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Abstract

The cytoplasmic ribosome of Crithidia fasciculata, a trypanosomatid
protoctist, possesses an unusual complement of rRNAs. Besides an unusually long
small subunit (SSU) rRNA of 2206 nucleotides and a heat-labile "285" rRNA
comprised of two high molecular weight (c and d) species, there are four novel
small IRNAs (Sp. e, f, g, andj), in addition to the conventional 5S (Sp. h) and
5.8S (Sp. i) IRNAs, which are also present. All together, nine separate rRNAs are
present in the C. fasciculata cytoribosome. All except the 5S rRNA are encoded
in an 11,373-bp IDNA cistron, which can be isolated as five Pstl-rDNA
fragments. The genes are arranged in a basically eukaryotic fashion (i.e., 18S-
5.85-288S): starting with the SSU rRNA gene and going 3!, there is an Internal
Transcribed Spacer (ITS1), followed by large subunit (LSU) rRNA coding and
spacer regions in the order Sp. i - ITS2 - Sp. ¢ - ITS3 - Sp. ¢ - ITS4 - Sp. d - ITSS
-Sp.£-ITS6 - Sp.j-ITS7 - Sp. g, and finally the Intergenic Spacer (IGS). The
1DNA is either an extra-chromosomal circle or genomically integrated and
tandemly repeated. By primary and secondary structure comparisons, the novel
small rRNAs can be shown to be part of the conventional LSU rRNA . The
tRNAs are most likely transcribed from a single promoter in the IGS and
produced by post-transcriptional processing. The IGS has a complex physical
substructure, the most conspicuous feature of which is an array of 27, 19-
nucleotide long, tandem repeats. There are 10 types of these repeats and when
compared to one another they show differing degrees of similarity. Their role, if
any, in transcription ini iation or termination, iDNA replication, or IDNA
evolution remains to be elucidated. Flanking this array are three related
palindromic sequences, Blocs A, B, and C. They are 40 nucleotides long and
could potentionally form hairpin structures in the DNA (or in the RNA if they are
transcribed). The rDNA exhibits a length heterogeneity that is stably inherited.
There appear tc be 6 or 7 size classes of iDNA cistrons differing from one
another by a variable amount (200-300 bp). The region encompassing this

heterogeneity has been localized to the IGS and is unstable in rec* strains of E.
coli, giving rise to specific deletions. The rDNA seems to be devoid of
methylation.

xii



Ty

LI N TR T e e

B TR M | .

L

ADP
AGE

CAT
cfu
CP

cm
CsCl
Da
DEPC
Dr
DTT
EDTA
EtBr
ETS

GTP

HMG
IGS
iRNA
ITS
IVS
kbp
KCl

LSU

m6Ade
m5Cyt

mg
Mg(OAc),
ml

min

MMS
NaCl
nDNA

List of Abbreviations and Symbols Used

alpha

adenosine

adenosine diphosphate
agarose gel electrophoresis
beta

centigrade
chloramphenicol acetyltransferase
colony-forming units

core promoter

centimeter

cesium chloride

dalton
diethylpyrocarbonate
tandem direct repeat
dithiothreitol
ethylenediaminetetraacetic acid
ethidium bromide

external transcribed spacer
guanosine

guanosine triphosphate
gamma
high-mobility-group
intergenic spacer
salt-insoluble RNA
internal transcribed spacer
intervening spacer
kilobase pair

potassium chloride
kilodalton

ribosome large subunit
molar

6-methyladenine
5-methylcytosine
milligram
magnesium acetate
milliliter

minute

mass

methylmethanesulfonate
sodium chloride
nuclear DNA



NH40Ac

NMF
nt
NTS

n

P

PAGE
PEG
pre-tRNA
psi

pUC9

rDNA
RNAP
rRNA
S
sRNA
SDS
SOC

SSC
SSU
S100

TEMED
TIF-IB
tRNA

UCE

UPE
Uuv

ng

vol,

Xg

xiv

ammonium acetate

N-methyl formamide
nucleotide
non-transcribed spacer
any number

pseudo

polyacrylamide gel electrophoresis
polyethylene glycol
pre-ribosomal RNA

pounds per square inch

a genetically engineered cloning
plasmid

ribosomal DNA

RNA polymerase

ribosomal RNA

Svedberg unit

salt-soluble RNA

sodium dodecyl sulfate

2% (w/v) Bacto Tryptone, 0.5%
(w/v) yeast extract, 10 mM NaCl,
2.5mM KCl, 10 mM MgCl», 10 mM
MgSOy4, and 20 mM glucose
species

standard sodium citrate
ribosomal small subunit

the supernatant following a timed
centrifugation at 100,000xg
thymine
tetraethylmethylethylenediamine
transcription initiation factor IB
transfer RNA

uridine

upstream control element
upstream promoter element
ultraviolet

microgram

microliter

volume

volt

weight

times gravity



e

-

D ok e eI

ape

N RN e e LT SN RS s

Acknowledgements

I would like to acknowledge the support of my wife Brenda who has
seen me through my two degrees at Dalhousie University. She has been a constant
companion, never complaining when I did. I would also like to thank her for
Ruth, our daughter, who was born during my internship.

I would like to thank my parents and family, especially my sister
Louise, who spent many unselfish hours at the word-processor in a fine attempt to
understand my handwriting. Thank you very much.

I feel that it would require a volume the size of this thesis to
adequately express my gratitude to my supervisor, Dr. Mike Gray. I thank him for
accepting me into his lab and providing help whenever it was needed. He
supported me and continued to provide me with the encouragement and advice
required to see my research and thesis through to the end. He remained principled
and exacting to the final day.

Many people have come and gone (and some have even come back
again) during my tenure at Dal. I would like to thank all those who have assisted
me, whether in a small or large way, in my research work and thesis production.
Space does not permit me to list all of these people but I would like to give
special mention to the following: Murray Schnare-thank you for introducing me
to the Graduate House, David Spencer, Paul and Pam Joyce, Pat Covello, Mike
Coulthart, Spencer and Diana and Kim and Wan for the use of their couches in
the dying days of thesis production.

A special thank you to two friends I made while a graduate student,
David Jolliffe and Mike Power.



SECTION A

INTRODUCTION

1.) THE CENTRAL DOGMA OF MOLECULAR BIOLOGY
WITH SPECIAL REFERENCE TO THE RIBOSOME

1.i) "The Central Dogma": A Discussion

The concept of "The Central Dogma", which has become
widely known in biology, was one of two articulated by F.H.C. Crick in an
address he made to the Symposium of the Society for Experimental Biology in
1957. Crick was putting forward his thoughts on the directional flow of
information that might exist in the cell. The "Central Dogma", as stated by Crick,
is "that once 'information' has passed into protein it cannot get out again". He
continued: "The transfer of information from nucleic acid to nucleic acid, or
from nucleic acid to protein may be possible, but transfer from protein to protein
or from protein to nucleic acid is impossible" (1). In 1970 (2) Crick outlined more
precisely his thinking on the "Central Dogma" and summarized it in a now well-

recognized figure.

DNA
A Solid arrows show
/ transfer of information
/ that occurs in all
/ cells and dashed arrows

show special-case

RNA ——> Protein routes.

1Crick misunderstood the meaning of 'dogma' and, hence, misnamed this idea. For a discussion of this
sec p. 337 of H.F. Judson's "The Eighth Day of Creation" (207).



The idea then and the fact now, that information cannot be
transferred back from protein to DNA, is of fundamental importance in evolution.
It means that the Lamarkian Theory (3) of "The Inheritance of Acquired Traits" is
impossible, and it brought to an end a long-held rival to Darwin's "Theory of
Natural Selection" (4).

Even as early as 1957, Crick (1) and others suspected that the
microsomal particles (now called ribosomes) observed in cells were the site of the
transfer of information from nucleic acid to protein. The early data implicating
these particles in such a role quickly gave way to more convincing evidence.
Today a great deal is known about the structure and function of the ribosome (5-
11,181), and all studies of these particles have borne out Crick's early suspicions
of their pivotal role in the cell.

1.ii) The Ribosome: Its Place in the Central Dogma

The ribosome is now known to be a macromolecular complex
involving ribonucleic acid and protein molecules. All ribosomes consist of two
subunits, a small and a large. In a typical prokaryote (e.g., a eubacterium such as

Escherichia coli) the small subunit (SSU) contains 21 proteins (totalling 350,000

Da) and a high molecular weight RNA (168 ; 500,000 Da), while the large
subunit (LSU) contains 32 proteins (460,000 Da) and two RNA molecules [one
high molecular weight (23S) and one low molecular weight (5S), with a
combined mass of ca. 1,000,000 Da}, giving a total ribosome mass of 2,310,000
Da (12).

The eukaryotic cytoplasmic ribosome is slightly larger than the
prokaryotic (eubacterial) one, having a sedimentation coefficient of 80S rather

than 70S. The eukaryotic SSU contains ca. 30 proteins (700,000 Da) and one



E
Vet o

RNA molecule (18S; 700,000 Da), while the LSU has 45-50 proteins (1,000,000
Da) and one each of a high molecular weight RNA (28S; 1,700,000 Da) and 5S
and 5.8S (combined mass 90,000 Da) RNAs. This gives a total ribosome mass of
4,190,000 Da (6).

The process of translating mRNA into protein is not
accomplished by the SSU and LSU alone. Translation involves many other
components, including a variety of factors (initiation, elongation, termination),
aminoacylated tRNAs, and free nucleoside triphosphates (GTP), as well as the
mRNA itself. These and other factors come together in a highly ordered manner
to produce, accurately and efficiently, the encoded proteins (11).

It is in the hope of understanding this extremely complex,
sophisticated, and centrally important phenomenon that investigators have

undertaken a detailed examination of the ribosome and its components.

2) RIBOSOMAL DNA (rDNA): WHAT IS IT AND WHERE
IS IT FOUND?

In addition to studying the ribosomal components for
biochemical reasons, investigators have also attempted to gain some insight into
biological evolution and the processes of evolutionary molecular biology. The
ribosome is very well-suited for this purpose because it is ubiquitous and
evolutionarily well conserved in structure and function. All organisms, be they
archaebacteria?, eubacteria, or eukaryotes, possess ribosomes which carry out the
same basic function, that of protein synthesis. The eukaryotic cell possesses, in
addition to the cytoplasmic ribosome, two other sets of functionally and

structurally distinct ribosomes, one set in mitochondria (organelles found in

2Sce page 7 for a description of these organisms.



aimost all eukaryotes), the other in plastids (found in photosynthetic eukaryotes,
i.e., plants and algae). Ribosomes thus provide the only easily accessible
molecules which have been functionally and structurally conserved through
evolutionary time and are found in all known organisms and organelles. The
genomes of all organisms code for the rRNA components and even the eukaryotic
organelles possess DNA which encodes all of the rRNA molecules used in
translation in that organelle. The RNA components of the ribosome (ribosomal
RNAs, or TRNAs) are the most easily studied and the most reliable molecular
markers of evolutionary relatedness. These have been analyzed both at the RNA
and the DNA level.

Figure 1 diagrammatically summarizes the structural
organization of the so-called IDNA (ribosomal DNA) from the eukaryotic
nucleus, eubacteria, and chloroplast.

The eubacteria provide a good starting point for a discussion of
rRNA gene arrangement. In these organisms the 16S (SSU), 23S (LSU) and 58
rRNAs are transcribed in a 5' to 3' direction, giving rise to a single transcript
which is processed to yield the individual mature rRNAs. These cistrons
characteristically contain coding regions for two tRNAs as well (13).

In the eukaryotic nucleus the coding region for the 5'-end of the
LSU rRNA is separated from the remaining portion of the LSU rRNA coding
region by DNA sequence which does not appear in the mature rRNA. This 5'-enc
is commonly referred to as the 5.8S rRNA. As a rule the 5S rRNA in eukaryotic
nuclear DNA does not constitute part of the rRNA coding unit. Normally it is

physically unlinked and is invariably transcribed by a separate RNA polymerase

(14).



LRNA Gene Arrangements
S.BS "283"
Euk. — ] H IL —J O
ssu Lsu y +/-58
.y
/
[ /
Eub. - ] 00 1 OO0
ssu tt] LSU |H 58 t
| I
- IH
Chl. [ ] 00 C 10 O
ssu tt LSU 58
4.58

Figure 1 Schematic presentation of typical rRNA coding arrangement
from eukaryotic nucleus, eubacteria, and the chloroplast. Boxes
represent the coding regions. SSU is the small subunit rRNa, 5.8S
is the 5.85 rRNA (the structural homologue of the 5'-end of the
eubacterial LSU rRNA), LSU is the large subunit rRNA, 4.58 is
found only in chloroplasts and is homologous to the 3'-end of the
eubacterial LSU rRNA, and the 58 is a small rRNA found in the
ribosomal large subunit and whose coding region is sometimes
closely linked with the other rRNA coding regions in the
eukaryotic nucleus. t is transfer RNA. Euk. is eukaryotic, Eub. is
eubacterial, and Chl. is chloroplast. Dashed lines are to indicate
regions of homology.
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In Drosophila melanogaster, the 5.85 rRNA coding region is

further interrupted by a small internal transcribed spacer, or ITS ( representing a
sequence of DNA that is transcribed but is excised in the maturation process),
resulting in the 5.8S IRNA being further subdivided into two rRNAs, 5.8Sa and

5.8Sb (15). D. melanogaster and Sciara coprophila also provide an example of an

interrupted 28S rRNA coding region, with post-transcriptional processing giving
rise to a bipartite 28S rRNA (16).

Plastid rRNA gene arrangement is very similar to that in
eubacteria , reflecting the evolutionary origin of plastids from endosymbiotic
eubacteria (specifically cyanobacteria) (182,183). Chloroplasts in Zea mays and
other land plants have, in addition to the 5S rRNA, a 4.5S rRNA which is
encoded immediately downstream of the "23S" rRNA gene. Sequence analysis
has revealed that this rRNA is actually the 3'-end of the LSU rRNA, being
separated from the remaining portion of the LSU rRNA gene by an ITS3 which is

subsequently excised (17). This theme is repeated in Chlamydomonas reinhardtii,

but in the 5'-half of the chloroplast LSU rRNA, whose coding region is split into
three parts, separated from one another by ITSs (18). C. reinhardtii also contains
an intron within the 3'-half of the chloroplast LSU rRNA gene (18).

Chlamydomonas eugametos provides a dramatic example of an
interrupted LSU rRNA coding region (184). The chloroplast LSU gene contains
six group I introns and three internal transcribed spacers? resulting in a LSU

rRNA consisting of four RNAs.

3 Sequences which interrupt coding regions are termed intervening sequences (1VS). Introns and internal
transcribed spacers are two types of IVS, Introns are distinguished by the fact that when they are removed
in the process of RNA maturation, the flanking exons are ligated together, resulting in a gene product
which is covalently continuous. In contrast, when internal transcibed spacers are removed during the
post-transcriptional processing, the flanking RNA segments are not ligated, resulting in non-covalently
associated products.



Ribosomal RNA gene arrangement in mitochondria is much
more variable and species-specific (19,182,183),

The last major grouping of organisms is the archaebacteria.
This recently recognized assemblage (20) is less well-studied but some details of
the arrangement of archaebacterial rDNA are known. In most of the species
studied, the genes follow the eubacterial convention rather closely (in
euryarchaeotes, i.e., halobacteria and methanogens). The 5'-SSU rRNA gene-
spacer-LSU rRNA gene-5S rRNA gene-3' configuration has been found to exist
in most species studied (21), with some deviation in linkage seen in
Thermoplasma acidophilum (a crenarchaeote). In this organism the SSU rRNA
gene is separated by several kbp of DNA from the LSU and 5S rRNA genes (22).

3.) THE CLASSIFICATION OF LIFE: E THINKING
THEN AND NOW

Evolutionary thinking in recent years has been undergoing
some fairly radical changes. With the introduction of molecular genetics in the
early to mid 1970's, scientists have been able to make use of macromolecular
sequences, both protein and nucleic acid, to establish phylogenetic relatedness for
organisms and their cytoplasmic organelles (plastids and mitochondria).
Recombinant-DNA technology allows the rapid isolation and sequence
determination of any selectable gene. The genes coding for the ribonucleic acids
found in the ribosome were among the first to be cloned and used in delineating
evolutionary phylogenies (for a review, see 14).

These genes, particularly the 5S, 5.8S and SSU, possess

characteristics which lent themselves to early investigation and phylogenetic



analysis. Their ubiquity and relative abundance (of both the gene and its product)
allowed their ready isolation and manipulation, and the fact that they have the
same function in all systems (structural-dynamic involvement in the mature
ribosome) and provide quantifiable measurements, made these molecules
welcomed evolutionary clocks (21,23-25).

Early workers made use of databases derived from the primary
nucleotide sequences of 5S and 5.8S rRNAs and their genes (24,25). It quickly
became apparent that the length of these RNAs (120 and 150-170 bp,
respectively) were insufficient to allow comment on the relatedness of very
divergent organisms. Efforts then turned to the primary sequence determination
of the SSU rRNA, which possesses a mature sequence length of ca. 1600-2200
nucleotides. This molecule possesses all the characteristics desirable in a
phylogenetic marker (i.e., ubiquity, constant function, and high information
content). It was the study of SSU IRNA by G.E. Fox, C. Woese and their
colleagues that allowed this group to propose a radically new interpretation of the
evolutionary descent of the major groups of organisms. They proposed that all
known organisms should be grouped into three "primary kingdoms" or primary
lines of evolutionary descent (20). More recently Woese et al. have proposed a
refinement to this classification (185), elevating "kingdom" to a higher taxonomic
level termed "domain". These three domains are the Bacteria (which comprises
the eubacteria), the Archaea (which comprises those organisms previously termed
archaebacteria), and the Eucarya (comprising all of the organisms which contain a
nucleus). They also proposed that the two major groups of Archaea be given
kingdom status, and they named them Euryarchaeota (encompassing the
methanogens and halophiles) and the Crenarchaeota (encompassing the extremely

thermophilic archaebacteria).



Organisms have been classified according to various
phylogenetic schemes using a variety of criteria. A recent and widely accepted
classification is that of R.H. Whittaker (26). This system is a five-kingdom one
which is based on placing an organism in a group with respect to its level of
organization and mode of nutrition. The five kingdoms described are the Monera
(prokaryotic cells), the Protista (unicellular eukaryotic cells), the Plantae
(multicellular, walled, eukaryotic cells with photosynthetic plastids), the Fungi
(primarily multi-nucleated eukaryotic cells with walled and often septate mycelial
synctitium, not capable of photosynthesis), and the Animalia (multicellular
organisms with wall-less eukaryotic cells lacking plastids and photosynthetic
pigments). The three levels of organization upon which Whittaker based his
classification are the prokaryotic, eukaryotic unicellular, and eukaryotic
multicellular and multinuclear. It was his assumption that these levels were
hierarchical in nature, with the Monera at the bottom, Protista in the middle and
the multicellular and multinuclear organisms at the top. The three modes of
nutrition (photosynthesis, absorption, and ingestion) were used further to divide
organisms into major groups at each level. The Monera do not exhibit an
ingestive mode of nutrition and the Protista contain within themselves all three
modes, whereas the remaining three kingdoms are distinguished bv their mode of
nutrition.

A direct evolutionary flow from the Monera to the so-called
"higher" organisms is implicit in Whittaker's arrangement: Whittaker has the
Monera giving rise to the Protista and various groups of Protista giving rise to the
Plantae, Fungi, and Animalia. This assumption is not unique to the Whittaker
scheme but is a generally held tenet by most who have constructed phylogenetic

trees (27,28). As mentioned previously, Fox and Woese challenged this notion by



determining phylogenetic relatedness using the primary sequences of SSU rRNA.
They showed that all extant organisms fall into three phylogenetically coherent
groups, these being the eukaryotes, the eubacteria, and the archaebacteria. The
eukaryotic group should properly be called the eukaryotic nuclear (or
nucleocytoplasmic) group because the plastid and the mitochondrion have been
shown to have arisen as the result of the endosymbiotic acquisition of a
cyanobacteria-like bacterium and a purple photosynthetic bacterium, respectively
(29). The division of the prokaryotes (bacteria) into two distinct, anciently related
groups was the revolutionary conclusion of the study of Fox and Woese. These
workers argued that the microorganisms conventionally thought of as bacteria
should indeed be grouped together: they termed these the eubacteria (to reflect
their familiar nature). However, Fox and Woese identified a grouping of less
familiar bacteria, which they termed the archaebacteria. It turned out that the
archaebacteria possess formerly unrecognized common attributes, such as
muramic acid-less cell walls, membranes containing abundant branched-chain
ether-linked lipids, tRNAs devoid of the modified base ribothymidine, and
distinctive RNA polymerase subunit structures (21).

The data of Fox and Woese did not allow them to assert that
any one of their kingdoms was more closely related to either of the remaining
two, hence, the "three primary kingdom" concept (30). A common identifiable
ancestor could not be ascertained, so they named the assumed common ancestor
the progenote. The name reflects their belief that the branching occurred very
early in the evolution of life, possibly at the time the first genome(s) was being
formed. Recently investigations have revealed that the eukaryotes (Eucarya) are
more closely related to the archaebacteria (Archaea) than they are to the

eubacteria (Bacteria) (186).
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Due to the novelty of Fox and Woese's phylogenetic world, 1
will be using a more conventional classification of the biological world for my
discussion of organismal rDNA structure and organization. This is done, of
course, with the knowledge that it may soon be shown to be incorrect, and require
modification.

The classification I will be using is one proposed by L.
Margulis and K. Schwartz (31) in their book entitled Five Kingdoms. As the title
might suggest, this classification strongly resembles Whittaker's scheme.
Margulis and Schwartz have attempted to make the taxonomic level of phylum
somewhat comparable in all major groups of organisms. They have retained
Whittaker's definition for the Monera but recognize sixteen phyla to Whittaker's
five. Their definition for the protist is one of exclusion: "they are neither animals
(which develop from a blastula), plants (which develop from an embryo), fungi
(which lack undulipodia (flagella) and develop from spores), nor prokaryote".
They go on to say, "They comprise the eukaryotic microorganisms and their
immediate descendants: all nucleated algae (including the seaweeds),
undulipodiated (flagellated) water molds, the slime molds and slime nets, and the
protozoa".

Because Margulis and Schwartz include multicellular,
macroscopic organisms in their definition, they felt that a name change from
protist (connoting single-celled) to protoctist (as defined by H.F. Copeland (27))
was required; hence, this kingdom is called the Protoctista.

In the Margulis-Schwartz scheme, the Fungi grouping loses
several phyla, which instead are included among the protoctists; these include the
water molds, slime molds, cell-net molds, and chytrids and oomycotes

(undilipodia-bearing ones). The Kingdom Plantae loses all nucleated algae
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including the seaweed to the Protoctista. The Kingdom Animalia remains largely

intact.
4.) PROTOCTIST rDNA
4.i) Prologue

As previously mentioned, the gene cluster that codes for rRNA
is referred to as the ribosomal DNA, or rtDNA. In eukaryotes, the transcriptional
unit found in these clusters is remarkably uniform in its organization.
Traditionally, rDNA has been characterized as having a non-transcribed spacer
(NTS) followed by an external transcribed spacer (ETS), then the SSU rRNA
gene which in turn is followed by the LSU rRNA gene and then another ETS.
The 5.8S rRNA gene is interposed between the SSU rRNA gene and the
remainder of the LSU rRNA gene and flanked by relatively small and variably
sized internal tras : cribed spacers (ITS) (14).

Although this unit of structure is very well conserved, some
variation within this basic theme has been found. This includes different unit
lengths (ranging in size from 7 kbp to 44 kbp; length heterogeneity can be found
within an individual and is also an interspecies phenomenon) and different
numbers of rNA units encoding the fRNA complement found in the ribosome.
The rDNA units, or cistrons, may be clustered together on a single nuclear
chromosome, or they may be dispersed on several chromosomes; they may be
found extra-chromosomally as linear molecules, circular molecules, or
subchromosomal fragments (or in some cases, some combination thereof) (38).
The greatest diversity in terms of rRNA complement and rDNA organization is
found among the protoctists. This is both a reflection of the biological diversity of

this group of organisms and a function of their antiquity, making this assemblage
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a particularly interesting one to investigate. One incentive for doing so is the
expectation that it will be possible to gain some insight into organismal
relationships, and to infer what form the important rRNAs took in early
evolutionary history. It is also hoped that some understanding of enkaryotic gene
regulation can be gained by such comparative analyses.

What follows is a compilation of all protoctist IDNAs studied to
date, with a description of: the size of the IDNA; its genomic arrangement; the
number of rDNA units per haploid genome; whether there is any observable
length heterogeneity; whether there are any discernible introns; whether there are
any unusual spacers resulting in an altered complement of rRINAs; and whether
the gene coding for the 5S rRNA is physically linked with the others.

Where appropriate, discussion of rDNAs from "higher"
eukaryotes will be included for comparative purposes or because of some

particular novelty.

4.ii) Amoeboid iDNA
Acanthamoeba castellanii is a free-living soil amoeba which

can undergo a modest differentiation into a cyst. D'Alessio et al. (32) isolated the
nuclear tDNA as two fragments in a bacteriophage vector. It was found that the
entire repeat was 12 kbp in length, with no evidence of length heterogeneity or
introns, but R-loop mapping did show that the LSU rRNA is composed of two
coding regions separated by a gap of 200 bp. It was determined that the overall
arrangement of the rDNA repeat is conventional, with the 5.8S rRNA gene
positioned between the SSU and LSU rRNA genes. The 5S rRNA gene is not
linked with the other rRNA genes. The rDNA units are arranged in » head-to-tail

fashion and are tandemly repeated.
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A second amoeba studied is Naegleria gruberi, an opportunistic

pathogen of mammals which is normally a free-living soil organism. N. gruberi
was discovered to have an extra-chromosomal, circular plasmid which contains
the rRNA genes. This plasmid is 14 kbp long and is present in 3000 to 5000

copies per cell. Like Euglena gracilis but unlike Physarum and Dictyostelium

there is no identifiable, chromosomally integrated tDNA. No IVS were detected
in the IRNA coding regions either (192).

A third amoeboid-like organism which has had its rDNA
studied is Entamoeba histolytica (193). This intestinal parasite lacks
mitochondria and a Golgi apparatus and has a single nucleus. The nucleus
harbours a large circular molecule (24.6 kbp) which contains two regions of ca.
5.2 kbp which are inverted relative to each other and separated by reiterated
DNA. These inverted sequences code for the rRNA genes. No IVS were

identified in the rRNA coding regions.

4.iii) Ciliate IDNA
The most extensively studied group of protoctists is the ciliates.
To date the rDNA cistron has been investigated in five hypotrichous (cilia

restricted to the ventral surface of the organism) species: Oxytricha fallax,

Oxytricha nova, Stylonychia mytilus, Stylonychia pustulata, Euplotes aediculatus;

and in the holotrichous (cilia arranged uniformly about the organism) ciliates:

Paramecium tetraurelia, Glaucoma chattoni and several Tetrahymena species.

The ciliates are peculiar in that they contain two types of
differentiated nuclei in the same cell. There is at least one germinal diploid
micronucleus (there may be several but this is a species-specific feature) and a

somatic macronucleus which is often polyploid. The micronucleus is responsible
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for genetic continuity and is the nucleus involved in sexual exchange. The
macronucleus is the transcriptionally active nucleus and, therefore, is responsible
for the organism's phenotype. The IDNA has been characterized from the two
types of nuclei in some species but only from the macronucleus in others. Such
distinctions will be noted.

The Hypotrichous Ciliates: Stylonychia mytilus, Stylonychia
pustulata, Oxytricha fallax, Oxytricha nova, and Euplotes aediculatus.

This group of hypotrichous ciliates has a macronuclear genome
made up of "achromosomal" or "gene-sized" DNAs. These DNA pieces are
generated (in post-conjugative cells) by fragmentation of polytene chromosomes,
which are produced from the micronuclei in the process of macronuclear
development, during which a great deal of DNA complexity is lost. Native
macronuclear DNA shows a species-specific banding pattern when fractionated
by electrophoresis in an agarose gel, but the fragments have a fairly restricted size
range of 0.4 kbp to 20 kpb (34, 37). Although the macronuclear DNA tends to be
heterogeneous in size, the IRNA genes are found associated with discrete-sized
DNA fragments (33).

The rDNA of Stylonychia mytilus has been studied at the
genomic level (35) whereas the IDNAs of the other hypotrichous ciliates have
been isolated and studied using a recombinant plasmid vector (33,36,37). In all
five organisms the rDNA was found to be 7.5 kbp in length and to exist naturally
at that size in the macronucleus. Southern hybridization mapping studies of S.

pustulata, O. fallax, O. nova, and E. aediculatus DNAs showed that the IDNA

molecules are linear and that each contains only one set of TRNA genes. Each
rDNA molecule was found to have a 1.3-kbp non-coding region 5' to the SSU

rRNA gene, with the latter separated from the LSU rRNA gene by a small spacer



16
presumed to contain the 5.8S rRNA gene. No additional spacers or intervening
sequences > 0.5-1.0 kbp were detected. As has been found in other organisms, the
degree of sequence conservation, as judged by restriction site polymorphism, is
higher in the coding regions than in the non-coding regions. Presumably S.
mylitus rRNA gene arrangement is representative of that in other hypotrichous
protists, but detailed mapping has yet to be carried out.

The Holotrichous Ciliates: Paramecium tetraurelia, Glaucoma

chattoni, and Tetrahymena sp. In these ciliates, macronuclear development
appears to take place by a gradual increase in chromatin content, with no
polytenization of the chromosomes as is the case in the hypotrichous ciliates, and
apparently there is not the massive loss of macronuclear DNA that is observed in
the hypotrichs (38). In spite of this fact, one of these organisms (G. chattoni) has
been shown to have discrete-sized, linear, subchromosomal DNA molecules,
reminiscent of the situation in the hypotrichs (39).

The macronuclear rDNA of P, tetraurelia (40) exists as
relatively small extra-chromosomal molecules. The rDNA is arranged as non-
palindromic, head-to-tail repeats with an average repeat size of 8.3 kbp; it is
found as a mixture of circular and linear forms. The linear molecules are thougat
to be randomly sheared circular molecules.

The number of rDNA repeats per molecule was found to be two
to thirteen (the 55 rRNA gene is not linked to the other rRNA genes). Limited
length heterogeneity was found in the spacer region but the latter was found to be
more highly conserved than in other organisms. This length heterogeneity,
although rather subtle in extent (some repeats were 500 bp larger than others),
does allow speculation that the micronucleus contains at least two copies of the

repeats, and possibly more.
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In Tetrahymena thermophila (41), the best studied of the
Tetrahymena species, it has been established that the micronucleus contains a
single integrated copy of the rDNA repeats found in the macronucleus. The
molecular form taken by the several hundred copies (per haploid genome) of
macronuclear rDNA is perhaps the most unusual and best studied among the
protocti: s. It is a free, double-stranded extra-chromosomal molecule, either linear
(90%) or circular (10%), and with a length of ca. 20 kbp. The linear molecules
are not randomly sheared circular molecules as is the case in P. tetraurelia. The
linear molecule consists of two identical 10 kbp sequences, each containing one
rRNA transcriptional unit, arranged in a head-to-head (or inverted) fashion. In
other words, it is a very large palindrome. This palindromic arrangement was
found in all species and strains studied (42), with some variation in the overall
length of the molecules (18-20 kbp). A significant difference in the rDNA
molecules was seen in some strains of T. thermophilia and T. pigmentosa, where
the presence of an intron was established in the LSU rRNA coding sequence (42).
Cech and co-workers (43) demonstrated the autocatalytic or self-splicing nature
of this intron and have worked out the protein-free mechanisnis responsible for
the elimination of the intron sequence from the pre-rRNA.

The closely related holotrichous ciliate, Glaucoma chattoni, has
a macronuclear genomic organization reminiscent of that seen in the hypotrichous
ciliates. Katzen et al. (39) in 1981 reported that the macronucleus of this
organism possesses subchromosomal ("gene size") molecules ranging in size from
2.1-100 kbp and containing specific, discrete-sized fragments. The rRNAs
hybridized to an abundant 9.3-kbp linear fragment which possessed terminal

repeats having the sequence C4A», as in Tetrahymena; such terminal repeats

(telomeres) are similar to sequences found in the hypotrich Stylonychia (44).
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4. iv) Slime Mold rDNA

The phylogenetic placement of the slime molds has long been
controversial (26). I have chosen to abide by Margulis' definition of protoctist
and, therefore, have included slime molds in this discussion of protoctist IDNA
(Whittaker places them in the sub-kingdom Gymnomycota of the Kingdom

Fungi). Dictyostelium discoideum is a cellular slime mold and Physarum

polycephalum is an acellular slime mold.

Both organisms have been the subject of intense study because
their simple developmental life cycles lend themselves to the investigation of
fundamental biological problems, such as synchronous control of nuclear division
(as in Physarum), and cAMP-mediated cellular communication (in
Dictyostelium). The rRNA genes are found on a linear extra-chromosomal
palindrome (45-48), an arrangement very similar to that in Tetrahymena. Each
molecule possesses two transcription units arranged in a head-to-head fashion,
with RNA synthesis being initiated near the centre and proceeding out to the
termini. Each organism has about 150 copies of DNA molecule per haploid
genome. In Dictyostelium the 5S rRNA gene is found downstream of the LSU
rRNA gene, but it is transcribed independently of the other rRNA genes. Overall
rDNA length is ca. 44 kbp in D. discoideum and ca. 60 kbp in P. polycephalum.
The P. polycephalum LSU rRNA cene contains within it two introns which are

removed during maturation of the pre-rRNA to the final stable rRNAs.

4.v) Algal IDNA
In keeping with Margulis and Schwartz's definition of

Protoctista, I have included the algae in the present discussion. Although rRNAs



19
have been analyze! in a number of algae, only in a few closely related ones have
the rDNASs been studied in any detail. I will limit my presentation to those
organisms in which something is known about the rDNA cistron, as opposed to
the rRNAs only.

