SRR AR N S 4 t i ki
R

Institute of Plant Biology
College of Life Science

National Taiwan University

Doctoral Dissertation

LRGN F - < W SN SRR AR R IR A
Copper Chaperone-Dependent and -Independent Activation of

Three Copper-Zinc Superoxide Dismutase Homologs Localized in

Difterent Cellular Compartments in Arabidopsis

+ & B

Chien-Hsun Huang

R R L
Tsung-Luo Jinn, Ph.D.

P ERRE 101 &£ 37



P

CCS-independent pathway % # ’f],%,fs;.k% KT 2 BA o (e HaG AR H R E - B
I~ g UFEwE

FORFLR o S 3e4t SOD R AEAS®AE > £ LY BAAKEH o F 23 40 F
BRI E T - BEE O EAFHEAREY S e o T B2 S X BRI e B
% 0 A A%k CuZnSOD enfp B A7 - B I P L8 MnSOD ~ £ % % - %“mﬁ%ﬁ’??f?
REFL O FEEEREFESRT I AR ER2CE NIRRT 0 RERTF S
R ALFT ] )I;K:# Hvi- BRI FANRFFRAFEDRE > FRRFATFTH
# £ MnSOD &34 » 5 & &3 BH L2 5 4 - MnSOD mﬁ&#@h‘é BEF L > E @
XI APy S RRA S FRA T kR B %ﬁf’“t’@ SN S
% 42%t CuZnSOD HHR4L M 52 F B =4 e \ﬁ%‘ﬁﬂ” CERE Y ko B IEEER
LF#A G Een TR G2 24 & CuZnSOD s § b o 8 LR ] X7 et i
doaviE ] > R E IR kT A 3R h 9= B CuZnSOD #E 14 band § 45 i L OF AR R
61 SOD #1435 33 22 5k 5w M 7% » e GSH &ﬁmzﬁaﬁ At R R AL
BRGFAATEE RS TR RO ERAP O SR AR # reviewer
B RS Lr%:’@  Fpt ——ff—éx I 6 VAR L
fee iRt Mgy BRAFORE AT R g A BT B A TRAPEY S
5 a2 o

EERFER > 5k 2L IR SRR HA P L AR SR W e BT R
AR 4 é’,;é R RIS AR AR - LARABOIRLE AT
LR ET 0 @ b opaper B4R b~ AR E[ A
EF SRR u\ Pt o RAPLFREL Y RG] oY FEaETe
# Ade G SRRk o S gt B ARG TR SR | g gt v - B KRR
e i B ER e %%?wa%&f’ﬂﬁia%?wﬁ%’4—¢ﬁ%” v 425
S BN Y T R R S b ‘"Ku\%eﬁn paper @ =1 2%
I pFiE 0 < 4% FeSOD & paper i & reviewer jis ju sV duc 2T o Rig AP - Aol
v~ E q\aﬁmi o FAVER B At B T A3 s Bt o deid | g5 20
APFE g LI A[ERfFE I EF RS 2P AN R SRR
v F YRR MR > F AR

A aE S EEERFAT AL LAY AP AL ERE G E Ay B AGE Aot o

A FE TR AR F L R RT GR B e o E GBS
T A ARG FR REAP - BRER S ALY SO ek 0 R@EEans

ﬁg Z.}'; Z_ ¢ /§‘I§L}’§\; ,gm%il\)%@‘ﬂ—' 4 %’Q‘Y\i °

FiTeh- 2 R BaPFiE 0 4 B AR BT

N

= F}. e g



Byt FiF FRERD Fihk

By -kk
gASEP P ok At
WEEWEP

AL %

By ok
§ BRI R
[ERER e AT
G R ATHE R e

jpas}

3
A
i

R
T o= H

S ST

b

‘nﬂ-%ﬁm@ﬁ*
oW g M
A%
=
Sl

®
R

P

P}

A ]
-
T Y

N ;SN
M & w3 9e

>
SR
=%

=
&
i
e

™

Wy e EE
Y %_ =& FIH Y=
|

(151
'S
o

AW R g B
LG AES A b



TABLE of CONTENTS

Page
Abstract in ChiNese ... i I
Abstract IN ENgGliSh o II
ADDIEVIALION ... v
INErOTUCTION .o e e e 1
Superoxide Dismutases: Classification and Localization..................cooooiiiiiiiiiiiin, 1
Evolution of Different Types of SODS ..ot 2
Regulation of SODs Expressions by Their Promoter Sequences — ...............cooeviiiiiinin. 4
Copper-Zine SOD .o i e 5
Arabidopsis CuZnSODs are regulated by Copper-regulated miR398  ............................ 6
SOD Activation Requires a Metallocheprone ..............cceoeiiiiiiiiiiiiiiiiiiiiiii i, 7
Previous Studies on the Function of CCS ... 7
Discovery of Arabidopsis CCS i 8
CCS-Independent Activation of CuZnSOD ... . i 8
AIms of the DISSErtation ...........co.oiiiiiiii e 10
Material and METNOAS ..ot 11
Plants, Yeast Strains, Media and Growth Conditions — .............cccoiiiiiiiiiiiiii i, 11
Protein Extraction, In-gel SOD Activity Assay and Immunoblotting  .................c..ceeie 11
RNA Extraction, RT-PCR and Gene Cloning ............c.ccooviiiiiiiiiiiiiiiiiiiiieiieneenenann, 12
L7  FS] 3 D 1 12
Treatments for Seed Germination Rate .......... .o, 13



Monitoring Superoxide Anion Level by Nitroblue Tetrazolium — ..................ooiiiinna 14

Treatments for Root Length Evaluation ... 14
Lysine-Independent Aerobic Growth ... 15
Protoplast Preparation and Transfection ................coooiiiiiiiiiiiiiiiiii e 15
Glutathione Treatment and Quantification — ............oooiiiiiiiiii i, 16
Apo-CSD1 Protein Preparation and In Vitro Treatments ..............ccoeviiiiiiiiiiiiiiininenn... 17
ANTDOMIES . ..o 18
StatistiCal ANALYSIS  .o.uuiiit ittt e e e e 18
ACCESSION NUIMDET ..ot e e 18
ReSUItS ..ol v ifciis B N Ao L oo ooe e eveees e ettt 19
CSD Retains Partial Activity in the Absence of AtCCS in ArabidopsiS ...............cccooeuenen. 19
Activity Signals of CSD1 and CSD2 Are Partially Overlapped ..., 19
CSD1 and CSD3 Show CCS-Independent Activities in Yeast ..........c.ovvveiiiiiiniiinenninnnnn. 20

CSD2 Activation in Chloroplasts Requires CCS But Not in the Cytoplasm .......................22

CCS-Independent CSD1 Activation Occurs in the Cytoplasm but Not in Chloroplasts ......... 22
Activities of Both Peroxisomal and Cytoplasm-directed CSD3 Can Not Be Detected ......... 23
Effect of Glutathione upon CCS-Independent CSD1 Activity in Yeast ..............ccoeveenenne. 23
Effect of Glutathione upon CCS-Independent CSD Activities in Arabidopsis Flowers ......... 24

Effect of Glutathione upon CCS-Independent CSD Activities in Arabidopsis Flower Protein

) 2. <5 ¢: 1+ 25



Altering  Glutathione Concentration by Drugs or Glutaredoxin Expression Affect
CCS-Independent CSD Activities in Arabidopsis Protoplasts — .............ccoovvviiiininnn.. 26
Activation of Apo-CSD1 by Cu and GSH is Greatly Enhanced When Atccs Cellular Extracts Is
Added in VITIO oo 27
Superoxide Anion Level and Seed Germination Rate of WT, Atccs and Atesdl  ............... 29

Root Length of Atccs and Atcsdl under Oxidative Stress Treatments and Different Glutathione

CONCENITATIONS vttt ettt et e e e e e e e e e et e e e e e 30
CSD1 Variants Show Differing Activity Levels in Yeast .........ooooviiiiiiiiiiiiiiiiiianns 32
DISCUSSION et et e e et e e e et e e e e eaaaaeeeeeaeaeesseaaeeesesaseeeseanaseeesennseeesenanaeeeas 34

Different Activation Preferences of CSD1 and CSD2 Are Due to an Inhibitory Effect of

CCS-Independent Activation in Chloroplasts — .........cciiiiiiiiiiiiiii e 34

The Inhibition of CCS-Independent Activation in Chloroplasts Could Ensure a Proper Operation
of the Photosynthesis System ... 35

CSD3 Might be Activated Primarily by the CCS-Independent Pathway ........................... 36

Different Preferences for CCS-Dependent and -Independent Activation Might Benefit Life in Its

Haabatat et 37

CCS-Independent CSD Activities Are Physiologically Functional and Sufficient to Support
Growth of Plant Cells .......coiiiuiiiii 38

CSD1 variants activated by CCS-independent way show different activation efficiency ...40

GSH Is Involved in CCS-Independent Activation Pathway with the Involvement of an Essential

Factor Remain to be DIiSCOVEIEA ... 41

Models of How the Unknown Factor Involves In the CCS-Independent Pathway ............... 42



C-Terminal of CSD Protein May Determines Its Activation by CCS or the Unknown Factor

............................................................................................................... 43
P S DB I e 45
FIQUIES @N TADIE ...ttt ettt ettt e e eaaeereeeaeeeareees 49
A PPN X o 81

R B ENICES oot et e e e e e e e e e e et e e e e e e e e —————aaaaaaaaaaa 85



i &

4z ¥ & i pF(Superoxide Dismutase ; SOD) > # ¥4z % » F ¥ 5 FF 2 2 3 » 3+ » &

~=h
=y
sy
—*S

B R AL o $ON P4 AZ§ ML 1 F#(CuZnSOD ; CSD) i 4] B e drh A

I

\:’;‘\

BRI - {%%’E’ 4 4% 4 f 2+ 3 (Copper Chaperone of SOD1 ; CCS)=hfle4 » i 3|4 42+
Gapg A ARG aE A Y - F R R AR R F IR il CCSHRT
CuZnSODw A E 5 > it » R A H BN R AP0 AP Y o Af2 o BppPiah = B
% Ip eACuZnSOD A F1 4 MATEE* 2 PO R 2 FHP - A PEF P 6% 2 F CuZnSOD
ﬁ%“i?ﬁkﬁ%%ﬁCSH&im%?ﬂ’?%@ﬁ@%ﬂ&ﬂgﬁﬁﬂagﬁaﬁﬁ%
T 0 (3 G ~36%iE M 0 #F 01 A 4 hCuZnSOD ; CSD2 = A E SR Y 5 R i ied CCSk i
NE I A FHCuZnSOD#E 2 3 CSD3 i d Y48 ¢ > R iod 2CCSepe T kif & i
b 2 A B FHCuZnSOD » A iz 3 A AtCCS-knockout % & ¥ > # 2 73 eHCuZnSODE 1+ &
ﬁ‘,}c,»iu FEDTFAIESNZTE o is o ANiPs R 0 R R K%Y PX(Glutathione ; GSH)
%81 4 2L CCSeris * CuZnSOD L[5+ » 3 Z 4 - ArH it chFF £ £ 17 i o &

PAERENAZFYE2 AP E > I AFET F 5 CCSa F B i anv i iv% 4]

-

2 3% 11CuZnSODF-v F2 CoL 3 2 AL FF AT (8% > A d X RAEE L hH * olx b @ 3 o
Ay e AR RadRg LR Al B SR KT A R A B e

Bl o B0 G @ AR b R



ABSTRACT

Superoxide dismutases (SODs) are enzymes that protect cells from oxidative damage. The

major pathway for CuZnSOD activation involves the function of a Copper Chaperone for SOD

(CCS), whereas an additional, minor CCS-independent pathway that has been observed in mammals.

Through overexpression of three Arabidopsis CuZnSOD genes (CSDs) in yeast and Arabidopsis

protoplasts, we demonstrate the existence of a CCS-independent activation pathway in Arabidopsis

thaliana. Interestingly, the three Arabidopsis CSDs show strongly different preference for the two

activation pathways: the main activation pathway for CSD1 in the cytoplasm involved a

CCS-dependent and -independent pathway, which was similar to that for human CSD. Activation of

CSD2 in chloroplasts depended totally on CCS similar to yeast (Saccharomyces cerevisiae) CSD.

Peroxisome-localized CSD3 wvia a CCS-independent pathway was similar to nematode

(Caenorhabditis elegans) CSD in retaining activity in the absence of CCS. The residual SOD

activity detected in AtCCS knockout plants is sufficient for seed germination and root growth,

confirming that this alternative pathway is physiologically functional. Through a series of

glutathione manipulation experiments, we further confirmed that glutathione plays a role in

CCS-independnet pathway but must cooperate with an unknown factor for SOD activation.

