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ABSTRACT

In eukaryotic organisms, polyubiquitination is the modification of a protein with polymerized
ubiquitin (Ub) chain. This process is well known for its function in targeting proteins for
degradation by the 26S proteasome. However, a polyUb chain assembled through the lysine
63 residue of the Ub moiety (Lys63-linked polyubiquitination) has been shown to play a
signaling role rather than targeting proteins for degradation. In plants, the functions of
Lys63-linked polyubiquitination are currently not well understood.

Ub-protein ligase (E3) catalyzes the last step in the ubiquitination reactions, and to a large
extent it also determines the substrate specificity of protein ubiquitination. In order to study
the roles of Lys63-linked polyubiquitination in plants, two E3s of Arabidopsis thaliana,
proteins encoded by AtCHIP and Atlg74370 (tentatively named E3-Al), were chosen for
functional studies, since they interacted with AtUbcl3A protein. Sequence analysis showed
that AtCHIP is the only member in the family. A T-DNA insertion mutant line (Atchip-1) was
obtained to study the AtCHIP gene knock-out effect. The mutant line was grown in normal
conditions and further tested in a variety of conditions: hormonal treatments, osmotic stress,
seed deterioration, high temperature stress, high-intensity light stress, oxidative stress and DNA
damaging stress. However, no clear difference was observed between the mutant and wild
type plants based on the several parameters measured. Sequence analysis of E3-Al indicated
two closely related proteins, tentatively named E3-A2 and E3-A3. As E3-Al and E3-A2
appeared to share more sequence similarity, RNA interference (RNAI) transformants, with the
level of transcripts for either of the two E3-A genes reduced by over 90% were generated.
Selected RNAI mutant lines for E3-Al and E3-A2 were crossed with each other, and double
RNAI mutants were obtained.  However, no distinct phenotype was detected under normal,
high-sucrose or hormonal conditions for either single or double RNAI lines.

Although various assays did not reveal a significant phenotype in the mutants in this study,



the materials generated and the assays used will benefit a wider range of phenotypic survey in

the future.



ACKNOWLEDGEMENTS

First of all, I would like to express my sincerest gratitude to my supervisor Dr. Hong Wang, for
offering me this invaluable opportunity to study and research on this project, for his patience
and persistence throughout my entire M.Sc. program, especially his guidance in every single
experiment, on data handling, and more importantly, his instruction on scientific thinking. He
encouraged and challenged me to become a better researcher for which |1 am forever grateful.
I am also thankful for the guidance received from my co-supervisor Dr. Wei Xiao, and for
reviewing my project and providing me with important comments and advice.

| would like to thank my advisory committee, past and present, Dr. Stanley Moore, Dr.
Michele Loewen, Dr. Ramji Khandelwal, Dr. William Roesler for their advice and evaluation on
my thesis project. And I also would like to thank Dr. Peta Bonham-Smith for being my external
examiner.

I would like to especially thank Dr. Xianzong Shi from Dr. Hong Wang’s laboratory for
helping with the preparation of bacteria constructs and plant transformation. With gratitude |
also thank Dr. Rui Wen from Dr. Wei Xiao’s laboratory for the preliminary work on
AtUbc13A-AtCHIP protein interaction assays. | also appreciate the countless times of help
and encouragement from Mr. Yan Cheng, a former member in Dr. Wang’s laboratory, and Mr.
Sheng Wang from Dr. Xiao’s laboratory.

| also gratefully acknowledge the monetary support from the College of Graduate
Studies and Research, the College of Medicine, and the Department of Biochemistry at the
University of Saskatchewan.

In conclusion, | would like to give a special thanks to my beloved parents and friends: to
my parents, Guiming and Liya Qian, for their immeasurable love and care during my studies
overseas, and to my friends Cameron and Josephine Janzen, Gerald and Shirley Falk, Ning Cao
and many other friends from my Christain fellowship who always built me up, especially as |

encountered obstacles in my studies and in other parts of my life.



TABLE OF CONTENTS

PERMISSION TO USE ...t [
A B S T R A T ettt ettt h et bt e R e bt e he e b e e b e et e e nae e enbeenree s I
ACKNOWLEDGEMENTS ...ttt be e iv
TABLE OF CONTENTS ..o %
LIST OF TABLES ..ottt bbb et e et et e e sae e beeaneas IX
LIST OF FIGURES. ... .ottt bbbt sttt e nae e beenree s X
LIST OF ABBREVIATIONS . ...t Xii
1 INTRODUCTION ..ottt bbb bbb e e be e be e saeeanes 1
1.1 UDIQUITIN SYSTEIM ..ottt 1
111 The UbIqQUItin Protein .......cccoiiiiiicie ettt 1
1.1.2  UDIqQUItiNation REACTION. .......cviiiiiiiiiiiiiiieieeie e 2
1.1.3  Different Types of UDIQUITINGTION ........cooiiiiiiiiieseieeeee e 4
1.1.4  The Ubiquitin-Proteasome System (UPS).........cccoiiiiiiiiiiicie e 7

1.2 Major Classes OF E3 LIGASES.......ciiiiiiriiriirieiieieie ettt 9
121 RING-TYPE EBS oo 10
122 U-BOX-TYPE E3S ittt b e nnnee s 13
A T = (o P Y T-Y =5 OO 14

1.3 Lys63-Linked Polyubiquitination .............ccocuiiiiiieiii e 16
1.3.1  General Features of Lys63-Linked Polyubiquitination ..............ccccccovviiiiiieennnnn, 16
1.3.2 E2and E3 Enzymes in Lys63-Linked Polyubiquitination .............cc.ccooevviinnennnn, 17



1.3.3 Involvement of Lys63-Linked Polyubiquitination in Cellular Functions.............. 18

1.3.3.1  DINA REPAI....cuiiiiiieeie sttt et ra et e e e reeaesnaesreenreenes 18
1.3.3.2  Endocytosis and Intracellular Protein Trafficking .........c.ccccoovvvveviiinivennen 21
1.3.3.3  KiNASE ACHIVALION ....o.viiiiiiiiciieieee e 23

1.4 The Ubiquitin System in Arabidopsis thaliana ............cccccceveiiiiiiii i 25
1.4.1  Arabidopsis thaliana as a Model SPECIES..........cccvveviveiiiie i 25
1.4.2  Characterization of the Ubiquitin System in Arabidopsis .........cccooovverieriiinnnennen, 26
1.4.3  Ubcl3-Uev E2 Conjugating Enzyme in ArabidopsiS........ccccovereriveieeieieeiieernene 28
1.4.4  Significance of Studying E3 ligases in ArabidopsiS..........cccocveveiieieeneiiieieeenene 29
1.5 Functional Roles of Example E3 Ligases in ArabidopsisS.........ccccevererenereneneninennenns 29
151  Co-Chaperone AtCHIP ........ccoiiiee et 29
1.5.2 RGLG in Regulating Apical DOMINANCE...........cccccvveiieiieiie e 31
1.5.3  SCF™ and Auxin SIGalling ...........coovverveeeeiereeieseessesesseeesssi s 32
LG @ o1 =Tt Y= RSP PS 33
2  MATERIALS AND METHODS ...t 35
2.1  Plant Materials and Growth ConditioNS............cccoeiiiiiriniiieee e 35
2.2 Sequence Analysis and Domain PrediCtion ...........ccccoeiieiieiesic s 35
2.3 Plant GenomiC DNA EXIraCtiON .......ccociiiiiiiiiiiiieisesiee e 36
2.4 Polymerase Chain Reaction and DNA Gel Electrophoresis...........ccocveeviiiiiiiniinnnenn 36
2.5 Total RNA Isolation and RT-PCR .........cccoiiiiiiiiieeee e 37
2.6 Plant TransSformMation..........ccooiiiiiiiii e 38
2.7 Plant PRENOLYPIC SUMVEYS .....cuiiiiiiiiiiiiieiieee ettt 39



2.7.1  Parameter MEASUIBIMENTS. ... ... eee et e e e e et e e et e e e e eeeeeeeesaaaeeeeereennnens 39

2.7.2  Hormonal Treatments and Osmotic Stress Tolerance...........ccocoeeevreneiienenennnn, 40
2.7.3  SEEA LONQEVILY .eouiieie sttt ettt et esra e neene e reenne e 41
2.7.4  THhermal TOIEIaNCE .......cooiiiiii et 41
2.7.5  High-intensity Light Treatment ..o 42
2.7.6  OXIOALIVE SIIESS....c.eiuiiiiitiieiisie ettt nr e 42
2.7.7 DNA DamMage TOIEIANCE........cciiirieiieieeieie ettt 42
RESULTS Lttt e st e e e nae e b e et e e nn e e nneesnns 43
3.1  Functional Characterization of AtCHIP ... 43
3.1.1  AtCHIP Protein Sequence ANAIYSIS ........cccooiiiriiininieieie e 43
3.1.2  Confirmation of T-DNA Insertion of Atchip-1 Mutant..............ccccccovvveviiiieiienenn, 45
3.1.3  Phenotypic Characterization of Atchip-1 Mutant.............cccccovveviiiieievieece e, 46
3.1.3.1 Hormonal Treatments and Osmotic Stress TOlerance ...........ccocevrvrivrieinennnn 47
3.1.3.2  SEEA LONQEVILY ...ocuiiieieiee ettt et 54
3.1.3.3  Thermal TOIEIaNCE. .......cceoiiiiiiiiscsee e 59
3.1.3.4  Light Intensity TreatmMent..........ccooiviiiiiineiese e 61
3.1.3.5  OXIAAtiVE SIFESS ....eiuiiiiieieeieit ettt 63
3.1.3.6 DNADamMAage TOIEIANCE .......ccueiieiiieiieeiecteecte et 65
3.2  Characterization of At1g74370 (E3-Al) and At1g69330 (E3-A2) Genes.........ccovenee. 67
3.2.1  Sequence Analysis of Putative E3-A Proteins........c.ccccevveeiieiiiesiie e 67
3.2.2  Screen for RNAI Down-Regulation Lines of E3-Al and E3-A2 Genes............... 69
3.2.3  Obtaining Double RNAI Lines of E3-Al and E3-A2 GENES ........ccccevervveeeiieennnn. 71



3.2.4  Phenotypic Characterization of E3-Al and E3-A2 RNAI liNeS........cccccvevvvivennene. 72

3.25 Identification of “Stem-Fusion” Phenotype on E3-A2 RNAI Transformants ....... 75

3.3 Summary of PhenOtypiC SUIVEYS........ocviiieiece et 76

A DISCUSSION....ceeetieiie ettt b e bt bt et e e bt eeab e e abe e s nbeesbeeeteesaneenees 79
4.1  AtCHIP and Protein Quality CONtrol...........ccovioiiiiiece e 79
4.2 AtCHIP and Homeostasis of Chloroplast Protein TUOVEr ...........ccccvevevievieeieieenenn, 82
4.3  Other Potential FUNCtions of ATCHIP .........ccoiiiiiii e, 83
A4 E3-AFAMIY .ottt 84
4.5  Phenotypic Analyses of A. thaliana.............cccooveiiiiiieiie e, 85
4.6  General Discussion and FUTUIre WOTK ..........ccooeiiiiiiiiiiiiecee e, 87
APPENDICES ...ttt 90

viii



Table 1.1
Table 2.1
Table 3.1
Table 3.2
Table 3.3

LIST OF TABLES

An overview of major protein domains carrying E3 catalytic activity
Oligonucleotide primers for PCR

Predicted domains within sequences of E3-A proteins

Phenotypic surveys for Atchip-1 mutant line

Phenotypic analysis of E3-Al and E3-A2 RNAI transformants

10
37
69
77
78



Figure 1.1
Figure 1.2

Figure 1.3

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12

Figure 3.13

LIST OF FIGURES

Ubiquitination reaction
Roles of Lys-63 linked polyubiquitination in DNA damage response

Lys63-linked polyubiquitination is involved in kinase activation in
NF-«B signalling pathways

Domain information and sequence analysis of AtCHIP protein

Insertion site and gene expression analysis of a AtCHIP T-DNA mutant
Atchip-1

Phenotypic survey of Atchip-1 mutant plants in response to hormonal
and sucrose treatments

Phenotype of Atchip-1 mutant
Analysis of seed germination and cotyledon greening

ABA treatment analysis of Atchip-1 and control lines grown under
identical conditions

Seed longevity analysis of Atchip-1 mutant and wild type lines

Comparison of seed longevity of two pairs of seed lots between Atchip-1
and the wild type

Comparison of seed longevity of three pairs of seed lots between
Atchip-1 and the wild type

Analysis of basal thermal tolerance
Analysis of acquired thermal tolerance
Plant morphologies under normal and high-intensity light conditions

Phenotypic survey of Atchip-1 under oxidative stress

19

24

43

46

48
49

50

52
55

56

58
60

61

62

64



Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Phenotypic survey of Atchip-1 following DNA damaging treatments
Sequence analysis of E3s that are closely related to Atlg74370 (E3-Al)
Transcripts of E3-A genes in RNAI transformants analyzed by RT-PCR

Down-regulation of E3-Al and E3-A2 in hybrid RNAIi plants (F1
generation)

Phenotypic survey of E3-Al and E3-A2 RNAI lines in response to
hormonal treatments and osmotic stress.

Analysis of seed germination of RNAI lines, wild type line and unrelated
T-DNA mutant line as control

Morphology of “stem fusion” plants

66

68

71

72

73

74
76

Xi



LIST OF ABBREVIATIONS

ABA abscisic acid

ABRC Arabidopsis Biological Resource Center

AD activation domain

AFB auxin signaling F-box protein

APC anaphase-promoting complex

ARF auxin response factor

At Arabidopsis thaliana

ATM ataxia telangiectasia mutated

BARD1 BRCAZ1-associated RING domain protein 1
BD DNA binding domain

BRCA1 breast and ovarian cancer type 1 susceptibility protein
BRCC BRCA1/2-containing complex

CHIP carboxyl terminus of Hsc70-interacting protein
CP core particle of 26S proteasome

DSB DNA double strand break

DUB deubiquitinating enzyme

El ubiquitin activating enzyme

E2 ubiquitin conjugating enzyme

E3 ubiquitin-protein ligase

E6-AP human papilloma virus E6-associated protein
EGFR epidermal growth factor receptor

ESCRT endosomal sorting complex required for transport complex
F1 First filial generation plants from the cross
FBP F-box protein

xii



GAP
GST
HECT
HPV
Hsc70
Hsp70
Hsp90
IAA
IBR
IKK
KN
LRR
MDC1
MeJA
MMS
MRN
MS
MVB
NAA
NASC
NEDDS8
NEMO
NF-xB
PCNA
PCR
PP2A

general amino acid permease
glutathione S-transferase

homology to E6AP C-terminus
human papilloma virus

heat shock protein cognate 70
heat-shock protein 70

heat-shock protein 90

indole-3-acetic acid

in-between ring-finger

IxB kinase

Kinetin

leucine-rich-repeat

mediator of DNA damage checkpoint protein 1
methyl jasmonate

methylmethane sulfonate
MRE11-RAD50-NBS1

Murashige and Skoog basal salt
multivesicular body
naphthaleneacetic acid

Nottingham Arabidopsis Stock Centre
neural precursor cell expressed, developmentally downregulated 8
NF-xB essential modulator

nuclear factor kB

proliferating cell nuclear antigen
polymerase chain reaction

protein phosphatase 2A

Xiii



RAD
RAP80
RBR
RGLG1
RGLG2
RING
RIP
RLD
RNF
RNAI
RP
RTK
RT-PCR
SA
SCF
Skpl
SRS
SUMO
TAB2
TAIR
TAK1
TIR1
TLS
TPR
TRAF
Ub

radiation (repair genes)

RAPB80, receptor-associated protein 80
RING-IBR-RING

RING domain Ligase 1

RING domain Ligase 2

really interesting new gene

receptor interacting protein

regulator of chromosome condensation 1-like domain
RING finger protein

RNA interference

regulatory particle of 26S proteasome

receptor tyrosine Kinase

reverse transcriptase mediated polymerase chain reaction
salicylic acid

skpl-cullin-F-box protein
S-phase-kinase-associated protein-1
suppressor of RAD6

small ubiquitin-like modifier

TAK1-binding protein 2

The Arabidopsis Information Resource
transforming growth factor S-activated kinase 1
transport inhibitor response 1

translesion synthesis

tetratricopeptide repeat

TNF receptor-associated factor

ubiquitin

Xiv



UBA
UBC
uBD
UBE1
UBL
UEV
UFD
uiM
UPS
uv
WT
WW

ubiquitin-associated domain
ubiquitin conjugating domain
ubiquitin-binding domain
ubiquitin-activating enzyme E1
ubiquitin-like protein

Ubc enzyme variant

ubiquitin fusion degradation
ubiquitin-interacting motif
ubiquitin-proteasome system
ultraviolet

wild type
tryptophan-tryptophan domain

XV



1 INTRODUCTION

1.1 Ubiquitin System

Ubiquitin (Ub), a 76-amino-acid-residue protein, is ubiquitously present in all examined
eukaryotic species (Jentsch, 1992; Smalle and Vierstra, 2004). It functions as a
posttranslational tag on another protein in a form of monomer or polymer (polyUb chain), and
thereby directs the tagged protein to certain cellular processes. This covalent attachment of
Ub monomer or polymer to the target protein is a well-known process called ubiquitination
(ubiquitylation). The initial discoverers of Ub as an inducing signal for protein degradation
were awarded the Nobel Prize in Chemistry 2004, and this pathway has been well studied for
over three decades (Hershko and Ciechanover, 1998; Jackson, 2006). However, eukaryotes
employ protein ubiquitination to function more than directing the proteasome-mediated protein
degradation, and increasing attention has been paid to the proteasome-independent pathways in
recent years (Haglund and Dikic, 2005; Komander, 2009). In addition, through a process
called deubiquitination Ub modification can also be removed and a polyUb chain can be
disassembled (Hershko and Ciechanover, 1998). Therefore, protein ubiquitination can be
more widely considered as a reversible signaling system that regulates various cellular signaling

networks.

1.1.1 The Ubiquitin Protein

Ub is translated from a gene family that codes for fusion precursors. These genes can be
divided into two categories: polyUb genes in which multiple Ub-coding units are connected
head-to-tail, or Ub-fusion genes in which a single Ub-coding region is next to the 5* end of a
different coding region (Callis et al., 1995). The number of Ub-coding units in polyUb genes

varies (in the case of the plant Arabidopsis thaliana 3, 4, 5 and 6 repeating units were found)
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(Callis et al., 1995), and in Ub-fusion genes the region connected to 3’ end of Ub-coding unit
encodes ribosomal proteins or the Related to Ub (RUB)-1 protein (Callis et al., 1990). From
Ub genes, the precursor proteins are rapidly processed by deubiquitinating enzymes (DUBS), a
protease family which cleaves the carboxy (C-) terminus of Ub moieties (Wing, 2003; Wu et al.,
2003). Thus, the processed Ub monomers are released and attached to target proteins through
a three-step conjugation cascade (see below).

The primary sequence of the Ub protein is highly conserved, with only three amino acid
differences between yeast and human (Ozkaynak et al., 1984). All higher plants share an
identical Ub sequence, with only two amino acid differences comparing to yeast Ub (Smalle
and Vierstra, 2004). Such extent of sequence conservation is remarkable, considering Ub is
encoded by multiple genes in some organisms. In Arabidopsis, for example, there are 28
coding genes distributed among 11 loci (Goettsch and Bayer, 2002).

The small Ub protein (about 8.5 kDa) folds into a compact globular structure, with a
mixed parallel-anti-parallel B sheet around an a-helix. The abundance of intracellular
hydrogen bonds possibly keeps Ub stable at a wide range of different denaturation conditions
(Jackson, 2006). This structural stability seems crucial as Ub is recycled during protein
conjugation-degradation cycles, and may also implicate a reason for the high conservation of

Ub sequences.

