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3 Abbreviations

AA amino acid

ABA abscisic acid

ACC 1-aminocyclopropane-1-
carboxylic acid

AGI Arabidopsis gene identifier

AOX alternative oxidase

Col-0 Columbia-0

DRE dehydration-responsive
element

DREB2A DRE-binding2A

ET ethylene

ETO-TAFH eight; twenty-one-TAF
homology

HA hemagglutinin

JA jasmonic acid

mART mono(ADP-ribose) transferase

NA not available

NLS nuclear localization signal

O3 ozone

PARP poly(ADP-ribose) polymerase

PQ paraquat, methyl viologen

qPCR quantitative real-time PCR

RCD1 radical-induced cell death1

REGIA regulatory gene initiative in
Arabidopsis

ROS reactive oxygen species

RST RCD1-SRO-TAF4

SRO similar to rcd one

TBP TATA-box binding protein

TAF4 TBP-associated factor4

TF transcription factor

UV ultraviolet

WT wildtype

YFP yellow fluorescent protein

Y2H yeast 2-hybrid

35S cauliflower mosaic virus 35S
promoter

Amino acids

A alanine

C cysteine

D aspartic acid

E glutamic acid

F phenylalanine

G glycine

H histidine

I isoleucine

K lysine

L leucine

M methionine

N asparagines

P proline

Q glutamine

R arginine

S serine

T threonine

V valine

W tryptophan

Y tyrosine
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4 Abstract

Plants constantly face adverse environmental conditions, such as drought or extreme

temperatures that threaten their survival. They demonstrate astonishing metabolic flexibility in

overcoming these challenges and one of the key responses to stresses is changes in gene

expression leading to alterations in cellular functions. This is brought about by an intricate

network of transcription factors and associated regulatory proteins. Protein-protein interactions

and post-translational modifications are important steps in this control system along with carefully

regulated degradation of signaling proteins.

This work concentrates on the RADICAL-INDUCED CELL DEATH1 (RCD1) protein which is an

important regulator of abiotic stress-related and developmental responses in Arabidopsis thaliana.

Plants lacking this protein function display pleiotropic phenotypes including sensitivity to

apoplastic reactive oxygen species (ROS) and salt, ultraviolet B (UV-B) and paraquat tolerance,

early flowering and senescence. Additionally, the mutant plants overproduce nitric oxide, have

alterations in their responses to several plant hormones and perturbations in gene expression

profiles. The RCD1 gene is transcriptionally unresponsive to environmental signals and the

regulation of the protein function is likely to happen post-translationally. RCD1 belongs to a small

protein family and, together with its closest homolog SRO1, contains three distinguishable

domains: In the N-terminus, there is a WWE domain followed by a poly(ADP-ribose) polymerase-

like domain which, despite sequence conservation, does not seem to be functional. The C-

terminus of RCD1 contains a novel domain called RST. It is present in RCD1-like proteins

throughout the plant kingdom and is able to mediate physical interactions with multiple

transcription factors.

In conclusion, RCD1 is a key point of signal integration that links ROS-mediated cues to

transcriptional regulation by yet unidentified means, which are likely to include post-translational

mechanisms. The identification of RCD1-interacting transcription factors, most of whose

functions are still unknown, opens new avenues for studies on plant stress as well as

developmental responses.
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5 Introduction

Humans are directly dependent on plants for survival. All the food we consume, and much of the

energy we use, comes ultimately from sunlight captured by plants. Population growth and climate

change present enormous challenges for both agricultural production and for the adaptive

capacity of natural plant populations. If we are to understand the effects of changing

environmental conditions on plant function, let alone develop more sustainable food production

strategies to keep up with the growing consumption, the thorough understanding of plant

responses to adverse environmental conditions is of utmost importance.

Before it is possible to design rational breeding strategies or to utilize the natural stress tolerance

present in the wild relatives of modern agricultural plants, it is important to understand the

workings of at least one single species on a whole-organism level. Currently, Arabidopsis thaliana,

(Arabidopsis, thale cress) is gaining the most research attention due to the extensive repertoire of

genetic, molecular biological and bioinformatics tools available for it. Therefore, basic research

done in this weed species does not only satisfy academic curiosity in biology, but eventually it will

also serve as the basis for tackling some of the biggest issues facing humanity in the future.

5.1 Reactive oxygen species in abiotic stress signaling
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5.2 Radical-induced cell death1

The radical-induced cell death1 (rcd1) mutant of Arabidopsis was first published by Overmyer et

al. (2000). At the time, the foremost phenotype of the mutant was considered to be sensitivity to

apoplastic ROS, especially to superoxide, accompanied by alterations in leaf morphology. Since

then, a mutation in the RCD1 gene (At1g32230) has been independently characterized twice

(Fujibe et al. 2004, Katiyar-Agarwal et al. 2006) and the list of phenotypes associated with the

gene function has been growing steadily. There are currently four alleles of rcd1 available with

identical phenotypes (see chapters 7.1 and 8.1).

Gene expression studies indicate the involvement of RCD1 orthologs in stress and developmental

responses in other species than Arabidopsis: In Salix, a cDNA encoding a protein similar to the

closest homolog of RCD1 in Arabidopsis, SRO1 (see chapter 8.3), was regulated in response to

chromium treatment (Quaggiotti et al. 2007). A role for an RCD1 ortholog in Ceratonia siliqua

was hypothesized in organ abortion or ethylene signaling during floral development  (Caruso et

al. 2008) and an RCD1-like gene was up-regulated in response to heat shock-induced chilling

resistance in Citrus fruits (Sanchez-Ballesta et al. 2003). In an elevated carbon dioxide experiment

in Populus, a WWE domain containing protein-coding cDNA, a likely RCD1 ortholog, was down-

regulated by the carbon dioxide enrichment (Taylor et al. 2005). In another open air experiment,

the sensitivities of different Arabidopsis ecotypes and Thellungiella halophila to chronic ozone (O3)

exposure were examined and both RCD1 and SRO1 were found to be expressed to a lower level

in the sensitive Wassilewskija ecotype (Li et al. 2006).

The RCD1 gene encodes a protein of 589 amino acids (AAs). The most prominent features in the

RCD1 protein are the N-terminal WWE domain (PS50918, AAs 64-153) which is a putative

protein-protein interaction domain and the catalytic core of poly(ADP-ribose) polymerases (PARP,

PS51059, AAs 248-469) that transfer ADP-ribose units to variable targets. Recently, a third

domain termed RST (for RCD1-SRO-TAF4, PF12174) was discovered in its C-terminus (AAs 494-

569; III, IV, chapters 8.3 and 8.5). Additionally, there are two functional nuclear localization

signals in the N-terminus of the protein. These domains are depicted in figure 5.1.

Figure 5.1. The conserved domains in
RCD1. NLS, nuclear localization signal;
WWE, WWE domain; PARP, poly(ADP-
ribose) transferase catalytic core; RST,
RST domain.
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5.2.1 WWE domain

The WWE domain is a globular protein domain of about 80 AAs found in a variety of eukaryotes.

It was identified through similarity to the N-terminal portion of the Drosophila protein Deltex, a

component of the Notch signaling pathway involved in cell fate determination in animal

development (Aravind 2001, Fortini 2009). RCD1 was one of the proteins – and the only plant

representative in the study – used in the characterization of the WWE domain. The domain was

named after its most conserved residues tryptophan (W) and glutamic acid (E) and was predicted

to mediate protein-protein interactions (Aravind 2001). WWE is found in two different domain

contexts: It is accompanied by either ubiquitin or ADP-ribose conjugation-related domains, RCD1

belonging to the second group.

The Deltex protein has two WWE modules in tandem and their structure is known (Zweifel et al.

2005). Both of them fold autonomously, but interact extensively with each other. In addition, in

yeast 2-hybrid (Y2H) and in vitro interaction studies, the WWE tandem of Deltex physically

interacted with the Notch receptor (Matsuno et al. 1995, Zweifel et al. 2005). Therefore, it could

be hypothesized that proteins containing single WWE domains, such as RCD1, could form

homodimers through their WWE domains and further hetero-oligomerize with a third interaction

partner. Then, depending on the additional domains of the WWE-containing protein, the

interaction partner could be modified with either ubiquitin or ADP-ribose.

5.2.2 Poly(ADP-ribose) polymerase domain

ADP-ribosylation is a post-translational modification of proteins that is brought about by

mono(ADP-ribose) transferases (mARTs) or poly(ADP-ribose) polymerases (PARPs). In eukaryotes,

the former are extracellular enzymes thus far found only in animals, and the latter are found so

far in all groups but yeast and are located primarily in the nucleus (Amé et al. 2004, Hassa et al.

