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Abstract

Evolution of plant-specific Snf2 proteins and RNA polymerases and their function in maintaining
paramutations in Zea mays

by
Jennifer Lynn Stonaker
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Jay B. Hollick, Chair

Paramutation describes an interaction between specific alleles which results in heritable
epigenetic changes in gene expression. To study the mechanisms underlying paramutation,
genetic screens were performed to identify factors required to maintain repression (rmr) of
paramutant states. For my thesis research I mapped and identified rmrl as encoding a novel,
plant-specific Rad54-like Snf2 protein. Additionally, I have participated in the identification of
rmr6 as encoding RPD1, the largest subunit of the plant specific RNA polymerase IV (Pol 1V),
and rmr7 as encoding RPD2a, the second largest subunit of either Pol IV and / or an additional
plant-specific RNA polymerase, Pol V. Pol IV and Pol V, along with RMRI1 and related Snf2
proteins, have evolved exclusively in plants to mediate RNA-based epigenetic repression. While
the epigenetic changes mediated by rmrl, rmr6, and rmr7 appear to indirectly affect the
paramutation mechanism, the identification of these factors has facilitated cross-species
comparisons of the RNA-based repression mechanisms and provided new evidence for the role
of these types of regulatory mechanisms in plant development and evolution.
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Chapter 1 -- Introduction

Since the early 20th century, when scientists combined Mendel's rules of inheritance with
knowledge of DNA as the molecule of heredity, genetics has been a powerful tool for analyzing
the function, development, and evolution of organisms. However, as the study of genetics
progressed it became clear that the basic gene concept was not sufficient to explain higher
organism complexity. Information was encoded, not just by DNA, but by modifications which
altered phenotype through chromatin changes instead of DNA sequence modification. The field
of epigenetics formed to study this additional level of biological information.

Paramutation: a rare but general feature of eukaryotes

Paramutation is an epigenetic behavior in which heritable changes in gene regulation
occur as a result of allelic interactions [Brink 1958]. Typically, only specific alleles of a given
locus participate in paramutation. Paramutagenic alleles facilitate gene regulation changes in
paramutable, or responding, alleles. Neutral alleles do not participate in paramutation. The
directed interaction between paramutagenic and paramutable alleles represents the hallmark of
paramutation and results in a violation of Mendel's law that alleles segregate away from the
heterozygote unchanged [Brink 1973].

The first report of a paramutation-like transmission phenotype was the "Rabbit Ear"
rogue phenotype of garden peas, Pisum sativum [Bateson and Pellew 1915]. These rogues were
produced at variable rates by commercial pea lines, and exhibited weedy traits such as narrow
leaves, curved pods, and smaller seeds. Crossing rogues by normal types resulted in intermediate
F1 generations in which only the upper portion of the plant developed rogue characteristics
[Bateson and Pellew 1915; Bateson and Pellew 1916]. Selfing these intermediate F1 plants
resulted in true breeding rogue types [Bateson and Pellew 1915] suggesting that the normal,
commercial traits were altered in the F1 generation [Brotherton 1923]. Specific loci required for
the rogue phenotype were never identified.

Similar non-Mendelian inheritance patterns were independently discovered in other plant
species. Examples include the cruciata character in Oenothera [Renner 1959] and the sulfurea
locus of tomato [Hagemann and Snoad 1971]. With the production of genetically modified plants
in the 1980s, additional examples resembling paramutation were identified at several transgenes
including the bacterial herbicide resistance genes nptll, hpt, and spt in tobacco and the maize al
color gene in Petunia [reviewed in Chandler and Stam 2004]. Paramutation-like phenomena have
also been observed in fungi and animals [reviewed in Chandler and Stam 2004] including
humans, where interactions between specific alleles of the /[DDM?2 locus in males appear to
reduce risk of type 1 diabetes in their children [Bennett ef al. 1997]. These examples highlight
the diversity of alleles which participate in paramutation or paramutation-like behaviors.

Paramutation in maize

Historically, models for paramutation research have been developed at the coloredl (rl),
colored plantl / boosterl (bl), and purple plantl (pll) loci in maize [Hollick ef al. 1997]. These
loci encode transcriptional activators of the maize anthocyanin biosynthesis pathway with
distinct but overlapping functions [reviewed in Dooner et al. 1991]. These model loci are ideal
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for studying paramutation because modifications of the anthocyanin pathway do not affect plant
fitness, and changes in gene activity due to paramutation are easily observed by visual changes in
plant pigmentation. The three loci each exhibit distinct behaviors during paramutation that
facilitate study of different aspects of the complex paramutation mechanism.

1. purple plantl (pl1)

Our lab has focused on paramutation occurring at P//-Rhoades, the only allele of pl/l
known to participate in paramutation. P//-Rhoades can exist in distinct regulatory states, termed
Pl and Pl that are distinguished by their pigmentation differences [Hollick et al. 1995]. The P/
state produces intense and complete coloration of plant tissues, most notably in the seedling leaf
sheath, anthers, and roots. The P/’ state is identified by reduced pigmentation that takes on a
variegated or mottled appearance in the anthers and is sunlight dependent in other plant tissues.

The PI state can spontaneously change to P/, and this happens at different frequencies in
different stocks [Hollick et al. 1995; Hollick et al. 2000; Gross and Hollick 2007]. When P/ and
PI" are brought together in the heterozygote PI’ types are exclusively transmitted. This non-
Mendelian inheritance pattern is not due to a chromosome segregation disorder because genetic
markers linked to the p// locus segregate equally in F2 progeny [Hollick et al. 1995].
Backcrossing F1 progeny from the cross above to a P/ tester also produces all Pl'-like progeny
illustrating that P/ acquires the expression levels and paramutagenicity of P/’ [Hollick et al.
1995]. The PI’ state is highly stable, but reversion to P/ can occur when the allele is kept in
hemizygous state or with certain neutral alleles [Hollick and Chandler 1998; Gross and Hollick
2007].

A precise measurement of pigmentation can be achieved using the Anther Color Score
(ACS), a standardized scale providing seven categories for anther color [Hollick et al. 1995].
Plants having anthers with an ACS1 through 4 have a P/’ genotype; they only transmit
paramutagenic Pl'-type states. They produce little pigmentation, and are highly stable, only
producing progeny with equal or lower ACS scores. Plants having ACS7 anthers represent
completely colored P/ types which are moderately stable. Plants with ACS5 and ACS6 are
considered to be metastable and can produce progeny with anther color scores that are either
higher or lower.

Anther color directly correlates with the amount of p// RNA produced [Hollick et al.
2000]. As measured by RNase protection assays, there is 18.6-fold more p// RNA in Pl/PI types
than in P//Pl' types [Hollick et al. 2000]. However, nuclear run-on transcription assays detect
only a 3-fold difference in transcription from the p// locus in the two states, suggesting that both
transcriptional and post-transcriptional repression mechanisms are required to maintain the P/’
state [Hollick ef al. 2000]. Additionally, expression from the P//-Rhoades allele correlates with
paramutagenicity--weakly expressed alleles are more paramutagenic [Hollick ef al.
1995].

The cis-acting sequence features responsible for mediating paramutation of P//-Rhoades
have not been identified. Mutational analysis of p// indicates that PL protein is not required for
paramutation although either p// transcription or p// RNA are required [Gross and Hollick
2007]. PlI-Rhoades, like all pll alleles, contains a 3' duplication that includes a portion of the
coding sequence [Cone et al. 1993]. The 5' proximal region, which appears to have undergone
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rearrangement relative to other neutral p// alleles, contains a CpG island and doppia, a fragment
of a CACTA-like transposon found in P//-Rhoades and a related neutral allele Pl/-Blotched
[Gross 2007]. No DNA methylation changes have been observed between P/ and P!’ [Hollick et
al. 2000; Gross 2007]. Recombinational analysis indicates that the elements which facilitate

paramutation are located 3' distal to the coding sequence, but their molecular nature has not been
identified [Gross 2007].

2. colored plantl (b1)

Paramutation at b/ is observed through changes in pigmentation in the plant body. BI-
Intense 1is the only allele of b/ which participates in paramutation. It exists in two epigenetic
states, a paramutable and highly expressed state referred to as B-/ and a paramutagenic and
weakly expressed state referred to as B' [Patterson ef al. 1993]. Like PI, B-I is unstable and can
spontaneously change to B', and B-/ is always converted to B’ when the two states are combined
in the heterozygote [Coe 1959; Coe 1966]. However, unlike P/, the B’ state is extremely stable
with no reversion of B’ to B-I being observed in any background [Coe 1966; Dorweiler et al.
2000].

The cis-acting elements required for paramutation at the b/ locus have been identified.
Both the ability to induce and respond to paramutation is localized to a tandem array of seven
853-bp repeats located 100-kb upstream of the b/ promoter [Stam et al. 2002]. The repeats are
identical in sequence between B’ and B-/, but B-/ is highly methylated and contains a more open
chromatin structure relative to B’ [Stam et al. 2002]. Long distance interactions are detected
between the repeats, the b/ promoter, and addition regulatory elements between the repeats and
the b/ locus in highly expressing B-I alleles while less frequent interactions are detected only
between the repeats and the b/ promoter in weakly expressed B’ alleles [Louwers et al. 2009].
Reduction in the number of repeats decreases the paramutagenicity of B’ [Stam ef al. 2002] and
prevents long distance interactions with the b/ promoter [Louwers ef al. 2009]. The repeats and
additional regulatory elements acts as functional enhancers of b/ transcription and highlight the
emerging role of transcription in paramutation.

3. coloredl (r1)

The r1 locus controls pigmentation in both the plant body and aleurone layer of the seed.
Paramutation of r/ is typically observed only in the aleurone and is somewhat distinct from
paramutation at either p// or b/. Namely, the paramutable and paramutagenic haplotypes of r/
are structurally distinct, and paramutation of a paramutable allele is only measurable upon
testcrossing from the F1 heterozygote [Brink 1956]. Paramutant alleles (R-7") are not highly
paramutagenic [Brown and Brink 1960] or stable, with reversion from R-r'to R-r occurring at
high frequency [Brink et al. 1968]. Spontaneous conversion of R-r to R-r' can occur, but the
subsequent R-r' state is not heritable [Brink et al. 1968].

Paramutable haplotype R-r contains two components, P, a single 7/ gene necessary for
pigment production in the plant body, and the S subcomplex, an inverted duplication of the r/
coding sequence required for pigment production in the aleurone layer of the seed. [Walker ef al.
1995]. Additionally, the S subcomplex contains doppia elements, also found in P//-Rhoades and
Pli-Blotched alleles, which may have contributed to the formation of the complex R-r haplotype
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structure [Walker et al. 1995]. Paramutagenic alleles R-st and R-mb contain multiple direct
repeats of the coding sequence [Eggleston ef al. 1995; Panavas et al. 1999]. Regions responsible
for paramutation localize to the / locus, rather than at distal elements as in b/ and potentially
pll1, but similarly depend on repetitive features and transcription. Deletion derivatives of R-s¢ and
R-mb which have fewer r1 copies are less paramutagenic, and haplotypes or deletion derivatives
with a single »/ coding sequence are neutral with regard to paramutation [Kermicle 1995;
Panavas et al. 1999]. Acquisition of paramutation at R-r depends on a large region including the
inverted duplication [Brown 1966]. Small deletion derivatives of R-» which remove only doppia
can still acquire paramutagenic activity, but larger derivatives which remove portions of the
coding region cannot [Kermicle et al. 1996]. As with b1, changes in methylation are observed
between R-r and R-r' alleles (increased in R-r' [Walker 1998]), but the causative relationship
between methylation and paramutation remains unclear.

