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ABSTRACT OF DISSERTATION
REGULATION OF COPPER TRANSPORT INTO AND WITHIN
ARABIDOPSIS THALIANA CHLOROPLASTS: A FOCUS ON COPPER

TRANSPORT PROTEINS

Copper is an essential micronutrient that is required for the biological
processes of photosynthesis and respiration. Nutrients, such as copper, must
travel long distances through several organs and across many membranes
before they are incorporated into target enzymes. Plastocyanin is a small,
copper containing protein that is located within the thylakoid lumen and is vital
for photosynthetic activity in higher plants. In addition chloroplasts contain a
second target for copper, the superoxide dismutase enzyme CSD2. Although
copper is essential it can also be toxic to the cell, therefore there is tight
regulation of ion transport. The objective of the research conducted here is to
develop a better understanding of copper homeostasis in plant cells. By
focusing on the proteins that are involved in the transport of copper new insight
can be gained on the delivery pathways of this metal. In this dissertation, |
further characterize P-type ATPase of Arabidopsis 1 (PAA1) and P-type
ATPase of Arabidopsis 2 (PAA2). An Arabidopsis Copper Chaperone for
Cu,Zn Superoxide dimustase (CCS) is identified as a functional homolog of the

yeast copper chaperone for Cu,Zn superoxide dimustase (Ccs1/Lys7). | study
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the effects of altered CCS expression on copper homeostasis in a plant
system and | determine that the Heavy Metal Associated 1 transporter
functions to transport a metal other than Cu(l) across the chloroplast envelope
which affects photosynthetic activity. Finally, | completed a comprehensive
analysis of copper transport protein-protein interactions in Arabidopsis studied
by the yeast two-hybrid system. With the data gathered here, | propose several
new models for copper homeostasis in Arabidops/s. | suggest that there is
regulation of Fe Superoxide Dismutase (FeSOD), CCS, and CSD2 in the
chloroplast which is controlled by metal cofactor availability, specifically
copper. By utilizing the yeast two-hybrid technique, | have identified two new
possible delivery pathways for copper. | believe that CCS can deliver copper to
Heavy Metal Associated 5 to aid in cell detoxification or possible long distance
transport of the ion. Additionally, | propose that copper is transported directly

from PAA1 to PAA2 in the chloroplast for delivery to plastocyanin.

Kathryn Amy Gogolin
Department of Biology
Colorado State University
Fort Collins, CO 80523
Summer 2007
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ATX1, Antioxidant1; CaMV35S, Cauliflower Mosaic Virus 35S promoter; CCH,
Copper Chaperone; CCS, Copper chaperone for Cu/Zn superoxide dismutase;
Ctr, Copper transporter; CCP, Copper Chaperone for the Plastid; Col,
Columbia-0 Ecotype; COPT1, Copper Transporter 1; CSD1, cytosolic Cu,Zn
SOD; CSD2, stromal Cu,Zn SOD; Cu,ZnSOD, Cu,Zn superoxide dismutase;
FeSOD, Fe superoxide dismutase; F, /Fn, the quantum efficiency of open
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CHAPTER 1

Introduction

The goal of the research described in this dissertation was to gain a
better understanding about copper transport into and within Arabidops/s
thaliana chloroplasts by studying the proteins involved in delivery. This
introduction chapter discusses currently known copper homeostasis
mechanisms that will provide adequate background for the research presented

in the following chapters of the dissertation.

1. Copper in Biology

1.1. Forms and Availability of Copper

1.2. Copper and Nutrition

1.3. Requirements for Metabolism
2. The Biochemistry of Copper Transport

2.1. Types of Copper Transport Proteins

2.2. Metal Related Interactions and Specificity
3. Copper Transport Proteins across Heterotrophic Models

3.1. Bacterial Copper Transport Mechanisms

3.2. A Eukaryotic Model for Copper Regulation: Sacchaomyces cerevisae
4. Copper Transport Proteins across Autotrophic Models

4.1. Copper Transport in Photosynthetic Cyanobacteria and Algae

4.2. Copper Homeostasis in Higher Plants using Arabidopsis as a Model
5. Objective of This Dissertation
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1. Copper in Biology