The Miller spread technique (49) was used by Berger and
Schweiger (50-52) in the mid-1970's to study the rDNA from several green algae.
This technique allows electron microscopic visualization of DNA isolated from
nucleoli. A structure having the appearance of a Christmas tree can be seen, the
branches of which correspond to newly synthesized pre-rRNA, the trunk being
the rDNA, the apex the point of transcription initiation, and the base the position
at which transcription termination is thought to occur. It was from such pictures
that the terms "non-transcribed" and "transcribed" spacers arose. As can be
imagined, not a great deal can be learned from such photographs but they did
allow the authors to comment on the length of the non-transcribed and transcribed
DNA, as well as the degree of cistron redundancy and cistron orientation.

The unicellular green algae studied by Berger and Schweiger
included Acetabularia peniculus, A. dentata, A. ryukyuensis, A. major, A.

dasycladus clavaeformis, Cymopolia van basseae, and Bataphora aerstedii. In

general, all species exhibited head-to-tail tandemly repeated IDNA cistrons of
uniform length. Acetabularia ryukyuensis has an rDNA length of 5.5 kbp with a
spacer of 0.73 kbp. A. denta and A. peniculus have very similar IDNA

configurations of 0.9-kbp and 2.9-kbp sized spacer and 7.38-kbp and 6.89-kbp
sized transcribed regions, respectively. Although A. major has an overall IDNA
length of 11.0 kbp, its transcribed region is smaller (5.8 kbp). C. van bosseae and
D. clavaeformis have the shortest repeats visualized, being 1.2 kbp and 0.65 kbp

respectively. The transcribed regions of A. major and B. aerstedii (5.9 kbp) more
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closely resemble those of A. ryukyuensis than the others. B. oerstedii was the

only species to exhibit no spacer region at all, although a minor number did
possess a small (400 bp) non-transcribed spacer.

Marco and Rochaix (53) reported results of rDNA studies in the
only other group of algae studied to date. Using recombinant-DNA technology
and Southern hybridization they examined five species of the genus
Chlamydomonas. C. reinhardtii has tandemly repeated rDNA having a
homogenous length of 8.0 kbp. The same arrangement was seen in C. globosa and

C. callosa. C. intermedia has an rDNA size of 14.8 kbp and C. eugametos has two

rDNA size classes of 11.4 and 11.0 kbp. C. eugametos was the only protoctist

alga to exhibit any length heterogeneity.

4.vi) Apicomplexan rDNA

The apicomplexans are a peculiar and medically important
group of parasitic protoctists. They include the organisms responsible for human
malaria; for this reason they have been studied extensively. In an attempt to
elucidate the differential regulation of genes in the various blood and dipteran
forms, investigators have cloned and studied the IDNA from several Plasmodium
species, including P. lophurae (the avian malaria parasite) (54-56), P. berghei (the
rodent malaria parasite) (57,58), and P. falciparum (the human malaria parasite)

(59). Their tIDNAs were found to be unique in several respects.
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The rDNA of P. lophurae

The structural and organizational characteristics of the rDNA of
the avian parasite include:

(D a very small copy number of ca. eight repeats per haploid
genome, which can be assigned to one of four classes as defined
by restriction analysis; and

2) an SSU rRNA gene that contains a 230-bp insert and an LSU
rRNA gene that contains two insertions (one of 240 bp and a
second of 110 bp). The rDNA units are not tandemly linked in

the genome but are flanked by unique-sequence DNA.

The rDNA of P. berghei

As in the case in P. lophurae, P. berghei has a small copy
number (four copies per haploid genome in this case) of IDNA which can be
assigned to classes (two in this case) based upon restriction endonuclease
analysis. The units are unlinked. The authors of this study were able to
demonstrate that one of the two classes is preferentially transcribed in the blood
stage forms. Restriction analysis revealed sequence heterogeneity within coding

and non-coding regions between the units studied.

The rDNA of P. falciparum
P. falciparum has four copies of rDNA per haploid genome,
divided into two classes. The LSU rRNA gene appears to have an intervening

sequence.
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4.vii) Flagellate IDNA

The rDNA has been studied in seven flagellate species from
three genera. Included in this section of protoctist is the photosynthetic flagellate
Euglena gracilis, an organism conventionally placed with the plants. The
justification for placing this organism in the protoctists lies with the molecular
biological investigation of its IDNA and rRNAs. This will be discussed in detail
in the "Discussion" sect on.

This group of flagellates possesses the most unusual IDNAs and
rRNA complements yet discovered. Interestingly this group includes the subgroup
Kinetoplastida (those flagellates which have a single large mitochondrion
("kinetoplast") associated with the kinetophore). The Kinetoplastida contains a
number of important human and animal pathogens including Leishmania
donovani (responsible for visceral leishmaniasis), Trypanosoma cruzi
(responsible for Chagas' disease) and Trypanosoma brucei (African sleeping

sickness) (194).

Grouped with the Trypanosoma is Crithidia fasciculata, the

subject of this thesis. A detailed discussion of its DNA arrangement and the
rRNA complement of these organisms will therefore be deferred to the "Results"

and "Discussion"” sections.

4.viii) Summary
Protoctist IDNA resembles the IDNA of so-called "higher"

(multicellular) eukaryotes in the arrangement of SSU, 5.8S, and LSU rRNA
genes, but it provides dramatic examples of aberrant IDNA genomic organization,
low tDNA copy number, and varied rRNA complement. The rDNA can be found

on nuclear chromosomes in a head-to-tail, tandemly repeated fashion, as is the

tJI
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situation in most multicellular eukaryotes, or it can be on extra-chromosomal
DNAs. These extra-chromosomal rDNAs can take the form of linear or circular
molecules. The linear molecules may code for one or two rRNA cistrons; those
containing two rRNA cistrons form a large palindrome with the cistrons oriented
in a head-to-head manner. The circular molecules may be monomeric or
oligomers of the rRNA cistron. The ciliate protoctists possess integrated rRNA
cistrons in their micronucleus and rRNA cistrons (one per DNA fragment) on
"gene-sized" or "achromosomal" DNA found in their macronucleus. These gene-
sized copies are the result of chromosome amplification and fragmentation.

The slime molds, D. discoideum and P. polycephalum, possess
extra-chromosomal rDNA very similar to that of the ciliate Tetrahymena,
strengthening the case for including them with the more conventional protists.

The plasmodial organisms exhibit the lowest copy number of
rDNA of any eukaryotes studied to date, and the first demonstration of
differentiai developmental regulation of an rRNA cistron in a single organism.

The flagellates have an IDNA genomic organization not unlike
that of multicellular eukaryotes, but have the most bizarre IRNA complement yet
identified. As we will see the trypanosomes possess a "nicked" LSU rRNA
resulting in two large rRNAs (a condition seen in other protoctists and in some
animals) and four small rRNAs not including 5.8S or 5S rRNAs. The "genes" for
these small rRNAs are separated from the large rRNA coding regions by

transcribed spacers, and are produced by processing of the pre-rRNA.
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5. THE rDNA SPACER: PHYSICAL ORGANIZATION
5.i) Prologue

Historically the spacer DNA separating the end of the LSU
rRNA gene in one repeat from the beginning of the SSU rRNA gene in the next
repeat has been sub-divided into an external transcribed spacer (ETS) and a non-
transcribed spacer (NTS). The ETS begins at the site of transcription initiation
and proceeds to the start of the coding region for the SSU rRNA, leaving the
remaining spacer DNA as the NTS (see Figure 2 for a description of a typical
tDNA cistron). This terminology, particularly "non-transcribed spacer”, was
developed to describe what was seen in Miller spreads of transcriptionally active
rDNA. Detailed restriction analysis, primarily sequence analysis, and
transcriptional analysis have revealed that the NTS is a stretch of DNA with an
unusual physical substructure, and is, in fact, transcriptionally active. For that
reason, it has now been renamed the "intergenic spacer" (IGS).

The best studied rDNA spacers, those in Xenopus (60-76),
Drosophila (77-82), and S. cerevisiae (83-86), are described in detail below. Also
included is a discussion of mammalian and Tetrahymena (88,89) rDNA spacer

structure.

5.ii) Xenopus

The dominant feature of the IDNA spacer in X, laevis, X. clivii,

and X. borealis is that of repeating DNA sequences. n X. laevis there are four
regions of repeated DNA designat= 10, 1, 2, and 3. In addition to these stretches,
there are at least two blocks of DNA (the "spacer promoters") that are
homologous to the IDNA promoter located at the site of transcription initiation.

The four DNA repeats (0,1,2,3) can exist up to several kbp away from the rDNA
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promoter and the duplicated spacer promoter (between two and seven ) can be
found among these DNA repeats. The spacer promoters are separated by the 2/3
repeats, and a variation in the number of spacer promoters and 2/3 repeats is
responsible for the length heterogeneity observed in X. laevis rDNA. The spacer
promoters are not identical to the rDNA promoter, but exhibit a very high
sequence similarity to the promoter. They have been shown to promote RNAP 1
transcription, although they do not initiate complete IDNA transcription; instead,
transcription from these promoters terminates prematurely ca. 215 bp upstream of
the true pre-tRNA promoter, giving rise to short transcripts of the spacer DNA.

The repeated regions 2 and 3 are themselves a composite of
homologous sub-repeats 60 and 81 bp in length. It seems that the 60-bp repeat is
derived from the 81-bp repeat by a 21-bp deletion. The 60/81-bp repeat possesses
a stretch of nucleotides that is homologous to the rDNA promoter, and it is
thought that the 60/81-bp repeat has arisen from pre-rRNA promoter duplicaiion
and expansion. The functional significance of these sequences will be discussed
below. An interesting observation is that the 60/81-bp repeats exhibit more inter-
species than intra-species similarity with the pre-tRNA promoter.

X. clivii exhibits a spacer arrangement very much like that of

X. laevis. Whereas X. laevis has from two to seven spacer promoters, X. clivii

seems to have only one. This spacer promoter is separated from the pre-rRNA
promoter by repeated DNA with a physical arrangement like that in X, laevis. X.
clivii has two sets of sequences (3C/3C) similar in sequence and position, as the

2/3 repeats are in X. laevis. Indeed the 3C/3C regions are composed of units 79-

83 bp in length which are very similar to the 81-bp units in X. laevis. These 79-
to 83-bp units are homologous to a segment of the pre-rRNA promoter, as is the

case for the 81-bp unit in X. laevis. Presumably these regions are functionally
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analogous. The 3C/3C regions in X. clivii are separated by other repeated units
whose significance is unknown.

The remaining repeated regions in X. laevis (0 and 1) show
strong similarity with <gions 1 and 2A, 2B, 2C, respectively, in X. clivii and
have similar relative positions. Such similarity would suggest similar function,
but functionality of these sequences remains to be demonstrated.

Sequence information for X. borealis spacer DNA is less
complete than for the other two Xenopus species, but the spacer appears to have
an arrangement similar to that found in X. laevis and X. clivii. The X. borealis
spacer contains two spacer promoters, one termed the 5'-spacer promoter and the
other the 3'-spacer promoter, separated by two 80-bp units. Sequence comparison
between the 5'- and 3'-spacer promoters and the pre-tRNA promoter reveals that
the 5' motif displays greater sequence similarity than does the 3' version: in fact,
sufficient similarity to be potentially functional. The 3'-spacer promoter exhibits
several deletions, one in a region that has been shown to be essential for function
in X, laevis.

The two 82-bp units are very similar to the 81-bp unit of region
2/3 in X, laevis and the 79-83 bp unit of X. clivii. They exhibit the same
promoter homology as is seen in the other Xenopus species. Moss (87) have
proposed a generalized spacer structure for Xenopus sp. based on the data
available from the three species studied. This generalized form is as follows:

(ca. 30 bp)y (ca. 100 bp), (Spacer Promoter/ ca. 80 bp,)(Spacer Termination)
(Pre-rRNA Promoter), where the ca. 80-bp units each are homologous to the -70
to -110 bp region of the true promoter (Pre-rRNA Promoter) and Spacer

Termination refers to the spacer termination site.
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Figure 2, Schematic representation of a typical eukaryotic nuclear rDNA
cistron and representation of the cistron organization n Drosophila and
Luglena A. Boxed areas are transcribedregions Black boxes are rRNA coding
regions and white boxes are transcribed regions which do not code for mature
rkRNAs Vertical line above the boxes represents the site of RNAP |
transcription initiation and the horizontal line represents the direction of
transcription SSU 15 the small subunit rRNA, 5,83 1s the 585 rRNA, and
‘283" 15 the rest of the targe subumit rRNA ETS 15 external transcribed
spacer, ITS 1s internal transcribed spacer, and IGS 1s inter-genmic spacer
Vertical bars in the 1GS are meant to represent the site of tandemly repeated
sequences found 1n many organisms and responsible for observed length
heterogeneity (LH) n1s to indicate that the cistron 1s, frequently, directly
and tandemly repeated on a single chromosome B, Schematic Drosophila rONA

cistron The arrow 1s to indicate the approximate location of an intron (16) C,

Schematic Luglena rDNA cistron (171,172)
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5.iii) Drosophila

Restriction and sequence analysis has revealed that the structure
of the rDNA spacer in Drosophila melanogaster is comparable to that of Xenopus,
in that it consists of three regions of repeated sequence. Immediately upstream of
the pre-rRNA promoter are found 240 bp imperfect promoter duplications that are
transcriptionally active in vivo and in vitro, the most upstream of which seems to
dominate spacer transcription.

Further upstream of the 240-bp units are found 340-bp repeat
units that are related to the pre-rRNA promoter. These ca. 340-bp repeats possess
a direct repeat of the sequence found immediately downstream of the initiation
site in the region 3 promoters. A short region of ca. 90 bp having no promoter
homology is found upstream of the ca. 340-bp unit region and terminates just 3'
to the end of the LSU rRNA coding region. Spacer transcription has been shown
to be promoted by any of the 240-bp repeats, with the furthest upstream one
dominating. These transcripts are thought to terminate in advance of the pre-
rRNA promoter.

D. virilis and D. melanogoster share an almost identical
organization, each having 240-bp repeats homologous to the pre-rRNA promoter,
but with primary sequences that differ greatly.

5.iv) Mammals
As aresult of the extreme size (ca. 30 kb) of mammalian TDNA
spacers, little is known about their physical structure. The ETS does possess a
variable number of 135 bp repeat units localized to the proximal 2 kbp of the
spacer. These repeats do not exhibit any homology with the pre-rRNA

promoter.
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5.v) Yeast

No pre-tRNA promoter homologies have been found in the
spacer DNA of S. cerevisae. The only resemblance to Xenopus or Drosophila
spacers is the presence of short direct repeats scattered throughout the yeast
spacer. Experiments using a chimeric rRNA gene to transform S. cerevisiae have
revealed a region 3' to the LSU rRNA coding region that possesses the ability to
enhance pre-rRNA transcription 20-30 fold. This region has been termed the
major promoter element. It operates in an orientation-specific manner, and its
action is strongly attenuated by placement of a copy of the presumed pre-tRNA
sequence between it and the pre-rRNA promoter. This behaviour is reminiscent of
what has been seen with Xenopus spacer DNA (see "Discussion").
5.vi) Tetrahymena

The rDNA in Tetrahymena is a highly amplified extra-
chromosomal palindrome 21 kbp in length. It consists of two rDNA cistrons
separated at the center of the molecule by unique sequence DNA.
Higashinakagawa's group (202-205) has determined that the site of IDNA
transcription initiation in both T. pyriformis and T. thermophila is at an A residue
647 bp upstream from the start of the coding region for the SSU rRNA. This
conclusion was based on analysis of an RNA transcipt produced in a Tetrahymena
in vitro transcription system. In S1 nuclease mapping studies, Niles et al. (88,89)
inferred a different site of IDNA transcription initiation in T. pyriformis than that
determined by Higashinakagawa's group. Repeating the experiments with Niles'
strain of T. pyriformis, Higashinakagawa et al. (204) determined that the site of
transcription initiation in their strain of T. pyriformis was the same as that in T.
thermophila. Recently, the complete rDNA sequence for T. thermophila was
reported (206).



6.) THE rDNA SPACER: TRANSCRIPTION
6.i) Prologue

Eukaryotic nuclear-encoded rRNA genes are arranged in a very
characteristic fashion. Moving from the point of transcription initiation to
transcription termination, the RNAP I travels from a start site in the S'-ETS
through the SSU rRNA gene, a small internal transcribed spacer (ITS 1), the 5.8S
rRNA gene, a second small internal transcribed spacer (ITS 2), and the rest of the
LSU rRNA gene to a point 3' to the mature end of the LSU rRNA within the
spacer DNA. The spacer DNA consists of the above-mentioned 5'- and 3'-ETS
plus DNA that is not transcribed as part of the pre-TRNA (i.e., IGS). The IGS
separates the tail of one transcriptional unit from the head of a second one. This
head-to-tail arrangement of transcriptional units and spacer DNA can be repeated
hundreds to thousands of times in a single chromosome. There are exceptions to
this arrangement, most notably the linear extra-chromosomal rDNAs such as that
found in Tetrahymena, where the transcriptional units and spacer DNA are

arranged in a head-to-head arrangement instead of the usual head-to-tail.

6.ii) RNA Polymerases (RNAP)

Unlike the situation in prokaryotes, eukaryotic cells make use
of three functionally different RNA polymerases. RNA polymerase II transcribes
all protein-coding genes and RNAP III is responsible for transcribing 5S rRNA
genes, tRNA genes, and genes for other small RNAs. RNA polymerase 1 (RNAP
I) transcribes the tIRNA genes.



6.iii) Transcription
While in the nucleus, the primary rRNA transcript produced by

RNAP I undergoes a number of endonucleolytic cleavages to give rise to the
mature SSU and LSU rRNA (the latter comprising the 28S and 5.8S rRNAs, the
two together being the functional and structural equivalent of prokaryotic 23S
rRNA). These rRNA species associate with newly synthesized ribosomal proteins
to produce functional ribosomes.

The biosynthetic control of ribosome production is one of prime
importance to the actively growing and dividing cell. It requires that all the
ribosomal components be synthesized in a coordinated fashion. This control
undoubtedly involves regulation at the level of RNAP I transcription. For this
reason DNA sequences involved in RNAP I transcription initiation and
termination have been studied in some detail. What follows is a description of

what is known about these sequences in a number of different organisms.

6.iv) Transcription Initiation: The Mouse Model

Trenscription initiation and termination studies are most often
carried out using cloned rDNA sequences and in vitro cell-free systems. With this
technique, Grummt's lab at the Institiit fiir Biochemie der Universitdt Wurzburg
and Muramatsu's group in the Department of Biochemistry of the University of
Tokyo (Japanese Foundation of Cancer Research) have worked out many of the
details of transcription initiation in the mouse system.

The following insights have been provided by these studies (90-
99):

(a) 5' deletion/competition experiments have shown that sequences

upstream of -40 have a small but real effect on transcriptional
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activity (+1 being the S nuclease-mapped end of the putative

precursor RNA molecule);

(®) deletion of sequences between -40 and -35 results in a
significant (up to 90%) decrease in transcriptional activity;

(©) removal of sequences between -39 and -13 results in complete
elimination of transcriptional activity, and;

(@) the loss of sequences downstream of +11 leads to a substantial
decrease in transcription.

To delineate more finely the 5' sequences involved in
transcription initiation, these two groups carried out point mutational studies
using cloned rDNA sequences (93,98). Grummt's group found that a G to A
transition (conversion of a guanosine to adenosine) at position -15 resulted in a
20% increase in transcriptional activity while a G to A change (guanosine to
adenosine transition) at -16 led to a 95% decrease in template transcription.
Nucleotide changes were introduced only into the -35 to -14 region so they were
unable to say anything about the role of nucleotides outside of this region. This
was not the case with Muramatsu's experiments. This group was able to show
that a G to A change at -7 completely abolishes transcriptional activity. Also, a
change at -16 (G to A) resulted in a very similar outcome to that observed by
Grummt's lab (i.e., significant decrease) and a G to A transition at -25 resulted
in a 50% decrease in transcription.

It should also be mentioned that in competition experiments
where the aforementioned (-7 to -16) mutated templates competed with wild-
type ones, the -7 mutation competed effectively but the -16 mutation did not,

suggesting a functional difference in the role of these two nucleotides.



6.v) RNAP I Promoters, Transcription Factors, and Species

Specificity

In experiments reported in 1982 by Grummt's (100) laboratory,
it was shown that in vitro transcription of cloned rDNA is a species-specific
event. Using mouse rDNA template alone or in combination with rDNA
templates from Physarum polycephalum, Drosophila melanogaster, or Xenopus
laevis, these workers were able to show that only the mouse rDNA template could
be utilized in a mouse cell-free transcriptional system.

To ensure that this result was not due to a peculiarity of the
mouse transcription system, these workers designed additional experiments in
which they reconstituted transcription systems from HeLa cells and
Acanthamoeba castellanii. Through the use of mixing experiments they showed
that the previously observed species specificity held true for the human and
Acanthamoeba cases, as well. In addition, they were able to conclude that the
specificity most likely did not reside with the RNAP I. It was shown that the
purified RNAP I from Acanthamoeba would not transcribe the homologous
rDNA in the absence of Acanthamoeba S100 extract, as was the case for mouse;
but if purified Acanthamoeba RNAP I was added to the mouse system together
with Acanthamoeba rDNA, there was an increase in nonselective transcription.
The fact that supplementation of a nonhomologous mixture of transcription factor
and template with homologous RNAP I results in an increase in nonspecific
transcription indicates that transcription specificity resides with transcription
factors that recognize promoter sequence(s) or polymerase or both. Miesfeld and
Arnheim (101) and Mishima et al. (96) have reported the partial purification and
characterization of factors required for RNAP I-dependent transcription of human

and mouse rDNAs in vitro. Four fractions (designated A, B, C, and D) were
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purified from the S100 extract on a phosphocellulose column, with fraction C
containing the majority of the RNAP I activity (although some was also found in
fraction D).

Various reconstitution experiments indicate that fraction D is an
absolute requirement for correct and efficient transcription initiation by RNAP I
on mouse and human rDNA. Fraction A enhances the transcriptional activity of
fractions C and D, and fraction B (replaceable by poly (ADP-ribose) polymerase)
very effectively suppresses random initiation between the two species. Fraction D
is the only one that is not interchangeable. Although there is evidence that
fraction D is responsible for the species specificity of the S100 extracts, this is not
strictly so because it was found that mouse fraction D could support accurate
transcription initiation using a rat template and human A, B, and C fractions.
Human fraction D would not do the same.

Reconstitution/competition experiments using human fractions
A-D and several different human rDNAs showed that some factor in fraction D
was responsible for the formation of a very stable preinitiation complex with the
5' upstream rDNA sequence in a species-specific manner. The formation of this
preinitiation complex is absolutely required for accurate and efficient
transcription witih RNAP L.

Clos et al. (95), using a four-step purification procedure, were
able to partially purify a transcription initiation factor they designated TIF-IB. As
deduced from its behaviour in prebinding competition experiments, TIF-IB
appears to be analogous to fraction D described by Miesfeld and Arnheim (101)
and Mishima et al. (96). TIF-IB formed stable preinitiation complexes as did
fraction D. Using point-mutated and DNA-deleted rDNA templates, it was shown

that TIF-IB (fraction D) binds to a region 5' to the transcription start site, between
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-14 and -35, and that a G at position -16 (a position previously shown to be
essential for in vitro cell-free transcription of IDNA) is essential for stable
binding.

TIF-IB (fraction D) protects a stretch of IDNA bounded by
nucleotides -7 and -21 in footprinting experiments. This protection was abolished
if the IDNA contained the -16 G to A point mutation, emphasizing the
importance of this nucleotide in the efficient stable binding of TIF-IB (fraciion
D). Initial size determination of TIF-IB by columns and SDS-PAGE indicates
that it is an 80 kDa protein, but further purification may be necessary.

The 1981 report by Grummt's lab (90) presented experimental
evidence that the species-specific nature of rDNA transcription is conserved in
distantly related mammals and protozoans, although in the more closely related
species of mouse and Xenopus, species specificity does not seem to hold up
(187). Working with a protozoan system (the amoeba Acanthamoeba castellanii),
Kownin et al. (102) constructed a number of rDNA deletion mutants with Bal31
and carried out similar experiments to those done with the mouse system. These
workers showed that the region from -31 to +8 was essential for transcription and
that the region from -47 to -32 would augment transcription.

Bateman et al. (103) have carried out protein binding and
footprinting studies using Acanthamoeba RNAP I, rDNAs, and transcription
initiation factors (TIFs). The TIFs protected a region extending maximally from
-12 to -69, while an RNAP I plus TIF complex protected a region from -69 to
+20 on wild-type rDNA templates. The TIFs from Acanthamoeba have
biochemical and physical characteristics that differ from those determined for
mouse. In prebinding stucies, the Acanthamoeba TIFs could be competed out by

a second wild-type rDNA template. This is not seen with the mouse TIF,



indicating that in Acanthamoeba, the TIF(s) must form a less stable complex with

the rDNA than is the case for mouse. As well, the Acanthamoeba TIFs were

found to have a M} of 250-350 kDa, whereas the mouse TIF-IB has a molecular

mass of only 80 kDa.
6.vi) Transcription Promotion and Enhancement in Xenopus Spacer
rDNA

The complete nucleotide sequence of Xenopus spacer IDNA
has been determined (60). Putative limits to the Xenopus promoter were
determined by studying mutant rDNA templates as had been done for the mouse
and Acanthamoeba systems (63). The DNA sequences responsible for active and
efficient transcription were found to reside between -145 and +6 bp (+1 being the
immediate 5' nucleotide of the 40S pre-rRNA synthesized in vivo). This promoter
region is imperfectly duplicated two to seven times in the spacer region. A
BamHI site located within these promoter sequences led to their designation as
"BamHI islands". The gene promoter and spacer promoters are separated from
each other by regions of intermingled 60-bp and 81-bp repeating elements. The
60-bp and 81-bp elements are homologous in sequence except that they differ by
a 21-bp insertion/deletion. It is also of interest that 60/81-bp repeats share a 42-bp
sequence with the gene promoter.The functional significance of the spacer
promoters and the 60/81-bp repeats will be discussed below.

To the left of the last spacer promoter is a region of ca. 1600 bp
that shows no homology with the spacer and gene promoters or the 60/81-bp
sequences but which contains two types of repetitive element, designated 0 and 1,

interspersed with regions of unique sequence DNA.
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Studies by Dunaway and Reeder (72) provided evidence of
three stretches of Xenopus promoter DNA (I-IIT) that were protected from DNase
I digestion when incubated in oocyte homogenate. Region I spans the site of
transcription initiation (-10 to +15). Region II runs from -7 to -100 and includes
the 42-bp (-72 to -119) sequence that shows homology with the 60/81-bp repeats;
and region III is delineated by nucleotides -120 to -140. All three regions reside
within a span of DNA that was shown by Moss (63) to be essential for
transcription initiation in vitro.

Functional differences between the three regions came to light
during DNA protection studies. Protein factors would bind to region I
independent of other regions of rDNA; regions II and III would support binding
independent of region I, but deletion of region Il diminished binding to region II.
Regions II and III are, therefore, somewhat interdependeni. It seems that there are
two functionai domains or motifs within the DNA promoter region of Xenopus,
one spanning the transcription initiation site (+15 to -10) and a second extending
from -70 to -140.

The previously mentioned homology between the 60/81 bp
repeats and the rDNA promoter suggested that these repeats might be involved in
the binding of transcription factors. Biochemical experiments in vitro have shown
that a promoter attached to a string of 60/81-bp repeats is dominant over one
without the same repeats, and that these repeats alone will successfully compete
with a promoter on a second rDNA template when incubated in an in vitro
homogenate. All of the preceding evidence supports the notion that the 60/81-bp
repeat actively binds a factor(s) that also binds to the rDNA promoter.

It came as a surprise, then, that the 60/81-bp repeats were not

protected in footprinting studies under experimental conditions where binding to
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the promoter was seen (72). It was argued that this result might be explained by
the fact that in oocyte injection experiments, only supercoiled 60/81-bp repeats
successfully competed with the promoter, whereas a linear template had been
used in this study. In these oocyte experiments, enhancer-like behaviour of the
60/81-bp elements was seen. Both enhancers and the 60/81-bp repeat will
function to stimulate the promotion of transcription when orieated in either
direction relative to the promoter, and can act at a distance. Reeder's lab (73)
further demonstrated that the 60/81-bp sequences will function even when
inserted within the transcriptional unit whose promoter they enhance. Their
insertion downstream of the promoter does not interfere with transcription. With
the discovery in Xenopus of the spacer promoter sequences, it was felt that given
their similarity with the true pre-rRNA promoter (BamHI islands), these
particular repeats might be able to support transcription initiation. Moss (64)
designed and carried out experiments which indeed demonstrated their ability to
do so. He also found that the transcripts from these promoters terminate at a site
213 bp upstream of the pre-rRNA initiation site.

Competition experiments revealed that if the BamHI islands are
deleted, such deleted rDNAs cannot compete with wild-type rDNA for
transcription factors; therefore, it seems that these sequences act to produce in
vitro what is in effect a "high density region" of bound RNAP I and any other
transcription factors.

Moss's group (65) has also demonstrated that the 60/81-bp
sequences will not enhance transcription without the presence of a spacer
promoter. The removal of the spacer promoter reduces transcription from the pre-
rRNA promoter by 90% of wild type. It seems, then, that both elements need to

be present to obtain full enhancement of transcription by RNAP 1.
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The Xenopus promoter has been shown by deletion mapping to
lie between bases -142 to +6 (63,69,104), and to contain two distinct domains.
These two domains have been termed the Core Promoter (CP) and the Upstream
Control Element (UCE). The core promoter is found in the region of +20 to -45
with respect to the site of initiation (+1). The UCE is found near -140, and is seen
under stringent transcriptional conditions wherein it augments transcription 15-
100 times above the basal level directed by the CP alone. Linker-scanning
mutagenesis has better localized the CP to between -43 and +10 and the UCE to
around -140 to -128 (105). The two promoter elements are very sensitive to the
spacing between them.

Point-mutation analysis of the core promoter by Moss's group
in 1989 (68) revealed several interesting features. Using a bisulfite mutagenesis
technique, this group introduced 27 point mutaticns within a 78-bp region
extending from -64 to +14 . These mutants were microinjected into oocytes for
assay, with the experiments demonstrating that the 3' boundary of the core
promoter was located at +4 and the 5' boundary was between -33 and -39.
Interestingly the G residuves at -7 and -16 were shown to be essential for promoter
function as has been demonstrated for the mammalian core promoters (93).

Moss et al. (68) also found that the four regions, +2 to +4, -7,
-12 to -20 and -28 to -33 interact with the proteins involved in transcription
initiation. As well, single-point mutations between +3 and +5 could significantly
reduce RNA stability, raising concerns that work done with deletion and linker-
scanning mutants, which demonstrated reduced transcription, might in part be due

to altered rRNA stability.
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6.vii) Drosophila melanogaster Spacer DNA: Physical Organization

and Transcription Initiation

The physical organization of Drosophila spacer DNA is very
reminiscent of that seen in Xenopus, in that the NTS is a complex array of
different tandemly repeated DNA sequences. Starting at the 3' end of the LSU
gene there is a 95-bp tandem repeat and then a 330-bp tandem repeat which is
followed by a 240-bp repeat which terminates 140 bp upstream from the
transcription initiation site. This general arrangement is found in all Drosophila

species studied to date (D. mauritiana, D. simulans, D. virilis and D. hydei).

Length heterogeneity of the rDNA repeats within and between species is due to
fluctuations in the number of 240-bp repeats.

Using a recombinant plasmid containing the rRNA promoter
attached to the bacterial chloramphenicol acetyltransferase ( CAT ) gene, and
introducing this construct into Drosophila cells, Grimaldi, and DiNocera
(114,115) showed that the DNA sequence between -180 and +34 is sufficient for
accurate transcription. Kohorn and Rae (111,112) have demonstrated that a
major component of the rRNA promoter is found between -43 and -27 and that a
second component lies within the first four nucleotides of the 5'-ETS.

Interestingly, Miller et al. (113) have shown that transcription
can be initiated from any of the repeated 240-bp sequences within the 'NTS,
resulting in transcripts ranging in length from 240 to 1680 nt and differing from
one another by 240 nt. In competition experiments the NTS was shown to confer
a transcriptional advantage: the greater the amount of NTS DNA attached to the
promoter, the more efficiently the promoter was transcribed. In other words, the
NTS acted like an enhancer of transcription. Notably, when the 240-bp repeat is

compared with the sequence between -19 bp and +25 bp at the site of
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transcription initiation, 42 identical positions are found. Further work by these
workers using rDNA co-transfected into cultured Drosophila cells revealed that
the activity of the pre-rRNA promoter is directly correlated with the number of
240-bp repeats and that sequences upstream of these are also able to enhance
transcription from this promoter. Unlike true enhancers these sequences are

orientation-dependent, although they seem to be distance-independent.

6.viii) Human rDNA Transcription Inijtiation

In 1982 Financsek et al. (106) determined the site of RNAP I
transcription initiation by S1 nuclease protection experiments on human rDNA.
Subsequently Tjian and coworkers worked out many of the details of the
promoter structure and the proteins that interact with the DNA to initiate
transcription (107-110).

Deletion mutational studies revealed that the sequence between
-158 and +18 is necessary for efficient transcription initiation. This region was
shown to be a composite of two functionally different DNA sequences: a central
core of 40 bp that was required for transcription (-26 to +2) and flanking
sequences that affect the efficiency of transcription in vitro (-158 to -26).

Further promoter deletion experiments in vivo and linker
scanning mutation studies in vitro identified two separate blocks of sequence that
play a role in directing efficient transcription of the human rDNA genes. The core
promoter was located between +7 and -45 and is absolutely required for
transcription, while the upstream control region (a region which modulates the
level of transcription) was localized between -140 and -108.

