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Abstract

DNA replication is a fundamental process of living things. This thesis
examines the origins and evolution of DNA replication proteins found in the
three primary domains of life, the eubacteria, the archaebacteria, and the
eukaryotes.

First, DNA-dependent DNA polymerases of archaebacteria and
eukaryotes were studied. A PCR-based approach was used to amplify and
sequence various family B DNA polymerases from thermoacidophilic
archaebacteria and early-diverging eukaryotes. Phylogenetic analysis of these
and other sequences indicated that the DNA polymerases of archaebacteria and
eukaryotes have evolved by a series of independent gene duplications, but the
order of the duplication events remains unclear. Unexpectedly, one eukaryotic
DNA polymerase, €, appears more related to archaebacterial DNA polymerases
than to any other eukaryotic polymerase.

Second, the replication proteins of eubacteria and eukaryotes that perform
analogous functions at the replication fork were examined by computer-based
methods to resolve issues of evolution by duplication and homology. It was
found that many replication proteins of eukaryotes are members of gene families,
whereas eubacterial replication proteins are not. Eukaryotic replication proteins
likely evolved by gene duplication after the split of the eukaryotic and
eubacterial lineages. Archaebacterial genomes also encode many proteins that
are members of gene families and that are homologous to eukaryotic replication
proteins.

The question of homology of eubacterial and eukaryotic replication
proteins was addressed by comparisons of amino acid alignments of proteins
performing analogous functions. There is no evidence from amino acid
alignments that eubacterial and eukaryotic replication proteins are homologs.
Thus, there is little evidence to support the notion that DNA replication proteins
evolved from a single set of replication proteins present in the last common
ancestor of eubacteria, archaebacteria, and eukaryotes.
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Introduction

Archaebacteria and the nature of the last common ancestor of life
In the late 1970’s, Woese and Fox published two seminal findings that

stemmed from comparisons of oligonucleotide catalogs of 165 and 185
ribosomal RNAs of prokaryotes and eukaryotes (Woese and Fox, 1977b;
Woese and Fox, 1978). They were (1) that the eukaryotic nuclear lineage was
not specifically related to any known prokaryotic lineage, and (2) that
prokaryotes could be divided into two unrelated groups, one comprising well-
studied bacteria such as Escherichia coli, Bacillus subtilis and cyanobacteria,
which they called eubacteria, and the other group comprising a collection of
organisms found in extreme habitats, which they called archaebacteria.

The first finding came as a surprise to many biologists. Previous to
Woese and Fox’s publication, the prevailing view of the biological world was
that of a prokaryote/eukaryote transition. Prokaryotes were defined as those
organisms that lacked many of the ultrastructural and cellular features found
in eukaryotes (Stanier and van Niel, 1962; Stanier, 1970). Specifically, these
were the absence of a nucleus, the lack of cell division by mitosis, the lack of
membrane-bound respiratory organelles, and the lack of an elaborate
cytoskeletal system. As such, the prokaryote state of cellular organization was
seen as simpler and earlier than the eukaryote state of cellular organization.
Prokaryotes were believed to have evolved from a yet simpler pre-prokaryote
state of organization, while eukaryotes were believed to have evolved from a
particular group of prokaryotes (most likely cyanobacteria) by a gradual
increase in internal complexity, eventually resulting in the appearance of the
nucleus and cytoskeleton. According to this view of cellular evolution,

rRNA sequences from the eukaryotic nucleus would have shown a specific
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affinity to a known prokaryotic group, while the rRNA of organelles would
have shown affinities to yet other prokaryotic group(s). However, Woese and
Fox’s analyses indicated that the eukaryotic nuclear lineage did not evolve
from within a prokaryote group, but instead represented a separate line of
descent altogether (Woese and Fox, 1977b; Fox et al., 1980).

That eukaryotes might represent a separate line of descent from a
common ancestor was in agreement with the radical differences in genome
structure between the two groups. Doolittle (Doolittle, 1978) argued that
eukaryotic genome organization, typified by genes interrupted by non-coding
sequences, was too different from that of prokaryotes to imagine how such
(seemingly) informationally irrelevant sequences could be added to existing
prokaryotic structural genes without deleterious effects. Rather, he
envisioned the eukaryotic genomic state as a primitive one, from which the
genomes of prokaryotes evolved by succumbing to pressure to eliminate non-
coding DNA from the genome (most commonly referred to as streamlining).
Darnell (Darnell, 1978) argued along similar lines, but was also struck by the
haphazard organization of the eukaryotic genome as opposed to efficiently
organizied prokaryotic genomes (operons, tightly regulated gene expression,
linked transcription and translation) and saw the eukaryotic genome arising
independently from a common ancestor.

Woese and Fox's second finding, that prokaryotes could be divided into
two groups of organisms, each as distinct as both were from eukaryotes on the
basis of oligonucleotide catalogs of rRNAs, was perhaps more of a surprise
than their first. Woese and Fox named these two groups eubacteria and
archaebacteria to replace the taxonomic division of the living world into
prokaryote or eukaryote and to emphasize the distinctiveness of

archaebacteria from other bacterial groups. The name archaebacteria was
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chosen purposely to connote a sense of antiquity because of the belief that the
type of habitats that these organisms were isolated from, high temperature,
low pH, extremely high levels of salinity, were representative of the types of
habitats to which bacteria of the Archean age would have been exposed
(Woese and Fox, 1978).

In the same year, Woese and Fox published another paper entitled
“The concept of cellular evolution” (Woese and Fox, 1977a). This paper
focused on the key question of whether the eukaryotic nuclear lineage
represented a separate line of descent from the prokaryotic lineage (both
eubacterial and archaebacterial) and if so, what was the state of cellular
organization of the common ancestor of eukaryotes and prokaryotes. Woese
and Fox argued that the eukaryotic lineage was distinct from that of the
eubacterial and archaebacterial lineages and concluded that

“Eucaryotes did arise from procaryotes, but only in the sense that

the procaryote is an organizational, not a phylogenetic

distinction. In analogous fashion, procaryotes arose from

simpler entities. The latter are properly called progenotes,

because they are still in the process of evolving the relationship

between genotype and phenotype. It is at the progenote state, not

the procaryote stage, that the line of descent leading to the

eucaryotic cytoplasm diverged from the bacterial lines of

descent.”

Fox and Woese believed that the ancestor of prokaryotes and
eukaryotes was a progenote because of a number of key differences in the
translation machineries: different patterns of post-translational modification

of rRNAs, signature sequences in rRNAs specific to eukaryotes or



prokaryotes, size of ribosomes (60S versus 80S), and differing antibiotic
sensitivities. These differences were too great to be explained by either (i) a
gradual change in the eukaryotic machinery if it evolved from a prokaryotic
one (ie. eukaryotes evolved from within prokaryotes), or (ii) by the
divergence time (measured by mutation rate) separating the two lineages
from a common ancestor. Rather, Woese and Fox saw modifications and
improvements in components of the translation apparatus as occurring
independently in the prokaryote and eukaryote lineage after each diverged
from the progenote. Woese and Fox also believed that, due to the presence of
an inefficient translation apparatus, other cellular processes would also have
been under Darwinian selection in the progenote. They argued that

“It is difficult to overestimate the effect on the nature and

evolution of the cell that an appreciable translation error rate (a

noisy genetic transmission channel) would have. The primary

constraint would be on the size and properties of the proteins

that could be evolved. This in turn would delimit the specificity

of all of the cell’s interactions.”
Problems due to inefficiencies in cellular processes of storage and processing
of genetic information (genome organization, control pathways, DNA repair
mechanisms and certain enzymes involved in DNA replication) would have
been met and solved independently in the prokaryotic and eukaryotic
lineages.

The discovery of the archaebacteria as a separate line of descent from
eubacteria and eukaryotes only strengthened Woese and Fox's belief that the
common ancestor of all life was a progenote (Woese and Fox, 1977b; Woese

and Fox, 1978). Archaebacteria possessed key differences in components of the



Figure 1 Historical relationships of organisms (from Doolittle and Brown,
1994). (A) Evolutionary view between 1970 and 1977. The eukaryotic nuclear
lineage arose from within the already characterized prokaryotes (eubacteria).
(B) Implications of rRNA oligonucleotide catalogs of Woese and colleagues.
The prokaryotic (eubacterial) and eukaryotic nuclear lineage arose
independently from a primitive last common ancestor, the progenote, still
experiencing progressive Darwinian selection to improve various cellular
processes. The archaebacteria (Woese and Fox, 1977b) would represent a third
lineage on this diagram, also evolving independently from the progenote.
(C) Implication from rooting of the universal tree of life using paralogous
protein families (Gogarten et al., 1989; Iwabe et al., 1989) and renaming of the
three domains (Woese et al., 1990).






translation apparatus that Woese and Fox thought were as distinct as
differences between the eukaryotic and eubacterial translation machinery. In
addition, archaebacteria did not appear to use peptidoglycan in construction of
their cell walls, one of the defining structures of eubacterial cell walls.
Archaebacteria also possessed unique ether linked lipids, not known as
constituents of any eubacterial or eukaryotic cell membrane. However,
archaebacteria did resemble eukaryotes in certain traits: a high level of
modification of tRNAs, the initiator tRNA carrying a nonformylated
methionine, and sensitivity to certain antibiotics specific for eukaryotes. In
spite of these similarities, Woese and Fox still maintained that the deepest
division in life was a tripartite one with the three groups arising from the
progenote.

The concept of the progenote dominated the molecular evolutionary
literature for much of the 1980s (see for example Doolittle, 1980; Doolittle,
1989; Doolittle and Brown, 1994). Two events brought a gradual change in the
thinking about the relationship of the three domains to each other and on the
nature of the last common ancestor. First, stimulated by the sequencing of
archaebacterial genes, was that archaebacteria, eubacteria, and eukaryotes
possessed homologous proteins that performed identical roles in biochemical
pathways. It became evident from sequencing of archaebacterial genes that in
terms of genomic organization, archaebacteria resembled eubacteria in many
respects, and that this genome organization was probably ancestral to both
groups.

The most compelling studies of archaebacterial proteins with
functionally identical homologs in eubacteria and eukaryotes were those on
DNA-dependent RNA polymerases by Zillig and co-workers (see for example
Huet et al., 1983; Gropp et al., 1986). Archaebacteria, like eubacteria, possess
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only a single RNA polymerase, but it is more similar in subunit composition
and biochemistry to the three eukaryotic RNA polymerases. As amino acid
sequences appeared for archaebacterial RNA polymerase subunits, it became
obvious that the RNA polymerases of eubacteria, archaebacteria, and
eukaryotes were homologs. The observed degree of amino acid similarity was
difficult to reconcile with Woese and Fox’s prediction of independent
evolution of components of the genetic machinery in eubacterial,
archaebacterial and eukaryotic lineages after their divergence from the
progenote. Amino acid sequences of archaebacterial proteins involved in
translation (ribosomal proteins and elongation factors) also showed strong
sequence similarity and a common function to proteins of eubacteria and
eukaryotes (Amils et al., 1993; Rameriz et al., 1993).

If the cellular ancestor of eubacteria, archaebacteria, and eukaryotes was
a progenote with inefficient translation and transcription, one might expect
proteins involved in these processes in extant organisms to be different in
function and sequence. However, the findings of Zillig and others posed a
major problem for the progenote concept: the presence of functionally
analogous proteins with high levels of sequence similarity in archaebacteria,
eubacteria, and eukaryotes strongly implied that at least some (if not all)
aspects of the processes in which these proteins functioned were already fixed
in the progenote, and not under Darwinian selection for increased efficiency.

The second challenge to thinking on the nature of the last common
cellular ancestor of eubacteria, archaebacteria and eukaryotes was the rooting
of the universal tree of life which showed that archaebacteria and eukaryotes
were sister groups, each sharing a more recent common ancestor than either
did with eubacteria. Phylogenies of all life based on 16S and 18S rRNA cannot

determine the branching order of eubacteria, eukaryotes, and archaebacteria
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because there is no outgroup; in three taxon trees there is no logical method
of deciding which group is ancestral to the others unless other evidence (such
as fossil records) exists. In 1989, two groups independently used the same
method of finding an outgroup for all life; they based their phylogenies on
paralogous protein families (Gogarten et al., 1989; Iwabe et al., 1989). The
genes coding for the protein elongation factors EF-Tu/1a and EF-G/2 are
present in the genomes of all extant organisms, are homologs of each other,
and must have arisen by gene duplication from a single ancestral gene prior
to the separation of the major lineages of life. By sequencing both genes from
a diverse sampling of eubacteria, archaebacteria, and eukaryotes, it is possible
to construct phylogenies and use one gene family (EF-Tu/1la for instance) to
root the other gene family (EF-G/2). Phylogenies of both the elongation factor
gene family and that of another ancestrally duplicated gene family, the
proton-translocating ATPases, constructed in this manner showed that
archaebacteria and eukaryotes shared a more recent common ancestor than
either did with eubacteria (Gogarten et al., 1989; Iwabe et al., 1989).

The rooting of the tree of life implied that the common ancestor of
archaebacteria and eukaryotes was a structurally and biochemically advanced
cell, and most likely prokaryote-like in grade of cellular organization.
Combined with the growing body of evidence for homologous proteins
performing identical steps in cellular pathways and for a common genome
organization of eubacteria and archaebacteria, the notion of the last common
ancestor of life as a progenote became less reasonable. However, the concept
of a progenote should not be abandoned for it is a hypothetical, but logically
necessary, ancestral entity in which the basic cellular machinery was still

subject to Darwinian selection for increased efficiency and efficacy. But this
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stage of cellular evolution surely preceded that from which modern cells

evolved.

Archaebacterial phylogeny
The original rRNA oligonucleotide catalogs of Woese, Fox and

colleagues indicated that archaebacteria could be divided into two groups, one
consisting of extreme halophiles and methanogens, and the other consisting
of thermoacidophiles (Woese and Fox, 1977b; Fox et al., 1980). The
preliminary division of archaebacteria into two kingdoms was later
confirmed by molecular phylogenies based on complete 16S rRNA sequences
and various protein datasets (figure 2). These studies demonstrated that any
one particular archaebacterial sequence was more closely related to other
archaebacterial sequences than to any eubacterial or eukaryotic sequence;
archaebacteria appeared to be a monophyletic assemblage of two distinct
groups diverging from a single common ancestor. Woese (Woese et al., 1990)
named the two archaebacterial kingdoms Euryarchaeota (encompassing the
halophile/methanogen clade) and Crenarchaeota (encompassing the
thermoacidophiles).

Notable exceptions to studies supporting archaebacterial monophyly
were those of Lake and co-workers based on ribosome structure in electron
micrographs (Lake et al., 1984; Lake et al., 1986). Lake believed the
archaebacteria to be paraphyletic and divided them into three groups: the
photocytes (halophiles plus all eubacteria), the methanogens (which Lake
called archaebacteria), and the eocytes (the thermoacidophiles). Because of the
lack of similarity of the eocyte ribosome to that of other prokaryotic groups,
eocytes were seen as the closest prokaryotic relative of eukaryotes. Heavily

criticized by advocates of archaebacterial monophyly and of the three domain
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Figure 2 Phylogeny of eubacteria (bacteria), archaebacteria (archaea), and
eukaryotes (eucarya) based on SSU rRNA sequences (from Pace, 1997). The
tree is unrooted, but phylogenies based on paralogous protein families would

place the root between the archaebacterial and eubacterial branch.
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concept of Woese, the ribosome structure data lost significance when
ribosome structures were found in archaebacteria purported by Lake and co-
workers to be lacking those structures (Stoffler and Stoffler-Meilicke, 1986).
However, Lake and Rivera's 1992 description of a shared single insertion in
the elongation factor-1a gene of crenarchaeotes and eukaryotes, but not
euryarchaeotes, provided perhaps the best single line of evidence against the
monophyly of archaebacteria. Again, this evidence has been criticized for
alignment inconsistencies and ad hoc selection of taxa (Baldauf et al., 1996).

The phylogenetic coherence of archaebacteria was challenged again by
analyses of the elongation factor protein dataset as support for the sisterhood
of crenarchaeotes (eocytes) and eukaryotes was found (Baldauf et al., 1996;
Hashimoto and Hasegawa, 1996). In addition, many other protein datasets
(for instance glutamine synthetase and heat shock proteins) do not show the
"expected" archaebacterial phylogeny; in most of these cases, some (but not
all) archaebacterial sequences branch with some (but not necessarily the same)
eubacterial sequences, while other archaebacterial sequences branch with
eukaryotic or other eubacterial sequences (see for example Hilario and
Gogarten, 1993; Brown et al., 1994; Golding and Gupta, 1995). To reconcile
these molecular phylogenies with those supporting archaebacterial
monophyly, lateral-transfer of protein coding genes between archaebacterial
and eubacterial lineages has been invoked (Hilario and Gogarten, 1993; Tiboni
et al., 1993; Brown et al., 1994; Pesole et al., 1995). A more radical solution to
these conflicting phylogenies, involving the cellular fusion of an
archaebacterium and an eubacterium, has been suggested by various authors
(Sogin, 1991; Zillig, 1991; Gupta and Golding, 1993; Gupta and Golding, 1995).
In these chimeric scenarios, metabolic genes (such as glutamine synthetase

and heat shock proteins) were “donated” by the eubacterial counterpart, while
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genes involved in transcription and translation were provided by the

archaebacterial counterpart.

Phylogeny of relevant eukaryote groups
Much of what is known about DNA replication in eukaryotes is based

on studies of mutants of S. cerevisiae, cell lines of H. sapiens, or mammalian
viruses (Kornberg and Baker, 1992). As indicated by rRNA phylogenies
(figure 2), these organisms are by no means representative of the genetic and
phylogenetic depth of eukaryotes (Sogin et al., 1989; Cavalier-Smith, 1993).
Almost all of the current "model" eukaryotes are found in what is commonly
referred to as the crown; basically animals, fungi, plants, and a few protist
groups. However, much of the genetic, biochemical, environmental, and
morphological diversity is found among the protists. Cavalier-Smith
(Cavalier-Smith, 1993) has argued that changes in cell structure and
organization accompanying the evolution of various protist groups are far
more significant than most of the changes observed in the evolution of
organisms found in the crown. The evolution of eukaryotic DNA replication
from that of a prokaryotic ancestor is best studied then by examining the
replication proteins of representatives of the earliest eukaryotic cells, not late
evolving crown groups.

The first eukaryotes were most likely morphologically and structurally
simple compared to extant representatives of many eukaryotic groups. Extant
representatives of early diverging eukaryotic lineages (as determined by
molecular phylogenies of rRNA and various protein coding genes) lack many
of the "typical” cellular structures found in crown eukaryotes: they do not
have mitochondria, peroxisomes, plastids, or Golgi dictyosomes. Cavalier-

Smith (Cavalier-Smith, 1987a) collectively called these protists Archezoa. He
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included the Metamonads (ie. Giardia lamblia), the Archamoebae (ie.
Pelomyxa), the Microsporidia (ie. Nosema locustae), and the Parabasalids (ie.
Trichomonas vaginalis) in this group. The parabasalians were later removed
from the archezoa because of the presence of a well developed Golgi
apparatus (Cavalier-Smith, 1987b); all other archezoa lack “well-developed”
Golgi apparatus. There is also recent evidence to suggest that T. vaginalis
once possessed a mitochondrion that evolved into the energy-generating
organelle characteristic of parabasalids, the hydrogenosome (Bui et al., 1996;
Germot et al., 1996; Horner et al., 1996; Roger et al., 1996).

rRNA and elongation factor phylogenies of eukaryotes support the
original concept of the archezoa as early-diverging eukaryotes robustly placing
G. lamblia and other metamonads at the base of eukaryotes (figure 2;
Cavalier-Smith, 1993; Cavalier-Smith and Chao, 1986; Keeling and Doolittle,
1996a; Baldauf et al., 1996). However, phylogenies of o- and B-tubulin place
representatives of the microsporidia as a sister group to fungi; this is in stark
contrast to rRNA phylogenies (Keeling and Doolittle, 1996b). The SSU rRNA
sequence of Phreatamoeba balamuthi (an archamoebae) dovs not group with
those of archezoa as expected but rather with those of other protist groups,
near the radiation leading to animals, plants, and fungi (Hinkle et al., 1994).
Although T. vaginalis and other parabasalians were formally removed from
the archezoa by Cavalier-Smith, both rRNA and elongation factor
phylogenies consistently place parabasalians near the base of eukaryotes
(Cavalier-Smith, 1993; Roger, 1996). These two groups, the metamonads and
parabasalians, thus seem to be logical choices for studying the DNA

replication proteins of early-diverging eukaryotes.
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What is known about archaebacterial DNA replication

Much of what we know about the molecular biology and biochemistry
of archaebacteria is based on studies of the translation and transcription
systems. Although other cellular pathways such as cell division and central
metabolism have recently become subjects of intense study, relatively little is
known about the biochemistry of DNA replication in archaebacteria
compared to what is known about eubacterial and eukaryotic replication
(Kornberg and Baker, 1992).

The only detailed studies on the biochemistry of archaebacterial DNA
replication centered around cataloging the sensitivities of archaebacteria to
various known inhibitors of eukaryotic and eubacterial DNA replication.
Aphidicolin, a specific inhibitor of eukaryotic DNA replication, was found to
inhibit incorporation of radioactively labeled precursors into DNA in
growing cultures of halophilic and methanogenic archaebacteria, but not to
inhibit incorporation of radioactive precursors into RNA or protein (Forterre
et al., 1984; Schnizel and Burger, 1984; Zabel et al., 1985). In vitro, aphidicolin
specifically interferes with the ability of eukaryotic replicative DNA
polymerases to bind dNTPs (Sheaff et al., 1991); a similar mechanism of
inhibition of archaebacterial DNA polymerases is suggested by in vivo and in
vitro studies (Zabel et al., 1987). The isolation and characterization of
aphidicolin-sensitive DNA polymerases from halophilic, methanogenic and
some thermophilic archaebacteria suggested that archaebacteria use a
eukaryote-like aphidicolin-sensitive DNA polymerase for replication
(reviewed in Forterre and Elie, 1993). However, not all archaebacteria show a
sensitivity to aphidicolin, and aphidicolin-resistant DNA polymerases have
been purified from archaebacteria which also possess an aphidicolin-sensitive

DNA polymerase activity (see for example Elie et al., 1989; Hamal et al., 1990).



Polymerase Similar to
family

A E. coli DNA polymerase I
(polA)

B E. coli DNA polymerase II
(polB)

C E.coli DNA polymerase III
(polC)

X Eukaryotic terminal
transferases

17

Other DNA polymerases in
family

all eubacterial polA homologs,
some bacteriophage and plasmid-
encoded polymerases, the
mitochondrial replicative DNA
polymerase

some bacteriophage polymerases,
all archaebacterial DNA
polymerases sequenced to date,
three nuclear replicative
polymerases (., 6, €) of eukaryotes,
some eukaryotic plasmid and
viral-encoded polymerases.

all eubacterial homologs, no
plasmid or phage encoded
homologs, no known
archaebacterial or eukaryotic
homologs

terminal transferases of yeast and

animals, DNA polymerase [ of
animals and fungi.

Table 1 Classification of DNA-dependent DNA polymerases into families

based on sequence similarity to one of the three DNA polymerases of E. coli

and eukaryotic terminal transferases. After Braithwaite and Ito, 1993.
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Sequencing of the genes corresponding to aphidicolin-sensitive and -resistant
DNA polymerases revealed that these DNA polymerases are all
homologs of the three eukaryotic nuclear replicative DNA polymerases (o, &
and ¢), and of DNA polymerase II (poIB) of E. coli (Forterre and Elie, 1993).

The numerous DNA-dependent DNA polymerases isolated from
eubacteria and eukaryotes are classified into families based on amino acid
sequence similarity to one of the three E. coli DNA polymerases (Braithwaite
and Ito, 1993; table 1). Family A DNA polymerases include E. coli DNA
polymerase I (Poll), all eubacterial Poll homologs, some eubacterial phage and
mitochondrial (often called y polymerase) DNA polymerases. Family B DNA
polymerases include E. coli DNA polymerase II (Polll), some eubacterial
phage DNA polymerases, the eukaryotic nuclear replicative DNA polymerase
(o, 8, and ¢), eukaryotic viral and plasmid-borne enzymes, and all
archaebacterial DNA polymerases sequenced to date. Family C includes only
eubacterial DNA polymerase III (Pollll) homologs: there are no known phage,
viral, archaebacterial, or eukaryotic family C DNA polymerases. An
additional eukaryotic nuclear encoded DNA polymerase, B, which functions
in repair is assigned to family X. Members of family X share little amino acid
sequence similarity with DNA polymerases but instead exhibit amino acid
sequence similarity to terminal transferases.

Other than sequences of DNA-dependent DNA polymerases, little was
known about other replication associated proteins of archaebacteria until the
complete genome sequence of Methanococcus jannaschii became available
(Bult et al., 1996); the implications of this genome sequence for understanding
the evolution of eubacterial, archaebacterial, and eukaryotic replication
proteins are the focus of chapter IV of this thesis. In spite of the availability of

the complete genome sequence, nothing is known about archaebacterial
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chromosomal replication origins, the regulation and control of initiation of
replication, segregation of chromosomes after completion of replication, the
resolution and termination of (presumably) the two replication forks, and
whether DNA replication is tightly coupled to cell division, as it is in some

eubacterial systems.

A word about homology

Genome sequencing projects rely on database search algorithms to
identify open reading frames (ORFs) with similarity to ORFs of known
function. Often, ORFs from the genome sequence are assigned as homologs
of proteins from other organisms with the assumption that function will be
the same. However, in the absence of functional data on ORFs identified by
genome sequencing projects, it is premature to assume that the function(s) of
the ORF will be identical to those of similar proteins in databases.

Homology has a strict meaning for evolutionary biologists: descent
from a common ancestor (Reeck et al., 1986). Two or more proteins are
homologous if they evolved by descent from a common ancestral protein.
Evolutionary biologists would not assume that a common function of two or
more proteins is sufficient evidence for homology because proteins can
convergently (and independently) arrive at the same mechanistic, structural,
or biochemical solution to a particular biological problem. Often, amino acid
sequence similarity is the only criterion that genome sequencing projects can
use for judging homology. Comparisons of amino acid sequence are usually
expressed in terms of similarity and identity: similarity refers to conserved
amino acid substitutions while identity refers to the same amino acid in the
homologous position of two or more proteins. Proteins which share

significant amino acid identity (usually 20-25% with allowance for gaps) are
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considered to be homologs (Doolittle, 1986). Two or more proteins with less
than this level of identity (which is considered no better than a random
alignment of two amino acid sequences) might be homologs and may have
evolved from a common ancestral sequence, but have diverged too much in
sequence to allow reconstruction of their history. In these cases, other types of
evidence can be used. For instance, many proteins with similar
biochemistries and cellular functions have been crystallized from diverse
organisms. Comparisons of the secondary and tertiary structural elements
may reveal similarity even in the absence of significant amino acid identity;
this can be interpreted as divergent evolution.