1.‘1. Forms and Availability of Copper

Copper is a transitional element, found between nickel and zinc on the
periodic table of elements. This metal is atomic number 29 and has an atomic
weight of 63.5 [1]. Copper concentrations range from 3-110 ppm in soils and
have an average abundance of 55 ppm in the Earth’s crust [2,3]. This is quite
rare when compared to the elements aluminum (81,300 ppm), iron (50,000
ppm), and manganese (950 ppm). Other elements worth noting due to
possible influence on copper transport are: zinc, cobalt, lead, silver, and gold.
Zinc abundance is similar to copper with amounts in soils ranging from 16-95
ppm and averages 70 ppm [2,3]. Cobalt and lead are found in similar
concentrations, slightly less than copper. Cobalt ranges 2-47 ppm with an
average of 25 ppm, whereas lead ranges 7-48 ppm and averages 13 ppm in
the Earth’s crust. Gold is the least abundant averaging 0.07 ppm [3].

In nature, the common major ores of copper are bornite (CusFeS,),
chalcopyrite (CuFeS), chalcocite (CuzS), and malachite (Cu,CO3(OH)y).
While, cuprite (Cuz0), covellite (CuS), and native copper (Cu) are found in
smaller amounts and are minor ores [4]. Copper has two different oxidation
states, Cu* (Cu(l)) and Cu?®" (Cu(ll)) [2]. Copper (I) ions can only be found free
in very acidic solutions or complexed with other molecules, whereas free Cu(ll)
ions are stable in neutral, aqueous solutions that are exposed to the

atmosphere [4].
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During early geologic time (before 2.5 x 10° years ago) both the
atmosphere and the oceans were in a reduced state [5]. The dominant species
of carbon, nitrogen, and sulfur in this environment would have been CO, CHy,
N2, NH3, and H,S [6]. Metal bioavailability would be limited to Fe, Mn, Zn, Co,
Ni, and Mo complexes for integration into molecular cofactors [7]. The first
oxygen producers, cyanobacteria, emerged during the Early Archean time
period and many scientists believe that these photosynthesizing organisms
were the cause of the oxidized atmosphere found during current time [7]. Even
though photosynthetic organisms appeared approximately 3.5 x 10° years ago,
during a transitional period oxygen was only found sporadically in
microclimates. It was not until 1.7 x 10° years ago that the accumulation of free
oxygen resulted in widespread aerobic conditions in the Earth’s atmosphere as
well as the oceans [5]. Within this newly oxidized environment, iron availability
decreased dramatically whereas copper became available as Cu(ll) [7]. This
change in the availability of copper, is arguable the second most significant
event in geologic history after the evolution of oxygen; giving rise to the

complex photosynthetic pathway found in modern, higher plant systems.

1.2. Copper and Nutrition

Bioavailability of copper to plants is dependent on the soil type. Copper,
especially as Cu(ll), has a high affinity to bind to organic matter with an
estimated 98% of copper found as a complex in soil solutions [8]. Therefore,
organic soils are defined copper deficient if there is less than 20 ppm whereas

inorganic soils are deficient if there is less than 4 ppm [2]. Most plants contain
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copper concentrations ranging from 5-20 pg/g (ppm) dry weight [8,9].
Symptoms of deficiency start when copper decreases below 5 pg/g dry weight
in vegetative tissues, while toxicity levels can be defined as 20 pg/g dry weight
or higher in the same tissue [8,9]. The highest quantity of copper can be found
in seeds, nuts, and legumes of plants, with some nuts such as cashews and
coconuts reaching levels of 30 pg/g or more.

Copper deficient plants can display a wide variety of symptoms
depending on the plant species and developmental stage. Symptoms consist
of decreased growth rate, distortion or whitening of young leaves, damage to
the apical meristem, as well as a decrease in fruit formation [8,10]. Secondary
effects of copper deficiency can be a decrease in cell wall formation and
lignification in several tissues, including xylem tissue which would result in
insufficient water transport [8]. Due to the elevated levels of copper found in
reproductive tissue, deficiency has a severe effect on pollen development and
viability, fruit and seed production, in addition to embryo development and
seed viability. High nitrogen concentrations in soils can induce copper
deficiency in plants by decreasing copper mobility and availability [8].

