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SUMMARY

A method has been developed for the isolation of

nuclei from the flagellated protozoan Euglena gracilis,

and histone isolated from the nuclei has been

extensively studied.

The amino acid composition of the unfractionated

Euglena histone is similar to that for the histone of

higher organisms. Euglena histone was separated by gel

filtration into five fractions and the individual

fractions were further purified by selective

precipitation and solubility techniques. Amino acid

analysis of the purified proteins indicated the

presence of fl, f2b, f2al and f3 histones. The

remaining fraction, designated f2a2, differed from

vertebrate f2a2 in having a higher lysine: arginine

ratio. Polyacrylamide gel electrophoresis in the

presence of sodium dodecyl sulphate indicated that the

sizes of the individual Euglena histones are similar

to the homologous vertebrate fractions.

Using electrophoretic techniques, a comparison

was made of Euglena histone and histones isolated

from rat liver, trypanosomatid organisms and the

colourless euglenoid Astasia longa. The nature and

complexity of the histones from the various organisms

were broadly similar, but some differences in the

electrophoretic patterns were evident.
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GENERAL INTRODUCTION
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In recent years, the proteins associated with DNA

in the nuclei of eukaryotic organisms have been much

studied, with particular reference to their role in

the control of gene expression. The best characterised

of these proteins are the histones, a family of basic

proteins thought to be universal in differentiated

organisms. Much progress has been made towards an

understanding of the chemistry and biology of histones,

but their function is still a matter of much conjecture.

Definition of Histones

A number of definitions of the term *histone* have

been put forward. Cruft ejt al. suggested in 1957 that

*histones are the basic proteins of the nucleus, other

than protamines,* protamines being basic proteins

associated with DNA in the spermatozoa of some species.

However, it has since been shown that nuclei contain

ribosomes, these particles containing basic proteins

whose amino acid compositions resemble those of histones

(Hnilica jet&l.» 197i)» Murray (1964) defines histones

as *basic proteins that at some time are associated

with DNA.* This definition avoids the distinction

between histone and protamine which Murray (1965) calls

'empirical and historical.* Johns (l97l) points out,

however, that there is no conclusive evidence that the

same basic proteins are associated with DNA of somatic

cells and spermatozoa, and suggests that the distinction

between histones and protamines is worth while. Johns

(1971) presents his own working definition, based on

the characteristics of histones which have been studied
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so far. This definition encompasses the content of

basic amino acids, the isoelectric point, the content

of cysteine, and the nature of terminal amino acids.

Unfortunately, the definition may be too specific when

dealing with proteins that are otherwise recognisably

histones, obtained from more primitive organisms.

These histones may differ from mammalian histones in

certain respects, for example terminal amino acids.

Until more is known about the functions of

histones, definitions will be less than ideal. The

definition used in the present work is based on that

of Murray (1964), but acknowledges a distinction

between histones and protamines: histones are basic

proteins, other than protamines, that at some time are

associated with DNA in the nucleus.

THE INDIVIDUAL HISTONES

At the present time it is generally agreed that

histone, from vertebrate sources at least, can be

separated into five main types, designated by Johns

(1964, 1967) as fl, f2al, f2a2, f2b and f3. In addition,

another type (f2c) occurs in nucleated erythrocytes of

birds and reptiles (Neelin, 1964), and there are certain

other unusual histones listed by Johns (l97l). The

amino acid analyses and some characteristics of the

individual histones are listed in table 1. Tryptophan

is absent from all fractions (Crampton e_t al., 1955),
while cysteine occurs only in f3.



Table 1

Some characteristics, including' amino acid composition, of

the major histone fractions from calf thymus. The number

of residues and molecular weight of each fraction were

determined by sequence analysis (for references, see text).
The amino acid composition is expressed as moles per

100 moles recovered (Hnilica S.1 &!•* 1971).
fl f2b faZ f2al .a

Aspartate 2.0 4.9 5.6 5.0 4.5

Threonine 5.5 6.1 5.0 6.6 6.4

Serine 6.9 10.7 5.0 2.5 3.8

Glutamate 3A 7.6 9.0 6.2 10.3

Proline 10.2 4.8 4.0 1.3 4.3

Glycine 6.9 5.5 9.1 16.0 5.9

Alanine 25.3 10.1 13.2 7.4 13.8

Cystine/2 - - - - 0.4

Valine 4.3 7.0 6.0 8.0 4.6

Methionine - 1.5 0.2 1.1 1.5

Isoleucine 0.8 4.9 4.3 5.5 4.8

Leucine 4. 3 4.9 10.2 8.0 9.1

Tyrosine 0.5 3.8 2.3 3.5 2.0

Phenylalanine 0.5 1.6 1.0 2.2 2.0

Histidine - 2.2 2.7 2.0 2.5

Lysine 27.9 16.6 12.9 9.8 10.1

Arginine 1.7 6.2 9.4 14.1 13.8

Molecular weight 21,000 13,774 14,006 11,300 15,324

Number of residues 223 125 129 102 135

Lysine/Arginine 16A 2.7 1.4 0.7 0.7
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Since this was the first histone to be sequenced,

it will be discussed first. It is one of the two

arginine-rich histones, and it is unique among histones

in having more glycine than alanine (Table l).

Considerable interest was generated because the sequences

of calf thymus f2al and pea f2al were determined at the

same time (De Lange et al.. 19^9)> and the proteins

were found to be nearly identical, the only differences

being two conservative substitutions. The N-terminal

half of the molecule is very basic while the C-terminal

half is much less so. The basic residues tend to be

in clusters (a phenomenon which occurs in all the other

histones), and hydrophobic and aromatic groups are

concentrated in the C-terminal half.

Electr-ophoretic evidence suggests that f2al from

vertebrate sources varies little (Panyim e_t al. , 197l)«
It has, however, been found that f2al from echinoderms

contains cysteine (Subirana, 197l)» and Strickland e_t al.

(197*0 showed that this amino acid replaces threonine,

no other differences being observed in the partial

sequence determined.

E2

This is the other arginine-rich his tone and is

the only one to contain cysteine (apart from the f2al

variant mentioned previously). Like f2al, it appears

to have been highly conserved, although calf thymus f3

has two cysteines while all the others sequenced so far



have only one. Apart from this difference, the

sequences of f3 from calf thymus (De Lange ejfc al..

1973) » carp testis (Hooper ejt al. , 1973). and chicken

and shark erythrocytes (Brandt ejt al. , 1974a) are all

identical. In addition, f3 from a sea urchin, a

mollusc and the pollen of a cycad (a primitive conifer)

have been sequenced to position 48 (Brandt et, al..

1974b), but no differences from the other sequences

were found, except for the substitution of a

phenylalanine for a tyrosine in the cycad sequence.

This latter substitution also occurs in the sequence

for pea embryo f3 (Patthy et al., 1973). which differs

from the calf sequence at three other positions.

The lay-out of the molecule is like that of f2al,

namely a highly basic N-terminal portion and a weakly

basic C-terminal portion. There is a hydrophobic

sequence in the C-terminal half.

F2a2

The sequence of this histone was established by

Yeoman et, al. , (1972), and confirmed by Sautiere ejfc al.

(1974), in both cases the source being calf thymus.

The centre of the molecule has a hydrophobic section,

while there are clusters of basic residues elsewhere.

A sequence for trout testis f2a2 has also been worked

out, partly by analogy with calf sequence (Bailey and

Dixon, 1973)* The proteins differ by four point

substitutions and four deletions. All the changes

occur in the C-terminal half of the molecule, mostly

near the end. The N-terminal half is therefore
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conserved, and because of the regular spacing of basic

residues in this region, it is suggested that this part

of the molecule binds to DNA in a specific manner.

F2b

F2b from calf thymus was sequenced by Iwai e_t al.

(1970b). it follows the general pattern of the other

histones in that the N-terminal region is very basic,

the C-terininal less so, while the middle is non-basic

and also has a hydrophobic stretch.

Electrophoresis of histone from a wide variety of

vertebrates shows tnat the mobilities of the f2b and

f2a2 bands vary much more than those of f2al and f3,
and it is therefore thought that the former are less

highly conserved than the latter (Panyim et al., 1971a).
Studies of plant histones lend support to this idea

(see below).

PI

The very lysine-rich hi3tone, f1, is dealt with

last because it contrasts strongly with other histones.

It is by some way the largest histone, and is the

easiest to remove from DNA with aqueous solvents

(Murray, 1966} Ohlenbusch et al., 1967). It is

usually heterogeneous when isolated from any one source

(Kinkade and Cole, I966), and it also exhibits species

variation (Kinkade, 1969)*

One of the rabbit thymus fl components (RTL-3) has

been sequenced from the N-terminus, accounting for

107 amino acids out of a total of about 223 in the whole

pro"te:in.« In the first ko residues there are high levels
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of lysine, alanine and proline, but few, if any,

hydrophobic residues. The remainder of the partial

sequence contains many hydrophobic residues. The

composition of the unsequenced part of the molecule

resembles that of the N-terminal portion. (Jones et. al. , 197^).

Preliminary work suggested that most of the

variation in fl molecules occurs in the N-terminal

portion (Bustin and Cole, 1969). However, recent work

(Sherod jet al., 197**; Alfageme jet al., 197*0 indicates

that variations in the C-terminal portion occur both

in fl molecules from the same species, and in fl from

different species.

PLANT HISTONES

The presence of the five types of histones in

most animal species is now well established (see,

for example, Panyim at al., 1971a). Histones are also

present in higher plants, though they have been studied

to a lesser extent. That f2al and f3 occur in plants

and are similar to the homologous mammalian histones

has already been mentioned. Fl is also found (Faiabrough

and Bonner, 1969). and from at least one source is

heterogeneous, like animal fl (Pipkin and Larson, 1972).

There is some disagreement on the question of

whether f2b and f2a2 are present in plants. Nadeau

et al., (197*0, in an electrophoretic study of histones

from a number of plants showed the presence of fl, f2al

and f3 histones. Bands in positions equivalent to

vertebrate f2b and f2a2 were absent, but there were



two bands of slower mobility which Nadeau et al. call

plant specific histones. It appears from SDS

electrophoresis that these histones have higher

molecular weights than those of vertebrate f2b and f2a2.

On the other hand, two groups have isolated

fractions from pea which are claimed to represent

f2b and f2a2. Fraction Ha, isolated by Fambrough

and Bonner (1969) and which they said was homologous to

vertebrate f2b, resembles in amino acid composition a

fraction isolated by Sommer and Chalkley (197^)

called f2a2. Ha was shown to be heterogeneous by

C-terminal analysis and gave two bands on electrophoresis

as did the f2a2 of Sommer and Chalkley. There is a

case for suggesting that these fractions are equivalent.

Fambrough and Bonner (1969) isolated another

fraction, lib, which they claimed to be homologous to

vertebrate f2a2, reasonably enough, in view of the

amino acid composition. But lib is quite unlike the

f2a2 of Sommer and Chalkley (197^). Also, the f2b

fraction of the latter workers does not resemble either

the Ila or lib fraction of Fambrough and Bonner.

It is thus clear that more work is needed to

clarify the situation regarding the number and types

of plant histones,

HISTONES OF LOWER ORGANISMS

Notwithstanding the difficulties mentioned above,

it seems that histones from plants and animals are

remarkably similar. In attempting to assess their
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function, it would be useful to know whether hi3tones

are universal, and if not, where they arose and how

they evolved. The information about this is very

incomplete, and it is therefore of interest to review

what is currently known about tie distribution of

histones in lower plants and animals.

Prokaryotes

Zubay and Watson (1959) could find no evidence

of histone attached to DNA in a DNA-protein preparation

from Escherichia coli. and Wilkins and Zubay (1959)
showed by X-ray diffraction studies that most of the

DNA was not attached to protein. Leaver and Cruft

(1966) shoved that although E.coli and Bacillus

megaterium contained basic protein, a large proportion

of it was derived from the ribosomes and that very

little, if any, acid-extractable protein was associated

with DNA. Raaf and Bonner (1968) isolated nucleoproteins

from E.coli and analysed the acid soluble component:

this was non-basic and possessed a composition similar

to whole bacterial protein.

Blue-green algae likewise seem to lack histone.

Histochemical evidence for this (De and Ghosh, 1965) is
further supported by a study where deoxyribonucleoprotein

was isolated from Anabaena cvlindrica (Makino and

Tsuzuki, 197l). The quantity of protein associated

with the DNA was low (the DNA: protein mass ratio was

10:l) and the 25$ of protein which was acid-soluble was

neutral and would not migrate into polyacrylamide gels

under conditions appropriate for histone.
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Fungi

Hsiang and Cole (1973) have recently presented

evidence of two histone-like proteins in the chromatin

of Neurospora crassa. Acid-soluble protein from

chromatin was separated by gel filtration into four

major peaks* Two proteins were not basic, but another

resembled f2b in amino acid composition and size. The

fourth had an amino acid composition resembling that of

f2a2 though with a higher content of acidic amino

acids, and it was also much smaller, with a molecular

weight of 8000 daltons. Together these two proteins

are present at 25$ of the weight of DNA,

This report contradicts a number of earlier studies

which suggested basic proteins to be absent from the

chromatin of a number of species of fungi (Dwivedi e_t al. .

1969, Leighton e_t al, , 197l)« Examination of the data

presented in these papers suggests, however, that the

yield of DNA as chromatin was rather low, and this

chromatin may not therefore have been representative

of the total. For instance, the yields of DNA as

chromatin from N.crassa achieved by Dwivedi et al.,

(1969) can be calculated as 0.05$, using the figure

of Hsiang and Cole for the DNA content of the cells^

These latter workers themselves at best obtain a yield

of 8$. Although Leighton .et al. claim a 70$ yield of

DNA as chromatin from Microsporum gypseum. there is

reason to doubt this figure because the DNA content

of the cell on this basis would be only 0.2 nig per

100 g wet weight. This is lower than might perhaps
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be expected, since N.crassa contains nearly 50 mg DNA

per 100 g wet weight.

Yeasts

Yeasts have been studied by a number of workers

and acid-extractable proteins obtained from isolated

nuclei or chromatin. Tonino and Rozijn (1966) found

that the acid-extractable protein of nuclei from

baker's yeast, Saccharomvces oerevisiae. was only

weakly basic. 5% TCA, which selectively extracts

very lysine-rich histone from mammalian nuclei, only

solubilized 5$ of the yeast histone. This protein was

not basic, so it was concluded that very lysine-rich

histone was absent from yeast nuclei.

Recently, Franco e_t al. (1974) have fractionated

the histones from baker's yeast. Electrophoresis

indicated the presence of four fractions, and they

obtained two of these in an apparently homogeneous

state, using selective extraction and precipitation

techniques. Fractions b2 and c are claimed to be

equivalent to vertebrate f2a2 and f2al, respectively.

Preliminary sequence studies, however, indicate some

distinct differences between fraction c and f2al

(Franco .et al, , 1974) • Examination of the amino acid

composition of fraction b2 reveals some similarities

with vertebrate f3 as well as f2a2, although Franco

et al. claim that cysteine is absent from fraction b2.

The remaining fraction, corresponding to bands a and bl,

isolated by Franco .et al. (1974), is moderately lysine-

rich in nature, and behaves like vertebrate f2b in
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terms of solubility properties. These workers also

confirm the lack of fl-type histone. Hence the

histones from budding yeasts present an interesting

comparison with those from higher organisms and may

provide useful information about the evolution of

histones.

Another type of yeast, the fission yeast

Schizosaccharomyces pombe appears to lack typical

histone. Duffus (1971) titrated nuclei with acid, the

major portion of protein being extracted at pH 2.1.

This appeared to be a single protein with a molecular

weight of 40,000, and there was some immunological

evidence to suggest that it also occurred in the

ribosomes. Histone-like proteins could not be found

associated with the DNA.

Pinoflagellates

These organisms are of considerable interest

since although the cells resemble typical eukaryotes in

containing nuclei, mitochondria and chloroplasts,

their chromosomes, which remain condensed throughout

the cell cycle, resemble bacterial nucleoplasm in

organisation (llaapala and Soyer, 1973; Ris and Xubai,

1970). The histochemical and electron microscopic

evidence suggests that the chromosomes contain little

or no protein. Nuclear division is also most unusual

in that the nuclear membrane persists and the chromosomes

separate without the aid of a spindle apparatus (Kubai

and Ris, 1969; Ris and Kubai, I970).
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Rizzo and Nooden (1973), studying three species,

found that the quantity of acid-extractable protein

in isolated nuclei was low (the mass ratio to DNA

varied between 0,08 and 0.13), Electrophoresis of

this protein from one speciee gave a band of the

mobility of f2al (Rizzo and Nooden, 1972), but since

amino acid analysis was not performed, it is not evident

whether this is a histone-like protein.

Thus all the available evidence, suggests that

dinoflagellate DNA is not associated with histone,

or if it is, that the quantity of histone is very low.

Ciliates

These protozoa usually possess two nuclei, a

micronucleus and a macronucleus. Two species will be

considered, Tetrahymena pyriformis and Paramecium aurelia.

A number of groups have studied Tetrahymona, and

evidence has accumulated that this organism contains

histones very like those of higher organisms. The amino

acid analysis of whole histone extracted from isolated

nuclei is very similar to that of vertebrate whole

histone (iwai e_t al» , 1965), This histone was

fractionated by Hamana and Iwai (l97l) and the results

indicated that Tetrahymena histone is comprised of

five types, corresponding in amino acid analysis to

the five types of vertebrate histones. Some electro-

phoretic differences were noted, however, and an

unusual feature was the presence of two very lysine-rich

histones of widely differing mobilities.
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Gorovsky and coworkers have also extensively-

studied Tetrahymena histones, and have identified fl,

f2b, f2al and f3 types in macronuclei (Gorovsky et al..

1973)* They have found that unless care is taken,

Tetrahymena fl is degraded during the isolation of

nuclei (Gorovsky at al., 197*0» and this probably

explains the presence of the two very lysine-rich

components noted by Iwai*s group, the faster component

being a degradation product. Gorovsky et al, (197*0
rn'tgrafts

demonstrated that Tetrahymena fl fester than calf
11

thymus^in urea polyacrylamide gels, although in SDS
gels it runs at about the same position. Gorovsky

et al. (1973) have also shown that Tetrahymena f2al

behaves like mammalian f2al, and exists in a number of

acetylated forms.

In contrast to Tetrahymena, it appears that

Paramecium may lack histone. Leaver (1964) could find

none in isolated macronuclei. More recently, Isaacks

and Santos (1973) extracted protein from isolated

nuclei with either acid or 1M NaCl. The protein

obtained did not appear to be as basic as typical

histone and in this respect resembled that isolated

from yeast by Tonino and Rozijn (1966). The extracts

were examined by gel electrophoresis, which gave bands

with mobilities comparable to calf thymus histone bands.

The protein was also partially fractionated on

Sephadex G200, but neither of the two fractions obtained

was particularly basic.
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It must be questioned whether the apparent lack

of typical histone in Paramecium is due to degradation

by proteolysis. It seems unlikely that histones were

degraded during the extraction of histone from the

isolated nuclei, since protease inhibitors (bisulphite

or diisopropylfluorophosphate) were used by Isaacks

and Santos (1973) in this step, but this precaution

does not appear to have been taken during the isolation

of the nuclei, and it is possible that histone was

degraded during this part of the procedure.

Assuming that proteolysis did not occur, it is

rather surprising that Tetrahymena and Paramecium

should differ so strikingly regarding the presence of

histone, since these organisms are both classified as

ciliates. If these results are confirmed, it would

suggest that the two organisms are not closely related

in spite of the mutual posession of certain features.

Physarum

Histones have been found in the myxomycete,

Phvsarum polvcephalum. They were first characterised

by Mohberg and Rusoh (l969)t electrophoresis in 8M

urea revealing seven bands, three of high mobility

being particularly prominent. Proteins corresponding

to three bands were found to be soluble in perchloric

acid; this included the slowest band and two of the

heavy bands. These proteins were eluted from poly-

acrylamide gels and analysed for amino acids. The

slowest band somewhat resembled fl, although rather less

basic, while of the other two bands, one resembled f2b,
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and the other contained. 22$ lysine, but was low in

alanine, thus clearly distinguishing it from vertebrate

fl. The slow, lysine-rich band has been much studied

by Bradbury and coworkers, who have correlated

phosphorylation of this fraction with chromosome

condensation (Bradbury et al.. 1973a).

Other Studies

Some other studies can be briefly mentioned.

Iwai (196^) isolated a very lysine-rich fraction from

the unicellular green alga, Cholella vulgaris, by

extracting disrupted, washed cells with acid, and

chromatographing the resiiltant protein on CG50 ion

exchange resin. Other fractions were obtained by CM

cellulose chromatography, but these were not basic,

Unfortunately, extraction of disrupted whole cells is

likely to yield many proteins not associated with DNA,

and prior isolation of nuclei might have revealed more

histones.

Stewart and Beck (1967) investigated the presence

of DNA and DNA-histone antigens in 67 species of

unicellular organisms, both free-living and parasitic,

using sera considered to contain antibody to either DNA

or DNA-histone. DNA antigen was detected in all specie

but the DNA-histone antigen only in free-living species

However, some of the conclusions can be challenged.

For example, dinoflagellates gave a reaction to the

DNA-histone antibody, but the work of Rizzo and Nooden

(1973) gives a clear indication of the absence of

histone from these organisms. Similarly, the
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trypanosomatid organisms, Crithidia oncopelti and

C.fasciculata. both of which gave no reaction to the

DNA-histone antibody, both clearly contain histones

(Leaver and Ramponi, 1971; Leaver, unpublished

observations; see fig.23 ). Likewise, all the

trypanosomes that Stewart and Beck studied did not

give a reaction to the DNA-histone antibody, but again

there is clear evidence that at least one trypanosome,

Trypanosoma brucei. contains histones (Leaver,

unpublished observations; see fig.20 ). One is

forced, therefore, to question the specificity of the

DNA-histone antibody used by Stewart and Beck, and these

workers themselves could not exclude the possibility

that the antibody was specific to some other antigen

associated with DNA.

And finally, there has been one report of a

multicellular organism which apparently lacks histone.

Cruft (1966) could find no histone in the ctenophoTe,

Beroe cucutnis. This is surprising since it is generally

assumed that all multicellular organisms contain

histone (Johns, 197l), fungi possibly excepted. However,

it is possible that Beroe is an organism from which it

is difficult to extract histone, such as is the case

with Physarum (Mohberg and Rusch, 1969). In addition,

the nuclear preparation was low in DNA (5.2$, on a

dry weight basis) and somewhat high in RNA (7»7$)»

and it is therefore possible that the preparation was

not particularly clean, a factor which could hinder

the isolation of histone.
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THiS PRLSnNT STUDY

Although, it is clear that multicellular organisms

(apart perhaps from fungi and Beroe) contain histones

which are remarkably similar irrespective of source,

the situation in more primitive organisms is less

certain. It is generally agreed that prokaryotes do

not have histones. Of eukaryotesf some (e.g. dino-

flagellates) seem to have no histones, some

(e.g. Paramecium) have only weakly basic protein, and

others (e.g. budding yeasts) have histones which differ

markedly from typical histones. Only Tetrahymena has

been shown to have histones similar to those of higher

organisms. No clear pattern therefore emerges on which

predictions could be based as to whether a particular

unicellular organism would contain histones. Some of

the reported results are more easily understood than

others. For instance, considering the bacterial-like

appearance of dinoflagellate chromatin, it is not

surprising that these organisms seem to lack histone.