1.1.2 Ubiquitination Reaction

Through the ubiquitination reaction the C-terminus of Ub is attached to the side chain of a Lys
residue in the substrate protein by forming an isopeptide bond (Figure 1.1A). Usually this
reaction consists of three enzymatic steps (Hershko and Ciechanover, 1998; Jentsch, 1992)
(Figure 1.1B). Firstly, with ATP, the C-terminal Gly residue of a Ub is activated by the Ub
activating enzyme (E1 or UBA). Following the formation of an intermediate Ub adenylate,

the Ub is transferred to a conserved Cys residue of E1 via a thioester bond, with the release of
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AMP. Secondly, the Ub thioester is passed on to the Cys residue in the active site of a Ub
conjugating enzyme (E2 or UBC). Thirdly, catalyzed by a Ub-protein ligase (E3), the
C-terminal Gly is linked to the e-amino group of a Lys residue in the target protein. The E3
ligases either receive an E2-linked Ub by thioester linkage before Ub-substrate ligation, or

directly transfer Ub from E2 to the substrate by binding to the Ub-carrying E2.

A

26S proteasomes

NH HN
2 o) E1,E2,E3 C
+ Oc?
\0' 7 i' —————» Endocytosis (lysosome/vacuole)

G76
ATP  AMP + PP;
\ Other fates

0 0

1] 1}
AMP, PP; E1-SCUb E2-SH substrate-Uby,

Figure 1.1 Ubiquitination reaction, (taken from Pickart, 2001). (A) An overview of
ubiquitination and its related signalling pathways. K: lysine residue; G: glycine residue. (B) The
process of three-step enzymatic ubiquitination reaction.

For any of the studied eukaryotic organisms, only one or very few E1s have been found
for Ub activation, yet there are usually a number of E2s and numerous families of E3s. The
first E1 was originally identified and purified from rabbit reticulocytes (Ciechanover et al.,
1981; Ciechanover et al., 1982; Haas et al., 1982). The first identified E1 genes in both yeast
(Mcgrath et al., 1991) and plants (Hatfield et al., 1990) were named UBAL, and in mammals the
first E1 gene was named UBEL (ubiquitin-activating enzyme E1) (Disteche et al., 1992).

Since then, structurally related homologues of UBA1 and UBE1 enzymes have been discovered.



In Arabidopsis, two E1 genes (AtUBAL and AtUBAZ2) have been reported and their products
share 81% sequence identity (Hatfield et al., 1997). In mice (Kay et al., 1991) and marsupials
(Mitchell et al., 1992), a second UBE1-like gene was found in the Y chromosome, with about
90% identity to the UBEL gene identified initially in the X chromosome. However, it seems
that UBE1 and structurally related UBE1-like proteins are not the only E1s for Ub activation,
since a novel mammalian E1 enzyme UBAG (also known as UBE1L2), which has only about 40%
identity to UBEL, was found to be capable of activating Ub (Groettrup et al., 2008). All
known E2 enzymes for Ub conjugation have a catalytic Cys site in a conserved UBC domain of
approximately 140-150 amino acids functioning to receive an activated Ub from E1. The E2
UBC domains usually interact with the corresponding E3s during the ubiquitination reaction,
with a few exceptions that interact with substrates directly (Wu et al., 2003). Based on the
presence of the distinct UBC domain putative E2s have been identified in different model
species. In Saccharomyces cerevisiae, there are 11 ubiquitin E2 proteins (Hochstrasser, 1996),
and in Arabidopsis, 37 putative E2 proteins were found (Smalle and Vierstra, 2004). The
human genome was predicted to encode approximately 50 E2 proteins (Markson et al., 2009).
Compared to the limited variety of E1s and E2s, E3s are more abundant in both number and
structural diversity. There are about 80 putative E3 genes in S. cerevisiae and 617 putative E3
genes in human genome (Li et al., 2008). More than 1300 genes in Arabidopsis have been
predicted to encode E3s or components of E3s (Smalle and Vierstra, 2004). As E3 ligases are
the components that recruit substrates into the Ub system; they are considered most responsible
for the specificity in substrate recognition. Therefore, given the abundance and diversity of
substrates recognized specifically by numerous E3s in the Ub system, Ub modification can be

involved in a broad range of cellular signalling pathways.

1.1.3 Different Types of Ubiquitination

Target proteins can be modified by a single Ub (monoubiquitination) or by a poly-Ub chain
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(polyubiquitination). For multiubiquitination, two or more lysine residues of a target protein
are ubiquitinated. The Ub protein itself has seven Lys residues (Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48 and Lys63), and these Lys residues can also be linked to the C-terminus of
another Ub through an isopeptide bond. Therefore, by connecting one after another, Ub
molecules can be polymerized. All the seven Lys residues can be potentially ubiquitinated,
resulting in poly-Ub chains (Komander, 2009).

To date, studies of monoubiquitination have implicated its important roles in membrane
associated functions such as endocytosis, endosomal protein sorting and in other regulatory
functions such as virus budding, histone regulation and DNA repair in the cell (Hicke, 2001).
For eukaryotic cells, internalization of plasma membrane proteins through the endocytic
pathway is a common mechanism for down-regulation. For the majority of membrane
proteins in S. cerevisiae, ubiquitination of the cytoplasmic domains is required for the
internalization (Hicke, 1999; Rotin et al., 2000). Some signal-transducing receptors and ion
channels on mammalian cell membrane were found to be ubiquitinated for them to be
internalized upon the ligand stimulations (Hicke, 1999; Sun et al., 2011). These ubiquitinated
proteins are usually targeted to the lysosome for degradation, through the functions of
Ub-binding proteins that possess specific Ub-binding domains (UBD). Endocytic transport
seems also to be regulated by ubiquitination. It is clear that monoubiquitination is essential for
sorting many internalized receptors from the early endosome into vesicles inside the nascent
multivesicular bodies (MVBs), and cargo-containing vesicles eventually will fuse into
lysosomes to be degraded (Haglund et al., 2003). Studies on epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptor (PDGFR) have shown the involvement of
ligand-induced multiubiquitination in receptor endocytosis, and such multiple mono-Ubs might
lead to stronger and more specific interactions with UBDs, which in this case may be required
for the endocytic pathway (Haglund et al., 2003). Monoubiquitination is found in other
cellular processes. For example, Cag is a common retrovirus protein that pinches off

membrane particles containing enveloped virus, and the mono-Ub modification of Cag is found
5



to be essential for its function during virus budding (Garoff et al., 1998). Histones have also
been found to be monoubiquitinated. For example, histone H2B were found to be
monoubiquitinated in S. cerevisiae, Arabidopsis and mammals (Weake and Workman, 2008).
Yeast cells that lack the monoUb modification on H2B do not sporulate, which is usually
caused by dysfunctions in meiosis (Robzyk et al., 2000). Knocking out a specific E2 that
catalyzes H2B ubiquitination in mice leads to male infertility (Roest et al., 1996). Impaired
H2B monoubiquitination causes defects in seed dormancy and flowering time in Arabidopsis
(Cao et al., 2008; Liu et al., 2007). In addition, histone H1 was found to be
monoubiquitinated in Drosophila melanogaster, and lack of this monoUb modification leads to
defects in the activation of gene transcription (Pham and Sauer, 2000).

The polyUb chain assembled through Lys48 linkage between Ubs was the first discovered
homotypic chain, and is also the most abundant type in different organisms. This
Lys48-linked polyUb chain serves as a specific tag recognized by a multi-subunit protease
called the 26S proteasome, which degrades the tagged substrate proteins. The Ub/26S
proteasome pathway has been extensively studied, and Lys48-linked polyubiquitination is
considered the most classical type of polyUb modification (Komander, 2009). However, a
different type of polyUb chain assembled through Lys63 linkage has also been discovered
(Deng et al., 2000; Hofmann and Pickart, 1999). This Lys63-linked polyubiquitination has
been found to be involved in various cellular processes such as DNA repair and kinase
activation in all eukaryotic organisms (Komander, 2009). So far, the Lys63-linked polyUb
chain is the best studied atypical polyUb chain. Besides Lys48-linked and Lys63-linked
polyUb chains, homotypic Ub chains can be linked through any of the remaining five Lys
residues (i.e. a chain linked through Lys6, Lys11, Lys27, Lys29 or Lys33 only), and there is an
increasing interest in these atypical polyUb chains (Behrends and Harper, 2011; Ikeda and
Dikic, 2008). All the chain types above have been found to target substrate proteins for
degradation via UPS, although the majority of studied substrates polyubiquitinated by

Lys63-linked polyUb chains have a non-degradative fate. Moreover, polyUb chains formed
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through mixed-linkage have also been found (Mukhopadhyay and Riezman, 2007), as a result
of mixed-linkage, bifurcations may occur in polyUb chains composing two types of Lys
linkages (i.e. Lys 6/11, Lys 27/29, Lys 29/48 or Lys 29/33).

Eukaryotic cells also have ubiquitin-like proteins (UBLs), such as small Ub-like modifier
(SUMO), interferonstimulated gene 15 (ISG15), autophagy 8 (ATG8) and neural precursor cell
expressed, developmentally downregulated 8 (NEDDS8). In total about 16 types of UBLS in
addition to Ub have been identified (Komander, 2009). These UBL proteins all resemble Ub
in structural fold and in enzymatic conjugation machinery, although SUMO and NEDDS are so
far the only ones capable of chain formation (lkeda and Dikic, 2008). Making the
ubiquitination system even more complex, SUMO and NEDDS8 have been found in polyUb
chains (lkeda and Dikic, 2008). So far little is known about the functions of these

heterologous Ub chains.

1.1.4 The Ubiquitin-Proteasome System (UPS)

Since the first discovery of ubiquitin (Lys48-linked polyubiquitination) dependent proteolysis,
the involvement of the ubiquitin-proteasome system (UPS) has been found in almost every
aspect of cellular functions (Hershko and Ciechanover, 1998; Pickart and Fushman, 2004).
Such diverse roles are also implied by the large population of genes encoding UPS related
factors among eukaryotes.  Although the number varies among different species, in
Arabidopsis, the number of UPS-related genes amounts to over 6% of the entire genome
(Downes and Vierstra, 2005).

The 26S proteasome is a major component of the UPS where substrates with a polyUb tag
are finally degraded. The process at the 26S proteasome consists of signal recognition, protein
unfolding, substrate translocation and deubiquitination (Finley, 2009). The structure of this
large protein complex (over 2.5 MDa) contains two subcomplexes, the 20S core particle (CP)

and 19S regulatory particle (RP). The CP possesses ATP independent protease activity. It



has a barrel-like structure consisting of four stacked rings, and each ring is composed of seven
related subunits. In each of the two outer rings are al-7 subunits and in each inner ring are
B1-7 subunits. The a-subunits form a narrow channel in both outer rings so that the access to
the inner proteolytic region is restricted to unfolded polypeptides. X-ray crystallography
indicated a proteolytic chamber which harbors three catalytic sites in subunits f1, 2 and p5
(Unno et al., 2002). These three subunits all belong to the amino (N-) terminal nucleophile
(Ntn) hydrolase family and use an N-terminal threonine as the catalytic nucleophile (Voges et
al., 1999). Although B1, B2 and B5 subunits are classified as caspase-like, trypsin-like and
chymotrypsin-like, respectively, according to their preferences in cleaving specific sites in
polypeptides, they also have certain flexibility in hydrolyzing a wide range of peptide
sequences. To sum up, these structural features of the CP together ensure efficient digestion of
imported proteins. The 19 subunits of the RP can be divided into the lid and base
subcomplexes (Glickman et al., 1998). The base of the RP directly associates with the
a-subunit ring of the CP.  Among the ten subunits there are six related AAA-ATPases namely
Rptl-6 and non-ATPase subunits (Rpnl, 2, 10 and 13). Rpnl and Rpn2 are scaffolding
proteins, and Rpn10 and Rpnl3 are Ub binding proteins. Protein degradation at the 26S
proteasome is ATP dependent. Therefore, the Rpn subunits seem to be essential for steps such as
substrate unfolding and the entry of unfolded polypeptides through the a-subunit ring (Finley,
2009). The lid subcomplex of the RP consists of nine subunits (Rpn3, 5-9, and 11-12).
However, the functions of these subunits are largely unknown, except Rpnll which has been
identified with a DUB function (Verma et al., 2002; Yao and Cohen, 2002).

When a substrate is being processed by the 26S proteasome the polyUb label has to be
removed. Eukaryotic cells have a family of DUBs, which break down the polyUb chain into
single free Ubs so that the free Ubs can be recycled or sometimes the fate of the substrates
controlled by ubiquitination can be reversed (Smalle and Vierstra, 2004). The 26S proteasome
disassembles the polyUb chain through the activity of DUBs. Rpnll is an ATP-dependent

DUB in the lid of the RP. Its deubiquitination activity is coupled with substrate degradation,
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and the absence of its activity greatly impairs proteasome function (Finley, 2009). Two
ATP-independent DUBs Ubp6 and Uch37 also cooperate with Rpnll to process the polyUb
chain effectively (Hanna et al., 2006). However, the mechanism of their cooperation still
remains unclear.

The polyUb chain is the key signal recognized by the 26S proteasome. It had been
assumed that Lys48-linkage solely serves as the proteolytic signal, as most in vivo studies of
Lys63-linked polyubiqutination showed nonproteolytic destinies of substrates, and Lys48 was
found to be the only essential lysine residue within the Ub protein in yeast (Finley et al., 1994).
However, more recent studies indicated that Lys63- and Lysll-linked polyUb chains also
possibly target substrates to the proteasomes in vivo (Saeki et al., 2009; Xu et al., 2009). It
seems that the selectivity of polyUb chain type by 26S proteasome is still not well understood.
In addition, there were possibly many earlier cases of proteins degraded through UPS that were
assumed to be due to substrates being modified with Lys48-linked polyUb chain, but could
have been due to modification with atypical forms of polyUb chains (Komander, 2009).

UPS plays important roles in a vast range of intracellular signaling pathways. Through its
selective proteolytic activities the UPS balances the removal of abnormal proteins and the
recycle of amino acids, and regulates cellular activities through rapid proteolysis of particular
regulatory factors. For instance, in control of the cell cycle certain regulatory proteins such as
cyclins, inhibitors of cyclin-dependent kinases, and anaphase inhibitors are degraded to promote
cell-cycle progression (Hershko and Ciechanover, 1998). There are numerous pathways that
are regulated similarly by UPS, such as the control of cell proliferation, apoptosis, gene
transcription, metabolic control, and embryogenesis (Hochstrasser, 1996; Lecker et al., 2006;

Smalle and Vierstra, 2004).

1.2 Major Classes of E3 Ligases

As introduced above, Ub E3 ligases mediate the attachment of the Ub moieties onto substrates
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and are considered the main determinants that recognize specific substrates. E3 enzymes can
be monomers, with E2 interacting, substrate recognizing and catalytic activities all in a single
polypeptide, or multi-subunit protein complexes with different functional components
(Glickman and Ciechanover, 2002). Due to the diversity of catalytic mechanisms and
structural arrangement of E3s, they are often categorized into three major classes according to
the characteristic E2-interacting domains that they possess, namely, homology to E6AP C-
terminus (HECT) domain, Really Interesting New Gene (RING) domain and U-Box domain
E3s (Komander, 2009) (Table 1.1). In most cases E3s promote Ub-substrate ligation by
bringing the E2 and substrate together to facilitate direct transfer of activated Ub from E2 to the
substrate (Glickman and Ciechanover, 2002). However, HECT E3s uniquely break down the
E2-Ub thioester bond and link the Ub moiety to the active Cys residue of E3s before Ub

modification of the substrates (Kee and Huibregtse, 2007).

Table 1.1 List of three E3 ubiquitin ligase families in three model species.

Family Number of predicted encoding genes Examples of associated
subunits/domains
S. cerevisiae H. sapiens A. thaliana
RING 47 300 469 SCF, APC, RING
U-box 2 21 64 TPR
HECT 2 28 7 C2-WW, RLD

1.2.1 RING-Type E3s

The RING-type E3s that contain the zinc-binding RING finger domain constitute the majority
of E3 ligases. RING E3s are conserved among eukaryotes, with 47 RING genes in S.
cerevisiae, 469 in plant Arabidopsis and 300 predicted in human (Li et al., 2008; Stone et al.,

2005). This largest E3 class can be further divided into two subgroups: the simple RING E3s
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having both a substrate-interacting domain and an E2-binding RING finger domain in a single
protein, and the complex RING E3s composed of multiple subunits as different functional
components. A simple RING E3 ligase may also associate with another RING finger protein
to form a homodimer or a heterocomplex (Stone et al., 2005). Complex RING E3s include
Skpl-cullin-F-box-protein (SCF) E3 complexes and anaphase-promoting complex (APC)-type
E3s.

The RING finger domain has conserved Cys and/or His residues (metal ligand residues)
coordinating two zinc ions, similar to DNA-binding zinc fingers. However, instead of binding
nucleic acid sequences as zinc fingers do, the RING domain mediates protein-protein
interactions.  RING domains share the consensus sequence CX;CXg 39)CXq-3HX-
3)C/HX,CX(s48) CXoC (X represents any amino acid), with either a Cys or a His at the fifth
zinc-binding site  (Kraft et al., 2005). Based on the type of fifth metal ligand residue, RING
domains can be C3HC4 type (RING-HC) or C3H2C3 type (RING-H2) (Freemont, 1993;
Lovering et al., 1993). The eight metal ligand residues stabilized by zinc ions form a
cross-brace structure, which differs from zinc fingers where metal ligands coordinate two zinc
ions in tandem (Deshaies and Joazeiro, 2009).

The RING domain mediates a ligation between an Ub and the substrate by its association
with an E2 enzyme. Since the initial suggestion made based on the studies of RING finger
containing proteins Rbx1/Rocl, c-Cbl and AO7 (Zheng et al., 2000), there have been increasing
data from structural studies and mutational analyses that illustrate the structural basis of
E2-RING finger interface (Deshaies and Joazeiro, 2009). According to X-ray crystallography
and NMR data (Zheng et al., 2000), the two zinc coordination regions of the RING domain
together with the helix between the two regions provide the binding surface for the E2 UbcH7,
with 11e383 and Trp408 of c-Chl and equivalent residues in other RING E3s implicated in
interaction with E2s. Systematic two-hybrid and NMR studies on Brcal have also provided
insight into a set of residues that constantly contact multiple E2s (Deshaies and Joazeiro, 2009).

However, the residues in the E2-RING domain interface still vary among different E2-E3
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matches. Moreover, although most RING domains have intrinsic ligase activity, there are also
proteins that possess RING domains without ligase activity. In these cases usually the
non-catalytic RING finger protein associates with another one that has ligase activity within a
RING domain (Deshaies and Joazeiro, 2009).

A SCF E3 complex contains at least four core components: Skpl (S-phase-kinase-
associated protein-1), cullin, F-box protein (FBP) and a RING finger protein RBX. CUL1, a
canonical example of cullins, serves as the scaffold associating with both Skpl and RBX.
Skpl is an adaptor protein interacting with the substrate-receptor F-box, and it binds the
N-terminal region of CUL1 that is composed of three repeats of a five-helix bundle called cullin
repeats (CR) (Petroski and Deshaies, 2005). RBX contains a RING-H2 domain that interacts
with the C-terminal globular domain of CUL1 (Petroski and Deshaies, 2005). The
Skpl-binding F-box domain is the signature domain of FBPs, while the C-terminal
substrate-binding domain determines the substrate specificity. Therefore FBPs are normally
categorized into different classes according to the types of substrate-binding domains. For
instance, the FBW (‘FB’ for F-box and ‘W’ for WD-40 repeat domain) class of FBPs recognizes
a B-propeller structure; another class is the FBL (‘L for leucine-rich repeat or LRR) where the
LRR domain is an arc-shaped a-P-repeat structure. In most cases they involve substrate
phosphorylation for their interactions; other FBPs that resembling neither FBL nor FBW
domain architecture are grouped as class FBX (Cardozo and Pagano, 2004).