According to previous publications and our finding, two models of the CCS-independent

mechanism are proposed. We also suggest that the CSD protein conformation at C-terminal is

II



important in providing a docking site for unknown factor to interact with. Our findings reveal a

complex system underlying CSD activation which ensures a highly specific and sophisticated

regulation of antioxidant pathways in plants and has not been reported in other organisms. However,

the clear and definite mechanism needs further investigation.
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ABBREVIATIONS

BH : tert-butyl hydroperoxide

BSO: L-buthionine sulfoximine

CCS: copper chaperone for superoxide dismutase

CDNB: 1-chloro-2,4-dinitrobenzene

CSD: the innate Arabidopsis copper/zinc superoxide dismutase

CuZnSOD: copper/zinc superoxide dismutase

FeSOD: iron superoxide dismutase

GFP: green fluorescence protein

MYV: methyl viologen

MnSOD: manganese superoxide dismutase

NiSOD: nickel superoxide dismutase

ROS: reactive oxygen species

RT-PCR: reverse transcription-polymerase chain reaction

SOD: superoxide dismutase

TEMED: N,N,N’,N’—tetramethyl-ethylenediamine
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INTRODUCTION

Reactive oxygen species (ROS) are detrimental byproducts of aerobic reactions such as

respiration and photosynthesis that can cause severe damage to numerous cellular constituents.

Superoxide dismutases (SODs) are a group of metalloenzymes that defend against free radical

species by disproportionating O, into H,O, and O, molecules (Beyer et al., 1991; Bowler et al.,

1992).

Superoxide Dismutases: Classification and Localization

By a specific metal cofactor required for the superoxide scavenging activity (McCord and

Fridovich, 1969), SODs are classified as Cu-Zn SOD (CuZnSOD), Fe SOD (FeSOD), Mn SOD

(MnSOD) or Ni SOD (NiSOD) (Alscher et al., 2002; Zelko et al., 2002). Most eukaryotic cells

contain more than 2 types of SODs, with CuZnSOD usually located in the cytoplasm, chloroplast,

and probably extracellular space (Crapo et al.,, 1992); MnSOD located in mitochondria and

peroxisome (Weisiger and Fridovich, 1973; Marres et. al., 1985); FeSOD located in chloroplast.

However, FeSOD can only be found in prokaryotes and plants but not in animals (Alscher et al.,

2002).

In Arabidopsis thaliana, seven SOD genes have been identified (Kliebenstein et al., 1998).

FeSODs are located in the chloroplast, MnSODs in the mitochondrion, and CuZnSOD exists as



numerous isoforms that are distributed among various subcellular compartments (Jackson et al.,

1978; Kanematsu and Asada, 1989; Bowler et al., 1992; Bueno et al., 1995). There are three

CuZnSOD (CSD) genes: CSDI1 which localizes to the cytoplasm, CSD2 which is found in

chloroplasts, and CSD3 which is presumed to localize in peroxisomes (Kliebenstein et al., 1998;

Alscher et al., 2002). Because phospholipid membranes are impermeable to O,  (Takahashi and

Asada, 1983), protection of different organelles can be achieved by the distribution of SOD to

different cellular compartments. In green tissue, the greatest protein accumulation and activity are

found for CSD1, CSD2, MSD1, and FSD1 in Arabidopsis (Kliebenstein et al., 1998).

Evolution of Different Types of SODs

This cladogram containing the protein sequences of all seven Arabidopsis SODs, and the

protein sequences of SODs from a variety of other plant species, clearly supports the suggestion that

the FeSODs are of greatest antiquity and that the CuZnSODs evolved independently of the Fe and

MnSODs (Alscher et al., 2002). It implies that MnSOD and FeSOD are more ancient types, and

these enzymes very probably have arisen from the same ancestral enzyme, whereas CuZnSODs

have no similarity to MnSOD and FeSOD in sequence and probably have evolved separately in

eukaryotes (Kanematsu and Asada, 1990; Smith and Doolittle, 1992).

Such evolution is probably related to the varied availability of soluble transition metal



compounds in the biosphere, which was due to the O, content of the atmosphere in different

geological eras (Bannister et al., 1991).When the atmosphere was fully replenished with oxygen, Fe

(IT) was almost fully unavailable whereas insoluble Cu (I) was converted into soluble Cu (II). At

this stage, Cu (II) began to be used as the cofactor at the active sites of SODs. Transition from the

use of iron to manganese only required little change in SOD protein structure since FeSODs and

MnSOD show similar electrical properties. Thus, structures of MnSOD and FeSOD are very similar.

However, the electrical properties of CuZnSOD are greatly different from those of FeSOD and

MnSOD. After Cu becoming a metal cofactor, a major change should occur in the structure of the

protein (Bannister et al., 1991). Nowadays, CuZnSODs have been found mostly in eukaryotes while

FeSOD and MnSOD are present both in prokaryotic and in eukaryotic organisms. However,

CuZnSODs have been observed in some bacteria, including Caulobacter crescentus,

Photobacterium leiognathi, and pseudomonads. Three hypotheses might explain the presence of

CuZnSOD in prokaryotes: (1) CuZnSODs in prokaryotes and eukaryotes evolved independently; (2)

Gene of CuZnSOD originated in the eukaryotes and was transferred into the prokaryotes. (3)

CuZnSOD originated in prokaryotes, and then the prokaryotic gene was transferred to eukaryotes.

The third hypothesis depends on the unlikely requirement that prokaryotic and eukaryotic enzymes

have a common ancestor that had CuZnSODs before the time that prokaryotes and eukaryotes

separated. For the second hypothesis, it was first proposed by Martin and Fridovich (Martin and



Fridovich, 1981) and was support from Bannister and Parker (Bannister and Parker, 1985) by the

reason of the 30% similarity between the protein sequences of the CuZnSODs in ponyfish and in its

symbiont Photobacterium leiognathi. This similarity increased to 44% after taking point mutations

into consideration, bringing more support to the hypothesis (Leunissen and de Jong, 1986).

However, the presence of CuZnSOD in Caulobacter crescentus and in pseudomonads that are not

symbionts suggests the hypothesis requires further refinement (Steinman, 1982; Steinman, 1985).

Regulation of SODs Expressions by Their Promoter Sequences

The promoter sequences of SODs were related to the regulation of gene expression under

different stresses. Four consensus sequences were revealed to have the ability to bind to four

different transcription factors, respectively (Alscher et al., 2002). (1) The ABA responsive element

(ABRE) appears to be associated with genes responding to osmotic stress (high osmoticum, salt,

desiccation, and cold) and binds to several similar sequences of eight nucleotides (Choi et al., 2000;

Guan and Scandalios, 1998); the consensus sequence YACGTGGC was used. (2) NF-«xB is a

transcription factor that activates immunoglobulin-k genes; the consensus sequence GGRNNYYCC

was used (Smith et al., 2000). (3) The heat shock protein gene promoter consensus sequence is the

palindromic sequence TTCNNGAA (Santos et al., 1996). (4) the Y-box motif has consensus

sequence GATTGG and mediates redox-dependent transcription activation (Guan and Scandalios,



1998). In Table 1, diamonds (4p) summarize the exact or close matches found at upstream locations

(within 1000 nucleotides of the ATG where transcription begins). The consensus sequences analysis

revealed that different SODs may express under different stresses, which indicate they may have

different roles in Arabidopsis.

Copper-Zinc SOD

CuZnSOD is a homodimeric copper- and zinc-containing enzyme (McCord and Fridovich,
1969). Zinc is required for the structural integrity of the protein and influences enzyme activity,
whereas copper plays a catalytic role in the disproportion of superoxide (Forman and Fridovich,
1973; Beem et al., 1974). The acquirement of both metal ions was first assumed to be by passive
diffusion; however, Rae et al. (1999) found that the intracellular concentration of free copper is
undetectable under normal physiological conditions, which suggests that cells require copper
chaperones to facilitate copper transfer to specific partners (see below).

CuZnSODs are found throughout the plant cell. There are two different groups of CuZnSODs,
which are homodimeric and homotetrameric (Bordo et al., 1994). The active sites of each subunit
function independently. When these subunits are separated and coupled with an inactive subunit,
newly formed enzymes show full activity, which provides evidence that the interactions between the

subunits are not essential for full catalytic activity (Fridovich, 1986).



There are chloroplastic and cytosolic forms of CuZnSOD. Deduced amino acid sequences of

these two isoforms show approximately 68% similarity, whereas there is approximately 90%

similarity among the chloroplastic CuZnSODs (CuZnSODchl) and 80-90% similarity among the

cytosolic CuZnSODs (CuZnSODcyt). The occurrence of a peroxisomal CuZnSOD from

watermelon was also previously reported, which represented about 18% of the total SOD activity in

the cell (Sandalio and del Rio, 1987). Presence of such a peroxisomal CuZnSOD also was shown in

rat liver cells (Dhaunsi et al., 1992).

Arabidopsis CuZnSODs are regulated by Copper-regulated miR398

A microRNA, miR398, is shown to regulate CSD1 and CSD2, targeting CSD1 and CSD2

mRNA for degradation during growth on low Cu condition (Sunkar et al., 2006; Yamasaki et al.,

2007; Dugas and Bartel, 2008). miR398 is one of several Cu-regulated microRNAs (the

Cu-microRNAs) that down-regulate transcripts for a number of Cu proteins together during

Cu-limited growth (Abdel-Ghany and Pilon, 2008). The Cu-microRNAs are regulated by a

transcription factor called SPL7 (Yamasaki et al., 2009), a homolog of Chlamydomonas rheinhardtii

CRRI1, which is possibly a Cu-sensing protein (Kropat et al., 2005). It was proposed that the

mechanism of Cu-protein down-regulation during Cu-limited condition allows for preferential

delivery of Cu to plastocyanin (Burkhead et al., 2009), which is essential for electron transport and



survival of higher plant (Weigel et al., 2003)

SOD Activation Requires a Metallochaperone

The metal cofactors for SODs are transition metals, whose ability to readily accept or donate

an electron are utilized in the superoxide dismutation process. In free form, however, these metal

ions produce potentially harmful hydroxyl radicals via the Haber-Weiss reaction (Halliwell and

Gutteridge, 1989). Hence, it is generally accepted that free transition metals must exist in a

complexed form and that SOD activation should require a metallochaperone. It has also been

reported that in spite of the high affinity of SOD1 for copper (dissociation constant = 6 fM) and the

high intracellular concentrations of both SOD1 (10 uM in yeast) and copper (70 uM in yeast), the

copper chaperone for the superoxide dismutase (CCS) gene is still necessary for expression of an

active, copper-bound form of superoxide dismutase (SODI1) in vivo (Rae et al., 1999).

Previous Studies on the Function of CCS

The first metallochaperone to be identified was the copper chaperone for SOD1 (CCS) in yeast

Saccharomyces cerevisiae (yCCS) (Culotta et al., 1997). Orthologs of this protein have been found

in many species (Abdel-Ghany et al., 2005; Chu et al., 2005). It is known that CCS consists of three

protein domains (I, I, and III). The central domain II resembles SOD1 and serves to dock CCS with



SOD1 (Schmidt et al., 1999). Once the CCS-SOD1 heterodimer formed, copper insertion and

disulfide oxidation may proceed via a CXC copper-binding motif at the C-terminal CCS domain III.

In the CCS-SODI1 docked complex structure, CCS domain III Cys229 forms an intermolecular

disulfide with Cys57 of SOD1, which is believed to represent the intermediate in forming the SOD1

intramolecular disulfide. Domain I harbors a single CXXC copper-binding motif, it may help CCS

dock with an upstream source of copper. To sum up, CCS protein physically interacts with

CuZnSOD, thereby assisting in copper incorporation and the catalysis of disulfide bond formation,

and thus resulting in an active SOD (Casareno et al., 1998; Lamb et al., 2001; Brown et al., 2004;

Furukawa et al., 2004).

Discovery of Arabidopsis CCS

In Arabidopsis, Pilon et al. (2005) has reported that AtCCS is a functional homolog of the

yeast copper chaperone Ccsl/Lys7. After that, Chu et al. (2005) also found that a single CCS

(AtCCS) 1is capable of activating three CSDs in different compartments. Nevertheless, the

phenotype of a CCS-knockout mutant (Atccs) has been found to be normal (Cohu et al., 2009).

These data indicate the existence of additional activating factors for CSDs.