On the other hand, it is curious that the two ciliates

studied should differ so considerably with respect to

histones. It is evident that much more information is

required about histones in unicellular organisms before

the picture can be clarified. Hopefully it will

eventually be possible to chart the evolution of histones.

Most of this evolution must have occurred in lower

organisms since the histone3 in higher organisms seem

to have evolved but little. It may perhaps be possible
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to correlate the evolution of the function of histones

with the evolution of their structure. At present,

little is known about either. Further data about

histones in lower organisms could provide useful

information on this evolution.

In an attempt to increase our knowledge about

histones in lower organisms, the present study was

embarked upon (in autumn, 1970). Attention has been

focussed mainly on Euglena gracilis.

Euglenoid organisms have been much studied (see,
for example, the treatise edited by Buetow, 1968), but

up to 1970, histones had not been sought in these

organisms, However, Netrawali (1970) claimed to have

isolated histone from Euglena gracilis with 2M NaCl,

and this protein had an amino acid composition very

like that of calf thymus histone. But the method used

by Netrawali was not ideal since basic protein from

parts of the cell other than nuclei can be extracted.

On the other hand, Aprille and Buetow (1970)
isolated nuclei from Euglena gracilis. but could not

obtain any acid-extractable protein. However, since

the nuclear isolation procedure involved digesting the

cells in pepsin for h, it is possible that any

histones were degraded and could not therefore be

isolated.

More recently, Lynch e_t al. (1972) presented

(in abstract form) some details about Euglena histones

extracted from isolated nuclei. Until their results

have been published in a more detailed form, it will
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be difficult to assess them. They claim, however, that

Euglena histones are like those of calf thymus. This

assertion is apparently based entirely on urea gel

electrophoresis. Tf so, it cannot be accepted

unreservedly because a number of studies mentioned

previously report electrophoretic bands of mobilities

close to those of typical histones, but xdiich do not

represent proteins as basic as histones.

Some Characteristics of Euglenoid Organisms

The phylogenetic relationships of euglenoids with

other organisms is the subject of much discussion and

speculation. Some indication of the conflicting

arguments will be given here, together with information

about the structure of these organisms. Most of this

information has been culled from the writings of

Leedale (l967a,b), but other sources will be

indicated where appropriate.

A striking feature of these organisms is that they

contain chlorophylls a and b (there are some colourless

varieties, however), a property they share with higher

plants and the green algae (the Chlorophyceae). All

other algae lack chlorophyll b. This has naturally

suggested to some taxonomists a close relationship of

euglenoids to the green algae. In contrast, many other

characteristics suggest that the above relationship is

not very close. For example, green algae, like higher

plants, generally have a rigid cellulose cell wall

(Round, 1965), but euglenoids instead have a pliable
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pellicle containing 80% protein.

The carbohydrate storage compound of euglenoids

is paramylum, a pi:3-linked glucan. The Phaeophyceae

(brown algae), Chrysophyceae and Bacillario phyceae

(diatoms) also store carbohydrate as pi:3-linked glucans•

In contrast, the Chlorophyceae, Rhodophyceae (red algae)
and Cyanophyceae (blue-green algae) all store carbo¬

hydrate as starch, which is an al:4-linked glucan.

In a number of ways, namely the possession of

muciferous bodies, trichocysts and flagellar grooves,

and in aspects of nuclear division, euglenoids

resemble some dinoflagellates.

According to Vogel trt ad. (1970), the pathways

used by organisms for the synthesis of lysine also

provide possible indications of phylogenetic

relationships. Bacteria and plants, including the

various forms of algae, synthesise lysine via the

intermediate diaminopimelic acid. Animals, including

slime moulds, amoebae, flagellates and ciliates, do

not synthesise lysine at all. In contrast, euglenoids

and eu-fungi (true fungi) synthesise lysine via the

intermediate 2-aminoadipic acid, that is, by a path

distinct from that used by plants.

Cytochrome c (C558) from Euglena has been sequenced

(Pettigrew, 1973» Lin e_t al., 1973)» but comparison

to other seqiences for cytochrome c from various

sources does not indicate any obvious relationships,

the closest being ^5 differences with horse

cytochrome c! (Pettigrew, 1973). Examination of
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possible inRNA sequences for cytochrome c molecules does

perhaps suggest a closer relationship between Euglena

a*1** Crithidia onconelti than between Euglena and

metazoa (Lin et al., 1973)•
Since there is no obvious relationship of

euglenoids with any other particular group, it is

obviously difficult to make predictions about the

possible nature of histones in euglenoids, or even

whether they will be present. There are in any case

other difficulties, notably the nature of euglenoid

chromosomes which appear (fig. 11) to be condensed

throughout the cell cycle (Leedale, 1968). Mitosis is

also peculiar, in that the nuclear membrane is retained

throughout, as is the nucleolus or endosorae. Centromeres

and a conventional spindle are absent, and mitosis is

not inhibited by colchicine. Leedale (1967b) suggests

that the pecul iarities of euglenoid mitosis are related

to the spindle mechanism, and that euglenoid mitosis

represents a stage in the evolution of 'classical *

mitosis (Leedale, 1971)» The apparent similarities

of euglenoid nuclear division with that of dino-

flagellates, and the fact that both have condensed

chromosomes throughout the cell cycle might suggest

histones to be absent from euglenoids, as from dino-

flagellates.

Chlamvdomonas reinhardii

Because of the somewhat ambiguous phylogeny of

Euglena, another organism was sought which could be
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more easily placed. That chosen was f!h 1 amydomonas

reinhardii. a member of the Volvocales order of the

green algae. Green algae are widely held to be

precursors of the higher land plants, and are themselves

believed to have arisen from some Chlamydomonas-like

ancestor (Dittiner, 1964; Prescott, 1969). Green algae

have chlorophylls a and b, a cell wall of cellulose

and pectin (Round, 1965). and storage carbohydrate in

the form of starch. These are also prominent features

of higher plants, and are exhibited by Chlamydomonas.

Because of the possible ancestral importance of

Chlamydomonas, it was considered to be an interesting

organism in which to seek histones. Unfortunately,

great difficulties were encountered in the development

of nuclear isolation procedures, and for this reason,

the work for this thesis centred largely on Buglena

gracilis.



CHAPTER II

GENERAL METHODS
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GENERAL CONSIDERATIONS

Chemicals

Analar-qualitjr chemicals were used throughout the

work except for the culture of Euglena gracilis where

some general purpose reagents were used.

Temperature of operations

Most operations were carried out at 0-^°C, using an

ice-bath or cold room as appropriate. An exception to

this was chromatographyf which was performed at room

temperature.

Centrifugation

The calculation of the centrifuged fields quoted

in the text (expressed as multiples of g) was based upon

the average radius of rotation of the column of liquid

in the rotor tubes.

Abbreviations

The abbreviations used in the text generally follow

the recommendations of The Biochemical Society, London.

Some alternative and other abbreviations are listed

below.

DNP DNA-protein (see Chapter XIX for definition)

PCA perchloric acid

TCA trichloroacetic acid

S.G. specific gravity

TJ.V. ultraviolet

SDS sodium dodecyl sulphate

GuCl guanidinium chloride
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CULTURE OF ORGANISMS

Euglena gracilis

Euglena gracilis. strain Z, (Cambridge Culture

Collection, catalogue number 1224/52) was grown in a

liquid medium containing glucose, urea, amino acids,

salts, vitamin » thiamine and trace elements at

pH 3 •1-3 *4 (Hutner e_t al. , 19^6). Stock cultures were

maintained in 50 ml. of medium in 100 ml. conical flasks,

the flasks containing medium being autoclaved prior to

inoculation. Large-scale cultures were grown at room

temperature in 10 1. bottles containing 9 1 • of medium

which had been sterilized in a Koch steam sterilizer

for 6 h. Air, sterilized by an autoclaved miniature line

filter (model LF32, Microflow Ltd.) was pumped in, this

serving to keep the cultures well mixed, and to supply

necessary gases. The cultures were illuminated by

four 2 ft, 20 watt fluorescent tubes (Reflectalite 35,

Philips Ltd.).

The cells were harvested at early stationary phase,

6-7 days after inoculation using a Sharpies 'Super•

centrifuge, or a continuous flow head designed for the

M.S.E. *18* centrifuge. Occasionally cells were

harvested during the logarithmic phase of growth.

A 101. bottle of cells at early stationary phase yielded

150-200 g. wet weight of cells. Cells were stored at

-20°C or at -60°C when a cabinet at this temperature

became available. It was found to be important to mix

the cells with a sucrose solution before freezing,

otherwise the yield of nuclei from the cells was reduced.
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This point is discussed further in Chapter IV.

Cultures were examined by phase microscopy for

contamination by other microorganisms, but, probably

due to the low pH of the medium, contamination was only

once found. Because this medium inhibited contamination

while supporting dense growth of Euglena, it was found

to be ideal, and other media were not investigated.

Chlamvdomonas reinhardjLi

Chlamydomonas reinhardii (Cambridge Culture

Collection, number ll/32a) was grown by the same general

methods as those employed for Euglena, except that the

medium was that of Sager and Granick (1953) containing

salts, trace elements and acetate (the carbon source)

at pH 6.2.

Astasia longa

Astasia longa (Cambridge Culture Collection,

number 1204/17E) was grown in an ethanolic medium

devised by Buetow and Padilla (l963)» in either 2 1.

conical flasks shaken in a rotary incubator, or in Roux

flasks containing 500 ml. of medium. Contamination of

cultures with bacteria and yeasts, particularly the

latter, was very frequent. This, together with the

poor growth of the cells, precluded extensive use of

Astasia for research.

ISOLATION OF CHROMATIN

Nuclei prepared from Euglena were usually not

completely free of pellicle fragments and other

contaminants, and hence the histone extracted directly
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from the nuclei by acid was often slightly contaminated

with electrophoretically slow material. Indeed, this

was true even of apparently clean nuclei, although the

degree of contamination was less. A similar situation

is found in mammalian systems, although much of the

acid-soluble non-histone protein can be removed, as was

shown by Comings and Tack (1973)• These workers found

that both 0.075M NaCl - 0.02kM EDTA and 0.35M NaCl remove

large quantities of non-histone protein, but not histone,

and that prior treatment of nuclei with these solutions

resulted in markedly cleaner preparations of histone.

Nuclei washed as above result in material which is

usually termed chromatin. Washing of Euglena nuclei

was similarly found to reduce the contamination of

histones by non-histones, and in later work this

procedure was routinely used.

Preparation of Chromatin from Nuclei

The method used was based on that of Spelsberg and

Hnilica (l97l)« Nuclei were homogenised in 50 volumes

of 0.08M NaCl, 0.02M EDTA, pH 6.3 using a loose-fitting

Potter-Elvehjem glass homogeniser, and centrifuged at

5000 jj. for 10 minutes. This step was repeated once,

and the pellet then homogenised in 10 volumes of

1.5mM NaCl, 0.15mM citrate, pH 7»0, and centrifuged at

20,000 jg. for 10 minutes. This step was repeated once,

the resulting pellet of gelatinous chromatin being of

considerably larger volume than the original nuclear

pellet. The method was sometimes modified to include

washes with 0.35M NaCl (Johns and Forrester, 1969),
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this being mentioned, where appropriate, in the text.

EXTRACTION OF HXSTONE

Histone was extracted from nuclei, chromatin and,

in the early stages of this work, from deoxyribonucleo-

protein (DNP; for definition, see Chapter III).

Contamination of histones by non-histones during acid

extraction of nuclei has already been mentioned, but,

beside the precautions taken above, a number of other

methods were used in an attempt to obviate this problem.

These were mostly applied in the early stages of this

work, when DNP was the usual starting material. The

procedures include washing the material to be extracted

with organic solvents (stellwagen and Cole, 1968),
and chromatography of the acid soluble protein on

CM cellulose to remove non-basic protein (Leaver and

Cruft, 1966). Unfortunately, neither procedure resulted

in a worth-while improvement, so their use was discontinued

and they will not be described in detail.

A method that was found to give a very clean

preparation of histone involved the extraction of

nuclei or chromatin with calcium chloride, according

to the method of Mohberg and Rusch (1969). Since this

also gave good recovery of histone in an undegraded form,

it was used routinely in later work.

Acid Extraction of Histone

Histone was prepared from DNP, nuclei or chromatin

by three extractions with 0.25M HC1 each lasting at
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least 1 h, the second or third being overnight to

ensure complete extraction. The extracts were then

clarified by centrifugation if necessary, and the

histone precipitated by the addition of 7 volumes of

acetone. The precipitate was collected by centrifugation

and dried by washing twice with acetone then twice with

diethyl ether. A powder was obtained by evaporating off

all traces of ether.

Extraction of Histone with Calcium Chloride

Chromatin was prepared from acetic acid nuclei by

the method of Spelsberg and Hnilica (1971), except that

the nuclei were first washed with 0.35M NaCl, and then

again after the saline-EDTA washes. The gelatinous

chromatin was homogenised with 1 volume of water, and

then 2 volumes of 2M calcium chloride were added with

rapid mixing. After stirring overnight, insoluble

material was centrifuged down at 25,000 g. The pellet

was re-extracted with 2 volumes of 1M calcium chloride

and, after further centrifugation, the supernatants were

combined and protein and DNA precipitated by the addition

of 100^ (w/v) trichloroacetic acid (TCA) to a final

concentration of 25^. After 1 h, the precipitate was

centrifuged down at 15,000 g., and the protein extracted

from it with 0.25M HC1, care being taken to fully

homogenise the fibrous pellet to ensure complete

extraction of the protein. The acid extraction was

repeated twice, and the extracts, which were obtained

by centrifugation at 25,000 g., were combined and the

histone precipitated with acetone as usual.
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COLUMN CHROMATOGRAPHY

Gel Filtration

Gel filtration was carried out according to the

method of Bohm et al. (l973)» except that Biogel P100

(Bio-Rad Laboratories) was substituted for Biogel P60,

and azide was omitted from the eluant. The column

(2.5 x 95 cm.) was equilibrated with eluant (0.02M HC1

0.075M NaCl). Up to 30 mg. histone was dissolved in

8M urea, 1$ mercaptoethanol and left overnight at k°C
before application to the column. A pressure head of

kO cm. was used, giving a flow rate of 6 ml./h. The

eluant was monitored at 230 nm using a stream analysis

cell in a Cecil CE 272 spectrophotometer, changes in

absorbance being recorded by a Servoscribe RE 5^1

recorder. Fractions of 2.5 ml• were collected by a

Gilson 'Escargot* fraction collector. Appropriate

fractions were pooled, dialysed against water, acidified

with HC1 and precipitated with acetone before being dried

as usual.

Euglena histones were also fractionated on Biogel

P100 according to the method of Sommer and Chalkley

(197^). In this case, the column (2.5 x 95 cm.) was

equilibrated and eluted with 0.01M HC1, 0.02$ w/v

sodium azide. Histone, 10-15 mg, , was applied,

dissolved in eluant. Fractions, appropriately pooled

were precipitated either with acetone or by addition

of 100$ (w/v) TCA to a concentration of 25$. In the

latter case, the precipitate was redissolved in
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0.25M HC1 and re-precipitated with acetone.

Gel filtration with Biogel P100 was also occasionally-

used to fractionate partially purified histone or to

remove contaminants from fractions. In this case, the

histone was dissolved in 2M urea, 0.01M HC1 (Gorovsky

et al., 1973) and eluted with 0.01M HC1.

Ion Exchange Chromatography with Amberlite CG5Q

Whole histone and partial fractions were chromato-

graphed by the method of Luck ejt al. (1958). Amberlite

CG50 resin, 200 mesh, was prepared by the procedure of

Bonner et ail. (1968), packed in a column of diameter

1.5 cm. to a length of 60 cm., and equilibrated with

8<& (w/v) GuCl, 0.1M phosphate, pH 6.8. Histone was

dissolved in this solution, centrifuged if necessary

to remove insoluble material, and applied to the column.

It was eluted with 330 ml. of a linear gradient of

guanidinium chloride (GuCl) from 8% to 14$, using a

Pharmacia model GM1 gradient mixer. Any protein still

remaining on the column was eluted with 50 ml. kQ$> GuCl,

0.1M phosphate, pH 6.8. 1.5 ml. fractions were collected,

and protein estimated by a turbidimetric method, namely

the addition of TCA to a diluted aliquot to give a

final concentration of 1.1M. The turbidity was measured

spectrophotometrically at 400 nm after 13 minutes.

Suitably pooled fractions were dialysed against 0.1M HC1,

to remove GuCl and phosphate, and then precipitated with

acetone. Alternatively, GuCl and phosphate were removed

by filtration using Amicon UM2 or PM10 ultrafilters,

these filters excluding proteins of molecular weight



31.

above 2000 and 10,000 daltons respectively.

The column was re-used after equilibration with

8'o Gucl, 0.1M phosphate, pH 6.8. Occasionally, narrower

columns were used, in which case the volumes quoted

above were scaled down.

Ion Exchange Chromatography with CM Cellulose

This was carried out according? to the method of

Johns ejb aJL, (i960) and John.3 (1961). CM cellulose

(Whatman CH32) was packed into a column (2,5 cm. long,

1.5 cm. diameter), and equilibrated with acetate buffer,

pH 4.2 (4.07 g. sodium acetate trihydrate, 70 ml. 1M

acetic acid, in 1 1.). Histone (20 mg.) was dissolved

in the acetate buffer, applied to the column and eluted

successively with acetate buffer, solution A (7 g. sodi;im

acetate trihydrate, 120 ml. 1M acetic acid, 24.5 £• NaCl

in 1 1.), 0.01M HC1, 0.02M HC1, 0.04m HC1 and 0.2m HC1.

Each time the elution was continued until the absorbance

at 276 run had recovered the baseline position. Fractions

were dialysed against 0.1M HC1 to remove buffer, and

precipitated with acetone.

P0LYACRYLAM1DE GEL ELECTROPHUKESiS

Disc Gels with and without Urea

Disc gels were prepared and run according to the

method of Panyim and Chalkley (1969a). The gels were

made up by addition of 5 volumes of 0.2^ (w/v) ammonium

persulphate dissolved in water or In a solution of

4M urea to 2 volumes of solution A (60^ w/v acrylaraide,

0.4^ w/v N,N*-methylene bis acrylamide). The solution



was de-aerated under reduced pressure for 1-2 minutes

and then 1 volume of solution B (4$ w/v N,N,N,,N*,-

tetramethylethylenediamine, 43.2$ v/v glacial acetic

acid) was added. The mixture was poured into glass

tubes, overlayed with water and left to polymerise

for 2 h. This method gives 15$ acrylamide gels, with

a concentration of urea, when used, of 2.5M. Gels

containing 2.5M urea, as distinct from those without

urea or those with sodium dodecyl sulphate (SDS) are

referred to in the text as 'urea gels.1 The gels were

either 9 cm. long, 0.6 cm. diameter, or occasionally

7 cm. long, 0.5 cm. diameter. The tray buffer was 0.9M

acetic acid. The gels were pre-run overnight at 50 volts

before application of the sample dissolved in 15$ (w/v)

sucrose-0.9M acetic acid or in 8M urea-lM acetic acid.

90-100 volts was applied for 4-6 h, after which the gels

were stained for 1-2 h with 0.5$ (w/v) Amido Black 10B

in methanol/water/acetic acid (5:5:1, by volume), and

then destained in the latter solvent at 55°C.

Gels were also occasionally stained by the method

of Barrett and Johns (1974). After immersion of the

gels overnight in a mixture containing 0.5$ (w/v)

Alizarin Black and 0.0125$ (w/v) Ponceau S dissolved in

30$ (v/v) ethanol-7$ (v/v) acetic acid, they were

destainod in 4o$ (v/v) ethanol at 55°C. Mammalian fl

and f2b stain pink, while f2al, f2a2 and f3 stain blue.

SDS Polvacrvlamide Gels

In later work, SDS polyacrylaraide gels at pH 10

were frequently used, employing the method of Panyim and
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Chalkley (l97l), 5 parts of a solution of 0.025$ (w/v)
ammonium persulphate in 16$ (v/v) glycerol were added to

2 parts of solution A (as above), this mixture being

de-aerated before the addition of Solution B (0.2M

glycine, pH 10; 0.5$ w/v SDS; 2$ w/v N,N,N,,N*-

tetraanethylethylenediamine) • The gels were poured as

before, allowed to polymerise for 1-2 h before being

used directly. The tray buffer was 0.025M glycine,

pH 10, 0.05$ (w/v) SDS. The proteins were dissolved in

urea, 0.1$ (w/v) SDS, 0.01M glycine, pH 10.

0.01$ (w/v) Bromophenol Blue was sometimes added to

this solution to givo a visible marker of the progress

of the electrophoresis, this also enabling the

relative mobility of each band to be calculated, aiding

the identification of the band.

Double Gels

To compare the electrophoretic patterns of two

samples, for example the pattern of an isolated fraction

with that of whole histone, double gels were frequently

employed, the samples being applied to opposite sides

of the same gel. For this, the method of Johns (1969)
was adapted, the samples being applied to semi-circular

discs of glass fibre paper (Whatman GF/b) which were then

put in position on top of the gel and overlayed with

more solvent. Alternatively, the top of the gel tube

was divided into two compartments with thick celluloid,

and the samples applied to the two compartments. After

electrophoresing for 5-10 minutes, the glass fibre

paper or celluloid was removed. Double gels were
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sometimes run with, wider tubing (0.7 cm.).

Preparative Gel Electrophoresis

Preparative gel electrophoresis was used for the

final purification of some fractions. It was not useful

for the separation of components of whole histone

because of the closeness of the various Euglena histone

bands. A Buchier 'Poly-Prep 100' apparatus was filled

with a column of 2.5M urea polyacrylaniide gel. The gel

is in the shape of a ring (outer diametex* k cm., inner

diameter 1.5 cm.), short columns (2-3 cm.) giving the

best results. A potential of 150 volts was applied

across the gel, 2-3 mg. of sample having been dissolved

and layered over the surface. The flow rate of 0.9M

acetic acid across the gel lower surface was about

20 ml/h, fractions of 1.5 ml. being collected. Protein

in the fractions was estimated by the addition of 100$

TCA to a concentration of 25$, the turbidity being

estimated at 400 nm in a spectrophotometer. Appropriate

fractions were pooled, and the precipitates collected.

ESTIMATION OP DNA AND RNA

The procedure was based on that of Munro and Fleck

(1966) for mammalian tissues. Nuclei or DNP preparations

were usually dried with ethanol, acetone and ether, and

a weighed quantity treated with ice-cold 0.2M perchloric

acid (PCA). Where homogenates were to be estimated,

5 ml. 0.6M PCA was added at 0°C to the horaogenate to

precipitate DNA and RNA. The solid material was

centrifuged down on an MSE 'Minor* centrifuge at full
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0.2M PCA. The pellets were then hydrolysed at 37°C
with 10 ml 0.3M KOH for 2 h, cooled to Q°C, and 0,6 ml.

12.2M (1.70 S.a) PCA added to precipitate DNA. (The

hydrolysis step solubilizes RNA while extracting the

minimum of protein). After 10 minutes, the RNA was

obtained in solution by centrifugation. The pellet

was washed twice with 3 ml. ice-cold 0.2M PCA to

remove traces of RNA, and the washings pooled with the

first supernatant. The RNA solution was made up to

23 ml. with 0.2M PCA, and RNA estimated by measuring

the U.V. absorbance according to the method of Parenti

et al. (1969) for Euglena RNA, using the following

equation:-

Concentration of RNA (pg/ml.) = 35 (A26o 2 x A310^'
where A represents the absorbance at 260 run and 310 run

respectively.