As one aspect of these in vitro studies, whole cell HeLa extracts

were fractionated to identify factors involved in transcription, thus identifying



two active fractions. One contained the endogenous RNAP I while the second
contained a protein factor termed SL1 which was shown to confer RNAP 1
promoter selectivity. SL1 has been extensively purified and shown to be the
factor responsible for species-specific recognition in whole-cell extracts, in spite
of the fact that it could not be demonstrated that it interacted with the promoter
DNA in DNase I footprinting experiments. What was also discovered was that a
second factor, UBF1, recruits SL1 to the promoter and directs binding to a region
encompassing sequences in the UCE. This binding was shown to modulate the
efficiency of trRNA synthesis, a finding in keeping with the demonstration that
this part of the promoter is not essential for transcription initiation, although its
absence greatly reduces the efficiency of transcription in run-off experiments.
UBF1 recognizes sequences in the proximal portion of the
UCE (termed site A) and protects the region between -75 and -115 from cleavage
by DNase I. When SL1 and UBF1 are both present, the region between -75 and
-165 is protected. This ercompasses site A and a second site termed B. DNase [
analysis of mutations induced in site A revealed that protection of site B requires
sequences in both site A and site B. On the other hand mutations in site B interrupt
SL1-dependent binding but do not alter UBF1 interaction with site A. If site A and
sice B are separated by insertion of base pairs, SL1 will not bind to site B but
UBF1 will protect sequences in site A; thus, it seems that these two proteins
require intimate interaction for binding and protection of the DNA in this area.
Mutations introduced into the UCE that inhibit or prevent binding of UBF1 to site
A or SL1 to site B will also diminish the UCE's ability to augment transcription
from the core promoter.
UBF1 has been purified from the RNAP I pool fraction by

DNA affinity chromatography. Two closely related polypeptides, 94 kDa and 97



43
kDa in size, were shown to possess the UBF1 DNA binding activity. The purified
UBF1 was shown to bind to a region between -75 and -114 which is almost
identical to that protected using the crude UBF1 preparation. In addition it was
shown to act in the same way with SL1 and RNAP I in transcription initiation of
the cruder extracts.

Tjian and coworkers have put forward a model of human rDNA
transcription initiation taking into consideration all of their laboratory results. The
first step is postulated to be the binding of UBF1 at both the UCE and core sites.

Then SL1 interacts with bound UBF1 at both sites. The resulting UBF1-SL1

complexes are then recognized by RNAP I resulting in transcription initiation.

6.ix) Rat rDNA Transcription Initiation

Molecular biological studies of rat IDNA have elucidated the
physical organization of its NTS DNA and the sites of transcription initiation,
termination and enhancement (117-124). As has been found to be the case in the
human and mouse systems, rat TDNA contains an RNAP I promoter which is
comprised of a core promoter between -31 and +1 and an upstream promoter
element located between -162 and -122. The core promoter is sufficient for
accurate transcription of the 45S pre-rTRNA, while the upstream promoter element
(UPE) increases the efficiency of transcription.

In addition to the 435S pre-rRNA promoter there is a spacer
promoter sequence located between -731 and -713. Thirteen nucleotides within
this region are identical to nucleotides -18 to -6 of the 45S pre-TRNA promoter.
This spacer promoter proved to be an order of magnitude less efficient than the
458 pre-rDNA promoter when the two were compared individually; but the 45S

pre-rRNA promoter was fifty times more efficient when the two were part of the
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same DNA in a cis-orientation (120). This stretch of DNA had previously been
found to contain an enhancer (-1018 to -286). Within the region -620 to -417, this
enhancer sequence has been shown to interact with high-mobility-group (HMG) -
like DNA-binding proteins. These proteins also bind to rDNA in the 5'-ETS.

Protein-binding studies using the pre-rRNA and spacer
promoters have shown that there are at least two transcriptional factors (SF1 and
SL1) that interact with homologous regions both to initiate and enhance
transcription. In rat, SL1 is needed for transcription by heterologous extracts in
vitro.

DNase I footprinting experiments revealed that SF1 and SL1
interact with the UPE. SF1 protects a 40 bp region of the spacer promoter (-91 to
-132) and SL1 protects a 25-bp region just upstream of the SF1 site (-165 to -

187). The homologous sites were protected in the 45S pre-rRNA promoter.

6.x) Spacer rDNA and Transcription Termination

Transcription termination has become better understood but is a
much more complex problem than was originally thought. Research carried out in
the frog, mouse, yeast and Drosophila systems has unveiled a great deal about
transcription termination. It appears that at least in the frog and mouse systems,
termination is intimately involved in initiation and its enhancement (66,67,74-

76,125-134).

Xenopus rDNA

Initially, it had been presumed that rRNA transcription
terminated at or very near the mature 3'-end of the LSU rRNA. However, in 1986

DeWinter and Moss (66) demonstrated that the actual site of termination is at
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position -213 bp (+1 being the site of transcription initiation of the pre-rRNA) in

the NTS. In the same year Labhart and Reeder (74) characterized three sites of
rRNA 3'-end formation in Xenopus. The first, termed Tj, is a site of rapid rRNA

processing and is located at the 3'-end of the LSU rRNA sequence. T7, which is

235 bp further downstream of Ty, is a point at which the transcript is rapidly

processed. The RNAP I continues to traverse the entire NTS until reaching

position -213 where the polymerase is released. This site, T3, is the one identified

by DeWinter and Moss. It shows sequence similarity with T». Mutagenesis and

deletion studies of this region have shown that a 7 bp sequence, which is
conserved among species of Xenopus, is necessary for termination (76);
interestingly, this same sequence has an enhancing effect on transcripticn
promotion from the 45S pre-rRNA promoter (75). Mutations in the T3 box which
eliminate termination also eliminate this enhancement effect on initiation (75).

Mutations within the T7 box (at the homologous 7 bp as in the
T3 box), result in the failure of rRNA processing at T5. Curiously, mutations
within the T3 box also eliminate processing at Tp. The T9 box will direct
processing provided the T3 box is downstream from it and in the correct
orientation. In other words, the relationship between Ty and T3 is distance-
independent but orientation-dependent.

A more detailed study of the T3 box and its surrounding
sequences and their involvement in transcription termination has been carried out
using point mutational analysis and micro-injection techniques (76). These
experiments demonstrated that the 7 bp sequence at the T3 box was sufficient for
correct and efficient termination, provided it was in the context of its usual
flanking sequences. A G to A transition at -195 eliminated termination in this

system, while mutations in flanking sequences affected termination as well. A G
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to A mutation at -200 caused loss of termination if the assay conditions were less
than optimal. A mutation at -216 resulted in some readthrough and caused a shift
in the site of 3'-end formation. The above three mutations also caused a reduction

in initiation. Other mutations actually stimulated transcription, particularly those

in the GC -rich sequences flanking the T3 box.

Mouse tDNA

As in the case of Xenopus early work indicated that
transcription termination occurred very near the mature end of the LSU rRNA
gene. (It was thought to occur 30 bp downstream of the 3'-end of the LSU rRNA.)
Later work demonstrated that transcription actually terminates 565 bp
downstream of the mature 3'-end of the LSU rRNA. This region of the rDNA
possesses tandemly repeated sequences which contain within them a Sall site;
hence, they are called Sall boxes. The DNA repeats contain a highly conserved 18
bp sequence that is actually made up of two elements, one 11 bp and the second 4
bp (both of which are perfectly conserved), and separated by 3 bp which are
partially conserved. The remaining sequence is mostly stretches of pyrimidines.

Termination occurs upstream of the first Sall box, T}.
Competition experiments revealed that these sequences interact with some factor.
Exonuclease III is precluded from digesting sequences in the 3' region of the Sall
boxes. Mutations in the consensus sequence that reduce or eliminate transcription
termination affect binding of the factor to the Sall box.

Like the situation in Xenopus a site of transcription termination
has been identified just upstream of the transcription initiation site. This site
contains a Sall box at position -171 to -154. The sequence of this site differs from

the consensus sequence with changes at positions 16 and 18. This site, which has
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been designated site Ty, interacts with the same factor(s) that binds at T
although it does so at a reduced efficiency (70%). In contrast to the Xenopus case,
this site of termination in mouse IDNA seems to act on RNAP I which has
initiated transcription from spacer promoters, as opposed to the 45S pre-TRNA
promoter. Like the situation in Xenopus, this upstream termination site modulates

transcription initiation from the pre-rRNA promoter.

Drosophilia tDNA

Tautz and Dover (133), using S1 mapping and nuclear run-on

assays, demonstrated that there was no identifiable site of RNAP I termination in
the rDNA spacer and that transcription continued along the entire length of the
spacer.

Yeast IDNA

Four putative sites for transcription termination have been
identified in the yeast IRNA spacer. T is a site between +15 and +50, with +1
the first nucleotide 3' to the end of the mature LSU rRNA. This site is actually
three sites of rRNA processing (+20, +35, +50). T3 is at position +210 and is
thought to be the functional RNAP I terminator. T3A (+690) and T3B (+950) are

thought to be "fail-safe" termination motifs.

Yeast is unusual in that the 5S rRNA gene is located in the

rDNA spacer, thus dividing the spacer into two parts, NTS{ and NTS». Ty, Ty,
T3A and T3B are all located in NTS1. No sequence similarity could be discerned
around Ty, T2, T3A and T3R. It was also found that NTS7 contains a terminator
(Tp) 300 bp upstream from the rRNA promoter. It is less efficient than T and

does not seem to have any enhancing ability with respect to the pre-rRNA

promoter.



The region which contains Ty was also known to contain an

enhancer activity. Mestel et al. (134), using deletion mutagenesis on a plasmid
which contained a centromere and an rRNA minigene, were able to localize the
enhancing ability to a 160 bp region. A short distance upstream (15 bp) from the
3'-end of the enhancing region was located 22 bp known to mediate RNAP I
initiation in vitro. Deletion of the termination-active DNA region also resulted in

reduction of 35S rRNA transcription.

6.xi) Summary

The efficiency and accuracy of RNAP I transcription initiation
and termination depend upon circumscribed DNA sequences and trans-acting
factors. In vitro transcriptional studies have mapped two important DNA motifs

that together constitute the promoter. Sequences spanning the transcription start

site  (-45 to +10) have been shown to be the more important of the two regions.

Within this region (the core promoter, CP) are located two highly conserved
nucleotides, both of which (-16 and -7) are absolutely essential for transcription.

A protein factor, variously termed TIF-IB, fraction D, or SLI,
is responsible for the species-specific nature of transcription initiation and
requires the wild type nucleotide at position -16. The factor has been shown to
protect this region from nuclease digestion in footprinting studies. This DNA-
protein complex is a stable one and confers upon RNAP I the ability to carry out
accurate and efficient initiation. In the presence of this transcription factor and
RNAP ], the region of protection is extended through the initiation start site and
into the 5' transcribed region.

The second rDNA motif linked to initiation spans the region

from ca. -50 to -150 (the upstream control element, UCE). In the human rDNA



49
transcription model, the UCE is not essential for transcription initiation but
modification of this region greatly reduces the efficiency of transcription.
Experimentation has revealed that the UCE is bipartite in nature. Both parts of the
UCE are bound by UBF1 and it is this protein which facilitates the binding of
SL1 ( the protein which confers specificity to initiation) to the -115 to -165
region. A similar functional organization of the promoter has been determined for
mouse, rat, Acanthamoeba, Xenopus, and Drosophila rDNA.

Enhancement of RNAP I transcription is known to occur with
Xenopus rDNA. The elements responsible for this activity are 60/81-bp repeats of
DNA found upstream of the gene promoter. These repeats are highly reiterated
and have been found to be interspersed with two to seven spacer promoters. An
internal conserved 42 bp of the gene promoter is found as part of the 60/81-bp
repeat. This sequence, which is functionally important for transcription from the
gene promoter, is thought to be responsible for binding a protein factor(s) and
endowing the 60/81-bp repeat with enhancer-like properties. Without the spacer
promoters (which have been shown to initiate transcription), the 60/81-repeats
will not enhance transcription from the pre-rRNA promoter.

Drosophila exhibits a similar spacer organization to Xenopus
(i.e., short repeat elements). One of these repeats (the '240') contains within it 42
bp of complete identity with sequences of the pre-rRNA core promoter. The 240-
bp repeats can initiate transcription, resulting in NTS transcripts. They also
"enhance" transcription from the true promoter, but in an orientation-dependent
fashion.

Previously described transcription termination sites have been

called into question by in vitro studies carried out in the mouse cell-free system.

S mapping studies using presumed legitimate primary pre-rRNAs placed the 3'
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end of the primary transcript at or very near the 3' end of the mature LSU rRNA
in a number of systems, including mouse. It is now known that the transcription

complex traverses the entire NTS and terminates several hundred nucleotides

upstream of the promoter at T(). Rapid processing occurs at repeated Sall box
sequences 565 bp downstream of the 3' end of the LSU rRNA (T7). These

sequences bind some factor(s) involved in termination. T is also involved in

initiation from the pre-rRNA promoter.

In Xenopus, transcription also extends through the NTS and
terminates just upstream of the pre-tRNA promoter. Again, protein factors are
involved and this site is implicated in promotion of transcription from the site of

transcription initiation.

7)) RIBOSOMAL SPACER AND MECHANISMS OF GENE
AND GENOME EVOLUTION

There is a long-standing enigma in molecular biology. It was
proposed by Brown et al. in 1972 (135) and it concerns the now more widely
recognized phenomenon of intra-species homogeneity versus inter-species
heterogeneity of tandemly repeated gene families. In other words, there is an
observed disparity between the "degree of sameness" between members of a
repeated DNA family within the individual or within a population of individuals,
and between members of the homologous family in a different species. To
describe this phenomer.on of intra-species homogeneity coupled with inter-
species differences for sequences of a tandemly repeated gene family, the term
"concerted evolution" has been coined.

The genes under study by Brown et al. (135) which led them to

articulate this riddle were the rDNA repeats of Xenopus laevis and X. borealis.
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These investigators discovered that the sequences of the repeat members were
basically the same in one species, but when the sequences were compared to those
in the second species, the NTS exhibited differences whereas the rRNA coding
regions were virtually identical.

Although many mechanisms have been proposed to explain this
puzzle, two are favoured; these are unequal cross-over and gene conversion (188).
Gene conversion (or homology-dependent replacement) is a process that results in
the replacement of one segment of DNA by another segment without reciprocal
recombination of outside markers. Unequal cross-over is a process in which a
region is first duplicated by recombination between misaligned stretches of DNA
sequence which possess limited, but sufficient sequence similarity, and then
amplified by recombination between improperly aligned duplicates.

Dover and colleagues (136) propose a third mechanism,
transposition, that may account for the intra-species/inter-species heterogeneity
problem. In what they call "molecular drive" -- "a process of fixation that arises
from biases in the non-reciprocal spread of information between chromosomes"--
the authors argue that biased unequal cross-over is operating to maintain intra-
chromosomal (single locus) homogeneity, and that transposition and gene
conversion are responsible for the inter-chromosomal (or double/multiple loci)
array homogeneity.

All these mechanisms can be seen to keep arrays of repeated
genes homogeneous in structure within species as opposed to between species, but
in the case of the IDNA NTS, questions remain regarding the significance of
those regions within the NTS that exhibit greater heterogeneity than other

regions.
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Recently Hillis et al. (188) demonstraced concerted evolution of

rDNA repeats in the unisexual, parthenogenetic hybrid, Heteronotia binoei. The

observed homogeneity appears to have occurred as the result of biased gene

conversion.
8.) DNA METHYILATION
8.i) Occurrence

(a) Modified Nucleosides

In addition to the four well-recognized bases found in DNA
(adenine, cytosine, guanine and thymine), other modified bases have been
identified, usually in trace amounts. These include 5-methylcytosine (m5Cyt)
and 6-methylaminopurine (6-methyladenine) (m6Ade), as well as several more
exotic but much less widely distributed modified bases (137). The occurrence of
these modified residues in DNA has long been recognized (141) but their

function has remained largely speculative.

(b) Maintenance and De Novo Methylation

It has been known for some time that modified bases in DNA owe
their origin to a biochemical event occurring very shortly after replication, with
hemi-methylated DNA serving as template for DNA methyltransferase (139). As
a result, the DNA methylation pattern is conserved from generation to generation.
Any alteration in the methylation pattern must come about as a result of loss of
methyl groups, de novo addition of methyl groups, or inhibition of the post-
replication addition of methyl groups. It is thought that the latter situation (which
has be.'n termed maintenance methylation) is largely responsible for changes in

methylation patterns in eukaryotic nuclear DNA, but there have also been reports
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of demethylation activity in mammalian nuclear extracts. De novo DNA
methyltransferases which methylate previously unmethylated DNA or partially
methylated DNA have been well studied in prokaryotes and are responsible for
protecting specific host DNA sequences from endogenous restriction
endonuclease activity. De novo methylation activity has been reported with
eukaryotic nuclear extracts, but the full significance of this activity has not been

determined (137).

(c) Distribution
In eukaryotic nuclear DNA, m5Cyt is by far the commonest

modified base, and it has been determined that it is predominantly located in 5'-
CpG-3' sequences, with small amounts also being found in 5'-CpA-3', 5'-CpT-3/,
and 5'-CpC-3' dinucleotides. In land plants, m>Cyt is located in all cytosine-
containing dinucleotides, with all dinucleotides making up a subset of the
sequence CpXpGp, X being any of the four normal nucleosides (139).

The degree of methylation is species-specific, with no obvious
phylegenetic relationship. The extent of cytosine methylation ranges from 0.02%
[mSCyt/(Cyt + m5Cyt) x 100] in Tetrahymena, to 0.17% in mosquito, 5.4% in
calf thymus, and 31% in wheat (138). The dinucleotide CpG is under-represented
in most organisms, and indeed the greater the extent of m3Cyt, the lower the
percentage of the CpG nucleotide. It has been suggested that the increased
mutability of mICyt (via spontaneous deamination) provides a basis for this
phenomenon. If indeed m5Cyt is important in temporal control of gene
expression, it is assumed that the CpG dinucleotide is unevenly distributed and

that the m3CpG dinucleotide is even more so.
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(d) Regulation

Analysis of specific genes has pointed out some general trends in
m3Cyt occurrence and gene expression. In constitutive or "housekeeping" genes
the same pattern of methylation is found in all tissues, whereas tissue-specific
genes exhibit tissue-specific methylation patterns. Also in this vein, it has been
shown that inactive genes are methylated and active genes are hypomethylated, or
in some cases unmethylated (139).

The pattern of methylation is determined using methylation-
sensitive and -insensitive restriction endonuclease isoschizomers. The two sites
most often analyzed are CCGG (Hpall/Rspl) and GCGC (Hhal), which constitute
about 10% of the methylatable (CpG) sites (142). This leaves 90% of the
methylatable sites unassayable, meaning that genes that are regarded as being
fully methylated might be unmethylatec at sites that are not analyzed, and vice
versa.

Sites can be classified into two groups, one methylated to the
same extent in all tissues and the other showing a tissue-specific pattern. The sites
in either group may be fully methylated, partially methylated, or completely
unmethylated.

Yisraeli and Szyf (141) have classified genes into five
paradigms according to their methylation pattern. Paradigm I includes genes fully
methylated in non-expressing tissues and unmethylated in active tissues. The
second paradigm contains genes that exhibit some tissue-specific
hypomethylation occurring exclusively in active tissues, while other
hypomethylations are site-specific and occur in non-expressing tissues as well. In
Paradigm IV at least some sites are undermethylated in sperm, as well as in all

other tissues. Genes remaining fully methylated are placed in Paradigm IV.
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Paradigm V contains genes in which tissue-specific hypomethylation is observed
but no correlation with the state of activity of the gene is found. This last category
(Paradigm V) contains the group of genes transcribed by RNA polymerase L.
Ribosomal DNA in Xenopus (142) is fully methylated in sperm and oocyte and
remains highly methylated in all somatic cell types except for two regions that

contain the 60-bp tandemly repeated sequence in the 5' spacer region.

8. ii) Mechanisms of Action

If one assumes that methylation is causally associated with
gene expression (as some evidence indicates) (137), the next question is, "How is
it that methylation accomplishes this task?" Speculation about the "how question”
has led to some suggested mechanisms of action. Experimental evidence lending

credence to one or other of these mechanisms is available.

(a) Chromatin Structure

In prokaryotic DNA, methylation prevents cleavage of host
DNA by the endogenous host restriction endonucleases (141). In eukaryotes, the
nuclear DNA is complexed with a multitude of proteins, including histones and
HMG proteins, in a highly ordered structure resulting in the condensed
chromosome. The nature of the three-dimensional arrangement of the
chromosome in the nucleus is not known in any detail, but it is thought to involve
interactions of the chromosome with the nuclear protein skeletal architecture.
DNA-protein interactions must be important, and have indeed been shown to be
important with regard to the higher order structure of the chromosome based on
the histone-containing nucleosome. Any changes in protein-binding ability of the

DNA could result in alterations, allowing or causing gene activation.



e,

DNase I, an endonuclease, preferentially digests actively
transcribed genes in whole nuclei, suggesting a chromosomal alteration in spatial
arrangement that renders the DNA more susceptible to approach by and
interaction with this enzyme. Although no direct evidence exists to show a causal
relationship between demethylation and chromosomal alteration (and hence,

increased gene activity), there are some studies that suggest such a link (143).

(b) DNA Methylation and Structural Changes in DNA
The steric interaction of protein and DNA will depend to a large extent on the
"proper" conformation of the protein and DNA molecules. DNA is known to
assume a number of molecular conformations depending on the environmental
conditions in which it is found. Three general forms of DNA helical conformation
are known, designated A, B, and Z. Form B is the well-known Watson-Crick
helix. The Z helix is assumed by poly (dG-dC): poly (dG-dC) in a high salt
environment. This is a left-handed helix with a zig-zag phosphate backbone. If the
dC is replaced with m>dC, a transition from the B form to the Z form can occur
near physiological salt concentrations, especially in the presence of di- and
polyvalent ions. This Z DNA does not readily package nucleosomes. Methylated

cytosine could cause dramatic molecular conformational changes in the cell (139).

(©) Site-Specific Methylation

Simple cytosine methylation at a select site or two in or around a gene could
prevent the binding of necessary protein factors, and hence activation of the gene.
A slight variation of this would be that the binding of a protein to m5Cyt would
prevent the binding of other protein factors necessary for transcription. Indeed,

Boyes and Bird (196) provide direct evidence that this method operates in cells to
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inhibit transcription of genes. A methyl-CpG protein has been identified which is

the presumed protein involved in this type of transcription inhibition.

8.ii1) Summary

Inverse correlations between the degree of DNA methylation of
certain genes and the extent to which these genes are expressed have now been
established in many eukaryotic systems. The causality of this association remains
to be determined for many of these. Indeed, there is evidence that is hard to
rationalize in the context of a simple demethylation-active gene/methylation-
inactive gene phenomenon, so a caveat is necessary. In those systems in which
causality seems certain, the regulatory function appears to be exerted via specific
DNA-protein interactions, and/or perhaps DNA molecular conformational

changes.

9.) AIMS AND OBJECTIVES

There is a tendency in science to focus on one or a few
"systems" in the course of investigation in the hope of elucidating "facts" or
principles which may then be used to explain the workings in many other
systems. This is as true in molecular biology as in any other branch of the
sciences. A good example is the amazing degree of attention the eubacterium E.
coli and the eukaryote Xenopus have received and are receiving in the field of
molecular biology. This usually leads investigators to use what is known in a few
organisms to explain a phenomenon described in another, perhaps not closely
related, organism. As well, investigators will often be coloured or prejudiced in

their thinking with regards to what should and should not be expected. It is for



this reason that it is important not to concentrate on one or a few organismal
systems.

The Protoctists form a very large collection of organisms which
are known for their phylogenetic diversity, evolutionary antiquity and ecological
ubiquity and importance. In addition to being ecologically important, many
human and animal pathogens/parasites are found in this group; these are
responsible for the deaths of many millions of humans each year and serious
morbidity in many more millions.

Considering their biological diversity, the protoctists have been
little studied, but many of those organisms that have been investigated have
revealed unexpected novelties and quirks in their manner of existence, method of
metabolism, or genetic repertory.

Crithidia fasciculata is a member of the flagellated protoctists

and is closely related to the medically/husbandry important group of
trypanosomatids which includes those crganisms responsible for Chagas' disease,
leishmaniasis, and nagana disease. C. fasciculata is easily grown axenically in
defined medium near room temperature (25-27°C), and was readily available to
us through Dr. F.B. St.C. Palmer of this department.

Early studies carried out by Dr. M.W. Gray on the ribosomes
and rRNAs from the cytoplasm of C. fasciculata (149) revealed the existence of
additional RNAs of a small size, which Dr. Gray was able to localize to the large
subunit of the ribosome (144). Control experiments ruled out artifactual
production of these RNAs during their isolation (144). This complement of
rRNAs had never before been described in any organism, so the question of their
significance, in terms of the structure/function and evolution of the ribosome, was

raised.



At the time of initiating the research described in this thesis, not
a great deal was known about trypanosomatid rRNAs and their rDNAs. In 1980,
Cordingley and Turner (145) published a study in which they described the
identification of five small rRNAs from Trypanosoma brucei. These RNAs
ranged in size from 115 to 205 nt. Three of the small IRNAs were unique, the
remaining two being the 5.8S and 5S rRNAs. Two of the unique RNAs were
localized to the ribosome LSU with the location of the third being unknown.

Prior to 1980 it was known that T. brucei contained heat-labile

LSU rRNA. When heat-treated, the LSU rRNA would dissociate into two smaller
rRNA fragments of about equal size (ca. 2000 nt). This type of heat-labile LSU
rRNA was known to exist in the closely related kinetoplastid flagellate, Crithidia
oncopelti (146). Shortly after the T. brucei study, Castro et al. demonstrated the
existence of a heat-labile LSU rRNA in T. cruzi (147).

The kinetoplastid protozoa appeared to be an extremely
interesting group of organism with regard to their IRNA composition. In these
three species, at least, the RNA complement of their ribosomes was the most
unusual known at that time. To better understand the role of the small rRNAs in
C. fasciculata ribosome structure, function and evolution, I therefore decided to
clone the rDNA, map the rRNAs to the cloned rDNA and to the genome itself,

and to determine the primary sequence of the rDNA.
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SECTION B

MATERIALS AND METHODS
1.) ENZYMES

Restriction endonucleases were purchased from one of the
following suppliers:

(a) Bethesda Research Laboratories (BRL),

(b) New England Biolabs (NEB), or

(© P-L Pharmacia Biochemicals.

T4 polynucleotide kinase was obtained from NEB; T4 RNA
ligase from P-L Pharmacia Biochemicals, and T4 DNA ligase from BRL.

2)) GROWTH OF C. fasciculata

C. fasciculata was kindly provided by Dr. F.B. St.C. Palmer of
this department and cultured as described by Maclean and Amiro (148) with
minor modifications. Cultures (one liter in 2.8 liter Fernbach flasks) were grown

for three days in the light.

3) HARVESTING OF C. fasciculata

Cells were harvested by one of two methods, depending upon
the nucleic acid to be isolated. For DNA isolation, 250 ml of cells were collected
and treated as described in Gray (144) and for RNA isolation one liter of cells

was centrifuged (100 x g), washed three times in 0.85% NaCl, and resuspended in

(.05 M Tris-HCI (pH 8.0).
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4) ISOLATION OF TOTAL CELLULAR RNA

Cells resuspended in 0.05 M Tris-HCI (pH 8.0) were extracted
by the addition of an equal vol. of phenol-cresol mix [phenol/m-cresol/8-
hydroxyquinoline, 500/70/0.5, v/v/w, saturated with 1X{TE (0.01 M Tris-HCI
(pH 8.0), 0.1 mM EDTA)] and vigorously shaken for 20 min. Phases were
separated by centrifugation. After two more re-extractions of the aqueous phase
with the phenol-cresol mix, RNA was precipitated by the addition of two vol. of

95% ethanol. The precipitate was stored at -200C.

5. ISOLATION OF NUCLEAR DNA

Harvested cells were washed once in Solution A [0.005 M
Mg(OAc)y, 0.06 M KCl, 0.05 M Tris-HCI (pH 7.6)] and pelleted. The cell pellet
was resuspended in Solution A, filtered through glass wool, and lysed by passage
through a French press (750 psi, medium setting). Cell lysis was monitored by
light microscopy. Following centrifugation at 15,000 x g for 15 min, the pellet
("nuclear" pellet) was washed once and adjusted to a vol. of 10 ml with Solution
B [0.44 M sucrose, 50 mM Tris-HCI, 1 mM NayEDTA (pH 8.0)] and one vol. of
each of the following was added: a detergent mix [2% (w/v) tri-
isopropylnaphthalene sulfonate, 12% (w/v) sodium p-aminosalicylate, 0.1 M
NaCl, 0.02 M Tris-HCI (pH 7.4)] and phenol-cresol mix saturated with 1X ¢y TE.
The phenol-detergent extract was gently mixed on ice and then centrifuged 10
resolve the phases. Sufficient solid NaCl was added to the aqueous phase to make
it 0.5 M and extraction with the phenol-cresol mix was repeated until no material
was visible at the interface. The extracted DNA was precipitated by the addition

of two vol. of 95% ethanol and stored at -200C.
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6. PREPARATION AND PURIFICATION OF END-
LABELLED rRNAs

Crithidia fasciculata contains an unusual complement of
rRNAs. The ribosome small subunit contains a single species which is ca. 2200 nt
long (Sp. b). The ribosome large subunit contains nine rRNAs, one of which (Sp.
a) is heat-labile and four of which are unique to C. fasciculata (Sp. ¢ (212 nt); Sp.
£ (183 nt); Sp. g (136 nt); and Sp. j (73 nt)) (144). Sp. a melts when heated to
give rise to the 5.85 rRNA (Sp. i; 172 nt) and two, nearly equal sized, rRNAs
(Sp. ¢ and Sp. d). Sp. a has an estimated combined size of 3880 nt.

Total cellular RNA was dissolved in a final concentration of ca.
5 mg/ml for selective salt fractionation. This was accomplished by adding solid
NaCl until the final concentration was 3 M and placing the 5 mg/ml-RNA
solution at 0°C and centrifuging the precipitated RNA for collection (149). The
salt-insoluble fraction (iRNA) was used for isolation of Sp. b, ¢, d, ¢, f, i, and j.
Sp. g ana h were isolated from the salt-soluble fraction (sSRNA). Electrophoresis
in a 2.5% polyacrylamide gel or a 7 M urea-1% agarose (to resolve Sp. b, ¢, and
d) or a 2.5-10% stacker polyacrylamide gel (to resolve Sp. e-j) was accomplished
as described by Schnare and Gray (163). Extractions were performed using
Solution C (0.5 M NH40Ac, 0.01 M Mg(OAc)p, 0.1% SDS, 0.0001 M EDTA)
under conditions similar to those described by Maxam and Gilbert (150). The
electrophoresis and extraction steps were repeated to ensure the purity of the
rRNAs. The unfractionated iRNA or individual high molecular weight rRNAs
were partially hydrolyzed [0.15 M NH40H, 90°C, 2 min] before being 5'-end-
labelled (151) using synthetically prepared [ y -32P]ATP (152) and commercial
T4 polynucleotide kinase. The small rRNAs were 3'-end labelled with [5'-32P]
pCp and RNA ligase before being further purified by electrophoresis in a 10%

denaturing polyacrylamide gel.
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7.) DIGESTION OF DNA WITH RESTRICTION
ENDONUCLEASES, FRACTIONATION IN AGAROSE
GELS. AND TRANSFER TO NITROCELLULOSE FOR
PROBING

DNA was hydrolyzed with several-fold excess of restriction
endonucleases using conditions suggested by the suppliers. High molecular
weight DNA samples (1-20 kbp) were subjected to an electric field of 1-2 V/cm
in a 1% agarose gel contained in a horizontal flat bed apparatus. The separated
fragments were stained with ethidium bromide, transilluminated with UV light,
and photographed with an MP-4 Polaroid camera. Sizes of low molecular weight
DNA fragments (<1 kbp) were determined by vertical electrophoresis (12.5
V/cm) in 5% polyacrylamide gels (20 cm x 20 cm x 0.3 cm). Lambda (cIgs7)
DNA digested with EcoRI, HindIIl, or EcoR1 + HindIII was used to provide
standards for molecular weight determinations of large DNA fragments, and
pBR322 digested with Alul was used for small fragments. Denaturation, transfer
of the DNA from the agarose gel to nitrocellulose, hybridization of end-labelled

rRNAs to Southern blots (153), and autoradiography have been described (154).

8) CLONING OF GENOMIC DNA AND ISOLATION
OF rDNA RECOMBINANTS
Pstl- or HindIII-digested pUC9 and nDNA, in a 1:4 mass
ratio, were ligated with commercial T4 DNA ligase. Competent E. coli IM83
(156) cells were transformed with 10 ng of ligated DNA as described by
Hanahan (157). Recombinant clones (colonies which were white as a result of
the fact that the plasmid's -galactosidase gene had been interrupted by insert

DNA and therefore could not act on 5-bromo-4-chloro-3-indolyl--D-galactoside
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in the medium to convert it to its blue product) were chosen for in situ colony
hybridization (158) with 5'-end-labelled iRNA or 3'-end-iabelled Sp. g+j. In situ
colony hybridization was accomplished by floating the colony filters on 10 to 15
ml of the denaturation or renaturation solutions in Petri dishes, eliminating the
need for the apparatus described by Grunstein and Hogness (158). The ethanol
washes were performed using a Buchner funnel, and baked filters were
prehybridized overnight in 50% (v/v) deionized formamide/2XSSC, 0.05 M
sodium phosphate buffer (pH 7.0), 10-250 ug/m! sonicated salmon sperm DNA,
0.02% w/v bovine serum albumin-Ficoll, and 0.02% w/v polyvinylpyrrolidone
(159). The probe was mixed with a small volume of prehybridization solution
and added to the filter. Colonies seen to hybridize with iRNA or Sp. g+j were
picked for further analysis. Mini-preparations of plasmid DNA (160) were
digested with PstI or HindlIl, electrophoresed in an agarose gel, transferred to
nitrocellulose, and probed with labelled iRNA, Sp. g, or Sp. j. To obtain
workable quantities of plasmid DNA, a large-scale plasmid preparation was
carried out according to Schleif and Wensink (161), except that the

chloramphenicol amplification step was eliminated.

