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Abstract

The aim of our investigation was to gain insight on the regulation of

flagellar movement, at the axonemal levaI. In our laboratory a panel of

monoclonal antibodies (MoAbs) has been produced against the axoneme of

the biflagellated algae, Chlamydomonas reinhardtii, a well·characterized

model for the study of flagellar movement. Of these MoAbs, L2H12 has been

selected, because it has a potent inhibitory effect on the motility of

demembranated-reactivated flagella of Chlamydomonas cells. Using video

micrography, we demonstrated that low concentrations of L2H 12 cause a

progressive decrease in the wave amplitude and beat frequency of the

flagella. Results of Western blotting of the axonemal proteins indicates that

L2H12 recognizes a 105 kDa protein. Analysis of Chlamydomonas radial

spoke mutants deficient in one or more radial spoke proteins (RSPs) suggests

that this protein is RSP2. Immunoprecipitation of this protein was performed to

further characterize it.
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Résumé

Notre recherche a porté sur la régulation du mouvement flagellaire au

niveau de la structure axonémale. Nous pouvions choisir pour ce faire parmi

une série d'anticorps monoclonaux produits dans notre laboratoire à partir

d'axonèmes purifiés des algues unicellulaires biflagellées Chlamydomonas

reinhardtii, un modèle fréquemment utilisé pour ce genre d'étude. Nous avons

sélectionné en particulier l'anticorps L2H12 pour cette recherche puisque

celui-ci inhibe fortement la motilité des cellules de Chlamydomonas

démembranées-réactivées. Utilisant des concentrations très faibles de

l'anticorps L2H12, nous avons montré, par vidéo micrographie, que ce dernier

causait une diminution progressive de l'amplitude et de la fréquence de

battement des flagelles de cet organisme. Une protéine d'environ 105 kDa est

détectée par immunobuvardage avec cet antiCl)rps. Des analyses similaires

faites sur des mutants de Chlamydomonas ayant des défiences protéiques au

niveau des ponts radiaires suggèrent que cette protéine est la RSP2. Pour

permettre une caractérisation plus poussée de celle-ci, nous l'avons

immunoprécipitée.

ü
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1 Introduction

1.1 The decline of male fertilizing potential

1.1.1 Epidemiological evidence

Infertility is a problem that in recent years has evoked a great deal of

attention from the public and the scientific community. It has been estimated

that approximately 15 % of ail couples suffer from infertility (Thonneau et al,

1991, World Health Organization. 1997). In 20 - 25 a/a of infertility cases. the

male alone is responsible for the problem (Gagnon. 1996; World Health

Organization, 1997) and in at least 30 % of ail cases, the male contributes to

the problems of infertility (Wond Health Organization, 1997). Epidemiological

studies have shawn that over the past 60 years there appears to be a trend

towards a decrease in semen quality. A study performed by Carlsen et al

demonstrates that since 1938, the concentration of spermatozoa in semen

has dropped from an average of 113 million spermatozoa/ ml of semen in

1938 to 66 million in 1990 (Cansen et al, 1992). Although this study has been

criticized for having numerous confounding factors, other groups have also

reported a global trend of increasing defective spermatozoa in semene Van

Waeleghem and his colleagues showed a significant decrease in spermatozoa

concentration within semen, in percent motile spermatozoa, and in percent

normal morphology, between 1977 and 1995 (Van Waeleghem et al, 1996).

Other investigators have reported similar findings (Irvine et al, 1996; Auger et

al, 1995; Auger and Jouannet, 1997; Zom et al 1999).
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1.1.2 The importance of studying sperm motility

Sperm motility is an important indicator of the fertilizing potential of

males. Several reproductive disorders, related ta defective sperm flagellar

motility, have been characterized. These include Kartagener syndrome

(Kartagener and Zui. 1933) sliding spermatozaa syndrome (Feneux et al.

1985), and epididymal asthenazoospermia (Wilton et al, 1988). Patients

suffering from Kartagener syndrome are infertile because spermatozoa lack

dynein arms, which are the flagellar mators, involved in motility. The

spermatozoa of patients with sliding spermatozoa syndrome are unable to

penetrate the membranes surrounding the ovum, because they display

flagellar beating with a reduced amplitude (Serres et al, 1986). Men with

epididymal asthenozoospermia display a reduction in sperm motility of

approximately 80%1, which is aften accompanied bya high percentage of dead

spermatozoa and a high percentage of abnorrnally shaped sperm. Since

testicular biopsies of these men show that the integrity of the spermatozoa are

weil preserved in the testes, it has been suggested that degeneration occurs

in the epididymis (de Kretser and Baker, 1999).

1.2 Spermatogenesis, maturation of spermatozoa and
fertilization

1.2.1 Spermatogenesis

2
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Spermatogenesis occurs in the seminiferous tubules of the testes,

where spermatozoa are produced under the influence of luteinizing hormone

(LH), follicle stimulating hormone (FSH), testosterone, estrogens, and growth

hormone (Guyton, 1991). Although spermatozoa are produced in the testis,

testicular spermatozoa are immobile. Since the focus of this thesis is the

motility of spermatozoa, a detailed description of spermatogenesis will not be

given.

1.2.2 General morphology of the mammalian spermatozoon

The spermatozoon is composed of the head and the flagellum, which

are connected by the neck (fig.1). The head consists of the acrosome, which

is responsible for the enzymatic reaction that takes place when the

spermatozoon fuses with the oocyte and the nucleus, which consists of 23

single-stranded chromosomes representing the haploid genome. Other

components of the head include cytoskeletal structures and a scarce amount

of cytoplasm (Eddy and O'Brien, 1994). Morphologically, the flagellum

possesses three sections: the middle piece, the principal piece, and the end

piece (fig.1). The middle piece contains outer dense fibers wrapped by

mitochondria and the principal piece contains a fibrous sheath. In humans,

outer dense fibers extend from the head ta a variable end point on the

principal piece. The axoneme, the internai structure responsible for flagellar

movement originates at the base of the neck of the spermatozoon and

extends to the endpiece (Eddy and O'Brien, 1994).

3
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Figure 1: General features of the mammalian spermatozoon. The head is
attached te a connecting piece of the flagellum. The flagellum is divided into
three regions including the middle piece. principal piece, and end piece. Modified
from Eddy and O'Brien (1994).

4
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1.2.3 Maturation of spermatozoa in the epididymis

ln the epididymis. the spermatozoon undergoes maturation,

during which its plasma membrane is modified. Sorne of the changes that

occur include absorption of cholesterol, whieh stabilizes the membrane

(Yanagimaehi, 1994), the binding of polypeptides originating from the

epididymal epithelium to the sperm surface (Yanagimaehi, 1981), changes in

lectin binding sites (Yanagimaehi. 1994), and glyeosylation of membrane

proteins (Reynolds et al, 1989). The modifications may be either general or

specifie to various components of the spermatozoa, such as the aerosomal

and postaerosomal region of the head. or the flagellum. These cell surface

changes are of partieular importance to fertility, because they mediate the

ability of spermatozoa to exhibit forward motility, capaeitate, bind to the zona

pellucida surrounding the oocyte. acrosome react, and fuse with the ovum

(Yanagimachi, 1981).

1.2.4 Ejaculation

During ejaculation. spermatozoa from the cauda epididymis are mixed

with seminal plasma and are deposited on the female cervix. Approximately

200 - 300 million spermatozoa are initially present in the human ejaculate

(Mortimer, 1983). The ejaculate coagulates immediately after it has been

released. This is believed to be important for sperm survival and motility. The

vagina's acidic environment is detrimental to spermatozoa (Miller and Kurzrok,

5
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1932; Kremer, 1968; Wallace-Haagens et al, 1975). However, coagulated

sperm are kept within the seminal plasma. The seminal plasma buffers the

vagina's acidic environment, allowing sperm survival. Penetration of the cervix

by successful spermatozoa is completed within 15 to 20 minutes of ejaculation

(Tredwayet al, 1975, 1978). This coincides with liquefaction of the coagulate

which takes place within 5 to 20 minutes following ejaculation (Mortimer,

1983).

1.2.5 Migration through the female genital tract

The cervical mucus excludes certain spermatozoa including

morphologically and possibly functionally abnormal spermatozoa (Katz et al,

1989). The remaining spermatozoa are retained within the cervical mucus,

which keeps spermatozoa viable and stimulates motility (White and Kart

1973). In the cervix, spermatozoa reach the surface of the female secretory

epithelium by traveling along the longitudinal microstructures of mucus

glycoproteins. Many spermatozoa remain bound to the epithelium, but others

migrate along the longitudinal folds and shallow grooves of the epithelium to

reach the uterus. The release of spermatozoa from the cervix may continue

for several days (Yanagimachi, 1994).

Once spermatozoa reach the uterine cavityt they become suspended in

uterine fluid (White and Kar, 1973). Contractions of the myometrium mix the

uterine fluid, distributing spermatozoa uniformly within the uterine lumen

(Mortimer, 1983). In some mammalian species, spermatozoa that reach the

6
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junction between the uterine cavity and the Fallopian tubes, or oviduct in non

humans. are sequestered in the isthmus of the Fallopian tubes prier to

ovulation (Yanagimachi, 1994). Viable spermatozoa remain attached to the

epithelial crypts of the isthmus. until they acquire the ability to fertilize (Smith

and Yanagimachi, 1991; Demott and Suarez, 1992).

1.2.6 Capacitation and fertilization

Freshly ejaculated spermatozoa are unable to fertilize the oocyte.

However, as spermatozoa reside in the female genital tract, they undergo

capacitation, which refers to the physiological changes that render the

spermatozoa capable of fertilizing the ovum (Yanagimachi, 1994). This is a

maturation step (de Lamirande et al, 1997) that is accompanied by a change

in the pattern of motility called hyperactivation (Kopf et al, 1999). Capacitation

can be induced in-vitro by reactive oxygen species and is inhibited when

scavengers of reactive oxygen species are introduced in capacitating media

(de Lamirande and Gagnon. 1993 a, b; Griveau et al, 1994; Leclerc et al,

1997; de Lamirande et al, 1997). Capacitation is therefore believed to be the

result of an oxidative process (Leclerc et al, 1997; de Lamirande et al. 1997).

Capacitated spermatozoa that reach the oocyte. in the Fallopian tube,

can initiate fertilization. Although millions of spermatozoa are initially

ejaculated, there are very few present near the eg9 at fertilization

(Yanagimachi, 1994). Two extracellular matrices, the zona pellucida and the

cumulus oophorus surround the oocyte (Yudin et al, 1988). When the

7
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capacitated spermatozoon cornes into contact with the cumulus oophorus, it

digests the cumulus matrix to gain access to the zona pellucida (Yanagimachi,

1994). If it is properly capacitated, the spermatozoon acrosome reacts,

releasing enzymes that allow it to penetrate through the zona pellucida and

fuse with the plasma membrane of the oocyte. Once the spermatozoon

passes through the zona pellucida, it can fuse with the cell membrane of the

oocyte and fertilization occurs (Yanagimachi, 1994).