CCS-Independent Activation of CuZnSOD



A CCS-independent activation pathway for CuZnSOD had been observed in mice and further

studied in a yeast expression system (Wong et al., 2000; Subramaniam et al., 2002; Carroll et al.,

2004). To date, yeast SOD1 (ySOD1) activation has been found to fully depend on yeast CCS

(yCCS; Carroll et al., 2004), whereas the nematode (Caenorhabditis elegans) CSD (wSod-1) is

exclusively activated independently of CCS (Jensen and Culotta, 2005). Human CSD (hSOD1) is

largely activated by CCS but retains about 25% to 50% of its activity in the absence of CCS

(Carroll et al., 2004). However, CCS-independent pathways for SOD activation in plants are not

well understood

Reduced glutathione (GSH) was required for CCS-independent activation of hSODI1 in yeast

CCS-mutant strains with defective GSH metabolism, and wSod-1 was inactive in the presence of

CCS when GSH was depleted in yeast (Carroll et al., 2004; Jensen and Culotta, 2005). However, a

direct interaction between GSH and CSD has yet to be demonstrated. Results from mutagenesis

studies showed that amino acid residues 142 and 144 near the carboxyl terminus of human and

yeast CSDs were important in the CCS-independent pathway (Carroll et al., 2004; Jensen and

Culotta, 2005). When these residues were replaced by those of dual prolines in ySODI,

CCS-independent activities for both hSOD1 and wSod-1 were inhibited. A recent study further

confirmed that the proline at residue 144 but not 142 restricted ySOD1 disulfide formation in the

absence of CCS, which played a key role in blocking CCS-independent activation (Leitch et al.,



2009a).

Besides, it has demonstrated that CCS activation of SOD1 requires molecular oxygen, whereas

there is no similar oxygen dependence with CCS-independent activation (O’Halloran et al., 2004).

Hence, CCS-independent activation allows SOD1 activity to be maintained over a range of oxygen

conditions. This can be particularly critical in tissues of multicellular organisms where oxygen

tensions range from near atmospheric to hypoxic.

Aims of the Dissertation

In our current study, we analyzed Arabidopsis and yeast knockout strains to investigate the

dependence of Arabidopsis CSD activity on CCS metallochaperone. We found both CCS-dependent

and -independent activation pathways are present in Arabidopsis, and three Arabidopsis CSD

proteins display unique levels of dependence on each of the two activation pathways. Moreover, we

show that the chloroplast is unique in having lost CCS-independent activation ability. This

phenomenon represents a novel finding as it has not been reported for any other species. We also

suggest from our current data that glutathione is involved in the CCS-independent pathway in

Arabidopsis, with an additional factor cooperatively assisting in CSD activation

10



MATERIALS AND METHODS

Plants, Yeast Strains, Media and Growth Conditions

The Arabidopsis thaliana Atccs (Atlgl2520) and Atcsdl (At1g08830) knockout lines of
Columbia ecotype, Atccs (SALK 025986) and Atcsdl (SALK 109389), were obtained from the
ABRC (Ohio State University, USA) (Chu et al., 2005). Seeds were incubated at 4°C for 4 d in the
dark before sowing, and then plants were grown in a growth chamber under 16-h light/8-h dark at
21 to 23°C at a light intensity of 60 to 100 pmol m™ s™. Saccharomyces cerevisiae BY4741 (MATa,
his3A1, leu2A0, met15A0, ura3A0) was used as the yeast wild type (WT); sod1A (sodl::kanMX4)
and CCSA (ccs::kanMX4) are derivatives of BY4741. Enriched yeast extract, peptone-based medium
supplemented with 2% (w/v) Glc (YPD), and synthetic dropout leucine medium was used to
propagate the yeast strains. Yeast was incubated at 30°C under aerobic conditions without shaking,
and G418 was used at 200 pg mL™" to maintain the ySOD1 and yCCS deletions in the yeast as

required.

Protein Extraction, In-gel SOD Activity Assay and Immunoblotting
Arabidopsis crude protein was extracted with 150 mM Tris, pH7.2, as described previously
(Chu et al., 2005). Yeast crude protein was extracted by the glass bead lysis protocol according to

Culotta et al. (1997). Protein concentration was determined by the Bradford method (1976) with the

11



Bio-Rad protein assay reagent (Bio-Rad, CA, USA). In-gel SOD activity assay and immunoblotting

were performed on 10% to 15% (w/v) nondenaturing or denaturing gels, respectively, according to

Chu et al. (2005). The SOD activities and protein signals were quantified by analyzing the activity

gels and immunoblotting membranes with LAS-3000 (Fuji Film, Tokyo, Japan) and ImageQuant

software (Molecular Dynamics, CA, USA).

RNA Extraction, RT-PCR and Gene Cloning

Total RNA was prepared with TRIZOL reagent (Invitrogen, CA, USA) and TURBO DNA-free

Kit (Applied Biosystems, CA, USA). cDNA synthesis was performed by using high-capacity cDNA

Reverse Transcription Kits (Applied Biosystems). RT-PCR and gene cloning was performed with

the primers described in Supplemental Table 2 online.

Constructs

All cDNA fragments were amplified with PCR and then cloned at yT&A vector (Yeastern

Biotech, Taipei, Taiwan); subsequent construction was performed after DNA sequencing. For

constructs used in yeast expression, all genes from ATG to stop codon were inserted at the HindIII

site of the 2 p LUEZ2 yeast shuttle vector pADNS (Colicelli et al., 1989), with the exception of

CSD3, which was inserted at the Notl site. Point mutations of CSD1 were created by the
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megaprining method with the primers described in Supplemental Table 2 online. For GFP and YFP

fusion constructs, 326-GFPnt vector (Lee et al., 2001) and p35S-EYFP vector (see below) were

used, respectively. For overexpression in protoplasts, genes were also subcloned into p35S-EYFP

vector with a stop codon. A double 35S promoter from pPE1000 vector (Hancock et al., 1997) was

cloned into the Xhol/HindIII sites of pEYFP vector (Clontech, CA, USA), and the CSD1, CSD2 and

CSD3 genes were then cloned into this p35S-EYFP vector at the EcCORI/BamHI, HindIIl, and EcoRI

sites, respectively. For ATP-CSD2, the 61 amino acids at the C terminus were deleted by using the

primer described in Supplemental Table 2 online, and then inserted into p35S-EYFP at HindIII site.

Transit peptide of CSD2 was amplified using the primer described in Supplemental Table 2 online.

Then, TPcsp, with ECORI/Ncol sites, and CSD1 gene with Ncol/Sall sites, were ligated into

p35S-EYFP at Ecol/Sall sites. For GFP fusion, CSD3 and CSD3-dAKL was inserted into

326-GFPnt vector at Smal/Sall site. Both ROXY 1 and GRXcp was inserted into Smal/BamHI sites

of p35S-EYFP with stop codon. For recombinant protein, CSD1 gene was inserted into pGEX-6P-1

(Amersham Pharmacia Biotech) at ECORI site.

Treatments for Seed Germination Rate

Sterilized seeds of the WT, Atccs and Atcsdl were plated on 1/2 MS medium supplemented

with 1% (w/v) Suc and pretreated with 4°C in the dark for 3 d. Seeds were then incubated at 23°C

13



under 16-h light/8-h dark for 3 d, and seed germination rate was observed. Methyl viologen (MV;
Sigma, MO, USA) and tert-butyl hydroperoxide (BH; Fluka Chemical Co., WI, USA) was added to

the 1/2 MS plates at the indicated concentrations.

Monitoring Superoxide Anion Level by Nitroblue Tetrazolium

This assay was according to Myouga et al. (2008). Three-week-old plants grown on 1/2 MS
medium supplemented with 1% (w/v) Suc were harvested, weighed and then infiltrated with 6 mM
nitroblue tetrazolium (NBT) in 10 mM sodium phosphate buffer (pH 7.1) at 400 to 500 mbar for 15
min. Plants were then illuminated with 800 umol m™ s™ for 1 h to produce color. Chlorophyll was
removed by infiltration with ethanol/chloroform (4:1, v/v) at 400 to 500 mbar for 15 min for four
times. Then, samples were solubilized in a mixture of 2 M KOH and DMSO at a ratio of 1:1.167
(v/v) and vortexed at 4°C for 1 h. After centrifugation at 13,000xg for 10 min, the NBT-formazan

production was determined as the absorbance at 700 nm of the supernatant

Treatments for Root Length Evaluation
Sterilized seeds of WT, Atccs and Atcsdl were plated on 1/2 MS medium supplemented with
1% (w/v) Suc, and pretreated with 4°C in the dark for 3 d. Plates were then incubated at 23°C for 3

d under continuous light condition for germination, and the seedlings were transferred to 1/2 MS
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plates with each treatment and incubated at 23°C for another 4 d. After the root length was
measured, the seedlings were collected to quantify the protein, total and reduced glutathione
concentrations. Methyl viologen (paraquat, Sigma) and buthionine sulfoximine (BSO, Sigma) were

added in the 1/2 MS plates at the indicated concentrations.

Lysine-Independent Aerobic Growth

Yeast strains were cultured in appropriate medium overnight at 30°C without shaking. Then,
cells were centrifuged, washed and resuspended in sterile water, and the absorbance at 600 nm was
measured. For plate assay, the yeasts were serial diluted from OD 600 = 1 to 10™, plated on
synthetic dropout lysine medium, and incubated at 30°C under aerobic conditions for 3 d. Results in
Figures 3 and 8 were performed on the same plate. For the liquid assay, the yeast cultures were
seeded from OD 600 = 0.01 in the lysine-lacking medium, incubated at 30°C for 24 h under aerobic

conditions, and then the cell density was determined by measuring the absorbance at 600 nm.

Protoplast Preparation and Transfection
Protoplast preparation and transfection were performed according to Yoo et al. (2007). The WT
and Atccs plants grew on soil for 3 to 4 weeks, and the 5th to 8th leaves were chosen for protoplast

preparation. About 10° protoplasts were transfected with 100 to 300 pg plasmid DNA for each
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construct by the PEG-calcium method. After transfection, the cells were incubated in WI solution at

room temperature for 16 h under continuous light conditions. For protein extract of protoplasts,

cells were collected, resuspended in 150 mM Tris buffer (pH 7.2), and vortexed five times for 5 s.

Cell lysate was then subjected to the SOD activity assay and immunoblotting.

Glutathione Treatment and Quantification

For treatments in yeast, L-buthionine sulfoximine (BSO; Sigma) was added to the medium at 1

mM for 16 h; 1-chloro-2,4-dinitrobenzene (CDNB, dissolved in 95% ethanol; Fluka) and

reduced-form glutathione (GSH; Sigma) were added at 1 and 20 mM, respectively, for 2 h. Equal

volumes of 95% ethanol or H, O were added as mock treatments. Atccs flowers were detached and

immersed in CDNB or GSH solutions at room temperature for 3 or 1 h, respectively. After CONB

or GSH solutions were removed, the flowers were washed with water 3 times and then the crude

protein was extracted. For treatments of protoplasts, Atccs protoplasts transfected with CSD1 were

first incubated at room temperature for 16 h for CSD1 protein expression, and then 1 mM GSH or

CDNB was added into the incubation medium for 15 min. Total glutathione and GSH

concentrations were quantified with use of the Total Glutathione Quantification Kit (Dojindo

Laboratories, Kumamoto, Japan) and the QuantiChrom Glutathione Assay Kit (BioAssay Systems,

CA, USA), respectively. The resulting concentrations were normalized to the protein concentration
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of the same sample, and the values of glutathione concentration are expressed relative to those of

the mock treatments.

Apo-CSD1 Protein Preparation and In Vitro Treatments

Recombinant GST fusion proteins were affinity purified according to the Glutathione-Agarose

user manual (Sigma). The GST tag was removed by PreScission Protease (Sigma). For preparation

of inactivated Apo-CSD1 (Lepock et al., 1981), Holo-CSD1 was dialyzed against buffer containing

50 mM sodium acetate (pH 4.0) and 10 mM EDTA at 4°C for 24 h, then against buffer containing

50 mM sodium acetate (pH 4.0) and 100 mM NaCl at 4°C for 24 h, and finally against buffer

containing 50 mM potassium phosphate buffer (pH 7.8) at 4°C for 24 h. In the in vitro treatments,

each reaction contained 870 ng Apo-CSD1 protein and 20 uM ZnSO; in PBS buffer (140 mM NacCl,

2.7 mM KCIl, 10 mM Na,HPO4 and 1.8 mM KH,POy4, pH 7.3), and then 0.1 uM CuSO4, | mM

GSH or 15 pg Atccs cellular extract were added into the mixture as indicated. After incubation at

room temperature for 30 min, 1.5 mM EDTA was added into samples, and then native-PAGE was

performed with 0.1 mM EDTA in both the nondenaturing-gels and running buffer. In the treatments

with both Cu and GSH, the two solutions were mixed and incubated at 4°C for 16 h before the

experiment.
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Antibodies

Anti-sera a-CSD1, a-CSD2 and a-CSD3 were generous gifts from Dr. D. J. Kliebenstein

(Kliebenstein et al., 1998), and Arabidopsis a.-RPN8 antibody was kindly provided by Dr. H.-Y. Fu

(Yang et al., 2004). We also used antibodies of a-ACT (Chemicon, CA, USA), yeast a-PGK1

(Molecular Probes, OR, USA), anti-rabbit (Jackson ImmunoResearch, PA, USA) and anti-mouse

IgG (Bethyl Laboratories, TX, USA) conjugated with alkaline phosphatase.