9.) PRIMARY SEQUENCE DETERMINATION OF
rDNA RECOMBINANTS

Primary sequence analysis of 5'-end labelled rDNA fragments
was carried out using the chemical sequencing method (Maxam and Gilbert), as
described by Spencer et al. (162). Five pug of DNA digested with the restriction
endonuclease of interest was precipitated with ethanol, pelleted by centrifugation
for 10 min., washed with 80% ethanol, dried under vacuum, and dissolved in 50
ul of Tris-HCI (pH 8.2). To this was added 0.2 units bacterial alkaline

phosphatase and the mixture was then incubated at 65°C for 30 min. At
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the end of the incubatior, 0.1 vol. 3 M NaOAc was added and the solution was
extracted with an equal vol. phenol-cresol three times before being precipitated
by the addition of 200 pl of 95% ethanol at -709C. The DNA was pelleted by
centrifugation for 10 min, then redissolved in 50 pl TE (10 mM Tris-HCl (pH
7.6), 0.1 mM EDTA) and precipitated again by the addition of 0.1 vol. of 3 M
NaOAc and 3 vol. of 95% ethanol before being pelleted by centrifugation,

washed with 80% ethanol, dried under vacuum, and dissolved in 37 pl of TE for
5'-end-labelling. To this was added 1 pul of 5 mM spermidine and the resulting 38
ul were used to dissolve the previously dried 50 pl [y-32P]ATP. This was then
heated at 659C for 5 min and mixed by vortexing before 5 pl of 10X kinase
buffer (500 mM Tris-HCI, 100 mM MgCl, (pH 7.6)) and S pl of 50 mM DTT
were added and vortexed to mix. The liquid was spun down and 10 units of
polynucleotide kinase were added to start the labeiling reaction, which was
carried out at 37°C for | hr. The DNA was precipitated by adding an equal vol.”
of 4 M NH40Ac-1mM EDTA and 300 ul of 95% ethanol and placing at -700C.
The DNA was pelleted by centrifugation for 10 min, redissolved in 50 ul TE and
precipitated in the same manner. It was redissolved in the same manner but
precipitated by the addition of 0.1 vol. 3 M NaOAc and 3 vol. 95% ethanol. The
pelleted DNA was washed with 80% ethanol, dried under vacuum, and
redissolved in restriction endonuclease buffer for the secondary digestion, in
preparation for agarose gel electrophoresis and fragment extraction by the hot
phenol method.

5'-End labelled DNA which had been extracted from the
agarose gel was precipitated in the usual way, dried, and redissolved in 20 ul of
TE. It was then heated at 909C for 30 sec, placed on ice and then distributed
equally into four 1.5 ml Eppendorf tubes for chemical sequencing. These tubes

were labelled G, A>G, C, and T.
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To the G tube was added 200 pl of cacodylate buffer (50 mM
Na cacodylate (pH 6.8)) which was mixed and spun briefly, after which 1 pl of
MMS was added to initiate the reaction. The tube was vortexed immediately,
spun briefly, and incubated at 90°C for 30 sec. To stop the reaction the tube was
transferred to ice, followed by addition of 50 ul of G,A,T precipitation solution
[1.0 M Tris-acetate (pH 7.5), 1.0 M B-mercaptoethanol, 1.5 M NaOAc and 0.1
mM EDTA] and 750 ul of 95% ethanol before being placed at -700C.

To the A>G tube was added 200 pl of A>G buffer (50 mM
NaOAc (pH 4.5)); the resulting mix was vortexed, spun briefly, and 0.5 pl DEPC
was added to initiate the reaction. The solution was vortexed immediately, spun
briefly, and placed at 90°C for 20 sec. It was then immediately placed on ice,
after which 50 ul G precipitation solution and 750 pl 95% ethanol were added
before the mix was placed at -700C.

To the C tube was added 15 ul of 5 M CsCl, after which the
solution was vortexed, spun briefly, and placed on ice. The tube was incubated at
250C for between 5 and 6 min after the addition of 30 ul of hydrazine. At the end
of the incubation period the tube was placed on ice, with the addition of 200 ul of
U precipitation solution (0.3 M NaOAc) and 750 ul 95% ethanol at -700C.

To tube T was added 200 p! of cacodylate buffer (50 mM Na
cacodylate (pH 7.6)) which was mixed and spun briefly. Then 2 pl of fresh 10%
KMnO4 was added, mixed, spun briefly, and incubated at 90°C for 45 sec. The
tube was then placed on ice and 50 pl G precipitation solution and 750 ul of 95%
ethanol were added and the solution placed at -700C.

The DNAs were pelleted by centrifugation for 10 min and the
supernatants were discarded before the pellets were redissolved in 200 pl
precipitation solution, followed by 600 ul of 95% ethanol at -709C. The DNA

was pelleted again (10 min centrifugation), the supernatant was removed, the tube
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was washed well with 80% ethanol and the DNA was re-pelleted before being
dried in the vacuum lyophilizer. The pelleted DNA was redissolved in 25 pl of
H70 to which was added 25 p! of fresh 1:5 diluted piperidine solution. The tubes
were vortexed lightly, spun briefly, and placed at 90°C for 30 min. They were

then spun briefly and frozen at -700C,
All the samples were lyophilized and then redissoived in 25 pl

of HpO, frozen, and lyophilized again. They were redissolved a final time in 25
! of H50 and were frozen and lyophilized. Each sample was dissolved in 3 pl of
NMF/urea loading buffer (600 u! N-methylformamide (deionized), 95 ul HyO,
10 pl 1 M Tris-HCI (pH 7.6), 10 ul 100 mM EDTA (pH 7.0), 50 21 of a solution
containing 2% bromophenol blue plus 2% xylene cyanol, 300 mg enzyme-grade
urea), and vortexed twice for 10 sec. The samples were then transferred to 0.5 ml
Eppendorf tubes and heated at 65°C for 2.5 min, before being stored at 40C
overnight.

A 6% sequencing gel (33 x 40 x 0.05 cm with at least 48 wells)
was prepared from a mixture containing 5.7 g acrylamide, 0.3 g bis-acrylamide,
and 42 g urea in a final volume of 100 ml TBE buffer [25 mM Tris-boric acid
(pH 8.3), 0.5 mM EDTAYJ. The solution was filtered, degassed, and polymerized
with 20 pl of TEMED and 0.65 ml of 10% ammonium persulfate, and the gel was
then prerun for at least 3 hr before vortexed and heated (659C) samples were

loaded onto the gel with micropipettes. Electrophoresis was carried out at 1500 V.,

10.) PREPARATION OF CLONALLY DERIVED nDNA
FROM CRITHIDIA FASCICULATA
Mid-to-late log (1x107 cells/ml) phase cells, grown in medium
as defined by Maclean and Amiro (148), were counted using a haemocytometer,

diluted to a cfu of ca. 200 (assuming a plating efficiency of ca. 50%) and spread
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on fresh heart-brain infusion agar plates supplemented with hemin (10 pg/ml).
The plates were sealed with Parafilm, inverted, and incubated in a high-humidity
chamber at 25-270C for ca. seven days (until the colonies were 1-3 mm in
diameter).

Agar plugs containing single colonies were used to inoculate 2
ml of heart-brain infusion medium (supplemented with 10 pg/m! hemin) in
Falcon 10 ml snap cap tubes. They were incubated at 25-279C on a New
Brunswick Rollodrum at the highest setting. Turbidity was apparent after only
three days and light microscopy revealed a high density of active cells (with both
free-swimming and rosettes of cells being present). Half of each of the 2 ml
cultures was transferred to sterile Eppendorf mini-tubes, the cells spun down,
washed in 25 ml TE (pH 8.5), and resuspended in 200 pl of the same buffer for
DNA extraction. One-tenth vol. of 10% SDS solution was added, along with 0.1
vol. of 3 M NaOAc, and the resulting solution was extracted with pheno! and
precipitated with 3 vol. of 95% ethanol. Contaminants were removed by
precipitating the DNA from 0.55 M NaCl, 0.01 M Tris-HCI (pH 8.2), 0.0002 M
NasEDTA by addition of an equal vol. of 0.5 M NaCl, 20% polyethylene glycol

6000. The resulting pellet was redissolved in 10 mM Tris-HCI (pH 8.0), 0.1 mM
NasEDTA, and precipitated with ethanol. The final purified DNA was used in

Southern experiments.
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Cellular RNA Fractionation

Figure 3. Photograph of EtBr-stained 7 M urea-agarose gel containing cellular RNA and trans-
illuminated with UV light. The loading wells are at the top of the photograph and the positive
electrode would have been at the bottom of the page. The lower case letters at the left hand
border of the gel refer to the RNA species; a is the undenatured LSU tRNA, b is the SSU rRNA,
¢ is the 5'-half of the denatured LSU rRNA, and d is the 3'-half of the LSU rRNA. The bands at
the bottom of the gel are the various small rRNAs plus tRNAs. Each lane contains 5 mg of total
RNA loaded at a concentration of 10 mg/ml.
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Figure 4. Photograph of 2.5%-10% stacking polyacrylamide gel shadowed with UV light. The
three left hand wells contain 3 M NaCl-insoluble cellular RNA and the single right hand well
contains 3 M NaCl-soluble cellular RNA. "2.5" refers to that portion of the gel which is 2.5%
and "10.0" refers to that portion of the gel that is 10.0%. iRNA is 3 M NaCl-insoluble RNA and
SRNA is that RNA which is soluble in 3 M-NaCl. e<j are the small tRNAs. e is Sp. e, fis Sp. f, i
is Sp. i, g is Sp. g, h is Sp. h, and j is Sp. j. tRNA = transfer RNA.
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Figure 5. Autoradiogaph cf 3'-[32P]-end labelled Sp. e-j fractionated in a 10%
polyacrylamide gel for purification purposes. e is Sp. e, fis Sp. f, gis Sp. g, his Sp. h, i
is Sp. i, and j is Sp. ],
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SECTION C

RESULTS
1.) rRNA COMPONENTS OF C. FASCICULATA

CYTOPLASMIC RIBOSOMES

In 1979 M. W. Gray identified an unusual complement of
rRNAs from whole-cell extracts of C. fasciculata (149). In non-denaturing
conditions he was able to isolate two high molecular weight RNA species. The
largest ,Sp. a, was estimated to be ca. 3880 nt long and the shorter, Sp. b, was ca.
2460 nt in length. Upon heat denaturation Sp. a disappeared and three smaller
RNAs appeared (Sp.¢, d, and i). Sp. ¢ and d were estimated to be ca. 2000 nt and
1720 nt long, respectively. Sp. i was a much smaller RNA, estimated to have a
length of 176 nt. By analogy with the situation found in the closely related

species, Crithidia oncopelti (146), Sp. a was considered to be the LSU rRNA and

Sp. b the SSU rRNA. When the low molecular weight fraction of RNA was
separated on a 2.4% polyacrylamide gel, four small RNAs were identified: Sp. ¢
(238 nt), Sp. £ (193 nt), Sp. g (135 nt), and Sp. h (120 nt). Sp. h was tentatively
identified as the 5S rRNA due to the fact that it co-migrated with the wheat
cytosol 5S rRNA. The identification of Sp. i as the 5.8S rRNA was based on its
size and the fact that it associated with the LSU rRNA (Sp. a), a characteristic of
other eukaryotic 5.8S rRNAs. The small RNAs were determined to be in near
equimolar amounts to the large RNAs.

In a subsequent study (144), Gray was able to localize these
RNAs to individual ribosomal subunits. RNA extracted from purified ribosomal
subunits confirmed the existence of all of the RNAs previously identified plus an
additional tRNA-sized RNA, Sp. j (73 nt). All the RNAs were found to reside in
the large subunit, except the unusually long Sp. b (2460 nt). Figures 3, 4 and 5

illustrate the polyacrylamide- and agarose gel-fractionated rRNAs.
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At the time of initiating this work only the primary sequence
for Sp. h (5S rRNA) was known (189). Skortly thereafter the primary sequences
of Sp. ¢, £, g, i and j were determined by M.N.Schnare and D.F.Spencer in
M.W.Gray's lab (163,166). In addition M.N.Schnare determined the primary
sequence of the 3'-end of Sp. b (165) and the 3'- and 5'-ends of Sp. ¢ and d,
(unpublished information ).

Table 1 describes the various C. fasciculata RNA components
and their subunit location.

This was the most unusual composition of cytoplasmic :tRNAs
discovered up to this time. It was with the hope of determining something about
the origin and biochemistry of these IRNAs that the genomic mapping and IDNA

cloning studies to be described here were undertaken.

2.) GENOMIC ORGANIZATION AND CILLONING CF
NUCLEAR rDNA

The exact nature of the nuclear chromatia in Crithidia
fasciculata is unknown. No identifiable mitotic chromosomes have been seen in
Crithidia or related organisms of the trypanosomatid group. Pulsed field gradient
gel electrophoresis of the nuclear contents of Crithidia has recently revealed that,
like other members of the same group studied in this manner, the chromosome
complement consists of a defined number (>10 but <20) of chromosomes. Many
of these are very small and have been called minichremosomes (190).

In an attempt to find a restriction endonuclease that would give
suitably sized rDNA fragments for cloning purposes, nuclear DNA (nDNA) was
digested with several different restriction endonucleases having a 6-bp
recognition/cleavage site, and the resulting Southern blots were hybridized with

the individual rRNAs, either 5'-end- or 3'-end-labelled.
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TABLE 1

RNA Analog in RNA Gene Subunit Positions Positions Gene

Species | Other Length Length || Location | in E. coli in Mouse Present
Eukaryotic (nt) (bp)2 23S rRNA3 || 288 rRNAY in rDNA

Ribosome (estimate)! Cistron

b 18S 2460 2206 Small NA NA Yes

i 5.88 176 171 Large 13-158 5.88 Yes

c 288 2000 1782 Large 168-1415 1-2302 Yes

e None 238 212 Large 1420-1578 2325-2509 Yes

d 28S 1720 1523 Large 1587-2625 2520-4222 Yes

f None 193 183 Large 2630-2788 4226-4378 Yes

Jj None 76 73 Large o (4379-4616) Yes

|2 None 135 133 Large (2810-2904) |l (4617-4712) Yes

h 58 120 ND Large NA NA No

Total 7118

1 RNA lengths are estimates determined from polyacrylamide gel electrophorests and using internal size

standards.

2 (Gene length 1s the nuniber of DNA bp which were determned to code for the individual fRNAs.

3 See reference 199,
4 See reference 200.
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Figures 6, 7 and 8 show the results obtained when total genomic
DNA was digested with Sall, EcoRI, and BamHI, respectively, and hybridized
with the individual rRNAs. Each lane contains 1 ug of genomic DNA. A number
of observations can be made from these experiments.

The resulting restriction pattern of C. fasciculata nDNA
displays the characteristic complexity seen when nDNA f-om other eukaryotes is
digested with a restriction endonuclease. Above the diffuse background, a distinct
banding pattern can be discerned, with several DNA bands over-represented when
compared to the smear of single-copy DNA. The pattern of such bands is unique
to the particular restriction enzyme used.

In the Sall digest (Fig. 6, lane 8), the 5S IRNA (Sp. h) is seen
to hybridize by itself to a very large DNA fragment ca. 30 kbp in size. The
BamHI (Fig. 8, lane 8) digest also shows the 5S tRNA hybridizing by itself to
give an intense band of ca. 25 kbp, as well as a second, less intense band of ca. 30
ktp. Interesiingly, the 5S rRNA is seen to hybridize to three high molecular
weight bands in the Pstl digest (Figure 9, lane 9). The most intense band is ca.
11-12 kbp while the other two (much less intense) are ca. 20 kbp and 25 kbp in
length. The 5S rRNA is, therefore, most likely physically unlinked with the
remaining rRNAs. If the 5S rRNA coding region is organized physically like 5S
rDNA in most other eukaryotes, these bands represent an island of DNA which
contains multiple, tandem!ly repeated 5S rRNA genes. The multiple bands may
indicate that these "islands" are located on more than one chromosome or they
may represent sequence heterogeneity where a repeat has lost a Pstl site, resulting
in the production of a "dimer" of the 1} to 12-kbp repeat. A third possibility is
that the large fragment represents a 5S rRNA repeat which flanks unique-

sequence DNA.
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All the rRNAs (except Sp. h, the 5S rRNA) hybridize to the
same 1}to 12-kbp DNA fragment whether the DNA is digested with Sall or
BamHI. The size of this DNA fragment is more than sufficient to accommodate
the coding regions for the rRNAs (an estimated size of ca. 7100 nt, see Table 1).

The SSU rRNA (Sp. b) is also seen to hybridize in sub-molar
amounts to a 6-to 7-kbp fragment in both Sall and BamHI digests. Two
explanations for this have been considered. One is that these two enzymes liberate
from the tIDNA, a DNA fragment (of ca. 6-7 kbp) which has coding sequence for
at least part of the SSU rRNA, leaving the remaining rDNA (ca. 11-12 kbp) intact
(i.e., the SSU rRNA gene has internal Sall and BamHI sites). This would give a
combined rDNA length of ca. 17-20 kbp. A second possibility is that a sub-
population of SSU rRNA coding regions are contiguous with unique sequence
DNA.

In the EcoRI-digested nDNA (Fig. 7) , the 5S rRNA is seen to
hybridize to a single, tight band of rather large size (ca. 30 kbp; small arrow).
This size is seen to be at the upper limit of DNA fragments visible in the stained
agarose gel. All the remaining rRNAs hybridize strongly to a broad band of DNA
fragments of between 8.5-9.5 kbp in size ( large arrow). Sp. b hybridizes lightly
to the same broad band(s) but more intensely to a ca. 3000-bp-sized DNA
fragment (curved - -row). The intensity of this band approximates that of the
combined intensities of the larger DNA band(s) to which the remaining rRNAs
(excluding Sp. h) hybridize. Interestingly the combined sizes of the Sp. b binding
nDNA fragments are between 11.5-12.5 kbp; similar in size to the nDNA
fragments hybridizing all of the TRNAs in the Sall and BamHI digestions
(ignoring the weak band in the Sp. b lane). It seems that EcoRI has sites within
the rDNA, so that EcoRI digestion separates a large part of the coding region of

Sp. b from the remaimng rDNA, which is left intact.
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Figure 6. EtBr-stained 1% agarose gel and Southern blot autoradiograph of nDNA

digested to completion with Sall aad probed with 32p.1abelled individual rRNAs. Lane 1
contains lambda DNA digested with HindIII and EcoRI; the sizes are in kbp. Lanes 2-10
contain nDNA digested with Sall. The right hand side of the figure contains the
autoradiograph of the Southern blots probed with Sp. b-j. The large arrow points to the
main band of rRNA hybridization and the small straight arrow indicates the ca. 30 kbp
band that hybridizes to the 5S rRNA (Sp. h). The small curved arrow points to the 6-7
kbp weakly hybridizing band in lane 2. b-j indicate which rRNA species was used to
probe that particular lane (i.e., b is Sp. b).
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Figure 7. EtBr-stained 1% agarose gel and Southern blot autoradiograph of nDNA

digested to completion with EcoRI and probed with 32p_jabelled rRNAs. Lane 1
contains lambda DNA digested with EcoRI and HindIII; sizes are in kbp. Lanes 2-10
contain nDNA rligested to completion with EcoRI. The right hand portion of the figure
contains the Southern blots of the gel probed with the individual rRNA species (Sp. b-j).
The large arrow points to the wide band of ca. 8.5-9.5 kbp to which most of the rRNAs
hybridize. The small arrow points to the ca. 30 kbp band to which the 55 rRNA (Sp. h)
hybridizes. The curved arrow points to the tight 3.0 kbp band to which only Sp. b (SSU)
hybridizes.
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Figure 8. EtBr-stained 1% agarose gel and Southern blot autoradiograph of nDNA

digested with BamHI to completion and probed with 32p_abelled individual rRNAs.
Lane 1 contains lambda DNA digested with EcoRI and HindIll; sizes are in kbp. Lanes
2-10 contain the digested nDNA. The right side of the figure contains the autoradiograph
of the Southern blots probed with Sp. b-j. The large arrow points to the 11-12 kbp band
to which all the rRNAs hybridize except the 5S rRNA (Sp. h). The small arrow points to
the ca. 25 kbp band to which Sp. h hybridizes strongly and the open triangle indicates the
ca. 30 kbp band to which Sp. h hybridizes weakly. The small curved arrow indicates the
6-7 kbp band to which Sp. b hybridizes weakly.
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Cousiderable effort was expended to clone most or all of the
rDNA repeat as the Sall or BamHI fragments, but these attempts proved
unsuccessful. Therefore, it was decided to focus on a restriction endonuclease that
would generate rDNA fragments of smaller size. One such enzyme is Pstl. Figure
9 shows the results obtained when the Pst]-digested genomic DNA was probed
with the individual end-labelled rRNAs.

The SSU rRNA was seen to hybridize by itself to an ca. 3.8-kbp
fragment. Sp. ¢ (identified as the 5'-end of the "28S" rRNA by primary sequence
analysis), Sp. e, and the 5.8S rRNA (Sp. i) hybridized to an ca. 3.2-kbp Pstl
fragment. Sp. d (identified as the 3'-half of the "28S" rRNA by primary secuence
analysis) and Sp. £ (one of the novel small rRNAs) hybridized to fragments of the
same size (ca. 2.0 kbp).

The remaining two small novel tRNAs (Sp. g and Sp. j) were
observed to hybridize to a ladder of DNA fragments ranging in size from ca. 2.0
kbp to ca. 3.0 kbp. The intensity of hybridization to these bands implies that each
is in sub-stoichiometric amount relative to the 3.8 kbp, 3.1 kbp, or 2.0 kbp
fragments. Cumulatively, the intensities of the fragments hybridizing to Sp. g or j
seem to approximate that of any of the other rRNA-hybridizing fragments.

If the sizes of the three main rDNA fragments (3.8, 3.2 and 2.0
kbp) are added to that of the smallest IDNA fragment in the hybridization ladder
for Sp. g and Sp. j in one case, and to that of the largest IDNA fragment in the
second case, the result is a combined rDNA size of between 11 and 12 kbp. These
sizes are in good agreement with those deduced in the Sall or BamHI digests,
implying that these three major DNA fragments plus any one of the IDNA
fragments hybridizing to Sp. g or Sp. j constitute the entire IDNA repeat present

in the nucleus of this organism.
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Figure 9.EtBr-stained 1% agarose gel and Southern blot autoradiograph of nDNA

digested to completion with Pstl and probed with 32P-labelled individual rRNAs (Sp.b-
). Lane 1 contains lambda DNA digested with HindIII and EcoRI; sizes are in kbp.
Lanes 2-10 contain nDNA digested with Pstl. The right hand side of the figure contains
the autoradiograph of the Southern blots probed with the individual rRNA species (Sp. b-
i)- Arrow 1 points to the strongest hybridizing band, ca. 11-12 kbp in length, to which
Sp. h hybridizes. Arrow 2 points to the 3.95 kbp band which hybridizes Sp. b; arrow 3
points to the 3.2 kbp band which selectively hybridizes Sp. ¢, e, and i; and arrow 4 points
to the 2.0 kbp band which hybridizes Sp. d and £f. The open triangles point to the 25 and
30 kbp bands to which Sp. h hybridizes. The four closed triangles point to the bands to
which Sp. g and j selectively hybridize.
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Due to the fact that Pstl digested the rDNA into more
conveniently sized IDNA fragments, it was decided to "shotgun"-clone the Pstl-

digested nDNA into pUC9 and to screen for IDNA-pUC9 recombinants.

3) CHARACTERIZATION OF pUC9-rDNA PLASMIDS

pUC9-1DNA recombinants were constructed and isclated by
ligating the Pstl-digested nDNA (in a 4:1 mass ratio, i.e. 1 pg:0.25 ng) with Pstl-
digested pUC9 in the presence of T4 DNA ligase in a final volume of 25 ul. Ten
ul (0.5 pg of total DNA) was used to transform 210 pl of competent JIM83 cells.
To this was added 800 pl of SOC liquid medium and the cells were incubated at
370 Cfor 1 hr. A 1/10 volume (100 pl) of the medium containing the transformed
cells was used to inoculate each agar plate (a total of 10). Approximately 1300
white (recombinant) colonies were found per plate (with an equal number of non-
recombinant blue colonies). Of these ca. 65 large and well-separated white
colonies were selected from each plate for in situ colony hybridization with 32p.
end-labelled iRNA or Sp. g or Sp. j. A total of 1274 white colonies were screened
in this manner. A total of 33 colonies hybridized to the labelled rRNA. Of those,
8 were found to hybridize to labelled rRNA in Southern blots of PstI-digested
mini-preparations of their plasmid DNAs. Of these eight, 3 were of the 3.9 kbp
size, 1 was of the 3.2 kbp size, 3 were of the 2.0 kbp size, and 1 was of the 2.0-
3.0 kbp size. In this way, four distinct recombinant plasmid clones, designated
pCf1-pCf4, were chosen for further detailed analysis.

Figure 10 the shows four Pstl plasmid DNAs digested with Pstl
and fractionated in a 1% agarose slab gel by electrophoresis. pCf1 contains an ca.
3.8 kbp rDNA insert which hybridizes to the SSU IRNA (5p. b) only; pCf2
contains an ca. 3.2 kbp tDNA insert which hybridizes to Sp. ¢, Sp. i, and Sp. ¢;
and pCt3 contains an ca. 2.0 kbp rDNA which hybridizes to Sp. d and Sp. f (data
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Figure 10, Composite figure. Left hand portion is a photograph of an EtBr-stained 1%
agarose gel. Lane 1 contains lambda DNA digested with EcoRI. Lane 10 contains lambda
DNA digested with HindIIL Sizes are in kbp. Lanes 2 and 8 contain undigested nDNA.
Lanes 3 and 7 contain nDNA digested with Pstl. Lane 4 contains pCf1 digested with Pstl,
lane 5 contains pCf2 digested with Pstl, and lane 6 contains pCf3 digested with Pstl.
Lane 9 contains pUCS digested with Pstl (linear pUCY). The right hand portion of the
figure contains a photograp of a 1% agarose gel and an autoradiograph of its Southern

blot probed with 32p-Jabelled Sp. g and j. Lane 3 contains lambda DNA digested with
HindIIl and EcoRI
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not shown). The plasmid pCf4 contains an rDNA of ca. 2.2 kbp in length which
hybridizes to Sp. j and Sp. g.

After having localized the individual rRNAS to one of the four
rDNA clones, a more detailed restriction enzyme map of each was undertaken in
order to obtain a better understanding of the positions of the coding regions for
the IRNAs and to gain a better overall appreciation of the organization of the

rDNA..

4.) MAPPING OF INDIVIDUAL rRNAs TO RECOMBINANT
rDNA CLONES

The mapping of the coding regions for the rRNAs to their
rDNA clones was facilitated by sequence information obtained by Dr. M.N.
Schnare about the individual rRNAs (166). Primary sequence was available for
the 5'-and 3'-ends of the large IRNAs (Sp. b, Sp. ¢, and Sp. d), while the complete
sequence of each of the small rRNAs was known. Restriction endonuclease sites
identified by RNA sequence analysis of some of the rRNAs proved invaluable in
determining the location and orientation of the rRNA coding regions in the cloned
tDNA.

The pCf insert IDNA (Cf) was released by digestion with Pstl
in all mapping experiments. Mapping enzymes were selected which either did not
have a recognition site in pUC9 or had a site(s) located in the poly-linker, thereby
keeping pUC9 essentially intact and so simplifying analysis of the fragment

patterns.

4.1) pCfl
Clone pCf1 contains a rDNA insert of ca. 3.95 kbp (Cf1).

Primary sequence analysis of the 3'-end of the SSU rRNA identified a Pst] site 15



nt from the end (165). This information, coupled with the estimated size of the
SSU rRNA {2460 nt) and the mapping information in Figure 11, made it possible
to construct a preliminary map of this tDNA. BgllI is seen to split Cf1 (the pCfl
rDNA insert) into two unequally sized fragments of ca. 2200 bp and 1800 bp
(lane 2), with Sp. b hybridizing to the ca. 2200-bp fragment only. When Cfl is
doubly digested with BglII plus Aval (lane 10), Aval is seen to split the ca. 2200-
bp Pst-Bgl fragment into two fragments of different size, ca. 1050-bp and 1150-
bp in length. When Cf1 is digested with Aval alone, only the ca. 1050-bp
fragment is produced (data not shown), indicating that the Aval site is ca. 1050-
bp from the Pstl end of the ca. 2200-bp BglIII-PstI fragment. Sp. b is seen to
hybridize to both the ca. 1150-bp and 1050-bp fragments in the Bgl-Ava double
digest bur not to the ca. 1800-bp fragment (which is present in the BgiII digest).
EcoRlI is seen to cut Cf1 at least twice (lane 3) to give rise to three fragments of
ca. 400 bp, 650 bp, and 2800 bp in length. Sp. b is seen to hybridize to the large
2800-bp fragment only. HindIII splits Cf1 into two unequal fragments of ca. 750
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bp and ca. 3200 bp in length (lane 4). Sp. b is seen to hybridize to both fragments,

although only weakly to the 750-bp one.

The EcoRI plus HindIII double digest of Cf1 (lane 8) reveals
that the two small fragments (ca. 650 and 400 bp) in lane 3 (EcoRI) are retained
in this digest but the large ca. 2800-bp fragment has been reduced by ca. 350 bp
to an ca. 2450-bp sized fragment, indicating that the HindIII site is located at one
end of Cfl. Sp. b is seen to hybridize to the ca. 2450-bp fragment as well as the
two smallest fragments (ca. 350 and 400 bp). This suggests that the EcoRI ca.
650-bp fragment does not contain any Sp. b coding sequence. Due to the fact that
the small HindIII fragment is lost in the HindIII-EcoRI double digest, the EcoRI
site which generates the ca. 400-bp EcoRI-PstI fragment must be next to the

HindIIl site which generated the HindIII-PstI ca. 750-bp fragment. This means
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pCf1 probed with Sp.b
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Figure 11. Photograph of an EtBr-stained 1% agarose gel and the autoradiograph of its

Southern blot probed with 32P-labelled Sp. b. Lanes 1 and 7 contain lambda DNA
digested with EcoRI and HindIlI; sizes are indicated in kbp. All the remaining lanes
contain pCfl DNA digested with Pstl and at least one other restriction endonuclease. The
added enzyme(s) is (are): lane 2, BglIl; lane 3, EcoRI; lane 4, HindIIL; lane 5, only Pstl;

lane 6, SstlI; lane 8, EcoRI and HindIlI; lane 9, SstIl and HindIIl; and lane 10, Bglll and
Aval.



Restriction Endonuciease and Gene Map of Cf1
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Flgure 12, Vertical lines above the horizontal indicate the sites of
restriction endonuclease cleavage and the vertical lines below the
herizontal indicate the length in bp. The shaded bog is the
approdimate location of the rRNA gene.
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that the ca. 650-bp EcoRI fragment which does not hybridize to Sp. b contains a
Pstl site at one end and is therefore located at the opposite end of Cf1 relative to
the other EccRI site (and the HindlII site).

Sstll digests Cf1 into at least three fragments (lane 6),
indicating that it must have two sites in this DNA. Sp. b is seen to hybridize to the
two large fragments (ca. 1900 and 1600 bp) but not to the small (ca. 500 bp)
fragment. In the SstII plus HindIII double digest (lane 9) it can be seen that the
ca. 1600-bp fragment present in the SstlI digest is lost and replaced by two
fragments of ca. 750 bp and 850 bp in length. The 750-bp fragment is seen in the
HindIlII digest. Sp. b is seen to hybridize to t'.« ca. 1900-bp and 950-bp fragments
and perhaps weakly to the ca. 750-bp fragment.

These data indicate that the Sp. b (SSU rRNA) coding region
(ca. 2400 nt) is primarily located on one half of this IDNA fragment, the 3' end of
which is marked by the Pstl site adjacent to the HindlIII site. The coding region
contains within it (going 3' to §') EcoRI, HindlIII, Aval, SstIl, and BglII sites at
distances indicated in the map (see Figure 12). In the remaining half of this IDNA
are located two other sites, one EcoRI and one Sstll. No sites for BamHI, EcoRV,

Sall, Sstl, or Xhol were identified in these mapping experiments.

4.ii) pCf2

Three rRNAs, namely Sp. ¢ (known from primary sequence
comparison to be the 5' half of a conventional 28S rRNA; unpublished data), i
(the 5.8S rRNA), and ¢ (one of the novel small IRNAs), selectively hybridized to
pCi2, which contains an ca. 3.2-kbp rDNA insert (Ct2). Restriction mapping
studies and Southern blotting analysis shown in Figures 13, 14 and 15 (Sp. ¢, i,
and e, respectively) allowed the construction of a restriction map and rough

placement of the coding regions for these rRNAs. Sizes of Sp. i and Sp. ¢ are
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known through primary sequence analysis. The size of Sp. ¢ is an estimate (see
Table 1).

