e o

R . L
; it e

e e

DEVELORMENT OF THE

FLAGELLAR ROOTLET OF NAEGLERIA

By

DAWN EWINGS LARSON

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree’ -

Doctor of Philosophy

McMaster University

October 1978

o

\

©pAUN EWINGS LARSON 1978



R A o,

s U, N T, R,

-

p——_—

Y

DEVELOPMENT OF THE

FLAGELLAR ROOTLET OF NAEGLERIA

)
\\



B ETTVE

-

P
) .

e <A Al M, WA g1 9 b g

g

R

e e e

R

3
(%o

DOCTOR OF PHILOSOPHY (1978) McMASTER UNIVERSITY

(Biology) Hamilton, Ontario
TITLE: Developbggb\efizﬁe Flagellar Rootlet of Naegleria

AUTHOR: Dawn Ewings Larson, B.Sc. (Brock University)

M.Sc. (McGi1ll University)
SUPERVISOR: Dr. A.D. Dingle

NUMBER OF PAGES: xi1, 111 h \

it

T
-
1

-y



Abstract

Naegleria gruberi amoebae differentiate rapidly and synchron-

~
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ously to flagellates, assembling a éomplete flagellar apparatys
.~ de novo within two hours. The flagellar apparatus consists of two

flagella, their associated basal bodies and a flagellar rootlet. This
study is directed towards an underspanding'of the development of the
fiagellar rootlet. The rootlet has been isolated by differential
centrifugation and the major rootlet protein has been identified by
solubilization of the organelle in urea, high salt, detergents or

° extremes in pH. . -

uring the amoeba to flagellate differentiation at least. 62% of

let pgrotein assembled is synthesized de novo as
measured by means of an‘isotope dilution experiment. Most likely

the major rootlet protein is completely synthesized de novo since

it is absent in amoebae but present in developing flageilates prior
to the appearance of rootiets. This protein, whose subunit molecular
weight is 170,000 daltons, has been purified by elution from
polyacrylamide preparative gels. The sequence of ro;tlec development
has been elucidated by indirect immunofluorescence using a spééific
antibody directed against the purified major rootlgt protein. Rootlets,

1 which are first detected in developing flagellates 70 min after the

initiation of differentiation, reach their maximum length of 13 um

within 40 min. During the differentiation, the appearance of rootlets

in the populatfon follows that of flagella, but is delayed by about

-

P 111



b 4

5 min. When flageliates revert to amoebae, the rootlets disappear
from cells shortly after the flagella are lost, and they reappear
just minhutes after the flagella become visible in redifferentiating
flagellates. ’

The controls which govern the number of organelles assembled
during differentiation are not absolute and cells may assemble three,
four ;r occasionally more flagella. Furthermore, th; controls of
organelle number may be deranged by high tempefatute shocks applied
at precisely defined intervals during the differentiation such that
the resulting flagellated populations may develop nearly three times
the normal number of basal bodies and flagella. In these mﬁltiflagel—
lated populations the increase in the mean number of rootlets per
cell is proportional to the increase in the mean number of flagella
such that the two flagella'to one rootleL relationship of a typical
(biflagellate) flagellar apparatus is maintaiAed. These results
suggest that the temperature effeag which leads éo uncontrolled
‘baéal¢body and flagellum assembly simultaneously deranges whatever
controls the number of rootlets assembled.

As the number of flagella and rootlets per cell 1nc?bases,
the mean length’of the organelles decreases. These do not, counter-
balance, howéver, and there is a net inerease in the’to{al lengtir of
organelle gssembled. Measurementss of the total amount of the major
rootlet pgpcein in contr61 and temperature-shocked populations show

‘no increase in the multiflaéellated cells. Rather, there appears to

be an increase in utilization of the available major rootlet

-
-

protein to provide for the increased rootlet assembled.
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Chapter 1
Introduction
"We have geen that all organisms are composed of essentially like
parts, namely of cells; that these cells are formed and grow in
accordance with essentially the same laws; hence, that these
processes must everywhere result from%he operation of the same
forces."
Schwann, 1839 (cited in Wilson, 1925)
Both Schleiden and Schwann in 1£39 suggested that the basic

unit of all biological systems was the cell and that all cells function

using similar physiologicgl and morphological principles. Since that
time, ﬁdﬁy studies haye{be;n devoted to the understanding of how
cellular structural components interact in a coordinated fashion.

Of the organelles first observed and studied, the nucleus
was investigated intensively because of its ubiquity, its pronounced
morphological changes during cell division and the possibility,
following the rediscovery of Mendel's work, that it might possess a
component involved in the transmittance of heritable characteristics.
Other organelles, the mitocbondria, chloroplasts, membranes and cilia
came to be studied carefully because of their key roles in colf\
functions, e.g., energy generation and cel} movement. Structures
such as rootlets or cytoplasmic microtubules and microfilaments

received less attention until the last ten years because of technical

difficulties with fixation, isolation or characterization and the less

—

R . ~
obvious nature of their functions.
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By the early 1920's, rootlets had been described in a variety
of ciliated and flagellated cells, e.g., the mussel Anodanta, the
earthworm Lumbricus, the snail Aplysia and in several protozoans
(Wilson, 1925). Since that time, rootlets have been found in most
ciliated and flagellated cells from both protozoans and metazoans,
with the notable exception of sperm. Cells containing rootlets are

#
involved in such diverse functions as respiration, feeding, locomotion,

reproduction, excretion and sensory»%erception. Little is known,
however, ébout the molecular compgsLﬁion or organization of rootlets
or about their development or functi&n. .Alth0ugh no specific function
has been conclusively demonstrated, rootlets may serve as a non-

extensible anchor providing positional stability to the basal body-

flagellum complex; alternatively, a tensile or contractile function

modifying flagellum motion has been proposed (Fawcett, 1958a; Pitelka,

1969).

Rootlets are tightly attached to the basai bodies and, as
they extend through‘the cytoplasm, are often intimately associated with
the nucleus as well (Pitélka, 1969). Although there are considerable
size variations among rootlets from different cell types, the organelle
consistently displays a characteristic banding pattern of alteéﬁating
electron opaque and electron lucent regions. Subperiods are often )
found within each major band. Rootlets of metazoans usually disp1a§
major repeat periods of about 65 nm, e.g., 56 to 66 nm for ciliated

fetal thymic cell rootlets (Sebuwufu, 1968), 65 nm for Aequipecten

irradians ciliated gill epithelium rootlets (Stephens, 1975a), '

i

i
AP



[P R

50 nm for the flame cell rootlet from rotifers (Mattern and

Daniel, 1966) and 70 nm for Polychaerus caudata ciliated integument
rootlets (Olson and Rattner, 1975). The periodicities of rootlets

from protozoans, in contrast, are generally 35 nm or less, c.g.,

32 nm for Tetrahymena RX&&(EEWi? rootlets (Munn, 1970), 30 to 35 am

for Paramecium multimicronucleatus rootlets (Pitelka, 1969) and 12

nm for the flagellar rootlet of Tetramitus rostratus (Outka and Klus,

1967).
The exact values cited for rootlet periodicities was questioned
by Simpson and Dingle (1971) following their detailed electron

microscopic study of the flagellar rootlet of ﬁaegleria gruberi.

Théy demonstrated that the Naegleria flagellar rootlet exhibited
variable periodicity in situ, with an average repeat period of

18.5 nfn, but a range of 13.8 to 25.2 nm. In contrast, the isolated
organelle, perhaps reflecting a '"relaxed or extended' state, had

a relatively constant periodicity of 21.7 nm and ranged only from
20.0 to 23.6 nm. The variable periodicity exhibited in rootlets

from different cells led Simpson and Dingle (1971) to suggest that

the periodicity may reflect a fynctional state. Two other lines of \\
“

~.

- L
evidence support this idea. Treatment of the alga Platymonas with

exogenous adenosine triphosphate resulted in a drastic change in the
periodicity of the rootlet suggesting that the alleration in banding
pattern may be energy-dependent (Salisbury and Floyd, 1978): In addition,
phosphata;e activity has been found'in the dark bands of the isolated

striated rootlet of the alga Polytomella (White, et al., 1978).
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The characFeristic periodicities seen with the electron
microscope in both isolated and intact rootlets may result from the
specific organization of constituent filaments,af\tJ'S nm in diameter.
Thin filaments have been observed in rootlets from the ciliated gill

epithelium of Anodanta cataracta (Gibbons, 1961) and Aequipecten

irradians (Stephens, 1975a), Tetrahymena (Munn, 1970) and ciliated
tail cells of larval amphioxus (Flood, 1975). The molecular organiz-
ation leading to the striated appearance of the ro;tlet is unknown
but it may be similar to that which results in cross-banding of :
comparable supramolécular structures like colla;en (Hodge and Schmitt,
1960) and paramyosin (Cohen et al., 1971) or to tropomyosin (Cohen,
1975) and fibrinogen (Tooney and Cohen, 1977).

Only two papers in the literature report serious efforts to

characterize the molecular components of isolated rootlets. Solubili-

zation of the rootlets from Tetrahymena pyriformis with phosphotungstate

led Rubin and Cunningham (1973) to tentatively identify a 21,000
Rd

dalton peptide as a rootlet component. From a detailed solubility

study of basal rootlets from the ciliated gill epithelium of

Aequipecten irradians, Stephens (1975a) identifieéd two proteins with

subunit molecular weights of 230,000 and 250,000 dditons as the major

rootlet protein components. Rootlets have been isolated from a variety
of other systems, e.g., Paramecium (Metz et al., 1953; Hufnagel, 1969),
Oedogonium zoospores (Hoffman and Manton, 1962), Tetrahymena (Satir and

Rosenbaum, 1965; Munn, 1970; Wolfe;'i970), Naegleria flagellates

{Simpson, 1970) and Polytomella agilis‘?hfown et al., 1976), but these
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studies were primarily concerned with detailed descriptions of the
arrangemen: of basal bodies, striated fibres and accessory structures.
The flagellar.rootlet of the amoebo-flagellate Naegleria
gruberi lends itself to a detailed bio;hemical and ultrastructural wA
investigation because of its large size and unusual stability. For
example,‘the isolated organelle is 13 u; in length. It is stable for
at least 24 h q§32OC, despite the fact that amoebae actively phago-
cytoze bacteria and cells must contain large ;mounts of proteases
(Green, 1974). Since the rootlet is present only in the flagellate
form éf.Naegleria, another advantage of this system is the potential
for studying rootlet development as part of an overall programme
of differentiation involving the synthesis and assembly of basal bodies,

flagella, cytoplasmic microtubules and the rootlet into an integrated

unit, the flagellar apparatus (Fulton and Dingle, 1967).

The Naegleria Cell Differentiating System

The differentiatio; of amoebae to flagellates is so synchronous
and reproducible that it has proven useful as a model cell.differentia- <
tion system, permitting the constr;ltion of a timetable of~differentiation
events (Dingle, 1977; Fulton; 1977). Initiation of differentiation,
TO’ can be triggered by a decrease in the nutrient supply, a dec}ease
in tempera;ure, 4an increase in mechanical agitation or a decrease jin
eleétrolyte concentration (Fdlton, 1974). All eveuts are expressed

on a time scale relative to the appearance of flagella, an obvious and

easily measurable parameter for monitoring the differentiation. Events
~
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are expressed in terms of TSO’ i.e., the time after To when 507%
of the “calls have attained a specific state. For example, using
o

strain NB-1, the T for appearance of flagella at 25°C is 70 min.

50
A timetable of the major events during’the amoeba to flagellate
differentiation is summarized in Fig. 1 {(from Dingle, 1977).

The sequence of flagellum development in synchronously
differentiating Naegleria flagellates has been described .in detail
(Dingle and Fulton, 1966; Fulton and Dingle, 1967). The basal body
assumes a position near the plasma membrane with its microtubules
pérpgé?icular to the cell surface. Flagellum development probably
involves elongatigr of the developing axoneme by distal addition of
flagellar components in a manner similar to that described for
regenerating flagella of Chlamydomonas (Whitman, 1975). The flagellar
membrane elongates to accommodate the developing axoneme. By the

time flagella attain a length of 1.5 to 2 uym, they become visible in
.«

the light microscope and undergo their first beats. Within 20 min of

the appearance of flagella, cells are free-swimming flageilates.

The sequence of basal body development in Naegleria has been
elucidated and is similar to that of other systems. In a detailed
ultrastructural study, Fulton and Dingle (1971) constructed a time
course of appearance o} basd{ bodies during the amoeba to flagellate

¥

differentiation. Basal bodies were first seen 10 min before the

for basal body appearénce was 0.86

<

0
relative to the appearance of flagella (Fig. 1). Ba’al bodies probably

appearance of flagella. T5
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Figure 1

An outline of the major events occurving during the amoeba

to flagellate differentiation in Naegléria. Since the data have been

\

collected from several laboratories using different strains and culture
-

conditions, they have been presented on a time scale relative to the
appearance of flagella (below line). TSO for the appearance of flagella
has been arbitrarily set at 1.0. To illastrate\the absolute times of

these differentiation events, T50 for the appearance of flagella for

strain NB-1 at a differentiation temperature of 25°C has been set at
70 min and all events expressed in minutes after the initiation of

differentiation (above line) (from Dingle, 1977).
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arise de novo during the differentiation since no centrioles are
seen at the spindle poles during mitosis nor has any basal body
precursor been identified (Fulton and Dingle, 1971). Dingle

(1977) has Subsequentl; found various differentiating stages of the
characteristic "9 triplets"” microtubule cartwheel arrangement in
developing flagellates.

An obvious omission from this account of assembly of the three
major organelles into a functioning flagellar apparatus is a description
of §lagellar rootlet development. A qlantitative electron microscopic
study of rootlet appearigce is precluded because of its long and narrow
morphology; the probability of seeing a rootlet at an early stage of
development would be extremely low. Rootlets with the characteristic
banding pattern have been seen in thin sections as soon as'65.min
agfter the initiation of differentiation (Dingle and Fulton, 1966).
Green (1574) measured the appearance of rootlets in developing
flagellates by lightly fixing cells and scoring for the presence of a

rootlet by gentle lysis of each cell with detergent. Although in this

method rootlets were only briefly vigible before they toa were solubilized,

¢

he was able to construct a time course of the appearance of rootlets
which paralleled flagellum appearance (Fig. 1). ,
Accompanying the assembly of basal bodies, flagella and
rootlet into a functioning flagellar apparatus are d{stincc cell
shape changes: from amoeboid to spherical to the fusiform flagellate

shape. Relative to the appearance of flagella, the times of appearance
<

of sﬁheres and the flagellate shape are 0.96 and 1.26, respectively (Fig.

P

1).
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RNA synthesis is required for flagellate differentiation
(Yuyama, 1971; Walsh and Fulton, 1973; Dingle, 1977). By adding
actinomycin D, an inhibitor of RNA synthesis, at various times
during the differentiation period, a TSO of 0.55 relative to the
appearance of flagella was measured for the onset of insensitivity
to the inhibitor (Fig. 1). This has been interpreted to show
that approximately halfway through the differentiation period, the

cells have synthesized the required messenger RNAs to permit their

amormal differentiation. Actinomycin D has been shown to inhibit

the de novo synthesis of flagellar tubulin messenger RNA (Lati,
1978). 1In addition, there is a shift in total RNA synthesis 5 min
after the initiation of diffegentiation to a pattern of preferential
messenger RNA synthesis (Walsh and Fulton, 1973). During the
differentiation there are changes in poly A-containirtg RNA
(ﬁélsh et al., 1976) but not in the RNA polymerases (Sol1l ang Fulton,
1974).