DNA was obtained in solution by extracting the RNA-

free pellet with 2 ml. 0.6m PCA at 70°C for 20 minutes.

This was repeated three times, the extracts combined and

made to 10 ml. DNA was estimated using diphenylamine by

the method of Dische (1955) or by the method of Giles

and Myers (1965). Calf thymus DNA (Type I, Sigma

London Chemical Company) was used as standard.

The determination of DNA and RNA in lower organisms

and plants is often complicated by interfering substances

extracted with the nucleic acids (Munro and Fleck, 1966).
The ajoplicability of the above method to Euglena (to
which it was mostly applied) was not extensively
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investigated, but the procedure is very similar to one

devised for Euglena by de Torres and Pogo (1965).
The method was, however, usually applied to isolated

nuclei, chromatin or DNP, where interfering compounds

might be expected to be minimal. In the case of

Euglena, the spectrum of the UNA hydrolysate always

appeared to be normal, giving a peak at 260 nm, while

the spectrum of the colour produced by DNA with

diphenylamine was the same for both standards and

samples.

mmmosx

.Microsoppy

Cells and cell fractions were observed using a

Watson •Microsystem 70* light microscope fitted with

phase and non-phase objectives. Specimens were also

observed after staining with Giemsa stain. The specimen

was smeared across a slide, dried and fixed in methanol

for 2 minutes, and then stained for 2-5 minutes with

Giemsa stain in phosphate buffer, pH 6.5* (Biological

Stains and Staining Methods, 1966, 3rd Edition, BDH Ltd.).

Nuclei, either isolated or within cells were stained a

reddish purple, while paramylon particles and pellicle

fragments were unstained.

Electron Microscopy

Pellets of nuclei or whole cells were fixed with

2% glutaraldehyde in 0.1M phosphate, pH 7-1. 0.25M sucrose,

for 2-5 h, fragile pellets being held together by

addition of a small volume of 2i> agar. The fixed pellet
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was washed with 0.1M phosphate, pH 7«1» 0.25M sucrose

and then post-fixed with 1^ osmium tetroxide in 0.1M

phosphate pH 7.1* 0.23M sucrose. The pellet was then

washed twice with buffer, and transferred to 1C& ethanol

before being dehydrated in an alcohol series. The pellet

was embedded in araldite, sectioned and examined under

the electron microscope. The dehydration and subsequent

steps were performed by Mr. N. Smith of the Department

of Veterinary Anatomy.

USE OF THE FRENCH PRESSURE CELL

This device was used for the breakage of Euglena,

Astasia and Chlamydomonas cells. In essence, a

suspension of cells is forced by a piston through a

valve at high pressure. The pressure can be varied by

balancing the constriction of the valve against the

pressure applied by a hydraulic ram, and thus the

efficiency of breakage can be controlled.

The French pressure cell (manufactured by Aminco,

Silver Springs, Maryland, U.S.A.), of 40 ml. capacity,

was cooled to k°C before use. The barrel was greased

with silicone grease to ensure smooth movement of the

piston. The pressure cell was used in conjunction

with a manually operated hydraulic ram, a pressure

gauge giving the pressure exerted by the ram. The

pressure actually exerted by the piston on the cell

suspension was equal to

Cross-sectional area of ram

cross-sactional area of piston X proBsura «auge readine-
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2
The pressure figures quoted in the text as lb/inch

refer to pressures exerted by the piston, and not by

the ram.

The apparatus was kept in the cold room (^°c) and

procedures involving it were performed there. This

served to keep both the experimental material and the

operator cool. Material treated by the pressure cell

is referred to, for want of a better term, as the

'pressate,' and the operation itself by the verb, to

press.

AMINO ACID ANALYSIS

Samples were hydrolysed in 6M HG1 at 105°C for

2k h in sealed evacuated tubes. They were analysed on

a Locarte amino acid analyser. In computation of the

results, no corrections were made for hydrolytic losses.

The samples were hydrolysed and applied to the

analyser by Mr. J. McGowan of the Department of

Biochemistry.

Some fractions were also analysed by

Dr. R,P. Ambler of the Department of Molecular Biology,

using a Beckman 120c amino acid analyser operating with

two columns. Samples were hydrolysed as above.



CHAPTER III

ISOLATION OP EUGLENA HISTONE

PROM DNA - PROTEIN COMPLEXES
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INTRODUCTION

In the present work, DNA-protein (abbreviated to

DNP) refers to tbe precipitate obtained after a 1-2M NaCl

extract of DNA-containing material has been diluted to

a salt concentration of 0.15M.1-2M NaCl solubilizes DNA

by dissociating from it proteins, including histones,

thus affording a useful purification step since insoluble

material can be removed by centrifugation. When the

extract is diluted, proteins associate with DNA and the

complex comes out of solution. Histones can then be

extracted from the precipitated complex by acid.

This technique was used extensively in the early

stages of this work. Ideally, of course, histones should

be extracted directly from nuclei (or from chromatin

prepared from nuclei), but unfortunately the only

method for the isolation of nuclei from Euglena then

available gave a very poor yield and could not be used

for preparative purposes. Isolation of chromatin from

cells broken in the French press,using the method that

Bonner et; al. (1968) developed for pea seedlings, was

unsuccessful because the sucrose medium employed

solubilized only a little of the cellular debris and

so negligible purification of the chromatin was achieved.

The isolation of DNP was therefore investigated as a

preparative procedure and was found to be useful since

it could be scaled up to give usable quantities of

histone.
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There are, however, a number of objections to this

method. If the starting material is crude, proteins

other than those originally associated with DNA may be

solubilized, and, on dilution may precipitate with the

DNA. These proteins could be acid-soluble and be

removed from DNP together with the his tones. RNA can

also be solubilized and precipitated by the technique,

this being the case at times in the present work.

Full recovery of histone relies on its complete

precipitation with DNA in the dilution step. This may

not in fact occur especially if the extraction of DNA

is low, even though DNA can bind up to twice its own

weight of histone (Fredericq, 197l). The question then

arises as to whether all the histones will have an

equal affinity for the DNA: it seems likely that they

will not and this could lead to distortions in the

quantities of particular his tones found in DNP.

DNP was prepared by two different methods which were

modified in a number of ways, and the protein extracted

from it was usually compared by gel electrophoresis to

histone obtained from Euglena nuclei. This indicated

close similarities between the histones prepared by the

two methods, but it will become apparent, that electro¬

phoresis in this case was not necessarily a good guide.

EXPERIMENTAL PROCEDURES. RESULTS AND DISCUSSION

Method 1: Procedure

Cells which had been stored at -20°C were thawed

and mixed with an equal volume of Ballotini beads,
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size 11 (0.2 mm diameter) and a third volume of cold

buffer was added. The buffer was 0.1M NaCl, 0.05M

trisodium citrate, pH 7»C» or occasionally 0.075M NaCl,

0.024m EDTA, pll 7»0* The mixture was vigorously stirred

in an M.S.E, top-drive 'Homogeniser' at full speed for

15-30 minutes until most of the cells were disrupted.

Because heat was generated in this process, care was

taken to keep the flask surrounded with ice. The

beads were then allowed to settle, the liquid decanted

and the beads rinsed free of cell debris. The homogenate

was centrifuged at 8,000 g. for 15 minutes, the

supernatant poured off and the pellet resuspended in

buffer and centrifuged. The resultant pellet was then

suspended directly in 1-2M NaCl, or first in 0.15M NaCl

to which an equal volume of 2M NaCl was then added,

in both cases the suspension becoming viscous. On the

following day, insoluble material was removed by

centrifugation at 25,000 g. for 15 minutes and DNP

was precipitated by dilution of the supernatant to

0.15M with respect to NaCl. The DNP varied in colour

from pale yellow to green and was fibrous in nature.

It was collected by centrifugation and dried with

organic solvents before the acid soluble proteins were

extracted.

Method 1: Results and Discussion

Electrophoresis of basic protein prepared by

method 1 at times gave a very clean pattern, free of

low mobility bands (fig. la). Amino acid analysis of

this protein indicated its basic nature, the composition



Figure 1

(a) (b) (c)

Polyacrylamide gel electrophoresis of Euglena histone

isolated by the DNP technique, compared with histone

from nuclei prepared by the method of Parenti e_t al.

(1969). (a) Hist one from DNP prepared by method 1.

(b) Hist one from Euglena nuclei. (c) Histone from

DNP prepared by method 1, except that the DNP was

washed with a solution containing 10% Triton X100 prior

to acid extraction, (mon- SD5 0
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being very similar to that of calf thymus whole histone

(fig. 2 ),

Analysis of the dried, acid-extracted DNP pellets

indicated that they contained on occasions considerable

quantities of RNA, for example, 18$ (w/w) DNA, 3**$ (w/w)

RNA, although a more usual figure was 32$ DNA, 12$ RNA.

It is probable that at least some of this RNA arises

from ribosomes, and it is therefore possible that some

of the basic protein in DNP was originally attached to

ribosomes. However, it must be pointed out that the

electrophoretic pattern did not vary greatly with the

RNA composition of the DNP although there were perhaps

fewer slow bands when the RNA was low. If the homogenate

was washed prior to 2M NaCl extraction with 10$ (v/v)

Triton X100, 10$ sucrose, 5mM magnesium acetate,

50mM tris-HCl, pH 7*8, then the RNA content was greatly

decreased (33$ DNA, 7$ RNA) and the histone pattern

very clean (fig. lc).

That the bands shown in fig. lcrepresent histones

is further indicated by comparison of the pattern to

that obtained for protein prepared by acid extraction

of Euglena nuclei (fig. lb). The nuclei were isolated

from Euglena by the method of Parent! .et al. (1969) as

set out in Chapter IV, The close similarity of the

patterns argues that DNP basic protein is derived from

nuclei, and taken together with the amino acid analysis,

this indicates that basic proteins similar to histones

do occur in the nuclei of Euglena. This was the first

such evidence obtained in the present work.



Figure 2

Comparison of amino acid analysis of Euglena histone

(shaded columns) isolated from DNP (method l) with

that of calf thymus histone (Johns, 197l).

Asp. Thr. Ser. Glu.Pro. Gly.Ala. Cys. Val. Met. lie. Leu. Tyr. Phe. His.Lys. Arg.
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When the French pressure cell was used to disrupt

the cells, DNP did not precipitate from the diluted NaCl

extract. Indeed, the extract itself was not even viscous.

Presumably, either chromatin had been removed at the

washing stages or treatment with the pressure cell

altered it in such a way that it could not be

solubilized by 2M NaCl, The pressure Cell could,

however, be successfully used for the preparation of

DNP where the cells were first washed with Triton X100

in sucrose (see Method 2, below).

One of the problems with this first method was the

difficulty in scaling it up for preparative purposes.

Use of an M.S.E. 'Atomix* for cell disruption instead

of the top-drive homogeniser caused the temperature to

increase to 30-35°C, and perhaps for this reason DNP

failed to precipitate from the NaCl extract. Cells

were therefore always disrupted using the top-drive

homogeniser because they could be kept cool. However,

the maximum quantity of wet cells that could be used

in the homogeniser was 25 g., which is equivalent to

approximately 30 mg, DNA (Euglena cells contain about

1.2 mg. DNA and about 7 mg. RNA per g. wet weight).

The yield of DNA was in fact rather less than this

so that the quantities of histone obtained by this

method were low. For this reason, the method set out

below was developed.
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Method 2: Procedure

Cells which had been frozen and thawed three times

were washed up to three to five times with 3 volumes

of 10$ (v/v) Triton X100, 10$ (w/v) sucrose, 5mM

magnesium acetate, 50mM tris-HCl, pH 7»8. The cells

were then extracted two to four times with 3 volumes

of 2M NaCl, the DNP being precipitated as before, or

by dialysis to 0.15M NaCl. In this latter case, the

2M NaCl extract was dialysed initially against water

and finally against 0.15M NaCl, the dialysis bag

being occasionally inverted a number of times to mix

the contents. The DNP thus formed could then be

centrifuged down. Where DNP was precipitated from the

NaCl extract by the addition of water it could usually

be collected by winding it round a glass rod.

Method 2: Results and Discussion

The advantage of this method was that it could be

scaled up easily, although the yield of DNA was rather

poor, being only 25$ of that present in the washed cells,

Giemsa staining of washed cells indicated that much

cytoplasmic material was removed by the washing procedure

while the nuclei themselves remained intact within the

cells•

Histone prepared by method 2 was compared electrophor-

etically against a Euglena reference histone sample extracted

from chromatin. The methods used to obtain this histone

standard (designated P2a histone) are set out in Chapter IV,

p, 56. P2a histone was later shown to be very similar

to histone prepared from nuclei isolated by the acetic acid
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or citric acid techniques (see Chapter XV"), although

these are quantitative differences due to poor

extraction some bands in the P2a sample. Comparing

histone prepared by method 2 to P2a histone by non-SDS

electrophoresis revealed little qualitative difference

in the patterns (fig. 3)» although in many cases the

fastest band in DNP histone appeared to run slightly

faster than the most mobile P2a band. By contrast, SDS

electrophoresis performed rather later indicated some

differences(fig, 4), most notably in the absence of a

very slow band from the DNP histone, together with the

appearance of some faster bands. The slow band in P2a

histone was later shown to represent very lysine-rich

histone, fl. It seems likely that the faster bands

seen in the DNP histone pattern are fl degradation

products. It is possible that they are unique proteins,

but this seems less likely as they were not consistently

present. It might be pointed out that fl and f3 are

the histones most likely to suffer degradation (Panyim

et al.. 1968; Panyim and Chalkley, 1969). These

electrophoretic results therefore suggest that at least

one histone prepared by this method was degraded, and

further evidence that this is the case is presented in

Chapter V. Unfortunately, SDS electrophoresis was not

used at the time these experiments were performed and

the likelihood of degradation was not therefore

realized until later.

Method 2 was varied in a number of ways. After

washing the cells with the Triton solution, they were



Figure 3

© ©

Polyacrylamide gel electrophoresis of (a) histone

isolated from DNP prepared by method 2 compared with

(b) P2a reference histone isolated from chromatin.

(urea gols)



Figure h

Densitometer traces of SDS polyacrylamide gels after

electrophoresis of (a) histone extracted from

isolated nuclei and (b) histone isolated from DNP

prepared by method 2.

(a) Nuclear
Hi stone

(b) DNP Histone
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further washed with 0.15M NaCl before extraction by

2M NaCl. Alternatively, to increase the yield of DNP,

the cells were broken in the French press after they had

been washed. The pressate was centrifuged, the pellet

washed once in the same solution but without the Triton,

and then extracted with 2M NaCl, Both methods produced

histone which gave an electrophoretic pattern similar

to fig, 3a.

Precipitation of DNP by dialysis was useful since

the volume could be kept low. The DNP prepared in this

way was usually fibrous in nature, but on occasions it

was granular and in these cases it was very green, the

histone extracted from it being rather rich in electro-

phoretically slow bands, presumably non-histone

contaminants.

GENERAL DISCUSSION

Comparison of the electrophoretic pattern, of DNP

basic protein with that of P2a reference histone

indicates that the protein being isolated by these

methods was largely histone and not other basic

protein. The amino acid analysis of the protein

prepared by method 1 is very close to that for palf

thymus and further indicates its histone-like nature.

It appears, however, that histone prepared by method 2

was somewhat degraded. Although histones prepared by

method 1 were not analysed by SDS electrophoresis, the

relative sharpness of the bands obtained by non-urea

gel electrophoresis perhaps indicates that the hi stones

suffered less degradation.
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On occasions, difficulty was encountered in

precipitating fibrous DNP from the NaCl extract,

whether prepared by method 1 or method 2. The reason

for this is not clear, but it is possible that absence

or degradation of a fraction or fractions may be

responsible. Bolund and Johns (1973) found that

chromatin preparations completely devoid of fl histone

could not be quantitatively precipitated in O.l^M NaCl.

In the present case, the very lysine-rich histone was

apparently degraded, at least when DNP was prepared by

the second method, and this may account for failure on

occasions to obtain a good precipitation of the DNP

when this method was used. Although there is less

evidence for histone degradation in method 1, it is

nevertheless possible that arguments similar to the above

explain the failure to precipitate DNP in this case.

Although the objections to the DNP method which

were presented in the introduction to this chapter do not

appear to be justified in this case, the possibility

remains that DNP histone presents a. misleading picture.

That this is true to a certain extent was shown later by

SDS electrophoresis and by preparative procedures where

0.5M PCA extracts of DNP histone gave rise to multiple

bands on electrophoresis (see ChapterVl), when only

very lysine-rich histone would be expected to be

extracted.

There are a number of other limitations in the use

of the DNP method. Information about whole chromatin

is necessarily lost and this is serious where the
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metabolism of chromatin, is to be studied. For this

reason alone it is preferable to use nuclei as the

starting material, and it was therefore decided to

investigate the nuclear isolation methods further.

The success of these investigations allowed the DNP

methods to be discontinued.



CHAPTER IV

ISOLATION OF NUCLEI FROM

EUGLENA GRACILIS
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INTRODUCTION

In the present context histones are defined

as basic proteins bound to DNA in the nucleus of

eukaryotic cells. In a study of histones it is logical

to begin by isolating nuclei and this is the usual

practice. Gi'eat stress is laid on the nuclei being clean,

that is, free of cellular debris so that isolated nuclear

substances are not contaminated by non-nuclear ones.

Histones can be obtained directly from nuclei by acid

extraction or from chromatin prepared from nuclei.

As explained in Chapter II, chromatin often yields a

cleaner preparation of histones.

In the case of vertebrate tissues, the most

popular method at the present time for the isolation

of nuclei is to homogenise the tissue in isotonic
++ ++

sucrose containing approximately 5iaM Mg or Ca .

The nuclei can then be obtained by low speed

centrifugation and washed a number of times. They can

be further purified by centrifugation through dense

sucrose, or by washing in detergent solution (for

example, Triton XlOO) to solubilize cytoplasmic

contamination and to remove the nuclear membrane and

hence attached ribosomes (Barton et, al. , 197l)»

Non-aqueous methods have also been employed on

occasions, but they are rarely used at the present time,

and they were not investigated in the present work,

how pH methods (pH 2-5) are, on the other hand, still

used, particularly those involving citric acid. The

use of citric acid was popularized by Dounce (1955),
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and is useful with cells that present problems with

the sucrose procedure (Busch e_t aj.. , 1972). Citric

acid is very efficient in removing cytopiasmic contamina¬

tion from nuclei, but much protein is also removed from

the nuclei and the chromatin appears clumped. Some

citric acid methods employ a very low pH (pH 2-3) and

these are to be avoided where histones are the quarry

since fl histone may be removed from the DNA (MacGillivray

et al. . 1972). Stedman and Stedman (l95i) used acetic

acid to isolate nuclei, washing them with 1$ acetic

acid. Acetic acid is less often used at the present

time, however.

The methods for the isolation of nuclei so far

mentioned were developed with animal tissues in mind,

especially soft tissues like thymus and liver. Other

animal tissues present greater difficulty, and this is

also true of plant tissues where a rigid cellulose cell wall

must first be broken while keeping the nucleus intact.

It is presumably because of the difficulties involved

that few methods have been published for the isolation

of plant nuclei.

It is likewise difficult to obtain nuclei from

protozoa, the common problem being, as with plants,

a tough exterior. One of the probable reasons for the

popularity of Tetrahymena for the study of protozoal

metabolism is that it can be readily lysed by detergent.

Nuclei can thus be easily obtained.

A number of problems are presented when attempts

are made to isolate nuclei from Euglena. its tough
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pellicle resists most of the methods employed to break

it (Netrawali, 1970), but successful methods, on the

other hand, often damage the nuclei in the process. Thus

some means of protecting the nucleus from damage is

required. Even -when the cell ha3 been broken and the

nuclei remain intact, further problems are encountered

in separating the nuclei from the cellular debris.

This debris includes large quantities of chloroplast

fragments and paramylon particles. Fortunately the

former can be easily removed by detergent, but paramylon

particles are very troublesome since, although smaller

than nuclei, they are slightly more dense and usually

sediment with the nuclei during the isolation procedures.

They considerably outnumber the nuclei and due to their

propensity to aggregate into a solid pellet during

centrifugation, resuspension of a nuclei plus paramylon

pellet usually causes damage to the nuclei. Furthermore,

removal of pellicle fragments can also be difficult.

Probably because of the difficulties involved, only

two groups have published methods for the isolation of

nuclei from Euglena, and two of the methods devised

involve treating the cells with proteases, either pepsin

(Aprille and Buetow, 1970 and 1973) or trypsin

(Parenti at fUL., 1969)* After treatment, the cells were

easily broken and nuclei isolated, although in both

cases they were not free of paramylon particles.

Aprille and Buetow (1970) reported that they were unable
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to extract protein with acid from their nuclei, while

Parent! et al. (1969) did not look for his tone. The

problem with these methods is that the cell pellicle

may be so weakened as to admit trypsin which could then

cause proteolysis inside the cell.

Parenti jet al. (1969) also devised a method for the

isolation of nuclei by suspending Euglena cells in a 10#

Triton solution and disrupting them with a French

pressure cell. This method and the trypsin method were

tested in some detail, but neither was found to be very

satisfactory. An alternative method was therefore

sought, and low pH methods involving the use of citric

acid and acetic acid were extensively investigated.

Because clean nuclei were required in quantity for the

purpose of histone isolation, the use of low pH methods

was felt justified, but if enzymically active nuclei

were required, these methods might not be satisfactory.

The low pll methods developed were found to be most

useful in this work.

ISOLATION OF NUCLEI BY THE TRYPSIN METHOD

Method and Results

This method, devised by Parenti ejfc &1. (1969). was

basically as follows. Cells were frozen and thawed

three times and then suspended to a cell density of

30 x 10 /ml. in a buffer of 10# (w/v) sucrose, 4mM

magnesium acetate, lOmM tris-HCl, pH 7»8» containing

Triton X100. Trypsin was added to the cell suspension

which was then incubated at U°C or at 37°C. After the
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incubation the cells were centrifuged through 40$ (w/v)

sucrose, the cells being resuspended in cold sucrose

buffer and homogenised in an M.S.E. top-drive

'Homogeniser' to disrupt the cells. The nuclei were

sedimented through kofo sucrose at 1000 g. for 10 minutes,

this step being repeated twice to obtain a purer product.

This scheme was investigated so that minimum

conditions could be found for lysis, these being as

follows. Thawed cells were suspended in 10^ (v/v)

Triton X100 in sucrose buffer and were treated with

crude trypsin (Type T2, Sigma London Chemical Company)

at a concentration of 1.3 mg./ml. at 2°C for 20 minutes.

The cells were centrifuged through ho^ sucrose, leaving

a green supernatant, and were then broken in the

homogeniser. If more severe conditions were used, for

example more trypsin, a higher temperature or a longer

incubation, then the cells disintegrated before the

homogenisation step. Nuclei were purified by centri-

fugation through k0°t> sucrose, although the resultant

pellet was heavily contaminated with paramylon. Histone

isolated from this pellet gave one major and some minor

bands (Paramylon itself does not give rise to significant

electrophoretic bands).

