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University of Washington

Abstract

The Evolution and Composition of RNA Polymerase IV in Plants
Jie Luo

Chair of the Supervisory Committee:
Professor Benjamin D. Hall
Department of Genome Sciences and Biology

This thesis explores two aspects of the evolution of RNA polymerase in plants. In
both cases, components of the RNA polymerase II transcription system of the nucleus

were found to have undergone duplicative proliferation.

In the derived angiosperm taxa Ericales and Lamiidae, two forms exist for the
gene RPB2, encoding the second-largest subunit of RNA polymerase II. Other
angiosperms possess only a single form. Chapter 2 of this thesis shows that the two
paralogous forms of RPB2 evolved as separate lineages following a duplication event
early in eudicot evolution. In the vast majority of taxa, one or the other form of RPB2
has been lost from the genome. This pattern of duplication and loss, which the data show
applies to other nuclear genes as well, may well be responsible for the rapid

diversification of flowering plants that occurred during the Paleocene and Eocene.

At a much earlier time, prior to the existence of land plants, the ancestral plant
genes for RNA polymerase II protein subunits underwent duplication of a very different
sort to encode the enzyme we know as RNA Polymerase IV. This thesis presents
comparative sequencing studies and phylogenetic analyses of the genes for the largest Pol
IV subunit (RPD1 and RPE1) and fbr the second-largest Pol IV subunit (RPD2). The
results clearly show that both of these Pol IV subunit genes were derived from the
corresponding Pol II homologs. These duplication events were separated in evolutionary
time, with RPD1 appearing in charalian algae and RPD?2 first appearing in primitive land

plants.



Extensive purification was carried out with nuclear RNA Polymerase preparations
from cauliflower, toward the goal of identifying a catalytically active RNA Polymerase
IV. Owing to the low level of this protein, no activity could be demonstrated.
Nonetheless, by using immunochemical techniques and mass spectrometric analysis, it
was shown that RPD1/RPE1 and RPD?2 proteins are closely associated and that the RPB3
gene product, together with common subunits are part of the Pol IV apoenzyme. Pol IV
is non-essential for normal growth and development of Arabidopsis. However, Pol IV

knockout mutants are defective in asymmetric DNA methylation.
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Chapter 1. RNA Polymerase: Structure, Function and Evolution

DNA dependent RNA polymerases (RNAPs), enzymes that use DNA as the
template for complementary RNA synthesis, are directly responsible for functional
expression of genetic information stored in DNA. RNAPs and transcription processes are
the primary targets for gene regulation by environmental and developmental cues.
Consequently, transcription processes and their regulators are subject to strong natural
selection. We are interested in the function and evolution of RNA polymerases of various
types. In this dissertation, I will discuss the application of the sequences of RNA
polymerase II genes (RPB1 and RPB2) to the study of angiosperm evolution (Chapter 2),
the discovery of RNA polymerase IV in charalean green algae and land plants (Chapter
3), and the characterization of RNA polymerase IV in cauliflower inflorescence (Chapter
4). In this section (Chapter 1), I will review the structure and function of various RNA
polymerases, emphasizing the mechanism of RNA polymerase action and the
relationships between RNA polymerase polypeptide sequences and the functions they
carry out. Then I will discuss evolution rates of RNA polymerase genes and the

application of RNA polymerase genes to phylogenetic studies.
1.1 Composition of RNA polymerases

There are two categories of RNA polymerases: the single subunit T7 or T7-like
RNA polymerases and the multiple subunit RNA polymerases. The single subunit T7-like
RNAPs are found in the genomes of bacteriophages T7, T3, SP6 and K11 (Dietz et al.,
1990) and in eukaryotic nuclear genomes. Nuclear encoded T7-like single subunit
RNAPs are responsible for transcription of mitochondria genes and some plastid genes
(Hedtke et al., 1997; Hess and Borner, 1999). The nuclear encoded T7-like RNAPs have
N-terminal transit peptides targeting the RNAP proteins to mitochondria or chloroplasts
(Hedtke et al., 1997). There are three T7 like RNAPs in the Arabidopsis genome (RpoT1-
3). RpoT1 and T3 are targeted to mitochondria and chloroplasts respectively. RpoT2 is

targeted for both mitochondria and chloroplasts, and is the first RNA polymerase shown
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to transcribe genes in two different genomes (Hedtke et al., 2000). In angiosperms, the

chloroplast rpoT RNA polymerase arose by gene duplication from an ancestral gene
encoding the mitochondrial rpoT RNA polymerase (Richter et al., 2002). There are six
active T7-like RNAPs in allotetraploid Nicotiana tobacum (RpoT1-6). Translation of
RpoT3 starts at CUG, a non-ATG translation start codon (Hedtke et al., 2002). The
translational product of T7 RNAP is about 100 kD, with conserved domains A through C
(Delarue et al., 1990; Sousa et al., 1993).

Cellular multiple subunit RNAPs, containing 5 to 15 subunits, account for most
cellular transcription. Eubacterial RNAP core enzyme and plastid encoded bacterial-like
RNA polymerases have a largest subunit (beta’ subunit encoded by rpoC) and a second-
largest subunit (beta subunit encoded by rpoB) and two alpha subunits (rpoA)
(Fleischmann et al., 1995). The RNAP genes are organized in a conserved alpha-beta-
beta’ operon. Beta and beta’ subunits are fused into a single polypeptide in Helicobacter
pylori (Tomb et al., 1997). The beta’ subunit in the plant plastid genome is split into two
polypeptides (rpoC1 and rpoC2) between the conserved regions E and F (Serino and
Maliga, 1998) .

There are three DNA dependent RNA polymerases (RNAPs) in the nuclei of all
eukaryotes. Three DNA dependent RNA polymerases have been purified from animals
(Roeder and Rutter, 1969; Greenleaf and Bautz, 1975; Sklar et al., 1976), yeasts (Adman
et al., 1972; Young and Whiteley, 1975), plants (Jendrisak and Burgess, 1975; Guilfoyle
et al., 1976), and protists (Pong and Loomis, 1973). Pol I transcribes rRNA; pol II
transcribes mRNA and most SN RNAs; and pol III transcribes tRNA, 5s rRNA and some
SN RNAs. Each polymerase has 10 to 12 subunits, with its own unique largest subunit
(beta’ homolog) (namely RPA1, RPBI and RPC1 for pol I, II, and III respectively) and
second largest subunit (beta homolog) (RPA2, RPB2 and RPC2 for pol I, II, and III
respectively), as well as some unique small subunits and shared subunits (Young, 1991;
Sakurai et al.,, 1996). Most small subunits in yeast including RPB6, RPB8, RPBY,
RPB10, RPB11 and RPB12 can be substituted by their human homologs (McKune et al.,
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1995; Shpakovski et al., 1995). In plants, there is an additional putative polymerase, pol

IV, which is one of my dissertation projects. Archaebacteria have one RNAP with a
similar subunit composition and extensive homology to eukaryote nuclear RNAPs
(Langer et al., 1995; Bell and Jackson, 1998).

The largest and second largest subunits of all multiple subunit polymerases are
conserved throughout evolution (Mooney and Landick, 1999; Cramer et al., 2000;
Korzheva et al., 2000). There are 8 conserved regions in all the largest subunits, named
regions A through H (Jokerst et al., 1989; Puhler et al., 1989). By comparing yeast pol II
and E.coli RNA polymerase, Sweetser et al. identified 9 conserved regions in the second
largest subunits, named conserved regions A through I (Sweetser et al., 1987). An
additional three conserved domains for second largest subunits have been identified by
considering all multisubunit RNA polymerases, and together with domains A through I
numbered 1 to 12 (Denton et al., 1998).

1.2 RNA polymerase structure and function

Unlike DNA polymerases (DNAPs), which extend a preexisting primer strand,
RNAPs initiate a transcript de novo by binding to specific promoter DNA sequences,
melting the two strands of the DNA in the vicinity of the start sites, and joining the first
two monoribonucleotide residues. The RNAP pre-initiation complex (PIC) is unstable
and is characterized by abortive cycling, a process of repeated synthesis and release of 3-
8 short nucleotide RNA products. When the RNA-DNA hybrid reaches 8-9 base pairs
(bp), the RNAP clears the promoter and undergoes a transition to form a stable, highly
processive transcription elongation complex (TEC). One distinguishing feature of
transcription (as opposed to DNA replication by DNAPs and RNA replication by RNA
dependent RNA polymerases (RdRPs)) is that the RNAP must release the nascent
transcript from the template strand. During elongation, the two strands of DNA are
separated downstream of the transcription cqmplex and re-annealed at the upstream end,

forming a transcription "bubble" that encloses an 8-9 bp RNA/DNA hybrid.



1.2.1 T7 RNA polymerase structure

Single subunit T7 RNAP has an overall architecture, active center structure and
mechanism for nucleic acid polymerization similar to those of other single subunit
polymerases such as DNA polymerase (DNAPs), RNA dependent RNA polymerase
(RdRPs) and HIV reverse transcriptase (RT) (Sousa et al., 1993; Steitz et al., 1993;
Temiakov et al., 2004; Yin and Steitz, 2004). The T7 RNAP structure has a deep cleft
that resembles a right hand, with palm, thumb and finger domains. Two Aspartate
residues (D537 in conserved motif A and D812 in conserved motif C) bind to two metal
ions at the active center in the palm domain. The O helix in motif B of the finger domain
is involved in binding and discriminating the coming NTP substrates (Temiakov et al.,
2004; Yin and Steitz, 2004). As with all other RNAPs, the polymerization cycle consists
of NTP binding, polymerization or phosphodiester bond formation, pyrophosphate (PPi)
release, and translocation. During each nucleotide addition cycle, T7 RNA polymerase
undergoes a transition from a catalytically inactive "open" to an active "closed"
conformation by rotation of a tyrosine (Y639) at the end of the O-helix domain. Unlike
DNA polymerase whose substrate selection happened in the “closed” state, substrate
selection occurs before T7 RNA polymerase undergoes a conformational change. In the
“open” state, the substrate binds specifically to the T7 RNAP by pairing to the template
base. Y639 interacts with the 2’ OH of the incoming NTP via a Mg -bridge, thus
discriminating NTPs from dNTPs (Temiakov et al., 2004). After NTP binding, the O-
helix undergoes a conformational change from the “open” to the “closed” state, pushing
the NTP close to the active site, where a phosphoryl transfer reaction occurs to produce
PPi. The PP; is bound to a Mg”” ion, and crosslinks the active center D537 to O-Helix;
thereby PPi maintains the RNAP in an identical conformation as in the substrate
complex. PPi release breaks the crosslinks between the active center and O-Helix and
drives RNAP translocation and template strand separation (Yin and Steitz, 2004). This

process is called the powerstroke mechanism.
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T7 RNA polymerase binds to the promoter from positions -17 to +6 relative to

the transcription start site and can form the initiation complex without any accessory
factors. The polymerase active site lies near the C-terminus of T7 RNAP. The 324
residues in the N-terminal domain of T7 RNAP, unique to all phage-like RNA
polymerases, play a critical role in promoter recognition and DNA melting. This region
includes a protein domain that recognizes AT rich DNA around the -17 region, a
specificity loop that recognizes sequences around -9, and an intercalation loop that
facilitates DNA melting. The active site of the initiation complex can allow only 3 bps of
RNA-DNA hybrid (Cheetham et al., 1999; Cheetham and Steitz, 1999). Upon transition
from initiation complex to elongation complex, the N-terminal region undergoes a
remarkable rearrangement to create DNA-RNA hybrid binding sites which can
accommodate 8 bps of hybrid, an RNA exit path, and a more accessible substrate entry
pore. The rearrangement involves alternative refolding of 130 residues and reorientation
of a stable core subdomain, resulting in formation of three structural elements: the N-
terminal extension, a flap-like subdomain and a C-terminal linker connecting the N-
terminal domains to the C-terminal enzyme active sites. The N-terminal extension adopts
a compact loop-helix-loop-helix conformation that contains sites for RNA-DNA hybrid
binding. The flap domain spans the interval between the upstream end of RNA/DNA
hybrid and downstream DNA (Tahirov et al., 2002). Thus the N-terminal domain of T7

RNAP plays dual and distinct roles in initiation complex and elongation complex.

1.2.2 Taq RNA polymerase and Yeast pol I structure

Crystal structures of RNAP from Thermus aquaticus(Zhang et al., 1999), Thermus
thermophilus (Vassylyev et al., 2002) and S. cerereisae pol II have been resolved
(Cramer et al., 2000; Cramer et al., 2001; Armache et al., 2005) (Fig. 1.1). The multiple
subunit RNA polymerases have no apparent sequence or structural homology to single
subunit RNA polymerases. The overall structures of Taq RNAP and yeast pol II are
similar, with the largest and second largest subunits forming the large channel (cleft) that

accommodates template DNA and RNA product. Yeast pol II and bacterial RNAP share
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the same core structure but differ entirely in peripheral and surface structure, suggesting

that they have a conserved catalytic mechanism but different interactions with other

proteins such as general transcription factors and regulatory factors.

Yeast pol II has an overall negatively charged outer surface with a uniformly
positively charged cleft including the active center, the wall behind the active center
blocking the extension of DNA/RNA path and a “saddle” between the clamp and the
wall. The structure of yeast pol II can be divided into four mobile modules: the “Core”
module, the “Jaw-Lobe” module, the “Shelf” module and the “Clamp” module. The Core
module is the major part of the enzyme: containing regions C, D, E, F of RPB1, regions E
to I of RPB2 that form the active center, and all of RPB3, RPB10, RPB11 and RPB12.
The Jaw-Lobe module is made up of the upper jaw of RPB9 and RPB1 between region G
and H, and the lobe region of RPB2 between regions B and C. The shelf module contains
RPBS5, RPB6 and the “foot” region (between motifs F and G) and “cleft” regions (motifs
F, G and H) of RPB1. The clamp module is made up of the C-terminus of RPB2 and the
N-terminal and conserved H regions of RPB1. DNA enters the enzyme’s cleft between
the cleft and jaw-lobe modules. The clamp module holds the DNA and RNA in place.
The core module holds the active center in the floor of the cleft. A hole in the cleft
underneath the active center (“porel”) allows substrate NTPs to enter and RNA
backtracking to occur (Cramer et al., 2000; Cramer et al., 2001). A third of the total
surface area buried in subunit interfaces is accounted for by RPB1 and RPB2 contacts,
thus accounting for the high stability of pol II. RPB3, RPB§, RPB10, RPB11 and RPB12,
mutually interacting with one another and with RPB1 and RPB2, are important for
enzyme assembly. The conserved regions of the RPB1 and RPB2 proteins include parts
of the enzyme’s active center and those sites interacting with each other and with

common subunits that are important for enzyme assembly (Cramer et al., 2001).



1.2.2.1 Active center

The template DNA base at the active center is designated as the i+1 position and
the downstream nucleotides are designated as i+2, i+3 i+4 and so on. The last previously
added nucleotide is designated as i-1 site and the upstream sequences are designated as i-
2, i-3, i-4 and so on. The growing RNA 3’ end is positioned at the active site, above a
pore through which the nucleotides may enter. After the i-1 nucleotide has been added to
the RNA, the enzyme undergoes translocation, advancing the i+1 nucleotide and moving
the i+2 base of the downstream template strand into the active center. The nucleotide
addition site (designated “A” site) opposes the DNA base at site i+1 (Fig 1.2). Compared
to the path of the incoming DNA template, nucleotide i+1 is twisted leftward by 90°.
Therefore the nucleotide at i+1 points downward toward the floor of the cleft for readout
at the active center, while the base at i+2 is directed upward into the opening of the cleft.
As a result of the twist, the hybrid helix is at an angle of almost 90° to the incoming DNA
helix (Gnatt et al., 2001)(Fig 1.3B).

There are two metal ions at the active center, chelated by the three Aspartate
residues in the invariant region D motif (NADFDGD) of the largest subunit (Cramer et
al., 2001; Vassylyev et al., 2002). In yeast pol II, the second metal ion is also bound by
the Glutamate and Aspartate residues of the conserved motif GYNQED in region F of
second largest subunit (Cramer et al., 2001; Sosunova et al., 2003). The two metal ions
are a common feature among all other polymerases (Steitz et al., 1994; Sosunova et al.,
2003). In yeast pol 11, the first metal ion (termed “metal A”) is tightly bound at the active
center. The second metal ion (termed “metal B”) has a low level of occupancy in the
crystal structure and is recruited together with the substrate NTP (Cramer et al., 2001;
Westover et al., 2004).

A conserved a-helix in the motif F (F-bridge) has been observed across the
channel near the active center in both eubacterial RNAPs and yeast pol II. In the

eubacterial RNAP, the F-bridge is bent or flipped out in the middle, placing its amino



8
acid side chains in contact with the template DNA at position i+2 (Zhang et al., 1999;

Vassylyev et al., 2002). In the yeast pol II structure, the F-bridge is essentially straight
both in free enzyme and in transcription elongation complexes (Cramer et al., 2001;
Gnatt et al., 2001; Westover et al., 2004). It is proposed by several independent groups
that the F-bridge may undergo conformational changes from straight to bent during
RNAP translocation, and that the transition between the straight and bent states is crucial
for coupling the enzyme conformational change to RNAP translocation (Gnatt et al.,
2001; Epshtein et al., 2002; Vassylyev et al., 2002). Protein-DNA cross-linking studies of
bacterial RNAP showed that both straight and bent states exist for the F-bridge. This led
Goldfarb’s group to propose a “Swing-Gate” model in which F-bridge and G-loop act
cooperatively in the conformational transition of the F-bridge during nucleotide addition
and RNAP translocation (Epshtein et al., 2002). Others have argued against this model,
because there is no direct evidence that the F-bridge undergoes a conformational change
during chain elongation either in pol II or Taq RNAP. Furthermore, the bending observed
in bacterial RNA polymerases would move the invariant residues Thr831 and Ala832 in

yeast pol II further from the A site (Westover et al., 2004).

1.2.2.2 Nucleotide addition

Before entering the active center, the downstream double-stranded DNA is
unwound into template and non-template strands. The extent of template DNA melting
can vary from +3 to +6 residues in different structures (Kettenberger et al., 2004;
Westover et al., 2004). These differences may reflect the active vs inactive state of the
enzyme. The unwinding of the downstream DNA is facilitated by the positively charged
residues in switch 2 (conserved region C in RPB1), which pull the template strand away
from the duplex axis, and the negative charged residues in switch 1 (conserved region H
in RPB1), which repel the DNA strand. In addition, fork loop 2 (near conserved region D
in the RPB2) blocks duplex binding and prevents re-association of the separated strands
(Kettenberger et al., 2004). Unwound template DNA is stabilized by the F-bridge helix.
The invariant residues Thr831 and Ala832 in the middle of the F-bridge contact the
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residue at the i+1 site and residues Tyr836 and Arg839 contact the residue at the i+2 and

+3 sites (Gnatt et al., 2001; Kettenberger et al., 2004) (Fig 1.2, 1.3B).