Trans-acting Factors

In addition to research into cis-acting elements required for paramutation, genetic screens
were performed to identify loci required to maintain heritable repression of paramutant states in
trans. Mutant individuals were identified by Pl-like seedling and anther phenotypes in a P/’
background. To date, 12 loci have been identified by recessive, ethyl methanesulfonate (EMS)-
induced mutations and given the name required to maintain repression (rmr) [Hollick and
Chandler 2001; Hollick et al. 2005; Stonaker et al. 2009; J. Hollick unpublished]. Mutant alleles
identifying an additional factor, mediator of paramutationl (mopl), were also isolated in this
screen [Hollick and Chandler 2001].

Homozygous mutants of rmrl, rmr2, rmr6, and mopl show varying increases in p// RNA
levels compared to wild-type siblings [Dorweiler et al. 2000; Hollick and Chandler 2001;
Hollick et al. 2005]. Additional analysis shows that rmr6 mutants have increased transcription
from the p// and b loci indicating that rmr6 is involved in transcriptional gene regulation
[Hollick et al. 2005]. Individual rmri, rmr2, rmr6, and mopl mutants allow P!/ alleles to
heritably revert to P/ at different frequencies [Dorweiler et al. 2000; Hollick and Chandler 2001;
Hollick et al. 2005], but rmr7 mutants do not allow reversion except after several generations in
the mutant background [Stonaker et al. 2009]. While normal function from all the rmr and mop
loci are required for maintenance of P/’, genetic tests indicate that rmr6 and mopl are also
necessary for maintenance of B’ and acquisition of paramutant states at b/, rI ,and pll (rmr6
only) [Dorweiler et al. 2000; Hollick et al. 2005].

Several rmr factors are also important for normal maize plant development. Homozygous
rmr6 mutants exhibit severe defects in development including delayed flowering time, leaf
polarity reversals, ectopic outgrowths, and improper sex determination [Parkinson et al. 2007].
Similar developmental phenotypes are observed sporadically in mop! mutants [Dorweiler et al.
2000]. Homozygous rmrl2 mutants show severe developmental defects which make plant
propagation extremely difficult, and in certain field conditions, »mr3 mutants exhibit stunted
growth and localized regions of necrosis [J. Hollick, unpublished information]. These results
indicate that there is some overlap between the mechanisms underlying paramutation and normal
plant development. It is therefore thought that elucidation of the paramutation mechanism may
have a broader impact on understanding of general organism function and evolution.
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Paramutation and RNA-directed DNA Methylation

mopl encodes the maize ortholog of RNA-DEPENDENT RNA POLYMERASE2
(RDR2) from Arabidopsis [ Alleman et al. 2006; Woodhouse ef al. 2006]. RDR2 is involved in a
so-called RNA-directed DNA methylation (RADM) pathway [Xie et al. 2004] which uses 24 nt
small interfering RNAs (siRNAs) to direct DNA methylation and subsequent repression of target
sequences [Matzke ef al. 2009; Pikaard et al. 2008]. RADM is well studied in Arabidopsis where
forward and reverse genetics screens have identified the major pathway components and targets.

RdDM depends on the function of two plant-specific DNA-dependent RNA polymerases
(RNAPs) named Pol IV and Pol V [Herr ef al. 2005; Onodera et al. 2005; Kanno et al. 2005a;
Pontier et al. 2005]. Pol IV is required for the accumulation of 24 nt RNAs, but the substrate for
Pol 1V activity is unknown [Pikaard et al. 2008]. CLASSY1 (CLSY1), a novel, plant-specific
Snf2 protein is also required for 24 nt siRNA accumulation [Smith et al. 2007], and, while the
precise function of CLSY1 is unknown, it is hypothesized to facilitate Pol IV action [Matzke et
al. 2009]. Downstream of Pol IV activity, RDR2 generates double stranded RNA (dsRNA)
molecules from single stranded RNA transcripts [Pontes et al. 2006; Xie et al. 2004]. dsRNAs
are processed by DICER-LIKE3 (DCL3) into 24 nt siRNAs [Xie et al. 2004] and a single-
stranded guide siRNA is bound to ARGONAUTE4 (AGO4) [Zilberman et al. 2003].

Pol V functions downstream of siRNA accumulation [Pontes e al. 2006] and produces
low levels of non-coding RNA transcripts from target loci [Wierzbicki et al. 2008]. Homology-
mediated interaction of AGO4 bound siRNAs to nascent Pol V transcripts could direct de novo
DNA methylation at target loci through recruitment of DOMAINS REARRANGED
METHYLASEI1 and 2 (DRM1 and DRM2) and CHROMOMETHYLASE3 (CMT3) [Wierzbicki
et al. 2008; Cao et al. 2003]. DRM1, DRM2, and CMT3 specifically methylate cytosine residues
in CNG and CHH sites (where N is A or T and where H is A, T or C) facilitated by chromatin
proteins SUVH9, SUVH2 [Johnson et al. 2008] and DEFECTIVE IN RNA-DIRECTED DNA
METHYLATION1 (DRD1) [Kanno et al. 2004]. DRDI1 is a Snf2 protein related to CLSY 1 [Hale
et al. 2007; Chapter 2, this work], but unlike CLSY1 it is not required for the accumulation of
24nt siRNAs [Kanno et al. 2004]. DRDI is instead required for de novo acquisition and removal
of RNA-directed cytosine methylation which facilitates dynamic control of RdDM targets
[Kanno et al. 2005b].

The RdDM pathway functions to maintain heterochromatic regions and regulate a set of
genes important for control of flowering time and stress responses [Matzke et al. 2007]. RA(DM
targets are mostly repetitive elements, such as the 5S rDNA repeat arrays, and transposable
elements, such as AtSNI1 retroelements, localized to heterochromatic regions of the genome
[Onodera et al. 2005; Herr et al. 2005; Pontier et al. 2005; Tran et al. 2005]. The RdADM pathway
also targets repetitive elements in euchromatic regions [Huettel et al. 2006] and can regulate
expression of genes with attendant transposons, such as flowering regulators FWA and FLC
[Chan et al. 2006; Kinoshita et al. 2007; Liu et al. 2004]. RdADM components are also required
for the production of natural antisense siRNAs (nat-siRNAs) in response to abiotic and biotic
stresses [Borsani et al. 2005; Henz et al. 2007; Pikaard et al. 2008] demonstrating that the
RdDM pathway plays an important role in Arabidopsis genome function.

The identification of mopl as a RDR2 ortholog indicates that the RADM pathway may
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play a similarly important role in maize genome functions, including paramutation. The trans-
interactions observed in paramutation could be mediated by siRNAs produced from
paramutagenic alleles that induce heterochromatin formation in paramutable alleles. Tandem
repeats, like those at b/ and rl/, allow for sustainable production of siRNA silencing signals
[Martienssen et al. 2003], and heterochromatin states of paramutant alleles could then be
maintained by the RADM machinery. Identification and characterization of additional cis- and
trans-acting components of the paramutation mechanism will clarify the role of RdADM in
paramutation.

Alternative Paramutation Mechanisms

siRNAs are not the only RNA molecules which affect epigenetic processes. Interactions
between sense and antisense long non-coding RNAs (ncRNAs) can direct chromatin changes and
are required for X-inactivation and imprinting at some loci [Yang and Kuroda 2007]. Other
models of paramutation postulate direct physical interaction between paramutagenic and
paramutable alleles via a mechanism similar to transvection or trans-inactivation in Drosophila
[Hollick et al. 1997; Chandler and Stam 2004]. Upon the identification of RADM components as
necessary for paramutation [Alleman et al. 2006; Hale et al. 2007; Erhard et al. 2009; Stonaker
et al. 2009], these models had largely fallen out of favor because physical pairing is not a
requirement of RNA-based mechanisms. However, identification of long distance interactions at
the b1 locus [Louwers et al. 2009] has reactivated interest in physical interaction mechanisms.

Expression rate differences between B-/ and B’ are directly related to the amount and
frequency of interactions between the b/ promoter and upstream repeat / enhancer elements. B-/
has more interactions, and the repeat / enhancers have a more open chromatin state, relative to
B' [Louwers et al. 2009; Stam ef al. 2002]. To date, only cis-interactions have been identified,
but it is tempting to speculate that frans-interactions are also occurring. 7rans-interaction of B’
repeat / enhancer elements with the B-/ promoter could result in decreased transcription from B-/
and heterochromatin formation at B-/ repeat / enhancer elements through spreading of repressive
factors in a transvection-like mechanism. This would convert B-/ to B’ and allow for stable
transmission of the B’ state upon segregation of the paramutagenic allele.

Alternatively, paramutant states could be established by pairing-dependent interactions
between alleles and subsequently maintained by RNA-mediated chromatin modifications. This
would support the identified roles of both the repeat / enhancer elements and mopl / rdr2 in
mediating paramutation at b/ [Stam et al. 2002; Louwers et al. 2009; Alleman et al. 2006].
Trans-interactions between the B’ enhancer and B-/ promoter could cause RNA-mediated
heterochromatin formation through a transcription-dependent process, examples of which are
well-documented in both yeast and Arabidopsis [Buhler et al. 2007; Wierzbicki et al. 2008].
Further analysis of the cis- and trans-acting components of paramutation will help determine the
relative contributions of pairing and RNA-based mechanisms.

Paramutation was once thought to be a rare and unusual feature of plants. Now, models
highlight a role for critical nuclear processes, such as RNA-mediated chromatin changes, long-
distance enhancer function, and transcription, in paramutation. Species- and genome context-
dependent applications of these processes could produce the diversity of paramutation
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phenotypes observed in different organisms and at different loci. This current view indicates that
paramutation is not a single, unusual mechanism but an emergent property of the systems
required for normal genome function and homeostasis.

Research Directions

The goal of my graduate research was to better understand the molecular mechanisms of
paramutation through analysis of the franms-acting factors involved in maintenance of pl//
paramutation. To this end, I have mapped several rmr loci and identified rmrl as a novel Snf2-
domain containing protein involved in a maize RADM-type pathway (Chapter 2). Phylogenetic
analysis classify RMR1, CLSY1 and DRD1 as members of a plant specific subfamily of a
Rad54-like Snf2 proteins which contain novel sequence features predicted to mediate DNA-
protein or protein-protein interactions (Chapter 2). I also participated in the identification of rmr6
as encoding the largest subunit of Pol IV and rmr7 as encoding the second largest subunit of Pol
IV and / or Pol V (Chapter 3). Phylogenetic analysis of different polymerase components
provided an updated look at the evolution of the Pol IV and Pol V complexes and the difference
in their composition between grasses and eudicots (Chapter 3). Finally, genetic analyses of the
rmrl allelic series support the function of »mr/ in mediating interactions with other rmr factors,
namely rmr6 and rmr7 (Chapter 4). However, unlike typical Snf2 protein function, rmr/ is not
required for transcriptional repression of P/’ but rather stability of p// RNA (Chapter 4). The
work I present in this dissertation supports the role of a RADM pathway in maintenance of P/’
and contributes to an increased understanding of the evolution and function of RdDM
components in land plants.

References
Alleman et al. (2006) An RNA-dependent RNA polymerase is required for paramutation in
maize. Nature 442 (7100): 295-8.

Bateson and Pellew (1916) Note on an Orderly Dissimilarity in Inheritance from Different Parts
of a Plant. Proceedings of the Royal Society of London. Series B, Containing Papers of a

Biological Character 89 (612): 174-175.

Bateson and Pellew (1915) On the genetics of "Rogues" among culinary peas (Pisum Sativum).
Journal of Genetics 5 (1): 13-36.