2006, Morrison et al. 2006). The two types of enzymes are differentiated based on the structure

of their catalytic domain and similarity to bacterial ADP-ribosylating toxins. The ADP-ribosylation

domain is accompanied by variable accessory domains that influence their target specificity and

regulation (Glowacki et al. 2002, Otto et al. 2005). The mART-PARP grouping does not reflect the

actual enzymatic activities of these proteins, since at least one mART was capable of poly-ADP-

ribosylation, i.e. attachment of multiple ADP-ribose units to its targets (Morrison et al. 2006),

while some of the PARPs might actually transfer only single ADP-ribose moieties instead of

producing polymers, as does human PARP-10 (Kleine et al. 2008, Otto et al. 2005). Although

animal PARPs have important functions ranging from regulation of chromatin structure and

transcription factor activity to inflammatory responses and cell death (Amé et al. 2008, Schreiber
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et al. 2006), their enzymatic activities are still poorly understood. In fact, some of the functions of

the best-characterized member of the protein family, mammalian PARP-1, do not require its

actual enzymatic activity (Hassa et al. 2001, Hassa et al. 2003).

The structure of the PARP domain from several proteins has been solved, and it contains six

sheets and a single  helix between sheets 2 and 3. Three key AAs are implicated in the function

of these enzymes: A histidine (H) residue in  sheet 1, a tyrosine (Y) in  sheet 2 and an E in

sheet 5 (Otto et al. 2005). However, these residues are not conserved even within the mammalian

PARP family and variations of the H-Y-E theme include H-Y-leucine (L), H-Y-isoleucine (I),

glutamine (Q)-Y-threonine (T), H-Y-valine (V) and H-Y-Y. Generally, the enzymatic properties of

PARPs and the corresponding AAs are not well understood and the inference of poly-ADP-

ribosylation activity for a given protein based on sequence homology is risky.

The domain structure of RCD1 most closely resembles that of the mammalian PARP-11; they both

contain an N-terminal WWE domain in addition to the PARP domain. However, PARP-11 is a

smaller protein than RCD1 and does not contain additional functional features. Currently, there is

no enzymatic activity, localization or interaction data available for PARP-11 (Schreiber et al. 2006)

and therefore, it does not offer help in formulating hypotheses about RCD1 function.

5.3 TAF4: A key component of the general transcription factor TFIID

Transcription of eukaryotic genes is regulated by two classes of transcription factors (TFs). The

gene-specific TFs bind promoter elements distal to the transcription start site and can have both

transcription enhancing and repressing effects. The general TFs, on the other hand, are protein

complexes that bind sequences close to the transcription start site and are necessary for the

formation of the preinitiation complex and subsequent beginning of transcription. They have

similar composition on all promoters, although in different animal tissues the isoforms of some

subunits can vary (Thomas and Chiang 2006). The general TFs require the gene-specific TFs for

efficient initiation transcription and these groups of TFs demonstrate a wide array of potential

physical interactions in achieving careful regulation of gene expression (Cler et al. 2009).

The most prominent general TF, TFIID, binds the promoters of protein-coding genes. It consists of

the TATA-box binding protein (TBP) and 10-14 TBP-associated factors (TAFs), some of which assist

TBP in DNA-binding and, in the absence of TBP, can activate transcription from TATA-less

promoters (Wright et al. 2006). The majority of TAFs contain a region that bears resemblance to

histones and is therefore called the histone fold domain. In Drosophila, TAF4 is a key subunit in

the assembly of the core of TFIID (Wright et al. 2006) and dimerizes with TAF12 through its

histone fold-containing C-terminal region. The dimer binds DNA (Gazit et al. 2009, Thuault et al.
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2002, Werten et al. 2002) and is additionally assumed to directly interact with a number of other

subunits of the TFIID complex (Cler et al. 2009).

In addition to the histone fold region, animal TAF4s contain another conserved region termed

ETO-TAFH (EIGHT;TWENTY-ONE-TAF4  homology). In Drosophila and human, it is located in the

middle of the TAF4 protein and spans about 70 AAs. The crystal structures for this region in

human ETO and TAF4 proteins is known and it consists of 4 or 5 tightly packed -helices,

respectively (Wang et al. 2007, Wei et al. 2007). The ETO-TAFH domain has been shown to

interact with multiple transcription factors in both protein contexts (Wang et al. 2007, Wei et al.

2007, Wright and Tjian 2009). Interestingly, neither of the two Arabidopsis TAF4 homologs

contains the ETO-TAFH domain. Instead, these proteins have the thus far uncharacterized RST

domain in the equivalent position (III, see chapter 8.3).

Although TFIID has been intensively studied in yeast, Drosophila and mammals, there are only

preliminary reports available for plant general TFs. Lago et al. (2004) found approximately the

same complement of TAF-encoding genes in the Arabidopsis genome as in other organisms and

Lawit et al. (2007) conducted an extensive Y2H study to map the interactions of putative TFIID

components in Arabidopsis. Generally, the structure of the complex seemed to agree with reports

from other organisms, but several important interactions were not observed by Lawit et al. (2007)

and there were also several interactions that have not been detected in any of the more carefully

studied TFIID complexes. This suggests that the plant TFIID might posses some unique features

but, on the other hand, it is critical that the reported interactions are verified by independent

methods before further conclusions are drawn from the results.
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6 Aims of the study

Understanding how plants integrate stress and developmental signals is important in both basic

and applied research. The pleiotropic phenotype of the rcd1 mutant, which has aspects of both

stress and developmental responses, indicates that the protein could be a key node in this

integration system. The structure of the protein suggests that its function could involve poly-ADP-

ribosylation but the regulation and targets of this putative activity are unknown and crucial for

understanding the rcd1 mutant phenotypes.

Thus, the aim of this study was to give a mechanistic explanation to the observed rcd1

phenotypes and study the protein biochemically. Three lines of research were selected to achieve

this:

1. Analysis of RCD1 regulation on transcriptional and post-transcriptional level

2. Finding RCD1-interacting proteins

3. Testing the ADP-ribosylation activity of RCD1

The closest homolog of RCD1, SRO1, was included in the study because the two proteins are

highly similar on the amino acid level and might therefore have common functions.
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7 Material and methods

The methods used in the articles II-IV are described within each publication and only the

procedures concerning unpublished results and the work in general are detailed here.

7.1 Plant material and growth conditions

The Arabidopsis ecotype Columbia-0 (Col-0) was the standard wildtype (WT) used for all

experiments and the background line for all the mutant alleles. The mutant and transgenic plant

lines used in the study are listed in table 7.1 and a graphical representation of the different rcd1

and sro1 alleles is presented in figure 7.1 (modified from II and III). All lines were confirmed to be

homozygous for the mutation or T-DNA insertion by PCR and, in the knock-out lines, the site of

T-DNA insertion was additionally confirmed by sequencing. For the cauliflower mosaic virus 35S

promoter (P35S)-containing lines, the level of expression was tested by quantitative real-time PCR

(qPCR) in order to exclude lines in which the transgene had been silenced.

The branching phenotype of rcd1 was quantified by measuring the height of a senescing flower

stalk and counting the number of lateral shoots. The branching was presented as number of

shoots cm-1. 12 plants were used per genotype and the experiment was repeated twice with

similar results.



RCD1 in stress and development

17

Table 7.1: Mutant and transgenic lines used in the study. HA, hemagglutinin epitope; NA, not available; YFP, yellow fluorescent protein; 35S, cauliflower
mosaic virus 35S promoter for constitutive expression.

Line Accession Description Mutation/transgene Reference
rcd1-1 ABRC

CS9354
mutant A nucleotide substitution, leads to mis-splicing and to a premature stop

codon within the PARP domain
II, III

rcd1-2 NA mutant premature stop codon at AA 332 Fujibe et al. 2004,
III

rcd1-3 SALK
116432

T-DNA insertion line Insertion at nucleotide 2622 of the genomic sequence. Middle of the
PARP domain in the protein.

Katiyar-Agarwal et
al. 2006, III,
Alonso et al. 2003
for the  plant line

rcd1-4 GABI-Kat
229D11

T-DNA insertion line Insertion at nucleotide 1523 of the genomic sequence, beginning of the
WWE domain in the protein, transcriptional null

III, Rosso et al.
2003 for the plant
line

sro1-1 SALK
074525

T-DNA insertion line Insertion at nucleotide 3199 of the genomic sequence. Transcript present,
likely a truncated protein.