Nucleotide selection/addition in the yeast pol II may occur by a two-step
mechanism with initial binding to an entry site (the “E” site) site beneath the active center
in an inverted orientation, followed by rotation into the nucleotide addition (the “A” site)
(Westover et al., 2004). At the A site, the substrate NTP pairs with the template base at
i+1 site. The substrate is coordinated by the two metals at the active site and stabilized by
invariant residues surrounding the NTP binding site (Kettenberger et al., 2004; Westover
et al., 2004) (Fig 1.3A). The presence of an E site was revealed by binding of a
mismatched nucleotide. The orientation of the mismatched nucleotide is flipped, with B
and y phosphates coordinating metal ion B and the sugar and base projecting downwards
into the pore beneath the active center (Westover et al., 2004). The residues that interact
with the phosphate and sugar overlap with the residues that interact with the nucleotide in
the A site. The existence of an E site was also predicted by the exonuclease activity of pol
II, which can be stimulated by a mismatched nucleotide (Sosunova et al., 2003).
Westover et al.(2004) proposed that the NTPs may bind at the E site first and then rotate
around the metal B to the A site, where base pairing occurs. There is no direct evidence
regarding the mechanism by which RNAP distinguishes NTP from dNTP. Cramer and
his colleagues proposed that invariant residue N479 at the active center may interact with
the 2°OH to distinguish the NTPs from dNTPs (Cramer et al., 2001; Kettenberger et al.,
2004), however other groups have noted that N479 is too far away from the 2’OH for
hydrogen bonding (Westover et al., 2004). Westover et al. (2004) proposed that binding
to the E site and nucleotide rotation may play a role in NTP/dNTP discrimination, but

supporting evidence for this is also lacking.
1.2.2.3 DNA-RNA hybrid

The RNAP channel can hold nine base pairs of DNA-RNA hybrid between the F-
bridge and the “wall” (between conserved regions F and H of RPB2). The first base pair
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of hybrid is at the i+1 site. The template DNA is bound by protein over the entire

length of the hybrid. The first three ribonucleotides around the active center are contacted
by protein and are rigidly held, to insure fidelity of transcription. The five upstream
ribonucleotides are held mainly by base pairing. All protein-DNA and protein-RNA
interactions involve the sugar-phosphate backbone rather than specific base interactions.
There are approximately 20 positively charged side chains around the hybrid. These form

a shell, attracting the hybrid but not contacting or restraining it (Gnatt et al., 2001).

Fifteen protein regions are involved in contacts with the DNA/RNA hybrid. The 3’
end of the hybrid is bound by the active site in RPB1 and “switch 3” in the conserved
region I of RPB2. The hybrid binding region in conserved region H and I of RPB2
contacts the newly transcribed RNA; the hybrid binding region in the conserved region E
and F of RPB2 binds the template DNA of the hybrid (Kettenberger et al., 2004) (Fig 1.2,
1.3B).

1.2.2.4 The RNA exit channel

The DNA-RNA hybrid is eight base pairs in length and the paths of the RNA and
DNA begin to diverge at position -8, with residues -9 and -10 completely separated from
the complementary DNA (Kettenberger et al., 2004; Westover et al., 2004). Three protein
loops, the “lid’, the “rudder” and the “fork loop 17, play key roles in RNA-DNA
separation. The lid (conserved region B in RPB1) serves as physical barrier driving the
DNA and RNA strands apart, maintaining the separation of the strands and guiding the
RNA along an exit path (Fig 1.3B). Residue Phe252 in RPB1 splits the RNA-DNA base
pair at position -10, contacting the DNA base with the plane of the aromatic side chain
perpendicular to the pllane of the base. RPB1 residue Phe264 may similarly contact the
DNA base at position -10 or -11. The lid sequences are not conserved between different
RNA polymerases. The corresponding residue of Phe252 in polymerases other than pol II
is a hydrophobic residue (Leucine or Methionine). The rudder (proceeding conserved

region C in RPB1) interacts with the DNA at positions -9, -10 and -11, preventing re-
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association with the RNA. The fork loop 1 (before conserved region D in RPB2)

interacts with RNA at position -5, -6 and -7 in the hybrid region, preventing unwinding of
hybrid past position -8. RNA exits the active center regions through an exit tunnel formed
by the lid and the saddle between the wall and the clamp (Kettenberger et al., 2004;
Westover et al., 2004).

1.3 The evolution rate of RNA polymerase genes

It has been known for decades that the evolutionary rates of different proteins vary
over several order of magnitude, but the reasons for this are not fully understood. The
neutral theory of molecular evolution predicts that the rafe of amino acid or nucleotide
substitution is approximately constant per site per year and the rate of evolution
(‘conservative nature’ of changes) depends on the importance of the proteins and the
nature of the mutations. The rate of evolution should be greater in proteins that contribute
less to individual fitness and in sites under weaker purifying selection (Kimura and Ohta,
1974; Kimura, 1991). If protein evolution is in part due to slightly deleterious amino acid
substitution, then the rate of evolution should depend on the dispensability of the entire
protein to the organism. In proteins that make a smaller contribution to the organismal
fitness, a large proportion of mutations would fall within the range that could be
considered neutral. Therefore, if some molecular evolutionary change is caused by
genetic drift, and the purifying selection is reduced, mildly deleterious substitutions
would accumulate more rapidly and the rate of evolution should be higher in proteins that
are less important and more dispensable to the organism (Kimura and Ohta, 1974; Wilson
et al.,, 1977; Kimura, 1991). Based on the same rationale of the dependence of
evolutionary rate on protein dispensability, it is argued that the rate of protein evolution is
also dependent on the proportion of potential amino acid changes that are compatible
with proper protein function (Wilson et al., 1977). Any change that perturbs the activity
of the protein must be selected against, or subsequently compensated for by a correlated
change in the interacting partner. Thus, the higher the proportion of sites that are

constrained by function or the more protein-protein interactions that a protein has with
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interacting partners, the less is the chance that a mutation will be compatible with

function and the slower the evolutionary rate will be. However, these predictions have
been hard to test because it is difficult to measure the dispensability and interactions of a

protein and it is difficult to evaluate the difference statistically.

Recent work using high throughput databases confirms that protein dispensability,
functional density, expression and modularity (protein-protein interactions) all
significantly contribute to the rate of evolution (Herbeck and Wall, 2005), but the relative
importance of each factor is unknown and may vary from case to case. To estimate
protein dispensability, Hirsh and Fraser (2001) used growth rates of yeast strains in which
individual genes were deleted. From the 548 mutants that have fitness effect ranging from
0 to 0.5 ( 0 represents no effect, 1 represents lethal), they found a highly significant
relationship between protein dispensability and evolutionary rate, estimated from
evolutionary distance between S. cerevisiae and C. elegans (Hirsh and Fraser, 2001).
Comparing the synonymous (Ks) and nonsysnonymous (Ka) substitution rates and Ka/Ks
ratio in bacterial pairs of essential and nonessential genes, Jordan et al., 2002 found that
the average Ka, Ks and Ka/Ks are significant higher in nonessential genes than essential
genes (Jordan et al., 2002). Wall et al. 2005 used >3,000 proteins in four species of yeast
genus Saccharomyces whose genomes have been sequenced to investigate the
relationships between the level of expression and protein dispensability. They found that
both dispensability and expression have significant but independent effects on the rate of

protein evolution (Wall et al., 2005).

Experimental advances including development of the yeast two-hybrid method and
mass spectrometry make it possible to characterize protein-protein interaction networks
in cells. Using a list of 3541 interactions between 2445 different yeast proteins and
comparing the evolutionary distances of orthologs between S. cerevisiae and C. elegans,
Fraser et al, 2002 found a significant negative correlation of the protein interactions
(measured by the number of interactions) with the rate of evolution (measured by the

evolutionary distance of orthologs) (Fraser et al., 2002). Later, this group used a more
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complete interaction dataset to make similar comparisons (rate of evolution vs number

of interactions) using data from S§. cerevisiae, Candida albicans and
Schizoscaccharomyces pombe. This study confirmed that the number of interactions
correlates negatively with the rate of evolution (Fraser et al., 2003). At sites important for
interaction between proteins, evolutionary changes may occur largely by co-evolution, in
which substitutions in one protein result in selective pressure for reciprocal changes in
interacting partners. As a consequence of co-evolution, mutually interacting proteins
evolve at similar rates (Fraser et al., 2002). However, not all interactions may lead to co-
evolution. Residues in the interfaces of obligate complexes tend to evolve at a relatively
slower rate, allowing them to co-evolve with their interacting partners. In contrast,
transient interactions have a plastic evolutionary rate. There is little or no evidence of

correlated mutations for transient interactions (Mintseris and Weng, 2005).

There are unique largest and second-largest subunits for each eukaryotic RNA
polymerase. After evolution and functional divergence of the three RNA polymerases in
early eukaryotes, the genes for the largest subunits evolved independently of one another
for RNAP I, II and IIl and likewise for the second-largest subunits. Each RNA
polymerase has very distinct protein-protein interactions with its transcription factors and
different mechanisms for regulating gene transcription. One of the intriguing questions in
RNA polymerase evolution is whether there are differences in the evolutionary rates of
the genes for the largest and second largest subunits of RNAP I, II and III. To study the
evolutionary rate of RNA polymerase genes in different lineages, we compared the pair-
wise substitution rates of protein sequences of the largest and second largest subunits of
pol I, IT and III in fungi and animals (Fig. 1.4). The substitution rates for the largest and
second largest subunits of pol II are, normally but not in all cases, lower than those of pol
I and III. To avoid using combinations of species that were either too closely related or
too divergent, we used the pair-wise substitution rate in the range of 0.05 to 0.5
substitution per site. To compare the rate differences, we calculated the ratio of
substitution rates of the largest and the second largest subunits of pol I and III against

those of pol Il in the same pairs of organisms (Fig 1.4).
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The rates of evolution of RNA polymerase genes are different in fungi and in
animals. The substitution rates of the largest and second largest subunits of Pol I and III
(RPA1, 2 and RPCI1, 2) are similar to those of pol II (RPB1, 2) in fungi. The average
ratios of substitution rates are 1.41+0.39 for RPA1/RPB1, 1.09+0.31 for RPC1/RPBI,
1.52+0.35 for RPA2/RPB2, and 1.13+0.3 for RPC2/RPB2. Similar evolution rates of the
largest and second largest subunits of Pol I, II and III suggest that functional divergence
and rggulatory differences between the thrc\ee RNA polymerase systems have only a small
impact on the rate of evolution of the genes for the largest and second largest subunits of
the three RNA polymerases in fungi. In other words, the different functional constraints
of Pol I, II and III do not greatly affect the evolution rates of RNA polymerase genes in
fungi. However, the situation is greatly different for the evolution rates of RNA
polymerase genes in animals. The average substitution rate of RPA1 is 4 times higher
than that of RPB1 (3.94 +£1.87) and the average substitution rate of RPA2 is 7-8 times
higher than that of RPB2 (7.81£3.43). The average substitution rates of RPC1 and RPC2
are slightly higher than those of RPB1 and RPB2 in animals (1.83+0.29 for RPC1/RPBI1,
2.87+1.56 for RPC2/RPB2). Similar comparisons for the RNA polymerase genes of
Arabidopsis and Rice also shows difference in the substitution rates of genes for pol I, III
and IV as compared to pol II (Chapter 3). So how can we explain different substitution

rates of RNA polymerase genes in different RNA polymerases and in different lineages?

Since all three RNA polymerases transcribe parts of the genome that are necessary
for the survival of cells, essentiality should play a similar role for the evolution rates of
genes in all three RNA polymerases. The large number of protein-protein interactions
during RNA polymerase assembly and during various stages of the transcription reaction
may contribute to the general conservation of RNA polymerase genes across different
taxa. In general, more protein-protein interactions and more regulatory effects are
observed in pol II transcription, which may explain the reasons for comparatively slower
evolution of RNAP II genes. However, because RNA polymerase genes in fungi have

smaller differences in the relative evolution rates of Pol I, II and III, protein-protein
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interactions alone cannot fully explain the difference in evolution rates of RNA

polymerase genes in animals and plants. Compared to the yeast genome, the genomes of
animals and plant are larger and contain more genes. More regulatory interactions are
expected for Pol II transcription in animals and plants. Additional functions for pol II,
such as transcription of microRNA in plants and animals, might also affect the evolution

rate of pol II genes.

1.4 The Application of RPB1 and RPB2 genes used in phylogenetic studies

RNA polymerase genes, especially those encoding the largest and second largest
subunits of pol II (RPB1 and RPB2), are good candidate genes for phylogenetic studies.
First, both the largest and second largest subunits are large proteins with many
informative sites. The largest subunit genes contain ~ 1500 AA residues and the second
largest subunit genes contain ~ 1200 AA residues. Both conserved regions and non-
conserved regions can be used for phylogenetic analyses at various taxonomic levels.
Secondly, RPB1 and RPB2 genes are slowly-evolving genes. There is no obvious rate
heterogeneity between different lineages. Third, these genes occur either as single copy
or as closely related paralogs in most organisms, including animals, fungi, red algae,
protists, and most plants. Up to now, there have been no reports of RNA polymerase II
isoenzymes or differential usage of the largest or second largest subunits of RNA
polymerases. The largest subunit and second largest subunit genes of RNA polymerase II
(RPB1 and RPB2) have been used in phylogeny of early eukaryotes, fungi and arthropods
and some green plants (Stiller and Hall, 1997; Denton et al., 1998; Stiller et al., 1998; Liu
et al., 1999; Shultz and Regier, 2000; Dacks et al., 2002; Liu and Hall, 2004; Nickerson
and Drouin, 2004). In this dissertation, I will report the only major exception to the rule
of single-copied RPB1 and RPB2; these occur in some angiosperms. We have found
paralogs of RPB1 and RPB2 genes in some core eudicots and differential usage of RPB2
genes in some asterids (Chapter 2). We think paralogy might be a common feature for
most of the nuclear genes in angiosperms, due to the prevalence of polyploidization and

gene duplication events in plants.
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RPB1 and RPB2 gene sequences are most successfully used in phylogeny at the
sub-kingdom level. Although pol II functions to transcribe pre-mRNA and SnRNA in all
eukaryotes, different genome organization and differences in pol II regulation can
profoundly influence the evolution of RPB1 and RPB2 genes in different kingdoms. At a
sub-kingdom level, genome organization and regulation are similar, slowing the
evolutionary divergence of RPB1 and RPB2 genes. In general, caution should be
exercised in interpreting RPB1 and RPB2 gene trees for inter-relationships that span
different kingdoms. This cautionary rule may apply as well to other genes for studying

relationships between different kingdoms.
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Chapter 2. Duplication and Paralog Sorting of RPB2 and RPBI1 genes in
Core Eudicots

Summary

RPBI and RPB2, which encode the largest and second-largest subunits of RNA
polymerase II respectively, are essential single copy genes in fungi, animals and most
plants. Two paralogs of the RPB2 gene have been found in some groups of plants
(Oxelman et al., 2004). Here we report the continuing effort to identify the origin of the
RPB2 gene duplication, focusing on the taxa of lower eudicots. Through careful sampling
and phylogenetic analysis, we are able to construct the RPB2 gene tree in angiosperms
and infer the phylogenetic positions of the gene duplication and gene loss events that
occurred. Our study shows that an RPB2 gene duplication occurred early in core eudicot
evolution, at or near the time of the Buxaceae/ Trochodendraceae divergence.
Subsequently, multiple gene duplication and paralog sorting events happened
independently in different core eudicot taxa. Differential expression of two RPB2 gene
paralogs may explain the preservation of both paralogs in the asterids. While they are
both expressed, the pattern across plant tissues is different. One gene (RPB2-i) accounts
for most of the RPB2 mRNA made in the flower organs while the other gene (RPB2-d) is
predominantly used in the vegetative tissues. We also found two paralogs of the RPBI
gene in some core eudicot species. The RPBI gene duplication occurred before core
eudicot divergence, around the time of RPB2 gene duplication. Several independent
RPBI paralog sorting events happened in different core eudicot taxa and their occurrence
was independent of the RPB2 paralog sorting events. Our results suggest that a
polyploidization event happened at or near the time of the Buxaceae/ Trochodendraceae
divergence. We propose that this polyploidization and the partial diploidization processes

thereafter may have been the driving force of core eudicot radiation.

Key words: RPB2; RPBI1; eudicots; Gene duplication; Paralog sorting;

Differential expression.
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2.1 Introduction

Our understanding of phylogenetic relationships among flowering plants has been
greatly improved by molecular phylogenetic analyses. Most studies have employed
plastid gene sequences (rbcL, atpB) and nuclear rDNA (18s rDNA, 26s ¥DNA) sequences
to infer angiosperm phylogeny (APG, 1998; APGII, 2003). The use of nuclear protein
coding genes for angiosperm phylogeny has been hambered by the prevalence of
polyploidization and gene duplication events in plants (Masterson, 1994; Wendel, 2000).
The paucity of phylogenetic analyses of nuclear protein coding genes restricted further
inference of the nuclear evolutionary history and understanding the mechanistic force for
angiosperm evolution. We seek to use nuclear protein coding genes to better understand

evolution of the eudicot nuclear genome.

DNA dependent RNA polymerase (RNAP) is the principal enzyme responsible for
gene transcription, the first step of gene expression and a major target of developmental
and environmental regulation. The largest and second largest subunits of RNA
Polymerase 1l and of other prokaryotic and eukaryotic RNA polymerases contain the
conserved motifs that make up this enzyme's catalytic surface (Mooney and Landick,
1999; Korzheva et al., 2000). The multiple interactions of these the two subunits with one
another, their interactions with other factors (Ishihama et al., 1998), and the global nature
of Pol II function imply coding either by a single gene or by highly constrained duplicate
genes (Denton et al., 1998). Accordingly, the largest subunit and second largest subunit
genes of RNA polymerase II (RPBI and RPB2) have been successfully used in
phylogenetic study of early eukaryotes, red algae, fungi and arthropods (Stiller and Hall,
1997, Stiller et al., 1998; Liu et al., 1999; Shultz and Regier, 2000; Dacks et al., 2002;
Liu and Hall, 2004).

Broad-scale phylogenetic studies with RPBI and RPB2 have also been made in
green plants for a limited number of species in bryophytes, ferns, gymnosperms and a

few lower angiosperms (Denton et al., 1998; Nickerson and Drouin, 2004). Studies of 35
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eudicot taxa show that there are two RPB2 paralogs in Gentianales, Lamiales and

Solanales of Asteridae I (Lamiids) and in Ilex (Aquifoliales) of Asteridae II
(Campanulids). One paralog (RPB2-i) has all 24 introns at the same locations as in 4.
thaliana, while the other paralog (RPB2-d) lacks introns 18-23 (Oxelman et al., 2004). In
Escallonia (of Escalloniaceae in Campanulids) and, as we report here, in Ericales both
paralogs have all the 24 introns. Only RPB2-d homologs have been preserved in all other
core eudicots, including the rest of campanulids and rosids (Oxelman et al., 2004). This
report presents our continuing studies on the phylogenetic position of the RPB2 gene
duplication, focusing on the taxa of lower eudicots. Only a single copy of the RPBI gene
has been found in lower angiosperm species as Amborella, Nymphaea and Magnolia
(Nickerson and Drouin, 2004). Here we report that two paralogs of RPBI genes also exist
in some core eudicot species. The RPBI and RPB2 duplication events occurred at nearly
the same time, shortly before core eudicot divergence. This, together with other evidence,
suggests that ancient polyploidy may have played a role in shaping the eudicot nuclear

genome.
2.2 Material and Methods

2.2.1 Taxon sampling

We sampled representatives from all major taxa of lower eudicots (Table 2.1). The
RPB2 PCR primers were described previously (Oxelman et al., 2004). Additional primers
are: E7F (exon 7 forward) CTTGCYGGYCCTYTRCTKGGWGG;

E7R (exon 7 reverse) CCWCCNAGYARAGGRCCRGCAAG;

E12R (exon 12 reverse) GGRTDHGCNRCNGAHCCNACNG;

GPE2F (exon 2 forward) CCNATGATGACRGARTCWGATGG. Degenerate
RPBI primers were described previously (Stiller and Hall, 1997).

