specifically deficient 

in subsets of the six inner arm heavy chains which were designated la , 1(3, 2, 2', 3, and 3'. 

ThepjGO mutant was shown to be deficient in the two heavy chains l a  and ip, whereas the 

p/23 mutant lacked the four heavy chains la , ip, 2 and 2'. These heavy chain deficiencies 

were then investigated with respect to the dyad-dyad-triad inner arm structures associated 

with the wildtype axoneme (figure 1.11). Electron microscopy analysis revealed a loss of 

one or two of the three discrete structures described for the inner arm which was correlated 

with deficiencies in pairs of heavy chains. The p/30 mutant for example, which was 

known to lack heavy chains l a  and ip , was deficient in a discrete inner arm structure 

designated II. In comparison, the p/23 mutant, which was deficient for the four heavy 

chains la , ip, 2 and 2', was characterised by an absence of two discrete units referred to as 

II and 12 respectively. In addition, a third inner arm 13 was unaffected by either mutant 

but was thought to represent the third inner arm structure identified in wildtype axonemes 

and was believed to correspond to the two remaining heavy chains designated 3 and 3' 

(Piperno etal., 1990).

These results were thought to reflect the existence of three types of inner arm each 

comprising two heavy chain components. The three species of inner arm were termed II, 

12, and 13 and were shown to consist of the pairs of heavy chains denoted la , IP; 2,2'; and 

3, 3' respectively. In addition to heavy chain composition, each inner arm structure was 

shown to consist of a unique complement of intermediate and light chain components. II
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was shown to comprise at least one (140kDa), and possibly two (97kDa), intermediate 

chains (Piperno et al., 1990; Smith & Sale, 1991). In contrast, the heavy chains associated 

with 12 and 13 were shown to cosediment with four components (133, 42, 28, and 19kDa) 

on density gradients as an 1 IS mixture (Piperno et al., 1990). One light chain (42kDa) was 

previously identified as as a form of actin (Piperno & Luck, 1979b), whereas another 

(19kDa) was shown to be closely related to the calcium-binding protein centrin (Piperno et 

al., 1990). The exact relationship of these components to either inner arms 12 and 13 has 

yet to established. Indeed, the existence of the 13 inner arm remains uncertain since 

mutants specifically deficient in these heavy chain components (3 and 3') have yet to be 

identified. Furthermore, 12 and 13 are structurally indistinguishable and sediment on 

density gradients as an US mixture (Smith & Sale, 1991).

This model of inner arm organisation was further refined by a more detailed analysis of 

mutant and wildtype axonemes (Piperno & Ramanis, 1991). As a result of this study, two 

significant modifications of the model were defined. Firstly, it was suggested that the 

inner arms 12 and 13 were composed of identical subunits. 12 was predicted to consist 

either of two heavy chains denoted 2, or of a pair of heavy chains denoted 2', but not of a 

combination. This interpretation was based upon studies of mutant axonemes in which 

deficiencies in identical pairs of heavy chains associated with 12 or 13 were con-elated with 

a complete loss of the corresponding inner arm structure (Piperno & Ramanis, 1991). 

Secondly, this loss in structure was only identified when specific regions of the axoneme 

were analysed. As a result, inner arms 12 and 13 were proposed to be differentially 

distributed along the length of the axoneme. Mutants affecting motility and flagella length, 

for example, exhibited a specific deficiency in a subset of heavy chains corresponding to 

inner arms 12 and 13. In addition, the molecular composition of the proximal and distal 

regions of axonemes were shown to be specific (Piperno & Ramanis, 1991). The proximal 

region of the axoneme consisted predominantly of heavy chains 2 and 3', whereas the distal 

region comprised heavy chains 2' and 3 (figure 1.12).
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Figure 1.12. Schematic representation of the proposed innar arm organisation for the three 
species of inner arm (II, 12, and 13) viewed in longitudinal section along the axoneme of 
Chlamydomonas (from Kpemo & Ramanis, 1991). Inner arm heavy chains (HCs) are 
indicatal by ellipses as shown. Inner arm II (comprised of HCs la  and Ip) is located 
along the entire axoneme. HC 2 (associated with inner arm 12) is localised to the proxinml 
and middle regions; HC 2* (associated with inner arm 12) is localised in the distal region; 
HC 3 is localised in the middle and distal repons; HC 3' is localised in the poxhm l 
legion. The position of radial spoke proteins (SI and S2) and the outer dynein arm (three 
overlapping ellipses) are indicatW.

The increasing complexity of the arrangement of inner dynein arms was further revealed 

by two independent studies. One study showW the existence of two rows of inner arm and 

at least ten discrete globular structures in each 96nm repeating unit (sectimi 1.4) using 

electron microscopy analysis (Muto et al., 1991; Mastronarde et al., 1992). In addition, a 

second midy identified two additional heavy chains bringing the total number of distinct 

inner arm heavy chains to eight (Kagami & Kamiya, 1992). Both observations indicate 

that several more species of inner dynein arm exist

Fiipçttfln and rpstilsttoti 
The function of multiple inner arm dyneins in Chlamydomonas has yet to be established. 

Preliminary investigations involving in vitro motility assays, however, have revealed that 

most are capable of microtubule translocation when adsorbed onto a glass surface. Six of 

seven inner arm subspecies (isolated by the HPLC firactionation of outer arm-deficient 

mutants) were identified as minus-end directed microtubule translocators (Kagami & 

Kamiya, 1992). In addition, five of these species denronstrated a rotation of microtubules
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similar to that previously reported in Tetrahymena 14S dynein (Vale & Toyoshima, 1988), 

The isolated inner arm designated II was also shown to bind and cross-link microtubules 

in an ATP-dependent manner, whereas an 1 IS mixture of inner arms 12 and 13, revealed no 

microtubule-binding capabilities (Smith & Sale, 1991).

Regulation of the multiple inner arm species has been implicated by the close association 

of the dynein regulatory complex and some species of inner arm (Piperno et al., 1992; 

Mastronarde et al., 1992; Gardner et al., 1994). Furthermore, the identification of inner 

arm suppressor mutations, which override the paralysis of radial-spoke deficient mutants, 

supports a role for some inner arm species in the radial spoke-dependent regulatory 

mechanism (Huang et al., 1982; Smith & Sale, 1992). Finally, the close association of the 

calcium-binding protein centrin with inner arm species suggest that control of motility may 

involve a calcium-mediated regulatory pathway (Piperno et al., 1990).
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Sea Urchin Sperm

Another source of dynein has been the spermatozoa of some sea urchin species which 

include Tripneustes, Colobocentrotus, Strongylocentrotus, and Psedocentrotus. One major 

advantage of this dynein source is that the outer and inner arms can be unambiguously 

identified since the outer arm can be selectively removed from the axoneme following a 

high-salt extraction procedure (Gibbons & Gibbons, 1973).

1.13. The outer arm

1.13.1. Structure and polypeptide composition

The structure of the isolated outer arm (or 2IS dynein) was first described as a double

headed molecule in which each head domain measured approximately lOnm in diameter 

(Yano & Miki-Noumura, 1981b). A more detailed structural analysis then showed that the 

two globular heads were interconnected by two irregularly-shaped stems (Sale et al., 

1985). One of the head domains was described as 'pear-shaped' with diameters of 18.5nm 

and 12.5nm, whilst the other head measured 14.5nm in diameter and was roughly 

spherical. In addition, decorative elements were described in association with the stem. 

The isolated dynein structure was then proposed to be equivalent to the in situ outer dynein 

arm (Sale et al., 1985). As well as significant structural similarity, 21S dynein (then called 

dynein 1) was shown to recombine with high-salt extracted axonemes to restore both 

structural and functional characteristics of the outer arm (Gibbons & Gibbons, 1979; Yano 

& Miki-Noumura, 1981a). In addition, this high-salt extraction was shown to correlate to 

the selective removal of the outer arms whilst the inner arms remained intact (Gibbons & 

Gibbons, 1973).

The polypeptide composition of the 2 IS outer dynein arm was shown to comprise two 

heavy chains (designated a  and p), three intermediate chains of mass 112, 79 and 70kDa 

(designated IC-1, IC-2, and IC-3 respectively), and six light chains between 23 and 6kDa 

(Tang et al., 1982; Moss et a l, 1992b). A determination of the molecular organisation of 

these polypeptides was assisted by the dissociation of 218 dynein into three smaller 

particles following low ionic strength-dialysis (Tang et al., 1982; Sale et al., 1985). Under
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these conditions, the double-headed outer arm was shown to dissociate into two single

headed species and a cluster of three stem-associated elements (Sale et al., 1985). The 

polypeptide composition of the two major single-headed components was then analysed. 

The spherical head domain was shown to consist of the a  heavy chain (designated the a  

subunit) whereas, the 'pear-shaped' head and associated stem comprised the P heavy chain 

and intermediate chain 1 (designated the p/IC-1 subunit) (Tang et a l, 1982). Finally, the 

three-bead cluster associated with the base of the stem was thought to be equivalent to an 

intermediate chain/light chain complex comprising intermediate chains 2 and 3 (IC-2, IC- 

3) and at least five light chain components (Tang et al., 1982; Moss et al., 1992a, 1992b; 

Witman era/., 1991).

Further investigation confirmed that the two-headed 21S particle was an a -p /IC l 

heterodimer. Reconstitution experiments revealed that the a  and p/IC-1 subunits could 

recombine in approximately equal amounts to form a partially reformed 21S molecule 

(Tang et al., 1982), and mass analysis indicated that a single copy of each a  and P heavy 

chain was present in the intact molecule (Bell & Gibbons, 1982). Each globular head 

domain was therefore shown to consist predominantly of a single heavy chain (Sale et al., 

1985), whereas an intermediate and light chain complex is thought to associate with the 

base of the stem (Witman et al., 1991).

1.13.2. Function

The outer dynein arm is presumed to have a function in the cyclical microtubule-dynein 

ATPase reaction underlying flagella motility since selective extraction from the axoneme 

results in a significant reduction in flagella beat frequency (Gibbons & Gibbons, 1973) 

which can be restored upon reconstitution with 2 IS dynein (Yano & Miki-Noumura, 

1981a). Similarly, the outer arm has been shown to induce the ATP-dependent 

translocation of microtubules from the minus to the plus end (Summers & Gibbons, 1971, 

Kamimura et al., 1985) and possesses a microtubule-activated ATPase activity (Yokota et 

al., 1987). The function of the individual components of the outer arm dynein has been 

partly investigated by the isolation of a  and p/IC-1 subunits. The p/IC-1 subunit has been 

shown to support ATP-dependent minus-end-directed gliding of microtubules when
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adsorbed onto a glass surface (Sale & Fox, 1988; Vale et al., 1989). Furthermore, analysis 

of the amino acid sequence for the P heavy chain revealed a probable catalytic ATP- 

binding site and potential microtubule-binding region (Ogawa, 1991; Gibbons et al., 1991). 

In contrast, the a  subunit did not support translocation despite binding to microtubules in 

both the presence and absence of ATP (Moss et al., 1992b). The p/IC-1 subunit was 

therefore thought to be the main force generating region of the molecule (Moss et al., 

1992a), whereas the a  subunit was presumed to effect microtubule binding. In 

comparison, both properties were exhibited by the intact outer arm (Paschal et al., 1987). 

Consequently, the function of the outer arm is thought to be divided between the two 

predominant components.

1.14. The inner arm

The inner arm of sea urchin spermatozoa has been much less intensely studied. A 

functional role in motility, however, has been demonstrated by the unidirectional (minus to 

plus end) sliding of microtubules induced by the presence of MgATP in the absence of the 

outer dynein arms (Fox & Sale, 1987). In contrast, a detailed investigation of the isolated 

inner arms has been slow due to both the difficulty of inner arm extraction and the 

relatively low quantity of dynein obtainable. Consequently, in vitro studies have been 

limited to an investigation of the heavy chain components remaining after the high-salt 

extraction of the outer dynein arm. Several heavy chains have been identified for sea 

urchin sperm dynein and are designated as C, Aa, AP, D and B (Gibbons et al., 1976; 

Inaba et al., 1988). Tlie heavy chains A a and AP are the major constituents of the 21S 

outer dynein arm (Tang et al., 1982). In contrast, the D and B heavy chains have a 

currently unspecified location, whereas heavy chain C has been proposed to have an inner 

arm location (Yokota & Mabuchi, 1994a).

The localisation of heavy chain C to the inner dynein aim originated from the observation 

that a complex comprising two heavy chains (C and A), two inteimediate chains (120kDa 

and 103kDa), and four light chains, could be routinely extracted from axonemes in which 

the outer arm had been previously removed (Yokota & Mabuchi, 1994a). Electron 

microscopy analysis of axonemes (before and after extraction) showed that removal of the
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complex could be correlated with a 22% loss of inner arms. Furthermore, the C/A 

complex was identified as a dynein by three fundamental characteristics. Firstly, the two 

predominant polypeptides, C and A, were of a high molecular mass estimated to be 

445kDa and 425kDa respectively. Secondly, each heavy chain was considered to possess a 

hydrolytic ATP-binding site since both heavy chains underwent vanadate-dependent 

photolysis and possessed ATPase activity. Finally, electron microscopy of the C/A 

complex revealed a two-headed structure and interconnecting stem similar to dyneins 

previously described (Goodenough & Heuser, 1984; Porter & Johnson, 1983; Sale et aL,

1985). Each globular head was estimated to measure 14nm in diameter, whereas the stem 

was of variable size. Width and length measurements, for example, were shown to vary 

from 6-lOnm and 25-32nm respectively (Yokota & Mabuchi, 1994a).

The C/A dynein was shown to be distinguishable from 21S outer dynein arm. Heavy 

chains C and A were immunologically-distinct from the two heavy chains of the 21S outer 

arm dynein (Aa and AP) despite the fact that the A heavy chain was so called because it 

was of similar mobility to Aa. Furthermore, the enzymatic properties were distinguishable 

since the ATPase activity of the C/A dynein was approximately half that of the intact 21S 

species (Yokota & Mabuchi, 1994b). Functionally, the C/A dynein was shown to bind and 

cross-link microtubules, in an ATP-insensitive manner, and exhibit a microtubule-activated 

ATPase activity. Taken together, these results indicated that the C/A dynein was distinct 

from the outer dynein arm in both function and location and most likely represents an inner 

aim species. The characterisation of other potential inner arm heavy chains (B and D), 

however, have yet to be defined.

Outer arm dynein isolated from Tetrahymena, Chlamydomonas, and sea urchin sperm, has 

been extensively studied. In comparison, the inner dynein arm is much less well- 

characterised due to its inherent complexity and difficulties in the extraction and yield of 

protein obtainable. This thesis aims to characterise 14S dynein isolated from Tetrahymena 

thermophila and reveals structural heterogeneity hitherto undescribed.
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Chapter 2

Materials and Methods



This chapter describes general methods used during the project. Specialised methods 

which are exclusive to certain results chapters are described at the beginning of the 

relevant chapter.

2.1. Materials

Most of the standard reagents used were of analytical grade and supplied by either Fisons 

or BDH. Antifoaming reagent, proteolytic inhibitors, dibucaine hydrochloride, antichicken 

IgG secondary antibody, and SDS-PAGE molecular weight markers, were supplied by 

Sigma. Neutralised bacteriological peptone and yeast extract were obtained from Oxoid. 

Proteose peptone was supplied by Difco, and phosphoceUulose was supplied by Whatman.

2.2. Choice of organism

The organism of choice for the extraction of dynein was a mucus-deficient strain (SB255) 

of the protozoan Tetrahymena thermophila supplied by Professor J. S. Hyams, University 

College, London. Tetrahymena was utilised as a source of dynein since the organism is 

multiciliated and can be grown relatively easily in large cultures. The use of a mucus- 

deficient strain also improved the yield of cilia by facilitating the differential centiifugation 

of cilia from cells.

2.3. Maintenance of Tetrahymena thermophila

Tetrahymena was maintained at room temperature by the weekly aseptic transfer of 

approximately 4 x 1ml of cells to 4 x 12ml of sterile media containing 2% proteose 

peptone, 0.2% glucose and 0.1% yeast extract.

2.4. Cultivation of Tetrahymena thermophila

Two methods of cell growth were used. Method 1 involved the inoculation of cells into a 

single 15 litre batch of media (carboy), while method 2 used several smaller batches of 

media in which to inoculate the cells. In both methods, the initial culture of Tetrahymena 

was from a stock inoculated 48 hours previously as described in section 2.3.

All sterile media was produced by autoclaving at a maintained pressure of 1.05 Kg/cm^ for 

15 minutes in the case of flask solutions, and 25-30 minutes for the 15 litre carboy.
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2.4.1. Method 1

For each dynein extraction procedure, 2 x 12ml of cells were used to aseptically inoculate 

2 X 750ml flasks of sterile media containing 2% neutralised bacteriological peptone, 0.2% 

glucose, 0.1% yeast extract and 0.1 mM ferrous citrate. After inoculation, both flasks were 

maintained at 30°C and aerated by continuously shaking the flasks in an orbital shaker at a 

speed of 130 revolutions per minute for 36 hours. The cultures were then aseptically 

transferred, along with 300ml of a 10% sterile glucose solution, to 15 litres of sterile media 

containing 2% neutralised bacteriological peptone, 0.1% yeast extract and 0.1 mM ferrous 

citrate. In order to minimise the risk of contamination, inoculations were carried out using 

a butane gas flame in a laminar flow cabinet. After inoculation, the culture was maintained 

at 30°C with continuous aeration for a further 48 hours growth (figure 2.1). Aeration was 

achieved by passing filtered air at a rate of 6 litres per minute, thiough two sterile 37mm 

bacterial air vents with a pore size of 0.3|im (Gelman). In cases where two carboys were 

utilised, a T-piece tubing was used to divide the air supply. Adequate aeration was then 

achieved by increasing the air flow to 12 litres per minute.

2.4.2. Method 2

This method required the preparation of twenty-three 2 litre flasks containing 750ml of 

media (2% neutralised bacteriological peptone, 0.2% glucose, 0.1% yeast extract and 

O.lmM ferrous citrate). After sterilisation, each flask was aseptically inoculated with 12ml 

of cells using of a butane gas flame and laminar flow cabinet to minimise the risk of 

contamination. Immediately following inoculation, all flask cultures were maintained at 

30°C and aerated by continuously shaking the flasks in an orbital shaker at a speed of 130 

revolutions per minute for 48 hours.
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Figure 2.1. Diagrammatic representation of the cultivation of Tetrahymena using growth 
method 1 (section 2.4.1).
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2.5. Measurement of cell growth

The optimal growth time for cultures of Tetrahymena was determined using two methods. 

The first was to estimate the number of cells per ml by taking cell counts at regular 

intervals during growth. The second method was to analyse the size and quality of the cilia 

pellet produced at different stages after inoculation of flask cultures.

2.5.1. Cell counts

Cell growth was measured by taking a cell count at 8-12 homly intervals after inoculation. 

A sample (1ml) was aseptically removed from flask cultures using a sterile graduated 

pipette, and NaNg added (to an approximate final concentration of 5mM NaNg) in order to 

reduce the movements of the organisms. Individual cells were then observed at 120 x 

magnification under a Leitz Wetzlar light microscope, and counted with the aid of a 

Neubauer haemocytometer and push-button counter. The approximate number of cells 

(per ml) was then estimated.

2.5.2. Analvsis of the cilia pellet

Growth was also monitored by an assessment of the size and quality of cilia pellets 

produced from 750ml flask cultures (as described in section 2.7.1). This procedure was 

more commonly used to monitor the quality, rather than quantity, of the cilia produced. In 

both procedures, cilia pellets from cultures inoculated between 24 and 80 hours previously, 

were assessed by estimating the proportion of contaminating debris resulting from lysed 

cells. Cilia which had no debris produced white pellets, whereas those with contamination 

from lysed cells possessed a central black region in the pellet. The density and size of this 

black region increased with cultivation time. An estimation of the quantity of cilia 

produced was determined by taking a weight measurement.

2.6. Concentration of cells

The cell cultures were concentrated at room temperature (method 1) or 20°C (method 2) 

prior to the extraction of dynein (section 2.7). All centrifugation steps were carried out at 

20°C using a Sorvall GSA rotor in a Sorvall RC-5B refrigerated superspeed centrifuge.
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2.6.1. Method 1

A 16.5 litre culture of Tetrahymena was concentrated using a Millipore Pellicon cassette 

cell harvester fitted with a 0.45|0.m hydrophilic Durapore membrane, coarse retentate 

screen, and peristaltic pump. Prior to use, the concentrator was flushed through with 3 

litres of deionised water and 2 litres of PBS. The concentrator was then set at a rate of 0.5 

litres per minute and used to concentrate the culture, to approximately 1.5 litres, by 

selectively removing excess media from intact Tetrahymena cells. In order to ensure the 

maximal recovery of cells, the concentrator was flushed out with 500ml of retained media. 

After concentrating, the cells were centrifuged at 2,603 g for 10 minutes. Immediately 

after centrifugation, excess media was decanted, and the pellets of intact Tetrahymena cells 

were resuspended in 6 x 50ml quantities of remaining media.

2.6.2. Method 2

The flask cultures (23 x 750ml) were individually centrifuged at 2,603 g for 10 minutes in 

order to concentrate the cell mass. The individual treatment of each culture enabled the 

identification of contaminated flasks (fungal and/or excessive bacterial contamination 

only) which could then be discarded. Excess media was decanted from the cell pellets. 

After concentration of all the flask cultures, the resulting cells were combined and 

centrifuged at 2,603 g for 10 minutes. The media was decanted and the remaining pellets 

resuspended in 6 x 50ml volume of media.

2.7. Dynein preparation

Dynein was isolated from the cilia of Tetrahymena thermophila essentially using the high- 

salt extraction procedure described by Porter & Johnson (1983). The predominant 

difficulty with the dynein preparation comes from the risk of releasing proteolytic enzymes 

from the Tetrahymena cell body following deciliation. In order to minimise this problem, 

procedures were carried out quickly, and at S^C. EGTA-containing buffers and protease 

inhibitors (PMSF and leupeptin) were also used. PMSF was prepared immediately prior to 

use as a O.IM stock dissolved in ethanol. A 10|ig/ml stock of leupeptin was prepared in 

advance and stored for up to one month at -20°C. A summary of the dynein purification 

procedure is shown in figure 2.2.
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2.7.1. Isolation of cilia

Cilia were removed from Tetrahymena cells using the dibucaine method (Thompson et ah, 

1974). Deciliation is achieved using this method as a result of a rapid increase in calcium 

ion concentration at the basal membrane of each cilium (Papahadjopoulos, 1972).

A 300mM stock of dibucaine hydrochloride was prepared in advance and adjusted as near 

to pH 7 as possible by the addition of IM NaOH. Dibucaine hydrochloride was then 

added, at room temperature, to 50ml volumes of concentrated Tetrahymena cells (section 

2.6) to a final concentration of 3mM. After 3 minutes, sterile medium was added to fill the 

300ml volume of each centrifugation pot. Deciliated cells were then pelleted by 

centrifugation at 650 g for 4 minutes using a Sorvall GSA rotor and Sorvall RC-5B 

refrigerated centrifuge. The supernatant was decanted and centrifuged under the same 

conditions for a second time to ensure the complete removal of cells. Cellular 

contamination of this kind was avoided in order to protect cilia from the potential 

proteolytic action of cellular enzymes. After centrifugation, the resulting supernatant was 

centrifuged at 23,430 g for 6 minutes in order to pellet the cilia. The supernatant was 

discarded, and the pellet resuspended, on ice, in 2 x 40ml of wash buffer (lOmM Hepes, 

O.IM NaCl, 4mM MgCl2 and O.lmM EGTA, pH 7.4) containing PMSF and leupeptin at a 

final concentration of O.lmM and 20(iM respectively. Cilia were then pelleted by 

centrifuging at 17,210 g in a Sorvall SS-34 rotor for 6 minutes. Resuspension and 

centrifugation was then repeated such that the cilia pellets were washed a total of three 

times to remove traces of dibucaine hydrochloride.

2.7.2. Demembranation of cilia

Cilia were demembranated on ice in 20ml of wash buffer containing a final concentration 

of 0.25% of a non-ionic detergent, nonidet P40. The suspension was occasionally agitated 

with a Pasteur pipette to release the membranes. After 30 minutes, the demembranation 

solution was diluted to 80ml with wash buffer and centrifuged at 38,720 g for 6 minutes. 

The resulting pellet of demembranated cilia was washed three times; twice in 2 x 40ml and 

once in 1 X 40ml of wash buffer. At each wash, O.lmM PMSF, 20|iM leupeptin and solid 

DTT at a final concentration of ImM, was added.



2.7.3. Extraction of dvnein

Dynein was extracted from the resulting pellet of demembranated cilia, by the addition of 

15ml of a high-salt buffer containing lOmM Hepes, 0.6M NaCl, 4mM MgCl% and O.lmM

EGTA, pH 7.4. Since the size of the cilia pellet was significant with respect to the volume 

of extraction buffer, an appropriate quantity of a 3M stock solution of NaCl was added, to 

ensure a final NaCl concentration of 0.6M. After 30 minutes, dynein-extracted cilia were 

pelleted by centrifugation at 38,720 g for 15 minutes. The supernatant (which contains 

dynein) was removed for further purification. The remaining pellet (consisting of other 

axonemal components, predominantly tubulin) was frozen in liquid nitrogen and stored at 

-70°C for use in the preparation of microtubules (section 2.10.1).

2.7.4. Purification of dvnein

Dynein was separated from other axonemal proteins using a 10ml DEAE-Sephacel anion- 

exchange column (Pharmacia). This was routinely used at 5°C and equilibrated (prior to 

use) at 2ml per minute with an 80mM NaCl-Tris buffer containing lOmM Tris, 80mM 

NaCl, 4mM MgCl2, O.lmM EGTA and ImM DTT, pH 8. Protein extracted by 0.6M NaCl

buffer (section 7.3) was diluted with a NaCl-free Tris buffer to give a final NaCl 

concentration of 80mM. The diluted protein was then loaded onto the Sephacel column 

and washed on with 20ml of 80mM NaCl-Tris buffer. Dynein was eluted using a 200mM 

NaCl-Tris buffer and 2ml fractions continuously collected. Maximal protein fractions 

were identified spectrophotometrically at 280nm, and pooled to give a final volume of 

approximately 17.5ml. Following the elution of dynein, tubulin was removed from the 

column by the addition of 500mM NaCl-Tris buffer. Maximal fractions were again 

located spectrophotometrically. The concentration of protein at this stage, and at the stage 

prior to anion-exchange chromatography (section 2.7.3), was estimated by taking an 

absorbance scan between 220nm and 340nm (section 2.11.1).

2.7.5. Separation of 14S and 22S dvnein

The pooled fractions eluted from the DEAE-Sephacel column using a 200mM NaCl-Tris 

buffer, were carefully layered onto five or six 5-25% sucrose gradients, and centrifuged for 

16 hours at 100,000 g and 5°C using a SW27 Beckman rotor and Sorvall OTD65B
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refrigerated ultracentrifuge. Sucrose gradients were prepared by freezing and thawing 

31ml aliquots of a solution containing 50mM Pipes, 4mM MgCl2, O.lmM EGTA, ImM 

DTT and 15% sucrose, pH 7 in 38.5ml polyallomer centrifuge tubes (25.4 x 89mm). After 

centrifugation, the gradients were manually fractionated into 1ml volumes. The positions 

of 14S and 22S dynein were determined spectrophotometrically at 280nm, and the peak 

fractions pooled. Sucrose was dialysed for 15 hours from 14S and 22S dynein using at 

least 3 x 1  litres of buffer containing lOmM Hepes, 4mM MgCl2, O.lmM EGTA, lOOmM 

NaCl and O.lmM DTT, pH 7.4. After dialysis, the concentration of protein was estimated 

by taking an absorbance scan between 220nm and 340nm (section 2.11.1)

2.7.6. Fractionation of 14S dvnein using Fast Protein Liquid Chromatographv 

14S dynein was fractionated using fast protein liquid chromatography (FPLC). FPLC 

buffers A (lOmM Hepes, 4mM MgCl2, O.lmM EGTA and O.lmM DTT, pH 7.4) and B 

(buffer A + IM NaCl) were filtered through a 0.2p,m cellulose nitrate membrane filter 

(Whatman) and degassed immediately prior to use. The FPLC (Pharmacia) was coupled to 

a 1ml bed volume anion-exchange Mono Q HR 5/5 column (Pharmacia) and the pumps A 

and B filled with corresponding buffer. The functioning of the FPLC and column was 

routinely checked by running the elution gradient programme prior to loading 14S dynein 

onto the column (table 2.1). Elution gradients were produced by the differential delivery 

of the IM NaCl buffer from pump B. Absorbance at 280nm, was continuously and 

automatically measured by a flow cell coupled to a chart recorder set at a full scale 

deflection of 0.2 or 0.5 absorbance units. After nmning the trial gradient, the column was 

equilibrated to 0.2M NaCl. The 14S dynein sample was then filtered through a 0.2p,m 

Acrodisc filtration unit (Gelman) and, 25-35ml, of approximately 0.05mg/ml sample, was 

loaded onto the column using a 50ml capacity Superloop (Pharmacia). Once a steady 

baseline had been established, the elution programme was started (table 2.1) and 0.5ml 

fractions collected. The elution profile was monitored and all fractions kept on ice. All 

fractions eluted during the gradient were routinely analysed by 7.5% SDS-PAGE (section 

2.12.2). \
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Time (minutes) Concentration of 
N a a

0 0.2M
5 0.2M*

25 0.4M*
25 IM
30 IM
30 0.2M
35 0.2M

Table 2.1. Programme used for the elution of 14S dynein fractions using FPLC (section 
2.7.6). Asterisks indicate the linear gradient over which fractions are eluted.
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Figure 2.2. Flow diagram to represent the dynein extraction procedure (section 2.7).
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2.8. Concentration of 14S dvnein and fractions thereof

Dynein samples were concentrated by ultrafiltration using a variety of Millipore Ultrafree 

filtration units with either polysulfone or low-binding cellulose membranes. Dynein 

samples (maximal volume of 0.4ml) were concentrated using Ultrafree-MC filter units 

with either lOkDa, 30kDa or lOOkDa exclusion limit membranes. Filtration units were 

centrifuged for approximately 20 minutes at 5°C in at bench top micro-centrifuge at 

11,600 g. The retentate was removed and the protein concentration estimated by 

absorbance at 280nm (section 2.11.1). Dynein samples (maximal volume of 2ml) were 

alternatively concentrated using Millipore Ultrafree-CL filter units with a polysulfone 

membrane of exclusion limit 30kDa. Samples were centrifuged at 5°C using a Heraeus 

digifuge at 5,000 g for approximately 40 minutes. The protein concentration of the 

retentate was estimated using absorbance at 280nm (section 2.12.1).