Bennett et al. (1997) Insulin VNTR allele-specific effect in type 1 diabetes depends on identity
of untransmitted paternal allele. Nat Genet 17 (3): 350-2.

Borsani et al. (2005) Endogenous siRNAs derived from a pair of natural cis-antisense transcripts
regulate salt tolerance in Arabidopsis. Cell 123 (7): 1279-91.

Brink (1973) Paramutation. Annu Rev Genet 7: 129-52.



Brink et al. (1968) Paramutation: directed genetic change. Paramutation occurs in somatic cells
and heritably alters the functional state of a locus. Science 159 (811): 161-70.

Brink (1958) Paramutation at the R locus in maize. Cold Spring Harb Symp Quant Biol 23:
379-91.

Brink (1956) A Genetic Change Associated with the R Locus in Maize Which Is Directed and
Potentially Reversible. Genetics 41 (6): 872-89.

Brotherton (1923) Further Studies of the Inheritance of "Rogue" Type in Garden Peas (Pisum
Sativum L). Journal of Agricultural Research XXIV (10): 815-852.

Brown (1966) Paramutability of RS and » Mutant Genes Derived from an R” Allele in Maize.
Genetics 54 (3): 899-910.

Brown and Brink (1960) Paramutagenic Action of Paramutant R” and R¢ Alleles in Maize.
Genetics 45 (10): 1313-6.

Biihler and Moazed (2007) Transcription and RNAI in heterochromatic gene silencing. Nat
Struct Mol Biol 14 (11): 1041-1048.

Cao et al. (2003) Role of the DRM and CMT3 methyltransferases in RNA-directed DNA
methylation. Curr Biol 13 (24): 2212-7.

Chan et al. (2006) RNA1, DRDI1, and histone methylation actively target developmentally
important non-CG DNA methylation in arabidopsis. PLoS Genet 2 (6): e83.

Chandler and Stam (2004) Chromatin conversations: mechanisms and implications of
paramutation. Nat Rev Genet 5 (7): 532-44.

Coe (1966) The Properties, Origin, and Mechanism of Conversion-Type Inheritance at the B
Locus in Maize. Genetics 53 (6): 1035-1063.

Coe (1959) AREGULAR AND CONTINUING CONVERSION-TYPE PHENOMENON AT
THE B LOCUS IN MAIZE. Proc Natl Acad Sci USA 45 (6): 828-32.

Cone et al. (1993) Maize anthocyanin regulatory gene pl is a duplicate of ¢/ that functions in the
plant. Plant Cell 5 (12): 1795-805.

Dooner et al. (1991) Genetic and developmental control of anthocyanin biosynthesis. Annu Rev
Genet 25: 173-99.



Dorweiler et al. (2000) mediator of paramutation] is required for establishment and maintenance
of paramutation at multiple maize loci. Plant Cell 12 (11): 2101-18.

Eggleston et al. (1995) Molecular organization and germinal instability of R-stippled maize.
Genetics 141 (1): 347-60.

Erhard et al. (2009) RNA polymerase IV functions in paramutation in Zea mays. Science 323
(5918): 1201-5.

Gross (2007) Trans-sensing interactions and structural features of the maize P//-Rhoades allele.
Dissertation 1-361.

Gross and Hollick. (2007) Multiple trans-sensing interactions affect meiotically heritable
epigenetic states at the maize p// locus. Genetics 176 (2): 829-39.

Hagemann and Snoad (1971) Paramutation (Somatic Conversion) at the Sulfurea locus of
Lycopersicon esculentum. Heredity 27: 409-418.

Hale et al. (2007) A novel Snf2 protein maintains trans-generational regulatory states established
by paramutation in maize. PLoS Biol 5 (10): e275.

Henz et al. (2007) Distinct expression patterns of natural antisense transcripts in Arabidopsis.
Plant Physiol 144 (3): 1247-55.

Herr et al. (2005) RNA Polymerase IV Directs Silencing of Endogenous DNA. Science 308:
118-120.

Hollick et al. (2005) Rmr6 maintains meiotic inheritance of paramutant states in Zea mays.
Genetics 171 (2): 725-40.

Hollick and Chandler (2001) Genetic factors required to maintain repression of a paramutagenic
maize pll allele. Genetics 157 (1): 369-78.

Hollick et al. (2000) Paramutation alters regulatory control of the maize p/ locus. Genetics 154
(4): 1827-38.

Hollick and Chandler (1998) Epigenetic allelic states of a maize transcriptional regulatory locus
exhibit overdominant gene action. Genetics 150 (2): 891-7.

Hollick et al. (1997) Paramutation and related allelic interactions. Trends Genet 13 (8): 302-8.

Hollick et al. (1995) Allelic interactions heritably alter the activity of a metastable maize pl
allele. Genetics 141 (2): 709-19.



Huettel et al. (2006) Endogenous targets of RNA-directed DNA methylation and Pol IV in
Arabidopsis. EMBO J 25 (12): 2828-36.

Johnson et al. (2008) SRA-domain proteins required for DRM2-mediated de novo DNA
methylation. PLoS Genet 4 (11): €1000280.

Kanno et al. (2005a) Atypical RNA polymerase subunits required for RNA-directed DNA
methylation. Nat Genet 37 (7): 761-5.

Kanno et al. (2005b) A SNF2-like protein facilitates dynamic control of DNA methylation.
EMBO Reports 6 (7): 649-55.

Kanno et al. (2004) Involvement of putative SNF2 chromatin remodeling protein DRD1 in RNA-
directed DNA methylation. Curr Biol 14 (9): 801-5.

Kermicle et al. (1995) Organization of paramutagenicity in R-stippled maize. Genetics 141 (1):
361-72

Kermicle (1996) Epigenetic silencing and activation of a maize » gene. Epigenetic Mechanisms
of Gene Regulation, ed. Russo, Martienssen, Riggs. CSHL Press, Cold Spring Harbor, NY.:
267-287.

Kinoshita et al. (2007) Control of FWA gene silencing in Arabidopsis thaliana by SINE-related
direct repeats. Plant J 49 (1): 38-45.

Liu et al. (2004) siRNAs targeting an intronic transposon in the regulation of natural flowering
behavior in Arabidopsis. Genes & Development 18 (23): 2873-8.

Louwers et al. (2009) Tissue- and expression level-specific chromatin looping at maize b/
epialleles. Plant Cell 21 (3): 832-42.

Martienssen (2003) Maintenance of heterochromatin by RNA interference of tandem repeats. Nat
Genet 35 (3): 213-4.

Matzke et al. (2009) RNA-mediated chromatin-based silencing in plants. Curr Opin Cell Biol 21:
367-376.

Matzke et al. (2007) Targets of RNA-directed DNA methylation. Curr Opin Plant Biol 10 (5):
512-9.

Onodera et al. (2005) Plant Nuclear RNA Polymerase IV Mediates siRNA and DNA
Methylation-Dependent Heterochromatin Formation. Cell 120: 613-622.

10



Panavas et al. (1999) The structure and paramutagenicity of the R-marbled haplotype of Zea
mays. Genetics 153 (2): 979-91.

Parkinson et al. (2007) Maize sex determination and abaxial leaf fates are canalized by a factor
that maintains repressed epigenetic states. Developmental Biology 308 (2): 462-73.

Patterson et al. (1993) Paramutation, an allelic interaction, is associated with a stable and
heritable reduction of transcription of the maize b regulatory gene. Genetics 135 (3): 881-94.

Pikaard et al. (2008) Roles of RNA polymerase IV in gene silencing. Trends in Plant Science 13
(7): 390-7.

Pontes et al. (2006) The Arabidopsis chromatin-modifying nuclear siRNA pathway involves a
nucleolar RNA processing center. Cell 126 (1): 79-92.

Pontier et al. (2005) Reinforcement of silencing at transposons and highly repeated sequences
requires the concerted action of two distinct RNA polymerases IV in Arabidopsis. Genes &
Development 19 (17): 2030-40.

Renner (1959) Somatic conversion in the heredity of the cruciata character in Oenothera.
Heredity 13: 283-288.

Smith et al. (2007) An SNF2 protein associated with nuclear RNA silencing and the spread of a
silencing signal between cells in Arabidopsis. Plant Cell 19 (5): 1507-21.

Stam et al. (2002) Differential chromatin structure within a tandem array 100 kb upstream of the
maize b/ locus is associated with paramutation. Genes & Development 16 (15): 1906-18.

Stonaker et al. (2009) Diversity of Pol IV function is defined by mutations at the maize rmr7
locus. PLoS Genet 5 (11): e1000706.

Tran et al. (2005) Chromatin and siRNA pathways cooperate to maintain DNA methylation of
small transposable elements in Arabidopsis. Genome Biol 6 (11): R90.

Walker (1998) Paramutation of the »/ locus of maize is associated with increased cytosine
methylation. Genetics 148 (4): 1973-81.

Walker et al. (1995) Transposon-mediated chromosomal rearrangements and gene duplications in
the formation of the maize R-r complex. EMBO J 14 (10): 2350-63.

Wierzbicki et al. (2008) Noncoding Transcription by RNA Polymerase Pol IVb/Pol V Mediates
Transcriptional Silencing of Overlapping and Adjacent Genes. Cell 135 (4): 635-48.

11



Woodhouse et al. (2006) The mop1 (mediator of paramutationl) mutant progressively reactivates
one of the two genes encoded by the MuDR transposon in maize. Genetics 172 (1): 579-92.

Xie et al. (2004) Genetic and functional diversification of small RNA pathways in plants. PLoS
Biol 2 (5): E104.

Yang and Kuroda (2007) Noncoding RNAs and intranuclear positioning in monoallelic gene
expression. Cell 128 (4): 777-86.

Zilberman et al. (2003) ARGONAUTE4 control of locus-specific siRNA accumulation and DNA
and histone methylation. Science 299 (5607): 716-9.

12



Chapter 2 -- Mapping rmr loci and identification and phylogenetic analysis of the novel

Snf2 protein RMR1
Portions of this chapter has been previously published in: PLoS Biology (2007) 5 (10): 275.

Introduction

Genetic screens have identified multiple loci required to maintain repression (rmr) of the
P’ state [Dorweiler et al. 2000; Hollick and Chandler 2001; Hollick et al. 2005; Stonaker et al.
2009, see also Chapter 1, this work]. Plants homozygous for these EMS-induced rmr-type
mutations have dark, Pl-like pigmentation patterns despite being homozygous for P/'. Projects to
map and characterize these loci were initiated to better understand their role in the paramutation
mechanism. Here I detail my efforts to positionally clone rmr2, rmr6, and rmril / rmrl and the
subsequent phylogenetic analysis upon identification of rmrl as a Snf2 protein. Phylogenetic
analysis of rmr6 is presented in Chapter 3, and genetic and molecular characterization of rmr/ is
provided in Chapter 4.

Previous positional information for rmrl, rmr2, and rmr6 was determined using a
combination of 2-point linkage analyses and B-A mapping, a process in which supernumerary
chromosome translocations are used to generate specific segmental aneuploids and uncover
recessive mutations [Beckett 1978]. Linkage to the 76-9 (043-1) translocation breakpoint placed
rmrl on either the long arm of chromosome 6 (6L) or the short arm of chromosome 9 (9S) [Hale
et al. 2007]. rmr2 was located on 2S through linkage to o/ and confirmed with B-A mapping. B-
A mapping was also used to position rmr6 on the long arm of chromosome 1 [Hollick et al.
2005]. Neither B-A mapping or genetic linkage was successful in determining the location of
rmrll.