2.2.2 DNA and RNA extraction

FastDNA kit (Qbiogene #6540-400) was used for plant DNA extraction. Leaf
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samples were homogenized by the FastPrep® FP120 Instrument (Qbiogene).

Depending on the tenderness of samples, different combinations of lysing matrix were
used to optimize the yield. The FastPrep shaking speed was set at 5.0 for 30 seconds. For
RNA extraction, tissue samples were homogenized also by the FastPrep® FP120
Instrument in the FastRNA tubes-Green (Qbiogene #6040-601). One more 1/4” cylinder
was added for the tough samples such as roots and stems to better homogenize the
samples. The shaking speed was set at 6.0 for 30 seconds. Additional shaking was
applied as needed to the tough samples. All the solutions and RNA purification columns
were using RNeasy Plant Mini Kit (Qiagene #74904). After RNA extraction, DNA-free
kit (Ambion #1906) was used to get rid of DNA contamination by Dnase I digestion

followed by inactivation of Dnase I.
2.2.3 Phylogenetic Analyses

Modeltest v3.04 (Posada and Crandall, 1998) was used to estimate the DNA
substitution model. GTR+I+I" model was found to be the best-fit model and was used for
maximum likelihood (ML) analysis by PAUP* (Swofford, 2002) and Bayesian inference
by MrBayes3.0 (Ronquist and Huelsenbeck, 2003). The gamma distribution was
separated into four discrete rate classes. For ML analysis, model parameters were first sét
to the values estimated by Modeltest v3.04 and then re-optimized by PAUP* after an
initial heuristic search. A second heuristic search was done with the optimized parameters
to get the final topology for ML tree. The heuristic search was done with 20 replicates
with stepwise random addition and TBR branch swapping. The nonparametric bootstrap
analysis under ML criterion was done for 100 pseuoreplicates, random addition, TBR
branch swapping and optimized parameters. The analysis took 25 days to finish. Bayesian
inference was conducted by MrBayes 3.0 using uniform prior probabilities and GTR+I+I"
model. We ran four chains for 1000,000 generations and sampled every 100 generations.
The trees were summarized by 50% majority rule consensus after initial 2,000 “burn-in”.
Parsimony analyses were carried out by PAUP* with equal weight, stepwise random

taxon addition, and TBR branch swapping.
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To compare alternative hypotheses statistically, the one tailed Shimodaria-
Hasegawa nonparametric bootstrap test (Shimodaira and Hasegawa, 1999) and
parametric bootstrap test under MP criterion (Stefanovic and Olmstead, 2004) were
conducted. Shimodaria-Hasegawa tests were conducted by PAUP* using 1000 bootstrap
replicates and full parameter optimization of the model. A set of seven hypotheses were
tested against the optimal ML tree (Table 2.2). For each hypothesis, a new heuristic
search under constraint was carried out by PAUP* to get the ML tree topology under
constaint. We followed the procedure for parametric bootstrap test under MP criterion

laid out by Stefanovic and Olmstead, 2004.

2.2.4 RT-PCR

DisplayThermo-RT kits (Display system#570-100) were used for the first strand
cDNA synthesis. Oligo dT primer was used for first strand cDNA synthesis. Specific
primers were designed to differentiate RPB2-d and RPB2-i genes in the PCR reaction.
RPBI] has been used as a control for PCR reaction and RNA amount. The different primer
sets used for RT-PCR were shown as follows: For Solanum lycopersicum, RPB2-d
forward TATTGGACGAGAAGGGAAACTGGCC, reverse
CCCTCGTCAGGTGATTCCCGTTG; RPB2-I forward
ACCAGGGCAGGAGTTTCACAGGTTT, reverse
GCCAGAATCTTCAGATGACTCCCTC; RPB1 forward D
ACTAGGATATAAGGTTGAGAGGCAC, reverse
GAGCCTTATTTAACACCTGGTTCAC. For Antirrhinum majus, RPB2-d forward
CATAGGGCGTGAAGGAAAATTGGCT, reverse
CCATCATCAGGAGATTCTCTTTG; RPB2-i forward
GACAGCTGAGGAGACAGGTTGATGT, reverse
CATAGGCTAGTGTATCCATTCGT; RPBI forward
CTAGGATATAAGGTTGAGCGGCACT, reverse
GCCTTATTCAACACCTGATTCACTC. For Rhododendron macrophyllum, RPB2-d
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forward TTGGGGTAGTTAGAGATATCCGCTT, reverse

GCCGATAACTACATCTTCCCCTGAA; RPB2-i forward
AGTTATCCGTGACATTCGTCTGAAA, reverse
GCGTGTACCGTGCAGTTTGTCCTTG; RPB1 forward
AACAGACCTGTCATGGGTATTGTG, reverse
CCTTGTTCAGCACCTGGTTCACTC.

2.2.5 Enzymatic cutting

In order to determine the molar ratio of RPB2-d/i expressed in the same organs,
primers for RT-PCR were designed to match the same regions between the two copies
and one-cut enzymes were chosen to distinguish different lengths. The primers and
enzyme cutting are shown below. First, RT-PCRs were done to amplify both copies in the
same RNA preparation. Then the products were purified and digested by the one-cut

restriction enzyme. The digests were separated by electrophoresis stained by ethidium

bromide. The band density was calculated by NIH image ( http://rsb.info.nih.gov/nih-
image/ ) . For Solanum lycopersicum, forward primer
ATGTCACCAA(C/T)TACCAATTTCGGA, reverse primer
TCCTTTGTAAGCATTCTTGG, full length cDNA, 1309bp. Restriction enzyme:
EcoRI, RPB2-d digested fragments 1180/129 bp, RPB2-i digested fragments 566/742
bp; Taql, RPB2-d digested fragments, 709/600bp, RPB2-i digested fragments, 1186/122
bp. For Antirrhinum majus, forward primer TGTCCTGCAGAAAC(A/T)CCTGAAGG,
reverse primer TCGAATACCTCAAAT(A/T)GGAGACAA, full length cDNA 1281 bp.
Restriction enzyme: Ban I, RPB2-d digested fragments 117/1163 bp. RPB2-i digested
fragment: 973/301 bp. For Rhdodendron macrophyllum, forward primer
ACTTATAC(C/T)CACTGTGAAATTCA, reverse primer

ATCTTGTCATC(G/T) ACCATGTGCTT, full length cDNA 1094 bp. Restriction
enzyme: Bbs I, RPB2-d digested fragments 774/320 bp, RPB2-i digested fragments
530/564 bp.
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2.2.6 Homology Modelling

The Saccharomyces cerevisiae pol 11 structure is used as template (1i50.pdb)
(Cramer et al., 2001). The protein structure was viewed and manipulated by Swiss-

Pdbviewer (http://swissmodel.expasy.org/spdbv/). The modeled RPB2 protein sequences

were aligned with the S. cerevisiae RPB2 sequence by Pdbviewer and the alignment was
further adjusted by eye. The alignment was then submitted to SWISS-MODEL (Guex
and Peitsch, 1997) (http://swissmodel.expasy.org//SM_OPTIMISE.html) for homology

modeling.

2.3 Results

2.3.1 Intron-Exon Structure of RPB2 genes

Two RPB2 genes have been found in the Ericales and Lamiids. The RPB2-d genes
in the latter group have lost introns 18 to 23 (Oxelman et al., 2004). In Rhododendron
macrophyllum, we sequenced both the RPB2-d and RPB2-i genes and confirmed the
intron positions by RT-PCR. All 24 introns have been kept in both Rhododendron RPB2
genes. Partial sequencing of RPB2 genes in Camellia and Diapensia also confirmed that
the RPB2-d genes in these species have introns 18 to 23. Throughout this chapter, only
exon sequences were used in phylogenic analyses, because the introns generally could

not be aligned between plant familes.

2.3.2 The Phylogeny of RPB2 genes in Eudicots

The combined exon sequences from exon 2 to 24 of RPB2 (the “long” dataset),
with 2859 total characters, were used for phylogenetic analysis. Both ML and Bayesian
inference resulted in the same tree topology. Fig. 2.1 shows the RPB2 gene tree inferred
by ML. Parsimony analyses (MP) resulted a single tree of 8329 steps (Fig. 2.2A). For this
tree, the consistency index (CI) = 0.288 and the retention index (RI)=0.433. As compared
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to the tree from ML analysis and Bayesian inference, the MP RPB?2 tree differs in two

branches: the Ranunculales diverged earlier than Proteales, and Gunnera is sister to the

RPB2-i gene of asterids. In neither case is there support for the branches involved.

Both ML and MP RPB2 gene trees indicate the occurrence of an RPB2 gene
duplication early in the evolution of core eudicots. Dicotyledous plants that evolved
subsequent to this duplication have RPB2 genes that fall into one of two clades, labeled
RPB2-d and RPB2-i on Fig 2.1. The RPB2-i clade contains the genes of Dilleniaceae,
Gunneraceae, Aextoxicaceae, Berberidopsidaceae, Vitaceae and the RPB2-i genes of
Ericales and euasteridae I. The RPB2-d clade contains the RPB2 genes of
Trochodendraceae, Saxifragales, Caryophyllales, Rosids and the RPB2-d genes of
Asterids. Each of these clades has strong statistical support. For the RPB2-d clade, the
posterior probability (PP) is 1.0, thé bootstrap support for ML (ML) is 90% and the
bootstrap support for MP (MP) is 72%. For the RPB2-i clade, the PP =1.0, ML=98% and
MP = §82%.

In order to check whether the grouping of RPB2-i clade of Dilleniaceae,
Gunneraceae, Aextoxicaceae, Berberidopsidaceae, and Vitaceae is meaningful or is an
artifact created by long branch attraction of the RPB2-i genes of asterids, we performed
phylogenetic analysis after removal all the RPB2-i genes of asterids. Deletion of these
genes resulted in a single tree with 6936 steps, CI=0.316, RI=0.418. The major features
of the tree topology are not affected by the removal of asterid RPB2-i genes (Fig 2.2B).
The MP bootstrap is 74% for the D clade and 73% for the rest of I clade. This strongly
suggests that the grouping of RPB2-i and d clades is not due to long-branch attraction by
the RPB2-i genes of asterids.

Tetracenton RPB2 is at the base of RPB2-d clade (PP=1.0, ML=90% and
MP=72%). Removal of Tetracenton RPB2 from the dataset does not affect the tree
topology elsewhere. If Tetracenton RPB2 is not included in the RPB2-d clade, support for
the RPB2-d clade increases. In the RPB2-d clade, Saxifragales RPB2 genes are sister to
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the RPB2 genes of Rosids, Caryophyllales and Asterids (PP=1.0, ML=79% and

MP=86%). Bayesian inference suggests that Carophyllid RPB2 genes are sister to Rosid
RPB2 genes (PP=0.96). In the RPB2-i clade, Dilleniaceae RPB2 comes out at the base of
the clade (PP=1.0, ML=82%, MP=51%). Berberidopsidaceae and Aextoxicaceae are
grouped together with strong support. The position of Vitaceae and Gunneraceae RPB2
in the RPB2-i clade is strongly supported, but the relationships between them and with

the rest of I clade are not well supported.

Two different statistical approaches: the Shimodaira-Hasegawa (SH) test
(Shimodaira and Hasegawa, 1999; Goldman et al., 2000) under the ML criterion and the
parametric bootstrapping test (Goldman et al., 2000) under MP criterion (Stefanovic and
Olmstead, 2004), have been applied to évaluate alternative hypotheses for placing the
duplication event (Table 2.2). The hypothesis that Gunnera and Vitaceae RPB2 genes are
members of RPB2-d clade is strongly rejected by both analyses. Dilleniaceae RPB2 as a
member of RPB2-d clade is rejected by the parametric bootstrap test but marginally
accepted by the SH test. Because of the conservative nature of the SH test (Goldman et
al., 2000), Dilleniaceae RPB2 is effectively rejected from the RPB2-d clade. The
hypotheses that Tetracenton diverged before the RPB2 gene duplication or that the
Tetracenton RPB2 gene is a member of the RPB2-i clade both are not rejected,
suggesting that the Tetracenton RPB2 gene shares features both with the RPB2-d and
RPB2-i genes. This may imply that the duplication happened around the time
Trochodendraceae diverged. An alternative possibility is that duplication occurred before
divergence of the Proteales, since the presence of Proteales RPB2 genes in the RPB2-d
clade also is not rejected (Table 2.). We conclude that the RPB2 gene duplication

happened at or prior to the divergence of Trochodendraceae.
2.3.3 RPB2 Gene duplications in Ranunculales

Multiple copies of RPB2 genes exist in some species within Ranunculales. In order

to determine whether these paralogs stem from the same event as the RPB2-d and -i
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duplicate genes, we have sequenced the RPB2 gene from exon 11 to exon 17 in 16

species of Ranunculales. Exon sequences from exon 11 to exon 17 of RPB2 (the “short”
dataset), with 666 characters, were used for phylogenetic analysis. The phylogenetic trees
from Bayesian inference and from ML have the same topology (Fig 2.3). MP analysis
resulted in 100 trees in 4 islands of 4051 steps (CI=0.185, RI=0.456). The strict
consensus MP tree differs from the ML tree in the positioning of Trochodendraceae. The
MP tree placed Trochodendraceae RPB2 within the RPB2-d clade, while the ML tree
placed Trochodendraceae RPB2 and Buxaceae RPB2 as sister groups before the RPB2
gene duplication. Neither position is strongly supported. While the tree inferred from the
short dataset (exon 11 to 17) is, as would be expected, less strongly supported than that in
Fig 2.1(exon 2 to exon 24), the grouping of taxa within the RPB2-i and RPB2-d clades is
the same for both. In the RPB2 gene tree, Ranunculales splits into two clades: One is
composed of Papaveraceae (+ Fumariaceae and + Pteridophyllaceae) and the other the
remainder of members of Ranunculales (Eupteleaceae, Berberidaceae, Lardizabalaceae,

and Ranunculaceae).

Duplication and paralog sorting of the RPB2 gene occurred in several families
within Ranunculales (Fig 2.3). Following an early gene duplication in Papaveraceae,
most species kept both paralogs, as in the Eschscholzioidae, Glaucium, Sanguinaria and
Chelidonium. In Argemone, Meconopsis, and Papaver, however, only one of these initial
types was retained. Since these three genera are grouped together with strong support
(PP=0.99, MP=92%), it is reasonable to infer that the other copy was lost in a common
ancestor of these three genera. This early RPB2 duplication happened only in the
Papaveraceae not in the Fumariaceae and Pteridophyllaceae. These RPB2 gene

duplications are inferred to have been rather recent ones.

In the ancestor of the second clade, consisting of Berberidaceae, Lardizabalaceae,
and Ranunculaceae, a gene duplication occurred. We have found both duplicate genes
only in Helleborus (Ranunculaceae). More taxon sampling will be required to infer the

paralog sorting events in these families. Multiple copies of RPB2 have also been found in
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some species in Caryophyllales (Fig 2.3). All of these duplications, either at the family

or subfamily level, are shown by the sequences to have occurred independently of the
RPB?2 -i and -d duplication.

2.3.4 Differential expression of RPB2-1 and RPB2-d genes in Asterids

To find out whether both RPB2 gene paralogs are functional, we carried out RT-
PCR using paralog-specific primers on RNA samples from different developmental
stages and different organ types. In tomato, RPB2-d is expressed at all developmental
stages and in every organ studied (Fig. 2.4 A, C). This suggests that RPB2-d is the major
functional RPB2 gene in most tissues. The RPB2-i gene is also expressed, but only in
floral organs. The expression of RPB2-i occurs at the early stages of bud development,
then becomes most active in the anther (Fig. 2.4 A, C). RPB2-i is the sole or major source
of RPB2 transcripts in pollen (Fig. 2.4 A, C, D). No expression of RPB2-i has been
detected in sepals, petals or vegetative organs. Since the mRNA of RPB2-i and RPB2-d is
found in both flower buds and anthers, it is necessary to know which of the two genes is
the major form expressed in these organs. To determine this, consensus primers that
cover the same sequences for both copies were designed and used to amplify both copies
from the same RNA sample (Material and methods). The resulting PCR product was
digested with Taql or EcoRI to generate fragments that differ in length for the two copies
(Fig. 2.4B). The digests were separated by electrophoresis and stained with ethidium
bromide (Fig. 2.4C). As in the initial experiments, RPB2-d was found to be the only form
expressed in vegetative organs. Only a trace amount of RPB2-d was expressed in pollen.
No expression of the RPB2-i gene was detected in the leaf, stem, sepal and petal. The
RPB2-i gene is the main one expressed in reproductive organs. In the anther, the extent of
expression of RPB2-i gene is two to three times that of RPB2-d. RPB2-i is the main
expressed RPB2 gene in pollen (Fig 2.4D). Also we found little expression of RPB2-i in
green fruit and only trace amounts in the pistil in these experiments. There is a similar

expression pattern of RPB2 genes in Nicotiana sylvestris and Petunia hybridia.
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As in tomato, the RPB2-d gene in Antirrhinum majus is expressed in all the

organs that have been checked, including the vegetative and reproductive organs. The
RPB2-i gene is only expressed in floral organs, especially in anthers (Fig 2.5A). But in
contrast to the situation in tomato, RPB2-i has a low level of expression in sepals, petals
and pistils. Both RPB2-d and RPB2-i are expressed in Antirrhinum pollen (Fig. 2.5A).
The molar ratio of the transcripts from these two genes was determined as described
above for tomato. The major expression pattern is the same in Antirrhinum as in tomato.
RPB2-i is the main expressed form in anthers and pollen, while RPB2-d transcripts are
the major ones found in other organs. In Antirrhinum pollen, nearly equal amounts of the

RPB2-d and RPB2-i transcripts were found (Fig. 2.5B).

The expression of RPB2-i and RPB2-d in Rhododendron macrophyllum was
checked at two developmental stages. The first is early flower buds, examined in
September of the previous year and the second is the following May, when R.
macrophyllum blooms. In contrast to the other species examined, expression of RPB2-i
and RPB2-d is detected in both vegetative and reproductive tissues (Fig. 2.5, C-E).
However, the molar ratio showed that RPB2-d is the major expressed paralog in leaf,
petal, and bract, while RPB2-i is the main one expressed in anthers and pollen (Fig.
2.5E). There is a shift from mainly RPB2-d expression to mainly RPB2-i expression in

the anther from the early stage to the later stage.