1.3 Varying motility patterns and rates displayed by
spermatozoa

Motility of the spermatozoon is achieved by flagellar movement, which

involves the active production of a sequence of principal and reverse bends

(Gibbons and Gibbons, 1974; Woolley, 1977). During migration in the female

genital tract, varying degrees of curvature of the bends and different wave

propagation rates occur, resulting in different patterns of movement.

1.3.1 Initial patterns of motility

When ejaculated spermatozoa are deposited in the vagina, their

viscous environment affects their pattem of motility. The three-dimensional

flagellar beat becomes planar (Katz et al, 1989). At the semen-mucus

interface, the spermatozoa that are capable, penetrate the mucus by

increaslng their velocity of motion and amplitude of lateral head displacement

(Aitken et al, 1985; Feneux et al, 1985; Mortimer et al, 1986). The

spermatozoon now encounters increasingly viscous cervical mucus. It

8
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responds by diminishing the amplitude of curvature of the bends in the

proximal flagella, while increasing the amplitude in the distal flagellum

(Rikmenspoel, 1984; Ishijima et al, 1986). The result of these changes is that

mammalian spermatozoa swim in a pattern referred ta as a figure-eight, since

the distal tip of the flagella traces such a pattern (Katz et al, 1989).

1.3.2 Hyperactivated motility

Hyperactivated motility is a pattern of motion, frequently associated

with capacitation, that is essential for successful fertilization (de Lamirande et

al, 1997). It is an asymmetrical, irregular pattern of motion involving bends of

increased curvature in the midpiece and proximal principal piece (Katz et al,

1989) and is associated with increased velocity (de Lamirande et al, 1997).

The two distinct types of hyperactivated motions are a less progressive phase,

commonly described as whiplash and a more progressive movement, referred

ta as darting motion. During whiplash, high curvature flagellar bending bring

the proximal midpiece close to the head of the spermatozoon. The bends are

not propagated and the head moves in a rapid, hatchet-like manner. The

darting motion involves extreme reverse bends that bring the head of the

spermatozoon close to the flagellum. These bends are propagated along the

flagellum and are often followed by bends of lesser curvature. When the

extreme reverse bends are followed by bends of lesser curvature, the head of

the spermatozoon follows a helical trajectory. Otherwise, it follows a figure­

eight pattern of motion (Katz et al, 1989). It should be noted that the

9
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description of a figure-eight trajectory followed by the head during

hyperactivation refers ta a pattern of movement that differs from the figure-

eight movement displayed in the cervical mucus (described in 1.3.1). In the

cervical mucus, the distal tip of the flagellum follows the figure-eight pattern. A

comparison between a low curvature motility and hyperactivated motion, as

observed in hamster sperm, is depicted in figure 2.

1.3.3 Pattern of motility when spermatozoa interact with the cumulus
oophorus

When the spermatozoon encounters the cumulus oophorus, its pattern

of motility is less rapid, but more linear and progressive. The flagellar beat

frequency increases and the amplitude of lateral head displacement

decreases (Tesarik et al, 1990). This unique pattern of motility was only

observed in hyperactivated human spermatozoa that were incubated with

human cumulus material when compared with fresh spermatozoa or thase

incubated in the absence of cumulus material. Therefore, it was suggested

that the cumulus exerts a motility-altering effect, specifically on hyperactivated

spermatozoa (Tesarik et al, 1990), due to molecular interactions. The specifie

interaction between hyperactivated spermatozoa and the cumulus oophorus

in-vitro accurately reflects what occurs in-vivo, since uncapacitated

spermatozoa that are not hyperactivated do not penetrate the cumulus

oophorus (Yanagimachi, 1994). However, Katz et al believe that the altered

movement of spermatozoa can be explained in terms of the physical

10
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Figure 2: Illustration of low curvature and high curvature bending for a
hamster spermatozoon. A and B represent low curvature bending. which
produces a sinusoidal-like motion. C depiets a high curvature bending of the
proximal midpiece. producing a "hatchet-like" motion. 0 shows an extreme
reverse bend . which can produce a Mfigure-eight" shaped trajeetory. Principal
bends are labeled as p. Reverse bends are labeled as r. (Katz et aL. 1989)
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resistance that the highly viscous cumulus matrix imposes on the

spermatozoa (Katz et al, 1986). Consistent with this hypothesis is that once

spermatozoa penetrate the cumulus, they resume hyperactivated motitity as

they encounter the porous zona pellucida (Katz et al, 1986).

1.4 The axoneme

The axoneme is the basic structure found within the flagellum and is

mainly responsible for movement (Gagnon. 1995). It is composed of 9 pairs of

microtubule doublets that surround a central pair of singlet microtubules. The

main components that associate with the microtubules are the outer and inner

dynein arms, the radial spokes, the nexin links, and tektins (fig. 3).

1.4.1 Structural composition of the microtubules, nexin links, and tektins

The microtubules are permanently linked together possibly by

anchorage to the basal body (Pipemo et al, 1990). The microtubules are

composed of alpha and beta tubulins. They are modified by acetylation

(Pipemo and Fuller, 1985), polyglycylation (Redeker et al, 1994),

polyglutamylation (Eddé et al, 1990), palmitoytation (Ozols and Caron, 1997),

the removal of the C-terminal dipeptide (Paturle-Lafanechère et al, 1991), and

detyrosination at the C-terminus (Barra et al, 1988; Raybin and Flavin, 1977).

The outer microtubule doublets consist of subfiber A, which is composed of 13

tubulin protofilaments and subfiber B, which is made up of 11 tubulin

12
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Figure 3: A cross-section of the axoneme. The axoneme is made of 9 pairs of
outer microtubule doublets that surround a central pair. Dynein arms (outer and
inner) and radial spokes attach te microtubule A. Nexin links connect adjacent
microtubules. Tektins are found near the junction of microtubule subfibers A and
B. Medified from Tash (1990).
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protofilaments. The central pair includes 2 microtubules each formed by 13

protofilaments. A central sheath surrounds the pair. Nexin links connect

adjacent microtubules and are found every 96nm throughout the structure.

Tektins are poorty soluble proteins found near the junction of microtubule

subfibers A and B. They are not believed to be important for motility (Gagnon,

1995).

1.4.2 The dynein ATPases

The dynein ATPases are the micromotors of the axoneme. The outer

dynein arms can be differentiated from the inner dynein arms by their

molecular composition, position within the axoneme, and function. They are

composed of 2-3 heavy chains, 2-3 intermediate chains, and 4-10 smaller

components. The outer arms assume specifie positions on microtubule

subfiber A and are spaced every 24nm. This means that 4 outer dynein arms

are found between each nexin link, i.e. every 96 nm unit (Gagnon, 1995).

Inner dynein arms are diverse. They are composed of one of three distinct

subunits termed 11, 12, and 13, each containing 2 heavy chains (Piperno et al,

1990). 11 contains heavy chains 1a, 1f3 and associates with a bilobed structure

to form a triad (Witman, 1992). Three intermediate chains (le), and three light

chains are associated with 11 (Porter, 1996). Only one 11 isofarm has been

identified. In contrast, several isafarms of 12 and 13 have been identified and

have been resolved inta at least six distinct heavy chain subspecies (Kagami
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and Kamiya, 1992). Inner dynein arms are found every 96 nm on the

axoneme. The 11 triad alternates with the 12 and 13 dyads, so that the pattern

of dynein inner arms is 11-12-13-11-12-13. Oepending on their location on the

axoneme, the isoform of 12 and 13 will differ. The molecular composition of 11

is constant throughout the axoneme. (Gagnon, 1995).

1.4.3 Radial Spokes

The radial spokes are believed to play a role in the control of

movement. They are composed of 17 polypeptides, 12 of which form a stalk

that is attached to microtubule subfiber A. The remaining 5 proteins form a

globular head that is found at the end of the stalk and projects towards the

central pair of microtubules. Pairs of radial spokes separated from each other

by 32 nm are found every 96 nm. Several radial spoke proteins (R5Ps) are

phosphorylated, including RSP2, 3, 5, 13, and 17. These proteins are located

on the radial spoke stalks (Huang et al, 1981; Piperno et al, 1981 ).

Phosphorylation may be important for assembly of stalk proteins and/ or for

control of metility (Gagnen, 1995). An example of a R5P that is essential for

the assembly of the radial spokes is RSP3. It is involved in the attachment of

the radial spoke to microtubule subfiber A (Oiener et al, 1993).

1.5 Biochemical changes that occur during flagellar
movement

The biochemical events that occur during the initiation of movement

and as patterns of motility change are poorty understood. However, several
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molecules have been implicated as important regulators. Examples of major

molecules that influence motility are calcium, bicarbonate, and cyclic

adenosine 3', 5'-monophosphate (cAMP).

1.5.1 Calcium

Fluctuations of internai calcium appear within a single flagellar beat

cycle and depending on the type of motility displayed by spermatozoa (Suarez

et al, 1993). An increase in intracellular calcium has been shown to occur in

hyperactivated hamster spermatozoa (Suarez and Dai, 1995). This increase

also occurs in acrosome-reacted spermatozoa. However, the levels of

intracellular calcium in hyperactivated and acrosome-reacted spermatozoa

differ. Furthermore, hyperactivated spermatozoa have elevated levels of

calcium in the f1agellar midpiece compared ta the acrosomal region. In

contrast, a higher concentration of calcium was detected in the acrosomal

region of acrosome- reacted spermatozoa compared to the flagellum (Suarez

and Dai, 1995). In vitro demembranation-reactivation assays demonstrated

that changes in external calcium influence the pattern of motility displayed by

the spermatozoa (Brokaw 1979; Gibbons and Gibbons 1980; Gibbons 1986).

Therefore, calcium appears to be responsible for the alteration of waveform

and changes in patterns of motion.

1.5.2 Bicarbonate
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ln-vitro studies with epididymal hamster spermatozoa have

demonstrated that bicarbonate stimulates motility (80atman and Rabbins,

1991). In humans, it has been difficult to determine how motility is affected by

bicarbonate. A population of infertile men exhibited poor sperm motility

associated with lowered levels of bicarbonate in the seminal plasma

(Okamura et al, 1986). However, in-vitro studies have shown that

hyperactivation of ejaculated spermatozoa occurs in the presence or absence

of extracellular bicarbonate ions (de Lamirande and Gagnon, 1993 a,b). This

may be because these spermatozoa are exposed to a high concentration of

bicarbonate ions in the semen during ejaculation (de Lamirande et al, 1997).