The maize genome had not been sequenced when mapping projects were initiated, but
refinements of positional information were facilitated by a high resolution genetic map onto
which over 1500 simple sequence repeat (SSR) markers have been mapped [Sharopova et al.
2002]. SSR markers are size polymorphisms that can be detected by PCR making high
throughput screening of mapping populations relatively straightforward. SSR markers were used
to determine the location of rmr/1 and refine the map position of rmrl, rmr2, and rmré.

Synteny between maize and rice [Ahn and Tanksley 1993] facilitated candidate gene
selection using rice gene order as a proxy. When sequence information was available, Cleaved
Amplified Polymorphic Sequences (CAPS) [Konieczny and Ausubel 1993] and derived CAPS
(dCAPS) markers [Neff et al. 1998] were generated. These PCR-based markers identify specific
single nucleotide polymorphisms (SNPs) between samples. While not as amenable to high-
throughput screening due to an additional restriction enzyme digest step, CAPS and dCAPS
markers are useful for refining mapping position and verifying potential mutant lesions.

Using the general strategy indicated above, I generated two new markers in an attempt to
refine the map position of rmr2 and rmr6, sequenced a candidate gene for 7mr2, and initiated a
screen to identify new rmr2 alleles. I successfully mapped rmri] and determined that it was not a
separate locus but rather that rmri/I-1 represented a mutant allele of rmrl. Subsequently, we
identified rmrl as encoding a Snf2 protein related to Arabidopsis RNA-directed DNA
methylation (RdADM) component DEFECTIVE IN RNA-DIRECTED DNA METHYLATIONI1
(DRD1) [Hale et al. 2007, this work]. Phylogenetic analyses identify RMR1 and related DRDI1
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subfamily proteins as ATP-hydrolysis dependent DNA translocases with the potential to form
multiple interactions with DNA and chromatin proteins through their variable amino-terminal
domains. This identification, along with the cloning of additional trans-acting factors, supports a
role for the RADM pathway in maintaining paramutant states and provides new evidence for the
roles of DRD1 subfamily proteins in RADM.

Results
rmr2 marker development hindered by breakdown of maize / rice microsynteny.

Using an A632 P!’/ rmr2-1 F2 mapping population, 7mr2 had been previously mapped to
an ~8 cM region between simple sequence repeat (SSR) markers umcl845 and bnlgl064 in bin
2.03 (Figure 1A). As no publicly available SSR markers in this interval were polymorphic in our
mapping population, we undertook a strategy to refine the position of »mr2 through the creation
of new molecular markers. Primers were designed to available maize expressed sequence tags
(EST) predicted to be in the umci845 - bnlgl064 interval by rice synteny (Table 1). 22 genomic
regions were successfully amplified from parental genomic DNA and sequenced to identify 6
SNPS and 2 indels. A derived cleaved amplified polymorphic sequence (dCAPS) marker based
on the SNP identified in 2mapl4, proved to be unlinked when tested against the rmr2-1 F2
mapping population. dCAPs primers generated to the other SNPs did not successfully amplify.
The PCR size polymorphism at 2map23 (Figure 1C) showed 8.86 cM (39 / 440 recombinant
chromosomes) linkage to rmr2. However, linkage of rmr2 to bnigl064 was only 6.00 cM (36 /
600 recombinant chromosomes), suggesting that 2map23 was more distal to 7mr2 than bnlgl064,
and therefore unhelpful in refining the position of rmr2.

Given the linkage results with 2map14 and 2map23, an analysis of microsynteny between
maize and rice was undertaken for this region (Figure 1A, B). While a framework of syntenic
features can be identified, several features have undergone rearrangement, most notably, maize
EST AY107034 and marker ivrri. AY107034 is located at ~230 cM, outside of the mapping
interval created between umci845 and bnlgl064 (Figure 1A). However, the rice homolog to
AY107034 is located in the syntenic mapping interval adjacent to the rice homolog of 2map14
(Os2map14) (Figure 1B). If this region has undergone rearrangements between maize and rice it
could explain the observed non-linkage of the 2map14 marker. 2map23 also appears to be in a
region with loss of microsynteny, as the gene order of ivr/, predicted to be adjacent to 2map23,
is not conserved (Figure 1A, B). In total, these results highlight a breakdown of microsynteny
between maize and rice in the vicinity of 7mr2, and indicate that using synteny with rice may not
be a successful approach to positional cloning rmr2. Fortunately, current assemblies of the B73
reference genome now make this synteny strategy obsolete.

rmr2 does not encode SET domain protein SDG104.

Concurrent with new marker development described in the previous section, we
undertook a search for potential candidate genes in the rmr2 mapping interval. The sdg/04 gene
model, encoding a putative histone methlytransferase related to Su(var)3-9, had been localized to
this region by Springer et al. [2003] (Figure 1A). SET domain proteins such as those encoded by
sdgl04 are involved in numerous epigenetic processes and transcriptionally regulate gene
expression through methylation of histone tails [Dillon et al. 2005], making sdg/04 a likely
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candidate for rmr2. If rmr2 turned out to not be sdg04, sequencing of the parental alleles could
identify polymorphisms which could be used to generate new mapping markers.

Three polymorphisms were identified in the sdg/04 sequence between rmr2-1 and the
B73 genomic DNA (Figure 2A): INS1, a small 14 nucleotide indel in the 5' UTR intron, SNP1, a
G to C conversion at base 521 generating a non-conserved substitution in protein sequence
(Figure 2B), and SNP2, a silent T to C conversion at base 1149. None of these polymorphisms
occurred in the conserved YGD, Pre-SET or SET domains characteristic of SET domain proteins
(Figure 2B), and the apparent transversion at SNP1 was not indicative of an EMS-generated
lesion. Subsequent sequencing of other non-mutant Rmr2 alleles found the polymorphisms were
not unique to rmr2-1 (Figure 2C).

Primer sets were also used to evaluate structural polymorphisms in DNA isolated from
mutants homozygous for a putative transposon-tagged allele rmr2-m1, although rmr2-m1 had not
been fully-vetted as a stable allele of rmr2. A transposon insertion into the sdgl/04 coding
sequence would predict a failure to amplify or an increase in amplicon size with certain primer
sets. Neither of these predictions was observed (Figure 2D), suggesting that either the transposon
had jumped out of sdg/04 or that sdgl04 was not rmr2. Partial sequencing of sdgl04 in rmr2-ml
homozygotes revealed no evidence of transposon insertion (See Appendix 2 for DNA
sequences). Given the failure to identify unique polymorphisms in either rmr2-1 and rmr2-ml
backgrounds, sdg/04 was abandoned as a both a candidate and a source of marker development
for rmr2 mapping.

Screen identifies two putative new rmr2 alleles.

The mapping efforts described above failed to identify the rmr2 gene. The mapping
interval could not be further refined due to the lack of linked, polymorphic markers, and the most
obvious candidate in the region had been excluded. Without either conserved microsynteny or a
maize genome sequence over the region new candidates would be difficult to identify. Therefore,
mapping efforts for rmr2 were halted until the genome information was sufficient to either
generate new markers or select new candidate genes. In the meantime, an allele screen was
initiated to identify new rmr2 alleles. Additional alleles would facilitate vetting of new candidate
genes once they were available.

Pollen from A619 P!’ plants was treated with the chemical mutagen EMS and crossed to
rmr2-1 heterozygotes in an A632 background (Figure 3A). Dark anthered M1 plants represent
potential non-complementation between the new EMS-generated and existing »mr2-1 allele. The
alleles can be distinguished from each other by SSR genotyping because each was generated in a
unique genetic background. For the initial growout of M1 material, ears were pooled into four
groups based on maternal family number and pollination date (Figure 3A). Approximately 2000
M1 plants were grown out, and one dark plant was identified in Series D, family 04-1601. This
putative new allele was given the temporary designation ems041601. An additional 2288 M1
plants were grown out during the following field season, but series information for individual
families was not recorded. One dark plant was also identified in this growout with the putative
new allele given the designation ems05446.

The ems041601 / rmr2-1 heterozygote was crossed to an A632 P!’ tester and by a plant
that was heterozygous for the TB-2Sb chromosome (Figure 3B). TB-2Sb was chosen because it
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contains a break point along the 2S chromosome which could potentially uncover the rmr2 locus
and facilitate isolation of the new allele. However, subsequent growouts showed that the TB-2Sb
stock did not uncover the rmr2 locus as 8 out of 8 putative segmental monoploid hypoploid
plants were PI'. Plants from the cross with A632 were selfed to generate families segregating 1:3
from either rmr2-1 or ems041601. These families were grown out in the winter 2005 season, but
no ears were returned. The ems05446 / rmr2-1 heterozygote was also crossed to A632 PI’ (Figure
3C), and the resulting plants were selfed to generate families segregating 1:3 for either rmr2-1 or
ems05446. Pl-types from these families were selfed and await SSR genotyping to distinguish
rmr2-1 homozygotes from ems05446 homozygotes (Table 2).

Mapping efforts for rmr6 generate a new molecular marker.

Using publicly available markers, rmr6 had been previously localized to an ~450 kb
region on the long arm of chromosome 1 (1L) [Parkinson 2007]. The syntenic region in rice
contained 51 putative genes [Parkinson 2007]. Several strategies were undertaken to develop
new markers to refine the position of rmr6 and aid candidate gene selection, including
sequencing of BAC subclones and genes predicted to be in the region based on rice synteny. |
selected one such gene model, Os08g39880, to look for polymorphisms which could be used to
generate CAPS or dCAPS markers. Sequencing an ~500 bp region identified 4 SNPs (Figure
4A), and dCAPS primers were generated for each polymorphism. Of these only one, SNP2Apal,
produced a digestion product that was easily scored on agarose gels (Figure 4B). This new
marker was tested against a set of rmr6-1 F2 mutant DNA samples and determined to be linked
to rmr6 (0 / 26 recombinant chromosomes). However, additional development identified a more
proximal marker, SBP [Parkinson 2007], and the SNP2Apal marker was no longer needed.

Mapping rmrll identifies linkage to 6L and rmrl.

In addition to rmr2 and rmr6 a mapping project was also initiated for rmr11, but, unlike
the other two loci, the general genome position of rmrll had not been determined. Initial
mapping efforts and stock construction had excluded various regions (Figure 5) but not
positively identified the location of rmril. A genome wide approach to identify linkage between
rmrll and specific SSR markers was undertaken to determine the position of rmri1.

SSR markers were selected on chromosomes 2L, 38S, 4S, 5L, 7S, 8, 9L and 10L. To verify
the selected markers were polymorphic in the F2 mapping population they were initially tested
on DNA samples from the A632 and rmrii-1 parents and the F1 hybrid. If necessary, additional
selections were made until a polymorphic marker was found. In total, 48 SSR markers were
tested covering 33 bins on 8 chromosomes (Table 3). Of these, 26 were polymorphic in the
mapping population, 20 were not polymorphic, and 2 failed to amplify. None of the markers
tested were found to be linked to rmrl1.

Next, regions previously eliminated from analysis were reconsidered. One marker on 6L,
bnlg2249, amplified well with a clear polymorphism and showed potential linkage with the
rmrll mutant phenotype by bulked segregant analysis. The marker was then tested on 20
individual mutant samples of which 15 were homozygous for the rmril-1 parental
polymorphism, 4 were heterozygous, and 1 had only an A632-like polymorphism, demonstrating
highly statistically significant linkage (y>=25.600, P=0.0001). Further screening with bnlg2249
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identified 47 recombinants out of 370 total chromosomes resulting in a recombination frequency
of 12.7%. Flanking markers umc2141 (11/90 recombinant chromosomes, 12.2%) and umc2165
(65/200 recombinant chromosomes, 32.5%) were subsequently identified distal to bnlg2249.
Within this region, tightly linked bnigli74a (0/178 recombinant chromosomes) narrowed down
the possible location of rmri1 to a less than 0.56 cM interval around the marker.