Statistical Analysis

All experiments were independently repeated at least three times. Statistical analysis was

performed by using the Student’s t test (two-tailed, unpaired).

Accession Number

Sequence data from this article can be found in GenBank as described in Table 1.
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RESULTS

CSD Retains Partial Activity in the Absence of AtCCS in Arabidopsis

Previous studies have mapped the pattern of SOD activity among various Arabidopsis organs

(Chu et al., 2005). The level of CSD activity was shown to be high in flowers and siliques but low

in rosette leaves and cauline leaves. To determine whether Arabidopsis CSD can be activated in the

absence of AtCCS, we analyzed CSD activities in the flowers of wild type (WT) and Atccs plants.

As shown in Fig. 1, residual CSD activity (about 6% to 30% of the WT levels) could be clearly

observed in the Atccs mutant (top), indicating that a CCS-independent CSD activation pathway

exists in Arabidopsis. Also of interest was our observation that the CSD1 and CSD2 protein levels

in Atccs were lower than those in the WT (Fig. 1, bottom), whereas their mRNA levels were shown

previously to be equivalent (Chu et al., 2005). This may indicate that the activated CSD protein is

more stable than its inactivated counterpart.

Activity Signals of CSD1 and CSD2 Are Partially Overlapped

In previous study, there are two major CSD activity bands in the Arabidopsis WT protein

extracts. The slow migration band was previously characterized as CSD2, whereas the fast

migration band was CSD1 (Chu et al., 2005). We again characterized the 3 CSD protein and activity

in this research. In the denaturing gel, the 3 overexpressed CSD proteins signals can be clearly
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identified by their size (Fig. 2A). However, transient overexpression of 3 CSDs in protoplasts

revealed that one of the CSD2 activity bands overlapped with that of CSD1 (Fig. 2B, lanes 1 and 2).

Thus, discriminating CSD1 and CSD2 activities by the in-gel SOD activity assay is difficult.

Notably, the CSD3 protein signal was clear when overexpressed in protoplasts, but its activity was

undetectable (Fig. 2B, lane 3). We also could not detect the endogenous CSD3 protein signal by

o-CSD3 antibody in the WT tissues (data not shown), which indicated that the endogenous CSD3

expression level was too low to be detected. Therefore, we cannot identify which CuZnSOD can be

activated by the CCS-independent pathway through a direct observation on the SOD activity signals;

other experimental method must be taken.

CSD1 and CSD3 Show CCS-Independent Activities in Yeast

AtCCS is a functional homolog of yCCS (Abdel-Ghany et al., 2005), implying that the

Arabidopsis CSD might be activated in a yeast system. As an additional method of determining

which CSD can be activated via the CCS-independent pathway, we expressed the three Arabidopsis

CSD genes in yeast SOD1- and CCS-knockout strains (referred to as SOd1A and cCSA, respectively;

Fig. 3). As revealed by the in-gel SOD activity assay (Fig. 3A, top), the CSDI1 activity band was

strong in SOd1A and was weaker, but clearly visible, in cCSA (lanes 1 and 2), demonstrating a

CCS-independent activation of CSD1. When CSD2 and CSD3 were overexpressed in yeast, no
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detectable activity was observed (lanes 3 to 6), and the CSD2 protein was not detectable in either

yeast line (Fig. 3A, lanes 3 and 4, bottom). Considering the limited sensitivity of the SOD activity

and immunoblotting assays, we used lysine-independent aerobic growth as an indicator of the CSD

activities in yeast in vivo because of its high sensitivity to SOD activity (Wallace et al., 2004).

Using this assay, lysine biosynthesis ability is maintained when ySOD1 activity just higher than 2%

of wild type activity (Corson et al., 1998). Because ySODI activation is fully dependent on yCCS

function, the endogenous ySODI1 activity is lost in cCSA (Carroll et al., 2004), and the

heterologous-expressed Arabidopsis CSDs should be exclusively responsible for the lysine

biosynthesis ability in both SOd1A and ccsA. In our experiments, both SOd1A and cCSA were unable

to grow under lysine-depleted conditions (Fig. 3B and 3C), which confirms the absence of ySOD1

activity in these two mutants. The lysine biosynthesis ability was recovered in both Sod1A and ccsA

upon CSD1 and CSD3 expression. Upon the expression of CSD2, the phenotype of Sod1A was

partially rescued but that of cCSA was not restored at all, thereby demonstrating a weak expression

and activity of CSD2 in sod1lA. CSD2 is a chloroplast protein in Arabidopsis; because of no

chloroplasts in yeast, we wondered whether the transit peptide might cause misfolding of CSD2.

Thus, we deleted the transit peptide of CSD2 (referred to as ATP-CSD2) and expressed it in yeast;

however ATP-CSD2 still showed no activity in cCSA (Fig. 4). These results thus show clearly that

CSDI and CSD3 can both be activated via the CCS-independent pathway in yeast. However, the

21



failure of CSD2 to rescue lysine biosynthesis might be related to the heterologous nature of the

expression system used. Thus, we sought additional means for determining whether CSD2 can be

activated in a CCS-independent manner.

CSD2 Activation in Chloroplasts Requires CCS But Not in the Cytoplasm

To address the question of how CSD2 is activated, CSD2 and AtCCS genes were transiently

overexpressed in Atccs protoplasts (Fig. SA and 5B). Use of yellow fluorescent protein (YFP) fused

to CSD2 revealed that the full-length CSD2 localized in chloroplasts, whereas the transit

peptide-deleted CSD2 (ATP-CSD2) localized to cytoplasm (Fig. 5A). Full-length CSD2 was

activated in the presence of AtCCS (Fig. 5B, lane 2) but was undetectable in the absence of AtCCS

(lane 3). However, ATP-CSD2 showed CCS-independent activity (lane 7), which indicates that

CSD2 can be activated via the CCS-independent pathway when localized in cytoplasm.

CCS-Independent CSD1 Activation Occurs in the Cytoplasm but Not in Chloroplasts

To gain an understanding of CSD activation in chloroplasts, we constructed a

chloroplast-directed CSD1 to observe its behavior in this compartment (Fig. 5C and 5D). We used

YFP fusion proteins to confirm the localization of a CSD1 fused with the chloroplast transit peptide

of CSD2 (TP¢sp2-CSD1) in chloroplasts (Fig. 5C). We found CCS-independent CSD1 activity in
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Atccs (Fig. 5D), and the efficiency of CSDI activation (activity pg” protein) in Atccs was ~36% of
that in wild-type (compare lanes 2 and 3). In contrast, chloroplast-localized CSD1 was active in the
presence of AtCCS (lane 6), and its activity was undetectable in the absence of AtCCS (lane 7).
This result is consistent with the observation on CSD2 that CCS-independent CSD activation occurs

in the cytoplasm but not in the chloroplast.

Activities of Both Peroxisomal and Cytoplasm-directed CSD3 Can Not Be Detected

A similar experiment was also performed with CSD3 (Fig. 6), and green fluorescent protein
(GFP) fused to N-terminal of CSD3 to show its localization (panel A). Our result showed that CSD3
localized in peroxisomes as predicted, but its activity were undetectable even when it was
overexpressed in Atccs with AtCCS co-expression (Fig. 6B). Deletion of the peroxisome-targeting
sequence AKL at its C-terminal (CSD3-AAKL; Fig. 6A) leads to a cytoplasmic CSD3; however,

unlike CSD1 and CSD2, there was still no activity detected (Fig. 6B).

Effect of Glutathione upon CCS-Independent CSD1 Activity in Yeast
Previous studies have implicated GSH in the CCS-independent activation of human hSOD1
(Carroll et al., 2004). To investigate the possible involvement of GSH in the activation of

Arabidopsis CSD, we treated a yeast CCSA strain that expresses CSD1 with either GSH,
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1-chloro-2,4-dinitrobenzene (CDNB, a glutathione chelator) or L-buthionine sulfoximine (BSO. a

glutathione biosynthesis inhibitor), and then analyzed the effects upon CSDI1 activities (Figure 7).

When treated with CDNB, CDNB+BSO and BSO, the cellular concentrations of both total

glutathione and GSH were significantly decreased to 0.68-, 0.36- and 0.6-fold, and 0.77-, 0.37- and

0.67-fold (Fig. 7A, treatments 2 to 4), respectively. The CSDI1 activity was decreased to 0.4-, 0.52-

and 0.83-fold respectively (Fig. 7B, lanes 2 to 4). Hence, decreased GSH levels correlate with a

reduction in CCS-independent CSD activity. In addition, although the total glutathione and GSH

concentrations were slightly enhanced upon GSH treatment by 1.6-fold and 1.33-fold (Fig. 7A,

treatment 6), respectively, no corresponding increase in CSD1 activity was observed (Fig. 7B, lane

6).

Effect of Glutathione upon CCS-Independent CSD Activities in Arabidopsis Flowers

A similar experiment was performed using Atccs flowers, which were treated with either

CDNB (a glutathione chelator) or GSH, and then analyzed for CSD activity (Fig. 8). Both total

glutathione and GSH concentrations in Atccs flowers decreased significantly as a result of the

CDNB treatment (Fig. 8A), and the corresponding CSD activity was strongly downregulated (Fig.

8C, lanes 1 to 4). Following GSH treatment, the total glutathione concentration greatly increased,

whereas the GSH concentration increased only slightly (Fig. 8B). The relatively mild change
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observed in the internal GSH concentration might be due to an in vivo mechanism that maintains

the homeostasis of reducing power, too much of which could be potentially damaging to cells

(Lockwood, 2003; Pasternak et al., 2008). Xiang et al. (2001) have also shown previously that the

maximal enhancement of GSH was only 2-fold in a y-glutamylcysteine synthetase overexpression

line, similar to the 2-fold increase in GSH concentration observed in our present system (Fig. 8B).

Although the bands were less well-defined, the major CSD activity band in the corresponding

treatments seemed to show no enhancement (Fig. 8C, lanes 5 to 8, arrow).

Effect of Glutathione upon CCS-Independent CSD Activities in Arabidopsis Flower Protein

Extract

An in vitro experiment was performed to further investigate the effect of GSH on

CCS-independent CSD activities. By adding GSH directly into the Atccs flower protein extracts,

CSD activities were quickly enhanced in 15-min incubation with 10 mM GSH treatment (Fig. 9A),

but the enhancement was still within certain limit even with 20 mM GSH treatment for 1.5 h (Fig.

9B). The limitation of the GSH-dependent activation in vitro might be due to (1) the CSD activities

activated by GSH are less efficient, and thus only weak activities could be present at one time; and

(2) cellular proteins showed decreasing accumulation and/or stability in cells with abundant GSH

(Fig. 9A and 9B, bottom panel; Lockwood, 2003), and the lowered CSD protein levels might result
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in the weak enhancement.

Additionally, we also curious about that under normal condition, whether these two pathways

each account for partial activation of CSD and thus have their own activation niche. To answer this,

we treated WT flowers with CDNB to see the changes of CSD activities (Fig. 10). CDNB was

added directly into the flower protein extract for efficient depletion of glutathione. In this in vitro

test, the CSD activities showed no significant change either treated with different CDNB

concentrations (5 to 20 mM; Fig. 10A) or with longer incubation time (from 15 to 90 minutes; Fig.

10B). Hence, the activation niche accounted by CCS-independent pathway seemed negligible in

WT, which implied that CSD activation by AtCCS was so efficient that a decrease in glutathione

level could be ignored.

Moreover, when we treated WT flower protein extracts with 10 mM GSH for 18 h, CSDI1

protein was mostly degraded, whereas CSD2 protein was still preserved (Fig. 11); compared to

CSD1, CSD2 was not sensitive to GSH, and thus the effect of GSH on CSD2 seemed not efficient.

