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ABSTRACT

Biochemical Characterization of Plant Small CTD Phosphatases and Application of
CTD Phosphatase Mutant in Hyperaccumulation of Flavonoids in Arabidopsis.
(August 2010)

Yue Feng, B.S., China Agricultural University, China

Chair of Advisory Committee: Dr. Hisashi Koiwa

In addition to AtCPL1-4, the genome of Arabidopsis thaliana encodes a large number of
putative acid phosphatases. The predicted Arabidopsis SCP1-like small phosphatases
(SSP) are highly homologous to the catalytic domain of eukaryotic RNA polymerase 11
carboxyl terminal domain (pol IT CTD) phosphatases. Among the family members,
SSP4, SSP4b and SSPS5 form a unique group characterized by long N-terminal
extensions. These three SSPs showed similar and ubiquitous gene expression. SSP4 and
SSP4b were localized exclusively in the nuclei, while SSP5 accumulated both in the
nucleus and cytoplasm. In vitro observation revealed that SSP4 and SSP4b
dephosphorylated the pol Il CTD-POy, at both Ser2 and Ser5 in the conserved heptad
repeats; however, SSP5 dephosphorylated only Ser5 of CTD-PO,4. These results indicate
that Arabidopsis SSP tamily encodes active CTD phosphatases similarly to animal SCP1
family proteins and plant CPLs family proteins, but with distinct substrate specificities.
ssp mutants did not exhibit phenotypic abnormalities under normal growth conditions.

However, ssp5 single mutants and ssp4 ssp4b ssp3 triple mutants showed enhanced



v

sensitivity to ABA and glucose during seed germination. Yet, increased ABA-inducible
gene expressions were not distinguishable in triple mutants compared to wild type plants
upon ABA treatment. Unlike the ssp mutations, the c¢p// mutation strongly induced
RD294 expression in response to cold, ABA and NaCl treatments. Thus, the cpl/
mutant is an ideal genetic background for an inducible gene expression system, in which
the detrimental effect to host plants caused by a conventional constitutive expression
could be avoided.

Production of flavonoid such as anthocyanins in Arabidopsis is relatively easy to
monitor and is regulated by transcription factors such as PAP1. PAP]I activates the
expression of multiple enzymes in the anthocyanin biosynthesis pathway; however, high
level of flavonoid production could cause vegetative growth retardation. To optimize
flavonoid accumulation, a three-component system was designed consisting of a cold
inducible RD294-PAP1 expression cassette, a feedforward effector RD294-CBF3, and a
mutation in host repressor CPLI. Transgenic cpll plants containing both homozygous
PAPI and CBF3 transgenes produced 30-fold higher level of total anthocyanins than
control plants upon cold treatment. LC/MS/MS analysis showed the flavonoid profile in
cold-induced transgenic plants resembled that of previously reported pap1-D plants but
were enriched for kaempferol derivatives. Furthermore, PAP1 and environmental
signals synergistically regulate flavonoid pathway to produce a flavonoid blend that has
not been produced by PAP1 overexpression or cold treatment alone. These results
delineate the usability of the three-component inducible system in plant metabolic

engineering.



ACKNOWLEDGEMENTS

I would like to thank my committee chair, Dr. Hisashi Koiwa, for the great opportunity
of my Ph.D. study in the exciting field of plant molecular biology. I am extremely
thankful for his generous support and his patient guidance throughout the course of this
research.

Special thanks go to my committee members, Dr. Kendal Hirschi, Dr. Scott Finlayson,
and Dr. Mikhailo Kolomiets for their encouragement and advice. I also want to express
my thanks to all my friends and colleagues in Koiwa lab, in Department of Horticultural
Sciences, and Vegetable and Fruit Improvement Center. I also would like to extend my
gratitude to NSF and USDA which support the researches described in this dissertation.

Finally, I would like to thank my parents for their endless support and all my friends

for their encouragement throughout my doctoral program.



SSp
pol II
CTD
ABA
TFIIH
CDK
AMP
CPL
BRCT
ABI
ABF
GFP
pNPP
pPNP
RT-qPCR
GST
HRP
BMP
PAP

CBF

NOMENCLATURE

SCP1-like small phosphatase

RNA polymerase 11

carboxyl terminal domain

abscisic acid

transcription factor I[TH
cyclin-dependent kinase

Asp-based metal-dependent phosphatase
CTD-phosphatase-like

Breast Cancer 1 C-terminal
ABA-insensitive

ABA-responsive element-binding factor
green fluorescent protein
para-nitrophenyl phosphate
para-nitrophenol

quantitative reverse-transcription PCR
glutathione S-transferase

horseradish peroxidase

bone morphogenetic protein

production of anthocyanin pigment

C-repeat binding factor

Vi



RD29A

PAL

CHS

CHI

F3’H

DFR

ANS

FLS

UGT73B2

UGT78D2

HPLC

HPLC-ESI-MS

responsive to dessication 29A
phenylalanine ammonia lyase
chalcone synthase

chalcone isomerase

flavonoid 3’-hydroxylase
dihydroflavonol reductase
leucoanthocyanidin dioxygenase
flavonol synthase
UDP-glucosyltransferase 73B2
UDP-glucosyltransferase 78D2
High performance liquid chromatography

High performance electrospray ionization mass spectrometry

vii



viii

TABLE OF CONTENTS
Page
BN S N N A 11l
ACKNOW LED GEM EN TS et e e e e e e aeaeaeaeaeaeaaaaaeeasasaaaaaaaaenas \Y
NOMENCLATURE ..., Vi
TABLE OF CONTENTS ..o viii
LIST OF FIGURES ... eeeeeeenenennne X
LIST OF TABLES ... neeeeeeeeenenennne Xii
CHAPTER
| INTRODUGCTION ... eeeeeeenenes 1
Background ..........coooovieiiiiiiieieeee e 1
Objective of This WOrK ........coviiiriiiiiiiiiieceeccecee 12
II ARABIDOPSIS SCP1-LIKE SMALL PHOSPHATASES
DIFFERENTIALLY DEPHOSPHORYLATE RNA
POLYMERASE II C-TERMINAL DOMAIN ...ooveveeeieeeea 14
TNETOAUCTION ...t ae e e e e e e e eeeeas 14
Materials and MethodsS ....ooveeeeeeeeeeeeeeeeeeee e 16
RESULLS .ot nsnsanennne 24
DISCUSSION -ttt e e et eee e e e e e e v eeaeaeeeeas 50
11 APPLICATION OF CTD PHOSPHATASE MUTANT IN HYPER-
ACCUMULATION OF FLAVONOIDS IN TRANSGENIC
ARABIDOPSIS ..o 54
INETOAUCTION - e e e e e e e e 54
Materials and MeEthOdS ......eeeeeeeeee e 55
RESUILS et e e e e e 61
DDISCUSSION e eeenenennne 77

v CONCLUSIONS ...ttt 80



X



Figure 1.1

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8
Figure 2.9
Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

LIST OF FIGURES

Page
CTD phosphorylation status and different
stages of the transcription CYCIe ..........ocvveeviieriieriiiiiieieeie e 2
Alignment of most conserved region of seventeen SSPs..................... 25
Phylogenetic relationships among seventeen SSPs.........c.ccccevienennen. 26
Alignment of SSP4, SSP4b, SSP5 with SCP1 and FCPI. ................... 27
Subcellular localizations of SSP4, SSP4b and SSP5 .....ccoovvvvveieeinnnnn. 29
Expression profiles of SSP4, SSP4b and SSP5 in different tissues...... 30
Phosphatase activities of recombinant SSPS .........cccccceeviiniiiiiiennnnne 33
Phosphatase activities of SSP4, SSP4b and SSP5
1N VArioUS CONAITIONS ....uvieiiieiiieiieeiieite ettt et 34
Kinetic parameters determination for SSP4 and SSP5............cccceee. 36
Phosphatase activities of truncated SSPS .......cc.ccocevviiniiiiniineninnne 38
Kinetic parameters determination for SSP4b.........cccccoceeviiiiniincnnnn. 40
CTD phosphatase activities of SSPs with synthetic
phosphopeptide substrates and their specificities ...........ccevrveerrurennnee. 42
Activities of SSPs with synthetic non-CTD
phosphopeptide SUDSLIAtes.........cccuieriieriieriieiieee e 43
CTD phosphatase activities of SSPs with GST-CTD-PO4
substrate in immunoblotting analyses and
their substrate SPECIfICItIES ......eeveieriieriieiieeie e 44
Dephosphorylation of GST-CTDg by excessive amount of SSP5 ....... 45

Identification and characterization
of ssp T-DNA InSertion Mutants ...........ccceccveeerrveerieeeenieeerireeesveessneeens 47



Figure 2.16

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

xi

Page
Enhanced ABA sensitivity of sspJ5 single and
ssp4 ssp4b ssp5 triple mutant seed germination .............cceeeeveeeenveennee. 48
Constructs for double transformation.............cocceeveerieeiiiiiienieeeenen. 62
Relative gene expression in PAP1 and CBF3 transgenic plants .......... 63
Design of the three component inducible system.............ccceeeveeennennnn 65
Purple pigments on non-treated plants ...........cccceevveeeciieeriieeniieeeiens 67
Pigmentation hyperaccumulation upon cold treatment........................ 68
Summary of the flavonoid biosynthesis pathway ........c...ccceeeeciennnnne. 70
Relative gene expression in PC.,;; #21 and B3,,;; #12 lines under
different length of cold treatment determined by qRT-PCR................. 71
Plant flavonoid profiling by HPLC/PDA chromatograms.................... 75



xii

LIST OF TABLES
Page

Table 2.1  Sequences of primers in the project described in Chapter I1. .............. 16
Table 2.2 SSP gene expressions with or without ABA treatment......................... 31
Table 2.3  Kinetic parameters 0f SSP .......ooocieiiiiiiieiieeiieect e 37
Table 2.4  Gene expressions in wild type and ssp triple mutant

with or without ABA treatment..........c.coeveeiiiiiieniiienieeeeee e 49
Table 3.1  Sequences of primers in the project described in Chapter III .............. 56
Table 3.2  Anthocyanin content measured as

cyanidin-3-glucoside equivalents ...........c.ccocevveerieerieeniieecieenie e, 64

Table 3.3  Compound identification by LC-MS..........ccccoieviiiiiiniieiieieeiee 74



CHAPTER I

INTRODUCTION

BACKGROUND
CTD and gene transcription regulation
C-terminal domain (CTD) of RNA polymerase II (Pol IT) largest subunit Rpb1 plays an
essential role in gene transcriptional regulation and mRNA processing. CTD has a very
unique structure as it contains conserved tandem repeats of heptapeptide
(Y'S?P’T*S P®S"),. The serines at position 2, 5 and 7 of CTD undergo reversible
phosphorylation and dephosphorylation processes during the transcription cycles (Figure
1.1). Together with the repeat number 7 of the highly conserved heptapeptide (n varies
from 15 to 52) (Corden, 1990; Chao and Young, 1991), CTD of different
phosphorylation stages and site specificity can have up to 4" different structures.

The complexity of CTD coordinates with dynamic regulation of gene transcriptions by
a large variety of kinases and phosphatases. Phosphorylation and dephosphorylation are
major post-translational modifications of protein structure and are central mechanisms to
regulate cellular machineries. The attachment and removal of a phosphate group from a
protein are associated with activation and inactivation of its biological function, and thus
provide a molecular switch to promote or inhibit biological processes (Figure 1.1). For
example, unphosphorylated Pol II CTD assembles with general transcription factors

(GTF) into pre-initiation complexes (Palancade and Bensaude, 2003). Phosphorylation

This dissertation follows the style of The Plant Cell.
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Figure 1.1. CTD phosphorylation status and different stages of the transcription cycle.

Only after Ser5 and Ser7 are phosphorylated by TFIIH kinases, RNA Pol II can enter
initiation stage, after which mRNA capping enzyme is recruited and activated. The CTD
Ser2 is phosphorylated by CDK9 upon entry into the elongation phase. During the
transition from the early elongation to the productive elongation, and at the transcription
termination, various CTD phosphatases dephosphorylate CTD and help advancing
transcription cycles.



of Ser5 and Ser7 by TFIIH subunits CDK7/kin28 (metazoan/yeast) occurs before gene
transcription begins in the initiation complex (Schroeder et al., 2000), whereas Ser2 is
phosphorylated by CDK9/CTDK-1 (metazoan/yeast) upon entry into elongation (Lee
and Greenleaf, 1997). While the CTD kinases promote gene transcription through serine
phosphorylation, CTD phosphatases function reversely to remove phosphate from serine
to maintain phosphorylation equilibrium as well as prepare Pol II to be recycled for next

transcription cycle (Lin et al., 2002).

CTD phosphatases

Several classes of CTD phosphatases have been reported to be aspartic acid based metal-
dependent phosphatases (AMPs) (Thaller et al., 1998). The signature motif of the AMPs
is yyyDXDX(T/V)ywy (y represents a hydrophobic residue) with the first aspartic acid
as a phosphoryl acceptor and the second stabilizing the leaving phosphate group (Kobor
et al., 1999; Wang et al., 2002). The yyyDXDX(T/V)yy motif is present in a number
of acid phosphatases including vegetative storage proteins and several metabolic
enzymes. FCP1 (TFIIF-interacting CTD-phosphatase) is the most characterized CTD
phosphatase in recent decades. FCP1 has an essential breast cancer 1 C-terminus
domain (BRCT) and a phosphatase catalytic domain (Hausmann and Shuman, 2002).
FCP1 is highly conserved among eukaryotes and dephosphorylates Ser-POy in the
heptad repeat sequence of Pol Il in vivo in yeast and metazoan and phosphopeptides in
vitro (Suh et al., 2005) (Archambault et al., 1997; Archambault et al., 1998; Kobor et al.,

1999). The yeast Fcpl is essential for the survival, whereas a single nucleotide



substitution in human FCPI causes with congenital cataracts facial dysmorphism
neuropathy (CCFDN) syndrome (Varon et al., 2003). In CCFDN patient cells, a single
C to T substitution adds a new splicing donor site and causes in an insertion of 95
nucleotide sequences. This insertion results in premature termination and produce non-
functional transcript. The wild type transcript in cells collected from CCFDN patients
reaches only 15-35% of the level in control cells (Varon et al., 2003).