2.9. Gel filtration chromatographv

The further purification of 14S dynein fractions was achieved using an FPLC coupled to a 

24ml bed volume Superose 6 Hr 10/30 column with a separation range of 5kDa to 

SOOOkDa. Prior to use, the column was equilibrated with buffer containing lOmM Hepes, 

4mM MgCl2, O.lmM EGTA, O.IM NaCl and O.lmM DTT, pH 7.4, which had been 

filtered through a 0.2p.m cellulose nitrate membrane filter (Whatman) and degassed. The 

dynein fraction, of approximate concentration ranging from 0.04-0. Img/ml, was then 

loaded onto the column at a rate of 0.25ml per minute using a 200jxl sample loop. 

Absorbance at 280nm was continuously monitored through a flow cell connected to a chart 

recorder set at a full scale deflection of 0.05 absorbance units, and 1ml fractions collected. 

The column was calibrated for molecular mass estimates using molecular mass standards 

(Sigma) as follows: thyroglobulin (669kDa), apoferritin (443kDa), (3-amylase (200kDa), 

alcohol dehydrogenase (150kDa), bovine serum albumin (66kDa), carbonic anhydrase 

(29kDa), and cytochrome C (12.4kDa). The mass of the dynein fraction was estimated by 

extrapolation from a standard curve constructed from a graph of log molecular mass 

plotted as a function of the elution volume.
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2.10. Microtubule preparation

Microtubules were prepared form both Tetrahymena axonemes (figure 2.5) and porcine 

brain. The preparation of microtubules from Tetrahymena axonemes was a modification 

of the methodology described by Vallee (1986). The method for microtubule preparation 

from brain was supplied courtesy of Dr. R. Cross, Marie Curie Research Institute, Oxted, 

Surrey, and incorporated the use of a phosphoceUulose column to remove microtubule- 

associated proteins (Weingarten et ah, 1975). Both procedures made use of the fact that 

tubulin assembles to form microtubules when incubated at an elevated temperature (37®C) 

and in the presence of GTP. Differences between methods, however, were evident since 

self-assembly of microtubules does not readily occur in axonemes (Vallee, 1986). Taxol 

was therefore used throughout this preparation to promote and stabilise microtubules 

(Schiff et al., 1979). In contrast, the procedure utilised for porcine brain was a 

modification of the well-established reversible assembly method (see Borisy et at., 1975). 

In the absence of taxol, microtubules were purified by temperature-dependent cycles of 

polymerisation and depolymerisation and separated from microtubule-associated proteins 

by phosphoceUulose chromatography. In both procedures, the formation of mierotubules 

was monitored using transmission electron microscopy (section 3.7.1).

2.10.1. Tetrahymena axonemes (figure 2.3)

The axonemal pellet which remains following dynein extraction from Tetrahymena 

(section 2.7.3) was used as the tubulin source for the preparation of mierotubules. At least 

two pellets were homogenised, using a mechanical Teflon-in-glass homogeniser, in a 3ml 

volume of PEM buffer containing O.IM Pipes, ImM EGTA and ImM MgCl2, pH 6.6. 

The homogenate was centrifuged at 38,720 g for 30 minutes at 2°C and the supernatant 

retrieved. All centrifugation steps, at this and subsequent stages, were carried out using 

9ml centrifugation tubes (Sorvall), a Sorvall SS-34 rotor (with inserts), and Sorvall RC-5B 

refrigerated superspeed centrifuge. The concentration of tubulin in the supemantant was 

estimated using 1mm cuvettes by absorption at 280nm (section 2.11.1). The supernatant 

resulting from centrifugation was incubated at 37°C in the presence of 20p,M taxol and 

ImM GTP. After 30 minutes (the solution had become cloudy), 1ml of a pre-warmed
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solution containing 10% sucrose, PEM buffer, 20|O.M taxol and ImM GTP was used to 

underlay (by introducing the solution at the bottom of the tube with a Pasteur pipette) the 

incubating microtubule solution. This was then centrifuged at 38,720 g for 30 minutes at 

25°C. The supernatant was discarded and the resulting glassy pellet retained. The pellet 

was re-homogenised in 0.5ml ice-cold PEM buffer containing 20(iM taxol and ImM GTP, 

using a 1ml Uni-Form manual homogeniser. The homogenate was then centrifuged at 

38,720 g for 30 minutes at 2°C. The supernatant was removed and incubated once more at 

37°C in the presence of 20pM taxol and ImM GTP. After 30 minutes, 1ml of a pre

warmed solution containing 10% sucrose, PEM buffer, 2O|0,M taxol and ImM GTP was 

used to underlay the incubating microtubule solution as before. This was then centrifuged 

at 38,720 g for 30 minutes at 25°C. The microtubule pellet was used within 12 hours and 

stored at 5°C in the presence of NaNg at a final concentration of 5mM. The pellet was 

resuspended immediately prior to use with a 1ml Uni-Form manual homogeniser in 0.1ml 

of ice-cold PEM buffer.

2.10.2. Porcine brain (figure 2.41

The brains were removed from three freshly slaughtered pigs at a local abbatoir and placed 

immediately into ice-cold PBS solution. They were then transported on ice to the 

laboratory where meninges and clots were removed. Brains were placed in a blender and 

homogenised for approximately 30 seconds in 300ml of Mes buffer (lOOmM Mes, 0.5mM 

MgCl2, 2mm EGTA, O.lmM EDTA, pH 6.5) containing ImM ATP, O.lmM GTP, O.lmM 

PMSF, 20|iM leupeptin and 4mM DTT. The homogenate was then centrifuged at 23,430 g 

for 50 minutes at 4°C and the supernatant retained. The supernatant was incubated at 37°C 

with a 33% volume of pre-warmed glycerol containing MgCl2 and GTP at a final 

concentration of 5mM and ImM respectively. After 60 minutes, the solution was 

immediately centrifuged at 193,000 g in a TFT. 50.38 rotor for 1 hour at 35°C.

The pellets were resuspended on ice in 50ml of Pipes buffer (O.IM Pipes, 0.5mM MgCl2, 

2mM EGTA, O.lmM EDTA, pH 6.8) containing O.lmM GTP, 4mM DTT and 20pM 

leupeptin. Resuspension of the pellets was achieved using a mechanical Teflon-in-glass 

homogeniser left overnight at 5°C. The homogenate was centrifuged at 193,000 g in a

52



TFT. 50.38 rotor for 30 minutes at 4°C and the supernatant retained. Pre-warmed glycerol 

was once again added to the supernatant to give a final volume of 33%. MgCli and GTP 

were also added to a final concentration of 5mM and ImM respectively, and the solution 

incubated at 37°C. After 40 minutes, the solution was centrifuged using a TFT. 50.38 

rotor at 244,300 g for 40 minutes at 35°C.

The pellets were resuspended in 15ml of column buffer (50mM Pipes, ImM EGTA, 

0.2mM MgCl2, O.OlmM GTP, pH 6.8) containing 4mM DTT and ImM GTP. The 

homogenate was maintained on ice for 40 minutes and then centrifuged for 40 minutes at 

4°C using a TFT.50.38 rotor at 244,300 g. The supernatant was then loaded onto a 200ml 

phosphoceUulose column* which had been equilibrated with column buffer containing 

4mM DTT and ImM GTP. The flow of protein solution was maintained at 0.5ml/minute 

using a peristatic pump attached to the top of the column. Once all the sample had been 

loaded onto the column, the flow of column buffer was maintained and 1.5ml fractions 

were collected. Tubulin was located spectrophotometrically at 280nm (section 2.11.1). 

Fractions with an A28O reading of greater than 1.0 were pooled, aliquoted into 1ml 

fractions, frozen in liquid nitrogen and stored at -70°C until required. Tubulin stocks were 

polymerised by first increasing the MgCl2 and GTP content to 2mM and ImM 

respectively, and then incubating the solution at 37°C. After 30 minutes, taxol was added 

to a final concentration of 20(iM to stabilise the mierotubules.

’ The phosphoceUulose column was prepared according to the manufacturer's instruction (Wliatman).
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Figure 2.3. Preparation of mierotubules from Tetrahymena axonemes (section 2.10.1).
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Figure 2.4. Preparation of mierotubules from Pwcine brain (section 2.10.2).
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500nm

Figure 2.5. Negatively stained mierotubules prepared from Tetrahymena axonemal 
tubulin (section 2.10.1) and visualised using electron microscopy (section 3.7.1).
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2.11. Estimation of protein concentration

Two techniques were used for the estimation of protein concentration. Both techniques 

requhed a measurement of absorbance which was cairied out in 1cm or 1mm quartz 

cuvettes using either a double-beam recording Unicam SP8-100 spectrophotometer or a 

Perkin-Elmer Lambda 5 double-beam recording spectrophotometer.

2.11.1. Protein absorbance spectra

An absorbance scan was taken between 220nm and 340nm. A base-line was fitted to the 

scan and the absorbance at 280nm was measured. Protein concentration was then 

calculated from the absorbance scan using the approximation that a Img/ml solution of 

protein produces an A28O of 1.0. Pioteins solutions which contained DTT were referenced 

against appropriate buffer solutions containing DTT of a comparable age to that of the 

protein. This was necessary to minimise the absorbance effect caused by oxidised DTT 

(Cleland, 1964). In the oxidised state, DTT had a maximal absorbance of 283nm which, if 

not minimised, significantly interfered with estimates of protein concentration at 280nm.

2.11.2. Bradford assav

Protein concentration was estimated using a dye-reagent kit (Bio-Rad) developed from the 

method of Bradford (1976). Estimations of protein concentration were determined from 

the standard curve derived from a plot of absorbance (595nm) against an appropriate 

concentration range (p,g) of bovine plasma gamma globulin. Standard curves were 

constructed according to the manufacturer's instruction for the Bio-Rad microassay 

procedure.

2.12. SDS-PAGE

SDS polyacrylamide gel electrophoresis of proteins used a modification of the technique 

described by Laemmli (1970).

2.12.1. Preparation of protein samples

Protein samples were typically prepared for electrophoresis by adding 60fil of protein to 

35p,l of sample buffer (0.18M Tris, 5.7% SDS, 29% glycerol, 0.005% bromophenol blue.
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pH 6.8) and 5|il of P-mercaptoethanol. The sample was then placed immediately into 

boiling water for 3 minutes. Gel samples were stored at -20°C untü requhed.

2.12.2. Mini-gels

Mini-gels (10cm x 6cm x 1mm) were produced using the Bio-Rad mini protean slab gel 

apparatus. The percentage of acrylamide used in the resolving gel was dependent on the 

molecular mass of the proteins to be resolved but was typically 5%, 7.5%, or 10% (table 

2.2). Once the resolving gel had been poured into the gel cast, it was immediately 

overlayed with isobutanol and left to set at room temperarture. The isobutanol was then 

removed, and the stacking gel (table 2.2) poured on top of the resolving gel. Combs to 

form the gel wells were then inserted. Once the gel had set, the combs were removed and 

the wells filled with running buffer containing 0.2M glycine, 0.02M Tris and 0.1% SDS. 

Protein samples were then loaded into the wells of the gel using a Gilson P20. For dynein 

samples, maximal amounts of protein were loaded into each well. This gave a range of 

protein per well from 0.5|ig to 4pg. Gels were run at 40mA for approximately 60 minutes 

or until the bromophenol blue marker present in the gel samples (section 2.12.1) had 

travelled the length of the gel.

2.12.3. Gradient gels

Linear gradient gels were produced using the Bio-Rad mini protean apparatus by mixing 

equal volumes of 3% and 5% resolving gel solutions in a gradient maker, and using a 

peristatic pump to deliver the solution into the gel cast. The concentration of the reagents 

APS and TEMED were reduced from the values used in standard acrylamide gels in order 

to delay the onset of gel matrix formation (table 2.3). Once the resolving gel had been 

formed, the procedure was identical to that described in section 2.12.2.

2.12.4. Silver staining

Polyacrylamide gels were stained using a Bio-rad silver stain plus kit developed from the 

method of Gottlieb and Chavko (1987). Gels were fixed, washed and developed, 

according to the manufacturer's instruction, in polyethylene staining containers which were 

routinely cleaned with 50% nitric acid and washed in deionised water prior to use.
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Staining of the gel was terminated by replacing the development reagent with 5% acetic 

acid. Gels were photographed within 1 hour of development.

2.12.5. Coomassie Blue stain

Polyacrylamide gels were stained for 1 hour, with agitation, in solution containing 0.1% 

Coomassie Brilliant Blue R250, 40% IMS (industrial methylated spirit), and 12% acetic 

acid. The gels were then destained in 10% acetic acid overnight or until the background 

had become clear.
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Gel Constituents Resxdving Gel Stacking G d
Percentage
Acrylamide

5% 7.5% 10% 4.5%

Lower Stock* 2.25ml 2.25ml 2.25ml -

UppCT Stock* - - - 2.5ml
Acrylamide

Solution*
1.5ml 2.25ml 3ml 1.5ml

Deionised Water 5.25ml 4.5ml 3.75ml 6ml
10% APS 40^1 40tü 40^ü 30lü
TEMED lOlÜ lOpl lOul lOltl

Table 2.2. Constituent solutions for 5%, 7.5% and 10% polyacrylamide gels (section 

2.12.2).

Percentage
Acrylamide

3% 5%

Lower Stock* 2.25ml 2.25ml
Acrylamide
Solution*

0.9ml 1.5ml

Deionised Water 5.8ml 5.25ml
10% APS 20pl 20tü
TEMED 5iü 5\û

Table 2.3. Constituents for 3-5% gradient resolving gels (section 2.12.3).

*Lower stock consists o f 1.5M Tris and 0.4% SDS, pH 8.8. Upper stock ccmsists o f 0.5M Tris, 0.4% SDS, 

pH 6.8. Acrylamide solution contains 30% acrylanide aiui 0.3% ftîj-acrylamide.
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Chapter 3

The Isolation, Purification, and Structural Investigation 
of Four 148 Dynein Fractions



Introduction

This chapter describes the purification of four 14S dynein fractions isolated from the cilia 

of Tetrahymena thermophila. These fractions (designated 1-4) were identified by their 

unique polypeptide composition, immunogenicity, and distinct molecular structures.

3.1. The isolation and purification of dynein from Tetrahymena

3.1.1. The dvnein extraction procedure

Studies on cilia motility fhst began following the discovery that cilia could be successfully 

isolated from appropriate eukaryotic organisms. Deciliation is achieved using the 

relatively mild treatment of dibucaine hydrochloride (Thompson et al., 1974) which does 

not result in lysis of the cell membrane (Satir et al., 1976). Once the cilia have been 

successfully isolated, the membrane surrounding the cilium is solubilised using a mild 

detergent such as digitonin (Gibbons, 1963), Triton X-100 (Mabuchi & Shimizu, 1974), or 

nonidet P40 (Porter & Johnson, 1983). The components of the axoneme aie then 

accessible, and can be separated into a soluble and an insoluble fraction using either a 

high-salt extraction treatment (Porter & Johnson, 1983), or a low-salt procedure involving 

the extensive dialysis of cilia against a low concentration of EDTA (Takahashi & 

Tonomura, 1978; and Gibbons, 1963). In both methods, differential centrifugation is used 

to separate the soluble fraction (which represented 90% of the ciliary ATPase) from the 

insoluble fraction (comprising the remaining 9 4-  2 microtubule structure of the axoneme 

{section 1.4}). The ciliary ATPase, or subsequently named dynein, is then purified into 

two main types (14S and 22S) using sucrose density gradient centrifugation (Gibbons & 

Rowe, 1965). More recently, a column chromatography step, which separates dynein from 

other axonemal proteins, has been introduced prior to the density gradient centrifugation 

procedure (Porter & Johnson, 1983).

3.1.2. Variation between species: extractabilitv and stability of dvnein

The dynein investigated in this thesis was isolated from the multiciliated protozoan 

Tetrahymena thermophila. Tetrahymena cilia, along with Chlamydomonas and sea urchin 

sperm flagella, represent the most common sources of dynein for experimental
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investigation (section C, chapter 1). Although the dynein extracted from these three 

systems share common features, species variation is apparent with respect to the 

extractability of dynein from the axoneme and subsequent stability of the isolated protein 

in solution. Dynein from sea urchin sperm flagella responds to a high-salt extraction 

procedure with the selective removal of the outer dynein arm (Gibbons & Gibons, 1973), 

whereas a similar treatment of Tetrahymena (Johnson & Wall, 1983) and Chlamydomonas 

(Piperno & Luck, 1979a) axonemes results in the removal of both outer and inner arms. 

The stability of dynein after extraction is also variable. Chlamydomonas outer dynein arms 

readily dissociate into an 18S and 12S species following extraction (Piperno & Luck, 

1979a), whereas dissociation of the sea urchin sperm outer arm occurs following low 

ionic-strength dialysis (Tang et a l, 1982). In comparison, the extracted 22S outer dynein 

arm of Tetrahymena is relatively stable over a wide range of ionic strengths (Johnson, 

1986). Furthermore, the yield of dynein attainable is sufficient for biochemical studies 

since the organism is multiciliated and can be grown in large cultuies. Dynein yield is also 

significantly improved by the use of a mucus-deficient mutant since mucus creates 

significant problems in the differential centrifugation of cells from cilia.

3.2. Structure of 14S dynein isolated from Tetrahymena

For the reasons outlined in the previous section, Tetrahymena provides a useful source of 

axonemal dynein for biochemical analysis. Two types of dynein have been isolated from 

this organism and are referred to as 14S and 22S dynein. The structure of the 22S has been 

well-characterised and is discussed in detail elsewhere (section 1.7.1). In contrast, 

information regarding 148 dynein is much more limited.

3.2.1. Earlv investigations

Structural investigations on 148 dynein lagged far behind those of the 228 species which 

now has a well-defined structure (Johnson & Wall, 1983; Goodenough & Heuser, 1984). 

One of the main reasons for this delay was that, until the 228 species had been fully 

characterised, the 148 was believed to be the monomer subunit of 228 dynein (Gibbons & 

Rowe, 1965; Gibbons, 1966; Warner e ta l,  1977). The 148 was originally described as a 

single ellipsoidal particle measuring 14nm x 9nm x 9nm, whereas the 228 species (or 308
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as it was then referred) was described as a rod, or linear polymer, of 14S subunits (Gibbons 

& Rowe, 1965). It was subsequently discovered, however, that the two forms of dynein 

were distinguishable. Differences were shown both in the enzymatic properties (Gibbons, 

1966; Shimizu & Kimura, 1974) and electrophoretic profiles (Mabuchi & Shimizu, 1974; 

Porter & Johnson, 1983) of the two dyneins. Furthermore, particles derived from the 

sonication of 30S dynein, and approximating to a sedimentation coefficient of 14S, were 

shown to have distinguishable properties to the 14S ATPase arising from axoneme 

extraction (Blum & Hines, 1979). Consequently, by the mid-1980s, 14S dynein had been 

identified as a unique species. Nevertheless, an understanding of the structure at this time 

was unchanged from the ellipsoidal paiticle originally proposed by Gibbons & Rowe 

(1965).

3.2.2. Current model for the structure of 14S dvnein

The present structure for 14S dynein comes from the images obtained by Marchese- 

Ragona et al. (1988) using scanning transmission electron microscopy (STEM). This 

technique was used following its successful application in defining the structure of 22S 

dynein in which unfixed and unstained dynein particles (with minimal artifacts accountable 

to sample preparation) were analysed (Johnson & Wall, 1983). Using this technique, in 

conjunction with images obtained by negative staining, Marchese-Ragona et al. showed 

that 14S dynein was a heterogeneous mixture of two populations of particles. One particle 

wais described as a single ellipsoidal globular head (9.5nm x 14.5nm), whilst the other had 

a globular head domain, of equivalent dimensions, but with an additional 20-24nm tail 

region (figure 3.1). The two species of 14S were believed to be in roughly equal 

proportions, and there was a suggestion of a pit or cleft in the globular heads, indicated by 

the accumulation of negative stain during electron microscopy preparation.

The only other structural evidence for 14S dynein came from Toyoshima (1987a) where 

molecules were described as predominantly single globular particles of diameter 18nm. 

Toyoshima did report, however, the presence of 'C-shaped' particles thought to be 

indicative of a possible stalk-like appendage.
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Figure 3.1. Diagrammatic representation of 14S dynein structure as proposed by 
Marchese-Ragona et al. (1988).

33. Polypeptide composition of 14S dynein

In addition to structural studies, the polypeptide composition of 14S dynein was 

investigated using SDS-PAGE. Early investigations indicated that 14S dynein consisted of 

one high molecular mass polypeptide, or heavy chain (HC), of approximate mass 460- 

520kDa (520kDa, Mabuchi & Shimizu, 1974; and 460kDa, Toyoshima, 1987a). In 

contrast. Porter and Johnson (1983) proposed that 14S dynein was composed of at least 

three heavy chains, each with an approximate mass of 300kDa. Since these initial studies, 

improvements in electrophoretic methods enabled a more accurate determination of 

polypeptide composition. In particular, Marchese-Ragona et al. (1988) used a 5-15% 

acrylamide gradient gel to resolve two heavy chains (which are immunologically distinct), 

one intermediate chain (IC) and three light chains (LC). The approximate masses of these 

latter polypeptide components were determined by a comparison with appropriate 

molecular mass standards. The mass of the single intermediate chain was estimated as 

llOkDa (Porter and Johnson, 1983), whereas the light chains were shown to be in the 

range 30-55kDa (Marchese-Ragona et al., 1988). Accurate mass estimations of the two 

heavy chains (designated HCl and HC2), however, have remained notoriously difficult to 

determine.

In contrast to this work, electrophoretic studies using 3-5% acrylamide gradient gels 

recently revealed at least four heavy chain components associated with 14S dynein (Muto 

et al., 1994). In this study, HPLC was utilised to separate three major fractions of 14S 

dynein consisting of one or two heavy chain components and a light chain identified as
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Tetrahymena actin. Four heavy chains were then identified by both their differing 

electrophoretic mobilities and by the production of different cleavage products following 

vanadate-dependent photolysis (see chapter 4).

3.4. Relating the polypeptide composition to the structure of 14S dynein in solution

A correlation between the polypeptide composition and structural morphology of 14S 

dynein has yet to be determined. In particular", the recent identification of four heavy 

chains (Muto et al. 1994) has not been interpreted with respect to electron microscopy 

analysis. Marchese-Ragona et al. (1988), however, suggested a simple interpretation based 

on their data resulting from 5-15% polyacrylamide gradient gels and scanning transmission 

electron microscopy (STEM) images. This group proposed that the two immunologically- 

distinct heavy chains, detected by gel electrophoresis (HCl and HC2), were equivalent to 

the globular heads of the two distinct populations of 148 dynein visualised using STEM 

(figure 3.1). This proposal originated from the observation that the mass of each head 

(determined by STEM analysis) was approximately equivalent to the presumed mass of a 

single heavy chain (determined by SDS-PAGE). The tail-less particle was therefore 

suggested to be composed of a single copy of one of the heavy chains. In contrast, the 

head-tail structure was proposed to consist of a single copy of the remaining heavy, 

intermediate and light chains since the estimated molecular mass of 510kDa (using STEM 

analysis) could be accounted for by the presence of a single copy of one heavy chain, the 

llOkDa intermediate chain, and one copy of each of the three light chains (30-55kDa).

The work presented in this chapter proposes that the heterogeneity associated with 14S 

dynein is attributable to the presence of four distinct species. These species have unique 

structures previously undescribed for 14S dynein.

65



Methods

Several of the techniques relevant to this chapter have been described elsewhere. In 

particular, the cultivation of Tetrahymena (section 2.4), concentration of cells (section 2.6), 

and preparation of dynein (section 2.7) have been included in chapter 2. The methods 

described here are specifically relevant to this chapter.

3.5. Antibody (IgY) preparation from chicken eggs

Attempts at raising antibodies against fractions of 14S dynein used the methodology 

developed by Gassmann et al. (1990) for antibody production in chicken. The chickens 

used were hybrid egg-laying chickens of approximately 20 weeks old. Pre-immune eggs 

were collected and tested for antigenicity against 14S dynein fractions prior to 

immunization.

3.5.1. Immunization of hens

Due to the restricted yields of dynein from the extraction procedure (section 3.8.5), dynein 

samples from a total of three preparations were necessary for the immunization of chicken. 

Each dynein sample was dialysed for 16 hours in 2 x 2 liters of buffer containing lOmM 

Hepes, 4mM MgCl2, O.lmM EGTA, 40mM NaGl and O.lmM DTT, pH 7.4, before being 

rapidly frozen in liquid nitrogen and then stored at -70° C. Immediately prior to 

immunization, the relevant dynein samples were thawed and mixed thoroughly with an 

equal volume of complete Freund's adjuvant. Each chicken was then immunized by 

injecting 1.5ml of appropriate sample into the pectoral muscle. Subsequent injections of 

sample mixed with incomplete Freund's adjuvant were given on days 12 and 20. Eggs 

were labelled and collected from day 15 onwards and stored at 5°C.

3.5.2. Extraction of antibodies from egg yolks

Antibodies were extracted from egg yolks using the technique of differential PEG 

precipitation (Gassmann et al., 1990). The yolks were separated from four eggs which had 

originated from one chicken and been layed on consecutive days. After washing the yolks 

in deionised water, the skins were removed and an equal volume of buffer A containing 

lOmM Hepes, 4mM MgCl2, O.lmM EGTA, 40mM NaCl and O.lmM DTT, pH 7.4, was
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added. The total volume of solution at this stage was approximately 120ml. An equal 

volume of buffer A containing 1% PEG 6000, was then added to give a final volume of 

240ml. The solution was stirred at room temperature for 30 minutes and then centrifuged 

at 14,000 g for 10 minutes at 4°C. The pellet was discarded and the supernatant filtered 

through several layers of muslin. Solid PEG 6000 was added to the supernatant to a final 

concentration of 12%. After mixing, the solution was centrifuged at 14,000 g for 10 

minutes at 4°C. The resulting supernatant was discarded and the pellet resuspended in 

40ml of buffer A. An equal volume of buffer A plus 24% PEG 6000 was then added to the 

resuspended pellet and mixed thoroughly before centrifuging at 14,000 g for 10 minutes at 

4 0 c. The supernatant was again discarded and the pellet resuspended in 20ml of buffer A. 

This was then dialysed for 16 hours at 4°C against 2 x 1  litre of buffer A. Finally, the 

floating precipitate was removed by centrifugation at 14,000 g for 10 minutes at 4°C.

3.6. Immuno-blot analysis

3.6.1. Electroblotting of protein from acrvlamide sels onto nitrocellulose

Protein samples were first separated by SDS-PAGE as described in section 2.12.2. After 

electrophoresis, the stacker gel was removed and the resolving gel immediately prepared 

for electroblotting. Filter papers and nitrocellulose, which had been cut to the exact 

dimensions of the resolving gel, were soaked in transfer buffer containing 48mM Tris, 

39mM glycine, 10% methanol and 0.0375% SDS. They were then placed onto the pre

wetted positive graphite electrode of a LKB electroblotter in the following order: 9 filter 

papers, nitrocellulose, resolving gel, 9 filter papers. The negative electrode was then 

connected and the current set to 0.8mA/cm^. The protein on the gel was left to transfer 

onto the nitrocellulose for 70 minutes.

3.6.2. Western blotting

After electroblotting, transfer of protein to the nitrocellulose was confirmed by staining for 

a few minutes with Ponceau Red solution. The nitrocellulose was rinsed in de-ionised 

water and then incubated, with agitation, in block buffer containing lOmM Tris, 0.9% 

NaCl, 0.1% Tween and 3% milk powder, overnight at After incubation, the block
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buffer was discarded and the nitrocellulose washed for 3 x 10 minutes in buffer containing 

lOmM Tris, 0.9% NaCl and 0.1% Tween. All wash and incubation stages, at this and 

subsequent points, were carried out with agitation using a RlOO Luckham gyroshaker. 

After washing, the nitrocellulose was incubated with primary antibody diluted in block 

buffer for 1.5 hours at 37°C. The dilution of antibody used was 400-fold for antibodies 

raised in rabbit, and ranged from 5000-fold to 100-fold for those raised in chicken. 

Following incubation, the nitrocellulose was washed 4 x 5  minutes with PBS, and then 2 x 

5 minutes in buffer containing 150mM NaCl, 50mM Tris pH 7.5. The secondary antibody 

was then diluted 1000-fold with block buffer, and the nitrocellulose incubated for 1 hour at 

room temperature. The choice of secondary antibody, was dependent on the origin of the 

primary antibody and had either been raised in swine against IgG of rabbit, or raised in 

rabbit against chicken IgY. Both secondary antibodies were coupled to alkaline 

phosphatase. After incubation, the nitrocellulose was washed 4 x 5  minutes with buffer 

containing lOmM Tris and 0.9% NaCl. The nitrocellulose was then placed in 10ml of 

alkaline phosphatase buffer containing O.IM NaCl, 5mm MgCl2, O.IM Tris, pH 9.5, and 

developed (with agitation) by adding 66|J,1 of nitro-blue-tetrazolium (NBT) stock (50mg 

dissolved in 1ml of 70% DMF), and then 33|il of 5-bromo-4-chloro-3-indolyl phosphate 

(BCIP) stock (50mg dissolved in 100% DMF). Development of the nitrocellulose was 

terminated by the addition of PBS buffer containing 20mM EDTA.

3.7. Electron microscopy

The two main electron microscopy techniques used (section 3.7.1. & 3.7.2) required the 

use of a high-vacuum carbon-coating unit with a Polaron E6440 power supply. The 

pressiure in the coating unit was maintained at 6 x 10-  ̂mbar for both carbon-coating and 

metal-shadowing procedures. After preparation, grids were viewed in either a Jeol lOOCX 

or Siemens 102 transmission electron microscope.