Altering Glutathione Concentration by Drugs or Glutaredoxin Expression Affect

CCS-Independent CSD Activities in Arabidopsis Protoplasts

The effects of GSH were also tested by altering its concentration in Atccs protoplasts

transiently overexpressing CSD1 (Figure 12A). Cellular concentrations of total glutathione and
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GSH were slightly enhanced upon GSH treatment by 1.23- and 1.13-fold, respectively, whereas the

CSDI activity levels showed no obvious increase in this system. Upon treatment with CDNB, both

the concentrations of total glutathione and GSH decreased (to 0.42- and 0.87-fold), as did the

amount of CSDI1 and its level of activity.

In a further experiment, we manipulated the GSH concentration by overexpressing

glutaredoxin, which oxidizes GSH to GSSG during its substrate-reducing reaction (Rouhier, 2010).

To this end, we overexpressed ROXY1 (a cytoplasmic glutaredoxin) or GRXcp (a chloroplastic

glutaredoxin) together with CSD1 in Atccs protoplasts (Figure 12B; Xing et al., 2005; Cheng et al.,

2006; Rouhier, 2010). Our results revealed that the GSH concentration decreased as a result of

either ROXY1 or GRXcp overexpression, whereas the total glutathione concentration showed no

significant change (Figure 12B). When ROXY1 was co-expressed, both the amount of CSDI as

well as its activity level was diminished, whereas the co-expression of GRXcp resulted in reduced

CSDI1 activity with no change in the amount of protein.

Taken together, our results show an overall decrease in CSD1 activity upon reduction of the

intracellular GSH concentration. However the decrease in GSH concentration is not well correlated

with that of CSDI1 activity. Additionally, no obvious change in CSD1 activity was observed when

the GSH concentration was increased.
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Activation of Apo-CSD1 by Cu and GSH is Greatly Enhanced When Atccs Cellular Extracts

Is Added in Vitro

To gain a better understanding of GSH involvement in the CCS-independent pathway, we

carried out in vitro analyses using purified recombinant proteins. We purified recombinant CSDI1

protein as a GST fusion product (GST-CSD1), and then removed the GST tag by PreScission

protease (generating Holo-CSD1). We then prepared inactivated Apo-CSD1 using an acid treatment

method (Fig. 13A and 13B; Lepock et al., 1981). When Apo-CSD1 was treated with 0.1 uM Cu

(Fig. 14, lane 2), CSDI itself was able to spontaneously bind copper and recover its own activity.

We then tested the effects of pH on this system (Fig. 13C), and found that the recovery of

Apo-CSD1 activity was maximal at pH 7, the same pH used in our current experiments. Recovery

of Apo-CSD1 activity was unsuccessful using 1 mM GSH alone, which was possibly due to the

extremely low concentration of Cu in the mixture (Fig. 14, lane 3). However, treatment with both

Cu and GSH did not result in greater CSD1 activity than treatment with Cu alone, indicating that

GSH itself was either inefficient or possibly unable to facilitate CSD1 activation. When the same

experiments were performed in the presence of Atccs cellular extracts (lanes 6 to 9), the activity of

CSDI treated with GSH/extract increased slightly (lane 8) as compared with a cellular extract

treatment alone (lane 6). However, CSD1 activity was greatly enhanced when GSH, extract and Cu

were present in the reaction mixture (lane 9), as compared with only Cu and extract (lane 7). This
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indicates that GSH can activate CSD1 efficiently under these conditions. The fact that Atccs cellular

extract can greatly affect the level of CSD1 activation by GSH indicates that the interaction between

GSH and CSD1 is facilitated by a yet undetermined factor.

Superoxide Anion Level and Seed Germination Rate of WT, Atccs and Atcsdl

We endeavored to determine whether these residual CSD activities were physiologically

functional in vivo by using the seed germination rate as a phenotypic indicator to compare WT,

Atccs and CSD1 knockout lines (Atcsdl) after treatment with methyl viologen (MV) and tert-butyl

hydroperoxide (BH). We used MV and BH to induce oxidative stress in cells and thereby magnify

the phenotypic effects due to the defects in antioxidant enzymes such as SOD. In the homologous

T-DNA-inserted Atcsdl knockout line, CSDI mRNA and protein were absent, whereas the

expression levels of CSD2 and CSD3 were unchanged (Fig. 15A to 15C). As visualized using an

in-gel SOD activity assay, the total CSD activity in Atcsdl (with functional CSD2 and CSD3) was

lower than that in the WT but was higher than that in Atccs (Fig. 15D). This result correlated well

with the superoxide anion accumulation level. The relative superoxide anion levels were Atccs >

Atcsdl > WT (Fig. 15E), indicating that the level of total SOD activity among the three strains was

WT > Atcsdl > Atccs.

When grown on 1/2 MS plates, the seed germination rates of the Atccs and Atcsdl mutants
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were similar to WT (Fig. 15F, control), indicating that the CCS-independent activities in AtCCS are

sufficient for normal growth. With 0.008 or 0.04 uM MV treatments, the seed germination rate of

Atccs was significantly lower than that of the WT, but was higher than that of Atcsdl (Fig. 15F).

Similar results were obtained with a 100 uM BH treatment. Hence, although the total CSD activity

in Atccs was found to be lower than that in Atcsdl, the phenotype of Atccs (resulting from the

CCS-independent CSD activity) is less pronounced than that of Atcsdl (resulting from total CSD2

and CSD3 activities).

Root Length of Atccs and Atcsdl under Oxidative Stress Treatments and Different Glutathione

Concentrations

Root length was also measured to compare the phenotype of WT, Atccs and Atcsdl on

treatments with MV and BSO. When Atccs was grown on 1/2 MS without paraquat treatment, the

root length did not differ from that of the WT (Fig. 16A, 0 uM paraquat), which indicates that the

residual CSD activities in Atccs were sufficient for plant growth under normal conditions. This

finding might also explain why we could not find an obvious phenotype in Atccs. However, the root

length of WT and Atccs was significantly longer than that of Atcsd1l. Under 0.008, 0.04 and 0.2 uM

paraquat treatment, the root length of Atccs was shorter than that of the WT but was still longer than

that of Atcsdl (Fig. 16A). Therefore, although the CSD activities in Atccs were lower than that in
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Atcsdl, the antioxidant ability resulting from these residual CSD activities in Atccs was better than

that in Atcsdl, which has CSD2 and CSD3 activities. These findings suggest that SOD activities in

chloroplasts and peroxisomes cannot efficiently complement the function of the cytosolic SOD. The

level of SOD activity should not be the only critical point for the resulting antioxidant ability in vivo;

whom and where the activities originated were also considerable. We concluded from Fig. 16A that

although the 3 CSD activities were diminished in Atccs, the residual CCS-independent activities

could provide significant protection to cells against oxidative stress. As well, even though the

antioxidant ability in Atccs was weaker than that in the WT, it was sufficient for normal growth.

However, could the better antioxidant ability of Atccs (compared to Atcsdl; Fig. 16A) be

weakened by glutathione depletion? To answer this, BSO was used to block glutathione

biosynthesis in cells; 0.4 mM BSO effectively decreased the internal total and reduced glutathione

amount to 16% and 60% (Fig. 16C and 16D), respectively. It has been reported that BSO induces

root cell elongation and results in longer root length (Sdnchez-Fernandez et al., 1997). This can be

observed in our treatments that root length became longer when BSO was treated (Fig. 16,

comparing B to A), which indicates that the treatments were successful. Notably, with BSO

treatment, the root lengths of Atccs and Atcsdl became similar and were both shorter than that of

the WT (Fig. 16B, 0.008 to 0.2 uM paraquat). The root of Atccs was originally longer than that of

Atcsdl with a normal cellular glutathione level (Fig. 16A) but became similar to Atcsdl with
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decreased glutathione level (Fig. 16B). These findings demonstrate that the better antioxidant ability

in Atccs conferred by CCS-independent CSD activities were diminished with decreased glutathione

concentration, which supported again that internal glutathione was required for CCS-independent

activation.

CSD1 Variants Show Differing Activity Levels in Yeast

Previous studies by Carroll et al. (2004) have demonstrated the importance of residues 142 and

144 in the human hSODI1 protein for CCS-independent activation, and showed that substitution of

these amino acids with proline prevents activation by this pathway. By aligning CuZnSOD gene

sequences in A. thaliana, H. sapiens, S. cerevisiae and C. elegans (Figure 17A), the corresponding

residues in Arabidopsis CSD were found to be 141G/143V in CSD1, 143G/145L in CSD2 and

147S/149V in CSD3. We generated a series of CSD1 mutants: G141A/V143A (denoted CSD1-AA,

nematode form), G141S/V143L (CSD1-SL, human form) and G141P/V143P (CSD1-PP, yeast form)

to determine the effects of these residues on the CCS-independent activation of CSDI1. Each of

these variants was expressed individually in yeast SOd1A and CCSA strains.

The activities of WT CSD1 (CSD1-GV) and CSD1-SL were detectable in both SOd1A and cCSA,

while the activity of CSDI1-AA was only measurable in sod1A (Fig. 17B, lanes 1 to 6). Under

lysine-depleted conditions, CSD1-GV and CSD1-SL can restore the lysine-auxotrophic phenotype
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of sod1A and ccsA (Fig. 17C and 17D). Upon CSDI1-AA expression, the viability of SOd1A was

restored but that of cCSA was only partially rescued. Although the activity of CSD1-PP was

undetectable in both S0d1A and ccsA as determined using an in-gel SOD activity assay (Fig. 17B,

lanes 7 and 8), the activity of this mutant was discernable using the lysine biosynthesis assay in

sod1A but not in ccSA (Fig. 17C and 17D). In summary, the Arabidopsis form CSD1-GV, the human

form CSDI-SL and the nematode form CSDI1-AA can be activated by the CCS-independent

pathway, but the yeast form CSD1-PP does not undergo CCS-independent activation.
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DISCUSSION

Different Activation Preferences of CSD1 and CSD2 Are Due to an Inhibitory Effect of

CCS-Independent Activation in Chloroplasts

As characterized in both yeast and Arabidopsis protoplasts, it is clear that CSDI can be

activated by both pathways (Figs. 3 and 5D). In contrast, CSD2 could not be activated by

CCS-independent pathway in yeast or Arabidopsis (Figs. 3 and 5B). Thus, ySOD1 and CSD2 might

be activated by a similar mechanism. However, further investigation revealed significant differences

between the 2 orthologs. The C-terminal amino acid residues 142P/144P of ySODI1 prevented its

activation by the alternative pathway (Carroll et al., 2004), and this effect is mediated primarily by

144P (Leitch et al., 2009a); when 144P is mutated to 144L, this ySODI1 variant showed clear

activity in the absence of CCS. For CSD2, the amino acid residues corresponding to 142P/144P of

ySOD1 are 143G/145L (Fig. 17A), which are typical for a CSD protein capable of being activated

by the CCS-independent pathway (Carroll et al., 2004; Leitch et al., 2009a). The CSD2 protein can

be activated by this pathway because the ATP-CSD2 (cytoplasm-localized CSD2) was active in

Atccs (Fig. 5B). Thus, the lack of CCS-independent activity of CSD2 may not result from the

protein structure but rather the presence of factor(s) in the chloroplast that inhibit the

CCS-independent activation pathway. This hypothesis is supported by the results obtained with the

TP csp2-CSD1 (chloroplast-directed CSD1), which also lost CCS-independent activity (Fig. 5D).
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The inhibitory effect on CCS-independent CSD activity in chloroplasts may be due to the absence

of chloroplastic factor(s) that are required for CCS-independent activation or to the presence of

inhibitory factor(s) in the chloroplast, a novel phenomenon that has not been reported so far for any

other species.

The Inhibition of CCS-Independent Activation in Chloroplasts Could Ensure a Proper

Operation of the Photosynthesis System

In contemplating the reason for the inhibition of the CCS-independent pathway in chloroplasts,

oxygen is one factor worthy of consideration. In CCS-dependent activation, oxygen is required

during the disulfide formation between the interacting CCS and CSD proteins (Brown et al., 2004;

Furukawa et al., 2004), such that activation cannot occur under hypoxic conditions. Thus, activation

by CCS in the chloroplast implies a constant supply of oxygen, which is produced from electron

transport chain of the photosynthetic machinery. Such a mechanism can ensure that CSD activation

follows the presence of reactive species and oxidants which are produced from a properly

functioning photosynthesis. In contrast, CCS-independent activation of CSD does not require

oxygen (Leitch et al., 2009a). An additional factor might be related to the fact numerous

photosynthetic enzymes require copper as their cofactor (Shcolnick and Keren, 2006). When

photosynthetic enzymes are saturated with their copper cofactors, abundant oxygen will be
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produced from photosynthesis reactions, which might constitute a signal for CCS to activate CSD.