III, Alonso et al.
2003 for the  plant
line

rcd1 sro1 NA double mutant Both rcd1-3 sro1 and rcd1-4 sro1-1 available. Same phenotype. III

R2 R1L

R3 R1L

NA complementation of rcd1-2 mutant
with genomic RCD1 gene under its
own promoter

PRCD1::RCD1-3×HA
(binary vector pGWB13)

III, Nakagawa et al.
2007

RCD1 OX
(32A)

NA over-expression of RCD1, no tag, P35S::RCD1 (binary vector pMDC32) III, Curtis and
Grossniklaus 2003
for the vector

RCD1-
YFP

NA over-expression of RCD1 for
detection of fluorescently labeled
protein

P35S::RCD1-YFP (binary vector pGreenII) III, Hellens et al.
2000 for the vector

RCD1-
cMYC

NA over-expression of RCD1 for
detection of labeled protein

P35S::RCD1-6  cMYC-StrepII  (binary vector pGreenII) III, Hellens et al.
2000 for the vector
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Figure 7.1: The positions of mutations and T-DNA insertions in the RCD1 and SRO1 genes.
Vertical line indicates a point mutation and a triangle a T-DNA insertion site. The locations of the
functional domains are indicated with a dashed line below the DNA bars. UTR, untranslated
region; CDS, protein-coding sequence; WWE, WWE domain; PARP, poly(ADP-ribose) transferase
catalytic core; RST, RST domain.

7.2 Molecular cloning

Full-length TAF4 was cloned into the Y2H bait vector pDEST32 (Invitrogen) using the Gateway

technology (Invitrogen). For the truncated construct containing the RST domain but no histone-

fold domain, an alternative reverse primer was used (Table 7.2).

Phusion site-directed mutagenesis system (Finnzymes) was used to create point mutations in

RCD1 and SRO1 coding sequences in pDONR201. The mutagenized sequences were amplified,

the plasmids were circularized by ligation with T4 DNA ligase (Fermentas) and the Gateway LR

reaction was performed to transfer the inserts to pDEST32 for interaction testing. Primers used for

the mutation constructs are listed in table 7.2.



RCD1 in stress and development

19

Table 7.2: Primers used for cloning. Capital letters denote the mutagenizing nucleotides, except
for SRO1- 552 in which the PCR results in a deletion of three nucleotides. GWF, AttB1 site for
Gateway cloning (5’-ggggacaagtttgtacaaaaaagcaggct); GWR, AttB2 site for Gateway cloning (5’-
gggaccactttgtacaagaaagctgggt).

Construct name Forward primer Reverse primer

TAF4-FL 5’-GWF-caatggatccttcaattttcaagctcctt 5’-GWR-ctattgaattaatcgatacat

TAF4-M1V252 same as above 5’-GWR-
ttattgatccatagaattccctgc

RCD1-S500A tggttcaagcGctacaagacc acactgtttgcacttcctgaacc

RCD1-S505A aagacccaaaGctccatggat gtagtgcttgaaccaacactgtttg

RCD1-S505D caagacccaaaGAtccatggatgc tagtgcttgaaccaacactgtttg

RCD1-S518A tgcagcaatcGcacataaggt aacagagtaggaaatggcatcca

RCD1-S518D ttgcagcaatcGACcataaggttgc acagagtaggaaatggcatccat

RCD1-LI528QQ acgacatgttgCAgCAGaatgctgacta tctctgcaaccttatgtgagattg

RCD1-Y533F aatgctgactTccaacaactg gatcaacaacatgtcgttctc

RCD1-T542A taagaagatgGcgagagcgga tccctcagttgttggtagtcagc

RCD1-L558Q ggagatgatcAgctaaggtcca tacaatcacccgcagtttcct

RCD1-I563Q taaggtccaccCAaacaacccttc gcagatcatctcctacaatcacc

RCD1-S572A ccagccaaagGcgaaggagat ttttgaagggttgttatggtgga

RCD1-S578A agattccaggaGCcatcagagacc ccttcgactttggctggtttt

SRO1- 552 gatgatctgctgatatctacaataacag tcctacaatcatactcagcgtcttata

RCD1-C14A (WWE) gatagtagtaggGCtgaagatggattcg caacaccttgacgatcttggct

7.3 Protein work

Protein work is described in publications III and IV. The antibodies used in the procedures are

listed in table 7.3.

7.4 Yeast 2-hybrid experiments

Y2H work was done as described in III and IV using the GAL4-based ProQuest Y2H system

(Invitrogen). However, for the TFs listed in table 8.5 the insert re-sequencing and repetition of the

interaction test with re-transformed yeast described in III was not done. Therefore, although the

TFs represent only the strongest interactions detected in two rounds of screening and were

positive for histidine and adenine auxotrophy as well as for -galactosidase activity, the results

listed in table 8.5 should be considered preliminary.
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Table 7.3: Antibodies used in this study. The sensitivities in brackets indicate another antibody batch from a parallel animal. NA, not available.

source
name type

company species
purification target sensitivity

RCD1-N custom polyclonal Sigma rabbit protein A I52-L65: IPDKRRRLEGENKL 10 ng

RCD1-C custom polyclonal Sigma rabbit protein A Q566-S577: QNQPKSKEIPGS 5 ng

RCD1-DN custom polyclonal Storkbio rabbit protein A denaturated full-length RCD1-His protein 5 ng (20 ng)

RCD1-RF custom polyclonal Storkbio rabbit protein A refolded full-length RCD1-His protein <5 ng (20 ng)

GFP commercial IgG
fraction

Molecular Probes
A-11122

rabbit ion exchange
chromatography

GFP isolated from Aequorea victoria NA

GST commercial
monoclonal

Sigma
G-1160

mouse clone
GST-2

NA (specific for) Schistosoma japonicum
GST

NA

HA commercial
monoclonal

Santa Cruz
Biotechnology, sc-57592

mouse NA influenza virus hemagglutinin NA

cMyc commercial
monoclonal

Santa Cruz
Biotechnology, sc-40

mouse NA AAs 408-439 of Homo sapiens c-Myc.
Detects also c-Myc from other species.

NA
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8 Results

8.1 RCD1 regulates many aspects of plant function

8.1.1 Stress phenotypes

The rcd1 mutant displays altered responses to several abiotic stresses including ROS-generating

treatments (Table 8.1): In addition to the O3 and superoxide sensitivity discovered by Overmyer et

al. (2000), Katiyar-Agarwal et al. (2006) and  Teotia and Lamb (2009) reported hydrogen peroxide

sensitivity in the mutant. This phenotype seems to require long-term exposure since rcd1 does not

differ from WT when tissue damage is measured after infiltration with hydrogen peroxide

(Overmyer et al. 2000). In contrast, the mutant was more tolerant than WT to chloroplastic ROS

generated by paraquat (PQ, methyl viologen, II, III, Fujibe et al. 2004, Katiyar-Agarwal et al.

2006). This phenotype led to the isolation of the rcd1-2 allele by Fujibe et al. (2004). They

additionally demonstrated tolerance to UV-B radiation in rcd1-2, which was subsequently

confirmed by Jiang et al. (2009) to apply also to the original rcd1-1 allele. Katiyar-Agarwal et al.

(2006) discovered rcd1 to be salt sensitive, but the mutant tolerated higher concentrations of

glucose and mannitol (II, Teotia and Lamb 2009), which was concluded by the authors of the

latter publication to be indicative of osmotic stress tolerance. Drought tolerance of rcd1 plants

has not been tested directly, but the mutant plants had constitutively higher stomatal

conductance and their stomata closed slower than in the WT during O3 exposure and desiccation

(II). This might predispose the plants to the effects of drought stress. Finally, Fujibe et al. (2004)

reported slight freezing tolerance in un-acclimated rcd1 plants which was, however, not evident

in the experiments published in II.

The ROS sensitivity of rcd1 raises the question of antioxidant capacity of the mutant. Based on

gene expression of several antioxidant genes and their induction under stress conditions, this

aspect of metabolism seems to be unaffected by the mutation, although slight increase in the

basal expression levels of chloroplastic antioxidant enzymes was detected (Fujibe et al. 2004,

Overmyer et al. 2000).

So far, little is known about alterations in biotic stress responses in rcd1. It displayed an enhanced

cell death phenotype during incompatible interaction with the bacterial pathogen Pseudomonas

syringae strain DC3000 (Overmyer et al. 2000), but later studies have demonstrated that the

situation is more complicated than initially assumed. The responses to both P. syringae and

Botrytis cinerea are altered in rcd1, but whether the mutant is more or less resistant (or
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susceptible) to each pathogen depends on the pathogen genotype and the response being

assayed (Dr. K. Overmyer, University of Helsinki, Finland, personal communication).