Flagellate differentiation is also dependent on protein
synthesis. Using cycloheximide, an inhibitor of protein synthesis,

Dingle (1977) measured a T_, of 0.78 for the onset of insensitivity

50
to the inhibitor (Fig. 1). Although the flagellar apparatus is
undoubtedly composed of many new proteins not present in amoebae,
the only one which has been shown to be synthesized de novo to date
is flagellar tubulin. Using a radi;;mmunoassay which ;mployed

an antibody specific for flagellar tubulin, Kowit and Fulton (1974a)

demonstrated that flagellar tubulin is synthesized de novo with a
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T50 of 0.71 (Fig. 1). Flagellar tubulin has also been synthesized
in v#&xo using messenger RNA which exists in developing flagellates,
but not\in amoebae (Walsh and Fulton, 1975).

A

Regulation of Cell Differéntiation
In multicellular systems, cell differentiation appears to
be an ordered sequence of events at both the molecular and cellular
levels of organization. For example, during pancreas differentiation,
a mass of "undifferentiated” cells develop into a number of distinct
cell types, each exhibiting specific biochem£c61 functions (Rutter
t al., 1968). A multicellular system well suited for investi-

gating the control of specific events during cell differentiation

is the slime mold Dictyostelium discoideum. During 24 h period

Dictyostelium amoebae aggregate and form a fruiting body containing

three cell types each with specific functions (Loomis/ 1976). During
this differentiation there is an ordered sequence of biochemical
and morphological events occurring in a cascade fashion such that

inhibition of one step prevents continued development. Temporal

mutants of Dictyostelium exist in which the sequence of events

during fruiting body formation occurs in less than the normal 24 h
period. Monitoring the synthesis of specific enzymes during the
differentiation demonstrated that on a relative time scale neither

the time of Appearance of the enzymes nor the duration of synthesis had
been altered (Loomis, 1970). These results suggest that in such

mutants the precise, ordered sequence of biochemical and morphological
s
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events had not been altered.

The question of regulation during cell differentiatfon can
be posed at the ?rganelle level. In many protozoa the control
over flagellum number afd distribution is so precise that these

-

two parameters have been useé as taxonomic criteria, e.g., <hryosomonad,
phytomonad and Lrichomonad‘flagellates (Hall, 1953; Grell, 1973).

In contrast, the swarm cells of Didymium nigripis initially develop

one flagellum but may develop a second after several hours (Kerr,

1960). Occasionally mammalian sperm are found which are h;f]dgul{ﬁigﬂz/’%“\\\\\\v)

(Fawcett, 1961) and multiflagellated sperm are often found in tHe

snail Viviparus (Gall, 1961). The expression of flagellum

and length may not be constant throughout the organism's devdlopment,

despite a constant genotype. An obvious ekamplzﬂif in mammals in - -
[N

which spermatozoa possess one flagellum (Fawcet{, 1958), the adenohypho-
ty

¥

physis has two (Wheatley, 1967) and hundreds of cilia are present

on ciliated epithelium of trachea (Dirksen and Crocker, 1966) .

" and lung (Sorokin, 1968).

The "9+2" wmicrotubular arrangement is {typical of most
cilia and flagellag®But there are many exceptions in birds, insects,
annelids and flatworms (Bachetti and Afzelius, 1976). Usually
a species' sperm displays one microtubular organization; however,
exceptions are found in the order Eoacanthocephala in which a few
sperm tails from a given individual are structurally distinct from
the prevalent type (Marchand and Mattei, 1977). Mammalian fetal

lung cells develop primary cilia with a "9+0" microtubular arrangement
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and only later do those cklls which differentiate into ciliated
epithelium develop a "9+2" arrangement (Sorokin, 1968).
There are two reasony why, Naegleria lends itself to a study

-

of .regulat%on of organelle mber and size. Firstly, the ,controls
which govern the number of organelles assembled during the different-
fation a;e not absolhte. Naegleria flagellates normally develop

Fwo £lagella but one, three, four or occasiongily five m;y be

present. Secondly, the controls of organelle number ﬁay be deranged by
high temperature shocks applied at precisgly defined intewvals

during the differentiation such that the resulting flagellate
population may Jevelop nearly three times the normal number of

basal bodies and flagella (Dingle, 1970). Furthermore, by varying

the time and duration of the teméerature shock, populations may be
experimentally manipulated to give any intermediate value. The question

arises whether in these multiflagéllated populations the number

and size of flagella and rootlets are affected to the sameé extent.

-

Statement of Problem ’ ‘ .

This\thesis is concerned-in a broad sense with events occurring
during cell differentiation. Specifically it describes the development’
of a major cell organelle, éhe flagellar rootlet, during the -
differentiation of amoebae to flageilatesvin the protozoan Naegléria
gruberi. It also describes the isolation and biochéﬁiéal character-
ization ;f the flagellar rootlet,.necessary prerequisétes to the

3 .
subsequent localization of developing rootlets by indirecg

o3
3



13

™~
N /
) -
immunofluorescence. In addition, sghe evidence is presented to
’ support the idea that the assembly of basal bodies, flggella and
rootlets is under some form of coordinate control.
w
Yy | .
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i ©
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Chapter 2 . -~ &
Materials and Methods
2.1 Organism

The strath of the amoebo-flagellate Naegleria gruberi used in

. this study was originally isolated by Pringsheim in England and after
successive subcloning of this isolate by Fulton and Dingle (1967) wa;
designated strain NB~1l. This strain was always grown in association

with the bacterium Klebsiella pneumoniae.

2.2 Culture Media
& . -

Naegleria amoebae were grown and stock cultures maintained on
agar medium designated NM by Fulton and Dingle (1967). NM consisted
of 1.6 g Difco bacto peptone, 1.6 g Qexgrose, 1.2 ¢ KZHPQA’ 0.8 g
KHZPHA and 16 g bacto agar in 800 ml DW (demineralized and then glass
diétilled watér). The medium was autoclaved and poured into plastic
petri plates. Large batches of amoebae were growﬁ on PM (similar to
; ) NM except that the bacto peptone concentration was doubled) in three
; quart pyrex trays each containing 500 ml PM.

i Stock cultﬁres of Klebsiella were maintained on NM and working
cultures were.grown in Penassay Broth (PAB) which consisted of 1.75%
Difco bacto medium 3, aétoclaved in 6 ml aliquots.

2.3 Stock Maintenance

Naegleria NB-~1 stocks were maintained oa spread cultures on
NM. . Briefly, this method involved removing approximétely 2 x 105
cysts from a previou§ stock plate, suspending the'cysis in 0.5 ml DW

s
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with vigorous agitation -and adding 0.1 ml Klebsiella (working culture).
The cyst-suspension was then spread over the agar surf;ce. Stocks
were maintained at room temperature and transferred when needed.
Klebsiella stocks we;e mainta;ned on NM as streak cultures.
Successive transfers involved removing a loopful of bacteria and
making two streaks across the agar surface. Wqrking cultures were
prepared by inoculating PAB with a small loopful of bacteria. This
culture was then incubated at 340C for approximately 20 h, until
stationary phase growth was achieved. '
All manipulations of Naegleria and Klebsiella stocks were
done using aseptic techniques.
2.4 Cultuye Methods
Approximately 18 h before Naegleria amoebae were needed
2 x 105 cysts and 0.1 ml Klebsiella (working culture) were spread on
a NM agar plate and grown at 34°C. Under these conditions the bacteria
grow fapidly forming a bacterial lawn on the surface of the plgte.
Naegleria éxcyst in 2 to 4 h and engulf the already establishea
bacterial culture. As the amoebae reach stationary phase and deplete
the bacterial food source, they become visible since a portion o} the

i

bacterial lawn has been cleared, thus giving rise to a "

cleared"

plgfé: Amoebae for differentiation were taken when plates were 20 to

- / R . .
\\\,“// 90% cleared. Yield under these conditions wgs 2-4 x 107 cells/plate.

Large quantities of amoebae were obtained by inoculating each

pyrex tray containing PM-with approximately 2 x 106 cysts plus

'
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1 ml, Klebsiella and incubating at 3400. Approximately 24 h later,
trays were 50 to 80% cleared and each contained 3-5 x 108 amoebae.
2.5 Cell.Counting

Cell concentrations were determined using the Coulter Counter,
Model F (Coulter Electronics Inc., Hialeah, Florida). An aliquot
of cells was diluted in an electrolyte (0.4% NaCl), vortexed gently
to disrupt clumps and counted at attenuation 2, aperture current
64‘and threshold 20. Two counts per sam?le were taken and the average,
corrected for the dilution factor, giveslthe cell concentration
of the sample. Occasionally, cell concentrations were measured with

a hemacytometer.

2.6 Amoeba to Flagellate Differeh;iation N

e
~

Amoebae were washed free of bacgg%ia by suspending the cells
in 10 ml buffer, 2 mM tris-HC1l (tris (hydroxylmethyl) aminomethanes ’
pH 7.4 or 2.5 mM imidazole-~HC1 pH 6.25 at 2°C. The amoebae were
re?oved from the agar surface .with tbe aid of a bacterial spreader.
The bacteria-amoebae suspension was decanted into a 50 ml centrifuge\
tube. The plate was washed again agd the 20 ml combined suspension
was centrifuged in a table top clinieal centrifuge (model CL,
International Equipment Co., Needham Hts., Mass.) at rheostat setting
6 for 45 sec. The cell pellet was suspended in 20 ml buffer and

the centrifugation repeated twice. The final pellet was resuspended

in 15 ml buffer and transferred to a 125 ml Erlegmeyer flask.

Differentiation was initiated by inserting the flask into a reciprocal

-
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'éhaking water bath at 100 2.5 cm strokes per min at 25°C.  The
usual time period between initial suspension of the cells and place-~

ment of the flask in the water bath was 5 to 6 min. Zero time (to)

was defined as the time at which ihe flask was inserted into the water

bath.

At specific time intervals, samples were removed from the

2 and 6 g KI in 100 ml DW) and

observed with Leitz phase contrast optics. The percentage of cells ‘op

flask, fixed in Lugol's lodine (4 g 1

with flagella at any time interval was determined from a sample

~

’

size ;f 100. The mean number of flagella per flggellate was
determined using4three iﬂdependent 100 cell counts once the cell
population had reached greater than 90% flagellates. Flagellum
lengths were measured using a filar micrometer. .

X

In some experiments, developing flagellates were sublgcted to-

. s
a sublethal temperature shock (37.9°C) for various time intervals and
, the;differedtiatign'completed at 21 or 25°C. 1In these experiments,
. ) t
; ' water bath temperatures w&re controlled to within * 0.1°C. To produce
i . . P
¥ -

égfans of appro;;pately 2, 3, 4 or,s flagella per flagellate,céhe
temperature shock interv;is were 0-18, 30-48, 10-46 or 30-66 nin
post-initiation, respectively. -All differenti;tions Qere coﬁ%leted

e \~\. at 25°C: The maximum mean number of flagella per flagellate (5.7 to
6.0) was p;oduced by subjecting amoébae to 37.9°C from 35 to 71 min
post-initiation and completing the differentiation at 21°C..

. o. )
Harvesting of large quantities of amoebae grown on PM im pyrex

trays required 20 to 25 min. Therefofe, amoebae from each tray were
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of 3Q mM tris pH 8.0 plus 3 mM MgSO

18

washed twice from the agar surface in a total of 100 ml 2 mM
tris~HC1 pH 7.4 plus 100 mg NaCl which inliibits the, initiation of
differentiation (Fulton, 1972) at 2%. 311 subsequent washings
were doné in iced buffer alone. The final pellet was resuspended
in 35 ml buffer and transferred to a 250 ml Erlenmeyer fiask.
Differentiation was initiated by insertion.of the flasks into a

. ©
shaking water bath at 25°¢C.

+2.7 Flagellar Apparatus Isolation

x

Flagé;lar apparatuses were released from intact mature

L]

.flagellates by gentle agitation after the addition of Triton X-100

(Sigma) to a final concentration of 0.1%Z. The iysing‘buffer consisted
4
2.8 Rootlet Isolation

At 150 min after the initiation of cell differentiatid;,
flageilate suspensions were passed throegh foﬁr layers of cheesecloth
and collected by spinning for 1 min .at rheostaflgetting 7 in a table
top clinical centrifuge. %lagella were removed from flagellates
according ts the method of Kowit and Fulton (1974b): The flagellate
ééllet was resﬁsped@ed in 10 ml buffer consisting of 10 mM so?ium
acetate pH 3.7, 150 mM sucrose, 1 mM EGTA (ethylene glycol-bis-
(B-aminoethylether)N,N'—telraacetic acid), 2 @M MgSQA and 0.005%

4

PMSF‘(phenymethyi Sulfonyl fluoridé) at 1-3 x 107 cqlls/ml. The

-

suspension was ‘shaken vigorously for 10 sec and the pH adjusted to 8
1

by the addition of 0.5 ml of 0.5 M tris-HCl pH 8.25. The cell bodies,



>

minus/flagella,»were collected by:centrifuging for 1 min at rheostat
setting 7 in a tab%e top centrifuge. Cell nodiés were resuspended in
iysing buffer consisting of 30 mﬁ tris~HCl pH 8.0, 50% glycerol,

4> 1 mt EGTA, 1 m dichiothreitol, 10 mM e—amino-n-caproic
acid and 0.005% PMSF at a conc;nt;ation of 5-10 x 106 cells/ml.

. 3 mM MgSo

Cells were lysed by adding Triton X-100 to a final concentration of
0.5% and immediately vortexing at top épeed‘fnr 20 sec. The suspension
was adjusted to 23% glycerol by« adding lysing buffer minus' glycerol and
the .nuclei were pelleted by Spinn%ng for 2 min at 10,400 g in an ‘ .
HB-4 swinging bucket rotor. Potassium-iodide was adden to the
‘ supernatant to yleld a final concentrafion of 0.1 M KI and the
! . rootlets were washed oncé in lysing buffer minus glycerol plus
0.1 M KI and were pelletéd by spinning for 10 min at 16,300 g A, Ju9
2.9 Rootlet Solubilizatlon .

.{ The final rootlet pellet was suspended r{/a solubilizing
solution (see below) for 1 h at room temperature. The effect of

this solution was monitored by phase microscopy and electron micro;
scopy after.uranjl acetate staining. The ;unpension was then
centrifugen at 16,300 g forvlo min, a speed which pellets intact
rootlets. The resulting supernatant and pelldt were termed thé
"soluble" and "insoluble" fractions, resnectiv ly. Tne proteins of
each fraction.were identified by separation on |sodium dodecyl sulphate

(SDS) polyacrylamxde gels. A protein was counsijdered soluble when

' the majority (>7SZ) of it was lost from the pellet (1nsoluble fraction).

o

T

%
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after centrifugation as judged by SDS polyacrylamide gel electro-

\

phoresis.

The solubilizing solutions consisted of 20 mM trfs-ﬁCl
pH 8.0 plus one of the following: 0.1% Sﬁrkosil, 0.4 M XTI,
50 mM EbTA (ethylene diaminetetraacetic acid), 2 M or 8 M urea.

The buffer composition of the tast pH solutions was 20 mM citrate-

.

‘phosphate pH 2.0 or 20 mM glycine-NaOH pH 10.0.

2.lb Microscopy ‘

The purity of rootiet preparations was monitored uéfhg leitz
phase contrast optics at 500 x magnification. For electron microscopy,
one drop of a rootlet suspension was applied and allowed to settle
for 30 sec on a Parlodion-carbon coated grid, rinsed with water or
solubilizing agent and stained with'ZZ uranyl acetate for 30 to 45
sec. Fluorescent images were observed with a Leitz Orthoplan ultra-

violet microscope using specific fluorescein excitation filters.