Markers bnlg2249, bnigll74a, and umc2165 were also found to be linked to rmrl at
similar frequencies as rmril (Table 4). These results suggested the two loci were either in a
similar genomic location on 6L or alleles of the same gene. This second scenario seemed
unlikely given the unusual genetic complementation results observed for rmrilI-1. rmrli-1, the
only allele of rmril, non-complements both rmr/-1 and mutations at rmr6 (See Chapter 4 for
data). The rmrll-1 allele was originally designated as defining a unique locus because plants
homozygous for rmrll-1 are phenotypically distinct from plants homozygous for mutations
identifying rmrl and rmr6, and it did map to the known location of rmr6. However, in light of
this molecular linkage data, rmrill was tentatively re-assigned as an allele of rmrl, hereafter
referred to as rmrl-3.

rmrll-1 is an allele of rmrl, rmrl-3, and encodes a Snf2 protein.

Similar to mapping efforts for rmr2 and rmré6, little maize genome sequence information
was available for the »mr/ mapping interval, but, fortunately, microsynteny with rice seemed to
be well conserved (Figure 6A). Within this syntenic region rice gene model Os05g32610, a Snf2
protein, was identified as a possible candidate for rmr/ because of the known role of Snf2
proteins in chromatin remodeling and other nuclear processes [Flaus et al. 2006]. BLAST
searches with Os05g32610 as a query identified similar maize and sorghum GSS sequences, but
no maize ESTs were identified. Oligonucleotide primers to a maize Os05232610-like locus were
designed from the collected rice, maize, and sorghum sequence and used to amplify sequence
from maize BAC c0007N19 (Figure 6A). Marker bnilgll74a was also amplified from this BAC
verifying that an Os05232610 homolog was present in the mapping interval (Figure 6A).

Genomic DNA PCR amplicons spanning the Os05232610 homolog were sequenced from
Rmpr progenitor alleles and mutant derivatives. In each allele of rmrl, unique, transition-type
lesions indicative of EMS mutagenesis were identified (Figure 6B). The rmri-1, rmri-2, and
rmr1-4 alleles encode missense mutations predicted to disrupt protein function (Figure 6C). The
rmrl-3 allele contains a nonsense mutation in the 5' portion of the gene resulting in a potentially
truncated protein (Figure 6B, 6C). CAPS markers generated to the rmri-1 and rmri-3 lesions
verified invariant cosegregation of the lesion and mutant phenotype for both rmri-1 (876
chromosomes tested) and rmri-3 (268 chromosomes tested). This result, combined with the
disruptive nature of the mutant-specific lesions, confirm that rmrli-1 is an allele of rmrl,
rmr1-3, and that rmrl encodes a Snf2 protein homologous to Os05g32610.

cDNA sequencing confirmed that rmr/ had a gene structure similar to Os05g32610 but
with an additional intron early in the coding sequence (Figure 6B). Upstream from this intron
was an extremely GC rich region (initial 500 bp at an average 71% GC, 64% - 76% GC over
50bp windows) with 6 potential translational start sites. Using a modified 5' RACE protocol
optimized for high GC content, I identified the same transcriptional start site (85 bp upstream of
the first translational start site) in 6 separate amplicons (see Appendix 2 for sequences). While it
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is still unclear which of the 6 potential translational start sites is used in vivo, I have used the first
start site for subsequent in silico analysis.

The rmrl locus is predicted to encode a 1435 amino acid protein and contains a nuclear
localization signal from amino acids 151 to 174 (Figure 6C). Pfam [Bateman et al. 2004]
identified a SNF2 N domain from amino acids 851 to 1211 (PF00176, E value = 7.4e-30) and a
Helicase C domain from amino acids 1255 to 1334 (PF00271, E value = 1.1e-11) (Figure 6C)
which together comprise the bipartite domain characteristic of proteins in the Snf2 family [Flaus
et al. 2006]. Snf2 proteins are part of the SF2 helicase superfamily, but instead of separating
DNA they use the energy from ATP hydrolysis to translocate along the DNA duplex. The seven
helicase motifs found in all helicase-like proteins are highly conserved in RMR1 (Figure 6D).
Motifs I and II contain the Walker A and Walker B boxes involved in ATP hydrolysis [Thoma et
al. 2005]. Motifs III and VI are required for sensing ATP hydrolysis while motifs la, IV, and V
interact with the DNA molecule [Thoma ef al. 2005]. The rmri-4 allele has a missense mutation
affecting an invariantly conserved glycine residue (G—>R) in motif III (Figures 6D, 9). The
rmrl-1 and rmr1-2 alleles do not have mutations in the helicase motifs, but instead encode amino
acid substitutions (A>V and S>N respectively) near regions involved in DNA binding and
sensing ATP hydrolysis (Figure 6D). These results predict that RMR1 is a nuclear-localized and
functional ATP-hydrolysis dependent translocase.

In contrast to the conserved carboxy (C)-terminal half of RMR1, no conserved sequence
domains or motifs could be identified in the the amino (N)-terminal half of RMR1 (RMRIn)
apart from the nuclear localization signal. Submission of the RMRIn sequence to structural
prediction program PHYRE (Protein Homology/analogY/Recognition Engine http://
www.sbg.bio.ic.ac.uk/phyre/html) did not identify any conserved structural motifs with
significant E values, but the program PONDR [Xue et al. 2010] identified regions of intrinsic
disorder (ID) in RMRI1n. ID refers to proteins or protein regions that lack a stable secondary
and / or tertiary structures under physiological conditions [Uversky and Dunker 2010] and can be
predicted based on amino acid composition [He ef al. 2009]. Figure 6C shows the four regions of
intrinsic disorder in RMR1: A (amino acids 1-322, avg. PONDR score=0.8476), B (aa 352-426,
0.8258), C (aa 448-528, 0.7579), and D (aa 551-675, 0.7502). PONDR scores range from 0 to 1
and scores above 0.5 are considered to represent intrinsic disordered regions. Larger PONDR
scores represent regions with greater support for the ID prediction. The nuclear localization
signal is found in the first region of ID, and the nonsense mutation in the »mr/-3 allele produces
a stop between the second and third regions. Two regions of ID were identified in the C-terminal
half of RMRI1, but they were small (aa 1089-1097 and aa 1374-1401) and not as well supported
(0.5185 and 0.5054, respectively) as the ID regions in RMR1n. Intrinsically disordered regions
often mediate protein-protein interactions [Dunker et al. 2005]. Protein interactions mediated by
the RMR1 ID regions could couple the presumed translocase function of the RMR1 Snf2 domain
to other nuclear processes, such as chromatin remodeling, transcription, or targeted recruitment
of DNA modifying enzymes.

rmrl, including the rmrl-3 allele, is expressed in rapidly dividing tissues.
Rmrl cDNA has been successfully amplified from seedling leaves, immature ears and
tassels, shoot apical meristems, and root tips but not cDNAs made from adult leaves suggesting
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that rmrl is primarily expressed from rapidly dividing tissues [Hale ef al. 2007]. rmri-3 cDNA
could be amplified by RT-PCR from seedling leaves (Figure 7A) indicating that the allele is
expressed despite an early nonsense mutation that might be predicted to lead to nonsense-
mediated decay [Hori and Watanabe 2007]. However, no rmrl mRNAs were observed in
Northern blots of both total and poly(A)+ enriched RNA samples from tassels, ears, and
seedlings (Figure 7D, 7E). This result is not due to RNA degradation as clear rRNA bands were
observed by methylene blue staining (Figure 7B). Additionally, probe #1 hybridized with the
linearized plasmid control demonstrating that there were no problems with probe hybridization.
The failure of the Northern blot but the success of the RT-PCR indicates that rmr/ may be
expressed at very low levels. This idea is consistent with our finding that no existing maize EST
collection or trace archive contains signatures of the rmr/ gene.

RMR1 belongs to the DRD1 subfamily of Rad54-like Snf2 proteins.

The Snf2 protein family is large, but it is divisible into subfamilies based on sequence
similarity within the SNF2 domain, and subfamily assignments are typically good predictors of
protein function [Flaus et al. 2006]. To determine the subfamily to which RMR1 belonged,
protein sequences with similarity to the RMR1 SNF2 domain (amino acids 851-1435; RMR1cd)
were gathered from BLAST searches and aligned with MAFFT (Appendix 3). A phylogenetic
tree generated from the alignment places RMR1 in the DRD1 subfamily (Figure 8) which is part
of the larger Rad54-like group including subfamilies Rad54, ATRX, ARIP4, and JBP2. Members
of the Rad54-like group use their ATP-hydrolysis dependent translocase activity to mediate
DNA-protein interactions required for DNA or chromatin modifications [Mazin et al. 2010; Xue
et al. 2003; Rouleau et al. 2002; Domanskyi et al. 2006]. Regulation of pyrimidine ring
modifications, such as cytosine methylation, is a specific conserved function of the ATRX,
DRDI, and JBP2 subfamilies [Gibbons et al. 2000; Kanno et al. 2004; Smith et al. 2007; Hale et
al. 2007; Vainio et al. 2008; Clifte et al. 2009].

The DRDI1 subfamily is most closely related to the JBP2 subfamily, found exclusively in
trypanosomes, with the ATRX / ARIP4 and Rad54 subfamilies more distant, respectively (Figure
8). In a previous analysis [Flaus et al. 2006], ATRX and ARIP4 were identified as distinct
subfamilies, but in this analysis the ARIP4 sequences clustered within the larger ATRX
subfamily. This is likely due to the small number of ARIP4 sequences in the multiple sequence
alignment (two). Outside of the Rad54-like group the remaining sequences clustered into two
main groups, here annotated as SSO1653-like and Snf2-like. The group annotated as Snf2-like in
Figure 8 also contains members of the Swrl-like and Rad5/16-like groups, but was annotated as
Snf2-like for clarity in the figure. The gross phylogenetic relationships identified in this analysis
follow the same pattern as that identified by Flaus et a/. [2006].

To examine the relationship of RMRI1 to the DRD1 subfamily in more detail, proteins
were excerpted from the large alignment, realigned (Figure 9), and used to generate a DRDI
subfamily specific tree (Figure 10). Unlike Rad54 and ATRX subfamilies, which show wide
distribution in eukaryotes, the DRD1 subfamily is found exclusively in plants (Figure 9).
Cr13231 from the green algae Chlamydomonas reinhardtii was used to root the tree as it is the
closest non-plant sequence, but it groups with the ATRX subfamily in the larger tree (Figure 8,
Figure 10).
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In addition to RMRI1, the only members of the DRD1 subfamily which have been
identified by mutation are Arabidopsis proteins CLASSY1 (CLSY1) [Smith ef al. 2007] and
DRDI, the founding member of the subfamily [Kanno et al. 2004; Flaus et al. 2006]. DRD1 is a
component of the RNA-directed DNA methylation (RdADM) pathway where it functions with the
largest subunit of Pol V to direct DNA methylation at target loci [Matzke ef al. 2009]. CLSY1 is
required for the systemic spread of silencing signals [Smith et a/. 2007] and is necessary for
siRNA production in the RdADM pathway along with Pol IV [Matzke ef al. 2009].