Further investigations indicated that nuclei prepared

in this way were very fragile and rapidly disintegrated

during further purification, reducing the yield

subs tantially.
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Discussion.

If the cells were frozen and thawed before hand,

use of trypsin was a very efficient way of weakening

Eugiena cells, although, as Kirk (1964) and Parenti et

(1969) have found, it is not efficient with fresh cells

It is also evident that the method set out above can be

used in the isolation of nuclei, but these nuclei are

too fragile to be purified very extensively.

Electrophoretically, the histone isolated from these

nuclei does not resemble histone from higher organisms,

since only one major band could be seen. Neither did

it resemble histone obtained from EugJ.ena by other

methods which were used later. (These experiments

were among the first in this work).

In using this method as a step in the isolation

of histone, it was hoped that trypsin would not enter

the cells, but merely attack the pellicle. This hope

became untenable when it %*as realized that Triton was

entering the cells and solubilizing chloroplasts, as

indicated by the green supernatant produced by

centrifugation after the trypsin treatment. Although

it is possible that trypsin, being a larger molecule,

would not enter the cells under these circumstances,

it seemed unlikely considering the extensive damage to

the pellicle that it was obviously causing. The method

was therefore abandoned.
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DISRUPTION OF CELLS WITH BALLOTXNI BEADS

Method

Use of* Ballotini beads has already been referred to

in Chapter III. Frozen and thawed cells were mixed with

5 volumes of beads and k volumes of V% Triton X100 in

sucrose buffer (as used above). The slurry was stirred

in the top-drive homogeniser at half speed for

25 minutes when most of the cells had broken. The beads

were washed free of hcmogenate and the homogenate

centrifuged at 1000 to sediment nuclei. The pellet

was suspended in sucrose buffer and layered over a

stepped gradient of kofa sucrose - 80$> sucrose, and

centrifuged at 50,000 g. overnight to sediment nuclei.

No convincing nuclei could be seen in the pellet, but

the pellet was nevertheless extracted with 2M NaCl, and

it was found that DNP could thus be prepared.

Results and Discussion

Double electrophoretic gels (fig. 5 ) indicated

that the Euglena histone had approximately the same

mobility as calf thymus histone, and is similar to

his tone extracted from Euglena nuclei prepared by

methods to be described later. This method, whether

the Triton medium or 0.25M sucrose, 5mM magnesium

chloride was used, did not lead to the isolation of

convincing whole nuclei, although nuclear fragments

were presumably obtained since DNP and hence histone

was prepared. However the method was not very

satisfactory and was discontinued.



Figure 5

Drawing of polyacrylarnide gel after electrophoresis

of calf thymus and Euglena histones, using the double

gel technique. The Euglena histone was prepared as

described in the text, (urea gel)

Calf

Thymus
Hi stone

i (+).uglena
listone |

O
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At this point, some of the other methods which

were unsuccessfully- tried in the disruption of Euglena

cells can be mentioned. Use of a Potter-Elvehjem

homogeniser with a Teflon pestle had no effect on the

cells. Surprisingly, perhaps, frozen and thawed cells

were not efficiently broken up by ultrasonication. The

ultrasonicator was an M.S.E. 'Ultrasonic Disintegrator*

(60Watt)at 1.5 amperes, the large probe being used on

100 ml. of cell suspension (l volume of cells in

4 volumes of medium). Although some cells had been

disrupted after 30 minutes, it was not sufficient for

the purpose of nuclear isolation. Lynch et, al. (1972)

successfully used ultrasonication to disrupt Euglena .

Hence if the correct conditions are found it is a

feasible method. Failure in the present case may have

been due to a number of factors, the power output of

the sonicator being too low, the volume of cell

suspension too high, or too short a sonication for the

conditions employed.

ISOLATION OF NUCLEI USING THE FRENCH PRESSURE CELL

Method of Parent! et al. (1969)

The cells were frozen and thawed three times using

a solid C02-acetone bath and then suspended to a
concentration of 30 x 10^ cells/ml. in 10% Triton X100

in sucrose buffer (as used previously), and stirred

for 1 h. The cells were then disrupted by treatment
o

with the French pressure cell at 5000 lb/inch .

Pellicle fragments were removed by passing the pressate
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down a 15 cm. glass wool column, the pressate then being

centrifuged 1000 g. for 10 minutes through. 40jb sucrose.

The pellet was resuspended in 8$ sucrose, kadd magnesium

acetate, lOtaM rris-HCl, pH 7*3 and centrifuged through

kQ$ sucrose. This was repeated once.

Results and Discussion

The final pellet obtained by this method contained

nuclei and much paraiayion together with smaller

quantities of pellicle and other debris. The nuclei

were fragile and efforts to separate them from the other

material by centrifugation through dense sucrose wev-t. to

no avail since they disintegrated during this treatment.

Histone obtained by acid extinction of the pellet gave

an electrophoretic pattern as in fig. 6a, while fig. 6b

shows the pattern of histone from BNP extracted from

the nuclear pellet. The patterns are very similar-, slow

bands being rather prominent indicating a lack of purity

in the product. Amino acid analysis of this histone

indicated its basic nature, being rather similar in

composition to calf thymus histone, but rather more

cystine being present than is normal for whole histone.

This again suggests the presence of non-histone proteins.

If chromatin was prepared from these nuclei by

the method of Speisberg and Hnilica (l97l), and care

taken to remove much of the paramylan and other debris

by differential centrifugation, then the electrophoretic

pattern was devoid of most of the slow bands (fig, 3b),

This histone (designated P2a histone) was used as a

reference histone for much of the subsequent work.



Figure 6

'

• '. © ' 0

Polyacrylamide gel electrophoresis of histone isolated

from nuclei prepared by the French pressure cell method

of Parent! ejt al. (1969). ( a) Histone obtained by

direct acid extraction of the nuclear pellet. (b)

Histone from DNP prepared from nuclear pellet.

(urea gels)
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Chromatin prepared in this way and dried down contained

6$ DNA and 6$ RNA. Electrophoresis of P2a histone

indicated bands at positions identical to those found

for histone isolated later from purer nuclei prepared

by low pH methods. The latter histone, however,

exhibited fewer slow bands.

Nuclei from Astaaia longa were also prepared by

the foregoing methods. The electrophoretic patterns of

the histone obtained from this euglenoid organism were

very similar to those for Euglena histone although the

Astasia had more slow components indicating that the

nuclei were not very pure (fig. 12). This is the

first evidence so far produced for the presence of

histones in Astasia longa.

Parent! at al# (1969) stress the necessity of using

Triton X100 in their procedure, not only to remove

chloroplasts but also as a necessary component of media,

nuclei otherwise not being obtained in quantity. This

role for Triton is not understood, but was confirmed

both in the above experiments and in ones to be described

later.

The fragility of nuclei prepared by this method

has already been mentioned, and this limited its

success in gaining a clean product. It was for this

reason that methods for the preparation of DNP from

whole or broken cells was extensively investigated.

However, other media for the preparation of nuclei by

the French pressure cell method were tried. All the

media contained 10$ sucrose, ^UnM magnesium acetate,
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10mM tris-HCl, pH 7«8, with., in addition, either

a) 1$ Triton XlOO and hf> (v/v) polyvinyl pyrroliaone

(PVP); b) 20$ (v/v) glycerol, 5$ PVP; ox1 c) 20$

glycerol. None of these media was found to be effective,

the use of glycerol in particular necessitating much

higher pressures than normal, the nuclei presumably

being unable to withstand the treatment.

In an attempt to purify nuclei px'epared oy the

method of Parenti e_t aj.. (1969)* aae Ladox TM

(colloidal silica, manufactured by Du Pont de Nemours

and Co. Ltd.) was tried as a centrifugation medium.

This had been used in the purification of plant nuclei

(Hendriks, 1972), but in the present case the presence

of Triton XlOO causes precipitation of the silica, and

nuclei could not be prepared from Euglena in the absence

of Triton.

ISOLATION OF NUCLEI BY THE CITRIC ACID METHOD

Lavestigation of Conditions

This investigation was inspired by a review on

isolation of nuclei by Busch e_t al. (1972), attention

being drawn to the use cf citric acid in the isolation

of nuclei from difficult tissues. The methods of

Bounce (Bounce e_t al. , 1966) were therefore examined

and modified in a number of ways.

Frozen and thawed cells were broken using the

French pressure cell, the nuclei surviving if a medium

of 1$ (w/v) citric acid, 0.44m sucrose (adjusted to

pH 3*8 with NaOH) was used, but chloroplast material
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precipitated and was difficult to remove even. with.

Triton. Inclusion of Triton X100 in the medium was

found to oe necessary for the survival, in later steps,

of the nuclei. It was also found that if citrate of

a lower initial ph was used to give a homogenate of

approximately ph 3»4, then most of the chloroplast

material was solubxllzed. There was also an unexpected

but most useful bonus in using this pB: the paramylon

particles aggregated and could be removed by slew

centrifugation, leaving most of the nuclei in the

supernatant.

The procedure at this s tage was therefore as

follows. Ceils were fr-o^en and thawed three times,

suspended in 4 volumes of 1$ Triton X100, 1.5$

citrate pH 2.6, 0.44M sucrose and disrupted at 5000

lb/inch~ using the French press. The homogenate was

left for 5 minutes to allow the paramylon to aggregate

and then centrifuged at 50 g. for 10 minutes. The

supernatant was removed using a pipette, and, to remove

any nuclei which had been sedimented, the paramylon

pellet was suspended in 0.2$ Triton X100, 1.5$ citrate,

pd 3^3» 0.44m sucrose, and the paramylon again allowed

to aggregate, the centrifugation step being repeated.

The two supernatants were combined and centrifuged at

800 g. for 10 minutes to sediment the nuclei. The

nuclei were washed once in the 0.2$ Triton solution and

they could be purified by the following procedure.

They were suspended in a small volume of the washing

solution and enough 2.4m sucros'e, 1.5$ citrate, pH 3*3 was



61.

then added to make the solution 2.2M with, respect to

sucrose. After centrifugacion at 25.000 jg. for 1 h,

the nuclei, v/hole cells and other material floated to

form a 'pellicle' on top of the sucrose, while paramylon

particles sediiaented. The nuclei were then separated

from the other material by suspending the 'pellicle' in

the washing solution, adding 2.4m sucrose/citrate to

make the solution 1.8M with respect to sucrose, and

centrifuging at 25.000 g. for 1 h to sediment the nuclei.

Comment

The nuclei prepared in this fashion were free of

paramylon. and chloroplast material, but slightly

contaminated with other fragments. 0.25M HC1 extracted

nuclei which were subsequently dried down usually

contained about 30^ (w/w) DNA and 15/° (w/w) hNA.

The histone obtained was eleetropkoretically quite

clean (fig. 7) and represented a considerable

improvement over that obtained previously from nuclei

prepared by the method of Parenti e_t al. (1969)*
A number of factors were found to affect the

overall yield of nuclei. Firstly the freezing and

thawing step (performed using a -60°C deep freeze)

required the presence not only of sucrose but also of

magnesium. Celt frozen without sucrose/Mg++ gave a

poor yield of nuclei. The harvested cells were

therefore suspended in 2 volumes of 0.44M sucrose,

5mM MgCl^ and frozen. Secondly, the nuclei were more

stable if magnesium (5mM) was included in the

homogenising and washing media. Although it might be



Figure 7

Densitometer traces showing electrophoretic comparison

of Euglena histone isolated from citrate nuclei (heavy

trace) and calf thymus histone (light trace).
(urea gels)
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expected, that all the magnesium would be chelated by

the citrate, it is possible that this is not the case

and that enough magnesium was made available to nuclei

to help maintain the integrity of structure.

Another technique that was investigated was the

treatment of Euglena cells with ether before the

pressure ceil step. This was found useful by Hamilton

et ai. (1972/ in the isolation of tobacco leaf nuclei

the leaves being washed in ether before homogenisation.

Thus Euglena cells, fresh or frozen, were stirred for

up to 5 minutes with cold diethyl ether and then

centrifuged to remove the ether. The ceils could then

be broken in the pressure cell in the usual way, except

that the pressure required (3,300 lb/inch ) was lower

than that usually necessary, whether fresh or frozen

cells were used. The survival rate of the nuclei was

the best ever achieved, but the nuclei gave the

appearance under the microscope of being encapsulated

in a non-staining envelope. However, they were

extremely difficult to purify since the chloroplast

material could not be readily solubilized or otherwise

removed. Hence the DNA content of the nuclear fraction

was low, containing, after acid extraction and drying

down, about 6% DNA. Electrophoresis of the histone

extracted from this fraction yielded many slow bands,

hence, although ether treatment was useful in some

respects, the drawbacks could not be eliminated and its

use was discontinued. It is possible that othei' organic

solvents might have similar useful properties without
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tlie deleterious effects, but no otters were

investigated.

The use of media of a higher pH wa.s also examined

to ascertain whether nuclei could be more efficiently-

isolated, or whether the histone pattern was altered in

any way. 0.44M sucrose, 1.5"^ citrate, pH 5.1 was used

but no nuclei appeared to remain intact in the pressate

On the other hand, using unbuffered 0.44M sucrose,

lOmM MgCl^, 1$ Triton, nuclei were visible in the

pressate, but were difficult to purify since paramylon

particles could not be easily removed because they did

not aggregate at the higher pH. The use of acidic

media was therefore retained.

ISOLATION OF NUCLEI USING ACETIC ACID MEDIA

Investigation of Conditions

The substitution of acetic acid for citric acid in

the foregoing experiments had indicated that nuclei were

stable in this medium and that, provided the right

concentration of acetic acid was used, namely, one

to give pH 3*3-3.6 ip the homogenate, then chloroplast

and other unwanted material was better solubilized than

with citrate. In the early experiments, the method was

as for citrate, the cells being diluted to a final

concentration of 1 volume in k volumes of 0.44M sucrose

5mM MgCl . Concentrated acetic acid was added to a

concentration of Zio (v/v) and Triton X100 added as a

20$ solution to a concentration of 1$. After pressing,

the pH of the homogenate was 3.3 to 3.6; at slightly
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higher values (around pH 4) there was the usual problem

of precipitated chloroplast material which was difficult

to remove. Paramylon was removed as before, and after

washing the nuclei in 0.44m sucrose, 5n?m MgGl^, 0,2%
Triton (adjusted to pH 3*6 with acetic acid) they were

further purified by centrifugation using a stepped

gradient of sucrose. For this, the nuclei were

resuspended in a small volume of washing buffer, added

to 2.4m sucrose, 5mM MgCl^» acetic acid, pH 3«6 to give
a final concentration of sucrose of 2.0m, The

suspension was layered over steps of 2.2m and 2.4m

sucrose (containing 5mM MgCl^ and acetic acid, pH 3,6)
and centrifuged at 25,000 g. for 3 h quite clean nuclei

then being located at the 2.2-2.4M sucrose interface.

Whole cells floated to the surface while paramylon and

some nuclei sedimented, Chromatin was prepared from

the nuclei and histcne extracted. Histone prepared in

this way was electrophoretically clean (fig.8 )•
Further Modifications to the Acetic Acid Method

Nuclei prepared by this method were still rather

fragile and this precluded the use of too many steps

in the purification procedure. Following a suggestion

by H.R. Matthews (personal communication), the

concentration of Mg++ was increased to lOmM. (.It

had been found by Bradbury et al., 1973b»that the

nuclei of Physarum polycephalum prepared in a medium

containing lOniM MgClg were very resistant to breakage,
but less so if a lower concentration of Mg++ was used).
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This modification was found to increase the stability

of Euglena nuclei.

Spermine and spermidine have often been used as

nuclear stabilizers, for example by Gorovslcy et, al«

(1973) in tbe isolation of Tetrahymena nuclei. These

workers also found that the spermidine helped to prevent

proteolysis of histones. When added to the French

pressure cell medium at a concentration of O.I70 (w/v),

and to the washing media (0.03$, w/v) Euglena nuclei

were found to be more stable. Spermidine (Aldrich

Chemicals) has therefore been subsequently included in

all nuclear isolations.

Triton N101 was tried in place of Triton X100,

and, if freshly made up, was more efficient in

solubilizing cytoplasmic material than the latter.

Its use was therefore retained.

Purification of nuclei by centrifugation through

dense sucrose was reasonably efficient but resulted in

a large decrease in yield. The final quantity of

histone obtained was never very great because of the

difficulty of scaling up the pressure cell step, so

losses were to be avoided. Fortunately a method was

found which gave very clean histone in good yield from

chromatin prepared from washed nuclei (which had not

been further purified). This was the method of

Mohberg and Rusch (1969), and involves the extraction

of histone from nuclei using 1-2M CaClg. It was
originally developed for Physarum polvcephalum. from

which it is otherwise difficult to obtain a good yield
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of histone by the usual acid extraction techniques. The

use of calcium chloride was also found to give good

results when mammalian nuclei were treated in this way.

The final procedure adopted for the isolation

of nuclei is set out below. The histone was

eleetrophoreticaiiy identical to that obtained by

other methods, except that some minor bands were

different, these presumably being non-histone

contaminants. The use of 1M CaCl^, like 1-2M NaCl,
to extract histone from chromatin could lead to

proteolysis of fractions because of the long time that

some of the histone spends free in solution, but in

fact there was no indication of this by electrophoresis,

and the method therefore seemed safe from this point of

view.

Final Procedure for the Isolation and Purification of

Euglena Nuclei

huglena gracilis cells were harvested and

suspended in 2 volumes of 0.44M sucrose, lOmM MgCl^,
and to this suspension was added spermidine (to a

concentration of O.Tjw), 10^ Tx^iton N101 (to a concentration

of 2'^) and concentrated acetic acid (to a concentration

of 2$>)» The stirred suspension was frozen using a

-6o°C deep freeze cabinet, and thawed three times.

The frozen and thawed suspension was then further

diluted with 2 volumes of 2% acetic acid, 0.1^

spermidine in G.44M sucrose, lOmM MgCl^, and the cells
2

broken using the French pressure cell at 5000 lb/inch .

The pressate was collected in centrifuge tubes or
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bottles in ice, left for 5 minutes to allow the

paramylon to aggregate, and the paramylon then sedimented

at 50 g. for 10 minutes. The supernatant was carefully

removed with a pipette, and the paramylon pellet

resuspended in 0.44m sucrose, lOmM MgClg, acetic acid,
pH 3.6 (washing solution), and, after re-aggregation

had occurred, the centrifugation was repeated. The two

supematants were combined and centrifuged at 1300 g. for

15 minutes to sediment the nuclei. The pellet was

suspended in washing solution containing 0.03$ spermidine

and 0.2$ Triton N101, using a loose fitting Potter-

Elvehjem homogeniser. This was centrifuged at 600 g.

for 10 minutes on an M.S.E. fMinor* bench centrifuge

(+4 setting). The nuclei were washed twice more before

being used for the preparation of chromatin.

Electron Microscopy of Isolated Nuclei

Nuclei isolated by the acetic acid method and

further purified by centrifugation through dense sucrose

were examined by electron microscopy (fig. 9). This

indicated that these nuclei were substantially free of

cytoplasmic contamination. An endosome (or nucleolus)
could be clearly seen in some nuclei (fig. lo), this

organelle appearing to consist of two distinct zones.

It will be noted that in contrast to the nucleus

within the cell (fig. ll), the chromatin within nuclei

isolated by the acetic acid method was aggregated.

This aggregation also occurred when Euglena nuclei

were prepared by the citric acid method. Citric acid

is known to cause extraction of protein from the



Figure 9

Electron micrograph of Euglena nuclei prepared by the

acetic acid method. (Magnification approximately

x 10,000),



Figure 10

Electron micrograph, of a single isolated Euglena

nucleus containing an endosome. The aggregation of

the chromatin can also be seen. (Magnification

approximately x 50,000).



Figure 11

Electron micrograph showing a nucleus within a

cell. (Magnification approximately x 22,000).

Euglena
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nucleus and to <ause aggregation of chromatin and other

changes in nuclei (Busch e_t al., 1972).

Preparation of Chromatin from Acetic Acid Nuclei and

the Isolation of Histone

The nuclear pellet was washed with a) 0.35M NaCl

b) 0.08M NaCl, 0.02M EDTA, pH 6.3 c) 0.35M NaCl

d) 1.5mM NaCl, 0.15mM sodium citrate, pH 7.0, each time

being centrifuged at full speed (2000 g.) on the bench

centrifuge in the cold room. After the last wash the

chromatin had swelled to form a gel.

To extract histones, the gel was suspended in

1 volume of ice cold water, and 2M CaCl^ (2 volumes)
added with rapid mixing (giving a 1M CaClg solution).
The still viscous solution was stirred at 600 r.p.m.

for 2 h, centrifuged at 25,000 g. for 15 minutes. The

supernatant was decanted and 100$ (w/v) TCA added to a

final concentration of 25$. The pellet was resuspended

in 2 volumes of 1M CaCl and stirred overnight. The

insoluble material was removed as before and the

supernatant treated with TCA. The TCA precipitates

were combined, collected by centrifugation at 15,000 jg.,

and taken up into 0.25M HC1. The rather fibrous,

sticky precipitate was thoroughly homogenised, and then

centrifuged to remove insoluble material. The pellet

was extracted twice more over a period of 2k h, and the

HC1 extracts precipitated with acetone and dried as

usual.

The yield of DNA in the CaCl^-extracted pellet and
in the HC1 extracted TCA-precipitate together represented
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between kO% and 50$ of the DNA present in the starting

material, i.e, the whole cells. Light microscopy

suggested that the major loss was at the paramylon

aggregation stage when many nuclei sedimented with the

paramylon particles. Repetition of this step would

have increased the yield of nuclei, but at the expense

of contamination by paramylon particles.
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AMINO ACID ANALYSIS OF EUGLENA HISTONE

EXTRACTED DIRECTLY FROM NUCLEI

The amino acid analysis given in Chapter III

referred to histone isolated from DNP. It has been

pointed out that the source of this basic protein

cannot with certainty be ascribed to nuclei.

Therefore, presented here is the amino acid analysis

of histone (Table 2 ) extracted with acid from Euglena

nuclei. The nuclei were prepared by the acetic acid

method set out on p. 63 , and this histone was free of

contaminants as shown by electrophoresis (fig. 8).

This analysis closely resembles that for the protein

from DNP (fig. 2). It is also very similar to the

analysis for calf thymus whole histone, although some

small if consistent differences are apparent. In

particular, Euglena histone has higher levels of

lysine but lower arginine and histidine, and more

phenylalanine but less tyrosine. These differences

are probably significant, as discussed in the final

chapter.



Table 2

Amino acid analysis of histone extracted by acid from

isolated Euglena nuclei, prepared by the acetic acid

method. This is compared to the analysis for calf

thymus whole histone (Johns, 1971)•

Moles $a

Amino Acid Euglena Calf Thymus

Aspartate 5.0 4.9

Threonine 5.7 5.3

Serine 5.3 5.0

Glutamate 7.4 8.4

Proline 4.5 4.8

Glycine 9 .4 8.7

Alanine 13.4 13.6

Cystine/2 trace tia ce

Valine 5.9 6.2

Methionine 0.9 0.9

Isoleucine 4.2 4.4

Leucine 8.0 7.7

Tyrosine 1.9 2.3

Phenylalanine 2.9 1.7

Histidine 1.3 2.3

Lysine 16.4 14.9

Arginine 7.8 8.9
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RATIO OF HISTONE TO DNA

It has been commonly observed tbat the quantity

(on a mass basis) of" histone in chromatin or nuclei

approximately equals that of DNA (Kornberg, 197*0 •

This is true for a wide variety of vertebrates, but it

is of interest to determine whether this also holds

true for less complex organisms. It certainly appears

to apply in the cases of Phvsarum polvcephalum

(Mohberg and Rusch, 1969) and Tetrahvraena pyriformis

(Yabuki and Iwai, 197l).