Copper toxicity thresholds vary greatly between species of plants and
affect tissues differently depending on metabolic requirements. Excess copper
concentrations in the soil tend to decrease root growth before shoot growth
due to preferential copper accumulation in that organ [8]. The most common
general symptom of toxicity is chlorosis of vegetative tissue. Increased
formation of free radicals resulting in oxidative stress can occur when high

amounts of Cu, Cd, Pb, or Al are observed at a cellular level [11]. Ata

10
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molecular level, photosynthesis is affected by damage to thylakoid membranes
resulting in changes to chloroplast ultrastructure, inhibition of electron
transport between photosystem Il (PSIl) and photosystem | (PSI), and
impairment of carboxylase and oxygenase activities of RUBISCO [11]. Copper
toxicity can also reduce iron up take, even to the point of deficiency, depending

on the form of iron available in the soil [8].

1.3. Requirements for Metabdlism

The three most abundant trace elements in biochemical systems are
iron, zinc, and copper [12]. Since several proteins and enzymes require copper
for proper function, copper is essential for survival of most organisms [2].
Copper containing proteins have three major functions: dioxygen transport,
catalytic, or copper transport/sequestration [12]. Photosynthetic organisms do
not contain copper proteins that function in dioxygen transport. However, one
example of such a protein is hemocyanin that can be found in mollusks,
arthropods, and annelids. Hemocyanin is an exceptionally large protein (4500 -
9000 kDa) that is oxygenated in the gills of mollusks and transfers oxygen to
tissues throughout the organism [12].

Copper proteins that have catalytic functions include oxidation, electron
transfer, and superoxide dismutation. Laccase and ascorbate oxidase are both
proteins that can oxygenate substrates by transferring four electrons to a
dioxygen molecule, resulting in two water molecules [12]. Laccase is a
multicopper-containing glycoprotein that has been found in arthropods, fungi,

and higher plants. This protein can act as a polyphenol oxidase and has been

11
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most widely implicated in lignin synthesis [13]. In plants, laccases have a
predicted N-terminal signal peptide sequence that is for the secretory pathway,
which could lead to integration into the cell wall [13]. This is consistent with
previous research that has isolated laccase from cell walls.

The biochemical function of ascorbate oxidase is to oxidize alpha
ascorbic acid to dehydroascorbic acid [12], however the biological function is
not well understood. In plants, ascorbate oxidase is found predominately in the
apoplast because dehydroascorbic acid is more readily taken up by the cell
than the charged form of the molecule [14]. Ascorbic acid has been highly
studied in plants and the major biological function is in oxidative stress
defense mechanisms with high levels found in chloroplasts [15]. Even though
ascorbate oxidase function is unknown, transcript levels are increased in the
light [16]. More recently, it has been suggested that one role could include cell
elongation through cell wall loosening mediated by the hormone auxin [17].
Interestingly, plants contain a group of ascorbate oxidases that do not include
a copper-binding site. These two groups of oxidases have approximately 25-
30% sequence similarity; however it is expected that the proteins lacking
copper have a different biological function [18]. Both Brassica napus and
Arabidosis contain ascorbate oxidases lacking copper with functions in
Brassica involving pollen tube growth [19] and directional root growth in
Arabidopsis [20].

The most notable electron transfer proteins containing copper are
cytochrome c oxidase and plastocyanin. Cytochrome coxidase is found in

aerobic bacteria and mitochondria of all eukaryotes. This large,

12
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transmembrane protein is the terminal oxidase in the cellular respiration
system. The biochemical function of cytochrome coxidase is to use electrons
from cytochrome cto reduce dioxygen to produce water and at the same time
pump protons [21]. The enzyme is located in the mitochondrial inner
membrane and contributes to the electrochemical gradient of protons across
the membrane. This gradient drives the synthesis of adenosine-5’-triphosphate
(ATP), which is the primary energy source for living organisms. Most
cytochrome coxidases have three core subunits that are highly conserved
across organisms. There are two copper binding sites (Cua and Cug) with a
total of three copper atoms [22]. The large C-terminal domain of subunit Il in
the intermembrane space contains a Cua-center that functions as an electron
conductor. While subunit | is the site of oxygen reduction, containing two
atoms of copper at the Cug site and two heme groups [22].

