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SUMMARY

During the course of this study, the histones of the algae Olisthodiscus luteus
were 1isolated, purified and fractionated. Identification of the histones was
achieved by partial primary structure analysis. The histones HL, H2A, H2B, H3 and
H4 were found to be present in the 0.7uteus nucleus. The complete structure of
H2A and H4 was determined. There is no evidence of the existence of the unique
histone HOT (Rizzo et al., 1985). Construction of phylogenetic trees suggests
that the alga Olisthodiscus Tuteus diverged from the animal line. By sequence
comparison, the most closely related histone sequence to the algae was found to be
that of the echinodermata. An endosymbiotic event between an echinodermata
ancestor and a primitive unicellular alga is hypothesised in an attempt to explain
the smilarity between the histones.
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CHAPTER 1

INTRODUCTION

1.1 Histones and the Early Eukaryotes

The manner by which genetic material is organized marks a major difference between
the eukaryotes and the prokaryotes. The large amount of DNA found in eukaryotes
(often 1 - 2 m long) has to be compacted by a factor 104 to be accommodated in a
nucleus of about 5 ym diameter (von Holt, 1985). Much of the knowledge of the
mechanism by which this compaction is achieved has only been established in the
last 15 years. Today, it is well accepted that the first two orders of DNA
compaction depends on a family of low molecular weight, basic DNA binding proteins
called the histones. The histones are in an equal mass ratio to the DNA (for
review see Sperling and Wachtel, 1981). Although discovered in 1884 by A. Kossel,
it has taken almost 100 years to partially understand the histones' structure and
function - the complexity of which perhaps prompted the rueful comment: “The
histones are commonly regarded as unpleasant proteins for vigorous studies" of
Luck et a7. in 1956. :

Five major histone types are found in' the nucleus of all multicellular eukaryotic
organisms. The nucleosomal, or core histones, H2A, H2B, H3 and H4. are present in
the nucleus in equimolar amounts. The fifth type of histone, Hl, is usually
present in half the molar amount of each of the core histones. A1l these histones
share some general characteristics. They are small proteins varying from between
100 - 200 amino acids in length. The histone Hl is the largest and depending on
the source, is made up of about 200 amino acids. The histones are all positively
charged at physiological pH, due to a richness of lysine and/or arginine residues.
The charged residues are generally arranged at the N- and C- terminals of the
protein leaving the middle region, or globular domain, hydrophobic. No doubt, the
positioning of the charged groups at the protein terminals facilitates binding of
the protein to the DNA phosphates. No histone is known to contain tryptophan,
while tyrosine and phenylalanine contents are low.



Many amino acid sequences have been determined (eg EMBL Data Bank) either by gene
sequencing or by direct protein sequencing. Comparison of such sequences reveal
the highly conserved nature of the histones.

The "arginine-rich" histone H4 is the most conserved of all the histones. This
may be best illustrated by comparing primary structures of H4 isolated from calf
(De Lange et al., 1969a; Ogawa et al., 1969) and that isolated from the
morphologically different yeast (Smith and Andresson, 1983). These two sequences
differ by only eight amino acids. Sequence comparison of H3 structures also
indicate that this histone is conserved, although not to the same degree as that
of H4. There are fifteen differences between the H3 of calf (De Lange et al.,
1972; Patthy and Smith, 1975:; Franklin and Zweidler, 1977) and that of yeast
(Brandt and von Holt, 1982). The similarity between the H3 and H4 structures
isolated from two organisms that diverged early on in the history of life (Brandt
and von Holt, 1982) indicates the evolutionary pressure to maintain the structural -
integrity of the nucleosome and the importance of the role the histones performs
1n packing DNA of the eukaryotic cell.

The histones H2A and H2B are not as conserved as the H3 and H4. As observed by
von Holt (1985), these two proteins are characterized variations in both
composition and length of the N- and/or C- terminal extensions. For HZ2A type
histones, both terminals are found to be variable, while only the N- terminal of
the H2B proteins show a Tow evolutionary stability. The domain structure of both
H2A and HZB is generally conserved despite the variability in sequence and length
of the terminals.