2.3.5 Structural modeling of the residues that differ between RPB2-i and RPB2-d

The tomato proteins encoded by RPB2-i and by RPB2-d both have 60% identity
and 73% similarity to the S. cerevisiae B140 sequence. We modeled the 3-D structure of
tomato paralogs using homology modeling on a yeast pol II template (1i50.pdb, (Cramer
et al., 2001)) using SWISS-MODEL (Guex and Peitsch, 1997). The modeled structure
can be readily superimposed onto the yeast B140 three-dimensional structure. Structural
comparison of the proteins encoded by tomato RPB2-i and RPB2-d reveals that all of the

amino acid differences between them reside on the outer surface of RNA Polymerase II
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(Fig. 2.6). The variable residues cluster in the regions of “external 1” and “external 2”,

in the “protrusion” region and in the “lobe” region (Cramer et al., 2001). None of the
variable residues lies in the cavity of the polymerase, at or near the DNA/RNA binding

sites and active center.
2.3.6 The phylogeny of RPB1 gene in core eudicots

Only one RPBI gene has been found in most species of core eudicots. However,
two paralogous RPBI genes have been found in Vitis piasezkii and Berberidopsis
beckleri. The DNA sequences between the conserved regions F and G, totaling 724
characters, are used for phylogenetic analysis. Both ML and Bayesian inference resulted
in the same toplogy (Fig 2.7). The RPBI genes of core eudicots are resolved into two
distinct groups: one group includes the RPBI genes of Rosids, Caryophyllales, Euasterids
I and one paralog of Vitaceae and Berberidopsidaceae; the other group contains RPB]
genes of Trochodendraceae, Gunneraceae, Dilleniaceae, Saxifragales, Euasterids II,
Ericales, Aextoxicaceae and the other paralog of Vitaceae and Berberidopsidaceae. The
statistical support for these groups is high for Bayesian inference, but low for ML
bootstrap. With weak support, the time of RPB/ duplication is found to be subsequent to

the divergence of Buxaceae.
2.4 Discussion
2.4.1 The RPB2 Gene Duplications

In this chapter we have shown that RPB2 gene duplication and paralog sorting
events occur in core eudicots. Based on previous work (Oxelman et al., 2004) and this
study, we are able to construct the RPB2 gene free in angiosperms (Fig 2.8). Our studies
show that duplication of the RPB2 gene that resulted in RPB2-d and RPB2-i paralogous
copies happened at or near the time of the Buxaceae/ Trochodendraceae divergence.

Subsequently, the two paralogs evolved as RPB2-i and RPB2-d genes and paralog sorting
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of these two genes occurred in different core eudicot taxa. The RPB2-i clade contains

the RPB2 genes of Dilleniaceae, Gunneraceae, Vitaceae, Aextoxicaeae ,
Berberidopsidaceae, and RPB2-i genes of Ericales, Aquifoliales, Escalloniaceae , and
Gentianales, Solanales and Lamiales in Asteridae I. The RPB2-d clade contains the RPB2
genes of Saxifragales, Santalales, Caryophyllales, Rosids, Cornales, Asteridae II and the
RPB2-d genes of Ericales and Asteridae I. Based on APGII gene tree, we can infer the
paralog sorting events in different lineages (Fig 2.9). There are at least 12 independent

paralog sorting events after RPB2 gene duplication.
2.4.2 Differential expression of RPB2-i and RPB2-d in the asterids

We report here differential expression of the second-largest subunit of pol II
(RPB2) genes in asterids: one copy (RPB2-d) is the main RPB2 gene expressed in
vegetative organs, and the other (RPB2-i) is in reproductive organs, pollen in particular.
Recent studies of pollen transcriptomes shows that there is a striking difference in gene
expression profile between pollen and all other tissues and organs in Arabidopsis (Becker
et al., 2003; Honys and Twell, 2003). The tissue-specific pattern of expression of
duplicate genes for a subunit of the pol II core enzyme raises the following question: Are
the pol II core enzymes containing these two proteins isozymes which, by differential

association with transcription factors, transcribe genes in a tissue specific manner?

The nonsynonymous/synonymous substitution (dN/dS) ratios, ranging from 0.006
to 0.050 in different lineages, suggest that strong purifying selection acts on both the
RPB2-i and RPB2-d genes (data not shown). All the sites and residues important for RNA
polymerase function are conserved between RPB2-i and RPB2-d. Strikingly, all the
variable amino acid residues are on the outer surface of the polymerase. Because paralog
sorting happened repeatly in different lineages, we argue that the changes differentiating
between the RPB2-i and -d proteins do ﬁot affect the essential catalytic functions of
RNA polymerase II. The respective expression patterns of these genes, on the other hand,

may provide an explanation for the retention of both gene copies in asterids. Differential
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complementary patterns of gene expression between RPB2-i and -d genes in

Rhododendron and higher asterids may explain why both genes must be preserved.

2.4.3 Genome duplication and subsequent gene loss as a factor in core eudicot

evolution

A comparison of Fig. 2.1 with Fig. 2.7 shows that duplication of RPB1 and RPB2
occurred at approximately the same stage in angiosperm evolution, after the divergence
of Buxaceae and close to the time of divergence of Trochodendraceae. While the
similarity in these duplication times may be merely a coincidence, with the duplications
being independent events, additional considerations suggest otherwise. Within this same
time span, other genes, most notably several MADS box genes, also were duplicated.
Because MADS box genes are involved in determining floral architecture, their
duplication may have been instrumental in the diversification of core eudicots. After
divergence of Buxaceae, the group B gene AP3 duplicated to form the eu4P3 and TM6
lineages in core eudicots; subsequently, the TM6 gene was lost in a number of rosids
(Kramer et al., 1998). The group C gene AGAMOUS and group A gene APETALAI each
had a duplication prior to core eudicot divergence (Litt and Irish, 2003; Kramer et al.,
2004). Genome wide studies of duplicate gene pairs in Arabidopsis thaliana indicated a
genome duplication predating core eudicot evolution (Bowers et al., 2003). The
duplication of so many different gene families at or near the same time suggests that all
these events are consequences of a genome duplication event, i.e. polyploidization,
before core eudicot divergence, at or near the time of the Buxaceae/ Trochodendraceae

divergence.

Polyploidy is known to occur in a large number of plant families, up to as many as
50% to 70% of them in angiosperms(Masterson, 1994; Wendel, 2000). As compared to
their diploid relatives, many tetraploids have better colonizing ability, a higher selfing
rate, increased heterozygosity, and increased genetic diversity. These features facilitate

the adaptation of polyploids to new ecological niches and may contribute to their overall
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reproductive success. Consequently, polyploidy has been considered a major

mechanism of adaptation and speciation in plants (Stebbins, 1950, 1971; Grant, 1981;
Ramsey and Schemske, 1998; Soltis and Soltis, 2000). However, the evolutionary
significance of polyploidy that is, whether it plays an important role in the evolution and
diversification of larger lineages, remains an open question (Otto and Whitton, 2000;
Crawford and Smocovitis, 2004). This is because of the difficulty in obtaining evidence
that polyploidy has changed the rate and pattern of species diversification and because
there is no simple way to infer ancient polyploidy by counting either homologous genes
or homologous chromosomes. Subsequent evolutionary losses have, in general, wiped
out the direct evidence for ancient polyploidy. Our phylogenetic inferences provide
evidence of another sort for the existence of an ancient polyploidization event. It is
marked by the appearance of two gene lineages where previously there was only one.
This happened for a number of genetic loci shortly before the emergence of the core
eudicot lineage. Subsequent to the polyploidization, there arose many lineages leading to
new plant families and to rapid rise and diversification of core eudicots. Then, in the
different diversifying lineages of core eudicots, the RPB/ and RPB2 paralogs were sorted
independently in the various descendent branches. Thus, our studies support the idea that
polyploidization can potentiate evolutionary diversity (Grant, 1981; Otto and Whitton,
2000). We further propose that the stable state of the polyploids and the partial
diploidization processes thereafter may have been the driving force behind the
remarkable radiation of plant families which occurred early in core eudicot phylogeny.
Further investigations of nuclear gene lineages generated in this period should make it
possible to assess the impact and association of such a polyploidization event with core

eudicot diversification.
2.4.4 Polyploidization and Darwin’s abominable mystery of angiosperm evolution
Angiosperms represent one of the greatest terrestrial species radiations of the

Neogene. Over 250,000 extant species have been identified. Angiosperms appeared

suddenly in the fossil record approximately 130 million years ago (mya) and major



37
lineages of angiosperms diverged over the next 20 to 40 million years. Charles Darwin

described this rapid rise and early diversification of angiosperms as “an abominable
mystery” (Darwin, 1903). Since then, many attempts have been made to understand
angiosperm diversification, but it still remains one of the most persistent puzzles in

modem evolutionary biology (Friis et al., 2005).

Recent studies revealed that the Arabidopsis genome underwent three rounds of
genome duplication (a, B and y events, respectively). The f event predated core eudicot
evolution and the y event predated monocot and dicot divergence (Bowers et al., 2003).
However, the precise time for the occurrence of these duplication events is unknown.
Here we associate the f duplication event with the ancestral polyploidization that,
directly or indirectly, gave rise to paralogous gene copies of RPB1, RPB2 and MADS
box genes. The phylogenies of these genes place the time of the § duplication at or near
the time of the Buxaceae/Trochodendraceae divergence, immediately before core eudicot
diversification occurred. The fact that polyploidization occurred prior to the species
diversification suggests that it provided the genetic potential for species diversification.
Indeed, computer simulation of large-scale and small-scale duplication events in
Arabidopsis suggests that the three genome duplication events are responsible for over
90% of the increase in transcription factors, signal transducers and developmental genes
(Maere et al., 2005). We argue here that the § polyploidization event might be directly
responsible for the core eudicot radiation and, more generally, that the ancient B and y
genome duplication events may have directly contributed to the rapid rise and early

diversification of angiosperms.

Not only did polyploidization provide extra genetic material for evolving new
functions and establishing new regulation networks; more importantly the cytogenetic
changes it potentiated, such as chromosomal rearrangement, activation of transposable
elements, gene inactivation and losses, and epigentic regulation (Ma and Gustafson,
2005), also played an important role in plant speciation. Large chromosomal

rearrangements such as reciprocal translocations lead to multivalents formation through
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association of nonhomologous chromosomes during meiosis, producing aneuploid

gametes. Thus chromosomal rearrangements can act as a post-zygotic mechanism for
speciation (Stebbins, 1971; White, 1978). Gene loss has often been considered as a
passive fate of most duplicated genes in the polyploids. Here we argue that large scale
gene loss and paralog sorting events, resulted either from chromosomal loss/
rearrangements or accumulated mutations overtime, can create partial aneuploids with the
result that karyotypic divergence leads to speciation. At the same time, the prolonged
processes of paralog sorting events observed for the RPB1 and RPB2 genes suggest that
their polyploidy was relatively stable in the ancestors of core eudicots. This prolonged
process of polyploid evolution may have been important for generating the genetic
diversity and variation over evolutionary time that led to angiosperm diversification. We
thus further propose that the stable state of the polyploids and the slow evolutionary
processes of polyploids thereafter may have been the driving force behind the remarkable

radiation of plant families which occurred early in core eudicot phylogeny.
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Figure 2.1 The ML RPB2 gene tree. The summary tree from Bayesian
inference resulted in the same tree topology. Posterior probability of
Bayesian inference is shown above branches. Bootstrap of ML over 50% is
shown below the branches.
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stage. Old refers to the flowering stage.



Figure 2.6 Homology modeling of RPB2-I and RPB2-D proteins in
tomato. The RPB2-I subunit is shown in the picture as green and red
ribbon. The other subunits of yeast pol II are shown as white ribbons
(left). The red ribbons are the residues that haven’t been resolved in the
yeast pol II structure (1i50.pdb). The green ribbons are the
corresponding residues which can be superimposed onto the yeast
RPB2 structure. The residues that differ between tomato RPB2-I and
RPB2-D are shown as filled balls on the left figure. On the right,
various protein domains are highlighted in different colors on the
modeled RPB2-i protein. dark blue: external regionl; red: external
region 2; light blue: Lobe region; yellow; protrusion.
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Chapter 3. A multi-step process gave rise to RNA polymerase IV of land
plants

Summary

Since their discovery in Metazoa, the three nuclear RNA polymerases (RNAPs)
have been found in fungi, plants and diverse protists. In all eukaryotes studied to date,
RNAPs [, I and III collectively transcribe all major RNAs made in the nucleus. We have
found genes for the largest subunit (RPD1/RPE1) of a new DNA-dependent RNA
polymerase, RNAP IV, in all major land plant taxa and in closely related green algae and
genes for the second-largest subunit (RPD2) of this enzyme in all land plants.
Phylogenetic study indicates that RNAP IV genes are sister to the corresponding RNAP
IT genes. Our results show the genesis of RNAP IV to be a multistep process in which
the largest and second-largest subunit genes evolved by independent duplication events in
the ancestors of Charales and land plants. These findings provide insights into
evolutionary mechanisms that can explain the origins of multiple RNA polymerases in

the eukaryotic nucleus.

Key words: RNA polymerase IV, RPD1, RPD2

3.1 Introduction

DNA dependent RNA polymerase (RNAP) is the principal enzyme responsible
for gene transcription, the first step of gene expression and the major target of
developmental and environmental regulation. There are two categories of RNAPs: single
subunit enzymes, exemplified by T7 RNAP and multiple subunit cellular RNAPs. In
plants, nuclear encoded single subunit RNAPs are responsible for the transcription of

mitochondrial genes and some plastid genes. (Hedtke et al., 1997; Hess and Borner,
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1999). Nuclear and chloroplast multiple subunit RNAPs, containing S to 15 subunits,

are responsible for transcription of their respective genomes. Green plants, like
metazoans, fungi, and all protists studied, have three nuclear DNA dependent RNA
polymerases (RNAPs). RNAP I transcribes rRNA; RNAP II transcribes mRNA and most
of sn RNA; and RNAP III transcribes tRNA, 5s rRNA and some sn RNAs. Each nuclear
RNA polymerase has a unique pair of largest and second largest subunits, analogous to
the eubacterial B’ and P proteins, as well as 8 to 10 smaller subunits, some of which are
shared (Sentenac, 1985; Young, 1991). The two largest subunit genes are named,
respectively, RPA1 and RPA2 for RNAP I, RPB1 and RPB2 for RNAP II and RPC1 and
RPC2 for RNAP III. Archaebacteria have a single RNAP with extensive subunit
similarity to the eukaryote nuclear RNAPs (Langer et al., 1995; Bell and Jackson, 1998).

The largest and second largest subunits of all multiple subunit polymerases
contain the amino acid residues for the active center, for template DNA binding and for
DNA/RNA hybrid binding. These sequences are conserved throughout evolution
(Mooney and Landick, 1999; Korzheva et al., 2000; Cramer et al., 2001). There are 8
conserved regions in all the largest subunits, named regions A through H (Jokerst et al.,
1989; Puhler et al., 1989). There are 9 conserved regions in all the second largest
subunits, named regions A through I (Sweetser et al., 1987). The three dimensional
structures have been determined for RNAP from Thermus aquaticus (Zhang et al., 1999),
Thermus thermophilus (Vassylyev et al., 2002) and for S. cerereisae RNAP II (Cramer et
al., 2001; Gnatt et al., 2001). The conserved regions have proven either to make up the
enzyme active center or to be important for subunit assembly (Cramer et al., 2001). RPB1
and RPB2 gene sequences have been widely used in phylogenetic study of lower
eukaryotes, fungi and plants (Stiller and Hall, 1997; Stiller et al., 1998; Liu et al., 1999;
Dacks et al., 2002; Liu and Hall, 2004).

Three DNA dependent RNA polymerases have been purified from animals
(Roeder and Rutter, 1969; Greenleaf and Bautz, 1975; Sklar et al., 1976), yeasts (Adman
et al., 1972; Young and Whiteley, 1975), plants (Jendrisak and Burgess, 1975; Guilfoyle
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et al., 1976) and protists (Pong and Loomis, 1973). Genome projects have shown that

there are three and only three sets of genes coding for RNA polymerase largest and
second largest subunits in the nuclear genomes of fungi, metazoa, and various protists as
well as the nucleomorph of the cryptomonad Guillardia theta (Douglas et al., 2001). In
plants, the Arabidopsis Genome Initiative revealed four genes in the families encoding
both the largest and second largest subunits of nuclear DNA directed RNA polymerases
(AGI, 2000). This has proven to be also true in the rice genome (Goff et al., 2002; Yu et
al., 2002). Distinct from the genes for RNAP I, RNAP II and RNAP III, there is another
set of genes coding for a new putative RNA polymerase. Here we report the phylogenetic

study of these genes.

3.2 Methods and materials

3.2.1 PCR and cloning

In order to obtain RNAP IV coding sequences, we first used the four all-
polymerase primers to amplify regions of RPD1, RPE1 and RPD2 (Fig. 3.1).
Subsequently, the rest of each coding sequence was recovered by RT-PCR and/or RACE.
For the largest subunits, the primers were RP-Dfor:
CCCTACAATGCIGAYTTYGAYGGIGA; RP-Erev:
GGTCCGAAIAIYTGYTTICCIGTCCA. The PCR condition was set as: 5 cycles of 94
°C, 1min; 45 °C 1min; increase to 72°C at a slope of 1 °C per 5 sec.; 72 °C 1min.
followed by 30 cycles of 94 °C 1min, 55 °C 1min, 72 °C 1min. For the second-largest
subunit, the primers were RNAP-10F: TTYTCIAGYATGCAYGGICARAARGG;
RNAP11R: ARRCARTCNCKYTCCATYTCNCC. The PCR condition was set for 35
cycles of 94 °C, 1min; 50°C 1min; increase to 72°C at a slope of 1 °C per 5 sec.; 72 °C
Imin. The PCR products were directly cloned into TOPO-TA vectors (Invitrogen) for
sequencing. The taxon information and gene bank accession numbers for the genes

studied are provided in Table 3.1.
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3.2.2 Phylogenetic Analyses

The protein sequences were first aligned in ClustalX. Then the alignment was
adjusted using Se-Al 2.0 (Rambaut, 1996). Maximum likelihood (ML) analysis was
carried out by PHYLIP 3.6 (Felsenstein) under JTT model and six categories of gamma
distribution for among-site variations. Bootstrap for ML was done for 100 replicates.
Bayesian inference was conducted by MrBayes 3.0 (Ronquist and Huelsenbeck, 2003)
under the JTT model and six categories of gamma distribution for among-site variation.
We ran four chains for 10° generations and sampled every 100 generations and the
analysis was done three times independently. The trees were summarized by 50%

majority rule consensus after an initial 2,000 trees “burn-in”.

The relative rate of evolution between orthologs of RNAPs in Arabidopsis and
Oryza is estimated by the number of substitutions per site, d, by numerically solving the
equation g= In(1+2d)/2d, where q is the proportion of identical sites between aligned
sequences. This equation accounts for the general case where substitution rates can differ

for both amino acids and sites (Grishin, 1995).
3.3 Results

3.3.1 The genes for the largest and second-largest subunits of RNA polymerases

in the nuclear genomes of eukaryotes

Using the protein sequences of the largest and second largest subunits of RNAP II
to perform blast searches against the complete sequenced genomes, we can readily
identify the genes coding for the largest and the second-largest subunits of RNAPs. There
are three and only three largest (RPA1, RPB1, RPC1) and second-largest (RPA2, RPB2,
RPC2) nuclear RNAP subunits for fungi, animals and protists (Table 3.2).
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2.3.2 The RNA polymerase genes in Arabidopsis and Oryza nuclear genomes

The Arabidopsis Genome Initiative (AGI) first reported four sets of genes coding
for the largest and second largest subunits of nuclear RNA polymerases (AGI, 2000).
However the annotations of these genes contained several errors. In table 3.3, we have re-
annotated the genes coding for the largest and second largest subunits of each RNA
polymerase in the nuclear genome. For RNAP I, RNAP II, and RNAP III, there is a
single gene for each enzyme’s largest subunit and second largest subunit. Each of them
has strong homology to its orthologs in other organisms such as yeasts and mammals.
There are two genes coding for additional largest subunits (named RPD1 and RPE1) and
two genes coding for additional second largest subunits (named RPD2a and RPD2b).