In addition to prototypical FCP1-family proteins, a number of small acid phosphatases
homologous to FCP1 have been identified without any additional domains in various
organisms. SCP1 family proteins containing only a FCP1-like catalytic domain have
been discovered. In human, SCP1-SCP3 were first identified as CTD phosphatases that
prefer Ser5-POy of the pol I CTD heptad repeats as substrates (Yeo et al., 2003b). in
vivo, SCP1 functions in silencing neuronal gene expression in non-neuronal cells
presumably by interacting with repressor element 1 (RE1)-silencing transcription
factor/neuron-restrictive silencer factor (REST/NRSF) complex, and phosphatase
inactive forms of SCP1 promotes P19 stem cells in neuronal differentiation (Yeo et al.,
2005; Visvanathan et al., 2007; Yeo and Lin, 2007). Another SCP homolog, SCP2
appears to function in similar pathway, and overexpression of SCP2/Os4 inhibits BMP
signaling in xenopus embryo (Zohn and Brivanlou, 2001). SCP3 is identical to tumor
suppressor HY A22A and overexpression of SCP3 decreases the level of phosphorylated
RB (retinoblastoma) protein. In yeasts, membrane-bound acid phosphatases Psr1/2 and
Neml regulate salt tolerance and nuclear morphology, respectively, and the latter has

been shown to dephosphorylate phosphatidic acid phosphatase Smp2p. All SCP1, 2 and



3 but not FCP1 enhance transforming growth factor-f (TGF-p) signaling by
dephosphorylating linker and N terminus region of Smad2/3 transcription factors
(Sapkota et al., 2006; Wrighton et al., 2006). SCP1, 2 and 3 also mediate Smad1 linker
as well as C-terminal region dephosphorylation in bone morphogenetic protein (BMP)
signaling pathway and suppress BMP transcriptional responses (Knockaert et al., 2006;
Sapkota et al., 2006). These studies suggested that SCP family proteins are associated
with various biological processes in animals and regulate diverse cellular processes
including cell recognition, proliferation, differentiation and apoptosis during
embryogenesis as well as in mature tissues; however, specific roles of each SCP isoform
have not been fully established, even in the animal systems.

Interestingly, FCP1 and SCP1 family proteins have distinct substrate preferences,
despite of their high homology between the two families. FCP1 family proteins can
dephosphorylate both Ser2-PO, and Ser5-PO,4 of CTD, with 6-fold preference of Ser2-
PO, over Ser5-PO4 (Hausmann et al., 2004; Ghosh et al., 2008). SCP1 family proteins
have preference towards Ser5-PO, as exemplified by human SCP1, which is 70 fold
more active at Ser5-PO, than Ser2-PO4 (Zhang et al., 2006). Structural bases of distinct
substrate specificities for yeast Fcpl and human SCP1 were proposed based on three-
dimensional models obtained by X-ray crystallographic data (Hausmann et al., 2004;
Zhang et al., 2006; Ghosh et al., 2008). In the model for SCP1-CTD complex, Pro3 of
CTD heptad is located inside of a hydrophobic pocket in the SCP1 active site and
present Ser5-POy4 for dephosphorylation. In contrast, a helical insertion and a BRCT

domain in Fcpl guided CTD substrate in a distinct path to an orthogonal orientation



compared with the substrate orientation found in SCP1-CTD complex. Both of these
differences make its hydrophobic pocket inaccessible for CTD, and promote CTD
conformation for Ser2-PO4 dephosphorylation (Zhang et al., 2010). It’s intriguing that
in animals and fungi, CTD phosphatases with distinct substrate specificities toward

Ser2-PO4 and Ser5-PO4 play diverse roles during the transcription elongation.

Plant CTD phosphatase

In Arabidopsis, classical protein phosphatases are classified into three distinct families
(Luan, 2003). The PPP (serine/threonine-specific phosphoprotein phosphatase) and the
PPM (metal-dependent protein phosphatases) families consist of Ser/Thr phosphatases
and the PTP family consists of tyrosine specific phosphatases. Previous biochemical and
molecular studies identified diverse functions of these phosphatases, including
environmental and hormonal signaling, and development (Bellec et al., 2002; Camilleri
et al., 2002; Fordham-Skelton et al., 2002; Monroe-Augustus et al., 2003; Schweighofer
et al., 2004; Quettier et al., 2006; Pedmale and Liscum, 2007).

The plant homologs of FCP1 which contain catalytic FCP homology domain (FCPH)
and BRCT domain are CPL3 and CPL4. The CPL3-like family is the closest to FCP1
and contains a C-terminal BRCT domain (Koiwa et al., 2002; Bang et al., 2006). The
CTD phosphatase-like 1 (CPL1) family contains double-stranded-RNA binding domains
in the C-terminus and is unique to plants (Koiwa et al., 2002; Koiwa et al., 2004). CPLI
and CPL2 have the same DXDXT motif as FCP1 that act metal-dependently via an

aspartyl-phosphoenzyme intermediate, but they lack BRCT domain. Both CPL1 and



CPL2 preferentially dephosphorylate Ser5 of the CTD arrays in vitro. Families of
SCP1-like small phosphatase also exist in planta, and they contain only a phosphatase
catalytic domain. They were termed SSP (SCP1-like small phosphatase) and they are
most homologous to animal SCP1 (Bang et al., 2006).

There haven’t been reports on the role of single catalytic domain containing plant
phosphatases; however, biological functions of CPL family proteins have been
characterized. They appeared to have critical functions in plant growth, development,
and environmental responses (Koiwa et al., 2004). CPL1 and CPL2 form an essential
paralogous gene pair (Koiwa et al., 2004). CPLA4, too, is essential for normal plant
development (Bang et al., 2006). Interestingly, both cp// and cp/3 mutations resulted in
osmotic stress/ABA hypersensitivity (Koiwa et al., 2002), a phenotype often associated
with mutations in RNA metabolism pathways. c¢pl2 single mutation conferred auxin-
insensitivity (Ueda et al., 2008b), whereas RNAi of CPL4 led to plant growth defects

(Bang et al., 20006).

ABA signaling pathway

ABA is a central mediator of plant osmotic stress tolerance (Himmelbach et al., 2003) as
well as a signal intermediate for glucose sensing pathways (Arenas-Huertero et al.,
2000). In Arabidopsis, ABA is perceived by a family of intracellular receptor proteins,
which regulate type 2C phosphatases, such as ABI1, ABI2 and HAB1 (Ma et al., 2009;
Park et al., 2009). These phosphatases in turn regulate the activity of SNF1-related

protein kinases 2 (SnRK2) family proteins (Fujii et al., 2009; Vlad et al., 2009).



Transcription activation of ABA-responsive genes is mediated by bZIP type
transcription factors ABFs, such as ABIS (Choi et al., 1999; Uno et al., 2000; Narusaka
et al., 2003), and an AP2-type transcription factor ABI4 (Finkelstein et al., 1998).

In addition to the central pathway, ABA responses are modulated by RNA metabolism
proteins (Kuhn and Schroeder, 2003). Besides of CPL family proteins, dSRNA-binding
protein HYL1 (Lu and Fedoroff, 2000), mRNA cap binding proteins CBP80/ABH]1
(Hugouvieux et al., 2001b) and CBP20 (Papp et al., 2004), Sm-like protein SADI
(Xiong et al., 2001), and RNA helicases (Gong et al., 2002) all contribute to regulate the
expression of osmotic-stress/ABA responsive genes. However, the extent of overlap
between RNA metabolism and ABA signaling components, as well as the mechanisms

that integrate these pathways, are not fully understood.

Plant CTD phosphatase mutant
Among four AtCPL, CPLI is the most studied gene. The growth of ¢pl/l-2 is similar to
wild type under normal condition, but upon cold/ABA/NaCl treatment, cp/1-2 expresses
10-20 times higher expression of RD29A promoter. Thus cp/l-2/fry2-1 mutation is an
enhancer of RD29A promoter expression (Koiwa et al., 2002; Xiong et al., 2002). This
makes cpl/l-2 mutant as an attractive host for engineering inducible gene expression
system (Koiwa et al., 2002; Xiong et al., 2002; Koiwa et al., 2004).

Inducible gene expression systems have been used to generate and study transgenic
plants with genes whose constitutive expression is detrimental to the host plants (Guo et

al.,2003; Zuo et al., 2006) . The most popular expression systems are promoters



activated by synthetic transcription factors co-expressed in the transgenic plants (Guo et
al., 2003; Zuo et al., 2006) and native plant promoters activated by various
environmental stimuli (Kasuga et al., 1999) . Typically, the former systems can strongly
induce transgenes but require application of chemical inducers, whereas the expression
levels achieved by the latter are weaker. Enhancement of induction of plant promoter
has been reported by Kasuga et al (Kasuga et al., 1999), where dehydration/cold/salt-
inducible RD29A4 promoter was used to drive DREBIa/CBF3 transcription factor cDNA,
which can activate, in addition to downstream stress tolerance determinants, RD29A-
DREB1a/CBF3 expression itself. A single-component, self-activation loop of RD29A4-
CBF3 was sufficient to induce expressions of CBF3 and cold-tolerance determinants

specifically under low temperature.

Engineering of flavonoid production

Transgenic engineering of crop plants for enhancement of anthocyanin and other
flavonoids is one of the current foci of plant biotechnology to produce health-promoting
functional foods. Flavonoid are a big family of natural compounds that are produced in
all tissues of higher plants, including leaves, stems, roots, flowers and fruits. They
function in plant defense system including physical barriers and biochemical signaling
(Dixon and Paiva, 1995; Shadle et al., 2003). Because their structures have multiple
unsaturated double bond and hydroxyl group, they function as natural anti-oxidants in
cells and thus are referred to as healthy phytochemicals providing capacity to scavenge

free-radicals and preventing chronic degenerative diseases, like cancer, aging and
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inflammations (Korkina, 2007; Iriti and Faoro, 2009). Phenylpropanoids may also
function in visual capacity, brain cognitive function, obesity prevention, ulcer protection,
and lowering cardiovascular risk (Galvano ef al., 2004). Anthocyanins are flavonoid
pigments whose production is regulated by both developmental and environmental
signals. Different level of anthocyanins and other flavonoids are produced under high
light (Steyn et al., 2009; Shi and Xie, 2010), salt stress (Piao et al., 2001; Wahid and
Ghazanfar, 2006; Keutgen and Pawelzik, 2007), nutrient starvation (Sanchez-Calderon
et al.,2006; Lea et al., 2007; Lillo et al., 2008; Lunde et al., 2008; Hsieh et al., 2009; Shi
and Xie, 2010), and cold stress (Solecka et al., 1999; Lo Piero et al., 2005; Pan et al.,
2008; Usadel et al., 2008; Toda et al., 2010).

Many gene families have been reported to regulate phenylpropanoid accumulation,
including phenylpropanoid biosynthesis pathway rate limiting genes (Ferrer et al., 2008),
and transcription factors (Vom Endt ef al., 2002). Production of anthocyanin pigment 1-
Dominant (pap1-D)’ was found to be able to enhance the accumulation of purple
pigment (Borevitz et al., 2000). Further study indicated that Arabidopsis PAP1 is a
regulator that regulates the expression of multiple enzymes in phenylpropanoid
biosynthetic pathway, especially in the branch of anthocyanin production (Tohge et al.,
2005). Overexpression of PAP1 in plants results in specific hyperaccumulation of
certain cyaniding and quercetin derivatives but may cause retardation of vegetative
growth (Tohge et al., 2005).

Constitutive overproduction of anthocyanins was achieved in several studies using

PAPI and other related transcription factors (Borevitz et al., 2000; Verpoorte and
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Memelink, 2002). On the other hand, anthocyanin and flavonoid accumulation varied
substantially according to the growth condition, and cross-talk between PAP1-activation
and endogenous regulation mechanism of anthocyanin production has not been fully
understood. Furthermore, high level of anthocyanin/flavonoids could be inhibitory to
plant growth (Geekiyanage et al., 2007), likely due to the interference of auxin transport
by flavonoids (Brown et al., 2001; Peer et al., 2001; Peer et al., 2004). In order to
achieve high-level of anthocyanin production without causing growth defects, it is
desirable to employ inducible production of phytochemicals that separates growth phase
and production phase, the latter could be initiated by chemical or environmental stimuli,
like cold treatment.

Low temperature treatment has been reported to increase phenylpropanoid
accumulation in plant tissues, suggesting the role of phenylpropanoid in cold
acclimation. Cold treatment (4°C) increased major anthocyanin contents in Arabidopsis
leaves of the ecotypes with better tolerant towards cold stress (Marczak et al., 2008).
Cold temperature increased yield of soluble phenylpropanoid in winter oilseed rape
leaves, especially when the tissues were subjected to a period of cold acclimation prior
to treatment (Solecka ef al., 1999). Low temperature induced anthocyanin accumulation
were also reported in vegetable and fruits. Red color appeared quickly after low
temperature in apple and pears peels and induced anthocyanins served a photoprotective
function (Steyn ef al., 2009). Seventy-five days of low temperature (4°C) storage
induced 8 times higher anthocyanins in red orange juice vesicles, as well as 40 times

more expression of phenylpropanoid biosynthesis pathway genes compared with normal



12

temperature (25°C) storage (Lo Piero et al., 2005). Transcriptomic and metabolomic
studies have shown both phenylpropanoid biosynthesis and metabolism have been
induced by six hours of cold treatment (Usadel et al., 2008).

Majority of the plant cold stress response including the phenylpropanoid accumulation
are orchestrated by CBF family transcription factors (Kaplan et al., 2004; Hannah et al.,
2006). CBF1-3, together with upstream ICE1 transcription factor, globally regulate
plant protection against cold stress, and are critical for plant cold acclimation (Zhu et al.,
2007). Ectopic expression of CBF genes in plants in normal temperature results in
similar metabolic response as cold treated plants (Cook et al., 2004). RD29A is a target
gene of CBF3, and expression of CBF3 driven by inducible RD29A promoter has been
shown to enhance stress tolerance without compromising growth whereas constitutive
expression of CBF3 can cause growth retardation as well as conferring stress tolerance.

(Koiwa et al., 2002; Xiong et al., 2002).