Table 8.1: Stress-related phenotypes of rcd1 compared to Col-0. NA, not available
Phenotype Method Reference

sensitivity to apoplastic
ROS

O3 fumigation

xanthine/xanthine oxidase treatment

germination on hydrogen peroxide

Overmyer et al. 2000, II

Overmyer et al. 2000,
Overmyer et al. 2005

Katiyar-Agarwal et al. 2006,
Teotia and Lamb 2009

tolerance to
chloroplastic ROS

germination on PQ-containing
medium

II, III, Fujibe et al. 2004,
Katiyar-Agarwal et al. 2006

tolerance to UV-B photosystem II function, cyclobutane
pyrimidine dimer formation under
UV-B

growth retardation, visual damage,
thymine-thymine cyclobutane dimer
formation under UV-B

Fujibe et al. 2004

Jiang et al. 2009

salt sensitivity germination on salt-containing
medium

salt treatment at 5 days after
germination

Katiyar-Agarwal et al. 2006,
Teotia and Lamb 2009

Katiyar-Agarwal et al. 2006

glucose tolerance germination on glucose-containing
medium

II,
Teotia and Lamb 2009

mannitol tolerance germination on mannitol-containing
medium

Teotia and Lamb 2009

increased stomatal
conductance

weight loss of detached leaves, water
vapor emission

II

freezing tolerance cell death after low temperature Fujibe et al. 2004

enhanced accumulation
of UV-absorbing
compounds in response
to UV-B

NA Fujibe et al. 2004

Enhanced cell death
during incompatible
pathogen interaction

Infiltration with Pseudomonas
syringae pv tomato DC 3000

Overmyer et al. 2000

8.1.2 Developmental phenotypes

Under normal growth conditions, rcd1 plants are clearly distinguishable from the WT (Table 8.2).

The rosette is smaller in diameter and the leaves are curled and more erect (II, III, Fujibe et al.

2004, Teotia and Lamb 2009). rcd1 displays increased branching of both root (Teotia and Lamb
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2009) and shoot (Figure 8.1). The plants complete their life cycle faster, flowering and senescing

earlier than the WT. Teotia and Lamb (2009) additionally reported the formation of aerial rosettes

in rcd1-3 in place of flowers in concert with expression of the FLOWERING LOCUS C gene in

tissues outside its normal range. Aerial rosette formation has not been observed in our laboratory

in any of the rcd1 alleles and might reflect differences in light quality or other growth conditions.

Furthermore, rcd1 had smaller flowers and longer hypocotyl in darkness. The latter response

might be related to the unpublished results indicating that rcd1 has alterations in its response to

red light (Dr. M. Rodriguez-Franco and Prof. G. Neuhaus, University of Freiburg, Germany,

personal communication).

Table 8.2: Developmental phenotypes of rcd1 compared to Col-0. NA, not available
Phenotype Method Reference

smaller rosette and altered leaf
morphology

visual observation II, III, Fujibe et al. 2004,
Teotia and Lamb 2009

higher chlorophyll and
anthocyanin content

NA Fujibe et al. 2004

early flowering and senescence visual observation

average day of flower bud emergence

II

III, Teotia and Lamb
2009

more branching in root and shoot number of lateral roots

number of shoot branches

Teotia and Lamb 2009

Figure 8.1

elongated hypocotyl in the dark NA Teotia and Lamb 2009

aerial rosette formation growth at 8-hour day length Teotia and Lamb 2009

small petals not described Teotia and Lamb 2009

Figure 8.1: Increased branching in rcd1 flower stalk compared
to Col-0.
The height and the number of branches in the flower stalks of
Col-0 and rcd1-1 were measured when plants were mature
and dried out. Error bars indicate standard deviation. The
difference between genotypes is statistically significant
according to Student’s t-test (P<0.01).

0

0,2

0,4

0,6

Col-0 rcd1-2
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8.1.3 Plant hormone responses and gene expression

Plant hormones are involved in the regulation of many of the processes affected by the rcd1

mutation. Ethylene (ET), salicylic acid (SA) and jasmonic acid (JA) play (often counteracting) roles

in O3-triggered cell death and pathogen responses (Grant and Jones 2009, Tuominen et al. 2004).

A senescence-promoting function is considered for all of these hormones as well as for abscisic

acid (ABA, Lim et al. 2007), which is additionally a key regulator of stomatal function and

dehydration-related responses (Cho et al. 2009).

The levels of ET, SA and JA in the rcd1 mutant plants were comparable to the WT under normal

growth conditions, although their concentrations were slightly increased (Overmyer et al. 2000,

Overmyer et al. 2005). During O3 treatment, all three of them were clearly overproduced in the

mutant, likely reflecting the cell death response triggered in it. Additionally, in sensitivity tests for

ET and JA, rcd1 did not differ from the WT (II, Overmyer et al. 2000) and also the ABA responses

measured as inhibition of seed germination and root growth by ABA were normal (PJ, preliminary

observations). On the other hand, several genes involved in hormonal responses displayed

differential regulation in rcd1: ACC OXIDASE (At5g43450) encoding the last step in ET

biosynthesis (Lin et al. 2009) was constantly expressed to a higher level (II, III) but the induction of

ET-inducible CHIB (At3g12500) in response to the ethylene precursor 1-aminocyclopropane-1-

carboxylic acid (ACC) was lowered. The SA-responsive WRKY54 (At2g40750) and PR-1

(At2g14610) were constantly expressed to a lower level (III), although for the latter the difference

was small and not detected in II. VSP1 (At5g24780) is induced by methyl jasmonate (Liu et al.

2005) and this response was also attenuated (II). RAB18 (At1g20440), a marker transcript for ABA

responses (Lång and Palva 1992), failed to be induced by ABA (II) and several cold or dehydration-

responsive genes exhibited lower steady-state transcript levels (III). When the differentially

expressed genes in rcd1 were compared to those that had been identified as targets of the TF

DREB2A (At5g05410), a statistically significant overlap was detected (III). Many of the ABA-

responsive genes differentially regulated in rcd1 are also DREB2A targets (III) which indicates that

the differential regulation of ABA, cold or drought-responsive genes in rcd1 might actually be

related to the function of this TF.

A full-genome microarray experiment revealed differential regulation of altogether 517 genes in

the rcd1 mutant under normal growth conditions (III). Among the most up-regulated genes were

UPOX (At2g21640) and ALTERNATIVE OXIDASE1a (AOX1a, At3g22370) that both encode

mitochondrially targeted proteins (III). The first is responsive to virtually all oxidative stresses

(Gadjev et al. 2006, Van Aken et al. 2009) and the second is hypothesized to take part in
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metabolic adjustment during environmental stresses (I). Recently, rcd1 was discovered to

overproduce nitric oxide (NO) both under normal growth conditions and especially during O3

exposure (Ahlfors et al. 2009). This is likely to relate to the observed high AOX1a levels since NO,

as well as O3 treatment and ET, induced AOX in tobacco (Ederli et al. 2006).

Table 8.3: Plant hormone responses and gene expression altered in rcd1 compared to Col-0.

Phenotype Method Reference

slightly increased levels of ET,
SA and JA

hormone concentration measurement II

ET-responsive gene expression constitutive over-expression of ACC oxidase II, III

SA-responsive gene expression lower expression level of PR-1 and WRKY54 III

JA-responsive gene expression weaker induction of VSP1 in response to
methyl jasmonate

II

ABA-responsive gene
expression

weaker induction of RAB18 in response to
ABA

II

nitric oxide overproduction DAF-MN-DA staining combined with
fluorimetry and confocal microscopy

Ahlfors et al. 2009

8.2 The regulation of RCD1

8.2.1 Gene expression

Although regulation of the RCD1 gene is suggested by the transcriptomic studies described in

chapter 5.2, several experiments in Arabidopsis thaliana indicate that RCD1 is not strongly

regulated on the transcriptional level. First, the developmental regulation of RCD1 expression was

studied in a northern blot experiment in different tissues in (II). The expression was constitutive

and detectable throughout plant tissues with the exception of old, senescing flowers in which no

expression was visible. The RCD1 mRNA is not strongly responsive to environmental stimuli either,

since O3 treatment and salt stress induced its expression only weakly (II, IV). The only treatment

reported to clearly elevate the RCD1 mRNA levels was excess light stress (Bechtold et al. 2008).