.
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2.11 Gel Electrophoresis

The protein composition“of various cell fractions was analyzed
by SDS§ pdlyacrylamidg gel electrophoresis using three different \
buffer systems: the Weber-Osborn (1969) sodium phosphate pH 7.0

buffer system, the tris-glycine pH 8.3 buffer system described by

- Stephens (1975b) and Laemmli's (1970) discontinuous (pH 6.8-8.8)

buffer system. . - »

The Weber-0Osborn SDS phosphatg p;lyacrylamide gel system was
used 1) to analyze préééins of v#ripus rootlet fractions, especially
if the samples contained higp salt concentrations, and 2) to deter-
mine the molecular weights of various proteins. Tube gels (60 x 5 mm)
consisted of 5% aéryla@ide (BioRad), 0.13% _ N'—methylenebisacrylaﬁide
(Eastman),‘O.lZ ammonium persulphate, 0.05% TEMED (N,N,N',N;—
tetramethy%enediamiﬁe), 0.1% SDS (Sigma, recrystallized from 95% ~ )
ethanol) and 100 mM sodium phoéphatg pH 7.0. The chamber buffer
consisted of 100 mM sodium pﬁﬁsphate pH 7.0 and 0.1% SDS.

Protein samples for.electrophoresis in this system were suspend-
ed in sample gd%fer s0 thét thé final'éé&ﬁtion consisted of 100 mM .
sodium phosphate pH 7.0, 2% B-mercaptoethaiol, 2% SDS, 0.005% PMSF,

20% glycerol and 1% bromphenol blue (indicator dye). Samples were

" incubated at 100°C in a boiling water bath for 3 min, cooled to

room temperatureyand 10 to 56 Hl 1aye§ad onto the tops of gels using
a microsyringe. Electrophoresis was carr£§% out at 8 mA per gel until
the bromphenol blue band had migrated approXimately 95% of the total

*

gel length.
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! The tris-glycine 'pH 8.3 buffer system described by Stephens
‘ o
(1975b) was used for routine analysis of proteins in variocus rootlet |

fractions because of the short eleCtroquresés running time (45 to
60 min). This buffer system was also used on a preparative ;;ale
{10 x 1 cm tube gels) for purification of the major rootlet protein
for the same reason. The éompositions of the tube gels and the
chamber buffer were-identical to those described above for the
phosphate SDS buffer system except that the buffer was replaced b{

n
25 mM tris-glycine pH 8.3. 7The final concentration of the tris-—

glycine pH 8.3 buffer in the sample buffer\was 2.5 mM. Electrophoresis

was carried out at 3 mA per gel. ‘ .
Total cellular prdéeins were separated by SDS polyacrylamide

slab gel electrophoresis using the discontinucus buffer system described

b} Laemmli ki930). The running gel consisted of 7.5% acryiamide,

0.2% N,y'—methylene—bisacrylamide, 0.05% ammonium persulphate, O:Oé%

TR&S, 0.1% $BS, and

consisted of 47 acryl

'mM tris-HC1 pH 8.8. The stacking gel.

L/

mide, ,N'-metbylene-bisacrylamide, 0.1%
ammonium persulphate, 0.1%Z TEMED, O\l% SDS and 62.5 mM tris-HC1l pH 6.8.
Protein samples for electrophoresis vere resuspended in é M urea,

5% Sbs, 0.005% PMSF,JEZ B—mercap?oethanol and 62‘§ mM tris-HC1 pH 6.8.
Samples were incubated in a boiling water bath for 3 min an§ then at

50°C for 30 min. Saﬁples were céntrifuged for 5 min at'3,000 g in a
tabie top cliniéal cenﬁrifuge. Samples (2 to 20 pl) were immediately
1ayer;d into the wélls of the sta;king gel. The chambey buffer consisted

of 52.5 wM tris-glycine pH 8.8, O.li SDS and 1% bromphenol blue. *
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- Electrophoresis was conducted at 100 volts for approximately 8 h or

until the indicator dye had migrated 95% of the total gel length.
Iﬁ those experiments in which the amount of rootlet protein in cells
was quantitated, electrophoresis was continued for 90 to 120 min

fifté¥ the dye front 'had left the running gel.

Molecular weight standards were mouse myosin, actin and
tropomyosin,'bovine serum albumin, pig brain tubulin and chick

ovalbumin., Flagellar microtubules from Naegleria flagellates were

*

isolated according to the method of Fulton and Simpson (1976).

Myofibrils were prepared by teasing apart the psoas muscle from

rabbit and washing several times in 50% glycerol. Immunoglobulins,

used for glycoprotein stané?rds, were dsolated from rabbit serum
o]

(globulin fraction, section 2.13). ) .

-

High concentrations of ions were removéd_from protein samples
by acetone pFecfﬁitation prior to electrophoresis. Each progein
sample w;;\resuspended in 1 nl DW~3nd 9 ml acetone added. After 10
min on ice, the 90% acetone precipitate waf collected by centr}fugi?g
for 10 min at 16,300 g in a HB-4 rotor. The precipitate was resuspend-

o

L4
ed in 10 ml iced acetone, left for 10 min en ice and}bélleted as

described above. After the acetone precipitatg_gag\d?iEHIEFger

vacuum, each protgin sample was ré%uspended in electrophépesis sample”
buffer. . ’
The power source used, for the electrophoresis was a Heathkit

regulated high voltage“powep»Sppp%y, model IP-17.
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Following separation by SDS pol&acrylamide gel electrophoresis,
proteins were stained by one of four-methods. Routinely, tube gels
were incubated at 50°C with 0.25% Coomassie Brilliant Blue R 250
in 50% methanol and 7.5% acetic acid for 1 h. Initialidestaining
was accomplished by one change in 50% methanol and 7.5%\acetic acid
*for 30 min and this was followed by several changes of 5% methanol and
7.5% acetic acid. Gels were stored in 7.5% acetic acid.

Alternatively, proteins were stained quantitatively with fast

- .
green FCF as described by Fulton and Simpson (¥976). This procedure

~ involved incubation of gels in a 50-fold excess of 25% isopropanol

and 10% acetic acid for 90 min to reduce the SDS goncentration. Gels
were stained wifh two changes (90 min each) of 0.1% fast green -

FCF in 50% méthanol and 7.5% acetic acid and destained with several
changes of 5% methanol and 7.5% acetic acid. All steps were done at
50°C with continuous agitation,

Glycopyoteins were detected using a'specific sta;ning method
modified after Fairbanks et al. (1971) and Glossman and Neville (1971).
This procedure, performed at room temperature, involved incubation
of gels in a 50-fold excess of 257 isopropanol and 107% acetic acid
for 24 h with contiﬁuous agitation. Gels were immersed in 5% acetic
acid containing 1% periodic acid (freshly prepared) for 1 h, washed
four times, 15 to 20 min each, in 7.5% acetic acid and stained with

Schiff's reagent .for 1 h. Schiff's reagent was prepared by mixing

2.5 g basic fuchsin, 5 g sodium metabisulpiife, 50 ml 1IN HC1 and
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\\\ .
500 ml DW for several hours. The suspension was decwlorized with
activated charcoal (2 g) and filtered. The filtrate was stoYred in
the dark at 4°C. Following treatment with Schiff's reagent, gels

were washed 3 to 4 times, 30 min each with 0.5% sodium metabisulphite

in 0.1 N HCl. Gels were counterstained with Cojymassie Brilliant
Blue as described above.
o
Total cellular proteins, separated by SD8 polyacrylamide slab
gel electrophoresis, were stained quantitative¢ly using a procedure
based on methods described by Fishbein (19729 and Kahn and Rubin

(1975). Gels were incubated in 10%Z TCA- (trichloroacetic acid) for

16 h, stained with Coomassie Brilliant Blue in 50%Z methanol and 7.5%

! acetic acid for 2 h and destained with several changes of 10% TCA
. : for 48 h at room temperature. B, Ju9

Staining patterns were recorded by photography ;r microdensito~
metry. Gels were placed on a lightbox and photographed using :ﬂi:>
Kodak Ortholith film with a green filter. The fiim was developed with
Kodal D-19 (% dilution) for 3.5 min. Alternatively, the stained
pat{erns were recorded with a Gilford microdensitometer (model 2400)
at wavelengths of 560 and 660 nm for Coomassie Brilliant Blue and
fast green FCF, réspectively. For quantitation, gels were scanned at
a gel speed of 1 cm/miﬂ and recorded at a chart speed of 2.5 cm/min.
For.quantitation of specific proteins bands’in slab gels, four readings
of each gel section weré recorded. The gel was scanned, then a 1.5\

to 2 mm longitudinal section was removed and the gel rescanned. This

procedure was repeated twice. The peak area corresponding to specific
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protein bands was either traced, cut out and weighed or the area
was measured with a planimeter.

In order toxdetermine the distribution of radioactivity in
gels stained quantitativdly with fast green FCF, gels were\lut'inco

1 mm slices with a j€§ce—Loeb1 gel slicer. Slices were dissolved”

in 0.2 ml 307 hydrogen peroxkde at 60°C for 5 h and. counted in 3 ml

Aquasol (New England Nuclear Corp.). Radiocactivity was measured
in a Beckman LS-250 scintillation counter.
2.12 Rootlet Protein Q‘Purification

To obtain the necessary quantities of rootlet protein to
- AN

~
elicit antibody production in rabbits, roatlets were isolated from

approximately’5 x 109 flagellates as described in section 2.8. The
proteins of this rootlet fraction were solubilized in 2.5 ml tris-
glycine pH 8.3 sample buffer and_separated on 5 preparative poiyacry—
lamide tube gels (see section 2.11 for details). The’banding position
of the major rootlet protein was determined by staining a slice from
each tube gel with Coomassie Brilliant Biae. The remaining gel
sections were Ré}t on ice. The appropriate gel sections were chopped
with a razor blade and the protein was eluted from the gel in a.50- -
fold excess of 10 mM ammonium bicarbonate, 0.005% PMSF and 0.1% SDS

at 3&°C for 24 h. The. suspension was passed through Whatmann {1

filter paper and the resulting filtrate 1yophi11zed. The yield of
rootlet pyogein from 5 x 109 fiégellates was 20 fo 30 ug. This protein

concentration was estimated by a comparison to the staining infensity

with Coomassie Brilliant Blue of the protein standard, bovine serum
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albunmin, foITowing Sps pélyacrylamidé gel electrophoresis.
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2.13 Preparation of Antibodies to Rootlet Protein

J A Antibodies directed against the major rootlet protein were

-

obtained from sera from white New Zealand rabbits, initially weighing

(.
1700 g. - Each of three rabbits was initially injected (day 0) with

1l

‘, 2 ml of a suspension containing approximately 30 ug rootlet protein;

— £

emulsiffed with an equal volume of Freund's complete adjuvant (Difco).

, Rabbits were injected intramusculaxly in the hip region and subcutaneous- S
1y in the shoulder région: All subsequent injlections contained the

‘ rootlet pretein in DW only.. Rabbits were injected on day 20 and 34

P
——

with approximately 30 ug {potlei protein. For éach subsequent )

injection, the protein level was decreased to 2 g (day 48, 62, 76 ;\

aﬁd 119): Rabbits were bled one week following each injection and at \\

<
. weekly intervals between days 76 and 119. Rabbits were killed by

.cannulation on day 138. )

Serum was collected by incubation of blood samples at 37°C for
20 to qp min to ensure clotting, contraction of the blogs clot by
/! .

. \, incubation at 2°C for 2 h and removal of the blood clot and red blood
Se—

ngls'by centrifuging twice for 1ié?in at 2,000 g in a table top clinical

centrifuge. The serum was incubatpd at 56°C for 30 min to inactivate
- [ : .
serum proteases and stored at -70 C. Preimmune sera were obtained

=~ from the same animals prior to jmmunization,

.

The globulin fraction was prepared by ammonium éulphate

wi

precigitatgon‘of serum. An equal volume of saturated ammonium sulphate

was slowly added to the serum,and mixed for 10 min, The precipitéte was .
> . ’ -~ ¢

e ' ’
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3

collected by centrifuging for 15 min at 16,300 é. The pellet was
resuspe;ded in PBS (phosphate buffered saline - 0.2 g KHZPOA’ 11.5 ¢
Na, PO, -7 H,0, 8.5 g NaCl and 1 g NaN, per 1, pH 7.1) to the original
serum volume a;d the ammonium sulphate ﬁrecipitation was fépeated.
The final pellet was resuspendea in PBS to !5 the origiﬁal serum
voluine and dialyzed for 24 h at 2°C against 2 1 PBS.
2.14 Antigen-Adtlbody Assays .
Thé production of Qntibody directed against the rootlet
:/Byltein was assé&ed by Ouchterlony (1973) double diffusion test. The
agar support medium contained iZ bacto agar (washed extensively with
DW containing 15 mM'NaNZ), 0.5% TritAn X—lOO,‘O.lZ SDS and 3% polyethylene
glycol 6000 (Baker). The medium was salubilized by incubation-in a
boiling water bath, cooled to GO?C and 2 ml aliﬁubts‘applied to

microscope slides (75 x 25 mm) us}Qg a pilpette to control qhe flow
\ .

\

|

{

medium 5 to 8 mm apart" Routinely, test antigens contained 27 SDS.

rate, Wells (2 mm in diameter) were punched into the agar support

-

All immunodiffusion tests were performed at 37°C in a humid atmosphere

for 20 to 24 h. Resg&ts we:afréégided by contact prints on Kodak Ilfobrom

. #5 paper. X : ' . )

The specificity of the antibody was tested using a double
antibody-enzyme technique described by Olden and Yamada (1976).
Following separation of -proteins by SDS polyacrylamide gel electro-
‘phoresis, gels were incugatedhat 37°C in the following solutions for
24 h each: 25Z isopropanol and lOZ?aéetic acid, 10% isépropanol and
10% acefic acid, 10% abétic épid and then 7Z‘$cqtic acid. After washing

»
.
(Y
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in several changes of PBS for 48 gﬂt72 h, each gel was treated with
rabbit antiserum to rootlet protein (1/10 dilution) for 16 h

at 37°C in a humid atmosphere. Following extensive washing with
several changes of PBS for 48 to 72 h, géls were incubated with

1/10 diluted goat anti-rabbit immunoglobulin coupled with horseradish
peeridase (Miles) for 16 h at 37°C in a humid atmosphere. Unreacted
serum was removed by washing in PBS for 48 to 72 h. The enzZyme was
localized by incubating gels in 10 ml PBS containing 5 mg diamino-
benzidine (Polyscience) plus 5 ul 30% hydrogen peroxide for 1 min
.and then washing gels extensively in PBS. Alternatively, the same
procedure was followed as.described above except that the first

serum was preimmune sérum or the second antibody was unconjugated

sheep anti-rabbit immunoglobulin (McMaster Univ. Central Resource

€

for Immunological Reagents, Hamilton, Ontario).’
2.15 Immunofluorescence
At various times during the differentiation period, samples

(lfg X 106 cells) were fixed for 20 sec at room temperature with an
equal volume of fixative solution such thagithe final concentrations
were 0.75% pataformaldehyde,ﬂo.OOSZ nonidet P-40 (Bethesda Résearch
Lab., Rockville, Md.) and 25 mM sodium phosphate pH 7.4. The cell
suséension was centri?uged for 45 sec at rheostat éettigg 6 in a
4table'top clinical centrifuge. The supernatané was decanted and the
cell pellet resuspended in 0.3 ml of 25 mM sodium phesphate pH 7.4

plus 0.015% nonidet P-40, ‘The cell suspension was-applied to

microscope slides and air dried. Slides were rinsed twice with' PBS for

-
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10 min. Samples were dehydrated by rinsing in methanol and then
acetone for 10 min each at 2°C and air-dried. C, ]09 ’

N -

Prior to treatment of cells with antisera, samples were

AR 4

rehydrated by immersion in PBS for 2 min. After draining‘gxcess
buffer, samples were treated with 30 ul antiserum to rootl;t protein
(diluted i:lO) and incubated at 37°C for 30 min in a humid atmosphere.
Samplés were washed three times for 10 min each with PBS and treated
with 30 pl fluorescein-conjugated sheep anti-rabbit immunoglobulin
(Gibco) diluted 1:10 as described above. Samples were rinsed three

. times for 10 min each with PBS and dehydrated with methanol for 10

min at room temperature. Cells were mounted in 50% glycerol in PBS . <;

YO —

prior to microscopic examination. The fluérescent images were
x ‘ . ’ .
= - “s~tecorded using Kodak Tri-X film with an exposure time of 30 sec.