Plastocyanin is a small, blue, copper-containing protein found in
photosynthetic organisms. Defined as a blue protein because of the form of
copper bound (Cu ll) and the characteristics of the binding site which consists
of two histidines, one cysteine, and one methionine [12]. Plastocyanin contains
one copper ion, is approximately 10 kDa, and is located inside the lumen of
plant chloroplasts as well as some cyanobacteria and green algae. The
biochemical function is to transfer electrons between cytochrome bsfcomplex
and PSI in the light-mediated reaction of photosynthesis [11]. The structure of
plastocyanin is an eight strand, antiparallel B-barrel [23] and the copper
binding site is highly conserved across higher plant systems as well as some

algae at HIS*?, C1S%2, HIS%®, and MET'®[11]. The photosynthetic machinery of

13
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photosystem Il and photosystem | are located within the membrane of the
thylakoid. Similar to cellular respiration in mitochondria, this machinery drives
an electrochemical gradient that produces ATP as well as the reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH). The products from
this light-dependent pathway are then used to convert carbon dioxide to sugar,
for the plant to use as food [11]. This carbon fixation, via the Calvin cycle,
occurs in the stroma of the chloroplast.

The third type of catalytic copper protein is the superoxide dismutase
enzyme which requires a metal cofactor for proper function. There are three
different kinds of superoxide dismutases, manganese, iron, and copper, zinc
[2]. This enzyme is responsible for reducing oxidative stress caused by
superoxides (O2) and highly reactive hydroxyl radicals (OH) within the cell by
mediating the following reaction:

O7 + 0y +2H" ———— Hy0,+ 03
Hydrogen peroxide (H20,) is then converted to H,O via catalases and
peroxidases [24,25]. Manganese and iron superoxide dismutases (SOD) are
structurally similar with the metal ion not having a structural role. Copper, zinc
SOD has two equal subunits with each subunit containing both one copper
and one zinc ion [12]. The presence of types of SOD varies between species,
but many plants have a mitochondrial MnSOD, a cytosolic CuZnSOD, and a
chloroplastic FeSOD and/or CuZnSOD [24]. In plants, all three kinds of SOD
are nuclear encoded with targeting sequences that directed them to their

subcellular locations.

14
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The last major group of copper containing proteins, and the focus of this
dissertation, functions in copper transport and sequestration. This group of
proteins will be described in detail in section 2.1. Types of Copper Transport

Proteins.

2. The Biochemistry of Copper Transport

2.1. Types of Copper Transport Proteins

Copper uptake and distribution is tightly regulated because free copper
ions are very toxic, even at low levels. The presence of free copper ions (Cu(l)
or Cu(ll)) in the cell can cause autooxidation of proteins, lipids, and nucleic
acids [26]. It is speculated that intracellular free copper concentrations are very
low because of the binding capacity of proteins that can sequester and traffic
these metal ions [27]. The three major categories of copper homeostasis
proteins are membrane transporters, copper chaperones, and
metallothioneins.

Currently, it is unknown which form of copper is generally taken up by
different organisms however experimental data in yeast suggests copper is
imported as Cu(l) [28-30]. Some organisms such as yeast contain
metalloreductases on the plasma membrane to reduce Cu(ll) to Cu(l)
extracellularly before transport [31,32]. Once copper has been reduced, there
are several different types of transporters that can transport Cu(l) across cell
membranes. One common type of transporters is the copper transporter family

(Ctr) first discovered in plants but most studied in yeast. Members of this family
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are predicted to have three transmembrane domains and are rich in Met and
Cys/His motifs (Figure 1A) [33-35]. Depending on the organism, the Met motifs
can vary between MxM, MxxM, and MxMxM, but are generally found as repeat
motifs at the amino terminus. Sequences that are rich in cysteine and histidine
can be found at the carboxy terminus which is thought to be in the cytosol
[34,35]. In addition to yeast, copper transporters (Ctr) are found in a wide
variety of eukaryotic organisms ranging from plants to mammals, including
Arabidopsis (COPT family) [36].