The Tlysine rich Hl histone is the most variable of all the histones.  Three
domains, the N- terminal, C- terminal and the internal domain, may however be
distinguished when primary sequences are analysed (Sperling and Wachtel, 1981).
The general characteristics of these domains are conserved although the complete
primary structure may not be. The N- terminal is rich in basic residues, as well
as alanine, proline and serine. The C- terminal is rich in lysine and alanine
residues, with a small amount of proline (von Holt et al., 1979). The H1 proteins
vary not only from species to species, but also from cell to cell within a species
and even within a cell.



An examination of all sequences from the five histone families shows that
variability does not occur randomly throughout the proteins. Variation appears to
be localized at the N- terminal and in some cases to the C- terminal with the
exception of H3. Variability in H3 is found in the internal domain. Changes that
occur in the "core" or globular domain of H3, and in some cases H4, are usually
conservative point mutations. The terminal regions of HZA and HZ?B show extensive
modification through reiteration, insertions and deletions as well as point
mutations. As suggested by von Holt et a7., (1979), the conservative evolution of
H3, H4 and the conserved domains of HZA and HZB are probably responsible for the
structural integrity of the histone complex. The variability in sequence and of
length of the HZ2A and H2B terminals, as well as that of the Hl histone, may
reflect differences of DNA compaction in the active chromatin.

From data presented by Wilson et al., (1977), Isenberg (1978) determined percent
sequence differences of various proteins as a function of divergence time. As -
discussed above, the histone H4 is clearly the most conserved protein of all
proteins analysed - requiring 400 X 106 years for a 1 ¥ difference in amino acid
sequence to arise between two Tineages. H3 is almost as conserved, requiring 330
x 10, 0On the same scale H2A and H2B require 60 X 106 years and H1 8 X 106 years
for a 1 ¥ difference to occur. When these rates of change are compared with other
proteins, the next most stable protein known is glutamate dehydogenase (b5 X 106
years for a 1 % change), slightly more variable than HZA and H2B. Cytochrome C
has an evolutionary period of 15 X 106 years for a 1 ¥ change. Hl, although the
most variable of the histones, 1is Tless variable than myoglobin, hemoglobin (o),
and hemoglobin (B) (6,0, 3,7 and 3,3 X 106 years respectively).

Their evolutionary stability, and their presence in all eukaryotic cells (with the
apparent exception of a few protistans), suggests that a knowledge of histone
primary structures may be employed to construct a phylogeny tree. This approach
has been successfully used to determine evolutionary relationships by comparing
primary structures of cytochrome C, isolated from evolutionary diverse organisms
(Dickerson, 1971). Classification of higher organisms reflect their evolutionary
relationships. A knowledge of the position on the phylogeny tree, deduced from
conseftved proteins' primary structures, may assist classification of troublesome
organisms such as the algae (see example: Hara et a/., 1985).



It 1s widely accepted that some organelles originated with the endosymbiosis of
eubacteria (Gray et al., 1984). Recently it has been shown that Cryptomonad algae
are chimaeras of two distinct unicellular eukaryotes (Douglas et al.,1991). These
authors have isolated and sequenced two funtional 18s RNA molecules from the
Cryptommonad. It was found that the nuclear DNA yielded only one of them. They
propose that the nucleomorph yielded the other. By sequence comparison it was
found that the nuclear rRNA is most closely related to the fungi Acanthamoeba
while the nucleomorph rRNA is more related to red algae.

A knowledge of the amino acid sequence of conserved proteins coded for by the
nucleus, such as the histones, or coded for by the mitochondrial or chloroplast
DNA, might also indicate the nature of the organism prior to the endosymbiotic
event. Furthermore, the nature of the symbiont and the period when the
endosymbiotic event occurred could possibly be deduced.

To achieve a detailed phylogenetic tree for histone-coding eukaryotes by
comparison of histone sequences, requires a wide range of sequences. A scan of
known sequences utilizing the GCG program package and the GenEMBL databank,
indicates that the majority of solved histone primary structures are those of the
higher animals and plants. Within their kingdoms, most of these organisms are
closely related in evolution - the "twigs" of the phylogenetical tree. To
determine the "branches" of these trees, sequences of early diverging organisms,
from fungi, Tow animals and low plants are required.