Individual researchers and genome sequencing projects are commonly
finding examples of proteins that have more than one homolog, either in the
same genome or other organisms. Although all these proteins are correctly
called homologs, the usefulness of this term becomes limiting in describing
the evolutionary history of these proteins because it does not accurately
describe the relationship between multiple homologs. In such situations,
evolutionary biologists use two additional terms to refer to the historical
relationships of proteins: orthologous and paralogous (Fitch, 1970).

Orthologous proteins (or orthologs) are encoded by genes which are
related by speciation events, while paralogous proteins (or paralogs) are
encoded by proteins related by gene duplication events. For instance, both
Homo sapiens and Saccharomyces cerevisiae possess the genes for o- and fB-
tubulin. Since these two proteins share significant amino acid similarity and
are homologs, they must have evolved by a gene duplication event. The a-
tubulin genes from H. sapiens and S. cerevisiae are more accurately called
orthologs since they are more similar in sequence to each other and other a-

tubulins than either is to any B-tubulin sequence. However, the o- and B-
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tubulin genes from H. sapiens are paralogs because they are related by a gene
duplication event which pre-dated the speciation event that gave rise to the

organismal lineages leading to H. sapiens and S. cerevisiae.

The role of gene duplication in the evolution of novel protein functions

The importance of evolution of novel protein functions by gene
duplication was most eloquently expressed by Ohno in 1970, although the role
of duplications in evolution had been recognized earlier by various authors
(see Ohno, 1970 and references therein). Ohno's (Ohno, 1973) model for gene
duplication proposed that

"The mechanism of gene duplication provides a

temporary escape from the relentless pressure of natural

selection to a duplicated copy of a functional gene locus. While

being ignored by natural selection, a duplicated and thus

redundant copy is free to accumulate all manner of randomly

sustained mutations. As a result, it may become a degenerate,

nonsense DNA base sequence. Occasionally, however, it may

acquire a new active site sequence, therefore a new function and

emerge triumphant as a new gene locus.”

An awkward prediction of the above model is that one duplicate copy
must be freed from functional constraints such that it is able to accumulate
random nucleotide substitutions. It is not obvious how one copy, presumably
duplicated with the necessary up- and downstream sequences for efficient
expression, could escape expression as such expression immediately places the
gene under purifying selection to eliminate nonsense or deleterious
(nonsynonymous) mutations. However, it is the accumulation of

nonsynonymous substitutions (resulting in change of amino acid) that is



22
often the indicator of positive selection for a novel protein function relative
to that of the original gene.

Hughes (Hughes, 1994; but see also Goodman et al., 1975; Jensen and
Byng, 1981) has proposed another model to accommodate many of the
difficulties associated with Ohno's original proposal. The original gene, prior
to gene duplication, "shares" its protein product between two different
functions because the protein is bifunctional. After the gene duplication
event, each duplicate copy can specialize to perform one of the functions of
the original parental gene. Changes in the expression pattern of one or both
of the duplicates could lead to such specialization and to the fixation of
nonsynonymous amino acid substitutions specific to the function of each
duplicate copy.

The genomes of eukaryotes are full of examples of homologous
proteins performing different functions, and there can be little doubt that
duplication has been one of the molecular mechanisms behind the creation
of these protein functions. Many of these examples result from detailed
studies on animal, plant or fungal systems. Yet, as many protein-coding
genes in the eukaryote nuclear genome evolved from the (much smaller)
genomic content of an archaebacterial-like ancestor, can gene duplication
alone explain the evolution of these "eukaryotic-specific" proteins, some of
which have no identifiable homologs in archaebacterial or eubacterial

genome sequences?

What this thesis is about

This thesis describes my efforts to describe the evolution of protein
components of the DNA replication apparatus of eubacteria, archaebacteria

and eukaryotes. Two quite different experimental approaches were



employed: the first using a PCR-based approach to amplify and sequence
DNA-dependent DNA polymerases from archaebacteria and eukaryotes
(chapters I and ﬁ), and the second utilizing computer-based methods to
catalog similarities and differences in protein components of DNA replication
systems of extant organisms (chapters III and IV). The material presented in
this thesis is quite diverse in subject matter as it deals not only with
functional aspects of DNA replication proteins, but also attempts to trace the
evolution of replication proteins back to the last common ancestor of cellular
life, the cenancestor. Such an effort requires the synthesis of computer-based
experimental work (chapter IV) and relevant information obtained from the

literature.
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Materials and Methods

Strains Escherichia coli DH50, NM522 and INVoF (Invitrogen) were used for

all cloning and DNA manipulations. E. coli strain JM101 EcoK+ (Biol01) was
used for propagation of M13 phages and for preparation of single-stranded
DNA (ssDNA). E. coli LE392 and XL-1 Blue were used for screening of
genomic and cDNA libraries. Strains were grown at 37°C in either LB or 2xYT
solid or liquid media. Liquid media was supplemented with 10 mM MgSO4
and 0.2% maltose if cells were to be used for library screening. 100 pg/ml
ampicillin was included in both solid and liquid media for selection of
plasmids. 5-Bromo-4-chloro-3-indolyl-B-D-galactosidase (X-gal) at 20 pg/ml
and isopropylthiogalactosidase (IPTG) at 0.1 mM were included in solid media

to screen for the presence of plasmid inserts.

Genomic DNAs Genomic DNA from Trichomonas vaginalis strain NIH-C1
(ATCC#30001) was a gift of Miklos Miiller (Rockefeller University). Genomic
DNA was isolated from Giardia lamblia strain WB (ATCC#30957) grown in 15
ml glass culture tubes at 37°C in Keister's modified media supplemented with
250 pg/ml streptomycin and 165 pg/ml penicillin. When confluent growth
was achieved, cells were pelleted into lysis buffer consisting of 0.5% SDS, 300
ng/ml proteinase K, 0.1 M NaCl and 1 mM EDTA and incubated at 50°C for 1
hour. This mixture was then extracted with an equal volume of Tris-buffered
phenol (pH 8.0) and with phenol/chloroform/isoamyl alcohol (25:24:1 ratio).
DNA was precipiated by addition of 2 volumes of ethanol. G. lamblia is very
rich in carbohydrates, which can interfere with all subsequent molecular
biological applications. To remove carbohydrates from DNA preparations,
the ethanol precipitated DNA was resuspended in sddH>O, NaCl and



cetyltrimethylammonium bromide (CTAB; Sigma) added to final
concentrations of 0.7 M and 1% respectively. This mixture was incubated at
65°C for 30 minutes and extracted twice with an equal volume of chloroform.
CTAB complexes with carbohydrates and forms an insoluble layer between
the organic and aqueous layers. The aqueous layer was removed and DNA
preciptated by the addition of 2 volumes ethanol, 0.1 volume sodium acetate
(pH 5.0).

Genomic DNA from Sulfolobus acidocaldarius, S. solfataricus strain
MT4, and S. shibatae were gifts of Dr. Hans-Peter Klenk (The Institute for
Genomic Research). Genomic DNA from S. solfataricus strain P1 and P2 were
gifts of Margaret Schenk (Dalhousie University). Genomic DNA from S.
solfataricus P2 (DSM#1617), S. acidocaldarius (DSM#639), and S. shibatae
(ATCC#51178) was isolated from logarthimic cultures (ODggg of 0.8-1.0) grown
in 25 ml Brock's Media (see ATCC media#88) at 75°C in 50 ml Falcon tubes.
Cells were pelleted, resuspended in 10 ml sddH>0O, and N-lauryl sarcosine was
added to a final concentration of 0.8%. The resulting mixture was incubated
at room temperature for 30 minutes to achieve lysis. The aqueous layer was
extracted 2 x with phenol/chloroform. DNA was precipitated by the addition
of 0.1 volumes of 7 M ammonium acetate and 100% ethanol. The pelleted

DNA was washed 2 x with 70% ethanol.

Libraries and screening procedures The G. lamblia library in Agtll was a gift
of Dr. T. Nash (NIH, Bethesda). Aliquots of the library were incubated at 37°C

for 20 minutes with 250 ul of E. coli LE392 in 10 mM MgSO4. The adsorbed
phage and cells were mixed with 7.5 mls 0.7% agarose, plated on 150 mm
diameter NZCYM plates, and incubated at 37°C overnight. Duplicate plaques

were lifted with nylon filters (DuPont). Filters were denatured 2 x 1 minute



26
in 1.5 M NaCl/0.5 M NaOH, neutralized 2 x 5 minutes in 1.5 M NaCl/0.5 M
Tris-HCI (pH 7.5), and then washed 2 x with 2XSSC/0.2 M Tris-HC1 (pH 7.5).
Dried filters were then UV crosslinked. Filters were pre-washed 2 x 30
minutes with 0.1XSSC, 1.0%SDS. For overnight hybridization at 65°C, either
Blotto (5 ml 20%SDS, 20ml 20XSSC, 0.5g non-fat dry milk in 75 mls dH>0) or
Denhardt’s solution (Sambrook et al., 1989) was used in as small a volume as
possible that allowed independent movement of all filters. Stringency
washes were 2 x 20 minutes in 2XSSC, and 1 x 20 minute in 1XSSC, 1.0%SDS.
Filters were then exposed to film at -70°C for 2-5 days.

T. vaginalis genomic and cDNA libraries in AZAP (Stratagene) were
gifts of Drs. Miklos Miiller (Rockefeller University) and Patricia Johnson
(UCLA). The screening proceedure for these libraries was essentially the same
as above except that E. coli XL-1 blue was used as the host strain. In vivo
excision of putative positive clones was performed as per manufacturers’

instructions (Stratagene).

Southern hybridizations For Southern hybridizations of protist DNAs, 5 ug
of genomic DNA was digested with various restriction enzymes (New
England Biolabs). Digests were run overnight in 0.7% agarose gels to achieve
separation of fragments. Gels were stained with ethidium bromide and
observed under UV light. To denature genomic DNA, gels were soaked in
0.25 M HCl for 30 minutes, rinsed with dHO, washed 2 x 20 minutes in 1.5 M
NaCl/0.5 M NaOH, and then neutralized 2 x 20 minutes in 1.5 M NaCl/0.5 M
Tris-HCl (pH 7.5). Gels were then transferred overnight to nylon membranes
by capillary blot method with 20XSSC transfer buffer. After transfer,
membranes were rinsed in 2XSSC, allowed to dry, and UV crosslinked.
Probes (usually 10 ng) were labelled with [a-32P]dATP as per manufacturers’
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instructions (Boehringer Manheim). Nylon membranes were prehybridized
in Denhardt’s solution for 1-3 hours at 65°C at which point fresh
hybridization solution along with labelled probe was added. Probes were
allowed to hybridize overnight at 65°C and then washed under various

stringencies depending on which probe was used.

PCR Primers, both degenerate and exact match, are listed in appendix 1. PCR
conditions varied depending on the primer combination and template but
typically were carried out in 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCly,
0.1% Triton X-100, 0.2 mg/ml BSA, 2 U of Taq polymerase (Gibco-BRL; 0.2
ul/50ul reaction), and 5% acetamide (see Reysenbach et al., 1992). Primers
were usually at 200 nm final concentrations and genomic DNA at 10-100ng.
Denaturation was at 92°C for 1-2 minutes, annealing temperature was
dependent on primer combinations (but between 45-50°C), and extension was
at 72°C for 1-5 minutes depending on expected length of target sequence. All
PCR reactions were covered with an equal volume of mineral oil. Reaction
volumes were typically 50 p!l for initial reactons, but 100 pul reactions were
used when products were to be gel purified. Reactions (5 of 50 i) were
visualized on agarose gels against known standards (1 kb ladder, Gibco-BRL).
Single primer and no DNA controls were also run at the same time to check
for contamination and single primer artefacts. If bands of the correct
molecular weight were observed, bands from at least 2 independent PCR
reactions were gel purified (Bio-Rad) and ligated into a T-tailed vector
(pCR2.1, Invitrogen). Ligations were either electroporated into DH5a or heat-
shock transformed into INVaF.

To check for plasmid inserts of the correct size, white colonies (on LB

amp/X-gal plates) were toothpicked directly into a 10 ul PCR reaction (as
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above) containing direct match primers (universal forward and reverse
sequencing primers) to the pCR2.1 vector and also onto a master LB amp
plate. Reactions were denatured at 92°C for 2 minutes, annealed at 45°C for 1
minute, and extended at 72°C for 1 minute. Usually, 20-30 cycles was
sufficient to visualize bands from the entire 10 pl reaction on 0.7% agarose
gels. Clones corresponding to PCR reactions with bands of the correct size
(minus approximately 200 nts for the polylinker) were picked for sequencing

analysis.

Inverse PCR Additional coding sequence outside of the original PCR product
was obtained for DNA polymerase ¢ of T. vaginalis by inverse PCR (Ochman
et al., 1988). The sequence of the initial PCR product indicated that the coding
region contained a HindIlI site; two sets of direct-match primers were
designed, one which would amplify the 5' region of the ORF, and the other
that would amplify the 3' region of the ORF (see figure 2.2). T. vaginalis
genomic DNA was cut with HindIII and self-ligated. PCR reaction conditions
were as for normal PCR except that Tris pH 8.8 was included. Annealing was
at 50°C for 1 minute and extension was at 72°C for 4 minutes. Products were

visualized on agarose gels, gel purified, and cloned as described above.

Sequencing PCR clones of the expected molecular weight were manually
sequenced with Sequenase 2.0 (USB) or T7 Sequencing Kit (Pharmacia) to
identify the insert. Plasmid DNA was prepared by a variety of methods.
Comerically available mini-columns from Promega or Macherey-Nagel were
used. More commonly, plasmid DNA was prepared by the Speedprep
method. Briefly, 1.5 mls of logarithmically growing cells in LB amp media
(NOT saturated cultures, O.D. 600 > 1.0) were resuspended in 100 p!l lysis
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buffer consisting of 25 ml 2 M Tris (pH 8.0), 12.5 ml 0.5 M EDTA, 4.0 mls
Triton X-100, and 10.5 g LiCl per 100 ml. Phenol/chloroform (100 pl) was
added and the resulting solution vortexed for 30 seconds. After centriguation,
100 pl of the aqueous solution was removed and DNA precipitated by the
addition of 200 pl ethanol. The pellet was resuspended in 10 ul TE + 0.1 ul 10
mg/ml RNase A. Typically 5 ul was used for 1 sequencing reaction. All
double-stranded templates were denatured by the addtion of 0.1 vol. 1 M
NaOH/0.1 vol. 2 mM EDTA and incubated at 37°C for 30 minutes. Denatured
templates were precipitated by the addition of 2 volumes of ethanol and 0.1
volumes sodium acetate and centrifuged for 20 minutes, washed once with
70% ethanol, dried and resuspended in TE or sddH30. If inserts were longer
than could be read by a single reaction, direct match sequencing primers were
designed and used to walk along the clone. Some clones were sequenced by

automated methods on either ABI or LiCor machines at NRC-Halifax.

Other sequencing strategies
(1) Single-strand exonuclease deletions Because one of the inverse PCR

products was 2.1 kb, primer walking was not chosen as the method of
sequencing. Rather, the product was cut with EcoR1, which gave two smaller
products of 1.4 and 0.8 kb. These were cloned into the M13 EcoK vector
(Bio101), transformed into JM101 EcoK+, and unidirectional deletions made
(Biol01 M13 Single Step Nested Deletion Kit; see also Shen and Waye, 1989).
Single-stranded DNA was then isolated for sequencing. The inserts were
cloned in both orientations and deletions made on both strands. Insert
orientation was determined by mixing 20 pul ssDNA preparation from two
different clones, incubating at 60°C for 30 minutes in the presence of 2 ul 5 M

NaCl, and analyzing the products on agarose gels. Inserts in the same
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orientation will not hybridize and migrate instead at the molecular weight
expected of ssDNA products. Inserts in opposite orientations will hybridize
and will migrate more slowly than ssDNA; these products are easily
differentiated from non-hybridized products.

(2) Sequencing by directed cloning of restriction fragments Screening of the G.
lamblia genomic library for genomic fragments of DNA polymerase a
resulted in the cloning of 2.2 and 1.4 kb BamH] fragments. These BamH]1
fragments were gel purified away from the cloning vector and separately
digested to completion with two 4-cutter enzymes, NlaIll and Sau3Al. The
digestions were run on 7.5 % non-denaturing polyacrylamide gels and
individual bands were purified and cloned into M13 cut with compatible
enzymes (BamHI in the case of Sau3A1, and Sphl in the case of Nialll). This
procedure is more efficient than a random shot-gun method as the entire
larger fragment can be sequenced by cloning of individual Sau3A1 or Nialll
fragments. In addition, the Sau3A1 or Nlalll fragments will overlap so that
redundant coverage of the genomic fragment of interest is obtained. Gaps
between fragments were filled by designing direct-match sequencing primers
and used in sequencing reactions containing the 2.1 or 1.4 kb BamHI

fragments cloned in pBluescript SK- (Stratagene).

Database searches and contig assembly Putative PCR products were identified
using the BLAST search algorithm (Altschul et al., 1990) at NCBI by either
email or by World Wide Web (http://www.ncbi.nlm.nih.gov/BLAST/). The
program BLASTX was primarily used as it translates query DNA sequences
into all six possible reading frames and searches the protein database.
BLASTN searches were not used as the level of sequence conservation of

DNA polymerases and other replication-associated proteins is too low to
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detect with nucleotide level searches. In addition, the SEQ and XNU options,
which filter repetitive sequences from searches, were used if PCR products
were from organisms with biased A/T or G/C content (ie. T. vaginalis). P-
values on the order of 10-6 or lower were considered as putative hits to
similar genes in other organisms. Occasionally, the FASTA algorithm was
used (http://dot.imgen.bem.tmc.edu:9331/seq-search/protein-search.html) to
search for putative identities of PCR products and known sequences in
databases. However, I found there was very little difference in the sensitivity
of FASTA and BLAST algorithms to detect similarities between sequences of
various PCR products and database sequences.

All contig assembly was done using the program LASERGENE (DNA

Star) on MacIntosh computers.

Alignments Amino acid sequences were obtained from GenBank or other
publicly available databases unless noted. Multiple alignments of amino acid
sequences of the catalytic subunits of DNA-dependent DNA polymerases and
DNA replication-associated proteins were done using the PILEUP option of
GCG with default values or with CLUSTALW (Thompson et al. 1994), also
with default values. For multiple alignments of the eukaryotic DNA
polymerases, orthologous sequences were aligned first, due to the difficulty of
aligning these proteins outside of conserved functional domains. Sets of
orthologous alignments (those of DNA polymerases «, J, €, and Rev3) were
then edited by hand to eliminate regions of low conservation and poor
alignment and combined into a single large alignment. The same procedure
was used to align archaebacterial family B DNA polymerases; this alignment
was then combined with the eukaryotic-specific alignment. The numbering

of amino acids in 3'-5' exonuclease and polymerization domains was as
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previously described (Wong et al., 1988): When available, information on
catalytic residues critical for exonuclease or polymerization functions from
site-directed mutagenesis studies was used to aid in the alignment of DNA

polymerase sequences.

Phylogeny All datasets analyzed were coded as amino acid characters unless
otherwise indicated. For parsimony analysis, PAUP 3.1.1 was used (Swafford,
1993). Initial searches to find the shortest trees were 100 random replicates
with TBR branch swapping and 1 tree held at each step. 100 bootstrap
replicates (simple stepwise addition) were performed to determine the
branching confidence. Values of less than 50% were determined by analyzing
the bootstrap partition printout. Alternative topologies were first created
using MACLADE 3.0 (Maddison and Maddison, 1992) and then imported into
PAUP. 100 random addition replicates were performed on these datasets to
find the shortest tree.

For distance analysis, PHYLIP 3.57c (Felsenstein, 1996) was used on a
Sun Sparc20 workstation. A PAM-corrected distance matrix was obtained
with PROTDIST and used to calculate a tree by the neighbor-joining method
(the NEIGHBOR option of PHYLIP). SEQBOOT was used to generate 100
random trees for bootstrap analysis. Templeton tests of alternative topologies
were done using the PROTPARS option of PHYLIP with user-defined trees.
The standard error for parsimony trees was determined by dividing the
number of steps by the standard deviation.

Due to time constraints of exhaustive maximum likelihood (ML)
searches with greater than 12 taxa, partially constrained trees based on optimal
trees found by both parsimony and distance analyses were used. When

parsimony and distance trees did not agree, nodes with greater than 75% in



33
both parsimony and distance trees were constrained. Exhaustive searches on
these constrained datasets was performed with PROTML (Adachi and
Hasegawa, 1992) on a SunSparc20 workstation with the Jones, Thorton, Taylor
substitution matrix. ML bootstrap values were obtained by the program
MOL2CON (Arlin Stoltzfus, unpublished) which creates a consensus of the

100 most likely trees.

Calculation of substitution rates Nucleotide substitution rates were calculated
with the program MEGA (Kumar et al., 1993). Nucleotide alignments of
DNA polymerase and B-galactosidase genes from S. solfataricus P2 and S.
shibatae were created by first aligning the amino acid sequences by hand,
which were used as templates to align the nucleotide sequences. Gaps
inserted into the amino alignments were scored as missing data.
Nonsynonymous and synonymous substitutions per site were calculated
according to the method of Nei and Gojobori (1986).

Pairwise comparions of amino acid sequences To determine the significance

of pairwise alignments of replication proteins performing analogous
functions in E. coli and S. cerevisiae, I used the FASTA 2.0 package (Pearson,
1990). The program PRSS shuffles a test sequence a specified number of times
(I used 1000 shuffles), and aligns the shuffled test sequences with the second
unshuffled sequence using the Smith-Waterman alignment algorithm. The
1000 shuffled alignment scores of the two sequences are compared to the
scores of the unshuffled alignment, and a P-value calculated for the
probability that the unshuffled score will fall within the range of shuffled

alignment scores.



Chapter I. Thermoacidophilic archaebacteria possess three family B DNA

polymerases

Introduction

Much of the eukaryotic nuclear genome likely derives from the
genome of an archaebacterial-like ancestor (Gogarten et al., 1989; Iwabe et al.
1989; Brown and Doolittle, 1994; Baldauf et al., 1996; Lawson et al., 1996; but
see also Gupta and Golding, 1995). The eukaryotic genetic apparatus
(transcription and translation) and the proteins involved in these processes
are more similar in amino acid sequence and biochemistry to archaebacterial
homologs than they are to eubacterial homologs (for review see Zillig et al.,
1993; Amils et al., 1993). However, little attention has been paid to the DNA
replication apparatus of archaebacteria and the proteins involved.

Previous studies on archaeal DNA replication have focused primarily
on the biochemistry of purified DNA polymerases in an attempt to classify
them as eukaryotic- or eubacterial-like on the basis of enzymatic properties
and sensitivity or resistance to various inhibitors (reviewed in Forterre and
Elie, 1993). By using aphidicolin sensitivity as an indicator (see introduction),
Sulfolobus acidocaldarius and Sulfolobus solfataricus were found to possess a
eukaryotic-like DNA polymerase activity as well as an unclassified
aphidicolin-resistant DNA polymerase activity (Elie et al., 1989; Klimczak et
al., 1985; Rossi et al., 1985). Biochemical characterization and sequencing of
the gene corresponding to the aphidicolin-sensitive activity from S.
solfataricus strain MT4 confirmed that this DNA polymerase was a family B
homolog more similar to eukaryotic than to eubacterial homologs (Pisani et

al., 1992). This paralog is called S. solfataricus MT4 B1.
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Prangishvili and Klenk attempted to clone and sequence the gene for
the aphidicolin-resistant DNA polymerase activity from S. solfataricus P2 by
designing a degenerate oligonucleotide against domain I of eukaryotic and
archaebacterial family B homologs. The DNA polymerase they sequenced,
and which I call S. solfataricus P2 B2, was significantly different on the amino-
acid level from the S. solfataricus MT4 B1 aphidicolin-sensitive DNA
polymerase (Prangishvili and Klenk, 1994). Since the biochemical activities of
the cloned S. solfataricus P2 B2 DNA polymerase were not studied, it is
unclear if this DNA polymerase actually corresponds to the aphidicolin-
resistant activity.

S. solfataricus and Pyrodictium occultum (both crenarchaeotes) remain
the only archaebacteria from which two family B DNA polymerases have
been described (Pisani et al., 1992; Prangishvili and Klenk, 1994; Uemori et al.,
1995). Euryarchaeotes appear to have only a single family B DNA polymerase
as suggested by the complete genome sequence of Methanococcus jannaschii
(Bult et al. 1996). This chapter focuses on the phylogenetic relationship of the
multiple crenarchaeote paralogs to other archaebacterial DNA polymerases.
As well, this chapter discusses the phylogenetic and functional implications
of a newly discovered family B DNA polymerase from the genomes of S.
solfataricus P2 (Sensen et al., 1996) and Sulfolobus shibatae.
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Results
Sulfolobus solfataricus P2 has three family B DNA polymerases

In the course of sequencing the genome of S. solfataricus P2, two open
reading frames (ORFs) that were highly similar to family B DNA polymerases
were found by BLAST and FASTA database searches (Sensen et al., 1996). One
of the ORFs was 880 of 882 residues identical on the amino acid level to the S.
solfataricus MT4 B1 polymerase. This ORF is designated S. solfataricus P2 B1.
The second ORF was not specifically close at the amino acid level to any S.
solfataricus (or other archaebacterial) DNA polymerase sequenced to date and
represented an as-yet-undescribed family B DNA polymerase. This ORF is
designated S. solfataricus P2 B3. S. solfataricus P2 is the first archaebacterium
reported in which three family B DNA polymerases have been found.