An antioxidant system regulated by oxygen could guarantee that distribution of copper to

photosynthetic enzymes takes priority in chloroplasts.

CSD3 Might be Activated Primarily by the CCS-Independent Pathway

Although the CSD3 activity was undetectable by the in-gel SOD activity assay in yeast, it

could complement the phenotypes of both yeast sod1A and ccsA (Fig. 3), which indicates the

presence of a physiologically significant level of CSD activity. In these experiments, the activity in

ccsA could have occurred only through the CCS-independent pathway. However, SOd1A contains

factors that can facilitate both CCS-dependent and -independent activation, so phenotype recovery

by CSD3 in this system may have occurred by either or both pathways. Thus, these results

demonstrate only that CCS-independent activation of CSD3 has occurred, not the level of CSD3

activity that can be conferred by CCS.

To further characterize the activation of CSD3 in a homologous plant system, we did not

observe activation with overexpression of the full-length CSD3 in Arabidopsis protoplasts.

Considering the possible effects of localization similar to CSD2, we deleted its

peroxisomal-targeting sequence but still found no activity even with AtCCS co-expression (Fig. 6).

Kliebenstein et al. (1998) demonstrated similar immunoblotting signals with the same amount (12
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ng) of recombinant CSD1, CSD2 and CSD3 protein when probed with a-CSDI1, a-CSD2 and

a-CSD3 antibodies, respectively. Thus, the amount of overexpressed CSD3 protein in protoplasts

should be similar to that of overexpressed CSD1 and CSD2 seen in Fig. 5. Hence, our failure to

detect CSD3 activity suggests that its level of activation by CCS is much lower than that of CSDI1

and CSD2. In addition, the level of CSD3 activation associated with both pathways (expression in

Atccs with AtCCS co-expression or in wild-type protoplasts) seems not to be significantly higher

than the levels associated with the CCS-independent pathway only (expression in Atccs). Therefore,

CSD3 may be activated primarily by the CCS-independent pathway. Notably, the activation of

nematode wSod-1 in the presence of CCS did not result in a higher activity than that by the

CCS-independent pathway (Jensen and Culotta, 2005). In this respect, CSD3 seems to be similar to

the nematode wSod-1.

Different Preferences for CCS-Dependent and -Independent Activation Might Benefit Life in

Its Habitat

To date, studies of CSDs in yeast, nematode, mice and human have shown different

preferences for CCS-dependent and -independent activation (Carroll et al., 2004; Jensen and Culotta,

2005; Leitch et al., 2009b). However, our research find a very interesting issue that in Arabidopsis

that different types of CSDs are present in a single cell (Fig. 18): cytoplasmic CSD1, like human
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form, is activated mainly depending on CCS and partially by the CCS-independent pathway;

chloroplastic CSD2, like yeast form, activation depends completely on CCS, with inhibition of the

alternative pathway in chloroplasts; and peroxisomal CSD3, like nematode form, is activated

mainly by the CCS-independent pathway (see previous discussion).

Among the species that have been studied thus far, their habitats are highly varied, so the

different preferences for CCS-dependent and -independent activation might imply that the two

pathways have advantages in different types of environments. Why different organisms have

evolved different preferences for CCS-dependent and -independent activation is unclear but may

reflect unique lifestyle requirements for Cu and O, (Culotta et al., 2006), which is consistent with

our suggestion for the inhibition of CCS activation in chloroplasts. The functions of CCS might be

limiting under certain conditions, and the existence of an alternative, CCS-independent pathway

might be helpful for survival. Because plants cannot move to avoid environmental stresses, the

complex activation mechanisms for plant CSDs might be a solution to cope with such varied and

stressful surroundings.

CCS-Independent CSD Activities Are Physiologically Functional and Sufficient to Support

Growth of Plant Cells

Upon investigating the physiological effects of the residual CCS-independent activities, we
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obtained an unexpected result regarding the higher levels of superoxide anion, seed germination rate

and root length of Atccs than Atcsdl. In trying to understand these results, it should be noted that in

Atcsdl, CSDI1 activity is completely lost, whereas residual CSD1 activity is present in Atccs. Since

phospholipid membranes are impermeable to O, (Takahashi and Asada, 1983), protection of

different organelles can be achieved by variable distributions of SOD in different cellular

compartments. In other words, the SOD activities in one compartment cannot complement

functional deficiencies in these activities in another. Also, the lower germination rate and the shorter

root length of Atcsdl were very possibly due to the complete absence of CSD1 activity. In addition,

current studies on SODs indicate that the level of SOD activity required for normal growth is much

less than the actual activity level measured (Cohu et al., 2009). This can also be observed in yeast.

For instance, lysine biosynthesis is recovered by activity that was undetectable by the in-gel assay

(Fig. 3), indicating that a small fraction of CuZnSOD activity is enough to protect the enzymes from

damage by superoxide anions. In fact, Atccs showed no obvious phenotype under normal and stress

conditions as compared with WT (Cohu et al., 2009). This demonstrates that loss of the bulk CSD

activity did not seriously compromise plant viability. Our observations thus indicate that

CCS-independent CSD activities are physiologically functional and sufficient to support the growth

of plant cells. One possible reason for the high expression of CSD proteins in WT plants was

suggested previously to be their role in copper buffering (Cohu et al., 2009).
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CSD1 variants activated by CCS-independent way show different activation efficiency

When mutation forms of CSD1 were expressed in yeast SOd1A line, their activity levels

correlated with protein levels (Fig. 17B, lane 1, 3, 5), which indicate that efficiencies of CCS

activation of these CSD variants are the same, or differences in such efficiencies were not

significant because activation by CCS was too efficient to activate all CuZnSOD protein molecules

in these mutant yeasts. However, when they expressed in CCSA line, activity levels of GV, AA and

SL were quite different whereas their protein levels were similar (Fig. 17B, lanes 2, 4, 6). Different

activity presented by a similar protein level indicates that partial CSD protein molecules are not

activated in the variant with weak activity, and in CCS-independent pathway, the activation

efficiency of each variant is different, leading to an observable differences in SOD activity levels..

In addition, levels of activity when one variant is activated by two different mechanisms are

not correlated. The form with higher activity by CCS activation was not higher in the alternative

pathway, such as GV and AA form of CSDI for example (Fig. 17B, lanes 1, 2, 3, 4). Thus,

activation by CCS or CCS-independently should use totally different mechanisms and even

different motifs of CSD protein for the activation Moreover, expression of all variants through the

same promoter (yeast PGK promoter) produces very different CSD1 protein levels, indicating

residues 142/144 could alter CSD1 protein stability. Taken together, we suggest that only the
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functional CuZnSOD was stable when activated via CCS. In the presence of CCS, even though the

protein stabilities of variants are different, their activity levels were well-related to their protein

levels in sod1A line. CCS not only activates CuZnSOD functionally but also involved in SOD

protein degradation; only the functional protein can survive. On the contrary, in the absence of CCS,

CuZnSOD proteins without function can still exist stably in cells, since SOD activity was relatively

weak and protein was accumulated in CCSA line. Therefore, we suggest that the major goal of

CCS-independent activation is not to regulate the SOD activity; there should be other role for it,

such as Cu buffering.

GSH Is Involved in CCS-Independent Activation Pathway with the Involvement of an

Essential Factor Remain to be Discovered

Previous studies of yeast, human, and nematode have shown GSH to be involved in the

alternative activation pathway (Carroll et al., 2004; Jensen and Culotta, 2005). Evidence of this

involvement includes analyses of a yeast knockout line for GSH biosynthesis, with the major

CCS-independent activity abolished. Moreover, when glutaredoxin was knocked out in this system,

which resulted in an inability to convert GSSG to GSH, CCS-independent activity was also affected.

In our present study, we tested this hypothesis in Arabidopsis by overexpressing a glutaredoxin in

Atccs protoplasts to reduce internal GSH concentrations via enzymatic reactions. However, ROXY1

expression resulted in a greatly reduced amount of CSD1 protein in addition to reduced activity (Fig.
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6B). Because ROXY1 co-localizes with CSD1, it can readily reduce its disulfide bond, which

would lead to degradation of disulfide-reduced CSD1 (Borchelt et al., 1994; Wang et al., 2003;

Carroll et al., 2006; Rouhier, 2010). In contrast, when we overexpressed GRXcp, the GSH

concentration decreased, along with CSD1 activity, without a corresponding change in the level of

CSDI protein (Fig. 6B). Although GRXcp can reduce disulfide bonds, it localizes to chloroplasts

and cannot interact with CSD1 (Cheng et al., 2006). The effect of GRXcp on CSDI1 can therefore be

due to only the decrease in GSH concentration. Our result also confirmed the involvement of GSH

in this pathway.

However, the results of our in vitro experiments show that GSH does not activate CSD1 unless

it is added together with cellular extract (Fig. 14). Therefore, GSH may be involved in the

CCS-independent pathway in Arabidopsis, but cooperation with an additional factor is also required.

A deficiency in this unknown factor might explain the limited enhancement in activity with GSH

treatments and the lack of association of changes in GSH concentration and CCS-independent

activity.

Models of How the Unknown Factor Involves In the CCS-Independent Pathway

Here, we propose two models for CSD activation in absence of CCS (Fig. 19). In the first

model, the Cu cofactor is transferred from Cu-GSH complexes to CSD, but interaction between the
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Cu-GSH and CSD proteins requires the assistance of an unidentified factor (model A). The role of

the unidentified factor is a scaffold protein, which provides a platform for the CSD protein and

Cu-GSH to interact. In the second model, Cu is first transferred from Cu-GSH to the unidentified

factor and then transferred to a CSD protein (model B). Here, the role of the unidentified factor

could be as a Cu carrier, which itself can bind Cu and interact with CSD proteins. Nevertheless, the

interaction between CSD and the unidentified factor is essential in either model. Of note, the

importance of proline 144 on the carboxyl terminus of hSOD1 has been noted as a potential

Cu-GSH docking site of CSD protein (Carroll et al., 2004), which implies the approach of Cu-GSH

to the CSD protein (model A), for a more convincing model.

C-Terminal of CSD Protein May Determines Its Activation by CCS or the Unknown Factor

An important difference between CCS-dependent and -independent pathways concerns the

status of the CSD disulfide bond (Leitch et al., 2009b). CCS can activate only disulfide-reduced

CSD proteins, because the interaction between CCS and CSD involves formation of an

intermolecular disulfide bond (Fig. 20A; Culotta et al.,, 2006). Thus, intramolecular

disulfide-oxidized CSD would preclude the interaction (Fig. 20B). In contrast, both

disulfide-reduced and -oxidized CSD can be activated by the CCS-independent pathway (Leitch et

al., 2009b). This observation led us to suggest that the interaction of CSD and the unidentified
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factor differs from that of CSD and CCS, which does not require the formation of the

intermolecular disulfide bond (Fig. 20D), so the disulfide-oxidized CSD can still interact with the

unidentified factor (Fig. 20E).

As mentioned previously, the presence of proline at position 144 of ySOD1 prevents activation

by the CCS-independent pathway (Fig. 17; Carroll et al., 2004; Jensen and Culotta, 2005). The most

recent model indicates that this proline results in a conformational restriction that prevents disulfide

bond formation within CSD in the absence of CCS (Leitch et al., 2009b). This restriction on

disulfide bond formation can be overcome by the action of CCS but not the CCS-independent

mechanism (Fig. 20, C and F, respectively). Here, we suggest another reason for an essential

unidentified factor in CCS-independent pathway interacting with the disulfide-oxidized CSD. In

this model, the molecular conformation adopted by CSD containing proline 144 may prevent

interaction of the unidentified factor with the CSD protein. This situation would explain why

proline 144 blocked only CCS-independent activity but not that conferred by CCS. Further

investigation is required to characterize the unidentified factor and elucidate the complete

mechanism.
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PERSPECTIVES

In this thesis, we address an important finding of the CCS-independent activation of three

CSDs in the Arabidopsis. Thus, our future research will be to reveal the detail CCS-independent

activation mechanism, and its effect to plants. The following are the major aspects: (1) Identify the

unknown factor which involved in the CCS-independent pathway; (2) Test the effects of the oxygen

on the CCS-independent activation; (3) Investigate the disulfide status of the three CSDs in two

activation pathways; (4) Identify the phenotype of the SOD-knockout lines during different

oxidative stress. Detail descriptions are as follows:

Search of the unknown factor which involved in the CCS-independent pathway

In an attempt to understand the CCS-independent activation mechanism, we will identify the

unknown factor(s) which cooperates with GSH to activate CSD. In this effort, the Atccs-cellular

extract will be fractionated by chromatography of ion exchange, gel filtration, and reverse-phase

HPLC. Apo-CSDI1 will be treated with the fractions to see activity recovery in vitro, the most

effective fractions will be sent for LC-MS/MS analysis to identify the potentials factors.