3.7.1. Negative staining

Collodian coated copper grids (3.05mm x 300 square mesh) were prepared and stabilised 

by coating with carbon in a high-vacuum carbon-coating unit. The carbon electrode was 

prepared in advance by arranging two shaped carbon rods under tension, at a height of



15cm and at an angle of 90° to the grids. The grids were then glow discharged for 30 

seconds, to encourage hydrophilicity, using argon gas which was ionised by applying a 

1.5KV, 40mA electrical supply through two vertical electrodes. The protein sample to be 

investigated (dynein or microtubules), was diluted in an appropriate buffer to give a final 

concentration of approximately O.Olmg/ml, and then 0.01ml applied to the grids using a 

Gilson P20. After 5 minutes at room temperature, excess sample was removed with a filter 

paper by capillary action, and the grids then promptly washed using a few drops of 

distilled water. Excess fluid was removed with filter paper and a droplet (0.01ml) of 

negative stain (uranyl acetate or 1% sodium phosphotungstate) was then applied to each 

grid. This was removed using filter paper after a few seconds if uranyl acetate was used, 

and after a few minutes if sodium phosphotungstate was used. In each case, a thin film 

remained on the surface of the grid which was then left to air dry before viewing in the 

electron microscope.

3.7.2. Metal shadowing

Protein samples, of less than 0.1 mg/ml, were mixed by repeated pipetting 1:1 (v/v) with 

glycerol (pure grade). A sheet of mica was then freshly cleaved and vertically mounted at 

a distance of 27cm to the direction of an artist spray gun set at a pressure of 20 psi. The 

glycerol and sample mixture (0.01ml) was sprayed onto the cleaved surface of the mica 

and immediately secured to a rotatable stage using double-sided adhesive tape. The mica 

was then left to dry for 10-15 minutes at 6 x 10'^ mbar in a high-vacuum carbon-coating 

unit. The metal electrode was prepared in advance by wrapping approximately 2cm of 

0.1mm thickness platinum wire around a 6cm length of tungsten wire. This was then set at 

a distance of 12cm from the specimen and at an angle of 7.5°. Once the mica was dry, the 

stage was rotated at 90rpm (for rotaiy shadowing) or stationary (for unidirectional 

shadowing) and the specimen shadowed using the thermal evaporation of platinum. This 

was achieved by gradually applying a current, up to a maximum of 40A, through the 

tungsten over a period of 2.5 minutes. After shadowing, the specimen was stabilised by 

coating with carbon from a carbon electrode arranged at 90° to the stage as described 

previously (section 3.7.1). The mica was then scored and trimmed to enable the shadowed
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replica to be floated off onto water. The floating replica samples were picked up, from 

below, onto 3.05mm x 300 square mesh copper grids. Excess water was then removed by 

touching the underside of the grid with filter paper. Grids were left to dry completely 

before viewing in the electron microscope.

Samples were prepared in 50% glycerol in order to assist the localisation of dynein in the 

electron microscope. Glycerol droplets were easily identified in the microscope and the 

dynein molecules located towards the periphery of the droplet.

3.7.3. Photographv

Images were recorded onto Agfa Scientia E. M. film 23D56P3AH (Agfa Gevaert). 

Negatives were then exposed onto Ilford mudgrade IE paper and developed using an Ilford 

multigrade processor. Scales were corrected for print enlar gement, microscope calibration, 

and, in the case of metal shadowing, a value of Inm was deducted as an approximation for 

the quantity of metal deposited on the surface of the molecule (Willison & Rowe, 1980).
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Results

33. Preparation of dynein

The isolation and purification of four fractions of 14S dynein was achieved using the 

procedure outlined in figure 2.2.

3.8.1. Method of cell growth

Two methods of cell growth were used to produce large cultures of Tetrahymena. Method 

1, which was an established technique within the laboratory (section 2.4.1), typically 

produced yields of 22S and 14S dynein at (2.7 ± 1.1) mg and (0.8 ± 03) mg respectively 

from 16.5 litres of cells. Although this growth method was successful for many 

experiments, a recurring problem with contamination and poor growth led to the need to 

adopt a different growth strategy. Method 2 (section 2.4.2) was therefore used and shown 

to eliminate most of the problems associated with method 1. The typical yield of dynein 

was also an improvement for this latter method, since 23 x 750ml (17.25 litres) of 

Tetrahymena culture produced (3.5 ± 1.0) of 22S and (1.1 ± 0.4) mg of 14S dynein 

(table 3.1).

Growth
method

Axonemal
protein

Axonemal
dynein

14S dynein 22S dynein No. of 
preparaticms

1 37.6 ± 13.4 13.8 ± 3.9 0.8 ± 0.3 2.7 ± 1.1 10

2 56.1 ± 12.4 16.0 ± 3.1 1.1 ± 0.4 3.5 ± 1.0 20

Table 3.1. A comparison of the total protein (in mg) estimated at various stages during the 
dynein preparation for methods 1 and 2 of cell growth (section 2.4). Data was compilai 
from protein determinations taken as described in sections 2.7.3 (axonemal protein), 2.7.4 
(total dynein), and 2.7.5 (14S and 22S dynein).
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TR.2 DeierminatinnnfonHmumcellemwlh

Preliminary experiments involving flask cultures were carried out to determine the optimal 

growth rate for an inoculum of Tetrahymena cells (section 2.5). Cell counts were taken 

over a period of 4 days as described in section 2.5.1, although measurements were not 

taken before 24 hours of growth since the number of cells was difficult to accurately assess 

until a reasonable number had accumulated. A graphical representation of cell number 

versus time showed that the optimal number of cells was producW after approximately 72 

hours of growth (figure 3.2).

The size and quality of tire cilia pellet produced after different growth times was assessed 

(section 2.5.2). A general observation was that cultures harvested after 48 houra of growth 

produced cilia pellets comprising a jnopcation of cell debris due to a significant amount of 

cell death occuring after prolongM growth. Cell death presented problems in the later 

stages of the preparation through the release of proteolytic enzymes from lysed cells. Cells 

were therefore harvested after a growth period of 48 hours. This was considered the most 

efficient growth time since the cilia pellet produced was white in colour and largely 

unaffœted by cell debris. Figure 3.2 shows that growth at this time was well within the 

exponential phase and, as a result, contamination from lysed cells and proteolytic enzymes 

was minimised.

500  1

a 3 00  -

200  -

100  -

60 7020 30 40 50 80 90

Time (hours)

Figure 3.2. Growth curve for Tetrahyn^m de^minW by cell counts (section 2.5.1).
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The extraction and purification of dynein was successfully achieved essentially using the 

method of Porter and Johnson, 1983 (section 2.7). The dynein preparation was routinely 

monitored, at various stages of the procedure, by an estimation of the protein concentration 

using absorbance at 280nm (section 2.11.1). Table 3.1 shows a comparison of the total 

protein produced at equivalent stages using growth method 1 and 2 (section 2.4). After 

extraction from the axoneme (section 2.7.3), dynein was separated from other axonemal 

proteins using anion-exchange chromatography (section 2.7.4). A typical elution profile 

for this column is shown in figure 3.3

2.0
Dynein

I 15
I 
8 1.0
■S

D 10 20 30 40 50 60 70 80 90

Volume (ml)

Figure 3.3. Absorbance profile of the protein eluted from a DEAE-Sephacel anion- 
exchange column (section 2.7.4). The first peak eluted (using a 200mM NaCl-Tris buffer) 
corresponds to axonemal dynein, whereas the second peak (eluted with a 500mM NaCl- 
Tiis buffer) represents other axonemal proteins such as tubulin.

3.M., IsffM w  of 22S  and 145 dynein

The two types of dynein, 22S and 14S, were separated from each other by density gradient 

centrifugation (section 2.7.5). The position of the 22S and 14S was determined by the 

manual fractionation and subsequent absorbance reading of each fraction at 280nm 

(section 2.11.1). A typical profile of a sucrose gradient is shown in figure 3.4.
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Figure 3.4. 5-25% sucrose gradient profile of 14S and 22S dynein separation (section 
2.7.5). In this example, fractions 11-15 were pooled for 14S dynein and fractions 21-25 
were pooled for 22S dynein.

3.8.5. Fractionation of 14S dvnein

The fractionation of 14S dynein was achieved using a Mono Q HR 5/5 anion-exchange 

column coupled to an FPLC (section 2.7.6). Proteins were eluted using a gradient ranging 

from 200-4(X)mM NaCl over a period of 20 minutes (table 2.1). These conditions enabled 

the sufficient separation of four major peaks of 14S dynein over a minimal time period. 

Attempts at improving peak separation, by reducing the steepness of the gradient, led to 

broadened peaks and consequently more dilute protein being eluted from the column. A 

typical FPLC profile is shown in figure 3.5. The identification and position of the four 

peaks was a reproducible feature of the profile although the resolution of peaks three and 

four was variable. Typical total yields of each fraction for ten representative preparations 

were as follows: fraction 1 (0.33 ± 0.21mg); fraction 2 (0.08 ± 0.07mg); fraction 3 (0.03 

± 0.02mg); fraction 4 (0.05 ± 0.04mg).
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3.9. SDS-PAGE analysis of 14S dynein fractions

Samples taken across the entire FPLC elution profile were routinely analysed by silver- 

stained 7.5% SDS-PAGE (section 2.12.2). This analysis enabled the identification of foiu" 

different polypeptide compositions shown to coincide with the four major peaks prominent 

in the FPLC elution profile (figure 3.5). These four 'fractions', as they will now be 

referred, had unique compositions when analysed by SDS-PAGE. The most prominent 

featme of this analysis was the presence of one or two high molecular mass or heavy chain 

(HC) polypeptides which were clearly visualised using a 3-5% linear gradient gel (figure 

3.6). These were referred to as HCl and HC2 to distinguish their differing electrophoretic 

mobilities.

The four fractions of 14S dynein each had at least one heavy chain (figure 3.6). Fraction 1 

comprised two heavy chains (HCl and HC2); fraction 2 possessed a single heavy chain (of 

similar mobility to HCl); and fractions 3 and 4 each comprised a single heavy chain (of 

comparable mobility to HC2). In addition to heavy chain composition, SDS-PAGE 

analysis using 10% polyacrylamide gels revealed several lower molecular mass 

components associated with the four fractions (figure 3.7). In particular, fraction 4 

consisted of a number of polypeptides ranging from 130kDa to 188kDa which were not 

apparent in fractions 1, 2, or 3 (table 3.2). Similarly, a polypeptide of approximate mass 

47kDa was a prominent feature of fractions 1 and 2, but was significantly reduced and 

absent from fractions 3 and 4 respectively. In addition, a feature common to fractions 1, 3, 

and 4 was the presence of a peptide approximately 44.5kDa in mass (section 3.14.1). 

Closer examination of SDS-PAGE (figure 3.7) revealed that the fractions comprised 

unique and similarly-sized peptides as shown in table 3.2. The prominent peptides of each 

fraction appeared to be associated as gel filtration chromatography did not result in the 

separation of heavy chain and low molecular mass polypeptides for fractions 1, 2, or a 

mixture of fractions 3 and 4 (figure 3.8).
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Fraction 1 Fraction 2 Fractlmi 3 Fraction 4
— — - 188
- — - 152
- - 130

105-222 102-210 102 103
- 57 —

- 49 -

47 47.5 (47 J) -

45 - 44.5 (44.5)
- 43.5 - -

35.5 36.5 - -

32 32.2 -

30.5 31 - -

Table 3.2. A comparison of the polypeptide composition for the prominent peptides 
associated with the four fractions of 14S dynein (see figure 3.7). The approximate mass 
(in kDa) of each peptide is indicated. Brackets indicate peptides present as low intensity 
bands on SDS-PAGE.
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205— -205  
kDa

Figure 3.6. 3-5% linear gradient SDS polyacrylamide silver-stained gel of the four 
14S dynein fractions. The two heavy chains are denoted HCl and HC2. Tracks: 0 and 
5, molecular mass markers; 1-4,14S dynein fractions 1-4 respectively.
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Figure 3.7. 10% polyacrylamide silver-stained gel to show the polypeptide composition 
of the four fractions isolated for 14S dynein. Tracks: 0, molecular mass markers; 1-4, 
14S dynein fractions 1-4 respectively.
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0 1 2 3 4 5 6 7

-205

Figure 3.8. 5% SDS polyacrylamide silver-stained gel of 14S dynein fractions. Tracks:
0, unffactionated 14S; 1-3, 14S dynein fractions 1, 2, and 3/4 respectively; 4-6, fractions
1, 2, and 3/4 respectively after gel filtration chromatography; 7, molecular mass markers.
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3.10. Immunoblot analysis of the four dynein fractions

The polypeptide composition of the four fractions was investigated using immuno-blot 

analysis. Rabbit antibodies, previously raised in the laboratory, were used to test for cross

reactivity between the polypeptide components of three of the fractions. Attempts were 

then made to produce antibodies (in chicken) against all four 14S fractions (section 3.5). 

In addition, the four fractions were investigated for the presence of tubulin and actin.

3.10.1. Antibodies raised in rabbit against three 14S dvnein fractions 

Antibodies raised against fractions 1, 2, and a mixed population of fractions 3 and 4 

(designated fraction 3/4) were previously produced in the laboratory. These were obtained 

by the immunization of rabbits with the enthe protein constituents of each fraction. The 

antibodies produced were tested for specificity with the four newly-identified 14S dynein 

fractions. The Western blots resulting from the incubation of these antibodies with 

fractions 1-4, unfractionated 14S dynein, and 22S dynein are shown in figure 3.9.

A comparison of the three antibody blots showed there to be no cross-reactivity between 

the heavy chains of fractions 1, 2 and 3/4. Cross-reactivity did however occur between 

several of the lower molecular mass components. Antibodies against fraction 1, for 

example, cross-reacted with a fragment greater than 205kDa and a 68kDa component 

associated with fraction 2. In comparison, antibodies raised against fraction 2 had affinity 

for a lower molecular mass component (103kDa) of fraction 4. Similarly, antibodies 

against fraction 3/4 responded to an 88kDa and 92kDa doublet polypeptide faintly 

detectable in fraction 1. The affinity of antibodies to unfractionated 14S dynein was weak, 

and in the case of antibodies against fraction 2, undetectable. This is most probably due to 

the low concentration of 14S dynein available. Attempts to concentrate dynein solutions 

were unsuccessful since a large proportion of the dynein was irretrievably bound to the 

membranes of the concentration devices tested (section 2.8). In addition, the only 

evidence of cross-reactivity between 148 and 228 dynein was a weak response to a 

103kDa component evident in antibodies raised against fraction 3/4.
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3.10.2. An attempt to raise chicken antibodies to the four 14S dvnein fractions

The antibodies raised in rabbit showed there to be at least four distinct heavy chains 

associated with 14S dynein; two associated with fraction 1, and one each associated with 

fractions 2 and 3/4. In order to investigate the heavy chain(s) of fractions 3 and 4, 

however, it was necessary to raise new antibodies against all four 14S dynein fractions. 

Attempts were made to raise antibodies in chicken since Gassmann et al. (1990) showed 

that immunization with as little as 20-30itg of protein could produce a high and sustained 

titre of specific antibodies. As an initial experiment, hens were immunized with 22S 

dynein, 14S dynein fraction 1 and 14S dynein fraction 2 (section 3.5.1). These proteins 

were chosen since they were the most concentrated and therefore considered the most 

likely to produce an immune response. Despite three immunizations, however, no 

antibodies were detected in any of the eggs which were collected and harvested in batches 

of four for consecutive days (section 3.5.2). Eggs up to 64 days old were tested for the 

presence of antibody by immuno-blot analysis (section 3.6). The detection procedure 

(section 3.6.2) was tested by using an antigen and antibody (kindly donated by Mr. S. 

Savilie. Department of Genetics, Leicester University) which had been previously raised in 

chicken.

3.10.3. Probing the fractions for tubulin and actin

The possible association of tubulin with the four fractions of 14S dynein was investigated 

by immuno-blot analysis (section 3.6) since a band of approximately 50kDa (tubulin 

molecular mass ~ 55kDa) was apparent in fraction 2 (figure 3.7). A primary anti-tubulin 

antibody which had been raised in rabbit was used at a recommended 32-fold dilution 

(Sigma). The nitrocellulose blot resulting from this analysis is shown in figure 3.10. Anti

tubulin cross-reacted with Tetrahymena tubulin isolated during the dynein extraction 

procedure (section 2.7.4) but did not cross-react with polypeptides from any of the four 

fractions.

Immuno-blot analysis for actin (actin molecular mass = 42kDa, Hirono et al., 1987) was 

only possible using mouse monoclonal actin as a primary antibody (Sigma), since 

antibodies against Tetrahymena actin were not available. This actin antibody cross-reacted

82



with actin obtained from rabbit muscle, but did not cross-react with any of the 14S dynein 

fractions (figure 3.11). This did not eliminate the possible association of actin with the 

fractions isolated, however, since Tetrahymena actin is significantly divergent from other 

sources of actin (Hirono et a l, 1987).
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Figure 3.9. Immuno-blot analysis to investigate the four fractions of 14S dynein. 
Fractions were subjected to SDS-PAGE then either (a) silver-stained or transferred to 
nitrocellulose and Westem-blotted with antibodies raised in rabbit against (b) fraction 1, 
(c) fraction 2, or (d) fraction 3/4. Tracks: 0 and 7, molecular mass markers; 1-4, 14S 
dynein fractions 1-4 respectively; 5, unfractionated 14S dynein; 6, 22S dynein.
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Figure 3.10. Immuno-blot analysis to investigate the four fractions of 14S dynein. 
Fractions were subjected to SDS-PAGE then either (a) silver-stained or transferred to 
nitrocellulose and Westem-blotted with antibodies against (b) tubulin. Tracks: 0 and 
6, molecular mass markers; 1-4 14S dynein fractions 1-4 respectively; 5, Tetrahymena 
axonemal tubulin.
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Figure 3.11. Immuno-blot analysis to investigate the four fractions of 14S dynein. 
Fractions were subjected to SDS-PAGE then either (a) silver-stained or transferred to 
nitrocellulose and Western-blotted with antibodies against (b) actin. Tracks: 0 and 6, 
molecular mass markers; 1-4, 14S dynein fractions 1-4 respectively; 5, rabbit actin.

87



3.11. Electron microscopy analysis of the four fractions

Two major electron microscopy techniques were investigated in the visualisation of 14S 

dynein fractions; negative-staining and metal-shadowing (sections 3.7.1 & 3.7.2). The 

former technique was abandoned since artifacts of the staining procedure hindered the 

identification of dynein molecules. Consequently, structural analysis was exclusive to the 

images obtained by shadowing techniques. High- and low-resolution electron micrographs 

of rotary- and/or unidirectionally-shadowed preparations for the four fractions are 

presented in figures 3.12-3.15. The molecular dimensions of the globular heads and, 

where appropriate, the overall length, have been determined from the direct measurement 

of a representative population of molecules and are summarised in table 3.3.

Fraction 1

Both unidirectionally- and rotary-shadowed images of fraction 1 indicated that the 

molecular structure of this fraction consists predominantly of two globular heads (figure 

3.12). The heads were consistently observed together although, at low magnification 

(50,000 x), the nature of the interconnecting structure was unclear. At high magnification 

(100-130,000 x) the analysis of rotary-shadowed particles revealed the presence of a V- 

shaped stem emanating from the two head domains. The two head domains were shown to 

have an approximate diameter of (11.0 ± 2.3) nm. The length of the stem, however, was 

difficult to accurately determine since a basal structure was not obvious. Consequently, in 

comparison, the overall length of the molecule was estimated for a relatively small 

population of particles and has an approximate value of (25.7 ± 4.8) nm (table 3.3).

Fraction 2

Fraction 2 appeared to comprise at least three distinct structures (figure 3.13) of which two 

were observed as globular heads (one approximately spherical and the other ellipsoidal) 

with diameters of (6.5 ± 1.3) nm, and (14.4 ± 1.8) nm x (9.0 ± 1.9) nm respectively 

(table 3.3). The third structure appeared to be of variable size and shape and was 

consequently difficult to define. Later work indicated that these structures may represent 

aggregated forms of the fraction (section 5.8).



Fraction 3

Fraction 3 consisted entirely of molecules with a single globular head of approximate 

diameter (9.7 ± 1.5) nm (figure 3.14).

Fraction 4

Rotary-shadowed images of fraction 4 clearly defined the molecular structure of this 

fraction as comprising molecules with three small globular heads interconnectd via three 

slender stems (figure 3.15). A low magnification (50,000 x) view, using both 

unidirectionally- and rotary-shadowing, revealed the overall triangular arrangement of the 

three heads. At high magnification (100-130,000 x) the dimensions of the heads were 

estimated to a diameter (6.5 ± 1.7) nm (table 3.3). The overall length of the molecule was 

shown to be (30.9 ± 4.0) nm.
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Figure 3.12. Low magnification view of rotary-shadowed (top) and unidirectionally- 
shadowed (below) molecules of fraction 1 to illustrate two fields of view. High 
magnification view (facing page) of a montage of selected molecules in which a defined 
structure is apparent
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Figure 3.13. Rotary-shadowed molecules of fraction 2. A low magnification image, 
presenting three fields of view, shows at least three distinct structures (above). Two 
globular structures (facing page, above) and large undefined structures (facing page, 
below) were identified.
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Figure 3.14. Rotary-shadowed molecules of fraction 3 to illustrate (top) two fields of 
view and (below) a high magnification image of representative molecules.
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Figure 3.15. Low magnification view of rotary-shadowed (top) and unidirectionally- 
shadowed (below) molecules of fraction 4 to illustrate two fields of view. High 
magnification view (facing page) of a montage of representative molecules.
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I

Fraction Diameter of head domain Overall length of
(nm) molecule

1 11.0 ± 2.3 25.7 ± 4.8
(n = 44) (n = 16)

2 6.5 ± 1.3 (n = 14) 
(14.4 ± 1.8) X (9.0+ 1.9) 

(n = 11)
■

3 9.7 ± 1.5 
(n = 74)

-

4 6.5 ± 1.7 30.9 ± 4.0
(n = 47) (n = 19)

Table 3.3. Molecular dimensions of the four fractions of 14S dynein.

I Fraction 1 Fraction 2

Fraction 3

#
Fraction 4

ii
I

20 nmI i

Figure 3.16. Schematic representation of the four 14S dynein fractions based upon 
electron microscopy analysis.
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Discussion

3.12. Optimization of the dynein extraction procedure

One of the major limitations of the dynein extraction procedure concerned the relatively 

low yields of protein obtainable (table 3.1). In order to achieve adequate concentrations of 

dynein, it was essential to harvest large cultures of cells in a nutrient-rich medium. 

Consequently, this introduced a significant risk of fungal and/or bacterial contamination. 

In particular, growth method 1 was susceptible to contamination introduced either during 

inoculation or via the air line during aeration of the culture (section 2.4.1). These risks 

were minimised by inoculation in a laminar flow hood with the aid of a bunsen flame, and 

by the filtration of air using sterile bacterial air vents (figure 2.1). In addition, it was 

significantly more difficult to aseptically remove a sample for growth rate analysis from 

the large 15 litre culture, than from the smaller flask cultures used in growth method 2 

(section 2.4.2). As a result, growth in the 15 litre culture could not be regularly monitored 

and, since the total yield of dyneins remained fairly constant between preparations, cells 

were thought to be harvested during the stationary phase of growth. Harvesting cells in the 

stationary phase, however, increased the proportion of debris presumably arising from a 

prolonged growth in which a proportion of Tetmhymena cells had undergone lysis (section 

3.8.2). Since lysed cells give rise to the release of proteases, it was particularly important 

to minimise proteolysis in the dynein preparation. This was achieved by the use of EGTA 

to chelate calcium-activated proteases, and the use of protease inhibitors (PMSF and 

leupeptin) throughout the preparation (as described by Johnson, 1986). Proteases were 

also reduced by ensuring the deciliation process did not continue beyond three minutes 

since prolonged treatment can induce cell lysis (Thompson et ah, 1974). In addition, the 

effect of any remaining proteases was minimised by carrying out subsequent procedures at 

5°C (section 2.7).

The application of growth method 2 (section 2.4.2) reduced many of the problems 

associated with method 1 (section 2.4.1). The risk of contamination was minimised by the 

inoculation of smaller volumes (750ml) of media. Furthermore, the individual treatment of 

each flask during the concentration of cells, allowed contaminated flasks to be discarded
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prior to the dynein preparation (section 2.6.2). Flask cultures could also be easily 

monitored for cell growth (section 2.5) and harvested in the exponential phase to minimise 

cell lysis and consequently the release of proteases (section 3.8.2). This optimisation of 

the dynein preparation ensured the reproducible extraction of 0.7-1.5mg of 14S dynein 

(table 3.1).

3.13. Heterogeneity of I4S dynein - evidence for four fractions

The 14S dynein was separated into four fractions using an anion-exchange Mono Q HR 

5/5 column attached to an FPLC. Hitherto, heterogeneity of 14S dynein was thought to be 

due to the presence of two (Marchese-Ragona et al., 1988) or three (Muto et al., 1994) 

distinguishable fractions. Marchese-Ragona et al. (1988) described two morphologically 

different forms of 14S dynein which they were unable to separate (figure 3.1). 

Alternatively, Muto et al. (1994) isolated three fractions of 14S which differed in 

polypeptide composition (section 3.3).

The work presented here proposes that the heterogeneity of 14S dynein is attributable to 

the presence of four unique species. This conclusion comes from a number of 

observations. Firstly, four major protein peaks were reproducibly identified using anion- 

exchange FPLC (figure 3.5). Secondly, each of these peaks was eluted at a specific ionic 

strength and corresponded to a distinct polypeptide composition when analysed on 

polyacrylamide gels (figures 3.6 and 3.7). Thirdly, immuno-blot analysis (in conjunction 

with SDS-PAGE) revealed at least four distinct heavy chains; two associated with fraction

1, one associated with fraction 2, and one associated with a mixture of fractions 3 and 4 

{section 3.10.1} (figure 3.9). In this study, antibodies raised in rabbit against fractions 1,

2, and a mixture of fractions 3 and 4, showed no cross-reactivity between heavy chains 

associated with the three fractions. The relationship between the heavy chain components 

of fraction 3 and 4, however, has yet to be established since attempts to raise antibodies 

against all four fractions proved unsuccessful (section 3.10.2). Fourthly, each fraction 

showed a reproducible and unique complement of associated intermediate and low 

molecular mass components (figure 3.7) which were not separable by gel filtration 

chromatography (figure 3.8). Finally, electron microscopy observations revealed that the
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four fractions had unique and distinguishable structures (figures 3.12-3.15). In summary, 

fraction 1 consists of two globular heads most likely attached via two stems to a common 

base; fraction 2  is heterogeneous and appears to consist of at least two morphologically 

distinct globular species; fraction 3 consists of single-headed globular molecules; and 

finally fraction 4 has a triangular-shaped configirration, consisting of three small globular 

heads connected via three prominent stems to a common base. Taken together, these 

results support the proposal that 14S dynein is a complex population of at least four 

species.

3.14. Comparison of the four 14S dynein fractions with previous models

The four fractions presented in this chapter can be compared with the results of previous 

investigations of 14S dynein.

3.14.1. Polvpeptide composition

The polypeptide composition of unfractionated 14S dynein described by Marchese-Ragona 

et al. (1988) comprised two heavy chains (>300kDa), one intermediate chain (llOkDa) 

and three light chains (30-55kDa). In contrast, Muto et al. (1994) described the existence 

of four distinct heavy chains and several light chains one of which was Tetmhymena actin. 

In agreement with this latter work, the foirr fractions of 14S dynein described here, show 

there to be at least four distinct heavy chains; two associated with fraction 1 , and one each 

associated with fractions 2 and a mixture of fractions 3/4 {section 3.10.1} (figure 3.9). 

The association of Tetmhymena actin with some of the fractions is also plausible since a 

polypeptide of comparable mobility to actin, between 42kDa (Hirono et ah, 1987) and 

43.5kDa (Muto et a l, 1994), is evident (table 3,2). The possible location of actin includes 

a 43.5kDa peptide evident in fraction 2, or a peptide of approximately 44.5kDa that is 

apparent in fractions 1 and 3, and to a lesser extent, in fraction 4. Confirmation of the 

association of actin, however, has yet to be established for the four fractions of 14S 

described here since Tetmhymena actin has been shown to differ significantly from rabbit 

actin (Hirono et a l, 1987). Consequently, this necessitates the use of Tetrahymena- 

specific actin antibody for immuno-blot analysis (Muto et a l, 1994). Other lower 

molecular mass polypeptides are also associated with each fraction. This complement of
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peptides was thought to represent components of the four separate dynein structures and 

not contaminating proteins, since the peptides associated with fractions 1, 2 , and a mixtm"e 

of 3/4, were inseparable by gel filtration chromatography (figure 3.8).

3.14.2. Structural models

The structures proposed in this chapter for 14S dynein differ from those originally 

described by both Marchese-Ragona et al„ (1988) and Toyoshima (1987a). In these 

studies, single-headed structures, some of which possessed a tail-like appendage, were 

identified. The dimensions of the single-headed molecule were estimated by Toyoshima 

(1987a) to be 18nm in diameter. In contrast, Marchese-Ragona et al., (1988) described a 

smaller-sized particle of dimensions 9.5nm x 14.5nm. This latter estimate is within 

reasonable error of the dimensions presented here for three of the newly-identified 

fractions, (1 {ll.Onm x ll.Onm}, 2 {14.4nm x 9nm}, and 3 {9.7nm x 9.7nm}), 

summarised in table 3.3. Consequently, the single-headed components described here for 

fractions 2 and 3, may well be equivalent to the single globular domains previously 

described for unfractionated 14S dynein. It is also possible to envisage a relationship 

between fraction 1 and the head-tail structure identified by Marchese-Ragona et al. (1988). 

One possible interpretation, for example, is that the doubled-headed molecules described 

here may have been unstable under the preparation conditions used by Marchese-Ragona 

to produce predominantly single-headed molecules (see section 5.7).

These comparisons of structure show that although 14S dynein appears to be composed of 

four novel structures, similarities can be drawn between fractions 1,2 and 3 presented here 

and structures previously described. Fraction 4, however, appears to be a unique, 

previously unidentified structure. It is comparable in overall shape to 22S dynein (figure

1.4), although the size of the heads are significantly smaller in diameter. Two of the heads 

for 22S dynein have been shown to measure lOnm in diameter, whereas the third has a 

diameter of approximately 12nm (Johnson & Wall, 1983). In contrast, the three heads of 

fraction 4 all measure 6.5nm (table 3.3).
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3.15. Relating polypeptide composition to structure

Almost all dyneins so far described contain the same number of globular heads as heavy 

chains (Witman, 1989). Each head is believed to comprise the majority of a single copy of 

a specific heavy chain (Johnson & Wall, 1983; Witman et al., 1983; Sale et al., 1985), 

whereas the stem and base of the dynein structure are thought to represent the remaining 

heavy chain and a complex of intermediate and light chains respectively (King & Witman,

1990).