RMR1, DRDI, and CLSY1 each define distinct monophyletic clades within the
subfamily (Figure 10). Predicted maize proteins ZM064574 and ZM093940 are more similar to
DRDI1 while ZM000342 and ZM108166 are more similar to CLSY1. Arabidopsis proteins
At3g24340 and At1g05490 are more similar to RMR1, but neither has been identified in RdADM
mutant screens or tested for a role in RADM. They were tested for DNA repair function due to
the similarity between the DRD1 subfamily and Rad54, but RNAi knockdowns of the loci had no
effect on DNA damage responses [Shaked ef al. 2006]. The position of RMR1 in the DRDI
subfamily indicates that it functions in RADM but likely in a distinct role from DRDI and
CLSY1. However, the larger grouping of the RMR and CLSY clades indicate that the function of
RMR1 and CLSY1 may be related while the function of DRD1 is more divergent.

The DRD1 subfamily is characterized by gene expansion.

The total number of DRD1 subfamily members and their distribution within the three
clades is not conserved between different plant species (Figure 10, Table 5). Basal grass
Brachypodium dystachion is predicted to contain the largest number of subfamily members at
nine while rice and sorghum contain seven and five, respectively. Maize and Arabidopsis
genomes are each predicted to encode six DRD1 subfamily members, and poplar and grape are
predicted to contain four, although with differing distributions. Papaya and basal vascular plant
Selaginella are only predicted to contain two subfamily members and are the only species which
do not contain a representative in each clade.

The current papaya genome release lacks a DRDI1 ortholog. As related species grape,
poplar, and Arabidopsis each contain DRD1 orthologs this could represent gene loss or, more
likely, incomplete sequence information in the draft release of the papaya genome. Selaginella
contains two DRD1 subfamily members, one of which clusters in the CLSY clade and one which
roots the CLSY and RMR clades. This topology indicates that the duplication giving rise to the
DRD clade and the subfunctionalization of the RMR1 and CLSY1 clades occurred sometime
after divergence of Selaginella from the angiosperm ancestor. This evolutionary history is similar
to that of the largest subunits of plant specific RNA polymerases Pol IV and Pol V which
function in Arabidopsis RADM. The duplication which gave rise to Pol IV occurred in the
ancestor of land plants while the duplication which gave rise to Pol V occurred in the ancestor of
the angiosperms [Luo and Hall 2007]. This pattern correlates with the proposed functional
interactions between DRD1 subfamily members and the RNA polymerase subunits in RdADM
[Matzke et al. 2009].

Branch topologies within each angiosperm clade highlight a history of both ancient and
recent sequence duplications. The CLSY clade is the smallest with relatively recent duplications
only in maize, Arabidopsis, and poplar. These duplications correspond to tetraploidy events
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which occurred in these lineages after they diverged from other plants [Gaut and Doebley 1997,
Swigonova et al. 2004; Lyons et al. 2008]. The RMR clade shows evidence of gene retention
after a duplication which corresponds to the whole genome duplication that occurred in the grass
ancestor [Paterson et al. 2004] combined with more recent duplications in Brachypodium and
Arabidopsis. The DRD clade is the largest with evidence of gene retention after duplication in
the grass ancestor and multiple additional duplications in the grass lineage. Low branch support
makes the relative timing of these duplications difficult to determine. Surprisingly grape, without
a recent history of whole genome duplication [Jaillon ef al. 2007], also contains two DRD1-like
proteins. The functional significance of the species-specific expansion of the DRD1 subfamily
remains unclear.

Proposed RNA-binding activity of CLSY1 is not supported by phylogenetic analysis

Smith et al. [2007] suggested that CLSY1 may preferentially bind RNA as opposed to
DNA due to alterations in the DNA binding residues from several large insertions in the DNA
binding region. However, in our alignment, the specific residues they indicated are often not
conserved amongst CLSY1 clade members (Table 6, Figure 9), and only one moderate-sized
insertion, conserved in CLSY1 and to a lesser extent in RMRI1 clade members, is observed
(Figure 9). The multiple sequence alignment shows that the majority of predicted subfamily
members have conserved helicase-like motifs I through VI. The only exceptions are Vv29366,
missing half of motif I, Cp19.123, containing a large gap from just past motif II through the end
of motif IV, and Bg3g18910, missing motifs 1a and I'V. These proteins could be non-functional or
the gaps could be due to protein model prediction errors or poor genome sequence quality. As
additional genome sequence information becomes available these proteins will need to be
reanalyzed. However, the strong conservation of helicase motifs for both ATP binding and
hydrolysis and DNA binding indicates that the majority of DRDI subfamily members are
functional ATP-hydrolysis dependent DNA translocases.

Phylogenetic analysis of the N-terminal region of DRD1 subfamily proteins highlights both
variability and strictly conserved residues.

Rad54-like group members ARIP4, ATRX, and JBP2 all contain functional important N-
terminal domains in addition to the SNF2 domain [Rouleau et al. 2002; Wong et al. 2010;
McDowell ef al. 1999; Tang et al. 2004; Vainio et al. 2008; Cliffe et al. 2009]. Initial analysis of
the RMR1 protein showed no conserved domains in the N-terminus, only regions of intrinsic
disorder (Figure 6C), and attempts to identify sequences with similarity to the RMR1 N-terminal
region (amino acids 1-850; RMR1n) only identified Sb09g19410 and Os05g32610, the RMR1
homologs from sorghum and rice, respectively. Using the sequences identified from analysis of
the RMR1cd I created new multiple sequence alignments of the N-terminal regions of all DRDI
subfamily members (Appendix 5, Figure 11) and specific RMR-, DRD-, and CLSY-clade
members (Figures 12, 13, 14). These alignments were then scanned for conserved regions or
motifs which could provide additional information about the function of the DRD1 subfamily
proteins.

All DRDI1 subfamily members were aligned over the N-terminal region using alignment
programs MAFFT, MUSCLE, SATCHMO, and TCOFFEE. Each program identified a single
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region of sequence conservation approximately 100 amino acids N-terminal to the SNF2 domain
containing invariantly conserved glycine, histidine, and cysteine residues which I have annotated
as the cysteine-rich motif (Figure 11A, 11C). The non-conserved region outside of this motif
corresponds with the regions of intrinsic disorder identified in RMRI1. The cysteine-rich motif
shows no homology with the thymidine hydroxylase domain of JBP2 indicating that, unlike
JBP2, DRDI1 subfamily members are not involved in the catalysis of pyrimidine base
modifications. The arrangement of residues within the motif (Cys-His, Cys) is predicted to form
a secondary structure of loop - B sheet - B sheet and is flanked by two a helices (Figure 11B).
This motif and structure does not match any known protein folds, but it is similar to zinc-finger
motifs involved in DNA and protein interactions (Cys;His2 or Cysss; B B o) [Krishna et al.
2003]. ATRX proteins contain a modified zinc-finger domain called ADD (ATRX-DNMTS3-
DNMTS3L) which binds to histone H3 and recognizes its methylation status [Otani et al. 2009].
The DRDI subfamily cysteine-rich motif shows no sequence or structural similarity to the ADD
domain, but these results indicate that DRD1 subfamily proteins may have a modified zinc-
finger-like motif which might be used for DNA or histone binding.

As with the DRD1 subfamily alignment, specific N-terminal alignments of RMR (Figure
12), CLSY (Figure 13), and DRD (Figure 14) clade members show the main region of amino
acid similarity occurring in the last 100-150 amino acids before the SNF2 domain. The CLSY
clade is distinct from the RMR and DRD clades in that much higher levels of sequence
conservation are observed outside of the cysteine-rich region. Submission of CLSY1 and maize
orthologs ZM000342 and ZM108166 to Phyre did not identify any statistically significant
structural motifs (all E values >19), and thus the specific functions of these conserved regions
remain unclear.

The RMR and DRD clades show relatively less sequence conservation, but many of the
conserved residues scattered throughout the sequence alignment are positively or negatively
charged. The CLSY clade members also have conserved positive or negative charged residues,
but they are not as distinct because of the generally high levels of conservation within the CLSY
clade. The conserved residues could function in DNA (positively charged) or histone (negatively
charged) binding interactions. In particular, the RMR clade has an aspartic acid and glutamic
acid-rich region around position 885 in the alignment (Figure 12). Similarly, human ARTX has a
low-complexity polyglutamic acid string in the N-terminal region predicted to function in
protein-protein interactions [Picketts et al. 1996] and a variable N-terminal region required for
interactions with heterochromatin protein HP1 [Cardoso et al. 1998], the SET domain of
polygroup protein EZH2 [McDowell et al. 1999], and transcriptional regulator Daxx [Tang et al.
2004].

In total, these results suggest that the N-terminal region of DRD1 subfamily members
contains subfamily and clade-specific conserved regions which potentially function in unique
protein-DNA or protein-protein interactions. The failure to identify similar motifs in proteins
outside of the DRD1 subfamily may represent specialization of the motifs or, alternatively, low-
complexity, intrinsically disordered regions involved in meditating protein-protein interactions.

Discussion
In this chapter I describe my efforts to map rmr2 and rmr6 and the identification of rmrl
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as encoding a member of the DRD1 subfamily of Rad54-like Snf2 proteins involved in RADM.
The phylogenetic analysis presented here is the most up-to-date survey of DRD1 subfamily
diversity and the relationship of the subfamily to other Snf2 domain containing proteins.
Additionally, this work is the first analysis of the regions outside of the Snf2 domain and has
provided new insight as to the function of DRD1 subfamily members in RADM.

Mapping efforts in our lab have been greatly facilitated by the release of the draft
sequence of the maize genome [Schnable ef al. 2009]. We are no longer dependent on synteny
with rice, which proved so problematic for both rmr2 and, ultimately, rmr6 [Erhard et al. 2009],
for candidate gene selection. Using this genome sequence information we have identified rmr6
as encoding RPD1, the largest subunit of Pol IV [Erhard et al. 2009]. An additional rmr factor,
rmr7, has been identified as encoding RPD2a, the second largest subunit of either Pol IV and or /
Pol V [Stonaker ef al. 2009]. Very recently, the rmr2 gene has been identified, and it encodes a
completely novel protein of 366 amino acids [Jay Hollick, unpublished]. This will be the first
rmr factor not predicted to encode a component of the RADM mechanism, and it could introduce
a promising new avenue of research. Interesting, like the RMR1 N-terminal region, RMR2 is
predicted to contain large regions of intrinsic disorder [Jay Hollick, unpublished]. The two
putative new alleles from the rmr2 allele screen should facilitate characterization of this new
protein.

We were able to map and identify »mrl prior to the draft release of the maize genome
because synteny with rice was conserved over the mapping interval. In fact, assembly of BAC
c0007N19 sequence was facilitated by the rmrl sequence information deposited in Genbank. The
rmrl locus encodes the founding member of the DRD1 subfamily of Rad54-like Snf2 proteins in
maize. The phylogenetic analysis presented in this chapter predicts that RMR1 functions in a
RdDM-like pathway, and, as expected, mutations in rmr/ reduce 24 nt siRNA accumulation and
asymmetric cytosine methylation at doppia, a transposable element fragment ~100 bp upstream
of the PlI-Rhoades coding sequence [Hale et al. 2007]. Additionally, RMR1 is required for 24 nt
siRNA accumulation globally and both siRNA and non-polyadenylated transcript accumulation
at long terminal repeat (LTR) retroelements which are abundant in the highly repetitive maize
genome [Hale ef al. 2009]. This analysis confirms the identification of RMR1 as a component of
a RdDM-like pathway in maize.