The APC is the largest type of E3, with one or more copies of at least 13 different subunits
(Thornton and Toczyski, 2006). The large size of the APC makes this protein complex
difficult to study. The subunits of APC sometimes are divided into four parts: structural
complex (Apcl/Apc4/Apc5), catalytic complex having the E2-binding affinity
(Apc2/Apcll/Docl), tetratricopeptide repeat (TPR) arm that functions primarily in adaptor
association (Cdc23/Cdc16/Cdc27/Cdc26/Swm1l), and the adaptors responsible for the
interaction with substrates (Cdc20/Cdh1/Amal) (Thornton and Toczyski, 2006). The catalytic

core of APC appears to function in a similar manner to its counterpart in SCF E3s. Apc2 and
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Apcll in APC were found structurally related to cullin and RBX of the SCF complex,
respectively, and these two subunits together were shown to possess a Ub ligase activity in vitro
(Thornton and Toczyski, 2006). The APC has been considered a key element in the rapid
degradation of cell cycle regulators, and therefore research on the APC targets has primarily
focused on proteins involved in growth control and cell cycle regulation (Skaar and Pagano,

2009).

1.2.2 U-Box-Type E3s

The class of U-box E3s was identified more recently than other E3 types. U-box E3s contain a
signature domain called U-box domain consisting of about 75 amino-acid residues and related
to the RING finger domain. Sequence alignment of U-box domains and RING fingers showed
the absence of metal ligand Cys and His residues in U-boxes, yet both types of domains share a
similar pattern of hydrophobic and polar residues (Aravind and Koonin, 2000). Therefore, the
U-box is predicted to fold similarly to the RING finger domain, and is presumably stabilized by
intramolecular interactions such as salt bridges and hydrogen bonds, instead of the zinc ions
coordinated by Cys and His residues in the RING finger domain (Ohi et al., 2003).

Interestingly, the first U-box protein was initially discovered in the UFD (ubiquitin fusion
degradation) pathway, where the U-box-containing Ufd2 functions in elongation of polyUb
chain (Hatakeyama and Nakayama, 2003). In this case, Ufd2 together with HECT E3 Ufd4
extends the polyUb chain to enable proteasomal degradation. This specialized ligase activity
of Ufd2 was termed as “E4” activity (Hatakeyama and Nakayama, 2003). Although only a
handful of U-box E3s have been thoroughly studied, this elongation activity was also
discovered in a well-known U-box protein CHIP (carboxyl terminus of Hsc70-interacting
protein) in addition to its E3 ligase activity (Ohi et al., 2003), which leads to a speculation that
U-box proteins may commonly share the E4 characteristic. As the assembly of atypical
polyUb chains (other than Lys48-linkage) requires the switch of E3 ligases, the U-box type E3s

may have their significant roles in attaching a Ub moiety to previously formed monoUb or
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oligoUb chain at different Lys positions (Hatakeyama and Nakayama, 2003).

Compared to the large number of RING finger E3s in different species, U-box proteins
comprise a much smaller portion of the entire E3 population. For example, only 2 and 21
U-box genes have been identified in the yeast S. cerevisiae and the human genome, respectively
(Yee and Goring, 2009). However, in plants, there are much larger numbers of U-box proteins,
with 64 U-box genes found in the Arabidopsis genome (Wiborg et al., 2008), and 77 in the rice
genome (Zeng et al., 2008). Hence, plants seem to employ a greater diversity of U-box

proteins for a broader range of functions.

1.2.3 HECT-Type E3s

There are five HECT domain containing E3s in S. cerevisiae, seven in Arabidopsis and 28 in
human (Li et al., 2008; Smalle and Vierstra, 2004). HECT E3s have been found in diverse
functions in yeast and human cells (Rotin and Kumar, 2009). However, not much is known
about plant HECT E3s; in Arabidopsis the only two of them that have been characterized are
involved in the trichome development and leaf senescence respectively (Downes et al., 2003;
Miao and Zentgraf, 2010). The HECT E3s are usually large proteins (smallest ones are about
90 kDa and largest can be over 500 kDa) (Kee and Huibregtse, 2007). The HECT domain is
an approximately 350-amino-acid long region located in the C-terminus of the E3 ligase. It
was originally identified in human papilloma virus (HPV) E6-associated protein (E6-AP)
(Huibregtse et al., 1995). This domain serves as the E2-binding site with a smaller C-terminal
lobe possessing ligase activity, and a flexible linker region connecting the two lobes. The
HECT E3-catalyzed reaction starts with the binding of E2, proceeding with the formation of an
E3-Ub intermediate by transferring the Ub-linked thioester bond from E2 to the catalytic Cys
site in the C-terminal lobe of the HECT domain, and ends with the attachment of Ub to the
substrate (Bernassola et al., 2008).

The substrate-binding region is at the N-terminal region of the HECT domain. Based on
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the substrate recognition domains HECT E3s are usually divided into three subgroups:
C2-WW-HECT E3s, HERC E3s, and other HECT ligases.

Compared to other types, members of the C2-WW-HECT subgroup are the best
characterized HECT E3s so far. They all share several domains in the following order: an
N-terminal protein kinase C (PKC)-related C2 domain, two to four tryptophan-tryptophan (WW)
protein-interacting domains, and a C-terminal HECT domain (Schwarz et al., 1998). The C2
domains usually bind to Ca®* and phospholipids and mediate intracellular trafficking of E3s to
the plasma membrane, endosomes or MVBs (Dunn et al., 2004). The WW domains recognize
and selectively bind to proline-rich phosphoserine/phosphothreonine sequences in substrate
proteins, and thus they are the domains responsible for E3-substrate interactions (Bernassola et
al., 2008). WW domains usually contain the consensus sequence PPXY (PY), nevertheless,
atypical interactions with domains other than the PY sequence have also been reported
(Bernassola et al., 2008).

The HERC subgroup of HECT E3s contains regulator of chromosome condensation 1
(RCC1)-like domains (RLDs) and a HECT domain (Rotin and Kumar, 2009). Larger HERC
E3s possess multiple RLD domains, whereas smaller HERC E3s contain only a single RLD
domain. The RLD domain forms a seven-bladed B-propeller fold, and has chromatin
-interacting activity and might function as a guanine nucleotide-exchanging factor (GEF)
(Renault et al., 2001).

Other HECT E3s contain a variety of protein-interacting domains such as WWE,
Ub-associated (UBA) domain, zinc fingers, and poly(A)-binding protein (PABP) C terminus
(PABC) domains (Rotin and Kumar, 2009). These different E3s do not belong to either of the
two large subgroups described above, and therefore they together can be categorized as a new
subgroup. These HECT E3s also play important roles in diverse functions. For example,
E6-AP is involved in HPV-induced cervical cancers, and mutations in its coding gene contribute

to the pathogenesis of Angelman syndrome (Scheffner and Staub, 2007).
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1.3 Lys63-Linked Polyubiquitination

1.3.1 General Features of Lys63-Linked Polyubiquitination

Apart from canonical Lys48-linked polyubiquitination, the Lys63-linked polyUb chain is the
best understood chain type. According to quantitative studies on the relative abundance of
different types of Ub-Ub linkages in yeast, Lys63 linkage accounts for 17% of total linkages,
which is the third most (29% for Lys48-linkage and 28% for Lys11-linkage, both of them target
the substrates for degradation via UPS) (Xu et al., 2009). The significant amount of Lys63
linkage implies a wide range of roles that it may have in eukaryotic cells. Indeed, this type of
polyubiquitination has been demonstrated to participate in several vital cellular pathways, such
as DNA-damage tolerance, kinase activation and protein trafficking (Pickart and Fushman,
2004). To date, almost all the functions played by Lys63-linked polyubiquitination are UPS
independent functions. Nevertheless, a Lys63-linked polyUb signal still appears to be capable
of conferring substrate degradation in vivo (Saeki et al., 2009), and it remains a mystery
regarding the possible machinery that determines the non-proteolytic fates of
Lys63-linked-polyUb-tagged substrates.

Structural studies have shown that a Lys63-linked polyUb chain has a different
conformation to that of a Lys48-linked chain (Komander, 2009). The globular Ub protein
contains a flexible C-terminal Leu-Arg-Gly-Gly tail and a prominent hydrophobic surface
around lle44 (Komander, 2009). In a Lys48-linked polyUb chain both Ille44-centered
hydrophobic surfaces from the two adjacent Ub moieties contact each other. Therefore, the
Lys48-linked chain folds into a closed structure where the C-terminal tail is packed within Ub
moieties (Varadan et al., 2002). This chain conformation is not rigid (Ikeda and Dikic, 2008),
so that it may be partially unfolded to facilitate the binding of DUBs. In contrast, the
Lys63-linked chain has an open conformation where the neighbouring Ub moieties do not
contact each other through hydrophobic surfaces (Komander et al., 2009; Tenno et al., 2004).
Such an open conformation enables free access to the hydrophobic lle44 region. Besides,
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since the Ubs in a Lys63-linked polyUb chain can rotate with little restraint, the Ile44 region
can be associated with certain UBDs (Sato et al., 2009). On the other hand, a Lys63-linked
chain may not always be in a completely extended conformation, as the non-adjacent Ubs can
still interact with each other (Tenno et al., 2004).

The differences between conformations of Lys63- and Lys48-linked polyUb chains lead to
a proposed mechanism through which different chain types may be distinguished, as some
UBDs preferentially bind to a particular type of Ub chain linkage. For instance, a study on
over 30 UBA domains characterized one group that preferentially recognizes Lys48-linked
polyUb chains and another group that instead recognizes Lys63-linked polyUb chains (Raasi et
al., 2005). Other domains were also reported to bind a Lys63-linked chain specifically, such
as the Ub-interacting motif (UIM) domain of RAP80 (Sato et al., 2009) and SH3 (Src
homology 3) domain of STAM (Sato et al., 2008). However, little is known concerning how
certain UBDs selectively recognize a particular type of polyUb chain whereas others can bind

different polyUb chains regardless of the types of Ub-Ub linkages.

1.3.2 E2 and E3 Enzymes in Lys63-Linked Polyubiquitination
To date, the only known E2 responsible for Lys63-linked polyubiquitination is a heterodimer
consisting of a Ubc13 and Ubc-like protein called Uev (Ubc enzyme variant) (Broomfield et al.,
1998; Sancho et al., 1998). Although the majority of E2 enzymes do not selectively target any
particular Lys residues in Ub, the Ubc13-Uev E2 is a special case for it specifically catalyzes
the Ub chain elongation on the Lys63 site. In yeast S. cerevisiae, the only Uev protein is
called Mms2; in human there are two Uev homologs named Mms2 and Uevla which form
heterodimers with Ubc13 (Andersen et al., 2005). Orthologs of both Ubc13 and Uev proteins
have been found in plants including Arabidopsis (Wen et al., 2006; Wen et al., 2008).

Previous crystallographic analyses of the Ubcl3-Uev complexes from human and yeast

cells have revealed a more detailed picture about how specific polyUb chain linkage is
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determined (Eddins et al., 2006; McKenna et al., 2003; Pastushok et al., 2005; VanDemark et
al., 2001). Structural studies and mutational analyses indicated that Uev proteins in both yeast
and human are required for the Ubcl3-Uev complex to catalyze polyUb chain assembly
(VanDemark et al., 2001). Therefore, Uev proteins seem to have non-catalytic roles that are
crucial for the E2 function. In the currently accepted model based on the crystal structure of
yeast Ubc13-Mms2 binding a human Ub (Eddins et al., 2006), after Ubc13 of the Ubc13-Uev
E2 complex receives an (donor) Ub moiety from E1, the Ubcl3-Uev complex binds the
substrate Ub at its acceptor site on Mms2, where the side chain of Lys63 from the acceptor Ub
is oriented toward the C-terminus of the donor Ub which is anchored by a thioester bond. The
positioning of the Lys63 residue in the acceptor Ub is mainly determined by Mms2, and
specific residues at the Mms2-Ub interface are critical for the binding and positioning of the
donor Ub (Eddins et al., 2006).

Considering the large number of characterized E3s, the number of E3s that have been
demonstrated to catalyze Lys63-linked polyUb chain is still relatively small. In addition,
individual E3s often can interact with more than one E2s to catalyze different forms of
ubiquitination. For example, E3 ligase BRCA1 produces Lys63-linked polyUb chain together
with Ubcl13-Mms2, whereas it produces a Lys48-linked chain with UBE2K and catalyzes
monoubiquitination with multiple E2s (Sun and Chen, 2004). CHIP ligase catalyzes a
Lys63-linked chain in the presence of human Ubcl3-Uevla complex and induces a
Lys48-linked chain with UBCHL, while it catalyzes all possible linkages with the help of E2
UBCHS5 and E3 MDM2 (Kim et al., 2007). Therefore, the Ubc13-Uev heterodimer seems to

be determinant for the formation of Lys63-linked polyUb chains.

1.3.3 Involvement of Lys63-Linked Polyubiquitination in Cellular Functions

1.3.3.1 DNA Repair

One highly conserved function of the Lys63-linked polyUb chain involves DNA damage
18



tolerance (Figure 1.2). The RAD6 (RAD was named after a number of radiation sensitive
mutants) pathway, named after one prominent member of a group of DNA repair genes, is
responsible for DNA postreplication repair in budding yeast S. cerevisiae (Ulrich, 2005).
There are conceptually three branches (subpathways) in the RAD6 pathway: two translesion
synthesis (TLS) branches are mediated by different damage-tolerant DNA polymerases, and one
is an error-free DNA damage avoidance subpathway (Ulrich, 2005). The proliferating cell
nuclear antigen (PCNA) is a target for the RADG pathway. It forms a ‘sliding clamp’ structure

encircling DNA double strands, and functions to upload DNA polymerases during DNA
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Figure 1.2 Roles of Lys63-linked polyubiquitination in the DNA damage response (taken from
Chen and Sun, 2009). (A) Yeast PCNA ubiquitination is involved in DNA damage tolerance. (B)
DSBs induce histone H2AX maodifications including Lys63-linked polyubiquitination, which
recruits large protein complexes including BRCAL and other components involved in DNA
damage repair.
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replication and also DNA repair. PCNA can be modified at its conserved Lys164 residue with
the attachment of Ub or Ub-like modifier SUMO and as a result can exist in several different
states: unmodified, monoubiquitinated, polyubiquitinated and sumoylated. Intriguingly,
different states of PCNA modifications alter its functionality (Figure 1.2A). The unmodified
PCNA functions to anchor DNA polymerases for normal DNA replication, monoubiquitinated
PCNA recruits DNA damage tolerance polymerase for TLS, and PCNA polyubiquitinated
through Lys63-linkages activates the error-free damage-avoidance pathway (Stelter and Ulrich,
2003). In yeast, the sumoylated PCNA recruits the Srs2 (Srs for suppressor of Rad6) helicase,
in order for recombination factors to accumulate at replication forks (Papouli et al., 2005;
Pfander et al., 2005). The DNA-damage induced monoubiquitination and polyubiquitination
on PCNA both have been observed in all eukaryotic organisms examined to date (Ulrich and
Walden, 2010). In neither of these two cases the modified PCNA is targeted to UPS for
degradation. In the RAD6 pathway, Rad6 and Radl8 are a pair of E2 and E3 enzymes
responsible for monoubiquitinating PCNA. The ubiquitination can be extended by the
Ubc13-Mms2 heterodimer together with an E3 Rad5.

Recent studies in cancer research have led to a new understanding about the essential role
of Lys63-linked polyUb modification in DNA double-strand break (DSB) response in human
cells (Figure 1.2B). Histones H2A and H2AX were shown to be polyubiquitinated with
Lys63-linked chains after a DSB to initiate specific DNA repair processes (Bennett and Harper,
2008; Ulrich and Walden, 2010). The occurrence of DSB events can be recognized by the
Mrel-Rad5-Nbsl (MRN) sensor complex, which activates ATM protein kinase. Thereafter,
the variant histone H2AX is phosphorylated by the activated ATM and consequently recruits
ATM substrate MDC1. The phosphorylated MDCL1 is recognized by the FHA domain of
RNF8, a RING finger E3 that interacts with Ubcl3 to assemble Lys63-linked polyUb chain.
As a result, H2AX and H2A, two critical substrates of RNF8 and Ubcl3, are modified with
Lys63-linked polyUb chains. Interestingly, a second E3 ligase RNF168 possesses two UIM

domains that bind polyUb chains on H2AX and H2A, and also collaborates with Ubcl13 to
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catalyze more Lys63-linked polyubiquitination reactions on those two histones (Doil et al.,
2009). The function of RNF168 in this case was proposed to amplify Lys63-linked polyUb
signals. These polyUb signals on H2AX and H2A are recognized by RAP80 through its UIM
domain, which in turn recruits a complex including breast and ovarian cancer type 1
susceptibility protein (BRCA1) and other proteins (Wang and Elledge, 2007). BRCAL was
initially found in the cancer patients and provided the initial hint of involvement of Ub
modifications in the DSB response (Ruffner et al., 2001). BRCAL associates with
BRCAZ1-associated RING domain protein 1 (BARD1) and forms a heterodimer with an E3
ligase activity (Wu et al., 1996). The BRCA1-BARD1 heterodimer is involved in homologous
recombination-induced DNA repair which is an important error-free process in repairing DSBs.
Mediated by PALB2, BRCAL is associated with BRCAZ2, a protein responsible for loading an
essential recombinase RAD51 on single-strand DNA at DSB sites to initiate the homologous
recombination process (Sy et al., 2009). In addition, by associating with different groups of
proteins the BRCA1-BARD1 E3 ligase also participates in other processes related to the
DNA-damage response such as G2-M checkpoint control, response to stalled replication folks
during S phase, and resection of DSBs (Huen et al., 2010). However, since multiple E2s can
cooperate with the BRCA1-BARD1 complex to catalyze different types of Ub modifications, it
has been a challenge with regard to clarifying how BRCA1-BARD1 E3 ligase regulates each of

those DNA repair-related processes through its ubiquitination activity (Christensen et al., 2007).

1.3.3.2 Endocytosis and Intracellular Protein Trafficking

Lys63-linked polyubiqutination has also been found to be important in inducing endocytosis of
membrane associated proteins and intracellular protein trafficking. Ligand-induced receptor
endocytosis is a strategy for cells to down-regulate signalling by reducing the receptor density
on the cell surface. The role of Ub in the endocytic pathway was first identified in yeast cells

(Hicke and Riezman, 1996). A monoUb signal on plasma membrane proteins in yeast is

21



sufficient to initiate their internalization (Terrell et al., 1998), while Lys63-linked polyUb
chains appear to increase the efficiency of the process and facilitate endocytosis (Galan and
HaguenauerTsapis, 1997).  Although in mammalian cells the details of Ub induced
endocytosis is much less clear, a considerable amount of work has been done on effects of Ub
modification of receptor tyrosine kinases (RTKs) following extracellular stimuli (Bache et al.,
2004). The epidermal growth factor receptor (EGFR) is a well-known example of a RTK
regulated by Ub. Quantitative analyses showed that EGFRs were modified by both monoUbs
and Lys63-linked polyUb chains (Huang et al., 2006). The ubiquitination of EGFR seems to
depend on the ligand concentrations. At a low EGFR ligand level, the receptors are
internalized through a clathrin-dependent pathway only, whereas at a high ligand level when
ubiquitination takes place both clathrin-dependent and independent pathways occur.
Ubquitination appears to be required in clathrin-independent internalization of receptors while
not essential for the clathrin-dependent route (Sigismund et al., 2005). Some membrane
proteins have been shown to require Lys63-linked polyubiquitination for their internalization.
For example, the yeast protein general amino acid permease (Gap)1p requires modification with
a Lys63-linked poly-Ub chain for its efficient internalization in order to adapt to the change of
nitrogen source in the medium (Springael et al., 1999). A nerve growth factor (NGF) receptor
tyrosine receptor kinase A (TrkA) also requires Lys63-linked polyubiquitination for its
internalization and involvement in signal transduction (Geetha et al., 2005).