Using these previous observations, a relationship between polypeptide composition and the 

four 14S dynein structures can be speculated. SDS-PAGE analysis of fraction 1 resolved 

two heavy chains (figure 3.6), whilst electron microscopy investigations revealed a double

headed structure (figure 3.12). The simplest interpretation, therefore, is that each globular 

head comprises a single copy of a distinct heavy chain. Furtheimore, the interconnecting 

tail structures, visible using rotary shadowing, may be equivalent to a complex of the 

intermediate and light chains associated with this fraction (figure 3.7). A comparable 

interpretation of fraction 3 is also possible since the single globular head (figure 3.14) and 

single heavy chain component (figure 3.6) of this fraction, suggest that each globular head 

is composed predominantly of a single heavy chain. In contrast, the interpretation of 

fractions 2 and 4 is complicated by the observation that the number of heavy chains, 

identified by gel electrophoresis, is not equivalent to the number of globular heads 

visualised by electron microscopy. Fraction 2 consists of at least two morphologically 

distinguishable structures (figure 3.13), whereas fraction 4 is a three-headed molecule 

interconnected via three stems (figure 3.15). Both fractions, however, appear to consist of 

a single heavy chain component (figure 3.6).

The anomaly between the number of heads and heavy chains could be interpreted in two 

ways. The first explanation is that each globular head is composed of a unique heavy 

chain, and that these heavy chains are of sufficiently similar electrophoretic mobility that 

they are unresolved by the electrophoretic procedures utilised (section 2.12). This 

interpretation consequently assumes that fraction 2 and 4 consist of two and three heavy 

chain components respectively which have yet to be identified. Furthermore, the single 

resolved heavy chain of fraction 4 could represent three identical heavy chains since the
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heads are similarly-sized. A second interpretation is to discard the one heavy chain/one 

globular head domain constraint on the basis that the size of the heads in fractions 2 and 4 

are significantly smaller than those described for other dyneins (section C, chapter 1). 

Indeed, all the heads associated with fraction 4 (figures 3.15), and at least one of the 

species associated with fraction 2 (figure 3.13), are appreciably smaller than, for example, 

the heads of 22S dynein (Johnson & Wall, 1983), and the heads of the outer dynein arms of 

Chlamydomonas (Goodenough & Heuser, 1984) and sea urchin sperm flagella (Sale et al., 

1985). Some of these smaller-sized heads, in fractions 2 and 4, could therefore be 

equivalent to the lower molecular mass polypeptides identified in both fractions (table 3.2). 

The smaller head (6.5nm x 6.5nm) in fraction 2, for example, may well constitute 

intermediate and/or light chains, whereas the larger head (14.4nm x 9.0nm) may be 

equivalent to the single heavy chain. Similarly, intermediate and/or light chains may be 

equivalent to two of the three heads described for fraction 4, whereas the third head (and a 

significant proportion of the tail structure) may constitute the presumed single heavy chain 

of this fraction.

3.16. Relating 14S fractions to the inner dynein arm

The tendency to compare 14S dynein to the structure of the inner dynein arm is partly due 

to the comparable heterogeneity evident in both systems (section C, chapter 1). Although, 

the localisation of 14S dynein to the inner arm of Tetrahymena has not been proven 

conclusively, it is perhaps the most likely location assuming there is no great difference in 

the overall structure of the axoneme between Tetrahymena, Chlamydomonas and sea 

urchin sperm. In addition, evidence for an inner arm location is provided by the common 

association of actin with the inner arm (in Chlamydomonas) and 14S dynein (in 

Tetrahymena) (section 3.16.1}, as well as the structural similarity that is evident between 

the multiple species of inner dynein arm (dyad-dyad-triad array) and the heterogeneity of 

14S dynein (section 3.16.2).

3.16.1. Association with actin

Indications of an inner arm location for 14S dynein come from the common association of 

actin with both sources of dynein. Actin is exclusively associated with a species of inner
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arm (12) identified in Chlamydomonas (Pipemo & Luck, 1979b, 1981; Pipemo etal., 1990; 

Kagami & Kay ami, 1992) and has been recently identified in three fractions of 

Tetrahymena 14S dynein (Muto et ah, 1994).

At least some of the fractions of 14S dynein described here are also likely to contain actin 

since polypeptides of corresponding size are evident (table 3.2). Conclusive evidence for 

this association, however, has not been possible using rabbit skeletal muscle actin antibody 

since this was significantly divergent from Tetrahymena actin to prevent cross-reactivity of 

immuno-blot analysis (figure 3.11). Nevertheless, assuming actin is present, two possible 

interpretations exist based on the knowledge that the mass predicted from amino acid 

sequence analysis of Tetrahymena actin is 42kDa (Hirono et al., 1987), and the mass 

determined by gel electrophoresis is approximately 43.5kDa (Muto et al., 1994). The first 

possibility is that the actin is associated with fr actions 1, 3 and, to a lesser extent, 4, since 

a polypeptide of approximately 44.5kDa is apparent (table 3.2). In contrast, a second 

interpretation is that actin (43.5kDa) is associated exclusively with fraction 2. Both 

explanations were regarded plausible since the variability in molecular mass, between this 

work and others, was considered to be within the en or of the gel analysis system utilised.

3.16.2 Structural comparisons

The heterogeneity of 14S dynein described here can be compared with the heterogeneity 

reported for inner dynein arms (section 1.12). The inner arm is composed of two distinct 

structures termed triads and dyads (Goodenough & Heuser, 1985). In Chlamydomonas, 

these structures have been compared to three inner arm subspecies identified by the 

extraction and subsequent fractionation of dynein isolated from an outer arm-deficient 

mutant (Goodenough et al., 1987). Two species comprised a single globular head and 

stem, whereas the thhd carried two globular head domains interconnected by two stems. 

The double-headed species was proposed to represent the in situ triad (although a third 

head has yet to be defined), whereas the two single-headed species were suggested to 

participate in the formation of the dyads. In comparison, a similar analysis can be applied 

to the four 14S fractions described here. In this case, fraction 1 (figure 3.12) could be 

equivalent to the in situ dyad inner arms since both structures comprise two globular head
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domains. Similarly, the single globular heads evident in fractions 2 and 3 (figures 3.13 &

3.14) could represent dyads either as homo- or hetero-dimers. In addition, the triad 

structure described in situ could equate to the three-headed structure of fraction 4 (figure

3.15), although the diameter of the heads for fraction 4 (6.5nm) are somewhat smaller than 

that determined for the proposed triad inner arm in Chlamydomonas (13nm). The long 

stem described for the triad inner arm species, however, is comparable to that evident in 

fraction 4. As with the Chlamydomonas inner arm subspecies, the long stem is thought to 

reflect the in situ morphology of the triad since this latter structure extends over the 

microtubule structure in the axoneme to a greater degree than either of the dyads 

(Goodenough & Heuser, 1985).

Assuming that 14S dynein is located to the inner dynein arm, alternative explanations 

exist. The four fractions may, for example, represent previously undefined species since 

multiple inner arm species have been predicted following the identification of two 

staggered rows of inner arms in Chlamydomonas (Muto et ah, 1991; Mastronarde et al., 

1992). One row (centrifugal) has been shown to comprise four discrete globular domains 

and may equate to some or all of the single-headed fractions (2 and 3). In contrast, the 

other row (centripetal) consists of three pairs of globular structures thought to be 

comparable to the dyad-dyad-triad array previously described (Goodenough & Heuser, 

1985). An alternative interpretation is that the four fractions constitute a single species of 

inner arm yet to be defined. Avolio et al. (1986), for example, described one species of 

Tetrahymena inner arm which displayed a 24nm periodicity (along the length of the 

axoneme) equivalent to that of the outer dynein arm. Some or all of the four fractions 

described here may therefore be components of a larger species representing the intact 

inner arm. Fractions which are not pait of the intricate inner arm organisation could have 

an alternative axonemal location such as the ciliary membrane (Dentier, 1980; Dentier et 

al, 1980) and central pair microtubules (section 1.8.2).

Four 148 dynein fractions have been identified and isolated from the cilia of Tetrahymena 

thermophila. The fractions are unique in terms of immunogenicity, polypeptide
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composition, and overall molecular structure. At least some of the fractions are likely to 

have an inner arm location, although the arrangement at this site has yet to be defined.
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Chapter 4

Studies on the ATPase Site and Activity of the Four 14S 
► Dynein Fractions



Introduction

This chapter is concerned with studies on the ATPase site and activity of the four 14S 

dynein fractions. The chapter has been divided into two major sections entitled ATPase 

activity and vanadate-dependent photolysis. The first section concerns functional studies 

in which ATPase activity has been investigated. The second section describes the 

technique of vanadate-dependent photolysis which was used to highlight structural 

differences between the dynein fractions.

ATPase Activity

The hydrolysis of ATP is a fundamental characteristic of all motor proteins. In relation to 

dyneins, this reaction fuels the translocation of microtubules within the axoneme which 

ultimately results in bending of the intact cilium or flagellum (section 1.5). ATP 

hydrolysis is therefore essential to the functional role of dyneins and studies on ATPase 

activity can indicate important functional properties.

4.1. Dynein ATPases

The association between ATPase activity and dynein was first revealed when the 'arm-like' 

appendages of Tetrahymena axonemes were shown to possess 90% of the ATPase activity 

associated with these organelles (Gibbons, 1963). Pieliminary studies then showed that at 

least two dynein ATPases could be extracted from most axonemes (including Tetrahymena 

{14S and 228} (Gibbons & Rowe, 1965), Chlamydomonas {188 and 128} (Piperno & 

Luck, 1979a) and sea urchin sperm {218 and 128} (Gibbons et aL, 1976)), and that 

ATPase activity was associated with the heavy chain component of the dynein molecule. 

Distinct ATPases were first identified in the outer dynein arm of sea urchin sperm flagella 

when the two heavy chains of this molecule were dissociated into two subunits (following 

a low-ionic strength dialysis) and shown to exhibit ATPase activity (Tang et al., 1982). 

Each subunit comprised a single heavy chain and was shown to exhibit distinguishable 

enzymatic characteristics. 8 imilar studies on Chlamydomonas outer arm and Tetrahymena 

228 dynein also revealed multiple ATPases. Two ATPases (188 and 128) were identified 

following fractionation of the Chlamydomonas outer arm (Piperno & Luck, 1979a),

104



whereas a third was revealed when two subunits of the 18S species (designated a  and p) 

were separated as a consequence of low-ionic strength dialysis (Pfister & Witman, 1984). 

In comparison, three ATPases were proposed for Tetrahymena 22S dynein following 

kinetic studies in which an ATP-binding site was thought to be located within each of the 

three globular head domains described for this structure (Shimizu & Johnson, 1983a; 

Johnson & Wall, 1983). Furthermore, at least two ATPases were revealed by the 

proteolytic analysis of the three-headed structure of 22S dynein (Toyoshima, 1987a,b). In 

this study, both a two-headed (comprising the P and y heavy chains) and a single-headed 

molecule (comprising the a  heavy chain), produced as a result of proteolytic digestion, 

exhibited ATPase activity.

Several ATPases have also been identified for the inner arm. In Chlamydomonas, the 

analysis of dynein aim-deficient mutants enabled the identification of two (10-118 and 

12.58) inner arm ATPases shown to possess a single heavy chain (Pipemo & Luck, 1981). 

In addition, a third inner aim ATPase (118) was discovered and shown to comprise two 

distinct heavy chains (Goodenough et ah, 1987; Piperno, 1988). ATPase activity was 

therefore associated with the heavy chains in both inner and outer dynein arms.

4.2. Activation of ATPase activity.

The ATPase activity of dynein arms can be activated by the presence of microtubules 

(section 4.2.1). In addition, a number of treatments including exposure to detergent, 

increased concentrations of monovalent salts, EDTA, and heating have also resulted in 

significant activation of ATPase activity presumably due to a confoimational change in the 

dynein structure (section 4.2.2). Both observations are thought to reflect a physiological 

increase in activity that is presumed to occur during motility.

4.2.1. Microtubule activation

The activation of dynein by microtubules occurs as a consequence of the ATP-cyclical 

interaction through which cilia bending is ultimately achieved (section 1.5.2). Dynein 

arms attach and detach from microtubules in an ATP-sensitive manner to cause the relative 

sliding of outer doublet microtubules in the axoneme (section 1.4). During this reaction.
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microtubules activate dynein ATPase activity by accelerating the release of products (ADP 

and Pi) from the ATP hydrolysis sites of the dynein molecule (Omoto & Johnson, 1986). 

Activation by microtubules was first demonstrated in sea urchin 21S outer arm dynein 

(Gibbons & Fronk, 1979). In this study, ATPase activity was shown to increase 6 -fold 

when 2 IS dynein was recombined with axonemes in which the dynein arms had been 

selectively removed. This activation was later shown to be associated with the presence of 

the outer doublet microtubules (Yokota et ah, 1987). Activation has also been 

demonstrated in the presence of purified microtubules. Tetrahymena 22S dynein, for 

example, was shown to be activated 3^10 fold by purified and repolymerised microtubules 

originating from bovine brain or Tetrahymena axonemes (Omoto & Johnson, 1986). In 

contrast, a similar study involving Tetrahymena 14S revealed a level of activation (3-fold) 

appreciably less than that exhibited with dynein-depleted axonemes (Shimizu et ah, 1992; 

Warner & Mcllvain, 1986). This phenomenon, however, was thought to be due to a 

difference in the microtubule concentration around each dynein molecule, since the use of 

a chemical cross-linking reagent (which prevents the ATP-dependent release of dynein 

from the dynein-microtubule complex) enhanced the level of activation to a maximum of 

10-fold (Shimizu ef a/., 1992).

4.2.2. Latencv

The specific ATPase activity of outer arm dynein ATPases was shown to be affected by 

the conditions up to and following extraction from the axoneme. Studies in sea urchin 

sperm flagella showed that 2IS outer arm dynein had a low specific ATPase activity when 

removed from the axoneme by high-salt extraction (Gibbons & Fronk, 1979). This so- 

called latent activity dynein' (termed LAD-1) was able to restore motility when 

recombined with outer arm-deficient axonemes (Gibbons & Fronk, 1979). The term 

'latent' arose to reflect the fact that activity could be activated approximately 10-fold 

following exposure to an increased concentration of monovalent salt (up to IM), Triton X- 

100 solution, EDTA, or heating. Under these conditions, the dynein was no longer capable 

of restoring function in flagella and was consequently thought to be irreversibly modified 

(Gibbons & Gibbons, 1979). Latent ATPase activity was also demonstrated in
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Tetrahymena 22S dynein. In this case, the activation was less pronounced (2-fold) and 

occurred (in the isolated dynein) following exposure to monovalent salt, sulphydryl 

reagents, an increased temperature, and ageing (Gibbons, 1966; Blum & Hayes, 1974). 

Activation under these conditions was thought to be due either to the loss of a subunit or 

component that regulates ATPase activity, or alternatively, as a consequence of a change in 

the conformation of the dynein molecule (Gibbons & Fronk, 1979). Both interpretations 

originated from the observation that the sedimentation coefficient (and presumably mass) 

was shown to decrease following exposuie to Triton X-lOO (Gibbons & Fronk, 1979). In 

addition, evidence in support of a conformational change was provided by an analysis of 

salt concentration on the conformation and ATPase activity of Tetrahymena 22S dynein 

(Wells et al., 1990). In this study, an increase in monovalent salt concentration (from 

40mM to 600mM) was shown to result in a 2.7-fold activation of ATPase activity. 

Furthermore, under these conditions both the sedimentation coefficient and mass of the 

molecule was shown to decrease. This decrease was considered to reflect a confonnational 

change. In particulai", the presence of 40mM NaCl was thought to induce self-association 

of the dynein molecule to form dimers and was coincident with a decrease in ATPase 

activity (Wells et al., 1990). A conclusive relationship between conformation and ATPase 

activity, however, remains to be established.

4.3. Localisation of ATP-hydrolysis sites

Each globulai' head domain of the dynein molecule has been shown to possess a catalytic 

site for ATP binding and hydrolysis. This association was first proposed following kinetic 

analysis of Tetrahymena 22S dynein in which three ATP-binding sites were associated 

with the three-headed 228 molecule (Shimizu & Johnson, 1983a). As a result, the proposal 

of a single hydrolytic ATP-binding site located within each globular head domain was first 

considered. This hypothesis was then confirmed by a number of independent studies.

The use of ATP analogues provided a direct means for the identification of ATP-binding 

sites. In particular, the radioactive photoaffinity analogue 8-azido ATP (8-N3ATP) was 

shown to competitively inhibit ATP hydrolysis by its interaction with nucleotide-binding 

sites. Studies involving this analogue showed that the Chlamydomonas 128 outer arm
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dynein has an ATP-binding site located exclusively in the single heavy chain component 

(7) of this dynein (Pfister et al., 1984). This was concluded since radiolabelled analogue 

was shown to incorporate specifically into the heavy chain component and not into either 

of the two associated light chains. Similar, studies on the IBS subunit of the outer arm 

showed that both a  and |3 heavy chains possessed single ATP-binding sites (King et al., 

1989). In comparison, investigations with sea urchin dynein indicated a site of ATP- 

hydrolysis in each of the two heavy chains of the flagellar dynein (Pratt, 1986). 

Consequently, an ATP hydrolysis site was located in all cases to the dynein heavy chain. 

Conclusive evidence for the localisation of an ATP-hydrolysis site within dynein heavy 

chains was produced following the determination of the heavy chain amino acid sequences 

for the a  , p (Mitchell & Brown, 1994), and 7  (Wilkerson et al., 1994) heavy chains of 

Chlamydomonas, and the P heavy chain of sea urchin sperm (Gibbons et al., 1991; Ogawa,

1991). In all sequences, the heavy chain was shown to possess four putative ATP-binding 

sites (or P-loops) which are thought to represent nucleotide binding regions since the 

consensus sequence GXXXXGKT/S resembles that identified in several other nucleotide- 

metabolising enzymes (Walker et al., 1982). hr particular, one site (designated PI) shows 

absolute conservation within the dynein heavy chain sequences currently known, and is 

consequently thought to represent a site for catalytic ATP binding. It has yet to be 

established, however, whether any of the three remaining P-loop motifs participate in 

nucleotide binding.
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■Yanadate-dgpendgnt FhotQlysis

Another method for the localisation of potential ATP hydrolysis sites has been achieved 

using the technique of vanadate-dependent photolysis. This procedure can be used since a 

site of cleavage designated VI has been shown to reside within the hydrolytic domain of 

the dynein heavy chain (Gibbons et al., 1991; Ogawa, 1991; Mitchell & Brown, 1994; 

Wilkerson et al., 1994). In addition, vanadate-dependent photolysis has been used to 

indicate stmctural differences between dynein heavy chains, as well as to provide more 

accurate determinations of heavy chain molecular mass, and enable the construction of 

heavy chain linear peptide maps.

4.4. Two types of vanadate-dependent photolysis

Dynein heavy chains can be cleaved at specific sites when subjected to UV irradiation in 

the presence of vanadate. Two specific sites of cleavage have been reported and are 

termed VI and V2. The VI site has been shown to occur at, or neai", the hydrolytic site of 

ATP binding (section 4.4.1), whereas the location of the V2 site is unclear (section 4.4.2). 

The conditions under which VI and V2 photolysis occur were originally defined during 

initial investigations on vanadate-dependent photolysis. In these studies, VI photolysis of 

the heavy chains was shown to require low (10|O.M) concentrations of inorganic vanadate 

(Vi) and the presence of both magnesium ions (Mg^+) and ATP (Lee-Eiford et al., 1986). 

In contrast, cleavage at the V2 site required larger concentrations of Vi (100-150|O.M) and, 

in order to inhibit cleavage at the VI site, the presence of manganese ions (Mn^+) (Tang & 

Gibbons, 1987). In addition, V2 cleavage was inhibited by the presence of ATP. Since 

these original definitions, a differential requirement for nucleotide has been reported. 

Certain heavy chains have been reported to undergo VI photolysis in the absence of ATP 

whereas, ATP-dependent inhibition of V2 cleavage is not always apparent (section 4.6.2). 

These differences are thought to reflect structural variation (which may be related to 

functional differences) between dynein heavy chains.
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4.4.1 . VI photolysis

The cleavage of dynein heavy chains by UV irradiation was first reported in the isolated 

outer dynein arm of sea urchin sperm flagella (Lee-Eiford et al., 1986). This investigation 

showed that when dynein was hradiated at 254nm in the presence of 50(xM MgATP and 

100p.M Vi, the a  and (3 dynein heavy chains of the outer arm, were each specifically 

cleaved to produce two similarly-sized fragments, termed cleavage peptides (228kDa and 

200kDa). As well as this specific cleavage, however, an amount of non-specific cleavage 

was also apparent. Subsequent studies then showed that non-specific cleavage could be 

significantly reduced by a change in wavelength from 254nm to 365nm (Gibbons et al., 

1987a). This had the effect of optimising the photolysis reaction since the yield of 

cleavage peptides increased from 63% to 90% (Lee-Eiford et al., 1986; Gibbons et al., 

1987a).

The specific sites at which cleavage occurred were later termed the VI sites (Gibbons et 

al., 1987a). The VI site has been located at (or in close proximity to) the proposed ATP- 

hydrolysis site of the dynein heavy chain (Gibbons et al., 1991; Ogawa, 1991; Wilkerson 

et al., 1994; Mitchell & Brown, 1994). Analysis of the amino acid sequence showed that 

the VI site mapped closely to the highly conserved nucleotide-binding consensus sequence 

termed PI (section 4.3). Furthermore, preliminary evidence to indicate this location came 

from the initial observations that cleavage was dependent upon the presence of MgATP, 

and that dynein ATPase activity was completely inactivated following photolysis (Lee- 

Eiford et al., 1986). Similarly, VI cleavage was shown to be prevented if ATPase activity 

(and consequently the hydrolysis site) was disrupted by denaturing agents (Gibbons et al., 

1987a).

4.4.2. V2 photolvsis

Cleavage of dynein heavy chains at one or more V2 sites was first demonstrated in the 

outer dynein arm of sea urchin sperm. In this study, the a  and P heavy chains were shown 

to cleave at a region lOOkDa removed from the VI site (Tang & Gibbons, 1987). This site 

(termed V2) was originally thought to be in close proximity to the hydrolytic ATP-binding
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site (Tang & Gibbons, 1987). Both VI and V2 sites were therefore considered to have a 

similar location within the tertiary structure of the heavy chain.

Support for this initial location of the V2 site was thought to be provided by a number of 

observations. Firstly, the hydrolysis site was indicated by the ATP-induced inhibition of 

V2 photolysis. This suggested that the reaction could only proceed if the hydrolysis site 

was unoccupied (Tang & Gibbons, 1987). Secondly, studies using ATP analogues (as 

probes for the ATP hydrolysis site) revealed that two distant regions of the heavy chain 

primary structure could bind ATP. In sea urchin sperm, for example, the photoaffinity 

ATP analogue 8-N3ATP was shown to differentially label the cleavage peptides arising 

from V2 photolysis of the a  and P heavy chains (Tang & Gibbons, 1987). The P heavy 

chain incorporated label in both cleavage peptides, whereas only the larger cleavage 

peptide was labelled following photolysis of the a  heavy chain. In comparison, similar 

studies in Chlamydomonas outer arm dynein revealed that the a  heavy chain incorporated 

label on the larger (C-terminus) of two cleavage peptides, whereas both products were 

labelled for the P heavy chain (King et ah, 1989). Taken together these data were 

interpreted to suggest that two distant regions in the heavy chain structme could form a 

single ATP hydrolysis site. Indeed, the lOOkDa difference in distance between the VI and 

V2 sites was thought to aiise due to the presence of a loop within the heavy chain tertiary 

structure (King et al., 1989).

More recently, analysis of heavy chain amino acid sequences has enabled an alternative 

interpretation for the location of V2 sites (Gibbons etal., 1991; Ogawa, 1991; Wilkerson et 

al., 1994; Mitchell & Brown, 1994). The identification of four nucleotide-binding site 

consensus sequences (P-loops) suggest that the VI and V2 sites may be localised to 

different regions of the heavy chain. Although the VI site has been mapped to the most 

highly conserved sequence (PI), the location of the V2 sites (with respect to the three 

remaining P-loops) is less defined. In the P heavy chain of sea urchin sperm, for example, 

a P-loop termed P4 (which is conserved amongst axonemal dyneins) is closely mapped to 

the single V2 cleavage site of this heavy chain (Gibbons et al., 1991). Similarly, two of 

the three V2 sites identified in the a  heavy chain of Chlamydomonas map closely with P- 

loops 3 and 4 (Mitchell & Brown, 1994). In contrast, however, other sites show less
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coincidence. In Chlamydomonas, the third site of V2 cleavage in the a  heavy chain is 

located 12kDa C-terminal to Pfl. Similarly, the single V2 site associated with the p heavy 

chain, and the two V2 sites associated with the y heavy chain, have been mapped to regions 

between P-loop motifs (Mitchell & Brown, 1994; Wilkerson etal., 1994). Consequently, 

a relationship between P-loops and V2 sites has yet to be established.

4.5. Mechanism of vanadate-dependent photolysis

Vanadate was recognised as an inhibitor of ATPase activity long before the phenomenon 

of photolysis was reported and, in dynein, was first demonstrated in the outer arm of sea 

urchin sperm flagella (Gibbons et al., 1978). Kinetic experiments then showed that 

inorganic vanadate (Vi) acts as a phosphate analogue resulting in the formation of a 

dynein.ADP.Vi complex which prevents further ATP hydrolysis (Shimizu & Johnson, 

1983b). Vanadate is thought to occupy the y phosphate location of ATP to foim ADP.Vi 

(Shimizu & Johnson, 1983b). In this way, the Vi and P phosphate are coordinated with a 

divalent cation (Mg2+ or Mn^+), within the hydrolytic site, in a manner similar to that of the 

P and y phosphates of ATP (Shimizu & Furusawa, 1986). Irradiation of the 

dynein.ADP.Vi complex was later shown to result in cleavage of the dynein heavy chains 

at the VI site (Lee-Eiford et al., 1986; Gibbons et al., 1987a). Irradiation (at 365nm) 

causes the excitation of monomeric Vi which ultimately catalyses the cleavage of a peptide 

bond localised within the hydrolytic site {section 4.5.1} (Gibbons et al., 1987a, 1991). In 

contrast, cleavage at the V2 site generally occurs in the absence of nucleotide, and involves 

an interaction between oligomeric vanadate species and target sites within the heavy chain 

sequence (section 4.5.2).

4.5.1. VI photolvsis

The site of VI photolysis has been mapped to the PI consensus sequence in dynein heavy 

chains from both Chlamydomonas and sea urchin sperm (section 4.4.1). In sea urchin 

sperm, the amino acid proline in this sequence (GXXXXGKT/S; where X = proline) was 

proposed as the likely point of cleavage in the photolysis reaction on the basis of a 

comparison with vanadate-dependent photolysis in myosin and adenylate kinase (Gibbons 

et al., 1991). In myosin, for example, the point of scission was localised specifically to a
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serine residue (GESGAGKT) within an almost identical consensus sequence (Cremo et al., 

1989). Similarly, a comparable location was identified in adenylate kinase but in this case 

a proline (GGPGSGKG) was identified as the point of scission (Cremo et al., 1992). By 

analogy, a conserved proline was considered the most likely point of scission in dynein 

heavy chains and is present in all PI sequences so far determined (Gibbons et al., 1991; 

Wilkerson et al., 1994; Mitchell & Brown, 1994).

The sites for V2 photolysis in dynein are less well defined although the chromophore 

responsible for cleavage has been indicated as oligomeric (in particular trimeric) vanadate 

(Tang & Gibbons, 1987; King & Witman, 1987). In contrast with VI photolysis, 

oligomeric Vi species are thought to interact directly with V2 sites to cause scission of a 

peptide bond. This interpretation is based upon the observation that higher concentrations 

of Vi (in which oligomeric species predominate) are required for V2 photolysis to occur 

(Tang & Gibbons, 1987), and that oligomeric Vi (specifically tetravanadate) has been 

implicated in the V2 cleavage of myosin (Cremo et al., 1990). In this latter study, 

cleavage at the VI and V2 sites occurred in the presence of high concentrations of Vi 

(ImM), and was shown to involve tetrameric Vi which bound, or was considered to bind, 

to the V2 and VI sites respectively. Cleavage at the VI site was then shown to be partially 

inhibited by the presence of a divalent transition metal (Co^+) which was thought to form a 

tight complex between Vi, the transition metal, and the hydrolytic (VI) site. As a result, 

V2 cleavage in myosin was studied in isolation from cleavage at the VI site, and was 

localised to a lysine-rich region in which one or more serine residues were implicated in 

the cleavage reaction (Cremo et al., 1990). By analogy, plausible cleavage points within 

the dynein heavy chains include a serine residue in P4 of the sea urchin P heavy chain 

(Gibbons et al., 1991), and a serine in P3 and P4 of the Chlamydomonas a  heavy chain 

(Mitchell & Brown, 1994). The exact position of these sites within the dynein heavy 

chains, however, has yet to be defined (section 4.4.2). Consequently, the possible 

localisation of V2 site(s) to the ATP-hydrolysis site cannot be discarded since the differing 

location of the VI and V2 sites (lOOkDa in the primary structure) may be in close
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proximity in the tertiary structure as a result of extensive heavy chain folding (King et al., 

1989).

4.6. Applications of vanadate-dependent photolysis 

4.6.1 A tool for identifying dvneins?

Vanadate-dependent photolysis has been described as a property characteristic of most or 

all dynein ATPases. Although inh ib ition  by inorganic vanadate (Vi) had been 

demonstrated in other ATPases, such as rabbit skeletal myosin (Goodno, 1979), heavy 

chain cleavage was initially regarded as a feature unique to dyneins. Following the 

discovery of V2 photolysis, however, cleavage was demonstrated in ATPases other than 

dyneins. Investigations on rabbit skeletal myosin showed that hradiation in the presence 

of ImM Vi resulted in cleavage at three specific sites within the heavy chain (Mocz, 1989). 