Histones have been reported in several species of the algae, fungi, ciliated
protozoans and slime molds (Horgen and Silver, 1978: Rizzo, 1985) but very few
have been sequenced. This is probably due to the difficulty of extracting the
basic proteins and the low yields of protein after purification.

Histones from various species of yeast have been well characterized. Brandt and
von Holt (1982) determined the primary structure of H3 isolated from Saccaromyces
cerevisiae by direct protein sequencing. Wallis et al. (1980) demonstrated the
presence of two different H2B genes by DNA sequencing. The deduced amino acid
sequence showed four differences between them. These authors propose that the
origin of the two H2B's was by gene duplication some 190 million years ago.
Similarly, Choe et al. (1982) has shown that yeast has two H2A genes, coding for
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two H2A subtypes, with two differences between them. smith and Andresson (1983)
went on to determine that there are two loci coding for both H3 and H4. The
deduced amino acid sequence from the DNA sequence indicates that the H3 and H4 are
identical in both loci.

Other fungal histone structures solved include the H2A of Aspergillus nidulans by
May and Morris (1987). The protein sequence was deduced by sequencing of the
gene. Unlike most animal histone genes, there are three introns present. Also
different too all known H2A sequences, the first N- terminal residue is threonine
as opposed to serine.

Woudt et al. (1983) have sequenced the H3 and H4 genes of the fungi Neurospora
crassa. The organism contained one copy of each gene in its genome. The deduced
sequence of the H3 and H4 proteins shows it to be similar to that of yeast.

The Trypanosomatid Leishmania enrietta, was found to contain H2B and its structure
was-solved by isolation of the H2B mRNA (Genske et al.. 1990). The structure of
HZ2A of a similar strain, Leishmania donovani infantum, was solved by Soto et al.
(1991).  The mRNA for the H2A was found to be plant-Tike, 1in that it is
polyadenylated and has stem-loops at the 3' terminus.

The histones of the protozoan ciliate, Tetrahymena, has also been well studied.
The protein sequence of two H2A variants was determined by Fusauchi and Iwai
(1983). Bannon et al. (1984) sequenced two H4 genes of Tetrahymena thermophila’s
macronucleus.  Although the deduced amino acid sequence 1is identical 1in both
geneé, heterogeneity was found in the flanking DNA sequences - one H4 gene being
closely Tlinked to the H3 gene. Two H4 variants' primary structures were
determined by protein sequencing (Fusauchi and Iwai, 1983), indicating the
presence of another H4 gene not detected by Bannon et al.. The full sequence of
two H3 variants was determined by Hayashi et aJ. (1984) by direct protein
sequencing. The partial DNA sequence was determined for two H3 genes by Horowitz
and Gorovsky (1985). They observed that the stop codon of higher eukaryotes, TAA,
codes for glutamine in the Tetrahymena. The authors proposed that this ciliate
diverged prior to the branching of fungi, plants and animal. The DNA sequence of
two HZ2B genes (Nomoto et al., 1987) shows that there is a three amino acid
heterogeneity between the two variants. Wu et aJ. (1986) solved the structure of



Terahymena HL gene. The deduced amino acid Sequence shows the Hl protein to be
small, rich in basic amino acids and, unlike higher eukaryotic Hls, missing the
usually conserved globular domain.

The green algae Volvox carteri was found to be phylogenetically more closely
Tinked to higher plants than to animals after their respective rRNA's had been
compared (Rausch et al., 1989). Miller and Schmitt (1988) sequenced two Toci
containing the H3-H4 genes of Volvox carteri. The coding regions for both were
identical. Both loci also contained an intron in the H3 gene, shifted by one base
pair relative to each other. This exon-intron organization of the H3 gene 1is also
found in yeast H3, fungal H3 and in vertebrate H3.3 genes. The authors observed
that the termination signal of the H3 gene is typical of that found in animal H3.1
genes.

Two non-allelic H2A-H2B gene structures of the alga was solved by Miller et al.
(1990). The authors found one difference in the encoded protein for H2A and 16
for the H2B. It was also found that, unlike higher plants, the histone mRNA are
non-polyadenylated. Furthermore, the mRNAs are terminated at the 3' palindrome by
the same mechanism that operates in vertebrates and sea urchin. The authors
suggest that Volvox histone genes are more closely related to the replication-
dependant histone genes of animals. This is contrary to what is expected, if
Rausch et al.'s. (1989) findings are taken into consideration. Muller and Schmitt
(1988) acknowledge that the understanding of Volvox histone evolution depends on a
greater knowledge of histones of the green algae.