A mass ratio of about 1.0 for histone: DNA was

often found to be the case for Euglena, whether histone

was extracted from nuclei with acid, or from chromatin

by the calcium chloride technique. However, the

latter technique sometimes gave lower values (down

to 0.6) possibly reflecting the difficulty of obtaining

a full yield of histone from the TCA precipitate. In

addition, acid extraction on occasions gave a ratio

somewhat higher than unity (up to l.**)» but In these

cases electrophoretic examination showed the histone

to be contaminated with non-histone components. One

of the problems is that repeated extraction of nuclei

or chromatin with acid, necessary to remove all the

histone from the DNA, often tends to extract non¬

histone contaminants.

The evidence therefore suggests that the histone:

DNA mass ratio for Euglena is comparable to that found

in higher organisms.
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THE HISTONE OF ASTASIA LONGA

Cultures of Euglena can be 'bleached1, that is the

ability of the organism to form chloroplasts is

permanently lost and as a result the cells can only

live heterotrophically, The bleaching can, for

example, be achieved by the use of streptomycin or by

raising the temperature. A naturally-occurring bleached

form is Astasia longa. and this was the first organism

to be studied in the present work. It was chosen since

it was felt that the lack of chloroplasts would remove

one complicating factor in the isolation of nuclei

(although it will have been seen from Chapter IV that

this was not a problem). Unfortunately, Astasia was

difficult to grow in quantity and in spite of the

careful application of steriletechnique the cultures

often became contaminated. Hence the quantity of

usable cells was limited, and for this reason work on

Astasia was eventually ceased.

However, as noted in Chapter IV, some nuclei were

prepared by the method of Parenti et, al. (1969), and

protein was extracted with acid. Gel electrophoretograms

showed the presence of bands now associated with Euglena

histone, but there were additional bands, suggesting

the presence of non-histone proteins. Since the

nuclear preparation was contaminated with paramylon

particles the presence of contaminants is not

surprising. Figs. 12 and 13 show polyacrylamide gels

of Astasia histone and a comparison of it with Euglena

histone.
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These results suggest that the hlstone of Astasia

and Euglena are very similar. It would indeed be

surprising if they were not, since these organisms

appear to be closely related.



Figure 12

Euglena
histone

Astasia
his tone

©
SDS polyacrylamide gel after electrophoresis of

Euglena histone (left) and Astasia histone (right),

using the double gel technique.



Figure 13

Astasia
his tone

Euglena
histone

©
Urea polyacrylamide gel after electrophoresis of

Astasia histone (left) and Euglena histone (right),

using the double gel technique.
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A SEARCH FOR HISTONBS IN CHLAMYDOMONAS RBINHARPII

It was pointed out in Chapter I that the phylogeny

of euglenoids is a matter of some dispute. In contrast,

the classification of Chlamvdomonas reinhardii is much

less controversial, this organism being considered one

of the most primitive of green plants. Since higher

plants contain histones, it would be expected that

their primitive precursors would likewise have histone.

This argument relies on certain assumptions, for

example that histones evolved in unicellular organisms

and that these organisms (or some of them) have not

since evolved a way to do without histone. These

points are raised again in the final discussion

(Chapter VII).

Chlamydomonas could be easily grown in bulk, and

no problems with contaminating organisms were encountered.

Since there are no published methods for the isolation

of nuclei from Chlamydomonas, an attempt was made to

isolate nuclei by the French pressure cell method of

Parent! je£ al. (1969). The cells could be easily

broken at low pressures (3,300 lb/inch ), and round

bodies were obtained by centrifugation of the pressate.

These could be purified by differential centrifugation.

Since they were readily stained with Giemsa, it was

assumed that these bodies represented nuclei, although

it was noticed that they were a little variable in size.

These particles contained no protein extractable

by acid, but this was less surprising when it was found

that neither did they contain any DNA. A fuller
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investigation of the nature of these bodies is

described in the appendix.

Investigation revealed that the DNA was located

in the supernatant resulting from the centrifugation of

the pressate. Unfortunately, the cells do not contain

much DNA (about 70 mg.per 100 g.dry weight) and attempts

to purify any DNA-containing particles, free of other

cell constituents proved impossible. Attempts to

isolate chromatin by the method of Bonner _et al.

(1968) failed for this reason.

A later attempt d:o isolate nuclei from Chlamydomonas

involved a modification of the acetic acid method

developed for Euglena, The cells were broken as usual

in the French press and the pressate centrifuged at

1000 g.to remove much debris (but little DNA). The DNA

was sedimented from the supernatant by centrifugation

at 8,000 g. The pellet was washed twice with 0.44m

sucrose? lOmM MgClg, 0,2% Triton N101, and chromatin
was prepared from this in the usual manner. Unfortunately

this preparation considerably contaminated with

chloroplast fragments.

Protein extracted from this fraction by the calcium

chloride technique was analysed on SDS gels (fig. 14).
The electrophoretogram was somewhat indistinct and

although some components of mobility comparable to those

of Euglena histone were present, the pattern was not one

typical for histone. In view of the unsatisfactory

nature of the preparation, it is difficult at this stage
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to auUce any assessment as to whether Chlamydomonas

oontains histones.



Figure lA

© ©

SDS polyacrylamide gel electrophoresis of

(a) Euglena histone, (b) and (c) samples of protein

from Chlamydomonas isolated by the CaOl^ technique
from DNA-containing pellets obtained after breakage

of the cells as described in the text.



77

BLBCTROPHORBTIC COMPARISON OF THE HISTONES

OF EUGLBNA AND RAT

It is usual to compare histone preparations from

new sources with, a mammalian standard such as calf

thymus his tone. Such comparisons aro often instructive

about the nature of the histone from the now source and

were therefore frequently made in the present work. An

electrophoretic comparison is a useful way to gauge the

relative complexity of histones from different sources,

and, if SDS electrophoresis is used, information regarding

the size of the components can also be gained.

In the present work, histone from rat liver nuclei

was used for reference purposes. The nuclei were

prepared in the following way. The liver was

homogenised in O.^M sucrose, 5mM MgCl^ using a
Potter-ElvehJem homogeniser, and, after filtration

through muslin, a crude nuclear pellet was obtained by

centrifligation at 1000 g. This pellet was washed once

in the homogenising medium, them suspended in 1.8M

sucrose, 5mM MgClg and centrifuged at 11,000 g.through
a cushion of 2.0M sucrose, 5mM MgClg for 1.5 h. The
nuclei were washed successively in 0.44m sucrose,

5mM MgCl2; 0.15M NaClj and finally, 0.35M NaCl
(the nuclei being recovered by centrifugation at 1000 g.

on each occasion). The nuclei were dried by organic

solvents (using, successively, 80$ ethanol, 100$ ethanol,

acetone and lastly, diethyl ether) in order to reduce

any non-histone contamination to a minimum (stellwagen

and Cole, 1968). Histone was obtained by extracting



78.

the powder four times with. 0.25M HC1.

The el ectrophoretic pattern of this histone on

urea and SDS polyacrylamide gels is given in fig. 15,

the identity of the various bands being inferred by

reference to the work of Panyim and Chalkley (1969,

197l) whose electrophoretic methods were used

throughout. On urea gels, the pattern given by rat

liver histone is clearly different from that of

Euglena histone, and the double-gel technique (fig. 16)
shows that the slowest Euglena band is appreciably

faster than the slowest rat histone band. In both

cases, the fastest bands are doublets, and the slower

component of the Euglena doublet lines up with the

faster of the rat liver histone doublet. Overall, the

Euglena histone gives rise to one more band on urea gels

than does rat liver histone.

In contrast to the rather different patterns seen

on urea gels, these on SDS gels are remarkably similar

(fig. 17) and double-gels (fig. 18) show that the

mobilities of the various bands are closely comparable.

Perhaps the most obvious difference is that while the

fl bands of rat liver histone are well separated, the

slow band of the Euglena pattern is a barely-resolved

doublet. The result given by SDS electrophoresis

clearly indicates that Euglena histone is of similar

complexity to vertebrate histone, and this is borne out

by fractionation studies to be described in the next

chapter.



Figure 13

©
Polyacrylamide gels after electrophoresis of rat

liver his tone in (a) 2.5M urea and (b) SDS. The

identity of the bands was inferred from the work

of Panyim and Chalkley (1969a, 1971).



Figure 16

Euglena
his tone

Rat liver
his tone
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■it J
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©

Urea polyacrylamide gel after electrophoresis of

Euglena histone (left) and rat liver histone (right),

using the double gel technique.



Figure 17

Densitometer traces of SDS polyacrylamide gels after

electrophoresis of (a) Euglena histone and (b) rat

liver histone. The gels were run at the same time.



Figure 18

Rat liver
histone

Euglena
his tone

©

SDS polyacrylamide gel after electrophoresis of rat

liver his tone (left) and Euglena histone (right),

using the double gel technique.
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AN ELECTROPHORETIC STUDY OF THE

HISTONBS OF TRYPANOSOMATID ORGANISMS

Trypanosoma brucei

The immunological work of Stewart and Beck (1967)

has suggested histones to be absent from the nuclei of

trypanosomes. Leaver (unpublished) has investigated

this problem by more standard techniques. Nuclei

were isolated from Trypanosoma brucei (grown in host

rats) by a modification of the acetic acid method,

and histone extracted as usual.

Urea gel electrophoresis resolved the histone into

four main bands (fig. 19). Its mobility was comparable

to that of rat liver histone even if overall a little

faster (fig. 20). SDS electrophoresis on the other

hand reveals only two major bands (fig. 2l). Neither

of these exactly align with any particular Buglena

histone bands but they do show mobilities near those

of the three faster Euglena bands (fig. 22).
These electrophoretic results do therefore suggest

that at least this particular trypanosome contains hist¬

ones, although amino acid analysis has not yet been

performed to indicate how similar the histone is to

that of higher organisms. Comments on the electro¬

phoretic results are out of place here until further

work has been done on the system.

Crithidja fasciculata

This organism, a trypanosomatid parasite of

insects, has been studied in this laboratory. Nuclei

were isolated by a modification of the acetic acid



Figure 19

Densitometer trace of urea polyacrylamide gel after

electrophoresis of histone of Trypanosoma brucei.



Figure 20

" ?Rat liver v Trypanosome
histone histone

X

m

-
- ©

Urea polyacrylamide gel after electrophoresis of

rat liver histone (left) and trypanosome histone

(right), using the double gel technique.



Figure 21

Densitometer traces of SDS polyacrylatnide gels after

electrophoresis of (a) trypanosome histone and

(b) rat liver histone. The gels were run at the same

time .



Figure 22

Eugle na
his tone

Trypanos ome
histone

11}

©

SDS polyacrylamide gel after electrophoresis of

Euglena histone (left) and trypanos ome histone (right),

using the double gel technique.
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method, and histone isolated by the usual technique.

The amino acid analysis of the histone resembles

that of higher organisms. SDS electrophoresis shows

three bands of mobilities comparable to the three

faster Euglena histone bands (fig. 23), although the

fastest bands do not exactly align, and it will also

be noted that Crithidia lacks a prominent slow band.

Frew (197^) has fractionated the histone from

Crithidia into three major fractions corresponding

to the three bands on SDS gels using the gel filtration

method of Bohm et. al. (1973)* Amino acid analyses of

the three fractions are given later (Chapter VIl) as

a comparison to Euglena fractions. It can be noted

here however that the fastest band (fraction III)
resembles f2al (but without the characteristic glycine

to alanine ratio). Fraction I, the slowest band, has

an analysis recalling f2a2, though some similarities

to f2b can also be seen. Fraction II, the middle band,

resembles f3 in analysis and also appears to contain

cystine. In addition, extraction of whole histone with

dilute PCA by the method of Oliver ej: al. (1972)

revealed the presence of a very lysine-rich fraction.

Electrophoresis of this fraction revealed the presence

of a number of bands, and this would suggest that fl

became degraded at some stage in the isolation procedure.

This would also explain the absence of a slow band on

SDS polyacrylamide gels.
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Hence, in contradiction to the suggestion of

Stewart and Beck (19^7)» it is clear that C.fasciculata

contains histones, and that in many respects they

resemble those of higher organism.



Figure 23

Densitometer traces of SDS polyacrylamide gel

electrophoresis of (a) Euglena histone and

(b) Crithidia histone. The gels were run at

time.



CHAPTER VI

FRACTIONATION OF THE

HISTONES OF BUGLENA GRACILIS
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INTRODUCTION

Having demonstrated tlxe presence of histone in

Euglena gracilis and determined by gel electrophoresis

that it was heterogeneous, fractionation procedures

were applied to the histone in order to obtain individual

fractions, so that further information could be obtained

about them. To this end, a number of fractionation

procedures which had been initially developed by other

workers for mammalian histones were used, with variable

success. The different methods are set out below,

mostly in the order in which they were first used.

These experiments were begun when Euglena histone

became available in quantity, that is, when the method

for the large-scale extraction of DNP from whole cells

was devised (Chapter III). Reservations have been

expressed about this histone and interpretation of

the early experiments therefore requires some caution.

Later experiments used histone extracted directly from

nuclei or chromatin.

As an aid to the identification of the various

bands given by Euglena histone on electrophoretic gels,

fig. 24 shows a numbering system which will be used

in this chapter. Isolated fractions will be identified

by the band number(s) whenever possible.

ION-EXCHANGE CHROMATOGRAPHY

CM-Cellulose Chromatography

This method, set out in Chapter II, was devised by

Johns e_t al. (i960) and separates calf thymus histone



Figure 24

•i:

0
The numbering of bands given by whole Euglena

histone on polyacrylamide gels. This numbering

system is used to aid identification of

isolated fractions. (<xj (k^) SJ>S ' •
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into three major fractions. The first, f1, elutes with

solution A} the second, f2, elutes with 0.01M HC1, and

is complex (Johns et, al., 1961)} and the third, f3,

elutes with 0.02M HC1. The procedure was applied to

Euglena histone from DNP. Some electrophoretically

slow proteins did not bind to the column: these were

presumably non-basic proteins. All the other fractions

obtained by this method were electrophoretically complex,

and the fractionation procured was not good enough to

warrant further investigation. Possible explanations

for the complexity of the fractions are discussed at

the end of this chapter.

CG50 Chromatography

This method was introduced by Luck et; al. (1958)

and involves the elution of a column of CG50 resin (an

acrylic resin bearing carboxyl groups) with a gradient

of guanidium chloride (GuCl) in phosphate buffer, pH 6.8.

Applied to mammalian histone, four main peaks result,

the first peak being fl, the second peak a mixture of

all the histones, the third f2a2 and f2b and the fourth

a mixture of f3 and f2al (Fambrough and Bonner, 1966;

Johns, 197l).

The method was applied both to Euglena whole

histone (prepared from DNP) and to fractions prepared

by some of the methods mentioned later. (That the

method was working properly was checked using calf

thymus histone.) The major peak, apart from that

produced by protein that did not adhere to the column,

was usually the peak which eluted with or just ahead



84.

of the 40$ GuCl. This peak was electrophoretically

complex, as were most of the other peaks that were

eluted by 8-l4$ GuCl. For this reason the method

was discontinued as it did not seem to offer much

promise for the fractionation of Euglena histone.

However, one interesting result was obtained. A

peak often appeared at 10$ GuCl during elution of DNP

histone or a fraction thereof. It gave a single fast

band on electrophoresis (fig. 25) • In one case, protein

extracted from DNP at pH 3*0 was applied, and the protein

eluting at 10$ GuCl proved to be lysine-rich (Table 3)«

Later studies on histone from nuclei revealed no fraction

comparable in composition or electrophoretic properties

(Euglena fl is slower and richer in lysine). The

fraction may be an fl degradation product and this would

suggest that DNP contained degraded fl. Some of the odd

results obtained by ion-exchange chromatography may be

ascribed to the elution of fl products at different

positions.

SELECTIVE EXTRACTION PROCEDURES

Introduction

A number of methods exist for the selective

extraction of individual histone fractions from

chromatin. At least two of these rely on increasing

the ionic straigth of the extraction medium, either by

increasing the concentration of NaCl (Ohlenbusch at al..

1967) or by lowering the pH (Murray, 1966). In both

cases the first histone to be extracted is the very

lysine-rich histone, fl (at 0.3M NaCl or at pH 1.75-2.6).



Figure 25
USTJLCK.

Densitometer traces of^polyacrylamide gels after

electrophoresis of (a) protein eluted from CG50

column with 10-11% GuCl (b) Euglena whole his tone,

run as a comparison at the same time.



Table 3

Amino acid analysis of protein eluted from CG50 by

10-11% GuCl, The protein applied to the column had

been isolated by titrating DNP to pH 3.0.

Amino Acid Moles %

Aspartate 2.0

Threonine

Serine 5.6

Glutamate ^•9

Proline 9.1

Glycine oo . to

Alanine 18.0

Cystine/2 0.0

Valine 6.3

Methionine 0.7

Xsoleucine 1.8

Leucine 6.5

Tyrosine 2.3

Phenylalanine 1.7

Histidine 0.9

Lysine 23.3

Arginine ^.3
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If the ionic strength is increased further, the

intermediate histones are extracted and finally arginine-

rich histones are dissociated. However, apart from fl,

no individual fractions are obtained, although Bartley

and Chalkley (1972) have since modified the method to

permit an extraction which is more selective.

Other methods include the use of PCA to remove fl

selectively from DNA (Johns and Butler, I962), ethanol-

HC1 to remove f3, f2al and f2a2 (Johns, 1964) or ethanol-

NaCl (Johns, 1967) to remove f2a.

These methods have all been applied in the present

work. At earlier stages, selective extraction of DNP

was attempted, for the reason that DNP was readily

available, although it was not in this case successful.

Greater success was achieved when nuclei or chromatin

was used.

Salt Dissociation Method

The method of Spelsberg and Hnilica (l97l) was

followed, the material used for these experiments being

DNP prepared by method 2 (Chapter III). Briefly, DNP

was broken up with 50 volumes of cold 0.15M NaCl, using

an M.S.E. top-drive 'Homogeniser*, and centrifuged to

sediment DNP. This was repeated using the following

solutions of NaCl: 0.35M, 0.5M (both centrifuged at

70,000 g. for 4 h), 1.0M and 2.0M (both centrifuged at

120,000 g. overnight). All supernatants were dialysed

against water, acidified, and precipitated with acetone.

The protein in the 0.15M and 0.35M NaCl extracts

was electrophoretically slow material and was presumably
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non-histone protein. The 0.5M NaCl extract comprised of

one band which was slightly faster than band 6 on urea

gels. When chromatographed on CM-cellulose according to

the method set out earlier, it eluted with solution A,

that is, it behaved as a very lysine-rich histone, and

amino acid analysis confirmed this (Table h ), The

fractions extracted with 1.0M and 2.0M NaCl were

electrophoretically complex, being similar to the

pattern obtained for whole histone.

Comment

It appears that the method works with DNP in a way

which is similar to its effect with mammalian nuclei.

In other words, non-histone is extracted by up to 0.35M

NaCl, very lysine-rich histone being released with

0.5M NaCl and the other fractions coming off with more

concentrated NaCl. Compared to mammalian fl, the very

lysine-rich histone obtained here with 0.5M NaCl shows

distinct differences, being electrophoretically faster

and having a lower lysine but higher arginine content.

This protein is similar, but seemingly not identical

to that obtained by CG50 chromatography (Table 3)

and both proteins may have a common origin. That is,

they may be degradation products of a larger very lysine-

rich histone.

Except for the 0.5M NaCl fraction, the method did

not effect a useful fractionation and was not extensively

used.



Table 4

Amino acid analysis of protein extracted from DNP by

0.5M NaCl.

Amino Acid Moles %

Aspartate 3.5

Threonine 4.5

Serine 4.7

Glutamate 7.7

Proline 12.6

Glycine 7.2

Alanine 15.9

Cystine/2 trace

Valine 5.7

Methionine 0.6

Xsoleucine 2.2

Leucine 5.3

Tyrosine 1.8

Phenylalanine QO•H

Histidine 1.3

Lysine 20.5

Arginine 4.5
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Titration Method

This method, due to Murray (1966), was first used

in the present work with DNP prepared by method 2

(Chapter III), and later with nuclei. The material was

blended in an M.S.E. top-drive 'Homogeniser• with

20 volumes of cold distilled water. It was titrated in

the cold with HC1 to pH 2.9, stirred for 30 minutes and

then centrifuged at 10,000 g. for 15 minutes. The

supernatant was decanted and precipitated with 8 volumes

of acetone. The pellet was resuspended in water and

titrated again but to pH 2.2; the procedure was repeated

a number of times to ever lower pH values.

Titration of DNP

Electrophoresis (non-SDS) indicated that the pH 2.9

fraction was largely composed of a fast band, while the

pH 2.2 material comprised a number of bands of mobility

like that of whole histone. The material extracted at

lower pH values was largely of slow bands, indicating

that much non-histone was extracted at these low values.

The pH 2.9 material behaved electrophoretically and on

CM cellulose similarly to the 0.5M NaCl fraction

mentioned in the previous section. These properties

and the fact that it is extracted at a relatively high

pH suggest that the two fractions have a similar identity.

In one experiment, material extracted at pH 3.0 was

subjected to CG50 chromatography, as was mentioned

previously. The major peak, eluting at 10.5$ GruCl, was

a lysine-rich protein (Table 3 ) indicating that lysine-

rich histone was extracted first from DNP; there is,
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however, some electrophoretic evidence to suggest that

undegraded fl was not extracted until below pH 2.5»

The results suggested that this method did not offer

sufficient fractionation to be of practical use. This

is not so surprising since even with calf thymus chromatin

there are not distinct pH ranges fcr the extraction of

each fraction. However, the experiment was repeated

when nuclei became available in quantity, so that a

comparison could be made with the results obtained

with vertebrate systems.

Titration of Nuclei

Nuclei prepared by the acetic acid method were

titrated by the same method as before, the steps being

pH 3»1» 2.6, 2.2 and 1.7, the nuclei being finally

extracted with 0.25M HC1. The pH 3.1 and 2.6 extracts

gave small quantities of brown powder and were discarded.

SDS electrophoresis of the remaining extracts is shown

in fig. 26 , and it can be seen that the bands appear in

the order 1, 3» 2 and finally, k. This result will be

discussed later, when more has been revealed about the

nature of the histones which the bands represent.

Selective Extraction of f2a from Euglena Chromatin

Chromatin was prepared from acetic acid nuclei and

then extracted with 2$ NaCl in 75$ (v/v) ethanol, at 4°C,
overnight, according to the method of Johns (1967). The

residue was centrifuged down at 30,000 g. for 30 minutes

and the supernatant dialysed against 0.25M HC1 and

precipitated with acetone.