However, there is also data to the contrary, since it was reported in (IV) that high light treatment

for 8 hours did not lead to accumulation of RCD1 above control levels. The plant culture and

exposure conditions as well as the time course in these two experiments were quite different

which might explain the discrepancy of the results (IV). An analysis of publicly available microarray

data (www.genevestigator.com/gv/index.jsp) also indicated only modest induction of the gene,

maximally 2.8 fold following syringolin treatment. On the other hand, potassium starvation and

http://www.genevestigator.com/gv/index.jsp
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treatment with its toxic analogue, cesium (White and Broadley 2000), reduced the RCD1 mRNA

levels (less than 0.125 times the control values in both).

To further study the regulation RCD1 expression, its promoter was used to drive the expression of

the UidA gene in stable transgenic plants. GUS staining revealed that the promoter is most active

in the vascular tissues throughout the plant, in young leaves (possibly including the apical

meristem) and in guard cells (III). These results were consistent with those obtained by Katiyar-

Agarwal et al. (2006) who additionally demonstrated GUS staining in most parts of young

flowers.

8.2.2 Post-transcriptional regulation

There are three putative nuclear localization signals in RCD1 coding sequence starting at AA

positions 19, 54 and 319 (Belles-Boix et al. 2000, II, Figure 5.1). Using constitutive promoter and

fluorescent protein –tagged RCD1, the protein was indeed shown to localize to the nucleus (III,

Fujibe et al. 2004) and the two first of the three sequences were demonstrated by Katiyar-

Agarwal et al. (2006) to be required for the nuclear localization of the protein. Additionally, under

salt and hydrogen peroxide treatment, RCD1 was also localized to the plasma membrane and,

after the removal of stress, the protein was again exclusively nuclear (Katiyar-Agarwal et al.

2006).

Detailed study of the function of any protein requires immunological detection of the protein of

interest. Recognition by an antibody allows not only the careful assessment of the amount of

protein under different conditions and subcellular fractions but also its purification from plant

extracts for further analyses and identification of potential interaction partners. With this in mind,

several antibodies were raised against the RCD1 protein and tested with bacterially produced

RCD1 protein (see chapter 7.3). Despite the steady mRNA levels and the visibility of fluorescent

signals in transgenic plants, the RCD1 protein was not detected by any of these antibodies (III).

Plant material that was used for antibody testing included young rosettes from plants expressing

P35S::RCD1, P35S::RCD1-YFP, P35S::RCD1-cMyc and PRCD1::RCD1-HA. In addition, commercial

antibodies against green fluorescent protein (detects also YFP), HA and cMyc were tested with

the same result.

There are several potential explanations for the difficulty in detecting the protein in plant tissues.

First, it could be due to technical difficulties relating to the antibody sensitivity and gene

expression in transgenic plants. To exclude these possibilities, bacterial RCD1 protein extracts

were used to test the sensitivity of the antibodies, and transcript levels in the 35S promoter-

containing lines were examined with qPCR and verified to be higher than in WT plants. Second,

the protein could be extremely instable in protein extracts. Therefore a broad range of protease
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inhibitors and fresh protein extracts were always used in experiments (III) and two experiments

using bacterially expressed RCD1 protein were conducted: i) The protein was added to the plant

material in the beginning of the protein extraction and its presence was assessed in a western

blot and ii) the protein was added to the final protein extract and its degradation was followed

over time. Both of these experiments demonstrated that the bacterially expressed protein is stable

during the procedure (PJ and Dr. J. Vainonen, unpublished). Third, the protein level could be

undetectably low due to tight regulation on the post-transcriptional level. Therefore, tissues were

used in which the promoter was shown to be active (III) and by using nuclear extracts, the RCD1

protein was concentrated. Furthermore, to take into account the developmental regulation of

protein amount, the same tissue and developmental stage (root tissue from dark-grown 4-day old

seedlings) that was used for protein localization studies was used for protein extraction. None of

these approached resulted in the detection of the protein.

Additional possibilities explaining these results could be either extensive post-translational

modification of native RCD1 that interferes with the recognition of the protein by the antibody or

induces its rapid degradation by the proteasome. Alternatively, the protein could be in a complex

that is precipitated during protein extraction. These possibilities are currently studied.

8.3 RCD1 belongs to a plant kingdom-wide protein family

In addition to RCD1, Arabidopsis genome encodes five similar proteins which have been named

SRO1 to SRO5 (SIMILAR TO RCD ONE) and are 43 to 74% similar to RCD1 on the amino acid level

(II, III). The closest homolog, SRO1 (At2g35510), has the same domain structure as RCD1

consisting of WWE, PARP and RST domains whereas the other four are shorter lacking the WWE

domain (Figure 8.2A). According to neighbor-joining analysis of full-length sequences, the

proteins form two groups: RCD1 and SRO1 form group I and the remaining four SROs group II in

which SRO2 and SRO3 form subgroup IIa and SRO4 and SRO5 subgroup IIb (IV).

When the analysis was extended to several sequenced plant genomes ranging from the moss

Physcomitrella patens to poplar (Populus trichocarpa) and rice (Oryza sativa ssp. japonica), RCD1-

SRO orthologs were found in all land plant genomes studied but they were absent from algae

and photosynthetic bacteria (IV). The grouping of the Arabidopsis proteins applies also when

sequences from all the species are compared, but group I is further divided into subgroups Ia, Ib

and Ic. All the analyzed proteins contain the PARP and RST domains, apart from individual cases

in which the annotation of the RST domain was ambiguous. Group Ia and Ib members also

harbor the WWE domain, which is absent from group II and most group Ic proteins. However, it is
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not clear whether the lack of the WWE domain in group Ic represents true functional difference

between the proteins or bias in the definition of the domain (IV).

Figure 8.2: RCD1-SRO protein family members (A) and the RST domain containing protein TAF4
(B) in Arabidopsis. NLS, nuclear localization signal; WWE, WWE domain; PARP, poly(ADP-ribose)
transferase catalytic core; RST, RST domain; TAF4, TAF4 domain.

8.3.1 The RST domain

The RST domain was identified based on similarity of the C-terminus in Arabidopsis RCD1 and

SRO1, and proteins most closely resembling them in four other plant species (III). The domain was

then found out to be present also in all the RCD1-SRO protein family members in other studied

species (IV, see above). The domain is approximately 70 residues in size and demonstrates

conservation in the chemical properties in a number of AA positions (Figure 8.3). These include

several hydrophobic residues dispersed along the length of the domain, a conserved Y in the

middle and two positively charged AAs at the C-terminal half of the domain. Additionally, in most

RCD1-SRO family members, the C-terminus contains conserved glycine (G) and aspartic acid (D)

residues which, however, are absent from the shorter RST domain of subgroup Ib represented by

only monocot sequences (IV).

In addition to the RCD1-SRO protein family members, the RST domain is found in the N-terminal

portion of the otherwise unrelated TAF4 proteins in several plant species (III, Figure 8.2B, see

chapter 5.5). Most of the RST conservation detected in the RCD1-SRO proteins is present in the

TAF4s, including the C-terminal G and D residues (Figure 8.3). On the other hand, there are two
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notable exceptions in which the properties of the AAs in both TAF4 and TAF4b differ considerably

from the RCD1/SRO consensus (marked with arrows in figure 8.3) and additional three in which

TAF4b differs from the three other ones (underlined in figure 8.3). These differences might impact

the function of the domain in the different protein families. The genes encoding TAF4 and TAF4b

are hypothesized to have duplicated very recently (Lago et al. 2004) and could be in the process

of acquiring different functions but due to the lack of functional data concerning the TAF4

proteins in plants, the functional relevance of these differences cannot be estimated.

Figure 8.3. Alignment and conservation of the Arabidopsis RST domain. The RST domains of
RCD1-SRO protein family representatives (RCD1 and SRO1, Group I) and the two TAF4 homologs,
TAF4 (At5g43130) and TAF4b (At1g27720), present in Arabidopsis genome were aligned using
CLustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html). AAs that are universally conserved
within the RCD1-SRO gene family (IV) are highlighted with colored bars indicating similar
chemical properties. Green shows polar, non-charged, non-aliphatic residues or proline. Blue
indicates the most hydrophobic AAs (L, I, V) and red positively charged AAs (K, H, R). Pink
highlights aspartic acid. Orange and brown indicate glycine and tyrosine, respectively. The
positions in which TAF4 and TAF4b sequence differs from the RCD1-SRO consensus are marked
with an arrow and the AA residues in TAF4b that differ from the consensus of all other proteins
are underlined. The conservation within the four sequences used for this analysis is depicted at
the bottom of the picture. An asterisk indicates absolute conservation, a colon strong
conservation and a dot weak conservation.