While the identifications of mopl, rmrl, rmr6, and rmr7 as encoding components of a
RdDM-like pathway have begun to describe RADM in maize, the effect of RADM on
paramutation is not clear. Mutations in mop! specifically reduce 24 nt siRNA accumulation at
the bl repeat / enhancer sequences ~100 kb upstream of the b/ coding sequence [Arteaga-
Vazquez and Chandler 2010], but b/ repeat / enhancer siRNAs are produced in all b7 alleles,
even those which do not participate in paramutation [Arteaga-Vazquez and Chandler 2010]. Like
rmrl, mutations in rmr6 reduce 24 nt siRNA accumulation and cytosine methylation at the
doppia transposable element fragment upstream of P//-Rhoades, but doppia 1s methylated to the
same extent in both the P/’ and P/ states [Hale et al. 2007; Erhard et al. 2009]. These results
suggest that RdDM-mediated epigenetic changes at proximal repetitive elements can alter
regulation of P//-Rhoades but may only indirectly affect paramutation. Analysis of RMR6/RPDI1
and RMR7/RPD2a in Chapter 3 will highlight a new model for RNAP function in RdADM and in
Chapter 4 I will present additional characterization of the effect of rmr/ on pl1.
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Previous phylogenetic analyses of the DRD1 subfamily were limited by a lack of plant
genome sequence information [Flaus et al. 2006; Hale ef al. 2007], but since those initial
analyses, draft sequences for several plant genomes, including the draft maize genome, have
been released [www.phytozome.net]. This additional sequence information facilitated the
phylogenetic analysis presented here and highlights several important features of the DRD1
subfamily: (1) The DRD1 subfamily is found exclusively in plants and has expanded as plant
evolution progressed; (2) DRD1 subfamily members contain highly conserved Rad54-like Snf2
domains and putatively function as ATP-hydrolysis dependent DNA translocases; (3) The N-
terminal region of DRD1 subfamily members is generally variable but also contains a novel,
subfamily specific cysteine-rich motif. The N-terminal domains putatively functions to mediate
protein-protein or protein-nucleic acid interactions based on the function of similar domains in
related Rad54-like Snf2 proteins.

Rad54 proteins are the founding members and best characterized representatives of the
Rad54-like Snf2 proteins. Rad54 functions during multiple steps of the homologous
recombination (HR) DNA repair pathway including mediating Rad51-bound single stranded
DNA invasion of the DNA duplex, branch migration, and resolution of the Holliday junction
through interaction with endonuclease Mus81/Mms4 [Mazin et al. 2010]. Rad54 activity during
HR depends both on an unstructured N-terminal domain which interactions with Rad51 and
Mus81/Mms4 and the ATP-hydrolysis dependent DNA translocase activity of the Snf2 domain
that generates torsional strain to open the DNA duplex and increase the accessibility of the DNA
to modifying enzymes [Mazin et al. 2010]. I propose a model for DRDI1 subfamily members
where similar translocase functions of the Snf2 domain could facilitate DNA accessibility while
the variable N-terminal region could recruit additional RADM components.

Pol IV and Pol V complexes are RADM components with the potential to interact with the
DRDI subfamily N-terminal region. As described in the text, the DRDI subfamily and the
largest subunits of Pol IV and Pol V show similar patterns of gene duplication. Additionally,
mutations in DRD] disrupt the localization and function of Pol V [Wierzbicki et al. 2008] while
subcellular localization analysis indicate that CLSY1 is not required for Pol IV localization but
may be required for Pol IV function [Smith ef al. 2007]. Analysis of different mop and rmr
mutants on LTR transcript accumulation also places RMR1 downstream of Pol IV and upstream
of RDR2 [Hale et al. 2009]. Together, the molecular, localization, and phylogenetic results
support the function of DRD1 with Pol V while RMR1 and CLSY1 are predicted to function
with Pol IV and RDR2. The proposed functional interactions could be direct or indirect.

The intrinsic disorder regions identified in the RMR1 variable N-terminal regions could
facilitate direct interactions with the Pol IV complex and / or other RADM components. Intrinsic
disorder describes proteins or protein regions which do not form a specific 3-D structures and
can be predicted based on amino acid content and charge-hydrophobicity plots [He et al. 2009].
Intrinsic disorder is a common but often overlooked feature of eukaryotic proteomes. Greater
than 50% of eukaryotic proteins are predicted to have long regions of intrinsic disorder, and
these proteins disproportionately function in protein interaction networks [Uversky and Dunker
2010]. Disordered regions act as molecular scaffolds to bind multiple protein or nucleic acid
partners and facilitate the activity of ordered proteins [Uversky and Dunker 2010]. RMRI is
interesting because it contains both ordered (Snf2 domain) and intrinsically disordered (N-
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terminus) regions within the same protein. Intrinsic disorder regions in the variable N-terminus
of RMRI1 could scaffold the ATP-hydrolysis dependent DNA translocase activity of the C-
terminal Snf2 domain to other RADM components.

The rmri-3 allele may provide a way to test this previously stated protein interaction
hypothesis. The rmri-3 allele contains a nonsense mutation, but RT-PCR analysis indicates that
the rmrl-3 mRNA is still expressed. If this mutant 7mr/-3 mRNA was translated it would encode
a truncated peptide lacking a Snf2 domain but retaining a nuclear localization signal and
intrinsically disordered regions with the potential to form protein-protein interactions.
Interestingly, as described in this chapter, rmri-3 was originally characterized as an allele of a
separate locus, rmrll-1 because unlike other rmr/ alleles it non-complemented alleles of rmr6,
which has since been identified as encoding the largest subunit of Pol IV. Non-allelic non-
complementation is often a sign of protein interactions [Yook 2005], and perhaps the truncated
protein produced by rmri-3 can still interact with RPDI1 or the Pol IV complex but cannot
function due to lack of the Snf2 domain. Further genetic analysis of rmrl-3 is presented in
Chapter 4.

Unlike the multifunctional Rad54 and ATRX proteins [Mazin ef al. 2010; De Sario 2009],
the DRDI1 subfamily members appear to be highly specialized for different parts of the RA(DM
pathway. RMR1, CLSY1, and DRDI are not structural orthologs. Proteins in clades defined by
RMRI1 and CLSY1 function in the Pol IV / RDR2 portion of the pathway while proteins in clade
defined by DRD1 function in the Pol V portion of the pathway. However, these functional
distinctions do not fully account for the diversity of subfamily members. Many plant species,
including Arabidopsis and maize, contain multiple proteins in each clade, but as DRD1, CLSY]1,
and RMRI1 were each identified by recessive, loss-of-function mutations [Kanno et al. 2004;
Smith et al. 2007; Hale ef al. 2007] duplicate proteins At2g21450, At5g20429, and ZM 178435,
respectively, cannot be functionally redundant. As these proteins differ mainly in their N-
terminal regions, the diversity could provide a mechanism for fine tuning the RdADM response to
different physiological conditions or genomic contexts via different protein interactions. Further
characterization of the current DRD1 subfamily mutants and identification of additional mutants
will help determine the extent of potential subfunctionalization within the DRD1 subfamily.

The data presented in this chapter supports a proposed in which the DRDI1 subfamily
functions to mediate interactions between RADM components and target DNA sequences
depending on predicted functions of the Snf2 and N-terminal domains. In the next chapter, I will
study the phylogenetics and biochemistry of additional RADM components identified in the rmr
genetic screens. This information will further refine the model of the maize RdADM-like pathway.

Materials and Methods

Genetic Stocks

Elite inbred lines B73, A619, and A632 were provided by the North Central Plant
Introduction Station (http://www.ars-grin.gov/ars/MidWest/Ames/). Color-converted versions of
A619 and A632 inbred lines were created by introgression of the Pl//-Rhoades allele. rmr2-1,
rmr6-1, rmrl-1, rmri-2, and rmri-3 were derived from EMS-treated pollen obtained from stock
accession no. 661A (PI-Rh sml; R-r; Maize Cooperative Stock Center, http://
maizecoop.cropsci.uiuc.edu/) applied to a PI' pistillate parent. rmri-4 was derived from EMS-
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treated color-converted A619 applied to color-converted A632. EMS-derived mutant plants were
identified from M2 growouts by their dark seedling and anther phenotypes. Mutant individuals
were crossed to PI’ and PIl-Rh testers, and individuals from these crosses were either sib crossed
or selfed to generate working lines. Mutant plants were also crossed to the T6-9 translocation
line carrying the PlI-Rhoades allele which has been described by Hollick et al. [2005]. The
rmr2-ml allele was identified in progeny of a cross between a rmr2-1 homozygote and a line
containing active Mutator (Mu) elements (J. Hollick, unpublished).

Genetic mapping of rmr mutants

F2 mapping populations for »mr mutants were created by crossing inbred rmr / rmr, Pl'/
PI' to color-converted A632 (>93% A632). Seeds from F2 populations, mapping parents, and F1
hybrids were grown in sand bench flats under high light in the greenhouse, and sheath
pigmentation was assessed between 10 and 14 days. For questionable seedlings, presence of root
pigmentation was used as an additional mutant phenotypic characteristic. lcm square leaf
clippings were taken from parents, F1 hybrids, and F2 mutant plants, and DNA was isolated
using the DNeasy 96 plant kit (Qiagen, http://wwwl.qiagen.com). Selected seedlings were
grown to maturity in the greenhouse to assess anther pigmentation and verify mutant status.

SSR markers primer sequences for the markers were retrieved from MaizeGDB (http://
www.maizegdb.org) and ordered from Sigma-Genosys (http://www.sigmaaldrich.com/Brands/
Sigma Genosys.html). Using resources provided by the Maize Mapping Project (MMP),
markers were chosen that appeared to be highly polymorphic in A632 and A619 inbred lines to
enrich for polymorphism in our mapping population. SSR markers were amplified from DNA
samples using the following PCR reaction: 9.4uL. PCR master mix (1.87mM MgClz, 12.5 mM
Tris-HCI pH 8.3, 62.5 mM KCI, 0.00125% gelatin, 0.0125% BSA, 125uM each dNTP), 0.25uL
SSR forward primer (20uM), 0.25uL SSR reverse primer (20uM), 0.1uL Taqg DNA polymerase.
Reactions were run in either 8 well strips or 96 well plates on a thermocycler using the following
touchdown program: 1 cycle of [95°C, 60 sec; 65°C, 60 sec; 72°C, 90sec], n cycles of [95°C, 60
sec; (65-n)°C, 60 sec; 72°C, 90sec] until annealing temperature reaches 55°C, and finally 30
cycles of [95°C, 60 sec; 55°C, 60 sec; 72°C, 90sec]. PCR products were screened on 3-4%
agarose TBE gels containing ethidium bromide. Gels were melted down and reused until
background made it difficult to interpret banding patterns.

rmr2 mapping and candidate gene sequencing

Maize EST sequences predicted to be in the mapping interval were identified by querying
Genbank with sequences from genes in the syntenic rice region. Primers were designed to these
sequences with specific attention given to predicted non-coding regions such as introns and
untranslated regions (UTR) to increase probability of finding polymorphisms. The reaction mix
was identical to that used for SSR markers but run on the following PCR program: 95°C, Smin;
35 cycles of [95°C, 30 sec; 60°C, 30 sec; 72°C, 1 minute / kb]; 72°C, 10 minutes. PCR products
were run out on 1% agarose TBE gels containing ethidium bromide, and amplicons were excised
from the gel, purified using the QIAquick gel extraction kit (Qiagen), and resuspended in
autoclaved dH»O. Sequencing reactions were set up with 100ng/1000bp PCR product and
0.8pmol primer and dideoxy sequencing was performed at the UC Berkeley Sequencing Facility
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(http://mcb.berkeley.edu/barker/dnaseq/). Resulting sequencing reads were aligned with
Sequencher (Gene Codes, http://www.genecodes.com/).

dCAPS primers for 2map14 were designed using the dCAPS Finder online program [Neff
et al. 1998] and used to amplify DNA of rmr2-1 F2 mapping population mutants (see Appendix
1 for primer sequences and Appendix 2 for DNA sequences) using the same reaction conditions
used for the initial primer amplification. The subsequent PCR amplicons were digested with
Dralll (NEB, http://www.neb.com) under the following conditions: 3uL. 10X NEB3, 0.5 uL Dra
III, 0.3 uL 100X BSA, 16.2 uL H20, and incubated at 37°C for 3 hours to overnight. Digest
products were run out on a 1.5% agarose TBE gel containing ethidium bromide. The 2map23
marker was amplified and run using the SSR protocol described above.