1.5.3 cAMP

cAMP has been implicated as the regulator of the initiation of flagellar

movement during sperm maturation in the epididymis and in stimulation of

motility during the fertilization process (Tash and Means, 1983). The

importance of the rise of cAMP for the acquisition cf motility was emphasized

by an in-vitro assay where motility was induced in previously immobile

epididymal spermatozoa by artificially raising intracellular cAMP

(Vijayaraghavan et al. 1996). Furthermore, in reactivation assays with dog

sperm, H-8, a membrane-permeable inhibitor of cAMP and cyclic guanosine

3', 5'-monophosphate-dependent protein kinase (cGMP-PK), inhibited motility

(Tash et al, 1986).
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1.5.4 Proposed effect of calcium, bicarbonate and cAMP on downstream
proteins

Changes in intracellular calcium, bicarbonate and cAMP initiate a

cascade of events involving phosphorylation of proteins. Bicarbonate has

been demonstrated to increase the intracellular levels of cAMP by stimulating

adenylyt cyclase (Kopf et al, 1999). The rise in cAMP during the acquisition of

motility in the epididymis was correlated with an increase in activity of cAMP-

dependent protein kinase (cAMP-PK) (Hoskins et al, 1974). Furthermore,

inhibition of cAMP...PK in reactivated mammalian and sea urchin sperm

arrested motility (Ishiguro et al, 1982; Tash et al, 1984). According ta Tash this

demonstrates that cAMP stimulates the activity of cAMP-PK, which in tum

phosphorylates downstream flagellar proteins, leading to the initiation of

motility (Tash, 1989). The calcium signal is transduced by calmodulin (CAM).

Treatment of live spermatozoa with anti...CAM drugs resulted in modulation of

waveform (Tash and Means, 1982; Otter et al, 1984). CAM binding proteins,

including CAM...dependent protein phosphatase (CAM...PrPase), have been

localized to the flagellum (Klummpp et al, 1983). Tash proposes that calcium

modulates movement by stimulating CAM. CAM then activates CAM...PrPase,

which selectively dephosphorylates several of the proteins phosphorylated by

cAMP...PK. In this way, cAMP is responsible for the generation of motion, while

calcium maintains normal waveform (Tash, 1990).
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1.6 The mechanics ofaxonemal motility

1.&.1. The raie of the dynein arms in movement

The axoneme is rigid because of the structural arrangement of the

microtubules. Therefore. a force must be generated to counteract the inherent

inertia of the axoneme to achieve movement. The dynein arms are the

micromotors that are responsible for this force production. They are anchored

te microtubule A of the axoneme in an adenosine-5'-triphosphate (ATP)­

independent manner and form cross-bridges with adjacent B microtubules

when associated with ATP. Hydralysis of ATP causes the dissociation of

dynein from the B microtubules. generating a force. This force translates inta

a sliding movement directed towards the cell body (Satir. 1993). Evidence

suggests that the outer dynein arms determine the maximum velocity of

motion (Witman. 1992). It has been pastulated that due ta their more complex

molecular composition, the inner arms play a more versatile raie. They provide

the additional force required for sustaining a high velocity in the presence of a

load (Witman. 1992). In addition, they may be involved in the regulation of

mavement by interacting with the radial spokes (Gagnan. 1995).

1.&.2 The regulation of flagellar bending

ln order for flagellar wave formation to accur. microtubule sliding must

be converted into bending. Several hypotheses have been proposed to

explain how curvature of the axoneme is achieved.

1.6.2.1 Cosson's hYDothesis: The formation of transient links
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Cosson suggests that the wave propagation in flagella occur due to the

formation of transient covalent links (Cosson, 1992). He proposes that

rupturing of these links by protease molecules and re-establishment of the

connections between microtubules by protein ligases cause bending. With his

model, one can envision that bend propagation occurs because a disruption of

the links begins locally at the rostral end of the microtubules and as the

connection is re-established, the links directly caudal are disrupted. As these

links are re-established, links caudal to them are disrupted. This cycle occurs

while the dynein arms generate the power stroke. In this synchronous manner,

the wave is propagated trom the head of the axoneme to the tip. The transient

covalent links may involve nexin links, interdoublet links, and! or radial spokes

(Cosson, 1992). In support for Cosson's model, it has been shawn that

protease inhibitors inhibit wave propagation (Cosson and Gagnon, 1988). In

addition, high molecular mass proteasomes and a protein-ligase, called

transglutaminase, have been found to be present within the axoneme (Inaba

et al, 1992; de Lamirande et al, 1987). Furthermore, a transglutaminase

inhibitor interrupted motility (de Lamirande et al, 1987).

1.6.2.2 The "geometric clutch" hypothesis

Satir suggested that bending occurs because relative sliding between

groups of microtubules located on opposite sides of the axoneme is controlled

by a regulator, which altematively activates the groups (Satir, 1984). More

recently, Lindemann expanded on Satirs hypothesis with his "geometric

clutch" hypothesis (Lindemann, 1994). According to Lindemann, bending
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occurs when dynein arms on microtubules 2-3 and 3-4 synchronously form

interactions in one bend direction, while the dynein arms on microtubules 7-8

and 8-9 cause displacement of adjacent microtubules in an opposite bend

direction. At the same time, there is restricted movement between the central

pair and doublets 3 and 8, which are in the same plane as the central pair.

Lindemann's hypothesis is consistent with previous evidence suggesting that

ATP turnover is highest at the junctions between microtubules 2-3, 3-4, 7-8,

and 8-9 (Wamer 1979). Furthermore, it has been deinonstrated that the

central pair are physically linked to microtubule doublets 3 and 8 (Tamm and

Tamm. 1984; Sale 1986; Lindemann et al, 1992).

1.7 The role of the radial spokes in the control of movement

Evidence suggests that the radial spokes play an essential role in the

regulation of flagellar motility. Several mutants of the biflagellate

Chlamydomonas reinhardtii that are deficient in specifie radial spoke proteins

are paralyzed or display altered patterns of motion (Huang et al. 1981). Smith

and Sale induced dynein driven sliding in these mutants with protease

treatment and exposure to ATP. They observed that they could partially

restore dynein-arm function in these mutants. However, the sliding velocities

were measured at one half to one third the velocity of wild-type

Chlamydomonas measured under identical conditions. The altered sliding

velocities of the mutants were attributed to the absence of an interaction

between dynein arms and radial spokes that occurs in wild-type
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Chlamydomonas (Smith and Sale, 1992). It was further demonstrated that

motility of a mutant lacking ail 17 RSPs could be restored when the mutant

was reconstituted with inner dynein arms fram wild...type Chlamydomonas.

This suggested that radial spokes activate dynein inner arm activity. Once

activated, the dynein inner arms can generate movement in the absence of

radial spokes (Smith and Sale, 1992).

1.7.1 Interaction of the radial spokes with the central pair microtubules

The involvement of the radial spokes :n the control of motility appears

ta be associated with the interaction of the central pair microtubules.

Observations of the ultrastructure of the axoneme with electron microscopy

have revealed that the radial spokes connect transiently with structures that

project from the central pair microtubules (Wamer and Satir, 1974;

Goodenough and Heuser, 1985). When the flagellum bends, radial spoke

heads detach trom a given set of projections and reattach to a more distal set

(Wamer and Satir, 1974). Because of their close association, the radial

spokes and central pair microtubules are frequently referred to as the radial

spoke-central pair system.

1.7.2 The dynein regulatory complex

The radial spoke-central pair system may control motility by transiently

inactivating a control system that, in the absence of a signal trom the radial

spoke-central pair system, inhibits dynein arm aetivity. This hypothesis was
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first suggested by Huang et al (1982), who isolated suppressor mutants using

3 radial spoke mutants and a central pair mutant. Radial spoke mutants pf1.

pf24. pf25. and central pair mutant ptS. each exhibiting specifie molecular and

structural defects. were irradiated with ultraviolet light. This resulted in the

isolation of four revertant strains that, when crossed with wild-type

Chlamydomonas, exhibited restored flagellar function. The suppressor

mutants rescued flagellar function in paralyzed radial spoke and central pair

mutants without altering their molecular or structural composition. In contrast.

motility was not restored in assays where dynein arm mutants were exposed

ta the suppressors. Tetrad analysis revealed that the new mutant strains.

termed "suppressors", contained the original pf mutation and an unlinked

suppressor mutation. The suppressors each lacked different components of 6

polypeptides. The absence of these proteins restored motility in the radial

speke and central pair mutants. Therefore, the radial spoke-central pair

system was implicated as a regulator of flagellar functien. It was hypothesized

that this radial speke-central pair system regulated movement by inactivating

"a speke-specifie suppressor system" that in the absence of the radial spokes

and central pair inhibits the dynein arms (Huang et al, 1982).

This suppressor system has more recently been referred to as the

dynein regulatory cemplex (ORe). The ORC. which has a total molecular

mass of 500 kOa, is composed of 6 peptides with molecular masses between

29 and 192 kOa (Pipemo et al, 1992). Characterization of the DRe using DRe

mutants suggested that the DRe forms an ATP-independent binding site for

,..
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inner dynein arms 12 and 13 on the A microtubule (Pipemo et al. 1994).

Gardener et al predict that the DRC is positioned between the inner dynein

arms and the radial spokes. They suggest that the DRC mediates mechanical

and/ or enzymatic signaling between the two structures (Gardener et al.

1994).

1.7.3 Biochemical evidence supporting the importance of the radial
spoke-eentral pair system

The importance of the radial spoke-central pair system in the regulation

of motility has been supported by biochemical evidence (Howard et al. 1994;

Habermacher and Sale. 1996. 1997). Howard et al (1994) used cAMP-PK

inhibitors to restere the sliding velocities of radial spoke and central pair

mutants to wild-type levels. Since the velocities of wild-type microtubules with

intact radial spokes and central pairs were unaffected by cAMP-PK inhibitors,

it was predicted that in wild-type Chlamydomonas, the radial spoke-central

pair system inhibits endogenous cAMP-PK (Howard et al. 1994). Pretreatment

of the central pair and radial spoke mutants with adenosine-5'-O-(3-

thiotriphosphate) (ATPyS) blocked the effect of cAMP-PK inhibiters on sliding

velocity. This occurred because ATp·/S could bypass the effect of cAMP-PK

by directly phosphorylating an axonemal protein. Similarly, pretreatment of the

mutants with protein phosphatase (PPP) inhibitors also resulted in no change

in sliding velocity upon addition of cAMP-PK. This suggests that
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dephosphorylation of an axonemal protein is critical for dynein arm activity

(Habermacher and Sale, 1996).

Experiments with double mutants have demonstrated that the

regulatory protein subunit is associated with inner arm dynein 11

(Habermacher and Sale, 1997). A 138-kOa intermediate chain is the only

phosphoprotein in 11 (Habermacher and Sale, 1997) and the phosphorylation

state of this protein affects microtubule sliding (Habermacher and Sale, 1997).

Therefore, it was concluded that in wild-type Chlamydomonas, the

phosphorylation state of 138-kOa intermediate chain on 11 affects motility. The

radial spoke-central pair system may directly interact with this protein, thereby

controlling movement. A model summarizing the conclusions drawn by

Howard et al and Habermacher and Sale are presented in figure 4.

1.8 Rationale and outline for the present study

Normal motility is essential for the fertilizing potential of spermatozoa.