Tde film was developed with undiluted Kodaé D-19 for 15 min. Rootlet
lengths weré measured by projecting negatives onto a white screen
and tracing the iﬁéges. (

Aﬁtiéerum to rootlet p:oﬁein and\fludrescein—coﬁjugated anti—'
rabbit immunoglobulin was ‘aB§orbéd with acetone'dried poﬁders of
amoebae to, reduce ho;—specific staining of tﬁéBfiuo;escein~conjugated’
}w : serum (Naifn, 1976). Acetone dried powders were prepared é& adding
10 ml acetone to a pellet of amoebae. The cell suspensianWas left“
on ice for 10 min anéhthqn centrifuged for 5 min at 3,000 g in a tab;e
tép clinical 'centrifuge. ;He sﬁpefaatant was de;anted and the acetone

wash was repeated twice. The final cell pelletﬂwas driad under

0 . o Coa
vacuum and stored at -20 C. Prior to use, the acetone dried powder was

< X "
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rehydrated in PBS and mixed with serum at a concentration of 100 mg

acetoﬁe dried powder per ml serum. The resulting suspension was
left at éoC for 16 h with occasional mixing. hThe absorbing material
+ was removed by two 10 mi;&;entrifugaﬁions at 3,000 g in table top clini-
cal centrifuge.
 2.16 Isotope Dilution Experimenl
The laboratory strain of the amgebo—flagellete Naegleria
gruberi, NEG, was originally isolated by Schuster in California and
cloned by Fulton (1970). Strain NEG—Ac.was adapted to exenic
culture in a semi-defined growth medium (Fulton,‘l974).. Naeglegia
amoebae NEG-4c were uSed‘{pr the isctope dilution experiment for two
f ‘ reasons: 1) ’their growth ih\medium M7, a semi;defined growth medium,
is dependent on methionine (Fulton, 1974) and. 2) the incorporation
" of the radioactive aminc acid, 3° S-methionine, is direct rather than ‘'
; via a bacze;ial intermediate. Amoebee NEG~-4c¢ were grown in mediuc M7
which consisted of 3 mM L-metéionine, 30 mM dextrose, 7 mM sodium
phosphate pH 6.8, 0.5% yeast extract (Difco); 10% dialyzed fetal
calf serum (Gibco) M7 minus dialyzed fetal calf serumy was stored i
sterilized at 2%c. Prior to use, dialyced fetal ca}f serum was added.
éecal calf serum was dialyzed for 48 h at 2°C against Dw; stg{%lized
1 .. nby filtration ;nd stored at —ZOOC. Cultures were maintained in 20 ml
medium M7 in 125 ml Delong flasks at 32°C and shaken at 80 3 8 cm
‘strokes per min in a reciprocating water bath shaker. New cultures

were inoculated with 2—7 x 10 amoebae/ml reaching stat'ionary phase

{ in 48 to 72 h at which time’ new cultures were initiated.

-

£

;“’



Amoebaé for differentiation were taken at early stationary
phases- at a density of 3-4 x 106 cells/ml. To initiate differentiation,
amoebge were washed f;ge of culture medium and‘reSUSpended in 2 mM .
tris-HCI pH 7.2 plus 20 mM KCi at room température. Time zero in

E -this procedure was the point of introduction of the buffer to the
i -

i first cell pellet. Washing of amoebae was continued as described for

strain NB-1, section 2.6. For the isotope dilution experimerits,

AY

differentiation proceeded in the presence or absence of 50 mM

N

methionine. D, 109
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Chapter 3

The Flgéellar Rootlet: Isolation, Morphology and Composition
~

R P

/ ‘
3.1 The Flagellar Apparatus

s
Ve

When ampebae of Naegleria are subjected to a decrease in

- the nutritional supply, they lose their characteristic amoeboid

shape and form spheres, at which time two short flagella appear

extruding from the cell surface. By 120 min after the initiation of
. . »

differentiation, cells have developéd the characteristic fusiform
flagellate shape with_two long fldgella at the anterior of each cell.
At 25°C the firstnappeérance of flapella in populations of developing
flagellates ocqpfs begween 60 aﬁﬁ 65 min post—in%tiation (Fig. 2).

By 70 min, at least 50% of the cell population is flagellated.
Q. ’ .
Flagella appear on. greater than 90% of the cell“population within'a

25 min interval.

Gentle lysis of mature flagellates with dilute (0.1%)

»

Triton X-100 results in the release of an intact flagellar appargtus

(Fig. 3a). . The rootlet and basal bodies are tightly attached since

violent. mechanical agitation such as being vortexed at top speed for

[
Y

2 min does not dissociate the hasal body-rootlet: complex. In \\L/

additionj chemical treatment of isolated flagellar apparatuses with
various hetergénts‘(Sarkosyl, digitonin), extremes in pH (2 or 10) or
high salt (0.4-m KI) does not cause dissociation.of the basal body-

rootlet‘qoﬁplex without solubifi;ing the rootlet. 1In contrast, flagella

can_be readily detacheasfrom their basal bodies by gentle vortexing or

S~ 33 \
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Figure 2

Time of appearance of the'flagellate phenotype in populations

of amoebae diffé%entiating at 25°¢. st for the appearance of

flagella in this experiment is 69 min. /;;zﬁ\point represents the number
of cells with flagella from a sample size of 100.

.

t

e d



34

e st e

S

Ae paat

Pian

i

e

100}

——

8

=3

- soeyebely  usded

e g i A o 8 S T

20-

i
120

Minutes Post-lnitiation

L




<

Figure 3
. Morphology of Isolated Rootlets

. A - a complete flagella{ apparatus c¢onsisting of two iong flagella,

o

approximately 16 pm in length, and a long, straight rootlet,
o 13 ym in length. Phase contrast, X 1,000.
; B - a field of rootlets isolated by differential centrifugation: The

rootlets are long and thin and the basal‘body complgx at the

proximal end of the rootlet appears as 4 small black dot. Phase

contrast, X 500.

1 ! ‘

.

C - an isolated rootlet\illustratingcfhe tapering nature of the orgageile
and the basal body complex at the proximal\end. Electron microscopy,
X 10'000‘» ‘

an isolated rovotlet at a higﬁér magnification iglhstrating the

alternating electron opadue and ‘electron lucent Qéttern‘of the

R —
o
t

" organelle, Finer bands'?re also seen within each major band.

.

Electron microscdy, X 137,000,

H

Er- a partially disrupted rootlet illustrating the filamentous nature

T
e

’ microscapy, X 40,000. - — .
1 - . F- "distal rootlet tip {llustrating the filamentous Gfe of the C-

e .

/‘// ‘
organelle and the presence of thg/éggﬂing pattern in fibreéggs to

P

20 mm in diameter. E}gg;xoﬁ’ﬁicroscopy, X 40,000.
—_] _fi:‘_gzga:treated”rootlets dissociated into thin filaments approximately

e e
[

5 nm in diamerer. Occasionally the periodicity is still present.

‘Electron microscopy, X AGiOQd. .

i
»

e . B .

. . of the organelle and the disruption of the banding pattern., Electron ;,ff’/
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-

o
by shaking in the presence of a low pH buffer (sodium acetate

pH 3.7).

3.2 1lsolated Rootlets

In‘order to study the morphology ané‘composition of rootlets
: a procedure ﬁas been developed for obtaining a purified rootlet
% ’ fraction. Briefly, this procedure igvolves removal of flagella by
; shaking cells in the prese%pe of a low pH buffer and then lysis of ©
the cell bodies with Triton X-100 in the presence of magnesium ions
to prévent disruption of nuclei. Glycerol is also present in the
lysis buffer because it prevents the aggregation of particulate
cytéplasmic constituents and aids in the separation of nuclei such
that more than 98% can be removed from the cell lysate in one low
speed centrifugation with a loss of less than 10% of rootlets.
In the.absence'of.glycerol the loss of rootlets increases té‘ZO -
302l Rootlets are then rémoved by centrifugation from the low speed
supernatant. A phase photomicrograph of rootlets isolated by this o

N /) . ,
procedure is shown in Fig. 3b. /;n/isoLation mature rootléts have a
4 o ’
mean length of 12.8 ym-with a range of 8.3 to 15.4 um.

An electron micrograph of an isolated rootlet stained with

Y P Lot

- upanyl acetate illustrates that the rootlet tapers as it extends from
. ’j& " the basél bodies (Fig. .3c). Cloée,examinagion of the basal gody

:
‘complex isolated by this method does not reveal any aSsociated
microtubules because the potassium jodide used in the isolation

procedure solubilizes flagellar and cytoplasmic (but not basal body)

'micrg&gbules. At higher magnifications (Fig. 3d) the éonstant 20 nm
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periodicity of isolated rootlets is apparent. A filamentous

[ 4

nature 15 suggested b; the” occasional finding of a partially disrupted
rootlet (Fig. 3e). The banding pattern is not lost until the

rootlet breaks down into individual filaments of approximately 5 nrd
diameter. 1In addition, at the tip of the rootlet where the diameter

decreases to 15 - 20 nm ( Fig. 3f), the banding pattern extends over

the length of only a few filaments. The filamentous nature of the

¢
-

organelle is further suggested by observations of the effects of

brief exposure of rootIets to I' M urea: although the fundamental

i period is retained, rootlets are disrupted laterally irfto thin

filaments which again are approximatély 5 nm in diameter (Fig. 3g).

3.3 Composition of the Rootlet '

¢

The proteins of a typical rootlet preparation such as is shown

in Fig. 3b have been identified by SDS polyacrylamide gel electro-
phoresis using the Weber-Osborn phosphate buffer system (1969}).

The microdensitometer gel scan of stained proteins (Fig. 4) demonstrates

' e

that the most abundant protein comprises 40 - 50% of the total protein

-

by densitometry. During the development of the rootlet isolation
proceduee this predominant protein increased in relative proportions

as the purity of the rootlet fractions also increased. This protein

has been identified as the major rootlet protein by a series of

rootlet solubilization experiments (see below and Table 1) and will be

[}

referred to as "the rootlet protein” throughout the remainder of this

thesis,

. | \




Figure 4

»

_Electrophoretic protein pattern of isolated rootlets. The
proteins of a typical purified rootlet fraction were separated by SDS

polyacrylamide gel electrophoresis using the Weber-Osborn (1969) phosphate

buffer system. The gel was stained with Coomassie Brilliant Blue

i and scanned at 560 npm with a Gilford microdensitometer. The predomin-

ant band is the majpr rootlet protein. The small protein band migrating
Q‘

to a central position in the gel is tubulin.

-
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Other minor proteins are present in.rootlet fractions
(Fig. 4). Since alpha and beta tubulin have the same molecular
weight but differ in charge, they have been identified in rootlet

fractions by comparing their mobility in two  different SDS polyacry-

‘lamide gel buffer systems using tubulin standard isolated Ggom

Naegleria flagellar microtubules. 1In addition to having the same

lues as alpﬁa and beta tubulin in the tris-glycine pH 8.3 buffer
system NStephgns, 1975b) these two proteins migrate as one in the
Weber-Osborn phosphate buffer system (protein migrating to the

central position in the gel, Fig. 4), identical to the tubulin stand-

¢

ard. The tubulin present in these fractions is probably a component
of basal body microtubules because (1) . no cytoplasmic microtubules
were observed associated with isolaged rootlets, either stained
with uranyl acetate or in thin sectioned preparations, and (2) thin
sections of isolated rootlets showed that basal body structure was

retajined throughout the ‘isolation procedure.

i

ES
2
< .

| The series ofisolubility'studies summarized in Table 1 was.

undertaken for twbxreasons: (1) to confirm that the majo} protein

species present in rootlet fractions is a rgotlet component and (2)

to determin; the solubility charaéteristics of rootlets aé'aipreiiminary
step for reconstitution st;dies of t@g striaéed fibre. it should be
emphasized that the ¥ootlet is an unusually stable orgamelle, e.g., a‘
purified rootlet fra;tion is stable for sevéral days on ice in 30 mM

tris pﬁ 8 and 3 mM MgS0 In addition, aighough Naegleria amoebae

4

 aétive1y phagocytoze bacteria and therefore must’ contain high levels

-
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Table 1
\ g
The solubility characteristics of isolated rootlets and - ;

tgﬁ resulting fate of the major protein component of  these fractions

(designated the“rootlet protein) following treatment with various

chemicals. ) _ ¢
o

Chemical a Solubility of | — Solubility of
Treatment Rootlet - Rootlet Protein
Sarkosyi (0.1%) ~ rootlets disappear soluble

immediately

3
pH 2 . . rootlets disappear soluble
T within 1.~ 2 min

pH 10 ) ) most rootlets disappear insoluble

by 30 min

no rootlets present at

60 min .
KI (0.4 M), rootlets disappear N . soluble

immediately '
EDTA (50 mM) manf rootiéﬁs still insoluble.

present at 30 min
no rootlets present.

at 60 min
Urea (2 M)° *  rootlets disappear soluble
‘ within 5 min )
8 M rootlets disappear soluble
. immediately .

r
%

——

aRootlet fractions were treated for one hour at room temperature with
the various solubilizing solutions

bSolubility judged by loss of majority (>75%) of rootlet protein from
pellet after centrifugation (16,300 g for 10 min) as determined by
SDS polyacrylamide gel electrophoresis..

-

-
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of - proteases, rootlets appear intact after 24 h on ice even in an

P

unfractionated cell homogenate. Rootlets can be solubilized, however,
by a variety of treatments such as detergent, extremes in pH,

high salt or'urea (TabLe\l). When rootlets are exposed to 0.1%

a

Sarkosyl, or to pH 2, ta 0.4 M KI or to 2 M urea, they disappear .

immediately as evidenced gylphase microscopy. Close examination of
‘ . A

the solubilized organelles by electron microscopy demonstrated that
after such chemical freatment for 60 min the rootlets merely

dissociated into a fibrous mat. Following exposure to either low pH,

KI or urea for 60 min.the treated rootlet fractions were separated
< .
into "soluble" and "insoluble" fractions (as defined in Materials
J .

and Methods 2.9). Following any of these chemical .treatments the

rootlet protein ‘is rendered soluble. The low percentage (10 - 20%)

o
of rootlet protein which remains insoluble after treatment-with .

~

low pH, KI or urea is due to the aggregation of thin filaments

forming a mat or .to adherence of the filaments to the insoluble

o - * .a
basal body complexes during the low speed:ceqqfifugétion. Higher ~

concentrations of urea (8 M) solubilizes the rootlet protein gompletely.

In contrast to the immediate solubilizétiqn'of rootlets exposed
to Sarkosyl, low pH, KI or urea, rootlets treated with EDTA or pH 10
disappeaied slowly over a period of one hour as evidenced %y phase

b

- microscopy, but the rootlet protein remained "insoluble". This apparent

discrepancy has been resolved by electron microscopic eiaminacion of

rootlets treated with EDTA or high pH for 60.min. The rootlet is only partially

»

intact: the characteristic cross-banded structure is present over

- . [
. ¢
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almost the entire length of the extremely thin filamentous rootlet.
Electrophoretic methods were used to deteréﬁhe the subunit
moleéular weight.of the rootlet protein and to idé;;ate whether or
not it contains a carbohydrate moiety. The subunit molecular weight
of the rootlet protein was determined by SDS polyacnylamide gel
electrophoresis usingﬁthe Weber-Osbo;; phosphate buffer system (1999)
in which the_distance a protein migrates is proportional to the log
%F'its molecular weight. To establish a calibrat%on curve relatihg
molecular weight to migration distanée, five protein standards with
molecular weights ranging from 42,000 to 200,000 daltons were used
(Fig. 5); On the basis of this relationship, the subunit mo%ecular-
weiéﬁt of ‘the rootlet protein was 170,000 daltons. In three
determinations the subunit moiecular weight differed by less than
5,000 daltons, i.e., 165,000, 170,000 and 170,000 daltons.
' After separation of prote£ns of a typical rootlet fraction by
SDS polyacrylamide gel electrophdfesis, gels were stained for
glycoproteins with periodic acid-Schiff's reagent and counterstained

with Coomassie Brilliant Blue, a protein stain. The rootlet protein:
only stained with Coomassie Brilliant Blue and therefore, based on’ |
this fmethod, is not a glycoprotein. However, four of the minof

componegts 6f.r09t1et fractions ;tained pos?tive»for glycopfoteips;

Whether these are minor constituénts of the rootlet or contaminants

is presently unknown. ¢

3 N
§ t
>-—.4 .
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Figure 5

Q@

( Molecular weight. terminapibn of the rootlet protein.
\ Rootlet protein and five standards were separafed on the Weber-Osborn (1969)

°

¢ SDS polyacrylamide phosphate gel system. The position of the proteih,

bands was determined by staining with Coomassie Brilliant Blue.