The catalytic subunits of family B DNA polymerases are difficult to
align due to short, highly conserved exonuclease and polymerase domains
separated by long stretches of low or no amino acid conservation. The new S.
solfataricus P2 B3 DNA polymerase amino acid sequence could be aligned
with other archaeal and eukaryotic family B homologs except in exonuclease
domain II and polymerase domain VI; these domains were excluded from
phylogenetic analysis. Four additional domains not previously identified in
other analyses of archaebacterial DNA polymerases, and designated A
through D, were included in the alignment (figure 1.1).

As noted previously, the S. solfataricus P2 B2 sequence contains a
number of unusual amino acid substitutions in polymerase and exonuclease
domains (Prangishvili and Klenk, 1994); this is also true for the S. solfataricus
P2 B3 sequence. Neither DNA polymerase has the consensus Asp-lle-Glu
(DIE) motif found in the 3'-5' exonuclease domain I of other archaeal and

eukaryotic family B DNA polymerases (figure 1.1). These residues are critical
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Figure 1.1 Amino acid alignment of archaeal family B DNA polymerases.
Numbering of sequences is from N- to C-terminal and corresponds to the
amino acid position at the start of each conserved domain. Exonuclease
domain II and polymerase domain IV overlap and a space has been inserted
in the alignment to indicate the start of exonuclease domain II. Signature
sequences that support a specific relationship of the P. occultum B3/S.
solfataricus P2 B3/S. shibatae B3 with euryarchaeote DNA polymerases are
boxed. Signature sequences that support a relationship of the S. solfataricus
P2 B1 and P. occultum Bl DNA polymerases with euryarchaeotes are boxed
and shaded. Amino acid residues that have been identified as functionally
important by mutational studies are in bold. Not all of the alignment was
used for phylogenetic analysis (see results) and the regions used are indicated

by ~. Gaps introduced in the alignment are indicated by a period (.).
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for exonuclease activity, since introduction of Asp>Glu or Glu>Ala
substitutions in exonuclease domain I of the Thermococcus litoralis family B
DNA polymerase abolishes exonuclease activity (Kong et al., 1993).
Mechanistic studies with other DNA polymerases indicate that these acidic
amino acids play crucial roles in exonuclease activity and are responsible for
coordination of divalent metal ions (Beese and Steitz, 1991; De Vega et al.,
1996). The absence of this exonuclease domain has been noted before in other
family B DNA polymerases, notably all of the eukaryotic & DNA polymerases,
but these homologs still retain polymerase functions (Braithwatie and Ito,
1993; Kornberg and Baker, 1992). It is possible that the 3'-5' exonuclease
activity in S. solfataricus P2 is performed by the S. solfataricus P2 Bl paralog
which does possess a consensus exonuclease domain I sequence.

Both the B2 and B3 sequences from S. solfataricus P2 exhibit a number
of nonconserved substitutions in two metal-binding polymerase domains (I
and ). The amino acid motif Asp-Thr-Asp (DTD), which is present in
polymerase domain I of all other archaeal enzymes, is replaced by Ile-Ile-Asp
and Asn-Asp-Leu in S. solfataricus P2 B2 and B3 respectively (figure 1.1).
Copeland and Wang found that mutation of the Asp-Thr-Asp motif to Asn-
Thr-Asp, Asp-Ser-Asp, or Asp-Thr-Asn in human DNA polymerase a
drastically reduced polymerase activity (Copeland and Wang, 1993). Dong and
Wang also found that Lys-950 of human DNA polymerase a. is essential for
the binding of deoxynucleoside triphosphates (Dong and Wang, 1995). The S.
solfataricus P2 B2 sequence possesses this amino acid in the homologous
position, but it is replaced by a Glu residue in the S. solfataricus P2 B2 and S.

shibatae B3 sequences (see below).
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Sulfolobus shibatae possess a_rapidly evolving ortholog of the S. solfataricus
P2 B3 DNA polymerase

S. solfataricus P2 is the first archaebacterium reported to have three
family B DNA polymerases. However, the extremely divergent amino acid
sequence of the B3 DNA polymerase raises the question of whether this gene
actually codes for a functional DNA polymerase. In an attempt to address this
issue, I have cloned and sequenced an ortholog of the S. solfataricus P2 B3
DNA polymerase from a closely related member of the archaebacterial order
Sulfolobales.

Using the S. solfataricus P2 genome sequence (Sensen et al., 1996), I
designed nondegenerate PCR primers flanking the B3 ORF and attempted to
amplify this genomic region from representatives of the Sulfolobales (figure
1.2 a). Bands of the expected size (2.8 kb) were consistently amplified from S.
solfataricus P1, S. solfataricus MT4, and S. shibatae but not from Sulfolobus
acidocaldarius (not shown). Of the organisms from which I could obtain
amplification, S. shibatae is the most distant from S. solfataricus P2 on the
basis of 16S rRNA phylogeny (Fuchs et al., 1996). I cloned and sequenced the
S. shibatae PCR product and found it to be identical to the genomic region
from S. solfataricus P2 surrounding the B3 DNA polymerase in gene identity
and order (figure 1.2 b). However, the predicted amino acid sequence of the S.
shibatae B3 DNA polymerase is only 79% identical to the S. solfataricus P2 B3
sequence (158 of 764 amino acids are different).

This number of amino acid substitutions, both conserved and
nonconserved, was surprising. Protein-coding genes evolving neutrally and
under stabilizing (purifying) selection for maintenance of a function will
have high synonymous (no change of amino acid) substitution rates and low

nonsynonymous (change of amino acid) rates (Li, 1997). Protein-
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Figure 1.2 (A) Schematic representation (not to scale) of the genomic region of
Sulfolobus solfataricus P2 surrounding the B3 DNA polymerase ORF. Boxes
indicate ORFs identified as potential coding regions. Names above or below
boxes indicate ORFs that have significant matches in databases. URF indicates
unidentified open reading frame. Direction of transcription is indicated by
arrows. Solid arrows indicate the approximate location of direct match PCR-
primers used to amplify the region from S. shibatae.

(B) Amino acid alignment of the orthologous B3 DNA polymerase from S.
shibatae (S. shib-B3) with the S. solfataricus P2-B3 DNA polymerase (S. solf
P2-B3). Conserved or non-conserved amino acid substitutions are
highlighted in bold. Conserved functional regions are boxed. Polymerase
domain IV and Exonuclease domain II overlap; amino acids corresponding to

the polymerase domain are shaded.



N-terminal acetyl transferase

- URF - » B3 DNA polymerase

.

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

S.solf
S.shib

p2
B3

P2
B3

P2
B3

P2
B3

P2
B3

P2
83

P2
B3

P2
B3

P2
B3

P2
B3

B3

B3

B3

B3

B3

B3

B3

B3

B3

B3

.
Pelota/DOM34 URF Tyrosyl tRNA-
synthetase

2.8 kb PCR product

MIKDFFILDFSYEIK GNTPLVYIWSVDDEGNS SVVIDNNFRPYFYIIYEGNENEIIENIKKNCEALQITKVKRKYLGNIV
MIKDFFILDFSYEIK DNIPLIYIWSIDDEGNS CVVVERNFKPYFYVVYEGNGDEIIENIRRNCEVLLITKVKRKYLGNVV

ALL IQTSTPTQIKKCREKISELNNIKGIFDADIRYTMRYSLDFDLRPFTWF RAEVNEVKYDGFRTKKAYILDKILSHYEG
ALL VQTPTPTQIKRCREKISRINGIKSIFDADIRFPTMRYSIDFDLRPFTWF KAEVSEVKLEGFRAKKVYILDKILSHYEG

Exonuclease
Exonuclease Domain II
Domain I Polymerase Domain IV

ELRTIGVDFQIYEKYGSLNPRKDPIVVMSLWSKEGPMQFSLDEGIDD
KIPELR

GIDFQIYEKYGSLNPRKDPIVV LSLWSKEGSMQFSLDESMDD

YT 8SLGVKIDIGRKIGSEVS VGTYGHYSISGRLNVDL TGLLVNERSLGHVDLIDVSNYLGISPSRYSFKWYEISRY
YI NSLGVKIDIGRKIGSEVS QGTYGHYSISGRLNVDL VGLLMNERLTGHIDLIEVANYLGISPKRDSLNWYEISRY

Exonuclease
Domain III
WD NEKNRRITREYSIENARS S TYSELVKIVGLPLDKLSVASWGNRIE TSLIRTATKSGELIPIRMDNPNRP
WD DEKNRDIVKQYSLENAKSIYLL{Z! PYSELVKIIGLPLDKLSVASWGNRIEASLIRTAAKSZELIPIRMDNPNRS
Polymerase
Polymerase Domain IIX Domain VI
SKIKK NTIIQPKVGIYTDVYVLDISSVYSLVIRKFNIAP QCDDCYSSPISNYKFKREP
SKIKK TVI.EPKIGIYSDVYVLDISSVYLSVIRKENISP GQCDDCYVSTISNYKFKKEPSGLYKTFLEELSNIQD
Polymerase
Polymerase Domain III Domain I
EELISSFNDYVHWVNARWYSREIASAPDEFSHEIIRFPIIDLIKS - SRDKVNELITK
KVIEELMSSFYDYIHWINSRWYSREIASAVDEL GKLVIDLIKNSEFEVILANDPLVFVKGGSGDRLNELIPK
Polymerase Polymerase
Domain VII Domain V
INSLY NLDVKVKIP VLDNNRYAGL KIDIARKGEEDMNLC ITEEILISKDVKKAIKLVKSTVI
INSLY DLNLKVRKI ILGNDRYAGL. KIDIARIGKEDRDLCEL ILISKDVKKAVKLVKSAVI

KLRRGEFD NEELITWAKIERDLNEYRNQLPFVTAARKAIQSGYLISKDS KIGYVIVKGLGPLNDRAEPFFLVKEKNRIDI
KLRRGEFD IGELITWVHIEKDPSEYDRQLPFVVAARKAIQSGYLISKDS RIGYLIVKGHGSVHDRAEPFFFVKEKNRIDI

EYYVDQ IPRETLKLLKPLGVNEESLEKTNITDILD LFGASKKK
EYYVDQ LLRESLKVLTPLGVSEESLKKTNITDILD MFGASKKK



43
coding genes that are not evolving at neutral rates will have a higher rate of
nonsynonymous substitutions and a lower rate of synonymous substitutions
per site. I calculated both synonymous (Ks) and nonsynonymous (Ka)
nucleotide substitution rates for the B3 DNA polymerase and for the only
other protein-coding gene sequenced from both organisms, 3-galactosidase
(table 1.1). The synonymous substitution rate of B-galactosidase is typical of
protein-coding genes evolving neutrally (Li, 1997). The substitution rates of
the B3 DNA polymerase gene suggest that functional constraints have been
relaxed, allowing these genes to accumulate nonsynonymous substitutions.
However, the rate of nonsynonymous substitutions is not high enough to
suggest that the proteins are under positive selection for a novel function

(Nei, 1987).

Southern hybridization suggests that members of the Sulfolobales also

possess an ortholog of the rapidly evolving S. solfataricus P2 B2 polymerase
As with the S. solfataricus P2 B3 paralog, the high number of unusual

amino acid substitutions in the S. solfataricus P2 B2 paralog relative to other
archaebacterial paralogs raises the question of whether or not this is a
functional gene. It is possible that this paralog is the result of a very recent
gene duplication within the Sulfolobus lineage; the divergent sequence could
be the result of relaxation of any stabilizing selection for maintenance of
function and the subsequent accumulation of random nucleotide
substitutions. However, two observations argue against this possibility. First,
the ORF is intact and continuous. If stabilizing selection has been relaxed or
lost, then nonsense or missense codons would be expected to appear at a
certain frequency; none is present. Second, consensus archaebacterial

promoters (figure 1.3) and terminators (not shown) are found 5' to the



#nts #nsydiff #syn nsy sub synsub ratio
diff rate rate nsy/syn
B3 DNAP 2292 183.5 201.5 0.111 0.572+ 0.192
0.0083 0.0468
B-galactosidase 1467 41.0 171.0 0.037 £ 0.886 0.042
0.058 0.0898

Table 1.1 Nucleotide substitution rates for two protein-coding genes from S.
solfataricus P2 and S. shibatae
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S. solfataricus MT4 Bl taaaaCTTATAgcgtatttctcagaaaataatAtAtgttagaaaATG
S. solfataricus P2 Bl taaaaCTTATAgcgtatttctcagaaaataatAtAtgttagaaaATG
S. solfataricus P2 B2 aaagaCTTAATttaccagaggagagAtgtaacAcATG
S. solfataricus P2 B3 aagaaTTTATAttataaatatctggattaattgttAa(42 bpslatATG
P. occultum Bl gaactGTTATCggaaatatcctcatctaggagAcgeg(S51l bps]lgcATG
P. occultum B3 atacgATTATGtaggggcgggtggtggtagAttctccagggcagagecagcccATG
Pyrococcus fur. aaggtTTTATActccaaactgagttagtagAtAtgtggggagcAtaATG
Pyrococcus sp. gcgttCTTAAAgOCTTAAAtacgtgaatttagcgtaaAttAttgagggattaagtATG
Thermococcus lit. gggggTTTAAAaatttggcggaacttttalTTAATttgaactccagtttatatctggtggtALttATG

archaebacterial t [ 4
consensus tta a

Figure 1.3 Putative promoter motifs in the 5’ regions of archaeal family B DNA polymerases (22). Sequences
which are capitalized and underlined correspond to the consensus archaeal BoxA motif. Nucleotides that
are bold indicate a pyrimidine/purine pair and the probable site of transcription initiation. Start codons

of the DNA polymerase ORFs are capitalized.



proposed start codon and Prangishvili and Klenk have mapped the
transcription start site by pimer extension analysis (Prangishvili and Klenk,
1993). Although Southern hybridization with the S. solfataricus P2 B2 paralog
as a probe to DNA of other Sulfolobales cannot address issues of functionality
or gene expression, it can address whether the duplication event that gave
rise to this paralog occurred within the Sulfolobus lineage, or before.
Genomic DNAs from various members of the Sulfolobales spanning
the phylogenetic breadth of the order were used for Southern analysis. In
addition, genomic DNAs from Desulfurococcus mobilis and Hyperthermus
butylicus, representative of the next two closest crenarchaeote orders, were
also used in Southern analysis. At low stringency hybridization conditions
(50°C hybridization, and washes with 6XSSC), the S. solfataricus P2 B2 probe,
generated by PCR using direct match primers, hybridized to all Sulfolobales
DNA (figure 1.4). EcoRI and HindlIIl were specifically chosen because there
are sites for each enzyme in the S. solfataricus P2 B2 GenBank sequence; each
digest produced two hybridizing bands. Only a single strongly hybridizing
band was observed for other Sulfolobales DNAs suggesting that this gene is
single copy and too divergent in sequence to hybridize to paralogous DNA
polymerase sequences. Two bands from S. acidocaldarius EcoRI and HindlIl
digests hybridized with high intensity to the probe as compared to other
Sulfolobales DNA. This is likely due to unequal loading of genomic DNA.
Non-specific hybridization was observed to genomic DNA from D. mobilis
and H. butylicus and could be washed away by increasing the temperature of

washes by 5°C from 50°C to 55°C (data not shown).
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Figure 1.4 Southern hybridization of S. solfataricus P2 B2 DNA polymerase
against various crenarchaeote genomic DNAs exposed for 24 hours. S. solf, S.
solfataricus P2; S. shib, S. shibatae; S. acid, S. acidocaldarius; A. amb,
Acidianus ambivalens; D. mob, Desulfurococcus mobilis; H. but,

Hyperthermus butylicus.
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Phylogenetic analysis of archaebacterial DNA polymerases is confounded by

rapid rates of sequence evolution
To determine the relationships of the three S. solfataricus P2 family B

DNA polymerases to other archaeal DNA polymerases, phylogenetic analysis
was performed on a data set that contained all available archaebacterial family
B DNA polymerase sequences. These include family B paralogs from
euryarchaeotes, the S. solfataricus P2 B1, B2, and B3 paralogs, a Bl DNA
polymerase from S. acidocaldarius, and the S. shibatae B3 paralog. The S.
solfataricus MT4 B1 paralog was not included in phylogenetic analysis since it
is 99.7% identical at the amino acid level to its ortholog from S. solfataricus
P2. Two paralogs (designated A and B in Uemori et al., 1995) from the
crenarchaeote Pyrodictium occultum were also included in analyses. P.
occultum A and S. solfataricus P2 Bl are orthologs, but P. occultum B appears
most related to S. solfataricus P2 B3 (see below). The two family B DNA
polymerases from P. occultum have been renamed P. occultum Bl and B3
respectively to account for their relationship to S. solfataricus family B
paralogs.

Regardless of the phylogenetic method used, the three S. solfataricus P2
DNA polymerases did not branch together, as would have been expected if
they were related by recent gene duplications (figure 1.5 a, b). In both
parsimony and distance analyses, the S. solfataricus P2 B3 DNA polymerase
and S. shibatae B3 sequences grouped together with the P. occultum B3
(formerly B) DNA polymerase with moderate bootstrap support. The S.
solfataricus P2 Bl and S. acidocaldarius Bl paralogs form a separate group
with P. occultum Bl (formerly A). High bootstrap support for this group was
obtained. These results suggest that the S. solfataricus P2 B3, S. shibatae B3,
and P. occultum B3 DNA polymerases are all orthologs as are the S.
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Figure 1.5 Phylogenetic analysis of archaeal and eukaryotic family B DNA
polymerases. (A) PROTDIST analysis with all taxa. An identical topology was
found using parsimony (100 random replicates of stepwise addition, shortest
tree was 748 steps, CI=0.741, HI=0.259). Based on the phylogeny obtained by
parsimony and distance analyses, a partially constrained tree was used for a
maximum likelihood search with PROTML. Nodes which were constrained
in the maximum likelihood analysis are ind_icated by a bullet (*). Bootstrap
values for nodes are indicated in the order parsimony/distance/maximum
likelihood. Euryarchaeote and crenarchaeote are abbreviated to EURY and
CREN respectively. (B) PROTDIST analysis with the rapidly evolving S.
solfataricus P2 B2 and B3 sequences removed. An identical tree was found
using parsimony and maximum likelihood methods. Bootstrap values are as

above.
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solfataricus P2 B1, S. acidocaldarius B1, and P. occultum Bl polymerases. It is
not clear to which archaebacterial DNA polymerase the S. solfataricus P2 B2
sequence is related. Low bootstrap support was found for this sequence
grouping with the S. solfataricus P2 B1, S. acidocaldarius B1, and P. occultum
B1 DNA polymerases. If this placement is correct, a crenarchaeote-specific
gene duplication event must have occurred to give rise to the S. solfataricus
P2 paralog.

Parsimony, distance, and maximum likelihood analyses split the
archaebacterial DNA polymerases into two groups; group I includes
euryarchaeote sequences and the S. solfataricus B2 B3-S. shibatae B3-P.
occultum B3 clade, group II includes the remaining crenarchaeote sequences
(figure 1.5 a, b). This tree topology is consistent with the last common
ancestor of archaebacteria possessing at least two family B DNA polymerases.
However, given the highly divergent amino acid sequences of the S.
solfataricus P2 B2, B3 and S. shibatae B3 sequences compared to other
archaebacterial DNA polymerases, it is possible that the tree topology found
by all methods was artefactual. To test this possibility, the S. shibatae B3
sequence was eliminated from phylogenetic analyses. Removal of this
sequence did not result in tree topologies different from those obtained when
it was included (not shown); the S. shibatae B3 sequence was not included in
any further phylogenetic analyses. The same rationale was applied to
removing the S. acidocaldarius B1 sequence from further phylogenetic
analyses. With the reduced data set, each of the three S. solfataricus P2
paralogs was separately removed from the analysis and the effect on tree
topology measured by both parsimony and distance bootstrap analyses. Figure
1.6 indicates that removal of the S. solfataricus P2 B3 sequence from the

analysis had the greatest effect since bootstrap values at the node supporting
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Figure 1.6 Effect of removing rapidly evolving taxa from phylogenetic

analyses. The optimal tree found by parsimony and distance analyses

is drawn schematically. Important nodes are indicated by letters A

through D. A=archaeal unity, B=support for group I, C=support for

group II, D=affinity of S. solfataricus P2 B3 and P. occultum B3.

Confidence for each node after removal of rapidly evolving taxa was

measured by 100 bootstrap replicates by both parsimony and distance

methods.
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group I (node B) and group II (node B) were reduced.

The long branch lengths of the S. solfataricus P2 B2 and B3 DNA
polymerases were also of concern, since rapidly evolving sequences such as
these are known to be positively misleading in phylogenetic reconstruction
(Felenstein, 1978; Huslsenbeck, 1997). I was particularly interested in testing
an alternative tree topology which would be consistent with the common
ancestor of archaebacteria possessing a single family B DNA polymerase. This
tree topology, which unites all crenarchaeote sequences to the exclusion of
euryarchaeote sequences, was not significantly worse than the shortest tree
topology since both the Kishino-Hasegawa and Templeton tests did not reject
the alternative topology at the 5% significance level (figure 1.7 a).

I also removed the S. solfataricus P2 B2 and B3 sequences and
performed parsimony, distance, and maximum likelihood analyses to find
the best tree topology. If the branching order observed with all taxa is robust,
removal of these two taxa should not result in a significantly different tree
topology. Indeed, the best tree recovered by all methods was identical to the
best tree recovered when all taxa were included, with the archaebacterial
DNA polymerase split into two groups (figure 1.5 b). However, an alternative
topology uniting all crenarchaeote sequences as a group and consistent with
the last common ancestor of archaebacteria possessing a single family B DNA
polymerase was not significantly worse than the best tree (figure 1.7 b). The
lack of phylogenetic resolution cannot be attributed only to the rapidly
evolving S. solfataricus P2 paralogs; other factors must also be contributing to

the lack of phylogenetic resolution.
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Figure 1.7 An alternative topology (tree B) consistent with the hypothesis

that the common ancestor of archaea had only a single family B DNA

polymerase is not significantly worse than the best tree (tree A).

Abbreviations used are In L, log likelihood; Aln L, difference in log

likelihood; and S.E., standard error. Alternative topologies are

considered significantly worse if the Kishino-Hasegawa and Templeton

tests reject these topologies at the 5% significance level (Adachi and

Hasegawa, 1992; Felsenstein, 1996). The boxed values are those obtained

when the S. solfataricus P2 B2 and B3 sequences were removed from the

analysis.
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Discussion

As only two DNA polymerase activities were found in cell extracts of S.
acidocaldarius and S. solfataricus (Elie et al., 1989; Klimczak et al., 1985; Rossi
et al., 1985), it is perhaps surprising that a gene coding for a third family B
DNA polymerase was found. The amino acid sequence of this DNA
polymerase is extremely divergent, raising the question of whether this is
actually the product of a functional gene. I addressed this question by cloning
and sequencing an ortholog of this gene from S. shibatae, a closely related
member of the Sulfolobales, reasoning that if S. shibatae also possesses this
divergent DNA polymerase, it is likely to have some function. Database
search scores (not shown) and the alignment in figure 1.2 convincingly show
that the genes encoding these proteins evolved from an archaebacterial
family B DNA polymerase. In addition, putative BoxA motifs, which are
known to be essential for transcription initiation, could be found in the 5’
noncoding regions of both the S. solfataricus P2 B3 and S. shibatae B3 paralogs
(figure 1.1). Zillig and co-workers have shown through extensive mutational
studies of a number of archaebacterial genes that the BoxA sequence is spaced
between 25-29 nucleotides upstream of the start site (Hain et al., 1993). Also
critical for initiation is the presence of an A/T rich sequence, approximately 2
to 11 nucleotides upstream of the start site. All of the S. solfataricus P2 DNA
polymerase sequences possessed sequences that matched the consensus
promoter motifs, but the BoxA sequence of the P2 B3 polymerase was
positioned well beyond the average of 25-29 nucleotides from the start site; it
is unclear if this sequence is in fact the BoxA motif. Examples of other
archaebacterial genes with divergent BoxA motifs are known (Zillig et al.,
1996), and it is possible that the S. solfataricus P2 B3 DNA polymerase also

utilizes a divergent promoter sequence.
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The number of amino acid differences between the orthologous S.
solfataricus P2 B3 and S. shibatae B3 sequences is surprising given the close
evolutionary relationship of these two organisms. A possible explanation for
the low amino acid similarity between these two sequences is positive
selection for a novel function(s). There are very few examples of positive
selection based on molecular sequences and only a single possible example in
archaebacteria, that of the superoxide dismutase genes of halophiles (Joshi
and Dennis, 1993). Evidence for positive selection can be assessed by taking
the ratio of nonsynonymous (Ka) to synonymous (Ks) substitutions per site
(Li, 1997). Ratios of >1 are considered strong evidence for positive selection,
since the rate of nonsynonymous substitutions exceeds that which can be
explained by neutral evolution. A ratio of <1 is taken as evidence for
stabilizing or purifying selection, since deleterious nonsynonymous
substitutions do not become fixed in the population. The Ka /Ks ratio for the
B3 DNA polymerase genes is only 0.192 (table 1.1), well below what is
considered evidence for positive selection, but higher than that of the -
galactosidase gene (0.042). It is clear from alignments that the S. solfataricus
P2 and S. shibatae B3 DNA polymerases have undergone a high rate of
nonsynonymous amino acid replacements after their divergence from a
common ancestral sequence (figure 1.2). Amino acid substitutions in catalytic
domains suggest that we cannot be certain that the encoded proteins retain all
or any of the ancestral exonuclease or polymerization functions, but the fact
that both ORFs remain uninterrupted by nonsense mutations indicates that
the genes éncoding these proteins remain under some sort of selection.

If phylogenetic analyses are correct, the duplication events that gave
rise to the S. solfataricus P2 B3 and B3 paralogs must have occurred early in

the evolution of crenarchaeotes and before the divergence of extant members
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of the Sulfolobales. The presence of hybridizing signals in Sulfolobales
genomic DNA using the S. solfataricus P2 B2 paralog as a probe strongly
supports this notion. It is still unclear, however, if the B2 and B3 paralogs are
actually functional DNA polymerases or have been selected for a different
cellular function. The cloning of the S. shibatae B3 and S. solfataricus P2 B3
paralogs presents an excellent opportunity to study the function and

evolution of these proteins.



Chapter II. Multiple independent gene duplications in the evolution of

eukaryotic and archaebacterial family B DNA polymerases.