A second group of membrane transporters is a diverse superfamily of P-
type ATPases found in virtually every kind of organism. The membrane
transporters that comprise this large group are categorized by their ion
specificity [37,38]. The Heavy Metal Associated (HMA) Family of ion
transporters is classified in the P1g-type ATPase sub-family. This group is
predicted to have eight transmembrane domains with a large cytosolic loop
between the sixth and seventh transmembrane domain (Figure 1B) [39,40].
There is a heavy metal binding domain at the amino and/or carboxy termini as
well as a CPx maitif in the sixth transmembrane domain that is thought to
function in ion transduction [41,42]. Another conserved sequence is DKTGT,
found in the large cytosolic loop, which is the site of phosphorylation. Once a
metal binds to the transporter, ATP is utilized for phosphorylation that changes
the conformation of the protein resulting in the translocation of an ion across
the membrane [42]. The P-type ATPase superfamily transporters are not only
found cell membranes but also within thé cell in organelle membranes,

specifically the Golgi complex and the chloroplast.
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Lastly in gram negative bacteria, there is an efflux pump used to
transport copper out of cells. The four-component pump found in £. co/ithat
spans the inner membrane, periplasm, and outer membrane. Since E. coliis
thought to diffuse Cu(l) through it's cell membrane, this bacteria has most
likely evolved this periplasmic export system as a defense to copper toxicity
[43].

In addition to transporters, organisms also have proteins that shuttle
Cu(l) from one place to another within the cell, called metallochaperones.
Unlike other chaperones, these proteins do not aid in protein folding [44].
Instead, metallochaperones for copper (referred to as copper chaperones from
this point forward) are small, low molecular weight, intracellular proteins that
carry Cu(l) (or other metal ions) from one target to another [45]. It is believed
that copper chaperones are highly target-specific, always trafficking Cu(l) to
and from particular proteins [26]. The crystal structure of the yeast ATX1
(Antioxidant1) chaperone shows a BaBBap (ferredoxin-like) fold that is a
conserved pattern among ATX1 homologs as well as some other copper
homestasis proteins including P1g-type ATPase transporters (Figure 2) [46,47].
Most ATX-like copper chaperones contain a putative metal binding motif,
CxxC, near or in the first alpha helix [44,48]. Another type of copper chaperone
is the Copper Chaperone for Cu,Zn Superoxide dimutase (CCS) protein that
has been found in yeast, insects, plants, and humans that functions to
transport copper to cellular superoxide dismutase enzymes [49,50].
Crystallographic structure analyses of CCS proteins indicate that it consists of

three domains: an ATX-like domain (domain I), a SOD-like domain (domain ),
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and a unique domain (domain Ill) [51-53]. A CxxC metal binding sequence is
present in the amino terminal, ATX-like domain of this copper trafficking
protein [52].

The third major type of copper homeostasis proteins are
metallothioneins which are small, cysteine rich proteins that have been found
in a variety of different organisms. Even though these proteins are relatively
small their sequence can contain up to 30% cysteine residues [54]. Some
metallothioneins are able to bind approximately 12 copper ions, six in the B
domain and 6 in the a domain [55]. With this high binding capacity for copper,
metallothioneins have the potential to sequester a large amount of excess
metal in the cell. Arabidopsis contains four genes encoding metallothioneins
that comprise two groups classified based on their structure, MT1 and MT2
[56]. There is some evidence that increased mRNA levels of MT2 are
correlated with copper tolerance in some ecotypes of Arabidopsis [57]. More
recent experimental data suggests that metallothioneins in Arabidopsis have
specific function. GUS fusion analysis has shown that M7 7aand M72b are
involved in copper transport in the phloem, while M72a and M73 sequester

excess metal ions in mesophyll cell and root tips [58].