Similarly, adenylate kinase from chicken muscle was shown to undergo photolysis at a 

single site in the presence of 0.25mM Vi (Cremo et al., 1992). Furthermore, transition 

metals other than Vi were shown to promote cleavage. Both iron (IE) and rhodium (El) 

were shown to promote heavy chain cleavage in the outer dynein arm of sea urchin sperm 

flagella (Mocz & Gibbons, 1990). Despite these exceptions, vanadate-dependent 

photolysis is still often utilised as a diagnostic tool for the presence of cytoplasmic and 

axonemal dyneins.

4.6.2. Determination of structural differences

One of the major applications of vanadate-dependent photolysis, has been in the 

determination of structural variation, which is thought may reflect functional differences, 

between dynein heavy chains. The analysis of cleavage peptides has indicated differences 

in the number and location of VI and V2 sites. Differences have also been implicated by 

the differential requirement for nucleotide in the photolysis reaction.

VI photolysis revealed that dynein heavy chains have a single VI site located within 

50kDa of the heavy chain midpoint. In the presence of nucleotide, the heavy chains from 

Tetrahymena 22S dynein (Marchese-Ragona et al., 1989), Chlamydomonas (King & 

Witman, 1987; 1988) and sea urchin sperm outer dynein arm (Gibbons et a l, 1987a) were
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each cleaved to {Koduced two cleavage peptides (table 4.1). Variations within this site, 

however, ware indicated by a differential requirement for nucleotide. In Chlamydomonas, 

the a  and Y heavy chains were cleaved at the VI site regardless of the absence or presence 

of MgATP, whereas cleavage of the P heavy chain was dependent upon nucleotide. 

Similarly, in Tetrahymena 22S dynein only the p heavy chain (and not the a  or y) 

underwent cleavage at the VI site in the absence of MgATP.

Source of dyitein a P y

Sea urchin sperm 228 228 -
flagella outer arm 200 200
Chlamydomonas 290 255 235

outer arm 190 185 180
Tetrahymena 22S 232 225 242

185 195 161

Table 4.1. Mass of cleavage peptides (in kDa) produced as a result of VI photolysis in the 
presence of nucleotide for the outer dynein arm of sea urchin sperm flagella (Gibbons et 
al., 1987a), Chltmydomonas (King & Witman, 1987,1988), and Tetrahymena 22S dynein 
(Marchese-Ragona et al., 1989). The heavy chains from each dynein source are denoted a, 
P, and y.

Dynein heavy chains were also shown to differ significantly with respect to the number 

and location of V2 photolysis sites. In the absence of nucleotide, three and two V2 sites 

were identified in the a  and y heavy chains respectively of the Chlamydomonas outer 

dynein arm (King & Witman, 1987,1988). In contrast, single V2 sites were located in the 

a  and P heavy chains of sea urchin sperm outer arm (Tang & Gibbons, 1987), the P heavy 

chain of Chlamydomonas outer arm (King & Witman, 1987; 1988), and all three heavy 

chains associated with Tetrahymena 22S dynein (Marchese-Ragona et al., 1989). Table

4.2 summarises the cleavage peptides produced by V2 photolysis in the absence of 

nucleotide.
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V2 photolysis in the presence of nucleotide revealW additional variation between heavy 

chains. Under these conditions, the a  and P heavy chains of sea urchin sperm flagella 

(Tang & Gibbons, 1987), and the three heavy chains of Chlamydomonas outer dynein arm 

(King & Witman, 1987; 1988), did not undergo cleavage. In contrast, V2 photolysis of all 

three heavy chains associated with Tetrahymena 22S dynein were unaffected by the 

presence of nucleotide (Marchese-Ragona et al., 1989).

Source of dynein a P Y

Sea urchin sperm 260 255 -
flagella outer arm 170 175
Chlamydomonas (250,230) & (280, 260 (215,200) & (250,

outer arm 200) & (290,190) 180 165)
Tehahymena 22S 237 240 218

178 175 205

Table 4.2. Mass of cleavage peptides (in kDa) produced as a result of V2 photolysis in the 
absence of nucleotide for the outer dynein arm of sea urchin sperm flagella (Tang & 
Gibbons, 1987), Chlamydomonas (King & Witman, 1987, 1988), and Tetrahymena 22S 
dynein (Marchese-Ragona et al., 1989). The heavy chains from each dynein source are 
denoted a , P, and y. Brackets indicate pairs of peptides produced in the photolysis reaction 
where more than one V2 site exists.

4.6.3. Estimations of heavy chain mass

Another major use for vanadate-dependent cleavage is in the estimation of heavy chain 

molecular mass. The mass predicted for dynein heavy chains has been notoriously 

difficult using gel electrophoresis due to the inadequacy of the technique, and lack of 

appropriate standards, in the high (2(X)-500kDa) molecular mass range. By comparison, 

the vanadate-cleavage technique has enabled more accurate determination of heavy chain 

mass based on the assumption that new peptides appearing after UV irradiation originate 

from the dynein heavy chain. A summation of the cleavage peptides give a more accurate 

approximation of the heavy chain mass (from which they miginated) since the cleavage
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peptides are of appreciably smaller size. Cleavage at both the VI and V2 sites enable two 

determinations of heavy chain mass (table 4.3).

Source of dynein a P Y

Sea urchin sperm 
flagella outer arm

VI =428
V2 = 430

VI = 428 
V2 = 430

-

Chlamydomonas 
outer arm

VI = 480 
V2 = 480

VI =440 
V2 = 440

VI =415 
V2 = 415

Tetrahymena 22S VI =417 
V2 = 415

VI =420 
V2 = 415

VI =403 
V 2-423

Table 4.3. Mass estimates (in kDa) for the heavy chains of the outer dynein arm of sea 
urchin sperm flagella (Gibbons et al., 1987a; Tang & Gibbons, 1987), Chlamydomonas 
(King & Witman, 1987, 1988), and Tetrahymena 22S dynein (Marchese-Ragona et a l, 
1989). The heavy chains from each dynein source are dénotai a , P, and y. Mass estimates 
have been calculatW from a summation of the cleavage peptides resulting from VI ot V2 
photolysis.

The accuracy with which heavy chain molecular masses have been estimated using 

vanadate-dependent methods, can be comparW with data from other work. The complete 

amino acid sequence for the p heavy chain from sea urchin sperm flagella, for example, 

predicted a heavy chain mass of 512kDa (Ogawa, 1991). Similarly, the complete sequence 

for the P (Mitchell & Brown, 1994) and y (Wilkerson et al., 1994) heavy chains of 

Chlamydomonas predicted masses of 520kDa and 513kDa respectively. A comparison 

with vanadate-dependent photolysis revealed the relative inadequacy of SDS-PAGE, in the 

high molecular mass region (>200kDa), since this technique underestimated heavy chain 

mass. Nevertheless, the vanadate estimates are all within lOOkDa of that predicted by 

amino acid sequence data.

4.6.4. Construction of linear peptide maps

Vanadate-dependent photolysis has also been a useful tool in the construction of linear 

peptide maps which describe sites of structural and functional inta-est within the dynein 

heavy chain. In general, maps incorporate data from vanadate-dependent and proteolytic
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cleavage experiments as well as primary sequence determination. From these studies, two 

important characteristics of the dynein heavy chain stmcture have emerged. Firstly, the V2 

site has been localised within the larger VI cleavage peptide in all the heavy chains 

associated with the outer dynein arm of Chlamydomonas and sea urchin sperm, as well as 

Tetrahymena 22S dynein (King & Witman, 1987, 1988; Tang & Gibbons, 1987; 

Marchese-Ragona et al., 1989). Secondly, the orientation of the VI and V2 sites has been 

localised towards the amino- and carboxyl-terminus respectively in heavy chains 

associated with both Chlamydomonas and sea urchin sperm (Gibbons et al., 1991, Ogawa, 

1991; Wilkerson et al., 1994; Mitchell & Brown, 1994).
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Methods

This section descril^s methods exclusive to this chaptCT. General preparative techniques 

have been describe elsewhere. In particular, the preparation of dynein (section 2.7) and 

microtubules (sections 2.10) have been incWed in chaprer 2.

4.7. ATPase asæiay

ATPase activity was investigated using a linked assay in which ATP hydrolysis was 

coupled to the oxidation of NADH (Ernes and Rowe, 1978). This assay works on the 

principle that, providing the linking enzynres and intem^diate substrates are in excess, the 

production of NAD is proportional to ATPase activity (figure 4.1). The ATPase activity of 

dynein is measured as the rate of decrease in absorbance at 340nm causW by the oxidation 

of NADH. All assays were carriW out at a constant temperature of 23°C in micro-cuvettes 

with a volume capacity of ISOjil. The decrease in absorbance was monitored at a rate of 

5mm per minute, using either a Perkin-Elmer Lambda 5 double-beam or a Unicam SP8- 

100 spectrophotometer attached to a chart recorder. Each series of assays were routinely 

calibrated by the addition of 4pl aliquots of ImM ADP to the assay mix in the absence of 

dynein. The reduction in absorbance caused by a known quantity of ADP was then 

determined and used to calculate the production of ADP (p.moles) per minute p«- mg of 

dynein.

PKATPase LDH
#-A D P LactateATP-

NADNADHPi PEP ATP

Figure 4.1. Pathway by which ATPase hydrolysis is coupled to the oxidation of NADH.
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4.7.1. Dvnein ATPase activity

Dynein samples were dialysed for 16 hours in 2 x 2 litres of buffer (lOmM Hepes, 4mM 

MgCl2, O.lmM EGTA and O.lmM DTT, pH 7.4) containing a final concentration of either 

40mM OT 600mM NaCl. The assay was prepared directly in the cuvette by adding lOOjil 

of dynein (ranging in concentration from 0.04-0.1 mg/ml) to 12|il of an assay mixture to 

give a final volume of 400|iM PEP, 250p,M NADH and 1% (v/v) PK/LDH (700/1000 units 

m l'l). A fixed volume (26|il) of the dialysate was then added so that the final assay 

volume (once the MgATP had been added) was ISOpl. Before the addition of MgATP, the 

assay mixture was monitored for 5 minutes until a steady baseline was achieved. The 

ATPase activity was then initiated by the addition, and subsequent mixing, of MgATP at a 

final concentration of 400p.M. The rate of decrease in absorbance at 340nm was recorded 

for approximately 20 minutes.

In addition, ATPase activity was recorded for dynein samples dialysed for 16 hours in 2 x 

2 litres of buffer containing lOmM Hepes, ImM MnCl2, O.lmM EGTA and 40mM NaCl,

pH 7.4. The assay procedure was then identical to that described previously with the 

exception that the assay was initiated by the addition of MnATP.

4.7.2. The effect of microtubules on dvnein ATPase

The linked assay (figure 4.1) was also used to measure the ATPase activity of dynein 

samples in the presence of purified porcine brain microtubules. Microtubules were 

prepared in advance and repolymerised prior to use (section 2.10.2). Dynein samples were 

dialysed for 16 hours in 2 x 2 litres of buffer containing lOmM Hepes, 4mM MgCl2 ,

O.lmM EGTA, 40mM NaCl and O.lmM DTT, pH 7.4.

Microtubules were pre-incubated with the dynein sample for 10 minutes at 23°C. The 

weight ratio of microtubules to dynein was 333:1 and 667:1 for 22S dynein, and 360:1, 

800:1, and 1400:1, for each of the four 14S fractions. A small volume of 3M NaCl was 

added at this stage to maintain the final NaCl concentration at 40mM. A fixed volume 

(127111) of the pre-incubated solution was then transferred to the micro-cuvette and 12[il of 

the assay mixture (as described in section 4.7.1) added. The assay was then monitored at 

340nm for 20-30 minutes in order for a linear rate to be established. ATPase activity was
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then initiated by the addition, and subsequent mixing, of MgATP at a final concentration 

of 400|iM. The rate of decrease in absorbance at 340nm was recorded for approximately 

20 minutes. As a control experiment, the absorbance was monitored for an equivalent 

concentration of microtubules in the absence of dynein. This rate was subsequently 

deducted from those in which dynein was present, before using an ADP calibration to 

calculate the production of ADP per minute per mg of dynein. In addition, the rate of each 

dynein fraction was recorded in the absence of microtubules to determine whether 

activation had occurred.

4.8. Vanadate-dependent photolysis

Two types of vanadate-dependent photolysis (VI and V2) have been described for dynein 

(section 4.4) both of which were used to investigate differences between the 14S dynein 

fractions. Due to a restriction on the total available sample, it was not possible to 

investigate VI and V2 cleavage, in the presence and absence of ATP, on a single 

preparation. Photolysis conditions were initially optimised for fraction 1. These 

experiments revealed that use of the recommended photolysis irradiation buffer described 

by Tang & Gibbons (1987), had no detectable advantages over the buffer used in the 

dialysis of 14S fractions (see below). Consequently, this latter buffer was utilised in all 

photolysis reactions.

4.8.1. Preparation of vanadate

Prior to each experiment, a 200mM stock solution of sodium orthovanadate was prepared. 

The solution was boiled, until colourless, and adjusted to pH 10 by the addition of acetic 

acid or sodium hydroxide to destroy oligomeric species of the vanadate ion (Wells and 

Bagshaw, 1984).

4.8.2. VI photolvsis

Dynein samples were dialysed for 16 hours in 2 x 2 litres of buffer containing lOmM 

Hepes, 4mM MgCl2, O.lmM EGTA, 40mM NaCl and O.lmM DTT, pH 7.4. As a control 

experiment, lOOfj.1 of each dynein sample was removed after dialysis. To the remaining 

dynein sample, sodium orthovanadate, pH 10, was added to a final concentration of 10|xM.
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In cases where the effect of ATP was investigated, MgATP at a final concentration of 

50|xM, was also added at this stage. After adequate mixing, these samples along with the 

control (dynein only), were aliquoted out (lOO|0.1) into the wells of a micro-titre plate. A 

hand-held UVGL-58 lamp was then set at a height of 5mm above the plate which was 

placed on ice. The samples were then irradiated at 365nm for 0, 5, 20 and 60 minutes. 

The control experiment of dynein only, was iiTadiated for 100 minutes. Gel samples were 

prepared immediately after irradiation and subsequently analysed by 7.5% and 12% SDS- 

PAGE (section 2.12).

4.8.3. V2 photolvsis

Dynein samples were dialysed for 16 hours in 2 x 2 litres of buffer free from both 

magnesium and DTT (lOmM Hepes, ImM MnCl2, O.lmM EGTA and 40mM NaCl pH

7.4). As with VI photolysis, 100p.l of each dynein sample was removed after dialysis as a 

control experiment. Vanadate was then added to the remaining samples at a final 

concentration of 150|iM. When the presence of ATP was also investigated, MnATP, at a 

final concentration of 250|iM, was also added at this stage. After adequate mixing, these 

samples, along with the control (dynein only), were aliquoted (100|xl) into the wells of a 

micro-titre plate and irradiated as described previously (section 4.8.2) for 0, 20, 60, 100, 

140 and 180 minutes. Gel samples were prepared immediately following irradiation and 

subsequently analysed by 7.5% and 12% SDS-PAGE (section 2.12).

4.8.4. Estimation of molecular mass

Mass estimates were achieved by extrapolation of a standard curve which was constructed 

from a log-linear plot of mass versus distance travelled on SDS-PAGE, using high 

molecular mass standards obtained from Sigma. Mass standards were as follows: rabbit 

skeletal myosin (205kDa); P-galactosidase (116kDa); phosphorylase B (97.4kDa); bovine 

plasma albumin (66kDa); ovalbumin (45kDa) and carbonic anhydrase (29kDa).
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Results

4 3 . ATPase activity

The ATPase activities of unfir^tionatal 14S dynein and fractions diercof, as well as 22S 

dynein, were d eta in ing  in the presence of #m M  NaCl (and magnesium ions) using the 

linked assay procedure described in section 4.7.1. Specific activities were expressed as 

pmol ADP/minut^mg dynein (table 4.4). In all dynein preparations, fraction 2 exhibited 

the highest specific activity, and the four fractions showed a consistent trend in which 

activity decreased in the order 2>3>1>4.

Dynein sample Mean specific 
activity

Standard error No. of prepamticms

Fractitm 1 0.12 0.01 10

Fraction 2 0.30 0.02 10

FractimiS 0.15 0.01 10

Fracticm 4 0.10 0.02 10

14S
(unfractifHiated)

0.15 0.01 10

22S 0.25 0.02 7

Table 4.4. Specific ATPase activity (expressed as pmol ADP/min/mg dynein) for the four 
fractions of 14S, unfiactionated 14S, and 22S dynein. The mean value was derived from a 
number of individual dynein preparations.

A general observation with all four of the 14S fiactions under these conditions was that the 

specific activity increased over time. Over a period of nine days following the dynein 

preparation procedure, the ATPase activity of fractions 3 and 4, in particular, showed an 

appiwiable enhancement of activity (table 4.5).
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Fraction
Days after dynein preparatitm 
4 7 9

% increase 
in activity

1 0.12 0.17 0.16 33

2 0.28 0.29 0.31 11

3 0.13 0.18 0.24 85

4 0.10 0.21 0.22 120

Table 4.5. ATPase activity (expressed as pmol ADP/min/mg dynein) recorded for the 
four fractions o v c t a paiod of nine days following the extraction of dynein.

4.9.1. Effect of increasing ionic strength

The effect, on ATPase activity, of increasing the ionic strength was investigated by 

extensively dialysing the four fractions in buffer containing #OmM NaCl (section 4.7.1). 

Table 4.6 shows that in all cases, the specific activity of the four 14S fractions decreased. 

In particular, the activity of fractions 3 and 4 was undetectable by the assay system 

utilised.

Dynein
fraction

1
40mM 600mM

2
40mM 600mM

1 0.09 0.03 0.15 0.11

2 0.34 0.18 0.31 0.19

3 0.16 " 0.12 -

4 0.05 0.11 -

22S 0.14* 0.38*

Table 4.6. Specific ATPase activity (expressed as pmol ADP/min/mg) of the four 
fractions of 14S dynein in the presence of ^ m M  or 6(X)mM NaCl. The activities are 
shown for two individual dynein preparations. Asterisk indicates data which has been 
previously published for 22S dynein (Wells et al., 1990).
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4.9.2. ATPmfKMMv in Ac presence of manmmese ions

ATPase assays were carried out in the presence of manganese ions (Mn^+j (at the same 

concentration that supports V2 photolysis) instead of magnesium ions {Mg2+}. The 

spœific ATPase activity was determined for the four fractions which had beat dialysed in 

40mM NaCl buffer containing either Mg^+ac Mn^+ (section 4.7.1). Table 4.7 shows the 

percentage increase in specific activity in the presence of Mn^+. Under these conditions, 

the ATPase activity associated with fraction 1 increased, whereas fractions 2, 3, and 4 had 

a reduced activity.

Dynein fractimi Mran % increase 
in spedfk activity

Standard e irw  
(%)

No. of 
preparatitms

1 +73 43.2 3

2 -54 4.Ù 3

3 -56 5.8 3

4 -23 14.4 3

Table 4.7. Measurement of the percentage increase in ATPase activity (expressai as pmol 
ADP/min/mg dynein) as a result of substituting Mn^+ for Mg2+ in the standard assay 
procedure (section 4.7.1). The specific activity is given for three individual dynein 
preparations.

i.2.1....AlPisg asrny in #  prescnçç of m W tubula

Preliminary investigations involving 22S dynein established conditions under which 

ATPase activity could be successfully activated by the presence of microtubules purified 

from porcine brain and free of microtubule-associated proteins {MAPs} (section 2.10.2). 

Table 4.8 shows the specific activity of 22S dynein in the presence and absence of 

microtubules. Under these conditions, an increase in ATPase activity was associated with 

an increase in the weight ratio of microtubules to dynein.
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Assay Specific acdviÉy

22S only 0.33

Ratio microtubules to 22S (by 
weight) 333:1

0.47

Ratio microtubules to 22S (by 
weight) ^7 :1

0J9

Table 4.8. Preliminary investigations to show activation of 22S dynein in the presence of 
MAP-free microtubules. Specific activity is expressed as pmol ADPAnin/mg dynein.

In contrast, two expaiments with 14S dynein revealed no activation of any of the fractions 

in the presence of porcine brain microtubules. A second microtubule preparation, 

however, did show an activation of the ATPase activity associated with fntetion 1 (table 

4.9). This activation was not apparent at the microtubule to dynein ratio quoted for 

unfr^tionated 14S dynein in which a 2-3 fold activation was repOTted at a weight ratio of 

approximately 375:1 (Shimizu et al., 1992). In comparison, fraction 1 showed a 2.8-fold 

enhancement of activity at a weight ratio of 800:1. No other fractions showed a significant 

increase in activity in the presence of microtubules.

Fraction Dynein (Hily Ratio of nücrotubulfô to dynein (by wdght) 
360:1 800:1 1400:1

1 0.08 0.07 ± 0.01 0.22 ± 0.01 0.76 ± 0.23

2 0.15 0.04 ± 0.02 0.13 ± 0.04 0.21 ± 0.04

3 0.14 0.07 ± 0.01 0.09 ± 0.01 0.18 ± 0.03

4 0.05 0.07 ± 0.01 0.05 ± 0.01 0.08 ± 0.02

Table 4.9. Microtubule activation of fraction 1. Specific activity is expressed as pmol 
ADP/min/mg dynein.
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Vanadate-dependent Photolvsis

Vanadate-dependent photolysis results in the specific cleavage of dynein heavy chains to 

produce cleavage peptides. One feature of the reaction was the differential silver-staining 

intensity of the cleavage peptides produced. In general, the larger-sized cleavage peptide 

stained more intensely than the smaller fragment (figures 4.2-4.10). This observation was 

in agreement with a previous report of differential silver-staining (in the cleaved y heavy 

chain of Chlamydomonas ) in which differences in intensity were not considered to reflect 

a significant difference in the quantity of cleavage peptide produced (King & Witman, 

1988).

4.10. Control experiments for vanadate-dependent photolysis

Irradiation of the four fractions, for a maximum of 100 minutes in the absence of ATP and 

vanadate, produced no cleavage peptides (figure 4.2). Analysis by 12% SDS-PAGE 

revealed the stability of peptides in both the high and low molecular mass range. The 

polypeptide composition of these fractions was identical to those which had not been 

inadiated but had been treated as described for VI or V2 photolysis (section 4.8). These 

latter controls were run in lane 2 of figures 4.3-4.10.

4.11. VI photolysis

VI cleavage (section 4.8.2) of the four 14S dynein fractions in the presence of nucleotide 

resulted in the production of cleavage peptides which were subsequently analysed by 7.5% 

(figures 4.3a-4.6a) and 12% SDS-PAGE (data not shown). The requirement for nucleotide 

was also investigated (figures 4.3b-4.6b). A low percentage gel was chosen in order to 

assist the separation of cleavage peptides. Figures 4.3-4.6 show SDS-PAGE analysis of 

the four 14S dynein fractions after VI photolysis in either the (a) presence or (b) absence 

of MgATP. The estimated molecular masses (section 4.8.4) of all the cleavage peptides 

appearing after hradiation are shown in table 4.10 in which the VI data is summarised for 

all four fractions.
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Fraction 1 (figure 4.3)

The two heavy chains of fraction 1 gradually decreased in intensity as a result of increased 

irradiation exposure at 365nm in the presence of MgATP and lOpM vanadate (figure 

4.3a). This decrease in heavy chain intensity was concomitant with the appearance of five 

new peptides of estimated masses 230, 225, 152, 148, and 140kDa. The intensity of the 

new peptides was variable, although the 148kDa and 140kDa peptides always appeared as 

faint bands. The 225kDa peptide showed similar mobility to a peptide present in the 

preirradiated sample. Nevertheless, the marked increase in intensity of this peptide, with 

irradiation time, indicates this to be a cleavage product of one of the heavy chains.

In the absence of MgATP, the intensity of both heavy chains remained equivalent from 0 

to 60 minutes of irradiation (figure 4.3b). No cleavage products were evident during this 

time.

Fraction 2 (figure 4.4)

Three new peptides of approximate masses 232, 152 and 147kDa, appeared after VI 

photolysis in the presence of MgATP (figure 4.4a). The 232kDa peptide was always more 

intensely-stained than either of the remaining peptides.

As with fraction 1, no cleavage products were evident in the absence of MgATP and the 

heavy chain intensity was unchanged from 0 to 60 minutes of irradiation (figure 4.4b).

Fraction 3 (figure 4.5)

Irradiation of fraction 3 in the presence of 10p,M vanadate resulted in a decreased intensity 

of the heavy chain in both the presence and absence of MgATP. In the presence of 

MgATP, one prominent cleavage peptide of approximate masses 232kDa appeared 

concomitantly with the decrease in heavy chain intensity (figure 4.5a). In addition, two 

peptides of approximate masses 140kDa and 135kDa were evident after 20 minutes of 

irradiation. These latter peptides (particularly that of 135kDa) were appreciably less 

intensely-stained than the 232kDa peptide.

In the absence of MgATP, the intensity of the heavy chain decreased although only a 

single new peptide of estimated mass 228kDa, was detectable (figure 4.5b). Heavy chain 

intensity also decreased at a slower rate than when nucleotide was present. The heavy
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chain was prominent even after 60 minutes of irradiation in the absence of MgATP, 

whereas at an equivalent time point in the presence of nucleotide, the heavy chain was 

completely cleaved. Similarly, in the presence of nucleotide, a 103kDa peptide apparent in 

the preirradiated sample, decreased in intensity after irradiation, This was not observed 

when MgATP was omitted from the hradiation buffer.

Fraction 4 (figure 4.6)

As with fraction 3, cleavage products were evident after irradiation, in the presence of 

10p,M vanadate, in either the absence or presence of MgATP. In the presence of 

nucleotide, the decrease in intensity of the heavy chain was concurrent with the appearance 

of two new peptides of approximate masses 228kDa and 138kDa (figure 4.6a). A third 

peptide of 133kDa, which was detectable in the preirradiated sample, may also have 

increased in intensity.

In the absence of MgATP, two new peptides of estimated masses 225kDa and 140kDa 

were detected (figure 4.6b). Cleavage of the heavy chain also occurred at a reduced rate 

when nucleotide was omitted from the irradiation buffer. As with fraction 3, the heavy 

chain was almost completely cleaved after 60 minutes of irradiation in the presence of 

nucleotide, whereas the heavy chain was still prominent at an equivalent time point in the 

absence of MgATP.

129



FVactimi No. VI (+ ATP) VI (A T P )
(a) (b)
230

1 225 No Cleavage
(figure 4.3) 152

148
140

2 232 No Cleavage
(figive 4.4) 152

147
3 232 228

(figure 4.5) 140
135

4 228 225
(figure 4.6) 138 140

133

Table 4.10. VI cleavage of 14S dynein fractions in both the presence and absence of 
nucleotide. The estimated masses of cleavage peptides are given in kDa (section 4.8.4). 
The corresponding figure number, in the (a) presence or (b) absence of ATP, are indicated 
for all four fractions.
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Figure 4.2. 12% SDS-PAGE analysis of the four fractions of 14S dynein after irradiation 
in the absence of vanadate and MgATP. Tracks; 1 and 6, molecular mass markers; 2-5, 
14S dynein fractions 1-4 respectively which had been irradiated at 365nm for 100 
minutes.
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(a) 1 2 3 4 5 6

2 0 5 - — 205

116— 
9 7 -  .

' —116 
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66--

kDa — ^

—  66 

kDa

(b) 1 2 3 4 5 6

^  w  W w#
205 —    205

116 — 

97 — 

66 —  

kDa

-  116

Figure 4.3. 7.5% SDS-PAGE analysis of fraction 1 following VI photolysis in the (a) 
presence and (b) absence of MgATP. Tracks: 1 and 6, molecular mass markers: 2-5, 
fraction 1 after irradiation (365nm) for 0, 5, 20, and 60 minutes respectively. Cleavage 
products are marked with arrows.
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(a) 1 2 3 4 5 6

2 0 5 - -205

1 1 6 -
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kDa
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(b) 1 2 3 4 5 6

205 —

116 — 

97 —

66 —  

kDa

- 2 0 5

- 1 1 6

— 97

—  66 
kDa

Figure 4.4. 7.5% SDS-PAGE analysis of fraction 2 following VI photolysis in the (a) 
presence and (b) absence of MgATP. Tracks: 1 and 6, molecular mass markers: 2-5, 
fraction 2 after irradiation (365nm) for 0, 5, 20, and 60 minutes respectively. Cleavage 
products are marked with arrows.

133
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(b) 1 2 3 4 5 6

205 — » - 2 0 5

116 —

kDa '

— 116

Figure 4.5. 7.5% SDS-PAGE analysis of fraction 3 following VI photolysis in the (a) 
presence and (b) absence of MgATP. Tracks: 1 and 6, molecular mass markers: 2-5, 
fraction 3 after irradiation (365nm) for 0, 5, 20, and 60 minutes respectively. Cleavage 
products are marked with arrows.

134



(a)
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* kDa

(b)

2 0 5 -  

1 1 6 -  

9 7 -  

66 —  

kDa

-2 0 5

hm . '1

Figure 4.6. 7.5% SDS-PAGE analysis of fraction 4 following VI photolysis in the (a) 
presence and (b) absence of MgATP. Tracks: 1 and 6, molecular mass markers: 2-5, 
fraction 4 after irradiation (365nm) for 0, 5, 20, and 60 minutes respectively. Cleavage 
products are marked with arrows.
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4.12. V2 photolysis

V2 photolysis of the four 14S dynein fractions in the absence of nucleotide resulted in the 

production of cleavage peptides as identified by 7.5% (figures 4.7b-4.10b) and 12% SDS- 

PAGE. The presence of ATP was also investigated (figures 4.7a-4.10a). The approximate 

masses (section 4.8.4) of new peptides appearing after irradiation aie shown in table 4.11 

which summarises the V2 data for all foui" fractions.

Fraction 1 (figure 4.7)

The appearance of four peptides, of approximate masses 218, 211, 173, and 168kDa, 

coincided with the decrease in heavy chain intensity observed after irradiation in the 

absence of MnATP (figure 4.7b).

In the presence of MnATP, no cleavage products were evident and the intensity of both 

heavy chains remained equivalent for time periods or irradiation between 0 and 100 

minutes (figure 4.7a). The staining intensity of the entiie fraction after 180 minutes of 

irradiation, however, was significantly reduced, although no cleavage peptides were 

detected.