The ultimate goal of our investigation is ta improve our knowledge of male

infertility related to abnormal sperm mavement. This will be achieved by

identitying individual flagellar companents involved in the regulation of flagellar

motion. Many of the axonemal structures involved in flagellar movement have
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Figure 4: Predictions for the regulation of dynein activity. (A) ln wild-type
Chlamydomonas, the radial spokes inhibit cAMP-PK. This leads to the
dephosphorylation of the 138-kOa intermediate chain, which activates dynein. (8)
ln radial spoke and central pair defective mutants, cAMP-PK is not inhibited. The
138-kOa protein remains phosphorylated and motility is impaired. (C) ln radial
spoke and central pair mutants, cAMP·PK inhibitors can activate dynein ta wild­
type levels. (0) Pretreatment with ppp inhibitors and ATPyS black the effect of
cAMP·PK inhibitors and axonemes remain inactive (Habermacher and Sale,
1995).
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been identified. Several groups have hypothesized how these structures

interact mechanically and biochemically (Huang et al, 1982; Satir, 1984;

Cosson, 1992; Smith and Sale, 1992; Gardener et al, 1994; Howard et al,

1994; Lindemann, 1994; Pipemo et al, 1994; Habermacher and Sale 1996,

1997). However, at present. no single mechanism for the control of movement

has been proven.

ln both cilia and flagella, the 9+2 axoneme forms the basic structure.

The basic components of the axoneme have been preserved over evolution

among several species of flagella and cilia, as can be viewed by electron

mieroseopy (Gagnon, 1995). Therefore the proteins involved in the regulation

of movement in one speeies may be analogous to those involved in another.

Tc study the regulation of flagellar movement. we used

Chlamydomonas reinhardtii as a model. Chlamydomonas reinhardtii are

unieellular, biflagellate, eukaryotic green algae. The cells have an average

diameter of 1a ~m. They achieve motility with two 10 to 12 J.1m flagella located

at the anterior of the cell. (Harper, 1999). Chlamydomonas normally exhibit

ciliary motion. However, when the cells are stimulated by intense light. they

reverse their swimming direction by changing their movement to a

symmetrical flagellar-type wave, resembling the pattern normally displayed by

mammalian spermatozoa (Wakabayashi, 1997). This change is caused by an

intracellular increase in calcium. When calcium concentrations greater than

10-5 Mare added to in-vitro assays, Chlamydomonas display a flagellar

pattern of movement, instead of the eiliary-type that occurs at lower calcium
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levels (Hyams and Borisy, 1978; Bessen et al, 1980). Because

Chlamydomonas have the capacity to display flagellar motion, it can be

assumed that they possess axonemal components, analogous to that of

human spermatozoa, to regulate motility.

We have chosen ta use Chlamydomonas as our model, because it is a

convenient system for several reasons. Firstly, the axoneme, which is the

structure responsible for generating movement in ail species, is surrounded by

a thin cell wall in Chlamydomonas cells (Harper, 1999). This makes it possible

ta efficiently dissect the axoneme into various components and ta use motility

assays ta identify which components are essential for the regulation of motion.

1n contrast. spermatozoa of more evolved species are surrounded by dense

fibers and a fibrous sheath (Gagnon. 1995) and are more difficult to

manipulate. Secondly. Chlamydomonas can be easily cultured under

laboratory conditions. When constantly exposed to light, the cell life cycle is

approximately 20 hours. During this time, the ceUs will produce between 4-8

"daughter" cells (Harper, 1999). Because Chlamydomonas is a haploid

genome, it is possible to isolate recessive mutations. In the 1980s, the

laboratory of Piperno and Luck extensively analyzed mutant Chlamydomonas

axonemes (Luck et al, 1982). By comparing mutant axonemes to wild-type

axonemes using a two-dimensional gel system, they characterized a variety of

Chlamydomonas mutants. These mutants and newly characterized mutants

are available to establish correlation between loss of function and specifie

proteins.

28



•

•

•

ln our laboratory, a panel of monoclonal antibodies (MoAbs) against the

Chlamydomonas axoneme has been generated. These antibodies were

selected based on their ability to modify movement in motility assays. The

L2H12 MoAb is a potent inhibitor of motility. We therefore believe that it

recognizes a protein that is essential for movement.

The objectives of this study were to localize the antigen recognized by

L2H12 on the axoneme, isolate, sequence, characterize it, and study the

importance of this antigen for flagellar motion.
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2 Materials and Methods

2.1 Chemicals, kits and specialty products

Serum-free protein-free (SFPF) medium and mouse immunoglobulins

(lgGs) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). The

following materials were obtained tram Bio-Rad Laboratories (Hercules. CA,

U.S.A.): Econo-Pac® Protein A kit including the protein A column, the Econo­

Pac 10 DG desalting columns, binding buffer, and elution buffer; protein assay

dye. Extracti-Gel D Detergent Removing Gel was bought trom PIERCE

(Rockford. Illinois, U.S.A.). Protein G Agarose beads were purchased from

Upstate Biotechnology (Lake Placid, NY, U.S.A.). An ultrafiltration device was

obtained tram Millipore Corporation (Bedford, MA, U.S.A). Regenerated

cellulose low binding tilter with a 100 000 Da molecular weight eut-off was

bought from Millipore Corporation. 10 mm width Fisherbrand regenerated

cellulose dialysis tubing with a nominal molecular weight cut off range of 12

000-14 000 Da was purchased from Fisher Scientific Company (Pittsburgh,

PA, U.S.A.). Supported nitrocellulose (0.22 ~m pore size; Micron Separations

Inc., Westboro, MA, U.S.A), goat anti-mouse IgG conjugated to horse radish

peroxidase (GibcoBRL®, Gaithersburg, MD, U.S.A.), an enhanced

chemiluminescence (ECL) kit (Amersham Life Sciences Inc., Oakville, ON,

Canada), and x-ray films (Fuji. Minami-Asigara, Japan) were used for

immunodetection. Goat anti-mouse IgG conjugated to alkaline phosphatase

(Caltag Laboratories, San Francisco, CA, U.S.A), 5-brom0-4-chloro-3-indoyl
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phosphate p-toluidine salt (BCIP) 1 p-nitro blue tetrazolium chloride (NBT)

(Bio-Rad Laboratories, Hercules, CA, U.S.A.) were used for immunoblotting

with the Miniblotter® (Immunetics, Cambridge, MA, U.S.A)

Ali other chemicals were of reagent grade.

2.2 Cell Culture

2.2.1 Chlamydomonas culture

Chlamydomonas reinhardtii wild type mt+ cc1010; an uniflagellated

mutant, uni-1 mt+ cc-1926; radial spoke mutants pf-1 mt+ cc-1024, pf-14 mt+

cc-1032, pf-17 mt+ cc-1035, pf-24 mt+ cc-1384, pf-25 mt+ cc-1385, pf-26 mt+

cc-1386, and pf-27 mt+ cc-1387 were obtained from the Chlamydomonas

Genetic Center (Department of Botany, Duke University, Durham, Ne,

U.S.A.).

The cells were cultured using medium 1 of Sager and Granick (Sager

and Granick, 1953) with the following modifications: A total concentration of

2.49 M phosphate was used, instead of a total phosphate concentration of

1.31 M used by Sager and Granick. 1.46 M Na acetate anhydrous was added

to provide a carbon source for the Chlamydomonas cells. The final pH of the

medium was approximately 6.8. The cells were grown in 250 ml Erlenmeyer

flasks containing 100 ml of medium, under constant light, at a temperature of

25°C. A cotton plug sealed the flasks and sterile tubing pierced the plug to

provide gentle air bubbling. Doubling time was approximately 12 hr.
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Stock cultures were maintained by subculturing the cells in petri dishes

with hard medium, 1.5% agar, every 3-4 months. 0.4% yeast extract was

added to the hard medium to detect bacterial growth. The petri dishes were

tightly sealed with parafilm to prevent contamination.

2.2.2 Hybridoma cell culture

L2H12 hybridoma ceUs, produced in our laboratory (Galfré and Milstein,

1981; Gagnon et al, 1994) and SP210 ceUs were progressively weaned off

foetal bovine serum until they could grow in SFPF medium. The cells were

incubated at 37°C with 95% air and 50/0 C02. In these conditions, doubling

time of the ceUs was approximately 18-24 hr. As the L2H12 cells were

cultured, they released several proteins including the L2H12 monoclonal

antibody (MoAb), which is a mouse monoclonal immunoglobulin type G

subclass 1 (lgG1).

2.3 Collection and concentration of proteins released by
hybridoma cells

The medium was collected just after the hybridoma ceUs reached the

log phase of growth, where the concentration of antibody is at its peak. The

medium was spun at 600 x g for 10 min at room temperature. The supematant

containing the L2H12 MoAb was kept and stored at -20aC with 0.1 % sodium

azide. The MoAb was concentrated by ultrafiltration using a stirred cell device

with a regenerated cellulose low binding tilter that had a 100 000 Da molecular
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weight cut-off. Typically, the starting volume of 2 1 was concentrated to a

volume of 5 ml with a protein concentration between 3-7 mg! ml. The

concentrated medium was spun at 4°C at 19 100 x 9 for 10 min. It was then

dialyzed against Tris Buffered Saline or TBS [20 mM Tris-HCI pH=8. 150 mM

NaCI] containing 0.0010/0 sodium azide, using regenerated cellulose dialysis

tubing with a nominal molecular weight cut off range of 12 000-14 000 Da, for

24 hr.

2.4 Purification of the L2H12 MoAb

The Econo-Pac® Protein A kit was used for purification of the L2H12

MoAb trom the crude L2H12 preparation, obtained after concentration of the

culture medium from L2H12 hybridama cells. The protocol provided by the

manufacturer was followed. The sampie was prepared with an Econo-Pac

10DG desalting column. Binding buffer (pH = 9.2) was used to equilibrate the

column. The sample was introduced to the column and exchanged with

binding buffer. The prepared sample was then introduced to the Econo-Pac

protein A column. which was previously equilibrated with the binding butter.

The column contained 2 ml of Affi-Gel protein A, which when used with the

binding butter, provided by the manufacturer, had a capacity of 10-14 mg for

mouse IgG,. After the sample was introduced, binding butter was used to

wash the column and the flow through was collected. The antibody was eluted

with a pH 4 butter. The elution butter was immediately exchanged for TeS
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using the 10DG desalting column. A peristaltic pump was used ta increase the

flow rate of the columns to 1 mil min.

2.5 Isolation of Chlamydomonas Axonemes

The procedure for isolating Chlamydomonas axonemes was a

modification of the method described by Witman (Witman et al, 1972, Witman,

1986). Chlamydomonas were cultured in 4 1flasks. When a cell density of 4 to

8 million cells/ ml was reached, the cells were harvested at room temperature

at 1110 x g for 5 min. The cells were then washed with 10 mM Hepes (pH 7.4)

and resuspended in 4% HMS [30 mM Hepes, pH 7.4, 5 mM MgS04 and 4%

sucrose]. The remaining manipulations were performed at 4°C. The flagella

were separated from the cell bodies by treatment with dibucaine (5 mM final

concentration) for 1 to 2 min. This reaction was neutralized with a HMS-EGTA

solution [30 mM Hepes, pH 7.4, 5 mM MgS04 , 4% sucrase, and 0.5 mM

ethylene glycol-bis p-aminoethyl ether N, N, N', N'-tetraacetic acid {EGTA )J. A

crude sedimentation of the cell bodies was performed by centrifugation at

1600 x g for 8 min. The flagella were sedimented by spinning cells at 14 000 x

g. A finer separation of the remaining cell bodies was performed using a one

step gradient by layering the flagella resuspended in 30 ml HMS 4% on 10 ml

of HMS 25% [30 mM Hepes, pH 7.4, 5 mM MgS04 and 25°k sucrase] in 50 ml

conical tubes. The tubes were centrifuged at 1000 x 9 for 20 min. The flagella

were recuperated from the upper layer and interface and were spun at 31 000

x 9 for 10 min. The pellet was resuspended in HMDEK [30 mM Hepes, pH 7.4,
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5 mM MgS04 , 0.5 mM EGTA, 1 mM dithioreitol (OTT), and 25 mM K acetate].