Aval digestion of Cf2 results in two DNA fragments ca. 2000
and 1200 bp long. Sp. ¢ (Fig. 13, lane 1) hybridizes to both fragments and Sp. i
binds to the ca. 2000-bp fragment only (Fig. 14, lane 1). BglII digestion of Cf2
results in two fragments as well, with a site ca. 650 bp from one of the PstI ends.
Sp. ¢ hybridizes to the large fragment but not to the smaller (Fig. 13, lane 2). Sp.
i binds that same fragment (Fig. 14, lane 9) but Sp. ¢ hybridizes to the small ca.
650-bp fragment (Fig. 15, lane2), indicating that this RNA coding region is
located within 650 bp of one of the PstI ends. HindIII digestion of Cf2 produces
two fragments ca. 660 bp and 2550 bp (Fig. 14, lane 7; Fig. 13, lane 4) in length.
Sp. ¢ hybridizes to the 2550-bp fragment selectively (Fig. 13, lane 4), as does Sp.
i (Fig. 14, lane 7). Nrul digestion produces two fragments, one 400 bp and the
other ca. 2880 bp long. Sp. ¢ selectively hybridizes to the 2880-bp fragment (Fig.
13, lane 5), as does Sp. ¢ and i (Fig. 15, lane 4 and Fig. 14, lane 6). The 400-bp
PstI-Nrul fragment seems to be devoid of rRNA coding sequences (Fig. 15, lane
4). EcoRV digestion produces two fragments (ca. 1100 and 2100 bp), indicating
that there is one recognition site. Sp. ¢ hybridizes with the ca. 2100-bp fragment
only (Fig. 13, lane 3), Sp. i hybridizes the ca. 1100-bp fragment, and Sp. e binds
to the 2100-bp fragment.

When Cf2 is digested with HindIII plus Nrul (Fig. 14, lane 3;
Fig. 13, lane 7), it can be seen that the small fragment in the HindIII digestion
(ca. 660 bp) and the small fragment in the Nrul digestion (Fig. 14 and 15, lane 4)
(ca. 400 bp) are retained. This means that these two fragments are at the two ends
of this rDNA insert. Sp. i hybridizes to the large DNA fragment in this digest
(Fig. 14, lane 3), as does Sp. ¢ (Fig. 13, lane 7).
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When Cf2 is doubly digested with Nrul plus EcoRV, it can be
seen (Fig. 14, lane 2; Fig. 13, lane 8) that the large DNA fragment in the EcoRV
digestion (ca. 2100 bp) is retained (Fig. 13, lane 8), as is the small DNA fragment
in the Nrul digest (ca. 400 bp) (Fig. 14, lane 6). The smaller EcoORV DNA
fragment (ca. 1100 bp) is lost, but an ca. 600-bp fragment appears (Fig. 14, lane
2). Sp. i binds to the 600-bp fragment exclusively (Fig. 14, lane 2), while Sp. ¢
hybridizes to the ca. 2100-bp fragment exclusively (Fig. 13, lane 8). This means
that the coding region for Sp. i is at least 400 bp from one of the Pstl ends on the
ca. 1100-bp EcoRV-Pstl fragment to which Sp. ¢ does not hybridize.

Sphl has a single site in Cf2 (Fig. 14, lane 4) resulting in ca.
500-bp and 2700-bp fragments. Sp. i is seen to hybridize with the smailer of the
two (Fig. 14, lane 4) exclusively. It was known from primary sequence anaiysis
that the coding region for Sp. i contains within it a recognition site for Sphl. This
helps to place the coding region for this rRNA ca. 500 bp from one of the Pstl
ends.

When Cf2 is doubly digested with BgllI plus EcoRV (Fig. 15,
lane 6), it can be seen that the small BglII-PstI (ca. 650 bp) fragment (Fig. 15,
lane 2) and the small EcoRV-Pst] fragment (Fig. 14, lane 8) are retained,
indicating that they represent the two ends of Cf2. Sp. ¢ hybridizes to the ca. 650-
bp fragment. When Cf2 is doubly digested with BgllI plus Nrul (Fig. 15, lane 7),
again it can be seen that the smallest fragment in the BglII-Psti digestion (ca. 650
bp) (Fig. 15, lane 2) is retained, as is the smallest fragment in the Nrul-PstI digest
(ca. 400 bp) (Fig. 15, lane 4). Again Sp. ¢ hybridizes to the ca. 650-bp fragment
exclusively. Taken together this information establishes that the coding region for
Sp. i is ca. 500 bp from one end of Cf2 and that the coding region for Sp. ¢ is
within 650 bp of the opposite end of Cf2. Sp. ¢ as well as Sp. ¢ hybridizes to the
ca. 2200-bp EcoRV-Pstl fragment. The deduced map would look as follows:
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Figure 13. Photograph of an EtBr-stained 1% agarose gel and an autoradiograph of its

Southern blot probed with 32p.jabelled Sp. c. Lanes 1-9 contain pCf2 DNA digested
with Pstl and at least one other restriction endonuclease. Sizes are indicated in kbp at the
right hand boundary of the autoradiograph. The added enzyme(s) is (are): lane 1, Aval;
lane 2, Bglll; lane 3, EcoRV; lane 4, HindIII; lane 5, Nrul; lane 6, Pstl alone; lane 7,
HindIII and Nrul; lane 8, Nrul and EcoRV; and lane 9, Nrul and Aval.
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Figure 14. Photograph of an EtBr-stained 1% agarose gel and 2n autoradiograph of its

Southern blot probed with 32P-labelled Sp. i. Lane 11 contains lambda DNA digested
with EcoRI plus pBR322 digested ith Alul; the marker sizes are indicated in kbp. Lanes
1-10 contain pCf2 DNA digested with Psil and at least one other restriction
endonuclease. Enzyme(s) is(are): lane 1, Nrul and Aval; lane 2, Nrul and EcoRV; lane 3,
HindIII and Nrul; lane 4, Sphl; lane 5, Pstl only; lane 6, Nrul; lane 7, HindIII; lane 8,
EcoRYV; lane 9, Bglll and lane 10, Aval.
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pCf2 probed with Spe
kbp 123 4 56 7 23 4567

Figure 15. Photograph of an EtBr-stained 1% agarose gel and an autoradiograph of its

Southern blot probed with 32P-labelled Sp. e. Lane 1 contains the marker DNA with
sizes indicated in kbp. All the remaining lanes contain pCf2 digested with Pstl and at
least one other restriction endonuclease: lane 2, Bglll; lane 3, EcoRV; lane 4, Nrul; lane
5, Pstl only; lane 6, Bglll and EcoRV; and lane 7, BglII and Nrul.

——
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Restriction Endonuclease and Gene Map of Cf2
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Sph = Sphl

Figure 16. Uertical lines above the horizontal indicate sites of
restriction endonuciease cleavage and the vertical lines below the
horizontal indicate length in bp. The shaded boxes mark the
locations of the coding regions for the rENAs.



Starting at one Pstl end and moving ca. 400 bp along its length
one would encounter an Nrul site. Next would follow the Sphl site at ca. 500 bp,
marking the coding region for Sp. i. An EcoRV site would be found at bp 1100
and this approximates the start site for the coding region for Sp. ¢. An Aval site is
found at bp 2000 and a HindIII site is located at bp 2500. The BglII site must
follow it at bp 2550. The coding region for Sp. e is between the HindIII and BglII
sites and the Pstl end. The possibility of small IVS in the coding sequences (for
the large rRNA in particular) cannot be ruled out completely, although they
would have to be rather small. Cf2 did not contain any detectable sites for

BamHI, EcoRlI, Sall, Sstl, Sstll, or Xhol. Figure 16 depicts this map.

4.iii) pCf3

Localization of Sp. d and Sp. f on the r}NA insert of pCf3 was
facilitated by the fact that primary sequence analysis of the 5'-end of Sp. d
identified a Pstl recognition site 8 bp from that end. The insert IDNA (Cf3) is ca.
2.0 kbp long. The length of Sp. f is known to be 183 bp and Sp. d is estimated to
be ca. 1700 bp long.

Figure 17a and b shows the results obtained when the insert
tDNA was digested with HindIII or Sstl and hybridized with end-labelled Sp. d
or Sp. f. Cf3 is cut once by HindIII and SstI. HindIII digestion gives rise to ca.
1200-bp- and 800-bp-sized fragments. Sp. d is seen to hybridize strongly with the
1200-bp fragment and weakly to the 800-bp one (Fig. 17b, lane 1). Sp {
hybridizes with the ca. 800-bp fragment only (Fig. 17b, lane 4). SstI digestion
results in ca. 1100-bp- and 900-bp-sized fragments (Fig. 17b, lane 3). Again Sp. d
(Fig. 17b, lane 3) hybridizes to the larger fragment more strongly than to the
smaller one. As well, Sp. f hybridizes to the smaller fragment exclusively (Fig.

17a, lane 2). It seems that most of the coding region of Sp. d is confined to the
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PCf3 probed with Sp.d
pCf3 probed with Sp.f 123 123
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Figure 17. Photograph of EtBr-stained 1% agarose gels with accompanying Southern
blot autoradiographs. Sp. f and d are the labelled probes in Fig. 17a and 17b,
respectively. Size markers, in kbp, are indicated by arrows. pCf3 was digested with Pstl
and with at least one other restriction endonuclease. In 17a, lane 1 contains pCf3 digested
with Pstl only, lane 2 contains pCf3 digested with Pstl and Sstl, in lane 3 Pstl is the only
enzyme used, in lane 4 the additional enzyme is HindllIl, and in lane 5 the additional
enzyme is Aval. In lane 1 of Fig. 17b, the DNA was digested with Pstl and HindIIl, lane
2 contains DNA digested with Pstl only, and in lane 3 the added enzyme is Sstl.
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Restriction Endonuclease and Gene Map of Cf3
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Figure 18. Vertical lines above the horizontal indicate the sites of
restriction endonuclease cleavage and those below indicate length in
bp. Shaded boxes represent approsimate locations of the rENA
coding regions.
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large fragment side of Cf3 and that the coding region of Sp. { is at the opposite
side of the insert DNA to Sp. d. Given the fact that Sp. d has a Pstl site 8 nt from
the 5'-coding end (unpublished data) and is ca. 1700 nt in length, the map of the
coding regions would appear as depicted in Figure 18 . It is not possible, at this
degree of mapping resolution, to determine if the coding region for Sp. f may be
imbedded within a sequence of DNA which interrupts the coding region of Sp. d
(i.e., Sp. d may be encoded in discontinuous stretches of DNA and Sp. £ could be
encoded in the intervening DNA). Cf3 does not contain any detectable site for

Bglll, BamHI, EcoRI, EcoRV, Sall, Sstll, or Xhol.

4.iv) pCf4
pCf4 has a 2.2-kbp rDNA insert (Cf4) which hybridizes to Sp.

g and Sp. j only. These rRNAs are 133 and 73 nt long, respectively. Figures 19
and 20 display the results obtained after single or double digestion of the insert
rDNA followed by Southern blot hybridization with 32P-labelled Sp. g or Sp. j.
Primary sequence analysis of Sp. g showed that it contained within its coding
sequence single recognition sites for Xhol and Sphl. This allowed precise
placement of the coding region for this rRNA on the map.

BamHI cuts Cf4 into two unequal sized fragments of ca. 600
and 1600 bp in length. Sp. j and g hybridize exclusively to the ca. 600-bp
fragment (Fig. 19, lane 1 and Fig. 20, lane 9, respectively). Xhol digestion of Cf4
generates ca. 500-bp- and 1700-bp-sized fragments, with Sp. j hybridizing with
the 500 bp (Fig. 19, lane 5) and Sp. g with the 1700-bp fragment (Fig. 20, lane 2).
Sall divides Cf4 into 1000-bp and 1200-bp fragments, with boti: Sp. j and g
hybridizing to the 1000-bp fragment (Fig. 19, lane 3 and Fig. 20, lane 5,
respectively). Sstl divides Cf4 into two fragments, also, ca. 1300 and 900 bp in

length. Sp.j and g hybridize to the 900-bp fragment only (Fig. 19, lane 4 and Fig.
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Figure 19, Photograph of EtBr-stained 1% agarose gel and an autoradiograph of its

Southern blot probed with 32P-labelled Sp. j. DNA marker sizes (kbp) are indicated by
broad arrows. All lanes contain pCf4 digested with Pstl and at least one other restriction
endonuclease: lane 1, BamHI; lane 2, Pstl only; lane 3, Sall; lane 4, Sstll; lane 5, Xhol;
and lane 6, Xhol and Sall. The thin arrow along the left hand border of the photograph
points out the ca. 200 bp contaminating Pstl fragment seen in all digestions. This Pstl
fragment was co-cloned with the 2.2-kbp Pstl tDNA fragment and most likely represents
contaminating non-tDNA.
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pCf 4 probed with Sp, g
kbp 12 3456789 23456789

Figure 20. Photograph of an EtBr-stained 1% agarose gel and an autoradiograph of its

Southern blot probed with 32P-labelled Sp. g. Lane 1 contains lambda DNA digested
with EcoRI plus pBR322 digested with Alul; sizes are in kbp. Lanes 2-9 contain pCf4
DNA digested with Pstl and at least one other restriction endonuclease: lane 2, Xhol;
lane 3, Sstll; lane 4, Sphl; lane 5, Sall; lane 6, Pvull; lane 7, Pstl only; lane 8, BamHI
and lane 9, Aval.
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Restriction Endonuclease and Gene Map of Cf4
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Figure 21. Vertical lines above the horizental indicate the sites
of restriction endonuclease cleavage and those below indicate
length in bp. Shaded bouxes represent rRNfi coding regions.
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20, lane 3, respectively). When Cf4 is digested with Xhol plus Sall, the small ca.
500-bp Xhol-Pstl fragment is retained as is the Sall-Pstl 1200-bp fragment (Fig.
19, lane 6). Sp. j hybridizes with the 500-bp fragment, as expected. The Sall-Pstl
1000-bp fragment is lost and is replaced by an ca. 550-bp one. When Cf4 is
digested with Sphl, two fragments are produced, indicating that only the one
predicted recognition site is present (i.e., in the coding region for Sp. g). Sp. g
hybridizes with the ca. 1700-bp fragment.

In summary, Sp. g can be placed by the position of the Sphl and
Xhol sites, which are ca. S00 bp from one of the Pstl ends. Both Sp. j and g
hybridize to the small 600-bp BamHI-Pstl fragment, placing the coding region for
Sp. j within this 600-bp region. Indeed Sp. j is within the XhoI-Pstl 500-bp
fragment placing it between the coding region for Sp. g and the Pstl end. Beyond
the BamHI site at ca. 900 bp is the Sstl site and a Sall site can be found at ca.
1000 bp. Cf4 does not contain any detectable site for Bglll, EcoRl, EcoRV,
HindIIl, or Sstl. Figure 21 depicts the restriction map of Cf4 with the coding

regions for Sp. j and g indicated.

5) OVERALL ORGANIZATION OF rDNA CLONES

Given that the complete rDNA repeat can be liberated from the
nuclear genome with BamHI or Sall as an 11-to 12-kbp size fragment, it seemed
reasonable that the four Pstl rDNA inserts would together constitute the entire
rDNA repeat of C. fasciculata (Cf1-Cf4; total size = 11,300 bp). The relative
arrangement of Cf1 through Cf3 in this repeat is rather straightforward. Given
that a Pstl site is located at the 3'-end of the 18S rRNA and 5'-end of Sp. d, the

only possible arrangement (assuming that Crithidia conforms to the conventional

eukaryotic nuclear rDNA arrangement) is Cf1 followed by Cf2 which is directly
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Figure 22. Schematic diagram of the deduced rDNA restriction and gene map. rRNA
coding regions are depicted by black boxes and the boundary areas between Cf3 and Cf4,
as well as between Cf4 and Cf1, are indicated by the hatched boxes. The bracketed Cf4 is
the alternative orientaton to that depicted in the rDNA map below it. The horizontal lines
below the rDNA map indicate the predicted HindIII iDNA fragments. The one of interest
for cloning purposes is that labelled CfH1. Pst is Pstl and Hin is HindIIl. The coding
regions are labelled with the corresponding letter.
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followed by Cf3. Coding regions are oriented in the 5' to 3' direction going from
left to right in Figure 22 .

At this point, the only uncertainty was the orientation and
placement of Cf4. It was known that Cf4 was derived from a region of the
genomic rDNA that was very heterogeneous in size (see Figure 9). Heterogeneity
of this sort is knowt to exist in other eukaryotes and has been localized to the
IGS. It seemed reasonable, then, to place Cf4 after Cf3. Indeed it the rDNA in
Crithidia is tandemly repeated as in most other eukaryotes (or circular as in some
eukaryotes), placement of Cf4 after (i.e., at the 3'-end of) Ct3 would then put Ci4
before (i.e., at the 5'-end of) Cf1. However, from the data accumulated, it was not
possible to determine if the coding regions for Sp. g and Sp. j were proximal or
distal to Sp. £ (see Figure 22).

To resolve this uncertainty, and to ensure that any additional
Pstl rDNA f-agment which might exist between Cf3 and Cf4 or Cf4 and Cfl in
the native DNA had not been missed, it was decided to clone rDNA fragments
which overlap the junctions between Cf3-Cf4 and Cf4-Cf1. The restriction
endonuclease HindIII proved to be an appropriate choice for carrying out these

experiments.

6.) CLONING AND IDENTIFICATION OF HindIII rDNA

CLONES

The restriction endonuclease HindIII was chosen as a good
candidate enzyme to provide an rDNA clone which would possess the pCf3-pCf4
and pCf4-pCf1 boundaries because the mapping studies of Cf4 demonstrated the
lack of a HindIII restriction site (see Figure 21).

At this stage, the mapping data suggested that a HindIIl rDNA

fragment should extend from the HindIII site in Cf3 through Cf4 to the next
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Figure 23. Schematic line diagram of the restriction and gene map of Crithidia rDNA.
The restriction sites are indicated by the vertical lines above the horizontal and the length
in kbp below. The rRNA coding regions are represented by shaded boxes and labelled
with the corresponding letter. The checkered box indicates that area of the IGS that
exhibits length heterogeneity.
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HindIII site in the coding region of the SSU rRNA in Cfl (see Figure 23). If such
a fragment could be isolated intact, mapping and primary sequence analysis of the
DNA would allow determination of the pCf4 orientation and the presence or
absence of any additional Pstl IDNA fragments which may have been missed in
the initial cloning experiments. Due to the fact that this presumed HindIIl rDNA
fragment would possess the region in common with pCf4 (indeed it should
possess the entire pCf4 rDNA fragment) which is responsible for the length
heterogeneity, it seemed it should be possible to detect evidence of such
heterogeneity on a Southern blot of HindIlI-digested nDNA, using Sp. g or Sp. j
or iRNA as a probe. Figure 24 shows the results of such an experiment. The
iRNA was seen to hybridize to fragments ca. 1700 bp and 3200 bp in size, as well
as a ladder of sub-stoichiometric fragments ranging in size from ca. 6000 to 8000
bp. From the restriction map of the rDNA constructed from pCf1 through pCt4, it
can be determined that a genomic blot should produce an ca. 1700-bp fragment,
an ca. 3200-bp size fragment, and a ladder of IDNA fragments ranging in size
from 6000 bp to 7000 bp. The observed fragments (Fig. 24) are in good
agreement with those predicted.

Cloning of HindIII rDNA fragments was carried out as in the
case of Pstl tDNA fragments. Colonies which hybridized with radioactively
labelled rRNA in the in situ colony hybridization experiments were selected for
plasmid extraction, restriction enzyme digestion, agarose gel electrophoresis, and
Southern hybridization. A total of ten HindIII rDNA clones were selected for
more detailed restriction enzyme analysis. Among the 10 rDNA recombinants
selected, four contained inserts corresponding in size to the ca. 3200-bp size
HindIlI fragment, two contained inserts corresponding to the ca. 1700-bp size
HindIII fragment, and one HindIIl rDNA clone contained an iIDNA fragment in
the size range of the hybridization ladder (between 6000 and 7000 bp). Double
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Figure 24. Photograph of EtBr-stained 1% agarose gel and autoradiograph of its

Southern blot probed with 32p.jabelled iRNA. Lanes 1 and 5 contain lambda DNA
digested with EcoRI and HindIII, respectively. Marker sizes are indicated in kbp. Lane 2

contains nDNA digested with BglIl, lane 3 nDNA digested with Kpnl, and lane 4 nDNA
digested with HindIIL
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digestions of representative clones of each size class with HindIII plus Pstl
yielded the fragments of the expected size, confirming their identity. Figure 25
contains this information.

Lanes 1,2,3,5,6,8,9, 11, 12 and 14 contain the 10 different
HindIII rDNA recombinants digested to completion with HindIII. Lanes 1, 3, S
and 6 contain a plasmid with an rDNA insert of the same size (ca. 3200 bp). Lane
4 contains the same plasmid as in lane 5 but doubly digested with HindIII plus
Pstl. The insert contains a single Pstl site as demonstrated by the two fragments
present (ca. 2500 and 700 bp). This is the predicted outcome of digesting CtH1
with Pstl (see Figure 22). Lane 2 has an rDNA recombinant which has undergone
a mutation resulting in an alteration in the size of pUC9 (now ca. 3500 bp). Its
insert DNA is ca. 1200 bp in length.

Lanes 8 and 14 contain plasmid DNA which has the same size
insert DNA of ca. 1800 bp in length. This is the expected size of the smallest
rDNA HindIII fragment (see Figure 22). When it is digested with Pstl plus
HindIII (lanes 7 and 13), the result is two fragments of ca. 650 and 1150 bp in
length in each case. These are the sizes predicted from the restriction map (Figure
22).

Lane 11 contains the largest plasmid. Its insert is ca. 6900 bp in
length and is expected to be the HindIIl rDNA fragment that contains the
homologue of Cf4 plus the Cf3-4 and Cf4-1 boundaries. Given this, I would
expect fragments of ca. 850 bp (HindIII-PstI), ca. 3200 bp (HindIII-PstI), and
2000 to 3000 bp (PstI-Pstl) when this insert is digested with these two enzymes.
The 2000-to 3000-bp fragment would be the homologue of Cf4. The results of
such a digestion can be seen in lane 10. The ca. 850-and 3200-bp fragments are
present, as is an ca. 2800-bp one. This strongly suggests that this is the anticipated

clone and that the 2800-bp fragment is the homologue of Cf4, albeit 600 bp
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Figure 235. EtBr-stained 1% agarose gel containing in lanes 1-14, HindIII pUC9-rDNA
clones digested with either HindIII or HindIII plus Pstl. Lane 11 contains CfH1 digested
with HindIII alone; while in lane 10 CfH1 is digested with HindIII and Pstl. Lanes 1, 3, 5
and 6 contain clones with the same sized HindIII-rDNA insert (3.2 kbp). Lanes 8 and 14
contain the same HindIII-rDNA insert of a different class (1.7 kbp). Lane 2 contains a
mutated pUC9-tDNA clone resulting in an alteration in the size of the pUC9 insert
liberated by HindIII digestion. Lane 4 contains the clone in lane 5 digested with Pst] and
HindIII. Lane 7 contains the lane 8 clone digested with Pstl and HindIIL. Lane 15 shows
lambda DNA markers, whose sizes are indicated in kbp.
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longer. Lanes 9 and 12 illustrate two different recombinant plasmids with
unanticipated insert size DNAs (ca. 1200 and 300 bp respectively).

The 6.9-kbp HindIII rDNA clone was used for more detailed
restriction mapping, in order to confirm that this clone was indeed the desired
one, and for sequencing purposes. Primary sequence analysis was carried out to
determine the exact nature of the Cf3-Cf4 boundary and the orientation of Cf4
relative to its neighbors, and to allow a better delineation of the Ct4-Cf1
boundary region. The DNA sequence information obtained tfrom pCfH1 is
presented elsewhere in this thesis.

Figure 26 contains the relevant restriction mapping
experiments. Lane 2 contains pCfH1 digested with HindIII only. The insert is ca.

6900 bp long. When doubly digested with BamHI and HindIII (lane 4), it can be

seen that the two fragments of expected size (ca. 1450 and 5500 bp) are produced.

Sall (lane 5) cuts the insert DNA once only, as expected, resulting in two
fragments, one ca. 1850 and one ca. 5000 bp long. Lane 7 demonstrates that the
insert DNA contains one Notl site near the middle of the DNA, resulting in two
fragments of ca. 3300 and 3600 bp in length upon Notl digestion. An unexpected
finding is that Xhol (lane 3) cuts the insert twice and not once. The small (ca.
1350 bp) fragment which is predicted is observed but the other expected fragment
of ca. 5450 bp is absent, and instead replaced by two fragments of ca. 2400 and
3150 bp. This extra Xhol site either represents a sequence difference between this
DNA and the corresponding DNA already cloned as Cf1-4, or this Xhol site was
missed in the mapping of the Cf1-4 DNAs. It is possible that if the second Xhol
site in this insert DNA was ca. 2400 bp downstream of the confirmed Xhol site in
the Cf4 homologue, it would map <100 bp from the Pstl site which marks the
boundary between Cf4 and Cf1. Thus this site in Cf1 could well have been

missed. If the site is positioned ca. 3150 bp downstream of the known Xhol site
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Figure 26. EtBr-stained 1% agarose gel. Lane 1 contains lambda DNA digested with
HindIII; marker sizes are indicated in kbp. Lanes 2-7 contain CfH1 DNA digested with
HindIII and one other restriction endonuclease; lane 2, HindIII alone; lane 3, Xhol; lane
4, BamHI; lane 5, Sall; lane 6, Ncol and lane 7, Notl.
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Figure 27. Schematic representation of two alternative
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refers to the position of restriction endonuclease
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in Cf4, it would map to a site well within Cf1 and should therefore have been
discovered during characterization of the fragment (see Figure 27 for a visual
depiction of these possible arrangements). If this is the case, then it is necessary
to postulate a sequence difference between Cf1 and CfH1. Figure 27 depicts the
determined restriction map of CfH1, the 6.9-kbp HindIII rDNA insert. The
pCfH1 clone contains within it a Cf4 homolog which is ca. 600 bp longer in

length. The DNA fragments homologous to Cf1 and Cf3 are the expected size.

7) rDNA LENGTH HETEROGENEITY STUDIES

As previously mentioned,the length heterogeneity associated
with a particular region of the rDNA repeat was noted when genomic DNA was
digested with PstI and probed with either Sp. g or Sp. j, or when the nDNA was
digested with HindIII and probed with 5'-end-labelled iRNA. With Pstl-digested
genomic DNA, species g and j each hybridizes to a ladder of rDNA fragments
ranging in size from ca. 2.0 kbp to ca. 3.0 kbp (Fig. 28). The individual IDNA
fragments differ from one another by about 200-300 bp, although the size
difference is not a constant. There is a great deal of variability in the degree to
which any individual tDNA fragment in the ladder hybridizes with the IRNA
probe. This indicates that the rDNA fragments are not equimolar, but are present
in the genome in varying amounts.

Figure 24 illustrates the results obtained when HindIII-digested
rDNA and Bglll-digested nDNA were probed with 5'-end-labelled iRNA. It can
be seen that both enzymes generate an rRNA hybridization pattern not unlike that
seen with Pstl-digested IDNA. In both cases, there is a very similar ladder of
rDNA fragments which also closely resembles that observed with PstI-digested
nDNA. Indeed, the banding pattern (both band intensities and band separations)

of the ladder of fragments appear identical with all three enzymes.
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Figure 28. Autoradiograph of a Southern blot probed with 32p.Jabelled Sp. g or Sp. j.
Lanes 1 and 3 contain nDNA digested to completion with Pstl and probed with either
Sp.g (g) or Sp. j (j). Lane 4 contains undigested nDNA probed with Sp. j (j). The closed
triangles mark the rDNA fragments that hybridize either rRNA probe. Size markers are
indicated (kbp). Lane 2 does not contain any DNA.
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It was demonstrated in the mapping studies of pCf1-pCf4 and
pCfH1 that the region of rDNA that is responsible for the length heterogeneity
maps to a region 3' to the coding regions for Sp. g and Sp. j and 5' to the SSU
rRNA gene, i.e., to the IGS. Indeed this sort of length heterogeneity has been
noted in a number of other eukaryotic species, most notably Xenopus sp., mouse,
and Drosophila . It is known in these organisms that the length differences of
various rDNA repeats is due to a varying number of direct repeats in the IGS. In
the above-mentioned species, these directly repeated sequences are homologous
to the transcription initiation promoter, and indeed are thought to be capable of
promoting and/or enhancing initiation.

To determine if this length heterogeneity was a population
phenomenon (inter-individual) or if it was present in a single cell {intra-
individual), C. fasciculata was plated at low density on agar plates and allowed to
grow into single colonies. The plating densities were adjusted to ensure that only
individual organisms would give rise to colonies, which were picked to be grown
up in small liquid cultures (2 ml). One half of the cells was used to extract nDNA
for analysis.

Crithidia fasciculata is not known to have a sexual cycle (164).

Coupled with the fact that single colonies were grown in small liquid cultures,
and hence the number of cell divisions would be small, this means that any DNA
recombination due to sexual exchange of DNA should be negligible.

The clonally derived DNA was digested with one of several
restriction endonucleases and probed with one of the end-labelled rRNAs. The
results are shown in Figure 29. 3'-End-labelled Sp. j was used as a hybridization
probe to five Pstl-digested, clonally-derived preparations of nDNA. The two
right-hand lanes contain PstI-digested nDNA derived from cells grown in large

liquid culture and seeded with a multi-cell inoculum. In all five cases of clonally-
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derived nDNA, the hybridization pattern with Sp. j was the same as with the non-
clonal nDNA. In Figure 29 , a seventh rDNA fragment of about 4.0 kbp in size is
seen to hybridize with Sp. j. Although this fragment was not detected in previous
hybridization experiments, it can be seen in the nonclonal as well as clonal rDNA.
Undoubtedly, its appearance in this particular Southern blot is attributable to a
longer exposure time and/or the use of a higher-specific-activity rRNA probe.
The pattern of band intensities is constant in all five clonal rDNAs; given the
degree of sensitivity of this technique, it appears then that this pattern of IDNA
length heterogeneity is found in each individual and is rather stable. This is
demonstrated by the fact that lane 7 contains nDNA extracted from a large liquid
culture seven years prior to that in lane 8. During these eight years the organisms
were maintained in semi-solid agar by serial inoculations.

Figure 30 demonstrates the pattern obtained when fifteen
clenally derived rDNAs were digested with Pstl and probed with end-labelled Sp.
f. It can be seen that in all cases, the probe hybridizes to an ca. 2.0-kbp fragment,
the Cf3 homologue. In lane 11 it is also seen to hybridize to an additional, sub-
stoichiometric fragment ca. 4.9 kbp in length. It thus appears that one of the
fifteen clonally-derived nDNAs has undergone some kind of rearrangement
involving rDNA in the vicinity of the coding region for Sp. {.

The results obtained when the clonally derived nDNAs were
digested with BgllI are almost identical to those obtained when large-scale
preparations of nDNA were digested with BglII and probed with end-labelled Sp.
g and Sp. f. As can be seen (Figures 31 and 32), the pattern of IDNA fragments
and the intensity of hybridization of the end-labelled rRNAs to the individual

rDNA fragments are identical, within the limitations of this technique.
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Figure 29. EtBr-stained 1% agarose gel and autoradiograph of its Southern blot probed

with 32P-labelled Sp. j. Lane 1 contains lambda DNA digested with EcoRI; marker sizes
are in kbp. Lanes 2-6 contain clonally derived Crithidia nDNA digested to completion
with Pstl. Lane 7 contains nDNA extracted from a large culture of cells in 1979 and
digested to completion with Pstl. Lane 8 contains nDNA extracted from a large culture of
cells in 1986 and digested with Pstl. The open triangles mark the ladder of Pstl rDNA
fragments which hybridize Sp. j. Note should be made of the consistency of the pattern
between the different DNA samples.
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Figure 30. EtBr-stained 1% agarose gel and its autoradiograph probed with 32p_labelled
Sp. . DNA marker sizes are indicated in kbp at the left hand margin of the agarose gel.
Lanes 1-15 contain different clonally derived Crithidia nDNA samples digested to
completion with Pstl. The straight arrow points to the 2.0 kbp Cf3 homologue which
hybridizes Sp. £ in each sample. The curved arrow points to the additional hybridizing
band in lane 11.
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Figure 31. EtBr-stained 1% agarose gel and autoradiograph of its Southern blot probed

with 32P-labelled Sp. g. Lanes 1-5 contain clonally derived nDNA digested to
completion with Bglll. Lane 6 contains poly-clonal nDNA purified in 1979 and digested
with BglI. Lane 7 contains poly-clonal nDNA purified in 1986 and digested with BglII.
DNA markers, in kbp, are indicated at the left hand border of the autoradiograph.



121

Clonal nDNA-Bgl Il
12 3456789 123456789 kbp

TSR A RO e e

e sl Q ”

. Figure 32

Figure 32. EtBr-stained 1% agarose gel and autoradiograph of its Southern blot probed

with 32P-]abelled Sp. f. Lanes 1-6 contain six different clonally derived Crithidia nDNAs
digested to completion with BglII. Lane 7 contains poly-clonal nDNA extracted in 1979
and lane 8 contains poly-clonal nDNA extracted in 1986, both digested to completion
with Bglll. Lane 9 contains lambda DNA digested with EcoRI.
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8.) DNA METHYIATION STUDIES

Methylation of DNA has been shown to cccur in the nucleus of
eukaryotes. Most often it takes the form of a methyl group attached at the 5
position of cytidine when cytidine i< adjacent to guanosine i.e., 5' m>CG 3,
Methylation of adenosine residues (to give NO-methyladenine, mOAde) also
occurs in nDNA.

Methylation of DNA sequences has been implicated in the
control of transcription (see the Introduction for a detailed discussion of DNA
methylation). To determine the extent of DNA methylation in C. fasciculata
tDNA, nDNA was digested with the isoschizomers Hpall and Mspl, which
recognize the DNA sequence 5' CCGG 3/, but have different sensitivities to
cytidine methylation, and Mbol and Sau3A, which recognize the DNA sequence
5' GATC 3', and have different sensitivities to adenine methylation.