OBJECTIVE OF THIS WORK

There have been no reports on the role of single catalytic domain containing plant
phosphatases. Understanding the biochemical functions of the small CTD phosphatase
family will present valuable information to elucidate RNA pol II transcription regulation.
CTD substrate specificities for Ser2-PO,4 and/or Ser5-PO4 will provide insights into
phosphatases' interaction with pol II CTD in each particular stage of the transcription cycle.
Moreover, with the help of loss of function mutants, SSP biological function could be

evaluated. Furthermore, utilization of the already characterized CTD phosphatase mutant



cpli1-2 and its hypersensitive phenotype to environmental stimuli opens a new way to

construct inducible systems that respond to those stimuli and help plant engineering to

promote certain aspect of plant growth and development.
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CHAPTER 1I
ARABIDOPSIS SCP1-LIKE SMALL PHOSPHATASES DIFFERENTIALLY

DEPHOSPHORYLATE RNA POLYMERASE II C-TERMINAL DOMAIN*

INTRODUCTION
The carboxyl terminal domain (CTD) of the largest subunit of eukaryotic RNA
polymerase II (pol II) contains conserved sequences of tandem heptad repeats
(Y'S?P’T*S P®S’),. The number of repetitions correlates with evolutional complexity
and ranges from 15 in a microsporidian parasite, Encephalitozoon Cuniculi, 26 in
budding yeast, 34 in Arabidopsis to 52 in human (Hausmann et al., 2004; Phatnani and
Greenleaf, 2006). The CTD undergoes reversible phosphorylation and
dephosphorylation at its serine residues during the transcription cycles and recruits
various RNA processing factors depending on its distinct phosphorylation status at Ser2
and Ser5. Indeed, the phosphorylation status of pol II CTD is a hallmark for different
transcription stages of pol Il complexes (Phatnani and Greenleaf, 2006).
Dephosphorylation of CTD is catalyzed by CTD phosphatases, many of which belong
to the family of Asp-based metal-dependent phosphatases (AMPs) with

yyyDXDX(T/V)yy (y represents a hydrophobic residue) as their signature

* Part of this chapter is reprinted with permission from “Arabidopsis SCP1-like small
phosphatases differentially dephosphorylate RNA polymerase II C-terminal domain” by
Feng, Y., Kang J.S., Kim S., Yun D.J., Lee S.Y., Bahk J.D., and Koiwa H. (2010).
Biochem. Biophys. Res. Commun. 397, 355-60 © 2010 with kind permission from
Elsevier B.V.
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motif (Thaller et al., 1998). The prototypical CTD phosphatase FCP1, containing a
phosphatase catalytic domain and a BRCT (Breast Cancer 1 C-ferminal) domain, is
highly conserved among eukaryotes (Archambault et al., 1997; Archambault et al., 1998;
Kobor et al., 1999). A large number of FCP1-like phosphatase genes exist in the
genome of Arabidopsis thaliana (Koiwa, 2006). These phosphatases are classified based
on domain structures, namely, CPL1-like, CPL3-like, and SSPs (Bang et al., 2006). SSP
(SCP1-like small phosphatase) family proteins consist solely of a phosphatase catalytic
domain and thus resemble animal SCP1 (Bang et al., 2006). The understanding on
specific roles for each plant SSP is still in its infancy (Ji et al., 2010) and to date, no
CTD substrate specificity of any plant SSP family phosphatases were reported.

In this chapter, in vitro and in vivo characterizations of highly homologous SSP
isoforms SSP4, SSP4b, and SSP5 are described. SSP isoforms were ubiquitously
expressed, but exhibited different subcellular localizations. Biochemical analyses of
recombinant SSP proteins showed their highly specific CTD phosphatase activities with
distinct Ser-POy4 position preferences. SSP4 and SSP4b harbored both Ser2-PO4 and
Ser5-PO4 phosphatase activity, while SSP5 was only capable of Ser5-PO4
dephosphorylation. Analyses of single and combined ssp mutant plants indicated that
SSPs redundantly function in ABA and glucose signaling during seed germination and

implied the importance of CTD Ser5 in the response of seeds to ABA.
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MATERIALS AND METHODS

Preparation of SSP ¢cDNA clones and GFP expression constructs

Table 2.1. Sequences of primers used in the project described in Chapter II.

Name Sequences (5’—>3")

Y854 AAAAAGCAGGCTCCATGCCATATATAGAAATGAAGAGC
Y855 AGAAAGCTGGGTTTTCCTTGTTACCAAATCTCC
Y856 AAAAAGCAGGCTCCATGGAAGATGATGACTCTCC
Y857 AGAAAGCTGGGTTCCTTTCGAAAGGATCTCCCG
Y858 GTTGTTGTATTTCTAGAGACT

Y859 CTTAGACAAAACCTTAAGAGTC

Y860 AAAAAGCAGGCTCCATGCCAATGCCATTTTTGAA
Y861 AGAAAGCTGGGTTATCAAAAGAACTTCTTGTTG
619 ACCCGGGGCATGCCATATATAGAAATGAAGAGCA
548 CCGCTCGAGTTATTCCTTGTTACCAAATCTCCT
Y904 GACCTCCCGGGAAATGCCATTTTTGAAAATGA
Y905 GCGATGAGCTCTTACGCCTAATCAAAAGAACTTC
623 ACCCGGGGCATGGAAGATGATGACT

550 CCGCTCGAGTTACCTTTCGAAAGGATCTCC

Y927 GATGGTTCTCAATCTGTCGAAA

Y928 TGTAAATACTCGACCAGTTCCAT

Y929 CAAGGACTCGTTAAGAGAGAAA

Y930 CCTAGTAGAAGAATCCAAACCTATA

Y923 GATTGCTTGCTCTAGATACAAGTA

Y924 GAAGTAATAAGGGAATCTTGACCA

S29 AGCATCTATGCCTCACAACTT

S28 ATTTATTTGCAATCTGTACAC

Y951 CAACTGATGATGGGTTGATTACTA

Y952 CAACTGATGATGGTCTGATTACAT

Y953 CATCAGATAAAGAACTCCTTCACT

Y899 TGATAGGCCGAACATCATCA

Y900 TGACAGGACGAACATCGTTG

Y897 GATGTGGTATTCAATTATTTCC

Y903 TATTGGCCTCGGCAAACCCGAAGCTGTCCTCCTA
Y940 AGCTGGGTTCTCCCTTAGATTGAATTTCTTGGC
MI916  TGTGGACAGTTGTCAACTAT
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Table 2.1. Continued.

Y937
K64
188
Y901
Y865
YO14
Y935
Y934
Y938
Y939
Y949
Y948
Y947
Y946
Y980
Y981
Y984
Y985
Y986
Y987
Y988
Y989
Y992
Y993
Y994
Y995
E155
E156
El6l
El162

CGGACAGTTGTCAACAATGATAACACGAGATAAATC
ATATTGACCATCATACTCATTGC
TGGTTCACGTAGTGGGCCATCG
AAAAAGCAGGCTCCGATGAGAGTGGAAACAACGA
ACGTTGTAAAACGACGGCCAG
CCAGGAAACAGCTATGACCATG
ATCAAAGTCTTCGGAGCCTGCTTTTTTGTACAAAGT
AGCAGGCTCCGAAGACTTTGATCCTCAGCT
TCTTAGGGTATCGGAGCCTGCTTTTTTGTACAAAGT
AAAGCAGGCTCCGATACCCTAAGAAAGAAGTCTGTG
TTCGGAGAGTCGGAGCCTGCTTTTTTGTACAAAGT
AAAGCAGGCTCCGACTCTCCGAAAAGGAAGGCGGTA
GCTTCGGGTTTGGGAGCCTGCTTTTTTGTACAAAGT
AAAGCAGGCTCCCAAACCCGAAGCTGTCCTCCTATT
CGGCTGTTTCAGACTATCTT
ACTCCTCCAGTTTCTTCTTTG
AAAGAATCAGGAGACGGAGA
AACACCTAAGTGGGATGTCA
TCACCTGATGAAAGCAACTG
GGCGATCAAAGTGTCTGTAG
TGGGTTCTTCACAGGGATAT
CCATGTAGCAAATACCTGATGA
GGAAGAGGAAGCAACAGTATTT
TCCGACTTCTTCTCCATCTT
GTGCTGTCCTTATCATTGACT
GTAGTGGCATCCATCTTGTTA
GTTCTCACTGGTATGGCTTC
GATGTTGCCGTCACCTTT

TTCCCTCAGCACATTCCA
CCCATTCATAAAACCCCAGC
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Primer sequences used in this research are listed in Table 2.1. SSP4 cDNA clone was
obtained from the Arabidopsis Biological Resource Center (U19564) (Yamada et al.,
2003) and prepared by PCR with primer pairs [619, 548]. A cDNA fragment for SSP5
was obtained by RT-PCR with [623, 550]. Both cDNA fragments were cloned into
pBCSK vector (Agilent Technologies, TX) to produce pPBCSSP4 and pBCSSP5. ¢cDNA
fragment for SSP4b was prepared by nested RT-PCR with [ Y858, Y859] for the first
round PCR and with [Y860, Y861] for the second, and cloned into pPDONR201 using BP
clonase (Life Technologies, CA) to produce pDonSSP4b.

In order to prepare GFP-fusion constructs, pPBCSSP4/SSP5 were first digested with
Smal/Xhol and ligated with pET44a fragments digested with Smal/Xhol. SSP
fragments were then excised from pET44a-SSP4/SSP5 by digestion with Smal/Notl, and
ligated with a pEnEOTG fragment digested with Smal/NotI to produce pENSSP4 and
pENSSPS5. For SSP4b, cDNA fragment was amplified by PCR using [Y904, Y905],
digested by Smal/Sacl and ligated with a pEnEOTG fragment digested with Smal/Sacl

to produce pENSSP4b.

Protoplast transient expression of GFP-SSP

Preparation of Arabidopsis protoplasts and transformation by polyethylene glycol were
performed as described previously (Koiwa et al., 2004). Ten microgram pENSSP4,
pENSSP4b or pENSSPS5 plasmids were transformed into 2 x 10° protoplasts. The
protoplasts were then incubated for 16 hr at 23°C in dark, and examined using a BX51

epi-fluorescence microscope (Olympus, CA).
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Gene expression analyses by RT-qPCR

For SSP expression in different tissues, total RNA was isolated from flowers, rosette
leaves, cauline leaves, stems, seeding shoots and seeding roots of 9-day-old Arabidopsis
using Trizol reagent (Life Technologies). For ABA responses, total RNA was obtained
from 9-day-old seedlings 3 hr after the spray application of 100 uM ABA. RNA
samples resuspended in 50 pl were treated with 7.5 unit of DNase I (Qiagen, MD) for 60
min at 37°C, and re-purified with the RNeasy plant mini kit (Qiagen). Quantitative
reverse-transcription PCR (RT-qPCR) was performed as described previously (Ueda et
al., 2008a). Absence of genomic DNA contamination was confirmed using minus-
reverse-transcriptase controls. The data were processed as described previously (Chi et
al., 2009). Specific primer pairs for RT-qPCR analyses were: [Y980, Y981] for RD29A,
[E155, E156] for COR15A, [Y984, Y985] for ABF2, [Y992, Y993] for ABIS, [Y988,
Y989] for CAK4, [Y986, Y987] for CDKC2, [Y994, Y995] for EFla, and [E161, E162]

for ACT2.

Preparation of recombinant SSP proteins

To produce NusA-SSP fusion proteins, cDNA fragments encoding full-length SSP4 and
SSP5 coding sequences were amplified with primer pairs [Y854, Y855] and [Y 856,
Y857], respectively. Resulting PCR products were cloned into pDONR201 using BP
clonase to produce pDonSSP4/SSP5. A protein expression vector pET44a (EMD
chemicals, MD) was modified by inserting a Gateway (GW) cassette and a strep-tagll

sequence between EcoRI-Sall sites. pDonSSP clones were recombined with
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pET44aGW-strep using LR clonase (Life Technologies) to produce pETSSP clones. For
expression of truncated SSP except SSP4'"**>* overlapping PCR were performed with
pDonSSP templates and primer pairs [Y865, Y938] and [Y939, Y914] for SSP427+4%,
[Y865, Y949] and [Y948, Y914] for SSP4b****_ and [Y865, Y947] and [Y946, Y914]
for SSP5'%°3% to generate attL1-(truncated SSP)-attL2 fragments, which were then
recombined with pET44aGW-strep using LR clonase. pETSSP4'"**** was prepared by
the same way as full length SSP4, namely, amplified with primer pairs [Y901, Y855],

recombined into pPDONR201 and then into pET44aGW -strep.

Purification of SSP proteins

pETSSP4, 4b and 5 were transformed into Escherichia coli BL21SR (Koiwa et al.,
2004). Recombinant SSP proteins were induced by 0.4 mM isopropyl -d-
thiogalactoside for 16 hr at 18°C in 200 ml LB media containing 70 pg/ul ticarcillin and
20 pg/ul chloramphenicol. Cells were harvested by centrifugation at 4000 x g for 20
min at 4°C, and the cell pellets were resuspended in 8 ml buffer A (20 mM Tris-HCI
pH7.9, 500 mM NacCl). Cells were lysed by sonication on ice, and the lysate was cleared
by centrifugation at 10000 x g for 20 min at 4°C. The supernatant fractions containing
soluble recombinant SSPs were applied to Ni*"-NTA column (IMAC Sepharose 6 fast
flow, GE Healthcare) (bead volume 1 ml) equilibrated with buffer A. The column was
washed with 10-column volumes of buffer A and then 10-column volumes of washing
buffer (buffer A +40 mM imidazol). The bound recombinant proteins were eluted with

100 mM imidazol in buffer A. The eluates were combined and loaded onto StrepTactin-
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sepharose column (bead volume 1 ml) (GE Healthcare) equilibrated with buffer B (20

mM Tris'HCI pH7.9, 300 mM NacCl). After washing with 10-column volumes of buffer
B, the recombinant proteins were eluted with 2.5 mM desthiobiotin (Life Technologies)
in buffer B. Glycerol (final concentration 10 %) was added to the protein eluates, which
were then kept frozen at -80°C until use. Purity of recombinant SSP4, SSP4b and SSP5

was assessed by 7.5% SDS-PAGE.

Phosphatase assays

Phosphatase assays of SSPs with para-nitrophenol phosphate (»NPP) (Sigma, MO) were
performed under the conditions described previously (Hausmann et al., 2005), and 1 unit
(U) of activity was defined as producing 1 nmol p-nitrophenol/min in the standard
conditions (100 pl reaction mixture containing 100 mM Tris-acetate pH5.5, 10 mM
MgCl,, and 10 mM pNPP, incubated for 5 min at 37 °C). To determine the optimal pH
and metal dependency, 2.32 U SSP4, 1.12 U SSP4b or 4.90 U SSP5 were used in
standard conditions except with different pH or metal ion concentrations as indicated.
To determine kinetic parameters, 2.90 U SSP4, 1.74 U SSP4b or 5.39 U SSP5 were
assayed in standard conditions with varying pNPP concentrations. At the end of
incubation, reactions were stopped by adding 0.9 ml of 1 M Na,COs;. Released p-
nitrophenol (pNP) was measured as ABS4; and the amount was calculated according to
a pNP standard curve. Data at each concentration were collected in triplicate and fit to
the Michaelis-Menten equation (vo = Vinax [S]/Kim + [S]) using the nonlinear least-

squares-fitting.


http://www.pnas.org/cgi/redirect-inline?ad=Invitrogen
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For assays with phosphopeptide substrates, CTD phosphopeptides were synthesized
by EZ Biolab (IN), and standard phosphopeptides pS [RRApSVA] and pY
[RRLIEDAEpY AARG] were obtained from Upstate (NY). Reaction mixtures (25 pl)
containing 50 mM Tris-acetate pH 7.0, 10 mM MgCl,, 25 uM phosphopeptide, and SSP
were incubated for 30 min at 37 °C. The reactions were quenched by adding 0.3 ml
malachite green reagent (BIOMOL Research Laboratories, PA). Release of phosphate
was determined by measuring ABS¢s0 and the values were interpolated to a phosphate
standard curve.