GRS T S T

= o

S,

Y,

[
(@

o

) . -4
Molecular weight x 10
B O0N®©®0O

()

! \.myosin
rootlet protein
i ' actin.
tropomyosin
»
0 0.2 © 0.4. 0.6 08 . 1.0
Mobility .
.k_‘-—

43




X

~

Chapter 4

“

Synthesis of the Rootlet Protein During Flagellate Differentiation

Since, during the differentiation, rootlets as well as
flagella and basal bodies are assembled de novo, and the tubulin
assembled into flagellar microtubules has been shown to be sxnthesized
de novo (Kowit and Fulton, 1974b), it is of interest to quéstion
whether the rootlet protein is also synthesized de novo. This question
was investigated by means of an isotopg dilution experiment as
follows. Naegleria amoebae, strain NEG-4c rather than NB-1, were

. e

used for this experiment because their growth in a semi-defined’
growth medium is dependent on methionine (Fulton, 1974) and the
incorporation of 358—méthioﬁine is direct rather than via a bactgrial
intermediate. Amoebae were prelabelled by growing them in the presence
of 35S—methionine fgr at least five generations to uniformly label
their protein and amino acid pools. Amoebae were then washed free

of culture medium and differentiated in (1) non-nutrient buffer

(control) énd (2) buffer containing unlabelled methionine at the

highest concentration (50 mM) that did not interfere with differentiation

(chased).

A comparison of differentiation in the presence and absence

°

of methionine demonstrated that(éhere is no parameter of différentiation
which d{ffgfs significantly between the two flagellated populations
(Fig. 6 and Tagle 2). iNo; oniy do flégellatesnfirst aépear at
approximately 70 min post-initiation in:control and chased differentia-

tions but the shapé of the curves for the appearance of flagellates

44
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Figure 6

The appearance of the flagellate phenotype in populations
of Naegleria amoebae prelabelled with 358-methionine and 5ifferent—
iagﬁ& in the presence'and'absence of 50 mM methionine. Each point
represents the number of tells with flagella from a sample size of

100, @&—® , no methionine; ®——m | methionine.
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Table 2

A comparison of parameters of flagellate di{fferentiation

50 represents the

in the presence and aﬁisnce of methionine. T
time required for 50% of the population to become flagellated.

/

Parameter no methionine 50 mM methionine

+ N
TSO 80 85
Percent Flagellatesa 98 98
Mean Flagellum Lengtha 13.67 ym 13.62 ym |
Mean Number of Flagglla Per 3.53 : 3.61
Flagellatea

amea'surements were made'atﬂllo min after the initiation,gf

///////E?> differentiation.

»

o e e
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is the same (Fig. 6). T50 for the appearance of flagella in the

presence and alsence of methionine is 85 and 80 min, respectively.
The mean flagellum length (13.62 vs 13.67 um; sample sizes of 50
flagella) and the mean number of flagella per cell (3.61 vs 3.53;

sample sizes of 100 flagellates) were the same in both, situations.

Although the TSOS differ by 5 min, considering the other parameters
of the flagellate populations (percent, number, length), the differ-
entiations in the presence and absence of methionine were the same.
A compar®son of the specific activity of the rootlet protein
o following differentiagion of prel§bélled amoebae in the presence and
absence of methionine yields a quantitative estimate of the fraction
of assembled protein which is synthesized de novo. Since, in the
absence of methionine, differentiation occurs in non-nutrient buffer,
the only source of methionine for protein synthesis is the endogenous
radicactive amino acid. If differentiation occurs in the presence of
exogenous, unlabelled méchi@ne and the cells incorporate this
methionine intoaproteins, then the ?mount of radioactive methionine
incorporaied'into newly synthesized protein will decrease relative
to the control situation, where all available‘methiénine is radio-
active. This method yields a precise measurement of the extent of
de novo Synthe;is - grovided the’chase is 100% effective, i.e., if °
only Pnlabelled methionine is inco;porated into proteins synth;sized

during the differentiation period. Otherwise a minimal estimate of

the fraction of rootlet protein synthesized de novo is obtained.

i
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Rootlets were isolated from flagellates at 115 min post-
E]

initiation (at which time cells were 98% flagellated). The proteins
of the rootlet fractions were separated by SDE polyacrylamide gel
electrophoresis. The gels were stained quantitatively, scanned for
absorbance and the distribution of radioactivity measured. As shown
in Fig. 7, although the two protein patterné are the same, indicating
that identical levels of protein were layered onto the gels, there
are significant diffeﬁgnces in tﬁe distribution of radioactivity.
In the presence of methionine ¥he radiocactivity associated with the
rootlet protein“had decreased by 61% compared to the control. A
similar pattern (54% decrease) is observed for tubulin, though
there may be other proteins that bapd at this position of the gel. Since
the level of radioactivity ;ssogiated with the protein banés identified
as tubulin was low, ohly one measurement of the decrease in radio-
activity was determined. The othér major peak of absorbance represents
contaminating membrane proteins (Fig. 7). The level of radioactivity
associated with this peak/in the presence and absence of methionine is
the same, suggesting that only a few specific proteins, and particularly
the rootlet protein, present in the rootlet fractions are synthesized
de novo during the two hour differentiation period.

The specific activity of the rootlet protein (control and
chased) was calculated for three different gel loadings (Fig. 8
and Table 3). Both the peak area corresponding to the rootlet
protein and the amounts of radioactivity per peak were proportional to

the volume layered onto the gels (Fig. 8). The average specific

\
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Figure 7

Protein and radioactivity distributions of rootlet fractions
isolated from flagellates following differentiation in the presence

and absence of methionine. Following separation of proteins by SDS

polyacrylamide gel electrophoresis, gels were stained quantitatively
with fast green FCF, scanned for absorbance at 660 nm and cut into 1

mm slices to determine the distribution of radioactivity. A - no

methionine present during the differentiation; B - 50 mM methionine

present during the differentiation; (

), absorbance; *—@

a

radioactivity, no methionine; #®——=& , radiocactivity, 50 mM methionine.
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s . Figure 8

Quantitation of peak area and radioactivity associated with
the rootlet protein. Proteins of rootlet fractions isolated from
flagellates differentiated in the presence or absence of methionine
were separatei by SDS polyacrylamide gel‘electrophoresis and. stained
quantitatively with fast greeﬁ)FCF. Gels were scanned at 660 nm with
a Gilford microdensitomet;r“and,the area associated with the rootlet
protein peak measured with a planimeter. Radioactivity associated‘ﬁith
thig peak was also measured. fhis procedure was performed for three

different gel loafiings (10, 20 and 40 pl). W——8 | radioactivity,

L)

no methionine; , radicactivity, methionine; ®----® , area, no
methionine, O---0 , area, methionine,
¢ .
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Table 3

The specific activity of the rootlet protein following
synthesis in the presence and absence of exogenous cellular

methionine. ) S

Specific Activitya

Y

no methionine 50 mM methionine

Volume of Samples

Layered on gel (ul)

» 10 11.7 4.5

20 o 11.6 4.5

40 | 11.3 4.1

average 11.5 4.5

‘ percent ] 100 38
$—

2 The specific activities were calculated -as radioactivity/

area; cpm/planimeter units.
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activ%pies,for controi and chased rootlet protein were 11.5 and 4.3 cpm/
planimeter units, respecfively (Table 3). On a relative basis, 38% of
the radioactivity assoclated with the rootlet proté{h remained. Thus at
least 627 of the rootlet progein was synthesized de novo during the
amoeba to flagellate differentiation.

Since the results frgm the isotope dilution experiment described
above suggest that only 627 of the rootlet protein is syhthesized de
novo during the differentiation, either the methionine chase is not 100%
complete or some roétlet protein pre-exists in amoebae. To answer this{
latter question, total cellular proteil@s were separated by SDS polyacrylamide
gel electrophoresis. As shown in Fig. the rootlet protein is present
in flagellates but not amoebae. By this method, the rootlet protein was
first detected in developing flagellates 50 min after the initiation of
differentiation. Therefore, moét likely a larger percené%ge of the rootlet
protein is synthesized de novo and tpe methionine chase in the isotope
dilution experiment is not complete.i The protein distribution in amoebae

and flagellates is very similar (Fig. 9) suggesting that there is not a

major shift in the pattern of protein synthesized during the amoeba to

flagellate differentiation. - N‘}

’

W
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Figure 9
.

Electrophoretic patterns of total cellular proteins of amoebae
and flagellates. Total cellular proteins of amoebae and flagellates
(120 min post-initiation) were separated by SDS polyacrylamide gel
electrophoresis using the discontinuous buffer system described b;

Laemmli (1970) and stained quantitatively with Coomassie Brilliant Blue.

< —

The rootlet profein band (arrow) was identified by co-migration with

the rootlet protein of isolated rootlets.

S
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Chaptef 5

Development of the Flagellar Rgotlet

5.1 Preparation of a Rootlet Protein Antibddy

The sequence of rootlet development was elucidated by indirect
immunofluorescence. This procedure involves localization of the ofgan—
elle in situ using an antibody which specifically recognizes a
structural protein. Then, %ﬁing a fluorescent tag, the pgsition of
the antibody can be detected by light microscopy.

The first étep required purification of the rootlet protein.\

As described in Materials and Methods, the major steps involved were

- .

large scale isolation of rootlets, separation of the proteins of a

@

rootlet fraction by prepafative polyécrylamide gel electrophoresis,

localization of the rootlet protéin by staining a gel slice and elution

of the rootlet protein from the corresponding unstqi&ed;gel secti;n.

A microdensitometric gel scan of the purified rootlet protein used for

injection is shown in Fig. 10. -
An antibody”to tﬁe ;ootlgt pfoteih was obtained by injecting

rabbits with the purified protein. The production of antibody was

assayed by the Ouchterlony (1973) double diffusion test. 1In this

*
a

assay the antigen and antibody are placed in separate wells in‘an
agar matrix. The proteins diffuse through the matrix and for each

9

antibody-antigen system present, a precipitin line is formed,

N\

of an antibody to the rootlet protein.was tested against all the

54
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Figure 10
4
Electrophoretic profile of purified rootlet protein. The
purified rootlet protein was sepérated by SDS polyacrylamide gel
electrophoresis using the Weber-Osborn phosphate buffer system (1969).
The gel was stained with éooﬁassie Br%lliant Blue and scanned at

560 nm with a Gilford microdensitometer. One protein sgpecies is

’ v

present on the gel.

et e
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proteins of a typical rootlet fraction (Fig. Af, one precipitin
line was detected (Fig. lia). No reaction occurred with preimmune
serum. Since the purification of the rootlet protein involved SDS
polyacrylamide gel electrophoresis, protein-bound SDS was also
injected into the rabbit and the antibody produced may have been
directed against the SDS moiety. However, when the serum from the
iﬁmunized rabbit was tested égainst other proteins containing
bound SDS {(muscle proteins), no précipitin line was detected

(Fig. 11a).

The specificity of the rootlet protein antibody was demonstra-
ted by localization of the rootlet protein by antibody binding in
polyacrylamide gels. In this method the proteins of a typical rootiet
fraction were separated by SDS polyacrylamide gel electrophoresis, the
SDS eluted and the gel incubated with immunized serum. The bound anti-
body is detected by exposing thé gel to éoat anqi—rabb&t immuno- \
globulin conjugated to horseradish peroxidase. The enzyme is then
localized by treatment of the gel with diaminobenzadine which can serve
as a substrate. \As shown‘i%ifﬁgQéllb, only one band comigrating with
the rootlet protein is detected using this method, even théugh there
are manyﬂproteins present on the gel. No precipitate is formed if
preimmune, rather than immunizgd, serum or uhconjugated gheep anti-

.

rabbit immunoglobulin is used.

i ey
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Figure 11

|
|
i
|

A. Diagrammatic representationm of an Ouchterlony immunodiffusion

1l -

test of antiserum to rootlet protein. The antiserum to rootlet P
proceiﬁ (well 2) was assayed against all the SDS-solubilized proteins
of a t#pical tootlet preparation (well 3) or SDS-solubilized muscle

proteins (well 1). Well 4 contained preimmune control serum.
i .

\
~ ~

|

i

, .
B. Specificity of the antiserum to rootlet protein. Proteins of a

‘typical rootlet fraction were separated by SDS polyacrylamide gel
electrophoresis. Following fix&tion and removal of SDS, the gel was

incubated with antiserum to rootlet protein and then washed extensively

with P?S. The gel was incubated with rabbit anti-goat immunoglobulin
¢

f
conjug@cad to horseradish peroxidase and finally reacted with dia-
!

minobenzidine. = The diagram demonstrates that one protein was located

b
1

with dhe enzyme reaction. “The microdensitometric gel.scan is of an

identical gel stained with Coomassie Brilliant Blue.
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5.2 The Sequence of Rootlet Appearance

In order to localize devégoping raotlets during flagellate
differentiation it is necessary to demonstrate that the rootlet
protein an%%body”was specifically recognizing the rootlet. Thus,
rootlets were _isolated by differential centrifugation, fixed in
buffered paraformaldehyde and stained by indirect immunofluorescence.
As shown in Fig. 12, rootlets stained by indirect immunofluorescence
appear as long,‘thin tapegﬁng stfhqtures similar to those observed

7
with phase optics (c¢f Fig. 3b). At the proximal end of the rootlet there

is an aggregation of rootlet protein. In the fully developed rootlet
this area is more fluorescent than the rest of the organelle. The
specific fluorescent stailning of the footlet is not detecte? when
cells are incubated either with preimmune rafﬁer than immuﬂized serum
or with unconjugated sheep anti-rabbit immunoglobuli /prioréto
t;eatment with the fluorescein-conjugated serum. Th;\formér control
demonstrates that the antibody directed against the rootlet protein

is binding to the organelle whereas, in the latter, the fluoresceiﬁr
conjugated sheep antiserum is shown to specifically recognize the
rootlet protein antibody.

At 5 min intervals throughout the flagellate differentiation
period, cell samples were fixed in buffered paraformaldehyde.
Developing rootlets were observed by fluorescent microscopy following

localization by indirect immunofluorescence. The rootlet is first

detected in cell samples 65 - 70 min after the initiation of



et

[

Figure 12
"Isolated rootlets stained by indirect\tmmunofluqrescence.
. b
Rootlets were isolated by differential centrifugation and fixed in
buffered paraformaldehyde. Following staining by indirect immuno-

fluorescence, rootlets were observed by fluorescent microscopy.

X1,000. ’ : .

.
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i i differenéiation as a highly fluoéescent dot, generally near the
periphery of the cell (Fig. 13a).‘ Even ét the earliest stage the | :
fluorescent dot generally contains a small, less fluorescent, finger-
like projection, the total structure being 1 to 2 um in length.