8.3.2 Unequal genetic redundancy between RCD1 and SRO1

As is typical for plants, the Arabidopsis genome has undergone several polyploidizations and

subsequent gene losses (Burleigh et al. 2009, Simillion et al. 2002). Therefore, although members

of RCD1-SRO protein family are present in all land plants (IV, see above), the existence of closely

related RCD1 and SRO1 proteins is unique within the mustard family (Brassicaceae) whereas most

plant groups studied contain a protein, or proteins, that are equally related to both of them (IV).

RCD1 and SRO1 are also the only Arabidopsis proteins that contain the WWE domain (see

chapter 5.3) which makes their study interesting also from the point of view of this domain.

Regulation of the SRO1 transcript under stress conditions, promoter activity in control conditions

and the subcellular localization of the protein are similar to RCD1 (III, IV). However, in contrast to

the multiple phenotypes associated with the loss of RCD1 function, a sro1 T-DNA insertion

mutant displayed only very subtle phenotypes, if any at all (III, Teotia and Lamb 2009).

Surprisingly, the rcd1 sro1 double mutant had strong developmental defects and was hardly

viable. It could only be germinated on sugar-containing medium and, after transfer to soil, it

http://www.ebi.ac.uk/Tools/clustalw2/index.html).


RCD1 in stress and development

30

remained small and flowered extremely late (III, Teotia and Lamb 2009) Furthermore, Teotia and

Lamb (2009) demonstrated that while both single mutants had normal embryo development, the

double mutant had embryonic defects from heart stage onwards leading to production of

malformed seeds.

These results show that SRO1 is a functional protein and that the relationship between RCD1 and

SRO1 can be termed unequal genetic redundancy (III). This term describes a situation in which out

of two homologous genes, one plays the dominant role and the other seems to be dispensable.

The function of the second gene only becomes evident when both of the gene functions are

disabled (Briggs et al. 2006). This suggests that, in accordance with the recent duplication of the

genome within Brassicaceae (Couvreur et al. 2010), RCD1 and SRO1 together define a function in

these plants which might be fulfilled by one protein in species outside Brassicaceae.

8.4 RCD1 interacts with transcription factors

Earlier studies suggested that RCD1 might be involved in protein-protein interactions (Belles-Boix

et al. 2000, Lin and Heaton 2001). Because of the stress-related phenotypes of the rcd1 mutant,

a Y2H library enriched with stress-regulated transcripts was constructed and screened with full-

length RCD1. 11 putative interaction partners were recovered, seven of them TFs (III) and

including the previously discovered DREB2A and STO (Belles-Boix et al. 2000, Table 8.4). The

library screen was extended to the REGIA TF collection (Paz-Ares and the REGIA Consortium

2002) which allowed large-scale pair-wise interaction tests against approximately 1200 proteins.

The interactions of all the five RCD1-interacting TFs that were present in the collection were

reproduced and further 14 novel interaction partners were discovered (III, Table 8.4). The most

prominent TF families represented by the RCD1 interaction partners were DREB and NAM/NAC

families along with Constans-like zinc finger and basic helix-loop-helix family members. A subset

of four RCD1-TF interactions was confirmed with in vitro pull-down experiments (III, marked with

an asterisk in table 8.4). The same set of experiments was conducted with SRO1 and four

interaction partners were identified all of which were shared with RCD1 (III, Table 8.4).
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Table 8.4: RCD1-SRO protein family-FT interactions detected in Y2H experiments. (A) Interactions
detected with full-length RCD1, SRO1 and SRO5 (modified from III and IV). Positive result is
marked with (+) and green background, negative result with (-) and red background. AGI,
Arabidopsis gene identifier; LIB, recovered in library screen, not present in the REGIA collection;
NA, not available; * interaction has been verified with in vitro pulldown experiments (III).

TF

name AGI family
RCD1 SRO1 SRO5

DREB2A At5g05410 AP2/ERF   +* + +
DREB2B At3g11020 AP2/ERF + + +
DREB2C At2g40340 AP2/ERF + + -
ATERF14 At1g04370 AP2/ERF - - +
ANAC013 At1g32870 NAM/NAC + - +
ANAC046 At3g04060 NAM/NAC + - +
ANAC082 At5g09330 NAM/NAC LIB LIB NA
STO At1g06040 zinc finger  +* - -
COL10 At5g48250 zinc finger  +* - -
COL16 At1g25440 zinc finger - - +
AtIDD5 At2g02070 zinc finger LIB NA NA
PIF5 At3g59060 bHLH + - -
PIF7 At5g61270 bHLH + - -
UNE10, similar to
PIF7 At4g00050 bHLH + - -

AtbHLH011 At4g36060 bHLH + - -
AtbHLH019 At2g22760 bHLH + - -
bHLH At1g51140 bHLH - - +
bHLH At3g21330 bHLH - - +
ILR3-like At5g54680 bHLH + - -
IAA11 At4g28640 IAA + - -
MYB91, AS1 At2g37630 MYB   +* - -
ATMYB29 At5g07690 MYB - - +
GT2-related At2g33550 MYB + - -
bZIP At2g16770 bZIP + - +
TGA2, AHBP-1B At5g06950 bZIP + - -
WRKY46 At2g46400 WRKY - - +
WRKY47 At4g01720 WRKY + - -
HSFA1E At3g02990 HSF - - +
ARR11 At1g67710 ARR - - +



RCD1 in stress and development

32

8.5 The RST domain is a novel transcription factor –interaction domain

The C-terminal 188 AAs of the RCD1 protein were show to be necessary for the two RCD1-TF

interactions discovered by Belles-Boix et al. (2000). This area contains the last quarter of the PARP

domain and the whole of RST domain. To specify the protein features necessary for the

interactions, a number of mutation constructs were tested in the Y2H system.

First, the REGIA screens were conducted with an RCD1 construct lacking the WWE domain and

thus resembling the shorter protein family members SRO2 to SRO5. In this screen, the number of

RCD1-interacting TFs grew from 21 to 33 and included all the TFs that interacted with the full-

length protein (III, Table 8.5). This demonstrated that the WWE domain is dispensable for all the

observed TF interactions but might contribute to their specificity. It was not possible to test the

RST domain alone in this system because a C-terminal construct lacking both the WWE and PARP

domains strongly auto-activated the reporter genes in yeast (III, data not shown).

Table 8.5: Additional RCD1-interacting TFs recovered in the screen with the truncated RCD1
protein lacking the WWE domain. The bHLH family member At1g51140 was also retrieved with
SRO5, but not with full-length RCD1 and is therefore included also in table 8.4 (underlined).

name AGI family
zinc finger –
containing At2g44410 zinc finger

COL9 At3g07650 zinc finger
STO-like, COL At1g75540 zinc finger
PIF3 At1g09530 bHLH
AtbHLH104 At4g14410 bHLH
bHLH At1g51140 bHLH
AtHB21, HB-2 At2g18550 HD-leucine zipper
IAA2 At3g23030 IAA
IAA30 At3g62100 IAA
MYC2, JIN1, JAI1 At1g32640 MYC
AGL21 At4g37940 MADS box
TCP4 At3g15030 TCP

Second, a number of C-terminal truncations were created by decreasing the length of the RCD1

protein by 10 AAs at a time and testing these constructs for interaction with two TFs, DREB2A

and COL10, belonging to different TF families (IV). The 20-AA extension in the RCD1 protein after

the RST domain (Figure 8.2) could be removed without affecting the interactions but the deletion

of the next ten AAs reaching the RST domain disrupted them (IV). This indicates that RST is the

domain mediating the interactions. Additionally, the results suggest that the shorter C-terminus

of SRO1 does not explain the fewer interaction partners detected for it, since SRO1 contains the

corresponding AA residues present in the shortest RCD1 truncation construct that still retains the
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interactions (IV). There is also an additional aspartic acid (D) at position 552 of the SRO1 protein

which is absent from RCD1, TAF4 (Figure 8.3) and from all other RCD1-SRO protein family

members. The deletion of this AA did not allow SRO1 to interact with new TFs (IV, data not

shown) and thus does not explain the difference between RCD1 and SRO1 either.

Third, also SRO5, a member of the subgroup IIb of the RCD1-SRO protein family, was able to

interact with multiple transcription factors which were partially shared with RCD1 (IV, Table 8.4).

Similarly to RCD1, apart from the last 4 AAs at the C-terminus of SRO5 that do not belong to the

RST domain, this portion of the protein is necessary for the TF interactions (PJ, preliminary results).