Figure 2 6

Densitometer traces of SDS polyacrylamide gels after

electrophoresis of fractions isolated at different pH

values when Euglena nuclei were titrated with HC1.

o— ©
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F2a prepared by this method gave two widely separated

components on electrophoresis (fig. 27)# The faster ran

as a doublet on urea gels, as does the same band in whole

histone. On both SDS and urea gels, the slower component

was composed of two distinct, but close, bands, the slower
ok S3>5 cjjili

of which^was somewhat diffuse while the other was sharp.
It might be noted here that the extraction of f2a

from Euglena chromatin was not quantitative, as indicated

by gel electrophoresis of the residual histone. If the

extraction was more efficient then only band 1 (SDS or

urea gels - fl in both cases) remained on the chromatin

in any quantity. This is discussed below.

F2a extracted by this method was further fractionated

on Biogel P100, giving three main peaks (fig. 28). The

protein from peak 1 was indicated by electrophoresis to

be non-histojie.

Peak 2 (fig. 28) was composed, electrophoretically,

of two bands representing the slower component in the

starting material. These bands ran at position 2 on SDS

polyacrylamide gels. Because of the heterogeneity and

the presence of impurities in this fraction, it was not

analysed for amino acids.

Peak 3 corresponded to the fast band, and although

electrophoresis indicated a little impurity to be present,

the sample was analysed for amino acids (Table 5). The

analysis is similar to that for vertebrate f2al (Table l)

although some differences are apparent. Eleptrophoretic-

ally, peak 3 corresponded to the fastest band normally

seen on either urea or SDS gels (band 6 and band k



Figure 2 7

Densitometer traces of SDS polyacrylamide gels after

electrophoresis of (a) f2a (heavy trace) extracted from

Euglena chromatin by the method of Johns (1967) and

(b) Euglena whole his tone (light trace) run at the same time.



Figure
28
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Table 5

Amino acid analysis of Euglena f2al. F2al was prepared

from f2a dissociated from chromatin by ethanol-NaCl and

fractionated by Biogel P100 chromatography. F2al eluted

in peak 3•

Amino Acid Moles

Aspartate 6.6

Threonine 5.5

Serine 4.2

Glutamate 8.1

Proline 3.5

Glycine 12.4

Alanine 7.0

Cystine/2 0.0

Valine 6.9

Methionine 0.9

Xsoleucine 5.3

Leucine 7,2

Tyrosine 3.0

Phenylalanine 3.5

Histidine 2,6

Lysine 12.2

Arginine 11.1
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respectively). This is also the position at which

vertebrate and plant f2al run. Because of the

composition, electropharetic properties and solubility

properties, the his tone in peak 3 was tentatively

identified as Euglena f2al, and will be referred to as

such in the succeeding text.

Johns (1967) modified his method for the extraction

of f2a by the substitution of 10$ (w/v) guanidinium

chloride for NaCl in 75$ (v/v) ethanol. The advantage of

this is that f2al and f2a2 can be differentially

precipitated from the ethanol-GuCl extract by the

addition of appropriate volumes of acetone. Unfortunately,

electrophoresis indicated that all histones except band 1

(fl) were extracted from chromatin by ethanol-GuCl, this

being similar to the result sometimes obtained with

ethanol-NaCl, The reason for this is not understood. It

is possible that the method of preparation of chromatin

is crucial; Johns merely washed the chromatin with

0.15M NaCl, while the preparation of Euglena chromatin

involved washing nuclei with EDTA solution which would

be expected to remove Mg++. A low concentration

++
Mg might affect the efficiency of extraction.

Alternatively, the result may reflect a genuine

difference in the binding of Euglena histones to DNA

as compared to the binding of vertebrate histones.

Extraction py perchloric acid of fl from Euglena Chromatin

Vertebrate fl can be selectively dissolved in

0.5-0.75M perchloric acid (PCA) (Johns and Butler, 19^2),

as can the very lysine-rich histone in Tetrahymena

(Gorovsky ejfc al., 197^)* Extraction of fl by 0.75M PCA
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from Euglena chromatin was investigated as a possible

preparative procedure. If successful, it was also

hoped to determine whether a) degradation of fl had

occurred, and b) whether any other fractions were

extracted with PCA.

Nuclei were isolated by the ffinalf acetic acid

method and chromatin prepared by the usual method but

including 5 washes with 0.35M NaCl. The chromatin was

then extracted three times with 0.75M PCA, the extract

dialysed against water, and finally precipitated with

acetone. The chromatin was finally extracted with HC1

to remove the residual histone.

Fl was nearly all extracted by PCA, no trace of

it being visible in the electrophoretogram of the

residual histone, and little, if any, other histone was

extracted with the PCA. Electrophoresis also indicated

that little degradation of fl had occurred. In one

experiment, 2.6 mg. of PCA-soluble protein was obtained,

while there was 10.2 mg. of residual histone. This

means that fl comprises approximately 20$ (w/w) of the

total histone, a result somewhat higher than that

found for other organisms (Romberg, 197^). This

experiment would, of course, have to be repeated a

number of times before its significance could be

assessed,

Method 2 of Johns (1964)

This method has been widely applied to the

fractionation of histones from a number of sources.

It relies on the selective extraction of the arginine-
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rich, his tones from chromatin using ethanol-HCl while

the lysine-rich histones remaining on the chromatin can

be extracted with HC1. Further fractionation is then

achieved by selective precipitation using organic

solvents. This method was applied to DNP on a number

of occasions, and while some fractionation was achieved,

the fractions were electrophoretically too heterogeneous

to encourage further investigation. It was probably too

optimistic to expect the method to work satisfactorily

with Euglena DNP, since the method was devised for use

with calf thymus chromatin. In addition, considering

the degraded nature of at least fl in DNP, it is

unsurprising that the method failed to give clean

fractions.

The method was also applied once to chromatin

from nuclei prepared by the method of Parenti e_t al.

(1969). In retrospect, it appears to have worked in

this case, but evidently the chromatin was impure

since many electrophoretically slow bands were

extracted with the histones.

The Method of Oliver et al. (1972) for the Fractionation

of Whole Histone

This scheme is a modification of method 1 of Johns

(196^), and was developed by Oliver jet al. (1972) because

of the difficulties of scaling down Johns * original

method. It also has the advantage that whole histone

is the starting material, so that its purity can be

conveniently checked before use.
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In outline, the scheme is as follows. Whole histone

is dissolved in lmM HC1 and precipitated by the addition

of PCA to 0.5M. F1 is left in solution while the other

histones are precipitated. Arginine-rich his tones are

then extracted from the precipitate using ethanol-HCl,

leaving f2b as an insoluble residue. F3 can be

precipitated from the ethanol-HCl extract by dialysis

against 7 volumes of ethanol. F2a, left in solution,

can be further fractionated by gel filtration. It is

recommended that certain fractions be recycled in order

to obtain a pure product. Applied to histone from DNP,

it appeared that most of the histone bands were

extracted into the PCA, (fig.29 ), and varying the

concentration of PCA made little difference to the

pattern. Oliver at al. (1972) mentioned the lack of

success for the method when applied to pea histone,

and it seemed possible that this was the sort of

problem they encountered.

There is, however, an alternative explanation, not

considered at the time, for the multiplicity of bands

extracted by PCA. This is that fl from DNP was degraded

and that PCA was extracting the degradation products,

as well as undegraded fl. SDS electrophoresis later

showed that DNP histone substantially lacked undegraded

fl, and repetition of the experiment using histone

from acetic acid nuclei indicated that fl constituted

the majority of the protein extracted by PCA from whole

Euglena histone.



Figure 29
txrjio-

Drawings of^polyacrylamide gels after electrophoresis of

(a) P2a reference histone (b) histone extracted by

0,5M PCA from histone isolated from DNP (method 2).

The gels were run at the same time.

(a) (b)

O
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Because of the apparent flaws in the method when

applied to Euglena histone, a modification was used,

this being to extract the whole histone with ethanol-HCl

to remove arginine-rich his tones, leaving a residue of

lysine-rich histone; this latter might be expected to

contain fl and f2b. In detail the method was as follows,

Histone (30 mg.) from citrate nuclei was dissolved in

ImM HC1, any insoluble residue removed by centrifugation,

and then precipitated with acetone. The precipitate

was extracted at 0°C with 2 ml. of 80$ (v/v) ethanol-

0.26M HC1 for 10 minutes. The insoluble material was

centrifuged down and redissolved in HC1, reprecipitated

with acetone, and extracted as before with ethanol-HCl.

This procedure was repeated, the ethanol-HCl extracts

combined and precipitated by the addition of 4 volumes

of acetone. The ethanol-HCl insoluble material was

extracted as before a further three times with ethanol-

HCl but these extracts were discarded. The final

residue should contain the lysine-rich histones, fl and

f2b. Mammalian fl and f2b can be separated by selective

precipitation in the following way (based on Johns, 1964).
The mixture of fl and f2b is dissolved in 3 0.25M HC1

and precipitated with 2.5 volumes of acetone; the preci¬

pitate, f1, can be collected and f2b precipitated from

the supernatant by the addition of a further 2 volumes

of acetone. This technique was applied with success

to the residue of lysine-rich histone obtained above.

The protein precipitated from the ethanol-HCl

extracts was redissolved in ethanol-HCl as far as
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possible, any insoluble residue removed and the protein

reprecipitated. After redissolving the precipitate in

ethanol-HCl, it was dialysed overnight at U°C against

7 volumes of ethanol. The resultant precipitate (which

should be f3) was collected by centrifugation. The

supernatant (which corresponds to the f2a fraction) was

treated with acetone to precipitate any protein.

The above scheme was obviously tentative since the

nature of the fractions was mostly unknown. Nevertheless,

electrophoresis indicated that considerable fractionation

had taken place (fig. 30). The result for the f3

fraction is not shown since this fraction invariably

gave rise to a complex electrophoretogram. The bands

given by the other fractions on SDS gels were shown by

the double gel technique to be as follows: fl: band 1}

f2b: band 3» T2a: bands 2 and k; f3: band 2.

Further Purification of Euglena fl and f2b Fractions

Because the yield of these fractions was greatest,

they were the easiest to purify further. They were

washed again with ethanol-HCl, and then recycled through

the selective precipitation procedure. While neither

fraction was of the utmost purity, they were judged to

be free enough of other fractions to give, by amino acid

analysis, important evidence as to their identities.

The f2b fraction appeared to contain some f2al, while the

fl fraction, in addition to being slightly degraded, also

contained material which did not enter the gels (fig. 3l)«
Amino acid analysis confirmed the identities of

the two proteins as fl and f2b types (Table 6), while



Figure 30

Densitometer traces of SDS polyacry.lamide gels after

electroiolioresis of fractions prepared by a modification

the method of Oliver e_t al, (1972). The f3 fraction, is

omitted since this fraction was invariably heterogeneous

F1 in this case was resolved into two major bands: the

faster possibly represents a degradation product, its

occurrence being spasmodic.



Figure 31
uoroL^

Densitometer traces of^polyacrylamide gels after

electrophoresis of (a) fl (b) f2b fractions

prepared by a modification of the method of Oliver

et al. (1972).

©— o



Table 6

Amino acid analysis of fl and f2b fractions isolated

by the modified method of Oliver ejt al. (1972).
Amino Acid Moles %

fl f2b

Aspartate 5.2 7.0

Threonine 4.1 5.3

Serine 5.7 6.7

Glutaraate 7.9 8.7

Proline 8.0 4.3

Glycine 7.1 8.8

Alanine 15.4 11.9

Cystine/2 o.o o•o

Valine 6.1 6.3

Methionine O•H 1.7

Isoleucine 2.7 5.4

Leucine 5.6 7.0

Tyrosine 2.2 1.9

Phenylalanine 2.3 3.3

Histidine 1.4 1.9

Lysine 20.0 15.1

Arginine 5.4 4.8
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indicating some differences with, results published

for mammalian fl and f2b (Table l).

Discussion

The modified method of Oliver ejt al. (1972)

yielded the important information that proteins

resembling fl and f2b were constituents of Euglena

his tone. These two histones could be purified

relatively easily, but difficulties were encountered

with arginine-rich histones. These certainly seemed

to be present, f2a for example consisting of two

bands by electrophoresis (one of which has already

been shown to be f2al). However, the yield of

arginine-rich histones by this method was very low,

possibly due to incomplete precipitation from the

ethanol-HCl extract. F3 prepared by this method

usually comprised a number of electrophoretic bands

and efforts to purify it were hampered by the small

quantity obtained, this latter point also being

true of the f2a fraction. Sommer and Chalkley (197*0
remark that the application of the method of

Oliver et al. (1972) to small quantities of histone

generally leads to poor results and this was the

experience in the present work. The method was

therefore discarded in favour of gel filtration

methods to be described below.

It was unfortunate that the method of Oliver et al,

(1972) was originally applied to DNP histone, giving the
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result which suggested that all the Euglena histones

could be extracted into PCA, non-SDS electrophoresis

giving a pattern remarkably similar to that of whole

Euglena histone. Later work with undegraded his tone

showed that only fl (and perhaps a small quantity of f2a2 and

f2b) was extracted into PCA, further suggesting that

the PCA was extracting from DNP fl and its degradation

products. However, although the original method has

not since been applied to undegraded histone, there

is no reason to believe that it would have provided

results any better than the modified version, given

that the problems stemmed from the small quantities

of histone used.

GEL FILTRATION

Xntroduc tion

The use of gel filtration for the fractionation of

histone was first investigated by Cruft (1961) who,

using Sephadex G75, separated fl from the other histones,

but did not obtain a satisfactory fractionation of the

others. More recently, Sung and Dixon (1970)

fractionated Trout testis histone on Biogel P10, but

the column was long (320 cm.) and the fractions required

rechromatography in order to obtain the desired purity.

Biogel P60 and P100 molecular sieves have found increasing

favour in recent years for the fractionation of histones.

As has been mentioned in an earlier section, Biogel P100

was used in the subfractionation of f2a (Oliver et al..

1972). Bohm et al., using Biogel P60 and eluting with
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0.02M HC1, 0.05M NaCl resolved whole histone into

4 major peaks, where f3 and f2a2 eluted together, the

other histones eluting in separate peaks, Sommer and

Chalkley (197*0 also separated whole histone into

4 major peaks, this time using Biogel P100 and eluting

with 0.01M HC1, 0.02$ (w/v) sodium azide; the elution

profile was somewhat different from the previous method

in that f3 and f2al were not completely resolved.

These workers applied the method successfully to

histones which had previously proved difficult to

fractionate.

These methods seemed to be worth investigation

especially since they could be scaled down for use

with small quantities of histone (a nuclear preparation

from 50 g of cells usually yielded about 15 mg of

histone). The methods themselves are described in

Chapter II, and the results are set out below.

Method of Bohm et al. (.1973).

Figure 32 is an example of the elution pi"ofile

resulting when whole F,uglena histone (prepared by

acid extraction of chromatin) was applied to the column.

The various pooled fractions were analysed as usual

by gel electrophoresis. Fraction A was comprised of

slow bands which presumably represented non-histone

material. This was discarded, as was fraction B

which contained urea and mercaptoethanol but only a

negligible quantity of histone. Fraction 1 contained

fl and fraction 5, f2al as shown by electrophoresis.

Fraction 2 gave a band on SDS gels at position 2, while
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fractions 3 and 4 showed bands at positions 2 and 3 and

also, curiously, at position 1. A band at this position

would indicate the presence of fl in the fractions,

although the elution of more fl at this eluate volume

seemed unlikely. However, rechromatography of the

combined fractions led to two peaks at the same elution

volumes as before, but no protein was eluted at the

position corresponding to peak 1 (fl). Furthermore,

examination of the rechromatographed fractions by SDS

gel electrophoresis failed to reveal any bands at

position 1. Electrophoresis also indicated less cross-

contamination between the fractions: the earlier peak

gave a band on SDS gels at position 2 and the later gave

one at position 3 (f2b). A possible explanation for the

'missing* band at position 1 is that it represented the

oxidised form of an oxidisable protein. For some reason,

possibly due to a shorter exposure to air, the protein

did not become oxidised after being eluted from the

colump a second time (it was applied in a solution

containing meroaptoethanol and would have been in a

reduced state on application). Later work has suggested

this surmise to be correct, the protein being of the f3-

type. Euglena f3 (reduced )runs at position 2 on SDS

gels, while the oxidised form runs at band 1.

The solubility properties of the various fractions

in 80$ ethanol - 0.26m HC1 were examined, and the

results are presented in Table 7. The most unusual

feature is that the protein from peak 5, which both

urea and SDS electrophoresis clearly showed to be f2al,



Table 7

Properties of fractions obtained by chromatography

according to the method of Bohm et al. (l973)» The

results for fractions 3 and 4 refer to the rechromato-

graphed proteins. The identity of the fractions was

deduced from the position of bands given on SDS

polyacrylamide gels.

Fraction Number

12^ 4

Band on

SDS gels
1 2 2 3 4

Identity of
Fraction

fl ? ? f2b f2al

Solubility in
Ethanol-HCl

All Most Little Little
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was barely soluble in this solvent. This was unexpected

since mammalian f2al is readily soluble in eth&nol-HCl.

Further investigation of this method was not made

since preliminary results of chromatography by the

method of Sommer and Chalkley (197^) were more

encouraging•

Method of Sommer and Chalklev (1974)

This method contrasts with the previous one in that

NaCl is omitted from the eluant which in this case is

0.01M HC1, 0.02% (w/v) sodium azide, the latter being

included as a fungal inhibitor. A typical elution

profile obtained when Fuglena whole histone was

applied to the column is shown in fig. 33•

Peaks A and B were variable in occurrence and

consisted largely of non-histone contaminants.

Peaks 1-5 represented histones, and each gave rise to

one major band on SDS electrophoresis. Peak 5 contained

f2al together with a number of smaller proteins and

presumably other UV-absorbing compounds, accounting for

this large peak at the column volume. The band- given

by each fraction on SDS polyacrylamide gels is shown

in Table 8.

Xn order to ascertain the solubility characteristics

of each fraction and also as a means of removing cross-

contamination, each fraction was treated as follows.

About 2 mg of the dried protein was dissolved in ImM HC1

and an equal volume of 1.2M PCA added at 0°C. After

standing overnight, precipitates were collected by

centrifugation. The supernatants were brought to a



Figure
33

Chromatography
of

Euglena
whole

histone
on

Biogel
P100
by

the

method
of

Sommer
and

Chalkley
(l97^)-
15

mg
of

histone
was

dissolved
in

eluant
and

applied
to
a

column
of

dimensions
95
x

2.5
cm.

The

eluant
was

0.01M

HCl-0.02$>
NaN0̂
The

flow
rate
was

maintained
at

about
6.5

ml/h,
and
3

ml

(approx.)
fractions

were

collected.

FRACTION
NUMBER



101.

concentration of 0.2M with, respect to H^SO^ and any
protein therein precipitated with acetone. The various

precipitates were analysed by SDS electrophoresis to

ascertain how the histones had behaved. Hach major

fraction was then tested for its solubility in 30$

ethanol - 0.26m HC1 (which dissolves mammalian f2al,

f2a2 and f3)» the relevant precipitates from above

being treated at 0°C with 1 ml of the solvent. After

centrifugation any insoluble material was redissolved

in 0.25M HC1, precipitated with acetone and re-extracted

with ethanol-HCl as before. Protein was precipitated

from the ethanol-HCl extracts with acetone. The

precipitates and residues were again analysed by SDS

electrophoresis. The results are presented in Table 8.

Fraction 3» shown by electrophoresis to be f2bt

was only precipitated by PCA after prolonged (18 h)

exposure. Fraction 2 was interesting in that it was

soluble in both solvents: this behaviour is not shown

by any mammalian histone. It will be noted that once

again f2al was only slightly soluble in ethanol-HCl,

confirming the result of the previous section. These

results are commented on later in this chapter.

Amino Acid Analysis of the Isolated Fractions

The fractions were isolated and purified as

indicated above. In addition, Euglena f2al was purified

in two further ways, either by preparative gel

electrophoresis, or by a selective precipitation method

of Johns (1967) which involves the dissolution of f2al

in 0.03M HgSO^ and its precipitation by addition of an



Table 8

Properties of fractions obtained by chromatography

according to the method of Sommer and Chalkley (197M•
The identities of fractions was deduced from the

position of bands given on SDS polyacrylamide gels.

Fraction Number

Band on

SDS gels

Identity of
Fraction

Solubility in
0.6M PCA

Solubility in
Ethanol-HCl

1

1

fl

All

2

2

All

N.D.2 All

1

3

f2b

None

None

k

None

All

2

k

f2al

None

Little

'After 18 h. aNot determined.
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equal volume of acetone. (The fact that this latter

method works with Euglena f2al is an indication of the

similarity of this fraction with the homologous

vertebrate fraction.) An indication of the purity of

the isolated fractions is given by densitometric

traces of SDS polyacrylamide gels (fig. 3^).

Analyses of the individual fractions are given in

Tables 9-13. Two or more samples (isolated separately)

of each fraction were analysed. Samples analysed on

the two-column analyser are indicated. It will

be seen that the analyses are fairly consistent for

each fraction.

At this stage, the nature of the histones in

each peak can be commented on. Peak 1 clearly

contained f1, although rather more lysine-rich than

the previous fl fraction (Table 9)» As expected

from its mobility on SDS gels (band 3)» peak 3

contained his tone whose analysis was very close to

that of the previously isolated f2b (see Table ll).

Peak 5, which ran on SDS gels as band k indicating

its identity to be f2al, was likewise similar

in analysis to the previously isolated f2al

(Table 13).

Of the two remaining peaks, the material in peak h

had an analysis very like that of vertebrate f3 (Table 12)
and will henceforth be referred to as f3. The protein

in peak 2 (Table 10) will be referred to as f2a2; the

justification for this will be argued in Chapter VII.



Figure 3h

Densitometer traces of SDS polyacrylamide gels after electro¬

phoresis of Euglena histone fractions isolated by the method of

Sommer and Chalkley (197^) and further purified as described in

the text.

(e) f2a1

©



Table 9

Amino acid analyses of fraction 1 samples, obtained by

the method of Sommer and Chalkley (1974) and further

purified as described in the text. Sample 2 was

analysed on the two-column amino acid analyser.

Moles

Amino Acid 1 2

Aspartate 0.4 H♦O

Threonine 3.7 3.4

Serine 4.5 4.5

Glutamate 3.7 3.2

Proline 10.4 10.1

Glycine 4.0 3.8

Alanine 22.6 22.6

Cystine/2 o•o 0.0

Valine 6.2 5.5

Methionine 0.6 0.6

Isoleucine 1.3 1.1

Leucine 4.6 4.3

Tyrosine 1.7 1.6

Phenylalanine 1.2 c\i•H

Histidine 0.6 0.9

Lysine 32 .2 35.0

Arginine 2.6 2.3



Table 10

Amino acid analysis of fraction 2 samples obtained by

the method of Sommer and Chalkley (1974) further

purified as described in the text. Sample 2 was analysed

on the two-column amino acid analyser.

Moles

Amino Acid 1 2

Aspartate 6.1 5.8

Threonine 6.0 5.4

Serine 6,0 5.9

Glutamate 6.0 7.1

Proline 5.1 6.1

Glycine 13.8 11.3

Alanine 11.6 12.5

Cystine/2 trace o•o

Valine 6.3 5.6

Methionine 0.06 0.4

Xsoleucine 2.5 2.4

Leucine 12.4 10.1

Tyrosine 2,3 1.9

Phenylalanine 1.7 1.8

Histidine 0.1 0.7

Lysine 13.8 16.7

Arginine 6.2 6.1



Table 11

Amino acid analysis of fraction 3 samples obtained by

the method of Sommer and Chalkiey (197*0 and further

purified as described in the text. Sample 2 was

analysed on the two column amino acid analyser.