Following the Ub-induced endocytosis of membrane-associated proteins, ubiquitination
(both monoUb and Lys63 polyUb modification) is also a key signal at endosomes to sort its
substrates into intraluminal vesicles (ILVs), generating multivesicular bodies (MVBs) that
transport proteins to lysosomes (Komada and Kitamura, 2005). Ub-induced sorting of
endosomal proteins into MVBs is performed by the endosomal sorting complex required for
transport (ESCRT) complexes (Hurley and Emr, 2006). Four components of an ESCRT
complex have been characterized to date: ESCRT-0, -1, -1l and -I11; they are able to recognize a

Ub signal through their UBDs. It is clear that short Lys63-linked polyUb chains are critical for
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MVB sorting in vivo, as cells harboring the Ub-K63R mutation and incapable of assembling
Lys63-linked polyUb chains showed severe deficiencies during MVB sorting of protein cargos
(Lauwers et al., 2009; Paiva et al., 2009). ESCRTs showed preference in binding to a polyUb
signal over a monoUb modification (Barriere et al., 2007). Interestingly, by disabling the
function of a DUB, Lys63-linked polyUb chains were extended further than usual, which
negatively affected MVB sorting (Kee et al., 2006). Therefore, proper length of the
Lys63-linked polyUb signals may ensure an efficient processing of MVB sorting, while long
polyUb chains may reduce the efficiency, implying potential regulatory roles of DUBs during

intracellular trafficking of ubiquitinated proteins.

1.3.3.3 Kinase Activation

The best-understood role of a Ub cellular signaling pathway is in the nuclear factor kB (NF-kB)
signaling pathways. The sensing of cytokines such as tumor necrosis factor a (TNFa) and
interleukin-1b (IL-1b) triggers sequential intracellular signal transduction which eventually
activates TGFg (transforming growth factor j)-activated kinase 1 (TAK1) and IkB kinase (IKK),
two kinase complexes that lead to the release and activation of NF-kB which in turn activates
transcription of target genes (Haglund and Dikic, 2005) (Figure 1.3). During this process,
IKK is activated by TAKI1, and in turn phosphorylates IkB, which triggers Lys48-linked
polyubiquitination on IkB so that it will be degraded by UPS and enable the release of active
NF-kB. 1t is clear that both IKK and TAK1 require Lys63-linked polyubiquitination for their
activation (Krappmann and Scheidereit, 2005), and the polyUb chain assembly at these two
kinases is catalyzed by TNF receptor-associated factor 6 (TRAF6) (Deng et al., 2000). Many
components in the receptor complex were also found to be modified with Lys63-linked polyUb
chains, including TRAF proteins (Deng et al., 2000), receptor interacting protein 1 (RIP1) (Ea
et al., 2006), interleukin-1 receptor-associated kinase (IRAK) (Ordureau et al., 2008), and

components of the TAK1 complex (Reiley et al., 2007). The assembly of a TAK1 complex is
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mediated through the interaction between Lys63-linked polyUb chains and UBDs within its
subunits TAK1-binding protein 2 (TAB2) and TAB3 (Kanayama et al., 2004; Wang et al., 2001).
The UBDs in TAB2 and TAB3 both belong to a type of Ub-binding zinc-finger domain with
preferential binding to Lys63-linked chains, and they are essential for TAB2 and TAB3 to
activate TAK1 (Kanayama et al., 2004). Moreover, Lys63-linked polyubiquitination of the
regulatory subunit NEMO (NF-xB essential modulator) of IKK triggers its kinase activity
(Zhou et al., 2004). It is proposed that upon binding of TABs to Lys63-linked
polyubiquitinated NEMO, TAK1 is brought in proximity of IKK to facilitate IKK activation
(Haglund and Dikic, 2005).

IL-1R

O Phosphoserine
© Mono-Ub

% Poly-Ub-Lys63
NF-kB
080 Poly-Ub-Lys48

Proteasome

Figure 1.3 Lys63-linked polyubiquitination is involved in kinase activation in NF-«xB signalling
pathways (taken from Haglund and Dikic, 2005). Lys63-linked polyubiquitination of NEMO, a
component of kinase IKK, triggers the activation of IKK and thereby induces the release of
active transcription factor NF-«xB.
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In addition, the Lys63-linked polyUb chain-specific DUBs appear to have important roles
in counteracting effects induced by Lys-63-linked polyubiquitination. A20, a zinc finger
protein that inhibits NF-xB activity in the cytoplasm, may serve as a negative feedback
regulator of NF-«xB signaling by both of its DUB function and E3 ligase activity (Wertz et al.,
2004).  A20 selectively removes Lys63-linked polyUb chains on RIP and catalyzes
Lys48-linked polyubiquitination to induce degradation of RIP. Another DUB called tumor
suppressor cylindromatosis (CYLD) removes Lys63-linked polyUb chains from TRAF2,
TRAF6 and NEMO and can also down-regulate NF-xB signaling (Brummelkamp et al., 2003).

In conclusion, Lys63-linked polyubiquitination is found in a variety of key components in
regulating NF-«xB activity, which is essential for the activation of kinase activities and also can
induce Lys48-linked polyubiquitination on IkB to activate NF-kB. Since the activation of
target proteins by Lys63-linked polyubiquitination has also been observed in other signaling
pathways (for example, Lys63-linked polyUb modifications on H2AX and H2A consequently
lead to the E3 ligase activity of the BRCA1-BARDL1 heterodimer), it is possible that
Lys63-linked polyubiquitination has a broad range of involvement in activating enzymatic

activities of its target proteins.

1.4 The Ubiquitin System in Arabidopsis thaliana

1.4.1 Arabidopsis thaliana as a Model Species

Arabidopsis thaliana, a small flowering plant belonging to the mustard (Cruciferae or
Brassicaceae) family has already become the most-widely used model organism of plant
sciences. It has a wide range of distribution across the world and a short reproductive cycle
(Meinke et al., 1998). The entire life cycle, from seed germination to maturation of first seeds,
takes 5-6 weeks under optimal growth conditions. Other advantages for Arabidopsis as a

model species include small size (mature plants reach 15 to 20 cm in height), self-pollinated
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flower (crossed by applying pollen to the stigma) and a small diploid genome (Meinke et al.,
1998).

The sequencing of the entire genome of Arabidopsis was completed in 2000 (The
Arabidopsis Genome Initiative, 2000). Since then, considerable efforts have been made to
characterize the functions of the over 25,000 predicted genes and the 11,000 families of proteins
they encode. The majority of gene families are similar to those of other eukaryotic species,
and studies on these genes have been providing a new perspective and better understanding of
diverse essential cellular functions (Bennetzen, 2001). For example, 70% of cancer genes
have close orthologs in Arabidopsis, which implies a potential value in understanding molecular
bases in human diseases (Jones et al., 2008).  Several hundred gene families are unique to the
plant kingdom (The Arabidopsis Genome Initiative, 2000), and are of great value for studying
cellular activities unigque in plants such as photosynthesis.

The most critical methods and materials for genetic and molecular research have also been
well-established for Arabidopsis as a model organism, such as protocols of chemical and
insertional mutagenesis, plant transformation methods for introducing exogenous DNA and
collections of mutants with various phenotypes (Meinke et al., 1998). Plant transformation
with T-DNA using Agrobacterium tumefaciens has become routine due to the development of
whole-plant transformation procedures (Clough and Bent, 1998), which also has enabled the
generation of thousands of transgenic lines with random T-DNA insertions covering almost the
entire genome (Alonso et al., 2003). The Arabidopsis Information Resource (TAIR) and
Nottingham Arabidopsis Stock Centre (NASC) curate genetic and molecular biological
information of Arabidopsis, and seed and DNA stocks are available from the Arabidopsis

Biological Resource Center (ABRC) and NASC.

1.4.2 Characterization of the Ubiquitin System in Arabidopsis

As in other eukaryotes, the Ub system is also involved in a broad range of functions in plants.
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Its components are highly conserved with other well-studied eukaryotic species (e.g. budding
yeast and human). For example, Arabidopsis Ub proteins are also all encoded by fusion genes
and require specific proteases to separate the Ub monomers from fusion polypeptides
(Bachmair et al., 2001). For ten of the 11 E2 consensus enzymes in yeast, at least one
orthologous protein can be found in Arabidopsis (Bachmair et al., 2001). All three classes of
E3 ligases (RING, U-box and HECT) play diverse roles in plants (Smalle and Vierstra, 2004).
Although most of the pioneering studies of Ub, such as polyUb chain topology and atypical
Ub-Ub linkage, have been performed on yeast and human cells, it should not be surprising that
some fundamental aspects of the Ub system are conserved in plants, considering the extensive
conservation of the Ub system among different eukaryotes.

On the other hand, the plant Ub system has some unique features as well. Taking
Arabidopsis as an example, more than 1400 genes have been found to encode UPS-related
components (Vierstra, 2003), and the gene products were estimated to represent over 5% of the
entire Arabidopsis proteome, which at least doubles the percentage of those in yeast, Drosophila,
mice, and human (Semple et al., 2003). Since it has been estimated that each week plants
replace up to 50% of the total protein through a protein hydrolysis-synthesis cycle (Vierstra,
2003), UPS should have a significant role in such massive protein turnover. Over 1300 genes
that are predicted to encode putative E3 components (Smalle and Vierstra, 2004) may give rise
to greater diversity of substrates in plants than in other eukaryotes. Similarly, Arabidopsis
possesses a large number of SCF E3 complexes. Its genome contains almost 700 F-box
encoding genes, while there are merely 14 and 74 F-box genes in budding yeast and human,
respectively (Smalle and Vierstra, 2004). These features of plant Ub system may be explained
by various environmental conditions and stresses due to the sessile lifestyle, which requires
UPS and perhaps other Ub-dependent machineries to function more actively. In addition, the
Ub system may also play vital roles in many processes unique to plants including
photosynthesis, plant hormone metabolism and response, plant development (Smalle and

Vierstra, 2004; Vierstra, 2003).
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1.4.3 Ubcl3-Uev E2 Conjugating Enzyme in Arabidopsis

Homologs of both Ubcl13 and Uev have been identified in Arabidopsis thaliana (Wen et al.,
2006; Wen et al., 2008). There are two Arabidopsis UBC13 genes named AtUBC13A and
AtUBC13B (At abbreviates for A. thaliana), respectively (Wen et al, 2006). Yeast two-hybrid
and protein pull-down assays showed that both AtUBC13 proteins could interact with yeast
Mms2 or human Uevl. Furthermore, AtUBC13s could functionally complement the yeast
ubcl3 null mutant for spontaneous mutagenesis and sensitivity to DNA-damaging agents.
These data suggest that the AtUbc13 protein may function similarly to the yeast Ubcl13 in the
Lys63-linked polyubiquitination reaction.

In catalyzing Lys63-linked polyubiquitination, the Ubcl3 protein requires a Uev, Four
Arabidopsis genes orthologous to human Mms2 (Uevl) have been identified and named
UEV1A, UEV1B, UEV1C and UEV1D (Wen et al, 2008). Based on sequence similarity, the
four Arabidopsis UEV1 genes can be grouped into two pairs, UEV1A/UEV1B and
UEV1C/UEV1D, which likely arose from gene duplication. All four AtUEV1 genes could
complement the yeast mms2 null mutant (Wen et al, 2008). Interestingly, in complementing
the yeast mms2 ubc13 double mutant together with AtUBC13A, UEV1C and UEV1D were more
effective than UEV1A and UEV1B, suggesting possible functional differences between the two
pairs of AtUEV1 genes.

The four AtUEV1 genes have different expression patterns, UEV1D expressed most
strongly in germinating seeds and pollen (Wen et al, 2008). Two UEV1D null mutants created
by T-DNA insertion mutagenesis were identified. Seeds of Atuevld null plants germinated
poorly in the presence of DNA-damaging agent compared to wild type seeds. In addition,
pollen germination of UEV1D plants was also affected in the presence of DNA damage
although the effect was more moderate compared to the effect on seed germination (Wen et al,

2008). These results demonstrate that the Ubc13-Uevl complex functions in DNA-damage
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response in plants. Possible functions in other processes of plants remain to be explored.

1.4.4 Significance of Studying E3 ligases in Arabidopsis

A current understanding about E3 ligases is that they are most responsible for determining the
substrate specificity in the ubiquitination reaction.  Since there are about 37 E2s and more than
1,300 genes encoding E3 components in Arabidopsis (Smalle and Vierstra, 2004), it is
important to gain a better insight on protein ubiquitination by characterizing individual E3
families. Some E3s may participate in processes conserved among eukaryotic species, while
others may play signalling or regulatory roles in processes more specific to plants.
Considering the remarkable abundance of different SCF E3 complexes in plants compared to
other organisms [700 F-box encoding genes in Arabidopsis, yet only 14 and 74 in yeast and
human, respectively (Smalle and Vierstra, 2004)], the diversity of E3 ligases in plants implies a
broad involvement in numerous aspects of plant growth. In the case of Lys63-linked
polyubiquitination, the specific E2 enzyme Ubcl13-Uev complex has been found to be
conserved throughout eukaryotic organisms, yet to understand more specific mechanisms
requires the functional illustration of those E3s that interact with AtUbcl13-AtUev. Therefore,
characterization of E3s in Arabidopsis will provide a clearer picture on how the Ub system

regulates different aspects of plant physiology and development.

1.5 Functional Roles of Example E3 Ligases in Arabidopsis

1.5.1 Co-Chaperone AtCHIP

Arabidopsis protein AtCHIP was named after its animal close sequence ortholog CHIP (Yan et
al., 2003). CHIP was initially identified in mice. It binds to the C-terminus of heat shock
protein cognate 70 (Hsc70), a member of heat-shock protein 70 (Hsp70) family (Ballinger et al.,

1999). Since then orthologs of CHIP have been found in Homo sapiens, Drosophila
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melanogaster, and Caenorhabditis elegans (Patterson, 2002).

AtCHIP has the same domain architecture as its animal orthologs: three N-terminal
tetratricopeptide repeats (TPRs) and a C-terminal U-box domain. TPRs in AtCHIP share at
least 54% identity with animal CHIPs. The TPR domains mediate interactions between CHIP
and Hsp70 and Hsp90 in animals (Connell et al., 2001), and in Arabidopsis AtCHIP was also
found to bind cytosolic Hsp70 (Lee et al., 2009; Shen et al., 2007a). The U-box domain of
AtCHIP shares over 75% identity with that of animal CHIPs. Like the animal CHIPs, the
U-box domain of AtCHIP is also capable of performing E3 ligase activity in catalyzing
polyubiquitination on substrate proteins (Yan et al., 2003).

The molecular chaperones Hsp70 and Hsp90 play important roles in response to protein
misfolding, either through catalyzing substrate refolding or causing protein degradation through
UPS (Wang et al., 2004). In this protein quality control pathway, CHIP plays an important
role through its association with chaperones. CHIP is considered to be responsible for
targeting misfolded polypeptides into UPS for destruction, as it was found to catalyze
polyubiquitination on a number of substrates of Hsp70 and Hsp90 (McDonough and Patterson,
2003). Eukaryotic cells usually have an increasing amount of misfolded proteins under stress
conditions. In transgenic Arabidopsis plants, overexpression of AtCHIP was shown to lead to
defects in low and high temperature tolerance (Yan et al., 2003). Therefore, in Arabidopsis
AtCHIP might have a similar role in protein quality control as animal CHIPs.

On the other hand, AtCHIP also has its unique roles in plants, e.g. plastid-destined
precursor proteins that remain unfolded before being imported into plastids. Cytosolic Hsp70
remains associated with these precursor proteins to assist the process of transportation and
possibly to regulate precursor level as well (Agne and Kessler, 2009). In association with
Hsc70, AtCHIP has been demonstrated to regulate the level of chloroplast-destined precursor
proteins in the cytosol by targeting precursors into UPS through polyUb modification (Lee et al.,
2009; Shen et al., 2007a).

Interestingly, in animals CHIP has the capability to catalyze polyubiquitination via different
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types of Ub-Ub linkages (Hatakeyama et al., 2001; Jiang et al., 2001). CHIP was
demonstrated to associate with the Ubcl3-Uev E2 complex, and X-ray crystallographic
analyses have even revealed the interface of the mouse CHIP with the human Ubc13-Uevla
complex (Xu et al., 2008; Zhang et al., 2005). Therefore, CHIP can possibly catalyze
Lys63-linked polyubiquitination in animals. It remains to be determined whether these
nonconventional features of AtCHIP ligase activity are also conserved in plants, except for a
report showing that AtCHIP monoubiquitinates an A subunit of protein phosphatase 2A (PP2A)
(Luo et al., 2006). In this case AtCHIP did not seem to cause degradation, as overexpressing

of AtCHIP in Arabidopsis increased PP2A activity.

1.5.2 RGLG in Regulating Apical Dominance

To date, the only characterized E3 ligases that specifically catalyze Lys63-linked
polyubiquitination in Arabidopsis are two RING finger proteins RGLG1 and RGLG2 (for
RING domain Ligase 1 and 2, respectively) (Yin et al., 2007). RGLG1 and RGLG2 are
sequence homologs and their coding genes RGLG1 (At3g01650) and RGLG2 (At5g14420)
belong to a putative five-member family (Stone et al., 2005).

RGLG2, with a higher level than RGLGL1 in vivo, was demonstrated by Yin et al. (2007) to
interact with AtUbc13A (or Ubc35) which forms an E2 complex with AtUev1A to facilitate
Lys63-linked polyUb chains. RGLG2 together with the AtUbc13A-AtUevlA complex failed
to assemble polyUb chains from the Ub-K63R mutants which lack the Lys63 residues, and it
did not show a substantial catalytic activity with another E2 UBC9 and wild type Ubs.
Therefore, RGLG2 specifically catalyzes in vitro Lys63-linkage between Ub moieties instead of
Lys48-linkage. The plants showed no observable defects by down-regulating either one of the
two RGLG proteins. However, rglgl rglg2 double mutant plants lost apical dominance and
had altered phyllotaxy. Both of these phenotypic characteristics are regulated by the plant

hormone auxin, and indeed those mutant plants also showed altered auxin and cytokinin levels
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and a decreased sensitivity to exogenous auxin as well. The RGLG ligase activity may be
required for the regulation of directional flow of auxin, as in rglgl rglg2 double mutants, the
abundance of certain auxin transport proteins was altered, and a mutation in the auxin transport
regulator BIG led to synthetic lethality (Yin et al., 2007). Therefore, the current understanding
of RGLG E3 ligases implicates an involvement of Lys63-linked polyubiquitination in hormone
regulation. However, many details concerning the substrates and regulatory pathways remain

to be uncovered.

1.5.3 SCF'™ and Auxin Signalling

Auxin is an essential plant hormone regulating plant growth in various environmental
conditions and developmental processes. For instance, the predominant auxin indole-3-acetic
acid (IAA) modulates expression of genes that lead to cell expansion and division (Mockaitis
and Estelle, 2008). The increasing understanding of the intracellular auxin signalling pathway
has revealed a key role for UPS in transducing the auxin signal to activate transcription of target
genes (Mockaitis and Estelle, 2008). The core component in this signal transduction is a SCF
E3 complex in which the F-box subunit is transport inhibitor response 1 (TIR1). The
substrates of SCF™'"! consist of a family of transcriptional repressors called Aux/IAAs which
inhibit the activity of a family of transcription factors known as auxin response factors (ARFs).

Thus, once Aux/IAAs are polyubiquitinated by SCF™™

the suppression on ARFs will be
alleviated or removed via a UPS dependent substrate degradation, leading to the transcription of
auxin responsive genes. The discovery that TIR1 functions as a novel auxin receptor has
largely uncovered the details about the link between auxin signal perception and the
downstream signaling pathway (Dharmasiri et al., 2005; Kepinski and Leyser, 2005).
Arabidopsis Aux/IAAs share a conserved degron sequence (domain 1), which serves as a
binding surface for the leucine-rich-repeat (LRR) domains of TIR1 (Tan et al.,, 2007).