The RPD1(At1g630200) gene was correctly predicted by the AGI annotation.
RPE1 was incorrectly annotated as two independent transcripts (At2g40030, At2g
40040), owing to misassignment of one intron position, creating a premature stop codon.
Using RT-PCR, we found that both of these sequences are on a single transcript. Both
RPDI1 and RPE1 are expressed in leaves and flowers. We have sequenced the full length
of the RPD1 and RPEI transcripts and confirmed all intron positions. The intron
positions are the same for RPD1 and RPE1, except that intron 8 has been lost in RPE1.
Five intron positions in the N-terminal region are shared with Arabidopsis RPB1 (Fig. 1).
There is one intron in the 5’UTR for both the RPD1 and RPE1 genes. 4. thaliana has two
genes coding for the second largest subunit of pol IV. RPD2a (At3g18090) and RPD2b
(At3g23780) have 96% sequence identity, indicating a recent duplication. Both genes are
expressed. However, RPD2a is a psudogene due to a frame-shift mutation in exon 2.
There are seven introns in both RPD2 genes, including one intron in the 5’ UTR (Fig
3.1). None of these intron positions are the same as those of Arabidopsis RPA2, RPB2 or
RPC2.
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In the Oryza sativa ssp. japonica genome, sequenced by The International Rice

Genome Sequencing Project (IRGSP), and in the Oryza sativa L. ssp. indica genome,
shotgun sequenced by the Chinese Academy of Sciences (Goff et al., 2002; Yu et al.,
2002), the sets of RNA polymerase genes are the same. There is one gene for each of the
largest and second largest subunits of RNAP I and RNAP III and one gene for RPB2
(Table 3). There are three genes with very similar sequences coding for RPB1. There are
two genes for RPD1, two genes for RPE1, and two genes for RPD2 (Table 3). The two
RPD1 genes have 88% sequence identity. The predicted amino acid sequences for the
two RPE1 genes have only 42% sequence identity. The intron positions of Oryza RPD1
and RPE1 are identical to those of the Arabidopsis RPD1 and RPE1 genes. The two
Oryza RPD2 genes have 80% sequence similarity and the intron positions are the same as

those in Arabidopsis.

3.3.3  The substitution rates of RNAP genes in Arabidopsis and Oryza

The amino acid sequences of the conserved regions are used to calculate the
relative substitution rates (number of substitutions per site) of RNAP orthologs in
Arabidopsis and Oryza (Table 3.3). For each polymerase, the largest and second largest
subunit genes have similar substitution rates. RPB1 and RPB2 are the most conserved
genes as compared to the largest and the second largest subunit genes of RNAP I, RNAP
III and RNAP IV. RPD1/RPE1 have the highest substitution rates, approximately 20
times faster than that of RPB1. The substitution rate of RPD2 is about 10 times faster
than that of RPB2.

3.3.4 Amplification of RPDI/RPEI and RPD2 genes

In order to search for RNAP IV genes in other taxa, we devised a global
polymerase gene amplification (PCR) procedure for largest and second-largest subunits.
This PCR strategy takes advantage of regions conserved at the protein level in all nuclear

RNA polymerases, including RNAP IV. For the largest subunit, we used the active site
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in conserved region D (NADFDGD) as forward priming site and conserved region E

(WTGKQ) as reverse priming site. For the second largest subunit genes, we used the
conserved region H (GDKFSSR/MHGQKG) and conserved region I (GEMERD) as
priming sites. The primers were designed to include all possible degeneracy. To
demonstrate the efficacy of these primers, we successfully amplified all three largest
subunit and second largest subunit genes for RNA polymerase I, IT and III in S. cerevisiae

and Mucor hiemalis(data not shown).

For the largest subunit, we were able to amplify the RPD1 and RPE1 genes in
Solanum(asterid), and RPD1 genes in Cerapteris (fern), Anthocerus (hornwort),
Sphagnum (moss), Marchantia (liverwort), and in Chara and Nitella (Charales). No
RPDI1 gene was found in two other close algal relatives of land plants, Coleochaetales
and Zygnematales. For the second largest subunit, we were able to amplify RPD2 genes
in all land plants tested, including liverworts, mosses, ferns and seed plants. No RPD2

genes were found in green algae.

3.3.5 Phylogeny of RPDI/RPEI and RPD2 genes

For the RNAP IV largest subunit, all the conserved regions (A through H) are
present and can readily be identified. However, the sequences in the conserved regions of
RNAP IV are more variable than those of RNAPs I, II and III. In relation to the canonical
largest subunit protein structure, all of the RPD1/RPE1 genes have a complete deletion of
about 190 amino acids between region F and G, corresponding to the “foot” domain in
the yeast RNAP II structure (Cramer et al., 2001) (Fig 3.1).

Phylogenetic analyses were carried out using inferred amino acid sequences of all
largest and second largest subunits of eukaryotic RNAPs I-IV. The protein alignments
were constructed with sequences from conserved regions A through H of the largest
subunits(Jokerst et al., 1989; Puhler et al., 1989) and conserved regions A through I of

the second-largest subunits(Sweetser et al., 1987). Because many parts of the largest
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subunit sequences are highly divergent between polymerase families, their alignment

included only the most conserved domains, totaling 479 characters. Both ML and
Bayesian inference resulted in the same tree topology (Fig 3.2A). For each class of RNA
polymerase, the largest subunits form a monophyletic group with strong support. The
Bayesian posterior probability (PP) for each group is 100%, while ML bootstrap support
is 100% for the RNAP I, III, and IV clades, and 87% for RNAP II. The RPD1/RPE1
clade is recovered as sister to the RPB1 clade with moderate support (ML=69%,
PP=98%). Using an alignment of 564 positions for second largest subunits, both ML and
Bayesian inference result in the same tree topology (Fig 3.3). Second-largest subunits of
each of the four polymerases individually form monophyletic groups with strong support.
RPD2 genes are recovered as a clade that is strongly supported as sister group to RPB2,
(PP=100%, ML=92%).

In angiosperms, there are two variants of the largest subunit genes, RPD1 and
RPEl. In view of the clear evidence (Fig. 3.2a) that the RPD1/RPE1 genes of
Arabidopsis and Oryza constitute a monophyletic group exclusive of all other polymerase
genes, we sought to compare them with the RPD1 sequences from a broad variety of
green plants through phylogenetic analysis of 537 inferred amino acid sequences between
regions D and H (Fig 3.2B). The resulting tree generally reflects accepted species
relationships(Pryer et al., 2001). Because only one RNAP IV largest subunit gene was
found in the Charales, mosses, and ferns, we infer that the gene duplication that resulted
in RPD1 and RPE1 occurred after the origin of land plants, but before the diversification

of angiosperms.

3.4 Discussion

In this report, we have studied the evolution of genes encoding a putative new
RNA polymerase (RNAP IV) in plants. We have found genes for the largest subunit and
second largest subunits of RNAP IV in all terrestrial plants and the largest subunit gene

in the Charales. Phylogenetic analysis indicated that RNAP IV originated from RNAP IL
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3.4.1 The genesis of RNAP IV

As is true of all completed eukaryotic genomes outside the green plant lineage,
Chlamydomonas reinhardtii contains three and only three sets of largest and second-
largest subunit genes of nuclear RNA polymerases; these correspond to RNAPs I, II and
III (Table 3.2). To localize the origin of RNAP IV during the evolution of green plants,
we have tried repeatedly to amplify RPD1 and RPD2 genes in the three closest green
algal relatives of land plants: the Charales, Coleochaetales, and Zygnematales (Karol et
al., 2001). Authentic RPD1 sequences were obtained from Chara spp. and Nitella spp. in
the Charales, but no verifiable RPD2 gene was found. No RNAP IV genes could be
amplified from four species of Coleochaete: C. scutata, C. nitellarum (SAG 3.91), C.
soluta or C. irregularis. Similar negative results were obtained from Spirogyra sp.,
Zygnema cylindrium (SAG 689-2), and Mesotaenium endlicherianum (SAG 12.97) of the
Zygnematales. Because the sequences chosen for PCR priming are generally conserved
throughout RNA polymerases I-IV, and because they successfully recovered RNAP IV
genes from both land plants and Charalian algae, we interpret these results to mean that
RPD1 and RPD2 do not exist in Coleochaetales and Zygnematales. The absence of
RPD2 from Charales. implies that, for the RPD1 subunit to be in an active enzyme, it
would most likely assemble with RPB2 protein in these algae. This assumes that RPD1
arose by gene duplication of RPB1, as suggested by our phylogenic results.

The existence of RNAP IV subunit genes both in Charales and in land plants
agrees with recent findings that Charales are the sister taxon to all land plants(McCourt et
al., 2004). Based upon this evidence and our results, we suggest that the initial largest
subunit duplication giving rise to RNAP IV occurred after the common ancestor of
Charales and land plants diverged from other green algae. This hypothesis predicts that
phylogenetic analyses should recover the RPD1/RPE]1 clade as sister to RPB1 from the
Charales and land plants, and the RPD2 clade as sister to land plant RPB2. In other
words, RNAP IV genes should nest within the RPB1 green plant phylogeny. For both of
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the polymerase subunit trees (Fig 3.2, 3.3), however, RNAP IV genes are sister to the

entire RPB1 and RPB2 clades. While this placement does not support the gene
duplication model proposed, neither does it rule out that possibility. Because of much
higher substitution rates in RPD1/RPE1 as compared to RPB1 (20 fold) and in RPD2 as
compared to RPB2 (10 fold) (Table 3.3), as well as their novel functions, the apparent
phylogenetic positions of RNAP IV subunits may reflect differing evolutionary rates and

altered mechanistic constraints, rather than evolutionary history.

Intron position comparisons provide an alternative means of documenting gene
duplication events. The 13 intron positions of RPB1 and the 24 intron positions of RPB2
genes are conserved in Zygnematales, Coleochaetales, Charales, and land plants. RPD1
and RPE1 are identical to one another in their intron positions, five of which are also
shared with the N-terminal region of Arabidopsis and Spirogyra RPB1 genes. This
strongly suggests that RPD1/E1 was duplicated from RPB1 through a genomic DNA
duplication. On the other hand, there are seven introns in the RPD2 genes, none of which
coincides with any of the 24 RPB2 intron positions common to land plants and green
algae, nor with those of 4. thaliana RPA2 (23 positions) or 4. thaliana RPC2 (36
positions). This suggests that RPD2 was duplicated by a process that did not conserve
introns (i.e. by reverse transcription). These considerations, together with our
observations that RPD1 exists in Charales but RPD2 does not, indicate that RNAP IV
came into being by a multistep process (Fig 3.4A). Initially, the largest subunit of RNAP
II underwent duplication to form RPDI; after the divergence of land plants from
charalian algae, the RPD2 gene arose. Before this second gene duplication, the largest
subunit of RNAP II and the newly duplicated largest subunit RNAP IV would have
shared a common second largest subunit. A parallel case exists for the more recent
duplication of RPD1/RPEL1 in angiosperms. There are two largest subunit genes (RPD1
and RPE1), but only one second-largest subunit gene (RPD2) in angiosperms. The
sequences of RPD1 and RPE1 are highly divergent from each other, being 25% identical
and 40% similar at the protein level in both Arabidopsis and Oryza. In this case, two

divergent largest subunits appear to share a common second-largest subunit in forming
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two different enzymes with nonredundant functions (Kanno et al., 2005). Just as RPBI

gave rise to RPDI, the RPD1/RPE1 duplication may represent the initial step toward

evolution of an additional RNA polymerase.
3.4.2 The model for RNAP I, 1 and III evolution:

The three nuclear RNA polymerase (RNAPs) I, II and III are present in the nuclei
of all eukaryotic organisms thus far exmined. It is not known, however, how these three
RNAPs evolved from a presumed single prokaryotic ancestor or how they acquired their
specialized roles in transcription. Evolutionary homology of major subunit sequences
and overall subunit content links the three nuclear RNA polymerases of eukaryotes to the
single RNA polymerase of Archaea (Langer et al., 1995). Indeed, several proposals for
eukaryotic biogenesis envision a eubacterial-archaeal fusion with the genes encoding
RNA polymerases coming from the archaeal partner(Puhler et al., 1989; Golding and
Gupta, 1995). The mode of subsequent evolutionary change to give three differentiated
systems for nuclear transcription, namely RNAP I (rRNA), RNAP II (pre-mRNA) and
RNAP IIT (tRNA and 5SrRNA) has neither been described nor hypothesized. The
process most reasonably began by gene duplication events, since the archeal two largest
RNAP subunits share many homologous domains with the corresponding RNAP I, I and
I1I subunits. For all multisubunit RNA polymerases, the combined structure of these two

proteins encompasses all the major catalytic surfaces of the enzyme.

We present here a model for the early events in eukaryotic RNA polymerase
diversification (subfunctionalization; Force et al., 1999) in eukaryotes, events so ancient
as to confound extrapolations of their nature. By analogy with the gene duplication event
that gave rise to RNAP IV, we propose (Fig. 3.4B) that a similar multistep mechanism
operated in the early evolutionary divergence of RNAPs I, II and III. Initially, gene
duplications gave rise to the three largest subunits of RNAPs I, II and III. Subsequently,
duplication of the second-largest subunit gene gave rise to RPB2 and a common second

largest-subunit gene for RNAP I/III. Finally, an additional duplication gave rise to RPC2
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and RPA2. Our phylogenetic analyses of the largest subunit genes suggest that RPA1

diverged first and that RPB1 and RPC1 are sister taxa. While this agrees with the
conclusions of earlier studies (Puhler et al., 1989; Zillig et al., 1989), support for the
branches in question is not strong, suggesting a nearly simultaneous divergence of the
three largest subunit families. On the other hand, RPA2 and RPC2 are sister to each
other with strong support (ML = 96%, PP = 100%) (Fig. 3.2), implying that the
duplication that produced these genes occurred a reasonable length of time after the
divergence of RPB2 from the ancestral second largest subunit gene. Further support for a
shared evolutionary history of RNAP I and IIl comes from RPAC40 and RPAC19,
homologs of the alpha subunit of eubacterial RNAP, which are shared between RNAPs I
and III in S. cerevisiae and in all other eukaryotes (Dequard-Chablat et al., 1991,
Ulmasov et al., 1995; Dacks et al., 2002; Goff et al., 2002; Hu et al., 2002; Yu et al.,
2002). These two subunits interact with each other and with the second-largest subunit to

form an intermediate in enzyme assembly (Kimura et al., 1997; Cramer et al., 2001).

Our multi-step model for the evolution of RNAPs I-III (Fig. 3.4) suggests that
divergence of the largest subunit is the first step in the evolution of a new RNAP and that
initially, the diverged largest subunits share a common second largest subunit. This
feature of the model could be tested by determining whether RPD1 physically interacts
with RPB2 in the Charales and whether hybrid RNA polymerases with non-cognate
largest and second-largest subunits can be formed. Domain substitution and gene
disruption experiments in yeast could be used to make such constructs. Our model (Fig.
3.4) envisions a process whereby both major RNAP subunits can be transformed into
daughter molecules capable of heterologous dimerization, while still preserving the
parental enzyme. One important aspect of generating new RNA polymerase molecules,
namely descent with modification, is thereby accounted for, leaving open questions
relating to RNA polymerase specialization. How, for example, did RNAP I acquire the
ability to transcribe a single RNA product (40S pre-rRNA) rapidly and processively and
how did the other two nuclear RNA polymerases develop their specialized capabilities of

rapid reinitiation (RNAP III) and adaptability to a wide variety of DNA templates (RNAP
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II)? Perhaps detailed structural comparisons of RNAP IV with RNAP II will provide

additional insights into these questions.



Table 3.1 List of taxa and genes studied.
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Higher taxon Species Genbank #
Glaucocystophyte (Glaucocystaceae) Glaucocystis RPB1: DQ202658
nostochinearum
Green algae
Chlamydomonadales(Chlamydomonadaceae) = Chlamydomonas RPB2: DQ020659

Zygnematales (Zygnemataceae)
Coleochaetales(Colecochaetaceae)

Charales (Characeae)

Marchantiophyta (Liverworts)
Marchantiaceae
Lunulariaceae

Anthocerotophyta (hornworts)
Anthocerotaceae

Bryophyta (mosses)
Sphagnaceae

Lycopodiophyta (club mosses)
Selaginellaceae

Lycopodiaceae

Isoetaceae
Psilotophyta
Psilotaceae

Filicophyta (ferns)
Pteridaceae
Spermatophyta (seed plants)
Ginkgophyta (Ginkgoaceae)
Poales (Poaceae)
Brassicales (Brassicaceae)

Ericales (Ericaceae)
Lamiales (Plantaginaceae)

Solanales (Solanaceae)

reinhardtii

Spirogyra sp. UWCC FW
670

Colecochaete scutata

Chara australis
Chara hispida
Nitella clavata

Nitella hyalina

Marchantia polymorphia
Lunularia cruciata L.

Anthoceros sp. NCU-3e

Spagnum sp. UWBC

Selaginella erythropus.

Lycopodium sp.
UWBC1571
Isoetes sp. UWBC1963

Psilotum nudum

Ceratopteris thalictroides

Ginkgo biloba
Zea mays
Arabidopsis thaliana

Rhododendron
macrophyllum

Antirrhinum majus

Solanum lycopersicum

RPB2: DQ029103
RPB2: DQ029105

RPD1: DQ020646; RPB2:
DQ029104

RPD1: DQ020645

RPDI1: DQ020647

RPDI: DQ020648

RPD1: DQ020651
RPD2: DQO011644

RPD1: DQ020650

RPD1: DQ020652; RPD2:
DQO011648 RPB2: DQ029106

RPD2: DQO11647 RPB2:
DQ029107
RPD2: DQO11645

RPD2: DQO11641

RPD2: DQO11646 RPB2:
DQ029108

RPDI1: DQ020649

RPD2: DQ011643

RPD2: DQ000671

RPEIl: DQ020656, RPD1:
DQ020657; RPD2b: DQ029109
RPD2: DQO011640

RPDI1: DQ 020655; RPD2:
DQO011642

RPD1: DQ020654; RPEL:
DQ020653; RPD2: DQO011649




Table 3.2 The genes coding for the largest and second-largest subunits of RNA
polymerases in eukaryotes. The protein genbank accession numbers are indicated. The
sequences were gotten through BLAST search against each genome whose sequencing
has been completed or is near completion.