Ta demembranate the flagella, 1% nonidet P40 (NP40) was added to the

medium. The axonemes (demembranated flagella) were spun at 31 000 x g

for 10 min. The axonemes were then washed 3 times with HMDEK to remove

NP40. The axonemal preparation was then resuspended in HMDEK. A typical

yield was between 0.5 and 1 mg of proteinl 1of starting volume. The sample

was either used immediately, or stored in 25% glycerol with 1 mM

benzamidine, 1 ~M leupeptin and 1 mM pepstatin.

2.6 Fractionation of the Chlamydomonas axoneme

The extracted axoneme (see 2.4) was fractionated following a

modification of a protocol introduced by Witman (Witman et al, 1972). Ali

manipulations were performed at 4°C. The original sample was diluted with

HMOEK to a concentration of 4-5 mg! ml and spun at 40 000 x 9 for 10 min.

The axonemal proteins were sequentially extracted with different salt and

detergent treatments. Following each extraction, the sample was spun at 40

000 x 9 for 10 min and the pellet was washed in the appropriate buffer. The

first extraction was performed by suspension of the axoneme in HMDEK

containing 0.6 M NaCI for 10 min. After centrifugation, the extracted proteins

remained in solution, which was saved. The pellet was resuspended in a low

salt solution [5 mM Hepes, pH 7.4, 0.2 mM EDTA, 1 mM OTT, and 1 mM

phenyl methyl sulfonyl fluorid (PMSF)]. The sample was dialyzed against 1 lof

low salt solution using regenerated cellulose dialysis tubing with a nominal
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molecular weight eut off range of 12 000-14 000 Da for 16 hr, for maximal

extraction of the proteins soluble in this solution. Following the low salt

extraction, the remaining proteins were suspended in HOE [Hepes 5 mM, pH

7.4, 1 mM OTT, and 0.2 mM ethylenediaminetetraacetic (EDTA)] containing

0.2% sarkosyl and 2 M urea for 10 min. The proteins soluble in this sarkosyll

urea solution underwent dialysis against HDE with 0.05% of Extracti-Gel®D

Detergent Removing Gel for 72 hr, with 4-5 changes of buffer, to reduce the

final concentration of sarkosyl in the sample. The same type of dialysis

membrane used for the low salt extraction was used. Note that throughout the

experiment 1 mM PMSF was added to each fraction after the pellet was

resuspended.

2.7 Demembranation-reactivation assay

Chlamydomonas, in the log phase of growth, were spun at rcom

temperature at 200 x 9 far 3 min, washed twice with 10 mM Hepes (pH 7.4),

then resuspended in 200 ~I of Hepes. To allaw access of the antibadies to the

axoneme, Chlamydomonas cells were demembranated by diluting S-fald with

a solution containing 30 mM Hepes (pH=7.4), 1 mM EGTA, 5 mM

MgS0407H20, 1 mM OTT, 25 mM K acetate, O.S°,fa polyethylene glycol-20 000

(PEG-20 000), 1% FicoU, and 0.1 % NP40. Motility was re-initiated by diluting

20-fold in 30 mM Hepes (pH=7.4), 1 mM EGTA, 5 mM MgS0407H20, 1 mM

OTT, 25 mM K acetate, 2% PEG-20 000, and 1 mM ATP (Goodenough, 1983;

Kamiya and Witman, 1984).
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The crude and purified L2H12 MoAb preparations were tested at

various concentrations, under an inverted microscope with 100x magnification,

to determine their effect on the motility of wild-type Chlamydomonas. The total

number of Chlamydomonas cells in each weil was approximately 40 000. The

final volume of each weil was approximately 100 !JI.

The effect of L2H12 on the movement of a uniflagellar mutant was

recorded by video micrography using the following materials: An Olympus

microscope with a 100 x oil immersion lens and 10 x ocular; Panasonic WWF

video camera, S-VHS format; Panasonic recorder in B&W position. The video

sequence was recorded at a 50 Hertz (Hz) frequency (European standard),

which corresponds ta the average beat frequency of the flagellum. Individual

successive images were digitalized with a Macintosh computer and the

contour of the flagellum was digitally extracted using Videoshop 5.0. Images

corresponding to a complete cycle of movement were obtained by taking

successive images. The rotation of the cell body that occurs during motility

was corrected for by rotating the images sa that the images were

superimposed on each other. The anchoring point of the flagellum into the œil

body was used as a reference point. Flagellar movement was recorded under

normal reactivation conditions and after 10 ng of pure L2H12 was introduced

to the assay. The images were superimposed to obtain a single illustration of

the beating cycle of the flagellum.

The overlapping flagellar images allowed for the visualization of a

beating envelope, corresponding to the amplitude of the displacement of the
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flagellar trajectory. The width of this beating envelope corresponded to the

maximal wave amplitude. The width was measured at the proximal point,

located at 1/3 the distance from the flagellar origin at the cell body; the median

point, located at 213 the distance from the flagellar origin at the cell body; and

the distal point, located at the tip of the flagellum. The beat frequencies for

individual flagella were measured by counting the number of images

necessary to cover one full cycle. For this purpose, cells under phase contrast

microscopy were illuminated at 300 Hz, while the microscope stage was

manually translated. so that an average of 6 images of the same flagellum

were visualized in the same video frame (1/50 s European frequency).

Combination of data from one video frame to the following video frame allows

the determination of the average beat frequency.

2.8 Immunoprecipitation

2.8.1 Precipitation of the antigen recognized by L2H12

The sarkosyl/urea extract containing an enrichment of the antigen

recognized by L2H12 was used for immunoprecipitation. Ali manipulations

were performed at 4°C. To remove aggregates, the extract (1 mg) was spun at

110 000 x 9 for 30 min. 0.5 ml of immunoprecipitation buffer [50 mM Hepes.

pH 7.5, 150 mM NaCI, 10% glycerol. 10/0 TritonX-100 (TX-10Q) and 0.5%

deoxycholate] with the following ~rotease and phosphatase inhibitors:, 4 mM

NaF, 100 J.lM Na3V04, 5 mM Na2Mo04·2H20. 2 mM benzamidine. 5 mM

iodoacetamide, 5 mM 4-nitrophenylphosphate (PNPP). and 0.5 mM PMSF
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was added to the sample with 1 mM MgCI2• The sample was left on ice for 30

min and was spun at 10 000 x g for 5 min. One mg of total protein of the crude

L2H12 preparation was added to the supematant and was incubated for 3 hr.

A volume of 100 ~I of 20% slurry of protein G agarose beads in Hepes

Buffered Saline or HBS [50 mM Hepes, pH 7.5, 150 mM NaCI, and 10%

glycerol] was added and incubated for 1 hr. To allow for sedimentation of the

antigen-antibody-protein G complex, the sample was centrifuged at 10 000 x 9

for 30 s. The supernatant was discarded and the antigen-antibody-protein G

complex was washed with immunoprecipitation buffer containing the proteasel

phosphatase inhibitors. The camplex was then washed with HBS, which was

subsequently removed by aspiration. To release the antibody-antigen complex

fram the protein G beads for analysis by SOS-PAGE and Western blatting, a

volume of 25 ~I of Laemmli's sampie butter (Laemmli, 1970) was added to the

camplex and heated for 5 min at 100Q C.

2.8.2 Precipitation of IgGs with protein G agarose

The 50% Protein G slurry was spun at 500 x 9 far 5 min and washed

twice with HBS. After the washings, the beads were re-suspended in HBS.

Crude L2H12 and commercial mouse IgG were incubated with 5 J-li of 200k

slurry of pratein G agarase. in a solution containing TBS and 0.2% Tween.

The volumes of the antibody preparations were adjusted 50 that each sample

contained approximately 15 ~g or 0.09 J-lg/ ml of pure antibody. Aprotinin (10

J-lgl ml), leupeptin (10 fl9/ ml), and pepstatin (35 Jlgl ml) were added.
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Incubation was performed for 2 hr at 4°C with constant shaking. The sample

was centrifuged at 10 000 x 9 for 30 s. The supernatant was discarded and

the antibody-protein G complex was washed 3 times with TBS, which was

subsequently removed by aspiration. A volume of 30 J.LI of Laemmli's sample

buffer (Laemmli, 1970) was added to the complex and heated for 5 min at

100°C for analysis by SOS-PAGE and Western blotting.

2.9 Protein Determination

Protein concentrations were determined by the Bradford method

(Bradford, 1976) using the Bio-Rad Protein Assay Dye Reagent. Bovine

serum albumin (BSA) was used as the standard.

2.10 Western Blot Analysis

Wild-type Chlamydomonas axonemes and fractions, radial spoke

mutant axonemes, and products of immunoprecipitation were processed for

SDS-PAGE. Laemmli's sample buffer (Laemmli, 1970) was added to ail

samples, which were then heated at 1000e for 5 min. The proteins were

separated on a 10°,fo SOS-polyacrylamide gel by electrophoresis. The gel was

then electrotransferred onto a supported nitrocellulose membrane (0.22 J.Lm

pore size) for immunodetection (Towbin et al, 1979). Forty volts was used for

the transfer for a maximal of 16 hr. A cooling system maintained a

temperature of 10-12°C. The following manipulations were performed at room

temperature with constant shaking: Ta block non-specifie binding sites, the
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membranes were treated with TBS containing 0.1 % Tween-20 and 10%

porcine serum (TTBS + 100
/ 0 porcine) for 1 hr. They were then incubated with

the L2H12 for 1 hr and washed with TTBS 5 times for 5-10 min each. The

membranes were incubated with goat anti-mouse IgG conjugated to

horseradish peroxidase (1 :5000) for 30 min. The membrane was washed with

TTBS and positive immunoreactive bands were detected with an enhanced

chemiluminescence (ECL) kit, following the manufacturer's instructions.

Briefly, membranes were incubated with the luminescent substrate for 5 min

and exposed with x-ray films for an appropriate period to produce a clear

representation of the bands.

The Miniblotter® was used for the simultaneous assessment of the

reactivity of different antibody preparations at different concentrations.