However, the binding affinity between Aux/IAA and TIR1 is low in the absence of auxin.
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Auxin fits into a hydrophobic cavity within TIR1, and provides an extra binding surface for
Aux/IAA degrons (Tan et al., 2007). Therefore, the binding of auxin within the TIR subunit is
required for the interactions between SCF™'""* and its substrates.

The auxin induced SCF™"R!-substrate interaction provides new insight into molecular
mechanisms that integrate hormone response and ubiquitination. In addition, TIR1 has at least
five close paralogs in Arabidopsis, namely, auxin signaling F-box protein 1 to 5 (AFB1-5)
(Dharmasiri et al., 2005). AFB1-3 showed functional redundancy with TIR1, as impairment
of the TIR1 gene or any one of the three AFB genes did not cause observable defects in plant
growth, yet a combination of TIR1 and AFB1-3 mutations decreased auxin response
(Dharmasiri et al., 2005). It seems plausible that AFBs have the same functions in forming

SCF E3 complexes and transducing the auxin signal as TIR1.

1.6 Objectives

Results from studies in mammals and yeast suggest that Lys63-linked polyubiquitination is a
fundamental process of protein modification that plays a role in several diverse pathways. The
identification and studies of the Ubc13 and Uevl homologs in Arabidopsis indicates that the
fundamental function of the Ubcl3-Uev complex in catalyzing the Lys63-linked
polyubiquitination is conserved throughout eukaryotic species. Lys63-linked polyubiquitination
targets substrate proteins and modulates their activities and functions. Substrate specificity is
likely conferred by E3 ubiquitin ligases in the Ubcl3-mediated ubiquitination. Thus,
identification and functional characterization of E3 ligases that interact with the Ubcl13-Uev
complex would provide means to further understand the biological functions of
Ubcl13-mediated ubiquitination.

The primary objective for this project is to identify the functions of E3 ligases that interact
with the Ubc13-Uev complex. The specific aims of this project are as follow:

1. Initial survey of E3s and selection of 2-3 E3 genes (families) for further studies
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2. Down-regulation of selected E3 genes

3. Phenotyping Arabidopsis lines with down-regulation of the selected E3s
Arabidopsis plants (lines) with the respective genes down-regulated will be analyzed for:
(1) Plant growth and morphology

(2) Response to some hormonal treatments

(3) Tolerance to some abiotic stress treatments
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2 MATERIALS AND METHODS

2.1 Plant Materials and Growth Conditions

Plants used for this study were all Arabidopsis thaliana ecotype “Columbia”. T-DNA
insertion lines Atchip-1 (SALK _059253c) and SALK_058353c were obtained from ABRC.
Arabidopsis plants were grown on soil (Sunshine Mix #4) in 10-cm square pots or on
half-strength (w/v) Murashige and Skoog basal salt (1/2 MS, Sigma-Aldrich M5524, 4.3 g/L)
medium (with 0.7% (w/v) agar, 1% (w/v) sucrose, and pH 5.8) at 20 € and with a 16/8-hour-
day/night photoperiod. Plants grown in pots were placed on a shelf, exposed to florescent
light with daylight intensity of 80 pmol/m%/sec. Plants grown on 1/2 MS agar medium were
under 60 pmol/m?/sec in a tissue culture chamber. Seeds to be plated onto 1/2 MS agar
medium were surface-sterilized with 20% bleach and 0.5% Triton X-100 three times within 20
min, followed by three rinses in sterile water. After sterilization, seeds were stratified in
sterile water at 4 <€ in the dark for three days to synchronize germination. Three days later,
the seeds were suspended in 0.1% agarose (w/v, sterile) and sown on 1/2 MS agar medium

(containing 1% sucrose), with or without one of specific ingredients as indicated.

2.2 Sequence Analysis and Domain Prediction

Protein sequence alignment was performed in ClustalX program, with Gonnet250 protein
matrix. As described by Stone et al., (2005), in pairwise alignment the gap opening and gap
extend parameters were set at 10 and 0.1, respectively; in multiple alignment the gap opening
and gap extend parameters were 10 and 0.2, respectively.

Potential functional domains within each protein were analyzed in PROSITE

(http://prosite.expasy.orq) and SMART (http://smart.embl-heidelberg.de) databases with

full-length protein sequences.

To search for closely related proteins of E3 ligases, the full-length protein sequences of
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AtCHIP and  Atlg74370 (E3-Al) were analyzed by BLASTP  program

(http://www.arabidopsis.org/Blast). T-DNA insertion lines and insertion site of T-DNA

sequences were obtained from TAIR web site (http://www.arabidopsis.org).

2.3 Plant Genomic DNA Extraction

Genomic DNA was extracted as described by (Edwards et al., 1991). A piece of Arabidopsis
plant leaf tissue (50 mg) was pinched out into a 1.5 mL Eppendorf tube. Then, 400 (A of
extraction buffer (200 mM tris-HCI, pH7.5; 250 mM NaCl; 25 mM EDTA; 0.5% SDS) was
added and the tissue was ground with a disposable pestle against the tube wall. The mixture
was left at room temperature until all samples were extracted. The tubes were centrifuged at
12,000 g for 5 min and 350 pL of supernatant was transferred to a new Eppendorf tube. This
supernatant was mixed with 350 | isopropanol and left at room temperature for at least 20 min,
followed by centrifugation at 12,000 g for 5 min. The supernatant was discarded and the
pellet dried for about 20 min at room temperature. The pellet was dissolved in 100 pL TE

buffer (100 mM Tris-HCI with pH 7.5 and 10 mM EDTA, pH 8.0).

2.4 Polymerase Chain Reaction and DNA Gel Electrophoresis

In a 20 pL polymerase chain reaction (PCR), two microliters of the genomic DNA sample
extracted from plant tissues or the cDNA sample reverse transcribed from the mRNA was used
as the template in a 96-well plate. All the primers used in this study are listed in Table 2.1.
The PCR thermal cycle was: denaturing at 94<C for 1 min, annealing at 55<C for 1 min, and
primer extension at 72<C for 1 min per kilobase of sequence. Usually 28 to 30 cycles were
performed for amplification of genomic DNA or cDNA sequences of E3s.

PCR products were analyzed by agarose gel electrophoresis. An 1% agarose gel was

made by dissolving a corresponding amount of agarose in 1 < TAE buffer (40 mM Tris-acetate,
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2 mM Na;EDTA, pH 8.0). Ethidium bromide was added into the gel to the final concentration
of 0.5 pg/mL. Electrophoresis was run in 1 < TAE buffer at 100 V until nucleic acid samples
migrated for 15 - 30 minutes depending on the fragment size. DNA samples in the gel were

visualized under UV light using a BioDoc gel imager.

Table 2.1 Oligonucleotide primers for PCRs. The start and stop codons are underlined.

Name Sequence Used for

LB1 5-GCGTGGACCGCTTGCTGCAACT-3 Left border of T-DNA sequence

5 end of full-length AtCHIP

HW599 5-CAGTGTCGACAATGGTTACAGGCGTGGCTTC-3 )
genomic DNA or cDNA

3’ end of full-length AtCHIP

HW560 5-CAGTGCGGCCGCTICAACAACCCATCTTGTAAGC-3’ .
genomic DNA or cDNA

HW601 5-CAGTGTCGACAATGTGGAATTTAGCTTCAAAAT-3 5’ end of full-length E3-A1 cDNA

HW602 5-CAGTGCGGCCGCTICAGGTTGCAATCTCTCTG-3’ 3’ end of full-length E3-A1 cDNA

HW621 5-ACTGGGATCCAGAGTATGGGGTTAAAGAAGTC-3’ 5’ end of E3-A2 cDNA fragment

HW622 5-ACTGGTCGACGAGACATGCTACACCTC-3’ 3’ end of E3-A2 cDNA fragment

5" end of full-length AtUBC13A

HW797 5-CAGTGTCGACAATGGCCAACAGTAATTTGCC-3 CDNA

3’ end of full-length AtUBC13A

HW798 5-CAGTGCGGCCGCTICATGCGCCGCTTGCATA-3’ TR

2.5 Total RNA Isolation and RT-PCR

To perform a reverse transcriptase mediated polymerase chain reaction (RT-PCR) analysis, total
RNA was isolated from leaf or floral tissue with TRIzol reagent (Invitrogen). Arabidopsis
tissue was added into 500 L of TRIzol reagent (less than 100 mg tissue per mL TRIzol) in a
1.5 mL Eppendorf tube. The tissue was ground with a disposable pestle against the tube wall.
Another 500 L of TRIzol reagent was added to the homogenized tissue, and the mixture in the

tube was left on ice until all samples were extracted. Then 200 piL of chloroform was added to
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each sample, and all samples were shaken vigorously by hand for 15 sec. The samples were
incubated at room temperature for 10 min before being centrifuged at 12,000 g for 10 min at 4
€. The aqueous phase on the top (300 L) was transferred into a fresh tube, and 300 pL
isopropanol was added. The sample was incubated at 4 <€ for at least 10 min and centrifuged
at 12,000 g for 10 min at 4 €. The supernatant was discarded, and the pellet was washed with
1 mL 70% ethanol. The RNA sample was centrifuged again at 12,000 g for 5 min at 4 €.
The supernatant was discarded, and the pellet was air dried for 5-10 min. The isolated RNA
samples were stored at -80€. RNA concentration was determined by a spectrophotometer
(Pharmacia Biotech, Ultrospec 3000).

Reverse transcription was performed using a ThermoScript RT-PCR system (Invitrogen)
following the manufacturer’s instructions. For each cDNA synthesis reaction, 1 pg of total
RNA was used. After reverse transcription the cDNA reaction mixture was diluted by ten
times using diethylpyrocarbonate (DEPC) treated water, and 2 L was used for PCR
amplification. A primer pair specific to the particular full-length cDNA was used in the
reaction, and a primer pair specific to AtUBC13A cDNA was also used as a control. See Table

2.1 for primers used for RT-PCR.

2.6 Plant Transformation

With the help of Dr. Xianzong Shi in our laboratory, RNA interference (RNAI) constructs were
prepared for down-regulating E3-Al (Atlg74370) or E3-A2 (atlg69330) and plant
transformation was performed. For preparing the RNAIi constructs, sense and antisense
fragments of E3-A1 cDNA (covering the nucleotide sequence of 213-619 from the translational
start ATG) or E3-A2 (covering the nucleotide sequence of 168-597 from ATG) cDNA were
cloned into the plant expression vector pWS855 which was modified from pBl1121 (Clontec).
Each of the RNAI constructs was fused to the native promoter of the target gene so that the
expression profile of the RNAI transcript matched that of the wild type gene. The constructs
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were then introduced into the Agrobacterium tumefaciens strain GV3101 (Vanlareb et al., 1974)
and the Agrobacterium transformants were used to infiltrate wild type Arabidopsis plants as
described (Wang et al., 2000). The seeds (T1) were harvested from initially infiltrated plants.
After surface-sterilization, the T1 seeds were plated on 1/2 MS agar medium containing 50
mg/L kanamycin and 300 mg/L timentin (referred as ¥2 MSTK). Transformants were able to
grow on the plates due to their resistance to kanamycin while non-transformants would die after

germination. The transformants were transferred into soil in pots and grown on the shelf.

2.7 Plant Phenotypic Surveys

2.7.1 Parameter Measurements

To perform phenotypic surveys on Arabidopsis plants, surface-sterilized seeds were germinated
on ¥ MS agar medium in Petri plates, and five repeats of plates were used for each treatment.
For each plate, half was used for control (reference) plants and half for test plants. The
growth-related values such as primary root length, fresh weight and dry weight of mutant plants
were expressed relative to the values of wild type plants grown in the same plate, so that the
impact of variation among plates could be minimized.

To assess growth, the seedlings were grown on 1/2 MS agar medium in 150 mm Petri
dishes, which were placed vertically. For each plate, half was used for control plants and the
other half test plants. For each half, 12 seeds were planted in a straight row (with equal
distance between two neighboring seeds). Several growth parameters such as primary root
length, fresh weight and dry weight were measured. Seedlings were also grown on 1/2 MS
agar medium in 100 mm Petri dishes. For each plate, half was for the control seedlings and
the other half for the test seedlings. For each half, 16 seeds were planted. Several phenotypic
parameters such as seed germination rate, cotyledon green rate, fresh weight, dry weight and

survival rate were measured.
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To determine primary root length, photographs of each plate were taken with a digital
camera. A ruler was placed next to the plate so that both plate and ruler would be included in
the photograph. The photographs were all analyzed by Imagel, and the root lengths of
individual seedlings could be determined using the ruler as the reference. The germination
rate was determined by counting seeds with the emerging radical longer than the length of the
seed. The cotyledon greening rate was determined by counting the number of seedlings with
green cotyledons. The survival rate of seedlings after treatments was calculated from
seedlings with the centers of shoots remaining green, while the shoot centers of non-surviving
seedlings turned white or pale. To obtain weight measurements, Petri dishes were opened and
the shoot part of each seedling was cut off (to avoid variation due to agarose being carried by
the roots) and seedlings for the same type from one plate were weighed together on plastic
weighing dishes. The average weight of individual seedlings (shoot portion) for each plate
could be calculated. To obtain dry weight, the plant tissues were left in the weighing dishes to
be air dried for one week, before being weighed.

The statistical significance of the data was determined by Student’s t-test, with two-tailed

distribution, two-sample assuming equal variance.

2.7.2 Hormonal Treatments and Osmotic Stress Tolerance

To determine the response of Arabidopsis plants to hormones and osmotic stress, seeds were
plated to germinate and further grow on % MS agar medium (containing 1% sucrose)
supplemented with a test ingredient. Following concentrations of ingredients were used: 5%
(w/v) sucrose (total concentration in the medium), 150 mM NaCl, 0.10 pM naphthaleneacetic
acid (NAA), 2.5 pM kinetin (KN), 25 pM methyl jasmonate (MeJA), 50 uM salicylic acid (SA)
or 0.75 uM abscisic acid (ABA). These concentrations were based on tests that were done
previously in Dr. Wang’s laboratory to assess conditions for various assays. Absolute and

relative primary root length, fresh weight and dry weight were measured on vertical plates, as
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described above. Germination and cotyledon greening rates were measured on horizontal

plates.

2.7.3 Seed Longevity

Seed longevity assay was performed as described (Sugliani et al., 2009) to determine the
deterioration of seed viability of mutant seeds compared to wild type. High temperature (37°C)
and high humidity conditions were used to accelerate seed deterioration. Mutant and wild type
seeds harvested from plants grown under identical conditions were incubated at 37°C.  The
high humidity condition was created by placing seeds around an open bottle containing
saturated KCI solution inside a sealed container (which maintains about 83% relative humidity
at 37°C). After seeds being treated for particular days, they were taken out and air dried for
three days. Seeds were then plated on % MS agar medium with or without 0.75 M ABA in

100 mm Petri dishes. Seed germination and cotyledon greening were analyzed.

2.7.4 Thermal Tolerance

Arabidopsis seeds were plated on %2 MS agar medium in 100 mm Petri dishes and seedlings
were grown under standard condition. Ten-day old seedlings were treated with elevated
temperatures by incubating in metal trays inside an incubator, with aluminum foils placed
between the surface of Petri dishes and the metal plates to facilitate efficient and even heat
transfer. For basal thermal tolerance, plants were incubated at 42°C for the specified period of
time. For acquired thermal tolerance, plants were first incubated at 37 °C for 90 min and then
placed under normal conditions for 2 hours, followed by incubation at 45°C for 2-8 hours.
After high temperature treatments, seedlings were grown under normal conditions for seven

days before measurements were taken on survival rate, fresh weight and dry weight.
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2.7.5 High-intensity Light Treatment

To treat plants growing on soil with high-intensity light, Arabidopsis seeds were germinated
under normal conditions (with light intensity at 90 umol/m%/sec). Starting from the seventh
day after seed germination, light intensity was increased to 170 umol/m%/sec by adding light
panels and lowering the light source above the pots. The morphology of mutant and wild type
plants were observed during plant growth under increased light intensity. To determine the
growth of seedlings on plates, seeds were germinated and seedlings grown vertically in 150 mm

Petri dishes under increased light-intensity.

2.7.6 Oxidative Stress

To determine the tolerance to oxidative stress, 0, 0.05, 0.10 or 0.20 pM Paraquat
(N,N'-dimethyl-4,4'-bipyridinium dichloride, also called methyl viologen) was included in %
MS agar medium. Arabidopsis seeds were grown on ¥2 MS plates in 150 mm Petri dishes.
Plates were put vertically and exposed under either normal (60 pmol/m?/sec) or high-intensity
light (150 umol/m?/sec) conditions. On the 11" day after seed plating, primary root length

was measured.

2.7.7 DNA Damage Tolerance

DNA-damage tolerance of Arabidopsis plants was determined using the DNA-damaging agent
MMS (methylmethane sulfonate). Arabidopsis seeds were grown on % MS plates containing
0, 25, 50 or 75 ppm MMS in 150 mm Petri dishes. The plates were placed vertically for plant

growth. Primary root length was measured on the 11" day after seed plating.
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3 RESULTS

3.1 Functional Characterization of AtCHIP

AtCHIP (At3g07370) was identified as an E3 ligase gene involved in protein degradation and
its over-expression has a clear phenotype (Yan et al., 2003). Interestingly a yeast two-hybrid
screen using AtUbcl3A as the bait identified AtCHIP protein and the interaction between
AtUbc13A and AtCHIP was further confirmed by the yeast two-hybrid analysis and protein
pull-down (Appendices). These observations suggest that AtCHIP may be a potential E3
ligase associated with Ubc13 in catalyzing Lys63-linked polyubiquitination. However, there is
no report regarding the effect of its down-regulation in plants. Thus, one focus of my thesis is
to obtain AtCHIP T-DNA knockout mutant and to explore the function of AtCHIP based on

whether the mutant has any phenotype.

3.1.1 AtCHIP Protein Sequence Analysis
Based on information obtained from PROSITE (http://prosite.expasy.org) and SMART

(http://smart.embl-heidelberg.de) databases, the AtCHIP protein has a three-motif TPR domain

near the N-terminus and a U-box domain near the C-terminus (Figure 3.1A).

Close paralogous genes can often have redundant functions. In order to search for
potential paralogs of AtCHIP in the Arabidopsis proteome, the full-length protein sequence of
AtCHIP was used as a query in the BLASTP program to search the TAIR 10 protein database

(http://www.arabidopsis.org/Blast). However, this sequence analysis did not reveal any

closely related proteins. According to the BLAST result, the most related sequence
(At2942810) showed 31% identity in a region of 132 amino acid residues when compared with
AtCHIP (Figure 3.1). And alignment of the full-length sequences of AtCHIP and At2g42810
by EMBOSS Needle program (http://www.ebi.ac.uk/Tools/psa/emboss_needle) showed only

9.5% sequence identity. Therefore, AtCHIP seems to be a distinct protein in Arabidopsis.
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Indeed, among the 64 putative Arabidopsis U-box containing proteins identified so far, only
AtCHIP has a TPR domain (Wiborg et al., 2008). Bioinformatics studies on TPR proteins in
Arabidopsis did not reveal any candidates closely related to AtCHIP, and in the phylogenetic

analysis no other TPR proteins were found to contain a U-box domain (Prasad et al., 2010).