1.2 Scope of this Thesis

Several types of algae have been shown to contain histone or histone-1ike proteins
(Rizzo, 1985). It has been reported that one algal species, 0listhodiscus luteus,
contains the histones H1, H3 and H4 (Rizzo et al., 1985). No H2A or H2B proteins
were detected. The authors claim to have detected a unigue histone which they
termed the HOT. HO! was proposed as the ancestral to the H2A and H2B histones,
giving rise to these proteins by a gene duplication mechanism. As histone HOJ
would be fulfilling the roles of both H2A and H2B, a knowledge of its primary
structure would be extremely useful 1in understanding the structure/function
relationship of the H2A and H2Bs of higher eukaryotes. Furthermore, the primary
structures of these algal histones would add to the pool of histone sequences
known.  This would possibly allow an evolutionary tree to be constructed. thus
providing useful insight into the evolution of all the histones. The
classification of 0.Juteus is still under debate (to be discussed). A knowledge
of the conserved histone structures may indicate the Division and Order in which
it truly belongs.

The scope of this thesis is therefore to isolate the histones of the Olisthodiscus
Juteus and to identify them by partial protein sequence analysis. The HO] (if
present) is to be isolated, purified and the full primary structure determined. A
séquence comparison of known histone sequences and those of 0.7luteus determined
here would then be undertaken.



1.3 O0listhodiscus Tuteus

Olisthodiscus luteus (0.luteus) was first described by Carter (1937) after
isolating the organism at Brembridge, ‘Island of Wight, England. She assigned it
to the Class Xanthophyceae of the Division Chrysophycophyta.

1.3.1 Morphology

The morphology and ultrastructure was fully documented by Hara et ai. (1985). The
0.luteus is a yellow-green marine alga that has no cell wall. It is 15 - 25 um
long, 10 - 16 um wide and 5 -7 um thick. By light microscopy the algae can be
seen to have a Tongitudinal furrow on the ventra] side and a deep well at a
quarter of the cell length from the anterior end. Two flagella arise from the
well. One flagella extends anteriorly 1,2 - 1,5 of the cel] length. The second
flagella, 0,5 - 1,2 of the cell Tength is housed, in the shallow furrow. The cell
swims smoothly without rotation. Six to thirteen chloroplasts are clearly visible
with the 1ight microscope, as is a teardrop shaped nucleus at the anterior of the
cell. '

By electron microscopy, the authors made the following observations (figure 1.1):-
* A thin cytoplasmic periplast lies between the plasmolemma and the chloroplast.

* The chloroplasts are covered by two double membranes the outer membrane being
the chloroplast endoplasmic reticulum and the inner one being the chloroplast
envelope.

* Each chloroplast, 3 - 4 pm long and 2 - 3 um wide (Cattolico et al., 1976), has
pyrenoids protruding anteriorly. _

* The pyrenoids are filled with granular material, penetrated by cytoplasmic
canals and bounded by a double membrane associated with the chloroplast envelope.

* The chloroplast lamella consists of 2 - 3 thylakoids, none of which invade the
pyrenoid matrix.

* Two ring-shaped nucleoids are found at each pole of the chloroplast.

The anterior nucleus is connected to the flagellar bases. Golgi bodies cover the
anterior lateral surface of the nucleus, while rough endoplasmic reticulum
surrounds the posterior half. Many mitochondria are found between the nucleus and
the peripheral chloroplasts. |
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2.2 Nuclei Isolation