Sources RNAP 1 RNAP 11 RNAP II1
RPA1 RPA2 RPB1 RPB2 | RPCl1 RPC2

Fungi
Encephalitozoon cuniculi
GB-M1 INP_584825 INP_597555 INP_597540 INP_586140 [NP_585937 INP_586343
Cryptococcus neoformans
var. neoformans JEC21 XP_570516 IXP_571380 XP_570943 XP_570204 [XP_571468 XP 572718
Schizosaccharomyces
pombe 972h- INP_596300 INP_595819 INP_595673 Q02061 INP_595506 INP_593690
Debaryomyces hansenii
CBS767 XP 458147 XP_461338 XP_ 456921 AAT12540 [XP_462102 XP_462552
Yarrowia lipolytica
CLIB%9 XP_505388 XP_503752 XP_501909 XP_502376 [XP_502142 XP_500966
Kluyveromyces lactis
NRRL Y-1140 XP_456115 XP_451816 XP_455310 XP 451784 [XP_454912 XP_455128
Eremothecium gossypii INP_984470 INP_982975 INP_984182 INP_985951  [NP_985109 NP_983821
Candida glabrata
CBS138 XP_445928 XP_447785 XP_447415 XP 448959 |XP_449275 XP_448895

Saccharomyces cerevisiae INP_014986 INP_015335 INP_010141 INP_014794 [NP_014759 INP_014850
Aspergillus nidulans

FGSC A4 * EAAS59242 EAA65639 EAAG61953  [EAA63997 EAA65727
Neurospora crassa EAA26770 EAA35588 EAA34861 EAA27870 [EAA27335 EAA27959
Gibberella zeae PH-1 EAA73617 EAA75198 EAA67568 EAA69938 [EAA67744 EAA70436
Metazoa ,
Caenorhabditis elegans [NP_496872 INP_492476 INP_500523 INP_498047 [NP_501127 INP_498192
Drosophila melanogaster INP_523743 INP_476708 INP_511124 INP_476706 [NP_573071 INP_523706
Mus musculus INP_033114 INP_033112 INP_033115 INP_722493  [XP_487324 M_081699
Homo sapiens INP_056240 INP_061887 INP_000928 INP_000929 {NP_008986 NP_060552
Chlorophyta
[DQ020659 C_70231,

Chlamydomonas reinhardtii ~ |C_380107 C_570093 C_1140054 (C_50164)  |C_6040001 C_70232
Apicomplexa
Plasmodium falciparum 3D7  (NP_703439 INP_701218 INP_473294 INP_473071 |NP_705181 INP_701431
Theileria annulata CAI73289 CAI76377 CAI75406 CAI76382 CAI76663 CAI75960

EAL35354
Cryptosporidium hominis EAL35355 EAL38145 EAL35927 EAL38006  [EAL37032 EAL34724
Cryptosporidium parvum * EAKS88354 EAK89262 EAK90367 [EAK89955 EAK87469
Entamoebidae
Entamoeba histolytica
HM-1:IMSS EAL49525 EAL46961 EAL46395 EAL48102  [EAL48362 EAL49502
Dictyosteliida

Dictyostelium discoideum EAL69630 EAL60592 EAL67745 EAL63310  |[EAL68785 EAL63250




Table 3.2 (continued)

Diplomonadida

Giardia lamblia ATCC 50803

Kinetoplastida

Trypanosoma brucei

Cryptomonad nucleomorph

Guillardia theta

EAA40851

P16355

CAC27032

[EAA39886

CAD26832

AAK39710

EAA41730

AAXS0548(A);
P17545(B)

CAC27103

EAA38052

AAX80202

AAK39815

EAA37804
+EAA37805

CAA31014

AAK39916

EAA42548

CAB95348

AAK 39687

*: unfinished genome project

68
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Figure 3.1. The Structure of largest (A) and second-largest (B) subunits of RNA polymerases.
The conserved regions in the largest and second-largest subunits have been

shown in rectangles. The stars above the lines show the intron positions in RPB1

and RPB2 of Arabidopsis thaliana. The triangles below the lines show the the intron

position of RPD1/E1 and RPD2 in A. thaliana. The interaction sites are based on RNAP II

3-D structure by Cramer et al., 2002. RPD1 and RPE1 have completely deleted sequences
between region F and G. The DCL domain (Bellaoui and Gruissem, 2004) exists at the
C-terminal of RPD1/RPE1 genes in Angiosperms but not in bryophytes.

The primers are shown as arrows.
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Figure 3.2 A. The phylogenetic relationships of the largest RNAP subunit genes in
eukaryotes and archaea using protein sequences of conserved regions A through H. B.
The RPD1/E1 ML gene tree using sequences between regions D and H. ML bootstrap
values >50% are shown below the branches and the posterior probability of Baysian
inference above the branches.
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Figure 3.3 The phylogenetic relationships of the second-largest subunits of RNAPs

in eukayotes and archaea. ML and Bayesian support numbers are as in Fig. 3.2.
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Figure 3.4 A. The model for the evolution of RNAP IV from RNAP II in plants.
B. The model for the evolutionary divergence of eukaryotic RNAPs.

The long and short bars represent the largest and second-largest subunits,
respectively. For the RNAP I, II and III products of evolution, both subunits
are the same color (green, red and blue, respectively). For evolutionary
intermediates, sharing of the same second-largest subunit between different
polymerases is indicated by white or brown.
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Chapter 4. Characterizing RNA polymerase IV complexes in cauliflower
(Brassica oleracea var. botrytis).

Summary

I have found genes for the second-largest subunit (RPD2) of a new DNA-
dependent RNA polymerase, pol IV, in all land plants and genes for the largest subunit
(RPD1/RPE1) of this enzyme in all major land plant taxa and in closely related green
algae. Here I report an immunochemical and chromatographic study of this enzyme in
cauliflower (Brassica oleracea var. botrytis). There are two pol IV protein holozymes: an
RPD1/RPD2 complex and an RPE1/RPD2 complex. The RPE1/RPD2 enzyme is the
major form found in cauliflower inflorescence. In chromatographic separations on
phosphocellulose columns, the RPE1/RPD2 complex is co-purified with pol Ia and pol
[Ila activity peaks. Through tandem mass spectrometry, I found that pol I and pol III have
distinct third largest subunits (RPAC40a and RPAC40c, respectively) in cauliflower. A
different third largest subunit (RPB3a, b) is shared by pol II and pol IV. Based on our
results, we propose that pol IV is a multi-subunit enzyme that contains a §’ homolog
(RPD1 or RPEI), a B homolog (RPD2), o homologs (RPB3a, b and RPB11), and
common subunits RPB5, RPB6, RPBS, RPB10 and RPB12. The largest and second
largest subunits of pol IV have all the conserved domains and sites for the active center,
NTP binding, and DNA/RNA hybrid binding. Dramatic changes at sites contacting the
incoming template DNA suggest to us that pol IV is a polymerase either using single
stranded DNA as template or one with low processivity. Pol IV is non-essential for
Arabidopsis growth and development and Pol IV mutants are defective in asymmetric

DNA methylation.

Key words: RNA polymerase IV, RPD1, RPE1, RPD2, Brassica oleracea var.
botrytis
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4.1 Introduction

In plants, the three RNA polymerases have been purified from wheat germ
(Jendrisak and Burgess, 1975) and cauliflower inflorescence (Guilfoyle et al., 1976).
Cauliflower (Brassica oleracea var. botrytis), like Arabidopsis thaliana a member of the
family Brassicaceae, is ideal for purification of RNA polymerases. As in other systems,
pol I and pol III can be separated from pol II polymerase activity by DEAE-Cellulose
chromatography. They are eluted as a single peak of RNA polymerase activity from
DEAE-Cellulose chromatography. Pol I and pol III proteins can be separated by
subsequent DEAE-Sephadex chromatography. In cauliflower, pol I can be further
separated into two peaks of RNA polymerase activity by phosphocellulose
chromatography. These are named pol Ia and pol Ib (Guilfoyle et al., 1976). The subunit
compositions of RNA polymerases in plants are similar to those in yeasts, animals and
protists (Guilfoyle and Jendrisak, 1978). In Arabidopsis, the genes encoding most of the
pol IT subunits have been cloned. In contrast to other organisms, Arabidopsis has two
copies of RPB3 (Larkin and Guilfoyle, 1996; Ulmasov et al., 1996), and six copies of
RPBS5 (Larkin et al., 1999). Both copies of RPB3 and at least two copies of RPBS
(RPB5a and RPBS5 b) are expressed in Arabidopsis (Larkin et al., 1999). The detailed
molecular physiology of these paralogous subunits remain to be determined. It was
suggested that different copies of RPBS may be associated with different transcription
factors in regulating specific gene transcription (Miyao and Woychik, 1998; Larkin et al.,
1999).

There are three and only three sets of genes coding for the largest (RPA1, RPBI,
RPC1) and second-largest (RPA2, RPB2, RPC2) nuclear RNAP subunits for fungi,
animals and protists. We have found genes (Chapter 3) for the largest subunit
(RPD1/RPEI) of a new DNA-dependent RNA polymerase, Pol IV, in all major land plant
taxa and in closely related green algae and genes for the second-largest subunit (RPD2)
of this enzyme in all land plants. Pol IV evolved from pol II through a multiple step

mechanism in the ancestors of Charales and land plants. There are two genes for the
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largest subunit of pol IV, RPD1 and RPE], in angiosperms. These are the products of a

gene duplication that occurred before angiosperm divergence (Chapter 3). We report here

our study of the protein properties of pol IV in cauliflower and Arabidopsis.
4.2 Material and Methods
4.2.1 Protein extraction and ion-exchange chromatography

Cauliflower inflorescences (Brassica oleracea var. botrytis) were obtained in the
supermarket. All purification procedures were carried out at 4 °C. Buffer A: 25 mM
MES-NaOH (pH 6.0), 20 mM MgCl2, 20mM KCI, 0.25M Sucrose, 10mM 2-
mercaptoethanol, 40% Glycerol. Buffer B: 0.05M Tris-HCI (pH 8.0), 0.1mM EDTA,
10mM DTT, 0.5 mM PMSF, 10-30% Glycerol. The DEAE-Cellulose chromatography,
DEAE-Sephadex chromatography, and phosphocellulose chromatography were prepared
as described by Jendrisak and Burgess (1975) (Jendrisak and Burgess, 1975).

Nuclear protein extraction followed the procedures of Guilfoyle (1976) with slight
modifications. Cauliflower tissue (about 5 Kg) homogenized in buffer A (about 4 L) at
low speed to keep the nuclei intact. The homogenized tissue was filtered through 8 layers
of cheesecloth and the pass-through was centrifuged at 5500 rpm (Beckman, rotor JA-10,
~5,000g) for 30 mins. The pellets were washed with buffer A + 1% Triton X-100. The
RNA polymerase was solubilized from the nuclei by suspending the pellets in 40 ml
buffer B (10% glycerol) + 0.5 M ammonium sulfate, shearing the pellets for 2 min at high
speed with a Polytron and sonicating the chromatin for 3 min on ice (Ultrasonics Inc, W-
140-D, 20 watts). The solubilized RNA polymerase was recovered in the supernatant
after centrifugation at 50,000rpm (Beckman, rotor Ti70) for 1 hour. The RNA
polymerase was precipitated by addition of solid ammonium sulfate (0.33g/mL) and
stirred for 1 hour. The protein precipitate was recovered by centrifugation for 1 hour at

11,000 rpm (Beckman, rotor JA-20, ~15,000g).
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DEAE-cellulose chromatography. The ammonium sulfate precipitate was

suspended in buffer B and adjusted to 0.05 M ammonium sulfate. The solution was
loaded onto a column (25 X 1.5 cm) of DEAE-Cellulose equilibrated with buffer B +
0.05 M ammonium sulfate. After the column was washed with 1 column volume (~ 40 ml
) of buffer B + 0.05M ammonium sulfate, the enzymes were eluted with a 0.05 M to 0.3
M linear gradient of ammonium sulfate in buffer B. The gradient was 100 ml for 0.25 M

of ammonium sulfate and 2-m] fractions were collected.

DEAE-Sephadex chromatography. Fractions under each peak of RNA
polymerase after DEAE-Cellulose chromatography were combined and diluted to 0.05 M
ammonium sulfate with buffer B. Then peak fraction was chromatographed on a DEAE-
sephadex column (20 X 1.5 cm) with a linear gradient from 0.05 to 0.4 M ammonium
sulfate. The gradient was set 70 ml for 0.35 M ammonium sulfate and 2-ml fractions

were collected.

Phosphocellulose chromatography. Fractions under each peak of DEAE-
chromatography were combined and diluted to 0.05 M ammonium sulfate, loaded onto
phosphocellulose column (12 X1.5 cm). For pol I and III, the enzymes were eluted at a
gradient of 70 ml for 0.35 M ammonium sulfate from 0.05 M to 0.4 M ammonium
sulfate. For pol II, the enzymes were eluted at a gradient of 100 ml for 0.25 M

ammonium sulfate from 0.05 to 0.3 M ammonium sulfate.

4.2.2 RNA polymerase activity assay

RNA polymerase activity was assayed in a reaction volume of 100 ul by
combining the following: 50 ul reaction buffer (0.1 M Tris-HCI (pH 8), 50% glycerol, 10
mM MgCly, 50mM (NH4),SO4), 5 ul single stranded DNA template (Sigma D9156), 5 ul
each of mM unlabelled ATP, CTP and GTP, 20-30 ul enzyme from each fraction and 0.5
to 1 ul 3H-UTP. The reaction was incubated on a PCR thermocycler at 28 °C for 30 min.

90 ul of each reaction was transferred onto Whatman GF/A filter discs (24 mm in
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diameter) and the filters were immediately immersed in ice cold 10% TCA to

terminate the reaction and stirred for 10 mins. Then the filters were washed three time in
5% TCA three times and 95% ethanol two times and left for air-drying. The radioactivity

is then determined by liquid scintillation counting.

4.2.3 Immunoprecipitation and western blotting analysis

Antibodies. The cDNA of 4. thaliana RPD2 gene between the Hind III and Xho I
cutting sites (position 969 to 1975) was cloned into pET-28a expression plasmid
(Novagen). The protein was expressed in Tuner (DE3) cells upon IPTG induction and
purified by His-Bind purification kits (Novagen, #70239-3). Then the purified proteins
were injected to rabbit to generate antibodies. For peptide antibodies, the peptide
sequence for RPE1 is RPE1-1: SESAINHPSQLINAC; the peptide sequence for RPDI1 is
RPD1-1: SPSSNTKVPLSPWVC; the peptide sequence for RPD2 is
IKSTKFPPAESVDEC. The rabbit peptide antibodies were ordered from Synpep
Corporation. The antibodies against specific peptide were then immuno-purified by

passing the antiserum though the gel coupled with the peptides (Pierce, #20401).

Immunoprecipitation. Protein extraction was carried out as described above. After
ammonium sulfate precipitation, the pellets were suspended in buffer B. The solution was
then loaded onto a Sephadex G-50 column (10 X 1.5 cm) equilibrated with PBS buffer
and then eluted with PBS buffer. The protein fractions in PBS buffer were incubated with
immuno-purified antibodies or prebleed serum for 3 hours on ice. Then agarose-protein A
was added into the solution and incubated for one hour with constant rolling at 4 °C. The
agarose-protein A was collected by centrifugation and washed three times with IPP
buffer: 50 mM Tris-HCI (pH 8.0), 0.1 mM EDTA, 0.1% DTT, 0.1% Triton X-100, 20%
Glycerol, 150 mM NaCl and once with IPP buffer + 200 mM NaCl. The enzymes were
eluted by incubation for 1 hour with IPP buffer + 200 mM NaCl + 0.1 M peptides. The
elution was repeated twice and the combined eluted proteins were concentrated by

microfiltration using centricon YM-100 (Millipore).
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Electrophoresis and Western-blotting. The 7.5% gel in 0.25M Tric-HCI (pH 8.8)
SDS-PAGE is used for resolving gels (for 10 ml gel: 1.9 ml 40% acrylamide/Bis 37.5:1
(Ambion #9026), 5.37 ml H,0, 2.5 ml 1M Tris-Hel ph 8.8, 100ul 10% SDS, 100ul 1%
peroxydisulphate and 20 ul TEMED) and 4.5% gel in 0.125M Tric-HCl (pH6.8) is used
for stacking gel (for Sml gel: 550ul 40% acrylamide/Bis 37.5:1, 3.75 ml H20, 625ul 1M
Tris-Hel ph 6.8, 50ul 10% SDS, 50 ul 1% peroxydisulphate and 10 ul TEMED). After
electrophoresis, the proteins were electro-blotted to PVDF membrane at 200 mA for 1
hour by Genie Blotter (Idea Scientific Co.). The transfer buffer is 48mM Tris-39mM
Glycine (pH 9.2) with 0.01% SDS. The Vectastain ABC-AmP kit (Vector Laboratories,

Inc.) is used for western blotting.

4.2.4 Mass-spectrometry

The total protein amount in each RNA polymerase activity peak is about 20 ug.
First, the proteins were precipitated by 20% TCA on ice for 20 mins (by adding 1 volume
of 100% TCA to 4 volumes of the protein samples) and spin at 14 K rpm in
microcentrifuge for 10 mins at 4 °C. The protein pellets were washed twice with 200 ul
cold acetone and dried in the vacuum drier. The Mass spectrometry analyses were
carried out by Dr. Claire Delahunty in Dr. John Yates’s lab at The Scripps Research
Institute, CA. The MS/MS spectra were searched against the Arabidopsis protein
database to identify the polypeptides.

4.2.5 Arabidopsis mutants and bisulfite genomic DNA sequencing.

All the Arabidopsis thaliana mutants were obtained from seed stock of The
Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org). The seed stocks
for the pol IV gene mutants are: SALK_083051 for RPD1, SALK_029919 for RPE1,
SALK 095689 for RPD2b, SALK_008535 for RPD2a (Fig. 4.3A). The T-DNA
insertions have been confirmed by PCR and sequencing with Lbal primer on the T-DNA

and a flanking reverse primer on the genes where the T-DNA is inserted. The primers
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used for amplify wild-type and insertion mutant alleles are: Lbal:

atggttcacgtagtgggecatcg ; RPD1-051F: geactcggttttggaactgg ; RPD1-051R:
gagactatcagctacgagaage; RPE1-GF2: gatagactcatgtctttcagtge; RPE1-HR:
tgagcctgtaccaacatccacge ; MRC-ex1F: ttgacgagatcgagtctgetggg ; RPD2a-ex3R:
atctgatgttcaacatatgttagg ; RPD2b-in6F: tgttgattcttgagtcctgattca ; RPD2b-3’R:

accaaaccaaaacctatactacta .

Bisulfite genomic DNA sequencing. The bisulfite DNA sequencing procedure I
used is adapted from a protocol in Steven Jacobsen’s lab: 1). digest 4ug genomic DNA
with restriction enzymes (EcoRI and Hind III) for 6 hours and purified by Qiagen PCR
purification kits. 2). Take 40 ul purified DNA and heat at 97 °C for 5 min and put
immediately on ice. 3). Add 2ul6.3M NaOH (5.04g/20 ml) and incubate at 39 °C for 30
min. 4). Add 426 ul freshly prepared bisulfite solution [dissolve 4.05g sodium bisulfite to
8 ml H20, adjust to pH 5.1 with NaOH and add 330ul 20mM hydroquinine (1.1g
hydroquinone/500 ml), adjust volume to 10 ml] and incubate at 55 °C in the PCR
thermocycler for 18 hours, punctuated every three hours by a 5 minute denaturation step
at 95 °C. 5). Desalt the samples by Microcon YM-30 (Millipore) and wash the column
three times. 6). Wash the column with 0.3 M NaOH twice and incubate the column at RT
for 20 min between the washes. 7). Wash the column three times with water and twice
with 0.1 M TE buffer. 8). Collect the DNA and perform two rounds of PCR. 9). The fresh
PCR product is cloned into TA vector (Invitrogen) and at least 14 clones were checked
for each genotype. The primers for the At-SN1 sites are: SNI1-F1:
ggtcacacagyggtagaaataatgtttyttggg ; SNI1-F2: aaattaaayaaaataagtggtggtgta ; SN1-R1:

tatractcctcctcaacaaaaataattee ; SN1-R2: aataatactttractaactttcractcee .
4.3 Results
4.3.1 RNA polymerase chromatography

Both anion-exchange (DEAE-Cellulose and DEAE-Sephadex) chromatography

and cation-exchange (phosphocellulose) chromatography was used to purify nuclear
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RNA polymerases from cauliflower inflorescence. More than twenty enzyme

preparations were made by the procedures described below. The purification procedures

are robust and repeatable.