Nuclear DNA digested with Hpall or Mspl and Sau3A or Mbol

was size-fractionated by electrophoresis in an agarose gel, transferred to a
nitrocellulose membrane, and probed with 5'-end-iabelled iRNA. The results
obtained are shown in Figure 33. To ensure complete digestion the DNA was
incubated under conditions recommended by the manufacturer using 5 to 10-fold
excess restriction endonuclease. It can be seen that the patterns obtained with each
pair of isoschizomer are the same. This means in the case of Hpall that the IDNA
contains at least five CCGG sites (five sites instead of four sites becouse the total
size of the hybridizing IDNA fragments do not ada up to the total size of the
rDNA cistron) in which the C residues are unmethylated. The results obtained in
the Sau3A/Mbol experiment indicate that there are at least four GATC sequences
in the rDNA that do not contain any appreciable amount of mOAde. In the Sau3A
lane a fourth very faint band, ca. 2100 bp, can be discerned. This may indicate

that a small amount of mOAde is present in the IDNA.
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Figure 33. Composite figure of two EtBr-stained 1% agarose gels and the

autoradiographs of their Southern blots probed with 32p.Jabelled iRNA. The left hand
lanes 1 and 2 contain Crithidia nDNA digested to completion with either Sau3A or Mbol.
When probed with iRNA three main bands are seen to hybridize. A fourth faint band
may be seen in lane 1, perhaps indicating a minimal amount of rDNA methylation. Lane
3 contains lambda DNA digested with HindIII for size markers. The right hand lanes 1
and 2 contain Crithidia nDNA digested with either Hpall or Mspl. The labelled iRNA is
seen to hybridize to four DNA fragments in both lanes 1 and 2. No differences in the
band patterns can be discerned, suggesting that little if any methylation is present at the
assayable sites.




9.) PRIMARY SEQUENCE DETERMINATION OF C.
FASCICULATA rDNA

Clones pCfl, pCf2, pCf3, pCf4 and pCfH1 were used to
determine the primary sequence of the complete IDNA unit. pCfH1 was used to
obtain sequence at the Cf3-CF4 and Cf4-Cf1 boundaries (Fig. 34). To expedite
analysis of the coding regions for the SSU and LSU rRNAs, the 18S rRNA
coding region in Cf1 was determined by Dr. M. N. Schnare while the sequences
of Cf2 and Cf3 were determined by Dr. D. F. Spencer.

In 1986 Schnare et al. (191) reported the gene sequence of the
Crithidia fasciculata SSU rRNA, as determined from Cf1. As previously

mentioned, the 3' end of this rRNA was found to contain a recognition site for
PstI 13 nt from the end. Mapping studies localized the coding region to one half
of Cf1 with the 5' end of the rRNA in the vicinity of the BglII site (see Figure
12). The exact position of the 5' end was determined by comparing the RNA
primary sequence with that of the DNA. This positioned the mature 5' end exactly
at the BgllI site. The SSU rRNA gene has a G plus C content of 49.7% and is
2206 nt long. At the time, this was the longest SSU rRNA known [334 nt longer
then the next longest, that of D. discoideum (1872 nt)] and consistent in size with
that determined by acrylamide gel electrophoresis (ca. 2400 nt). The primary
sequence was analyzed and found to fit a phylogenetically conserved secondary
structure model with the extra length being accommodated within discrete
variable domains that are present in eukaryotic SSU rRNAs (191). These domains
(V1, V2, V4-V9) are dispersed throughout the length of the molecule and are
separated by regions of highly conserved primary or secondary structure. These
variable regions correspond closely in position to regions of pronounced
structural variation identified in a comparison of eubacterial and organellar SSU

rRNA sequences (162). V3 is highly conserved among eukaryotes but is different
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from the same region in eubacteria. Most of the extra length in the Crithidia SSU
rRNA can be accounted for by extra nucleotides in V7 (ca. 200) and in V8 (ca.
100). Pairwise comparisons of the primary sequences of non-variable (or

universal) regions of various SSU rRNAs revealed that Crithidia represented the

earliest branching within the eukaryotic lineage, earlier than either D. discoideum
or T. thermophila (191).

Primary sequence analysis of that portion of the cloned rDNA
that contained the coding regions for Sp. c-j (excluding Sp. h) was published in
1987 (178). Dr. D.F.Spencer determined the DNA sequence of Cf2 and Cf3 while
I determined the sequence of Cf4, the overlap between Cf3-Cf4 and Cf4-Cfl1 in
CfH1 and the left hand portion of Cf1 to the start of the coding for the SSU rRNA
(see Figure 34).

As noted previously, Sp. i, one of the seven RNAs found in the

large subunit of the Crithidia cytoplasmic ribosomes, proved to be the 5.8S rRNA

(163). The primary sequences of the remaining small rRNAs had been determined
and were already published by the time the DNA sequencing work was
undertaken (166). Primary sequence analysis of these four small rRNAs could not
unequivocally identify them as part of the more conventional LSU rRNA;
therefore to better understand the relationship of the small rRNAs and the 5.85
rRNA to the larger fragments of the LSU rRNA (i.e., Sp.c and d), the regions
encoding these RNAs were sequenced.

Sp. c-j (excluding Sp. h) are encoded in their entirety and
without interruption in the cloned IDNA (see Figure 37 ). Their coding regions
are arranged as follows: Sp.b/ITS1/Sp.i/ITS2/Sp.c (28S)/1TS3/Sp.e/ITS4/Sp.d
(288) /ITS5/Sp.f1TS6/Sp.j/ITS7/Sp.g/1GS.

Thirteen nucleotides of the 3'-end of Sp. b are encoded at the

start of Cf2, with ITS1 being 366 bp long. Sp. i exhibits some length
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Figure 34 Schematic diagram depicting the sequencing strategy employed to determine
the primary sequence of the IDNA IGS. Vertical lines above the long horizontal indicate
the sites of restriction endonuclease cleavage and the ones below indicate the length in
bp. Shaded boxes indicate the coding regions for 3'-end of Sp. g (g) and the 5'-terminal
region of Sp. b (b). Below the shaded boxes the vertical lines represent restriction
endonuclease sites from which chemical sequencing was carried out. The arrowhead
indicates the direction of sequencing and marks the extent of sequence obtained from that
particular site. Note should be made of an approximately 250 nt stretch of DNA between
bp 2500 and 3000 which was determined for one strand only ( between the right hand
Hpal site and the third Rsal site from the BglII end). Note should also be made of the
fact that the 55 nt block of sequence centered at the Notl site and bounded by the
flanking Pstl sites was determined from one strand only. The remaining sequence was
determined for both strands. Abbreviations are: BgllI=Bgl; Fspll=Fsp; Hincll=Hic;
Hpall=Hpa; Pstl=Pst; Pvull=Pvu; Ncol=Nco; NotI=Not; Rsal=Rsa; Sall=Sal; Sphl=Sph;
Sstll=Ss2; Xhol=Xho.



heterogeneity at the 3'-end (some of the molecules have an extra C) but all of its
nucleotides are encoded in the rDNA. Following the 5.8S rRNA gene is ITS2,
416 bp long. The 3' and 5' ends of Sp. ¢ were mapped using the determined RNA
primary sequences (M.N. Schnare). Sp. ¢ is followed by ITS3 which is 124 bp
long. The coding region of Sp. ¢ is found between Sp. ¢ and d; ITS4 follows Sp. ¢
and is very short (31 bp). Primary sequence analysis of the 5'-end of Sp. d
identified a Pstl site 5 nt from the end, and this was confirmed by DNA sequence
analysis. The 3'-end of Sp. d exhibits length heterogeneity (some molecules
contain an additional C, which is encoded in the DNA). ITSS is 78 bp long and
this is followed by the coding region for Sp. f. ITS6, which is 262 bp long and
contains the boundary between Cf3 and Cf4, separates Sp. f and Sp. j. Sp. j
exhibits 5'-end heterogeneity with some molecules containing an additional U.
Sp. j and g are separated by ITS7 (247 bp long). Sp. g is actually a population of
molecules, some of which contain an additional A at the 5'-end. The longest of
these possesses three 3' A residues not found in the DNA, and which must
therefore be added post-transcriptionally.

From primary and secondary structural analysis, as well as from
the relative positions of their coding regions in the IDNA, Sp.j, ¢, d, and f were
easily identified as parts of the LSU rRNA complex of other eukaryotes and E.
coli (180). Sp. i is the 5.8S tRNA, Sp. c is equivalent to the 5'-half of mouse 283
rRNA and Sp. d represents most of the 3*-half of the LSU rRNA. Sp. d lacks ca.
500 nt 3'-terminal which are present in mouse LSU rRNA, including the highly
conserved o -sarcin cleavage site (197). This functionally important domain is
found in Sp. f and therefore allows the localization of this rRNA to the
corresponding region of conventional LSU rRNA.

Sp. e, which is found between the coding regions for Sp. ¢ and

d, maps to a region in eukaryotic 28S rRNA that has limited primary sequence
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conservation but where potential secondary structure is maintained. Based on the
fact that Sp. ¢ contains 13 nt which are identical to a sequence in helix 43 of
known eukaryotic 28S rRNAs and that Sp. e can assume a secondary structure
like that in the region of helix 41-43 in other eukaryotic 28S rRNAs, it was
concluded that it did indeed correspond to this region of the LSU rRNA.

Sp. g is encoded last in the linear array of Crithidia IRNA

genes. This should place it at the extreme 3' end of a typical eukaryotic 28S
rRNA. This region of the LSU rRNA is known to be poorly conserved in primary
and secondary structure. Primary sequence analysis did demonstrate some
sequence similarity (77%) between residues 98-119 of Sp. g and the terminal 21
residues of E. coli LSU rRNA. Based on this and the fact that Sp.g appears to be
oligo-adenylated post-transcriptionally (as occurs with animal mitochondrial LSU
rRNA (198)), this rRNA was considered to be homologous to the extreme 3'-
terminal region of the 28S rRNA.

The last remaining rRNA, Sp. j, maps between Sp. f and g. In
eukaryotic 28S rRNA, this is a highly variable region known as D12 (178). The
only primary sequence similarity uncovered is the 9 nt stretch, residues 41-49,
which are also present in the Xenopus LSU rRNA, but not in any other LSU
rRNA examined. Sp. j was tentatively assigned to this location.

A search for processing signals in the IDNA (i.e., conserved or
repeated primary sequences or potential secondary structures) revealed only a few
features of interest. Coding/spacer boundaries of 3'-i/ITS2; 3'-d/ITSS; 3'-f/ITS6
and ITS7/5'-g are located within A+C-rich stretches. As well, A+C stretches
occur just upstream of ITS3/5'-e and downstream of 3'-b/ITS1 and 3'-e/ITS4. The
only conserved primary sequence is a near perfect 10 bp direct repeat found at the
3' and 5' ends of Sp. ¢; indeed, the ends of this RNA map to exactly the same site

in each repeat.
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Figure 35. Schematic diagram of the restriction site and gene map of the entire Crithidia
tDNA. Vertical lines above the horizontal line indicate the sites of restriction
endonuclease cleavage and the ones below indicate the distance in bp. The darkly shaded
boxes are the coding regions for the IRNA genes. They are labelled with their respective
letter (i.e., b is Sp. b). The lightly shaded box is the site of the direct repeat, tandem
array.
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MACWCCMGGCTCGWTCAGGMTTGACCCTTTTCTTCT‘!‘T‘!‘TTGTGCATACACATACATAGAGGQGGMGGGGGAGGGGMAGGGAGAGGAGGA

800
GAGGMCCCACTCTCTCCCCGGGTGTGTTG’PGGCCTCAGCGCGGTGCACACACTGTGTGTGTATGTGTGTGTGCTGGTTCGCCGGCTCGGGTGGGGTGTC

200

GGCCTCCGACGGCTGAGAAMGGGC ETE‘GCAGCGACGATMCAGGTGTGGCGCGAGACAMACACACMGGACGCGTGTCCGCGGGGTACGAGAGGCT
eseccevss

1000

GTCTCCTT’I‘GCCTCCAGGCTGCOGTGCGGNTGTGTATTTGTCTTTGTGTGTGTGTGTGTGTGCCTTAGCGGGGCCGCCGCGCTGATGAGMGTGTAGTC

1100
GACAACAGCACTGCCCTCCOTTTGTGGCGTCTTCCCGTECCTTCATCAAGGCACCACGCCACGAGAAAAAACAACAGCGAAAARACCTCTCCCEACATCT
esssse o
c. a a 1200
mccaccmsccccrccmmmcmcccnmcmmnccsccecTmccmccmcccu’rcmnTcchTGGccmATCTTTT
aeae o " 5080 & S8&v e sssesncssee secsse cosoe
1300
cccncoccAccm‘ccccceamccmccmcmcnmcrccmrccccccmcccmwcwcmm'rscm'rccmsccacmrcccmrcccm
SO SNOBRNSGE SOV 90000 Saestespene '
1400
@cammmarccceapcccmmrcmcccapccmmccanccc)pcccacm-'rccczmcgpsccacrrmrcwmccacccca
u i i ii i .
500
mcmmcctpccumcrccamccp(:mc'rm'rc'm'mcct(:sccl\cnmwcmcccnpsccncrmrcmrrcccu;ccaacmc
iv iv [fi] i iii 1600
ccmcccapcccAmccccm-rcccgcccc».cmcmmcccapcccnnmmmccapcccmwmc«rmcccapcccmmcscurcc
Vi vit iv vill 1700
gggcccamccccancccapccmcwmrcw'm‘ccch GACTTTGTCTTTCCCACGCGASTITGTCTTICCCARGCGACTTTGCETTTCCCARGE
vi i N i, il v 1600
GACT'I‘TGTCTTTCCC)FGCGATTTCCGCAI’TCCPFGCGATTTCCGCATTCCCAFCCGAT‘I‘TCCGCATTCCCN:GCGACTTTACCTTTCCC&EGCGACTTC
jii ix B. vi vi X

1900
CGCATTCCCGGTGGGACCGTCT(.CCGACCMCCAGCCACTTCGMCGGCTCGTTGTCGGGAGTTGATGCT‘I‘TCTGTTT)\CTTTCCCCGTTGTCC TTTTGC

00000000 680 800 000040 0988 seceitsaven

2000
TCCGMMACACTT'X’GTCTCGTCTCC'I'TTGCAMGTTMGCCTCGGTGGGCGGGGTGGTGTGTGGTGTGGTGCATGGGGGAGTGGGGMG’I‘CCGGGCCGG

Figure 36a. Primary sequence of the 5'-half of the rDNA IGS. The sequence is presented
as the coding strand and begins at the left hand Pstl site of Cf4 and terminates at nt 2000
of Cf4. The Pstl site is indicated and the coding regions for Sp. j and g are underlined.
The three terminal As of Sp. g are not encoded by the DNA. The sequence starting at nt
819 and ending at 830 (delineated by the dots) is a short, perfect palindrome. Blocs A, B,
and C are underlined by a thin line. These are three related sequences (see text for
details) which are capable of forming hairpin-like structures in the DNA (or in the RNA
if they are transcribed). The bases involved in base-pairing are marked with dots.
Sequences a and a' are separated from one another by 26 nt. a' differs from a by a single
nt insertion (a C). The sequence between nt 1282 and 1799 is composed of short (19 nt)
tandemly repeated sequences (27) which can be assigned to one of 10 related sequences
(Dr i-x). See text for a detailed analysis of Dr repeats.
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2100
TCCATGGGGGAGCTGTCCTCGCCTTTCTCCCTGCCCGCCT’I‘CGCGATTCCATCRCGGGGGMAGCGACACCTCTTTGCCATC NGC'I‘CCCACGMCG(:C <
2200
TTGATMGTCGTGTAGTCTTTCGCAGCTGTGT'!‘CCTTTTTATTTATC'H‘CTCTCTGTAGGGCGTATTGGCGCGCGCAGCGTGGNCTCACCMGCTC
2300

TTCTTCTCTGGGTI‘ATAGGGGGATGCTGCTGCAGCTGCTCCTCGCAGGGGCCGGCCGCGCGCCACGTGCTCGCCATCCGC T'I‘CCTGCAGGMCACTMGT
Pstl Noti Pl 2400
AGAGTTGGCTGGCCTCGTGTATCGCACTGGCCAC TTGCTTTCTTGCG\:A T AGGGAAGGAGA 3C lff“-"TCTCCTCGAGACCCGCCCGCGAA

2500
CCGMACGGGGGTAGTAMGAGTGACAGCACGCACACCGCCACCTCTGAGTGTG‘I‘GCAGCGGCCACAGAGCGGC GCAGGCACGGGCACTCATCCTGCTAG

2600
CCAGGCAGCTCCTCTCACACCCGGACTCCTCTTTTGGCGCGCCTGGGCTCCTTGMGCCACACATGAMGOCGAGMAGGGAGA’I‘GA‘I"TCACG}\CACGCC

2700
TGTGTGAGGGGAGGGGGCT’!CTCTCTCTGCTGTGTGTGTGTGTGTGTGTGTGCGTGTGTGTGTGTGTGGCGGTGGTGTCACGGCGCGC TTGC CGAAGCAA

2800
GCMGCMGCACTACTG(’AMTAGTACGAGCGTGTCGAGMGCTGCMCGCGCGTCGGCCCACCGCCGCGGGCAGCCCCCTCCCCGTGCGC GCEGCRGLT

2900
CCCGGCGGCGACCGGGCCATCCCMCGGCATGCCCGCGAGCCCAGTGGGCCGTGGGCCAGGCCCCAGCCCTAGGGGAMGGGCAGTGGCCGAG&CACAT

oo
GCGCGMTTCTATGGACGATTGTG’V:CATATTTTACGCACATCGCCCGCGCAGGCGCTGTTTTGCTAMACT?GT(:TCTGAGACMGCAGCC AGCTGGTT

3100
CTACCGAGCCAGGTGGCGGGCMGTCCCAGACACACACCAGGGACTTTTCTCTCTCTCTCTMCGCATGGGCMCCTAGCGGAGAGCGAGGGGGGMGT

3200
CACCGCATTACMCCTAGGMGGCGAGTCGAMCGGTGCGTGGATGCCGCGTTTGTGCCMCACMGCTMGGTCACACCACGMCGCACCGAGCCAGAC

3300
MACCATACCCCTATTCACACMCTGTATGTGACC’!‘CACACTCACACACACM’M‘T»\TTTGTGCGTGTGGCGTGCGTGTGTCACCACTCC GGTT’I‘TCCCC

3400
CAGTCTTATTACTGCTTTTTGTACCCCTGC'I'TCTNGCTGCCGTGCCTGCGCTGCTGTGTACTTCTGGCACGCACGCACACTCNTGTGTGCGTCTGCGGG

31500
AGTGCACCCCACACTCACACMACACACACMCCCTGTTGCTTGTGTG'I’TATATGTGTGCGCGTGTGCGTGGCTTCMACTTGTTTGTTMCACACACCC

008000008080 00000 s
3600
CCAACCCCACCTGTGCTGTGTGTATATGTGTCGTGTGTGCGTGCTCAAQCTTGTTTGTTM(EACACCCCTAGCACACACMTACGCGAGMCACCC AMRG

seconncosens

. 3700
GGATACATATCCTGTCAGTGCGCTGCGCTGGGCTTACCGTACCGTGCCGMCAH: TTTTGTGTGTGCTGCCCGTTCTTIT ACGTGTTGC)\GCAGAAA(‘TCI.

3800
GTTGGMTGGAGTCGGCACTTGATTGAT’I'GC'I‘GCACTTCGAGGAATTTCAGCCAMCAAGAGGTCMCMCCAAGCCACGT”PTG’I‘LAGTGCGGGTGTGTG

%00
TCAAMCACACCCACACCCACATGCATGCGTTTGTTTTTTGTTACCMAACACAGC'I‘CGTGTGTGTGTGTTGCGMGMCTTTACGCATATTTTAC GATG

4000
TGTGTGMTGT’I"X‘TTTCTCTCTCTACCGCGCMGCAMAMCMCAMAATACMCACMAGATCM‘.‘CMTGCGCGACGCCTGCGCACMCACAC ATACA

4100
TACACACACCAACGCACACACGGMGGGGAM’PCTTCTTCTGTGTGTGTTGCGCGTGT‘I‘GTGTGTGTGTGGTGCGTGCGGCMCTCGAC AC ACAAT] I‘GM..

ATCTGGT‘I‘GATTCTGCCAG'X‘AGTCATATGCTTGTTTCMGGACTTAGCC

Figure 36b. Primary sequence of the 3'-half of the IDNA IGS. This sequence begins at
nt 2001 and ends at nt 51 of the coding region for Sp. b. The sequence between the Pstl
site at nt 2229 and 2283 (Cf5) was determined from CfH1 and only from one strand. The
sequence from 2284 to 4149 was determined from Cf1. The +1 and arrow at nt 2973
indicates the site of transcription initiation as determined by Grondal et al. (195). I and IT
are a pair of related sequences which differ by two nt only (a CA insertion at nt 3497 in

I). The underlined sequence starting at nucleotide 4099 is the start of the coding region
for Sp. b (SSU rRNA).
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DNA AlCc |G |T la+T |Cc+Glaa|ACc|AaGc|AT |CA|CC|CG|CT
e e e ——— — ————————————— ]
rDNA 23 {25 127 |25 )48 52 69 161155 14767 {58163 |60
SPACER 19 |29 [ 26 |25 {44 56 42 |70 {44 |33 75174 [74 170
TSl 25 [ 21 | 26 |28 | 53 47 96 |58 |33 |66 60 133 (5858
ITS2 24 [ 21 |24 |31 ]55 45 72 163 |27 {75165 |29 [65 |51
ITS3 3226 |19 |23 }s6 44 11 |11 {73 (3389 |24 |57 |89
ITS4 65 {16 |7 13177 23 43 {17 o le7f17 o [o o
ITSS 32 (1311713871 29 17 |39 [26 {91260 |39 |65
ITS6 25 | 18 | 28 | 28 |53 47 69 |42 {96 |46 |69 |27 |15 |69
1187 21 {31124 [ 24 145 55 53 173 149 {28 61 169 |73 (11
Sp.b 25 |23 |27 | 25 [ 50 50 74 |55 |61 |58 170 154 |54 |50
Sp.c 28 |21 |29 |22 | 50 50 99 |53 |74 {53 |57 [501{54 |47
Sp.d 24 124 |28 | 24 | 48 52 71 159 |64 |44 56 {53 [69 |61
Sp.e 22 {25 [ 24 |29 |l 51 49 90 |47 |38 |47 |66 |62 |43 |81
Sp.f 22 |27 {31 |20 |42 58 60 |33 |88 |44 |55 199 |60 |49
Sp.g 21 |28 {30 |21 |42 58 s3 |61 |45 |53 1]61 {6161 }98
Sp.i 27 [ 22 |24 | 27 || 54 46 88 |41 |53 |88 )65 |35 171 |47
Spgj 23 {31 |19 |26 |49 51 28 169 |42 |83 [83 |69 [69 |97
AllCoding [ 25 123 128 | 24 | 49 51 80 [54 {64 {53 62 |54 158 [54
All Spacers {21 |27 | 26 | 26 | 47 53 55 {69 144 |40 |73 |63 [68 |69
DNA GA | GC|GG|GT|TA | TC | TG | TT | LENGTH

bp
rDNA 60 |70 |69 [70 |36 |59 |81 |75 | 11373
Spacer 50 {83 |63 |68 23 |65 |82 [83 [ 4149
ITSI 36 {63 (63 199 160 |52 |11 [6.0 | 366
ITS2 22 180 |39 (10 1177 39 |11 |87 416
ITS3 73 133 149 [33 |49 |89 |08 [8.1 124
1TS4 33 |0 [33]0o 330 |33 ]33 |31
ITS5 13 126 {13 {12 10 |65 [9.1 |12 |78
ITS6 84 |54 [77 {69 {27 61 [96 ]10 {262
ITS7 69 157 165 153 20011 {57157 247
Sp.b 68 |59 [77 165 j36 |60 |77 |82 [[2206
Sp.c 80 {62 {77 |69 |44 |43 |83 |56 | 1783
Sp.d 66 |68 |78 {71 §45 59 |72 |64 | 1523
Sp.e 38 |71 |76 {57128 |71 [85 |10 |212
sp.f 82 |71 |88 |71 27|66 |71 ]33 [183
Sp.g 76 191 [11 {2315 |68 |83 [3.8 {133
Sp.i 76 165 [35 (65 i35 |82 182 (71 [171
Sp. 56 |56 142 142169 |12 [42 |28 |73
AllCoding || 7.1 |64 |77 |66 140 |57 177 |68 | 6284
AlSpacer |49 177 |61 |71 [[3.1 |64 |84 [82 {5673
TABLE 2 NUCLEOTIDE FREQUENCIES

Legend: All numbers are percentages, except the length which is expressed as base pairs. tDNA is the
catire 11,373 nt of the rDNA cistron and spacer is the sequence depicted in Fig. 36a and b, (i.¢., the IGS).

ITS is the internal transcribed spacer. All Coding is all of the coding regions considered as a single

scquence and All Spacer is all the spacer scquences considered as one sequence (i.e. ITSs and IGS).



http://Sp.fi

S0 Mge R RE g e oym e e

Figure 35 depicts the restriction map of the inserts of pCf1,
pCf2, pCf3, and pCf4. These have been aligned to show the organization of an
intact IDNA unit. The restriction maps of CfH1, CfH2, and C{H3 are depicted in
Fig. 23. The sequence responsible for the longer homologue of Cf4 in CfH]1 is
also indicated. The sequencing strategy of a composite spacer region is shown in
Figure 34.

Figure 45a-g presents the entire IDNA sequence beginning at
the left-hand Pstl site of the pCf1 insert running past the Notl site in the small
C15 Pstl rDNA sequence (identified while sequencing CfH1) to the same Pstl site
from which it started.

Figure 36a and 36b shows the DNA sequence of the entire IGS

region of C. fasciculata IDNA.

10.) ANALYSIS OF THE rDNA PRIMARY SEQUENCE

The rDNA repeat assembled from the analyzed cloned
fragments (Fig. 45a-g) is 11,373 bp in length and has a G+C content of 51.7%.
Figure 36a and 36b show the primary sequence of the rDNA spacer, which is
4,153 bp long and 55.6% G+C.

Table 2 contains a tabulation of the complete nucleotide base
analysis. Single nucleotide frequency analysis reveals that the rDNA in toto
contains 23.2% A compared to 19.0% A in the spacer DNA. The G and T
contents are almost identical, being (respectively) 26.8% and 25.1% in the IDNA
in toto and 26.3% and 25.3% in the spacer IDNA. The reduction in A content in
the spacer rDNA is compensated by an increase in the C content from 24.9% to
29.3%. This loss of A seems to be most marked in the A-A, A-T, and T-A

dinucleotides, while the additional C is found most frequently in C-C and G-C

dinucleotides.

(9%
8]



Further visual and computer analysis reveals stretches of DNA

which exhibit a marked preponderance of the dinucleotides AG, CT, TG or TT.

These sequences comprise at least 80% of these particular regions. Some of the

most impressive runs of dinucleotide-rich sequences include:

M

@

®)

(4)

determined.

11.)

Positions 281 to 324, 663 to 706, 1061 to 1085, 2347 to 2384,
2403 to 2428, 2562 to 2587, 3083 to 3113, and 3934 to 3967,
all of which are AG-rich.

Positions 327 to 375, 707 to 720, 902 to 915, 1129 to 1145,
1150 to 1166, 1174 to 1185, 1190 to 1205, 1210 to 1218, 1255
to 1299, 1325 to 1356, 1382 to 1398, 1400 to 1413, 1420 to
1432, 1439 to 1527, 1553 to 1565,1572 to 1601, 1608 to 1620,
1627 to 1809, 1867 to 1903, 1912 to 1929, 2013 to 2044, 2068
to 2105, 2130 to 2160, 2509 to 2545, 3049 to 3069, 3297 to
3338, and 3925 to 3933 ( TG-rich).

Positions 545 to 573, 635 to 650, 1136 to 1145, 2139 to 2149,
and 3835 to 3847 (TT-rich).

Positions 229 to 246, 721 to 733, 754 to 802, 917 to 963, 1943
to 1987, 2111 to 2120, 2631 to 2678, 3262 to 3285, 3387 to
3408, 3440 to 3479, 3516 to 3549, and 4041 to 4084 ( GT-
rich).

The significance of these stretches, if any, remains to be

SUBSTRUCTURE OF THE rDNA 'SPACER'

The 'spacer’' DNA is defined for the purposes of the present

discussion as that DNA which comprises the rDNA in Cf4, Cf5 and the first 1876

bp of Cfl. The sequence is illustrated as these Pstl fragments would appear in the
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native rDNA (Fig. 36a and 36b). Position one is the first nucleotide of the Pst]
recognition site at the 5'-end of Cf4 while position 4149 corresponds to bp 51 of
the SSU rRNA gene. The spacer DNA also contains the coding regions for Sp. j
and g.

Positions 819-830 constitute a perfect 12-nt palindromic
sequence, (AAAGGGCCCTTT), which could potentially form a tight hairpin in
the DNA, or in an RNA transcript.

Position 1137 is the start of a 12 bp sequence

TTTTTCTGTGGG (a)
which is directly and imperfectly repeated 28 bp directly downstream
TTTTTCTCGTGGG (a".

Position 1214 marks the start of a stretch of DNA that could
potentially form a perfectly matched 17 bp hairpin with a 7-nt loop structure
(Bloc A, Fig. 38). Interestingly, these 41 bp are imperfectly repeated starting at
bp 1821 (B) and bp 1089 (C) (Fig. 36a). Compared to Bloc A, Bloc B is 42 bp in
length due to an insertion of a C residue between the eighth and ninth bp of the
stem. Its overall identity with Bloc A is 80%, (91% if the 7-nt loop is excluded).
Bloc C is 41 bp long and has an overall identity with Bloc A of 78% (or 85% it
the loop nucleotides in Bloc A are not considered). Bloc C has a large number of
hairpin mismatches, which make the whole structure less impressive than in the
case of A and B (Figure 38). Blocs B and C show 78% sequence identity,
increasing to 90% if the loop nucleotides and the additional C residue in Bloc B
are excluded (see Figures 37 and 38).

These palindromic sequences flank a portion of the rDNA that
is made up of short, tandem, direct repeats. This region can be nicely
demonstrated using a matrix comparison computer program which is designed to

identify such sequences. Using a minimum match parameter of 15 or 20 bp and
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DIRECT REPEATS A. B. AND C

1089 1129
C. CTCCCGACATCCAGCCACCTITCGCGGCTCGTTGTCGGAGT

1214 1254
A. CCCCCGACAACCAGCCAGCTCACATGGCTCGTTGTCGGGGG

1821 1862
B. CICCCGACCAACCAGCCACTTCGAACGGCTCGTTGTCGGGAG

h)

A. CCCCCGACAACCAGCCAGCTCACATGGCTCGTTGTCGGGGG

B. CTCCCGAC AACCAGCCACTTCGAACGGCTCGTTIGTCGGGAG
C
80% Overall 1dentity 91% Loopless Identity

A. CCCCCGACAACCAGCCAGCTCACATGGCTCGTTGTCGGGGG
C. CTCCCGACATCCAGCCACCTTTCGCGGCTCGTIGTCGGAGT

78% Overall Identity 85% Loopless Identity

C. CTCCCGACATCCAGCCACCTITCGCGGCTCGTTGTCGGAGT
B. CTCCCGAC AACCAGCCACTTCGAACGGCTCGTTGTCGGGAG
C

78% Overall Identity 90% Loopless Identity

Figure 37. Analysis of blocs A, B, and C. a.) Bold numbers refer to the nt position in
Fig. 36a. The underlined nt encompass the loop. b) Pairwise comparisons of the three
blocs.
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Figure 38. Potential secondary structures of blocs A, B, and C. Base-pairing is indicated
by - . The bold Ts highlight U-rich sequence in any RNA transcribed from this region.
Bold numbers indicate the start and finish position of the blocs in Fig. 36a.



minimum identity of 90%, it was possible to generate the matrices shown in
Figures 39 and 40, respectively. Figure 40 describes the entire IDNA spacer
sequence whi}. Taqure 39 focuses on the region between bp 1000 and 2000. In
Figure 40, the "GT" denotes a region in the matrix that corresponds to sequences
rich in simple repeats of the dinucleotide GT.

Figure 39 displays the matrix of the region in the spacer
between bp 1000 and 2000 which contains tandem direct repeats. The gaps in the
matrix indicate that these are not all perfect repeats of each other. When the
individual sequences are analyzed, a number of points can be made:

(1) There is a total of 27 direct repeats and one incomplete one. They have been
numbered i (i*) through x. There is one each of vii, viii, ix, and x; two each of i,
ii, and v; three of iv; five of vi; and nine of iii. Repeats i(i*), ii and iii are
themselves repeated tandemly in that order, to make up the first six direct repeats.
The remaining repeats following these can be seen in Figure 36a. Repeat i* is
identical to i but is missing the initial C. All the repeats (except i*) share the first
five and the last three nt in common. The differences among them are the result
of base insertions, deletions, transitions and/or transversions.

(2) Pairwise comparisons of all 10 different Dr was carried out. Direct repeats of
the same length were simply paired by matching the first base in each one and
counting the mismatches. A percentage was calculated for each pairwise
comparison. The two shorter Dr (Dr viii (by 2) and Dr ix (by 1)) were expanded
to 19 bp by introducing gaps in their sequences. These gaps were introduced to
allow maximum percent identity.