A
U-box

TPR
AtCHIP | [ BN | 27se)

>AT2G42810.1 | Symbols: PAPP5, PP5 | protein phosphatase 5.2 |
chr2:17812336-17815896 REVERSE LENGTH=484 Length = 484

Score = 72.0 bits (175), Expect = 4e-13, Method:
Composition-based stats.
Identities = 39/123 (31%), Positives = 61/123 (49%)

Query: 10 AERLKEDGNNCFKKERFGAAIDAYTEAIALSPNVPAYWTNRALCHMKRKDWTKVEEDCRK 69
AE K N FK ++ +AID YT+AI L+ N YW NRA H K +++ +D K
Sbjct: 13 AEEFKSQANEAFKGHKYSSAIDLYTKAIELNSNNAVYWANRAFAHTKLEEYGSAIQDASK 72

Query: 70 AIQLVHNSVKAHYMLGLALLQKKEFTNGVKELQRALDLGRCSNPTGYMVEEIWEELSKAK 129
AT++ K+Y G A L +F + +K+ QO+ L ++E + + K K
Sbjct: 73 AIEVDSRYSKGYYRRGAAYLAMGKFKDALKDFQQVKRLSPNDPDATRKLKECEKAVMKLK 132

Query: 130 YME 132
+ E
Sbjct: 133 FEE 135

Figure 3.1 Domain information and sequence analysis of the AtCHIP protein. (A) Domain
architecture of AtCHIP protein. (B) Sequence identity and alignment between AtCHIP (Query)
and At2g42810 (Sbjct). The result was obtained from http://www.arabidopsis.org/Blast using
BLASTP program with AtCHIP as the query sequence to search TAIR10 protein database.
According to the BLAST result At2g24810 (protein phosphatase 5) showed the highest degree
of similarity with AtCHIP in Arabidopsis.
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3.1.2 Confirmation of T-DNA Insertion of Atchip-1 Mutant
Since sequence analysis did not reveal any closely related paralogs in the Arabidopsis genome,
it was reasoned that there is less of a chance that the function of AtCHIP could be performed by
other related proteins, thus making it a good candidate for functional studies by
down-regulation.  Accordingly, a T-DNA insertional mutagenesis line (SALK _059253c) of
AtCHIP was obtained from ABRC. This mutant line is named Atchip-1 for the convenience of
illustration. The T-DNA insertion was shown by ABRC to interrupt exon 6 and before the
U-box coding region of the gene. Therefore, the insertion is expected to abolish the E3 ligase
activity of AtCHIP in Atchip-1. The homozygosity of the mutant line was confirmed by
genomic PCR. As shown in Figure 3.2A, a primer (LB1) specific to left-border region of
T-DNA paired with a primer specific for the gene (HW599) would identify the T-DNA insertion
in the genome.  While using a pair of primers (HW599 and HW560) specific to the target gene
and spanning the T-DNA insertion site would identify the wild type allele. Therefore,
presence of the T-DNA band and absence of genomic DNA band in agarose gel electrophoresis
should indicate that the plant is homozygous for the T-DNA insertion (excluding any
experimental error). Genomic PCR showed that all plants from the line were homozygous in
terms of T-DNA insertion (Figure 3.2B). Subsequently, total RNA was isolated from the
Atchip-1 mutant plants and analyzed by RT-PCR. No transcript of AtCHIP was detected
(Figure 3.2C).

Since the Atchip-1 line was confirmed to be homozygous and the insertion was shown to
efficiently interrupt AtCHIP gene transcription, this line was used for further studies to identify

possible effects from the down-regulation of AtCHIP.
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Figure 3.2 Insertion site and gene expression analysis of an AtCHIP T-DNA mutant Atchip-1.
(A) Genomic structure showing T-DNA insertion site of Atchip-1 mutant. Filled boxes represent
exons, while lines in between represent introns. T-DNA is inserted in the sixth exon. LB1:
T-DNA left border primer; HW599, 5° gene specific primer; HW560: 3’ gene specific primer.
(B) Genomic DNA PCR result. The WT fragment was amplified by using primers HW599 and
HWS560, and the T-DNA fragment was amplified by primers HW599 and LB1. (C) RT-PCR
confirmed the complete interruption of AtCHIP transcription in Atchip-1 mutant line.
AtUBC13A cDNA was used as a reference. The primer pair for AtCHIP cDNA is HW599 and
HW560, and for AtUBC13A is HW797 and HW798. From both wild type and Atchip-1 mutant
plants, AtUBC13A cDNA template was amplified, while AtCHIP cDNA template was amplified
only from wild type plant. The wild type line was segregated from a T-DNA line SALK_112098
and used as the control.

3.1.3 Phenotypic Characterization of Atchip-1 Mutant

In order to determine the possible functions of candidate genes in plants, a common approach is
to use a knockout or knockdown mutant, and observe whether there is any phenotypic alteration
associated with the mutant. There was no apparent morphological difference between
Atchip-1 and wild type plants.  Still, AtCHIP may play a more prominent role under a specific
condition. A series of conditions were thus used to determine whether the mutant has a

phenotype.
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3.1.3.1 Hormonal Treatments and Osmotic Stress Tolerance

Since plant hormones play crucial roles in plant growth and development as well as the
adaptation to environmental changes, initially the Atchip-1 mutant plants were tested for their
response to hormonal and sucrose treatments. Seeds were germinated and seedlings grown on
1/2 MS agar medium (containing 1% sucrose) supplemented with one of the following
ingredients: high sucrose (5% total concentration), 0.10 M naphthaleneacetic acid (NAA, a
synthetic auxin), 2.5 M kinetin (KN, one of the cytokinins), 25 pM methyl jasmonate (MeJA),
50 uM salicylic acid (SA) or 0.75 uM abscisic acid (ABA). These concentrations were based
on the tests that were previously done in Dr. Wang’s laboratory, to ensure the significant effects
on the growth of wild type plants (for instance 50% difference in root length compared with
plain %> MS agar medium). The seedlings were grown in Petri plates. There was some
variation in plant growth among different plates. Thus, control plants (wild type, segregated
from a T-DNA line SALK_112098) were grown side-by-side with the mutant plants in the same
plate (half for control plants and half for mutant plants). Several phenotypic parameters such
as primary root length, fresh weight and dry weight were measured. The values of Atchip-1
plants were expressed relatively to the values of the wild type plants grown in the same plate, so
that the impact of variation among plates could be minimized.

As shown in Figure 3.3 and Figure 3.4, there was a difference between the Atchip-1 mutant
and wild type plants in the presence of 0.75 uM ABA by t-test (P < 0.01), whereas no difference
was observed for any other treatments. Relative primary root length, relative fresh and dry
weight data (compared with wild type plants) all showed a decrease for Atchip-1 mutant
compared to the control in the presence of 0.75 uM ABA. To confirm this observation, the
ABA treatment was repeated using the same seed lots. It was observed that the Atchip-1
mutant plants were slower to germinate and in cotyledon greening (Figure 3.5). Since ABA
treatment can delay seedling growth and development (see Figure 3.4), these data indicate

over-sensitivity of mutant plants to ABA.
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Figure 3.3 Phenotypic survey of Atchip-1 mutant plants in response to hormonal and sucrose
treatments. The average values of the Atchip-1 plants were expressed relative to those of wild
type plants being assigned the value of one. (A) Relative primary root length of 11-day old
Atchip-1 plants (to wild type, 11-day old plants). After plates were photographed, primary root
lengths were measured using the software ImageJ. (B) Relative fresh weight of 15-day old
plants. (C) Relative dry weight of 15-day old plants. Seedlings from plates were allowed to
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air-dry for three days and then were weighed. The data for each treatment represents the
average of five plates and on each plate 12 mutants and 12 control plants were measured. Error
bars represent standard deviations. * indicates P < 0.01 by t-test.

A
WT Atchip-1
mutant

B
WT Atchip-1
mutant

Figure 3.4 Root phenotype of Atchip-1 mutant plants. (A) Wild type (left) and Atchip-1 mutant
(right) plants growing on %2 MS agar medium (containing 1% sucrose). (B) Wild type (left) and
Atchip-1 mutant (right) plants growing in the presence of 0.75 M ABA. All plants were 15-day
old.
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Figure 3.5 Analysis of seed germination and cotyledon greening. (A, B) Average of
germination rate (%) of Atchip-1 and wild type plants on %2 MS agar medium (A) and on ¥2 MS
agar medium containing 0.75 M ABA (B) between day 1 and day 9 after seeds were plated. (C,
D) Average of cotyledon green rate (%) of Atchip-1 and wild type plants on ¥2 MS agar medium
(C) and on ¥ MS agar medium containing 0.75 pM ABA (D) between day 1 and day 14 after
plating seeds. The data for each treatment represents the average of five plates and on each plate
16 mutants and 16 control plants were measured. Error bars represent standard deviations. *
indicates P < 0.01 by t-test.
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The above results were obtained using one pair of seed lots (wild type and Atchip-1 seeds
were collected at similar times). To exclude the possibility that the difference in ABA
sensitivity might be due to minor difference in seed quality and viability, the same mutant and
wild type lines were grown side by side in the same tray (to keep the conditions as identical as
possible). Seeds were subsequently harvested at the same time and in the same way. Then
these harvested seeds (mutant seed lots with corresponding control seed lots) were used in a
repeat of ABA treatment. Surprisingly, in this new round of ABA experiment the Atchip-1
mutant did not show an increase in ABA sensitivity compared to wild type plants (Figure 3.6).

Since the results from the newly collected seed lots did not show the difference, it was
hypothesized that the decrease observed with the earlier seed lots might be due to a difference
in seed quality between the mutant and wild type plants. Considering that the seeds of mutant
and wild type lines used in the initial experiments were stored for a similar length of time, there
are two possibilities concerning seed quality: the AtCHIP null mutation might accelerate seed
deterioration during storage, or parental plants set seed under slightly different environmental

conditions.
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Figure 3.6 ABA treatment analysis of Atchip-1 and control lines grown under identical
conditions. (A) Primary root length of Atchip-1 mutant line (relative to wild type, 8, 11 or
15-day old plants). (B, C) Fresh weight (B) and dry weight (C) of Atchip-1 mutant (relative to
wild type, 15-day old plants). (D, E) Germination rate (%) of Atchip-1 mutant and wild type
seeds on ¥2 MS agar medium (D) and on ¥ MS agar medium containing 0.75 M ABA (E)
between day 1 and day 9 after seed plating. (F, G) Cotyledon green rate (%) of Atchip-1 mutant
and wild type plants on ¥2 MS agar medium (F) and on %2 MS agar medium containing 0.75 M
ABA (G) between day 1 and day 11 after seed plating. Each datum represents the average of
five plates, with 12 mutant and 12 control seeds or seedlings on each. Error bars represent
standard deviations. For all the data points, P > 0.01 by t-test.
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3.1.3.2 Seed Longevity
To determine whether Atchip-1 mutant seeds have a different rate in the loss of seed quality
during seed storage, a seed longevity assay was performed. The mutant and wild type seeds
harvested from plants grown under identical conditions were incubated at 37°C under a high
humidity (about 83%) for a certain period of time. After being air dried for three days, seeds
were plated on Y2 MS agar medium with or without 0.75 pM ABA. There was no apparent
difference between the Atchip-1 and wild type plants in terms of seed germination (Figure 3.7).
Therefore, these data indicate that inactivation of AtCHIP does not impair seed longevity.
Interestingly, after 7 days of treatment, Atchip-1 mutant seeds showed a slightly higher
germination rate than wild type seeds in %2 MS agar medium. In order to verify the result,
another round of longevity test was performed with two pairs of independent seed lots (Figure
3.8; A and B paired sets of seed lots). Each pair of seed lots were harvested under same
conditions.  First pair (A pair) of mutant and wild type seed lots was the same as the one used
in the earlier seed longevity test, and the second pair was harvested later from plants grown
under identical conditions. Comparing germination rates of two pairs of 10-day treated seed
lots on ¥2 MS agar medium containing 0.75 piM ABA, the Atchip-1 seeds of the initial seed lot
(in B pair) seem to have a significantly higher germination rate than wild type seeds between
ninth and eleventh days (P < 0.01 by t-test), while mutant and wild type seeds from the A pair
of seed lots germinated very similarly (Figure 3.8). Furthermore, on %2 MS agar medium there
was no observable difference in seed germination among the four seed lots (for all the data
points P > 0.01 by t-test). Therefore further test is needed to draw a clear conclusion

regarding whether AtCHIP inactivation affects the sensitivity of seed germination to ABA.
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Figure 3.7 Seed longevity analysis of Atchip-1 mutant and wild type lines. Seeds were
incubated at 37°C under a high humidity. (A, B). Germination rater (%) of: untreated Atchip-1
mutant and wild type seeds on ¥2 MS agar medium (A) and on ¥2 MS agar medium containing
0.75 pM ABA (B). (C, D) Germination rates of seeds after 3-day deterioration treatment on Y2
MS agar medium (C) and on % MS agar medium containing 0.75 pM ABA (D). (E, F)
Germination rates of seeds after 7-day deterioration treatment on ¥ MS agar medium (E) and
on %2 MS agar medium containing 0.75 pM ABA (F). Each datum represents the average of five
plates with 16 mutant and 16 wild type plants on each. Error bars represent standard deviations.

*P =0.0083 by t-test for the fourth-day time point in (E), while for all the other data points P >
0.01.
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Figure 3.8 Comparison of seed longevity of two pairs of seed lots between Atchip-1 and the
wild type. (A, B) Germination rate (%) of two paired seed lots of: untreated Atchip-1 mutant
and wild type seeds on %2 MS agar medium (A) or on ¥2 MS agar medium containing 0.75 M
ABA (B). (C, D) Germination rates of seeds after 10-day deterioration treatment, Germination
was on ¥2 MS agar medium (C) or on %2 MS agar medium containing 0.75 pM ABA (D). Each
data point represents the average of five plates and on each plate 16 mutant and 16 wild type
plants were grown. Error bars represent standard deviations. *P < 0.01 by t-test comparing wild
type and Atchip-1 in pair B (matched seed lots).

56



In order to have a clearer conclusion on whether down-regulation of AtCHIP in Atchip-1
mutant line possibly leads to altered seed germination rate, a third round of longevity test with a
refined procedure was performed. In this test, a third pair of seeds (wild type and Atchip-1
mutants) was harvested from plants grown under identical conditions to the other two pairs
tested previously. Moreover, on each plate the number of treated seeds was increased for
germination test to reduce the level of variation. Therefore the number of seeds tested on each
plate was doubled (32 seeds) for those from 10-day treatment and tripled (48 seeds) for those
from 14-day treatment. The average germination rates were calculated from three batches of
wild type and Atchip-1 seeds that had been treated for the same number of days, and the data
are shown in Figure 3.9. On both 1/2 MS agar media with or without 0.75pM ABA, Atchip-1
mutant seeds had very similar germination rates compared to wild type seeds (for all the data
points P > 0.01 by t-test), regardless of how long the seeds were incubated under high
temperature and high humidity conditions. These data indicate that seeds of Atchip-1 have a

similar seed germination rate to that of wild type seeds.
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Figure 3.9 Comparison of seed longevity of three pairs of seed lots between Atchip-1 and the
wild type. (A, B) Germination rate (%) of two paired seed lots of: untreated Atchip-1 mutant
and wild type seeds on %2 MS agar medium (A) or on %2 MS agar medium containing 0.75 pv
ABA (B). Each datum represents the grand average of three batches of seeds with same
genotype. For each batch of seeds, five plates were used for each line, with 16 mutant and 16
wild type seedlings grown on each plate. (C, D) Germination rates of seeds after 10-day
deterioration treatment, germination was on %2 MS agar medium (C) or on %2 MS agar medium
containing 0.75 M ABA (D). Each datum represents the average of three batches of seeds with
same genotype, and same batch of seeds were grown on five plates with 32 mutant and 32 wild
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type seeds on each plate. (E, F) Germination rates of seeds after 14-day deterioration treatment,
germination was on ¥2 MS agar medium (E) or on % MS agar medium containing 0.75 M
ABA (F). Each datum represents the average of three batches of seeds with same genotype, and
same batch of seeds were grown on five plates with 48 mutant and 48 wild type seeds on each
plate. Error bars represent standard deviations. For all the data points P > 0.01 by t-test.

3.1.3.3 Thermal Tolerance

It is known that the CHIP protein from animals interacts with heat shock protein Hsc70 and
therefore is involved in protein-folding quality control (Hatakeyama and Nakayama, 2003).
The interaction of AtCHIP with Hsc70 has been shown in A. thaliana (Lee et al., 2009; Shen et
al., 2007a). Since AtCHIP over-expression plants have been reported to be temperature
sensitive (Yan et al., 2003), high temperature stress may cause an increase in protein misfolding
and Atchip-1 may show a defect in tolerating such cellular stress.

Two types of high temperature tolerance assays were used. For basal thermal tolerance,
plants were incubated at 42°C for up to 8 hours. For acquired thermal tolerance, plants were
first incubated at 37 °C for 90 min to adapt to a high temperature environment and then placed
under normal conditions for 2 hours, followed by an incubation at 45°C for up to 8 hours. For
both tests, 10-day old seedlings were treated and were then grown under normal conditions for
7 days before measurements were taken on survival rate, fresh weight and dry weight. The
results shown in Figure 3.10 and Figure 3.11 did not show a clear difference in thermal

tolerance between Atchip-1 mutant and wild type plants.
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Figure 3.10 Analysis of basal thermal tolerance. (A) Survival rate of Atchip-1 mutant and wild
type plants after heat stress treatment. (B, C) Fresh weight (B) and dry weight (C) of Atchip-1
mutant plants (relative to the wild type plants which were set with a value of 1). All plants were
analyzed on seventh day after the treatment at 42°C. Each datum represents the average of five
plates and on each plate 16 mutant and wild plants were grown. Error bars represent standard
deviations. For all the data points P > 0.01 by t-test.
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Figure 3.11 Analysis of acquired thermal tolerance. (A) Survival rate of Atchip-1 mutant and
wild type plants after heat stress treatment. (B, C) Fresh weight (B) and dry weight (C) of
survived Atchip-1 mutant plants (relative to wild type plants which were set at 1). All the plants
were analyzed on seventh day after treating plants at 45°C. Each datum represents the average
of five plates and on each plate 16 mutant and 16 wild type plants were grown. Error bars
represent standard deviations.

3.1.3.4 Light Intensity Treatment

Since AtCHIP through its association with Hsc70 participates in controlling import of nascent
proteins into the chloroplast (Lee et al., 2009), one potential effect that AtCHIP may have is on
protein turnover in the chloroplasts. On the other hand, photodamage at photosystem Il can

increase the level of reactive oxygen species which in turn results in protein misfolding (Shen et
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al., 2007a). Thus, high light intensity can cause damage to chloroplast proteins and hence may
create stress from abnormal protein quality.

Atchip-1 and wild type plants were grown in pots. For each tray, five pots of mutant
plants and five pots of wild type plants were placed side-by-side, and five plants of the same
line were grown in each pot. Beginning at two weeks of growth, one tray of plants was grown
under normal light and the other under high-intensity light. After 30-day of growth, plant
morphology was surveyed (Figure 3.12). Both lines grown under high-intensity light appeared
to show some signs of stress - with leaf color turning purple, although they also developed
faster than those under normal light. The plants under high-intensity light flowered earlier.

However, there was no observable difference between the mutant plants and wild type plants.