Introduction

Three DNA-dependent DNA polymerases, o, §, and €, have been
identified by genetic and biochemical studies as essential for DNA replication
in the budding yeast, Saccharomyces cerevisiae (Morrison et al. 1990; Budd
and Campbell, 1993; Stillman, 1994). Sequencing of the genes corresponding
to the catalytic subunits of these DNA polymerases revealed significant
amino acid similarity of each of the proteins to one another. In addition, all
three DNA polymerases shared significant amino acid similarity with other
eukaryotic cellular-encoded DNA polymerases, plasmid- and viral-encoded
polymerases, and with DNA polymerase II (polB) of Escherichia coli; all of
these polymerases are family B DNA polymerases (Braithwaite and Ito, 1993).
An additional cellular-encoded DNA polymerase, Rev3, was identified in S.
cerevisiae through a genetic screen for strains displaying reduced frequencies
of UV mutagenesis (Morrison et al., 1989). Although this DNA polymerase
shares sequence similarity with other family B homologs, it is divergent in
amino acid sequence and function from the nuclear replicative polymerases.

The nuclear replicative DNA polymerases of eukaryotes, o, € and 9,
likely evolved by gene duplications as they exhibit a high level of amino acid
similarity. Likewise, the Rev3 DNA polymerase is more similar at the amino
acid level to eukaryotic family B homologs than to other archaebacterial,
eukaryotic, or eubacterial cellular-encoded polymerases. All of these
eukaryotic family B DNA polymerases must be the result of gene duplication
events that occurred early in, or before, the evolution of extant eukaryotes.

However, most available sequences of eukaryotic family B DNA polymerases

58
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are confined to representatives of animals and fungi and a handful of
medically relevant protists (Trypanosoma and Plasmodium). By sequencing
orthologs of the three nuclear replicative DNA polymerases from extant
representatives of early diverging eukaryotic lineages, it may be possible to
determine when in eukaryote evolution the gene duplication(s) occurred.
Phylogenetic analyses of archaebacterial and eukaryotic polymerases might
also resolve whether or not the gene duplications that gave rise to the
multiple family B homologs of crenarchaeotes (as discussed in chapter I) and
eukaryotes occurred independently of one another. With these questions in
mind, I chose two organisms, Giardia lamblia and Trichomonas vaginalis,
from which to try and amplify orthologs of the three replicative family B
DNA polymerases.

Results

Homologs of the three nuclear replicative family B DNA polymerases of
animals and fungi are found in early diverging eukaryotes.

Based on multiple alignments of amino acid sequences of the catalytic
subunits of eukaryotic family B DNA polymerases, I designed degenerate PCR
primers to amplify homologs from early diverging eukaryotes (figure 2.1). It
is impossible to design a single primer set to amplify all three family B
paralogs from one organism. It is possible, however, to design primer
combinations which can do this. Using these primer combinations (figure
2.1), I was able to amplify orthologs of DNA polymerase 6 and € from the
parabasalid Trichomonas vaginalis, and an ortholog of DNA polymerase o
from the diplomonad, Giardia lamblia. PCR-products identified as putative
family B DNA polymerases by BLAST and FASTA database searches were

used as probes in Southern hybridizations against genomic DNAs from
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Length of S. cerevisiae paralogs: Alpha - 1490 aa
Delta - 1113 aa
Epsilon - 2256 aa

=1.2 kb PCR-product
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Figure 2.1 Degenerate PCR primers used in attempts to amplify family B DNA
polymerases from early-branching eukaryotes. A schematic drawing (not to scale) of
the primary structure of the most conserved region of family B DNA polymerases is
represented by a solid grey line. Conserved functional domains are indicated by
solid (3’-5’ exonuclease) and hatched (polymerization) boxes in the order in which
they appear N- to C-terminal. Domains are numbered according to the level of
sequence conservation between different family B DNA polymerases (Wong et al.,
1988). The amino acid sequences for primers specific to each ortholog are listed
below functional domains to which they correspond. Direction of each primer is

indicated by an arrow.
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various protists. Each PCR-product hybridized to genomic DNA of the

' organism that initial PCR reactions were performed with, and each DNA
polymerase appeared single copy (not shown). However, I was unable to
amplify the three paralogs from a single organism. This result does not imply
that early diverging eukaryotes do not possess all three paralogs as there could
be a number of reasons why amplification was not successful (for instance,
divergent target sequences or biased base composition of the genomic DNA).

It is also impossible to design PCR primers to amplify the entire coding
region of eukaryotic family B DNA polymerases; they are too divergent in
sequence and in S. cerevisiae, all paralogs are over 3 kb in coding sequence
(the € paralog is approximately 7 kb; Morrison et al., 1990). As well, the
number of phylogenetically useful sites shared between eubacterial,
archaebacterial, and eukaryotic homologs is less than 200 amino acids;
between eukaryotic paralogs, the number of useful sites increases to around
300 amino acids. Additional coding sequence outside of the initial PCR
products was obtained for DNA polymerase o of G. lamblia by screening a
genomic DNA library in Agtll. One clone was picked for analysis after three
rounds of screening using the initial PCR product as a probe. From the larger
A clone, two smaller BamHI fragments of 2.1 and 1.4 kb were identified by
Southern analysis (not shown) as containing sequences that hybridized to the
initial PCR product. The two BamHI fragments were cloned into pBluescript
and sequenced as described (see materials and methods). These BamHI
subclones covered 3.6 kb of coding sequence, including the complete sequence
of the initial PCR product. All phylogenetically useful sites were included in
the 3.6 kb of sequence obtained.

Screening of both cDNA and genomic DNA libraries of T. vaginalis

failed to recover clones carrying additional coding sequence of DNA
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Figure 2.2 (A) Strategy to obtain additional coding sequence of T. vaginalis
DNA polymerase € by IPCR. The initial PCR product (solid horizontal line),
representing approximately 1.2 kb of coding sequence of DNA polymerase &,
was amplified from T. vaginalis genomic DNA with the degenerate
oligonucleotides Exolle and Polle (see appendix 1 and figure 2.1). The Hindlll
restriction site in the PCR product allowed two sets of IPCR primers to be
designed, one set to amplify 5' sequence and the other to amplify 3' sequence
(see appendix 1 for primer sequences).

(B) Results of IPCR run on 0.7% agarose gel with 1 kb ladder as a marker. Two
different sized products were obtained with the two sets of primers: one
approximately 0.9 kb and the other 2.1 kb. Lack of addition of higher pH Tris
(pH 8.8) to reactions, as indicated by + and - symbols, did not seem to affect

amplification.
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polymerase €. Since the initial PCR product from T. vaginalis contained a
single HindlIll restriction site, two primer sets for use in inverse PCR (figure
2.2 a), each flanking the HindlIlI site, were designed to amplify additional
coding sequence 5' and 3' to that of the PCR product. Inverse PCR reactions
resulted in the amplification of 2.1 and 0.9 kb fragments (figure 2.2 b) and
were cloned and sequenced as described. In all, 3.2 kb of coding sequence of
DNA polymerase € encompassing all of the phylogenetically useful sites from
T. vaginalis was obtained.

Attempts to obtain additional coding sequence for DNA polymerase &
of T. vaginalis by inverse PCR, screening of both genomic and cDNA libraries,
and by construction of a sized subgenomic library were unsuccessful even
though the PCR product hybridized to T. vaginalis genomic DNA (figure 2.3).

The T. vaginalis and G. lamblia paralogs could be aligned with family B
sequences from other eukaryotes, archaebacteria, and the single eubacterial
homolog in conserved functional regions (figure 2.4). Although exonuclease
domain III is conserved between orthologous sequences, it is difficult to align
across all family B homologs and so was not included in phylogenetic
analyses. Likewise, polymerase domain VI is not conserved in sequence and
in archaebacterial homologs, multiple gaps must be introduced; this region

was also excluded from analyses.

Phylogenetic analyses suggest that multiple gene duplication events occurred
early in eukaryote evolution

Phylogenetic analyses were performed on a dataset that included
cellular-encoded family B DNA polymerases from eukaryotes, archaebacteria,
and eubacteria. The S. cerevisiage Rev3 paralog was also included, as well as

an EST sequence from Mus musculus that is likely an ortholog of the S.
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Figure 2.3 Southern hybridization of the putative DNA polymerase § PCR

product to genomic DNA from T. vaginalis cut with various restriction
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Figure 2.4 Amino acid alignment of family B DNA polymerases of eubacteria,
archaebacteria and eukaryotes. Numbering of conserved functional domains
is as previously published (Wong et al., 1988). Secondary structure elements
corresponding to the family B DNA polymerase of bacteriophage RB69 are
indicated by an arrow (for B-sheets) or a hatched rectangle (for a-helices).
Lines represent unstructured regions of the protein. Each structural element
is assigned a letter or number corresponding to its position in the RB69 DNA
polymerase amino acid sequence (Wang et al., 1997). Sheet 6, 109-117; 10, 211-
216; 14, 395-399; 15, 403-405; 16, 407-412; 20, 626-621; 21, 622-626; 23, 700-703; 24,
707-710; 25, 726-728. Helix C, 194-208; D, 222-230; L, 417-424; N, 471-491; P, 547-
571; Q, 581-597. The single amino acid deletions in exonuclease domain II of
crenarchaeote polymerases that support a grouping of Bl orthologs are
indicated by a box. Signature sequences that support a grouping of
archaebacterial and eukaryotic € polymerases are indicated by a stippled box.
Gaps introduced in the alignment are indicated by a period (.). Missing data

are indicated by a question mark (?).
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T.1litoralis ELKLLAFDIETF GEIIMI EREMIKRFVQUVKEK DPDVIITYNGDNFDLPYLIKR GGYVKEPEKGLWENII.YLDFRSLYPSIIVT.HNVSPDTL
Thermococcus sp.9N-07 ELTMLAFDIETL GPILMI EKEMIKRFLRVVREK DPDVLIT aozm. AYLKKR GGYVKEPERGLWDNIV.YLDFRSLYPSIIIT.HNVSPDTL
M.voltae ELNCIAFDMELY DPIIMV EKELIQKTIEIL..K o<c<~<a,fh@zw. PYLKKR GGYVREPLKGIQEDIV.SLDFMSLYPSILIS.HNISPETV
— M. iannaschii KSVAFDMEVY DPILMA KKIIET D NEDEPYLKAR {VKEPEKGMFED MDFRSLYP (NISPD]
H. sapiens m< VLAFDIETT DQIMMI m>:ruowzmm=<ome KPTIMVTYNGDFFDWPFVEAR GGHVEALESGVFRSLIYHLDVGAMYPNIILT. .NRLQPAM
S.cerevisiae FV.VMAFDIETT DQIMMI EVALLQRFFEHIRDV wee<nme.»avmn. PFIHNR oo=<mmrm>o<mxmrH<:<o<ymz<wzazaa..zermcm
- T.vaginalis PRILAFD DOIMM REMLKGWFNHIR PHIFVTHNGDFE DI QER RVEA R MHLD
H.sapiens PLRVLSFDIECA DPVIQI EEDLLQAWSTFIRIM DPDVITGYNIQNFDLPYLIRG GATVIEPLKGYYDVPIATLDFSSLYPSIMMA.HNLCYTTL
B. tarus PLRVLSFDIECA DPVIQI EEDLLQAWSTFIRIM DPDVITGYNIQNFDLPYLIRA GATVIEPLKGYYDVPIATLDFSSLYPSIMMA.HNLCYTTL
M.musculus PLRVLSFDIECA DPVIQI EEDLLQAWADFILAM DPDVITGYNIQNFDLPYLISR GATVIEPLKGYYDVPIATLDFSSLYPSIMMA,HNLCYTTL
C.elegans PIRTLSLDIECI DPIIQI EKVLLEKWAEFVREV DPDIITGYNILNFDLPYILD. GATVIDPIRGFYNEPIATLDFASLYPSIMIA.HNLCYTTL
S.pombe PLRIMSFDIECA DPVIQI EKTLLEAWNEFIIRI DPDVLIGYNICNFDIPYLLRG GATVIEPIKGYYDTPIATLDFSSLYPSIMMA.HNLCYTTL
S.cerevisiae PLRIMSFDIECA DPVIQI EEEMLSNWRNFIIKV DPDVIIGYNTTNFDIPYLLRG GATVIEPIRGYYDVPIATLDFNSLYPSIMMA.HNLCYTTL
C.albicans PLRILSFDIECA DPVIQI EEDMLMHWKEFITKV DPDVIIGYNTANFDIPYVLNR GATVIEPERGYYDVPIATLDFSSLYPSIMMA.HNLCYTTL
P. falciparum KLRILSFDIECI DPIIQI EKTLLEAWNEFIIRI DPDFLTGYNIINFDLPYILNR GATVLEPIKGYYIEPISTLDFASLYPSIMIA.HNLCYSTL
D.melanogaster PFRILSFDIECA DPVIQI ETQMLDKWSAFVREV DPDILTGYNINNFDFPYLLNR AATVIEPKRGYYADPISTLDFASLYPSIMMA.HNLCYTTL
T.vaginalds 222222222222 222222 ?232272272222222227 222222222222222222227 2272222222222222222222222222MIG . HNICYSTL
S.cerevisiae REV3 KIPDPAIDEVSM ..IIW. EFEMFEALTDLVLLL DPDILSGFEIHNFSWGYIIER VPLVMEPESAFYKSPLIVLDFQSLYPSIMIG.YNYCYSTM
LEEEEEEEEEEEEEEEEENE
H.sapiens ............ ...... ERTLLGFFLAKVHKI DPDIIVGHNIYGFELEVLLQR GGLVLDPKVGFYDKFILLLDFNSLYPSIIQE.FNICFTTV
M.musculus ............ ...... ERTLIGFFLAKVHKI DPDILVGHNICSFELEVLLQR GGLVLDPKVGFYDKFILLLDFNSLYPSIIQE.FNICFTTV
O.nova .....v000000  sass.. ERQLIEAFVAKIYQL DPDLMVAHNLCGGMFDLLLAR GGLVIEPKAGFYDNIILLLDFNSLYPSIIQE.YNLCFTTV
O.trifallax ............ +..... ERQMIEAFIAKVFIV DPDLVVAHNLCGGMFDLLLAR GGLVIEPKAGFYDNIILLLDFNSLYPSIIQE.YNLCFTTV
T.bruceii ............ ...... ERALLTWFAETLAAL DPDIIVGHNIIGYTVETLLNR GGMVLEPKSGLYSEYILLLDFNSLYPSLIQE.FNVCYTTI
S.cerevisiae ............ ...... EKAMLSCFCAMLKVE DPDVIIGHRLQNVYLDVLAHR GGLVFEPEKGLHKNYVLVMDFNSLYPSIIQE.FNICFTTV
S.pombe ............ ...... EVSLLNNFLNKVRTY DPDVYFGHDFEMCYSVLLSRK GGLVFEPQKGLYETCILVMDFNSLYPSIIQE.YNICFTTV
P. falciparum R ++evv.. EKELLHTFLEKIKDI: DIDIYIGYNILNFDLEFLIHR

GGLVLDPLCGYYDTFVLYLDFNSLYPSIIIE. YNVCFSTL

G. PDEBPHU|IPrrrrrrrrrrrILLLLLFIImrbrKmmbmhKbEmmIzhnHHKhmzHKmmKzHBEmmmIIbnkKKbmKbmmmbuHKHKbeZMbKNZHHWMPKMthHHr
E.coli PLKWVSIDIETT RIVYML SPQLLEKLNAWFANY DPDVIIGWNVVQFDLRMLOKH GGYVMDSRPGLYDS.VLV.DYKSLYPSIIRT.FLIDPVGL
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cerevisize Rev3 polymerase. Most eukaryotic sequences (16 of 24 included in
this analysis) are from animals and fungi; in some instances, a single
sequence was used in phylogenetic analyses where an ortholog had been
sequenced from two closely related animals or fungi (ie. from rat and
hamster). Likewise, some archaebacterial sequences are from closely related
species (ie. Pyrococcus furiosus and Pyrococcus abysii). In these instances,
only a single sequence was used. The final dataset consisted of 38 taxa and 162
amino acid positions.

The choice of outgroup sequence for eukaryotic and archaebacterial
family B polymerases is problematic because there is only a single eubacterial
sequence available, that of E. coli. Single outgroup sequences with long
branch lengths relative to ingroup sequences can be extremely problematic for
parsimony analyses, but less so for distance analyses (Swofford et al., 1996).
Preliminary PROTDIST analyses with the E. coli sequence resulted in tree
topologies that placed E. coli as a sister taxon to eukaryotic § paralogs.
Bootstrap support for this branching order was under 50% as measured by
both parsimony and distance methods (not shown). In addition, the E. coli
sequence is not specifically closer to one particular eukaryotic paralog than it
is to any archaebacterial paralog based on amino acid identity (table 2.1). The
branching of E. coli with eukaryotic 8 paralogs is most likely artefactual and I
did not include the E. coli sequence in any further analyses.

In both parsimony and distance analyses, the three eukaryotic
replicative family B DNA polymerases, o, § and ¢, formed monophyletic
groups with high bootstrap values (figure 2.5). The three DNA polymerases
amplified from representatives of early diverging protist lineages all grouped
with orthologous sequences from other eukaryotes. This result is to be

expected as orthologous sequences from different organisms should show a
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Table 2.2 Percent identities of eubacterial, archaebacterial, and eukaryotic
family B DNA polymerases. Eukaryotic paralogs are divided into groups and
separated by lines, as are crenarchaeote and euryarchaeote polymerases.
Number of amino acid differences between two sequences is below the
diagonal break. Percent identity between two sequences is above the diagonal

break.
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Bootstrap support for

Taxa deleted |{o/8/e/rev3| allcrens | eury/e | 8/a/rev3| cren/e

none 12/5 0/0 29/36 69/56 1/0
S. solf P2 B2 8/7 2/0 40/42 83/69 1/2
S. solf P2 B3
S shib B3 11/13 4/0 33/48 68/78 0/0
S. solf P2 B2
S. solf P2 B3 8/5 8/9 45/70 58/89 2/3
S. shib B3
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Table 2.2 Effect of removing rapidly evolving taxa from phylogenetic analyses

as measured by bootstrap. Confidence for each particular branching topology

was measured by 100 bootstrap replicates by both parsimony and distance

methods. Values are indicated in the order parsimony/distance. "All crens”

refers to monophyly of all crenarchaeote paralogs.
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closer phylogenetic relationship than paralogous sequences from the same
organism. Both methods also supported a closer relationship of the o and &
paralogs while neither method supported a o./8/¢ grouping (table 2.2).
Within orthologous groups, the most significant difference between
parsimony and distance analyses was the placement of the partial T. vaginalis
8 sequence; distance analyses placed this sequence as a sister to S. cerevisiae,
whereas parsimony analyses placed this sequence among the other protist
sequences, but bootstrap support for either placement was weak (figure 2.5).
Both parsimony and distance methods placed the Plasmodium falciparum &
and o sequences at the base of each paralogous eukaryotic group; this result is
not expected based on phylogenies using SSU rRNA (Cavalier-Smith, 1993),
elongation factors (Baldauf and Palmer, 1993), actins (Drouin et al., 1995), a-,
and B-tubulin (Keeling and Doolittle, 1996).

The Rev3 paralogs of S. cerevisize and M. musculus formed another
monophyletic group with high bootstap values (figure 2.5). Both parsimony
and distance methods suggest that the Rev3 paralogs are most closely related
to &-type paralogs; this branching order is also supported by high bootstrap
values. In parsimony analyses, the branching of the Rev3 paralogs with
either o or € paralogs was not observed in any of the shortest trees found (not
shown). If accurate, the observed pattern of branching suggests that, in
addition to the duplication event that resulted in the o and & paralogs,
another duplication occurred within the 6-type lineage to give rise to Rev3-
like polymerases. Both of these duplication events must have occurred

before, or very early in, the origin of eukaryotes.
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Ancient paralogy confuses the phylogenetic relationships of archaebacterial

and eukaryotic family B DNA polymerases
The finding of multiple family B DNA polymerases in two

crenarchaeotes (Prangishvili and Klenk, 1994; Uemori et al., 1995; Edgell et al.,
1997) and eukaryotes (Braithwaite and Ito, 1993), but as yet only a single family
B DNA polymerase in euryarchaeotes, including the whole-genome sequence
of M. jannaschii (Bult et al., 1996), raises a number of interesting questions
concerning the evolution of archaebacterial and eukaryotic DNA
polymerases. Foremost is whether or not the gene duplications that gave rise
to the multiple crenarchaeote and eukaryotic paralogs occurred
independently of one another after the split of archaebacteria and eukaryotes,
or occurred in a common ancestor of eukaryotes and archaebacteria. If the
latter case is true, are any of the crenarchaeote and eukaryote DNA
polymerases orthologs? That is, if any of the crenarchaeote family B DNA
polymerases performs analogous functions to those of the three eukaryotic
paralogs, it would not be unreasonable to expect a specific phylogenetic
relationship between particular crenarchaeote and eukaryotic polymerases.
Phylogenetic analyses do not recover a topology that would be
consistent with gene duplications occurring after the split of eukaryotes and
archaebacteria (figure 2.5); the four eukaryotic paralogs do not form a
monophyletic group to the exclusion of archaebacterial sequences and one of
the eukaryotic paralogs, €, consistently branches with archaebacterial
sequences as a sister group to euryarchaeotes (although bootstrap support for
this branching pattern is low; table 2.2). There is no significant bootstrap
support for the monophyly of all archaebacterial sequences (figure 2.5; table
2.2), but there is support for topologies that split the crenarchaeote sequences

into two groups: one comprising the S. solfataricus P2 B1/S. acidocaldarius
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B1/P. occultum B1 orthologs, and the other comprising the remaining
crenarchaeote and euryarchaeote sequences. Grouping of the crenarchaeote
B1 orthologs is also supported by two single amino acid deletions in
polymerase domain IV (figure 2.4). The phylogenetic relationship of the S.
solfataricus P2 B2 sequence to other archaebacterial and eukaryotic sequences
is not well supported by bootstrap analysis. All methods support a grouping
of the S. solfataricus P2 B2 sequence with the crenarchaeote Bl orthologs, but
with bootstrap values that are not convincing (figure 2.5).

Based solely on amino acid identity, the e-type polymerases are more
similar to euryarchaeote polymerases than to any other eukaryotic or
archaebacterial sequence (42.5% average identity of all euryarchaeote
sequences to H. sapiens DNA polymerase €; table 2.1). In addition, the
alignment of eukaryotic and archaebacterial paralogs shows that in
exonuclease domains II, € and euryarchaeote polymerases are remarkably
similar (figure 2.4). This amino acid identity, taken together with the
phylogenies supporting a grouping of € and euryarchaeote polymerases,
suggests that these polymerases might be orthologs. However, a number of
archaebacterial and eukaryotic paralogs have extremely long branch lengths
relative to other paralogs. To measure the effect of these rapidly evolving
taxa, I sequentially removed each paralog from the dataset and measured the
effect on tree topology by bootstrap analysis (table 2.2). Removal of the S.
solfataricus P2 B2 or S. solfataricus P2 B3/S. shibatae B3 paralogs had the
greatest effect on the node supporting a sisterhood of € and euryarchaeote
paralogs, as bootstrap support increased when these taxa were removed.
Bootstrap support for the node uniting the eukaryotic 0./8/Rev3 paralogs also
increased, particularly when the S. solfataricus P2 B2 paralog was removed

from analyses (table 2.2).
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Figure 2.5 Phylogenetic analysis of eukaryotic and archaebacterial family B
DNA polymerases. The tree shown is from PROTDIST analysis with all
eukaryotic and archaebacterial sequences. Bootstrap values are indicated
above nodes in the order parsimony/ distance/ML. Nodes constrained
during ML analysis are indicated by an oversize line. A similar topology was
found by parsimony analysis (72 shortest trees, 1162 steps, CI=0.644, HI=0.356)
but differing in terminal arrangements within eukaryotic orthologs, and in
the placement of Sulfolobus solfataricus P2 B2 and the partial T. vaginalis &
sequences. All of the shortest trees in parsimony analysis placed the T.
vaginalis sequence as an outgroup to all other 3-type sequences except those
from Caenhorabditis elegans and Plasmodium falciparum with 51% bootstrap
support (indicated by an arrow). A dashed line joins the T. vaginalis &
sequence with the node common to C. elegans and P. falciparum. Parsimony
bootstrap values that are circled and shaded indicate that these values are for
the shown topology, but with T. vaginalis branching at the base of the 6
paralogs. Only 3% support was found in parsimony bootstrap for a grouping
of T. vaginalis and S. cerevisiae versus 19% bootstrap support in distance

methods.
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ML analysis also suggests that the e-type and euryarchaeote
polymerases might be orthologs as 70% support was found for this tree
topology. In addition, all 100 log-likelihood trees found by ML analysis placed
the € paralogs as branching with archaebacterial polymerases to the exclusion
of a, 8, and Rev3 paralogs (figure 2.5). As maximum likelihood methods, in
general, perform better than parsimony or distance methods under
conditions of rapid sequence evolution (Hasegawa and Fujiwara, 1993;
Kuhner and Felenstein, 1994; Huelsenbeck, 1995; Swofford et al., 1996), the
branching position of the eukaryotic € paralogs within archaebacterial
paralogs might well reflect the history of this gene family rather than be due

to a treeing artifact.

Discussion
Duplication is a common theme in the evolution of family B DNA

olymerases

The rooted universal phylogenies that place archaebacteria and

eukaryotes as sister groups to the exclusion of eubacteria (Gogarten et al., 1989;
Iwabe et al., 1989; Brown and Doolittle, 1995; Baldauf et al., 1996; Lawson et al.,
1996) support a common origin for archaebacterial and eukaryotic DNA
replication proteins (Edgell and Doolittle, 1997). It is not surprising then that
archaebacterial family B DNA polymerases show greater sequence similarity
(table 2.1) and phylogenetic affinity to the multiple eukaryotic homologs than
to the E. coli family B DNA polymerase. What is surprising, however, is the
finding that one of the eukaryote paralogs, €, shows a tendency in
phylogenetic analyses to branch with euryarchaeote homologs to the
exclusion of other eukaryotic or crenarchaeote homologs. Although support

for this branching order is weak and suspect because of high rates of sequence
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evolution of some paralogs, it is consistently recovered by parsimony,
distance and maximum likelihood methods.