Preparation of phosphorylated GST-CTD and dephosphorylation assays by SSP were
performed as described previously (Koiwa et al., 2004). Phosphorylation status was
determined by immunoblotting analysis with H5 (anti-CTD-Ser2-PO,) or H14 (anti-
CTD-Ser5-PO,) monoclonal antibodies (Covance, NJ). Total GST-CTD was detected

by immunoblotting using anti-GST-HRP conjugate (GE Healthcare, NJ).

Identification and molecular genetic analyses of SSP mutants

T-DNA insertion lines ssp4-1 (SALK 087127) and ssp4b-1 (SALK 151923) were
provided by the Arabidopsis Biological Resource Center (Alonso et al., 2003). ssp4-2
(GABI _224B07) and ssp5-1 (GABI_405H06) were obtained from Genomanalyse im
biologischen System Pflanze via European Arabidopsis Stock Centre (NASC) (Scholl et
al., 2000; Rosso et al., 2003). The homozygous mutants were identified by PCR-based
diagnoses and the triple mutant ssp4-1 ssp4b-1 ssp5-1 was prepared by genetic crosses.

PCR was used to determine T-DNA insertion alleles with primer pairs as following:
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[S29, S28] for wild type SSP4, [S29, 188] for ssp4-1 and [Y916, K64] for ssp4-2;
[Y897, M916] for wild type SSP4b and [ Y897, 188] for ssp4b-1; [Y903, Y937] for wild
type SSP5 and [Y903, K64] for ssp5-1.

For analyses of SSP transcripts in T-DNA insertion lines, RT-PCR was performed.
Primer pairs used in the analyses were as follows. For SSP4, [Y927, Y928] were used
for 5' region, [S29, 188] for ssp4-1 chimeric transcript ((DNA-T-DNA), [S29, K64] for
ssp4-2 chimeric transcript, and [Y951, Y899] for 3' region. For SSP4b, [Y929, Y930]
were used for 5' region, [Y897, 188] for ssp4b-1 chimeric transcript, and [Y952, Y900]
for 3' region. For SSPJ, [Y923, Y924] were used for 5' region, [Y903, K64] for ssp5-1
chimeric transcript, and [Y953, Y940] for 3' region. Mock cDNA templates prepared

without reverse transcriptase were used as negative controls.

Stress response assays

Germination responses to exogenous chemicals were measured by placing imbibed seeds
on 1/4 x MS media (pH 5.7) containing NaCl (0—140 mM), mannitol (0-300 mM) or
ABA (0-1.5 uM). After stratification for 3 days at 4°C, seeds were transferred to room
temperature (22°C) and the successful germination was recorded after two weeks as the

rate of seedlings with fully expanded cotyledons.
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RESULTS
Bioinformatic identification of SSP4, SSP5 and SSP4b
The Arabidopsis genome has 17 single-domain acid phosphatases homologous to SCP1
family proteins. These proteins were named SCP1-like small phosphatase 1-17 (SSP1-
17) because they contain the same single ywyDXDX(T/V)yy motif (y represents
hydrophobic residue) (Figure 2.1), which was previously shown as a Mg”**-binding
catalytic motif of CTD phosphatases (Hausmann and Shuman, 2002). All SSP shared
high homology among themselves in the family in the predicted phosphatase catalytic
domains (Figure 2.2). Additional search in Arabidopsis sequence databases identified a
full-length cDNA (GenBank accession #AK228630) that encodes a protein containing
LVLDLDETLV at amino acid position 272-281. Because of the high degree of identity
with SSP4 (see below), this protein was termed SSP4b (Figure 2.3). SSP4b is encoded
by the At4g18140 locus; however, TAIR genome annotation (ver. 8) of At4g18140 lacks
the C-terminal catalytic domain because of a frame-shift at position 1325, caused by a
deletion of single thymine, upstream of the catalytic motif. The sequences of SSP4b
cDNA and genomic DNA from Col-0 wild type were experimentally determined and
they were consistent with the AK228630 entry. Therefore, At4g18140 encodes a SSP
family phosphatase, SSP4b.

Among eighteen SSP members, SSP4 (At5g46410), SSP4b (At4g18140) and SSPS5
(At5g11860) are unique as they contain long N-terminal extensions of 280, 267 and 110
residues. They are also closest in terms of evolutionary connections and relationships

(Figure 2.2). Amino acid sequences of SSP4, SSP4b and SSP5 were aligned with the
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SSP1 (At1g29780) (50) RTII FVHATTHLPG---—————~ V--KHDFMVMVEMER--EIM-
SSP2 (At1g29770) (103) RTIF| HSTMEPPER-------- V--NVDFMVRIKIEG--AVI-
SSP3 (At5g45700) (98) KT IVIMSMS = il#/HS SMEKPE - ——————— V--PYDFVVNPKIDG--QIL-
SSP4 (At5g46410) (281) VT LV)ANM i8RV ES TLESCN -~ ————-——= -~ VADFSFRVFFNM--QEN-
SSP4b (Atdg18140) (269) VT LVIHNAS - yl#VHS TLEVCR - =~ ====——~~~ DTDFSFRVTFNM--QEN-
SSP5 (At5g11860) (112) ISL #VHSTLEPCG-=——=—-===-——~ EVDFTFPVNFNE--EEH-
SSP6 (At3g55960) (98) LK #VCAYETSSLPAALRNQATEAGLKWFELECLST DKEYDGK
SSP11 (At2g02290) (87) LHL 8V HTIKVSQLSESEKYITEE--VESRKDLRRFNTG-FPE-
SSP12 (At5g23470) (87) LHL HTIKTSLLYESEKYITEE--VESRKDIKRFNTG-FPE-
SSP15 (At3g15330) (77) LHL I HSMKT SNLSKAEKYLIKEEKSGSRKDLRKYNN-—---R~-
AtCPL5-D1 (At3g19600) (89) LHL W1 HSVRYVPCLSEAEKYLIEEAGSTTREDLWKMKVRGDPIS
AtCPL5-D2 (At3g19600) (92) LHL HTVMVPSLSQAEKYLIEEAGSATRDDLWKIKAVGDPM-
SSP9 (At3g17550) (86) LNL HSIRVSLLSETEKCLIEEACSTTREDLWKLDS------
SSP10 (At2g04930) (67) LHL HSKDVSNLSQAERYLIQEASSRTREDLWKFRPIGHPI-
SSP13 (At5g54210) (89) LHL HTVMISNLTKEETYLIEE--EDSREDLRRLNGG-YSS-
SSP14 (AT1G20320) (77) LHL HSIMISRLSEGEKYLLGE--SDFREDLWTLDR---~-~-~
SSP16 (At1g43600) (19) LHL 1. HSVLVS DLSKREKYLLEE--TDSRODLWRRNV--DGY~
SSP17 (At1g43610) (53) LHL AL HSVLVSDLSKREKYLLEE--TDSRQDLWRRNV--DGY -

:n:n:nm::m::r'::o:nmmmmmmm

SSP1 (At1g29780) (86) —---PIFVVKEPGVTERLERLGENYKVVVER
SSP2 (At1g29770) (140) — - - - PMFVVKIg
SSP3 (At5g45700) (134) —---TFFV IKJg
SSP4 (At5g46410) (316) ——--TVYVROJ
SSP4b (At4g18140) (304) —---TVYVKQEPYLYR
SSP5 (At5g11860) (147) — - --MVYVRC@PHLKE[
SSP6 (At3g55960) (148) PKINYVTVFEMPGLHERLEQLSEFADLIL
SSP11 (At2g02290) (133) - -~ -ESLIKLES FVHORLKECNEMFSLY VY KGGYD
SSP12 (At5g23470) (133) —---ESLIKLJg
SSP15 (At3g15330) (122) —----- LVKF
AtCPL5-D1 (At3g19600) (139) I-TIEHLVKLEP FLCERLKEANEMFTMYVY@WKGTRP)
AtCPL5-D2 (At3g19600) (141) - ---EFLTKL|gP FLRDELKEANEFFTMYVY@WKGSR
SSP9 (At3g17550) (130) - ---DYLTKLGP FVHERLKEANELFTMYVY@MGTR
SSP10 (At2g04930) (116) - - --DRLIKLEP FVRDLKEANEMFTMFVY#MGSR T
SSP13 (At554210) (135) —---EFLIKLJ
SSP14 (AT1G20320) (119) - ---EMLIKLE
SSP16 (At1g43600) (64) —---EFIIKLE!
SSP17 (At1g43610) (98) —---EFIIKL|gP FLHELLEANKLEFTMHVY

Figure 2.1. Alignment of most conserved region of seventeen SSPs.

Shaded boxes in black represent the identical residues among all SSPs. Shaded boxes in
blue represent the identical residues among individual SSPs. Shaded boxes in green
represent the conserved residues. Asterisks indicate the conserved acid phosphatase
motif yyyDXDX(T/V)ywy.
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_|:ssm (At1g29780)
SSP2 (At1g29770)
L SSP3 (At5g45700)
_:SSP4 (At5g46410)

SSP4b (At4g18140)

SSP5 (At5011860)

SSP6 (At3g55960)

SSP11 (At2g02290)
ESSPlZ (At5g23470)
SSP15 (At3g15330)
AtCPL5-D1 (At3g19600)
AtCPL5-D2 (At3g19600)

SSP9 (At3g17550)
SSP10 (At2g04930)

_|: SSP13 (At5g54210)
SSP14 (AT1G20320)
/SSP16 (At1g43600)
LSSP17 (At1g43610)

Figure 2.2. Phylogenetic relationships among seventeen SSPs.
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SSP4 (1) --MPYIEMKSKISK---—-—- VLGVCKKHKASTRNSCSLSKI SGLLESITARI TTCHLLEKQHFGLDTF SRESETNEPAEMLVED
SSP4b (1) MPMPFLKMESKISKLSLREKRVLGVCKKPHKLCVENSCFCPKISERMELLVTATONCNNNEEQNIGLDSSTREVVTNEPQDLLVELSS
ssps (1) - -—-- - e e

SSP4 (79) QSQGFAPWVLGSQSVENMENACNHMSNSDTIFSPVLNCELC-GTGRVETAGNSVIWETPRWGACESSNKICFENQTCNVSEEYTSTV

SSP4b (88) KN ASNMDTI FSPVLLDELY SETLRVEVEGNNVOWEMPRWGADDCSN ————— NQFCNDSLYFLSLV
SSP5 (1) —mm—mmm—mmmmm—moe- —mmmmmmmmm oo - - -
SSP4 (165) LIASLEFLEEGNNCAFTEISELPHYIFPE-——————— QYMVLEYLEDGSANKDDIKSLTCKINLLNHDLE LAFNR TREYNVEPLL—
SSP4b (148) LIASLEFYESGNVLFFTEI &L PHCTFPEPSVLLLAAEQYMLLPYLECRSASSDLVKSLEDN-————————— RINRSREKNLEAAEN
SSP5 (1) ----MELCOEPSSROLDAQMEYCRLLALLTSTVEENCNLLSVSATYLAMKSSKLECYDERGD= == == mmmmm e T ITSVCME
SSP4 (242) REFIEVEE STRRYSI i ————
SSP4b (225) H DEOTE @ L FNYFPEMO
SSP5 (69 ELD PTFRP-VL

FCP1 (165) -—

SSP4 (307)
SSP4b (295) M& N
SSP5 (138)

SCP1 (117) EIEG‘ /
FCP1 (208) OEGPSG

SSP4 (393) T CRRBCNKE -~ ———————m -
SSP4b (381) CHSTRSSED

SSP5 (224) \ ‘ Sl T y nzq NLREKIDRAVAAPEYDAEEG
SCP1 (202) LofVEHP AR e - la M SR U CIRY Y SVLROPREGS

FCP1 (295) W--TBDRGDVWLWNENLIKVVEYEFEVG

Figure 2.3. Alignment of SSP4, SSP4b, SSP5 with SCP1 and FCP1.

Full length SSP4, SSP4b and SSP5 were aligned with the conversed catalytic domains of
human SCP1 and yeast spFcpl. Shaded boxes represent the conserved residues.
Diamonds indicate the consecutive basic amino acids in SSP4 and SSP4b. Asterisks
indicate the conserved acid phosphatase motif yyywDXDX(T/V)yy. Filled triangles
indicate the T-DNA insertion sites for ssp mutant alleles. Note ssp4-2 and ssp4b-1
insertions truncate the proteins at the same position.
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catalytic domain of human SCP1 and Schizosaccharomyces pombe Fcpl (Figure 2.3).
Homologies among SSPs in their catalytic domains are 91.3% (SSP4/SSP4b), 71.9%
(SSP4/SSP5), and 71.9% (SSP4b/SSP5). Homologies between each SSPs (SSP4, SSP4b,
and SSP5) and human SCP1 catalytic domain are 60.6%, 58.1%, and 67.5 %, and those
between SSPs and spFCP1 catalytic domain are 36.5%, 33.1%, and 37.6%, respectively.
Because of the high homologies between SSPs and the known CTD phosphatases
(Hausmann et al., 2004), various analyses were performed to determine the biochemical

functions of SSP.

Localization and expression of SSP isoforms

The sequence comparison among three SSP isoforms revealed a consecutive basic amino
acid stretch only in SSP4 and SSP4b (at amino acid 277-279, and 265-267, respectively),
but not in SSP5 (Figure 2.4). Although this is different from prototypical bipartite
nuclear localization signals, a basic amino acid stretch is often associated with nuclear
localization. In order to determine whether SSP4 and SSP4b show distinct subcellular
localization from SSP5, GFP-SSP fusion proteins in Arabidopsis protoplasts were
constructed, transiently expressed, and their localizations were examined. GFP
fluorescence was observed in nuclei of the cells expressing GFP-SSP4 and GFP-SSP4b,
but in both cytoplasm and nuclei of the cells expressing GFP-SSP5 (Figure 2.4). The
patterns were consistent throughout the time course after transformation and among the
cells with different levels of GFP-fluorescence intensity. This result indicates that SSP4

and SSP4b have a nuclear localization signal that is absent in SSP5. The distinct
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bright field GFP

GFP
(control)

Figure 2.4. Subcellular localizations of SSP4, SSP4b and SSPS5.