2.2. Metal Related Interactions and Specificity

Metal binding sequences generally include cyteine and/or histidine
residues in the following motifs: CxxC, CCxSE, His-rich (including Hx and H
repeats), Cys-rich, and Cys/His-rich [42,59]. This is especially true for P1g-type

ATPase transporters, but these motifs can also be found in copper chaperones
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and metallothioneins. Several protein-protein interactions between these
transporters and copper chaperones have been observed using yeast 2-hybrid
assays as well as biochemical metal transfer assays [60-63]. The Pg-type
ATPase subgroup of transporters is further divided into two different groups
based on the putative heavy metals they are hypothesized to transport. The
first group is the Zn?"/Co?*/Cd?*/Pb?" ion transporters and consists of HMAT,
HMA2, HMA3, and HMA4 in Arabidopsi/s, while the second group includes
HMAS5, PAA1 (HMAG6), RAN1 (HMA7), and PAA2 (HMAS8) and is thought to
transport Cu?*/Ag?* ions [38,64]. These two groups were originally developed
based on sequence and phylogenetic analysis with the transporters in the Zn
group containing histidine rich regions in the amino and/or carboxy termini
areas of the proteins, whereas the transporters in the Cu group have one or
two MxCxxC heavy metal binding domains in their amino terminus region.
There has been a significant amount of experimental data that supports the
classification of these two groups, however more recently there has been
some implication that HMA1 could be a copper transporter rather than a Zn
transporter as hypothesized [65]. The protein sequence of HMAT is slightly
different from HMA2, 3, and 4 in that the hisitidine rich region is in the amino
terminus and it has a rather short carboxy terminus. These differences
between the HMA1 transporter and others in the Zn or Cu groups have created
much dispute over the function of this protein.

Metal specificity seems to rely on both positions of conserved amino
acid residues as well as the conformational structure of each protein. Recently,

it has been suggested that sequences within the sixth, seventh, and eighth
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transmembrane domains in the Pg-type ATPase transporters contribute to
metal specificity [42]. Copper ions have an affinity to bind to sulfur or nitrogen
ligands in histidine, methionine, and/or cysteine amino acids. This is true in
plastocyanin where copper is bound to two nitrogen ligands in two histidine
residues and two sulfur ligands, one in each cysteine and methionine (Figure
3A) [12]. In copper trafficking proteins that have a conserved MxCxxC heavy
metal binding domain, copper coordination is theorized to be isolated to two
sulfur ligands in the two cysteine residues (Figure 3B) [66]. Structure analysis
of the yeast ATX1 bound with Hg(ll) and a domain of the Menkes disease
protein (Mnk4) bound with Ag(l) indicate that the conserved methionine
residue is not in close enough proximity to interact with the metal ion [47,67].
In yeast 2-hybrid experiments it has been observed that when several
conserved lysine residues located near the MxCxxC domain are mutated in
the yeast ATX1 copper chaperone it losses interaction with the Ccc2
transporter [68]. This implies that these lysines are necessary for the two
proteins to interact with each other or alters the conformation of the metal

binding pocket.

3. Copper Transport Proteins across Heterotrophic Models

Since many aspects of copper homeostasis are conserved across
organisms, the following sections are a review of what is known about copper
trafficking across selected model systems: bacteria, yeast, cyanobacteria, and

plants, the focus of this dissertation. For a complete list of copper trafficking
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proteins and targets in these various organisms, please refer to Tables 1-4 at

the end of the chapter.

3.1. Bacterial Copper Transport Mechanisms

Many transporters, copper chaperones, and target enzymes for copper
present in £. colican be found in other prokaryotes, as well as more complex
eukaryotic systems. Enterococcus hirae is one model organism for
researching copper transport in a prokaryotic system; as a result it is vastly
studied and well understood [69-71]. This Gram-positive bacteria contains two
P-type ATPase transporters, located in the plasma membrane, that function in
copper transport (Figure 4A) [72,73]. The expression of both CopA and CopB
transporters are inducible under high extracellular copper concentrations,
however CopB mutants show significantly increased cellular copper levels
[73]. This suggests that CopA is an ion importer, while CopB functions as an
efflux mechanism. Intracellular levels of copper are regulated by a cop operon
that consists of four genes: copA, copB, copY, copZ. The genes copA and
copB encode the two copper transporters, while copY acts as a repressor and
copZfunctions as an activator [74]. Although currently unknown, it is thought
that Enterococcus hirae contains an extracellular reductase to convert Cu(ll) to
Cu(l) for cellular uptake of copper. Once copper enters the cell through the
CopA transporter, a copper chaperone called CopZ shuttles Cu(l) to CopY, a
transcriptional repressor [74,75]. The current model for copper regulation can
be summarized as follows: when zinc is bound to CopY it represses