According to Borsani et al. (2005), the SRO5 protein localizes to mitochondria and the biological

relevance of the observed interactions could therefore be questioned. Although there is data to

suggest a wider distribution of the SRO5 protein within the cell (IV, data not shown), these

interactions are primarily considered to demonstrate the ability of the RST domain to mediate TF

interactions. They also offer a tool for comparative analysis the properties of the RST domains in

different RCD1-SRO family members despite the potential lack of the interactions in vivo.

The conservation of several AAs within the RST domain (Figure 8.3) indicated that they might be

important for the function of the domain. Therefore, a series of point mutations were created

within the domain and the ability of the mutant forms to interact with TFs was tested as

described above for the truncated proteins. Two conserved serine (S), L and I residues,

respectively, as well as the conserved Y533 were mutated to AAs of different biochemical

properties as indicated in figure 8.4. No effect for the S505 or  S518 to alanine (A), Y533 to

phenylalanine (F) or for L558 to Q were detected, but mutating the L528-I529 pair or the I563 to Q

abolished the interaction of RCD1with both DREB2A and COL10 (PJ, unpublished results). These

hydrophobic amino acids could be involved in -helix formation (IV) and these results support that

possibility. Additionally, the NetPhos 2.0 phosphorylation site prediction program

(http://www.cbs.dtu.dk/services/NetPhos/, Blom et al. 1999) suggests multiple S and T

phosphorylation sites in the C-terminus of RCD1 (Figure 8.4). All of them were mutated to A and

S505 and S518 were additionally mutated to D to mimic the phosphorylated state of the residue.

None of these mutations had an effect on the observed interactions (data not shown, PJ,

unpublished results).

http://www.cbs.dtu.dk/services/NetPhos/
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Figure 8.4: Mutations within the RCD1 RST domain and their effect on the interaction with
DREB2A and COL10. Conserved AAs are highlighted as in figure 8.3, the boxed area indicates the
RST domain. The mutated AAs are marked below the sequence and if the mutation disrupted the
interaction, it is marked with bold case. The two underlined mutations were tested
simultaneously. Phosphorylation sites (*) and their probabilities predicted by NetPhos2.0 are
marked above the sequence.

Finally, all of the RCD1 interaction partners recovered in the REGIA screen were tested against the

Arabidopsis RST domain-containing TAF4 protein. Both a full length and a truncated protein

containing the N-terminus and the RST domain (TAF4-M1-V252) were tested. No reproducible

interactions were detected with either construct (data not shown) suggesting that either the RST

domain in these proteins has another function or that the RST domains in these two proteins

interact with different TFs.

8.6 RCD1 does not have ADP-ribosylating activity

Based on the protein structure and the number of protein-protein interactions detected for RCD1,

the strongest hypothesis for its biochemical function has been ADP-ribosylation of target proteins.

Alternatively, it has been proposed that NAD binding, which is an inherent property of ADP-ribose

transferases (Hunt et al. 2004, Otto et al. 2005) could take part in regulating the protein-protein

interactions and offer a sensory mechanism for the cells’ energy status.

Therefore, bacterially produced RCD1 protein was tested for its ability to bind NAD. The results

from both UV radiation induced cross-linking and surface plasmon resonance-based experiments

strongly indicate that RCD1 does not bind NAD (IV, Dr. J. Vainonen, unpublished results). The

ADP-ribosylation activity of RCD1 was also tested directly by using both histones and the RCD1-

interacting DREB2A protein as targets. Neither auto-modification of RCD1 nor transfer of ADP-

ribose to the target protein was detectable (IV). Additionally, comparison of RCD1 PARP domain

sequence to the known structure of the active PARPs revealed that two out of three key AA

residues necessary for the enzymatic activity had been replaced in RCD1 making it highly unlikely

that the protein would be able to perform ADP-ribose transfer reactions (IV). However, otherwise

the structure of the PARP domain seems to be conserved in RCD1 (and other RCD1-SRO protein

family members) suggesting that the PARP-like structure is somehow necessary for the functions

of these proteins (IV).
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9 Discussion

The pleiotropic phenotype of the rcd1 mutant presents a paradox: the protein obviously has an

important function but selecting the approach for studying it is not straightforward, since

differentiating between primary and secondary effects of the mutation is difficult. Therefore,

rather than studying specific mutant phenotypes or protein-protein interactions, more general

analyses were utilized, such as library screening for identification of putative interaction partners

for the protein and microarray analysis for mapping the processes altered in the mutant. The large

number of differentially regulated genes in rcd1 together with the multiple TF interactions

suggests that the major function of RCD1 protein is the regulation of gene expression.

Enrichment of certain gene ontology classes in the transcript profiling and over-representation of

some TF families in the Y2H experiments was evident, but no single process explaining the

mutant phenotypes emerged (III).

9.1 Is the RST domain a universal transcription factor interaction domain?

The protein-protein interaction studies with RCD1-SRO family proteins showed that RCD1, SRO1

and SRO5 can all interact with TFs in the Y2H system and for RCD1 and SRO5, the C-terminal end

of the RST domain was required for the interactions (III, IV, Chapter 8.5). Some of the RCD1-TF

interactions were verified in vitro, but in vivo interaction experiments have been hampered by

difficulties in over-expressing or purifying RCD1 in plants (III, Chapter 8.2.2). RCD1 and SRO5

displayed an overlapping set of potential interaction partners whereas SRO1, although it is the

closest homolog of RCD1, only interacted with a subset of four RCD1-interacting TFs (III, Table

8.4). All the conserved AAs in the RST domains of RCD1 and SRO1 are identical, except for the

extra D552 (Figure 8.3) and an S547 (in place of RCD1 R551) in SRO1. The former difference had no

effect on the SRO1-TF interactions but the second remains to be tested. However, it is seems

likely that the difference between RCD1 and SRO1 interactions lies also somewhere else in the

protein and is not directly related to the properties of the RST domain. In addition to further point

mutations, domain swap constructs between RCD1 and SRO1 are being constructed to address

this question.

The behavior of the rcd1 and sro1 mutants highlights the importance of the TF-interacting RST

domain in RCD1 function: Of the available rcd1 alleles, only rcd1-4 is a transcriptional null and all

the others are likely to express a truncated protein (III). In spite of this, all of them behave

identically in experiments (unpublished observations in the laboratory of Prof.  J. Kangasjärvi). This

notion was verified by the microarray experiments that demonstrated similar changes in gene
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expression for all alleles (III). The situation is most dramatic for the sro1 mutant, in which the T-

DNA insertion is in the N-terminal portion of the RST domain (Figure 7.1). Originally, the location

of the insertion was considered to explain the lack of phenotypes in sro1 and only the generation

of the rcd1 sro1 double mutant revealed that the SRO1 function is defective in sro1 (III).

The RST domain in SRO5 is highly similar to RCD1, including the equivalent of the

abovementioned R551, and additionally three out of the four changes within the conserved AAs

retain the biochemical properties of the residue (Figure 8 in publication IV). In spite of the

similarity of the TF-interacting domain, SRO5 had a distinct set of interaction partners from RCD1.

The most obvious explanation might be the lack of the WWE domain in SRO5, but when an

interaction screen was conducted with an equivalent truncation of RCD1, the overlap with SRO5

interaction partners increased by only one TF (Table 8.5). This demonstrated the specificity of

interactions for each protein and supported the importance of RST in determining it. Efforts to

resolve the structure of the RST domain in RCD1 are ongoing and if successful, this approach will

be very useful in studying the differences in interactions between different RST-containing

proteins (Dr. J. Vainonen, work in progress).

Resolving the determinants of interaction specificity in RCD1 and its paralogs is interesting, but

the properties of the RST-interacting TFs are equally intriguing. Because the protein-protein

interaction screens were performed against a collection of known TFs, comparison of the RCD1-

SRO interacting proteins to the non-interacting ones present in the collection allows making

predictions about the motifs that might be responsible for the interaction in these TFs. Such a

comparison lead to the identification of a novel RCD1-interacting motif in the DREB2A protein

(PJ, Dr. M. Brosché and Prof. J. Kangasjärvi, manuscript in preparation) and the analysis should be

extended to more TFs. The assignment of RCD1-interacting TFs to different response categories

(Figure 6 in III) gives some insight into the basis of the individual rcd1 phenotypes, but for many

of these TFs, the assignment is only based on gene expression and, furthermore, there are several

TFs whose function is unknown.