Three interpretations are possible. First, this implies that an e-type
polymerase is ancestral to archaebacteria and eukaryotes and has since been
lost from the crenarchaeote lineage of archaebacteria, or has diverged in
primary sequence to such an extent as to be unrecognizable as an e-type
polymerase. All other archaebacterial and eukaryotic paralogs are ultimately
derived from this 'ancestral’ polymerase. The second interpretation assumes
that e-type polymerases are not ancestral to archaebacteria and eukaryotes,
that the a, 8, and Rev3 paralogs evolved by duplication at the origin of
eukaryotes from an archaebacterial polymerase most resembling
crenarchaeote Bl paralogs, and that the branching order and high amino acid
identity of eukaryotic € and euryarchaeote polymerases can be best explained
by a lateral transfer event from euryarchaeotes to eukaryotes early in
eukaryotic evolution. The third interpretation assumes that the recovered
tree topologies are not significant, but that the true topology cannot be known
because of rapid rates of sequence evolution of eukaryotic € and crenarchaeote
B2 and B3 paralogs.

Regardless of the origin of eukaryotic e-like polymerases, both
euryarchaeote and eukaryotic € polymerases have independently undergone
numerous changes in structure and function. For instance, the DNA
polymerase & proteins of S. cerevisiae and H. sapiens are both over 2200
amino acids in length (Morrison et al., 1990; Kesti et al., 1993), yet
euryarchaeote polymerases are under 900 amino acids in length (see for
example Uemori et al., 1993). These additional amino acids of DNA
polymerase €, present as a long carboxy-terminal extension relative to other

family B homologs, are implicated in cell cycle regulation as deletion of this



80
region interferes with a DNA replication checkpoint in S phase (Navas et al.,
1995). Since archaebacteria do not possess a eukaryote-like cell cycle (or the
elaborate checkpoint controls associated with one), it is likely that this region
of DNA polymerase € was acquired early in the evolution of eukaryotes.
However, database searches with this region of the polymerase fail to match
known sequences in public databases with any significance (not shown). In
spite of studies demonstrating an absolute requirement for DNA polymerase
g in both replication (Morrison et al., 1990) and cell cycle regulation (Navas et
al., 1995), the exact biochemical role of DNA polymerase € at the eukaryotic
replication fork is uncertain (Stillman, 1994). Likewise, the cellular function
of the euryarchaeote family B DNA polymerase is unknown; there is no
experimental evidence with which to address its function, but it is likely that
the polymerase has some role in replication.

At least two other sets of duplication events, in addition to the event
that gave rise to e-like polymerases, must have occurred independently in the
evolution of crenarchaeotes and eukaryotes. One set of duplications was that
which gave rise to the multiple paralogs of crenarchaeotes, typified by the S.
solfataricus P2 B2 and B3 polymerases (Prangishvili and Klenk, 1994; Edgell et
al., 1997). Phylogenetic analyses cannot resolve the order of these
duplications, nor accurately resolve the relationships among crenarchaeote
family B DNA polymerases. Yet, it is clear from alignments (figures 1.2 and
2.4) that the crenarchaeote B2 and B3 paralogs evolved from an
archaebacterial family B DNA polymerase and that both paralogs have
experienced high rates of nonsynonymous amino acid substitutions at some
point in their histories. Whether or not this reflects positive selection for a
novel function(s) different from the parental gene is not clear, since the

function of either the B2 and B3 paralogs is unknown. In the absence of such
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data, it is also difficult to ascribe a particular biochemical role for the multiple
crenarchaeote paralogs analogous to those of the three eukaryotic replicative
polymerases. It is entirely possible that the divergent family B paralogs of
crenarchaeotes have some cellular role other than replication; they might
function in DNA repair, as does the family B homolog in E. coli (see below)
and the Rev3 paralog in S. cerevisiae (Morrison et al., 1989).

The o, 3, and Rev3 paralogs of eukaryotes must also have evolved by
duplication since phylogenetic analyses strongly place these three paralogs as
a monophyletic group (figure 2.5). This duplication event must have
occurred independently of those that gave rise to the multiple paralogs of
crenarchaeotes. All three of these eukaryotic paralogs share conserved amino
acid positions, but are also sufficiently different in many positions suggesting
that each paralog experienced high rates of nonsynonymous amino acid
substitutions and probable selection for novel function(s). Biochemical
evidence from mammalian cell lines and S. cerevisiae suggests that DNA
polymerase o is responsible for the synthesis of leading and lagging strand
primers (Tsurimoto et al., 1990; Waga and Stillman, 1994), while DNA
polymerase 0 is responsible for leading strand synthesis (Waga and Stillman,
1994). These changes in structure and function must have occurred early in
the evolution of eukaryotes.

Genetic evidence suggests that the Rev3 paralog of S. cerevisiae
functions exclusively in DNA repair (Morrison et al., 1989). If phylogenetic
analyses indicating that a grouping of Rev3 and 3-type polymerases is correct,
a change of function from replication-associated to repair must have occurred
early in the evolution of this paralog. It is also possible that eukaryotic family
B DNA polymerases ancestrally functioned in DNA repair and switched to

function in replication at some point in the evolution of eukaryotes. In this
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case, the present-day function of the S. cerevisize Rev3 paralog would more
accurately represent the ancestral function of eukaryotic family B DNA
polymerases than any other paralog. However, in the absence of
experimental evidence pointing to a functional role of archaebacterial family
B paralogs, it is easiest to assume that the ancestral function of eukaryotic

family B polymerases was replication.

The curious case of the eubacterial family B DNA polymerase
The replicative DNA polymerases of eubacteria (DNA polymerase IIL, a

family C polymerase, and DNA polymerase I, a family A polymerase) and the
replicative DNA polymerases of eukaryotes (all family B polymerases) do not
share significant primary sequence similarity (Braithwaite and Ito., 1993;
chapter IV this thesis). However, one homologous DNA-dependent DNA
polymerase, a family B polymerase, is present in representatives of all three
domains (Iwasaki et al., 1991; Braithwaite and Ito, 1993). In E. coli, this
polymerase (po/B) does not have a replication function but instead functions
in DNA repair (Bonner et al., 1990; Iwasaki et al., 1990). Interestingly, polB
can interact with the eubacterial processivity factor, Polf (encoded by the
dnaN gene), and with the clamp loading Y complex (see chapter III; Hughes et
al., 1991; Bonner et al., 1992). These proteins primarily associate with the
eubacterial replicative polymerase, polC, implying that association of these
proteins with polB could confer processive replication on polB. Recent
experimental evidence has demonstrated that po/B does replicate
chromosomal and episomal (F) DNA in dividing cells, but only in the
presence of an antimutator allele of polC (Rangarajan et al., 1997). It is not
clear if polB is used in a replicative function in logarithmically growing wild-
type cells.
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The presence of this homologous family B DNA polymerase in
eubacteria, archaebacteria and eukaryotes suggests that it must have been
present in the genome of the cenancestor. Yet the cenancestral function is
unclear; a change of function(s) must have occurred in either the eubacterial
lineage (where the family B homolog now functions primarily as a repair
polymerase) or the archaebacterial/eukaryotic lineage (where family B
homologs now function as a replicative polymerases). However, a family B
homolog is missing, or has diverged so much in primary sequence as to be
unrecognizable by common database search algorithms, from the completely
sequenced eubacterial genomes of Haemophilus influenzae (Fleischman et
al., 1995), Mycoplasma genitalium (Fraser et al., 1995), Mycoplasma
pneumoniae (Himmelreich et al., 1996), and Synechocystis sp. strain PCC6803
(Kaneko et al., 1996), and from the partially sequenced genomes of Bacillus
subtilus (47% of 4.2Mb completed; http:/ /www.pasteur.fr/Bio/
SubtiList.html), Mycobacterium tuberculosis (% completion not known;
http:/ /www.sanger.ac.uk/Projects/M_tuberculosis/), Neisseria gonorhoeae
(88.9% of 2.7 Mb completed; http://dnal.chem.uoknor.edu/gono.html), and
Streptococcus pyogenes (88.3% of 1.98 Mb completed; http://dnal.chem.
uoknor.edu/strep.html). Escarceller and colleagues found evidence for the
presence of a family B homolog in proteobacteria other than E. coli by
Southern hybridization using the E. coli gene as a probe and by western blots
with antibodies raised against pol/B (Escarceller et al., 1994). But, in the
absence of sequence data to confirm these preliminary results, E. coli remains
the only eubacterium to possesses a family B DNA polymerase. Either a
family B DNA polymerase was present ancestrally and lost independently
from eubacterial lineages except that leading to E. coli, or E. coli acquired this

polymerase by lateral transfer from a non-eubacterial source.
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The E. coli family B DNA polymerase sequence can be aligned with
archaebacterial and eukaryotic homologs (figure 2.4), but is not specifically
close to any particular archaebacterial or eukaryotic sequence as judged by
amino acid identity (table 2.1). This lack of obvious sequence identity to any
eukaryotic or archaebacterial sequence can be interpreted as evidence against
horizontal transfer of this polymerase to E. coli from a non-eubacterial source.
If this family B DNA polymerase is ancestral to eubacteria, the reason behind
its systematic and independent deletion from multiple eubacterial genomes,

except that of E. coli, remains unknown.



Chapter III. Gene duplications in the evolution of other protein components

of the archaebacterial and eukaryotic DNA replication apparatus

Introduction

The finding of multiple independent gene duplications in the
evolution of archaebacterial and eukaryotic family B DNA polymerases
stimulated a search for other replication-associated proteins of eukaryotes and
archaebacteria that also evolved by gene duplications. This search for gene
families was entirely computer-based because (1) complete genome sequence
from a variety of eubacteria, archaebacteria, and S. cerevisiae were available,
and (2) PCR-based surveys often fail to isolate all paralogous sequences from a
single organism.

Results of database searches with eukaryotic replication proteins could
be grouped into two categories. The first category included searches showing
that, in general, replication fork proteins performing analogous functions in
eubacteria and eukaryotes do not share significant amino acid similarity
(discussed in detail in chapter IV). However, database searches often revealed
the presence of multiple archaebacterial and eukaryotic paralogs of these
replication proteins. Proteins involved in the control of initiation of
replication fall into this category. The second category included eubacterial
and eukaryotic proteins with significant sequence similarity that perform
analogous functions at the replication fork, but fo which eukaryotes possess
multiple paralogs. Clamp loading proteins involved in the loading of the
DNA polymerase and additional accessory factors onto the template are

included in this category.

85
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Clamp loading proteins

DNA-dependent DNA polymerases of eubacteria and eukaryotes (and
presumably archaebacteria) cannot synthesize DNA de novo and thus require
the actions of a number of accessory proteins to "load” or assemble the DNA
polymerase onto the activated DNA template (Kornberg and Baker, 1992;
Kelman and O’Donnell, 1995). After origin unwinding and synthesis of the
primer, the next step in the initiation of both eubacterial and eukaryotic
replication is the binding of a complex of "clamp loading” proteins
(O'Donnell et al., 1993; Stillman, 1994). The clamp loading complex
recognizes and preferentially binds to the 3' end of the primer, thus acting as a
primer recognition factor for the replicative DNA polymerase(s) (O’Donnell
et al., 1993). In addition, the binding of the clamp loading complex stimulates
assembly of the processivity factor (often called the sliding clamp). This ring
shaped protein encircles duplex DNA behind the primer-template junctions
and functions to confer processive replication to the polymerase by tethering
the polymerase to the template (Stukenberg et al., 1991; Naktinis et al., 1996).
Binding of the sliding clamp protein to dsDNA and to the clamp loading
protein stimulates the ATPase activity of the clamp loading proteins so that
the DNA polymerase is "loaded” onto the active template.

The biochemistry of the eukaryotic and eubacterial clamp loading
proteins is very similar; both sets of proteins are DNA-dependent ATPases,
and both specifically recognize primer-template junctions (reviewed in
Stillman, 1994). In E. coli, the clamp loading complex (composed of five
proteins and also called Y complex) was first isolated as part of a large
molecular weight complex that included DNA polymerase III core subunits
and accessory factors (reviewed in Kornberg and Baker, 1992). Subsequent

purification of the accessory factors resulted in the identification of y complex
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proteins. Only two, encoded by the holB and dnaX genes, show similarity to
eukaryotic proteins with analogous functions (see below). In eukaryotes, the
clamp loading proteins (called replication factor-C, individual proteins are
designated RFC1-5) were first identified by studying SV40 replication in
mammalian cell lines (Tsurimoto and Stillman, 1989). As in E. coli, five
proteins are responsible for the loading of the processivity factor and DNA
polymerases onto the activated template (Cullman et al., 1995). All five
proteins share significant amino acid similarity to each other, to the
eubacterial DnaX gene products, and to ORFs found in the complete genome

sequence of Methanococcus jannaschii (see below).

Minichromosome maintenance (MCM) proteins

Eukaryotes replicate their nuclear genome only once per cell cycle. The
precise control of replication initiation is not well understood, although a
number of proteins involved in this process have been identified through
mutational studies in S. cerevisiae (reviewed in Kearsey et al., 1996; Rowles
and Blow, 1997). In the mechanistic control of initiation of replication,
eukaryotes (at least S. cerevisiae) differ from eubacteria (at least E. coli) in that
initiation requires many trans-acting, positively-acting protein factors (Diffley,
1997). By contrast, replication initiation in E. coli requires the modification
(by methylation) of cis-acting DNA sequences and the actions of a protein,
SeqA, that sequesters origin sequences and acts to negatively regulate
initiation (Slater et al., 1995).

Blow and Laskey proposed in 1988 that the initiation of replication in
S-phase was controlled by a protein(s) which they called licensing factor.
Among the relevant characteristics of a licensing factor would be the ability to

modify chromatin (either by directly binding to DNA or by enzymatic
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modification), that this modification would be absolutely required for the
initiation of replication, that the modification would result in only a single
round of initiation of replication per cell cycle, and that it be a diffusable factor
excluded from the nucleus (Blow and Laskey, 1988). Mutant hunts in S.
cerevisiae for cells unable to go through the G1/S-phase transition, or cells
unable to support the replication of plasmids carrying ARS consensus
sequences, resulted in the identification of a number of proteins with some of
the expected characteristics of licensing factors (Yan et al., 1991; Gibson et al.,
1990; Chen et al., 1992). For clarity, I will refer to these proteins as
minichromosome maintenance (MCM) proteins (after Maine et al., 1984),
although they have at some point had other designations (ie. MCM4 in S.
cerevisige was originally isolated as a cell division control mutant, CDC54).

The exact biochemical role of MCM proteins is not known, although
MCM proteins of S. cerevisiae have been shown to bind chromatin at levels
that exceed the number of active replication origins; moreover, this binding
somehow limits initiation to once per cell cycle (Donovan et al., 1997). In all,
six MCM proteins have been identified in S. cerevisiae, S. pombe, Xenopus
laevius and mammalian systems as essential for the control of initiation of
replication (Kearsey et al., 1996). Three archaebacterial homologs are present
in the complete genome sequence of M. jannaschii; there are no known

eubacterial MCM homologs.

Results

Database searches for eukaryotic DNA replication proteins that are members

of a gene family
To search for protein components of the eukaryotic replication

apparatus that are members of a gene family, I individually searched public
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Table 3.1 Results of database searches with eukaryotic replication-associated
proteins. Biochemical functions and name(s) of replication associated
proteins are listed for each protein used to search databases. Database matches
similar to those of the query sequence are listed as orthologous sequences.
Matches to proteins with unknown function(s), or function(s) not related to
replication, are listed as paralogous sequences. Eubacterial (Eub) or
archaebacterial homologs of multiple eukaryotic proteins performing the
same biochemical function are presented as hits to each of the eukaryotic
proteins. The abbreviation A or F represents more than two animal (A) or
fungal (F) sequences that matched the query sequence. Human or yeast (for
example) refers to a single animal (Homo sapiens) or fungal (Saccharomyces
cerevisiae) sequence that matched the query sequence. Other organisms from
which orthologous or paralogous sequences have been sequenced are listed by
their species name (ie. Arabidopsis, Methanobacterium). Methanococcus
jannaschii and Escherichia coli have been shortened to MJ and E.coli

respectively. Schziosaccharomyces pombe is shortened to pombe.
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Gene/protein/function at Orthologous sequences Other paralogs
replication fork in database
ORC complex

e origin recognition; ATP-
dependent DNA binding

® 6 non-homologous subunits
(ORC1-6)

ORC1 - A/F/Methanobacterium
ORC2-A/F

ORC3 - yeast
ORC4 - yeast
ORCS - yeast/Drosophila
ORCE6 - yeast

ORCl-related: CDC6 yeast
(P09119), CDC18 pombe
(P41411)

Primase

* synthesis of RNA/DNA primer. In
eukaryotes, DNA polymerase « is the
primase.

A/F/Trypanosoma/Plasmodium/
Oxytricha/many archaeal

sequences/E. coli

Initiation

e MCM (mini-chromosome mainte-
nance) proteins are required for
iniitation of DNA replication (often
called licensing factors).

* 6 proteins identified in yeast
MCM 2-7

MCM2 - A /yeast/ MJ

MCM3 - yeast/ A/M]J/ Entamoeba
MCM4 - A/F/M]

MCMS5 - A/F/MJ

MCME6 - A/F/M]

MCMY7 - A/F/Arabidopsis

Replication Protein-A

¢ single-stranded DNA binding,
stimulates DNA polymerase and
loading of helicase

¢ 3 non-homologous subunits
(RPA 1-3)

RPA1 14kDa - human/yeast
RPA2 32kDa - A/F/Crithidia
RPA3 70kDa - A/F /Crithidia

Proliferating Cell Nuclear Antigen
(PCNA)

e processivity factor, stimulates DNA
polymerases and DNA-dependent
ATPase (RF-C complex).

A/F/plants/Plasmodium/M]

DNA-repair protein XPG
(U40796); Excision repair
protein ERCCS (A54439)
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Gene/protein/function at Orthologous sequences Other paralogs
replication fork in database
RNase H1
* nuclease for removal of RNA primer A/F/Crithidia/M]/Eub
FEN-1 endonuclease
¢ nuclease for removal of RNA A/E/M]

primers

Replication Factor-C

e DNA-dependent ATPase;

binds primer template, stimulates loading of
DNA polymerase.

¢ 5 homologous subunits (RFC 1-5)

RFC1 - A/F/M]/Eub
RFC2 - A/F/M]J/Eub
RFC3 - A/F/MJ/Eub
RFC4 - A/F/M]J/Eub
REC5 - A/F/M]/Eub

RFC1-related: DSEB
mouse (A56284);

ISRE-mouse
(U07157);

human PO-GA
(N0599);
CHL12-yeast
(550340);
GNF1-Drosophila
(P35600)

DNA ligase (ATP-dependent)

e ligation of Okazaki fragments on lagging
strand

A/F/Arabidopsis/MJ/
Crithidia /Methanobacterium

DNA ligase II, III
(X84740), IV
(X83441)

DNA-dependent DNA polymerases

alpha - primer synthesis
delta - leading/lagging strand
synthesis
epsilon - leading/lagging strand
synthesis

alpha - A/F/Plasmodium/

Oxytricha/Trypanosoma/
many archaeal sequences/

E. coli

delta - A/F/Plasmodium/

many archaeal sequences/
E. coli

epsilon - A/F/many archaeal
sequences/E. coli

REV3 - yeast DNA
repair polymerase
(P14284)
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databases with proteins that had been identified as essential for DNA
replication in S. cerevisiae (table 3.1; based on Kornberg and Baker, 1992;
Stillman, 1994). Initially, I used P-values at or below 106 in BLASTP and
TBLASTX searches as a cutoff for identifying similar sequences in the
database. I found little difference in the sensitivity of the BLAST (Altschul et
al., 1990) or FASTA (Pearson and Lipman, 1988) algorithms to detect
similarities between eukaryotic replication proteins and similar sequences in
databases. Database sequences that were similar to query sequences, but at
significance less than 10-6, were individually examined to determine whether
matches were significant. Except for one example, the HolB proteins (see
below), all of these potential similarities were rejected as not significant.

Of all eukaryotic protein components used to search databases, only
three gene families could be identified whose members performed replication
functions: DNA polymerases, MCM and RF-C proteins (table 3.1). Eubacterial
proteins with significant database scores to eukaryotic DNA polymerases were
found, but these do not have a replicative function; this includes the E. coli
family B DNA polymerase which functions in DNA repair, not replication
(see chapter II). Other eukaryotic paralogs were identified for a number of
replication-associated proteins. For instance, there were many significant
database hits to RFC-1, but these proteins have been identified as transcription
factors or DNA-binding proteins. One significant database match, the
Differentiation-specific element binding protein (DSEB), was isolated from
human cell lines by the ability to bind to a cis-acting transcriptional sequence
located in the 5' non-coding region of the angiotensinogen gene (McGehee
and Habener, 1995). Another eukaryotic replication-associated protein, FEN-
1, a 5'-3' exonuclease required for removal of primers, also had many hits to

proteins with functions other than replication. FEN-1 is a member of a large
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paralogous family of eukaryotic nucleases which includes excision/repair
proteins (reviewed in Lieber, 1997).

Database searches with MCM proteins did not reveal any paralogous
proteins with non-replication associated functions, as was the case with RF-C
or FEN-1 proteins (table 3.1). Eukaryotic MCM, FEN-1, and RF-C proteins all
have homologs in the complete genome sequence of M. jannaschii, but only
the RF-C proteins have homologs in eubacteria; no significant scores were
obtained in database searches with MCM or FEN-1 proteins against eubacterial
genomes.

In addition to significant search scores to eubacterial clamp loading
proteins, database searches with the largest subunit of the eukaryotic clamp
loading complex (RFC-1) revealed significant similarity to eubacterial NAD-
dependent DNA ligases (figure 3.1). RFC-1 possesses a long amino-terminal
extension relative to other eukaryotic RF-C paralogs; only this amino-
terminal extension of the RFC-1 protein shows significant similarity to
eubacterial DNA ligases. No other eukaryotic, archaebacterial or eubacterial
RF-C paralogs possess this extension and none exhibits similarity to
eubacterial DNA ligases.

Although the HolB protein is a component of the eubacterial clamp
loading complex, encoding the §" subunit (Carter et al., 1993; Dong et al., 1993),
it shows limited sequence similarity to the eubacterial dnaX gene (the y
subunit), archaebacterial and eukaryotic RF-C proteins (O’Donnell et al., 1993).
Since sequence similarity is confined to the amino-terminal portion of the
protein (domains II-IV of figure 3.4), and since HolB proteins are difficult to
align with eubacterial DnaX and archaebacterial and eukaryotic RF-C proteins,
no HolB proteins were included in phylogenetic analysis. The other

components of the eubacterial clamp loading complex (the HolA, C, and D
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[411) [466]

H.sapeins RFC-1 IFVITGVLESIERDEAKSLIERYGGKVTGNVSKKINYLVMGRDSGQSKSDKAAAL
M.musculus RFC-1 TFVITGVLESIERDEAKSLIERYGGKVTGNVSKRTNYLVMGRDSGQSKSDKAAAL
D.melanogaster RFC-1 TFVVTGVLESMEREEAESVIKEYGGKVMTVVGKRKLKYLVVGEEAGPKKLAVAEEL
D.melanogaster GNF-1 TFVVTGVLESMEREEAESVIKEYGGRVMTVVGKKLKYLVVGEEAGPKKLAVAEEL
H.sapiens PO-GA IFVITGVLESIERDEAKSLIERYGGKVIGNVSKKTNYLVMGRDSGQSKSDKAAAL
M.musculus DSEB TFVITGVLESIERDEAKSLIERYGGKVTGNVSKRKITNYLVMGRDSGQSKSDKAAAL
M.musculus ISRE TFVITGVLESIERDEAKSLIERYGGKVTGNVSKKTNYLVMGRDSGQSKSDKAAAL
A.platyrhynchos RFC-1 TFVITGVLESIERDEAKSLIERYGGKVTGNVSKKTNYLVMGRDCGQSKCEKASAL
S.cerevisiae RFC-1 TIVFTGVLPTLERGASEALAKRYGARVTKSISSKTSVVVLGDEAGPKKLEKIKQL
E.nidulans RFC-1 TFVFTGVLDTLGREEGQALVKRYGGKVITAPSGKTSFVVLGSDAGPSKLATISKH
E.coli DNA lig TVVLTGSLSQMSRDDARARLVELGAKVAGSVSKRTDLVIAGEAAG . SKLAKAQEL
H.influenzae DNA lig TVVLTGTLTQMGRNEAKALLQQLGARVSGSVSSKTDFVIAGDAAG.SKLAKAQEL
Synechocystis sp.DNA lig TFVLTGTLPNLSRLEAQELIEQSGGKVTSSVSTKTDYVLLGDKPG.SKAAKAESL
M.genitalium DNA lig RFLITGSFNIS.RDQIKDLLSAKFDCQFASEVKPTVDFVIAGNKP . TLRKINHAK
R.marianus DNA lig TFVLTGALPHLTRKEAEELIKRAGGRVASSVSRNTDYVVVGENPG .SKYDRARQL
T.aquaticus DNA lig TFVITGELSRP.REEVKALLRRLGARVTDSVSRKTSYLVVGENPG.SKLEKARAL
Z.mobilis DNA lig IIVFTGSLOKITRDEAKRQAENLGARVASSVSKKTNLVVAGEAAG.SKLSKAKEL
[6541] [707]

Figure 3.1 Amino acid alignment of eubacterial NAD-dependent DNA ligases
and a portion of the amino-terminal region of RFC-1 from a variety of
eukaryotes. Paralogs of RFC-1 with functions other than replication are also
included in the alignment. Numbering of amino acids corresponds to Homo
sapiens RFC-1 (top) and to Zymomonas mobilis NAD-dependent DNA ligase
(bottom). Amino acids highlighted in bold indicate identical or conserved

amino acids shared between 95% of taxa included in the alignment.
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proteins; Xiao et al., 1993; Dong et al., 1993) are not similar to the HolB or
DnaX subunits, nor to archaebacterial or eukaryotic RF-C proteins.

Phylogenetic analyses suggests that multiple independent gene duplications

occurred in the evolution of MCM and RF-C proteins
Two protein families, RF-C and MCM, were chosen for phylogenetic

analyses. All available eukaryotic, archaebacterial and, when available,
eubacterial homologs, were retrieved from public databases. Two
unpublished MCM sequences, one from S. solfataricus P2 and the other from
Nosema locustae (Logsdon and Doolittle, unpublished), were included in
analyses. All available eubacterial dnaX sequences, except those that are
almost identical (ie. Mycoplasm genitalium and Mycoplasma pneumoniae, in
which case one was used) were included in analyses. The final RF-C dataset
consisted of 26 taxa and 110 amino acid positions (figure 3.4), while the MCM

dataset consisted of 36 taxa and 309 amino acid positions (figure 3.2).