The factors identified by LC-MS/MS will then be tested in various methods to confirm their

relations to CCS-independent activation. Experiments can be performed with the recombinant

protein, and the protoplast overexpression system to analyze the variation of the CSDs activities.
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And, we can use yeast-two hybrid system and BiFC to observe its interaction with CSDs. We also

can observe the phenotype of the Arabidopsis knockout/overexpression mutants of each gene, or

analysis the domain function of the factors as further investigations.

Effect of the molecular oxygen in the CCS-independent activation

It has proved that CCS activation of SOD1 requires molecular oxygen (Brown et al., 2004).

However, there is no similar oxygen dependence with CCS-independent activation in human SOD1

(Culotta et al., 2009). Inhibition of CCS-independent activation of Arabidopsis chloroplastic CSD2

might also be a hint for a key role of oxygen in determining the dependence of CSD activation (see

our discussion). Hence, we are curious about the relation between oxygen conditions to the

CCS-independent activation in Arabidopsis. Thus, we will overexpress the CSDs in WT and Atccs

protoplasts, and measure the changes of SOD activity under hypoxic and anoxic treatments.

Comparing the ratio of the CSD disulfide status between two activation pathways

Disulfide of SOD proteins is firstly shown to be oxidized by Cu-CCS during activation

processes (Furukawa et al., 2004). However, the disulfide of C. elegans CuZnSOD is retained in the

oxidized state regardless of copper or CCS conditions, and the disulfide of human SODI1 is also

~50% oxidized in the absence of CCS and copper (Culotta et al., 2009). It is hypothesized that CCS
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can only activate disulfide-reduced SOD, and CCS-independent activation can activate SOD with

either reduced or oxidized disulfide bond, which make the SOD disulfide bond status be a good

indicator for researches in the two activation pathway. Since the three Arabidopsis CSDs show

different preference to the CCS-dependent and -independent activation, their ratio of the disulfide

status might be very different. For example, the disulfide bond status of CSD2 (which is suggested

to fully depend on CCS) should show more reduced form than CSDI, and CSD3 (which is

suggested to be CCS-independent) should show more oxidized form than CSD1. In this effort, we

can use AMS (4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid) treatment to compare the

disulfide status between CSDs in WT and Atccs, including three Arabidopsis CSD proteins (CSD1,

CSD2, CSD3), CSD proteins delivered to different compartments (TP2-CSD1, ATP-CSD2,

CSD3-AAKL), and variants of CSD1 (CSD1-AA, CSDI1-SL, and CSD1-PP). We can also observe

the variation of the CSDs disulfide status after different concentration of GSH, or copper treatments.

These results should be supporting evidences of our CSDs activation preference model, and also

provide information for researches in the CCS-independent activation mechanism.

Phenotype observations of the SOD knockout lines during different oxidative stress

Superoxide dismutases are conserved in evolution, which suggests important functions of

these proteins. However, it is surprising that there are no obvious phenotypes in Atcsdl and Atccs
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(Fig. 15, 16; Cohu et al., 2009; Chu et al., 2005). It can be explained by the functional complement

of the different SODs, or other purposes (such as copper pool) for the highly expression SODs level

under normal conditions (our discussion; Cohu et al., 2009). To answer this, we need to collect

more information, especially in phenotypes of various SOD-knockout mutants. First, we can

compare the phenotypes between different CSD-knockout lines, double-knockout lines under

different oxidative stresses. We also can observe the phenotype of the fsd1/Atccs double-knockout

mutant, which loses both the FSD1 and CSD2 activity in chloroplast, to help us understand the role

of SOD in the chloroplast. Comparing the Atcsd1/Atccs double-knockout mutant (with no CSD1

protein and loses both CSD1 and CSD2 activities, which has CSD2 protein only) with Atcsdl (with

no CSD1 protein and activity, which has both the CSD2 protein and activity) to show the unknown

function of CSD2 protein. Comparing the phenotype of Atccs/ATP-CCS (has CSD2 proteins but

with no CSD2 activity) with Atcsd2 (with no CSD2 protein and activity) can help us to discriminate

the function of the SOD protein itself (but not its activity). Similarly, comparing the

Atccs/CCS-ASKYV (which may or may not has CSD3 activity but has the CSD3 protein) with Atccs

(with normal CSD3 protein and activity) and Atcsd3 (with no CSD3 protein and activity) may help

us to confirm the CSD3 activation preference and its unknown function.
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Figure 1. Residual CSD activities in Arabidopsis AtCCS-deleted flowers.

Crude protein extracts of 45-d-old Arabidopsis wild-type (WT) and Atccs flowers were analyzed for
SOD activity (top) and CSD1 and CSD2 protein levels (bottom). No CSD3 protein was detected
and the data is not presented here. A 26S proteasome regulatory subunit RPN was used as a
loading control. Thirty (lanes 1 and 4), 60 (lanes 2 and 5) and 120 pg (lanes 3 and 6) of total protein
were loaded, as indicated. The percentage of CCS-independent activity represents an average of at

least four replicates and was calculated relative to the wild type activity.
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Figure 2. Transient expression of CSD genes in the Arabidopsis WT and Atccs protoplasts.

(A) Characterization the transiently expressed CSD1 (15 kD), CSD2 (22 kD) and CSD3 (16.9 kD)
proteins in the WT and Atccs protoplasts by immunoblotting. The input amount protoplasts of Atccs
(~7.5x10° cells) was 3-fold higher than that of the WT (~2.5x10° cells). (B) The activity (top panel)
and protein amount (bottom panel) of CSD1, CSD2 and CSD3 were analyzed in the WT protoplasts.

Lane 4 was the protoplast extracts without transfection as a control.
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Figure 3. The activities of three CSDs expressed in yeast sod1A and ccsA.

(A) Lysates of yeast expressing CSD1, CSD2 and CSD3 were analyzed by the in-gel SOD activity

assay (top) and immunoblotting (bottom) with 150 pg and 15 pg of total protein, respectively.
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Phosphoglycerate kinase 1 (PGK1) is a loading control for the yeast extract. Strains expressed on
sod1A or ccsA background were represented as yCCS+/ySOD1— and yCCS—/ySOD1+, respectively.
(B) and (C) The viability of yeast deletion strains SOd1A and ccSA expressing CSD1, CSD2 or
CSD3 under lysine lacking conditions. Experimental procedures describing the plate (B) and liquid
(C) assays can be found in Materials and Methods. Values of cell density were expressed relative to

the WT level. All data were from at least four independent tests (mean + SD).
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Figure 4. The viability of yeast ccsA expressing CSD2 with or without transit peptide under

lysine lacking condition.

Full-length and chloroplast transit peptide deleted CSD2 (ATP-CSD2) were expressed in yeast CCSA,

and then the plate (A) and liquid (B) assays were performed as described in Fig. 3. Yeast WT and

cCSA were used as references.
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Figure 5. Localization and SOD activity of C

protoplasts.

SD1 and CSD2 overexpressed in Atccs

(A) and (C) YFP fusion proteins of full length- and chloroplast transit peptide deleted- (ATP)-CSD2

(A), and YFP fusion proteins of full length-CSD1 and that fused to the chloroplastic transit peptide

(TPcsp2-CSD1) of CSD2 (C), were expressed in Arabidopsis WT protoplasts for localization

analysis. The chloroplasts are visualized as red autoflu
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(B) and (D) Full length- and ATP-CSD2 (B), and full length- and TPcgp,-CSD1 (D) were
overexpressed with or without AtCCS co-expression in Atccs or WT protoplasts, after which CSD
activity (top) and protein amount (bottom) were analyzed. The CSD genes used here contained no
YFP fusion. Because CSD protein expression was reduced in Atccs (Fig. 1, bottom), we loaded
threefold more Atccs protoplasts (~7.5x10° cells) than WT protoplasts (~2.5x10° cells), in order to

present a similar protein level in the result.
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Figure 6. Localization and SOD activity of full length and AKL-deleted CSD3 overexpressed
in Arabidopsis protoplasts.

(A) GFP fusion proteins of full length and C-terminal AKL deleted (AAKL)-CSD3 were expressed
in Arabidopsis WT protoplasts for localization analysis. DsRed-SKL is a peroxisomal marker. The
autofluorescence of chlorophyll is depicted in blue. Bars, 10 um. (B) Full length- and AAKL-CSD3
were overexpressed with or without AtCCS co-expression in Atccs or WT protoplasts, after which

CSD3 activity (top) and protein amount (bottom) were analyzed. The CSD genes used here
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contained no GFP fusion.
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Figure 7. The activity of CSD1 expressed in yeast ccsA with different glutathione
concentrations.

One mM CDNB, 1 mM BSO or 20 mM GSH were used in the treatments as indicated. Equal
volumes of 95% ethanol (EtOH) or H,O were added as mock treatments of CDNB and GSH. (A)
Cellular concentrations of total and reduced glutathione in the yeast lysates were analyzed after
treatments. Data represent results of three independent experiments (means + SD). Values are
relative to the H, O control (treatment 5). *, P < 0.05 (Student’s t test). (B) CSD1 activity (top) and

protein amount (bottom) were analyzed following the treatment using 150 and 15 pg total protein,
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respectively. The values below the activity gel are values relative to the mock control. Bands were

quantified using ImageQuant software. PGK1 was used as a loading control.

59



A
© @ Total
s 12 O Reduced
£§ 17 .
© = i
Sc 0.6
08
> 2 044
T 8 1
g .
Mock 1 10 mNI NB
B
40 @ Total
1 *
o
i 35 | Reduced
c 301
2§ 251 *
2T 201
= =
o5 151 *
2 1p-
%é I * *
=l : :
14
0_ . | N y
Mock 5 10 15 mM GSH
> CDNB GSH
EtOH 1 5 10 Hz:0 5 15 mM

MnSOD » — — — —
CuZnSOD[

(L-CSD1 o ammm . S o— — —

OL-CSD2 i s s, sun S S, s, s

Figure 8. The effect of glutathione level on CCS-independent CSD activity in Atccs flowers.
Flowers taken from Atccs plants were soaked in CDNB or GSH solutions at the indicated

concentrations for 3 or 1 h, respectively. Equal volumes of 95% ethanol (EtOH) or H, O were added

as mock treatments of CDNB and GSH.
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(A) and (B) Cellular concentrations of total glutathione (gray bar) and GSH (white bar) in Atccs

flowers treated with CDNB (A) or GSH (B). The values are relative to those of the mock treatments.

Data represent results of three independent experiments (means = SD). *, P < 0.05 (Student’s t test).

(C) SOD activity (top) and CSD1 and CSD2 protein amounts (bottom) were analyzed using 150 pg

and 30 pg total protein, respectively. RPN8 was used as a loading control. A white arrow in the

lower part of the GSH-treatment activity gel indicates the location of the major CSD activity band.
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Figure 9. CSD activities in Atccs flower protein extract treated with GSH in vitro.

The Atccs flower protein extract was treated with 10 mM GSH for different incubation time (A) or
with GSH at different concentrations for 1.5 h (B). Lane 1 presents a mock treatment in panels (A)
and (B). RPNS, an internal reference protein, exhibited decreased accumulation and/or stability high

GSH concentrations.
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Figure 10. The CuzZnSOD activities of WT flower protein extract treated with CDNB in vitro.

(A) and (B) CDNB was added into the protein extract at different concentrations for 1.5 h

incubation (A) or with 10 mM for different incubation time (B). After incubation, CDNB solutions

were removed, and the flowers were washed with water 3 times, then the WT flower protein extract

was analyzed for CSD activities. Lane 1 in both (A) and (B) was a mock treatment. RPN8 was a

loading control.
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Figure 11. CSD1 and CSD2 protein levels in WT flower protein extract treated with GSH in
vitro.

The WT flower protein extract was treated without or with 10 mM GSH and incubated at 30°C for
18 h, then protein levels were analyzed by use of a-CSD1 and a-CSD2 antibodies. An aliquot of

the same plant extract was stored at —20°C and then used as a control (lane 1).
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Figure 12. The effect of glutathione concentration on the activity of CSD1 transiently

expressed in Arabidopsis protoplasts.