WT Atchip-1

Figure 3.12 Plant morphologies under normal and high-intensity light conditions. Plants
(30-day old) were grown under (A) normal light and (B) high-intensity light conditions. On
each photograph, left: wild type plants; right: Atchip-1 mutant plants.
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3.1.3.5 Oxidative Stress

Oxidative stress may cause an increase in protein misfolding in the cell, and thus was used as
another condition to test the phenotype of Atchip-1. Paraquat (also called methyl viologen) is
a herbicide and widely used as a free-radical reagent. In this study paraquat dichloride was
used to create oxidative stress by generating superoxide in the cells. Since this assay has not
been tested previously in the laboratory, a concentration ranging from 0 to 0.2 M in the ¥2 MS
agar medium was tested. Seedlings did not grow on the plates with 0.2 M paraquat
dichloride. Oxidative stress can also enhance photodamage in the chloroplast (Okada et al.,
1996). Therefore, both wild type and mutant seeds were grown on % MS plates containing
paraquat under either normal or intensified light condition. The primary root length was
measured on the 11" day after seeds were plated as a parameter to indicate plant development
progress. However, no detectable differences were observed for the Atchip-1 mutant in

comparison with wild type seedlings (Figure 3.13).
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Figure 3.13 Phenotypic survey of Atchip-1 under oxidative stress. (A) Absolute primary root
length (cm) of wild type and Atchip-1 mutant line grown under normal light. (B) Absolute
primary root length (cm) of wild type and Atchip-1 mutant line grown under high-intensity light.
(C) Primary root length of Atchip-1 mutant line (relative to wild type) grown under normal light.
(D) Primary root length of Atchip-1 mutant line (relative to wild type) grown under
high-intensity light. Primary root length was measured on 11-day old plants. For each light
condition, plants were tested in %2 MS plates containing paraquat, with concentrations of 0, 0.05,
0.10 and 0.20 pM (at 0.20 M seedlings died after germination). Each datum represents the
average of five plates, and on each plate 12 mutant and 12 control seeds or seedlings were used.
Error bars represent standard deviations. For all the data points P > 0.01 by t-test.
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3.1.3.6  DNA Damage Tolerance

Since the Arabidopsis Ubc13-Uev complex has been implicated in DNA-damage tolerance, it is
interesting to examine whether AtCHIP plays a role in this function. It has been shown that
the AtUEV1D T-DNA mutant has increased sensitivity to the DNA-damaging agent MMS
(methylmethane sulfonate) (Wen et al. 2008). Thus, Atchip-1 was analyzed for its sensitivity
to MMS. In order to identify a proper MMS dosage for determining an effect on Atchip-1, a
concentration ranging from 0 to 75 ppm was used in the analysis. The results showed that
there was no clear difference between the wild type and Atchip-1 plants at any of the

concentrations used (Figure 3.14).
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Figure 3.14 Phenotypic survey of Atchip-1 following DNA damaging treatments. (A) Absolute
primary root length (cm) of wild type and Atchip-1. (B) Primary root length of Atchip-1
(relative to wild type). Primary root length was measured on 11-day old plants. For each light
condition, plants were tested in ¥2 MS plates containing MMS, with concentrations of 0, 25, 50
and 75 ppm. Each datum represents the average of five plates, and on each plate 12 mutant and
12 control seeds or seedlings were used. Error bars represent standard deviations. For all the
data points P > 0.01 by t-test.
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3.2 Characterization of Atlg74370 (E3-Al) and At1g69330 (E3-A2) Genes

3.2.1 Sequence Analysis of Putative E3-A Proteins
The Atlg74370 gene (tentative name E3-Al for this project) product was also identified in a
yeast two-hybrid screen to interact with AtUBC13A (Wen, Wang, and Xiao, unpublished data).
It appears that the gene belongs to a sub-family of two or three members (Figures 3.15A and
3.15B). Since the paralogous genes can be functionally redundant, the two most closely
related genes (At1g69330 and At3g29270, tentatively named E3-A2 and E3-A3; see Figure
3.15A) were selected for studies by down-regulation.

Based on protein information from PROSITE and SMART databases, all three E3-A
proteins share very similar domain architectures (Figure 3.15C and Table 3.1). In addition to
the RING finger domain, SMART program also predicted two potential transmembrane

domains within the conserved region near the C-terminus of all three proteins.
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Figure 3.15 Sequence analysis of E3s that are closely related to Atlg74370 (E3-Al). (A)
Phylogenetic tree by Stone et al. (2005) based on sequence alignment of RING domains. (B)
Amino acid sequence alignment of closely related E3-A proteins using ClustalX with default
parameters. The Consensus Line on the top indicates the degree of conservation of residues in
the corresponding column: “** indicates a column with all identical residues; ‘:* represents a
highly conserved column; .” represents a weakly conserved column. In the sequence alignment
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the amino acid residues are colored as follows: orange for G, P, S and T; red for H, K and R;
blue for F, W and Y; green for I, L, M and V. The Alignment Ruler under the sequence
alignment and the numbers on the right side show the positions of the columns in the alignment.
The Alignment Conservation Display Area at the bottom shows a bar chart which indicates the
degree of conservation of residues in each column by the height of the corresponding bar. (C)
Domain architecture of E3-A proteins. Full-length E3-A protein sequence was used to search
PROSITE and SMART databases, and the distribution of functional domains and modification
sites predicted by both databases are summarized in the diagram.

Table 3.1 Predicted domains within sequences of E3-A proteins

E3 protein Low RING Transmembrane | Transmembrane Full
complexity length
A(tég?ﬁ;o 46-101 198-220 225-247 1-261
A(tég?iiio 20-31 45-99 206-228 235-257 1-270
A(tég?igo 3849 | 54-108 197-219 229-251 1-263

Full-length sequences of E3-A proteins were used in the SMART program to detect potential
functional domains (see http://smart.embl-heidelberg.de).  The estimated locations of
predicted domains in the primary protein sequences are indicated in the table.

3.2.2 Screen for RNAi Down-Regulation Lines of E3-Al and E3-A2 Genes

E3-Al (Atlg74370) and E3-A2 (Atlg69330) are most closely related according to a
phylogenetic analysis (Stone et al.,, 2005). However, there are no good public T-DNA
insertional mutant lines (i.e. T-DNA inserted in either an exon or intron) available for either of
the two E3-A genes. Therefore we decided to down-regulate the two genes through RNA
interference (RNAI) by expressing RNAI constructs that were designed to target regions of
MRNA sequences of E3-Al and E3-A2. RNAIi constructs were prepared and plant

To ensure that the
69
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expression pattern from the RNAI construct matches the expression of the wild type genes, each
of the RNAI cassettes was placed under the control of the native promoter of the target gene.
To analyze whether the expression of the target gene was down-regulated, total RNAs were
extracted from the leaf or floral tissues of T1 plants (seeds produced by the infiltrated plants).
According to the microarray data (Schmid et al., 2005), the highest transcription level of E3-Al
is in seeds and for E3-A2 in floral tissues. Total RNAs were used in analysis of transcripts by
RT-PCR and the gene-specific amplified PCR fragments were analyzed by 1% agarose gel
electrophoresis.

To select effective down-regulation mutants, 40 T1 RNAI transformants were identified by
RT-PCR for each E3-A. For each of the E3-Al and E3-A2 RNAI constructs, 4-5 plants with
effective transcript down-regulation were obtained (Figures 3.16A and 3.16B). Further
functional studies on down-regulation effect require stable inheritance of effective RNAI.
Therefore, seeds were harvested from the best E3-A down-regulating plants to select stable
RNAI lines. Line 827-25 (for E3-Al) and line 826-51 (for E3-A2) were identified with stable
inheritance of effective RNAI down-regulation of E3-Al and E3-A2, respectively (Figure 3.16C
and 3.16D).
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Figure 3.16 Transcripts of E3-A genes in RNAI transformants analyzed by RT-PCR. (A) E3-Al
transcripts were down-regulated in leaf tissue of the T1 RNAI transformants. (B) E3-A2
transcripts were down-regulated in floral tissue of the T1 RNAI transformants. AtUBC13A is
used as a reference. (C) Down-regulation of E3-Al in line 827-25. (D) Down-regulation of
E3-A2 in T2 plants of RNAI line 826-51. AtUBC13A was used as a reference gene.

3.2.3 Obtaining Double RNAI Lines of E3-Al and E3-A2 Genes

Since down-regulation of a single gene may not produce dramatic phenotypic changes due to a
functional redundancy among related genes, a double RNAi mutant line would be required to
down-regulate both E3-Al and E3-A2 simultaneously. To obtain such a double RNAI line,
two parents with stable down-regulation of the target gene are required. Thus, the two best T2
RNA. lines (line 827-25-12 for E3-Al and line 826-51-28 for E3-A2) were crossed. The F1
plants (the first generation from the cross) were screened by RT-PCR, and several plants with
both genes down-regulated were obtained (Figure 3.17). Among them, the line Cr7-33 was

subject to further phenotypic characterization.
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Figure 3.17 Down-regulation of E3-Al and E3-A2 in hybrid RNAI plants (F1 generation). (A)
F1 RNAI plants with down-regulated E3-Al transcripts were identified by RT-PCR. (B) F1
RNAI plants with down-regulated E3-A2 transcripts were identified by RT-PCR.

3.2.4 Phenotypic Characterization of E3-Al and E3-A2 RNA lines

In order to search for possible phenotypes induced by down-regulation of E3 genes, an E3-Al
RNA.I line (827-25-12) and an E3-A1/A2 double RNA. line (Cr7-33-7; F2 generation line) were
subject to a series of hormonal and osmotic treatments. Seeds were plated on ¥2 MS agar
medium containing one of the following ingredients: 5% sucrose, 150 mM NacCl, 50 M SA or
0.75 M ABA. Root length, fresh weight and dry weight were measured as in the
phenotyping of Atchip-1, and control plants were from the same wild type segregant line (from
SALK 112098). Root length differences were observed in the mutant plants on ABA
containing plates (Figure 3.18). Mutant seeds started germination and cotyledon emergence
later than wild type seeds on 1/2 MS agar medium containing 0.75 pM ABA. Also the overall
developmental progress of mutant seedlings was behind that of wild type seedlings, as indicated
by primary root length, fresh weight and dry weight of seedlings.

However, since the seeds of different lines used in this experiment were not harvested from
plants grown under strictly controlled identical conditions, minor difference in seed quality
might be a contributing factor again. Therefore, seed germination and cotyledon greening
assays were done on 1/2 MS agar medium containing 0.75 M ABA to compare the viability
and seedling initiation of RNAI seeds with seeds of wild type and a T-DNA line SK353

(SALK_058353c, used as another control, harvested at the same time with RNAI seeds).
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Figure 3.18 Phenotypic survey of E3-Al and E3-A2 RNAI lines in response to hormonal
treatments and osmotic stress. (A, B) Relative root length of (A) E3-A1 RNAI line (827-25-12)
and of (B) E3-A1/A2 double RNAI line (Cr7-33) (to wild type, 11-day old plants). (C, D)
Relative fresh weight of (C) line 827-25-12 and of (D) Cr7-33 (to wild type, 11-day old plants).
(E, F) Relative dry weight of (E) line 827-25-12 and of (F) Cr7-33 (to wild type, 11-day old
plants). The data for each treatment represents the average of five plates and on each plate 12
RNAIi and 12 control plants were measured. Error bars represent standard deviations. *
indicates P < 0.01 by t-test.
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According to the data from this experiment (Figure 3.19A), no clear difference was observed in
seed germination and cotyledon greening of the RNAI line compared to the wild type in the
absence of ABA. However, on the seventh day after seed plating on 1/2 MS agar medium
containing 0.75 M ABA (Figure 3.19B), the wild type seeds showed a lower germination rate
in comparison to all the other lines tested, including the control line SK353. Yet on normal
1/2 MS medium the wild type seeds had a similar germination rate with all the other seed lots
tested. The germination rates of three RNAI lines and the SK353 line were similar to each
other even in the presence of 0.75 M ABA, which suggests that seeds from the RNA. lines did
not respond to ABA differently. In the case of previous ABA treatment (Figure 3.18), since the
seeds were harvested at different times, the difference in seed germination rate might be due to
minor difference in seed quality. Therefore, the phenotype of the RNAI lines with ABA

treatment does not seem to be a result of down-regulation of E3-A genes.
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Figure 3.19 Analysis of seed germination of RNAI lines, wild type line and unrelated T-DNA
mutant line as control. Seeds were plated on ¥2 MS agar medium, seed germination rate (%)
of wild type plants, E3-A1 RNAI lines (827-25-3 and 827-25-12), E3-A2 RNA. line (826-51-28)
and unrelated T-DNA mutant line SK353 (no phenotype on ABA plate) were recorded after
seven days after. (A) Seed germination on plates without ABA. (B) Seed germination on plates
containing 0.75 M ABA. The datum for each treatment represents the average of five plates,
with each plate containing 25 seeds. Error bars represent standard deviations.
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3.2.5 Ildentification of “Stem-Fusion” Phenotype on E3-A2 RNAI Transformants

When grown in soil under normal conditions, some plants from the E3-A2 RNAI line (826-51)
were found to have widened stems which appeared like two normal stems fused together. The
same “‘stem fusion” phenotype was observed in T1 transformed plants (the first generation after
plant transformation) of an independent RNA. line (828) grown in soil (Figure 3.20). Among
150 screened T1 plants from the 828 line, six of them had the “stem-fusion™ phenotype.
According to the microarray data (Schmid et al., 2005), the highest transcription level of E3-A2
is in floral tissue, therefore this phenotype might be a result of abnormal emergence of the shoot
apical meristem before flowering. However, this “stem-fusion” phenotype did not occur on
the other RNAI plants even with effective down-regulation of the E3-A2 gene.

It is possible that this “stem fusion” phenotype was a result of interaction between the
down-regulation of E3-A2 and some environmental factors. To determine this possibility,
several treatments were applied to the progeny of the E3-A2 RNAI line (826-51-28) which had
displayed the “stem-fusion” phenotype. The RNAI and wild type plants (five pots for each
type, thus 25 RNAI plants and 25 wild type plants) were grown side-by-side in each tray and
one of the following treatments was applied: control (no additional treatment), repeatedly
trimming of floral stalks to encourage the generation of new stalks, fertilizer applied (watering
plants with half-strength garden fertilizer), high moisture (spraying plants with water twice a
day), drought and spraying auxin (2 M NAA solution). However, none of the treatments was
able to induce ‘stem-fusion” phenotype. Thus, no conditions can be found so far to

specifically induce “stem-fusion” when E3-A2 is down-regulated.
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Figure 3.20 Plant morphology of (A) normal stems of a wild type plant and (B) a “fused stem”
of an E3-A2 RNA.I transformant (828-9). Plants in the photographs were 30-day old.

3.3 Summary of Phenotypic Surveys

The phenotypic surveys that have been done are summarized in Tables 3.2 and 3.3.
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Table 3.2 Phenotypic surveys for Atchip-1 mutant line

Treatments Conditions Parameters analyzed Results
% MS medium (0.7% agar, 1% Sucrose)
% MS medium (0.7% agar, 5% Sucrose) Root length )
, Atchip-1 mutant showed more
% MS + 0.1 uM NAA Fresh weight o )
Hormones and ) sensitivity to ABA than wild type
] % MS + 50 uM SA Dry weight i
osmotic stress 1 o plants. However, this phenotype was
% MS + 0.75 uM ABA Seed germination rate .
not observed with other seed lots
% MS + 25 pM MeJA Cotyledon green rate

Y5 MS + 2.5 uM KN

Root length
Fresh weight
ABA treatment? % MS + 0.75 uM ABA Dry weight
Seed germination rate

No difference was observed between
Atchip-1 mutant and wild type plants

Cotyledon green rate

Deterioration of seeds: incubate seeds at 37 °C ~ Seed germination rate ] )
Atchip-1 plants showed slightly better

) in high humidity Cotyledon green rate o i
Seed longevity } ) ] viability in one pair of seed lot, but no
Plating: ¥2 MS medium (0.7% agar, 1% Sucrose) Fresh weight i h
in another
and ¥2 MS + 0.75 uM ABA Dry weight
Basal thermal tolerance: incubate seedlings at )
42 Survival rate
Thermal tolerance Fresh weight No distinct phenotype detected

Acquired thermal tolerance: preincubate )
. . i ) . Dry weight
seedlings at 37°C before incubation at 45°C

LL

Light Normal light ) ) o
L o Morphology observation on soil  No distinct phenotype detected
High-intensity light




Oxidative stress

% MS medium

% MS + 0.05, 0.1 and 0.2 uM paraquat
dichloride

Normal light

High-intensity light

Root length

Fresh weight

Dry weight

Seed germination rate
Cotyledon green rate

No difference was observed between
wild type and Atchip-1 plants

DNA damage
tolerance

% MS medium
% MS + 25, 50 and 75 ppm MMS

Root length
Fresh weight
Dry weight

No difference was observed between
wild type and Atchip-1 plants

1. In first round of hormonal phenotypic survey, Atchip-1 mutant seeds and wild type seeds were harvested at different times.

Therefore there might be a difference in seed quality.
2. Atchip-1 mutant and wild type plants were grown side-by-side under the same conditions. Seeds were harvested at the same
time and in the same way to ensure that seed quality of both lines was as similar as possible. These seeds were used for

8.

phenotypic survey on ABA containing plates.

Table 3.3 Phenotypic analysis of E3-Al and E3-A2 RNA. transformants

Treatments

Conditions

Parameters analyzed

Results

Hormones and
osmotic stress

%% MS medium (0.7% agar, 1% Sucrose)
%% MS medium (0.7% agar, 5% Sucrose)
% MS + 150 mM NaCl

2 MS + 50 uM SA

% MS + 0.75 uM ABA

Root length

Fresh weight

Dry weight

Seed germination rate
Cotyledon green rate

No clear phenotype detected

Growth condition test

Repeatedly trimming
Fertilizer

High moisture
Drought

Spray auxin

Morphology on soil

No clear phenotype detected




4 DISCUSSION

4.1 AtCHIP and Protein Quality Control

Molecular chaperones such as the Hsp70 and Hsp90 families of proteins participate in protein
quality control. These chaperones either catalyze refolding of misfolded polypeptides or cause
them to be degraded in UPS. This well-tuned two-way system is known as the “molecular
triage”. The CHIP protein in mouse has been shown to inhibit ATPase activity and substrate
binding affinity of Hsp70, and its E3 ligase activity polyubiquitinates substrates of Hsp70 and
Hsp90 for degradation (McDonough and Patterson, 2003). This role of the CHIP protein
appears to be vital for animals, as CHIP knockout in mice and CHIP knockdown in C. elegans
both resulted in severe phenotypes. The down-regulation by RNAi and knockout of CHIP in
C. elegans caused arrests of larval development (Khan and Nukina, 2004). CHIP knockout
mice had significantly shortened life span and accelerated aging (Min et al., 2008).

The AtCHIP protein shares a high degree of sequence similarity with animal CHIPs, and
like animal CHIPs it also interacts with the Hsp70 chaperone proteins which are located in the
cytoplasm (Lee et al., 2009; Shen et al., 2007a). Therefore it is reasonable that AtCHIP plays
similar roles in plants as its orthologs in animals. In the plant Arabidopsis, a protein quality
control machinery similar to that in animals has not yet been shown. However, the
transcriptional level from the AtCHIP gene was upregulated by stress conditions, and
overexpression of the AtCHIP gene resulted in hyper-sensitivity to temperature stress (Yan et
al., 2003). Since environmental stress conditions will likely result in an increase in the
amount of misfolded proteins, AtCHIP may function to degrade Hsp70-associated non-native
proteins. Based on this assumption, Atchip-1 mutants may display certain defects under stress
conditions due to the loss of the protein degradation function in the proposed “molecular triage”.
The rationale for using different stress conditions in this study was that damaged and misfolded

proteins would increase under certain conditions, resulting in an imbalance of protein turnover
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in Atchip-1 mutant plants. However, present results showed that Atchip-1 mutants did not
have any apparent phenotypic defects under various stress conditions tested in this study.

High temperature stress creates pressure on intracellular protein folding, by affecting
structural stability of functional proteins and the folding process of newly synthesized proteins.
Therefore, plants with defects in protein misfolding response may show decreased heat
tolerance. In this study, two types of thermotolerance test were used: to test basal
thermotolerance seedlings were treated with a high temperature directly, and to test acquired
thermotolerance seedlings were exposed to a moderately high temperature for a short period
before being exposed to a higher temperature. As shown in Figures 3.10 and 3.11, Atchip-1
seedlings had a similar survival rate compared to wild type seedlings in both thermotolerance
tests. Two weeks after the treatments, Atchip-1 seedlings and wild type seedlings had
comparable average fresh and dry weights. Therefore, both genotypes of plants had similar
recovery progress.