Western blotting was performed, following a protocol similar to the one

described above. However. instead of using a goat anti-mouse IgG

conjugated to horseradish peroxidase, the IgG used was conjugated to

alkaline phosphatase (1 :2500). Immunoreactive bands were detected by

incubating the membrane with a 1:1 ratio of BCIP and NBT diluted 1:50 in

alkaline phosphate buffer [100 mM Tris-Hel pH=9.8, 1 mM MgCI2]
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3 Results

3.1 Purification of L2H12 MoAb, which recognizes a 105 kDa
protein

L2H12 hybridoma cells secreted the L2H12 MoAb, along with other

proteins of varying molecular weights, in the SFPF medium. After

concentrating the medium by ultrafiltration with a 100 000 Da molecular weight

eut-off membrane, several high molecular weight proteins including the IgG,

MoAb were retained. The crude concentrated antibody preparation was

purified by affinity chrcmatography with a protein A column. The purified

sample was analyzed by SOS-PAGE, which resolved two protein bands

(fig.5). The upper and lower bands corresponded to molecular weights of

approximately 54 and 28 kDa. respectively. These values approach the typical

molecular weights of 55 and 25 kDa for heavy and light chain IgGs,

respectively, given in the literature (Hartow and Lane, 1988).

Western blet analysis of Chlamydomonas axonemal proteins,

separated by SOS-PAGE on a 10% gel, revealed that L2H12 recognizes a

single axonemal protein with a molecular weight estimated at 105 kOa. These

results confirmed that the purified L2H12 eluted from the protein A column

reacts with the same axonemal protein as crude L2H 12 (fig.6).
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Figure 5: Purification of L2H12 analyzed by SDS-PAGE. Crude l2H12 was
obtained after ultrafiltration of the supematant collected trom the l2H12
hybridoma œil culture. Purified L2H12 was obtained after purification of crude
L2H12 with protein A affinity chromatography. The flow through represents the
tirst three fractions of proteins that were not bound by protein A, diluted in 10
ml of binding buffer. The samples were processed for SOS-PAGE under
denaturing conditions. as described in Materials and Methods. Oepicted in the •
center lane are the puritied heavy (top) and light (bottom) chains of L2H12
IgG1 • as indicated by the arrows. The bands can be seen among several
impurities in the tirst lane representing L2H12.
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Figure 6: Recognition of a 105 kDa axonemal protein by crude and pure
L2H12. The affinity L2H12 for its antigen was tested at various concentrations
by Western blotting, using the Miniblotter system, as described in Materia/s
and Methods. Both the crude and pure antibody preparations were tested.
Lanes 1-3 represent crude L2H12 reacting with the protein at diminishing
concentrations of 10 1019/ ml, 1 lJg/ ml, and 0.1 ~gl ml. The reaction with pure
L2H12 at concentrations of 4 IJg/ ml, 0.4 ~g/ ml, and 0.04 IJg/ ml is depicted in
lanes 4,5, and 6 respectively.
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3.2 The effect of the L2H12 antibody on the motility of
demembranated-reactivated Chlamydomonas

Under normal conditions, Chlamydomonas ceUs, suspended in a pH

7.4 Hepes buffer solution, display a ciliary-type of movement with a helicoidal

pattern of forward progression (Hyams and Borisy, 1978), as seen with 100 x

magnification under the light microscope (not shown). Using its eyespot as a

Iight sensor, ceUs can make frequent and rapid changes of direction,

responding to the light intensity in their immediate environment (Schmidt and

Eckert, 1976). To allow access of anti-axonemal MoAbs ta the axoneme and

to test their effect on movement, the flagellar membrane must be dissolved.

Motility is then reinitiated with the introduction of fresh medium containing

ATP. In demembranation-reactivation assays, motility is generally reinitiated in

approximately 850/0 of ail Chlamydomonas. The motility pattern observed in

demembranation-reactivation medium is similar to that of cells suspended in

pH 7.4 Hepes buffer. The ceUs follow the same helical trajectory and are

constantly changing directions. The main difference is that the velocity of

movement is slightly reduced. Motility of the ceUs in demembranation-

reactivation medium is typically maintained for 1-2 hr. When the effect of

L2H12 on motility was observed, the movement of Chlamydomonas treated

with L2H12 was always compared to a control that was untreated.

We observed that 1 J.1gl ml of the crude L2H12 antibody preparation

and 0.1 fJgI ml of purffied L2H12 instantly inhibited motility in more than 950/0

of ail reactivated Chlamydomonas (fig.7). We arbitrarily defined the specifie
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Figure 7: Effect of L2H12 on the motility of Chlamydomonas.
Demembranation - reactivation assays were performed on Chlamydomonas
with different concentrations of pure L2H12, as described in Materials and
Methods. Motility was immediately arrested in more than 95% of the 40 000
ceUs when L2H12 at a concentration of 0.1 ~gl ml (represented by the circles)
was introduced to the demembranation-reactivation medium. At 0.01 ~gl ml
(triangles) cell motility decreased for 10 minutes. After 10 minutes, more than
95% of the cells were inhibited. When 0.001 ligl ml of L2H12 (squares) cell •
motility decreased for two heurs. After this time, 95°,10 inhibition was achieved.
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activity of the crude L2H12 as 1. Since purified L2H12 was 10 times more

patent than crude L2H12, its specifie activity was increased 10-fold for a

purification factor of 10.

When initially submaximal concentrations of purified L2H12 were added

to the demembranation-reactivation medium, motility deereased exponentially

(fig 7). At a concentration of 0.01 flg/ ml the percentage of motile cells

continuously decreased for 10 min. At this time, more than 95% of cells were

inhibited. At a concentration of 0.001 flg/ml, 2 hr were required for the cells ta

reach 95% inhibition of motility.

Contrais with TBS or TBS plus nonspecific proteins seereted by SP2/0

myeloma cells had no significant effect on Chlamydomonas cell motility, when

added ta the demembranation-reactivation medium at the same concentration

range as that of L2H12. This suggests that specifie binding of L2H12 ta its

antigen caused the inhibition of motility.

As mentioned above, under normal conditions in demembranation­

reactivation assays, Chlamydomonas exhibit a ciliary pattern of movement.

More specifically, this involves a power-stroke, where the flagella are fully

extended allowing for maximal contact and thrust with the surrounding

medium and a recovery stroke. where the flagella bend ta decrease the forces

of friction (Cosson, 1996). During the recovery stroke, the flagella retum to

their initial position where they then re-initiate the power-stroke. The ciliary

movement of a uniflagellar Chlamydomonas mutant is shown in figures SA

and 9A.
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Figure 8: Video sequence of flagellar movement with L2H12. A video
sequence recorded with video micrography, as described in Materials and
Methods, depicts the movement of the flagellum of the uniflagellar mutant
under (A) normal conditions, when (B) 10 ng of L2H12 is added to the
demembranation - reactivation medium, and (C) after prolonged exposure ta
L2H12. When the mutant is not exposed ta L2H12, it exhibits a ciliary pattern
of movement involving a power-stroke, followed by a recovery phase (A).
L2H12 continually affects the recovery phase (8), until the flagellum can no
longer re-initiate movement (C).
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Figure 9: Digital representation of flagellar movement with L2H12. A
complete flagellar beating cycle was obtained by digitally superimposing the
images depicted in figure 8. Seven different positions of the flagella during
ciliary beating are depicted in different colors for differentiation purposes.
Under normal conditions (A), the initiation of the power-stroke occurs at
position 1, represented in yellow. At position 2 (pink), the flagellum is
extended to allow maximal contact with the surrounding medium. Positions 3
(brown) and 4 (red) depict the final stages of the power-stroke. At position 5
(green), the recovery phase is initiated by the bending of the flagellum. The
recovery phase continues at position 6 (black), and 7 (blue), until the flagellum
retums to the starting position where it re-initiates the power-stroke. When the
axoneme of flagellum is exposed to L2H12 (8), the bending that occurs during
the recovery phase is decreased (8), sa that the flagellum cannot retum to
position 1. This results in a power-stroke with reduced force. After prolonged
exposure ta L2H12 (C), the recovery phase is completely inhibited. The
flagellum can no longer produce the power-stroke and motility is arrested.
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When 10 ngl ml of the L2H12 MoAb was added to the

demembranation-reactivation medium. the recovery stroke was incomplete.

The flagellum did not retum to its initial position. Re-initiation of the power

stroke occurred from where the recovery stroke ended. Over time. the

recovery stroke ended progressively further from the initial position (fig 8B and

98). The power-stroke that followed traced a progressively shorter trajectory

with a weaker force. until motility was inhibited. The flagellum was paralyzed

in a bent position (fig. ac and 9C).

To quantify the effect of L2H12 on cell movement, changes in the

maximal wave amplitude of the proximal. median. and distal tip of the

flagellum and in the beat frequency of several Chlamydomonas ceUs were

measured after treatment with 10ng/ ml of the L2H 12 MoAb (table 1). Before

treatment, the average maximal amplitude. calculated trom the measurements

of 6 ceUs, was 2.2 +/- 0.8 !lm, 5.3 +/- 1.4 !lm, 7.5 +/- 1.6 JJrn in the proximal.

median. and distal regions. respectively. Between 5-10 min after the addition

of 10 n91 ml of L2H12. the average maximal amplitude, calculated trom 9

ceUs. decreased to 0.9 +/- 0.3 !lm. 1.4 +/- 0.4 J.lm, and 3.0 +/- 0.7 /lm, in the

proximal. median, and distal regions. respectively. In the late stages of the

reaction between L2H12 and its antigen (30-45 min). the average maximal

amplitude, for 4 ceUs. measured in the proximal and median sections of the

flagellum remained constant at 1.0 +/- 0.3 J.!m and 1.2 +/- 0.3 J.!m. respectively.

There was a further decrease in average maximal amplitude in the distal
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Table 1: The 8ftect of L2H12 on the maximal wave amplitude of the
proximal. median, and distal flagellum. The maximal wave amplitude was
measured in demembranated-reactivated Chlamydomonas ceUs before
treatment with L2H12, between 5-10 min after L2H12 was added (ear1y), and
10-45 min after the addition of L2H12 ta the demembranation-reactivation
medium. Averages were taken for measurements of amplitude for 6,9. and 4
ceUs before treatment. early and late after L2H12 was added. respectively.
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Proximal Median Distal

Before L2H12 2.2 +/- 0.8 ~lm 5.3 +/- 1.4 J!m 7.5 +/- 1.6 Jlrn

Early after L2H12 0.9 +/- 0.3 ~lm 1.4 +/- 0.4 ~m 3.0 +/- 0.7 flm
(5-10 min)

Late after L2H12 1.0 +/- 0.3 ~Im 1.2 +/- 0.3 Ilm 1.1 +/- 0.4 Ilm

(30-45 min)

•



•

•

•

region of the flagellum to 1.1 +/- 0.4 J.1m. It was observed that shortly after the

flagellum was exposed to L2H12, wave propagation only occurred in the

proximal region of the flagellum. The median and distal regions appeared to

display a passive movement that resulted from proximal "shaking".

The beat frequency for 8 Chlamydomonas cells was measured (data

not shawn). Before treatment with 10ng/ ml of the L2H12 MoAb, the beat

frequency averaged 65.6 +/- 2.9 Hz. Upon exposure to the MoAb, the beat

frequency continually decreased until it reached a plateau at an average of

22.9 +/- 3.8 Hz. This decrease in beat frequency was frequently followed by

periods of full arrest of flagellar beating lasting several seconds, followed by

reinitiation of beat frequency equivalent to the value measured when the initial

plateau was reached. Ultimately. motility was arrested a few minutes later.