(3) Direct repeat i (Dr i) exhibits an 89% identity with Dr ii, iv, v, vi and viii. It is
least like Dr viii (74%). The remaining direct repeats (Dr iii,ix, and xi) exhibit
84% identity. Dr i has the highest aggregate percentage at 85.6 and is found twice

in the array.
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Figure 39

Dri=x

LS

Figure 39. Dot matrix analysis of the IGS between nt 1000 and 2000. The analysis was

performed using the Matrix Homology Comparison function of the Microgenif:R
Sequence Analysis Program, with parameters of minmatch of 15 and minpercent 90. The
program was run on a Best Elite 386-33/0 computer. That portion of the plot bracketed
and labelled Dri-x is the region of the IGS which possesses the direct tandem repeats,
Dri-x. A/C refers to the sequence blocs A and C. A/B refers to the sequence blocs A and
B. The numbers along the axis of the plot refer to the nt positions in Fig. 36a.
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Figure 40
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Figure 40. Dot matrix analysis of the IGS. The analysis was performed using the Matrix

Homology Comparison function of the MicrogenieR Sequence Analysis Program with
parameters of minmatch 20 and minpercent 90. The program was run on a Best Elite
386-33/0 computer. That portion of the plot bracketed and labelled Dr i-x refers to the
sequence of the IGS which possesses the tandem direct repeats (Dri-x). A, B, and C refer
to the bloc A, B, and C sequences. GT refers to regions of the sequence which possess
GT redundant sequence. I and II refer to the repeated sequences I and II located at nt
3475 and 3545, respectively. The numbers along the axis of the plot refer to the nt
positions as in Fig. 36a and b.
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(4) Dr ii is most like Dr i (84%) and least like viii (68%). Its aggregate percentage
is 77.7, which places it seventh overall. It is found twice.

(5) Dr ii is the most common repeat in the array; it is found nine times. It is most
like Dr v (95%) and is least like Dr ix (63%). It exhibits an aggregate percentage
of 79, which places it sixth overall. Dr i,ii, and iii are themselves tandemly
repeated to make up the first six repeats of the array.

(6) Dr iv is most like Dr vi (95%). It also exhibits a high homology with Dr i and
aggregate percentage of 80.8, placing it fourth overall. This repeat is found three
times in the array.

(7) Dr v is found twice in the array and is most like Dr iii and x (95%). It is least
like Dr ix (68%). Its aggregate percentage (81.3) places it third.

(8) Dr vi exhibits marked identity with Dr iv and ix (95%). It is least like Dr iii, v
and x (74%). Its aggregate percentage (82) places it second in the ranking. This
repeat is found five times.

(9) Dr vii is found once and is least like all the other direct repeats (76.6%) in
spite of being full length. It is most like Dr i (89%) and least like Dr viii (68%).
(10) Dr viii exhibits poor identity with the other repeats as demonstrated by its
aggregate percentage of 77.6 which places it eighth overall. It is most like Dr x
(89%) and least like Dr ii (68%). It is found once.

(11) Dr ix is found only once as well. It is least like Dr iii (63%) and most like Dr
vi (95%). Its aggregate percentage (77.1) places it ninth in the ranking.

(12) Dr x is most like Dr v (95%) and least like Dr ix (68%) and is found only
once. It is ranked fifth.

(13) When the averages of the pairwise percent identities are compared, it can be
said that the repeat most like the other nine repeats is Dr i, exhibiting a 85.6%

overall homology. In descending order of overall repeat similarity are: Dr vi
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(82%), Dr v (81.3%), Dr iv (80.8%), Dr x (80.1%), Dr iii (79%), Dr ii (77.7%),
Dr viii (77.6%), Dr ix (77.1%) and Dr vii (76.6%).

(14) The position of one direct repeat relative to another seems not to correlate
with the degree of relatedness of one to the other. Although Dr i is most like Dr

ii, Dr ii or Dr i is not most like Dr iii. Indeed Dr iii is most like Dr v. Dr v is most
like Dr x even though it is four direct repeats from it. A consensus sequence can
be derived from a comparison of the twelve different direct repeats (Figure 42).
There are no sequences homologous to these repeats elsewhere in the spacer DNA
or within rRNA coding or ITS sequences, including the site of pre-rDNA
transcription initiation.

Once outside the repeated DNA region and past the palindromic
repeat sequence B, the rDNA becomes unique sequence again. This sequence has
islands of purine-, pyrimidine- and dinucleotide-rich elements, but for the most
part it seems to approximate random sequence.

Position 2229 is the start of C£5 and position 2284 is its 3'-end.
Cf5 contains within it a NotI (2251) site, which is unique in the entire IDNA
repeat.

The direct-repeat dot-matrix analysis identified two sequences
in the vicinity of bp 3500 that show greater than 90% identity with one another.
These sequences have been labelled I and II; they are unrelated to Blocs A, B, C
or a/a’ or the i-xii direct repeats. These motifs are 27 and 25 nt in length,
respectively. Repeat I has an additional CA at position 3492 compared to II;

otherwise the two repeats are identical, and both contain a Hpal site (Figure 43).
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Figure 41. Dot matrix analysis of the IGS. The analysis was performed using the Matrix

Comparison for Inverted Repeats function of the MicrogenieR Sequence Analysis
Program with parameters of minmatch 20 and minpercent 90. The program was run on a
Best Elite 386-33/0 computer. GT/CA indicate sites in the IGS which plot out because
they consist of the simple redundant sequences GT and CA.



TABLEJ
Aggregrate
Dri i i iv v vi vii viliix x % Ranking
i 89 84 89 89 89 89 74 84 84 85.6 1
i 74 74 79 79 84 68 79 4 7779 7
iii 74 95 74 74 84 63 89 790 6
iv 74 95 74 79 89 74 80.8 4
v 74 74 84 68 95 81.3 3
vi 79 79 95 74 820 2
vii 68 74 74 76.6 10
viii 74 89 71.6 8
ix 68 71.1 9
X 80.1 5
IGS DIRECT TANDEM REPEATS (Dr)

No.
Dri CGCGACTTITCGCATTCCCA 2
Drii CGCGACTTTCGCATGGCCA 2
Driii CGCGACTTTCGCATGGCCA 9
Driv CGCGATTTCTGCATTCCCA 3
Drv CGCGACTTTGCCTITTCCCA 2
Drvi CGCGATTTCCGCATTCCCA 5
Drvii CGCGACTTTCGAATACCCA 1
Diviii CGCGA TTITAC TTTCCCA 1
Drix CGCGATTTCCGCATT CCA 1
Dirx CGCGACTTTACCTTTCCCA A

27

Consensus

CGCGACTTIT/Crp, Orpy CT/ATTPuC/GCCA

144

Figure 42. Comparison of the IGS direct tandem repeats (Dri-x). Dri is the first repeat

in the array and differs from Dri by having a T as the first nt instead of a C. The
consensus was constructed to highlight invariant nts or positions which have a

predisposition for two bases only. Pu means any purine and Py means any pyrimidine.
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DIRECT REPEATS /11 AND a/a’

[ 73]
£
~3
n

3501
TCAAACTTGTITGTTAACACACACCCC

II

354

I

3569
TCAAACTTGTTTGTTAACACA CCCC

TCAAACTTGTTTGTTAACACACACCCC
TCAAACTTGTTTGTTAACACA* *CCCC

b)

1137 1148
TTTTTCTGTGGG

1176 1188
ITTTTCTCGTGGG

[TTTTCT *GTGGG
TTTTTCTCGTGGG

Figure 43. Direct repeats I/l and a/a’. Bold numbers refer to nt positions as in Fig 36a
and b. * indicates gaps inserted to allow a maximum alignment.
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12, THE SITE OF TRANSCRIPTION INITIATION IN THE

C. FASCICULATA rDNA REPEAT.

Grondal et al. (195) have determined the putative site of
transcription initiation in Crithidia fasciculata IDNA using S1 nuclease protection
and nuclear run-on experiments. Comparison of their results with those presented
here establishes that the position of transcription initiation corresponds to position

2973 in Fig. 36b.

Figure 44 compares the sequences around the transcription
initiation site, as determined by Grondal et al. and by me. Differences between
the two sequences are apparent and are indicated in the figure. These differences
are located in the upstream IGS, as well as in the region corresponding to the
transcribed 5'-end of the pre-rRNA. Most of the changes are base substitutions but
there is a single-nt insertion (a G at position 2876 in my sequence) and a single-nt
deletion at position 3020.

Given the extent of the differences (10/420), the most likely
explanation would seem to be that the sequence of Grondal et al. corresponds to a
different rDNA repeat than the one characterized here. Indeed, I encountered
minor sequence differences in the homologous regions of Cf4-Cf1 and CfH1.In a
total of 246 bp compared, I observed 4 transitions, 3 tranversions and two, 3-bp

insertions/deletions between the two sequences.
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S.pombe
X.lactis
S.cerevisiae
S.rosei
H.winaei
N.crassa
D.discoideum
P.polycephalum
T.pyriformis
A.castellanii
T.brucei
C.fasciculata
D.melancgaster
X.laevis

Human

SITES OF RNAP | TRANSCRIPTION INITIATION

-50 -40 -30 -20 -16 -7 +1 +
CAACCACAAATGTTTCTATAAAATCGAGGAAAATAGGTCCAAGGARCTATGTAAAAGGAG
CTAATAGARAGAAGANCATCGGGTGAGAARAAATAGGCCGGGAGGTACTTCATGCGAAAGC
GGTTTAGTCATGGAGTACAAGTGTGAGGAAAAGTAGTTGGGAGGTACTTCATGCGAAAGC
GACAAGGTGACAATGTTTATAGTTCAATATTTTTGGGCAGAAGGAACTTCATGCGARAGC
TATTCACAATTGTTTAAGGCTAAAACACATTTCAGTGCCAAAGGAACAGTATGCGAAGGC
CTCAGACCGTCGGGCCGCACCGTCCCCAGACTCGAGGTCGGAGGGTATACAAGAAGGAGC
CTAGGTGT 'ACCATTAGCCATTGAGCTCGGTGACTACCCCAAATACATATACAAGAAGAG
TAATCCCGCGCACCAGCTATGCTTCTTAAAAAGAAACCCAAGATACATATAGGGGGGGTA
TTCTGGCAAAARAAAAAAAAARAGTATCAGGGGGGTAAARATGCATATTTAAGAAGGGGA
GGAGCACTTTTCTGGCACCTAAACTGGTCGGACCGTCCGAAAGTATATATARAGGGACGG
ATATATCTTATATAGGAAAGATTARGCAGTAAAAGTAGCGCTTACGGCGTACGGAGCAGG
TGGGCATATTTTACGCACATCGCCCGCGCAGGCGCTGTTTTGCTAAAACTCGTGICTGAG
ATGGAATTGAAAATACCCGCTTTGAGGACAGCGGGTTCAAAAACTACTATAGGTAGGCAG
CGCACGACGCCTCCATGCTACGCTTTTTTGGCATGTGCGGGCAGGAAGGTAGGGGAAGAC

GAGGTATATCTTTCGCTCCGAGTCGGCAATTTTGGGCCGCCGGGTTATATGCTGACACGC

Figure 44. A listing of 60 nt around the site of RNAP I transcription initiation for
various organisms. The heavy bold line centered on -7 is a shared sequence between the
fungal organisms. The light underline highlights sequence shared by the fungal species

gqu. The bold nt are ones which have been shown to be important in transcription
initiation studies and are more widely conserved.
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Figure 45a-g. The complete primary sequence of Crithidia rDNA. This is a composite
sequence of that determined by the author and by M.N. Schnare and D.F. Spencer
(180,194). The sequence is depicted as the coding strand and begins at the Pstl site which
marks the left hand end of Cf1. The genes coding for the rRNAs are underlined and
identified by their designations (i.e., Sp. b, etc) along the right hand margin. The +1 and
dashed arrow refers to the S1 nuclease-determined start of transcription initiation (195). I

and II refer to the repeated sequences I and II. All the PstI sites marking the boundaries
of Cf1-5 are noted. Numbers refer to the nt position with 1 being the first nucleotide of
the initial Pstl site and 11373 the last nucleotide of the IDNA repeat. The underlined
sequence ending at nt 1000 is that commented on in the legend of Fig. 36a. Blocs A, B,
and C are also underlined. The array of tandem direct repeats is also underlined and
designated in the right hand border as Dr i-x.
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E1GURE 458, Ca.fasciculata rDNA

SIGCAGGAACACTAAGTAGAGTTGGCTGGCCTCGTGTATCGCACTGGCCACTTGCTTTCTTGCGGATGGGGAGAGGGAAG

PstI ’
GAGAGGGGCAGCGCTCTCCTCGAGACCCGCCCGCGAACCGAAACGGGGGTAGTAAAGAGTGACAGCACGCACACCGCCAC

CTCTGAGTGTGTGCAGCGGCCACAGAGCGGCGCAGGCACGGGCACTCATCCTGGTAGCCAGGCAGCTCCTCTCACACCCG
GACTCCTCTTTTGGCGCGCCTGGGCTCCTTGAAGCCACACATGARAGGCGAGAAAGGGAGATGATTCACGACACGCCTGT
GTGAGGGGAGGGGGCTTCTCTCTCTGCTGTGTGTGTGTGTGTGTGTGTGCGTGTGTGTGTGTGTGGCGGTGGTGTCAggg
CGCGCTTGCCGAAGCAAGCAAGCAAGCACTACTGCGAAATAGTACGAGCGTGTCGAGAAGCTGCAACGCGCGTCGGCCCAC
CGCCGCGGGCAGCCCCCTCCCCGTGCGCGCCECGGCTCCCGGCGGCGACCGGGCCATCCCAACGGCATGCCCGCGAGLCC
AGTGGGCCGTGGGCCAGGCCCCAGCCCTAGGGGAAAGGGCAGTGGCCGAGCACACATGCGCGAATTCTATGGACGATTGT
GGGCATATTTTACGCACATCGCCCGCGCAGGCGCTGTTTTGCTAAAACTCGTGTCTGAGACAAGCAGCCAGCTGGTTCTA
CCGAGCCAGGTGGCGGGCAAGTCCCAGACACACACCAGGGACTTTTCTCTCTCTCTCTTTTCGCATGGGCAACCTAGggg
AGAGCGAGGGGGGAAGTCACCGCATTACAACCTAGGAAGGCGAGTCGAAACGGTGCGTGGATGCCGCGTTTGTGCCAACA
CAAGCTAAGGTCACACCACGAACGCACCGAGCCAGACAAACCATACCCCTATTCACACAACTGTATGTGACCTCACACTC
ACACACACAATTTATTTGTGCGTGTGGCGTGCGTGTGTCACCACTGCGGTTTTGCCCCAGTCTTATTACTGCTTTTTGTA
CCCCTGCTTCTNGCTGCCETGCCTGCGCTGCTGTGTACTTCTGGCACGCACGCACACTCTGTGTGTGCGTCTGCGGGAGT

1200

GCACCCCACACTCACACAAACACACACAACCCTGTTGCTTGTGTGTTATATGTGTGCGCGTGTGCGTGGC T ICARACTTC
I

:xmman“aéﬁégﬁgQEQQQCAACCCCACCTGTGCTGTGTGTATATGTGTCGTGTGTGCGTGCTCAAACTTGTTTGTTAACA
Ir

QASSQQTAGCACACACAATACGCGAGAACACCCAAAGGGATACATATCCTGTCAGTGCGCTGCGCTGGGCTTACCGTACC

GTGCCGAACATGTTTTGTGTGTGCTGCCGTTCTTTTACGTGTTGCAGCAGAAACTCGGTTGGAATGGAGTCHGCACTTGA

TPGATTGCTCCACTTCCAGGAAPTTCAGCCAAACAAGAGGTCARCARCCAAGCCACGTTTGTGAGTGCGGGTGTGTGTCA

oF1
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Figure 45b
1600
ABRACACACCCACACCCACATGCATGCGTTTGTTTTTTGTTACCAARACACAGC TCGTGTGTGTGTGTTGCGAAGAACTTT

ACGCATATTTTACCGATGTGTGTGAATGTTTTTTCTCTCTCTACCGCGCAAGCAAAARACAACAAAAATACAACACAAAGA

TCATCAATGCGCGACGCCTGCGCACAACACACATACATACACACACCAACGCACACACGGAAGGGGAAATCTTCTTCTGT

GTGTGTTGCGCGTGTTGTGTGTG TG TGGTGCGTGCGGCAACTCGACACACAAT TGAGATCTGGTTGATTCTGCCAGTAGT

Sp.b

Y]



3200

3600

GAACCTGCAGCTGGATCATTTTCCGATGATACCATACACAAAAAACAAAAACCAGAGGGTTTGGGTGTGGCGTGTATGTG

Pstl
TGTATGTGTGTGCGTGTARAAAGCGCATGCGCATATACATATATAGTATAGTGCCCGGCTCTCTACGTTGGGAGGAGCGG

AAACTAAACATTTCCTGTTTCTCTCTAACACATAAACAAACACAACATAGCCCAGCGCCGTTGCGTGCTTTCTCTCTCTC
TCAACTCTCTCTTTTGTGGGGGEGTGTTGTGTGTGGGGGTTTGTGCGCGCGTGTGCCGGAACAAGGCCAATCGATGCACGT

4400
GTGTGTAATTGTATTGTTCTTTCTTAGAGAACGATATAAAAACCGCGTGCATGGATGACGGCTCAAATAACGTGTCGCGA

A A A A 2 A N A A DA A A A A A 2 A A A A
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CCAATCTTTGAACGCAAACGGCGCATGGCAGARCCTCTITIGAGICATCCCCGTGCATGCCATATTCTCAGTCTCGARCC
AAAAAACAACATACGCCTGTTTTGTGTGTGCTTGTGTGTGGTGTGTATATTTATTTATATACACTTCTATACTCTCACGC

ACGCAGGTGTAACACACGCAATTCTGTTGTGTGTGCCGTACTAGTTGGAGTTGGGCAAAGCT TGTGTATAGAAGGATAT

Sp.b

Sp.i
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4800
GTTCATGTATGCAAATACGTGGCCATATTTGTATATATACTGTGGCGCAGTTCTCTCTGGCCATAGCCGAAGCGCGCETET

GTATCCGCATTTTTTGTGTGTGGTACATACGCGCGCATTCGGGATAAT TAACAAAAAACCAAACGAGAACACAACAAAAT

TGCATGACACCTCGCGGTGTGGTGCAACGCGTTGCGCGTTAGGCACTTTTTGCTTAATCTATCTATGGCGCCTCGTGCGE

CTCCCCCTTTTGTTCACAGACCTGAGTGTCGCAGGAC TACCCGCCGAACT TAAGCATAT TACTCAGCSGAGGAAAAGAAA

Sp.c

(49!
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6800

CCTGGGATTATATTCCAAAAAGAAATTGCATGTGGGAAARACACACACGAACGTACATTTTCTCTCCTCACACTCTCTCT
TTTCTTGTCCTCGCTCTTTACCGAGAGAGGGCAGGAGGAGGAAGAGCGCACACGGAGTTAAAAAATATACAAACACGTAA

Sp.c

Sp.e

Sp.d

n



CATCACCAACAAAARAATAGAATCGGTATTTTATATACGTGTGTAAAAAGCACGTGTGTAATCTGCTCTCTCTTTTTTAT
8800

TGTGTGIGAGATTGTGAAGGGATCTCGCAGGCATCGTGAGGGAAGTATGGGGTAGTACGAGAGGAACTCCCATGCCGTGE

CICTAGTTTCTGGGGT TG TCGAACGGCARGTGCCCCCGAAGCCATCGCACGETGGTITCTCGGCTCAACGCCTCTAAGCCA

GAAGCCAATCCCAAGACCAGATGCCCCCAATTCAGARCAACACAACACTCTGTTAGCATCCTGCGTTCCTCATATAGGGT
GGAGTCAGTAAGACTGGTGAGCGTGTGTGTGCTGTTCCTTTTTCTTCTTCCTCTCTGACTCTCTTCTTTTTCACGABAGG

AGGGGGAAAGGGGGTGTGAGGAGAGAAATGGAGGGGTGCGCATGCAGCCACTGCAGAAGAACAGTTGAGAAGCCATTTAT
PstI 5200

GGCAAGGATTGTGCCTGTTTGTTGAGATAGAAGATTACAAAGCATTTTGCTCATCGAATCGCCACCTACACGACTGGAGS
TTGCTCCCTCGTCGGCCTCTAGTATATTCATGATCACAAGGTAATTGTAACTCCTCTGTAAAACAACGTTCCCCACTCTT

CTCGGAGAGCGGECGCGACACAAGCCGTTCAGCTGTGACGCTGTGTGGGTTTATCGCCAGTACGACACCTTCATCCGCGA

ATGTTCGCCCTGCGGAGAGCGAGAACACGGGGGGACCGAGTGATGATGAGGGAGCGTTTTTTCGCTCTCTCGTCCTCTCA

CTCTCCTCTCTCCTCCTCTCTGCTTGGCTATCAGAACCAACAAACACCAAACAACGTCCCTCTCCAAACGAGAGAATATG

Sp.d

Sp.f

Sp.j

vel

R i
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9600
CAIGGGCTGGCATGAGCCGCATGCTTCACTCCGGTGGGGCTCGAGGGGCACTTACGTCCCGAGGCGCTGAACCTTGAGGS
CIGAAAT T TCATGCTCTGGGACTCTAGTATACACTTCTITTATTGTTTTATTGTTTTTAGT TTCAAAGGATCCTCTCCTG
ACAACCAGCCACACTTCCCACGGCTCGTTGTCAGGAGTTGACCCTTITCTTCTTTTTTGTGCATACACATACATAGAGGC
AGGAAGGGGGAGGGGAAAGGGAGAGGAGGAGAGGAGCCCACTCTCTCCCCGEETGTGTTCTGCCCTCACCGCGGTGCACA
CACTGTGTGTGTATGTGTGTGTGCTGGTTCGCCGGCTCGGGTGGGGTGTCGGCCTCCGACGGCTGAGQ&A&Q
GCAGCGACGATACCAGGTGTGGCGCGAGACAAAACACACAAGGACGCGTGTCCGCGGGGTACGAGAGGCTGTCTCégggg
CCTCCAGGCTGCGGTGCGGTGTGTGTATTTGTCTTTGTGTGTGTGTGTGTGTGCCTTAGCGGGGCCGCCGCGCTGATGAG
AAGTGTAGTCGACAACAGCACTGCCCTCCCTTTGTGGCGTCTTGCCGTGCCTTCATGAAGGCACCACGCCACGAGAANAA
ACMCAGCGMCCTWTGACCCTWAC
CGCCGC'I'TTCCGTTGCGTCCGAATGWGTTTTATCTTTTCCCACGGGACCATW

10400

ESISASAIEQQISEIISISEESQQTTTGCGTTTCTCTCTGTCTGCTTTCCATEQEASIIIQQSAIISQQA&&SEASIIIQ
SCATGGCCAC A CTTTG IO IO ACGCaACT T TCGCATTCCCACCCGACTTTCGCRTGACCACGCGACTTTGTCTT

BCSCGA T TCCGCA T TCCCGa T aaGACC e g TCCCGACCAACCAGC CACITCGAACCOCTOCTIOTCO0GRQT TONTGCT

TTCTGTTTACTTTCCCCGTTGTCCTTTTGCTCCGAAAAACACTTTGTC”CCTCTCCTTTGCAAAGTTAAGCCTCGGTGGG

CGGGGTGETGTGTGGTGTGGTGCATGGGGGAGTGEGGAAGTCCGGGCCGGTCCATGGGGGAGCTGTCCTCGCCTTTCTCC

Sp.g

Dri-x



Eigure 45h.
11200

CTGCCCGCCTTCGCGATTCCATCACGGGGGARAGCGACACCTCTTTGCCATCTCGCTCCCACGAACGGCCTTCTTGATAA

GTCGTGTAGTCTTTCGCAGCTGTGTTCCTTTTTATTTATCTTCTCTCTGTAGGGCCTATTGGCGCGCGCAGCGTGGNCTC

11360
ACCTTTGCTCTTCTTCTCTGGGTTATAGGGGGATGCTGQZQQ&QCTGCTCCTCGCAGGGGGgGGggQgGCGCCACGTGCT
11373 PstI NotI
CGCCATCCGCTTCSTGCAG
Pstl

961

Jeav
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SECTION D

DISCUSSION
L QUESTIONS TO BE ANSWERED

The work in this thesis was undertaken to investigate and
establish the genomic organization of the nucleus-encoded rRNAs of the
protoctist, Crithidia fasciculata. Prior to initiating my research M. W. Gray had
determined that the cytoplasmic ribosome of Crithidia possessed the most
unusual collection of rRNA molecules discovered up to that time. As has been
outlined in detail in this thesis, the ribosomal SSU contains an unusually long
RNA while the LSU contains a highly fragmented RNA consisting of six separate
pieces, in addition to the 5.8S and 5S rRNAs.

These initial observations raised a number of questions:

1. How are these rRNAs encoded in the nDNA: are their genes
integrated into the nDNA, or are they found on extra-chromosomal elements?

2. Are the rRNA genes grouped together at a single locus, or
are they scattered throughout the genome at many loci?

3. If the IRNA genes are located at one locus, how are they
arranged relative to one another?

4. Are the rRNAs processed from a single transcript (i.e.,
transcribed from a single promoter), or are they derived from multiple transcripts
(i.e., transcribed from separate promoters)?

5. If the rRNA genes map together and are transcribed from a
single promoter, how is the pre-rRNA processed to yield the mature products?

6. What is the evolutionary significance of the multiple rRNAs

and their genic arrangement?
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7. What can the primary sequence analysis of the IDNA tell us

about rRNA and rDNA function and evolution?

2. GENOMIC ORGANIZATION OF rRNA GENES:
COMPARISONS WITH OTHER SYSTEMS

Initial steps to determine the genomic organization of the IDNA
involved restriction endonuciease digestion of the nDNA and Southern blot
analysis with individually 32p.jabelled rRNAs. These experiments revealed that
the rDNA could be isolated as an 1}to 12-kbp fragment as demonstrated by the
fact that all the rRNAs except 5S (Sp.h) hybridized to an 1t to 12-kbp fragment
in BamHI or Sall digest.

Many attempts were made to shotgun-clone the presumptive
rDNA repeat as a single Sall fragment but this approach proved unsuccessful.
Concern that these failures were due to the large size of the desired insert
prompted attempts to clone the IDNA in more manageable-sized fragments. For
this reason Pstl was chosen as the next cloning enzyme. Pstl conveniently digests
Cirithidia rDNA into four identifiable IDNA fragments. Sp. b hybridized by itself
to a 3.9-kbp fragment (Cf1), Sp. ¢, i, and ¢ to a 3.2-kbp fragment (Cf2), Sp. d and
fto a 2.0-kbp fragment (Cf3), and Sp. g and j to a ladder of rDNA fragments
ranging in size from 2.0 to 3.0 kbp (Cf4; 2.2 kbp). The combined sizes of these
fragments appreximated the size of the presumptive IDNA repeat (11-12 kbp).

Shotgun cloning of PstI-digested nDNA proved successful, and
the four desired pUC9-rDNA recombinants (pCf1-pCf4) were identified and
isolated for gene mapping and sequencing. Restriction mapping, Southern blot
experiments, and rRNA primary sequence information allowed unambiguous

arrangement of the rRNA coding regions and relative orientations of Cf1, Cf2,
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and Cf3 (as they would appear in the native rDNA). An overlapping HindlII
tDNA clone (CfH1) was required to orient Ct4 relative to Cfl, Ct2, and Cf3, and
to provide the primary sequence data of the Cf3-Cf4 and Ct4-Cf1 boundaries. It
was during the sequencing of the Cf4-Cf1 boundary that a fifth Pstl rDNA
fragment (Cf5; 50 bp) was discovered.

With completion of the mapping and sequencing studies,
comparison with other eukaryotic nuclear rRNA gene arrangements was possible,
although the location of the IDNA (chromosomal or extra-chromosomal) has not
yet been definitively established. The permutated arrangement of Crithidia rDNA
(i.e. IGS-SSU-LSU-IGS) could arise as a result of its being chromosomally
integrated and tandemly repeated, or its being contained in an extra-chromosomal
circular molecule. Although undigested nDNA fractionated on 1% agarose gels
did not reveal any 1}to 12-kbp bands, the possibility of multimeric (i.e., 22-to
24-kbp dimers) rDNA plasmid-like species could not be ruled out, as they could
very well have remained hidden in the broad band of nDNA.

Several techniques could help determine if Crithidia rDNA is in
the form of extra-chromosomal molecules. Preferential enrichment for circular
DNA could be accomplished by separation from the chromosomal DNA using an
alkali treatment of cell lysates followed by EtBr/CsCl equilibrium centrifugation
of the fractionated DNA. Electron microscopy of nuclear contents could also
reveal plasmid-like DNAs. Also, partial digestion with Sall or BamHI could be
carried out to generate ladders (monomer, dimer, etc.) that could be separated by
pulsed field gradient gel electrophoresis. If ithe IDNA were in the form of a
circular monomer, one would expect to see only a single band rather than a ladder
(unless the rDNA was a circular dimer, in which case one would see two bands).

As is becoming increasingly apparent, extra-chromosomal

rDNA, particularly in the Protoctista, may be a much more widespread
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phenomenon than originally thought. Whereas in most "higher" eukaryotes, the
rDNA is chromosomally integrated and directly repeated (although extra-
chromosomal rDNA circles have been reported in Xenopus and yeast), several
protoctists possess extra-chromosomal rDNA exclusively, or chromosomally
integrated rDNA with extra-chromosomal amplification.

The closely related kinetoplastids Leishmania donovanii,

Trypanosoma brucei, and T. cruzi appear to have tandemly repeated,

chromosomally integrated rDNA (167,145,170). Euglena gracilis, an organism
which appears to be as ancient as Crithidia, has no integrated IDNA but instead
has an 11.5 kbp extra-chromosomal circle (172). Euglena gracilis is of particular
interest because of its recently described, multiply split LSU rRNA, not unlike
that in Crithidia. This finding and its implications are discussed in detail later in
this section.

Other protoctists possessing extra-chromosomal rDNA include:

1. Naegleria gruberi (an organism conventionally placed with

the amoeba), whose rDNA is exclusively in the form of a 14 kbp extra-
chromosomal circle (192);

2. Entamoebe histolytica (an organism which lacks a Golgi

apparatus and mitochondria), whose tDNA appears to be found exclusively as a
large (26.6 kbp) palindromic circular molecule (193);

3. the slime molds Dictyostelium discoideum (47) and
Physarum polycephalum(45), whose rDNAs are large (44 and 60 kbp,

respectively) palindromic molecules, as is the case in,
4. the ciliate Tetrahymena thermophila (20 kbp) (42); however
the related ciliate ,

5. Paramecium tetraurelia, possesses a genomically integrated

rDNA with extra-chromosomal circular molecules (40).



EVOLUTION

In Crithidia fasciculata, the rRNA gene arrangement is

conventional in spite of the fact that the ribosome LSU contains seven RNA
components compared to the usual two. Starting at the 5' end of the SSU rRNA
gene and going in the 3' direction, the rRNA cistron is organized like the nuclear
rDNA in a typical eukaryote, with the 5.8S rRNA gene located between the SSU
(18S) rRNA and "28S" rRNA genes.

The SSU rRNA gene sequence, as determined by Dr. M. N.
Schnare (191), revealed that the RNA it encodes is unusually long; indeed the
longest yet determined at 2206 nt (consistent with the size (2400 nt) estimated
from polyacrylamide gel electrophoresis), and that the coding sequence is
uninterrupted by any IVS. The extra nucleotides could be accounted for by the
increased lengths in two variable regions (V7 and V8) as defined by comparative
SSU rRNA primary and secondary structure analysis. Pairwise comparisons of
this SSU t1RNA gene sequence with those of other eukaryotic nuclear SSU rRNAs

revealed that Crithidia represents one of the earliest branchings within the

eukaryotic line of descent, earlier than the branching that gave rise to the ciliates .
The genes for the remaining rRNAs, Sp.c-j (excluding Sp.h),
followed (in a 5' to 3' direction) the coding region for the SSU rRNA. Their
arrangement is as follows: SSU rRNA-ITS1-Sp.i-ITS2-Sp.c-ITS3-Sp.e-1TS4-
Sp.d-ITS5-Sp.£-ITS6-Sp.j-ITS7-Sp.g-1GS. The LSU rRNA is encoded by seven
coding segments that are interrupted by six internal transcribed spacers (ITS).
Secondary-structural modelling suggested that this LSU rRNA complex is held

together by long-range intermolecular base-pairing interactions which are
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intramolecular in the covalently contiguous LSU rRNA of E. coli. The
discontinuities between the rRNAs map to highly variable regions in covalently
continuous LSU rRNAs.

The 5' to 3' arrangement of the LSU rRNAs corresponds to their
position in more conventional LSU rRNAs. This fact coupled with what is known
in other eukaryotic nuclear systems implies that the individual rRNAs are most
likely produced by complex post-transcriptional processing of a pre-TRNA whose
synthesis is initiated from a single promoter situated in the IGS. This complexity
is not only exemplified by a requirement for removal of many spacer sequences
but also by the presence or absence of 5' phosphate groups on the individual LSU
rRNAs and by the post-transcriptional addition of A residues to the 3'-end of Sp.
g, the RNA encoded at the distal end of the IDNA repeat (see ref. 166, 178).

The multiply fragmented LSU rRNA of Crithidia illustrates that

ribosomal RNAs need not be covalently continuous to be functional, although the
sites of the discontinuities are vitally important, as pointed out by the example of
ribosome inactivation produced by disruption of the LSU rRNA by fungal
cytotoxins at the a -sarcin site.

At the time this work was completed, Crithidia fasciculata

provided the most dramatic example of a fragmented rRNA. Although the most
extreme, Crithidia was not the only example of a fragmented rRNA. Indeed the
5.8S rRNA has been shown to be the homologue of the covalently continuous 5'-
end of the LSU rRNA in E. coli, and is therefore in essence a fragment of the
LSU rRNA whose coding region is separated from the rest of the LSU rRNA by
an internal transcribed spacer. Other examples exist of further splitting of LSU
rRNA, including the 4.5 rRNA in plant chloroplasts and bipartite LSU rRNAs in

Acanthameoba and Drosophlia, which result from the post-transcriptional
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excision of ITS from the pre-rRNA. The number of rRNAs is therefore dependent
on the number of ITS present in the IDNA.