MCM phylogeny

Both parsimony and distance analyses of the MCM proteins resolved
the eukaryotic paralogs into six distinct monophyletic groups, each supported
by high bootstrap values (figure 3.3). This is the expected tree topology of a
gene family that has evolved by a series of duplications. However, the
relationship between eukaryotic paralogs was not very well resolved, as low
bootstrap values were recovered for nodes uniting various paralogs with one
another (figure 3.3). One significant finding, supported by parsimony and
distance methods, was the branching of the S. solfataricus P2 MCM homolog
with eukaryotic MCM2 paralogs to the exclusion of other archaebacterial

MCM sequences from M. jannaschii. This phylogenetic result is also
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Figure 3.2 Amino acid alignment of archaebacterial and eukaryotic MCM
proteins. Numbering is according to Saccharomyces cerevisine MCM2.
Horizontal lines divide the alignment into orthologous groups (ie. MCM2-7)
and separate the archaebacterial from eukaryotic paralogs. The Nosema
locustae sequence (Nosema) is separated from the other eukaryotic paralogs
because it does not show sequence or phylogenetic affinity for any one
particular ortholog. The M. jannaschii MCM sequences are listed along with
their TIGR database accession number. Gaps introduced into the alignment
are indicated by a period (.). Bullets () below the Sulfolobus solfataricus P2
MCM sequence indicate similar or identical amino acids shared with
eukaryotic MCM2 paralogs. Amino acids highlighted in bold indicate
residues that are similar or identical in at least half of each of the eukaryotic

and archaebacterial paralogs.
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Saccharomyces MCM2 SLFG.GVPK..NVNG.KHSIRGDINVLLLGDPGTAKSQILK. YVEKTARAVFATGQGASAVG
Drosophila MCM2 ALI-'G GESK.. .NPGEKHKVRGDINLLICGDPGTAKSQFLKYTEKVAPRAVFITGQGASAVG

Saccharomyces MCM3 MLM. .GGVEKNLENG. .SI-ILRBDINIIWGDPSTAKSQLLRFVLNTASLAIA’I‘I‘GRGSSGVG
Triturus MCM3 MLL..GGNEKILENG..TRIRGDINVLLIGDPSVAKSQLLRYVLHTGPRAIPTTGRGSSGVG

Xenopus MCM3 MLL. GGNEKVLENG. .TRIRGDINVLLIGDPMKSQLLRYVLHTAPRAIP‘I’I‘GRGSSGVG

Xenopus MCM4 QLFG. GTRIODFSHTGRG KFRA!VNILLCGDPGTBKSQLLQYVFNLVPRGQYTSGKGSSAVG

Homo MCM4 QLFG.GTRKDFSHTGRG .KFRAEINILLCGDPGTSKSQLLQYVYNLVPRGQYTSGKGSSAVG
Saccharomyces MCM4 QLFG.GTRKDFSHTGRG.KFRAEINILLCGDPGTSKSQLLQYVYNLVPRGQYTSGKGSSAVG
Mus MCM4 QLFG.GTNKTFTKGGR...YRGDINILLCGDPSTSKSQILQYVHKITPRGVYTSGKGSSAVG

S.pombe MCM4 QLF. .GTNKSFHKGASP RYRGDINIIMCGDPB‘!SKSQILKYVHKIAPRGVYTSGKGSSAVG

Saccharomyces MCM5 LLM..GGSKKILPDG. MRLRGDMLGDMAKSQLLKPVEWSP IAVYTSGKGSSAAG
S.pombe MCM5 LLFS.GSKK.ILPDG..MRLRGDINVLLLGDPGTAKSQFLKFVERLAPIAVYTSGKGSSAAG

Homo MCM5 LLF..GGSRKRLPDG. .LTRRGDINLLML.GDPGTAKSQLLKFVEKCSPIGVYTSGKGSSAAG
Drosophila MCM5 MLF..GVSRKRLPDGLCR..RGDINVLLLGDPGTAKSQLLKFVEKVAPIAVYTSGKGSSAAG
Xenopus MCM5 LLF.. GGSRKRLPDG .o L’I'RRGDVNLLHLGDMAKSQLLKFVEIRCSPIGVYTSGKGSSMG

Mus MCM6 .MLF.GGVP.KTTGE. GTSLRGDINVCIVGDPSTAKSQFLKHVDEFSPRAVYTSGKASSAAG

S.pombe MCM6 Q.LM.GGVH.KLTPE.GINLRGDLNICIVGDPSTSKSQFLKYVCNFLPRAIYTSGKASSAAG

Homo MCM6 .MLF.GGVP.KTTGE.GTSLRGDINVCIVGDPSTAKSQFLKHVEEFSPRAVYTSGKASSAAG
Arabidopsis MCM6 .LV..GAPH.RQLKD.GMKIRGDVHICLMGDPGVAKSQLLKHIINVAPRGVYTTGKGSSGVG
Saccharomyces MCM6 QMLG.GVHK.STVEG. . IKLRGDINICVVGDPSTSKSQFLKYVVGFAPRSVYTSGKASSAAG
C.elegans MCM6 MLLG. GVAKKSRDEG . .TSLRGDINVCLVGDPS'!AKSQVLKAVEEFSPRAIYTSGKASSMG

Saccharomyces MCM7 LLVG.GVDK.. .RVGDGMKIRGDINVCI-MGDPGVWQLLKAICKIS?RGVYTI‘GKGSSGVG
Xenopus MCM7 LLV..GGVD.NSPRG..MKIRGNINICLMGDPGVAKSQLLSYIDRLAPRSQYTTGRGSSGVG
Mus MCM7 LLV..GGVD. QSPQG MKIRGNIHICLMGDPGVAKSQLLSY IDRLAPRSQYT’I‘GRGSSGVG

Methanococcus MJ0363 QLVSSG........ TN. IDMTSIHILHISDEGVGKSTIMESLIQKFPFVKKVYAVTSSGPG
Methanococcus MJ0961 QQIK.G...AFKFLPDGTPLRRDSHILLITDPGIGKSTMLRRIARLFPQNAYASVTTATGGG
Methanococcus MJ1489 QQIK.G...AFKFLPDGTPLRRDSHILLITDPGIGKSTMLRRIARLFPQNAYASVTTATGGG

Sulfolobus ALF.GGVPK....VLEDTRIRGDIHILIIGDPGTAKSQMLQFISRVAPRAVYTTGKGSTAAG

see . . ee0ee e00 sscevrsee o e eeccsce oo o

Saccharomyces MCM2 LTASVRKD. .PITKEWTLEGGALVLADKGVCLIDEFDKMNDQDRTSI . EAMEQQSISISKAG
Drosophila MCM2 L’!AYVRRN .- PVSREWTLEAGMVLADQGVCLIWDKMNDQDRTS IHEAMEQQS ISISW

Saccharomyces MCM3 L‘L‘MV’I‘TD - .RETGERRLEAWRGWCID!!’DKMTDVDRVAIMQQTVTIAMG
Triturus MCM3 LTAAVITD. .QETGERRLDVGAMVLADRGVVCIDEFDKMSDMDRTAIHEVMEQGRVTIAKAG
Xenopus MCM3 LTAAVTTD. .QETGERRLEAWRGVVCID!?DMSDMDRTAIPMQGRVTIAK&G

Xenopus MCM4 L'!AYVMKD .. PETRQLVLQTGALVLSDNGICCID!!‘DMESTRSVLMQQTLSIAKAG

Homo MCM4 LTAYVMKD. .PETRQLVLQTGALVLSDNGICCIDEFDKMNESTRSVLHEVMEQQTLSTAKAG
Saccharomyces MCM4 LTAYVMKD..PETRQLVLQTGALVLSDNGICCIDEFDKMNESTRSVLHEVMEQQTLSIAKAG
Mus MCM4 LTAYITRD..VDTKQLVLESGALVLSDGGVCCIDEFDRMSDSTRSVLHEVMEQQTISIAKAG

S.pombe MCM4 LTA.ITRD. .QDTKQLVLESGALVLSDGGICCID!!DMSDATRS II.HEVMEQQTVTVAKAG

Saccharomyces MCM5 LTASVQRD.. PMTREFY'LEGGWLADGGVVCIDB?DKMRDEDRVAIHEAMEQQTIS IARAG
S.pombe MCM5 LTASIQRD..SVTREFYLEGGAMVLADGGIVCIDEFDKMRDEDRVAIHEAMEQQTISIRRAG

Homo MCMS LTASVMRD. .PSSRNFIMEGGAWVLADGGVVCIDEFDKMREDDRVATIHEAMEQQTISIARAG
Drosophila MCM5 LTASVMKD. .PQTRNFVVEGGAMVLADGGVVCIDEFDKMREDDRVAIHEAMEQQTISIAKAG
Xenopus MCMS LTASVMRD.. PVSRNF IMEGGAMADGGVVCID!!’DKMREDDRVAIHBAMEQQTISIAKAG

Mus MCMG LTAAWRD .. EESHEFVIEAGAMADNGVCCIDB!DKMDMRDQVAIMQQTIS ITKAG

S.pombe MCM6 LTAAVVKD..EETGDFTIEAGALMSADNGICAIDEFDKMDLSDQVAIHEAMEQQTISIAKAG

Homo MCM6 LTAAVVRD...ESHEFVIEAGALMLADNGVCCIDEFDKMDVRDQVAIHEAMEQQTISITKAG
Arabidopsis MCM6 LTAAVMRD. .QVTNEMVLEGGALVLADMGICAIDEFDKMDESDRTAIHEVMEQQTVSIAKAG
Saccharomyces MCM6 LTAAVVRD..EEGGDYTIEAGALMLADNGICCIDEFDKMDISDQVAIHEAMEQQTISIAKAG
C.elegans MCMG LTAAVVKD. . EESFEFVIEAGALMLADNGVCCIDEFDKMDLKDQVATHEAMEQQTISITRKAG

Saccharomyces MCM7 LTAAVMKD PVTDEMILEGGALV[ADNGICCIDE‘!‘DKMDESDRTAIHEV!EQQTISISKAG
Xenopus MCM7 LTAAVMKD..PVTGEMTLEGGALVLADQGVCCIDEFDKMMDTDRTAIHEVMEQQTISIAKAG
Mus MCM7 LTAAVLRD. SVSGELTLEGGALVLADQGVCCIDE!DKMAEADRTAIHBVMEQQTISIAKAG

Methanococcus MJO 36 3 LVGSVVREKAEFGDSWVLKAM’!EADGGVVCIDE!S&NKEVYDYLLG VMEQQKI EINKAG
Methanococcus MJ0961 LTAIVTREATEIGDGWVVKPGVEVRANEGTACIDELTVDKNVMKYIL .EAMESQTIHVNKGG
Methanococcus MJ1489 LTAIVTREATEIGDGWVVKPGVFVRANEGTACIDELTVDKNVMKYIL.EAMESQTIHVNKGG

Sulfolobus LTAAVVRE. .KGTGEYYLEAGALVLADGGIAVIDEIDKMRDEDRVAIHEAME. .........
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Saccharomyces MCM2 IVT.TLQARCSIIAAANPNGGRYNSTLPLAQNVSLTEPILSRFDI.LVVRDLVDEEADERLATF
Drosophlla MCM2 IVT. WIM?WSMSEPILMCVVKDBFDPMQDQQLAKF

Saccharomyces MCM3 IHT. WMVFGQYDVNRDPHQNIALPDSBLMLLFVVTDDINEIRDRSISEH
Triturus MCM3 IQA.RLNARCSVLAAANPVYGRYDQYKTPMENIGLQDSLLSRFDLLFIVLDOMDADNREISDHV
Xenopus MCM3 IQA. RLNDRCSVLMANPVYGMDQYRTPMENIGLQDSLLSR!DLLFIVLDKMDADNDQEIADH

Xenopus MCM4 IIC. QmmVESQWPKKﬂImIQLPHTLLMLIMDPQDEAYDRRLAHH

Homo MCM4 IIC.QLNARTSVLAAANPIESQWNPKKTTIENIQLPHTLLSRFDLIFLMLDPQDEAYDRRLAHH
Saccharomyces MCM4 IIC.(QLNARTSVLAAANPIESQWNPKKTTIENIQLPHTLLSRFDLIFLMLDPQDEAYDRRLAHH
Mus MCM4 IIT.TLNARSSILASANPIGSRYNPNLPVTENIDLPPPLLSRFDLVYLVLDKVDEKNDRELAKH

S.pombe MCM4 II. .TLNARTSILISANPIGSK!NPDLPVTKNIDLPPBLLSR!DLVYLILDRVDETLDRKLANH

Saccharomyces MCMS5 ITT. VLNSRTSVWANPIYGRYDDLKSPGDNIDFQTTILSR!DHIFIVKDDHNEERDISIANH
S.pombe MCM5 ITT.ILNSRTSVLAAANPIFGRYDDMKTPGENIDFQSTILSRFDMIFIVKDEHDETKDRNIARH

Homo MCMS ITT.TLNSRCSVLAAANSVFGRWDETKG.EDNIDFMPTILSRFDMIFIVKDEHNEERDVMLAKH
Drosophila MCMS5 ITT.TLNSRCSVLAAANSIFGRWDDTKG.EENIDFMPTILSRFDMIFIVKDIHDESRDITLAKH
Xenopus MCMS ITT. TLNSRCSVMNSVYGRWDUPKG EENIDFMPI‘ILS”WIFIVKDEHNEQRDMTLAKH

Mus MCM6 VKA. TLNARTBIMVSGKYDRSKSLKQNINLSAPIMMLFFILVDECNEVTDYAIARR

S.pombe MCM6 IQA.TLNARTSILAAANPIGGRYNRKTTLRNNINMSAPIMSRFDLFFVVLDECNESVDRHLAKH

Homo MCM6 VKA.TLNARTSILAAANPISGHYDRSKSLKONINLSAPIMSRFDLFFILVDECNEVTDYAIARR
Arabidopsis MCM6 ITT.SLNARTAVLAAANPAWGRYDLRRTPAENINLPPALLSRFDLLWLILDRADMDSDLELAKH
Saccharomyces MCM6 IHA.TLNARTSILAAANPVGGRYNRKLSLRGNLNMTAPIMSRFDLFFVILDDCNEKIDTELASH
C.elegans MCMG VKA. TLNARASIWVNGRYDRSRPLKYNVQMSAPIMSRPDLFFVLVDECNEVTDYAIARR

Saccharomyces MCM7 INT. TLNARTSMLYGRYNPRLSPLDNINLPAALLSR!DI‘LFLMLDIPSRDDDEKI.AEH
Xenopus MCM7 IMT.TLNARCSILAAANPAYGRYNPKKTVEQNIQLPAALLSRFDVLWLIQDKPDRDNDLRLAQH
Mus MCM7 ILT. TLNARCSIWAYGRWPRRSLEQNVQLPAAI‘LSR!DLLWLIQDRPDRDNDLRLAQH

Methanococcus MJ03 63 VIDAVLPARVAILAACNPRFGR!NPDLTVWEQINLPKELLDR!DLIFVIKDKIDKKKDEDIADF
Methanococcus MJ0961 IN.VKLPARCAVLAACNPKRGRFDRNLTVIEQIDIPAPLLSRFDLIFPLMDKPNRKSDEEIAEH
Methanococcus MJ1489 IN.VKLPARCAVLAACNPRWGRFNPEVSVAEQINIPAPLLSRFDLIFPIRDVSDKDKDKDIAEY

Sulfolobus .............. ceeecenen feeeccecececconaecenn e Ceerceeseaa
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supported by a visual inspection of the MCM alignment as the S. solfataricus
P2 sequence is more similar to eukaryotic paralogs than to the M. jannaschii
paralogs. ML analysis agrees with distance and parsimony methods in placing
the S. solfataricus MCM within eukaryotic paralogs to the exclusion of the M.
jannaschii paralogs. However, ML does not find a grouping of the S.
solfataricus P2 MCM with eukaryotic MCM2 paralogs (only 37% bootstrap
support) but instead places the S. solfataricus P2 MCM sequence together with
eukaryotic MCMS5 paralogs (56% bootstrap). All three methods group the S.
solfataricus P2, MCM2 and MCMS5 paralogs together to the exclusion of all
other sequences.

This result is not expected if one accepts archaebacterial monophyly; all
archaebacterial MCM proteins should show a greater sequence similarity to
one another than to any eukaryotic sequence and should branch together in
phylogenetic analysis. If archaebacteria are not monophyletic, but
paraphyletic with crenarchaeotes (ie. S. solfataricus P2) sharing a more recent
common ancestor with eukaryotes than euryarchaeotes (ie. M. jannaschii),
the recovered topology is not altogether unexpected. For instance, the gene
duplications that gave rise to the six MCM paralogs found in eukaryotes
would have occurred in crenarchaeotes, after their divergence from a
common ancestor with euryarchaeotes. Crenarchaeotes would thus possess
an ortholog of each of the six eukaryotic MCM proteins and, if sequences were
available, would branch specifically with each MCM family, as does the S.
solfataricus P2 MCM protein.

Alternatively, the common ancestor of euryarchaeotes and
crenarchaeotes might have possessed two MCM paralogs, one similar to the S.
solfataricus P2 sequence and the other to the M. jannaschii sequences. One of

these paralogs (the S. solfataricus type) was lost along the euryarchaeote
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Figure 3.3 Phylogenetic analysis of archaebacterial (shaded) and eukaryotic
MCM proteins. The tree shown is from PROTDIST analysis with all taxa and
rooted with the three M. jannaschii paralogs. Nodes constrained for ML
analysis are indicated by a ¢. Bootstrap values supporting nodes are indicated
in the order parsimony/distance/ML. In some instances, alternative names
for MCM proteins are included in parentheses (ie. CDC54). The dashed line
joining the S. solfataricus P2 MCM sequence with eukaryotic MCMS5 paralogs
indicates that this topology was found in ML over the shown topology found
by PROTDIST and parsimony analysis. For the node connecting the S.
solfataricus P2 MCM sequence with eukaryotic MCM2 paralogs, parsimony
and distance bootstrap values are present with the Nosema locustae sequence
included in the analysis (above line), and with it removed (below line). The
ML bootstrap value (36%) is given even though this topology was not the
most likely.
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lineage after euryarchaeotes and crenarchaeotes diverged from a common
ancestor (evidenced by the lack of this paralog in the complete genome
sequence of M. jannaschii), while the M. jannaschii-like paralog has not yet
been sequenced from S. solfataricus P2. The multiple paralogs in M.
jannaschii can be best explained by a series of euryarchaeote-specific gene
duplications. Both of these evolutionary scenarios can satisfactorily explain
the MCM phylogeny if it were not for the branching position of the N.
locustae MCM sequence as an outgroup to all eukaryotic sequences, including
the S. solfataricus P2 sequence.

Although the N. locustae sequence is partial, it does cover the most
conserved region of MCM proteins (amino acids 489-698 of S. cerevisiae
MCM2). It is divergent in sequence from eukaryotic MCM proteins and is not
specifically similar to any one eukaryotic paralog as judged by amino acid
identity (not shown). Removal of the N. locustae sequence from
phylogenetic analyses did not result in tree topologies that were different
from when it was included (not shown). Parsimony and distance bootstrap
values for the inclusion of the S. solfataricus P2 sequence as an ortholog of
eukaryotic MCM2 proteins increased when the N. locustae sequence was
removed (figure 3.3), as did values for nodes supporting other relationships.
The position of N. locustae as an outgroup to the eukaryotic and S.
solfataricus P2 paralogs was also found by ML analysis (99% support); it seems
unlikely that the long branch length of the N. locustae sequence is adversely
affecting phylogenetic analyses.
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RF-C phylogeny

As for MCM proteins, phylogenetic analyses (figure 3.5) of the RF-C
dataset (figure 3.4) resolved the five eukaryotic paralogs into monophyletic
groups, consistent with these proteins having evolved by a series of gene
duplications. However, the optimal trees found by parsimony, distance and
ML were not similar in topology as all differed in the placement of the S.
solfataricus P2 and M. jannaschii A paralogs, and in the relationship of the
eukaryotic RF-C paralogs to each other. In all methods, the M. jannaschii B
sequence consistently branched with eukaryotic RFC-1 sequences suggesting
that this archaebacterial protein is an ortholog of eukaryotic RFC-1 proteins.
It is unclear to which eukaryotic paralog the S. solfataricus P2 and M.
jannaschii A sequences are most related. Parsimony and distance analyses are
unresolved as bootstrap support for a specific branching of these paralogs with
various eukaryotic paralogs is spread between a number of alternatives. ML
analysis places the S. solfataricus and M. jannaschii A sequences as members
of a clade consisting of the eukaryotic RFC-2,-3,-4 and -5 paralogs with 48%
bootstrap support. If nodes with under 50% bootstrap support in parsimony
and distance analyses are collapsed, a similar topology is obtained. These
results are all consistent with the common ancestor of archaebacteria and
eukaryotes possessing two RF-C paralogs. The RFC-2,-3,-4, and -5 paralogs of
eukaryotes evolved by gene duplications from an ancestral sequence most
closely resembling the S. solfataricus P2 and M. jannaschii A proteins. M.
jannaschii B and eukaryotic RFC-1 sequences most closely resemble the

second ancestral RF-C paralog of archaebacteria and eukaryotes.
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Figure 3.4 Amino acid alignment of conserved domains of eukaryotic,
archaebacterial and eubacterial clamp loading proteins. Domains are
numbered according to their linear order from N- to C-terminal (Cullman et
al., 1995). Domain I is found only in eukaryotic RFC-1 paralogs and shares
sequence similarity with eubacterial NAD-dependent DNA ligases (see figure
3.1). Methanococcus A and B refers to two RF-C homologs from M.
jannaschii (M]J1422 and MJ0884 respectively). Amino acids that are identical
or conserved between 95% of taxa included in the alignment are in bold type.

Gaps introduced into the alignment are indicated by a period (.).
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Figure 3.5 Phylogenetic analysis of eubacterial, archaebacterial (shaded) and
eukaryotic clamp loading proteins. The tree shown was the optimal tree
found by PROTDIST analysis. A similar topology was found by ML and
parsimony analyses (five shortest trees, 620 steps, CI=0.681, HI=0.319) but
differing in the arrangement of the eukaryotic RF-C paralogs to one another.
Nodes constrained in ML analysis are indicated by a . Bootstrap values
supporting nodes are indicated in the order parsimony/distance/ML. The ML
bootstrap value that is circled and shaded represents the value for a clade
comprising the M. jannaschii A, S. solfataricus P2, and eukaryotic RFC-2,-3,-4,-
5 paralogs, but the branching order of these paralogs was identical to that
found by parsimony and distance methods. Mus musculus possesses two
closely related RFC-1 sequences and these are differentiated from each other

bya*.
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Discussion

Recurrent gene duplications in the evolution of archaebacterial and

eukaryotic DNA replication proteins
The phylogenies of family B DNA polymerases (Edgell et al., 1997),

MCM, and RF-C proteins of archaebacteria and eukaryotes are not congruent
with respect to species relationships, but are congruent in showing that these
gene families have each undergone a number of independent gene
duplications during their evolution. The lack of functional data for
archaebacterial homologs of eukaryotic replication proteins greatly hampers
any attempts to understand the significance of these gene duplication events.
For instance, two of the three family B DNA polymerases found in
crenarchaeotes are extremely divergent in sequence, each exhibiting a number
of non-conserved amino acid substitutions in functional domains relative to
other archaebacterial and eukaryotic paralogs. Likewise, the MCM paralogs of
M. jannaschii are divergent from each other, the S. solfataricus P2 paralog,
and all six eukaryotic paralogs. In each of these instances, the degree of
sequence divergence is sufficient to question whether or not the
archaebacterial paralogs have functions analogous to those of eukaryotic
paralogs.

Searching for protein families by computer-based methods is limited by
the sensitivity of search algorithms to detect similarity between query and
database sequences, and it is entirely possible that all paralogous proteins will
not be found. Even if functional studies do identify ORFs missed by
computer-based methods as members of a protein family, it is likely that these
proteins have accumulated non-synonymous substitutions such that amino

acid alignments with other paralogs are not significant.
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What is the function of archaebacterial MCM proteins?

Genome sequencing projects are continually uncovering examples of
proteins in archaebacterial genomes that were thought to be "eukaryote-
specific”; such is the case with archaebacterial homologs of MCM proteins.
The presence of these proteins is particularly confusing given their function
in eukaryotes as limiting initiation of replication to once per cell cycle (Kearsy
et al., 1996). It is unlikely that the M. jannaschii and S. solfataricus P2 paralogs
function in a similar manner as archaebacteria are not thought to possess a
eukaryote-style cell cycle, nor the elaborate check point controls associated
with one.

Recent experimental evidence has shown that S. cerevisize MCM
proteins are deposited onto chromatin at the start of G1 by the CDC6 protein
at levels that exceed the number of active replication origins (Donovan et al.,
1997). This binding is thought to be involved in limiting replication
initiation to once per cell cycle and in preventing re-initiation from origins
that have already fired. Itis possible that archaebacterial MCM homologs also
bind DNA and, in doing so, function to control replication initiation.
However, no homolog of the CDC6 protein is present in the genome of M.
jannaschii (Bult et al., 1996), nor in the partially completed genome of S.
solfataricus P2 (not shown), so the "loading" of archaebacterial MCM proteins
onto DNA must proceed by a different pathway than that of S. cerevisize. In
addition, there is substantial biochemical and genetic evidence from studies
in S. cerevisiae pointing to a physical interaction of CDC6 and the Origin
Recognition Complex (ORC) proteins (see chapter IV for a discussion of ORC
proteins); this interaction is thought to be crucial for the control of initiation
of replication (Liang et al., 1995; Cocker et al., 1996; Kearsey et al., 1996). As no

homologs of eukaryotic ORC proteins, nor of the eubacterial origin-binding
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protein DnaA, are present in the M. jannaschii genome sequence,
archaebacterial MCM proteins must control replication initiation though
interactions with an as-yet-unidentified set of origin-binding protein(s) (if
indeed that is the function of archaebacterial MCM proteins).