3.5 The antigen recognized by L2H12 is enriched in the
sarkosyll urea extract

Tc obtain an enriched preparation of the antigen recognized by L2H12,

wild-type Chlamydomonas axonemes were sequentially fractionated under

different salt and detergent conditions. The axoneme was tirst treated with 0.6

M NaCl, which extracts mainly dynein arms trom the axoneme (Piperno and

Luck, 1979). Axonemal proteins that were insoluble in NaCI underwent a low

salt treatment, which typically solubilizes mainly inner dynein arms (Smith and

Sale, 1991). The remaining proteins were treated with a solution containing

0.2% sarkosyl and 2M Urea, which extracted 45-50°,fo of ail axonemal proteins

including the radial spokes (Witman et al, 1978).
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The antigen recognized by L2H12 was predominately detected in the

low salt and sarkosyll urea extract (fig.10). However, the intensity of the band

representing the antigen in the sarkosyll urea extract was greater than the one

representing the low salt extract. This suggests that the sarkosyll urea extract

contained larger quantities of the antigen compared to the low salt extract.

The antigen was not detected in the high salt extract or in the unextracted

proteins (fig. 10).

3.& Localization of the antigen recognized by L2H12 by
analysis of Chlamydomonas radial spoke mutants

It was previously demonstrated that the antigen recognized by L2H12 is

a RSP (Aghigh, 2000). These results were ascertained by Western blotting

analysis ofaxonemes of wild-type and various Chlamydomonas mutants

lacking different axonemal components, using the L2H12 MoAb as a probe.

The antigen recognized by L2H12 was detected in wild-type Chlamydomonas

axonemes and in ail mutants except for pf-14. Pf-14 is the radial spoke mutant

where ail 17 radial spoke polypeptides are absent on the axoneme (Huang et

al, 1981; Piperno et al, 1981). Since the antigen recognized by L2H12 is

missing in pf-14 mutants. the author concludes that it is, most likelYt a RSP

(Aghigh, 2000). However. which particular RSP is recognized by the MoAb,

remained ta be elucidated.

Ta determine which RSP is recognized by L2H12, axonemal proteins of

different Chlamydomonas radial spoke mutants, along with those of wild-type
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Figure 10: The presence of the 105 kDa protein in fractionated axonemal
proteins. Wild-type Chlamydomonas axonemes were sequentially
fractionated, processed for SOS-PAGE, and electrotransferred for Western
blotting, as described in Materials and Methods. The proteins in the resulting
fractions were visualized with Coomassie blue staining (A). Western blet
analysis of the untreated axoneme, the high salt extract, the low salt extract,
the sarkosyll urea extract, and the unextracted proteins (B) demonstrated that
the antigen recognized by L2H12 is enriched in the sarkosyl extract. It is alsa
present in the low salt extract, but is absent in the high salt extract. Note that •
the wells were loaded with 20 J.1I of volume containing approximately 20, 3,3,
20, and 1.5 J.1g of total pratein for the unfractionated axoneme, the high salt
extract, low salt extract, sarkesyll urea extract, and the unextracted proteins,
respectively.
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Chlamydomonas, were analyzed by Western blotting using L2H12 as a probe

(fig.11). The L2H12 MoAb reacted with the axonemes of wild-type

Chlamydomonas and with those of pf-1, pf-17, pf-25, pf-26, and pf-27 mutants

each missing gene products RSP4, RSP9, RSP11, RSP6, and a gene product

that inhibits the phosphorylation of 5 polypeptides, respectively (Huang et al,

1981; Piperno et al, 1981). As expected, L2H12 did not react with pf-14.

Furthermore, it did not react with pf-24, which is almost completely deficient in

RSP2. This suggests that the L2H12 MoAb reaets with RSP2.

3.5 Immunoprecipitation of the 105 kDa protein

Since the sarkosyll urea extract was enriched with the antigen

recognized by L2H12, this extract was used for immunoprecipitation with the

L2H12 antibody. Under the conditions described in Materials and Methods, a

single protein with a molecular weight of approximately 105 kOa was

immunoprecipitated, as analyzed by immunoblotting (fig.12). Ample protein G

beads were added, so that based on the theoretical binding capacity of the

beads, maximal amount of antigen was retrieved. However, a small amount of

antigen could be detected in the immunoprecipitation buffer after the antigen­

antibody-protein G complex was sedimented (fig.12). Similar results were

obtained using an IgG, anti-tubulin MoAb, as a positive control (data not

shawn).
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Figure 11: SDS-PAGE and Western blot analysis with radial spoke mutant
axonemes using L2H12 as a probe. Extraction of purified axonemes fram
wild-type Chlamydomonas and radial spoke mutants pf-1, pf-14, pf-17. pf-24,
pf-25, pf-26, and pf-27 SOS-PAGE, and Western blot analysis were
performed, as described in Material and Methods. B demonstrates that the
antigen recognized by L2H12 is present in wild-type Chlamydomonas and in
ail the radial speke mutants tested, except pf-14 and pf-24. Pf-14 is a mutant
where ail the radial spake polypeptides are absent from the axoneme (Piperno
et al., 1981). Pf-24 is deficient in RSP2. In A, a Coomassie-blue staining of the
axonemal proteins separated by SOS-PAGE is depicted.
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Figure 12: Immunoprecipitation of the 105 kDa antigen recognized by
L2H12. The antigen recognized by L2H12 was immunoprecipitated, as
described in Materials and Methods. In B, the antigen recognized by L2H12
was detected in the sarkosyl extract (Iane 1), the immunoprecipitate (Iane 2,
upper band), and in the fraction of proteins that were not precipitated (Iane 3).
The lower 2 bands in lane 2 are the heavy (= 50 kOa) and light (= 25 kOa) •
chains of the L2H12 MoAb. The L2H12 MoAb alone was used as a reference
(Iane 4). Panel A is an amido black stain of the electrotransferred proteins.
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4 Discussion

Since the axoneme is the functional component of neany ail flagella, it

must exhibit versatility to accemmedate several types of motility patterns

(Gagnen, 1995). This requires the contribution of different axonemal

structures. It has been previeusly shown that the outer dynein arms control the

velocity of movement (Kamiya et al, 1991), while the inner dynein arms, which

exhibit more diversity than the outer dynein arms, may participate in the

regulation of movement (Gagnon. 1995). Evidence suggests that the dynein

inner arms are involved in the initiation and maintenance of flagellar bending

and also contribute to the force required to sustain movement (Witman, 1992;

Gagnon. 1995).

The radial speke-central pair system has been demonstrated to be

essential for f1agellar bending (Huang et al. 1981. 1982; Smith and Sale; 1992;

Piperno et al, 1992, 1994; Gardener et al, 1994; Howard et al 1994:

Habermacher and Sale 1996, 1997). Several radial spoke and central pair

mutants of the biflagellate Chlamydomonas reinhardtii are unable to initiate

movement (Huang et al 1981, 1982). It has been suggested that the paralysis

of these mutants occurs because in the absence of components ef the radial

spoke-central pair system, inner dynein arm activity is suppressed by the DRe

(Huang et al, 1982; Smith and Sale, 1992; Pipemo et al, 1992. 1994;

Gardener et al, 1994). Flagellar bending appears to take place when

interaction of the radial speke-central pair complex with the DRe releases the
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suppression of inner dynein arm activity (Pipemo et al, 1994; Gardener et al,

1994). However it is unclear how the 17 radial spoke polypeptides interact

with one another and with ether axonemal structures to regulate bending.

ln the current study, we identified a 105 kDa radial spoke protein

essential for normal flagellar movement in Chlamydomonas reinhardtii. We

immunoprecipitated this protein using the L2H12 antibody that recognizes it.

The protein was immunoprecipitated from the sarkosyll urea extract of wild­

type Chlamydomonas axonemal proteins, which was found to be enriched

with the 105 kDa protein. Treatment of the Chlamydomonas axoneme with

sarkosyl/ urea typically extracts the radial spokes, along with other axonemal

cemponents (Witman et al, 1978). Our finding that sarkosyll urea yields the

largest amount of the 105 kDa protein compared to other treatments is

consistent with previous localization of the antigen recognized by L2H12 to the

radial spokes (Aghigh, 2000). A small amount of the 105 kDa protein was

found in the low salt extract. This may be explained by the fact that inner

dynein arms are closely associated with the radial spokes. Other researchers

have also found that several RSPs are extracted upon exposure to a low ionic

strength solution (Pipemo et al, 1981).

ln a previous study, Luck's laboratory isolated and characterized

several radial spoke and central pair mutants (Pipemo et al, 1981; Huang et

al, 1981). They found that the deficiency of RSP3 in pf-14 mutants causes the

absence of ail 17 RSPs on the axoneme of these mutants. Preliminary results

suggested that L2H12 may recognize a RSP (Aghigh, 2000).
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ln the current study, we tested the L2H12 MoAb against purified

axonemes isolated from ail available radial spoke mutants. We observed that

L2H12 reacted with the 105 kDa protein in radial speke mutants pf-25, pf-26.

pf-27, each missing RSP11, RSP6, and a gene product that inhibits the

phosphorylation of 5 polypeptides, respectively (Huang et al, 1981; Piperno et

al, 1981). L2H12 reacted with pf-1 and pf-17, two mutants deficient in RSP4

and RSP9, respectively. These mutants are missing ail the components of the

radial spoke heads, but contain ail the radial spoke stalk proteins. This

suggests that the antigen it recognizes is not localized ta the radial spoke

heads and is instead found on the radial spoke stalks. There was no

significant reaction between L2H12 and pf-24, a radial spoke mutant almost

completely deficient in RSP2 ( Huang et al, 1981). This suggests that RSP2,

which has been localized to the radial spoke stalk (Pipemo et al, 1981) is the

antigen recognized by L2H12. Piperno et al (1981) estimated that the

molecular weight of RSP2 is 118 kDa. This approaches the molecular weight

value that we assigned to the antigen recognized by L2H12. The differences

in molecular weight estimation of RSP2 by Piperno et al and our estimation of

the antigen recognized by L2H12 can be explained by the differences in the

conditions used to resolve the proteins. Pipemo et al (1981) used 4-11 %

gradient gels that have a surface area of 168 cm2 to resolve RSP2.

Furthermore, they solubilized theïr sample in 5 M Urea. In our study, uniform

10 % gels with a surface area of 70 cm2 were used and the samples were

solubilized in a buffer that did not contain Urea. Since pf-24 mutants are
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paralyzed and since L2H12 inhibits motility. the data strongly suggest that the

antigen recognized by L2H12 is. most likely, RSP2 and plays a key role in

flagellar motion.

The importance of the 105 kDa protein for normal flagellar function was

demonstrated when the L2H12 antibody caused inhibition of motility by

impairing the function of the 105 kDa protein in demembranated-reactivated

Chlamydomonas cells. We have ruled out the possibility that exposure to TBS.

the medium used to keep the L2H12 antibody in solution, caused the arrest of

motility, because the addition of TBS alone to the demembranation­

reactivation medium did not affect the movement of the cells. When SP2/0

myeloma cells. used for the production of L2H12 hybridoma cells. are cultured

alone, they secrete neither heavy nor light antibody chains, although other

proteins are released in the culture medium. We cultured SP2/0 myeloma

ceUs in parallel to L2H 12 hybridoma cells under similar conditions and

concentrated the medium, containing nonspecific proteins released by the

ceUs, by ultrafiltration. When testing the concentrated medium against the

demembranated-reactivated Chlamydomonas at concentrations comparable

ta that of L2H12. motility was not significantly affected. This suggests that the

nonspecific proteins released both tram L2H12 hybridoma cells and SP2IO

ceUs were not contributing to the inhibition of movement.