The nuclear extract was first analyzed by DEAE-Cellulose chromatography. RNA
polymerase activity elutes as two overlapping peaks at 0.1 M and 0.18 M ammonium
sulfate (Fig. 4.1A). The first peak is resistant to alpha-amanitin and can be further
separated by DEAE-Sephadex chromatography into two peaks of RNA polymerase
activity eluting at 0.15 M and 0.27 M ammonium sulfate (Fig. 4.1B). These two RNA
polymerases are designated as the pol I activity peak and the pol III activity peak. The pol
I activity can be further resolved as two partially overlapping peaks of RNA polymerase
activity on phosphocellulose chromatography at 0.13 M and 0.20 M ammonium sulfate
(Fig. 4.1D). These two peaks have been designated as pol Ia and pol Ib (Guilfoyle et al.,
1976). The pol III activity chromatographed as a single peak at 0.20 M ammonium
sulfate on phosphocellulose (Fig. 4.1F). The second peak from DEAE-Cellulose
chromatographed as a single peak at 0.20 M ammonium sulfate on DEAE-Sephadex. At
5ug/ml, a-amanitin totally inhibits pol II polymerase activity. While the majority of RNA
polymerase activity eluted from this column is sensitive 5 ug/ml a-amanitin, a small
fraction of the enzyme activity is a-amanitin resistant (Fig. 4.1C). On subsequent
phosphocellulose chromatography, this RNA polymerase activity can be further resolved
into two peaks of RNA polymerase activity eluting at 0.10 M and 0.13 M ammonium
sulfate (Fig. 4.1E). The first peak is o-amanitin sensitive and is designated as pol II. I
found later that the second peak has pol III activity. Thus it is designated as pol IIla and
the pol III eluted at 0.20 M ammonium sulfate on phosphocellulose chromatography is

designated as pol IIIb. The pol IIla activity has not been previously reported.

4.3.2 Western blotting and MS-MS

In order to study the chromatographic properties of pol IV, an anti-RPD2

antibody was used to check for the presence of RPD2 protein in different column
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fractions. The RPD2 protein is present in both peaks of RNA polymerase activity on

the initial DEAE-Cellulose column (Fig 4.1 A) (Fig. 4.2A, lanes 1 and 2). On DEAE-
Sephadex chromatography (Fig 4.1B), the RPD2 protein is present in the pol I activity
peak but not in the pol IIIb peak (Fig. 4.2A, lanes 3 and 4). On subsequent
phosphocellulose chromatographyof the pol I activity peak (Fig 4.1D), the RPD2 protein
is mainly in the pol Ia peak and to a slight extent in the pol Ib peak (Fig. 4.2A, lanes 5, 6,
and 7). For the pol II + pol IIla peak, on DEAE-Sephadex chromatography (Fig 4.1C),
the RPD2 protein exists in the pol II peak (Fig. 4.1B, lanes 8 and 9). On phosphocellulose
chromatography (Fig 4.1E), the RPD2 protein is mainly in the pol Illa peak and partially
in the pol II peak (Fig. 4.1B, lanes 10, 11 and 12).

Tandem mass spectrometry (MS/MS) was used to identify the polypeptide
sequences present in each polymerase activity peak. Tandem MS/MS is a powerful way
to identify the protein composition of a complex mixture. Proteins in each polymerase
activity peak were precipitated by TCA, digested with trypsin, separated by reverse
phase-liquid chromatography (RP-uLC) and analysed by electrospray ionization (ESI)
MS and tandem mass spectrometry (MS/MS). The MS/MS spectra, generated by the
fragmented peptides in the gas-phase by collision-induced dissociation (CID), were used
by the algorithm SEQUEST to search against the Arabidopsis protein database to identify
the protein. The polypeptides encoded by RNA polymerase genes in each polymerase
activity peaks are summarized in Table 4.1. For the pol Ia and pol Ib peaks, peptides
present were those corresponding to the largest and second largest subunits of pol I,
RPA1 and RPA2, the third largest subunit RPAC40a, and the common small subunits
RPBS and RPBS. For the pol II peak, we can identify most of the subunits of the pol II
apoenzyme, including those encoded by RPB1, RPB2, RPB3a,b, RPBS, RPB7, RPBS,
RPB11, and RPB12. For the pol IIla and pol IIIb peaks, we can identify peptides
corresponding to RPC1, RPC2, RPAC40c, RPBS, RPB6 and RPBS, and a homolog of the
62kD protein of human pol III. RPBS and RPB& polypeptides were found in all fractions
of pols I, I and III peaks. There are two RPB8 genes in Arabidopsis thaliana: at1g54250
and at3g59600. Only at3g59600 has been detected in all three RNA polymerases. There
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are six RPBSgenes in 4. thaliana; of these, only RPB5-at3g22320 has been found in

all three RNA polymerases. Two peptides corresponding to RPB5-at5g57980 were
present in the pol IIla fraction. There are two genes for the third largest subunit of pol II,
RPB3a (at2g15430) and RPB3b (at2g15400). Both of these gene products are present in
the pol II fraction. The pol I and pol III fractions have different third largest subunits,
AC40a and AC40c respectively. There is some contamination by chloroplast encoded

RNA polymerase subunits in the pol II and pol IIIb fractions.

Peptides corresponding to pol IV subunits are found mainly in the pol Ia and pol
Ila activity peaks. Both RPE1 and RPD2 proteins are found there. The gene products of
RPB3a and RPB3b are also present in these enzyme peaks. In the pol Ia and pol Ib peaks,
no pol II subunit polypeptides were present, suggesting that the presence of RPB3
product cannot be contributed by the pol II complex. Therefore, the presence of the
RPB3a and RPB3b gene products implies that they are in this fraction because it contains
the pol IV complex. In the pol Illa fractions, the amount of RPB3a and RPB3b
corresponds to the amount of RPE1 and RPD2 detected in this peak. This is further
suggestive evidence for the presence of RPB3a and RPB3b in the same complex with
RPE1 and RPD2, since a slight contamination by pol II could not contribute all the
RPB3a and RPB3b detected in this peak. Even though both RPE1 and RPDI1 genes are
expressed in the cauliflower inflorescence (data not shown), no RPD1 protein product

was detected in any portion tested.

4.3.3 Co-Immunoprecipitation

To test whether RPE1 and RPD2 physically interact with each other and to look
for RPD1 proteins, I performed immunoprecipitation using antibodies against the specific
peptides of RPE1 and RPD1. The immuno-precipitated protein was then checked by
western blotting using antibodies against the RPD2 protein. RPD2 protein can be
detected in the immunoprecipitates with both anti-RPE1 and anti-RPD1 but not in those
with pre-bleeding sera controls (Fig 4.3A). This suggests that there are two pol IV
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complexes: an RPD1/RPD2 complex and an RPE1/RPD2 complex. We checked the

RNA polymerase activity of the immuno-purified products. There is no RNA polymerase
activity associated with the immuno-purified products, even though we can detect the

presence of RPD2 proteins by western-blotting in these samples (Fig 4.3B).

4.3.4 Bisulfite genomic DNA sequencing

In order to test for an in vivo function of pol IV, we obtained T-DNA insertion
lines in the pol IV genes of A. thaliana. The T-DNA insertion lines were crossed to
generate homozygous single and double T-DNA insertion mutants of the pol IV genes.
These mutants are designated as dd for RPDI mutant, ee for RPE] mutant, ddee for
RPD]I and RPE! double mutant, aa for RPD2a mutant, bb for RPD2b mutant, aabb for
RPD2a and RPD2b double mutant. These mutant strains have been confirmed to be
homozygous by PCR analysis (Fig. 4.4). Each of these homozygous T-DNA insertion
mutants was shown to lack function of the gene; no corresponding mRNA can be
detected by the RT-PCR in the mutants. All single and double mutants of the largest and
the second largest subunits of each of these pol IV genes grows normally and show no
obvious phenotypic defect in growth and development. This suggests that pol IV is non-

essential for Arabidopsis growth and development.

Concurrently with this research, several labs used forward genetics to screen A.
thaliana mutants for defects in the pathways of si-RNA mediated DNA methylation and
gene silencing. They found that knockout mutations of both the largest and second largest
subunits of pol IV have a defect in silencing and demethylation of endogenous
retroelements (such as At-SN1) and heterochromatic 5S RNA gene repeats (Herr et al.,
2005; Kanno et al., 2005; Onodera et al., 2005). One way to detect the DNA methylation
change is to use the technique of bisulfite genomic DNA sequencing. Bisulfite treatment
of DNA converts unmethylated cytosine residues into uracil while leaving the methylated

cytosine unchanged. After PCR amplification and sequencing, the methylated cytosine
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residue will be replaced by cytosine while unmethylated cytosine residue will changed

to thymine residue.

Using bisulfite genomic DNA sequencing, we detected the change of DNA
methylation at a retroelement site (At-SN1 site) in the pol IV gene mutants (Fig. 4.5). For
symmetric CG methylation, no methylation changes occurred in single RPD1 (dd) or
single RPE1 (ee) mutants. CNG methylation was not changed in single dd mutants but is
reduced in ee mutants. However, asymmetric (CHH) cytosine methylation was abolished
in both dd and ee mutants. For the homozygous double mutant of RPD1 and RPE1
mutant (ddee), CG methylation was reduced and both CNG and CHH methylation are
abolished. Plants homozygous for mutations in both paralogs encoding the second-largest
subunit (aabb) had a defect in DNA methylation like those doubly mutated in genes for
the largest subunit (ddee). So RPD1 and RPE1 have partial compensatory function for .
CNG methylation, and both are essential for asymmetric methylation at the At-SN1 site.

4.4 Discussion

4.4.1 Pol IV subunit composition inferred from chromatography and mass

spectrometric analyses

Using protein sequences from yeast and humans, we performed homology
searching against Arabidopsis genome sequences and identified all the genes coding for
subunits of RNA polymerase core enzymes (table 4.2). Through the combination of ion-
exchange chromatography and tandem mass spectrometry, we have partially purified the
RNA polymerases and identified the subunit composition of nuclear RNA polymerases in
cauliflower inflorescence. The Arabidopsis gene products identified by our MS/MS
results are summarized in table 4.2. Our mass spectrometry results found that pol I and
pol III have different alpha homologs, AC40a and AC40c, respectively, in cauliflower.
We have sequenced the cauliflower genes for both the AC40a and AC40c¢ subunits. The

molecular weights of their translational products are 40 and 43 kDa. Multiple genes code
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PBS, RPB6, RPB8 and RPB12 in 4Arabidopsis, and many orthologs are also present in

Brassica (data incomplete). However, for each of these subunits, only a single gene
product has been found in one or all RNA polymerase fractions in our MS analysis. This
indicates that they are the major proteins used as common subunits for nuclear RNA
polymerases in cauliflower. RPB5-at5g57980 has been found in the pol Illa fraction and
antibody against RPB5-3g16680 has detected its protein form in tissue culture of 4.
thaliana (Larkin et al., 1999). Therefore, it is likely that other minor forms of the
common subunits are also functional and incorporated into the core enzymes, but their

roles in regulating gene transcription, if any, have yet to be determined.

The RPB3a and RPB3b proteins have been found both in fractions that contain
pol II and those contain pol IV, suggesting that pol II and pol IV share a common alpha
homolog. This finding agrees with our phylogenetic conclusion that pol IV evolved from
pol II (Chapter 3). The two alpha homologs in pol II, RPB3 and RPBI11, form a
heterodimer and are important for pol II assembly. The RPB3 and RPB11 homologs in
Arabidopsis have been found to form a heterodimer in vitro and in vivo (Ulmasov et al.,
1996). So it may as well be that RPB3 and RPB11 also form a heterodimer for pol IV

assembly.

By mass spectrometry we found the RPE1/RPD2 complex in the pol Ia and pol
ITIa peaks. We did not find the RPD1/RPD2 complex in any column fraction even though
the co-immunoprecipitation experiment showed that anti-RPD1 peptide can pull down
RPD2 proteins. There are several possible explanations for this result: 1, we might have
missed it because mass spectrometry was performed only on peak fractions of RNA
polymerase activity. The RPD1/RPD2 might differ in chromatographic properties such
that it would be eluted in a region with no polymerase activity. 2, the RPD1 protein might

have eluded detection by mass spectrometry simply because of low abundance.
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4.4.2 Pol IV subunits inferred from protein homologies

The common subunits RPBS5, RPB6, RPB8, RPB10 and RPB12 all interact with
either the largest or second largest subunits in the yeast pol II structure (Cramer et al.,
2001). For RPBS, this interaction is with the “cleft” domain of the largest subunit. The
two major interaction sites between RPBS and RPB1 are conserved in the largest subunits
of pol I, pol II and pol III. They are also conserved in the sequences of the largest
subunits of pol IV (Fig. 4.6 A and Fig. 4.10). The RPB8 subunit interacts with RPB1
around conserved region E. The same interacting sites are conserved in the largest
subunits of pol IV as in those of pols I, II and III, except that there are variable short
insertions in several pol IV sequences (Fig 4.6 C). The RPB6 subunit interacts with
residues in conserved regions G and H of RPB1. Conserved region G spans over the joint
of “Jaw” and “Cleft” domains. It can be separated into two functional motifs: the first
motif in the jaw interacts with RPB6; the second motif forming a G-loop interacts with
the bridge helix at the active center. Only the sites that interact with the RPB6 are
conserved in the largest subunit of pol IV (Fig 4.6 B(left); Fig. 4.10). In conserved region
H, the first several residues are conserved in the largest subunit of pol IV, while the rest

of residues preserve similar residue properties with rest of polymerases (Fig 4.6 B, right).

Both the RPB10 and RPB12 subunits interact with residues in conserved regions
in the second largest subunits of pol II (RPB2). The RPB10 subunit interacts with
residues in conserved regions F and H. RPB12 subunits interacts with residues in
conserved regions A and G. All these sequences are also conserved in the second largest
subunit of pol IV (Fig 4.7).

Not only are these common subunits shared among pol I, pol II and pol III; in
addition the yeast RPB6, RPB8, RPB10, and RPB12 subunits can be functionally
substituted by their human homologs (McKune et al., 1995; Shpakovski et al., 1995),

suggesting that the common subunits have a broad range of interaction capacity. Since
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the sites interacting with common subunits are also conserved in the largest and second

largest subunits of pol IV, we think it is reasonable to infer that these common subunits
are also incorporated into the pol IV protein complex. So we conclude, tentatively, that
pol IV is also a multiple subunit enzyme like other nuclear RNA polymerases, including
a largest subunit (RPD1 or RPEIl), a second largest subunit (RPD2), alpha homologs
RPB3 and RPB11, and common subunits RPBS, RPB6, RPB§, RPB10 and RPB12.

4.4.3 The pol IV RNA polymerase activity

The RPEI/RPD2 complex identified by mass spectrometry co-purified with pol Ia
and pol Illa. Further purification of pol IV protein failed due to the small amount of
protein, precluding a determination of whether the RPE1/RPD2 complex has RNA
polymerase activity. Immunopurified pol IV also shows no RNA polymerase activity,
even though we can detect the RPD2 protein in the immuno-purified products. On the
face of it, these data suggest that pol IV has no RNA polymerase activity. However, we
have found that our traditional RNA polymerase assay requires at least 100 ng of protein.
Dilution of the protein amount 100 times will reduce the level of assayable polymerase
activity to the background level. The amount of pol IV protein is estimated to be 100 to
1000 times less than that of pol II protein. Therefore, it is likely that the failure to detect
RNA polymerase activity associated with immuno-purified pol IV results from the small
amount of protein present. At this stage, we cannot conclude experimentally whether pol

IV has RNA polymerase activity or not.

4.4.4 Bioinformatic inference of an RNA polymerase activity of pol IV

Regarding Pol IV function in plants, its absence does not affect plant survival and
in fact it is not needed for normal plant growth and development. The higher substitution
rates of the Pol IV genes in plants may be explained by the non-essential nature of the
enzyme. It is also possible pol IV may have fewer interacting partner proteins, allowing

rapid evolution of pol IV genes.
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To find out whether the inferred polypeptide sequences of the two largest RNAP
IV subunits are consistent with enzymatic activity, we compared them to those of the
RNAPs I, IT and III. The sequences around the active center, DNA/RNA hybrid binding,
and the incoming NTP binding sites are conserved in all multiple-subunit RNA
polymerases (Kettenberger et al., 2004; Westover et al., 2004). The corresponding sites
for active center, DNA/RNA hybrid binding, and NTP binding are also conserved in pol
IV (Fig 4.8 and Fig 4.9), supporting its possible role in RNA polymerase activity. Our
phylogenetic study shows that the pol IV diverged from pol II by a two-step process.
Before duplication of the second largest subunit gene, the largest subunit of pol II and the
newly duplicated pol IV largest subunit likely shared a common second largest subunit.
The MS/MS evidence and sequence comparison suggest that pol IV and pol II also share
the alpha homologs and other common subunits. This would be consistent with an RNA

polymerase activity of pol IV.

Suggestive evidence contraindicative of polymerase activity is the presence in the
largest subunits of RNAP IV of drastic changes in the region of the F-bridge, the
conserved region G and a complete deletion of the “foot” domain in the yeast RNAP II
structure (Fig 4.10). The sites lacking in the F-bridge are those that contact and stabilize
unwound template DNA at the active center. The G-loop sequences that interact with the
F-bridge during RNA polymerase translocation(Epshtein et al., 2002; Vassylyev et al,,
2002) also are not conserved in the largest subunit of RNAP IV sequences. These
changes in RNAP IV, at the very sites that contact incoming template DNA, suggest to us
that, if RNAP IV is a DNA-dependent RNA polymerase, it either uses single stranded

DNA as template or has very low processivity.

4.4.5 The pol IV function in Arabidopsis

Unlike pols I, II, and III whose function is essential for cell growth, pol IV is non-

essential for normal growth and development in Arabidopsis. Evidence for a functional
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role for pol IV in Arabidopsis comes from studies of the RNAi pathway. Knock-out

mutations in RPD1, RPE1 and RPD2 genes have partial defects in siRNA-mediated gene
silencing and heterochromatin modification (Herr et al., 2005; Kanno et al., 2005;
Onodera et al., 2005). We studied the methylation changes in the pol IV mutants at one of
the retroelement sites (At-SN1), at which asymmetric cytosine methylation is controlled
by components in the si-RNA pathway (Hamilton et al., 2002; Zilberman et al., 2003;
Chen, 2004). We found that both RPD1 and RPE1 mutations abolish asymmetric DNA
methylation at the At-SN1 site, confirming a role of each in si-RNA mediated DNA
methylation. In Arabidopsis, asymmetric DNA methylation is carried out by DNA
methyltransferase DRM1/DRM2 (Chan et al., 2005). It is not known how pol IV
function is integrated into the si-RNA pathway. RPD1 mutations block the generation of
si-RNA species, while RPE1 mutations have no effect on the generation of si-RNAs
(Herr et al., 2005; Kanno et al., 2005), suggesting that the RPD1 and RPE1 complexes
may have different roles in si-RNA gene silencing. Since there is just one largest subunit
gene in Charales and bryophytes, the function of pol IV in these taxa, if it has a role in
the si-RNA mediated pathway, would include both of these steps.