Phylogenetic analysis of MCM proteins indicated that the S. solfataricus
P2 sequence is likely an ortholog of MCM2/5 proteins, while the three M.
jannaschii MCM homologs do not appear specifically related to any one
eukaryotic MCM protein (figure 3.3). This phylogeny is consistent with
independent gene duplications in the history of this gene family: one event
giving rise to the multiple paralogs of M. jannaschii, and the other event(s)
giving rise to the multiple paralogs of eukaryotes. However, the long branch
lengths of the M. jannaschii paralogs suggest that the duplication events did
not occur recently, as each paralog has undergone a number of non-conserved
amino acid substitutions relative to each other and to eukaryotic paralogs.
These non-conserved amino acid substitutions suggest that these divergent
paralogs of M. jannaschii may have been recruited for some function other
than replication initiation. In addition, the large extra-chromosomal element
of M. jannaschii possesses an ORF with sequence similarity to the
chromosomally-encoded MCM homologs (Bult et al., 1996; this sequence was
not included in phylogenetic analyses because it is very divergent); whether
or not this paralog has some function(s) in controlling plasmid replication

remains to be determined.

A DNA-ligase domain was added to RFC-1 early in the evolution of

eukaryotes
Although the similarity of the amino-terminal extension of eukaryotic

RFC-1 and eubacterial ATP-dependent DNA ligases has been well
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documented by other researchers, none has presented an explanation as to
how eukaryotic RFC-1 acquired this DNA ligase-like domain (Burbelo et al.,
1993; Cullman et al., 1995). The fact that no other eukaryotic, archaebacterial,
or eubacterial RF-C homolog possesses the DNA ligase-like domain suggests
that this domain was not an ancestral feature of clamp loading proteins.
Rather, it is more likely that this domain was added to the eukaryotic RFC-1
protein after the gene duplication event that gave rise to this paralog. If
phylogenetic analysis suggesting that the M. jannaschii B sequence is an
ortholog of eukaryotic RFC-1 proteins is accurate (figure 3.5), the ligase
domain must have been added after eukaryotes and archaebacteria diverged
from a common ancestor.

Since the origin of the DNA ligase domain is obviously eubacterial
(Cullman et al., 1996; see above), it is tempting to speculate that the source
ligase domain was the endosymbiont that in extant eukaryotes is recognizable
as the mitochondrion (or chloroplast). We know that much of the genome of
the mitochondrial and chloroplast endosymbiont was, and still is being,
transferred to nuclear genomes (reviewed in Gray, 1992). No known
organellar genomes encode DNA ligases, either ATP- or NAD-dependent
(Palmer, 1997), suggesting that this gene was indeed transferred to the nuclear
genome early in the evolution of eukaryotes. A fortuitous recombination
event could have fused the DNA-ligase to the amino-terminal region of RFC-
1, but not to other RF-C paralogs. A test of this theory would be to clone and
sequence RFC-1 orthologs from a variety of amitochondrial eukaryotes. For
instance, the RFC-1 ortholog of G. lamblia might not possess the DNA ligase-
like domain if the source of the ligase gene was the mitochondrial symbiont,
as diplomonads such as G. lamblia are perhaps the only remaining archezoan

as initially proposed by Cavalier-Smith (Cavalier-Smith, 1987 a, b). Although
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it has been shown that G. lamblia possess a eubacterial-like triosphosphate
isomerse (Keeling and Doolittle, 1997), it is not clear if the source of this gene
is in fact the same lineage of o-proteobacteria that became the mitochondrial
symbiont. However, the RFC-1 orthologs of secondarily amitochondrial
protists, such as T. vaginalis (Bui et al., 1996; Germont et al., 1996; Horner et
al., 1996; Roger et al., 1996) and Entamoeba histolytica (Clark and Roger, 1995),
might possibly possess the DNA ligase domain since they once harboured
mitochondria. It is also possible that eukaryotes acquired the DNA ligase
domain from a eubacterial lineage unrelated to the a-proteobacterial lineage.

Biochemical characterization of RF-C proteins has not resulted in the
isolation of a ligase activity (Burbello et al., 1993; Cullman et al., 1995), so it
appears that the DNA ligase domain has been co-opted for some biochemical
function other than ligation. Indeed, mutational studies have identified the
DNA ligase region of RFC-1 as functioning in DNA binding (Burbelo et al.,
1993). The presence of multiple RFC-1 paralogs in animal genomes (table 3.1)
would seem to suggest that the DNA-binding activity of the ligase domain
has been recruited independently for sequence-specific binding as all function
as transcriptional activators (see for example McGehee and Habener, 1995).
Unfortunately, there are no mutational studies on eubacterial NAD-
dependent DNA ligases to confirm whether or not this region of the protein
also functions in DNA binding.



IV. Comparisons of eubacterial, archaebacterial, and eukaryotic DNA

replication proteins

Introduction

Studies on the mechanism(s) of DNA replication in eubacteria and
eukaryotes have led to the identification of many similar (analogous)
biochemical activities (Kornberg and Baker, 1992). Cloning, sequencing, and
in-depth biochemical characterization of proteins performing analogous
activities in eubacteria and eukaryotes has led to an appreciation of the
sophisticated molecular mechanisms responsible for ensuring accurate and
processive DNA replication. It would not be unreasonable to expect proteins
performing analogous replication functions in eubacteria and eukaryotes to
be homologous, having diverged from a common set of replication proteins
present in the last common ancestor of life. This is certainly true for proteins
involved in other genetic processes such as transcription and translation (see
reviews by Amils et al., 1993; Zillig et al., 1993). This assumption can be tested
by comparisons of the amino acid sequences of replication proteins that
perform analogous functions. However, genetic screens in E. coli and S.
cerevisiae for abnormal DNA replication phenotypes have resulted in the
identification of a vast number of proteins (Kornberg and Baker, 1992); often
the involvement of these proteins in replication is indirect. As such, I have
limited comparisons to proteins that are localized at the replication fork and

that are involved in origin recognition and initiation of replication (table 4.1).
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Table 4.1 Summary of replication proteins of eubacteria and eukaryotes that
perform analogous functions used in sequence comparisons. Based loosely
on Stillman, 1994. All eubacterial replication proteins are from E. coli, except
the catalytic subunit of DNA polymerase IIT (polC), which is from Bacillus
subtilus. The B. subtilus polC polypeptide is encoded by a single gene,

whereas the E. coli polypeptide is encoded by two separate genes.



Protein (abbreviaton)

Eubacterial
E. coli DnaA (EcDnaA)

E. coli SSB (EcSSB)

E. coli DnaB (EcDnaB)
E. coli PriA (EcPriA)

. coli DnaG (EcDnaG)

. coli DnaX (EcDnaX)

m m M

. coli HolB (EcHolB)

E. coli DnaN (EcDnaN)

E. coli PolA (EcPolA)

Bacillus subtilus PolC (BsPolC)

E. coli DNA ligase (EcLigase)

Eukaryotic

S. cerevisiae Origin Recognition Complex

(ORC) proteins 1-6 (ScORC1-6)

S. cerevisine Replication Protein A,
subunits 1-3 (ScRPA1-3)

S. cerevisine DNA polymerase o
(ScDnapa)

S. cerevisiae Dna2

S. cerevisiae Replication Factor-C,
subunits 1-5 (ScRFC1-5)

S. cerevisiae Proliferating Cell Nuclear
Antigen (ScPCNA)

S. cerevisine DNA polymerase §, €
(ScDnapd, ScDnapg)

S. cerevisine DNA ligase (ScLigase)

S. cerevisiae FEN-1/Rad2
(ScFen-1)
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Function of protein

origin-binding protein

single-stranded DNA binding protein

replication fork helicase (5’-3")

unwinding of origin (3'-5)

synthesis of primer

clamp loading protein (Y subunit)

clamp loading protein (8" subunit)

processivity factor (‘sliding clamp’)

removal of primers

o-subunit of holoenzyme complex; polymerization

ligation of Okazaki fragments (NAD-dependent)

origin binding proteins

single-stranded binding proteins

synthesis of primer

helicase (3’-5")

clamp loading proteins
processivity factor (‘sliding clamp”)
synthesis of leading and lagging strands

ligation of Okazaki fragments (ATP-dependent)

removal of primers



117
Results and Discussion
Many eubacterial and eukaryotic replication proteins are not similar at the
amino acid level, yet perform analogous function(s

To determine whether eubacterial and eukaryotic replication proteins
performing analogous replication functions are significantly similar at the
amino acid level, I compared pairwise alignment scores of unshuffled
alignments against scores of shuffled pairwise alignments of the same two
proteins (table 4.2). This method can help resolve two problems commonly
encountered when aligning amino acid sequences: length and biased
composition (ie. strings of similar or identical amino acids; Doolittle, 1986).
Proteins with simple repetitive sequences will artificially increase alignment
scores as the chances of aligning similar or identical amino acids is greater
than for proteins without a biased amino acid composition. For example, the
eubacterial single-stranded DNA binding proteins, SSB, has a high number of
glycine, proline and glutamine residues relative to other E. coli replication
proteins and other eubacterial SSB-proteins.

The majority of alignments of replication proteins of eukaryotes and
eubacteria are not significantly better at the 95% confidence level than would
be expected from 1000 shuffled alignments (table 4.2). Alignments of proteins
involved in clamp loading (the DnaX and HolB proteins in E. coli and the
Replication Factor-C proteins in eukaryotes) were significantly better than
shuffled alignments (figure 4.1), but this result is expected based on work
presented in chapter III and by other researchers (O’Donnell et al., 1993;
Cullmann et al., 1995).
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Table 4.2 Comparisons of amino acid sequences of eubacterial and eukaryotic
replication proteins performing analogous replication functions. Each
pairwise comparison is listed along with the length (in amino acids) of the
two proteins (see table 4.1 for list of abbreviations). Optimal score refers to the
best alignment score of the unshuffled protein sequences obtained by the
Smith-Waterman algorithm. Range refers to the range of alignment scores of
1000 shuffled pairwise alignments. P-value refers to the probability that the
unshuffled alignment will fall outside of the range of shuffled alignment

scores.
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Comparison Optimal Range P-value
score
EcDnaA (467aa) vs. ScOrcl (913aa) 72 43-125 0.160
ScOre2 (621aa) 53 44-84 0.633
ScOrc3 (614aa) 56 43-91 0.596
ScOrc4 (529aa) 63 41-81 0.186
ScOrc5 (279aa) 89 39-93 0.00162
ScOrc6 (435aa) 53 37-101 0.449
ScOrcl vs. ScOrc2 95 51-126 0.0401
ScOrc3 76 48-123 0.186
ScOrct 87 47-108 0.186
ScOrcs 59 46-93 0.549
ScOrc6 108 46-111 0.00203
EcDnaX (643aa) vs. SCREC-1 (862aa) 105 46-160 0.00203
ScRFC1-lig.(598aa) 43 28-92 0.465
ScRFC-2 (354aa) 263 27-88 213 x107
ScRFC-3 (340aa) 190 26-84 485x107
ScRFC4 (323a2) 166 25.78 1.57x10°8
ScRFC-5 (354aa) 45 26-79 0.315
EcDnaX vs. EcHolB (334aa) 271 28-101 8.89 x 10714
EcHolB vs. ScREC-1 39 27-83 0.573
ScREC1-lig. 40 24-80 0.466
ScRFC-2 48 22-91 0.108
ScREC-3 127 2471 1.74 x 107
ScRFC4 57 21-85 0.038
ScRFC-5 91 24-75 6.58 x 1070
ScRFC-1 vs. SCRFC-2 265 29-104 1.11x 10714
ScREC-3 111 28-94 5.40 x 107
ScRFC-4 259 27-96 438x 10714
ScRFC-5 59 28-89 0.0715
EcDnaN (367aa) vs. SCPCNA (341aa) 58 34-85 0.119
EcDnaB (471aa) vs. ScDna2 (1532aa) 81 49-111 0.115
EcPriA (732aa) vs. ScDna2 46 31-85 0.441
EcPriA vs. EcDnaB 56 42-96 0.533
EcDnaG (582aa) vs. ScDnapo (1469aa) 71 46-124 0.214
ScDnapd (1097aa) vs. BsPolC (1437aa) 63 33-97 0.0995
ScDnape (2222aa) vs. BsPolC 54 34-105 0.425
EcPolA (928aa) vs. BsPolC 54 32-117 0.641
EcLigase (661aa) vs. ScLigase (756aa) 37 29-86 0.852
EcSSB (178aa) vs. SCRPA-1 (621aa) 42 24-73 0.277
ScRPA-2 (273aa) 54 21-81 0.051
ScRPA-3 (123aa) 35 17-57 0.182
ScRPA-1 vs. ScCRPA-2 40 25-96 0.589
ScRPA-2 vs. ScCRPA-3 30 20-85 0.708
ScRPA-1 vs. ScRPA-3 36 22-78 0.543

EcPolA vs. ScFen-1 (382 aa) 58 2891 0.104
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Figure 4.1 Schematic representation of shuffled versus unshuffled alignment
scores for two pairwise comparisons; E. coli DnaA vs. S. cerevisize ORC6 and
E. coli DnaX vs. S. cerevisiae RFC-4. Graph plots the number of occurrences
of the shuffled alignments versus the Smith-Waterman alignment score.
The unshuffled alignment score is indicated with a line. The P-value refers
to the probability that the unshuffled alignment score will fall outside of the

range of shuffled scores.
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1. Origin-binding protein:

One of the major differences between eukaryotic and eubacterial
replication systems is the presence of many versus a single origin of
replication. However, in both eukaryotic and eubacterial replication systems,
an early step in the initiation of replication is the binding of the origin by an
origin recognition protein. In E. coli, this function is performed by DnaA
(Kornberg and Baker, 1992) and in eukaryotes, by a heteromeric complex of six
Origin Recognition Complex (ORC) proteins (reviewed in Stillman, 1996;
Diffley, 1997). The six S. cerevisize ORC proteins only show a low level of
similarity to each other at the amino acid level, and only two (ORC1 and
ORCS5) are significantly similar to the E. coli DnaA protein at the 90%
confidence level (1 in 10 shuffled alignments will have the same alignment
score as the non-shuffled alignment; table 4.2). This similarity might not be
reflective of common ancestry, but of functional convergence; all three of
these proteins bind ATP and all three possess sequences resembling
nucleotide- and Mg2+-binding pockets found in a wide variety of proteins
(Walker et al., 1982; Bell et al., 1995; Koonin, 1997). In addition to little
primary amino acid sequence similarity, both proteins exhibit functional
differences; it is not clear that they perform analogous functions.

In vivo footprinting experiments showed that ORC proteins are
constitutively bound to the ARS (autonomously replicating sequence) of yeast
throughout the cell cycle and do not dissociate from the origin during
initiation of replication, nor after replication has been initiated (Diffley et al.,
1994). However, the size of the footprint increases at the onset of DNA
replication in G1 indicating a possible interaction between the CDC6 protein
and ORC (Cocker et al., 1996). Both genetic and biochemical evidence suggests
that the CDC6 protein interacts with ORC (Cocker et al., 1996; Heichman, 1996;
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Piatti et al., 1996). It is possible that CDC6 and ORC form a complex at ARS
sites and that modification of CDC6 protein, possibly by phosphorylation,
positively promotes the initiation of replication (Heichman, 1996). In
contrast, the E. coli DnaA protein cannot bind to the E. coli origin, oriC, as
oriC is sequestered for much of the cell cycle by a membrane-associated
protein, SeqA (Lu et al., 1994). In E. coli, newly replicated DNA is
hemimethylated (methylated only on one strand) at GATC sites; SeqA binds
to hemimethylated DNA around the oriC region, and in the promoter region
of the dnaA gene thus preventing its expression (Slater et al., 1995). oriC
remains sequestered for approximately one-third of the E. coli cell cycle, at
which point it is fully methylated on both strands and ready for another
round of replication initiation (Campbell and Kleckner, 1990).

Although both DnaA and ORC require ATP for DNA-binding activity,
key differences exist in the utilization of bound ATP molecules. Bell and
colleagues have shown that binding of ORC to ARS consensus sequences is
promoted by ATP and that one ORC subunit, ORC1, binds ATP strongly in the
presence of ARS-containing DNA, but weakly in its absence, and does not
hydrolyze ATP once bound to ARS-containing DNA (Klemm et al., 1997).
This is unlike the utilization of ATP by the E. coli DnaA protein; it also
requires ATP to be in an active form, but hydrolysis of DnaA-bound ATP
negatively regulates replication initiation (Mizushima et al., 1997). The exact
mechanism through which this negative regulation occurs is unknown but it
is thought to involve a specific inactivation factor of DnaA, IdaA (Katayama
and Crooke, 1995), which enhances the hydrolysis of ATP by DnaA
(Mizushima et al., 1997).
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2. Single-stranded binding proteins

Subsequent to origin binding by an origin recognition protein, one of
the next steps in initiation of replication is binding of the origin region by a
single-stranded-binding protein (Kornberg and Baker, 1992). In E. coli, this
function is performed by SSB (single-stranded-binding protein) and in
eukaryotes, by RP-A (Replication Protein-A). RP-A is a heterotrimeric
complex (in Homo sapiens 70-, 34- and 11-kDa) with the ssDNA-binding
activity residing in the largest and second largest subunits. All of these
proteins have been described as homologs (Philipova et al., 1996), but
published amino acid alignments are not compelling. Indeed, only one non-
shuffled alignment, E. coli SSB versus S. cerevisize RPA-2, is significantly
better than shuffled alignments at the 95% confidence level (table 4.1). The E.
coli SSB protein is 177 amino acids in length yet of those residues, only 19%
are similar, not identical, to the (longer) eukaryotic second and third largest
subunits (based on published alignments; Philipova et al., 1996).
Furthermore, multiple gaps (indicating many independent insertion and
deletion events in the evolution of these genes) must be introduced to align
the largest RP-A subunit with the E. coli SSB protein in regions of the
proteins thought to be essential for SSB activity. Three aromatic amino acids
(Trp at position 40, Trp at position 54 and Phe at position 60) are known to be
critical for SSB binding in the E. coli protein (Curth et al., 1993; Overman et
al., 1988). To align similar, not identical, aromatic amino acid residues of the
largest RP-A subunit with the E. coli SSB protein, a gap corresponding to 14
amino acids must be introduced between Trp-40 and Trp-54. Futhermore, the
alignment of the amino acid sequences surrounding the SSB domain is also

no better than random and contains many gaps. Based solely on these amino
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acid alignments, it is difficult to convincingly call the eukaryotic and
eubacterial SSB proteins homologs.

Recently, the crystal structures of the E. coli SSB protein and the SSB-
binding domain of the largest RP-A subunit bound to DNA were solved
(Bochkarev et al., 1997; Raghunathan et al., 1997). Two additional structures
of replication-associated SSB proteins have also been determined, that of the
gene V protein of bacteriophage f1 (Skinner et al., 1994) and the gp32 protein
of bacteriophage T4 (Shamoo et al., 1995). All of these proteins share a
common structural fold, the OB (oligonucleotide/oligosaccharide binding)-
fold, characterized by a five-stranded B-sheet coiled to form a closed B-barrel,
which is in turn capped by an o-helix located between the third and fourth
strands (Murzin, 1993). This OB-fold is also found in proteins with functions
unrelated to DNA replication: staphylococcal nuclease, the anticodon-binding
domain of aspartyl-tRNA synthetase, and the B-subunits of heat-labile
enterotoxin and verotoxin-1. In all these proteins, the amino acid residues
that form the OB-fold cannot be aligned with each other with any degree of
confidence (Murzin, 1993).

Interestingly, the structure of the RP-A SSB domain is more similar to
that of S. cerevisine aspartyl-tRNA synthetase bound to tRNA than to any
other replication-associated SSB protein (Bochkarev et al., 1997). Futhermore,
if the structures of the E. coli SBB and RP-A largest subunit bound to ssDNA
are superimposed, Trp-54 of E. coli SSB, a residue known to be involved in
SSB-binding activity, is more than 14-A away from ssDNA (Raghunathan et
al., 1997). These findings add further evidence against eubacterial and
eukaryotic replication-associated SSB proteins evolving by descent from a
common ancestral DNA-binding protein; other explanations are equally

likely. For instance, the ability to bind single-stranded nucleic acids might
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have evolved independently many times and been recruited into replication
functions. Alternatively, the OB-fold common to proteins that bind single-
stranded nucleic acids or oligosaccharides could have been shuffled between

proteins that originally lacked the ability to bind single-stranded nucleic acids.

3. Processivity factors
DNA-dependent DNA polymerases are not intrinsically processive;

they will dissociate from DNA templates unless prevented from doing so by
protein factors (Kornberg and Baker, 1992). Such proteins are called
processivity factors or sliding clamps. The eubacterial sliding clamp is coded
for by the dnaN gene (the protein product is often called Polf}), and in
eukaryotes by Proliferating Cell Nuclear Antigen (PCNA). The two proteins
have very similar biochemistry and can be considered functionally analogous
(Kelman and O’Donnell, 1995); both PCNA and Polp interact with the clamp
loading complex (see chapter III) and both interact with the replicative DNA
polymerase (DNA pol 8/¢ in eukaryotes and the pollll holoenzyme complex
in eubacteria). One structural difference between PCNA and Polp is that
PCNA forms a trimer whereas Polp forms a dimer. The functional
significance, if any, of this difference is not known. Amino acid alignments
of these proteins are not convincing (table 4.2; Kelman and O'Donnell, 1995),
but the crystal structures of both the eubacterial and eukaryotic proteins are
almost identical and can be superimposed (Kelman and O'Donneli, 1995).
Given that structural similarity extends over the entire length of the proteins
rather than being confined to a particular functional domain, it is likely that
these two proteins did indeed evolve from an ancestral ‘sliding clamp’ and

have since diverged in sequence.
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4. DNA-dependent DNA polymerases

The replicative DNA polymerases of eubacteria (family A and C) and
eukaryotes (family B) not only exhibit functional and biochemical differences
(Kornberg and Baker, 1992), but are also not alignable with each other at the
amino acid level (see tables 4.2); it is difficult to conclude from sequence
comparisons that DNA-dependent DNA polymerases of eubacteria,
archaebacteria, and eukaryotes evolved from a single ancestral DNA
polymerase. However, other researchers have endeavored to find signature
sequences common to catalytic regions of DNA polymerases in attempts to
demonstrate homology (see for example Bernad et al., 1989; Blanco et al., 1991;
Joyce and Steitz, 1994). These signature sequences are limited to three
extremely short regions, A, B, and C, that mutational studies have identified
as functioning in metal-binding (reviewed in Joyce and Steitz, 1994). Region
A, analogous to a small portion of polymerase domain II of family B DNA
polymerases (see figure 2.4, chapter II), has only a single identical amino acid,
aspartate, in 14 residues (figure 5 of Wang et al,, 1997). Likewise, region C,
- analogous to polymerase domain I of family B DNA polymerases, is
characterized by the presence of two conserved aspartate residues, often
separated by a single amino acid (Wang et al., 1997). The presence of three
conserved aspartate residues in DNA polymerases, which are quite often over
1000 amino acids in length, surely cannot be considered as evidence
supporting a common evolutionary origin for DNA polymerases. Rather, the
presence of these conserved residues is perhaps better interpreted as evidence
for mechanistic similarities in the biochemistry of catalysis.

Until very recently, the only crystal structure solved for a DNA-
dependent DNA polymerase was that of E. coli DNA polymerase I (Klenow
fragment), a family A polymerase (Ollis et al., 1985; Beese et al., 1993). The
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Klenow fragment is composed of two domains, the 3’-5" exonuclease domain
and the polymerization domain. The structure of the polymerization
domain has been likened to that of a U-shaped hand: the thumb and fingers
pointing upwards forming a cleft, the palm, which functions in DNA
binding. Conserved aspartate residues of regions A and C are located in the
palm domain, consistent with mutational studies identifying these residues
as functioning in catalysis. Even though there is no amino acid similarity
between E. coli DNA polymerase I and HIV-1 reverse transcriptase, a RNA-
dependent DNA polymerase, the crystal structure of these two proteins are
remarkably similar as the catalytic residues are located in approximately the
same location in the palm (Kohlstaedt et al., 1993).

It was expected, therefore, that the crystal structure of a family B DNA
polymerase should appear similar to those of E. coli DNA polymerase I and
HIV-1 reverse transcriptase. However, the recently solved structure of the
family B DNA polymerase of bacteriophage RB69 exhibited a large number of
structural differences (Wang et al., 1997). For instance, the finger domain,
which includes conserved polymerase domains III and IV of family B DNA
polymerases, is not homologous to the finger domain of any other
polymerase. Polymerase domain III of family B DNA polymerases has been
implicated in dNTP binding (Dong and Wang, 1995), but functionally
analogous residues of E. coli DNA polymerase [ are located in a different o-
helix than those of the RB69 DNA polymerase. Wang and colleagues
concluded that while the residues of RB69 and E. coli DNA polymerases
involved in dANTP binding may play similar roles in DNA synthesis, it is
unlikely that the similarities arose by divergence from a common ancestor
but rather arose by convergence (Wang et al., 1997). However, the palm
domain of RB69 DNA polymerase appears to be structurally similar to E. coli



129

DNA polymerase I. The only significant difference appears to be the location
of one of the conserved aspartate residues, which lies in a different c-helix in
the RB69 DNA polymerase than the functionally analogous residue of E. coli
DNA polymerase L

Family A and B DNA polymerases thus appear to be a mix of
conserved and non-conserved structures and functionally analogous
residues. The balance of evidence neither supports nor excludes the
possibility that these DNA polymerases evolved by divergence from a
common ancestor. It is tempting to speculate that the crystal structure of a
family C DNA polymerase (typified by E. coli DNA polymerase III) would
help in resolving issues of divergence or convergence, but it is possible that
this polymerase structure would be different again from the family A and B

structures.