Plasmids encoding GFP vector control, GFP-SSP4, GFP-SSP4b and GFP-SSP5 were
introduced into Arabidopsis protoplasts via PEG-mediated transformation. Images were
taken 16 hours after transformation. Scale bars indicate 10 pm.
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Figure 2.5. Expression profiles of SSP4, SSP4b and SSP5 in different tissues.

Relative transcript levels in flowers (F1), rosette leaves (RL), cauline leaves (CL), stems
(St) in mature Arabidopsis plants, and 9-day-old seedling shoots (SS) and seedling roots
(SR) were determined using quantitative reverse-transcription PCR (RT-qPCR). Values
were expressed relative to seedling shoots. Bars indicate standard errors.



Table 2.2. SSP gene expressions with or without ABA treatment.

Gene Col-0 Col-0 (ABA)

SSP4 1 1.964 (0.270)
SSP4b 1 1.913 (0.268)
SSP5 1 0.945 (0.130)

The numbers show relative gene expressions (fold) compared with wild type plants
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without ABA treatment using RT-qPCR, with standard errors in parentheses. For ABA

treatment, 100uM ABA was sprayed and total RNA was extracted after 3 hr.

Experiments were repeated twice with similar results.
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nuclear-cytoplasmic localizations among SSP isoforms are similar to those observed in
different CPL isoforms (Koiwa et al., 2004).

Expression profiles of SSP isoforms were analyzed using Genevestigator
(https://www.genevestigator.com/gv/index.jsp). SSP expressions were detected in all
tissues, including root, stem, leaf, apex, floral organs, flower, seed and the whole plant.
Various treatments including hormone, light, abiotic stress and pathogen infection did
not significantly change gene expression levels of SSPs (data not shown). To confirm
the microarray data, tissue specific expressions of SSPs by RT-qPCR were analyzed
(Figure 2.5). Consistent with the database, three SSP genes were expressed in all tissues
examined, with slightly higher SSP4 and SSP5 expressions in flowers and seedling roots
(Figure 2.5). This may indicate that SSP expressions are associated with active growth
and development in plants. Furthermore, SSP transcripts were shown to be weakly

induced by ABA (Table 2.2), suggesting a possible role of SSPs in plant ABA response.

SSP4, SSP4b and SSPS are CTD phosphatases with distinct activities

In order to establish catalytic activities of SSPs, recombinant SSPs as NusA-fusion
proteins were expressed with an N-terminus (His)e-tag and a C-terminal StrepTagll
sequences (Figure 2.6A), and purified by consecutive Ni**-NTA and StrepTactin column
chromatographies (Figure 2.6B). The protein amounts were determined using Bio-Rad
protein assay reagent (Bio-Rad, CA) and confirmed with SDS-PAGE. Phosphatase
activity of purified SSPs was evaluated with para-nitrophenyl phosphate (»NPP).

Surprisingly, despite the high degree of similarities among SSP sequences, the activities
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Figure 2.6. Phosphatase activities of recombinant SSPs.

(A) Structure of NusA-SSP4, -SSP4b and -SSP5 fusion proteins with an N-terminal
(His)s tag and a C-terminal StrepTagll sequences. Asterisks indicate positions of the
catalytic motif.

(B) (Left) Two-step purification of SSP4. Bacterial crude extracts containing control
(NusA) or NusA-SSP4, and NusA-SSP4 fractions after each step were analyzed by SDS-
PAGE. (Middle) Purified NusA, SSP4b and SSP5 fusion proteins. (Right) Purified N-
terminally truncated SSP4 and SSP4b fusion proteins.

(C) Phosphatase activity of purified recombinant proteins. SSPs were incubated in
reaction mixtures containing 100 mM Tris-acetate pH 5.5, 10 mM MgCl,, and 10 mM
pNPP for 5 min at 37°C. The bars represent standard errors.
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Figure 2.7. Phosphatase activities of SSP4, SSP4b and SSP5 in various conditions.

(A) pH dependence of SSP phosphatase activity. Reaction mixtures containing 100 mM
Tris-acetate pH 3.0-9.0, 10 mM MgCl,, 10 mM pNPP and SSP were incubated for 5 min
at 37°C. The amounts of proteins used were 12.2 pmol SSP4, 34.9 pmol SSP4b or 55.9
pmol SSP5.

(B to D) SSP metal dependence. Reaction mixtures containing 100 mM Tris-acetate pH
5.5, 10 mM pNPP, and indicated concentrations of MgCl,, NiCl,, CaCl,, MnCl, or
CoCl, were incubated for 5 min at 37°C. The amounts of proteins used were 11.3 pmol
SSP4 (B), 43.6 pmol SSP4b (C) or 54.9 pmol SSP5 (D). Bars indicate standard errors.
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of SSP isoforms varied substantially (Figure 2.6C). Specific activities of full-length
SSP4, SSP4b and SSP5 were 148, 26.7, and 95.4 unit/nmol, respectively.

When the activity was tested in buffers with a pH range of 3-9, all SSPs exhibited
highest activity at pH5.5 (Figure 2.7A). Interestingly, SSP4 was active in a wide range
of pH whereas SSP4b and SSP5 didn’t have detectable activities at pH4 and pHS8. All
SSP phosphatase activities were dependent on divalent cations, with the highest at 10
mM Mg>" Weaker activities were detected with SSP4 and SSP5 in the presence of 10
mM Ni*", 1 mM Mn*" and 1 mM Co*" (Figure 2.7, B to D), and no activities were found
with 1-10 mM Ca*", Zn*" and Cu®". SSP4b, however, did not show any measurable
activity with these cations except Mg”" (data now shown).

In the optimal conditions (pH5.5, 10 mM Mg2+), K, and k., toward pNPP were 1.6
mM and 5.09 s for SSP4, 15.5 mM and 0.83 s™ for SSP5 (Figure 2.8). kca/Kin values
were 3.24x10° M™"-s for SSP4 and 53.54 M™"s™ for SSP5, suggesting SSP4 has 60 times
higher catalytic efficiency than SSPS5 (Table 2.3). It was not possible to determine
kinetic parameters of full-length SSP4b due to its weak activity. These results establish
that SSP4, SSP4b and SSPS5 are metal dependent acid phosphatases and that SSP4 is

more tolerable towards unfavorable conditions than SSP4b and SSP5.

Extended N-terminus is not required for phosphatase activity
The long N-terminal extension is a unique feature of SSP4, SSP4b and SSP5. The

length and sequence of the N-terminal region vary among SSP4, SS4b and SSPS5, which
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Figure 2.8. Kinetic parameters determination for SSP4 (A) and SSP5 (B).

The reactions were carried under the condition of 100 mM Tris-acetate pH 5.5, 10 mM
MgCl,, and various pNPP concentrations at 37°C. Protein amounts used were 15.7 pmol
SSP4, and 59.0 pmol SSP5. The bars represent standard errors.



Table 2.3. Kinetic parameters of SSP.

Km Vmax kcat kcat / Km
SSP (mM) (nmol-sec™) (s Ms™h
SSP4 1.6 0.044 2.82 1763
SSP4bh20% 46 91 0.074 2.99 328
SSP5 15.5 0.242 4.10 265

The values represent three measurements of SSP activities.
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(B) Phosphatase activity of purified SSP4 (left) and SSP4b (right) deletion mutants. The

reaction condition was same as Fig. 3C. The bars represent standard errors.
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implied that this region contributes to differential activities among SSP isoforms (Figure
2.3). To test the role of N-terminal extensions, truncated SSPs were prepared by PCR-
based mutagenesis (Figure 2.9A). For SSP4 and SSP4b, truncation of the N-terminal
region increased induction of the soluble fraction as well as specific activity of the
recombinant proteins. SSP4*"**3and SSP4b*****_ both of which have only nine amino
acids before the catalytic motif, showed more than two-fold increases of phosphatase
activity compared to the respective full-length proteins (Figure 2.9B).

The Kun, kear and kea/ K values for SSP4b****were 9.1 mM, and 0.36 s™', and 39.33
M5!, which were comparable to the values of full-length SSP4 and SSP5 (Figure 2.10).

262-44 .
b262* variant was used

Since the activity of full-length SSP4b was too weak, the SSP4
for further characterizations. Given both improved activity, truncated SSP4 still
harbored higher activities than truncated SSP4b. An equivalent N-terminal truncated
SSP5'%% improved the yield of the soluble recombinant protein, but decreased its
activity to less than 3% of full length SSP5 (data not shown). Similarly, removal of a
short C-terminal extension in SSP5 improved the yield but abolished the activity of
SSP5'?* (data not shown). Therefore, N-terminal extension of SSP might not be

necessary for the phosphatase activity; neither does it contribute to the phosphatase

activity differences among SSPs.
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Figure 2.10. Kinetic parameters determination for SSP4b.

The reactions were carried under the condition of 100 mM Tris-acetate pH 5.5, 10 mM

MgCl,, and various pNPP concentrations at 37°C. 24.8 pmol SSP4
the reaction. The bars represent standard errors.

262-446
b

was used in

40



41

SSP4 and SSP4b dephosphorylate both Ser2 and Ser5S of CTD-PQOy, while SSP5 is
specific to Ser5

Phosphatase specificities of SSPs were determined using various substrate systems.
Phosphorylated peptide substrates include phosphoserine substrates CTD-Ser2-POy (S2)
[YpSPTSPS]s, CTD Ser5-POy4 (S5) [YSPTpSPS];, pS [RRApSVA: from type L
pyruvate kinase (Rayapureddi et al., 2005)], and a phosphotyrosine substrate pY
[RRLIEDAEpYAARG: from Tyrosine 419 phosphorylation site in Src (Rayapureddi et
al., 2005)]. In order to test the phosphatase activities in a condition similar to the native
environment, the assays were performed at pH 7.0. SSPs exhibited distinct preferences
toward S2 and S5 peptide substrates (Figure 2.11). SSP4 and SSP4b could
dephosphorylate both S2 and S5 substrates, and exhibited 8 and 16 times higher activity
towards S5 than towards S2, respectively. However, SSP5 dephosphorylated only S5,
but not S2 (Figure 2.11). All SSPs tested here were virtually inactive toward pS and pY
(Figure 2.12). These results indicate that SSP4, SSP4b”****® and SSP5 are pol Il CTD
phosphatases with distinct position preferences.

The abilities of SSPs to dephosphorylate the heptad repeat substrate in a native
CTD context were tested using recombinant pol II CTD with 34 repeats fused to
glutathione S-transferase (GST-CTD). As shown in Figure 2.13, GST-CTD-PO,4
prepared using activated AtMPK3 contained both Ser2 and Ser5 phosphorylations,
which were visualized by monoclonal antibodies HS and H14, respectively. In addition,
phosphorylation of GST-CTD decreased its mobility in SDS-PAGE gels. The

hyperphosphorylated low-mobility form was termed as CTDo and unphosphorylated
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Figure 2.11. CTD phosphatase activities of SSPs with synthetic phosphopeptide
substrates and their specificities.

(A) Activities of SSPs with CTD-Ser5-PO4 substrates. SSPs were incubated in reaction
mixtures containing 50 mM Tris-acetate pH 7.0, 10 mM MgCl,, and 25 uM synthetic
phosphopeptide substrates for 30 min at 37°C. The bars represent standard errors.

(B) Activities of SSPs with CTD-Ser2-PO, substrates. Conditions were same as (A).
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Figure 2.12. Activities of SSPs with synthetic non-CTD phosphopeptide substrates.

Reaction mixtures containing 50 mM Tris-acetate pH 7.0, 10 mM MgCl,, and 25 uM
synthetic pS or pY substrates were incubated for 30 min at 37°C. The amounts of
proteins used were 21pmol of SSP4, 60pmol of SSP4b***** 51pmol of SSP5, 21pmol
AtEYA or 21pmol of CIAP. Bars indicate standard errors.
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Figure 2.13. CTD phosphatase activities of SSPs with GST-CTD-PO, substrate in
immunoblotting analyses and their substrate specificities.

GST-CTD was phosphorylated by activated Arabidopsis MPK3. One-hundred
nanogram of GST-CTDg was incubated in reaction mixtures containing 50 mM
Tris-acetate pH 7.0, with or without 10 mM MgCl,, and indicated amount of SSP or
alkaline phosphatase (AP). Aliquots of the mixtures were analyzed by immunoblotting.
Ser2-PO4 and Ser5-PO4 of GST-CTD were detected by H5 and H14 antibody,
respectively, and the total GST-CTD substrate was visualized by anti-GST antibody.
Lane 1, unphosphorylated GST-CTD (GST-CTD,). Lane 2-11, phosphorylated GST-
CTD (GST-CTDo) incubated with 0-21 pmol of SSP4, SSP4b or SSP5, with or without
Mg2+. Lane 12, GST-CTDg incubated with 21 pmol alkaline phosphatase (positive
control).
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Figure 2.14. Dephosphorylation of GST-CTDg by excessive amount of SSP5.

The CTD phosphatase assay was performed as described in Figure 2.13 with indicated
amount of SSP5 protein.
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high-mobility form was termed CTD4. Upon incubation of CTDg with SSP4 in the
presence of Mg*", CTDy, lost reactivity with both H5 and H14, indicating SSP4
dephosphorylated both Ser2-PO4 and Ser5-PO,4 of CTDo. The loss of immunoreactivity
was concomitant with an appearance of the CTD4 form. Similar result was obtained
with SSP4b***  albeit its activity was less robust (Figure 2.13). In contrast, SSP5 was
able to dephosphorylate only Ser5-PO4 but not Ser2-PO4 of GST-CTDg (Figure 2.13 and
2.14). These results are consistent with the data obtained with the peptide substrates and

indicate that these SSPs are functional pol II CTD phosphatases.

Identification and phenotypic characterization of ssp T-DNA insertion mutants

In order to test in vivo function of SSP isoforms, T-DNA insertion mutants were
identified in T-DNA Express (http://signal.salk.edu) and homozygous mutant lines were
established (Figure 2.15, A to B). The insertion positions were confirmed by sequencing
the PCR products for T-DNA-genome junctions. RT-PCR analyses revealed that ssp T-
DNA insertion lines produces SSP-T-DNA chimeric transcripts, which encode partial
SSP peptides fused to short translation products of T-DNA left border sequence, at the
level comparable to corresponding wild type SSP transcripts (Figure 2.15, C to E).
Double and triple ssp mutant combinations were prepared by genetic crosses. ssp
mutants did not show defects under normal growth condition, except for a slight delay in
flowering with ssp4 and ssp4 ssp4b ssp5 triple mutant (data not shown). However, sspJ
single mutant and ssp4 ssp4b ssp5 triple mutant exhibited enhanced ABA sensitivity

during germination (Figure 2.16). ssp4 ssp4b double mutant did not show the same
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Figure 2.15. Identification and characterization of ssp T-DNA insertion mutants.