The individual cells can be distinguished by the faint fluorescent
:background. The rootlét develops by rapid elongation of this

1 \projection towards the nucleus such that by 75 min post-initiation

at least 50% of the cells contain a small, immature rootlet ranging inm

length from 2 - 10 pm (Fig. 13 b and c¢). By 90 min more than 90%

of the cells contain rootlets. These reach. an average maximum length ,
of 13 um by 110 -~ 120 min (Fig. 13d and 14). At these later stages
the rootlets, as’théy extend through the cytoplasm, are usually in
close association with the nucleus. Rootlets have never beep found

in amoebae using this specific staining method. -

5.3 A Comparison of Rootlet and Flagellum Development
Since the complete flagellar apparatus consisting of two flag-
. - . Copw
ella, two basal bodies and a flagellar rootlet is assembled de novo

~ - !

ddring the amoeba to flagellate differentiation, it was of interest

L ) " to.compare the time of appearance'aqd rate of assembly of rootlets

_J
™ relative to flagella. The appearaice of rootlets in developing 4

~

flagellates was monitored by fluorescent microscopy using indirect

immuqofluorescencé to detect the organelles and flagellum appearance '
\ : ‘. .

was monitored by phase microscop§ of Lugol's iodine-fixed cells.

d I3

ﬂuriﬁg'tﬁe initial appearxance of the rootlet (65 ~ 70 min post-
J . - .

Anitiation) the earliest«develqping rodtfet scored appeared as a

&

-
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Figure 13 ! ¢

Sequence of flagellar rootlet develcopment. Cell samples,
fixed at 5 min intervals during flagellate diffeyentiation, vere
observed by fluorescent microscopy following localization 6f the *
developing rootlets by indirect immunofluorescence. Fig. 13a,
earliest ;tage of rdotlgt development observed, 65 min po;t—initiation. A

. .

Fig. 13b and ¢, developing rootlets, 75 min post-initiation. Fig. 134,

fully developed rootlet, 110 min post~initiation. The nucleus is

i et

~ located adjacent to the rootlet and the cell periphery is a faint

A ‘white, definitely seen"{;—gzéx 13a. X 1,400. ‘ )
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.highly fluorescent dot with a small projection (Fig. 13 a and b).

The assay systems for rootlets and flagella detect both organelles
at a minimum length of 1.5 to 2 um. Although flagella .first
appeared 60 min after initiation, rootlets were not detected yntil

65 min (Fig. 1l4a). Not only do both organelles appear in more than

90% of the cells within a 25 min time interval, but the shape jof the
curves for the appearance of flagella and rootlets is the sam!,

the latter being shifted to the right by 5 - 6 min. In thié xperiment,
TSO for the appearance of flagella is 67.5 min whereas_for rogtlets,

it 'is 73.5 min. A consistent difference of 5 - 6 min between|the

TSOS was observed in four experiments. ;

The mean lengths of flagella and rootlets were measured at
5 min intervals, beginning at 65 or 70 min, respectively, to 160 min
after phe.initiation of differentiation. As shown in Fig. 14b,
flagella assemble at a. slower rate than do rootlets. As the mean
méximum leng;h of 17.0c£m is approached, this rate further dgcreases.

In contrast to the 80 min required for complete growth of fligella,

rootlets reach their mean mature length of 13‘2\ﬁnwithin 40mi

first being detected. Since the mean maximum lengths of the

n after

two

orgéneliesnare different, the data have been presented in tetms of -

1

-percent total length versus time after initiation (Fig. l4c)}

When'

" expressed in this fashion, the data show that rootlets assemble at

a fastér -rate than do flagella but the rate of assembly decrpases as

the fuil iength ié approached, similar to the kinetics of flagellum

assembly. -
/ . . . I
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Figure 14

A comparison of the time of appearance of flagella and
rootlets during flagellate differentiation. At specific time intervals
during the differentiation period, an aliquot of cells was fixed in

Lugol's iodine and the presence of flagellates in the population
; 23

monitored by phase microscopy. Flagellum lengths were measured with g%'

a filar micrometer. A second cell sample was fixed in bufferéd
paraformaldehyde and the percent Sf cells containing rootlets QetermfAed
by localization of the organelle by indirect immunofluorescence. Root-
let lengths were measured by projecting n;gatives onto a white screen
and tracing the imagel Fig. l4a, numher of cells containing rootlets

or flagella from a sample 'size of 100. Fig. 1l4b. Ea?h poin% represents
the mean length (um) of rootlets and flagella.throughoué the diffefent-
iation. The standard error for‘each point is less than 0.1 um (sample
sizg 100). Fig. lic, éince.tﬂe mean méximum lengths of the two
organelles are not Ehe same, the data in E}g. 14b has been expressed

as the percent of the mean maximum length attained at various times

during the differentiation., & --A  rootlets; O——O , flagella.
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The flagellate phenotype is té;nsitory and is lost within 3
to 4 h akter the initiation of differentiati;n (Fig. 15). Following
the less synchronous reversion, the amoebae retransform. Rootlets
appear just‘after flagella d;velop (cf Fig.'lha), disappear éfter
flagella during reversion to amoebae and reaéSemble during the
subsequent retran;formation, maintaining/g constant .relationship

in relative time of assembly, disassembly and reassembly.

*

%

. \ *»
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Figure 15 \

The time of appearance of rootlets and flagella through\ two

cycles of flagellask differentiatioh. At specific times during the

differentiation period, an aliquot of-cells was fixed in Lugol's iédiné
7 : ' .

and the presence of flagellates in the population monitored by phase

-

mmicroscopy. A second cell sample was fixed in buffered parafofmaldehyde
and the percent of cells containing rootlets determined by localization

of the organelle b% indirect immunofluorescence. Eachhpoint r;;zgéents
» a

{ > ‘a@iﬂf
the number of cells containing rootlets for flagella from a sahple

size of 100. & --A, yootlets; 'Q—O , flagella.
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Chapter 6

Regulation of Organelle Distribution in Naegleria Flagellates

6.1 <Rootlet Development in Multiflagellate;

When amoebae are subjected to a sublethal temperature sﬁock (37:9°C)
at a s;ecific time interval dhring differentiation, the resulting
flagellate'population develéps a mean -of nearly 6 flagella per cell
(Dingle, 1977). The number of flagella per cell is not constant,
ranging from 1 to 12, and occasionally a cell may contain more than
20. The flagellum length on any one cell is not constant (Fig. 16 a
and b). In addition, the characteristic fusiform flagellate shape is
often lost in éells di£h excess flagella.

From an electron microscopic study of multiflagellates, Dingle
(1970) observed that the flagellar rootlet is occasionally doubled.

Since the sublethal temperature shock may result in an altered rootlet
organization which would be reflected in the characteristic organelle
peiiodicity; the mean periodicity éf rootlets isolated from multi-
flagellates and stained with uranyl acetate was coﬁpared to ,that of‘ .
rootlets from flagellates which had not been subjected to the sublethal -

temperature shock. The:mean periodicities are_20.8‘and 21.7 pm,

respectively, demonstrating that the rootlet organization in multi-

-flagellates is-hot changed. It was of further interest to characterize

the rootlet distribution in mulfiflagellates in order to determine

vhether there is a coordinate assembly of flagella, associated basal’

»

' bodies‘and rootlet into some basic flaggllar apparatus unit.

> 66 .
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Figure 16

R

The appearance of flagella and rootlets in multiflagellates.
Note the differénce in flagellate shape, the increase in flagellum
number and the decrease in flagellum length in the multiflagellated
cells (B) c%mpared to the' control biflagellated cells (A). Rootlets
aré similar in appearante kut longer in biflagellated (C) than multi-
flagellated cells (D). There is also an jincrease in rootlet number
in;muitiflageliates, emanating from a common centre. A, B, darkfielé;

C, D, fluorescent microscopy.. all X 1,100,

-
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The sequence of rootlet development in multiflagellates is similar
to that observed in biflagellates. In multiflagellates, rootlets
first appear at the cell periphery as highly fluorescent dots each
containing a small projection which'rapidly elongates into a recogniz-
able rootlet. Usually 2 or 3 rootledﬁpare found ih these multi-
flagellated cells in which the avgfége number of flagella per cell is
'5.4. Even though multiple rootlets may be present in a flagellate,
all rootlets in/;;§>ce11 are usually at approximately the same stage
of dezelopment.\‘T? a cell contains more than one rootlet, the
organelle length is apparently decreased since the rootlets do not
usually span the entire cell as do rootlets of biflagellates (Fig. 16
c ;nd d). Occasionally 2 or 3 rootleés are attached at a common
proximal end (Fig. 164).

A comparison ¢f the time of appearance of rootlets and f;;;;lla
in biflage}lated and'multiflagellated cells is shown in Fig.‘17.
Following a temperature shock at 37.9°C from 35 to 71 min post-
initiation, flagellates do not appear for 105 - 110 mig as compared

}with 60 - 65 min in the control population. However, flagella are
seen on greater than 907 of thé cells within a 25 - 30 min period
regardless of the temperature shock indicating that the population
heterogeneity is- identical. TSOS for the appearance of flagella
in this experiment are 6§ and 118 min for biflagellates and multi-
flagellates, respectively. Rootlets are first Yfgiﬁls 5 ~ 10 min

N N

after flageila are first seen in both flagellafed populakﬁons. T..S

50
for the appearance of rootlets in biflagellated and multiflagellated
. /

4

- ~

.

7
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Figure 17

The time of appearance of flagella and rootlets ;n multi-
flageldates compared e the control biflagellates. Developing
flagellates were subjected to a sublethal temperature shock "(37.9°C)
from 35 to 71 min post-initiation, resulting in a mean number of
flagella per cell of 5.4. The control biflagelliated population was
maintained at ZSOC throughout the differentiation period. The
appeérance of‘flagella/was detected by phase contrast optics whereas
rootlet appearance was ‘monitored by specifically localizing the
organelle by indirect immunofluorescence. For each time point the

sample size was 100 cells. 1In this experiment T for the appearance

50

of fldgella and rootlelts in the control biflagellated population

was 69 and 76 mfhslrespecﬁively. T._ . for the appearance of flagella

50
and rootlets in the multiflagellated populatioﬁ was 118 and 131 min,
respectively. O , flagella, control; A, rootlets, control; e, flagella,

temperature shock; A, Tootlets, temperature shogk.
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cells are 76 and 131 min, [respectively. On a relative time scale

of 1.0 which is equal to\the T50 for flagellum appearance, the TSO

for rootlet appearance is 1.1 for both biflagellates and multiflagel-

lates. Therefore, rootlets appear at essentially the same time

relative to flagella in the two populations.

6.2 Organelle Distribution in Multiflagellates

To determine whether the increase in rootlet number corresponds
to the incredse in flagellum number of multiflagellates, differentiatin
amoebae were subjected to a sublethal temperature shock‘for various
times so that the resulting flagellate populations would have a
mean number ofgflagella per cell of épproximately 2, 3, Q, 5 or nearly
6. 1Initial observations suggested that if a flagellated cell c0ntained(
more than one rootlet, there was a decrease in the length of iﬂdividual

rodtlets (Fig. 16 ¢ and d). A similar pattern for flagellum number
and length has been observed (Fig. 16 a and b). Therefore, inﬁthe

experiment described below, the numbers and lengths of bgii flagella

Rl
and rgotlets have been measured. Due to the various temperature treat-

ments, the T_.s for the appearance of flagella differed, ranéing from

50
70 to 120 min, e.g., T50 for the control biflagellated cells was

approximately 70 min, but to oétain the maximum number of” flagella per

cell, differentiating amoebae were subieéted-tp 37.9°C from 35 to 71 min

post-initiatiof resulting in a Tso‘of approximately 120 min. Therefore

all organelle lengthé were measured at 60 min past the T50 for flagellum

’

appearance for each treatment.

e A



In flagellate@ populat(6;;\in which the mean number of flagella
per cell is greater tham 2, fléé}llates are present wﬁiéh'have a t;;ical
flagellar apparatus (two flagella, two basal bodies and one rootlet).
However, the lengths of the flagella and rootlets may be alteréd by the

¢
temperature shock. To determine the effect of temperature on
organelie length in biflagellated cell;, differ;ntiating amoebae were
subjected to 37.9% from\O to 18 min post-initiation. The resulting
flagellate population has'a mean number of flagella and rootlets per
cell of_2.2 and 1.1, respeccivély, similar to the flagellate population
not subjected to the temperagure shock. 1In addition the meah flagellum

and rootlet lengths varied by less than 0.4 um between the two

populations. fherefore, the temperature shock does not affect organelle

length in a typical (biflagellate) flage&&ii/fp&aratus.

o
In multiflagellates the increase in the mean number of

rootlets per flagellate is directly related to;the correspondiﬁ%
increase in flagellum number (Fig. 18). The slope of the ‘curve is
approximately 2 and therefore deﬁonstrétes that the two f}agella
to one rootlet relationship of a typical (biflagellate) flagellar
apparatus is maintaine follgwing the subleéhal temperature shock.

As the mean number of™~{lagella per fl;gellaté increases, there _
is a correspondi;g increase ingggé total length (um) of flagellum
assembled per flagellate (Fig. 19a). There is, however, a decrease in
the mean flagellum length as t&e number of flagella pérgglagellate

increases. As shown in Fig. 20 and Table 4, the mean flagellum length

of a biflagellated cell is 14.5 pm (range 7 to 19 um). This length
8, -
& o~

A3

D

L' d



Figure 18

Increase in mean number of flagella relative to increase in

mean rootlet number in multiflagellates.

£

To produce the increase in
the mean number of organelles per cell, developing flagellates were

subjected to 87.90C for specific time intervals during the different-
. .

fation period. Fach flagellum and rootlet distribution was determined

from a sample size of 300 cells. Data are pooled from two separate

experiments.
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Figure 19

Increase in‘total length of flagellum and rootlet asé;qbled
in multiflagellates. To d%termine the total flagellum lengths, the
distribution of flagéllum number was determggfd for a samplé—size of
300 cells and ail flagella from fifty representative flagellates
were measured with a filar micrometer using phase contrast optics.

"éimilarly,’to determine rootlet lengths, the rootlet distribution in
300 cells was determined using indirect immunofluorescence to localize
the orgaéelles and then all rootlets in fifty representative
flagellates were measured from tracings of projectéd negatives of
fluorescentz;oot}ets. Data are pooled from two separate experiments.
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Figure 2@

Frequency distribution of flagellum lengths for populations ¥

having from 2 to 6 flagella per cell. To produce the increase in

the number of flagella per\cell, developing flagellates were subjected
to 37.9%C for specific time intervals during the differentiation.’
Flagellum lengths were mgasured with a filar micrometer. The data ﬂave
been expressed on a frequency distribution from sample sizes ranging
from 183 to 484 flagella (see Table 4). 1In a representative e;periment
the'freﬁuency of two flagella per cell in populations with a mean
number of flagella per cell of approximafely 2, 3, 4, 5, and 5.7 is

84, 35: 16, 7 and 2%, respectively. In contrast, the frequency of
six‘flagellq per cell in populations with a mean‘number éf flagella
per cell of approximately 2, 3, 4, 5 and 5.7 is 0, 2, 10, 20 and 25%,

N N~
respectively. Data are pooled from two separate experiments.
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Table 4

The relationship between organelle number and length
fgr both rootlets and flagella.