Archaebacterial genomes encode proteins most similar to eukaryotic
replication-associated proteins

In grade of cellular organization, archaebacteria resemble eubacteria in
many aspects; both have circular chromosomes with tightly packed genes,
often overlapping and (sometimes identically) arranged operons, eubacteria
(and presumably) archaebacteria use a single origin of replication, and both
share common cell division components (Fts family of proteins; Margolin et
al., 1996; Baumann and Jackson, 1997). The eukaryotic-style of genome
organization, cell division mechanisms, and cell cycle control are so radically
different from those of eubacteria and archaebacteria that it would be
reasonable to assume that archaebacteria would appear eubacterial in terms of

replication proteins.
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Table 4.3 Comparisons of archaebacterial, eukaryotic and eubacterial
replication proteins. Archaebacterial ORFs identified by BLASTP and
TBLASTN searches with eukaryotic replication proteins are presumed to
have some function in replication. Optimal score, range and P-value are as
for table 4.2. Methanococcus jannaschii is abbreviated to Mj. M;j0363, 0961,
and 1498 refer to ORFs with sequence similarity to eukaryotic
minichromosome maintenance (MCM) proteins. Only one comparison was
performed between these ORFs and a single MCM protein, S. cerevisiae
MCM2. M;jYPZ1 and MjYPV1 refer to plasmid-encoded proteins that show
similarity to S. cerevisize ORC1 and CDCé6. Only the comparison between

these proteins and ScORC1 is shown.



Comparison

MjPCNA vs. ScPCNA
MjPCNA vs. EcDnaN
MjRad2/Fen-1 vs. ScFenl
MjRad2/Fen-1 vs. EcPolA
MjRFC-A vs. ScRFC-1
ScRFC-2
ScRFC-3
ScRFC4
ScRFC-5
MjRFC-A vs. EcDnaX
MjRFC-A vs. EcHolB
MjDnap vs. ScDnapd
MjDnap vs. ScDnape
MjDnap vs. ScDnapa
MjDnap vs. EcPolA
MjDnap vs. BsPolC
M;j0363 vs. ScMCM2
Mj0961 vs. ScMCM2
Mj1498 vs. ScMCM2
MtYPZ1 vs. ScORC-1
MtYPV1 vs. ScCORC-1

322
28
533
62
238
183
321
279
125
63

313
314
237
46
49
416
441
486
94
94

Optimal Range
score

24-91
23-84
26-83
28-86
31-108
26-90
27-100
28-75
26-90
28-98
25-93
35-113
31-112
34-111
31-100
36-130
31-101
31-96
31-100
28-90
28-84

P-value

3.09 x 1015
0.948
1.62x 10729
0.0745
231x10°10
1.46 x 1079
486 x 10715
408 x 10715
5.43x 1076
0.0628
0.00871
138 x 1015
217 x 10-13
487 x10°11
0.656
0.698
6.01 x 10722
253x 1022
552 x 1027
5.25x 1073
2.65x 1073
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Even before the availability of genome sequence, it was clear from drug
inhibition studies that archaebacteria resembled eukaryotes in terms of
sensitivities to various DNA replication inhibitors (Forterre et al., 1984;
Schinzel and Burger, 1984). Archaebacterial DN A-dependent DNA
polymerases that were purified, biochemically characterized, and sequenced
all revealed more primary sequence similarity to eukaryotic replicative family
B homologs than to the non-replication functioning eubacterial homolog
(reviewed in Forterre and Elie, 1993). In addition, the complete genome
sequence of Methanococcus jannashcii has only a single family B DNA
polymerase (Bult et al., 1995), making it likely that it is the replicative DNA
polymerase.

Moreover, the M. jannashcii genome sequence, and individually
sequenced archaebacterial replication proteins, shows many ORFs that are
most clearly (or only) related in sequence to eukaryotic replication proteins
(Bult et al., 1995; summarized in table 4.4). There are three general categories
of results from sequence comparisons of replication proteins of eubacteria,
archaebacteria, and eukaryotes. First, there are archaebacterial ORFs that are
clearly homologous to eukaryotic replication proteins, while evidence that
either the archaebacterial or eukaryotic protein is homologous to eubacterial
proteins performing the same function is weak or absent (table 4.2). This
category includes most of the replication-fork associated proteins.

Second are instances in which eubacterial and eukaryotic replication
proteins are likely homologs, but the archaebacterial and eukaryotic versions
are more similar in primary sequence. For instance, M. jannaschii possesses
two homologs of the clamp loading complex that are more similar to the
eukaryotic homologs (RF-C) than to the eubacterial homologs (y complex; see

table 4.2 and chapter III). Archaebacterial family B DNA polymerases are also
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Table 4.4 Summary of evidence for homology of eubacterial, archaebacterial,
and eukaryotic replication proteins (based on Stillman, 1994). All eukaryotic
and archaeal replication proteins share significant amino acid similarity.
None of the bacterial replication proteins share signficant similarity with
either eukaryotic or archaeal proteins performing analogous functions except

those that are boxed.

1 Archaeal proteins are from M. jannaschii unless indicated.
2 See introduction for a discussion of homology.

3 ? indicates that no predicted open reading frame from the M. jannaschii
genome with significant similarity to known single-strand DNA-binding
proteins was found.

4 See table 1 for classification of family B DNA polymerases

5 The eubacterial primase, DnaG, and eukaryotic DNA polymerase o are
claimed to have homologous functional residues in conserved domains (fig.
4 of Prasartkaew et al., 1996). However, only 4 of 19 (21%) residues of E. coli

DnaG and Homo sapiens DNA polymerase o are similar in motif A, none are
identical. Of 16 residues of motif C, only 1 is identical (6%) while 3 are similar
(18%). The proteins are not alignable outside of these domains.

6 Identification of a eukaryotic replication fork-associated helicase has been
problematic. Dna2, a yeast helicase, associates with the 5’-3’exo-endonuclease
FEN1/Rad2(pombe) of yeast and is most likely involved in Okazaki fragment
maturation (Budd and Campbell, 1997). It is not clear if Dna2 is associated
with origin unwinding (as is PriA in E. coli), or with unwinding of the
replication fork (as is DnaB in E. coli).

7 The 5°-3’ exonuclease domain of eubacterial DNA polymerase I and the
eukaryotic 5-3’ exonuclease FEN-1/Rad2(pombe) have been classified as
members of a homologous protein family based on amino acid alignments
(reviewed in Leiber, 1997). However, the 5’-3’ exonuclease domain of E. coli
DNA polymerase I (301 amino acids) and murine FEN1 (337 amino acids) are
only 21% similar.
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more similar in primary sequence to eukaryotic homologs than to the E. coli
family B DNA polymerase (chapter II).
Third are comparisons in which replication functions are performed by
a number of homologous proteins in eukaryotes, but that appear to be
reduced in number in archaebacteria. Thus there are three replicative family
B DNA polymerases in eukaryotes (o, 8 and &; Braithwaite and Ito, 1993) but
only a single homolog in M. jannaschii; five clamp loading proteins in S.
cerevisiae and H. sapiens (Cullmann et al., 1995), but only two in M.
jannaschii; six MCM proteins in eukaryotes (Kearsey et al., 1996), but only
three in M. jannaschii. Interestingly, the M. jannaschii MCM homologs are
all more similar to each other than to eukaryotic homologs, suggesting that
they result from a gene duplication event independent of the duplication
event that gave rise to the eukaryotic homologs (chapter III). Whether or not
this trend of reduced numbers of homologs of eukaryotic replication proteins
will hold for other archaebacteria awaits further genome sequence; it is
possible that M. jannaschii represents a case of genome reduction (Sulfolobus
solfataricus P2 has three family B DNA polymerases whereas M. jannaschii
has only one; Edgell et al., 1997).

Gaps in the data

While M. jannaschii appears to encode a basic set of eukaryote-like
replication proteins, there are a number of critical components that appear to
be missing or that have not yet been identified from the complete genome
sequence. For instance, no single-stranded DNA-binding protein was
identified (Bult et al., 1995), yet this protein is essential for initiation of
replication in both eubacteria and eukaryotes (Kornberg and Baker, 1992).

Also critical for initiation of replication are origin-binding proteins, yet
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neither eubacterial nor eukaryotic homologs were reported in the initial
publication (Bult et al., 1995). Subsequent work by other researchers identified
a possible homolog of the eubacterial origin-binding protein DnaA (Koonin,
1997). However, it is unlikely that this protein is a true homolog of DnaA, as
database searches with this ORF have low significance values, and the
predicted protein is a member of the largest gene family (>20 genes) in the M.
jannaschii genome. Two sequences in databases, not from M. jannaschii but
from the closely related Methanobacterium thermoformicicum (Nolling et
al., 1992), are possible homologs of the ORC1 and CDC6 proteins of eukaryotes
(table 4.2). Curiously, these genes are present on plasmids and may be
important for plasmid maintenance and replication. It is not clear what role,

if any, these proteins might play in chromosomal replication.



Chapter 5. General discussion and conclusions

The last common ancestor of life had a DNA-based genome

Accumulation of genome sequencing data from representatives of the
three major lineages has proved invaluable in determining the nature of the
last common ancestor of life (Clayton et al., 1997). The presence of shared
proteins in all three lineages with significant sequence similarity, similar
biochemistry, and similar cellular functions surely provides compelling
evidence against the idea that the common cellular ancestor from which
archaebacteria and eubacteria evolved was a progenote, a primitive entity still
in the process of refining the accuracy and efficacy of many cellular pathways
found in extant organisms. Rather, evidence suggests that the last common
ancestor (the cenancestor) was likely a sophisticated organism resembling a
modern-day eubacterium or archaebacterium in aspects of genome
organization and gene content. Evidence supporting the “advanced” nature
of the last common ancestor can only become stronger as other genome
sequences are completed and as detailed structure/function studies are
undertaken for many archaebacterial homologs of eukaryotic and eubacterial
proteins.

Yet, work presented in this thesis seems in fact to argue in favor of a
common ancestor that was "unsettled” in the choice of DNA replication
machinery as most replication proteins of eubacteria and archaebacteria/
eukaryotes show little or no sequence similarity. In this respect, Woese and
Fox (1977a) were correct in predicting that [italics mine]

“Thus, genome organization, control hierarchies, (some) repair

mechanisms, certain enzymes involved in DNA replication,

137
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should appear quite dissimilar in the two cases [prokaryote and
eukaryote].”

However, the last common ancestor as reconstructed from genome
sequencing data was perhaps not as primitive as Woese and Fox first
envisioned for sufficient evidence exists to suggest that it possessed a DNA-
based genome and the ability to replicate it: a proofreading family B DNA
polymerase, some (but not all) clamp loading proteins, and a processivity
factor all can be traced back to the last common ancestor using parsimony-
based arguments (chapters IIT and IV).

Other authors have suggested that the lack of sequence similarity of
replication proteins is due to the fact that the last common ancestor did not
have a DNA-based genome, but one based on RNA (Mushegian and Koonin,
1996). Replication proteins would have thus evolved independently in the
lineages leading to eubacteria and archaebacteria/eukaryotes after they split
from a common ancestor. However, this is unlikely, for two reasons. First,
despite the general paucity of significant primary sequence similarity between
replication fork proteins of eubacteria and archaebacteria/eukaryotes, some
proteins are homologs, as discussed in chapters II and III (see also O’Donnell
et al. 1993; Stillman, 1994; Edgell and Doolittle, 1997).

Second, other components essential for replication, but not always
situated at the replication fork, are also found in representatives of all three
domains (Benner et al., 1989; Benner et al., 1993). Metabolic enzymes essential
for the synthesis of dNTPs from rNTPS (ribonucleotide reductases), and for
maintaining low levels of dUTP (deoxyuridine triphosphatase) to ensure that
dUTP is not incorporated into DNA, are also found in representatives of the
three domains (Riera et al., 1997; Tauer and Benner, 1997). In most cases it is

clear that analogous functions are performed by homologous proteins. Thus,
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multiple components involved in DNA replication, both at the replication
fork and elsewhere, can be traced back to the cenancestor. It is likely then that
the cenancestor was a DNA-based organism with a working DNA replication
apparatus of some sort but because of the lack of sequence similarity of
eubacterial and archaebacterial/eukaryotic replication proteins, it cannot be
confidently stated what kind of replication apparatus is was. The (not

mutually exclusive) possibilities are:

e The above arguements notwithstanding, most eubacterial and
archaeal/eukaryotic replication proteins are homologs (do descend from
cenancestral proteins performing the same function) but have often been so

radically changed in sequence as to be unrecognizable.

e The cenancestor contained both eubacterial and archaebacterial /eukaryotic
type replication systems (perhaps one was for repair), and different
components of these systems were lost in the eubacterial and

archaebacterial /eukaryotic lineage after their divergence.

¢ "New" (nonhomologous) proteins have been recruited into a replication

function in one or the other lineages, replacing cenancestral components.

Why are replication proteins so divergent?
Still, the lack of sequence similarity of eubacterial and archaebacterial/

eukaryotic replication proteins is both confusing and surprising given that
other protein components of essential cellular processes (such as transcription

and translation) are conserved in sequence and function.
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Some of the lack of sequence conservation could be due to the
organizational differences of eukaryotic and prokaryotic genomes and the
tremendous changes that accompanied the evolution of eukaryotic-style
chromosomes from prokaryotic-style chromosomes. However, the
prokaryotic-eukaryotic transition cannot be the cause of these changes; they
must have occurred prior to the divergence of archaebacteria and eukaryotes,
not at the origin of eukaryotes, since archaebacteria appear to have a basic set
of eukaryotic-style replication proteins. In this sense, archaebacterial
replication proteins are best viewed not as a “primitive” set of eukaryotic-
style replication proteins, but as the ancestral set of replication proteins that
eukaryotes have built upon by gene duplications (chapters II and III), gene
fusions (chapter III), and recruitment of additional proteins (chapter IV). This
is not to imply that the function of replication proteins shared by
archaebacteria and eukaryotes will be the same. There will, for instance, be
differences in the mechanism(s) by which archaebacteria and eukaryotes
control the initiation of DNA replication that will likely be reflected in the
functions of archaebacterial and eukaryotic MCM homologs.

The lack of sequence similarity between eubacterial and
archaebacterial /eukaryotic replication proteins is most confusing even if
changes in replication machinery occurred before the archaebacterial/
eukaryotic split. As discussed above, it is possible that all replication proteins
are homologs but have diverged too much in sequence to identify them as
such. A test of this theory would be to examine within-domain rates of
sequence evolution of replication proteins and compare these rates to within-
domain rates of proteins functioning in other cellular pathways. If
replication proteins did in fact diverge from a single ancestral set of proteins,

one might expect the rate of sequence evolution to be high between (for
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instance) two divergent eubacteria as compared to proteins involved in
translation or transcription from the same two eubacteria. This high rate of
sequence evolution might reflect differences in functional constraints on
replication proteins versus constraints on other proteins. If, however, rates of
sequence evolution are no higher than those of (for example) eubacterial
transcription or translation proteins, this might be interpreted as evidence in
favour of the last common ancestor of life possessing two non-homologous
sets of replication proteins. The rate of sequence evolution would be no
greater than any other protein since the replication apparatus was already
“settled” in the last common ancestor and did not require high rates of
sequence evolution to adapt to new replication fork functions and functional
constraints after the divergence of the eubacterial and archaebacterial/
eukaryotic lineages. One of these ancestral sets of replication proteins would
have been retained along the eubacterial lineage (typified by family A and C
replicative polymerases), and the other retained in the archaebacterial/
eukaryotic lineage (typified by multiple family B replicative polymerases).

It might also be possible to detect remnants of one system in complete
genome sequences even though the protein(s) might no longer function in
replication. The presence of a family B DNA polymerase in E. coli that can
interact with accessory proteins necessary for replication (Hughes et al., 1991;
Bonner et al., 1992), and that can replicate chromosomal DNA in certain
genetic backgrounds (Rangarajan et al., 1997), could possibly be interpreted as
evidence supporting this hypothesis.

The same rate comparison, but performed on eukaryotic replication
proteins, might reveal an unexpectedly high rate of sequence evolution
compared to proteins with other cellular function because many eukaryotic

replication proteins have evolved by gene duplications. In eukaryotes, DNA
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replication is tightly linked to the cell cycle by various checkpoints that insure
completion of replication (DNA polymerase €; Navas et al., 1995), that insure
that initiation is limited to defined periods (CDC6 and MCM proteins; Kearsey
et al., 1996), and that insure that replication only initiates once from an origin
(ORC and MCM proteins; Diffley, 1997). All of the proteins involved in these
checkpoints seem logical points at which to control DNA replication; a high
rate of sequence evolution of these proteins within eukaryotes might be
reflective of duplicates accumulating non-synonymous nucleotide
substitutions and being selected for regulatory function(s), perhaps through

protein-protein interactions with other regulatory proteins.

TIGR and the honey pot

After the completion of all of the phylogenetic analyses presented in
this thesis and most of the writing, The Institute for Genomic Research
(TIGR) released 2 complete and 7 partial sequences of prokaryotic genomes
(but not annotated). Among those released were the completely sequenced
genome of the euryarchaeote Archaeoglobus fulgidus and the partially
completed sequence of the eubacterium Thermotoga maritima. Both of these
organisms occupy phylogenetic positions such that knowledge of their gene
content would be extremely useful, A. fulgidus because it is unrelated to M.
jannaschii and sometimes branches near the base of euryarchaeotes close to
crenarchaeotes in 16S rRNA phylogenies (Olsen et al., 1994; Pace, 1997), and T.
maritima because it is a deeply diverging eubacterium (see Eisen, 1995 and
references therein) and phylogenetically distinct from previously complete
eubacterial genomes. The completely sequenced genome of
Methanobacterium thermoautotrophicum also became available at

approximately the same time as the TIGR data (http://www.cric.com/
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htdocs/sequences/methanobacter/ abstract.html). However, M.
thermoautotrophicum will most likely ressemble M. jannaschii in gene
content since both are similar in genome size and biochemistry
(methanogenesis).

TBLASTN searches (Altschul et al., 1997) performed on the A. fulgidus
sequence with replication proteins of M. jannaschii, S. solfataricus P2 and S.
cerevisiaze produced a number of interesting results:

e A. fulgidus appears to possess two family B DNA polymerases

unlike M. jannaschii which only has one (Bult et al., 1996), but

similar to crenarchaeotes, which possess two (P. occultum;

Uemori et al., 1995) or three (S. solfataricus P2; Edgell et al., 1997).

* A. fulgidus appears to possess a single MCM homolog that is

more similar in sequence to the S. solfataricus P2 MCM protein

than to any of the three chromosomally-encoded M. jannaschii

MCM proteins.

* A. fulgidus appears to possess two RF-C proteins as does M.

jannaschii. One appears more similar in sequence to the M.

jannaschii B paralog, which is likely an ortholog of eukaryotic

RFC-1 proteins. Neither of the A. fulgidus RF-C paralogs

appears to possess the DNA ligase domain common to

eukaryotic RFC-1 proteins.

It is difficult to draw any firm conclusions on the presence of two
family B DNA polymerases in A. fulgidus. Explanations that revolve around
gene loss to account for the distribution of DNA polymerases in
euryarchaeotes depend on the phylogenetic position of A. fulgidus relative to

M. jannaschii and other euryarchaeotes. Unfortunately, the phylogenetic
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position of A. fulgidus within euryarchaeotes is unresolved as it sometimes
branches closer to the base of euryarchaeotes than does M. jannaschii, and
sometimes closer to terminal groups (Olsen et al., 1994). Thus, without
detailed phylogenetic analyses of family B DNA polymerases, it is impossible
to decide whether or not M. jannaschii lost one polymerase (assuming M.
jannaschii is more basal than A. fulgidus), or whether a gene duplication
event occurred after the divergence of A. fulgidus and M. jannaschii.

TBLASTN searches with the E. coli family B DNA polymerase against
sequences from 7 of 8 eubacterial genomes released by TIGR failed to produce
any significant results. However, one partially completed genome sequence,
that of Vibrio cholerae, possessed a sequence which significantly matched the
E. coli family B DNA polymerase in three unlinked contigs, all with expected
P-values below 10-50. Inspection of the V. cholerae sequence confirmed that
they contained exonuclease domain I, and polymerization domains L, II, V,
and VII; all of these domains are found in family B DNA polymerases.

The finding of another family B DNA polymerase in a eubacterial
genome, although from an organism closely related to E. coli (both are
members of the y-subdivision of proteobacteria), only adds confusion to
questions raised in chapter II concerning the evolutionary history of
eubacterial family B DNA polymerases. Foremost was whether or not the
presence of this type of DNA polymerase in the E. coli genome, but not in any
other eubacterial genome, was due (a) to a lateral transfer of this gene from a
non-eubacterial source or (b) to multiple independent deletion events from
eubacterial lineages except that leading to E. coli. Parsimony-based arguments
suggest that multiple independent losses of a polymerase, present in the
common ancestor of all eubacteria, from eubacterial lineages except that

leading to E. coli and V. cholerae are unlikely. Since V. cholerae is closely
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related to E. coli, it is perhaps more parsimonious to suggest that this gene
was acquired from a non-eubacterial, or a divergent eubacterial source, in the
common ancestor of V. cholerae and E. coli. Yet, the amino acid sequence of
the E. coli family B DNA polymerase is not specifically close to any eukaryotic
or archaebacterial sequence as would be expected if E. coli acquired this gene

by lateral transfer.

Archaebacterial, eukaryotic, and eubacterial specific genes and gene functions
More than half of the predicted ORFs in the M. jannaschii genome

sequence do not match any sequence in public databases (Bult et al., 1996).
This apparent difference between the M. jannaschii genome and those of
Mycoplasma genitalium and Haemophilus influenzae (Fleischmann et al.,
1995; Fraser et al., 1995), of which over 80% matches database sequences, was
heralded as support for the biological uniqueness and phylogenetic coherence
of archaebacteria (Morell, 1996).

Surely much of this difference must be due to biases in representation
of sequences in databases. A large percentage of the bacterial (prokaryotic)
subset of GenBank consists of proteobacterial sequences (such as E. coli and
Salmonella typhimurium). It is not surprising then that many of the ORFs of
another proteobacterium, H. influenzae, match those existing proteobacterial
sequences (Fleischmann et al., 1995). As more archaebacterial genes and
genomes are sequenced, the number of unidentified ORFs in M. jannaschii
(and other archaebacteria) will decrease as similar sequences are found in
other archaebacteria. The function of these ORFs may still be unknown, since
function can only be assigned through detailed biochemical and genetic

studies.
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Yet there will be a number of ORFs in archaebacteria, eubacteria, and
eukaryotes for which one can never find similar sequences in databases.
Since much of the basic biochemistry of metabolism and genetic processes is
shared between archaebacteria, eukaryotes and eubacteria, it would be
surprising to find that many new proteins had been invented de novo in
either archaebacterial or eubacterial lineages after their divergence from a
biochemically and structurally advanced last common ancestor. The current
gene content of extant archaebacterial, eubacterial and eukaryotic genomes
must have evolved from the gene content of the last common ancestor of all
three groups. Thus, there may be few archaebacterial-, eubacterial- or
eukaryotic-specific genes, although there will certainly be archaebacterial-,
eubacterial- and eukaryotic-specific gene functions.

There are also a number of ORFs in archaebacteria that are
homologous to eukaryotic proteins, which I classify into two broad categories.
First, are archaebacterial proteins homologous to eukaryotic proteins that
function in cellular processes that we typically think of as “eukaryotic”, such
as meiosis (see Ragan et al., 1996 for an example). The function of these
archaebacterial homologs is unlikely to be analogous to their eukaryotic
counterparts for archaebacteria lack many of the cellular processes of
eukaryotes; these eukaryote-specific functions must have been added to the
proteins after the split of archaebacteria and eukaryotes from a common
ancestor. Second are archaebacterial proteins that are homologous to
eukaryotic proteins, both of which are probably involved in the same cellular
process but not necessarily with the same biochemistry or analogous
function(s). The multiple family B DNA polymerases of crenarchaeotes
(Uemori et al., 1995; Edgell et al., 1997) and eukaryotes (Braithwaite and Ito,

1993) are an excellent example of this category of homolog.
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What to do next?

It is in the second category of archaebacterial and eukaryotic
homologs that I think excellent research opportunities lie for, in spite
of the availability of the complete genome sequence of M. jannaschii,
little is still known about the function of archaebacterial DNA
replication proteins. Some likely projects are:

e detailed studies on the biochemistry, function, and evolution

of the divergent family B DNA polymerases of the Sulfolobales.

e function(s) of archaebacterial homologs of eukaryotic DNA

replication proteins, such as MCM proteins, in halophilic

archaebacteria where a working genetic system exists. A parallel
line of investigation could focus on issues such as control of
initiation of replication, chromosome segregation, and
replication origins.

e a computer-based approach concerning the rates of sequence

evolution of eukaryotic, archaebacterial and eubacterial DNA

replication proteins.

These proposed studies could not only further understanding of
archaebacterial DNA replication, but also help in understanding how
the vast differences in eubacterial and eukaryotic/archaebacterial DNA

replication systems arose.



Appendix 1: Sequences of degenerate and exact match PCR primers.

degenerate DNA polymerase primers

a-specific

1. DPDV(DIV(I)GH 5" GAYCCNGAYRTNATTHRTNGGNC 3
2. DFNSLYPS 5" GAYTTYAATWSNCTNTAYCCNTG 3

3. KKKYAA 5" AARAARAARTAYGCNGC ¥

d-specific

1. FDIEC (+ EcoRI site) 5 GGAATTCTTYGATATHGARTGC 3%

2. YGFTGA 5 TATYGGNTTYTAYGGNGC 3

3. DTDSVM (+ EcoRI site) 5 CGGGATCCATNACNGARTCNGTRTC 3’
4. DCPIFY 5 GTARAADAGNGGRCARTC ¥

1. QIMMISY 5" CAGATYATGATGATYTCNTAC 3

wm
<

2. NGDFFDWPF AAYGGNGAYTTYTTYGATTGGCCNTT 3
3. MYPNI (+ EcoRI site) " GAATTCDATRTTNGGRTACAT 3
4. ELDTDG 5" CCRTCNGTRTCNAGG 3

w»

o and &

i

1. SLYPSI (+ EcoRI site) GGAATTCNCTSTAYCCNTC 3
2. YGDTDS (+ EcoRI site) > GGAATTCNGTRTCNCCSTA ¥

direct-match primers for amplication of S. shibatae and S. solfataricus P2 B3

and S. solfataricus B2 P2 DNA polymerase

1. Shib B3-1 5" TAGCCATGTTTATGTTC 3

2. Shib B3-2 5" TTGACTAGAGTATCTGG ¥

3. UPS-1 5" AGAGGGCACATAGTCATAGC ¥
4. DST-1 5 CGTTCTCTATGATAATAATTGG ¥

B=C/T/G; D=A/T/G;H=A/C/T; K=T/G;M=A/C; N=A/C/T/G;R=A/G;
S=C/G; V=A/C/G; W=A/T; Y=C/T
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