Small interference RNA (siRNA) has been found to mediate heterochromatin
modification in Schizosaccharomyces pome (Volpe et al., 2002), Tetrahymena
thermophila (Yao et al., 2003), Drosophila melanogaster (Pal-Bhadra et al., 2004), and
Arabidopsis thaliana (Zilberman et al., 2003; Lippman and Martienssen, 2004). A point
mutation in the RPB2 gene in S. pombe uncoupled the RNA polymerase activity from the
si-RNA mediated process, suggesting the involvement of pol II in this pathway (Kato et
al., 2005). However, it is still unclear how pol II is integrated into the siRNA pathways in
S. pombe and whether polymerase activity of pol I is needed for siRNA pathway. At this
stage, we cannot confirm that pol IV is a DNA dependent RNA polymerase.
Understanding whether pol IV has RNA polymerase activity will be central to

understanding its role in participation in the si-RNA pathway.
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Table 4.1. Summary of MS-MS results. The first numbers are the actual number of

peptides found by MS (the total AA residues found, the percentage of the AA residues
found)

Samples | Peptides of RNA polymerases been detected by MS-MS

pol I pol IV

RPA1 15(225,13%) RPE1 16(215, 11%)
RPA2  10(129,10%) RPD2 29(360, 30%)
pol Ia AC40-a  7(100, 27%)

RPB8-3g 2(41,28%) RPB3ab 7(100, 31%)
RPBS5-3g  5(49, 24%)

poll

RPA1  20(320,19%) RPE1 2(24, 1%)
RPA2  15(155,13%) RPD2  2(32, 3%)
pol Ib RPB8-3g 2(41, 28%)

RPBS5-3g  3(39, 19%) RPB3a.b 3(47,15%)
AC40-a  5(82,22%)

pol II Chloroplast RNAP

RPB1  43(354,24%) RPOB 6(80, 7.4%)

RPB2  34(297,25%) RPOCl 5(53, 9.0%) RPE1 4(38, 1.9%)
RPB3a,b 13(119,50%) RPOA 2(30,8.5%) RPD2 6(80, 6.8%)
RPB5-3g 4(32,15%)  RPOC2 12(148,10.6%)

pol 11 RPB7 3(38,21%)

RPB8-3g  2(41, 28%)

RPB11 3(38, 32%)

RPB12-5g 3(16,31%)

pol III pol IV
RPCl  14(188, 14%) RPEl 15(203, 11%)
RPC2  14(121, 11%) RPD2 18(278,24%) RPBI 6(103,5.5%)

RPC62kD  3(28, 5%) RPB2  6(87,7.3%)
polllla |RPBS-3g 4(41, 29%) RPB3ab7(100,31%) RPBI1 2(26,22%)
RPBS-3g  2(41,28%) RPBS5-5g 2(23, 11%)

AC40-c  14(194, 50%)

pol 111 Chloroplast RNAP
RPC1  22(345, 25%) RPOB 12(226,21%)
RPC2  17(219,18%) RPOC1 9(138,20%)
pol IIIb RPC62kD  3(49,9%) RPOA  3(50, 15%)
RPB6-5g  2(53,37%) RPOC2  6(94, 7%)
RPBS5 -3g  6(60, 29%)

RPB8-3g  2(41, 28%)

AC40-c  9(176,47%)
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Figure 4.3 Immuno-precipitation of pol IV and RNA polymerase activity
analysis. (A), Immuno-blotting using anti-RPD2 antibody. Samples are
from immnuo-purified product by peptide antibody or prebleed sera. (B).
RNA polymerase activity assay of the unpurified and immunopurified
proteins
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WT 0.72 (52/72)  0.45(57/126) 0.34 (217/630)
dd 0.78 (53/68)  0.53 (64/119) 0.02 (10/595)
ee 0.67 (38/56)  0.14 (14/98)  0.01 (4/490)
ddee 0.27 (24/88) 0 (0/154)  0.01 (10/770)
aabb 0.14 (8/56)  0.01(1/98)  0.01 (3/490)

Figure 4.5 DNA methylation at At-SN1 site measured by bisulfite
genomic DNA sequencing. The table shows the percentage of
methylated cytosine at CG, CNG and CHH positions in different
genotypes, which is derived from the actual number of methylated
cytosine observed divided by the total number of cytosine in each
category, shown in the paresis. The percentage of methylated
cytosine in different genotypes is also illustrated in the figure
above.
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Figure 4.7 The alignment of sites in the second-largest subunits of RNAPs I, II, III
and IV that interact with common subsunits of RPB10 and RPB12.

The bar shows the interface in the second-largest subunit of RPB2 that interacts
with the small subunits in S. cerevisiae pol II structure.

The color scheme and histograms are used as described in the legend of Fig 4.6.



100

DNA/RNA hybrid binding site

With RNA

b34-b35 ba0-a30 a21-a22
. . Antirrhinum.RPD2 Antirrhinum.RPD2
Antirrhinum.RPD2 j§ i Solanum.RPD2 Solanum.RPD2
Solanum,RPD2 A.t.RPD2 = A.t.RPD2
A.t.RPD2 Maize.RPD2 \ : Maize.RPD2
Maize.RPD2 Rice.RPD2 ] Rice.RPD2
Rice.RPD2 Ginkgo.RPD2 Ginkgo.RPD2
Ginkgo.RPD2 Psilotum.RPD2 Lycopodium.RPD2
Psilotum.RPD2 Lycopodium. RPD2 E Isoetes.RPD2
Lycopodium.RPD2 Igoetes.RPD2 Selagella.RPD2
Iscetes.RPFD2 B o g .
Selagella.RPD2 & SR Sphagnum.RPD2
Selagella.RPD2 Sphagnum. RPD2 o Lnuloria  RPD2
Sphagnum.RPD2 Lunularia.RPD2 ] .
Lunularia.RPD2 S.c.RPB2 | S.c.RPB2
8.c.RPB2 S A A.t.RPB2
A.t.RPB2 A.t.RpB2 a x H.s.RPB2
H.s.RPB2 H.s.RPB2 (KR -8
B R rea 5.c.RPC2 i 8.c.RPC2
A.t.RPC2 A.t,RPC2 <R A.t.RPC2
H.s.RPC2 H.8.RPC2 Aok H.s.RPC2
A S.c¢.RPA2 R h 8.c.RPA2
S.c.RPA2 b o A REaa
A.t.RPA2 £ R .t
H.s.RPA2 H.8.RPA2 Y H.s.RPFA2 Q
With DNA
b#tadl ., b14-b15 a10-b7 *
Antirrhinum,RPD2 P 3. - rhw
Solanum.RPD2 : ) : A.m,RPD1 § A.t.RPD1 PRLCYLRF
A.t.RPD2 [ 1074 Solanum.RPD1 Rice,RPDla TD
Naize.RPDZ I ot REDL Rice.ReDIb PD
ce. o ice. a
Ginkgo.RPD2 : Rice.RPD1b Ri:etl't:gﬁ SSKA
Psilotum.RPD2 [NHEP A.t.RPE1 .

Lycopodium.RPD2 Rice.RPElD

i

Rice.RPEla

Isocetes.RPD2 R ! Chara,RPD1 ESKHAR

Selagella.RPD2 2;::;,:§;§ " §.c.RPB1 M

Sphagnum. RPD2 §.c.RPB1 NP 2 A.t.RPB1 H

Lunularia.RPD2 «C. I .t R
S.c.REB2 A.t.RPB1 Z H.s.RPB1 R
A.t.RPB2 HE.8.RPB1 o §.c.RPC1 M
H.s.RFB2 MR 8.¢.RPC1 g A.t.RPCL B
S.c.RPC2 A.t.RPC1 2 .5 RPCL B
A.t.RPC2 H.8.RPC1 I +Be
H.8.RPC2 S.c.RPAl R - S.c.RPAL
§.c.RPA2 A.t.RPAL = A.t.RPAL
A.t.RPA2 E.s.RPAl 2 E.5.RPAL I
H.s.RPA2

Figure 4.8 The sites in the largest and second largest subunits for DNA/RNA hybrid
binding. The hybrid binding sites are derived from crystal structure of yeast pol II
elongation complex (Kettenberger et al., 2004). The residues that in close contact
with DNA or RNA are marked as *. The color scheme and histograms are used as
described in the legend of Fig 4.6
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Figure 4.9 The NTP binding sites in the largest and second largest subunits.
The NTP binding sites are derived from the crystal structure of pol II elongation
complex with NTP (Kettenberger et al., 2004). The residues that are important
for NTP binding are marked as *. The color scheme and histograms are used as
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Chapter 5. Conclusion and Future Directions

5.1 The evolution of eukaryotic transcription systems

In Chapter 3, I reported the discovery of the Pol IV genes in land plants and
charalian green algae and described the genesis of Pol IV from Pol II through a multistep
process in which the largest and second-largest subunit genes evolved by independent
duplication events (Fig. 3.4 A). Here, I will apply these inferences about the origin of Pol
IV to sketch a possible evolutionary history for the origin of three independent
polymerase systems in the ancestral eukaryote. I propose that a multistep mechanism
similar to that for Pol IV gave rise to the early evolutionary divergence of Pols I, II and
III. Initially, gene duplications led to the three largest subunits of Pols I, II and III.
Subsequently, duplication of the second-largest subunit gene gave rise to the three second
largest subunits of Pols I, II and III (Fig. 3.4B). Prior to dupiication of the second largest
subunit, the divergent largest subunits of Pols I, II and III shared a common second
largest subunit and common small subunits. If this stepwise process did indeed give rise
to Pols I, II and III from a single ancestral archaeal-like RNA polymerase in the early

eukaryotes, how could the functions of each RNA polymerase then be specified?

Each RNA polymerase in eukaryotes has its unique features and components for
promoter recognition, preinitiation complex formation, initiation and promoter clearance,
elongation, and termination (Hahn, 2004; White, 2005). Differential recruitment of RNA

polymerases occurred at the formation of pre-initiation complexes (PICs) at different
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promoters. The Pol II PICs include Pol II (12 subunits), the general transcription

factors [GTFs, TATA box binding protein (TBP), TFIIA, -IIB, IIE, -IIF, -IIH, 19
subunits], TBP-associated factors (TAFs, 15 subunits), Mediator (24 subunits), SAGA
(~17 subunits), NuA4 (7 subunits), SWI/SNF (~11 subunits), and/or RSC (~11 subunits)
(Martinez, 2002; Hahn, 2004). The Pol III PICs include the Pol III (12 subunits), TFIIIC
(6 subunits), and TFIIIB [3 subunits, include TBP and BRF (TFIIB homolog)] (Paule and
White, 2000). The Pol I PICs are different between mammals and yeast. Besides Pol I (14
subunits), Pol I PICs in mammalian rRNA promoter include UBF, TIF-IB/SL1 (4 subunit
with TBP, and three TAFs), and TIF-IA; Pol I PICs in yeast include upstream activating
factors (UAF, 6 subunits), TIF-IB (TBP + 3 TAFs), and RRN3 (Grummt, 2003; Ruggero
and Pandolfi, 2003). TIF-IA/RRN3 and TBP are the only homologous proteins conserved
in mammalian and yeast Pol I PICs. TBP is the only transcription factor that is shared

among all three RNA polymerases.

In the formation of Pol II PICs, TFIIB and TBP are responsible for promoter
recognition and recruitment of Pol II to form the minimal initiation complex. TBP binds
to the TATA box of a Pol II promoter and bends the DNA around the C-terminus of
TFIIB. TFIIB recruits Pol II through the N-terminal zinc finger domain (Buratowski and
Zhou, 1993; Hahn and Roberts, 2000). TFIIB is also directly involved in promoter
opening, open complex formation and start site selection (Bushnell et al., 2004; Chen and
Hahn, 2004). In the case of Pol III , Brf, the homolog of TFIIB, is not required for
recruitment. Mutations in the Brf zinc ribbon domain inhibit open complex formation,

blocking the full opening of DNA strands spanning the transcription start sites (Hahn and
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Roberts, 2000; Kassavetis et al., 2001; Kassavetis et al., 2003). However, there is no

homolog of TFIIB in Pol I initiation.

In archaea, all genes, transcribed by a single RNA polymerase, have a similar
promoter structure (Bell et al., 2001). Transcription in archaebacteria requires only two
initiation factors TBP and TFB, for promoter recognition and specific transcription. TBP
recognizes the archaeal T/A (TATA) box promoter element and is homologous to TATA-
box binding protein (TBP) of pol II transcription (Bell and Jackson, 2000; Geiduschek
and Ouhammouch, 2005). TFB is homologous to the TFIIB in pol II transcription. As in
pol II transcription initiation, TBP binds to the C-terminal domain of TFB. The zinc
finger domain of TFB is required for the recruitment of RNA polymerase and TFB is
required for promoter opening and accurate initiation (Bell and Jackson, 2000). Thus,
TFB is important for the recruitment and the initiation of RNA polymerase in archaea.
Both TBP and TFB play important roles for polymerase recruitment and initiation in
archaebacterial and eukaryotic transcription systems, suggesting that the TBP and the
TFB were used as recruitment and initiation factors for the single RNAP in the ancestor
of eukaryotes, and that this use might have continued after duplication and divergence of

the Pol I, II and III largest subunits.

TFIIB interacts with the ‘dock’ domain in the largest subunit of pol II (Chen and
Hahn, 2003). The newly published TFIIB-Pol II crystal structure identifies the region of
this interaction to residues 409-419 of S. cerevisiae RPB1 (Bushnell et al., 2004).

Sequence comparison of the ‘dock’ domain indicates that the ‘dock’ domain is conserved
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in RPB1 (pol IT), RPC1 (pol III) and RPO Al (archaeal RNAP), in which the TFIIB

homologs are used for PICs (Chen and Hahn, 2003). This suggests that similar
interactions are used between TFIIB homologs and the ‘dock’ domains of the largest
subunits of pol III and archaeal RNAP. After the initial functional differentiation of Pols
I, IT and III, it is parsimonious to assume the existence of a specific TFB homolog for Pol
I (“TFIB’), Pol II (TFIIB) and Pol III (Brf). Later, as each polymerase system evolved
independently and adapted to the new requirements for the gene transcription and
regulation, “TFIB’ for Pol I was lost entirely and Brf in Pol III underwent changes that

made it no longer important for polymerase recruitment.

Since TFB homologs played similar roles in RNA polymerase recruitment and
initiation for the three RNA polymerase during early eukaryote evolution, we assume that
divergence of the largest subunits of Pol I, II and III would have been sufficient for
functional specification by virtue of having different interactions with TFB homologs
(Fig 5.1). Thus, we propose that coevolution of the RPA1/B1/C1 genes and the TFB
homologs was correlated with divergence of the three classes of promoters and the
evolution of three transcription systems. We can test this evolutionary model of three
transcription systems by an in vitro RNA polymerase recruitment study. The Pol II PICs
can be assembled in vitro on a Pol II promoter. We can test whether it is possible to use a
TFIIB/Brf hybrid protein to recruit Pol III onto a Pol II promoter, or to use TFIIB to

recruit Pol III with a pol IT ‘dock’ domain on RPCI1.
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5.2 Study of Pol IV function in plants. |

The crucial point for understanding the Pol IV function in plants is to know
whether Pol IV has RNA polymerase activity. I have tried but failed to demonstrate the
presence of a Pol IV RNA polymerase activity in an extract from cauliflower
inflorescence. The major challenge was the small amount of pol IV protein in these

tissues. In the future, two approaches may be considered for the study of Pol IV activity.

The first way is to choose different tissues to extract Pol IV proteins, especially
tissues from monocots such as wheat and rice germ. These, like other plant tissues may
prove to have only a small amount of Pol IV. The advantage of using the wheat or rice is
that it is easy to distinguish the RNA polymerase activity of Pols I, II and III by a-
amanitin. In monocots, Pol I is insensitive to a-amanitin up to 2000ug/ml; Pol II is very
sensitive to a-amanitin with half inhibition at 0.05 ug/ml; Pol III has an intermediate
sensitivity to a-amanitin with half inhibition at Sug/ml. This is similar for Pol I and Pol II
in cauliflower, but cauliflower Pol III is very resistant to a-amanitin with half inhibition
> 500ug/ml and its activity cannot be totally inhibited by a-amanitin (Guifoyle, 1982).
The sites for interaction of a-amanitin reside mainly in the conserved region F of the
largest subunit (Bushnell et al., 2002) and these sites are no longer conserved in the Pol
IV largest subunits. Therefore, if Pol IV has RNA polymerase activity, it is very likely
that it will be resistant to inhibition by a-amanitin. Even though Pol IV can be co-

purified with Pol III in cauliflower, it is impossible to tell Pol IV activity from Pol III



108
activity because the pol III activity cannot be completely inhibited by a-amanitin.

However, the wheat pol III activity can be completely inhibited by a-amanitin at > 20
ug/ml. So if pol IV is still co-purified with pol III in wheat, it is more likely to identify

Pol IV activity from Pol III activity in monocots.

The second approach to study Pol IV activity would be to overexpress the largest
and the second largest subunits of Pol IV to get enough protein for analysis. Based on the
assumption that the other subunits might be able to be assembled into Pol IV if the largest
and the second largest subunits are overexpressed in yeast, I have tried unsuccessfully to
overexpress RPD1 and RPD2 in yeast. The reason might be: 1. It is hard to overexpress
large proteins in yeast; 2. The codon usage bias may add additional difficulty to
overexpress the plant genes in yeast. In the future, baculovirus insect cell expression
system could be considered for overexpression of the tagged RPD1 and RPD2 proteins
and to test the assembly of Pol IV in insect cells. This experiment is definitely worth
trying, and if this experiment of overexpression in insect cells succeeds, it will give
information not only about the RNA polymerase activity of Pol IV proteins, but also
about RNA polymerase assembly in general. However, since so many factors are
uncertain, the success of the experiment is far from certain. An alternative strategy would
be to overexpress the largest and second largest subunits of Pol IV in plants. Virus
induced overexpression systems and transgene overexpression could be considered for
this experimemt. Overexpression of Pol IV subunits in plants would require a more

complex experimental design, but it has a greater chance of success than heterologous
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expression. For the same reason to distinguish the RNA polymerase activity by a-

amanitin, overexpression of Pol IV subunits in Rice may be a good choice.

Pol IV is involved in the RNAIi pathway. In order to understand how Pol IV is
integrated into the RNAi pathway, we need first to know what kinds of proteins Pol IV
associates. Analogously to the C-terminal domain in RPB1, the RPD1 and RPE1 proteins
have a C-terminal extension that contains partial repeats. At the end of RPD1 and RPE1
C-terminus, there is a conserved domain, homologous to the DCL protein. DCL is
encoded by a nuclear gene, but the protein is imported into chloroplasts. The DCL
protein was found to be involved in the maturation of 4.5s rRNA in the chloroplast
(Bellaoui et al., 2003). The CTD in RPB1 functions throughout the Pol II transcription
cycle. It dynamically associates with proteins involved in transcription, capping, splicing,
and polyadenylation (Hirose and Manley, 2000; Howe, 2002; Meinhart et al., 2005). The
C-terminal extension in RPD1 and RPEl may play a similar role in orchestrating the
processes involved in the RNAI pathway. The DCL domain in RPD1 and RPE1 may be
involved in association of proteins for RNA metabolism. As a future project, one might
study the proteins that associate with the DCL domain either through yeast two-hybrid

experiments or immunoprecipitation and Mass spectrometry.
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