Fraction 2 (figure 4.8)

Two prominent peptides of approximate masses 213kDa and 170kDa, were apparent after 

irradiation in the absence of MnATP (figure 4.8b).

In the presence of MnATP, no new peptides were produced, and the intensity of the heavy 

chain remained unchanged even after 180 minutes of irradiation (figure 4.8a).

Fraction 3 (figure 4.9)

The heavy chain of fraction 3 decreased in intensity after 100 minutes of irradiation in the 

absence of MnATP (figure 4.9b). This decrease in the heavy chain was concomitant with 

the appearance of one prominent peptide of estimated mass 167kDa.

In the presence of MnATP, two major peptides of approximate masses 160kDa and 

121kDa became apparent after inadiation (figure 4.9a). The summation of these two 

peptides, however, was appreciably lower than the estimated molecular mass of the intact 

heavy chain (see discussion). This discrepancy prompted further analysis of the gel which
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revealed the presence of a faint peptide of approximately 98kDa which appeared after 60- 

100 minutes of irradiation. All peptides were difficult to detect after 180 minutes of 

irradiation in the presence of nucleotide since the intensity of peptides significantly 

decreased.

Fraction 4 (figure 4.10)

The single heavy chain of fraction 4 decreased in intensity after irradiation in the absence 

of MnATP (figure 4.10b). One prominent peptide of approximate mass 163kDa appeared 

concomitantly with the decrease in heavy chain.

In the presence of MnATP, two peptides of masses 200kDa and 158kDa were detected 

(figure 4.10a). In addition, a 103kDa peptide present in the pre-irradiated sample, showed 

a significant decrease in intensity after irradiation in the presence of MnATP which was 

not obvious when nucleotide was omitted.
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Fractiim No. V2(+ATP) V2 (- ATP)
(a) (b)

No cleavage 218
1 211

(figure 4.7) 173
168

2 No cleavage 213
(figure 4.8) 170

3 160 167
(figure 4.9) 121

(98)
4 200 163

(figure 4.10) 158

Table 4.11. V2 cleavage of 14S dynein fractions in both the presence and absence of 
MnATP. The estimated masses of cleavage peptides are given in kDa (section 4.8.4). 
The corresponding figure number, in the (a) prei^nce or (b) absence of ATP, are indicated 
for all four fractions.
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(a) 1 2 3 4 5 6 7
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116 — 
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66 —  

kDa
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(b)

205 — ' — 

116—
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  —205
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a ;

Figure 4.7. 7.5% SDS-PAGE analysis of fraction 1 following V2 photolysis in the (a) 
presence and (b) absence of MnATP. Tracks; 1 and 7, molecular mass markers: 2-6, 
fraction 1 after irradiation (365nm) for 0, 20, 60, 100, and 180 minutes respectively. 
Cleavage products are marked with arrows.
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(a) 6 7
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(b)
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116 — 

97 —

66 -

kDa
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Figure 4.8. 7.5% SDS-PAGE analysis of fraction 2 following V2 photolysis in the (a) 
presence and (b) absence of MnATP. (a) Tracks: 1 and 7, molecular mass markers: 2-6, 
fraction 2 after irradiation (365nm) for 0, 20, 60, 100, and 180 minutes respectively, 
(b) Tracks: 1 and 8, molecular mass markers; 2-7 fraction 2 after irradiation (365nm) 
for 0, 20, 60, 100, 140, and 180 minutes respectively. Cleavage products are marked 
with arrows.
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(a) 3 4
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(b)

205— - 2 0 5

116— W  
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Figure 4.9. 7.5% SDS-PAGE analysis of fraction 3 following V2 photolysis in the (a) 
presence and (b) absence of MnATP. (a) Tracks: 1 and 7, molecular mass markers: 2-6, 
fraction 3 after irradiation (365nm) for 0, 20, 60, 100, and 180 ndnutes respectively, 
(b) Tracks: 1 and 8, molecular mass markers; 2-7 fraction 2 after irradiation (365nm) 
for 0, 20, 60, 100, 140, and 180 minutes respectively. Oeavage products are marked 
with arrows.
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(b) 1 2 3 4 5 6 7 8

2 0 5 -

116 —

— 205

-1 1 6

Figure 4.10. 7.5% SDS-PAGE analysis of fraction 4 following V2 photolysis in the 
(a) presence and (b) absence of MnATP. (a) Tracks: 1 and 7, molecular mass markers: 
2-6, fraction 4 after irradiation (365nm) for 0, 20, 60, 100, and 180 minutes 
respectively, (b) Tracks: 1 and 8, molecular mass markers; 2-7 fraction 2 after 
irradiation (365nm) for 0, 20, 60, 100, 140, and 180 minutes respectively. Cleavage 
products are marked with arrows.
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Discussion  

ATPase activity

4.13. ATPase activity in the presence of 40mM NaCl

All four fractions of 14S dynein exhibited ATPase activity. The specific activity showed a 

consistent trend which, in order of decreasing activity, was fraction 2 »  fraction 3 > 

fraction 1 > fraction 4. In particular, fraction 2 had an activity (0.30 |i.mol ADP/min/mg 

dynein) 2-3 fold greater than the remaining fractions 1 (0.12), 3 (0.15), and 4 (0.10) {table 

4.4}. It does not appear likely that any of the fractions were activated as a consequence of 

separation, since the total activity* associated with the four fractions (0.07 |imol ADP/min) 

was less than that of the unfractionated dynein (0.17 [imoles ADP/minute). This 

observation is in contrast to a study in Chlamydomonas in which fractionation of 18S 

dynein (into a  and p/ICl) resulted in the activation of the (3/ICl subunit (Pfister & 

Witman, 1984). In addition, the specific activity associated with the four fractions was 

shown to increase over time (table 4.5). In particular, the activity of fractions 3 and 4 

increased approximately 2-fold after a total of nine days at 5®C, whereas the activation of 

fractions 1 and 2 was less pronounced. This response to ageing distinguished fractions 1 

and 2 from fractions 3 and 4, and may be comparable to the latency described previously 

(section 4.2.2) for sea urchin 21S outer arm dynein (Gibbons & Fronk, 1979) and 

Tetrahymena 22S dynein (Gibbons, 1966; Blum & Hayes, 1974).

4.14. Effect of increasing ionic strength

The effect of increasing ionic strength was investigated in order to compare the four 14S 

dynein fractions with 22S dynein. The ATPase activity associated with 22S dynein (in the 

presence of 40mM NaCl) was previously shown to be activated 2.7-fold in the presence of 

600mM NaCl (Wells et ah, 1990). In contrast, the four fractions differed from 22S in that 

ATPase activity was significantly inhibited under these conditions (table 4.6). In 

particular, the activity of fractions 3 and 4 was undetectable by the assay system utilised. 

These observations are compatible with studies involving unfractionated 14S dynein in

* see section 3.8.5 for average total yield (in mg) of the foui" fiactions per dynein preparation, and table 3.1 
for total yield of unfractionated 14S dynein.
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which increasing monovalent salt concentration (up to 0.4M) was shown to cause a 

decrease (of 45%) in activity (Gibbons, 1966). The effect of monovalent salt on ATPase 

activity may arise due to the loss of a subunit which regulates ATPase activity, or as a 

consequence of a change in molecular conformation (see chapter 5).

4.15. ATPase activity in the presence of manganese ions

All four fractions supported ATP hydrolysis in the presence of manganese ions {Mn^+j 

(table 4.7). This suggested that Mn^+ could successfully substitute for magnesium {Mg2+} 

in the coordination of ATP in the hydrolytic site, and that MnATP was a suitable substrate 

for ATP hydrolysis. These data also suggested that, for all four fractions, the inhibition of 

V1 cleavage by Mn^+ is likely to be the result of an interaction between Mn^+ and the 

hydrolytic (or VI) site (section 4.5).

The presence of Mn^+ also revealed differences in the ATPase activity of the four fractions 

which were considered to indicate structural variation within the site of ATP hydrolysis. 

Fraction 1 was readily distinguished from fractions 2, 3 and 4 since this fraction was 

associated with an increase in ATPase activity (compared with the presence of MgATP) 

and was considered to reflect a favourable coordination of MnATP within the catalytic 

site. In contrast, the ATPase activity observed for fractions 2, 3 and (to a lesser extent) 4 

was shown to decrease (table 4.7).

4.16. Effect of microtubule presence on ATPase activity = preliminary studies

Preliminary studies on the effect of microtubules on the ATPase activity of 22S dynein, 

revealed a 1.8-fold activation at a microtubule to dynein weight ratio of 667:1 (table 4.8). 

Similar investigations on the four 14S dynein fractions, however, proved inconclusive. 

Two experiments showed that no fractions were activated by the presence of microtubules, 

whereas studies using a second microtubule preparation indicated that fraction 1 was 

activated at a microtubule to dynein weight ratio between 800:1 and 1400:1 (table 4.9). 

This potential activation suggests that fraction 1 interacts with microtubules in an ATP- 

sensitive manner. The lack of activation in the preceding preparation may well be related 

to the purity of the microtubules, since contamination from microtubule-associated 

proteins (MAPs) has been shown to prevent 14S dynein from binding to microtubules and
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thus inhibit microtubule-activation of ATPase activity (Marchese-Ragona & Johnson, 

1989; Shimizu et al., 1992).

The four 148 dynein fractions have distinct ATPase properties. In summary, fraction 1 is 

distinguishable from other fractions with respect to its differential response to Mn^+ 

(section 4.15) and potential activation by the presence of microtubules (section 4.16). 

Fraction 2 has an activity 2-3 fold greater than that of the other fractions (section 4.13). 

Finally, fractions 3 and 4 are distinguishable from 1 and 2 in their time-dependent 

activation (section 4.13) and response to high ionic strength (section 4.14).
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VI photolysis is presumed to occur at the hydrolytic ATP-binding site of dynein heavy 

chains (section 4.4.1). The conditions which support cleavage at this site require low 

concentrations of vanadate (10|0,M) and the presence of both Mg2+ and ATP (Lee-Eiford et 

al., 1986). In contrast, V2 photolysis requires Mn^+ (to inhibit cleavage at the VI site) and 

a higher concentration of vanadate (100-150|J,M), and is typically inhibited by Mg^+ and 

ATP (Tang & Gibbons, 1987). Variation on these original conditions have been reported 

and in particular, the presence or absence of ATP has been shown to have a differential 

effect on photolysis. These differences aie thought to reflect structural (and possible 

functional) variation between dynein heavy chains (King & Witman 1987, 1988; 

Marchese-Ragona et al., 1989).

The four fractions of 14S dynein have been investigated using VI and V2 photolysis. Both 

types of cleavage were demonstrated in all four fractions using the standard conditions 

outlined by early studies (Gibbons et ah, 1987a; Tang & Gibbons, 1987). These data 

indicated that all four fractions are dynein ATPases which share the characteristic property 

of vanadate-dependent cleavage (section 4.6.1). Structural variation between the fractions 

was then demonstrated by an analysis of the number and approximate mass of cleavage 

peptides, as well as investigations on the requirement and affect of ATP in the photolysis 

reaction. Analysis of the cleavage peptides also enabled estimations of the heavy chain 

molecular mass associated with each fraction (section 4.19). Finally, these data were used 

to construct linear peptide maps in which the possible orientation of the V1 and V2 sites on 

the dynein heavy chain was considered (section 4.20).

4.17. VI photolysis

All four fractions of 14S dynein supported VI photolysis in the presence of MgATP 

(figures 4.3a-4.6a). Five cleavage peptides were associated with the photolysis of fraction 

1, whereas fractions 2, 3, and 4 each produced three cleavage peptides (table 4.10). In the 

absence of ATP, fractions 1 and 2 did not undergo photolysis (figures 4.3b & 4.4b). The 

intensity of the heavy chains of these fractions remained unchanged, and no cleavage 

peptides were detected even after 60 minutes of irradiation. In contrast, fractions 3 and 4
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did undergo photolysis in the absence of ATP (figures 4.5b & 4.6b) although fewer 

cleavage peptides were evident (table 4.10). In particular, the cleavage peptides deficient 

in fractions 3 and 4 (in the absence of MgATP) were shown to correspond to one (fraction 

4) or both (fraction 3) of two closely-migrating cleavage peptides designated doublets. 

These doublet peptides (with a maximal difference in mobility of 5kDa) were associated 

with all four fractions in the presence of MgATP and can be summarised as follows: 

fraction 1 (152kDa and 148kDa), fraction 2 (152kDa and 147kDa), fraction 3 (140kDa and 

135kDa) and firaction 4 (138kDa and 133kDa).

The doublets most likely arise due to the existence of two independent cleavage sites 

within a single heavy chain. These were considered to represent either two different ATP- 

binding sites or, alternatively, two distinct cleavage points within a single hydrolytic site. 

In either case, the doublets were thought to be structurally related (ie differ by only 5kDa) 

since the presence of three unique cleavage peptides per heavy chain was inconsistent with 

data from VI photolysis in the absence of MgATP (table 4.10), and heavy chain mass 

estimates using V2 photolysis (section 4.19).

An interesting comparison of the data presented here can be made with previous 

observations involving unfractionated 14S dynein (Marchese-Ragona et a l, 1991). This 

previous study showed that the two heavy chains described for the 14S were cleaved under 

VI photolysis conditions to produce four cleavage peptides of masses 232, 225, 220, 

155kDa. These were concluded to represent complimentary pairs of peptides in which 

each of the two heavy chains was thought to have a single VI site of cleavage. This group 

acknowledged, however, that the predicted heavy chain masses for 14S exceeded those of 

the three (a , P and y) 22S heavy chains and was inconsistent with their relative 

electrophoretic mobilities on SDS-PAGE (Marchese-Ragona et al., 1988, 1989). This 

discrepancy was interpreted at this time as a consequence of anomalous electrophoretic 

mobilities of the 14S cleavage peptides (Marchese-Ragona et al., 1991). The data 

presented here, however, reveals that the peptides described previously reflect some, but 

not ail, of the cleavage peptides associated with each of the four fractions (table 4.10). 

This interpretation comes from the observation that comparably-sized peptides are 

associated with VI photolysis of fraction 1 (230, 225, and 152kDa), fraction 2 (232,
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152kDa), fraction 3 (232kDa), and fraction 4 (228kDa). In addition, cleavage peptides 

which were not identified by the Coomassie Blue staining procedure utilised by Marchese- 

Ragona et al. (1991) have also been described (table 4.10). Consequently, the pairing of 

peptides in the previous study is misleading since more than two heavy chains (and more 

than four cleavage peptides) have been associated with 14S dynein (section 3.14.1).

4.18. V2 photolysis

All four fractions produced cleavage peptides under V2 photolysis conditions in the 

absence of ATP (figures 4.7b-4.10b). Fraction 1 produced four cleavage peptides, fraction 

2 produced two such peptides, and fractions 3 and 4 were each cleaved to produce a single 

detectable cleavage peptide (table 4.11). Furthermore, fractions 1 and 2 did not undergo 

photolysis in the presence of MnATP (figures 4.7a and 4.8a) whereas both fiactions 3 and 

4 (figures 4.9a and 4.10a) were cleaved under these conditions.

These data showed that each heavy chain associated with fractions 1 and 2 had a single site 

of V2 cleavage which could not be cleaved in the presence of nucleotide, presumably due 

to the occupation of ATP-binding site(s). Fraction 1 produced four cleavage peptides 

which most likely corresponds to cleavage at a single site within each of the two heavy 

chains associated with this fraction. Similarly, the two cleavage peptides detected for 

fraction 2 indicates a single site of cleavage within a single heavy chain. In contrast, the 

interpretation of fractions 3 and 4 was ambiguous since the number of detectable cleavage 

peptides was variable. Only one cleavage peptide was detected in each fraction in the 

absence of ATP, whereas in the presence of nucleotide, at least three cleavage peptides 

were associated with fraction 3, and two associated with fraction 4 (table 4.11). This 

discrepancy could be intei-preted in three ways. Firstly, it was possible that in these 

fractions, cleavage in the absence of ATP, occurred at a site exactly in the centre of the 

heavy chain to produce two equivalently-sized cleavage products. This was considered 

unlikely, however, since the presence of one similarly-sized cleavage peptide in both the 

presence and absence of MnATP, suggested that V2 cleavage occurs at the same site(s) 

under both conditions (fraction 3 = 160/167kDa; fraction 4 = 158/163kDa; see table 4.11). 

A second interpretation was that cleavage peptides comparable to those found in the
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presence of ATP were simply undetected by the silver-staining system utilised. Thirdly, it 

was considered likely that multiple cleavage sites (which are specifically susceptible to 

photolysis in the absence of ATP) produced low molecular mass peptides which went 

undetected even after analysis by 12% SDS-PAGE (data not shown). As a result of this 

complexity, the simplest interpretation of fractions 3 and 4 was based upon the data 

derived for V2 photolysis in the presence of MnATP. These data suggested that fraction 3 

may have been cleaved at two V2 sites (to produce three peptides), and fraction 4 was 

cleaved at one V2 site (to produce two cleavage peptides).

4.19. Estimates of heavy chain mass: VI and V2 photolysis

The results from VI and V2 cleavage were used to estimate heavy chain molecular mass 

(section 4.6.3). Table 4.12 summarises these data which were based upon the following 

assumptions. Firstly, the doublet peptides described for V1 photolysis in the presence of 

MgATP (section 4.17) were considered to be structurally related since the combined mass 

attributable to three unique peptides greatly exceeded those predicted for the same heavy 

chains by V2 photolysis. Furtheraiore, these masses would exceed the values derived for 

the three heavy chains (a, P, and y) of 22S dynein (417kDa, 420kDa and 403kDa 

respectively) which is contrary to the observation that 14S heavy chains have a higher 

mobility than 22S when analysed by SDS-PAGE (Marchese-Ragona et al., 1989). 

Consequently, since the doublet peptides were presumed to be structurally related (and 

differ by only 5kDa), only one was used in the determination of molecular mass. 

Secondly, for fractions 3 and 4, the results of V2 photolysis in the presence of MnATP 

were taken to represent the cleavage peptides on the basis that multiple sites and/or 

detection of cleavage peptides were considered to complicate the analysis of these 

fractions (section 4.18).
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Fraction ^foss of heavy chainfs) 
estimated by VI

Mass of heavy chain(s) 
^timated by V2

1 747 (743) * 770*

2 384 (379) 383

3 372 (367) 379

4 366(361) 358

Table 4.12. Molecular mass estimates (in kDa) for the heavy chains for each fraction of 
14S dynein determined by VI or V2 photolysis. Mass estimates shown in brackets 
represent values derived using the alternate peptide of the doublet pair (section 4.17). 
Asterisk indicates fraction 1 is given as a combined summation of the two heavy chains 
since the origin of the cleavage products is unknown.

4.20. Construction of iinm - peptide maps

The above interpretation enabled the construction of linear peptide maps for the dynein 

heavy chains associated with each fractitm (figure 4.11). Although the position of the VI 

and V2 cleavage sites cannot be conclusively determined from these data, previous 

observations shown in other dynein species enabled likely (mentations to be considérai 

(section 4.6.4). The V2 site, for example, has been localised within the larger VI cleavage 

peptide for all heavy chains studio! so far (King & Witman, 1987,1988; Tang & Gibbons, 

1987; Marchese-Ragona et al., 1989). Similarly, the VI site has bœn mapped closer to the 

amino-terminus than the carboxyl-terminus in the primary heavy chain structure in both 

Chlamydomonas (a, P, and y) and sea urchin spom (P) heavy chains (Gibbons et al., 1991, 

Ogawa, 1991; Mitchell & Brown, 1994; Wilkerson et al., 1994). This orientation has also 

been suggested for the three heavy chains of Tetrahymena 22S as a consequence of 

proteolytic analysis (Marchese-Ragona et al., 1989). Based upon these observations, 

figure 4.11 shows a likely arrangement of cleavage peptides within the intact heavy 

chain(s) for each frœtion. These linear peptide maps show both VI and V2 cleavage sites 

with respect to the amino- (N) and carWxyl-terminals (C). Although the interpretation of 

fraction 1 was further complicated by the unknown origin of the cleavage peptides, the
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most likely arrangement is that the 230kDa and 152kDa cleavage peptides of this fraction 

originate from one heavy chain, whereas the other heavy chain comprises the 22SkDa and 

148kDa cleavage peptides.

Fraction 1

N
148 VI 225

211 V2 168

Fraction 2

152 VI 232

213 V2 170

Fraction 3

140 VI 232
N I

160 V2 98 V2 121

Fraction 4

N
138 VI

200

228

V2 158

r
0 100 200

I —
300 400 kDa

Figure 4.11. Peptide map showing one possible orientation of cleavage peptides from 
both VI and V2 photolysis experiments. The maps were constructed according to the rules 
outlined in section 4.20.
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4.21. Conclusions

VI and Y2 photolysis revealed both similarities and differences between the four 14S 

dynein fractions. VI experiments showed that the four fractions were dynein ATPases 

which share homology with other dynein species in that each possessed a single VI site 

located near" the midpoint of the heavy chain sequence (figure 4.11). In this respect, the 

four fractions are similar to each other, 22S dynein from Tetrahymena, and outer aim 

dyneins from Chlamydomonas and sea urchin sperm (Gibbons et al., 1987a; King & 

Witman, 1987,1988; Marchese-Ragona et a/., 1989).

Structural variation between the fractions was indicated by a number of observations. 

Firstly, fractions 1 and 2 were readily distinguished from fractions 3 and 4 with respect to 

the VI site of cleavage (ie the proposed hydrolytic ATP-binding site) {section 4.5.1}. The 

VI photolysis of fractions 1 and 2 required MgATP (presumably to form a MgADP.Vi 

complex within the hydrolytic site), whereas the presence of Mg2+ and Vi alone was 

sufficient for photolysis in fractions 3 and 4 (section 4.17). Secondly, fractions 1 and 2 

were readily distinguished from fractions 3 and 4 since V2 cleavage was inhibited by ATP 

in the former fractions (table 4.11). This suggested that (unlike fractions 3 and 4) 

occupation of ATP-binding site(s) in fractions 1 and 2 protects the V2 site from cleavage 

(section 4.18). Thirdly, the fractions were distinguished by the location of V2 sites which 

was demonstrated by the differing mobilities of the cleavage peptides (table 4.11). Finally, 

an analysis of the V2 cleavage peptides indicated that fractions 1, and 2, comprised a 

single V2 site, fraction 4 comprised at least one site, and fraction 3 was thought to possess 

two V2 sites (figure 4.11).
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Chapter 5

Hydrodynamic Investigations of 14S Dynein Fractions



Introduction

The size, shape and interaction of macromolecules such as proteins can be studied using 

the technique of analytical ultracentrifugation. This procedure provides accurate 

measurements of biophysical characteristics such as sedimentation coefficients and 

absolute molecular mass. Furthermore, centrifugation techniques provide information 

concerning the purity, homogeneity, and interaction parameters of the protein analysed. 

The work presented in this chapter has been carried out using the recently developed 

Beckman Optima XL-A analytical ultracentrifuge. This has enabled the study of proteins 

at low concentration by using scanning absorption optics at wavelengths in the far UV.

The first analytical ultracentrifuge was developed in the 1920's by Svedberg and was 

originally used for the study of colloidal gold suspensions. Its application to biochemistry 

was established following experiments on haemoglobin where the, then unexpectedly, 

large molecular mass and homogeneity of this protein was first reported. Consequently, 

the analytical ultracentrifuge became the most important tool in the characterisation of 

proteins until the 1970's. After this time, the centrifuge became largely replaced by 

alternative, simpler to use and relatively inexpensive techniques such as gel electrophoresis 

and gel filtration chromatography. These latter techniques were preferentially utilised until 

the mid-1980's, after which time serious limitations of the techniques became apparent (see 

Bowen & Rowe, 1970; Rowe, 1984; Schachman, 1992).

Two significant limitations of these simpler techniques are particularly relevant to the 

determination of dynein molecular mass. Firstly, measurements of mass are largely 

dependent upon the prior knowledge of well-characterised proteins with masses in a 

comparative range to those under analysis. These molecular mass standards are required, 

for example, in the calibration of polyacrylamide gels in electrophoresis techniques. The 

use of such standards, however, is particularly inappropriate for dyneins since the 

unusually high molecular masses of some polypeptide components cannot be accurately 

determined due to the lack of appropriate standards, and inadequacy of electrophoresis, in 

the high molecular mass region. Heavy chain components of Tetrahymena 22S dynein, for 

example, have been approximated to have masses ranging from 360kDa (Warner et a l.
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1977) to 560kDa (Mabuchi & Shimizu, 1974) using this technique. A second serious 

limitation concerns the overall configuration of protein molecules in solution. Techniques 

such as gel filtration chromatography, for example, enable the Stokes radius of the 

molecule to be determined (equation 5.9) but require prior calibration with proteins which 

tend to be of a typically globular nature (Rowe, 1984). This method is consequently highly 

inappropriate for the analysis of dyneins since the unique 'bouquet' strncture described for 

outer dynein arms (figure 1.4) has an appreciable deviation from the typically globular 

conformation of proteins used to calibrate columns. The overall configuration of proteins 

can have severe consequences on the determination of mass. A rod-shaped protein, for 

example, will travel the length of a gel filtration column at a much slower speed than an 

equivalently-massed globular protein. The increased frictional forces attributable to the 

rod shape cannot be assessed and the consequent reduction in speed can only be interpreted 

with respect to the globular molecular mass standards. Limitations of this type resulted in 

a renewed interest in the analytical ultracentifuge since this technique requires no 

calibration and, for mass determination, makes no assumptions with respect to protein 

shape. The revival of the analytical ultracentrifuge resulted in significant improvements in 

the available technology.

5.1. The analytical ultracentrifuge - Optima XL-A

The recent development of the Optima XL-A analytical ultracentrifuge has enabled 

proteins to be investigated at concentrations of a few pg per ml (see Giebeler, 1992). This 

is achieved by the use of scanning absorption optics in which proteins can be analysed at 

wavelengths in the far UV. Absorption optics rely upon the ability of solutions to absorb 

light and, for proteins, optimal absorptions typically occur at 280nm and in the region 205- 

230nm. This latter region provides at least five times the absorption values at 280nm and, 

as a result, enhances the level of measurable absorption for proteins of low concentration. 

Dynein is therefore particularly suited to this new technology since present purification 

methods result in relatively low protein concentrations. The four 14S dynein fractions, for 

example, had very low absorption at 280nm but could be successfully monitored in the far 

UV (figure 5.8).
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In order to monitor the dynein fractions in this way, the solution to be analysed is placed in 

specially designed cells which are optically accessible, water-tight, and resistant to stress 

and distortion by vacuum and centrifugal force (figure 5.1). A simple cell has a 12mm 

optical pathlength and consists of a centrepiece comprising two sectors; one for the protein 

solution and one for the appropriate solvent. This arrangement enables the reference 

(solvent) and sample (protein solution) sectors of the cell to be directly compared and 

translated into an absorbance value attributed only to the protein under investigation. The 

type of cell utilised is dependent upon the experiment. As discussed later, there are two 

types of investigation; sedimentation velocity and sedimentation equilibrium (section 5.2). 

Velocity experiments generally involve the use of double-sector cells in which a single 

dynein sample can undergo investigation (figure 5.2). Three such cells can be analysed 

during a single experimental run. In contrast, equilibrium studies utilised three six-channel 

centrepieces (figure 5.2). These cells take a shorter column length and were used in order 

to reduce the time taken to reach equilibrium as well as to increase the number of samples 

investigated during a single experiment. In general, the longer the column length of 

solution in the cell the greater the accuracy of the data. This relationship arises since the 

column length determines the number of solution traces that can be analysed. Longer 

column lengths, however, can require an impractical amount of time to reach equilibrium 

(section 5.2.2). The short column length (1.5mm) of the six-channel cell is therefore a 

compromise between data accuracy and time expenditure.

Normally, the solvent or solution is placed in a sector-shaped compartment. This shape is 

designed to prevent non-radial distributions of molecules which would occur in a parallel

sided cell as a result of collisions with the cell walls. The sector shape, however, does 

introduce the phenomenon of radial dilution in sedimentation velocity experiments (section 

5.2.1). Radial dilution refers to the progressive decrease in absorbance apparent as protein 

molecules travel down the sector-shaped cell. This decrease is due to the effective dilution 

of molecules as they are forced to occupy a progressively increasing volume.
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Figure 5.1. The assembly of an analytical ultracentrifuge cell as used in the Optima XL-A 
(from Beckman, Optima XL-A Users' Manual).

Figure 5.2. A standard double-sector centrepiece (top) and six-channel centrepeice 
(below) used in sedimentation velocity and equilibrium experiments respectively (from 
Beckman, Optima XL-A Users' Manual).
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5.2. Sedimentation techniques

Two major analytical ultracentiifugation techniques can be applied to the study of dynein 

in solution; sedimentation equilibrium and sedimentation velocity. The fundamental 

difference between the techniques resides in the centrifugal force exerted on the solution to 

be analysed. Velocity experiments requhe a force sufficient to cause the progressive 

sedimentation of the protein. In contrast, equilibrium studies require a reduced centrifugal 

force in which solute particles are distributed throughout the sample volume until the 

forces of sedimentation and diffusion are equal (section 5.2.2). Differences between the 

required centrifugal force are achieved by selecting an appropriate speed of centrifugation. 

Velocity experiments are generally performed at speeds of 20,000-50,000 rpm, whereas 

equilibrium studies require a reduced speed and, for dynein samples, is typically 5000 rpm. 

The relationship between centrifugal force and rotor speed is demonstrated by equation 5.1 

(from van Holde, 1971).

Fg = rmco^ (5.1)

where = centrifugal force, m = mass, r = radial distance from centre of rotation, and 

(0 = angular velocity of the rotor (radians/second).

Both velocity and equilibrium experiments rely upon the accurate measurement of several 

parameters to determine reliable values for sedimentation coefficient and mass 

respectively. Table 5.1 illustates which parameters are important to each type of 

experiment and describes how these values are determined. Of particular note, is the value 

for the partial specific volume (v) which is approximated to 0.73 ml/g. Ideally, v is 

derived from a knowledge of the protein composition obtainable from sequence data or 

amino acid analysis. The 14S dynein fractions under investigation, however, have an 

unknown composition and must therefore be assigned an approximate value. The value of 

0.73 ml/g comes from the observation that many proteins agree within one per cent of this 

figure (Ralston, 1993). Nevertheless, one per cent enors in v are responsible for three per 

cent differences in the determination of molecular mass.
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Parameter Velocity Eqmlibrium
Tempaature/Speed Accurately maintained by Optima XL-A

Partial Specific 
Volunte (v)

Approximated to 0.73 ml/g

Density of Solvent (p) Measured by densitometry (g/ml)
Viscosity of Solvent

(n)
Measured by viscometry

(g/ml)
-

Baseline Offset (E) Accurately determined by 
oversiteeding centrifuge at 

end of ran

Table 5.1. The determination of parameters in sedimentation equilibrium and 
sedinKntation velocity.