Moles •%

Amino Acid 1 2

Aspartate 5.9 5.7

Threonine 5.7 5.3

Serine 7.7 7A

Glutamate 7.0 7.2

Proline 3.2 3.2

Glycine 9.3 8.4

Alanine 12.4 12.0

Cystine/2 0.0 0.0

Valine 5.8 5.4

Methionine 1.8 1.9

Isoleucine 5.5 5.7

Leucine 7.5 6.6

Tyrosine 1.5 1.5

Phenylalanine 3.0 3.5

Histidine 1.6 1.9

Lysine 16.1 H 00 . JO

Arginine 6.1 6.1



Table 12

Amino acid analyses of fraction 4 samples obtained by

the method of Sommer and Chalkley (197*0 and further

purified as described in the text. Samples 2 and 3

were analysed on the two-column amino acid analyser.

Moles 9q

Amino Acid 1 2 1

Aspartate 6.8 4.3 5.3

Threonine 6.1 6.0 6.3

Serine 3.6 3.5 3.7

Glutamate 11.5 11.8 12.3

Proline 4.1 4.4 4.4

Glycine 6.0 5.9 5.6

Alanine 12.0 12.1 12.9

Cystine/2 trace 0.6 trace

Valine 5.5 5.2 4.9

Methionine 0.8 0.9 0.7

Xsoleucine 4.9 4.7 4.7

Leucine 7.6 8.6 8.1

Tyrosine 1.2 1.3 0.9

Phenylalanine 3.6 3.7 4.1

Histidine 1.7 1.9 2.1

Lys ine 13.1 12.9 11.8

Arginine 11.6 12.3 12.4



Table 13

Amino acid analyses of fraction 5 samples, obtained by

tbe method of Sommer and Chalkley (197*0 and further

purified as described in the text. Samples 2 and 3 were

analysed on the two column amino acid analyser.

Sample 1 was purified by preparative gel electrophoresis.

Moles

Amino Acid 1 2 2

Aspartate 4.3 5.3 4.9

Threonine 6.4 5.9 6.8

Serine 3.1 4.2 3.6

Glutamate 9.0 8.4 7.8

Proline 1.9 3.1 2.4

Glycine 14.6 12.6 13.5

Alanine 7.0 7.1 7.5

Cystine/2 o • o 0.0 0.3

Valine 7.2 6.5 6.5

Methionine 0.2 0.8 0.5

Isoleucine 5.9 5.0 5.3

Leucine 8.5 7.8 8.2

Tyrosine 3.0 2.8 2.2

Phenylalanine 3.0 3.3 2.7

Histidine 2.1 2.6 2.2

Lysine 12.3 13.4 13.8

Arginine 11.7 11.3 00•HH
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Blectronhoretic Properties of the Fractions

Double SDS polyacrylamide gels of all fractions

versus whole Euglena histone are shown in fig™ 35*

The f2b, f2al and f3 fractions gave single bands,

while fl gave a doublet, as it does in the whole histone

pattern. F2a2 also gave a close-running doublet at the

position of band 2 on SDS gels. This band also appeared

on some occasions to be a doublet in the whole histone

pattern.

On urea gels, fl and f3 gave single bands, while

f2al was a doublet (fig. 36). F2a2 gave two slightly

fuzzy bands while f2b was resolved into three sharp

bands two of which were close together. The electro-

phoretic properties of the fractions will be discussed

further in Chapter VII.

The identity of the bands given by whole Euglena

histone on polyacrylamide gels is shown in fig. 37»

and can be compared to fig. 24 where the band numbers

are given.

Discussion on the Gel Filtration Methods

The method of Sommer and Chalkley (1974), when

applied to Euglena histone afforded a very efficient

separation of the various histones. By exploiting the

solubility properties of the various histones, clean

fractions were readily obtained. The histones eluted

from the column in the order: f1, f2a2, f2b, f3 and

f2al. This is identical with the elution order of

calf thymus histones by this method, but differs from



Figure 35
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SDS polyacrylamide gels showing electrophoresis of

Euglena histone fractions (upper part of each gel), in

comparison with whole Euglena histone (lower part of

each gel) using the double gel technique. (a) f2al.

(b) f3. (c) f2a2. (d) f2b. (e) fl.



Figure 36

(d) «

(e)
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Urea polyacrylamide gels showing electrophoresis of

Euglena histone fractions (lower part of each gel),
in comparison with whole Euglena histone (upper part

of each gel) using the double gel technique,

(a) f3. (b) f2al. (c) f2a2. (d) f2b. (e) f1,



Figure 37
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f3

f2a2 & f2b

f2al

0
Identity of bands on (a) urea and (b) SDS

polyacrylamide gels after electrophoresis of whol

Euglena his tone. The identity of the bands was

determined by the double gel technique - see

figs. 35 and 36.
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that of plant histones, where f2a2 emerges after f2b

(Sommer and Chalkley, 1974).
The method of Bohm ejt aJ.. (1973) appears to be

less successful in separating Euglena histones, mainly

because, with similar column dimensions, the histones

emerge at a smaller eluate volume thus causing cross-

contamination. Now that the various bands given on

electrophoresis can be assigned to particular histones,

the identities of the proteins in peaks 2 and 3

(fig. 32 and Table 7) can be deduced. Fraction 2 can

be clearly assigned by its electrophoretic properties

to f2a2 (this fraction gave doublets on both electro¬

phoretic systems). Fraction 3» giving a band at

position 2 on SDS gels, corresponded to f3. The order

in which the histones elute from the column is therefore

as follows: f1, f2a2, f3, f2b and f2al. This differs

from the order found when the conditions of Sommer and

Chalkley (1974) are used. It appears that in the

presence of salt, f3 emerges much earlier, while the

other fractions elute in the same order as before,

albeit at a slightly lovirer eluate volume. This

phenomenon was also noted by Bohm ejfc al. (1973) to

apply to calf thymus histone. Again, it is interesting

to note that the elution order of the various Euglena

fractions is the same under these conditions as that

for calf thymus histones, as it was under the different

conditions of Sommer and Chalkley (1974). This would

suggest similarities in shape and size between the

homologous histones of Euglena and calf thymus.
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DISCUSSION AND CONCLUSIONS

The main conclusion is clearly that the best way

found to fractionate Euglena histones is the gel

filtration method of Sommer and Chalkley (197*0 followed

by purification, if necessary, using selective

precipitation and solubility techniques. This method

was highly reproducible and was applicable to

relatively small quantities of histone. Much

information about Euglena histones has been obtained,

so much so that the failure, apparent or real, of other

fractionation methods used can now be more meaningfully

discussed.

It is apparent that one of the problems associated

with interpretation of the fractionation methods used

in the earlier stages of this work is that f2a2 and f2b

are heterogeneous on the non-SDS polyacrylamide gels

then routinely used. Hence, although purified fractions

of these histones could have been obtained, they would

not have been recognised as pure at the time. The later

use of SDS electrophoresis was very helpful in that

the bands given by particular fractions are less

complicated and better separated (apart from f2a2

and f3 which run together).

The apparent failure of the selective precipitation

method of Oliver et_ ad. (1972) for fractionating whole

histone can now be re-evaluated. The seeming extraction

of all or most of the hiztones into PCA might appear to

tie in with the solubility properties of the isolated

fractions. That is, f1, f2a2 and f2b (over short
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periods), being soluble in 0.6m PCA, would be extracted

into this solvent under the conditions used. This is

not, however, the explanation since later experiments

showed quite clearly that PCA extracted fl from whole

histone, but little if any of the other histones.

Hence the behaviour of the fractions when isolated

appears to differ from that when in whole histone.

Thus the explanation given on p. 93 for the failure

of the method of Oliver et al. (1972), namely that fl

plus its degradation products were being extracted by

PCA, would appear to be substantially correct.

Although some success was achieved when the method

of Oliver ejt al. (1972) was modified, the results were

not readily reproducible. Some of the problems were

undoubtedly due to the relative insolubility of

Euglena f2al in etbanol-HCl, a property of this fraction

only realized at a later stage. Therefore, in order

to use selective extraction and precipitation methods

to fractionate Euglena histones, existing methods would

have to be considerably revised.

Selective extraction of histones from chromatin or

nuclei appears to operate in a way similar to vertebrate

systems. For instance, fl is the histone most readily

removed using PCA, salt or acid. Again, the histones

removed by 75°S ethanol - 2^ NaCl by the method of

Johns (1967) were f2al and another which can now be

recognised by its electrophoretic properties as f2a2.

It now seems quite clear that fl was degraded in

the preparation of histone derived from DNP by method 2.
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This factor complicates the interpretation of many of

the early experiments since heterogeneity of a particular

fraction may have been due to the presence of fl

degradation products. It is possible that if undegraded

histone had been used in the early stages of the work,

some of the methods (e.g. CG50 chromatography) might

possibly have worked. Ironically, the first apparently

homogeneous fraction obtained from Euglcna histone

seems to have been an fl degradation product, having

a fast mobility on electrophoresis and being distinctly

lysine-rich. Thi3 recalls the fast lysine-rich fraction

isolated by Hamana and Iwai (l97l) from Tetraiiymena

histone although the latter had a higher lysine content

than the Euglena fraction.



CHAPTER VII

CONCLUDING DISCUSSION
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THE HISTONES OF EUGLBNA

Tlie fractions obtained from Euglena whole his tone

have already been designated, but the case for assigning

them to particular groups homologous to vertebrate

his tones must now be more fully argued. Xt is also of

considerable interest to compare these fractions with

those of other organisms, especially protozoa.

Fl

Euglena clearly contains an fl histone comparable

to those of other organisms in terms of size (as shown

by SDS electrophoresis) and composition, having typically

high levels of lysine, alanine and proline (fable 14).

Like other fl types it is the histone most readily

removed from chromatin with acid or salt, and its

solubility characteristics are also similar.

However, although Euglena fl is in many ways a

typical member of the flfejnily, it does show some

interesting contrasts with other very lysine-rich

histones. For instance, it is likely that aspartate is

absent (Table 1*0. a most unusual feature which seems

to be unique among histones from any source yet studied.

Since glutamate is not correspondingly high, this also

means that Euglena fl has a higher ratio of basic to

acidic residues than any other fl species. This may

explain why Euglena fl is more mobile on urea poly-

acrylamide gels than vertebrate fl. A similar

explanation, however, cannot be applied regarding the

fast mobility of Tetrahymena fl, which, unlike Euglena

fl, has high levels of acidic residues.



Table 14

A comparison of the amino acid analyses (moles $) of

fl fractions of Euglena and other organisms. Differences

of particular interest are underlined.

Euglena
Calf
Thymus 2 Hippeastrum3 Tetra-

hvmena* Phvsarum5

Aspartate 0.1 2.0 2.6 7.9 5.4

Threonine 3.4 5.5 4.4 10.1 5.4

Serine 4.5 6.9 5.0 8.1 6.2

Glutamate 3.2 3.4 6.8 5.3 9.1

Proline 10.1 10.2 9.0 5.8 10.0

Glycine 3.8 6.9 2.8 2.2 6.7

Alanine 22.6 25.3 26.5 00•hh 17.4

Cystine/2 0.0 0.0 0.0

Valine 5.5 4.3 5.8 6.7 3.3

Methionine 0.6 0.0 0.0 0.4

Xsoleuc ine 1.1 0.8 1.8 2.2 2.5

Leucine 4.3 4.3 4.3 1.2 3.3

Tyrosine 1.6 0.5 0.5 0.2 0.0

Phenylalanine 1.2 0.5 0.4 0.0 1.2

Histidine 0.9 0.0 0.0 2.1 2.5

Lysine 35.0 27.9 27.8 33.1 18.2

Arginine 2.3 1.7 1.9 3.2 1.7

Lys,/Arg. 15.2 16.4 14.6 10.3 11.0

b/a1 11.6 5.4 3.2 ^2 1.5

^atio of basic (histidine, lysine and arginine) to acidic

(aspartate and glutamate) amino acids. 2Hnilica et. al. (1971 )•

'Component 1, pre-meiotic stage (Pipkin and Larson, 1972).

4Fraction C7 (Hamana and Iwai, 197l). 'Band 1 (Mohberg

and Rusch, 1969).
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On urea polyacrylami.de gels , Euglena fl runs as a

single band, but on SDS gels it gives rise to a doublet.

A similar situation occurs with vertebrate fl, although

in this case the bands on SDS gels are better separated.

The fact that Euglena fl gives a doublet on SDS gels

suggests that this fraction may be heterogeneous regard¬

ing its primary structure, although more work is needed

to confirm this.

F2b

Euglena is very similar to calf thymus f2b in

amino acid composition (Table 15), the most obvious

difference being that the ratio of phenylalanine

to tyrosine is inverted (it is noted that a single

base change in the codon could produce this alteration).

Other f2b species are also very similar (Table 15), as

is the f2a2 isolated from pea (Table 16) by Sommer and

Chalkley (197*0: the similarity of this protein to

the pea IXa isolated by Fambrough and Bonner (1969) was

noted in the introduction (Chapter i).

The behaviour of f2b in various solvents is like

that of its vertebrate counterpart. It is also

interesting that, after f1, it is the fraction most

easily extracted when nuclei are titrated with acid by

the method of Murray (1966) and in this respect Euglena

f2b again behaves like vertebrate f2b.

On urea polyaprylamide gels, Euglena f2b is clearly

resolved into three bands quite unlike vertebrate f2b

which gives one band even on long gels (Panyim and

Chalkley, 1969b). On SDS gels, however, Euglena f2b



fable 15

A comparison of the amino acid analyses (moles $) of

f2b frac tions of Lugiena and other organisms,

Differences of particular interest are underlined.

Euglepa
Calf

Thymus 1
Pea2 Tetra-

hymena' Neurosoora*

Aspartate 5.7 if.9 6.0 6.7 7.5

Threonine 5.3 6.1 if .8 6.2 5.9

Serine 7.^ 10.7 6.7 9.1 9.6

Glutamate 7.2 7.6 8.0 8.2 9.1

Proline 3.2 if.8 1x7 if.7 5.9

Glycine 8.U 5.5 8.8 3.if 7.5

Alanine 12.0 10.1 12.3 10.0 12.3

Cystine/2 0.0 0.0 0.0 0.0

Valine 5.U 7.0 6.7 7.0 7.0

Methionine 1.9 1.5 0.5 1.5 1.0

Isoleucine 5.7 i*.9 if.5 5.7 2.7

Leucine 6.6 if.9 7.9 6.7 5.9

Tyrosine 1.5 3.8 1.7 1.1 2.1

Phenylalanine 3.5 1.6 1.9 if.7 1.6

Histidine 1.9 2.2 1.1 2.0 2.1

Lysine 18.2 16.6 16.1 17.5 lit .5

Arginine 6.1 6.2 6.5 6.3 6.4

Lys./Arg. 3.0 2.7 2.5 2.9 2.3

B/A 1.8 2.0 1.7 1.7 l.if

5Hnilica et gJL. (19/1), 2Fraction 11a (Fambrough and

Bonner, 1969). 'Fraction IX-C3 (itamana and Iwai, 19?l).

^Fraction C-XXI (iisiang and Cole, 1973)*
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manifests itself as one band. The reason for the

heterogeneity of Euglena f2b on urea gels has not been

determined: possibly it represents a family of proteins

with similar sequences or perhaps it indicates the

presence of modified residues.

On SDS polyacrylaniide gels, Euglena f2b runs faster

than its mammalian counterpart, and this may give an

indication of an alteration in the size of this histone

during evolution. Buffalo fish f2b is likewise more

mobile than mammalian f2b on SOS gels (Panyim and

Chalkley, 197l). However, caution must be exorcised

when assessing the significance of small differences in

mobility of fractions on SDS gels since, under the

conditions used, the system is not a completely reliable

way of determining molecular weights of his tunes.

For instance, mammalian f2b and fj run together although

their molecular weights differ by about 10$, while

f2a2 and f2b, whose molecular weights differ by less

than 2$, are well separated. Nevertheless, SDS

electrophoresis is a useful way of making some assessment

of the size of a histone.

In conclusion, Euglena f2b is very like the f2b

histones isolated from other organisms, although there

are some differences that may De significant. Table 15

shows that the amino acid analyses of f2b fractions

from various organisms are very similar, suggesting

that this histone has been somewhat conserved during

evolution.
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F2a2

Table 16 gives the analyses of a number of

proteins classified as f2a2 histones. It is immediately

apparent that in terras of the lysine to arginine ratio,

Euglena f2a2 more nearly resembles calf thymus f2b

than f2a2. The closest analysis is that of the pea

f2a2 isolated by Sommer and Chalkley (197^) which,

it has been noted, also resembles f2b. The

designation of Euglena f2a2 could therefore be

questioned. However comparison of the amino acid

analyses for Euglena f2a2 and Euglena f2b suggest that

they are different proteins. For instance, in f2a2,

proline, glycine and leucine are higher and methionine,

phenylalanine and histidine are lower than in f2b.

They also behave differently in a number of respects.

For instance, Euglena f2a2 is removed from DNA at a

lower pH than f2b when Euglena nuclei are titrated with

acid. Also, when the right conditions are used, f2a2

and not f2b behaves as an f2a histone, being removed

from chromatin with ethanol-NaCl by the method of

Johns (1967). F2b and f2a2 can be separated on Biogel

P100, and the isolated fractions have quite different

solubility properties, f2a2 being soluble in PCA and

ethanol-HCl, while f2b is insoluble in both these

solvents. F2b and f2a2 run at different positions on

SDS polyacrylamide gels, f2b giving a singlet and f2a2

a characteristic doublet. Although on urea gels they

have similar mobilities, the patterns given by each are

readily distinguishable, f2a2 running as a doublet,

while f2b gives three bands.



Table 16

A comparison of the amino acid analyses (moles $) of f2a2

fractions of Euglena and other organisms. Differences of

particular interest are underlined.

Euglena
Calf

Thymus 1
Pea2 Pea-

Te tra-
hymena4 Crithi.

Aspartate 5.8 5.6 6.1 5.4 8.0 5.7

Threonine 5.4 5.0 4.1 4.2 5.6 3.8

Serine 5.9 5.0 5.6 5.5 7.0 7.9

Glutamate 7.1 9.0 6.6 6.7 8.0 6.1

Proline 6.1 4.0 7.1 7.8 4.5 6.4

Glycine 11.3 9.1 11.4 9.2 9.5 9.1

Alanine 12.5 13.2 12.8 15.1 11.8 13.9

Cystine/2 0.0 0.0 0.0 0.0 0.0

Valine 5.6 6.0 7.9 8.0 5.5 7.0

Methionine 0.4 0.2 0.6 1.3 2.9

Isoleucine 2.4 4.3 3.1 2.9 5.2 3.3

Leucine 10.1 10.2 10.6 8.9 9.8 7.1

Tyrosine 1.9 2.3 1.9 2.0 2.4 2.4

Phenylalanine 1.8 1.0 1.6 1.4 3.1 1.1

Histidine 0.7 2.7 1.6 1.3 2.1 0.6

Lysine 16.7 12.9 10.6 15.5 10.3 12.7

Arginine 6.1 9.4 9.0 6.9 6.3 9.0

Lys ,/Arg. 2.7 1.4 1.2 2.3 1.6 1.4

b/a 1.8 1.7 1.7 2.0 1.2 1.9

'Hnilica et al. (l97l). 2Fraction lib (Fambrough and

Bonner, 1969). 'F2a2 (Sommer and Chalkley, 1974).

^Fraction II-C1 (Hamana and Iwai, 197l). 'Fraction I

(Frew, 1974).
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Having given reasons for believing that Euglena f2a2

and f2b are different proteins, what is the justification

for not calling f2a2 a variant of f2b? The answer

resides mainly in the fact that Euglena f2a2 behaved

like vertebrate f2a2 when nuclei were titrated with acid

or chromatin extracted with ethanol-NaCl. However,

further work is required to finally justify the designat¬

ion, but ultimately this will depend cn functional or

sequence characteristics (as does the classification of

all the other Euglena fractions).

It would therefore appear that Euglena does not

have an f2a2 fraction with the characteristic lysine to

arginine ratio of vertebrate f2a2, while other uni¬

cellular organisms studied, namely Tetrahymena (jlamana

and Xwai, 197l) and Crithidia (Frew, 197*0 do have such

a fraction (Table 16), Tetrahymena f2a2 (fraction XX-C1

of Hamana and Xwai, 1971) stands out in having a low

ratio of basic to acidic residues and both this fraction

and fraction I of Crithidia have higher levels of

methionine than other f2a2 fractions. (it is also

relevant to note here that a typical f2b fraction has

not so far been isolated from Crithidia and that

fraction I from this organism, although closer to f2.a2

than to any other fraction, does exhibit certain

differences, as noted above).

It would be interesting to know whether the

differences between Euglena f2a2 and others reflect a

functional difference. Also, the nature of the

heterogeneity manifested on urea polyacrylamide gels
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remains to be resolved. Since neither band of the f2a2

doublet could be separated by selective precipitation or

solubility techniques, it would indicate that the

proteins in the different bands are closely similar.

It has been noted that the f2a2 fraction of Panyim

and Chalkley (1974} arid the Ila fraction of Fambrough

and Bonner (1969) resemble both each other and Euglena

f2a2 in amino acid analysis. In addition, all ih ese

fractions appear to be heterogeneous, either by gel

electrophoresis or by terminal amino acid analysis.

This raises the question as to whether these fractions

are homologous. Clarification of the situation regarding

plant histones would be welcome so that similarities

between plant and Euglena f2a2 could be more reasonably

assessed.

F2al

The amino acid composition of this fraction is

compared with other similar proteins in Table 17. It

will immediately be seen that Suglena f2al contains

about equal quantities of lysine and arginine unlike

the f2al fractions of higher organisms which are

richer in arginine. But in other respects, the Euglena

protein is a typical f2al, notably in having a high

glycine to arginine ratio.

It is interesting to examine f2al species from

Tetrahymena, Yeast (fraction c of Franco e_t al. , 1974)
and Crithidia (fraction III of Frew, 1974). Like

Euglena f2al, the Tetrahymena and yeast fractions are

not arginine-xuch like f2al of higher organisms.



Table 17

A comparison of the amino acid analyses (moles %) of

f2al fractions of Euglena and other organisms.

Differences of particular interest are underlined.

Euglena
Calf
Thymus 1

Pea2 Tetra-
huraena3 Yeast4 Crithidia5

Aspartate 4.3 5.0 5.6 6.1 7.5 7.2

Threonine 6.4 6.6 7.3 5.8 5.1 4.2

Serine 3.1 2.5 2.2 6.0 5.6 6.1

Glutamate 9.0 6.2 6.2 6.2 11.0 8.9

Proline 1.9 1.3 1.4 2.0 2.6 1.5

Glycine 14.6 16.0 17.2 11.8 9.8 9.3

Alanine 7.0 7.4 7.5 10.6 7.2 9.6

Cystine/2 0.0 0.0 0.0 0.0 trace

Valine 7.2 8.0 6.6 7.6 6.3 7.9

Methionine 0.2 1.1 trace 1.6 0.6 0.7

Isoleucine 5.9 5.5 6.3 5.1 6.1 5.2

Leucine 00 • 8.0 7.6 6.5 10.4 5.5

Tyrosine 3. 0 3.5 3.0 2.8 2.2 5.4

Phenylalanine 3.0 2.2 2.7 2.8 2.5 ol

Histidine 2.1 2.0 2.4 3.0 1.7 2.0

Lysine 12.3 9.8 8.5 11.3 10.2 10.6

Arginine 11.7 14.1 15.6 11.6 11.2 15.0

Lys./Arg. 1.1 0.7 0.5 1.0 0,9 0.7

b/a 2.0 2.3 2.2 2.1 1.3 1.7

1Hnil±ca e_t al. (l97l). 2Fraction XV (Fambrough and

Bonner, 1969). 3Fraction IV-C4 (llamana and Iwai, 197l).