Oligonucleotide primers (Sigma-Genosys) were designed from the B73 genomic sdgl04
sequences either manually or with Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3 www.cgi). Primer sequences are available in Appendix 1. Primers were used to amplify
DNA from individuals homozygous for either rmr2-1, rmr2-ml, and from A632 inbreds and
sequenced using the methods described above. DNA sequences are available in Appendix 2.

rmr2 allele screen

The pistillate parent was generated by crossing 7th generation rmr2-1 to 94% A632 Pl
Pollen from 98.5% A619 P!’ plants was treated with EMS following the method outlined by
Neuffer and Coe [1978] and applied to the heterozygous rmr2-1 ears. Dark anthered M1 plants
were crossed to A632 and the resulting plants were selfed. New rmr2 alleles can be identified
from these selfed ears by looking for A619-like polymorphisms with SSR markers umci845 and
bnlgl064.

dCAPS marker analysis of rmr6

Primers designed to rice locus Os08239880 were used to amplify gDNA from maize
using similar reaction and thermocycler conditions as described for rmr2 primers above.
Sequencing of these amplicons revealed 4 SNPs. DNA sequences are available in Appendix 2.
dCAPS primers were designed as for rmr2 and used to amplify DNA of 12 mutant individuals
from the rmr6-1 F2 mapping population to verify linkage (see Appendix 1 for primer sequences).
The subsequent PCR amplicons were digested with Apal (NEB, http://www.neb.com) and run
out on a 1.5% agarose TBE gel. Digested samples represent individuals with the non-mutant
polymorphism.

Candidate gene selection and sequencing of rmrl

The syntenous rice region was identified through identification of homologous sequence
features between maize and rice. A BLAST search using the Os05g32610 ORF as a query
identified maize GSS (CG886593, BZ668661, BZ681915, CZ392826, BH878936, C(G882444)
and sorghum EST sequences (AW287235, BG322766, AW285838, BG323020) that were used to
generate a pseudo contig representing the putative maize gene. Oligonucleotide primers (Sigma-
Genosys) were designed from these sequences either manually or with Primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi). Primer sequences are available in
Appendix 1.
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Genomic DNA from three separate individuals homozygous for each rmrl allele, PlI-
Rhoades converted A632 and A619 inbreds, and the progenitor line used in the EMS
mutagenesis screen was amplified by PCR and sequenced as described for rmr2. rmrl sequences
can be accessed from GenBank (EU154999, progenitor sequence; EU155000, A632 color
converted; EU155001, A619 color converted; EU155002, rmri-1; EU155003, rmri-2;
EU155004, rmri-3; EU155005, rmri-4).

CAPS marker analysis of rmrl

CAPS markers were used to test cosegregation of rmri-1 and rmri-3 associated lesions
with rmrl mutant phenotypes. DNA of 438 mutant individuals from the rmri-1 F2 mapping
population, representing 876 potential recombinant chromosomes, was amplified with primers
1CAPS6F and 1CAPS6R using the same reaction mix as described for rmr2 (see Appendix 1 for
primer sequences). The subsequent PCR amplicons were digested with Pvull (NEB, http://
www.neb.com) and run out on a 1.5% agarose TBE gel. Digested samples represent individuals
with the non-mutant polymorphism. For the rmr/-3 F2 population, (134 mutant individuals, 268
chromosomes tested) the primers were 1CAPS10F and 1CAPSI10R, the restriction enzyme was
Bcll (NEB), and digested samples represent mutant individuals.

Physical mapping of rmrl

Using overgo markers CL27352 1 ov (homologous to rice locus Os05g32530) and
CL6571 1 ov (homologous to rice locus Os05g32630) 1 identified a 120kb region on the maize
FPC map which contained rmri. Two BACs were selected from this region (CH201-007N19 and
CH201-137L12) to form a minimum tiling path and ordered from the CHORI BACPAC
Resources Center (BPRC, http://bacpac.chori.org/). BAC cultures were propagated according to
instructions from the BPRC, and BAC DNA was isolated in small-scale cultures using the
alkaline lysis protocol from Sambrook and Russell [2001]. To determine which BAC contained
rmrl, PCR amplification with primers identifying »mrl and bnlgll74a was performed on the
BAC DNA using the sequencing and SSR protocols respectively.

Verification of the rmrl gene model

For the following protocols, RNA was isolated from 14-day old seedlings using Trizol
(Invitrogen, www.invitrogen.com). Intron-exon boundaries were confirmed by sequencing rmrl
cDNA amplified by reverse transcriptase (RT)-PCR using the SuperScript One-Step RT-PCR
with Platinum 7ag kit from (Invitrogen cat. no. 10928-034) and primer sets 11F-15R and
19F-19R. Primer set 11F-15R was also used to confirm expression of rmrI-3.

The 5' start site was confirmed using 5' RACE. 5' adapter ligated 1st strand cDNA was
generated using the FirstChoice RLM-RACE Kit (Ambion cat. no. AM1700, www.ambion.com).
The PCR reaction was set up as follows: 10uL GC buffer (Finnzymes, www.finnzymes.us), 1uL
10mM dNTPs, 1uL 10uM Gene-specific primer, 1uL 10uM Outer adapter primer (Ambion),
2.5uL DMSO, 10uL 5M Betaine, 1uL Adapter-ligated 1st strand ¢cDNA, 0.5uL Phusion DNA
polymerase (Finnzymes), 23puL Nuclease-free water. Primary PCR amplification was done in 8-
well strips using the following touchdown program: 3 min, 98°C; 5 cycles of [30 sec, 98°C; 15
sec, 68°C; 15 sec, 72°C; 20 sec, 75°C; 25 sec, 78°C]; 5 cycles of [30 sec, 98°C; 15 sec, 63°C; 15

28



sec, 72°C; 20 sec, 75°C; 25 sec, 78°C]; 5 cycles of [30 sec, 98°C; 15 sec, 56°C; 15 sec, 72°C; 20
sec, 75°C; 25 sec, 78°C]; 30 cycles of [30 sec, 98°C; 15 sec, 50°C; 15 sec, 72°C; 20 sec, 75°C; 25
sec, 78°C]. A secondary PCR amplification was then performed using 1uL of the primary PCR
reaction and nested primers using the following program: 3min, 98°C; 30 cycles of [30 sec,
98°C; 15 sec, 64°C; 15 sec, 72°C; 20 sec, 75°C; 25 sec, 78°C]. Products from the secondary PCR
amplification were phosphorylated with T4 polynucleotide kinase (NEB), purified (QIAquick
PCR purification kit, Qiagen), and ligated into pSMART vectors according to the provided
protocol. Ligated vectors were transformed into E.coli and grown for 18-24 hours on Kan*
plates. Plasmid DNA from eight colonies was isolated using a Qiagen plasmid miniprep kit and
sent for sequencing with plasmid specific primers. For RACE and cloning primers please see
Appendix 1.

Northern Blotting

RNA was isolated from 14-day old seedlings, immature tassels, and immature ears using
Trizol (Invitrogen, www.invitrogen.com). Poly(A)+ RNA was selected using batch
chromatography on oligo(dT)-cellulose following the protocol outlined in Sambrook and Russell
[2001]. 10 ug of each sample was run on 1.2% agarose formaldehyde gel in MOPS buffer at 50V
for ~15 hours. RNA was transferred to nylon membrane by the capillary transfer method
overnight then UV crosslinked at maximum setting. Membrane was stained with methylene blue
to check RNA and then probed as described [Hale ef al. 2007] for genomic Southern blots with
random primed DNA probes from either the pJS1 plasmid or the Os6F/R PCR product. pJS1
contains nucleotides 1921 to 2775 of the rmrl cDNA in a pGEM T-Easy (Promega,
WWWw.promega.com) vector.

Phylogenetic analyses

Sequences were gathered through blastp searches of the NCBI nr database and tblastn
searches of Phytozome [www.phytozome.net] using either full length (Accession ABV80238) or
truncated RMR1 (RMR1cd; amino acids 851-1435) as the query. Default values were used for all
parameters except for the NCBI search where "Max target sequences" was increased to 500.
Gene model predictions for some plant loci were refined using FGENESH+
[www.softberry.com]. Plant sequences are identified by their Phytozome locus identifier. Non-
plant species are identified by their NCBI GI number. Some proteins with known functions, such
as DRD1 or Rad54, are identified by species abbreviation and protein name. Species
abbreviations are as follows: Sso, Sulfolobus solfataricus; Sc, Saccharomyces cerevisiae; Dr,
Danio rerio; Mm, Mus musculus; Hs, Homo sapiens; Tb, Trypanosoma brucei; Tce,
Trypanosoma cruzi strain Esmeraldo; Lb, Leishmania braziliensis; Li, Leishmania infantum; Cr,
Chlamydomonas reinhardtii; Sm, Selaginella moellendorffii;, At, Arabidopsis thaliana; Pt,
Populus trichocarpa; Vv, Vitis vinifera; Cp, Carica papaya; Os, Oryza sativa; Bd,
Brachypodium distachyon; Sb, Sorghum bicolor; Zm, Zea mays. Protein sequence and prediction
information can be found in Appendix 4.

The hits from NCBI and Phytozome were aligned using the web-based alignment
program MAFFT under default conditions. The resulting multiple sequence alignment was edited
in Jalview [Waterhouse et al. 2009] for length (alignment was restricted to the RMR1cd limits)
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and sequence composition. Duplicate hits were removed using the Remove Redundancy tool at
99% 1identity level, and incomplete or partial sequences were removed manually. This edited
alignment containing 285 sequences was used to create a maximum likelihood tree with PhyML
under default conditions. Using this tree, additional manual editing of the alignment was
performed to remove remaining redundancy in the Rad54 and outgroup subfamilies. The
resulting edited alignment contained 194 sequences. The GeneDoc [http://www.psc.edu/biomed/
genedoc] shaded alignment can be found in Appendix 3. This alignment was used to create
maximum likelihood trees with six different substitution models in PhyML [Guindon and
Gascuel, 2003]: LG, WAG, Dayhoff, BLOSUMG62, JTT, and DCMut. The resulting trees were
viewed and edited with Dendroscope [Huson et al. 2007].

Additional DRDI1 subfamily and clade alignments were generated with MAFFT.
Alignments were edited for length using JalView, and alignment figure was prepared with
GeneDoc. The lightest level of shading represents conserved residues in at least 60% of the
sequences, the middle level is conserved residues is at least 80% of the sequences, and the
darkest level is amino acid identity in all sequences. The tree was generated with PhyML under
default conditions using the JTT model and edited with Dendroscope as above. SNF2 motifs
were annotated as in Thoma ef al. [2005]. Secondary structure predictions were performed using
Phyre [Kelley and Sternberg 2009], and intrinsic disorder predictions were performed using
PONDR [Xue et al. 2010].
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