(A) T-DNA insertion positions in ssp mutant alleles. White boxes represent UTRs and
black boxes indicate coding regions. The primers used to identify T-DNA insertion
positions and in RT-PCR analyses were shown as arrows.

(B) PCR confirmation of T-DNA insertions in ssp4 ssp4b ssp5 triple mutant line. WT
and T-DNA primers amplify corresponding SSP sequences without or with the T-DNA
insertions, respectively. NC template: wild type DNA; M template: ssp4 ssp4b ssp5
triple mutant.

(C to E) RT-PCR analyses of SSP4, SSP4b, SSP5 transcripts in ssp single and triple
mutants using primers marked in (A).
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Figure 2.16. Enhanced ABA sensitivity of sspJ single and ssp4 ssp4b ssp5 triple mutant
seed germination.

Sixty seeds of wild type (Col-0), single mutant(sspJ5) and the triple mutant (4/4b/5) were
sown on 1/4 x MS salt, 0.8 % agar plates containing various concentration of ABA.
After stratification, plates were incubated in 25°C under 16 hr/8 hr light/dark cycle for
two weeks before documentation and scoring.



Table 2.4. Gene expressions in wild type and ssp triple mutant with or without ABA

treatment.

Gene Col-0 ssp4/4b/5 Col-0 (ABA) ssp4/4b/5 (ABA)
SSP4 1 0.043 (0.006) 1.964 (0.270) 0.084 (0.012)
SSP4b 1 0.009 (0.000) 1.913 (0.268) 0.080 (0.015)
SSP5 1 0.190 (0.004) 0.945 (0.130) 0.073 (0.0006)
RD29A 1 0.776 (0.035) 108.031 (18.886) 92.345 (5.792)
CORI15A 1 0.571 (0.015) 143.570  (19.737) 100.924  (6.440)
ABF2 1 1.278 (0.055) 8.175 (1.147) 8.470 (0.531)
ABI5 1 1.237 (0.143) 42.257 (5.793) 38.391 (2.502)
CAK4 1 0.940 (0.018)  0.758 (0.105)  0.679 (0.087)
CDKC2 1 0.874 (0.017) 0.617 (0.085) 0.479 (0.031)
EFla 1 1.112 (0.021)  0.566 (0.080)  0.580 (0.036)
ACT2 1 1.047 (0.030) 0.519 (0.072) 0.490 (0.031)

The numbers show relative gene expressions (fold) compared with wild type plants
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without ABA treatment using RT-qPCR, with standard errors in parentheses. For ABA
treatment, 100uM ABA was sprayed and total RNA was extracted after 3 hr.
Experiments were repeated twice with similar results.
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enhancement (data not shown), and addition of ssp4 ssp4b double mutant to sspJ single
mutant background didn’t change seed germination significantly (Figure 2.16). These
data suggest that SSP5 suppress ABA responses during seed germination, and that SSP4
and SSP4b may redundantly regulate ABA response with SSP5. Unlike prototypical
ABA-hypersensitive mutants (Hugouvieux et al., 2001a), root growth responses of ssp4
ssp4b ssp3 triple mutant seedlings to ABA, NaCl, and mannitol were not distinguishable
from those of wild type. RT-qPCR analyses indicated that expressions of several
constitutive and ABA-responsive genes were not altered in the triple mutant (Table 2.4).

Further analyses are necessary to elucidate the mechanism of SSP on ABA response.

DISCUSSION

Recent studies have established the central ABA signal transduction pathway in which
perception of ABA molecule leads to transcriptional activation of ABA-responsive
genes and stomatal movement (Fujii et al., 2009; Ma et al., 2009; Park et al., 2009; Vlad
et al., 2009). Still, the role of RNA metabolism in ABA signaling remains unclear. This
is partially due to the fact that only a limited number of vast general RNA metabolism
proteins have been shown to associate with ABA signaling. In this chapter a group of
Arabidopsis small CTD-phosphatase-like proteins, SSP were analyzed. Consistent with
the predicted transcriptional functions, SSPs were mainly localized to nuclei, however, a
proportion of SSP5 also detected in the cytoplasm. Different subcellular localization
profiles between SSP5 and SSP4/SSP4b are consistent with the fact that SSP4 and

SSP4b are more homologous to each other than to SSP5. Similarly, these SSP isoforms
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showed different dephosphorylation specificities toward CTD substrates. SSP5
exclusively dephosphorylated Ser5-PO4 of CTD, which was similar to the cases of
Arabidopsis CPL1 and CPL2. In contrast, SSP4 and SSP4b could dephosphorylate both
Ser2-PO,4 and Ser5-PQOy4, and convert hyperphosphorylated CTDg to hypophosphorylated
CTDa. This conversion had never been achieved in previously reported plant CTD
phosphatase-like proteins. Interestingly, while both the N- and C- terminal regions were
important for SSP5 activity in vitro, the long N-terminal extensions of SSP4 and SSP4b
were not necessary for, but rather inhibitory to, their phosphatase activity. Since our
attempt to inhibit truncated SSP4*’**? by N-terminal peptide in trans resulted in very
weak inhibition of the phosphatase activity (data not shown), it is not clear whether the
N-terminal region functions as a regulatory sequence.

To date, no substantial developmental defects in Arabidopsis plants have been
observed with single and combined ssp mutations, and no other Arabidopsis ssp mutants
have been identified in forward genetic screening. This may indicate a higher order of
genetic redundancy in developmental functions of SSPs. It’s also possible that SSPs
function in a very specific stage of plant development, which requires careful inspection
of particular tissues. A recent study in rice of a cp// mutant implied the latter (Ji et al.).
OsCPLI1 is most homologous to Arabidopsis SSP5, and the c¢p/l mutation in rice
promoted differentiation of the abscission layer during panicle development in rice.
Notably, T-DNA insertions in Arabidopsis SSPs described in this study locate upstream
of recessive loss of function mutations in OsCPL1. Also, a short C-terminal truncation

of SSP5 abolished its in vitro activity. These support our conclusion that the ssp mutant
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lines produce dysfunctional transcripts. The repressive role of OsCPLI is similar to
those of human SCPs, Arabidopsis CPL family proteins, and SSPs, which repress ABA
responses in wild type plants.

How do CTD phosphatases specifically affect phenotypic outputs? The recent studies
on animal SCPs have indicated more than one mechanism for CTD phosphatases to
regulate cellular signaling. SCP1-SCP3 are similar to SSP4 and SSP4b because they
could dephosphorylate both Ser2-PO,4 and Ser5-PO, but prefer Ser5-PO,4 of CTD as
substrates (Yeo et al., 2003a). In vivo, SCPs were shown to function in silencing
neuronal gene expression likely through CTD dephosphorylation (Yeo et al., 2005;
Visvanathan et al., 2007; Yeo and Lin, 2007). Also, SCP2 has been shown to regulate
gene expression at the level of promoter clearance of pol II (Thompson et al., 2006).
This is consistent with the current plant model that CTD phosphatases collectively
dephosphorylate pol II CTD and regulate transcription elongation. In our study, Ser5
rather than Ser2 phosphatase activity is likely the cause of observed phenotype because
pyramiding all three SSPs was necessary to detect the enhanced ABA sensitivity, and
only Ser5 phosphatase activity was common in the three SSPs. Still, the phenotype of
ssp triple mutant is relatively mild, and its ABA-induced gene expression was not
distinguishable from wild type. Indeed, additional proteins, such as CPL1 and CPL2,
other SSP isoforms, and an SSU72 homolog likely have the Ser5 phosphatase activity
(Koiwa et al., 2004).

In addition, human SCPs could also regulate development by dephosphorylating non-

CTD substrates. SCPs could exert regulatory dephosphorylation of the linker region of
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Smad transcription factors, which mediated BMP (Bone Morphogenetic Protein)
signaling pathway (Knockaert et al., 2006; Sapkota et al., 2006; Wrighton et al., 2006).
Furthermore, SCP3 is identical to tumor suppressor HY A22A and has been implied to
regulate the level of phosphorylated retinoblastoma protein (Gangopadhyay et al., 2008).
By analogy, SSP family proteins may function not only via regulating CTD
dephosphorylation but also affecting other cellular components. Indeed, the central
ABA signaling pathway has multiple phosphorylation /dephosphorylation components.
For example, SSPs may dephosphorylate the ABF family transcription factors and
attenuate their functions in transcriptional activation of target genes. Further genetic and
biochemical studies are necessary to decipher the mode of SSP functions in ABA

signaling.
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CHAPTER III
APPLICATION OF CTD PHOSPHATASE MUTANT IN HYPERACCUMULATION

OF FLAVONOIDS IN TRANSGENIC ARABIDOPSIS THALIANA

INTRODUCTION
Flavonoids are a family of compounds that are produced in both vascular and non-
vascular plants. The functions of flavonoids include forming physical barriers,
biochemical and visual signals to symbiotic partners and pollinators, protection from UV
damage, and regulation of auxin transport during development (Dixon and Paiva, 1995;
Shadle et al., 2003). For animal consumption, flavonoids are known for health-
promoting effects, featuring their antioxidant activity and prevention of chronic
degenerative diseases and obesity (Korkina, 2007; Iriti and Faoro, 2009). Anthocyanin,
kaempferol and Quercetin are several major types of compounds that have been most
extensively studied in Arabidopsis and other species. Several transcription factors
including myb-type transcription factors PAP1 and PAP2 (Production of Anthocyanin
Pigment 1/2) (Kranz et al., 1998; Borevitz et al., 2000; Stracke et al., 2001; Gao et al.,
2008), homeobox gene ANL2 (Anthocyaninless2) (Kubo et al., 1999) have been
identified in anthocyanin branch of flavonoid pathways.

Ectopic overexpression of PAPI and other MYB transcription factors has been
successfully enhanced biosynthesis of anthocyanins in various plant species (Vom Endt
et al., 2002; Xie et al., 2006; Zhou et al., 2008; Peel et al., 2009; Li et al., 2010; Velten

et al., 2010) . Transcriptomic analysis of activation tagging mutant of PAP/ in
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Arabidopsis (pap1-D) revealed that PAPI strongly upregulate anthocyanin biosynthesis
pathway genes specifically, without effective interference with the expression of early
phenylpropanoid pathway and flavonoid pathway (Tohge et al., 2005). While
constitutively overexpression of PAPI may cause vegetative growth retardation, an
inducible system could be applied to achieve PAPI upregulation at a proper stage of
plant development.

In this chapter, a three-component gene expression system is illustrated as well as its
application to cold-inducible anthocyanin production. A gene of interest (PAPI) was
cloned downstream of cold-inducible RD294 promoter, and Arabidopsis plants were co-
transformed with RD294-PAPI and a feedforward effecter gene of the cold signal
(RD29A4-CBF3). A mutation in host repressor CPLI (Koiwa et al., 2002; Xiong et al.,
2002) seemed to be an essential third component for the success of this expression
system. Cold induction activated expressions of PAP/ and anthocyanin biosynthetic
genes, which was accompanied with overproduction of anthocyanins. Resulting
phytochemical profile of transgenic plants showed synergism of native and PAP1-
induced anthocyanin production. The results establish that a three-component system
using a native plant promoter is sufficient to drive high expression of transgene upon

induction.

MATERIALS AND METHODS
Construction of expression cassettes
Primer sequences used in this research are listed in Table 3.1. A cDNA fragment

encoding Arabidopsis PAPIland CBF3 were amplified using primer pairs [680, 681] and



Table 3.1. Sequences of primers in the project described in Chapter I11.

Name

Sequences (5—>3")

680
681
678
679
Y888
Y889
Y882
Y883
Y884
Y885
Y976
Y977
Y978
Y979
Y980
Y981
Y958
Y959
Y960
Y961
Y968
Y969
Y962
Y963
Y970
Y971
Y1006
Y1007
Y996
Y997
Y1000
Y1001
Y1002
Y1003
Y1004
Y1005

AAGGTCGACCATGGAGGGTTCGTCCA
TTTCCCGGGCTAATCAAATTTCACAG
AGGGTCGACCATGAACTCATTTTCTG
TTTCCCGGGTTAATAACTCCATAACG
CGGAGCATGAGTCATTGAACACTCCG
ATTCATCATCACCACTTGGAGCA
CGGTTATCTGAGTAAGAAACATGAACCG
TTTAGTGCCGGTGTTGTAGGAAT
CGTGTATGGTGGAGGCTATTTACACG
CCAACAAACTCGGCATCTCAAA
TCTAGGGAATAGGTGGTCTTTA
CACGGTTCATGTTTCTTACTC
GAAATGTTTGGCTCCGATTAC
TCACGAAACTTCTTACGACC
CGGCTGTTTCAGACTATCTT
ACTCCTCCAGTTTCTTCTTTG
GTATGAACAAAGGCACTGATAG
CGGCGTTAAGGAATCTAATAAG
ACCTCAAGGAGAAGTTCAAG
TTTCCTTGAGGAATTCCTCC
ACTTACCATTTCTCAGCCAA
TTCTCCACCTTCAGTTTCTC
AAGATCCTGAGAACGAAGTG
CTTTGCCTTAACACATGCTT
CTTACCTTCAGGCGGTTATC
GTTCGTCAATAGAGTCGATCC
CTTCTTTCATCTTGCGTATCC
CTCGTTGCTTCTATGTAATCAC
CACTCTTCTTGTTCCTAACGA
CCCATTACTCAACCTCAGAATC
CCTCCAGAATACATTGAAGTGA
ATGCCTTAAACCTAGTCCTTC
CAAATTCAGTCATTTATGTTTCCTTT
CATTCTTCTCTATCATCTTTGGTTT
GAGATAAATGCGTCGTGGATT
GCTCACCTACTTCTTTGACAC

56
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[678,679], respectively. The entry plasmid pEnRD29A-LUC was prepared by inserting
an RD29A-LUC expression cassette (Ishitani et al., 1997) into pEntr2B (Life
Technologies, CA). pEnRD29A-PAP1 and pEnRD29A-CBF3 were prepared by
replacing luciferase ORF (LUC) with PAPI and CBF3 coding sequences, respectively.
A plasmid vector pFAJ3163 containing BAR gene was provided by Dr. Cammue, and
pFAJGW was prepared by replacing 355::GUS cassette with a gateway cassette. A
plasmid vector pMDC99 (Curtis and Grossniklaus, 2003) containing HPT gene was
provided by Arabidopsis Biological Resource Center. In order to prepare plant
transformation binary plasmids, pEnRD29A-PAP1 and pEnRD29A-CBF3 were
recombined using LR clonase (Invitrogen, CA) with pFAJGW and pMDC99,

respectively.