4Fraction C (Franco e_t al. . 1974). 'Fraction III

(Frew, 1974).
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In addition, the yeast fraction c has a low ratio of

basic to acidic residues and appears to have a primary

sequence which contrasts strongly with f2al molecules of

higher organisms (Franco et al., 197*0* The evidence

suggests therefore that considerable differences occur

in the primary sequences of f2al hi stones of unicellular

organisms. However, the electrophoretic mobilities of

all these f2al species suggest that they are of similar

size to the f2al molecules found in higgler organisms.

One unusual feature of Euglena f2al is that it does

not appear to be very soluble in ethanol-HCl, unlike

f2al of higher organisms. The reason for this is hard

to perceive, since the content of hydrophobic amino

acids in Euglena f2al is comparable with that of calf

thymus f2al. Neither does the explanation appear to

reside in differences of the lysine to arginine ratio,

since Euglena f2a2, which has a high ratio, is readily

soluble in ethanol-HCl.

The f3 histones from various sources, whose amino

acid analyses are shown in Table 18 exhibit little

variation in composition. Euglena f3 contrasts with

that of higher organisms in not being distinctly

arginine-rich. (This is also true of Tetrahymena f3).

Apart from this, the composition of Euglena f3 is like

that from higher organisms in every way; its

electrophoretic and solubility properties are also

comparable.



Tqble ,1,8
A comparison of the amino acid analyses (moles %) of f3

fractions of Euglena and other organisms. Fraction b2
4

of yeast is also included. Differences of particular

interest are underlined.

Eu^lena C^lf
Thymus 1 Pea2

Tetra-
hvmena' Yeast4 Crithidia

Aspartate 4.3 4.5 4.5 5.0 4.5 7.6

Threonine 6.0 6.4 6.6 6.5 4.4 4.3

Serine 3.5 3.8 4.1 4.9 4.8 7.1

Glutamate 11.8 10.3 10.8 10.2 10.2 9.1

Proline 4.4 4.3 4.5 2.9 4.6 5.6

Glycine 5.9 5.9 6.6 5.6 7.4 4.5

Alanine 12.1 13.8 12.9 13.3 12.8 13.0

Cystine/2 0.6 0.4 present 0.8 trace H•O

Valine 5.2 4.6 5.2 4.8 4.7 6.9

Methionine 0.9 1.5 trace 1.5 trace 4.1

Isoleucine 4.7 4.8 5.1 5.3 4.9 4.6

Leucine 8.6 9.1 9.4 9.2 11.1 5.5

Tyrosine 1.3 2.0 1.0 1.6 2.2 1.7

Phenylalanine 3.7 2.0 3.9 4.0 2.9 1.5

Histidine 1.9 2.5 2.3 2.9 1.6 1.6

Lysine 12.9 10.1 10.2 10.7 12.0 10.2

Arginine 12.3 13.8 13.1 11.9 11.7 12.7

Lys./Arg. 1.0 0.7 0.8 0.9 1.0 0.8

b/a 1.7 1.8 1.7 1.7 1.7 1.5

1Hnilicaet al. (1971). 2Fraction III (Fambrough and Bonner,

1969)« 'Fraction IV-C5 (Hamana and Iwai, 197l). 4Fraction b2

(Franco ejfc , 1974). 'Fraction II (Frew, 1974),
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Euglena f3 appears to contain one cysteine per

molecule, since a single, slow mobility oxidation

product could be seen sometimes on polyacrylamide gels,

this band not appearing after treatment of tbe protein

with mereaptoethanol at neutral or alkaline pH (fig. 38).

The amino acid analysis of the yeast b2 fraction

is also included in Table 18, This fraction, isolated

by Franco at al. (197^) was suggested by these workers

to be an f2a2 type. However, put in the context of

other protozoal histone fractions, it can be seen to

resemble f3 as much as f2a2 types, especially in terms

of its content of aromatic amino acids. Although it

appears not to contain cysteine (Franco _et aj., , 197^-) »

there may be a case for classifying yeast b2 with f3

type histones.

From the foregoing, it is clear that compositional

differences between the histone fractions of Euglena

and vertebrates do occur. These differences are

reflected in the analyses of unfractionated histones

(see Chapter v). For example, Euglena whole histone

has more lysine but less arginine than calf thymus

histone, and the relative amounts of phenylalanine

and tyrosine are inverted. Both these differences

would be expected after a comparison of the individual

histone fractions of the respective organisms.

It has already been noted that the individual

Euglena histones usually behave, when attached to DNA

in chromatin, like the histones of vertebrates.



Figure 38

Urea polyacrylamide gels after electrophoresis

of Euglena f3• (a) partially oxidised

(b) after reduction with mercaptoethanol.
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Likewise, the clnromatin isolated from Euglena has

characteristics in common with that of vertebrates,

for example containing about equal quantities of DNA

and histone, and behaving similarly in solution when

the ionic strength is varied. Indeed, it is most

interesting that, on the criteria investigated, isolated

Euglena chromatin should be so similar to that found in

higher organisms. The differences might have been

expected to be greater, considering the phylogenetic

isolation of this organism and the fact that it exhibits

peculiarities of nuclear cytology. These peculiarities

include a primitive mitosis (Leedale, 1967) and chromo¬

somes that appear to be condensed throughout the cell

cycle (Leedale, I968). However, since light microscopy

would not reveal the presence of diffuse chromatin, it

may be suggested that not all of the chromosomes are

condensed during interphase. Hence it is possible that

the molecular organisation and behaviour of Euglena

chromosomes in vivo may not be as different from that

of higher organisms as light microscopy has suggested.

Certainly, any differences that do exist are not

obviously reflected in the characteristics of isolated

Euglena chromatin or its associated histones.

Some Evolutionary Considerations

Animal and plant histones can be fractionated

into five main types, fl, f2al, and f3 being common to

both, while types resembling vertebrate f2b and f2a2

may also be found in plants. (For a discussion of this,

see Chapter i). The ancestor common to both animals
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and plants would therefore also be expected to contain

five histone types similar (or, in the case of f2al and

f3, very similar) to those found in higher organisms

today. In the line of organisms giving rise to the

common ancestor, histones must have developed to the

stage where the five types were present. There may

possibly have been more than five types, but the

evidence gathered so far from existing multicellular and

unicellular organisms does not suggest this.

Organisms which do not contain histones that conform

to the pattern found in higher animals and plants

probably did not arise from the mainstream of evolution

(taken here to mean the line to higher animals and

plants) or, alternatively, represent an early offshoot

from the mainstream. However, it is possible that in

some organisms histones continued to develop, and it is

also possible, if unlikely, that some organisms during

evolution dispensed with histones. Hence the presence

in an organism of atypical histones or no histones at

all is not necessarily a good guide to the evolution of

an organism. On the other hand, the presence of typical

histones should allow the placing of an organism close

to the mainstream of evolution. Such a placing would

on this basis seem reasonable for Buglena (and also

for Te trahyraena).

The above conclusion regarding the evolution of

Euglena is perhaps unexpected bearing in mind the

similarities mentioned in Chapter X of euglonoids to

dinoflagellates (which do not have histones) and to
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fungi (whose histones are atypical). However, the

relationship to dinoflagellates rests on certain

cytological similarities and it is possible that these

are not significant in an evolutionary sense. The link

between fungi and euglenoids derives from the possession

of a pathway of lysine synthesis common to both.

Unfortunately, the characteristic of containing histones

does not neatly overlap with that of the pathway of

lysine synthesis. Prokaryotes and plants synthesise

lysine by the diaminopimelic acid path while true fungi

(including yeasts) and euglenoids synthesise it via

2-aminoadipic acid. But in terms of histones, euglenoids

have much more in common with plants than with fungi.

Thus the relationships between organisms based on the

two characteristics considered here do not appear to be

straightfo rward.

Because the phylogeny of Euglena is so uncertain,

the results of the present work tell us little about

the evolution of histones. Xt is, however, interesting

that a lower organism such as Euglena should contain

histones so like those of higher organisms. This

implies that histones have altered remarkably little in

the euglenoids, a situation also found in multicellular

animals and plants.

Chlamydomonas was also studied in the present work

since the phylogeny of this organism is reasonably clear

(it is a unicellular member of the green algae). As the

green algae were probably ancestors of the higher

plants, Chlamydomonas would be expected to contain
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histories. It was hoped that a study of these histories

would have provided information about the evolution of

histones generally. Unfortunately, nuclei were not

successfully isolated and therefore the presence of

histones could not be unequivocally demonstrated.

However, because of the phylogenetic position of

Chlamydomonas this problem is worth further investigation.

The present work has clearly shown the existence

of five types of histones in Euglena gracilis. These

histones are very similar to those found in higher

organisms, but at the same time show some interesting

contrasts with them. It will be of interest to determine

whether these reflect differences in the metabolism of

the histones and/or their binding to DNA. Other

questions involve the nature of the heterogeneity of

f2a2 and f2b as shown by electrophoresis, and the very

basic nature of Euglena fl. Is it possible that the

latter is linked in some way to the fact that a large

part of the chromosomes appear to be condensed

throughout the cell cycle? Further investigation of

Euglena fl could give useful information about the role

of very lysine-rich histones in the structure of

chromosomes. Another aspect of possible relevance is

the unusual and perhaps primitive nature of Euglenoid

mitosis. A study of the metabolism of Euglena histones

during this phase of the cell cycle might provide some

clues about the role of histones generally during this

stage.
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It would be of interest to determine the extent of

homology of the amino acid sequences of Euglena

histones with those of higher organisms. It appears

from the present work that differences would be found

in all fractions including those highly conserved in

higher organisms, namely f2al and f3» However, since

the sizes of homologous fractions appear from SDS

electrophoresis to be comparable, it is possible that

any substitutions are conservative, especially in the

case of f2al and f3. But it is also possible that they

are not and if this is the case, then a study of Euglena

histones could give information about which parts of

histone molecules are required to be conserved. This

would give some indication of those parts which are

particularly critical for the function of histones.

Further investigation of the histones of Euglena

gracilis could therefore provide some clarification of

questions surrounding the functions of histones. This

would be welcome since, in spite of considerable

effort, the functions of histones are still not clear.



APPENDIX

ISOLATION OF METACHROMATIC

GRANULES FROM CHLAMYDOMONAS

REINHARDII
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INTRODUCTION

In Chapter V, the difficulties of isolating

nuclei from Chlamydomonas were mentioned and reference

was made to small bodies that were isolated instead.

These bodies were readily stained a reddish-purple

with Giemsa stain, and some cells appeared to contain

a number of these particles. When isolated, they varied

somewhat in size.

That these were nuclei was supported by the work

of Sueoka (i960), who, using Azure A stain, noted the

occurrence of multinucleate Chlamydomonas cells. He

measured the frequency of these cells at various times

after inoculation into fresh medium and found a peak

at 9 Sueoka (i960) concluded that Chlamydomonas went

through a multinucleate stage before division into 8 or

more uninucleate cells.

Walne (1966, 1967) studied the effect of colchicine

treatment on Chlamydomonas eugametos. a species structur¬

ally similar to C.reinhardii. 18-24 h after the treatment,

he noted greatly enlarged pleomorphic nuclei, some of

which contained darkly staining spherical granules.

These became more evident after 48-72 h. Although these

bodies were readily stained with Azure A, Feulgen,

Acetocarmine or mercuric Bromophenol Blue, they could

not, oddly enough, be seen by electron microscopy.

The present chapter concerns the isolation of bodies

which apparently correspond to the nuclei observed by

Sueoka (i960) and by Walne (1966), and describes some
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of their chemical characteristics.

methods

Isolation of the Granules (♦Nuclei*)

Chlamydomonas cells were suspended in 10$ (v/v)
Triton X100 in 0.44m sucrose, 4mM magnesium acetate,

lOmM tris-HCl, pH 7.8, and broken by treatment in the

French press. The granules were centrifuged down at

1000 g. and further purified by centrifugation through

1.2M sucrose and then through 1.7M sucrose. The pellet

appeared by microscopy to be of pure granules.

Hydrolysis of the Granular Material

This was achieved by treating the granules with

0.3m koh at 37°c for 18 h or with concentrated (12.2m)

perchloric acid or 6m hc1 at 100°c for 1 h.

Staining with Toluidine Blue

The granules were fixed in methanol, stained with

0.1$ (w/v) Toluidine Blue for 2-3 minutes, and then

differentiated with 0.1M HC1 for 2 minutes. This method

stains polyphosphate a characteristic red or purple

colour, the acid treatment removingthe colour from

nucleic acids (Keck and Stich, 1957)* However, acidic

polysaccharides are also stained.

Thin Layer Chromatography

Hydrolysates of the granules were applied to

cellulose (Whatman CC4l) plates together with standard

bases, and eluted with methanol/concentratod HCL/ligO
(65:17:18, by volume). The plates were dried and the

spots located with an ultraviolet lamp. This method
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(Randerath, 19^6 ) was used to separate purine and

pyrimidine bases. The standards were obtained from the

Sigma London Chemical Company.

Ultraviolet Spectra

These were obtained using the automatic device on

a Unicam SP1800 double-beam spectrophotometer. Samples

were read against sample solvent.

Estimation of Phosphate

5 ml. of unknown (containing up to 2 (.moles of

phosphate) were taken and 1 ml. of ammonium molybdate

(5$ in 5N H^SO^) added with mixing, followed by 0.5 ml.
1$ amidol in 20$ sodium bisulphite. Appropriate standards

made up from a stock solution of 0.5M KH^PO^ were also
run at the same time. The colour was estimated at

700 nm after 10 minutes.

RESULTS

Since it was at first thought that the granules

which were isolated were nuclei, they were treated with

0.25M HC1 to extract his tone. At this,the granules

coalesced into a sticky pellet resembling chewing gum.

Although some material was extracted by the acid (it

could be precipitated with acetone and dried), it gave

no bands at all on electrophoresis.

When the granules were subjected to DNA and RNA

analysis, they were shown to have negligible amounts of

DNA: 0.03$ or less. (it was later shown that most of

the DNA was in the supernatant fraction). The RNA

fraction, however, exhibited a spectrum which was not
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normal, even compared against RNA isolated from whole

Chlamydomonas cells by the same method (fig. 39).

The similarity of the spectrum to that of guanine was

remarked upon and fig. 40 shows the ultraviolet spectrum

in 0.2M PCA both for guanine and for 7-methyl guanine.

None of the other common purine or pyrimidine bases

exhibit similar spectra (Davidson, 19^9) but ^ was

necessary to discount the possibility that a mixture of

compounds was responsible for this spectrum. Thin layer

chromatography (TLC) was therefore performed. The

material was hydrolysed and applied together with

standards of guanine, thymine and uracil. The hydro-

lysates produced a single spot and initial experiments

indicated that thymine and uracil could be eliminated

since the values for these compounds differed widely

from those for the unknown. The R^, values for the
unknown were close to that for guanine (Table 19) and

Table 19

R^, values for guanine and hydrolysed granules,
obtained by thin layer chromatography.

Run 1 Run 2 Run 3

Guanine 0.24 0.21 0.18, 0.19

Hydrolysate 0.30 0.22, 0.22 0.19, 0.19

did not differ whether the hydrolysis had been performed

in acid or alkali.

It was later found that the base could be extracted

from the granules with 0.5M PCA at 70°C or even with cold

0.2M PCA. TLC experiments again showed that the R^. values
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Figure 40

Ultraviolet absorption spectra of (a) the base present in

the granules isolated from Chlamydomonas, (b) guanine and

(c) 7-methyl guanine. The compounds were dissolved in 0.2M PCA.
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for guanine and the extracted material were very close,

and the ratios of the values (Rf unknown/Rf guanine)
did not significantly differ from unity. These ratios

were 1,03 i 0,06 for the 70°C extract and 0,98 i 0,10
for the cold extract, 6 pairs and 7 pairs of spots,

respectively, being compared, (Applying this to the

data in Table 19, the ratio is 1.08 - 0.25, the high

standard deviation obviously being due to Run l).

The fact that the base can be extracted at 0°C suggests

that at least some of it exists free in the granules.

Further examination of the ultraviolet spectrum

underlines the similarity of the spectrum of the

hydrolysate to that of guanine (Table 20). The

evidence from spectra and TLC strongly suggests that

the base is guanine. Scrutiny of a table of spectro-

photometric characteristics (Properties of the Nucleic

Acid Derivatives, 5th Revision, 1964, published by

Calbiochem Ltd,) failed to reveal any other likely

candidates. However, examination of the properties of

7-methyl guanine, listed in the table, indicate that

this compound cannot be ruled out. Its R^. on TLC was

14-25$ higher than that for guanine, but the spectra

differed little, the main contrasts being A250^A260 =
and\min = 228 nm. These differences suggest that the

granules contain guanine rather than 7-methyl guanine.

Assuming that the base is guanine, an estimate of its

quantity in the granules can be made using published

extinction coefficients (Beaven e_t al., 1954). The



Table 20

Peak ratios and position of peaks etc. for guanine,

7-methyl guanine and hydrolysate of the granules.

The hydrolysate had been eluted from Dowox 1 (chloride

form) with 0,4m NH^OH, 0.05M NH^Cl, pH 10.6, to remove
impurities, dried on a rotary evaporator and redissolved

in 0,1M HC1 to obtain spectrum. Guanine and 7-methyl

guanine also dissolved in 0.1M HC1.

Hydrolvsate Guanine -7-Mg SuaAirm

a250

^260

^2 8 0

•A-2 6 0

^2 9 0

1.36 1.36

0.80 0.81 vTI

0.51 0.51 0-5"!A2 6 0

\max 248 run 249 nm IM**

\max
(shoulder) 272 nm 273 nm X7a.mw

min. 225 nm 223 nm 3A8
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dried granules contain 0.57 mmoles guanine/g. (86 mg./g.).

(The drying procedure probably extracts some of the

guanine - see below). There is therefore other material

in the granules, and this was suggested to be poly¬

phosphate. The granules themselves gave a positive

reaction by the Toluidine Blue Staining technique and

this idea was therefore supported. Estimation of

phosphate showed there to be 6.65 mmoles/g. dried

granules (640 mg./g.) and this lends further strong

support to the idea that the bodies are polyphosphate

particles or metachromatic granules, as they are

sometimes called, due to their staining characteristics.

Another name for them is Volutin granules. Undried

granules contain 1.02 mmoles phosphate/g. (97«5 mg./g.)

and 0.15 mmoles guanine/g. (23 mg./g.). Since there is

a higher proportion of guanine in these undried specimens,

it would seem that the drying procedure (70$ ethanol once,

ethanol twice, ether twice) removed some of the guanine.

Tests for sugars also showed the presence of a

hsxose, but not pentose, in the granules. But it

cannot be ruled out that this was due to sucrose carried

over from the isolation procedure,

DISCUSSION

The experiments outlined here were preliminary ones

designed to find out some properties of the metachromatic

granules isolated from Chlamydomonas. Once it had become

clear that nuclei were not being dealt with, it was

decided to bring the investigation to a premature close,
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since it was a distraction from the main aim of the

research. Nevertheless, the bodies isolated hero do hold

some interest since, if they do represent metachromatic

granules, then this must be one of the few reports of

their isolation (Harold, 1966).
Sueoka (i960) and Walne (1966, 1967) have both

suggested the presence of a number of nuclei in

Chlamydomonas cells. Walne, however, could find by

electron microscopy no bodies which corresponded to

those nuclei. It is interesting that published electron

micrographs (see, for example, Sager and Palade, 1957}

Ohad ejt al. , 1967} Johnson and Porter, I968) all quite

clearly show the presence of only one nucleus per cell.

Indeed, Johnson and Porter (1968), specifically studying

the fine structure of cell division in Chlamydomonas,

make no mention of the existence of more than one nuclear

division before cell division itself. More than one

nuclear division would undoubtedly have been reported

as a most interesting and unusual phenomenon. It

therefore seems highly unlikely that all the vividly

staining bodies seen in Chlamydomonas cells represent

nuclei. On the other hand, the presence of polyphosphate

particles in Chlamydomonas has been noted by other workers

(R. Sager, personal communication), and this seems to be

the likely identity of the bodies noted by Sue^ka (i960)
and Walne (1966). Why the latter worker did not see

the bodies in electron micrographs (walne, 1967) is an

interesting points apparently, polyphosphate particles

tend to drop out of thin sections, their only manifestation
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often being an empty hole in the section (Ohad et aJL. ,

1967). It was, incidentally, this latter paper which

gave the clue to the identity of the granules isolated

in the present work on Chlamydomonas.

That these isolated granules correspond to those

inside the cell is indicated by the staining of both

by Toluidine Blue, and also by their morphological

similarity, the variation in size being particularly

noticeable. (Walne, 1966, also commented on the

pleomorphism of the bodies observed by him). Whether

the bodies do actually contain polyphosphate rather

than some other form of phosphate cannot be finally

decided, since, although the staining by Toluidine Blue

is indicative of the presence of polyphosphate, it is

not completely specific. However, the bodies certainly

contain a large quantity of phosphate and it would seem

to be the most likely possibility that it is in the form

of polyphosphate.

Metachromatic granules are quite widely distributed

in lower animals and plants and small quantities may

also occur in higher organisms. The function, metabolism

and other aspects of polyphosphate are reviewed by

Harold (1966). Suffice to say here that there are two

main schools of thought regarding the function of

polyphosphate. One is that it acts as a phosphagen,

the other, that is primarily a store of phosphorus.

One aspect retarding to research on metachromatic

granules is that they have not been often isolated, and

therefore little is known of their composition beyond
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that they contain polyphosphate. Isolation of the bodies

should load the way to a greater understanding of their

metabolism and therefore function. The present chapter

shows that they can be easily isolated from Chlamydomonas,

and this could be a useful step forward. Ther e Is only

one report of the isolation of metachromatic granules

cited by Harold (1966) in his review, and a brief

literature search has failed to reveal others.

One of the interesting aspects of the metachromatic

granules isolated from Chlamydomonas is that they contain

significant quantities of guanine or some closely related

base. Whether its presence is artefactual or not will

only be determined by further research. It is possible

that it is picked up during the isolation procedure,

but if 30, one might expect other purine or pyrimidine

bases to be present, but this appears not to be the

case. It is interesting that Correll and Tolbert (1962,

1964) isolated RNA-polyphosphate complexes from Chlorella.

The RNA, however, had a normal ultraviolet spectrum

with a peak at 260 run. The presence of guanine in the

metachromatic granules of Chlamydomonas, if not an

artefact, poses an interesting question as to its

function: is it there just to neutralize the phosphate?

Is it a storage medium for the purine ring or even for

nitrogen? Or does it represent a waste compound, as

it does in spiders (Davidson, 19<>9)? It can be seen

that these are a number of interesting questions to be

answered about these bodies not only in Chlamydomonas

in particular, but in other organisms as well.
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