Nuclei, {solated by the method described in section 4.2 3 and visualized by
Hoescht fluorescent staining, is shown in figure 2.1é. Intact algal cells,
immobilised with gluteraldehyde, were visualized in the same manner and are shown
in figure 2.1b. 0.luteus chloroplasts fluoresce a bright red when viewed under
ultraviolet light in the presence of, or without, Hoescht stain. Areas of high
DNA concentration, such as the nucleus, fluoresce a brilliant blue in the presence
of stain. Figure 2.1b indicates that the chloroplasts appear slightly larger than
the blue nucleus. It is evident from figure 2.1a that the nuclei form the major
composition of the nuclei isolation preparation, however several red plastids may
be seen in the field of focus. The nuclei could be further purified by
differential centrifugation through a self-generating Percoll gradient (Nothacker
and Hilderbrandt, 1985). resulting in a purer nuclei preparation as Jjudged by
phase contrast microscopy. Qunatitation of yield was determined by reading
absorbance at 260 nm of nuclei dissolved in 4 M NaCl. The DNA content after
differential centrifugation through Percoll was less than half compared to the
sample prior to centrifugation. This seems to indicate nuclej lysis. No
differences in extracted protein, as judged by SDS - PAGE, were observed between
the two samples. It was decided to forfeit nuclei purity in favour of a higher
nuclei yield.

Several factors in the nuclei isolation procedure had a significant effect on
nuclei yield. A loose dounce homogenizer was found to be far superior to a Virtis
45 homogenizer or a domestic Kenwood Tliquidizer. Although the 1latter two
effectively ruptured cells, the nuclei tended to be sheared, resulting in a lower
yield of isolated nuclei. Hexylene glycol was found to be essential for
stabilizing the nuclei (Wray et al., 1977). Although Rizzo and Burghardt (1983)
reported hexylene glycol to be more effective at a final concentration of 1 molar,
no difference in nuclei yield or stability was observed when the reagent was
present in 0,5 molar or 1 molar final concentrations. A noticeably positive
effect on nuclei yield was observed when the-newly lysed cells were allowed to
stir in the nuclei isolation medium for 1 hour at 4°C prior to centrifugation.
Presumably, this was due to giving the stabilizing hexylene glycol and salts time
to percolate through the nuclei. ' '



FIGURE 2.1a: Isolated 0.7uteus nuclei (Section 2.2.) viewed under a
Nikon Diaphot-TMD Microscope fitted with a TMD-EF Flourescent
attachment. Samples were stained with Hoescht stain prior to
photographing. (Magnification X 200)

FIGURE 2.1b: Intact 0.]uteus cells, fixed with 0.1% gluteraldehyde
and viewed as for Figure 2.1a. (Magnification X 200)
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Triton X-100, Surfynol 485 and Nonidet P-40 were all investigated as to their
suitability as detergents in this isolation protocol. As found by Rizzo and
Burghardt (1983) Nonidet P-40 was found to be the most suitable, in that the cell
membrane and most plastid membranes were effectively dissolved, while the nuclear
membrane remained intact.

Thiodiglycol was present in the nuclei isolation medium to protect methionines
from oxidation by scavenging free radicals (Zweidler, 1978). This problem appears
to be prevalent when working with plant cells (J. Rodriques, Personal com.). TDG
plays no role in stabilising nuclei during isolation procedures.

It should be noted that a comparison of nuclei yields resulting from different
methods and buffer compositions is rather subjective. Factors, other than medium
composition and protocol, such as age of culture and stage of cell cycle have an
effect on nuclei yield and cannot always be controlled or quantified.

2.3 Analysis of Nuclear Proteins

To investigate the major protein fractions present in the 0.Juteus nucleus,
isolated nuclei were boiled in 10 % SDS sample Tloading buffer (section 4.4)
microfuged and analysed by SDS - PAGE (Figure 2.2). It appears that there are
four major protein components present in the 0listhodiscus luteus nucleus. For
ease of discussion, they have been labelled A, B, C and D: protein A being the
slow migrating component and protein D the fastest migrating component. This
protein complement was compared with calf thymus histones. Protein A has a
similar mobility to calf thymus H1. Similarly, the distance migrated by protein B
and D compares favorably with calf thymus H3 and H4 respectively. The major
0.luteus fraction, protein C, did not co-migrate with any of the calf thymus
histones, its electrophoretic mobility is between that of calf thymus H2A and H4.
An 0.luteus protein migrating a distance between that of calf thymus H2A and H2B
was also present in small amounts. From stain intensities, it would appear that
protein C is present in double the amount of protein D. Protein B is present in
amounts slightly less than protein D and protein A is present in about half that
amount. As compared with calf thymus histones, the molecular weights of the four
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