5.2.1. S,sdimeiitaiion Y dociite

Sedimentation velocity experiments result in the determination of the sedin^ntation 

coefficient (designated s) for the protein under analysis. This value is defïnM as the ratio 

of velocity to centrifugal field strength (equation 5.2) and is expressed in units of seconds. 

The value 1 x 10-13 seconds is commonly encountered in velocity experiments and has 

been termed the Svedberg unit (designated S). The sedimentation coefficient provides 

information regarding the size and shape of proteins and is related through the mass 

(g/n»l) and frictional coefficient (g/sec) by equation 5.2 (from Ralston, 1993).

(5.2)

where s = sedimentation coefficient, v = velocity, M  = molecular mass, v = partial 

specific volume, N, = Avogadro's constant, /  = frictional coefficient, p  = density of 

solvent.

The underlying principle of the velocity experiment is to sediment the protein under 

investigation at a rate which can be easily monitored over time. The progression of protein 

from the meniscus to the cell base is typically visualised as a sharp boundary between the 

depleted region and the uniform concentration of sedimenting solute. Figure 5.3 illustrates 

the characteristics of a typical trace produced for 14S dynein fraction 1 (see results and
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discussion'). The position of the boundary is monitored at regular time intervals and traces 

overlayed to show the progressive movement of solute towards the base of the cell (figure 

5.4). A prominent feature of the velocity trace is the decrease in absorbance at the plateau 

region as the boundary progiesses down the cell. This is due to the phenomenon of radial 

dilution which is a direct consequence of the sector-shaped compartment of the centrepiece 

(section 5.1).

The sedimentation coefficient is derived from the solution traces by measuring the rate of 

movement of the boundary midpoint. The midpoint is directly digitised with respect to the 

meniscus and cell base with the aid of a graphics tablet (section 5.4.2). This rate of change 

in boundary position can then be related to the sedimentation coefficient by equation 5.3 

(from Ralston, 1993).

\
dInl ^ = sG) t̂ (5.3)

where = radial position of the boundary midpoint and = radial position of the 

meniscus, t = time in seconds.

Sedimentation coefficients derived in this way are routinely converted to standard 

conditions using equation 5.4 (from Ralston, 1993). This ensures that sedimentation 

coefficients measured in a variety of buffers of different viscosity and density and run at 

different temperatures, can be directly compared by correcting to the standard solvent 

water at 20°C. This standardised sedimentation coefficient is denoted S20,w

(5.4)
\
f — 1

1 -  yp2o.w
^̂ 20.v

where = measured sedimentation coefficient in the experimental solvent at the 

experimental temperature (in Kelvin), = viscosity of water at the experimental 

temperature, 7720,w = viscosity of water at 20°C, 77̂  and 77,̂  = viscosities of solvent and 

water respectively at a common temperature, Pgo.w = density of water at 20°C, =

density of solvent at the experimental temperature.
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Figure 5.3. Typical absorption optic scan from a sedimentation velocity experiment 
(fraction 1) and its relationship to the two-channel centiepiece (adapted from Ralston, 
1993).
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Figure 5.4. Set of scans taken from a sedimentation velocity experiment in which the 
sedimenting boundary was monitored at 30 minute intervals. The phenomenon of radial 
dilution is demonstrated by the decrease in absorbance in the region of the plateau 
(indicated by arrow) as sample progresses radially down the cell.
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5.2.2. Sedimentation equilibrium

Sedimentation equilibrium studies enable the determination of absolute molecular mass. 

This is achieved by an analysis of the protein distribution throughout the sample volume at 

the point of equilibrium. At equilibrium, sedimentation and diffusion forces are balanced 

and the protein distribution remains unchanged. This point is determined when absorption 

scans taken at intervals during the run perfectly overlay one another. A typical scan is 

shown in figure 5.5.

The centrifugation time taken to reach equilibrium is related to the column length of the 

cell utilised via equation 5.5. Appropriate column lengths are selected in order to reduce 

the experimental time without severely affecting data accuracy. Column lengths which are 

too short, for example, do not provide a sufficient solute distribution to enable an accurate 

determination of mass. In contrast, column lengths which are too long make impractical 

constraints on experiment time. In the case of the 14S dynein fractions under 

investigation, the time taken to reach equilibrium was approximated since the amino acid 

sequence molecular mass (designated M) is unknown. All fractions were approximated 

within a similar mass range and as a consequence could be investigated in a single run. 

This had advantages in that all four fractions were derived from the same preparation 

procedure and underwent identical treatment.

„ 0.7xW^xVM
3X1Q—  ' '

where Ej. -  time taken to reach equilibrium in seconds, M = sequence molecular mass, and 

H = solution column length in cm (from Beckman, Optima XL-A Users' Manual).

Analysis of the solute distribution at equilibrium enables a determination of the whole cell 

weight-average apparent molecular mass of the protein under investigation. This mass is 

independent of knowledge regarding shape and represents an apparent weight-average 

molecular mass of all components in the cell. As a result, this value includes any 

contaminants or fragmented molecules that become part of the solute distribution. 

Consequently, effects such as aggregation will result in greater discrepancy between the 

apparent and absolute molecular mass.
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The apparent weight-average molecular mass is determined directly from experimental 

data using nonlinear least squares regression analysis. This procedme minimises the sum 

of the squares of the residuals between the data points and the fitted function by means of 

the Marquar’dt algorithm (Smith, 1992). The model assumed for analysis of the 14S 

dynein fractions is that of a single non-interacting ideal species (Lamm, 1929). Using this 

model, the software calculates a molecular mass with fitting equation 5.6 based on a plot of 

absorbance versus radius of the cell (figure 5.6).

2RT
+ E  (5.6)

where A^= absorbance at radius r, Â  = absorbance at reference radius exp = 

exponent, v = partial specific volume of the macromolecule, p  = density of the solvent, co 

= angular velocity of the rotor, E = baseline offset, M = molecular weight, R = gas 

constant, T = temperature in Kelvin.

The accuracy with which data fits the determination of mass can be tested by an analysis of 

a plot of the residuals. The residuals represent the differences between the experimental 

data points and those at the corresponding points on the curve calculated using the model 

equation (5.6). These values are calculated by subtracting the absorbance of the fitted 

curve from the absorbance of data along the radius of the cell. Data which fit the curve is 

observed as a random distribution with low margins of error. In contrast, poor fitting data 

may show large errors in the residuals or, in some cases, show a systematic trend indicative 

of phenomenons such as aggregation (figure 5.7).

As with velocity experiments, conditions such as the temperature and speed are accurately 

maintained throughout the experiment (table 5.1). The baseline offset (E) is also 

accurately deteraiined by overspeeding the rotor at the end of the run until the solute has 

pelleted. The value E is then read as the absorbance remaining following depletion of 

solute from the meniscus. This procedure minimises the erroneous results attributable to 

absorbing particles or molecules left undistributed in the gradient. Finally, the value v is 

approximated to 0.73 ml/g and thus may be a source of error (section 5.2).
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Figure 5.5. Absorption scans from a sedimentation equilibrium experiment using a six- 
channel centrepiece in which a total of three fractions can be analysed. These scans 
remain unchanged at equilibrium.
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Figure 5.6. Graph showing a typical absorbance versus radius plot for a sedimentation 
equilibrium experiment (fraction 1). The position of the curve is calculated assuming a 
single species model (section 5.2.2).
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Figure 5.7. Graphical representation of the goodness of fit for data from a sedimentation 
equilibrium experiment. The zero line is equivalent to the fit calculated assuming a single 
species model (section 5.2.2). Data showing a good fit with the calculated value are 
visualised as a random distribution (top), whereas the systematic distribution (below) is 
indicative of an aggregating system.
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5.2.3. Sample heterogeneity

Both sedimentation velocity and equilibrium techniques can provide information with 

respect to the purity and homogeneity of the dynein sample analysed. Equilibrium studies 

for example, provide a determination of the whole cell weight-average apparent molecular 

mass which reflects all components involved in the equilibrium distribution. This value 

can then be compared with an approximate estimation of the 'expected' monomer mass 

based on independent but less accurate data such as electron microscopy dimensions or gel 

electrophoresis. Large deviations from the monomer mass may reflect a self-associating 

system, heterogeneity or sample impurity.

Sedimentation velocity experiments also provide an assessment of sample homogeneity. 

Homogeneous proteins generally produce a single sedimenting boundary under velocity 

conditions, whereas the presence of multiple boundaries indicates other sedimenting 

species or contaminants. It is possible, however, that several species present in the protein 

solution under investigation are of sufficiently similar size and shape that only a single 

sedimenting boundary is apparent. Similarly, a system undergoing reversible self

association can resemble a single species (Roark & Yphantis, 1969).

5.3. Construction of models

Electron microscopy provides an invaluable insight into the structure of a protein since the 

overall shape and approximate size of molecules can be determined by an analysis of a 

representative population. One significant limitation, however, is apparent by the very 

nature of the technique (section 3.7). Molecules which are adsorbed to a mica surface, for 

example, no longer reflect the conformation, and hydrated size of the protein in solution. 

Furthermore, artefacts introduced by the shadowing procedure used to visualise molecules 

can lead to erroneous estimates of molecular dimensions and subsequent estimations of 

mass. In contrast, the quantities measurable by hydrodynamic techniques provide 

information as to the size, shape and interaction of the protein as it exists in solution. 

Consequently, the two techniques taken together enable an optimal analysis. Furthermore, 

these data provide the basis on which potential models for the protein structure can be 

constructed.
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Simple, low-resolution models for proteins can be constructed using appropriately-sized 

spheres or beads to represent the molecule visualised using electron microscopy. The 

model has two constraints; firstly, the size of the beads must agree with the dimensions 

imposed by electron microscopy analysis; and secondly, the total anhydrous volume of 

spheres must agree with the mass and partial specific volume according to equation 5.7 

(see Tanford, 1961).

(5.7)

where = anhydrous volume of a sphere, M = mass, v = partial specific volume.

Once constructed, coordinates and radii of the bead model are used as input for computer 

software known as TRV(Translation, Rotation, and Viscosity) written by Garcia de la 

Torre (1989). This programme was developed and extended largely from the work of 

Kirkwood (1954) and Bloomfield et al, (1967) and enables the calculation of 

hydrodynamic parameters for any bead model. Each bead in the model is treated as a 

sphere of finite size since these structures are well-defined mathematically and exact 

equations exist to describe their behaviour in solution (Kirkwood, 1954; Bloomfield et al., 

1967). Kirkwood's original description of 'irreversible processes in solutions of 

macromolecules' described the hydrodynamic behaviour of molecules in solution using 

models comprising identical beads (Kirkwood 1954). This analysis, however, was limited 

to simple structures since models were restricted to equally-sized and non-overlapping 

beads. Subsequently, Bloomfield et al. (1967) modified the theory to enable more 

complex models to be analysed by incorporating beads of variable size.

The theory of Kirkwood and Bloomfield is the basis behind the TRY bead-modelling 

software (Garcia de la Torre, 1989) utilised for the analysis of the 14S dynein fractions. 

These fractions are particularly well-suited to this analysis since models can be relatively 

easily constructed from an array of different sized beads. The two unknown par ameters of 

hydration and conformation for the model can then be analysed to provide the most likely 

interpretation of molecular conformation.
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5.3.1. Hydration

Hydration is an important consideration in the analysis of bead models since this factor can 

have significant affects on certain hydrodynamic parameters. The term 'hydration' 

(designated 5) generally refers to the amount of water 'bound' to protein molecules (Kuntz 

& Kauzmann, 1974). This amount includes water molecules 'carried along' with the 

protein as a consequence of the interaction with polar or charged amino acids (particularly 

on the protein surface) capable of forming hydrogen bonds. In addition, hydration refers to 

water molecules entrapped within the protein. The level of hydration can effect the 

density, volume, and shape associated with protein molecules and, as a result, has 

significant influence on the sedimentation coefficient. An exact value for hydration, 

however, is difficult to measure (Kuntz & Kauzmann, 1974) or theoretically quantify 

(Squire & Himmel, 1979). Nevertheless, the hydrated volume of any bead model can be 

calculated (equation 5.8) when the mass and partial specific volume have been defined and 

a level of hydration has been imposed (see Tanford, 1961). Values for hydration have 

been shown to be in the range 0.27-0.78 g water/g protein (Squire & Himmel, 1979), 

although, in practice, a level of 0.3g water/g protein is generally considered reasonable.

where M -  protein mass, and = Avogadio's constant.

5.3.2. Conformation

Conforaiation is another important consideration in the analysis of bead models since the 

sedimentation coefficient is influenced by the conformation of molecules in solution. The 

frictional coefficient, for example, is dependent upon the size and shape of a given 

molecule and for a sphere can be determined via Stokes' equation (5.9).

/  = 6nr]r (5.9)

where T] = viscosity of the solvent.

Frictional coefficients for molecules deviating fi’om sphericity can be expressed in terms of 

the frictional ratio / / / „  (where /  is the experimentally-determined frictional coefficient
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and f„ is the theoretical frictional coefficient of a sphere of equivalent volume to the 

anhydrous molecule under analysis). This ratio reflects the fact that a highly elongated 

structure has a frictional coefficient greater than a molecule of equivalent mass favouring a 

more compact conformation (see Bowen & Rowe, 1970).

The relationship between the frictional and sedimentation coefficient is demonstrated in 

equation 5.2. Experimentally, the frictional coefficient is preferentially determined from 

both sedimentation and diffusion measurements since diffusion is related to friction via 

equation 5.10 (see van Holde, 1971).

RTD - —  (5.10)

where D = diffusion coefficient (cm^s-i).

The effect of conformation on the sedimentation coefficient is investigated by the analysis 

of a number of plausible bead models. With respect to multiple-headed dyneins, for 

example, conformation can be analysed by varying the angle between the stems to which 

the heads are attached. The effect of conformation on the sedimentation coefficient can 

then be investigated.

This chapter is concerned with the hydrodynamic investigation of the four 14S dynein 

fractions described in chapter 3. Sedimentation equilibrium and sedimentation velocity 

experiments have been used to provide information with respect to the mass and 

sedimentation coefficients of each fraction in the presence of 40mM and 600mM NaCl. 

Structural models have then been proposed which encompass data from both 

hydrodynamic and electron microscopy studies.
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Methods

5.4. Analytical ultracentrifugation

All experiments were carried out using an Beckman Optima XL-A analytical 

ultracentrifuge with scanning absorption optics. This is fitted with a xenon-pulsed light 

source and monochromator which enables the accurate selection of an appropriate 

wavelength (see Giebeler, 1992).

5.4.1. Preparation of 14S dvnein fractions

The four fractions of 14S dynein were dialysed for 16 hours against 2 x 2  litres of buffer 

containing lOmM Hepes, 4mM MgCl2, O.lmM EGTA, O.lmM DTT, pH 7.4, and 40mM

OT 600mM NaCl. After dialysis, the protein concentrations of the fractions were estimated 

by absorbance at 280nm (section 2.11.1). The concentration of the four fractions was 

typically in the range 40-100|ig/ml. This corresponded to absorbance values well below 

the recommended minimum of 0.3 absorbance units for analytical ultracentrifugation using 

scanning absorption optics (Beckman, Optima XLA User Manual). As a result, all 

ultracentrifugation experiments were performed in the far UV where a significantly greater 

absorbance was recorded (figure 5.8). The optimal wavelength was determined for each 

fraction using the wavelength scanning facility on the ultracentrifuge and was typically in 

the region 215-230nm.

5.4.2. Sedimentation velocity

The use of double-sector cells enabled a maximum of three 14S dynein fractions to be 

analysed during each experiment. The three cells were prepared by loading dialysate 

(380|a.l) into the reference sector, and the dynein fraction to be analysed (360|li1) into the 

sample sector of each cell. The cells were placed in a pre-cooled An-60 Ti rotor and 

installed into the XL-A. The rotor was run at 25,000 rpm for approximately five hours at 

5°C. During this time, the position of the sedimenting boundaries for each fraction was 

recorded at 30 minute intervals. The sedimentation coefficient was subsequently evaluated 

from the resulting traces by a measurement of the midpoint of each sedimenting boundary. 

These positions were digitised directly from the traces using an Apple Graphics Tablet
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linked to an Apple 11+ microcomputer. The programme utilised calculates the 

sedimentation value corrected for rotor expansion, reference to reference calibration and 

true rotor speed (A. J. Rowe). The resulting sedimentation coefficient was corrected to 

standard conditions using equation 5.4.

5.4.3. Sedimentation equilibrium

The use of three six-channel centerpieces enabled a total of nine samples to be analysed 

during each experiment. Each cell had a column length of 1.5mm which minimises the 

time taken to reach equilibrium (equation 5.5) without severely reducing data accuracy. 

The cells were prepared by loading 65p.l of each dynein fraction into the thiee sample 

sectors of each cell. The appropriate dialysate (70|il) was then loaded into the 

corresponding reference sectors of the cells. The rotor (An-60 Ti) was ran at 5000 rpm for 

approximately 48 hours at 5°C. The samples were scanned at eight-hourly intervals after 

starting the ran, recording the absorbance at 0.01mm intervals along the length of each 

cell. The point of equilibrium was identified when traces of absorbance versus cell radius 

could be overlayed to show no change in sample distribution. After scanning, the baseline 

position (E) for each sample was determined by increasing the rotor speed to 40,0(X) rpm 

until all solute was depleted from the meniscus. Equilibrium data were analysed using the 

Origin Ideal 1 programme available on Optima XL-A Data Analysis Software Version 2.0. 

Data from absorbance scans were manipulated by the software to produce a nonlinear least 

squares regression analysis of absorbance versus cell radius distributions. The nature of 

the fit was graphically represented by a plot of the residuals.

5.4.4. Densitv and viscositv measurements

The density and viscosity of solvents were deteraiined, relative to water at 20°C, using a 

precision density metre Anton-Paar DMA 02C and an Ostwald viscometer (with a 

Townson & Mercer water bath providing temperature control to ± 0.02°C) respectively.

5.5. Bead modelling

Bead models for 228 dynein were constructed using previously published electron 

microscopy (Johnson & Wall, 1983; Goodenough & Heuser, 1984) and hydrodynamic data
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(Wells et al., 1990). In compaiison, models for the four 14S dynein fractions were 

constructed on the basis of original data derived from both electron microscopy and 

hydrodynamic analysis (see 'results & discussion' and chapter 3).

The construction of each bead model was subject to two constraints. Firstly, the 

dimensions for each globular head domain (and where applicable stem length) were 

restricted to within one standard deviation of the mean value derived from electron 

microscopy data (see table 3.3). Secondly, the specific dimensions utilised in each model 

were optimised to give a total volume in agreement with the experimentally-derived mass 

and assigned value (0.73 ml/g {section 5.2}) for the partial specfic volume (equation 5.7). 

Consequently, models were constructed which provided the optimal fit for both dimension 

and mass data. In addition, fractions which could be approximated to a single sphere {ie 

fractions 2 and 3) were tested for compatibility with dimension data and the 

experimentally-derived sedimentation coefficient using Stokes' law (equation 5.9).

After construction, models were used as input for a modified version of the FORTRAN 

programme TRV (Garcia de la Torre, 1989) using a Silicon Graphics Instruments 

mainframe computer (section 5.3). The input data required included the number, radius, 

coordinates, and mass of each bead in the model, as well as an approximation for the 

partial specific volume (0.73ml/g), and an imposed level of hydration (Gaicia de la Torre,

1989). Furthermore, where appropriate, the coordinates of each bead were calculated 

(using the software) for a given angle between the stems on which the head domains are 

attached.

The output generated from the models included the frictional ratio (section 5.3.2), and the 

frictional-, diffusion- and sedimentation coefficients. In particular, the sedimentation 

coefficient was important to the analysis of 14S dynein fractions since the theoretical value 

generated for the bead model could be directly compared to the value derived 

experimentally. In addition, the effect of the two unknown parameters, hydration and 

conformation, was investigated. The effect of hydration on the sedimentation coefficient 

was analysed by modelling over a range of hydration levels from 0.0 to 0.5 g water/ g 

protein. Similarly, where confoiraation was of importance (see models for 22S dynein and 

fractions 1 and 4), the effect on the sedimentation coefficient was investigated by varying
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the angle between the stems. It was considered that an optimal model had been produced 

when the experimentally-derived sedimentation coefficient was reproduced for the model 

at a reasonable level of hydration (section 5.3.1).
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Figure 5.8. Absorbance profiles for the four 14S dynein fractions in the presence of 
40mM and 600mM NaCl determined using the wavelength scanning facility on the Optima 
XL-A.
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Results and Discussion

This section presents the experimental data derived from hydrodynamic investigations and 

relates this to the electron microscopy images presented in chapter 3. Hydrodynamic data 

for all the fractions is summarised in the form of two tables representing sedimentation 

equilibrium and velocity experiments respectively (tables 5.2 & 5.3). The four 14S dynein 

fractions are considered in turn and their analysis is demonstrated by the presentation of 

solution traces (velocity) and graphs of absorbance versus cell radius (equilibrium). The 

relationship between hydrodynamic and electron microscopy data is then discussed using 

the technique of bead modelling (section 5.3). The application and usefulness of this 

technique was justified by a preliminary investigation of the well-characterised 

Tetrahymena 22S dynein.

5.6. Application of bead-modelling to 22S dynein

The structure of 22S dynein is now well-established and the molecular dimensions have 

been determined by electron microscopy analysis (Johnson & Wall, 1983). Two of the 

heads have been shown to measure lOnm in diameter whereas the third is slightly larger 

and has an estimated diameter of 12nm. In addition, the tail for the two smaller heads has 

an estimated thickness of 2nm whilst that of the larger head measures 3-4nm. Finally, the 

overall length of the molecule has been approximated to 35nm (Johnson & Wall, 1983). In 

contrast, hydrodynamic investigations of 22S dynein have been less well-defined. The 

sedimentation coefficient, for example, has been previously reported as 30S (Gibbons & 

Rowe, 1965), 21-22S (Mitchell & Warner, 1981; Clutter et al., 1983), and more recently 

24.3S (Wells et al., 1990). Similarly, mass estimates have varied from 1.64 x 10^ Da using 

sedimentation equilibrium analysis (Wells et al., 1990) to 1.96 x 10^ Da using scanning 

transmission electron microscopy techniques (Johnson & Wall, 1983). These apparent 

inconsistencies are thought to be due both to the accuracy of the experimental procedure 

utilised, and to the possible variation related to the ability of 22S dynein to dimeiise in the 

presence of 40mM NaCl (Wells et al., 1990). This self-association phenomenon is thought 

to be prevented under higher salt conditions (600mM NaCl) in which the isolated 22S 

behaves as a single 'monomer' (three-headed) species. Consequently, hydrodynamic
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investigations in the presence of 600mM NaCl were considered to more accurately reflect 

the properties of the monomer 22S molecule and the values of 1.64 x 10^ Da and 24.3S 

have been used for the mass and sedimentation coefficient respectively (Wells et al.,

1990).

Information from both electron microscopy and hydrodynamic investigations have been 

utilised to construct bead models which best incorporate all the available data (section 5.5). 

Since the precise angle between the stems (on which the globular head domains were 

attached) was undefined, three possible conformations (60°, 80®, and 100°) have been 

investigated (figure 5.9). The three models were then tested using the bead modelling 

software (TRV) in which the sedimentation coefficient was determined as a function of 

hydration (section 5.3.1). Figure 5.10 shows a graphical representation of the predicted 

sedimentation coefficients for the three individual models. The published experimental 

value of 24.38 intercepts all thiee models at levels of hydration ranging from 0.2 to 0.5 g 

water/g protein. In particular, the model comprising an angle of 80 degrees was 

considered optimal since this corresponded to an intermediate level of hydration within the 

range acceptable (section 5.3.1). In conclusion, the hydrodynamic bead modelling 

approach works well when applied to 228 dynein and provides a feasible interpretation for 

the structure of this protein in solution.
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Figure 5.9. Bead models used in the investigation of 22S dynein structure. The three 
models differ with respect to the angle between the stems on which the globular head 
domains are located. Angles of 60° (top), 80° (middle) and 100° (below) were 
investigated.
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Figure 5.10. Graphical representation of the sedimentation coefficient as a function of 
hydration for three models (60°, 80°, and 100°, angle between stems) of 22S dynein. For 
each model, the effect of hydration on the sedimentation coefficient was predicted and 
directly compared with the value determined experimentally using sedimentation 
equilibrium (designated expt. data).
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5.7. Sedimentation analysis and bead modelling of fraction 1

Sedimentation equilibrium and velocity experiments revealed that, in the presence of 

40mM NaCl, fraction 1 has a mean molecular mass of (654 ± 75) kDa and a 

sedimentation coefficient of (20.1 ± 0.3) S (tables 5.2 & 5.3 respectively). Analysis of a 

representative equilibrium trace indicated that a plot of the residuals was relatively random 

with low margins of error (figure 5.11). Velocity traces revealed a clearly defined single 

sedimenting boundary (figure 5.13). Both techniques therefore produced data indicative of 

a single species showing no self-association (section 5.2). It was then considered likely 

that this proposed single species was equivalent to the single predominant structure 

described previously (at an equivalent ionic strength) using electron microscopy 

techniques (section 3.11). In these studies, fraction 1 was shown to consist of a double

headed molecule interconnected via two stalk-like appendages (figure 3.12).

This interpretation was tested by modelling the molecular structure of fraction 1 based 

upon the constraints imposed by hydrodynamic and electron microscopy data (section 5.5). 

Three bead models were constructed in which the precise angle separating the stems was 

defined as 40, 60, and 80 degrees (figure 5.14). The models were constructed on the basis 

of two imposed constraints. Firstly, the total mass attributed to each model was restricted 

to the mean mass (654kDa) determined using sedimentation equilibrium analysis (table

5.2). Secondly, each head domain was approximated to a sphere of diameter 8.96nm and 

the overall length constrained to 19nm. These values were within one standard deviation 

of the mean dimensions (estimated from electron microscopy data, see table 3.3) and, 

though somewhat low, were necessary in order that the mass and volume of beads in the 

model were compatible (section 5.5). Furthermore, since the diameter of the stems was 

difficult to measure with any degree of accuracy, it seemed reasonable to assume that the 

relative sizes of heads and tails could be approximated to the 22S model (section 5.6). 

Consequently, the diameter of the beads used to construct the tail were approximated to a 

size of 2nm. The predicted sedimentation coefficients for the three fraction 1 models 

(plotted as a function of hydration) were then compared to the experimentally derived 

value of 20.IS (figure 5.15). All three models were shown to intercept with the 

experimental value at levels of hydration between 0.06 and 0.46 g water/g protein and
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therefore represented a plausible interpretation of fraction 1. In particular, an intermediate 

value for hydration (section 5.3.1) corresponding to an angle between 40 and 60 degrees 

was considered to represent the most likely confoimation. The two-headed interpretation 

of fraction 1 is therefore a feasible model for this fraction as it exists in the presence of 

40mM NaCl.

In the presence of 600mM NaCl, both the mass and sedimentation coefficient of fraction 1 

decreased by approximately 30 per cent to give a mean mass of (4SI ± 65) kDa and a 

sedimentation coefficient of (13.6 ± 0.5) S (tables 5.2 & 5.3 respectively). Suiprisingly, 

as with the conditions of 40mM NaCl, both equilibrium and velocity data indicated 

components of sufficiently similar mass and size that behaviour was identical to that 

expected for a single non-aggiegating species system (figures 5.12 & 5.13). The simplest 

interpretation of these data is that 600mM NaCl conditions disrupt the structure of the 

proposed two-headed molecules (which exist in the presence of 40mM NaCl) to produce 

molecules with predominantly single heads. Protein dissociation and/or dénaturation could 

be possible explanations since under these conditions significant reductions occur in size, 

mass, and enzymatic activity (section 4.9.1).

One obvious discrepancy in this interpretation, however, is evident from a comparison of 

the experimentally-derived masses for the two possible conformations. The mass of the 

presumed single-headed or 'monomer' molecule (451kDa), for example, is not equal to half 

the value derived for the dimer (654kDa). This discrepancy can be explained in two ways. 

Firstly, dissociation and/or dénaturation of dimeric molecules may produce particles 

which, though hydrodynamically similar, are not true monomers. The so-called 'monomer' 

value of 451kDa may therefore reflect the average mass of a mixed population of particles. 

This interpretation assumes, however, that the particles predominating in the presence of 

600mM NaCl, are similar enough to go undetected as separate components by 

hydrodynamic analysis. A second, and perhaps more likely, interpretation is that monomer 

and dimer conformations exist in a state of equilibrium as a result of reversible self

association (section 5.2.3). The association is presumed to be reversible since evidence for 

two components is not apparent in either velocity traces (figure 5.13) or residual plots
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(figure 5.12). Reversible self-association will affect the mass (and consequently the 

interpretation of bead models) since the experimentally-derived mass will not accurately 

reflect either the monomer or dimer confoimation. Instead, the mass will reflect a state of 

equilibrium between monomer and dimer species which is influenced by the concentration 

of NaCl. Evidence in support of this interpretation is indicated by a comparison of the 

mass associated with the two-headed molecule (654kDa) with estimates of heavy chain 

mass (derived by vanadate-dependent photolysis {section 4.19}). In this case, the 

estimated mass of the heavy chains (743-770kDa) is greater than that predicted for the 

dimer by hydrodynamic analysis (table 4.12). The hydiodynamic determination of the 

presumed dimeric mass may therefore be an underestimate due to a monomer-dimer state 

of equilibrium.