[N
-

-

Number of Mean Length Sample Stg. Error
Organelles/Flagellate s (um) Size (um)
Rootlets 1 12.9 245 .02

2 - 10.3 338 .02
3 8.8 306 .02
.4 ‘ 8.2 116 .02
Flagella 2 s 14.5 346 \ .02
3 13.0 183 .02
4 12.5 484 " ;03
5 11.4 365 - .03
6 10.9 - 384 .03

-«

The popﬁﬁation means of flagellum and rootlet lengths are all

significantly different a p = .005 according to the "t' test

<

for differences between sample means.
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decreases to 10.9 um (range 4 to 16 um) in flagellates con;aining'ﬁix
flagella. The histograms shown in. Fig. 20 illustrate the shift tn\-
distribution of flagellum lengths to shorter organelles as tﬁe number
of flage%la per cell increases from 2 to 6. The lengths of flagella
from a f{agellated cell with six flagella are similar regardless of
whether the cells are from populations with a mean nhmber of flagella
per flagellate of 2, 3, 4, 5 gr nearly 6. The same is true for 2,73,
4 and 5 flégella per flagellatej~‘ ‘

The change 1in ‘lgngth QfstrLbutious of roétlets in multiflagel~
lates is similar to that of flagella. As‘the mean number of rootlets‘

per cell increases,'thsﬁc is a'co:responding increase in the total

-length (ym) of rootlet assembled per flagellate (Fig. 19h). However,

as shown in Fig. 21 and Table 4, the mean rootleé lgggth decreases

as the number of rootlets per flagfllate increases. For examplet the
mean length of one rootlet per flagellate)isﬁi§.9 vm (range 9 to 17 u@).
In aflagellatecont?ining four rootlets éhe‘mean'lengtb decreases to
8.2 ufm (range 3 to 13 ym). The histograms %hown in Fig. 21 illustrate

the shifthin distribution of rootlet lengths to shorter organelles as
{ ') - P . N

- the nuhger of rootlets per cell increases. The length distributions

of rootlets from flagellatés containing 1, 2, 3 or 4 rootlets is
similar regardless of whether the cells are from populations with a

mean number of flagella per flagellate of 2, 3, 4, 5 or nearly 6.



Figure 21
AR

Frequency distribution of rootlet lengths for populations
having from 1 to 4 rootlets per cell. To produce the increase in the
nﬁ%%er of rootlets per cell, developing flagellates were subjected to
37.9%C for specific time intervals during the diffgrentiation. Rootlets
were localized by indirect immunofluorescence and the negatives of
fluorescenf\images were projected on a white screen, traced and
measured. The data have been.expressed on a frequency distribution
from sample sizes ranging from 116 to 306 rootlets (see Table 4). In
a representati&e experiment the frequency of one rootlet per cell
?n populations with a mean number of flagellagzer cell of approximately

.

2, 3, 4, 5 or 5.7 is 96, 60, 40, 10 and 8% respectively.  In contrast,
the frequency of three rgotlets per.cell in populations with a mean
number of flagella per cell of approximately g, 3, 4, 5 and 5.7 is

0, 4, 16, 34 and 40%, respectively. Data are pooled from two separate

. experiments.
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6.3 Synthesis of the Rootlet Protein in Multriflagellates

S

Since the rootlet protein is synthesized-de novo during

~r

the amoeba to flagellate differentiation (Table 3) and there is
an increased iength of rootlet assembled in multiflagellates (Fig.
19b),‘xhe question arises whether there is also an increase in the
total cellular amount of rootlet protein® In other words is the
increase in the total length of assembled rootlet a result of increased
synthesis of the rootlet protein or is it a result of increased
utilization of the available unassembled rootlet protein? In order
to answer this question, the total amouﬁt of rootlet protein was
measured in flagellated pépulations in which the mean number of root-
lets per flagellate ranged from the minimum to the maximum values.
Total cellular proteins'were separated by SDS polyacrylamide gel
electrophoresis and stained quantitatively witg Céomassie Brilliant
Blue. The area associated-with the rootlet protein band (arrow 1,
Fig. 22), measured By dens}tometry, was the same in the various
flagellated populations. Therefore, the increase in the number of
rootlets in multiflagellated cells does not involve an increase in
synthesis of the rootlet protein but rather an increase in utilization
of the available rootlet] protein.

The protein distri Gens—shown in Fig: 22 are similar -

A

regardless of the extent of flagellation. One band difference, however,
* A ]

is presenf. In multiflagellates one minor protein band appears while

an adjacent minor protein band (arrow 2, Fig. 22) present in the

céngrol flagellate population disappears. The function of this protein

-~
-
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resulting from the
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sublethal temperature shock is unknown.



Figure 22
'

Electrophoretic patterns of total cellular proteins of multi;
flagellates. Total cgllular proteins of flagellates wftg a mean number
of rootlets per cell of l.i,-2.2 and 2.7, séparated by SDS polyacry-
lamide gel electrophoresis, are shown in channels B, C and D,
respectively. Channel A represents total cellular proteins of amoebae.
Following quantitative staining of proteins with Coomassie Brilliant'
Blue, the area associated with the rootlet protein was measured by
scanning with a Gilford microdensi;ometer at 560 nm. The rootlet
protein (arrow 1) is absent in gmoebae (channel 5.

Channels E, F and G are identical to B, C and D, respectively.
o )

In this electrophoretic protein separation the minor protein band
{(arrow 2) present in the control biflagellates disappears in the

multiflagellated populations; an adjacent protein band'appears in

channels F and G.
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Chapter 7

Discussion

L 4

7.1 ThexFlagellgr Apparatus
N The morphology of the isolatedﬁflagellar apparatus Sf Naegleria
has been previously described by both Schuster (1963) and Dingle
and Fulton (1966) but no biochemical analyses of the structyre we;e
undertaken. The flagellar apparatus can be easily released intact by
gentle lysis of flagellates with dilute Triton X~100 but ébe basal b;dy—
rootlet complex cannot be dissociated‘without solubilization of the
rootlet. "In situ, the rootlet is attached to the basal bodies by a
palisade of microtubules (Schuster, 1963; D}ngle and Fulton,'l966) which
may account foryth% tight organelle association. In contrast, the flagellé
are easily freed from either the isolated flagella; apparatué or flagel-
lates by gentle vortexing or by shaking in the presence of a low pH
k?uffér (Kowit and Fultom, 1974b), probably due to breakage at the basal

. €

. ﬁ%ate (Blum, 1971).

>

7.2 Isol;tion, Morphology and Composition of the Flagellar ﬁootlet

¢ Previous attempts by Simpson (1970) and Green (1974) to purify
rootlets from Naegleria flagellates were not successful due éo the
non~-specific adherence of'the organelle to other cellular structureé.
In the present study, however, a procedure has been developed for obtain-
ing a purified roollet fraction which led to the identification of the
major rootlet protein component. Although winor ceilular contaminants

s

. .
are present in these fractions, the only identifiable contaminants were’

o 81
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basal bodies and membranes, the latter being greatly reduced in

quantity but not completely eliminated. The purity of the rootlet
fractions is confirmed by the limited‘number of protein cbmponents

as demonstrated by SDS polyacrylamide gel electrophoresis. The major
rootlet protein represents approximately 507 of the tetal protein

by densitometry in these fractions. As the purity of the rootlet fract-
ions increased, this major protein component increased proportionately.
A number of minor protein pands are’aiso present. One of the low mole-
cular weight proteins has been iden}ified as tubulin by its colmigration
with tubulin standard in twé diéferent gel electrophoresis buffer
systems. It is 1ikeiy, inasmuch as the basal body, but not other
cellular microtubules, are maintainedlduring the isolation procedure,
that~this is basal body tubulin. '

The identity of the major rootlet protein has been confirmed by
differential sol;bilization of the rootlet. Exposure of the rootlet to
low pH results in the solubilization of the organelle and the relea§e ‘
of its protein constituents into the sdluble fraction. The predominant
protein present in the supernatant is the major rootle;/protein. A
small percentage, less than 10%, of this protein remains in the insoluble
fraction probably due to the breakdown of the rootlet into short /
filaments which eithe; form a mat or adhere to the insoluble basal body
complexes. Solubilization of the rootlet with sarkosyl, high salt
(0.4 M KI) or urea substantiate the identification of the major rootlet

r
protein.
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The subunit molecular weight of the major rootlet protein of the
Naegleria flagellar rootlet is 170,000 daltons whifh is significantly
diffe;ent from that of the only two other rootlet systems characterized
to date. Through”a detailed series of solubilizatign experiments
Stephens (1975a) has identified two major proteins (subunit molecular

" weight of 230,000 and 250,000 daltons) of the basal apparatus isolated

from the ciliated gill epithelium of Aequipecten irradians. Although
Stephens has not unequivocally demonstrated that basal rootlets are
composed’;;-these proteins (e.g., by immunofluorescent localization of
the proteins in the organelle or by reconstituting fo;tlet—like
structures from the purified proteins), his differential solubilization
results provide good evidence that the two high molecular weight,

proteiqs are at least majér constituents of the rootlets. He has
proposed the term “ankyrin", referring to the presumed anchoring

function of rootlets, for these and like proteins which might constitute
similar anchoring fibres. It seems inappropriate to refer to the 170,000
daltbn rootlet protein of Naegleria as an ankyrin at this time, not

just. because of the considerable difference in subunit molecular >
weight, but also because there are significant differences in the "
solubility propertieg of .the two rootéﬁts. Although one would like to
see evidence develop for some evolutidhary relatedness among major

rootlet proteins isolated from diverse organisms, there is no obvious

link between the Aequipecten and Naegleria rootlet proteins.

')
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Rubin and Cunningham (1973) tentatively identified a 21,000
dalton pfotein as the structural component of the striated fibres of
the ciliate Tetrahymena. That identification was based solely on
solubilization of ghe striated fibres with one reagent, phosphotung-
state. Phosphotungstate, which presumably solubilized the rootlet
through its low pH, 1s an unusual reagent to use for studying the
solubility characteristics of the rootlet or, for that matter, of any
protein. It does not solubilize the Naegleria flagellar rootlet.
1t is questionable whether the 21,000 dalton protein is a major
component of the Tetrahymena striated fibre, whether it is a breakdown
product of a higher molecular weight component of the striated
?ibre, or whether it is a contaminant of the heterogeneous basal
apparatus fractions. It is clear that this protei; has no counter-
part in ghe Naegleria rootlet.

~

The filamentous nature of the flagellar rootlet of Naegleria

is suggested by the appearance of filaments in partially di;rupted
rootlets and in the tapering distal tip of the organelle. Dissociation
of the rootlet by brief treatment with urea, however, demonstrated

that the organelle is composed of filaments 5 nm in diameter associated
in a linear fashion. This conclusion is supported by brief tfeatm;nt
with other solubilizing agents such as EDTA and high pH. In contrast,
in a similar study‘Lillie et al. (1977) used the denaturing agents

urea and guanidine-HCl and demonstrated that the collagen filaments

. Y
were arranged in a helical fashion. Other studies with native collagen’
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fibrils using freeze-fracture, negative staining and shadow cast
techniques (Bouteille and Pease, 1971; Rayns, 1974) have also suggested
that the collagen filaments were assembled in a helical organization.

The filamentous nature of the Naepleria rootlet is consistent
with the general structure of rootlets in other systems, e.g., the
ciliated gill epithelium (Gibbons, 1961; Stephens, 1975a), the
ciliate Tetrahymena (Munn, 1970) and the ciliated tail fin cells of
f;rval amphioxus (Flood, 1975). The loss of the ch;racteristic banding
pattern following dissociation of the rootlet into constituent filaments
shown here support the suggestion by Munn (1970) that the banding
pattern reflects the arrangement of the filaments in the organelle. )
Since both urea and low pH disrupt hydrogen bonding, the arrangeument
of filaments in the rootlet is p;obably a result of hydrogen bonding
in addition to van der Waal's forces between the constiguent protein
component (s). If the Naegleria rootlet is composed of essentially one

L ]

protein, then the filaments may represent linear aggregations of this
protein. The resulting periodicity of the organelle wopld then reflect
the arrangement of the amino acids in the aligned protein moiecules.
Alternatively, addition;l; perhaps regulatory, proteins, may-be
integral components of the protein matrix.

Reconstitution studies with the major rootlet protein of the
Naegleria flagellar rootlet may elucidate the bonding arrangement of

\ ¢

the filaments which results in the typical cross-banded structure of the

native fibre. Reconstitution of soluble collagen under various

-



environmental conditions such as pH, ionic strength and the presence

of adenosin; riphosphate or glycoprotein resulted in the formation

of three ordered aggregation states (native-type, fibrous long

spacing and segment long spaciné), suggesting that the collagen fibril
was composed of tropacollagen molecules aggregating in ; staggered
fashion with gaps and overlaps and connected by hydrogen and other
bonding forces (Gross et al., 1954; Hodge and Schmitt, 1960).
Reconstitution experiments with paramyosin from mol}uscan catch muscles
suggested a bonding pattern similar to that of collagen (Cohen et al.,
1971). In contrast, both tropomyosin (Cohen, 1975) and fibrinogen
(Tooney and Cohen, 1977) bond in an end-to-end fashion. Similar
reconstitution experiments with the Naegleria rootlet protein cannot be
performed using the purified protein isoiated from preparative SDS
polyacrylamide gels due to the presence of protein-bound SDS. Although
the SDS can be removed by electrodialysis, the method requires the

use of milligram quantities of rootlet protein which are'not easily
attainable. The rootlet protein, however, can be purified using the
solubility characteristics of the organelle which would permit the

reconstitution studies to be carried out.

7.3 Development of the Flagellar Rootlet
During the amoeba to flagellate differentiation the assembly
of the three major organelles (flagella, basal bodies and rootlet) into

a functioning flagellar apparatus is closely coordinated. Basal bodies
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are first seen 50 - 55 min after the initiation of differentiation,
prior to the appearance of flagella in the population. The kinetics
of appearance of both basal bodies and-flagella are similar, with the

T50 for the appearance of flagella 10 min later than for basal bodies
k-]

(Fulton and Dingle, 1971).- The present study has demonstrated that
rootlets are first detected 5 min after flagé]la. The kinetics of
rootlet appearance are similar to those of flagella and thus also

basal bodies. The TSO for rootlet appearance is consistently 5 - 6

-
-

min later than for flagella. Thus, all organelles ot the, flagellar

apparatus appear in developing flagellates within a 15 min period. On

a time scale in which TSO for the appearance of flagella is defined

as 1.0, the Téos for basal body and rootlet appearance are 0.86 and 1.1,

respectively.

%

50 for rootlet appearance is 1.1 relative to
{7

flagella which is slightly but significantly different from 1.0 report-

In~this étudy the T

gd'by‘Green (1974) who scored for the presence of rootlets by ce}l lvsis -
with detergent. In contrast, the method used in this study evaluated

the presence of rootlets in developing flagelltifs by a specific staining
method. My attempts to repeat Green's measurements were unsuccessful
since it is very difficult to lyse the cells slowly enough to permit
observation of rootlets and evaluating the presence of developing
rootlets within the denée cycéplasm with the large nucleus thus becomes
extremely subjeciive. Green may have confused developing axonemes with

developing rootlets which would- lead to a shift to an earlier T50 for
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rootlet appearance. This apparent contradiction might be resoljyved

N v

by specifically staining the developing axoneme by indirect immuno-
fluorescence using an antibody specific for tubulin. Since flagella
eiongate at sucﬁ a rapid rate, ;%? ahbearance of the developing axoneme
below the cell fiembrane would clJ;ely parallel flagellum appearance.

The sequence of rootlet development has been clucidated by
speci;;c localization of the organelle using the gechnique of indirect
immﬁnofiuorescence with employs an antibody specific for the rootlet
protein. By this method the organelle is first seen 1n developing

- “~
flagellates 65 min after the initiation of differentiation. it appears
as a highly fluoresgent dot, 1 um in diameter, generally near the
periphery éf the. cell. Within the next 10 min there is a rapid_elong-
ation of a small finger-like projection such that the length of the
rootlet in the cell varies from 2 ~ 10 um. By 100 - 110 min post-
initiation rootlets have reached their mean maximum length of 13 um.