(A) Atccs protoplasts overexpressing CSD1 were treated with 5 mM GSH or 5 mM CDNB for 2 h

as indicated. After incubation, extracts of these protoplasts were analyzed for their cellular
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concentrations of total glutathione and GSH, SOD activity, or amount of CSD1 protein. Actin (ACT)

was used as an internal control. (B) CSD1 was transiently expressed in Atccs protoplasts together

with ROXY1 or GRXcp. Extracts of these protoplasts were analyzed for their cellular

concentrations of total glutathione and GSH, SOD activity, or amount of CSD1 protein. ACT was

used as an internal control. Data represent results of three independent experiments (means + SD). *,

P < 0.05 (Student’s t test).
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Figure 13. Purification and characterization of recombinant CSD1 proteins.

(A) The CSD1 gene was cloned into the pGEX-6P-1 vector for fusion with a GST tag. Twenty uL
of the samples at each step was subjected to SDS-PAGE and Coomassie Blue staining. I, IPTG
induced cellular extract. FL, flow through. W1-W3, wash. E1-E3, eluate. (B) Fifty ng each of

purified GST-, and GST digested Holo- and Apo-CSD1 was analyzed by immunoblotting. (C) The
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activity of 870 ng Apo-CSDI1 incubated with 0.1 uM Cu was analyzed after the indicated treatments.

Buffers used for each pH were: 0.2 M Na,HPO,4 and 0.1 M citrate for pH 2-7, and 0.2 M

glycine-NaOH for pH 9-10.
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Figure 14. Activation of Apo-CSD1 by Cu, GSH and Atccs leaf cellular extract.

The activity of Apo-CSD1 was analyzed by the in-gel SOD activity assay following the indicated
treatments (top). Each reaction contained 870 ng Apo-CSD1 protein and 20 uM ZnSO,, except for
lane 5, which contained only 15 pg Atccs cellular extract and served as a control for
extract-containing samples. For GSH, Cu or Atccs cellular extract treatments, 1 mM, 0.1 uM and 15
pg of these additions were used, respectively. Both the native-gel and the running buffer contained
0.1 mM EDTA. A replicate with the same treatments on 50 ng Apo-CSD1 was used for analyzing

the amount of CSD1 protein by immunoblotting (bottom).
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Figure 15. Characterization and seed germination rate of the WT, Atccs and Atcsdl.

(A) T-DNA insertion site of the CSD1-knockout plant, Atcsdl, can be found at the third exon of the

CSD1 gene (572th nucleotide of the genomic sequence). (B) Gene expression levels of CSD1,

CSD2 and CSD3 in 7-d-old WT and Atcsdl seedlings. Actin2 (ACT2) was used as a loading control.

(C) CSDI1 and CSD2 protein levels in WT and Atcsdl seedlings. RPN8 was used as a loading

control. (D) SOD activities of the WT, Atccs and Atcsdl. Thirty pg of the protein extract from

7-d-old seedlings was analyzed. The CuZnSOD activity level is generally lower in seedlings,

thereby the residual activity in lane 1 is unable to be detected. (E) Superoxide anion level of the WT,

Atccs and Atcsdl plants was analyzed by measuring the NBT-formazan production level in 7-d-old

seedlings. Data represent results from three independent experiments (means + SD). (F) The seed

germination rate of the WT, Atccs and Atcsdl plants grown on 1/2 MS plates with 100 uM BH,

0.008 or 0.04 uM MV treatments was analyzed. Data represent results from five independent

experiments (means = SD). a, b and c indicate different statistic groups between WT, Atccs and

Atcsdl in each treatment at P < 0.05 (Student’s t test).
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The antioxidant abilities in WT, Atccs and Atcsdl with paraquat and BSO

(A) and (B) Root length of WT (white bar), Atccs (gray bar) and Atcsdl (black bar) grown on 1/2

MS plates with 0, 0.008, 0.04 and 0.2 uM paraquat treatment (A) or additionally with 0.4 mM BSO

(B) for 4 d. Different statistic groups with P < 0.05 are indicated as a, b and ¢ and was assessed by

two-tailed, unequal-variance Student’s t test. (C) and (D) Total (C) and reduced (D) glutathione
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concentration of plants grown on 1/2 MS plates without or with 0.4 mM BSO treatment were

measured and presented as values relative to that of WT without treatment. All data was determined

in 3 independent experiments from 16 plants per line of each treatment (means + SD). Under the

normal condition, the reduced glutathione concentration in Atccs was significantly higher than that

of the WT (panel D).
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Figure 17. Expression of Arabidopsis CSD1 variants in yeast sod1A and ccsA.

(A) Amino acid sequence alignment of CuZnSOD genes in A. thaliana (CSD1, CSD2 and CSD3),

H. sapiens (hSOD1), S. cerevisiae (ySOD1) and C. elegans (wSod-1). Residues corresponding to

141G and 143V of CSDI1 are indicated in the open boxes with arrows. Black boxes highlight

identical residues. (B) Yeast strains expressing the CSD1 variants in SOd1A and cCSA were analyzed

as described in Fig. 3A for SOD activity (top) and CSD1 protein levels (bottom). (C) and (D) The

viability of yeast strains SOd1A and cCSA expressing the CSDI1 variants under lysine lacking

conditions. Plate (C) and liquid (D) assays were performed as described in Fig. 3B and 3C. The data

were taken from at least four independent tests (mean = SD).
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Figure 18. Summary of different activation dependence of the three Arabidopsis CSDs.

Assuming that the total activity of each CSD in the WT is 100%, the fraction activated by AtCCS
(CCS) is represented in green and that activated through the CCS-independent (CI) pathway is
represented in orange. Solid lines stand for the activation which was demonstrated experimentally,
and the dashed lines indicate undetectable activation. Based on our results, we propose that
cytosolic CSD1 is activated mainly by CCS and partially by a CCS-independent pathway. The level
of CCS-independent CSDI1 activation was ~36% of that in WT (Fig. 5D, lanes 2 and 3). CSD2 in
chloroplasts should be activated completely by CCS (Fig. 5B, lanes 2 and 3), whereas most activity

of peroxisomal CSD3 might be conferred by the CCS-independent pathway (see Discussion).
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Figure 19. Two possible models for CCS-independent activation of CSD.

(A) The unidentified factor (unknown), which acts like a scaffold protein, first interacts with both
GSH and the CSD protein, and the GSH-bound Cu cofactor is then transferred to CSD. (B) The Cu
cofactor is first transferred from GSH to the unidentified factor and then transferred to a CSD

protein. In this model, the unidentified factor functions as a Cu carrier.
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Figure 20. CSD interacts with the CCS versus the unidentified factor.
(A) to (C) The CCS interacts with disulfide-reduced CSD and CSDpp but not disulfide-oxidized
CSD. (D) to (F) The unidentified factor (unknown) interacts with disulfide-reduced and -oxidized

CCS but not CSDpp
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Table 1. Accession numbers of genes described in this article.

Gene Genus species Accession number
AtCCS Arabidopsis thaliana NP _563910.2
CSD1 Arabidopsis thaliana NP _001077494.1
CSD2 Arabidopsis thaliana NP_565666.1
CSD3 Arabidopsis thaliana NP _197311.1
ROXY1 Arabidopsis thaliana NP 186849.1
GRXcp Arabidopsis thaliana NP 191050.1
hSOD1 Homo sapiens NP 000445.1
ySOD1 Saccharomyces cerevisiae NP _012638.1
wSod-1 Caenorhabditis elegans NP_001021956.1
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Table 2. Primer pairs used in this research.

The mutation sites of CSD1 are underlined.

Construct

Primer Set

Sequence (5’ to 3')

CSD1-AA mutation

G141A/V143A-Fw

AACGCAGGCGCCCGTGCTGCTTGCGGC

G141A/V143A-Rv

GCCGCAAGCAGCACGGGCGCCTGCGTT

CSD1-SL mutation

G141S/V143L-Fw

AACGCAGGCTCCCGTCITGCTTGCGGC

G141S/V143L-Rv

GCCGCAAGCAAGACGGGAGCCTGCGTT

CSD1-PP mutation

G141P/V143P-Fw

AACGCAGGCCCCCGTCCTGCTTGCGGC

G141P/V143P-Rv

GCCGCAAGCAGGACGGGGGCCTGCATT

Full length CSD2

CSD2-Fw-Ncol

TCTCCATGGCTGCCACCAACACAATCCT

(and RT-PCR) CSD2-Rv TTAGAGCGGCGTCAAGCCAATCA

ATP-CSD2 ATP-CSD2-Fw-HindIll | CAAAGCTTATGTCCGCGGCGAAGAAGGCT
CSD2-Rv TTAGAGCGGCGTCAAGCCAATCA

Full length CSD2-Fw-Ncol TCTCCATGGCTGCCACCAACACAATCCT

CSD2-YFP CSD2ns-Rv-Sall CAGTCGACCCGAGCGGCGTCAAGCCAATCA

ATP-CSD2-YFP

ATP-CSD2-Fw-HindIII

CAAAGCTTATGTCCGCGGCGAAGAAGGCT

CSD2ns-Rv-Sall

CAGTCGACCCGAGCGGCGTCAAGCCAATCA

Full length CSD1

(and RT-PCR)

CSD1-Fw-Ncol

TCTCCATGGCGAAAGGAGTTGCAGTTTT

CSDI1-Rv

TTAGCCCTGGAGACCAATGATGC

TP csp2-CSD1

TP-CSD2-Fw-EcoRI

CAGAATTCATGGCTGCCACCAACACAATCCT

TP-CSD2-Rv-Ncol

CACCATGGGAAGCACTGCAACAGCCTTCT

TP csp2-CSD1

CSD1-Fw-Ncol

TCTCCATGGCGAAAGGAGTTGCAGTTTT
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CSDI1-Rv

TTAGCCCTGGAGACCAATGATGC

Full length

CSD1-YFP

CSD1-Fw-Ncol

TCTCCATGGCGAAAGGAGTTGCAGTTTT

CSDI1ns-Rv-Sall

CAGTCGACCCGCCCTGGAGACCAATGATG

TP csp2-CSD1-YFP

CSD1-Fw-Ncol

TCTCCATGGCGAAAGGAGTTGCAGTTTT

CSDI1ns-Rv-Sall

CAGTCGACCCGCCCTGGAGACCAATGATG

GST-CSD1

CSD1-Fw-EcoRI

CAGAATTCATGGCGAAAGGAGTTGCAGT

CSDI1-Rv

TTAGCCCTGGAGACCAATGATGC

Full length CSD3

(and RT-PCR)

CSD3-Fw-EcoRI

TCTGAATTCATGGAAGCTCCTAGAGGAAATCT

CSD3-Rv-EcoRI

TCTGAATTCCTATAGTTTAGCATCCGCAGATG

CSD3-AAKL

CSD3-Fw-EcoRI

TCTGAATTCATGGAAGCTCCTAGAGGAAATCT

CSD3-Rv-AAKL

CACTAATCCGCAGATGATTGAAGTCC

GFP- full length

CSD3

CSD3-Fw-Smal

CACCCGGGCCATGGAAGCTCCTAGAGGAAAT

CSD3-Rv-EcoRI

TCTGAATTCCTATAGTTTAGCATCCGCAGATG

GFP-CSD3-AAKL

CSD3-Fw-Smal

CACCCGGGCCATGGAAGCTCCTAGAGGAAAT

CSD3-Rv-AAKL

CACTAATCCGCAGATGATTGAAGTCC

ROXY1 ROXY 1-Fw-Smal CACCCGGGATGCAATACCAGACAGAATC
ROXY1-Rv-BamHI CAGGATCCTCAGAGCCAGAGAGCG
GRXcp GRXcp-Fw-Smal CACCCGGGATGGCTCTCCGATCTGTCAAA

GRXcp-Rv-BamHI

CAGGATCCTCAAGAGCACATAGCTTTCTCCA
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APPENDIX
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Appendix 1. The alignment of CSD genes in Arabidopsis, human, yeast and nemadote.

Arrows indicate position corresponding to residues141 and 143 of CSD1 protein. Identical residues
81

are highlight in black.
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Appendix 2. The alignment of protein sequences of Arabidopsis CSD1, CSD2 and CSD3.

Identical residues are highlight in black.
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Appendix 3. Relatedness of SOD protein sequences in some plant cells (Alscher et al., 2002)
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Transcription factors CSD1 CSD2 CSD3 FSDI ESD2 FSD3 MSDI

ABRE L L 2

NF-xB * * L 4 * *
Heat shock element L 2 L 2 L 2
Y-box L 3 L 3

Appendix 4. A comparison of the upstream regions of the seven Arabidopsis SODs (Alscher et

al., 2002)
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