The L2H12 cell line secretes several high molecular weight proteins

with L2H12 IgG, that are not released by SP2IO cells alone. To demonstrate

that these proteins were not interrupting motility instead of L2H12. we purified
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the crude antibody preparation with affinity chromatography. We confirmed

that purification was successful by visualizing the eluted fractions with 505­

PAGE using Coomassie blue staining. The purified L2H12 obtained in the tirst

eluted fraction from the protein A column contained two bands with molecular

weights that were typical of the heavy and light chains of IgGs. Bands of

equivalent molecular weight to those of purified L2H12 were present within the

several proteins of L2H12. Immediate inhibition of motility in greater than 95%

of demembranated-reactivated Chlamydomonas cells could be achieved when

the cells were exposed to purified L2H12 at a 10-fold lower total protein

concentration than that of the crude L2H12 solution. This suggests that the

proteins present in the crude L2H12 preparation were not major contributors

to the inhibitory activity of the L2H 12 solution. The fact that TBS and the

medium from SP/20 cells do not significantly affect cell motility and that higher

concentrations of crude L2H12 are required ta inhibit movement strongly

suggests that the inhibition of motility occurs because of specifie interaction

between the L2H 12 MoAb and the 105 kDa protein.

L2H12 is a potent inhibitor of the motility of demembranated­

reaetivated Chlamydomonas eells. It arrests movement at significantly lower

concentrations than other monoclonal IgGs reeognizing different

Chlamydomonas axonemal proteins. L1F1, L3G4, L6GS MoAbs were

produeed in our laboratory at the same time as L2H12 (Aghigh et al, 2000).

These antibodies were selected based on their ability to recognize a single

protein on the Chlamydomonas axoneme, as tested by Western blot analysis.
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L1F1, which recognizes a 55 kOa protein had no effect on motility in

demembranation-reactivation assays. L6GS recognizes a 34 kDa protein,

which was enriched in the sarkosyl extract of the fractionated axoneme, but is

not localized ta a particular axonemal structure according to mutant analysis.

It affected the motility of Chlamydomonas by slightly decreasing the velocity of

movement, but did nat completely arrest movement. L3G4 recognizes a 110

kDa protein localized ta the radial spoke heads of the axoneme. It inhibits

motility, but at a slower rate than L2H12. When equivalent concentrations of

L2H12 and L3G4 were used on demembranated-reactivated Chlamydomonas

cells, it took 6-fold more time to completely arrest motility by the antibody

L3G4 than for L2H12 (Aghigh, 2000).

The flagella of wild-type Chlamydomonas reinhardtii generally display a

ciliary pattern of motion that allows the ceUs to pragress forward. This involves

the power-stroke, where the flagella extend to provide maximal contact with

their surrounding medium and the recovery stroke, where the flagella bend as

they sweep through the medium to retum ta a starting position where they can

reinitiate the power-stroke (Cosson, 1996). Previously, Huang et al (1982)

demonstrated that the radial spoke heads are involved in the modification of

microtubule sliding to generate the asymmetrical pattern of motility observed

during ciliary motion. Using a central pair mutant, pf-6 and radial spoke

mutants pf-1, pf-24, and pf-25, they successfully restored wild-type flagellar

functian in assays where these mutants were exposed to suppressor mutants.

as was described in detail in the Introduction (section 1.7.2). Hawever, radial
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spoke head-deficient mutant. pf-17 did not regain wild-type flagellar motion

and instead displayed an increased curvature during the recovery stroke,

which was retained during the diminished power-stroke. This observation

suggested that the presence of radial spoke heads on the axoneme was

essential for normal flagellar function and that the radial spoke heads may be

particular1y important for the recovery phase.

ln the current study. we used video micrograpliy to provide detailed

analysis of the inhibition pattern by the MoAb, L2H12 on the flagellar

movement of demembranated-reactivated Chlamydomonas ceUs. We

demonstrated that when L2H12 MoAb interrupts the activity of the radial

spoke stalk protein it recognizes, the recovery phase of ciliary motion is

affected. Exposure to submaximal concentrations of L2H12 prevents the

retum of the flagellum to the position required for the re-initiation of a normal

power-stroke. Instead. the flagellum recovers incompletely. The power-stroke

that follows involves a shorter extension of the flagellum. Therefore. the

flagellum cannot produce an effective force upon contact with the surrounding

medium. As L2H 12 continues ta interact with its antigen, the recovery stroke

finishes progressively further fram the starting position. This results in a

progressively weaker power-stroke, until motility is arrested.

To quantify the effect of the interruption of the function of the 105 kOa

protein recognized by L2H12 on flagellar activity, motility parameters including

maximum beat amplitude and beat frequency were measured when

Chlamydomonas cells were exposed to submaximal levels of L2H12 in
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demembranation-reactivation medium. It has been previously demonstrated

that Chlamydomonas mutants lacking dynein inner arms show a reduction in

the amplitude of flagellar beating compared to wild-type Chlamydomonas,

whereas the beat frequency is not significantly different from that of the wild­

type ceUs (Brokaw and Kamiya, 1987). In mutants where the outer dynein

arms are absent on the axoneme, beat frequency is reduced and no

significant effect on beat amplitude is observed (Gibbons and Gibbons, 1973).

This suggests that the outer dynein arms determine the velocity of movement,

measured as beat frequency and the inner dynein arms are responsible for

force production, which affects the amplitude of the beating wave (Witman,

1992). The absence of components of the radial spokes and central pair

microtubules results in the arrest of movement (Huang, 1986), indicating that

these structures are essential for the initiation of movement. In addition, as

has been mentioned above, the radial spoke-central pair apparatus may play

a regulatory role during motility. Our finding that both the maximum wave

amplitude and beat frequency are significantly reduced when L2H12 is added

to demembranated-reactivated Chlamydomonas, may implicate that the 105

kDa protein plays a role in the regulation of both outer and inner dynein arm

activity.

Since both the 105 kDa radial spoke stalk protein and the radial spoke

heads have been implicated as essential regulators of the recovery stroke

(Huang et al, 1982), we speculate that the 105 kOa RSP interacts with radial

spoke heads during flagellar bending. The RSP may participate in the
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activation of radial spoke heads, which remove the constitutive suppression of

inner dynein arm activity by interacting with the DRe. Luck's laboratory has

demonstrated that RSP2, 3, 5, 13. and 17 are phosphorylated (Pipemo et al,

1981). It is of interest to note that these RSPs have been localized to the

radial spoke stalks. Perhaps it is the phosphorylation states of these stalk

proteins that controls how they interact with the radial spoke heads during the

regulation of flagellar movement. It was previously predicted that in wild-type

Chlamydomonas, the radial spokes inhibit cAMP-PK, leading to the

dephosphorylation of the 138-kDa intermediate chain, which activates dynein

(Habermacher and Sale, 1997). More specifically, we speculate that the radial

spoke stalk proteins, including RSP2, activate the radial spoke heads, which

then inhibit cAMP-PK, leading to the activation of dynein (fig.13). At present

the radial spoke-central pair system has not been shown to interact with the

dynein outer arms. However since impairing the activity of the RSP

recognized by L2H12, significantly reduces the beat frequency of

Chlamydomonas by more than 500/0, it is plausible that the radial spoke­

central pair system interacts with the dynein outer arms, while controlling inner

dynein arm activity.

During our experimental work, we encountered a major problem that

slowed down our progress. We noticed that the L2H12 hybridoma cell line

stopped synthesizing intact L2H12 MoAb. This conclusion was evidenced by

the fact that purification of crude L2H12 with affinity chromatography and

immunoprecipitation using protein G beads were successful only when
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Figure 13: Involvement of the radial spokes in the regulation of dynein
actvity. In wild-type Chlamydomonas, the radial spoke stalk proteins,
including RSP2, activate the radial spoke heads, which inhibit cAMP-PK. This
leads to the dephosphorylation of the 138-kDa intermediate chain, which
activates dynein.
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batches of crude MoAb collected prior to and including Oct. 1998 were used

(fig.14).

To test whether there were discrepancies in the recognition of different

batches of antibody by protein G, we incubated several batches of L2H12

antibody with protein G agarose beads, along with mouse IgG as a positive

control. Protein G beads precipitated the L2H12 MoAb from the batch of

antibody collected Oct. 1998. Similarly control mouse IgG was precipitated.

However, we could not detect precipitation of L2H12 from the batches of

antibody collected after Oct.1998 (fig.14). Based on the results, it appears as

though there was a modification in the binding affinity of the Fc portion of the

L2H12 Mo,c..b. A change in binding affinity may be caused by partial deletions

or variations in IgG synthesis, which occurred during prolonged culturing of

L2H12 hybridoma ceUs. This is plausible, particularly since it has been

previously shown that the loss of heavy chain production by hybridoma cells is

common (Cotton et al, 1973; Scharff 1974; Këhler, 1980). Further

experimentation beyond the scope of the thesis would be required to elucidate

the mechanism by which the binding affinity of the MoAb has decreased.

ln summary. our findings support the importance of the radial spokes in

the regulation of flagellar function. We have demonstrated that the inactivation

of a single radial spoke protein. with the binding of the specific MoAb. L2H12,

is sufficient to arrest motility in Chlamydomonas cells. Furthermore, we have

shown that L2H12 causes a decrease in the flagellar wave amplitude and beat
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Figure 14: Affinity of protein G agarose beads for L2H12. The affinity of
protein G for different batches of antibody was tested as described in
Materials and Methods. A depicts a silver stain of the membrane used for
Western blotting with goat anti-mouse IgG conjugated to horse radish
peroxidase as a probe. In B. Western blot analysis revealed that commercial
IgG and the batch of L2H12 prepared Oct. 1998 were precipitated by the
protein G beads. The batch of L2H12 prepared Sept. 1999 and other batches
of antibody prepared after Oct. 1998 (data not shown) were not detected as
precipitation products. The tirst lane represents a negative control with protein
G beads incubated with TBS and 0.2% Tween only.
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frequency. After observing video sequences of t1agellar beating in the

presence of L2H12, we suggest that the protein recognized by this MoAb

participates in the control of the flagellar bending that occurs during the

recovery phase of ciliary movement. Analysis of several radial spoke mutants,

revealed that the antigen recognized by L2H12 is, mast likely, RSP2.

Future goals include stabilizing the L2H12 hybridoma cell line,

reculturing the MoAb, and purifying il. The 105 kDa protein will then be

immunoprecipitated and separated with 2D-SDS-PAGE. Peptides trom this

protein will be sequenced. These sequences will be used ta determine

whether the 105 kDa protein has similarities to proteins in available data

banks. The sequences will alsa be used ta isolate and sequence the cDNA.
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