In conclusion, the two-headed structure of fraction 1 evident in the presence of 40mM 

NaCl can be adequately modelled on the basis of electron microscopy and hydrodynamic 

data. Limitations of the model, however, exist since the mean dimensions derived from 

electron microscopy data were inconsistent with the experimentally determined mass. This 

discrepancy could be explained in two ways. Firstly, the estimation of molecular 

dimensions was susceptibile to error. Secondly, the possibility of reversible self

association would prevent the accurate determination of either the dimer or monomer 

mass. Since the extent of reversible self-association was unknown, a minimal dimension 

value (within one standard deviation of the mean) was imposed on the constmction of bead 

models. In this way, the mass and dimension data were compatible. Based on these data, 

an optimal model was produced in which the angle separating the two stems was shown to 

be intermediate between 40 and 60 degrees.
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Figure 5.11. Sedimentation equilibrium analysis of fraction 1 in the presence of 40mM 
NaCl. The calculated mass for this distribution was 673kDa. The randomly-distributed 
residuals indicate a good fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 5000 rpm and a temperature 
of5°C.
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Figure 5.12. Sedimentation equilibrium analysis of fraction 1 in the presence of 600mM 
NaCl. The calculated mass for this distribution was 499kDa. The randomly-distributed 
residuals indicate a good fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 5000 ipm and a temperature 
of5°C.
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Figure 5.13. Sedimentation velocity traces for fraction 1 in the presence of 40mM NaCl 
(top) and 600mM (below) NaCl. At 40mM NaCl, the single sedimenting boundary has an 
■̂2o..v of (20.1 ± 0.1) S, whereas under conditions of 600mM NaCl this value is reduced to 
(13.9 ± 0.1) S. Traces were recorded at 30 minute intervals at a rotor speed of 25,000 rpm 
and a temperature of 5°C.
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Figure 5.14. Bead models used in the structural investigation of fraction 1. The three 
models differ with respect to the angle between the globular head domains. Angles of 40° 
(top), 60° (middle) and 80° (below) were investigated.
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Figure 5.15. Graphical representation of the sedimentation coefficient as a function of 
hydration for models of fraction 1. For each model, the effect of hydration on the 
sedimentation coefficient was predicted and directly compared with the value determined 
experimentally using sedimentation equilibrium (designated expt. data).
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5.8. Sedimentation analysis and bead modelling of fraction 2

In the presence of 40mM NaCl, fraction 2 was shown to comprise at least two 

components. The relationship of these components was uncertain since it was impossible 

to distinguish between the presence of different molecular species and stable aggregation 

states. Nevertheless, heterogeneity was identified by three independent experimental 

procedures.

Firstly, heterogeneity was indicated by the variability in mass associated with different 

preparations of the fraction in which estimates vaiied from 616kDa to 966kDa (table 5.2). 

Analysis of equilibrium data showed that a plot of the residuals exhibited a systematic 

distribution (figure 5.16) indicative of an associating or heterogeneous system (section

5.2.2). Secondly, an analysis of sedimentation velocity traces clearly indicated at least two 

sedimenting components (figure 5.18). The predominant sedimenting component had a 

sedimentation coefficient of (16.6 ± 0.2) S, whereas that of a second component was 

measured for two different experiments as (6.8 ± 0.3) S and (9.9 ± 0.9) S (table 5.3). 

Finally, aggregation and/or heterogeneity was indicated by the electron microscopy 

analysis (section 3.11). Aggregated species may well be represented by the large 

structures of variable size and shape previously described (figure 3.13). Similarly, sample 

heterogeneity was indicated by the identification of at least two types of approximately 

ellipsoidal structures.

In the presence of 600mM NaCl, the level of apparent heterogeneity decreased and both 

the mass and sedimentation coefficient were reduced (tables 5.2 & 5.3). Analysis of 

equilibrium data revealed that a plot of the residuals was more random (figure 5.17) and 

the mean mass was reduced to (485 ± 56) kDa. In comparison, the two sedimenting 

boundaries described for velocity traces in the presence of 40mM NaCl, were no longer 

evident in the corresponding trace at 600mM NaCl (figure 5.18). Furthermore, the trace 

more closely resembled that of a single sedimenting species with a reduced sedimentation 

coefficient of (13.2 ± 0.6) S.

The interpretation of these data is complicated by the unknown heterogeneity of the 

fraction. It is uncertain, for example, whether the two components evident in velocity 

traces in the presence of 40mM NaCl represent stable aggregation states or distinct
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molecular species (figure 5.18). Nevertheless, the identification of only one sedimenting 

boundary in the presence of 600mM NaCl can be inteipreted in two ways. Firstly, the two 

components predominant at 40mM NaCl could dissociate to produce several smaller 

hydrodynamically equivalent particles which behave as a single species. Secondly, the 

concentration of NaCl could effect the equilibrium state of a reversibly-associating system. 

In this latter case, reversible association can affect the mass (by favouring for example a 

monomeric rather than a dimeric conformation) but still resemble a single ideal species at 

low-to-moderate Ka values (Roark & Yphantis, 1969). A similar interpretation can be 

applied to equilibrium data. In the presence of 40mM NaCl, evidence for a reversibly- 

associating system is indicated by the range of masses exhibited within different 

preparations of the fraction (table 5.2). In contrast, a single species is evident in the 

presence of 600mM NaCl. As with velocity, this apparent single species may either arise 

as a consequence of dissociation, or as the result of a change in the equilibrium state of a 

reversibly-associating system.

In conclusion, fraction 2 is a complex heterogeneous system in which at least two 

components can be identified. It is unclear, however, whether these components represent 

distinct molecular species or aggregates. As a result, it was difficult to define this fraction 

further. In addition, attempts to construct bead models were unsatisfactoiy on the basis 

that both the mass and specific structure were undefined.
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Figure 5.16. Sedimentation equilibrium analysis of fraction 2 in the presence of 40mM 
NaCl. The calculated mass for this distribution was 664kDa. The systematic distribution 
of residuals indicate a poor fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were earned out at a rotor speed of 5000 rpm and a temperature 
of5°C.
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Figure 5.17. Sedimentation equilibrium analysis of fraction 2 in the presence of 600mM 
NaCl. The calculated mass for this distribution was 406kDa. The randomly-distributed 
residuals indicate a reasonable fit with that expected for a single ideal species (section
5.2.2). Equilibrium experiments were carried out at a rotor speed of 5000 rpm and a 
temperature of 5®C.
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Figure 5.18. Sedimentation velocity traces for fraction 2 in the presence of 40mM NaCl 
(top) and 600mM (below) NaCl. At 40mM NaCl, the predominant sedimenting boundary 
has an of (16.4 ± 0.5) S, whereas the slower sedimenting component was calculated
to be (6.8 ± 0.3) S. Under conditions of 600mM NaCl, a single boundary was apparent 
with an of (14.0 ± 0.3) S. Traces were recorded at 30 minute intervals at a rotor
speed of 25,000 rpm and a temperature of 5°C.
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5.9. Sedimentation analysis and bead modelling of fraction 3

The mean mass of fraction 3 was estimated as (701 ± 20) kDa in the presence of 40mM 

NaCl (table 5.2). Analysis of a representative equilibrium trace indicated that a plot of the 

residuals was random with low margins of error and indicative of a single species with no 

detectable aggregation (figure 5.19). Velocity traces (figure 5.21) indicated the presence 

of one variable component which, for two independent preparations, had a calculated 

sedimentation coefficient of (13.1 ± 0.5) S and (16.7 ± 0.4) S (table 5.3).

In the presence of 600mm NaCl, the weight-average molecular mass of fraction 3 was 

reduced to (478 ± 25) kDa (table 5.2). Sedimentation equilibrium data gave poor fits and 

indicated a range of masses deviating from that predicted for a single non-associating 

species. This was particularly evident in a plot of the residuals which exhibited a 

systematic non-random distribution (figure 5,20). In comparison, the velocity trace in the 

presence of 600mM NaCl was difficult to interpret (due to a low signal-to-noise ratio) and 

may have included a number of sedimenting components (figure 5.21). The main 

sedimenting boundary decreased to a value of approximately (10.8 ± 0.4) S (table 5.3). 

Taken together, these results could be interpreted in two ways. Firstly, it was possible that 

in the presence of 600mM NaCl fraction 3 underwent dissociation since both the mass and 

sedimentation coefficient were reduced. Furthermore, this level of dissociation may be 

variable since an analysis of the residual plot for equilibrium showed a systematic 

distribution (figure 5.20). Secondly, fraction 3 could exhibit reversible self-association in 

which the state of equilibrium is influenced by the concenuation of NaCl.

Using electron microscopy, the predominant stiucture for fraction 3 in the presence of 

4GmM NaCl was identified as a single globular head which could be roughly approximated 

to a sphere (figure 3.14). This structure was simulated using a simple single-bead model 

(figure 5.22). Two possible models were then tested in which hydrodynamic data derived 

from the same dynein preparation were utilised to minimise eiTor introduced by the 

variable sedimentation coefficient (table 5.3). Models were therefore constructed on the 

basis of a mass of 720kDa and a sedimentation coefficient of (16.7 ± 0.4) S. The first 

model (designated monomer) was constrained to a mean diameter 9.4nm, in accordance 

with electron microscopy data (table 3.3), and a mass of 360kDa which was exactly half
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the value determined by sedimentation equilibrium analysis (table 5.2). This latter value 

was selected since a single bead model of 720kDa required a diameter of 11.86nm which is 

outside the standard deviation of the mean dimension value (9.7 ± 1.5nm). Furthermore, 

this molecular mass was also rejected on the basis that a single spherical molecule would 

give a correspondingly large sedimentation coefficient of approximately 29S (see 

equations 5.9 & 5.2) which was very much greater than the experimental value of 16.7S 

(table 5.3). The 'monomer' model gave a predicted range of sedimentation coefficients 

with respect to hydration as shown in figure 5.23 (top). The experimentally determined 

value (16.7S) was shown to intercept the modelled data at a point between 0.2 and 0.3 g 

water/g protein which corresponds to an acceptable level of hydration (section 5.3.1). This 

model therefore seems to agree with sedimentation velocity data but is based upon the 

assumption that the mass is exactly half that of the experimentally derived value.

A second model (designated dimer) was then tested which constrained the electron 

microscopy dimension as before (9.4nm diameter), but this time constrained the mass to 

the experimental value of 720kDa by using two (360kDa) beads to represent a dimer 

(figure 5.22). This model produced much greater values for the sedimentation coefficient 

which were outside the range of the experimental data (figure 5.23). Indeed, in order for 

the modelled sedimentation coefficient to match that of 16.7S, an unusually high level of 

hydration (greater than 0.5 g water/g protein) was predicted (section 5.3.1). Both models 

were therefore inconsistent with at least one experimental parameter; the mass in the case 

of the monomer model, and the sedimentation coefficient with respect to the dimer model. 

A third interpretation was therefore considered in which the behaviour of the molecule was 

presumed to be affected by the experimental conditions. Equilibrium conditions may 

favour the dimeric conformation (corresponding to a mass of 720kDa), whereas velocity 

experiments promote the monomer state (with a corresponding sedimentation coeffcient of 

16.7S). Evidence in support of this inteipretation, however, has yet to be produced. 

Nevertheless, it is possible that the distinct procedures of equilibrium and velocity affect 

interactions between dynein molecules. Equilibrium experiments, for example, were run 

for considerably longer amounts of time (at least 11 hours) than the 4-5 hour velocity 

experiments. In addition, the hydrostatic pressure exerted on the protein solution was
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significantly greater for velocity experiments than for equilibrium runs, because of the 

higher velocities used, and may affect the equilibrium state of an associating system 

(Harrington & Kegeles, 1973).

In conclusion, the structure of fraction 3 predominating in the presence of 40mM NaCl can 

be analysed with the use of bead models. A unique model, however, is difficult to 

produce.
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Figure 5.19. Sedimentation equilibrium analysis of fraction 3 in the presence of 40mM 
NaCl. The calculated mass for this distribution was 681kDa. The randomly-distributed 
residuals indicate a good fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 5000 rpm and a temperature 
of5°C.
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Figure 5.20. Sedimentation equilibrium analysis of fraction 3 in the presence of 600mM 
NaCl. The calculated mass for this distribution was 453kDa. The systematic distribution 
of residuals indicate a poor fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 5000 rpm and a temperature 
of5»C.
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Figure 5.21. Sedimentation velocity traces for fraction 3 in the presence of 40mM NaCl 
(top) and 600mM (below) NaCl. At 40mM NaCl, the single sedimenting boundary has an 
Sjo.w of (16.7 ± 0.4) S, whereas under conditions of 600mM NaCl this value is reduced to
(10.8 ± 0.4) S. Traces were recorded at 30 minute inteivals at a rotor speed of 25,(XX) rpm 
and a temperature of 5°C
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Figure 5.22. Bead models used in the structural investigation of fraction 3 assuming a 
monomer (top) and dimer (below) model.
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Figure 5.23. Graphical representation of the sedimentation coefficient as a function of 
hydration for fraction 3 assuming a monomer (top) and dimer (below) model.
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5.10. Sedimentation analysis and bead modelling of fraction 4

Sedimentation equilibrium analysis revealed that in the presence of 40mM NaCl the mass 

of fraction 4 was estimated as (527 ± 2) kDa (table 5.2). These data produced random 

residual plots with acceptable margins of error (figure 5.24). In contrast, velocity 

experiments (figure 5.26) showed greater variation and for two independent dynein 

preparations the sedimentation coefficient was determined as (13.2 ± 0.6) S and (16.0 ± 

0.2) S (table 5.3). The variation in sedimentation coefficient was thought to reflect 

changes in the overall conformation of molecular structure and was investigated by 

hydrodynamic bead modelling (see below).

In the presence of 600mM NaCl, both the mass and sedimentation coefficient decreased to 

(386 ± 65) kDa and (10.4 ± 0.4) S respectively. As with other fractions, this decrease 

was thought to indicate either dissociation of the components predominating in the 

presence of 40mM NaCl, or a change in the equilibrium state of a reversibly-associating 

system. In the case of dissociation, the particles produced were required to be of 

sufficiently similar mass and size that they behaved as a single species since at equilibrium 

a plot of the residuals was random with reasonable margins of error (figure 5.25). The 

presence of a single sedimenting boundary in velocity traces, however, was difficult to 

conclude due to the high signal-to-noise ratio (figure 5.26). Nevertheless, the equilibrium 

data at least, could also be interpreted as a reversible self-associating system as described 

for fractions 1, 2, and 3.

The effect of molecular conformation on the sedimentation coefficient was investigated 

using bead models based upon both electron microscopy and hydrodynamic data in the 

presence of 40mM NaCl (figure 3.15); The bead model utilised in the molecular 

interpretation of fraction 4 was comparable to that of 22S dynein with the obvious 

exception of size (figure 5.27). The bead size of each head was assigned a diameter of 

6.5nm, and the overall length of the molecule estimated as 31nm, in agreement with the 

mean value determined by electron microscopy analysis (table 3.3). The stems, however, 

were much more difficult to measure with any degree of accuracy and it seemed 

reasonable to assume that the relative sizes of heads and tails could be approximated to the 

22S model (section 5.6). Consequently, the beads used to construct the tail were assigned

201



a diameter of 2nm and 3nm for the small and large stalks respectively (figure 5.27). In 

addition, the mass of the model was constrained to 524kDa, and the experimentally derived 

sedimentation coefficient used in the analysis, (13.2 ± 0.6) S, was consistent with the 

same dynein preparation (tables 5.2 & 5.3). In this way, variation of the sedimentation 

coefficient between dynein preparations was minimised. Three models were investigated 

which differed with respect to the angle between the head domains (figure 5.27). Figure 

5.28 shows a graphical representation of the predicted sedimentation coefficients for the 

three models plotted as a function of hydration. The models tested show that an angle of 

30 degrees between the stems (on which the head domains were attached) would require a 

hydiation of 0.4 g water/g protein slightly above the average for most proteins (section 

5.3.1). In contrast, an angle of 45 degrees requires a slightly lower hydration level of 0.14 

g water/g protein. Consequently, an intermediate and more acceptable value for hydration 

would be provided by a model in which the angle separating the stems is between 30 and 

45 degrees. In conclusion, an optimal model can be produced for the structure of fraction 

4 in the presence of 40mM NaCl which is consistent with all the available experimental 

data.

5.11. A comparison of the fractions

The foui' fractions of 14S dynein have hydrodynamic properties which can be compared in 

a number of respects. Firstly, the mass and sedimentation coefficient associated with the 

fractions were shown to reduce in the presence of 6(X)mM NaCl when compared with 

40mM NaCl conditions (tables 5.2 & 5.3). Secondly, this reduction was thought to be the 

result of either dissociation (in which particles of equivalent hydrodynamic properties were 

formed), ot as a result of a NaCl-induced change in the state of equilibrium of a reversibly- 

associating system. Thirdly, fraction 2 was distinguishable from the other fractions with 

respect to its inherent complexity (section 5.8). In particular, the possible existence of 

aggregates and/or multiple dynein components or species make further interpretation of 

this fraction difficult. Finally, fractions 1,4, and to some extent fraction 3, were analysed 

to produce plausible low resolution structural models which incorporate data from both 

hydrodynamic and electron microscopy analysis (figures 5.14, 5.22, 5.27).
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Figure 5.24. Sedimentation equilibrium analysis of fraction 4 in the presence of 40mM 
NaCl. The calculated mass for this distribution was 524kDa. The randomly-distributed 
residuals indicate a good fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 5000 rpm and a temperature 
of5°C.
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Figure 5.25. Sedimentation equilibrium analysis of fraction 4 in the presence of 600mM 
NaCl. The calculated mass for this distribution was 340kDa. The randomly-distributed 
residuals indicate a good fit with that expected for a single ideal species (section 5.2.2). 
Equilibrium experiments were carried out at a rotor speed of 50(X) rpm and a temperature 
of5°C.
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Figure 5.26. Sedimentation velocity traces for fraction 4 at 40mM NaCl (top) and 600mM 
(below) NaCl. At 40mM NaCl the single sedimenting boundary has an .Sjo.w of (16.0 ± 
0.2) S, whereas under conditions of 600mM NaCl this value is reduced to (10.4 ± 0.2) S. 
Traces were recorded at 30 minute intervals at a rotor speed of 25,000 rpm and a 
temperature of 5°C.
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Figure 5.27. Bead models used in the structural investigation of fraction 4. The three 
models differ with respect to the angle between the globular head domains. Angles of 30° 
(top), 45° (middle) and 60° (below) were investigated.
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Figure 5.28. Graphical representation of the sedimentation coefficient as a function of 
hydration for models of fraction 4.

207



* K2 ÎS ' R K) ts Î8

3 5 ' I g s S %

' K ' ' • • '

W) g 1 1 g g ■ 9

S ■ 00 • • • g '

m s ' I • • • ' '

(S R ' 1 # 5 g

s 1 VO3 ' ' ' ' •

i i
§ § 9 I 9 § i

1 (S cn
b M 9

208



* S m
d 2 ■ 3 • • • '

g VO x@ esJ c@ m VO ' m
s w #4

M Pd O d o
, , , , 44 , 44 44 44

"1 P p 't
en o en O

OV PO o f-4

m -H . -H . 1 , 1 44 1
'O P
On Î2 «n

(S v-4 d m p
o d O o O
44 +1 2 44 44 , 44 ,

es vd p P P
o m VO i2 'Oes -  <

P V) so
o d d d d
-H -H -H +1 44 44 , 44 ,

ov P  2- i— > V—4 p
o en N en enes ^  eijj

Ï 1 9 9 9 i 9

1
1 es en

b
a

209



Chapter 6

Discussion



The aim of this thesis has been to investigate 14S dynein isolated from Tetrahymena 

thermophila. The conclusions to be drawn from each chapter have been discussed in the 

relevant section. This chapter presents a general summary of the overall conclusions and 

aims to address overlapping areas which have not been presented elsewhere.

6.1. General structure

Four unique structures (designated 1-4) have been identified following the fractionation of 

14S dynein using anion-exchange FPLC. Four unique fractions were apparent by electron 

microscopy analysis and are summarised in figure 3.16 (see table 3.3 for molecular 

dimensions). Fraction 1 comprises two globular heads interconnected via two stems 

(figure 3.12); fraction 2 consists of at least two distinguishable globular structures (figure 

3.13); fraction 3 is a single globular head (figure 3.14); and fraction 4 comprises three 

globular head domains interconnected via three stems to a base (figure 3.15).

The fractions were further characterised using hydrodynamic techniques in which the mass 

and sedimentation coefficients were determined (tables 5.1 & 5.2). These parameters were 

then utilised, in conjunction with electron microscopy data, in the construction of bead 

models to represent the fr actions. Models which incoiporated all the available data, were 

produced for fractions 1 (section 5.7), 4 (section 5.10), and to some extent fraction 3 

(section 5.9). In contrast, the complexity of fraction 2 (in both the presence of aggregation 

states and/or heterogeneity) prevented the satisfactory analysis of this fraction using the 

bead modelling approach (section 5.8). A summary of the overall structure of the 

fractions, determined using both electron microscopy and hydrodynamic techniques, is 

presented in figure 6.1.

The four structures presented here for 14S dynein are contrary to those described 

previously by Marchese-Ragona et al., (1988), in which 14S was described as an 

inseparable mixture of two populations of particles (figure 3.1). The 14S fractions 

described here, however, can be compared with structures proposed for the in situ inner 

arm dyneins of Tetrahymena, Chlamydomonas, and sea urchin sperm, where two 

morphologically-distinct forms of inner arm, termed triads (comprising three globular 

heads) and dyads (comprising two globular heads), have been described (Goodenough &
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Heuser, 1985). It is possible that fractions 1, 2, and 3 may be involved in the formation of 

the dyad inner arm subspecies, whereas fraction 4 may be equivalent to the triad (section 

3.16.2).

Fraction 1 Fraction 2

O

Fraction 3 Fraction 4

or

lOnm

Figure 6.1. Schematic diagram of the structures proposed for the four fractions of 14S 
dynein. The models were constructed on the basis of both electron microscopy and (with 
the exclusion of fraction 2) hydrodynamic data. The approximate angle of the stems in 
fraction s 1 and 4 are 50° and 38° resp ectiv e ly  in  accordance w ith  the m o st p lau sib le  bead  

models produced (sections 5.7 & 5.10).
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6.2. Polypeptide composition

All four 14S fractions comprise at least one heavy chain component. Fraction 1 has two 

heavy chains, whereas fractions 2, 3, and 4, each possess a single heavy chain as shown by 

3-5% SDS-PAGE (figure 3.6). At least four heavy chains are immunologically-distinct; 

two associated with fraction 1, one associated with fraction 2, and one associated with a 

mixture of fractions 3 and 4 (figure 3.9){section 3.10.1}. The presence of four 

immunologically-distinct heavy chains is in agreement with the work recently presented by 

Muto et al. (1994) in which four heavy chains were described and identified as unique on 

the basis of the cleavage fragments produced following vanadate-dependent photolysis. 

The presence of at least four heavy chains, however, is contrary to the two heavy chains 

previously described for unfractionated 14S dynein (Marchese-Ragona et al., 1988).

The approximate mass of the heavy chains was determined using the technique of 

vanadate-dependent photolysis (section 4.19). The two heavy chains of fraction 1 gave a 

combined mass of 743-770kDa, whereas the single detectable heavy chains of fractions 2, 

3, and 4, were estimated as 379-384kDa, 367-379kDa, and 358-361kDa respectively (table 

4.12). These values are consistent with the general observation that 14S dynein heavy 

chains are of greater electiophoretic mobility than the three heavy chains of 22S dynein (a, 

P, and y) which have estimated masses of 417, 420, and 403kDa respectively (Marchese- 

Ragona et al., 1989). These data are contrary, however, to the predicted heavy chain 

estimates for two previously described 14S heavy chains (determined using vanadate- 

dependent photolysis) in which the pairing of cleavage peptides produced values of 445- 

457kDa for the one heavy chain and 375-387kDa for the other (Marchese-Ragona et ah, 

1991).

In addition to heavy chain composition, the four fractions each have a unique complement 

of intermediate and light chains (summarised in table 3.2) which can be compared with the 

previous report of one intermediate chain (llOkDa) and three light chains (30-55kDa) for 

unfractionated 14S dynein (Marchese-Ragona etal., 1988). The single intermediate chain 

described previously is likely to be equivalent to a prominent peptide of approximately 

103kDa identified in fractions 3 and 4 (figure 3.7). Furthermore, this peptide can be 

compared with a 1 lOkDa peptide identified as specific to inner dynein arm species in
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Chlamydomonas (Huang et a l, 1979; Goodenough et al., 1987). hi addition, a light chain 

recently identified as actin (43.5kDa) in three 14S fractions separated by Mono Q HPLC 

(Muto et al., 1994) could also conespond to a 43.5kDa band identified in fraction 2, or 

alternatively, a 44.5kDa band identified in fractions 1, 3, and, to a much lesser extent, 

fraction 4 (table 3.2). As with the 1 lOkDa intermediate chain, actin has been reported as a 

polypeptide unique to inner dynein arm subspecies in Chlamydomonas (Huang et al., 

1979; Piperno & Luck, 1979b; Goodenough et al., 1987; Piperno, 1988).

6.3. A comparison of the four fractions of 14S dynein

The heavy chains associated with the four fractions of 14S dynein were shown to have 

both structural similarities and differences using the technique of vanadate-dependent 

photolysis. All fractions were shown to exhibit homology with each other, and other 

dynein species, in that each possessed a single VI site located near the midpoint of the 

heavy chain (figure 4.11). By analogy with other dyneins, this site is thought to represent 

the hydrolytic ATP-bindirig site (PI), since the VI site has been mapped to the PI 

consensus sequence following amino acid sequencing of the three heavy chains of 

Chlamydomonas (Mitchell & Brown, 1994; WiUcerson et al., 1994), and the P heavy chain 

of sea urchin sperm (Ogawa, 1991; Gibbons et al., 1991). In contrast, the four fractions 

differed from one another with respect to the differential requhement for nucleotide in the 

photolysis reaction, fractions 1 and 2 being readily distinguishable from fractions 3 and 4 

(sections 4.17 & 4.18). Structural variation was also indicated by the number and location 

of V2 cleavage sites. In particular, two sites of V2 cleavage were identified for fraction 3, 

whereas fractions 1,2, and 4 exhibited cleavage at a single V2 site (figure 4.11).

All four fractions exhibited ATPase activity (table 4.4). The greatest activity in the 

presence of 40mM NaCl, was associated with fraction 2 and, in order of decreasing 

activity, followed the trend: fraction 2 (0.30pmol ADP/min/mg dynein) »  fraction 3 

(O.lSpmol ADP/min/mg dynein) > fraction 1 (0.12pmol ADP/min/mg dynein) > fraction 

4 (O.lOpmol ADP/min/mg dynein). It is unknown whether the specific activities of the 

four fractions reflect their relative activités in situ and the possibility that some fractions 

are activated or inactivated by the extraction and separation procedure cannot be discarded.
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Nevertheless, differences between the fractions are demonstrated by their response to the 

substitution of Mn^+ for Mg2+ in the ATPase assay procedure (section 4.15), to die 

presence of microtubules (section 4.16), and to an increase in ionic strength (section 4.14). 

An increase in ionic strength (from 40mM NaCl to 600mM NaCl) affected both the 

ATPase activity and the structure of the four fractions. In terms of structure, the mass and 

sedimentation coefficient (derived for the four fractions in the presence of 40mM NaCl) 

was shown to decrease in the presence of 600mM NaCl (table 6.1). In all cases, the 

reduction was thought to be attributable either to dissociation (in which particles of 

equivalent hydrodynamic properties were daived), or as a result of a NaCl-inducW change 

in the state of ajuilibrium of a reversibly-associating system (sections 5.7-5.10). Under 

these conditions, the specific ATPase activity of the four fractions was also shown to 

decrease (section 4.9.1). In particular, no activity was detected for fractions 3 and 4 in the 

presence of 600mM NaCl (table 6.1).

Fraction 40mMNaCl
Mass S20.W ATPase

600mMNaCi
Mass S20.,, ATPase

1 654 20.1 0.15 451 13.6 0.11
2 616-966 16.6 0.31 485 13.2 0.19
3 701 (a) 0.12 478 (a) (b)
4 527 (a) 0.11 386 (a) (b)

Table 6.1. Summary of the change in mass (in kDa), sedimentation coefficient (in 
Svedbergs), and ATPase activity (in pmol ADP/min/mg dynein) exhibited for the four 
fractions as a result of increasing the ionic strength from 40mM to 600mM NaCl. Data are 
not given where (a) genuine variation between dynein preparations exists or (b) levels of 
activity are undetected.

The physiological significance of these structural and functional changes in the four 

fractions of 14S dynein is unclear. A comparison with functional studies on unfractionated 

14S dynein, however, indicate that low ionic-strength conditions are required for maximal 

activity. In particular, the translocation of microtubules in vitro (by unfractionated 14S
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dynein) has been shown to require an optimal buffer of low ionic-strength {SmM.KCl} 

(Vale & Toyoshima, 1988) since motility is drastically reduced at higher salt 

concentrations {lOOmM NaCl) (Moss et al., l992a). Similarly, the specific ATPase 

activity of unfractionated 14S dynein was shown to decrease by 45% on the addition of 

0.4M KCl (Gibbons, 1966). Taken together, these results suggest that the functional 

activity of 14S dynein (and fractions thereof) is inhibited by an increase in ionic strength. 

Whether this functional inhibition is a direct consequence of the observed changes in 

structure and/or confoimation in all four fractions, however, has yet to be established.

6.4. Further work

The work presented in this thesis has shown that 14S dynein consists of four unique 

fractions and has implied that some fractions at least, may represent species of inner 

dynein arm. A progression from this work could therefore involve the localisation of the 

fractions within the axoneme. This could be achieved using immunogold labelling 

providing that antibodies specific for the four fractions can be obtained. Transverse- and 

longitudinal-sections of demembranated cilia could then be examined to determine 

whether any of the four fractions are localised (a) to the inner arm and (b) differentially 

along the length of the axoneme as seen for inner aim species in Chlamydomonas (Piperno 

& Ramanis, 1991). This localisation may then give some indication as to the possible 

function of the four fractions. Function could then be investigated using in vitro motility 

assays in which dynein-induced translocation of microtubules can be monitored. These 

studies would assist in the functional characterisation of the four fractions and enable a 

comparison with previous reports of microtubule translocation in the inner arm subspecies 

of Chlamydomonas (Kagami & Kamiya, 1992).

The work presented here suggests that the heterogeneity of 14S dynein is attributable to 

four distinct fractions. These fractions can be compared to some of the multiple inner arm 

species previously reported. The significance of multiple dyneins within the axoneme has 

yet to be established, although this inherent complexity may reflect the diversity of 

movement exhibited in the motile ciUum.
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