Plant growth conditions

For in vitro culture, surface-sterilized seeds were sown on media containing 1/4 x MS
salts, 0.5% sucrose and 0.8% agar. After stratification for 2-4 days plates were
incubated at 23°C for 7 days under the 16 hr light/8 hr dark cycle. For cold treatment,
plates then were moved to 4°C and incubated for additional 4 days.

For growth and induction of anthocyanin accumulation on soil, seeds were sown
directly on Metromix 366 potting media. After 2-4 days stratification, plants were
grown at 23°C for 3 weeks under the 16 hour light/8 hour dark cycle. For cold
treatment, plants were then moved to 4°C and grown for specified periods under the 16

hour light/8 hour dark cycle.
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Arabidopsis double transformation

Binary plasmids pMDC-CBF3 and pFAJ-PAP1 were transformed into Agrobacterium
tumefaciens GV3101 and ABI, respectively. Empty vector controls (pBIB-HYG,
pFAJ3163) were also transformed into Agrobacteria. In order to transform Arabidopsis,
bacterial suspensions were prepared in solution containing 5% sucrose and 0.03% Silwet
L-77. Mixtures (1:1) of suspensions were prepared in following combinations: [pMDC-
CBF3 and pFAJ-PAP1 (PC)], [pFAJ-PAP1 and pBIB (PB)], [pMDC-CBF3 and
pFAJ3163 (C3)], or [pBIB and pFAJ3163 (B3)] and applied to flower buds of
Arabidopsis wild type and cp/l-2 mutants. Resulting T seeds of eight genotypes were
harvested separately.

For selection of double transformants, first, hygromycin-resistant transformants were
selected on media containing 1/4 x MS salts, 30 pg/ml hygromycin B, 100 pg/ml
cefotaxim and 0.8% agar. Sixty lines of each selected genotype of T, plants were then
transplanted to the soil and sprayed with 30 pg/ml phosphinothricine to identify PPT®
transformants. Thirty T, double transformants of each combination were harvested and
subjected to Hyg" and PPT® selection again to obtain single copy T transformants. Ts
plants were tested again to identify transformants homozygous for both Hyg" and PPT®.
T4 plants that contained single copy T-DNA for both transgenes as homozygous state

were used for further analysis.



59

Gene expression analyses by RT-qPCR

Total RNA was isolated using Trizol reagent (Life Technologies, CA). RNA samples
resuspended in 50 pl were treated with 7.5 unit of DNase I (Qiagen, MD) for 60 min at
37°C, and re-purified with the RNeasy plant mini kit (Qiagen). Quantitative reverse-
transcription PCR (RT-qPCR) was performed as described previously. The absence of
genomic DNA contamination was confirmed using minus-reverse-transcriptase controls.
The data were processed as described previously. For screening of transgenic plants,
specific primer pairs for RT-qPCR analyses were: [Y888, Y889] for RD29A, [Y 882,
Y883] for PAP1 and [Y884, Y885] for CBF3. For time-course analyses, [ Y980, Y981]
for RD29A, [Y976, Y977] for PAP1,[Y978, Y979] for CBF3, [Y958, Y959] for PALI,
[Y960, Y961] for CHS, [Y968, Y969] for CHI, [Y962, Y963] for DFR, [Y970, Y971]
for F3’H, [Y1006, Y1007] for ANS, [Y996, Y997] for FLS1, [Y1000, Y1001] for FLS3,

[Y1002, Y1003] for UGT73B2, and [Y1004, Y1005] for UGT78D2.

Phytochemical identification and quantification by LC-MS
For spectrophotometric quantification of total anthocyanin content, one gram of leaf
samples were processed as described (Fuleki and Francis, 1968). The anthocyanin
contents were calculated as cyanidin-3-glucoside equivalent.

For LC-MS identification and quantification of separated anthocyanin peaks, one
gram of leaf samples were ground in liquid nitrogen, and extracted with five grams of
methanol: water: acetic acid (9:10:1) at 4 °C for 24 h in dark on shaker at 120 rpm.

Extracts were centrifuged at 10,000 g at 4 °C for 20 min. Supernatant was filtered with a
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0.45 pm nylon filter (Fisherbrand, Houston, TX) and 20 ul were injected into the LC-
MS. Individual compounds were identified based on retention time, UV spectra and
their mass per charge ratio using LC-MS as described previously (Tohge et al., 2005).
Chromatographic separations were performed in reverse phase with a 150 x 2.00 mm
Synergi 4u Hydro RP 80A column (Phenomenex, Torrance, CA) and a guard column of
the same chemistry. The mobile phase consisted of 1% formic acid in water (solvent A)
and HPLC-grade acetonitrile (solvent B) at a flow rate of 200 ul/min. Solvent gradient
started with 1% B, increasing linearly to 25% B at 20 min, reaching 55% B at 30 min
and 90% B at 31 min. Column was equilibrated for 10 minutes in between samples.
The LC-MS system consisted of a triple quadruple ion trap LCQ Deca XP Max
(Thermo Finnigan, San Jose, CA), a Surveyor P2000 quaternary pump, an autosampler,
and a UV 2000 PDA detector (Thermo Finnigan, San Jose, CA). Anthocyanins and
flavonoids were detected at 520 and 320 nm, respectively. Sample was delivered to the
MS by electrospray ionization (ESI). Mass spectrometry analysis were done in the
positive ion mode, with a mass range was 80-1500 m/z. The MS conditions were as
follows: 50 arb units sheath gas, 0 arb units auxiliary gas, temperature 275 °C, spray
voltage 4 kV, capillary voltage -21 V, and tube lens offset -60 V. Nitrogen was used as
the sheath gas and helium as the collision gas. MS* and MS® analysis were used during

the identification. Collision energy of 50% was used for the MS" analysis.



61

RESULTS

Designing osmotic stress inducible transcription factor cassettes

Toward the goal of on-demand phenylpropanoid production by exogenous stimuli, cold-
regulated PAPI overexpression cassette was prepared by placing PAP/ cDNA
downstream of RD29A4 promoter and TMV Omega sequence (Figure 3.1). In order to
enhance the efficiency of induction, an RD294-CBF3 effecter was prepared. Since
CBF3 binds to and promotes expression of RD29A4 promoter, RD294-CBF3 functions as
a cold-induced self-amplicon, which will feedforward the expression of RD29A4

promoter. Furthermore, the effecter has a protective function during the cold treatment.

Co-expression of RD29A4-PAPI and RD29A4-CBF3 was not sufficient to induce
anthocyanin accumulation

PAPI and/or CBF3 expression cassettes as well as vector control constructs were
introduced into wild type Arabidopsis thaliana plants. These lines were designated as
B3 (vector control), PB (RD294-PAPI only), PC (RD29A4-PAPI and RD29A-CBF3).
Plants containing single copy of each expression cassette were selected based on
hygromycin (for pMDC-CBF3) and Liberty resistance (for pFAJ-PAP1), and
homozygous T3 lines were identified. The homozygous lines were screened for the
transgene expression and anthocyanin contents before and after activation of RD294
promoter by cold stress (Table 3.2, Figure 3.2). Compared to the unstressed vector
control lines, cold-treated PB transformants (RD29A4-PAP1 only) expressed 7-10 fold

higher level of PAP1. Pyramiding RD29A4-CBF3 on top of RD29A4-PAP1 (PC lines)
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Figure 3.1. Constructs for double transformation.

RD29A-PAP1 construct was recombined with pFAJ vector carrying BAR resistant
marker gene and RD29A-CBF3 with pMDC vector harboring HPT gene. Double
transformation was performed using two constructs as well as different combination of

control vectors.
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Figure 3.2. Relative gene expression in PAP1 and CBF3 transgenic plants.

PAPI and CBF3 expression levels were assayed using double homozygous transgenic
T2 lines. ¢cDNA was prepared with total RNA from 7-day-old seedling at room
temperature (23°C) and from seedlings treated with low temperature (4°C) for 4 extra
days. Expression folds of each gene are shown relative to the levels of double vector
control line B3#25 grown at room temperature (23°C). Bars indicate standard errors.
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Table 3.2. Anthocyanin content measured as cyanidin-3-glucoside equivalents.

Plant extract was obtained from plants at 23°C for 3 weeks (middle column) and at 4°C
for extra 3 weeks (right column). Absorbance of clear extract was measured at both 535
and 700 nm, and the value was converted into cyanidin-3-glucoside amount. Standard
errors were shown in parentheses.

Anthocyanin (£std)
Line (ug cyanidin-3-glucoside/g fresh tissue)

23°C 4°C
B3#11 65 (7) 15 (10)
B3#18 79 (26) 37 (0)
B3#20 31 (10) 44 (2)
B3#25 21 (6) 51 (26)
B3#29 60 (24) 58 (2)
PB#3 56 (19) 18 (1)
PB#4 81 (13) 23 (0)
PB#8 149 (4) 31 (7)
PB#13 85 (12) 23 (10)
PB#15 71 (8) 39 (2)
PB#17 85(9) 22 (20)
PC#1 34 (3) 41 (19)
PC#2 58 (1) 33(12)
PC#3 13 (1) 70 (5)
PC#7 57 (22) 54 (26)
PC#9 95 (1) 37 (21)
PC#10 70 (1) Not detected
PC#14 56 (14) 51(11)
PC#26 40 (17) 61 (8)
PCepii#3 330 (3) 468 (13)
PC.u#8  455(0) 1371 (36)

PC i #21 523 (0.7) 929 (22)
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DRE > CBF3

Figure 3.3. Design of the three component inducible system.

PAPI transcription factor is placed downstream of a cold inducible RD29A promoter. In
order to have better elevation of PAP1 expression, a cold responsive transcription factor
CBF3 was also placed downstream of cold inducible RD29A promoter, to create a self
amplification loop. Upon cold stress, this feed forward cassette will exert its affect on
the same RD29A upstream of PAP1 as well. After the plants are grown big and healthy,
cold treatment can then be applied leading to the overexpression of PAPI and
hyperaccumulation of flavonoids.
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enhanced the PAPI expression level up to 200-fold over unstressed vector control plants,
indicating the RD29A4-CBF3 effecter indeed feedforwarded the RD294 promoter activity
(Figure 3.2A). Surprisingly, B3, PB and PC lines showed similar level of transcripts
encoding upstream phenylpropanoid pathway enzymes, such as PAL and CHS (data not
shown). Total anthocyanin contents (as cyanidine 3-glucoside equivalent) of PB/PC
lines were not substantially higher than vector control lines even after cold treatment for

3 weeks (Table 3.2).

Three-component system with cp/2-1 background induced anthocyanin production
under low temperature

It’s conceivable that the lack of anthocyanin accumulation in PB and PC lines was due to
insufficient level of PAP1 expression even after cold-induction. To increase the
efficiency of cold induction, the third component, cp//-2 mutation were incorporated.
Arabidopsis host plants with ¢pl/l-2 mutation, which could induce RD294 promoter up
to 10 fold higher than wild type, was used as a recipient of the RD294-PAP1 and
RD29A4-CBF3 transgenes (Figure 3.3). These lines and vector control lines were
designated as PC.,;; and B3,,;, respectively, and homozygous plants were selected.
During the selection, a high frequency of PC,,;; lines with spotty pigmentations on the
leaf surface was observed. Microscopic observations showed that these spots were
trichomes accumulating anthocyanin pigments (Figure 3.4). Partial coloration was
observed in leaf veins as well. Some individuals show high level of pigments in entire
plant bodies and grew very slowly, which were not included in further analyses. RT-

qPCR analyses indicated that 2 days cold treatment induced PAPI up to 950-fold in
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Figure 3.4. Purple pigments on non-treated plants.

Purple pigments were only observed in PCcpl/1-21 plants under normal growth condition
(23°C) for three weeks, but not in double homozygous transgenic B3¢pli-12 (control)
and. Scale bars are ] mm in A, C, E and F, and 50 pm in B and D.
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Figure 3.5. Pigmentation hyperaccumulation upon cold treatment.

Purple pigments in double homozygous transgenic B3,;;#/2 (control) and in PC,,;;#21
plants under normal growth condition (23°C) for three weeks as well as cold treatment
(4°C) for an extra of three weeks. Scale bars are 1 cm.

68
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PC,; line over the vector control lines (Figure 3.2). Total anthocyanin analyses showed
that PC,,;; plants accumulated up to 30-fold more anthocyanin than vector control plants
did (Table 3.2). The levels of anthocyanin produced in PC,,;; lines were comparable to
the level produced in constitutive overexpression of PAPI by CaMV 35S promoter
(Tohge et al., 2005). These results indicate that the three-component system is
necessary to induce anthocyanin biosynthetic pathway above the threshold level. Since
PC,y; line 21 consistently induced PAP/ and anthocyanin to high level, this line was
used for further analysis. For negative control purposes, double vector control plants

(B3) in ¢pl/1-2 background were selected.