Since photodamage in the chloroplast can increase the level of reactive oxygen species
which in turn causes protein misfolding, Atchip-1 plants growing in pots were exposed to
high-intensity light to test in tolerance to strong light. However, the morphologies of Atchip-1
mutant and wild type plants were similar to each other as shown in Figure 3.12. It seems that
the AtCHIP knock-out did not cause a defect in response to high-intensity light.

Oxidative stress is another factor that can induce unfolded protein stress in cells. It can
affect the formation of disulfide bond and cause protein misfolding. Therefore, paraquat, a
herbicide and free-radical reagent, was added into 1/2 MS medium. The oxidative stress test
was done in both normal and high-intensity light conditions, as oxidative stress can enhance
photodamage in the chloroplast. Under both normal and high-intensity light conditions, the
average primary root length of Atchip-1 was indistinguishable from that of wild type seedlings
(Figure 3.13).  Atchip-1 did not show any observable defect under oxidative stress.

In addition, results from seed longevity tests (Figures 3.7 - 3.9) showed that after enduring

a period of high temperature and high humidity storage conditions, the Atchip-1 and wild type
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seeds germinated similarly. Therefore, the AtCHIP knock-out does not alter the seed viability
during storage and does not lead to a defective response to protein misfolding induced by
environmental stress during seed development.

The lack of a clear phenotype in the Atchip-1 mutant might be due to a narrow range of
substrates or functional redundancy with other E3 ligases. In this regard, several AtCHIP
substrates reported to be ubiquitinated by AtCHIP for degradation are so far all chloroplast
proteins (Lee et al., 2009; Shen et al., 2007a; Shen et al., 2007b). Moreover, it is possible that
E3s other than AtCHIP may interact with Hsp70 proteins. For example, Arabidopsis SGT1
interacts with Hsc70 chaperones (Noel et al., 2007), and SGT1 is known to be associated with
some subunits of SCF-type E3 (Azevedo et al., 2002; Liu et al., 2002). Therefore, mediated
by SGT1, SCF-type E3s may be recruited to Hsc70 for the degradation of unfolded substrates.
In animals, one E3 ligase that may be functionally redundant is Parkin which is an E3 ligase
capable of interacting with Hsp70 in mammalian cells (Tsai et al., 2003; Zhang et al., 2000).
The loss-of-function mutation of Parkin is related to Parkinson disease (Kitada et al., 1998).
Interestingly, in mouse cells Parkin was found to be able to interact with two substrates of CHIP,
neuronal nitric-oxide synthase (nNOS) and a polyglutamine-expanded protein (Q78 ataxin-3),
and to induce degradation of both CHIP substrate proteins (Morishima et al., 2008).  Although
evidence is yet to be obtained, it is tempting to speculate that there may be one or more E3s that
function redundantly with AtCHIP in Arabidopsis. However, based on sequence analysis
alone no Parkin orthologs have been identified in Arabidopsis. Parkin is a RING-IBR-RING
(RBR)-type protein which possesses two RING finger domains and an in-between ring-finger
(IBR). A phylogenetic analysis indicates that subfamilies of RBR proteins in Arabidopsis are
quite distinct from Parkin (Marin and Ferrus, 2002). Moreover, there are at least 42 RBR
proteins in Arabidopsis (Marin, 2010), and further experimental work will be needed to
determine whether one or more of the RBR proteins share any functional redundancy with

AtCHIP.
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4.2  AtCHIP and Homeostasis of Chloroplast Protein Turnover

In plants, Hsp70 molecular chaperones are involved in the import of chloroplast proteins (Wang
et al., 2004). Cytosolic Hsp70 proteins may assist the import process through association with
chloroplast-destined precursor proteins and maintain these proteins in the unfolded state until
being recognized by the translocation machinery on the surface of the chloroplast. AtCHIP
may regulate the degradation of chloroplast proteins through its interaction with Hsp70 proteins.
AtCHIP has been found to induce degradation of FtsH1 and ClpP4 which are subunits of the
protease complexes FtsH and Clp, respectively (Shen et al., 2007a; Shen et al., 2007Db).
AtCHIP was also shown to reduce the level of a reporter polypeptide, which accumulated in the
cytosol due to delayed import into the chloroplast (Lee et al., 2009).

High-intensity light can induce photodamage of chloroplast proteins, which in turn will
affect the homeostasis of protein turnover in the chloroplast. It remains a question whether the
loss of AtCHIP function in degrading chloroplast precursor proteins in the cytosol would have
any impact on chloroplast homeostasis. Atchip-1 plants did not show any difference from wild
type plants under high-intensity light (Figure 3.12B), although both wild type and mutant plants
flowered earlier compared to corresponding plants under normal light conditions. Since the
light intensity was not very high in the growth facilities we had, we reasoned that strong light
and oxidative stress (by including Paraquat in the growth medium) simultaneously could
increase photodamage in the chloroplast. However, the mutant plants did not show any
difference from wild type plants either (see Figures 3.13B and D). Interestingly,
overexpression of AtCHIP resulted in a necrosis phenotype on the leaves of Arabidopsis plants
(Shen et al., 2007a). It was hypothesized that, because a high level of AtCHIP led to excess
degradation of precursors of some FtsH protease subunits, certain damaged proteins inside the
chloroplast could not be metabolized (Shen et al., 2007a). If this is true, the present results
suggest that either the removal of chloroplast-destined precursor proteins in the cytosol by

AtCHIP does not have a vital role in response to photodamage in the chloroplast, or another E3
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can carry out this function.

4.3 Other Potential Functions of AtCHIP

In animal cells the CHIP protein also has non-degradative roles by modifying substrates.
Animal CHIP autoubiquitinates itself in vitro and is also found to modify Hsc70 (a member of
Hsp70 family) with an atypical polyUb chain (Lys63- or Lys29- linkage) that does not induce
protein degradation by UPS (Jiang et al., 2001). This is supported by the evidence that CHIP
interacts with the Ubcl13-Uevla complex which is an E2 specifically catalyzing Lys63-linked
polyubiquitination (Zhang et al., 2005). Such a UPS independent function was also
discovered in the case of AtCHIP in A. thaliana. AtCHIP was found to monoubiquitinate
PP2A, and overexpressing AtCHIP resulted in increased enzymatic activity of PP2A (Luo et al.,
2006). In addition, AtCHIP can possibly catalyze Lys63-linked polyubiquitination, as it
interacts with the Arabidopsis Ubc13-Uev E2 complex (Supplement Figure S1).

We reasoned that AtCHIP might participate in functions regulated by plant hormones.
For instance monoubiquitination of PP2A by AtCHIP might affect the ABA response of
Arabidopsis plants (Luo et al., 2006). In this research, six major plant hormones plus high
sucrose concentration were used to test Atchip-1. The results (Figure 3.1) indicate that
Atchip-1 did not appear to respond differently from wild type plants to the test conditions.

A T-DNA null mutation in AtUEV1D that encodes a component of an E2 catalyzing
Lys63-linked polyubiquitination has led to increased sensitivity of Arabidopsis plants to the
DNA damaging reagent MMS (Wen et al., 2008). MMS was also used to test Atchip-1 in this
study. Based on primary root length data, in the presence of MMS Atchip-1 seedlings grew
similarly to wild type seedlings. Thus, it seems that the DNA-damage response is not affected
by the disruption of AtCHIP.

The objective of the hormonal and MMS tests was to see if Atchip-1 mutants display any

observable phenotypes and if so to investigate the biochemical and cellular basis underlying
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such a phenotype. Unfortunately, no clear phenotype was observed under the hormonal and

DNA-damage treatment conditions used.

4.4 E3-AFamily

An in vitro ubiquitination assay by Stone et al. (2005) showed that the product of Atlg74370
(tentatively named E3-Al) was able to assemble polyUb chain with AtUBC13A and
AtUBC13B as E2s. Further functional characterization of E3-Al can lead to a better
understanding of Lys63-linked polyubiquitination in plants. Thus, we were interested in
determining the function of this gene family in plants. Sequence analysis showed that there
are at least three related proteins in the E3-A family (At1g74370, At1g69330 and At3g29270),
with two of the three more closely related to each other (Figure 3.15A). E3-Al, A2 and A3
share a high degree of sequence identity in regions of the N-terminal RING domain and two
possible C-terminal transmembrane domains (according to domain prediction by the SMART
program, see Figure 3.15B, C and Table 3.1).

In order to identify possible effects from the down-regulation of E3-A genes, transgenic
lines expressing micro RNA constructs which specifically silence E3-Al and E3-A2 gene
transcripts were generated in our lab (Figures 3.16 and 3.17).  Several hormonal and salt stress
treatments were applied to the RNAI plants. However, neither single RNAI transformants nor
double RNAI transformants showed any observable difference from wild type plants under the
test conditions (Figure 3.18). It is likely that E3-A3, the third member of E3-A family, is
functionally redundant with the other two E3-As. Based on the E3-A3 protein sequence, it
also possesses a RING finger at the N-terminus and two putative transmembrane domains at the
C-terminus similar to E3-Al and E3-A2 proteins. This similarity indicates that the E3-A3
protein may have same subcellular localization (cytoplasmic surface of plasma membrane or
intracellular organelles) and overlapping E3 ligase specificity. On the other hand, results of in
vitro ubiquitination assays using different pairs of E2s and RING-type E3s (supplement data of
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Stone et al., 2005) showed that E3-Al catalyzed polyUb chain formation with AtUBC13A and
AtUBC13B whereas E3-A3 did not. Thus, although these two E3s share a certain degree of
sequence similarity, E3-A3 may not catalyze Lys63-linked polyubiquitination. However,
possibilities still remain that atypical polyUb chain linkages other than a Lys63-linkage are
assembled by E3-As with different E2s, and these different types of polyUb signal may
contribute to the overlapping activities among E3-A family members.  Therefore,
down-regulation of all three E3-A genes by crossing the double RNAI line with T-DNA null
mutant of E3-A3 gene will be required to address this issue and increase the possibility of
observing a phenotype.

Although the RNAI mutants used in this study showed significant down-regulation of
both E3-Al and E3-A2 transcripts with mRNA levels decreased by over 90 percent compared to
wild type plants based on RT-PCR results, it is difficult to completely eliminate gene expression
by the RNAI approach. The remaining level of E3-Al and E3-A2 expression may be able to
provide a low level of activity for each protein, alleviating the severity of a possible phenotype
from down-regulation. On the other hand, if a gene is essential for plant development or a
biological process, a complete knock-out of such a gene often leads to severe developmental

defects or infertility.

4.5 Phenotypic Analyses of A. thaliana

Considering the wide range of functions ubiquitination (E3 ligases) may be involved in, the
number of conditions included for testing in the present research is still limited (Smalle and
Vierstra, 2004). In addition, in many cases a phenotype in a loss-of-function mutant can only
be identified by treating plants with a combination of conditions, and sometimes effects of
down-regulation may not be observed until plants are grown for several generations (Bouche
and Bouchez, 2001). Thus, it is difficult to conduct all possible assays for identifying a
phenotype. In this study, we selected conditions which we reasoned could provide a good
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chance for identifying a phenotype in hormonal regulation and response to environmental
conditions. These assays were also chosen since we could establish the experimental
conditions with the facilities available.

It was observed initially that Atchip-1 plants showed an increased sensitivity to ABA in
terms of germination and cotyledon greening while they showed no difference in the absence of
ABA (Figures 3.4 and 3.5). Subsequently, the same experiment was repeated using mutant
and wild type seeds harvested at the exact same time from plants grown side-by-side. In this
new round of ABA experiment (Figure 3.6), however, seed germination and greening rates were
similar between mutant and wild type plants. In addition, the primary root length, fresh
weight and dry weight of seedlings were also comparable. Thus, it appears that a minor
difference in seed quality was the underlying reason for the increased inhibition of Atchip-1
seed germination and development by ABA. Furthermore, in seed longevity tests Atchip-1
seeds did not show accelerated deterioration compared to wild type seeds (Figures 3.7-3.9).
Although eventually an effect on ABA response or seed longevity could not be found due to
AtCHIP inactivation, it seems that minor seed quality differences not observable when
seedlings are grown under normal conditions can cause differences in seed germination and
seedling growth in the presence of ABA. This observation will be helpful for future
phenotypic studies. In fact, a similar phenomenon was also observed when RNAI
transformants for the E3-A genes were analyzed with ABA (comparing Figure 3.18 and Figure
3.19). The RNAI transformants and wild type seeds grew differently in ABA plates, which
was however probably due to different seed quality.

ABA inhibits seed germination, and it has been reported that a decrease of ABA content in
the seeds can trigger the release of seed dormancy (Sondheim et al., 1968). It is also known
that seed metabolites during seed dormancy release and germination can serve as regulatory
signals (Wobus and Weber, 1999). For example, metabolism of certain types of sugar could
affect the ABA content in seeds (Gubler et al., 2005). After seed maturation, seeds turn into

dormant state during seed storage until this state is released when growth conditions are suitable
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for germination. It is possible that during seed maturation and storage, environmental
conditions may affect seed metabolism, resulting in slight variations in ABA levels during seed
germination. Regardless of the mechanism underlying this variation in response to ABA
treatment, the present results highlight the importance of uniformity in seed quality when
comparing different Arabidopsis lines (control vs. test lines) particularly for ABA sensitivity.
Extra care needs to be taken in evaluating the phenotype of mutants under stress conditions

compared to wild type plants.

4.6 General Discussion and Future Work

While the Ub system in plants has its general biochemical significance like that of yeast and
animals, it also has characteristics unique to plants such as involvement in hormonal regulation
and in complex environmental response mechanisms (Smalle and Vierstra, 2004). Studies on
E3 ligases can provide valuable perspective on detailed roles of protein ubiquitination in
specific cellular activities. For a well-studied model organism like A. thaliana, the entire
genome of which has been sequenced, one of the most popular ways to characterize a given
gene and its product is to down-regulate gene expression in order to gain an understanding of
the role in the plant. For E3 ligases which catalyze noncanonical ubiquitination, as their
activities are believed to activate some components of intracellular signaling pathways instead
of eliminating substrates through the UPS, it is hoped that the gene knockout approach can
generate much needed information regarding their roles in specific cellular processes.

There are at least two major challenges in searching for possible phenotypes. The first
challenge is the redundancy of gene functions (Cutler and McCourt, 2005). Second, in many
cases phenotypic changes will not be seen in an ideal growth environment in laboratories unless
mutant plants are exposed to abnormal conditions (Bouche and Bouchez, 2001). One way to
address functional redundancy in the genome is to abolish the expression of closely related
genes simultaneously, and thus eliminate related gene products that have overlapping roles. In
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this study, a loss-of-function T-DNA insertion mutant of the AtCHIP gene was identified, and
effective RNAI transformant lines for E3-Al and E3-A2 genes were generated in our laboratory.
An advantage with the AtCHIP gene is its apparently unique sequence, for no closely related
sequence is found in the Arabidopsis genome. For E3-A gene family, however, E3-Al and
E3-A2 genes were down-regulated simultaneously by expressing RNAI constructs targeting
both genes in the plants. In order to identify potential phenotypes not observed in normal
condition, typical hormones and stress conditions were based on to test mutant plants.
However, in spite of considerable efforts made to obtain distinct phenotypes of mutants, so far
no clear phenotypes have been observed.

Although the phenotypic analyses in this study did not uncover roles for AtCHIP and
E3-A ligases in specific cellular and biological processes, the analytical system which has been
established in this research can be helpful in the characterization of other genes in Arabidopsis.
Based on similar sets of parameters to be measured, a broader range of hormones, other
chemicals and abiotic conditions can be used to test mutant plants. By trying more treatments
in future, it may still be possible to identify a mutant phenotype. Bioinformatics and
biochemical analyses may help to focus on aspects of plant growth and stress response that
should be examined.

To further understanding AtCHIP functions, its activity in catalyzing noncanonical
ubiquitination will continue to be an interesting subject. The significance of such a
biochemical function will be enhanced when a role in a cellular or biological process is
identified. Since the Lys63-linked polyubiquitination is widely involved in endocytosis of
membrane proteins, some work may be done in this area in future. It is still unclear whether
the same protein quality control system exists in plants as in animal models. The knockout of
AtCHIP did not cause severe phenotype in morphology in normal growth environment as CHIP
gene knockout did in animal models, which may be a reflection of differences between plants
and animals. This difference suggests that plants have more diverse stress-tolerance

mechanisms. Perhaps due to the lack of a nervous system and mobility, plants have to adapt
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their metabolism to harsh environments more readily than animals. Therefore, future studies
on the regulation of related molecular pathways in plant cells may help understand the special
roles of AtCHIP in plant cytosolic protein quality control or in other functions unique to plants.
For members of the E3-A family, though, the E3-A3 gene may have to be interrupted at the
same time as the other two E3-A genes are silenced by an RNAI approach, in order to eliminate
the possible overlapping function of these E3-A proteins. Furthermore, the predicted
transmembrane domains imply a possible phenotype as a result of blocking E3-A functions in
triggering endocytosis of cytoplasmic membrane proteins or cellular signal transduction

involving the membrane structures.
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APPENDICES

The interaction between AtCHIP and AtUBC13A was confirmed in the yeast two-hybrid system
and also by a glutathione S-transferase (GST)-affinity pull-down assay. Yeast two-hybrid
assay was done by Rui Wen as described in Rui et al. (2008). The U-box domain (RF) or full
length (FL) AtCHIP was fused with a Gal4 activation domain and AtUBC13A with a Gal4 DNA
binding domain. The yeast two-hybrid strain was co-transformed with Gal4gp and Gal4dap
constructs and co-transformed colonies were first selected on SD-Leu-Trp plates. As shown in

Figure S1, both the U-box domain and full-length AtCHIP interact with AtUBC13A.

Gal4,, Gald,, SD-Leu-Trp SD-Leu-Trp-His  SD-Leu-Trp-His +1mM AT

Vector AtUBC13A

AtCHIP-RF  AtUBC13A

AtCHIP-FL ~ AtUBC13A

AtCHIP-RF  Vector

Figure S1 Interactions between full-length (FL) or U-box (RF) domain of AtCHIP and
AtUbc13A in a yeast two-hybrid assay. Gal4ap: constructs in the Gal4 activation domain (AD)
vector. Gal4gp: constructs in the Gal4 DNA-binding domain (BD) vector. The transformants
carrying one Gal4ap construct and one Gal4gp construct were plated on: SD-Leu-Trp plates
(left panel), or SD-Leu-Trp-His (middle panel), or SD-His-Leu-Trp + 1 mM 3-AT plates (right
panel), and incubated for three days. Empty pGAD424 and pGBT9 vectors were used as
negative controls for Galdap and Galdgp, respectively. In the same panel each row is a
duplication of the same combination of Gal4ap and Gal4gp constructs.
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The interaction between AtCHIP and AtUBC13A was also shown in a GST pull-down
assay. As described by Rui et al. (2008), AtCHIP with a GST tag was expressed in bacterial
cells and purified. After the GST tag was cleaved off, purified AtCHIP was added to a
microspin column bound with GST and to one with GST-AtUBC13A. After incubation and
washing, AtCHIP was eluted together with GST-AtUBC13A, yet not with GST (Figure S2),
which indicates the interaction between AtCHIP and AtUBC13A.

GST + - -+ -
GST-AtUBCI3A - + - -
His-AtCHIP o
| e
=
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- AtCHIP
=
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Figure S2 Protein interaction between AtCHIP and AtUBC13A is shown by a GST pull-down
assay. Purified GST or GST-AtUBC13A was added to a microspin column. After incubation,
columns were spun and washed. Following that, purified AtCHIP was added, and columns were
again incubated, spun and washed. In the end, columns were eluted with reduced glutathione,
and the eluent separated by SDS-PAGE gel electrophoresis. Purified GST, GST-AtUBC13A and
His-AtCHIP as input in pull-down assay are shown in lanes 1 to 3, respectively; lane 4 shows
the eluent from the column bound with GST (lane 1); lane 5 shows the eluent from the columns
bound with GST-AtUBC13 (lane 2).
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