As previously noted, Crithidia appears to belong to an
evolutionary lineage that separated from the main line of eukaryotic descent at a
very early age of eukaryotic nuclear evolution. This raises the question, "Does the
presence of ITS represent an ancient condition, subsequently lost in most other

eukaryotes but retained in Crithidia, or does it represent a condition acquired by

the lineage giving rise to Crithidia?"

Crithidia fasciculata is a member of the Kinetoplastida, a group

of organisms which includes species responsible for serious diseases in humans

and domestic animals. The most important of these pathogenic species are

Leishmania donovanii (responsible for visceral leishmaniasis), Trypanosoma

cruzi (responsible for Chagas' disease), and Trypanosoma brucei (responsible for

nagana disease in cattle and horses). Like Crithidia, all these organisms possess

an unusual complement of nuclear-encoded tRNAs. In each case, the cytoplasmic
large subunit rRNA is present as a multiply split RNA in the mature ribosome.
These RNA components have been mapped to the rDNA in various
trypanosomatid species. In L. donovanii (167), which has 166 copies of a 13.5
kbp rDNA repeat arranged in a conventional head-to-tail fashion and integrated
into the nuclear chromatin, coding regions for the two high molecular weight
pieces are separated by a 587 bp gap. To date the small LRNA components have
not been mapped in this species.

White et al. (168) have studied the seven RNA components of
the T. brucei cytoplasmic ribosome. In this organism, the LSU rRNA is made up
of six pieces: the LSU o and LSU  rRNAs, three small tRNAs (180, 70 and 140

nt in length) whose genes are located 3' to the LSU f coding region, and a 140 nt
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rRNA, the gene for which is located in the gap between the LSU o and LSU f§
cistrons.

The T. cruzi rDNA map has been established by Hernandez and
Castaneda (169,170). These workers reported the existence of five rather than six
small tRNAs (the 70 nt equivalent of Sp. j was not detected in this study). The S3
(presumed 5.8S) TRNA mapped between the SSU (18S) and the LSU (28S) IRNA
genes, while the S1 rRNA (the equivalent of the 220 nt TRNA in T. brucei) was
placed in the same region as the presumed 5.85 rRNA (based on the data
presented, however, it could just as well have been placed in the gap between the
coding regions for the two halves of the 26S rRNA, as is the case in T. brucei).
Further work will undoubtedly clarify the precise organization of the rtDNA in
this organism.

The presence of a highly fragmented LSU rRNA thus seems to
be a characteristic of the trypanosomatid flagellates. Interestingly, Euglena
Sracilis, an organism which possesses a chloroplast and flagellum, contains within
its cytoplasmic ribosome 16 scparate components, of which 15 are located in the
LSU. Fourteen of these 15 rRNAs (excluding the 5S rRNA) map to a 7221 bp
region of IDNA which has been completely sequenced. The rRNAs are encoded
in a linear array as they are found in a conventional LSU rRNA and are separated
by 14 ITS, three of which are in the same positions as in Crithidia (173,174).
Primary sequence comparison of the SSU rRNA has demonstrated thz;t Euglena
diverged from the main line of eukaryotes at about the same time as the
trypanosomatid protoctists (173). The fact that E.zlena diverged from the main

line of eukaryotic descent at or before Crithidia and that they share some of the

same ITS lends weight to the proposition that multiply fragmented rRNAs are a

primitive condition in eukaryotes.
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5SS rDNA

In Crithidia the 5S rRNA (Sp. h) hybridizes to very high
molecular weight nDNA in all digests tested. The smallest-sized fragments are
found in a Pstl digest and are ca. 11-12 kp in length. Such digests also contain
two less intense bands much larger in size (20 and 25 kp in length). In a Sall

digest, the 5S rRNA hybridizes to a single tight band of ca. 30 kbp but a BamHI

digest reveals a prominent tight band of ca. 25 kbp and a less intense band of ca.
30 kbp. Taken together the evidence seems to indicate that the 5S rDNA genes
are physically unlinked to the other rRNAs and may very well be on a different
chromosome. The data also suggest that at a minimum there are three or four 55
rRNA genes, although for all eukaryotes in which it has been studied, this gene is
found hundreds of time, often in tandem arrays. In the related trypanosome, T.
brucei, the 5S rRNA gene is physically unlinked to the remaining rRNA genes
and found on a 750-bp Alul tandem repeat. Each repeat unit possesses only one
gene (174). Xenopus contains 750-bp tandem repeats but each one possesses two
or three 5S rRNA genes (175-177). Repeat-sequence heterogeneity was noted
between one of the sequenced T. brucei repeats and three other sequenced 5S

repeats.

5, pCfH1 rDNA INSTABILITY

When the pCfH1 plasmid was propagated in the rect strain
JMS3 for large-scale plasmid extraction, a large delction of the insert DNA
occurred, resulting in a plasmid of altered size. pCfH1 contains the large 6.9 kbp

HindIII rDNA fragment and has within it the Cf3-4 boundary, Cf5, and the Cf5-1
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boundary. As will be discussed below, CfH1 contains the IDNA IGS which
encompasses the region responsible for length heterogeneity (due to variable

numbers of tandemly repeated sequences) in Crithidia rDNA. In two instances

large-scale preparations of pCfH1 (propagated in E. coli strain JM83) contained
truncated inserts of the same size. Restriction analysis of one of these mutated
pCfH|1 inserts revealed that only the left-hand Pstl site of the homologous pCf4
DNA sequence was retained, and that the unique restriction endonuclease sites 3'
to it (see Figure 22) were missing. Interestingly, intact CfH1 could be isolated in
minipreps from JM83. To obtain usable quantities of intact pCiH1 plasmid the
DNA had to be transferred to a rec- strain of E. coli , DHI1.

Other investigators have examined rDNA spacer stability in E.
coli. Morgan and McMahon (181) cloned the Xenopus rDNA spacer into
pBR322 and transformed a strain of E. coli (JC8679 recBC SbcA) which exhibits
an unusually high level of plasmid recombination. The changes in the plasmid
studied were confined to the promoter-related regions and consisted for the most
part of precise deletions of the tandemly repeated BamH1 super repeats, which
are composed of a spacer promoter and multiple 60/81-bp repeats. Alteration due
to recombination in this engineered plasmid was an infrequent event in recA
strains of E. coli. In contrast the Crithidia rDNA spacer DNA did not require a
hyper-recombinational strain of E. coli to be altered. It seems that sequences in
CfH1 participate in homology-dependent, intra-plasmidic recombination
involving a region of the Crithidia IGS which possesses tandemly repeated DNA.
This rearrangement is abolished or greatly reduced by a recA genotypic
background. The fact that intact plasmid could be obtained in small-scale
preparations of DNA suggests that the event(s) involved in the alterations is (are)

dependent, at least in part, on growth or culture conditions. The large size of
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CfH1 may also be a contributing factor. JM83 had been used to prepare the

plasmid DNA of pCf1, pCf2, pCf3 and pCf4 with no observed insert alterations.

6. rDNA LENGTH HETEROGENEITY

In genomic-blot analysis of EcoRI-digested nDNA, it was
observed that the rDNA was cut in at least two sites, such that the SSU rRNA
gene was liberated from the remaining portion of the rDNA to which all the other
rRNAs (except Sp. h) hybridized. It could also be seen for the first time that there
existed some size heterogeneity in the rDNA. Instead of hybridizing to a single
tDNA fragment, Sp. c-j (except Sp. h) hybridized to a broad band of rDNA
fragments differing in size by 1.0 kbp at the extremes of the size range. This
implied that the IDNA was heterogeneous in size. This size heterogeneity was
more dramatically demonstrated when Pstl-, HindlII- or Bglll-digested nDNA
was probed with 32P-labelled rRNA (iRNA in the case of HindIIl and Bglll and
Sp. g and j in the case of Pstl). In each case, a ladder of fragments was seen. The
size difference between the smallest and the largest fragments was 1.0 kbp. The
banding pattern was identical in all digestions, as was the pattern of band
intensities. The individual IDNA fragments which make up the "struts" of the
ladder did not differ from one another by a simple size multiple (i.e. 100, 200 or
300 bp intervals). The actual size differences between one strut and the next
(either above or below) was the same for the different enzymes used to generate
the ladder.

It was possible at this point to make some assumptions about
the location of that portion of the IDNA that was responsible for the length
heterogeneity. Experiments in which EcoRI-digested nDNA was probed with the

individual rRNAs demonstrated that all of the fRNAs (except perhaps Sp. b)



hybridized to the 8.5-9.5 kbp size fragments, indicating that their coding regions
were physically linked to the heterogeneous rDNA. Sp. b weakly hybridized to
the same group of fragments, suggesting that a small portion of its coding region
was linked with the other rRNA genes and hence the heterogeneous region.
(Alternatively, this weak hybridization could be due to some cross-contamination
of Sp. b with Sp. ¢ and/or d). The combined sizes of the Sp. b-hybridizing rDNA
fragments approximate (11-12 kbp) the size of the rRNA hybridizing IDNA
fragments in the Sall or BamHI digests, suggesting that the two fragments
constitute the entire rtDNA. If the 11-12 kbp BamHI/Sall-hybridizing fragments
are indeed the entire rDNA, then it should be possible to discern the length
heterogeneity. On re-inspection of the blots the bands do appear to be rather
broad but because of the low degree of resolution at this size range in 1% agarose
gels, it would not be possible to see individual bands differing by only two or
three hundred bp.

Whereas all the rRNAs, (in the case of Sall and BamH]I,) and
Sp. ¢-j, excluding Sp. h (in the case of EcoRI digests), hybridized to nDNA
fragments showing length heterogeneity, only Sp. g and j did so in the Pstl-
digested nDNA. Therefore it was possible to localize the heterogeneous region to
within 2000 bp of the genes for Sp. g and j.

As indicated previously, repeat size periodicity was not constant
(the ditferent repeats differing from one another by 200 or 300 bp) and repeat
number (as expressed in the intensity of hybridization to the labelled rRNA
probe) also varied substantially. These size differences are not easily explained by
arguing that they are due to simple variations in the number of the individual
small tandemly repeated sequences in Crithidia spacer DNA (to be discussed
later), which are only ca. 20 bp long. It was not possible to demonstrate any

rDNA repeats which differed by 20, 40, 60, 80 or 100 bp. It seems, then, that if
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the length difference is due to these repeats, as indirect evidence suggests, it must
be as a result of blocks of 10 or 15 of the small direct repeats. This could be
readily answered by sequence analysis of the region in pCfH1 that houses the
DNA responsible for the difference in size between its Ct4 homologue and Ct4
itself. This region resides between the unique Sall and Notl sites of CfH1 (as
depicted in Figure 27) and is approximately 1800 bp in length.

As was mentioned in the Introduction, length heterogeneity of
rDNA repeats is a common finding. It is almost always the result of differences in
the size of the 'NTS' or 'IGS'. In Drosophila, some of the rDNA repeats ditfer in
size due to intervening sequences which interrupt the LSU rRNA gene. It is
thought that these rDNAs do not give rise to functional RNAs. In Crithidia the
length heterogeneity is confined to the same spacer region. Although the length
heterogeneity has not been precisely localized, the size differences do map to a
position of the spacer DNA containing the directly repeated DNA and bounding
unique-sequence DNA within pCf4/pCfH1.

The question of whether the length heterogeneity seen in
Crithidia is unique to any individual cell or is a population phenomenon was
studied. As shown here, the pattern of length heterogeneity is a stable,
reproducible one, found within each individual ceil. In the case of multi-cellular
organisms (in which almost all studies of length heterogeneity have been done)
the heterogeneity is an individual phenomenon, Indeed it is possible to use
markers of length heterogeneity to study the relatedness of species, sub-species or
sympatric populations of individuals. It is generally thought that this length
heterogeneity is the product of an unequal crossing-over event during mitosis or
meiosis, or gene conversion. Because Crithidia is most likely asexual, it seems
that this heterogeneity is the result of mitotic unequal crossing-over or gene

conversion. The frequency of conversion or unequal crossing-over must be quite
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low. DNA extracted from cells which were separated by seven years and
presumably thousands of mitotic generations was identical in the pattern of
hybridization of the spacer DNA. Interestingly, the coding region in one of fifteen
clonally selected rDNA did exhibit some difference from the standard pattern.
This was seen when Sp. f was hybridized to the clonally derived DNAs after
digestien with Pstl. The aberrant clone contained, in addition to the same Pstl
fragment seen in the original rDNA (Cf3), a second much larger fragment which
hybridized with lower intensity. This altered pattern was not due to incomplete
digestion because the Cf3 homolog was present in the same quantity (as measured
by the degree of hybridization of the probe to the IDNA fragment) as in the other
14 clones. When the same probe was hybridized to BgllI digests of six different
clonally derived nDNAs, no variation in hybridization pattern could be seen,
although the large size of the Bglll fragments and consequently poorer resolution
may have masked such a change.

The most complex arrangement of IGS/NTS DNA so far
described is in Xenopus, whose rDNA contains four regions of repetitive DNA
designated 0, 1, 2 and 3. Region 0 contains a variable number of 34 bp perfect
repeats while region 1 contains a variable number of near perfect repeats ca. 100
bp in length. Regions 2 and 3 contain tandemly repeated mixtures of two related
sequences designated "60" and "81", one differing from the other by an
inserticn/deletion of 21 bp. The 60-bp repeats and 81-bp repeats are very well
conserved within each class, differing by very few bp. The 60-bp and 81-bp
sequences (excluding the 21-bp insertion/deletion) are also very similar to one
another. The 60-bp and 81-bp sequences possess a 42-bp sequence that is
homologous to 42-bp within the pre-TDNA promoter region found at the

boundary of the NTS/IGS and ETS.



By contrast, individual Crithidia tandem direct repeats do not
exhibit any sequence similarity with the region around the experimentally
determined site of pre-rRNA transcription initiation. Nor do the Crithidia direct
repeats or site of pre-rDNA transcription initiation share any obvious similarity
with the Xenopus spacer promoters, which is not surprising given the observed
rate of evolution in this DNA. The Xenopus 60/81-bp sequences have been shown
to possess enhancer-like activity. Demonstration of such activity by the direct
repeats in Crithidia awaits the development of a quantitative in vitro tDNA
transcriptional assay.

Drosophila also possesses a complex NTS/IGS. Travelling in a
5'or 3' direction there are three regions of repetitive DNA. Rep 1 is made up of
three sequences (A, B, C) repeated tandemly five to nine times. Rep I1 is
immediately after Rep I and is also known as the 330-bp region. It possesses
sequences 2, 3 and 4, in variable number, arranged tandemly. Sequence 2
possesses sequence similarity with the pre-TDNA promoter. Rep II also contains
sequences ¢ and a. Rep III is composed of sequences 1, 2, 3, 4 and 5 and is
obviously related to Rep II sequences. These sequences also possess sequences
homologous to the pre-TRNA promoter. The number of Rep III repeats is variable
from rDNA repeat to rDNA repeat. The 240- and 330-bp repeats (Rep II and III)
have been shown to enhance rDNA transcription in co-transfection experiments.
In addition the 240-bp repeats are known to promote transcription, resulting in
spacer transcripts differing in length by 240 nt up to a maximum leng:h of 1680
nt. The direct repeats in Crithidia spacer DNA do not share any sequence
similarity with any of the sequences in the Drosophila rDNA spacer.

Repeated sequences of a very similar size to those in Crithidia
IGS/NTS have been identified in the mouse NTS/IGS and are known to be

important in transcription termination and promotion. These so-called Sall boxes



are 18 bp in length and are highly conserved. They possess a Sall recognition site
(hence the namey) and are found near the two sites of pre-rRNA transcript
termination. They are repeated eight times but not in a tandem fashion, and have
been shown to bind protein factors. When compared to the direct repeats (Dr i-x)
in Crithidia there is no sequence conservation. Whereas the Crithidia direct
repeats are tandemly arranged, the Sall boxes are separated from one another by a
variable number (18 to 123 bp) of unique sequence DNA. Whether the Crithidia
direct repeats are involved in transcription termination remains to be
demonstrated.

The NTS/IGS of the three related hypotrichous ciliates, T.

thermophila, T. pyriformis and Glaucoma chattoni (201), have been sequenced

and analyzed. Interestingly, they possess short repeat sequences both 5' and 3' to
the transcribed portion of the IDNA. The sequences in the 5' region are of three
unrelated types and are interspersed with unique sequence DNA. The Type I
repeat is 33 bp iong and extremely rich in A. Type II repeats are variable in
length but most are 22 bp long. In T. thermophila and G. chattoni these repeats
are tandemly arranged and conserved in position but not sequence. They are
repeated eleven and eight times, respectively. These Type II repeats resemble
Crithidia's tandem direct repeats, Dr i-x, in arrangement and position, but not
sequence. Type III is about 20 bp long and conserved in sequence but not
location. It is not tandemly repeated. The Type I repeat may serve a special r ‘e
in Tetrahymena rDNA replication and transcription. It is found four times in the
spacer DNA: twice §' to the site of transcription initiation, once grouped with

three copies of type III repeats in Domain I (a DNase I hypersensitivity site and

region known to be important in rDNA replicaticn) and once again with three

copies of type III repeats in Domain II. Larson et al. (180) determined the

primary sequence of an rDNA molecule isolated from a mutated Tetrahymena
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strain which exhibits an alteration in the ability to form or maintain amplified
rDNA, and found that the new genotype was due to a single base change in the

Domain II, type I repeat.

1 SI F TRANSCRIPTION INITIATION

A detailed comparison of the nucleotide sequence surrounding
the transcription initiation site from several organisms highlights sequences that
are both highly and poorly conserved in evolutionary terms (see Fig. 44). Overall,
RNAP I promoter sequences are poorly conserved in position and sequence. This
is in stark contrast to promoters for RNAP II and III, which not only are highly
conserved in sequence, but are rather precisely fixed in position with respect to
the site of initiation. Nucleotides -16 and +1 are the only ones that show any
degree of evolutionary conservation. Such strict conservation implies an
important “*nctional role. As noted earlier in this thesis, nucleotide -16 has been
shown to be absolutely essential for transcription initiation in human, mouse and
Acanthamoeba. A similar role for nucleotide +1 has not been established although
it does reside in a stretch of DNA that binds RNAP I in mouse and Xenopus.
Nucleotide -7 shows a lesser degree of conservation, but still fairly high over a
broad spectrum of organisms. This residue is an absolute requirement in mouse as
judged by complete Ic ~ of transcription when G at -7 is replaced by A. There are
positions that exhibit a purine and/or pyrimidine preference. At positions -8, +5,
+7 and +9, G or A is preferred, while C or T is preferred at -1. The functional
significance, if any, remains unclear for these positions. Although there is no
conservation of extended sequences over great evolutionary distances, sequence
similarity is evident between closely related organisms. Mouse and rat share the

same sequences between -38 2ud -32, -30 and -16, and -1 and +10. Humans have



the -38 to -32 region (shifted 15 nt upstream relative to mouse and rat) and -1 to
+10 sequences in common with mouse and rat. The -30 to -16 region is not
shared, an interesting observation when viewed from the perspective that rat, but
not human, TIF will support transcription of wild type mouse IDNA with mouse
RNAP [ in vitro, and that mouse TIF-IB protects a portion of this motif in in vitro
experiments.

The Xenopus species share a high degree of similarity over an
extended portion surrounding their IDNA transcription initiation sites. This
includes a region (-10 to +15) protected by a protein factor jn vitro. A similar
degree of sequence similarity is seen between two ciliate protozoans,

Tetrahymena thermophila and Glaucoma chattoni.

The six fungal species share a region from -9 to -3, but

Schizosaccharomyces pombe and Neurospora crassa do not share a region

extending from -9 to +10 with the four Saccharomyceloidae. S. pombe shares

with K. lactis an additional 11/12 nt between -26 and -15 which are not shared

with the remaining fungi.

Grondal et al. (195) determined the putative site of RNAP 1
tronscription initiation in Crithidia by St nuclease mapping and nuclear run-on
experiments. Crithidia does not share any sequence similarity with any of the
other determined RNAP I promoter sequences, even with respect to Trypanosoma
brucei, a fellow trypanosomatid. In all other o1ganisms listed in Figure 44, the
important +1 nucleotide is A or G, whereas Crithidia possesses a C. Interestingly,
if the Crithidia sequence is shifted one nucleotide to the left, the +1 position
becomes a G and the -7 position becomes an A, more in keeping with the
convention (i.e., a purine at positinn +1 and -7). RNAP I promoter-identification
experiments using a quantitative in vitro transcriptional assay and deletion

mutants plus single-site mutants generated by the sodium bisulfite technique
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carried out to determine what sequences are important in Crithidia rDNA
transcription initiation. This initial sequence comparison seems to indicate that
these sequences may be unlike regulatory sequences in the IDNA of other
eukaryotes.

Niles et al. (89) mapped the presumed site(s) of transcription
termination in Tetrahymena sp. using a 35S pre-rRNA molecule whose 3'-end
was positioned 15 bp downstream of the 3'-end of the mature LSU rRNA. As has
been noted previously in this thesis, interpretation of the site of transcription
termination usii 7 these transcripts must be made with caution because pre-rRNA
processing may be so rapid that the true transcription termination site cannot
easily be identified. These authors comment on sequences near the S-mapped 3'-
end which can theoretically assume hairpin-loop structures followed by stretches
of unique nucleotides in the DNA. This kind of arrangement has been shown to
be responsible for rho-independent RNA transcription termination in E. coli.

Downstream (286 nt) from the 3'-end of the coding region for
the small rRNA Sp. j is a 12-nt palindromic sequence. More impressive is a 17-nt
perfectly matched hairpin with a 7-nt loop (Bloc A). This sequence ends 8 bp
from the start of the tandemly repeated 19-bp sequences. A sequence bearing 80%
identity wiih the A repeat and also capable of forming a hairpin and loop
structure is found immediately downstream of the tandemly repeated region, such
that this region is flanked by repeats A and B. A third related sequence (85%
identical to A), is located about 120 bp upstream from A. Repeats A and C are
separated by DNA sequence containing two identical 12-bp sequences bearing no
resemblance to the direct repeats or sequences A, B and C.

The palindromic repeats A, B, and C resemble rho-independent
sites in their potential secondary structure, position (downstream of the coding

regions) and possession of T residues immediately downstream of the hairpin-
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loop structures. What role, if any, they play in transcription awaits direct
experimental evidence. It is also possible that these sequences have some role in
rDNA replication and/or the process of rDNA homogenization.

The only remaining repeated DNA is found 5' to the start of the
coding sequence for the SSU rDNA at positions 3476 and 3560. These repeats
differ by a 2-bp insertion/deletion 4 bp from the 5'-end. These repeats are unique
in sequence and bear no resemblance to any of the other repeats in the Crithidia
rDNA spacer.

In summary, Crithidia fasciculata possesses a novel

complement of rRNAs. The SSU and 5.8S rRNAs are unusually long but by far
the most interesting aspect of this system is the highly fragmented LSU rRNA
which is made up of seven separate species. With the exception of the 5S rRNA,
all the rRNAs are encoded together in an rDNA repeat unit ranging in size from
11-13 kbp. The coding regions for the rRNAs are separated from one another by
eight internal transcribed spacers. In spite of the number of rRNAs the IDNA
conforms to the conventional nuclear rDNA arrangement of 5.ETS-18S-5.8S-
"28S"-1GS-3"

The IGS differs in base composition from that of the
transcribed portion of the IDNA and possesses a more complex substructure. The
most conspicuous part of the IGS is the tandemly repeated 19 bp repeats. The
region implicated in TDNA length heterogeneity maps to the tandem repeats.
These repeats are not identical but display variable degrees of relatedness;
sequences homologous to them are not found outside this region. What role, if
any, they have in tRNA transcription initiation and/or termination, rRNA
processing, rDNA replication, or IDNA evolution remains to be determined. The
spacer DNA also possesses other repeated elements of unknown significance, as

well as motifs that could potentially form hairpin-loop structures (in an RNA



transcript). Their involvement, if any, in transcription awaits experimental
evidence. The length heterogeneity discovered in this rDNA was determined to be
an individual and not a population phenomenon. It was also shown to be a rather
stable arrangement, not having changed in over seven years of serial culture of
this organism. The degree of methylation in the TDNA, as determined by
digestion with methylation sensitive/insensitive restriction endonucleases, appears
minimal, keeping in mind the limitation that such experiments do not sample all

possible methylatable sites.

8. EVOLUTIONARY SIGNIFICANCE OF THE
STRUCTURAL ORGANIZATION OF THE rDNA REPEAT

As a starting point for discussion about the evolutionary
significance of the Crithidia rDNA organization, I would like to review the
common features of eukaryotic rDNA. As has been noted elsewhere in this thesis,
most eukaryotes possess a characteristic IDNA structure. Commonly the rDNA is
tandemly repeated and chromosomally integrated, with a sequence arrangement as
follows: IGS-5'-ETS-18S-1TS1-5.8S-1TS2-28S-3'-ETS-IGS. In all eukaryotes
studied to date, transcription of the pre-rRNA starts at the boundary between the
IGS and 5'-ETS and within an RNAP I core promoter sequence. Termination of
transcription often occurs at specific sequences either 3' to the coding region of
the 28S rRNA gene or further downstream in the IGS. The IDNA may exhibit
length heterogeneity which, when present, is usually due to a variable number of
repeated sequences in the IGS. In some cases it is attributable to the presence of
IVS in a sub-population of IDNA cistrons.

When one compares the primary sequence of rDNA cistrons

from divergent organisms, homology is confined to the coding region for the
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rRNAs. The degree of similarity is a measure of organismal evolutionary
relatedness. In closely related species (i.e., X. lacvis and X, borealis) some
sequence conservation is seen in portions of the 5'- or 3'-ETS and in portions of
the IGS. No significant sequence identity can be detected when the IGSs of
distantly related eukaryotes are compared but some homology is evident when
closely related species are analyzed (i.e., Xenopus spp. and Drosophila spp.)
(80,135). A region which might be anticipated to be under evolutionary pressure
to remain conserved in sequence due to its importance in rDNA transcription, the
RNAP I promoter, is now known to be remarkably divergent in sequence and
position, exhibiting only imperfect homology in a cohesive group like the
mammals (106).

Sequences which can form secondary structures outside of the
rRNA coding regions have been poorly conserved. There are sequences in certain
IGS, (i.e., Tetrahymena spp. and yeast) (41,84) which have the potential to form
secondary structures but as has been stated elsewhere, they are not conserved in
sequence or configuration. Generally speaking all eukaryotes possess the same
overall tDNA arrangement, with some notable exceptions to be discussed below.

In most eukaryotes the LSU rRNA consists of a complex
between the 5.8S and 28S rRNAs. These molecules together constitute the
homologue of the 23S rRNA in eubacteria and archaebacteria. The LSU rRNA in

some eukaryotes (i.e., Crithidia, Euglena, Trypanosoma, and Leishmania)

(167,169,170,171,172) can consist of multiple rRNAs which arise as a result of
the post-transcriptional removal of multiple ITS sequences from the pre-rRNA.
At the other extreme, there is now an example of a eukaryote (a microsporidian)
(208) which does not possess a 5.8S rRNA, due to the absence of an ITS2. In
essence, the LSU rRNA is of the eubacterial/archaebacterial configuration. This is

particularly interesting because this organism appears to have branched off from
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the main eukaryotic lineage well before the kinetoplastids and euglenoids (208).
This raiscs the question, "Is the presence of an intact LSU rRNA gene a primitive
condition, as its phylogenetic placement might suggest, or is it a peculiarity of the
microsporidians?" If a deeper branching organism could be identified, it might be
possible to answer this question. In this regard the recent determination of the
Giardia rDNA sequence and analysis of the SSU rRNA gene (209) suggests that
this organism branched even earlier than the microsporidians did from the main

eukaryotic lineage. The Giardia ribosome possesses a 5.8S rRNA, albeit shorter

than normal, whose gene is separated from the 28S rRNA gene by an ITS2. It
should be noted that the 28S rRNA is a covalently continuous molecule inthis

organism.

The fact that Crithidia and Giardia have an IGS-SSU-LSU-IGS

rDNA arrangement suggests this pattern was present very early in the evolution of
eukaryotes. This organization contrasts with that found in eubacteria. Whereas the
rDNA in eukaryotes is usually chromosomally integrated and tandemly repeated,
or exists as extrachromosomal circles, eubacteria contain a small number of
dispersed rDNA cistrons (seven in E, coli) on their single chromosome (13). The
gene arrangement in these cistrons is as follows: 16S-tRNA-23S-5S-(tRNA).
Superficially, but perhaps significantly, this resembles the eukaryotic
arrangement. As mentioned earlier there is no separate 5.8S rRNA sequence in
bacteria and in contrast to eukaryotic rDNA, a gene(s) for a tRNA(s) is (are)
found in the spacer between the SSU and LSU rRNA genes in many but not all
eubacteria. The presence of a 5S TRNA gene mapping with the other rRNA genes
has been reported in a number of eukaryotes (47,86), but as in the cases where it
is separated from the rDNA repeat, this 55 rRNA gene is transcribed by RNAP 111
and not RNAP L.
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It has become increasingly apparent that the IGS is extremely
important in rDNA transcription, enhancemert of promotion, termination and
replication. It also has become apparent that these functions are dependent upon
the presence of blocks of sequences and/or specific nucleotides which are found
in the IGS outside of the ETS regions. Two of the best-studied systems in this

regard are Xenopus and Drosophila. In both cases the IGS possesses a complex

array of tandem repeats interspersed with imperfectly duplicated RNAP I
promoters. In both systems these repeated sequences are involved in the
enhancement of rDNA transcription. In other organisms (yeast, human, and rat)
(83,86,107,119,120,122,123,134) the IGS does not possess a highly repeated
structure but does contain single or double duplications of the RNAP I promoters
which function in enhancement.

The Crithidia tandem direct repeats are similiar to the IGS
repeats in Drosophila and Xenopus in location and form, but not in sequence. It is
tempting to speculate that they are enhancers but there is no sequence identity
with the recently determined RNAP I site in Crithidia to support such a claim. If
this could be established, it would imply that the rDNA transcriptional apparatus
present in eukaryotes became fixed, in evolutionary terms, early in the evolution
of this group. On the other Land the hairpin-loop structures (Blocs A, B and C)
which flank the tandem array in the Crithidia IGS (and which have not been
described in other eukaryotic IDNA) resemble eubacterial rho-independent
termination sites, suggesting that the Crithidia transcription initiation/termination
apparatus may possess properties like that found in eubacterial systems.

When one compares and contrasts IDNA transcription in
eukaryotes with that in eubacteria or archaebacteria, similarities and differences
come to light. In eubacteria the rRNAs usually arise from the processing of a 30S

pre-rRNA transcript which is initiated from one of two possible promoters found
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upstream of the mature end of the 16S rRNA gene. Termination occurs
downstream of the 5S rRNA gene (10). The situation in archaebacteria is more
interesting in many ways. The rRNA operons of the halophiles and methanogens
resemble typical eubacterial rRNA operons, having closely linked 16S-, 23S- and
5S-rRNA encoding genes with a tRNA gene located in the 16S-23S spacer and (in
some operons) a tRNA gene located immediately downstream of the 5S rRNA
gene. These operons can be found one to four times per genome (for a review of
this topic see 210). The situation in the thermoacidophiles (the third main group
of archaebacteria) is very reminiscent of eukaryotic IDNA. In this case, there is
variable linkage of the 5S rRNA gene with the 16S-23S rRNA genes and no
tRNA genes are present in the 16S-23S spacer. An arrangement also found in
eukaryotes but not in eubacteria (nor, apparently in the other groups of
archaebacteria) is the presence in a thermoacidophile of an operon that contains
multiple repeated promoters upstream of the true promoter (210). Surprising, also,
is the location of an RNAP termination site in conjunction with the first upstream
promoter, suggesting that the multiple promoters may act to enhance
transcription, as in Xenopus and mouse (75,130).

The Crithidia IGS direct tandem repeats seem to have arisen by
unequal crossing-over of less highly repeated DNA generated, perhaps, by a DNA
slippage mechanism at the time of DNA replication. Unequal crossing-over is
thought to be responsible for the production and maintenance of many eukaryotic
tandem repeats (14,80). Presumabley such a process is also reponsible for the
production and maintenance of Crithidia rDNA, given its tandemly repeated
organization. This process can also work to produce and maintain much smaller
repeated DNAs, such as the Crithidia IGS tandem direct repeats. Given that these
tandem repeats are not identical in sequence, it seems that mutations have been

introduced at various sites within the repeats since the production of the array by



the successive rounds of unequal crossing-over (or by the unequal crossing-over
process itself). It would be of some interest to determine the sequence details of
similiar arrays in other copies of the size-heterogeneous rDNA repeats found in

Crithidia, and to make comparisons about qualitatve and quantitative differences

among them. With this type of information it may be possible to better work out

the details of how the array was generated and is maintained.

9. FUTURE RESEARCH DIRECTIONS

The work completed to date and the insights it provides suggest
several future areas of experimentation.

(1) The exact cause of the length heterogeneity could be better
understood by determination of the DNA sequence of pCfH1, which contains an
rDNA spacer of different length than that sequenced in pCf4.

(2) Spacer DNA sequence comparison between pCf4+pCtl and
pCfH1 would allow determination of conserved and non-conserved nucleotides in
the spacer IDNA of different DNA cistrons, and hence allow some comment on
the importance of various identified sequence motifs in rRNA transcription or
evolution.

(3) Perhaps the most interesting experiments which could
evolve from the work outlined in this thesis would be the development of a cell-
free system for in vitro rDNA transcription and processing. Early experiments of
this type have been done with the related flagellate, T. brucei. The sites of
transcription initiation and termination could be mapped precisely and then the
substrates for DNA mutagenesis would be available for detailed studies of the
rDNA sequences necessary for rDNA initiation and termination. Using what is

known from studies of in vitro rDNA transcription in Xenopus, Drosophila,
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mouse, and Acanthameoba, it should be possible to develop such a system in

Crithidia.
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