Gene expression profile of three-component transgenic plants during cold
activation

In order to understand the efficiency of the cold-inducible three-component system, a
time course of gene expression was determined during a long-term cold induction.
Three-week old PC,,;; and B3,,;; plants were exposed to 4°C for up to additional 3
weeks. Cold treatment greatly enhanced the purple pigmentation accumulation in PC,,;
line, especially in newly developed rosette leaves near the center meristem (Figure 3.5).
Cold treatments longer than 3 weeks induced senescence of plants and therefore were
not included in the analysis. To determine the effect of PAPI overexpression on
anthocyanin biosynthesis pathway genes, expression of the transgenes were analyzed, as
well as some rate limiting genes in overall flavonoid biosynthesis pathway where

flavonol synthases branch out both kaempferol and quercetin production from
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Figure 3.6. Summary of the flavonoid biosynthesis pathway.
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Figure 3.7. Relative gene expression in PC,,;; #21 and B3.,;; #12 lines under different
length of cold treatment determined by qRT-PCR.

cDNA was prepared with total RNA from shoots of 3 week old plant leaves grown at
room temperature (23°C) and from plants treated with low temperature (4°C) for
addition 2 days, 1 week, 2 weeks and 3 weeks. Expression folds of each gene were
shown relative to the levels of double vector control line B3¢p//-12 grown at room
temperature (23°C). Bars indicate standard errors. PAL1: phenylalanine ammonia lyase,
CHS: chalcone synthase, CHI: chalcone isomerase, F3’H: flavonoid 3’-hydroxylase,
DFR: dihydroflavonol reductase, ANS: leucoanthocyanidin dioxygenase, FLS1: flavonol
synthase 1, FLS3: flavonol synthase 3, UGT73B2: UDP-glucosyltransferase 73B2
(flavonol 3-O-glucosyltransferase activity), UGT78D2: UDP-glucosyltransferase 78D2
(anthocyanidin 3-O-glucosyltransferase).
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anthocyanin pathway and can affect the downstream anthocyanin accumulation
accordingly (Figure 3.6). In PC,,;, expression of CBF3 and PAP] reached their highest
levels (1602 fold and 37 fold, respectively) after 2 days and slowly declined after 1 week
(Figure 3.7A). After 3 weeks of cold treatment, the PAPI level was similar to that of
vector control plants. Expression of PAL was induced both in cold-treated PC,,;; and
B3, plants, albeit PC,,;; plants showed slightly faster response and higher expression
level (Figure 3.7B). Genes that lead to anthocyanin biosynthesis, such as CHS, CHI,
F3’H, DFR, and ANS were all expressed higher in cold-treated PC,,; plants (Figure
3.7C). In contrast, cold treatment induced expression of synthase (FLS1) and flavonol
glucosyltransferases (UGT73B2) both in PC,,; and B3,,; plants to the similar levels
(Figure 3.7D). These results indicated that the three-component system effectively
activated anthocyanin biosynthesis pathway, whereas cold treatment itself induced
flavonol biosynthesis pathway genes independent of the three-component system. In
addition, gene expression data indicated that induction of anthocyanin biosynthesis

pathway persisted until plants start to senesce after three weeks of cold treatment.

Identification of hyperaccumulated flavonoid compounds by LC-MS

In PC,,; plants, cold induction of phenylpropanoid pathway genes were accompanied
with accumulation of anthocyanin pigments throughout the aerial part of plant bodies,
indicating that the cold-induction system indeed increased biosynthetic capacity of
flavonoids in transgenic plants. In order to determine whether anthocyanins

phytochemicals produced via the three-component system are similar to those produced
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by constitutive overexpression of PAP1, profiles of anthocyanins and other flavonoids
produced in transgenic plants were analyzed. Phytochemicals were extracted from 3
weeks old PC,;; and B3,,; plants grown at room temperature (23°C) and plants with
three extra weeks of cold treatment (4°C). Putative flavonoid compounds were
identified by their molecular mass, their UV-visible absorption spectra in LC and their
fragmentation patterns by MS-MS, which were compared to the reported profiles. The
order of the compound eluates was also taken into consideration of their identification.

A total of five anthocyanin (cyanidin derivatives) (A5, A8-A11) have been identified
in PC,,; plants after three weeks of cold treatment (Table 3.3). The nomenclatures for
the numbers after letter A were consistent with previous reports on PAPI overexpression
plants (Tohge et al., 2005; Rowan et al., 2009; Li et al., 2010; Shi and Xie, 2010).
Amount of each compounds were determined as cyanidin-3-glucoside equivalent.
Among the five anthocyanin compounds detected at 520nm in cold induced PC,,;; plants
(Table 3.3), A11 was the most abundant, accounting for 62-63% of the total
anthocyanins under cold treatment. A1l1, which contains 3 acyl moieties and 4
glycosides, is also the most highly modified among the identified anthocyanins.

Several kaempferol and quercetin derivatives were also identified in this study in cold
treated PC.,;; #21 (Figure 3.8). At 21.91 min, F1 was eluted. F1 had a molecular mass
of 579 (positive mode) and gave two daughter ion with an m/z of 287 and 433.
Compared with the published HPLC/PDA chromatograms of PAP1 overexpression

Arabidopsis, F1 could be Kaempferol 3-O-rhamnoside 7-O-rhamnoside. At 19.21min, a



Table 3.3. Compound identification by LC-MS.
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Plant extract was obtained from PC,,;#21 lines grown at 23°C for 3 weeks and at 4°C
for extra 3 weeks. Filtered extract was analyzed via LC-MS. MS2 and MS3
fragmentation were performed to identify the daughter ions.

Compound Mmax (Hl}iil) [M+H]" Fr?ﬁ:‘_‘;ﬁ?on

Cyanidin 3-O-[2"-O-(xylosyl) 6"-O-(p-

A8 O-(glucosyl) p-coumaroyl) glucoside] 282,523 17.55 1137 889 535 287
5-0-[6""-O-(malonyl) glucoside]
Cyanidin 3-O-[2"-O-(2"-O-(sinapoyl)

A10 xylosyl) 6"-O-(p-O-(glucosyl) p- 280,532 18.27 1257 1095 449 287
coumaroyl) glucoside] 5-O-glucoside
Cyanidin 3-O-[2"-O-(6"-O-(sinapoyl)
xylosyl) 6"-O-(p-O-(glucosyl)-p-

All C(-‘)/umzroyl) olurosi deg] 5_016,,,,_0_ 284,535 18.91 1343 1095 535 287
malonyl) glucoside

gy Kaempferol 3-O-thamnoside 7-0- ¢4 336 9091 579 433 287
rhamnoside
Cyanidin 3-O-[2"-O-(xylosyl)-6"-O-(p-

AS coumaroyl) glucoside] 5-O- 303,525 21.24 975 727 535 287
malonylglucoside
Cyanidin 3-O-[2"-O-(2"-O-(sinapoyl)

Ay XYlosyD) 6™0-(p-O-coumaroyl) 298,532 22.58 1181 993 535 287

glucoside] 5-O-[6""-O-(malonyl)
glucoside]
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Figure 3.8. Plant flavonoid profiling by HPLC/PDA chromatograms.

PC.,;#21 and B3,,,/#12 plants were grown under normal growth condition (23°C) or
additional 3 weeks of cold treatment (4°C). AS, A8-Al1 stands for cyanidin
derivatives, as listed in Table 3.3. A4 and A7 were speculated as cyanidin 3-O-[2"-O-
(2"-O-(sinapoyl) xylosyl) glucoside] 5-O-glucoside, and cyanidin 3-O-[2"-O-(2"'-O-
(sinapoyl) xylosyl) 6"-O-(p-coumaroyl) glucoside] 5-O-glucoside. F1, F2 and F3 were
speculated as kaempferol 3-O-rhamnoside 7-O-rhamnoside, kaempferol 3-O-glucoside
7-O-rhamnoside, and kaempferol 3-O-[6"-O-(rthamnosyl) glucoside] 7-O-rhamnoside.
F5 and F6 were speculated as quercetin 3-O-glucoside 7-O-rhamnoside, and quercetin 3-
O-[6"-O-(rhamnosyl) glucoside] 7-O-rhamnoside. All these speculation about cyanidin
derivatives, kaempferol glycosides and quercetin glycosides are according to their order
of elution, spectrum, molecular mass, and partial fragmentation pattern information in
accordance with references.
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compound with an m/z of 595 was eluted. Because the fragmentation pattern of this ion
couldn’t be obtained, F2 could be a kaempferol derivative, kaempferol 3-O-glucoside 7-
O-rhamnoside, or a quercetin derivative, quercetin 3-O-rhamnoside 7-O-rhamnoside.
It’s assigned as F2, due to the assumption that it’s more likely being a kaempferol
derivative, as other major speculated kaempferol derivatives are cold inducible in both
vector control lines and PC,,; lines (Figure 3.8). F3, eluted at 16.95 between the
peaking containing F6 and peak A8, had a molecular mass of 741, was hypothesized as
kaempferol 3-O-[6"-O-(rthamnosyl) glucoside] 7-O-rhamnoside, in accordance to
previous publication. F5, with an m/z of 611, could be quercetin 3-O-glucoside 7-O-
rhamnoside, but with the limited amount of F5, clear fragmentation pattern couldn’t be
acquired. F6, on the other hand, represented a mixture of at least two compounds. One
of the mixtures, with an m/z of 757, could be quercetin 3-O-[6"-O-(rthamnosyl)
glucoside] 7-O-rhamnoside. However, better separation of the peaks is necessary to
fully evaluate the peak composition and quantity of the quercetin derivatives.

Given the same injection amount of the extraction from 4 different samples, at 520
nm, only small amount of A11 were accumulated in uninduced BC3,,;; plants (Figure
3.8). At 320 nm, minimum amount of F1, F3 and F6 formed peaks in LC
chromatograms. Cold treatment greatly induced hypothetical kaempferol derivatives
(F1, F2, F3), but had little effect on anthocyanin accumulation. Cold treatment also
moderately induced hypothetical quercetin F6, and F5 started to form a peak. PAPI
overexpression in PC,,;; plants specifically induced anthocyanins (A8, A11, AS and A9)

and quercetin derivative F6 compared with B3.,;; plants. However, PC,,;; plants had
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similar hypothetical kaempferol amounts (F1, F2, and F3) as B3.,;; plants. This agreed
with the expression profile of anthocyanin biosynthesis pathway genes (Figure 3.7).
However, major anthocyanins A8, A11, and A5 were most accumulated in the three
component inducible system after the cold stimulus. Synergistic effect of both PAP1

overexpression and cold treatment on quercetin (F5 and F6) was observed.

DISCUSSION

Inducible production of phytochemicals is a strategy commonly used in industrial
culturing processes, however, the concept has not been widely adapted in genetic
engineering of plant metabolism. In this study, cold induction was chosen to activate
production of subset of flavonoids and regulate anthocyanin production. Compared to
the anthocyanin profile obtained from previous constitutive overexpression (Tohge et al.,
2005; Rowan et al., 2009), the amount of individual anthocyanins in cold treated PC,,;;
was up to 5 fold higher (Figure 3.8 and 3.9). This was similar to the level obtained
when pap1-D plants were exposed to light stress (Shi and Xie, 2010). These
observations indicated that ectopic PAP1 expression did not fully activate the all rate
limiting step of anthocyanin biosynthesis, and further activation of phenylpropanoid
pathway require additional environmental signals. In this case, cold treatment induced
kaempferol biosynthesis both in B3,,;; and PC,,;; plants, albeit PC,,;; plants produced
less kaempferol and more anthocyanins and quercetins upon cold treatment. Apparently,
cold treatment in PC,,;; induced a sufficient metabolic flow to dihydrokaempferol, for

which F3’H successfully compete with FLS. This contrasts with the case of isoflavone
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synthase overexpression, where isoflavone was overproduced only when competing
pathway was turned off (Lozovaya et al., 2007). It has been proposed that flavonoid
pathway enzymes form supercomplex and channel metabolites (Sweetlove and Fernie,
2005). Perhaps, sufficient amount of native F3’H, which were induced by PAP1, can
associate with the complex even in the presence of FLS. At the downstream, in contrast,
FLS successfully competed with DFR and produced quercetin. The resulting
phytochemical profile showed higher level of anthocyanins, kaempferols, and
quercetins. This contrast with the case of pap/-D, in which anthocyanin accumulation
was accompanied with substantial decrease of kaempferols and only small amount of
quercetin was produced (Tohge et al., 2005).

In this system, it was necessary to have all three components and cold induction to
produce large amount of anthocyanins and flavonoids. Plants with only two components
did not produce anthocyanins more than control plants. Indeed, although the PAP1
expression levels of some cold-induced PC plants and uninduced PC,,;; plants were
similar, only uninduced PC,,; plants showed elevated anthocyanin accumulations. It’s
conceivable that these differences were caused by different expression levels of PAPI in
each cell. Perhaps, although cold-induced PC plants and uninduced PC,,;; plants showed
similar total PAP1 mRNA levels, distribution of PAP1 transcripts are different between
these plants. PAP1 expression likely is more restricted to specific tissues, such as
trichomes, in uninduced PC,,;; plants, whereas lower but even expression occurs in cold-
induced PC plants. Such difference could render above-threshold level PAP1 expression

in some uninduced PC,,; tissues but not in cold-induced PC plants.
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In conclusion, three-component system consisting of RD29a-PAP1, RD29a-CBF3,
and the cpll mutation was shown to effectively enhance specific anthocyanin
accumulation. Expression of PAPI using inducible three-component system can
minimize severe vegetative growth inhibition caused by the constitutive expression of
transgenes. Unlike several inducible systems, such as dexamethasone inducible system,
the three component system described here do not require any constitutive expression of
the system components, therefore, expected to be more resistant to gene silencing. Since
cpll mutation can enhance expression of other inducible promoters in addition to
osmotic stress pathway genes (Koiwa et al., 2004), the three-component system with

¢pll are applicable for other inducible promoter-transcription factor combinations.
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CHAPTER 1V

CONCLUSIONS

Plant CTD phosphatases have very important roles in RNA polymerase II transcription
regulation. The first section of this project focused on understanding the biochemical
and biological function of the small SCP1 family proteins and describing the
phosphorylation status of the CTD heptapeptide arrays at different stages of transcription.
Ubiquitously expressed and highly homologous SSP isoforms exhibited different
subcellular localizations. Notably, recombinant SSP proteins showed highly specific
CTD phosphatase activities with distinct Ser-POy position preferences. SSP4 and SSP4b
had both Ser2-PO,4 and Ser5-PO4 phosphatase activity while SSP5 was only capable of
Ser5-PO4 dephosphorylation. Previous to these results, no Ser2-specific CTD
phosphatase activities had been reported and complement the current knowledge in plant
transcription elongation processes. This system will be essential to produce active
recombinant SSPs for further dissection of substrate specificities in SSP family members
and the mechanism contributing to those specificities.

Phenotypic abnormality in ssp5 and ssp4 ssp4b ssp5 mutants is relatively mild under
stress, thus other phosphatase mutants with obvious phenotypes could provide deeper
knowledge when used as a platform to study plant inducible gene expression systems.
To study this, a single-component self-activation loop of RD294-CBF3 in plant CTD
phosphatase mutant cp//-2 background was shown to sufficiently induce expression of
CBF3 and cold-tolerance phenotype specifically under low temperature. RD29A4-PAP1

was selected as another component that induces anthocyanin hyperaccumulation and that
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can easily be monitored. The results show that a three-component system using a native
plant promoter is capable of promoting high expression of transgenes upon induction
without compromising normal plant growth and development, resulting in enhanced
performance of engineered plants.

Compared with constitutive overexpression systems, the proposed three-component
system is capable of producing a unique profile of phytochemicals, featuring higher
anthocyanin accumulations. Improved separation of plant extracts and enhanced
daughter ion signals from fragmentation would provide better understanding of the
kaempferol and quercetin profile of PC,,;; plants, especially upon cold treatment. It is
highly possible that this system and its variants will be valuable tools that contribute to a
broad range of activities, such as metabolic and physiological engineering, and

heterologous protein expression strategies for plant environmental responses studies.
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