A comparison of the appearance of rootlets detected bfggndirect
immunofluorgscence and by thin sectioning of flagellates hemanstrates
that there is an accumulation of rootlet protein at the proximal end

(fluorescent dof) not seen in the electron micrographs. This accumulation

of rootlet protein appears to surround the basal bodies and is not

; assembled into the characteristic rootlet banding pattern. In the

A
&

quadriflagellate alga Polytomella, the amorphous material associated

with the flagellar rootlets functions as cytoplasmic microtubule organ-—

-

izing centre (Stearns et al., 1976). Whether the aggregation of rootlet

protein surround{ng the basal, bodies in Naegleria also served as an
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organizing centre for cytoplasmic ﬁiirotubules ig_xixg‘is not known.
The mechanism by which rootlets assemble intg a completed

organelle is unknown. It is clear, however, that rootlets do not

develop by the laying down of a few filaments along the entire length

of the organeile and subsequent lateral addition of filaments. On .

the contrary, rootlets develop by rapid elongation from the basal

bodies while the diameter of the organelle remains essentially constant.

Whether the developing rootlet elongates by proximal, as opposed to

g e .
distal, addi%?354g¥~;ubunits is not known. One way go determine this
| M
o develop an in vivo or ;E_vitfb method for the study of
N "~
f rootlet protelin components analogous to those used

would

the assembly

.

for studying microtubule elongation of Chiamydomonas axonemes

(Rosenbaum and ild, 1967; Rosegbaum et. al., 1975; Whitman, 1975).

In both of these studl gveloping ax¥bnemes were treated with labelled

precursors and the site of addition determined by autoradiography.

-

Most of the label was located at the distal end of the microtubules

suggesting distal, rather than proximal, addition of subunits.

-

A comparison of the rates o% assembly of flagellaAand rootlets
demonstrates that although flagella are present in develgying
f}agellates prior to Yootlets, rootlets assemble at a fa;ter rate than
do flagella. By 75 min after the initiation of differ;ntiation the *
mean lengths of both flagella and rootlets are the same (approximately 3
um) suggestin§ that rootlets may elongate at a faster rate because a
minimum organelle lesgth is required for rootlet funct?on. During

continued elongation of both flagella and rootlets the two organelle

-

s
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lengths remain approximately the same. This apparent coordination in

size of'Eﬁs/fGB\organelles suggests that they are functionally interrelat-

s

=

ed.[ By 100 - 110 min post-initiation }he rootlets have reached their
maxitmym length. In contrast flagella continue to elongate up until
140 min post-initiation, at a much slower rate.

The present study has demonstrated that at least 62% of the
rootlet protein assembled into the organelle has been synthesized
de novo during the @moeba to flagellate diffe\r.entiation. Less than 100%
is attained preSumaBly since the methionine chase is not complete. The
quantity of methionine used in these experiments was the maximum
concentration that permitted flagellate differentiation. fubulin
assembled into flagella is also synthesized ggkﬂgxg (Kowit and Fulton,
1974b). Similarly, dynein, the high molecular weight flagellar ATPase,
is newly synthesized (Simpson et al., 1978). The present study has
also demonstrated that basal body tubulin is probably synthesized
de novo, although an accurate value of the extent of de novo synthesis
cannot be determ}ned si%ce it could be possible that other proteins
band in this region of the gel. In contrast, actin, a major structural
protein of the cytoplasm of amoebae but not of the flagellar apparatus,
is not synthesized de novo. Thus, although not all of the proteins
of the flagellar apparatus have been identified, a sufficient number of
'distinct prqteins have been investigited to conclude tentatively
tkat all the proteins of the flagellar apparatus are likely synthesized

de novo during the amoeba to flagellate differentiation.

~
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Since flagellar tubulin is synqhesized de nov&?ﬁegpite an excess

of tubulin in amoebae, Fulton and Simpéon {1976) have nge ed“:£at
an organsim may contain several distinct tubulins prodiqu/by different
genes. These tubulins differ slightly in amino acid cémpog}tion and
are used selectively for the assembly of different  microtubule-
containi;g organelles. This "multi-tubulin hypothesis' implies the
existence of a number of discrete tubulin pools within a cell. 1In
support of this hypothesis, a comparison of the aminc acid composition
between basal body tubulin and the other tubulins of the flagellum,
cytoskeleton and other micfotubule—containing orgénelles should demon-
strate a few, distinct amino acid differences. Since basal bodies are
‘presént in rootlet fractions, the basal body tubulin can be easily
purified and used for this amino acid comparisen.

Tubulin is a structural protein of basal body and flagellar
microtubules as well as of the cytoplasmic microtubules found in
Naegleria amoebae and flagellates. Thus, it is not suitable to use
tubulin as an indicator ;olecule for monitoring the assembly and
disassembly of the flagellar apparatus becausé of the significantly;
high background levels of tubulin in any analysis. The rootlet protein,
however, is not present in amoebae but appears during the differenttia-
tion and is probabl; only a‘étrucutral protein of the Naegleria
flagellar rootlet. * Therefore, the rootlet protein can be used as an

“.

indicator molecule for monitoring the assembly and disassembly of the

flagellar apparatus. Monitoring flagellate differentiation by scoring

.
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for the presence of either rootlets or flagella in the populaL%on
demonstrates that in the initial {lagellate differentiation, rootlets
appear just after flagella.FJTﬁ the subsequent reversion to amoebae
rootlets are lost just after flagella. And in the following fl;gellate
differentiation rootlets appear just minutes after f.agella. Thus,

it appears that the assembly and disassembly of the two organelles
follow closely duridg the two cycles of flagellate differentiation,
lending support to the use of the rootlet protein as an indicatpr

molecule for monitoring the assembly and disassembly of the flagellar

apparatus. -

~

7.4 Regulation of Organelle Distgibutiqn in Naegleria Flagellates

Following a sublethal temperature shock during the amoeba to
flagellate differentiation, there is an increasein the number of rootlets
and flagella produced. This study has demonstrated that the sequence .
of rootlet development in the multiflagellated population is similar to
that observed in control biflagellates. Flagellum development is afso
not altered (Dingle, 1970). AThe kinetics of rootlet and flagellum
appearance in multiflagellates are also the same. T50 for rootlet
appearance is 1.1 relative to the appearance of flagella, a value
identical to that measured for rootlet appearance in the control bi-
flagellated populations. Thus, the ordered sequgnce of organelle
development has not been altered by the temperature shock.

In multiflagellated cells, the increase in the number of rpotlets

assembled is proportional to the increase in flagellum number such that

the two flagella to one rootlet relationship of a typical (biflagellate)

x

.



o

+93

flagellar apparatus is maintained. Thus the temperature effect which
leads to uncontrolled basal body and flagellum assembly simultaneously
deranges whatever controls goverm the assembly of rootlets. .

As the mean number of flagella and rootlets assembled per cell
increases in multiflagellates, there is a corresponding increase in
Athe total length (um) of assembled flagellum and rootlet per cell.
Regardless of the mean number of flagella per cell of the population, .
the ratio of the total length of assembled flagellum to rootlet is
~constant. The fact that the two tg one organelli relationship is
paintained and th;t there is a constant ratio of flage%}um to rootlet
assembled suggests that these two parameters are coordinately controlled
and implies that this relationship between organelle number and
length is important for proper functioning of the flagellar apparatus.:

& =t
As the number of both flagella and rootlets per cell increases, there

is a shift to shorter organelles. Moreover, there is a direct

. )

{
< ¢
relé&ionship between the number of organelles per cell and the cor-

g

responding orggnelle lengths, regardless of ~ﬁé mean number é%\flagella
%%f cell of the éopulatioﬁ. For example, the Eﬁéths of rootlets in a
cgll containing three rootlets are similar regardless of whetﬁer the
cell was present in a flggellated population in which the mean number
of flagella per cell was tw;, three,‘four; five or nearly six. Likewise,
the 1;ngths of flagella on a cell containing six flagella are similar,
regardless of whether the cell was present in a flagellated péﬁulation

in which the mean number of flagella per cell was two, three, four,

five or nearly six. Thus, despite the apparent lack of precise control - .
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of the organelle ﬁumber displayedsby the control flagellated population,
there appears to be a precise coordinate control of the number of
organelies per cell and the corréspond;;g—organelle length.

What is seen thrOuéhout this study of rootlet and flagellum
development in multifiagellated populations is the regulationvof
organelle distribution, such thaz a two:one relationship of flagella
to rootlet is maintaineég One visualizes individual cells controlling
the synthesis and assembly of the diverse molecular componentsyso as
to maintain this relatiomnship. It is important, therefore, to point out
that the simultaneous measurement of both flagélla and rootlets is
not technically possible. The relationships described are based
upon population means derived from indepéndent determinations of the
two organelles.. Despite this reservation, the degree of qoofﬁination
observed is highly impressive, and it geems %easonable to view i&_as
a reflection of coordinating mechanisms operating within in?ividual cells.

The increase in total length of assembled flagellum and rootlet

in multiflagellated cells may be a result of increased synthesis or

'ﬁtilization of the available, unassembled rootlet protefn, or of both.

To determine 1if there was an increase in the amount of rootlet protein
synthesized in multiflageilates, total cellular proteins were separated
by SDS polyacrylamide gel electrophoresis and stained quantitatively.
The area associa:ed with the rootlet‘protein band in the flhgella;ed
populations with a mean number of rootlets per cell ranging from 1 to

nearly 3 were measured and shown to be the same. Thus the increase

/



in total length of assembled(f?otlet resulting from high temperature

shocks is not a result of ingréased synthesis of rootlet protein but

rather an increased utilization of the normal amount of rootlgt -
protein.

The parallel huestion conce}ning total cellular amount of

flagellar tubulin in the various flagellated populations was not nosed
~

tr

due to the existence of other tubulins in the cell which would !

(,//“\\
interfere with a simpie determination of total amount. The increase

in total length of flagellum assembled in multiflagellates is also

S

probably a result of increased utilization of the normal amount of

»

g

flagellar«proteins for three reasons. Tubulin and dynein, two of the
major flagellum préteins, are synthesized de novo during the different-
iation, similar to the rootlet protein. Secondly, the time of organelle
appearance and the development of bqth’flagella and rootlets are not
altered by the temperature shock. finally, the ratio of the total length )
of flagellum to rootlet assemb}ed is constant, suggesting coordinated
control over the amount ofvflagellum and rootlet assembled.

The production of excess flagella folloying the sublethal
temperature shock is transitory since'following reversion to amoébae,
"flagellate differentiation results in the assembly of the same number
of flagella as in, the control flagellated populations (Dingle, 1970).
Siﬁce the temberature shock is not thought to be affecting the synthesis

of the structural proteins of the flagellar apparatus, it may be

altering the synthesis of key components involved in controlling the

o
“

assemhly process. In this context, one peripheral observation made
) *

*
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during this study has become highly intriguing: amongst the‘multitude~
of préteins which were rgsolved.on polyactylaiide gels of whole cells?
there is a change in only one minor protein band in the multiflagellatéd
populations. Though the idea is admi£tedly highly speculative, the

possibility is raised that this protein plays some role in the initia;

tion or regulation of assembly of the flagellar apparatus.

H
.

o)
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Summary

. ; {
1. The flagellar rootlet has been isolated from Naegleria flagellates

by differential centrifugation and the major rootlet protein component
has been identified by solubilization of the organelle in urea, high
salt, detergent’ or extremes in pH. The rootlet protein has a

. , »
subunit molecular weight of 170,000 daltons and has been purified by

separation on and elution from polyacrylamide preparative gels.

2. At least 627 of the rootlet protein assembled during the amoeba

t

to flagellate differentiatioq is synthesized de novo as measured by
means of an isotope dilution experiment. Since the rootlet protein is
absent in amoebae but present in developing flagé&lates prior to-the

appearance of rootlets, most likely the rootlet protein is completely

synthesized de novo.
3. The sequence of flagellar rootlet development has been elucidated by

indirect immunofluorescence using an antibody specific to the rootlet

k4

protein. Rootlets, 1 to 2 um in length, firs&:ﬁbpear in developing
- N Re
flagellates 65 ~ 70 min after the }nitiation of differentiation and

reach their mean maximum length of 13 um 40 min later. The appearance

-

of rootlets during the differentiation closely follows that of flagella,

but is delayed by about 5 min. The rates oﬁﬁfootlet and flagellum
v

assembly are similar. The appearance and disappggrance of rootlets

through two cycles of flagellate differentiation glgsely follows that .

of flagella.
A . .

97
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4. The sublethal temperature shock during the differentiation which
leads to uncontrolled basal body and flagellum assembly simultaneously
deranges whatever controls the number of rootlets assembled. The
increase in the number of flagella and rootlets assembled in multi-
flagcllat?s results in a shift to s£orter organelles. There is, however,
a net increase in Ghe total length of organclle assembled. Since

the total cellular amount of rootlet protein is constant regardless

of the extent of flagellation, the increase in rootlet assembled

is ‘a result of increased écilization, but not increased synthegis, pf

the available rootlet protein. .

5. The two flagella to one rootlet relationship-of a typical biflagel-
late flagellar apparatys is maintained following the temperature

shock and despite an increase in the Eétal length of flagellum and rootlet
assembled, the ratio of flagellum to rootlet assembled remains constant.
This suggests that these two parawgters are coordinately controlled and

implies thgt this relationship between organelle number and length may

be important for proper functioning of the flagellar apparatus.

0

-
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Appendix 1

Additions to Materials and Methods

A «

*

. . The concentration of rootlets in various fractions was @etermined

with a Petroff:huéger bacteria)l counter.

The staining of the rootlet protein in polyacrylamide slab gels is
quantitative. Following scanning a£ 560 nm with a Gilford micro- .
densitometer, the area associated with the rootlet protein band is

directly proportional to the amount layered onto the gel.

@
To stain isolated rootlets by immdfoTduorescence, rootlets were

7/
isolated as described in Section 2.8 and the final rootlet pellet

-

resuspended in buffered pé%aformaldehyde. Aftexr applying rooplet

~

suspensions to slides and allowing to dry, samples were processed

as described in Section 2.15.

i3

In the isotope dilution experiment 358—methionine, specific actiﬁity
450 Ci/mol (New England Nuclear), was used at a concentration of

-

5 uCi/ml.
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% Negative Control for Imunofluorescence
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The figure illustrates the typical appearance of a flagellaté in

which no specific fluorescent staining is present, following incubating

-

cell sambles with preimmune serum followed by fluorescent anti—rabbif

4

immunoglobulin. If samples of amoebae or developing flagellates prior

ubated with immunized serum followed

-

to the appearance of rootlets are ?f;—

by fluorescent anti-rabbit immunoglobulin, the same background fluorescence

is observed. The film exposure and print development were identical to

those in which specific fluorescence is observed (c¢.f. Fig. 13). X 1,400.
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@ppendix‘B

- . D
Rootlet Protein Purification: A Sample Calculgliun
- /

The yield‘of purified rootlet protein can be calculated as follow;:
Assume a rootlet is a solid cylinder of protein, 10 ym in lengﬁh and
0.2 pm in diameter, the volume of protein = 0.314‘pm3.

Assume the rootlet protedn is an «~helix with a molecular weight of
170,000 daltons and the average molecular weight of an amino acid is
115 daltons., Since antﬂ-ﬁelix has 3.6 amino acid residues per 5.4 A ,
the length of the rootlet protein molecule is 220 Qm.

Assume the diametgr of an individual filament In the rootlet, § A, is
also the diameter of the rootlet protein molecule.’

1

M L)
Therefore, the volume of the rootlet protein molecule is 4,3 x 10”7;ﬁm3

ard the number of rootlet protein molecules per rootlet = 7.3 x 105.

. %
Since one mole of rootlet protein contains 6.023 x 1023 molecules

weighing 170,000 g, 7.3 x 10° molecules weighs 2.06 x 10~ 3g,

The rootlet proteir was purified from 5 x 109 flapellates or rootlets.
Thus, the starting quartity of‘rootle; protein was 1.03 mg.
4

Since 20-30 Mg rootlet protein is purified from this startingz material,

the yileld is 2-3%.
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