The presence of the RST domain in the Arabidopsis TAF4 proteins in the equivalent position to the

TF-interacting ETO/TAFH domain of the animal TAF4s (see chapters 5.5 and 8.3.1) raises a

number of questions. Does the TAF4 RST domain also interact with TFs? Do RCD1-SROs and

TAF4s share interaction partners? If they do, are these proteins alternative interaction partners for

the TFs or are the interactions spatially or temporally separated? Is there functional similarity

between RST and ETO/TAFH? Does this difference in the domain structure of TAF4 between

plants and animals reflect the structure of TFIID complex? Could RCD1-SRO proteins take part in
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the regulation of transcription initiation? Preliminary results suggest that – if TAF4 RST domain is

a TF interaction domain – it does not interact with the same TFs as RCD1, but as a whole, the

questions remain unanswered and await further studies.

9.2 How is RCD1-SRO function regulated?

Despite the steady expression of the RCD1 gene, the protein is difficult to detect (Chapter 8.2.2).

The visibility of over-expressed fluorescently tagged protein in stable transgenic plants indicates

that even when the protein is present, it could be strongly modified, which would render it

undetectable by antibodies. This is supported by the observation that inhibitors of the

proteasomal function intensify the fluorescent signal but do not allow immunodetection of the

protein (PJ and Dr. J. Vainonen, preliminary results). Additionally, in spite of the bacterial protein

being stable during protein extraction (cf. chapter 8.2.2), the native protein could be modified in

a way that makes it extremely sensitive to proteasomal degradation.

Because the GUS staining indicated strongest RCD1 and SRO1 promoter activity in apical tissues

and developing leaves (III) and the rcd1 sro1 double mutant displayed defects in embryo

development (Teotia and Lamb 2009), one possibility is that the proteins are present only early in

the development of the individual or its tissues. However, since many of the putative RCD1

interaction partners are stress-related proteins, it is likely that the protein also has a function later

during plant life. In order to optimize their performance, plants need to balance stress and

developmental responses and it will therefore be important to distinguish which of the observed

rcd1 stress phenotypes are actually the consequence of developmental alterations that might

have emerged early on during development. A more detailed analysis of the plants expressing the

RCD1 and SRO1 promoter::UidA fusions during embryo development, for example, might give

new insights on when and where the protein might be found. Additionally, inducible over-

expression and RNAi lines have been constructed and they will be useful in getting to the root of

RCD1-regulated processes (Ms. T. Blomster, unpublished work).

RCD1 and SRO1 are the only plant proteins containing the WWE domain and as described in

chapter 5.3, in Drosophila, the dimerization of two WWE domains carried in one polypeptide

formed a functional protein-protein interaction domain (Zweifel et al. 2005). Therefore, either

homo- or heterodimerization between RCD1 and SRO1 could be hypothesized. Preliminary Y2H

results indicated that RCD1 might be able to form homodimers (or oligomers) with its N-terminal

portion whereas SRO1 did not have this ability. Additionally, RCD1 was able to interact with an

SRO1 construct that lacked the sequences C-terminal to the PARP domain but not with the full-

length protein. However, the domain of interaction could not be specified and it might lie at least
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partly within the PARP domain (PJ preliminary results). The truncated RCD1 protein lacking the

WWE domain was able to interact with a larger number of TFs than the full-length construct (III,

Table 8.5) which could be taken as an indication that the WWE domain might somehow

negatively regulate the ability of the C-terminal RST domain to interact with TFs. But whether this

would happen through oligomerization or some other modification remains to be shown and,

additionally, in vivo verification of these preliminary results is urgently required. Thus far the only

protein-protein interaction taking place in the N-terminal portion of the RCD1 protein was

published by Lin and Heaton (2001). Their Y2H library screen with the Turnip crinkle virus

movement protein p8 retrieved a truncated RCD1 cDNA clone encoding AAs 1-209 and thus

ending before the beginning of the PARP domain (Figure 5.1). This work has not been continued

and the relevance of this finding remains to be shown. Mapping of the WWE domain –specific

protein-protein interactions in both RCD1 and SRO1 would be of interest, especially considering

the different protein contexts this domain is present in other organisms (Chapter 5.3).

Prediction of phosphorylation sites by NetPhos 2.0 yielded a number of potential modification

sites throughout both RCD1 and SRO1. As long as the proteins cannot be purified from plant

extracts, only indirect methods could be used to study the functionality these sites. So far, none

of the phosphorylation site mutations tested had an effect on the protein-protein interactions

(Chapter 8.5). Recently, an upgraded version of the plant-specific phosphorylation database

PhosPhAt has become available (Durek et al. 2009, http://phosphat.mpimp-

golm.mpg.de/index.html). This tool predicted partially different phosphorylation sites from

NetPhos 2.0 and, interestingly, identified the conserved Y529 of SRO1 RST domain as an

experimentally detected modification, albeit with low confidence. No experimental details were

available for any of the six hits. However, this is the first indication for the difference between

RCD1 and SRO1 on the protein level, since no RCD1 phosphopeptides or any additional SRO1

peptides were retrieved in the search.

9.3 What is the molecular function of RCD1?

During the years following the cloning of RCD1, one of the strongest hypotheses concerning its

function has been ADP-ribosylation which, in the light of the recent results (IV), is not likely. The

protein clearly plays an important role as evidenced by the mutant phenotypes, but its

biochemical function remains enigmatic. The conserved structure of the PARP domain within the

RCD1-SRO protein family suggests that even though the proteins do not bind NAD, another,

structurally similar molecule, might be bound. Cyclic nucleotides and phosphate group-containing

small molecules will therefore be tested for interaction with the bacterially produced protein (Dr.

J. Vainonen, work in progress). However, the PARP domain need not be directly binding any

http://phosphat.mpimp-/
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ligands but the structural conservation might simply be a requirement for the function of the

protein as a whole. It could somehow assist the RST and/or WWE domains in their protein-

interaction function by providing proper three-dimensional orientation within a protein complex.

Assuming RCD1 does have an enzymatic activity, its interaction partners are the likely targets for

it. Therefore, one route towards finding this activity could be immunoprecipitating the interacting

TFs and studying their post-translational modifications in WT and rcd1. Additionally, this method

could also allow the purification of TF-associated RCD1 itself thus resolving some of the

challenges described above. This work has been started with DREB2A antibody and – after

purification it with heterologously produced protein – promising results have been obtained in

detecting DREB2A in plant protein extracts (PJ and Dr. J. Vainonen, preliminary results).

The unequally redundant relationship between RCD1 and SRO1 (III) adds a level of complexity in

studying the function of these proteins: SRO1 is able to partially complement some of RCD1s

functions, but not others (III). Whether this reflects differences in their biochemical activities or

target specificities is another open question. Additionally, Fujibe et al. (2006) showed that plants

over-expressing RCD1 have partly the same phenotypes as the mutants. The phenomenon has

been observed in our laboratory as well although it does not apply to all over-expression lines.

This could mean that the RCD1 protein level or its activity have to be carefully controlled and both

too high and too low levels result in developmental alterations. Alternatively, the RCD1 over-

expression could lead to “switching-off” response at the protein level and result in an effective

RCD1-null phenotype even when the mRNA levels remain higher than in the WT plants.
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10 Conclusions and future perspectives

It has been ten years since the rcd1 mutant was first published by Overmyer et al. (2000) and the

protein was discovered in the oxidative stress screen of Belles-Boix et al. (2000). After about ten

publications and two doctoral theses on the topic (Overmyer 2002, Ahlfors 2008), it is still not

know exactly how the mutant phenotypes are brought about. The large-scale approaches utilized

in this study have opened new avenues of research in the form of genes regulated by RCD1 and

TFs whose function might be the intermediate step in this regulation. It has become evident that

the function of the RCD1 protein reaches beyond the stress responses that the identification of

the mutant was originally based on and that at least its closest homolog, SRO1, might take part in

the same processes. However, the way in which RCD1 executes its function is still unknown, as is

its interaction – whether genetic or physical – with SRO1. Important steps forward have been the

isolation of the rcd1 sro1 double mutant, the characterization of the RST domain as a TF-

interacting domain and the development of methods to study RCD1 on biochemical level. Future

studies are required especially on the thus-far poorly characterized protein family members SRO2-

SRO5: The realization that these proteins are present in all land plants underlines the importance

and universality of the functions they carry. Additionally, the identification of the RST domain in

the plant TAF4 proteins at an equivalent position to the ETO/TAFH domain in their animal

counterparts suggests that studying the plant basal transcription apparatus could reveal

interesting differences in transcriptional regulation in different organisms.

Proteomics and transcriptional profiling of O3 –exposed rcd1 as well as studies on RCD1 function

in light signaling are the most likely topics to lead to scientific contributions in the near future.

But as the number of unresolved questions presented throughout this text suggests, there is still

work left for future doctoral theses on RCD1.
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