transcription of the cop operon, however if CopZ delivers copper to CopY, the
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repressor disassociates from the promoter allowing transcription to occur
[71,76]. Structural analysis of the CopZ chaperone, via NMR spectroscopy,
shows that in addition to the typical metal binding domain (MxCxxC) this
protein exhibits a Bappap ATX-like folding pattern [77].

A second prokaryotic model for studying copper transport is the bacteria
Escherichia coli. While copper homeostasis is not well known in this Gram-
negative bacteria, targets for copper include a Cu,Zn SOD in the periplasm
[78,79] as well as cytochrome bosthat is classified as a heme-copper oxidase
(Figure 4B) [80]. Although there is the requirement of copper for proper
function of these enzymes, most of the components that make up the known
copper trafficking system in £. co/ifunction in detoxification. Copper (ll) ions
seem to pass through the outer membrane via porins and are then reduced to
Cu(l) by the copper reductase NDH-2 [81,82]. Copper, as Cu(l), can then
perhaps diffuse through the cytoplasmic (inner) membrane [83]. The P-type
ATPase transporter, CopA, is located in the inner membrane and functions as
an efflux transporter, detoxifying the cytoplasm from copper ions [84]. Also
located in the periplasm is a multi-copper oxidase, CueO, which has similarly
been demonstrated to aid in copper detoxification [85]. The expression of both
the CopA and CueO proteins are regulated by a cytoplasmic copper sensing
protein called CueR [86,87]. Another efflux mechanism for copper is a four-
component pump, CusCFBA, which spans the inner membrane, periplasm,
and outer membrane [88,89]. Expression of this pump, in part, is regulated by
a two-component signal transduction system (cusRS), that involves a

membrane bound histidine kinase (CusS) and a cytoplasmic reponse regulator
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(CusR) [88]. The CusF constituent of the efflux pump is a copper chaperone
found in the periplasm that can traffic Cu(l) to the CusCBA channel for removal

through the outer membrane [89].

3.2. A Eukaryotic Model for Copper Regulation: Sacchaomyces cerevisae
With the presence of internal organelles, yeast and plants have a
similar copper regulatory system which includes several direct homologs.
Yeast has a copper reductase protein complex, Fre1/Fre2, that is located
extracellularly to reduce Cu(ll) to Cu(l) for uptake (Figure 5) [31,32]. A total of
three Ctr (Copper transporter) proteins have been discovered in yeast. Two of
these transporters, Ctr1 and Ctr3, are located in the plasma membrane and
data suggests that they are high affinity Cu(l) importers [29,30]. The C7R7,
CTR3, and FRET genes are under the regulation of the copper-sensing MAC1
transcriptional factor [31,90-92]. Copper deprivation induces a signal
transduction system in which MAC1 binds to the promoter elements of the
copper reductase and copper transporter genes starting transcription [91].
The cellular localization of the Ctr2 transporter has been debated in the
past; however recent evidence indicates that it is incorporated into the
vacuolar membrane where it releases copper back into the cytosol when
concentrations are critically low [93-95]. In addition to the Ctr family of
transporters S. cerevisae has a P-type ATPase transporter, Ccc2, located in
the Golgi [96] and is thought to translocate copper into the endomembrane
system. The ATX1 (Antioxidant1) protein has been identified as the cytosolic

copper chaperone for the Ccc2 transporter [97,98]. Iron metabolism has been
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linked to copper homeostasis in yeast through a copper requiring oxidase,
Fet3, needed for ferrous iron uptake that is the target for copper in the
endomembrane system [30,99-101].

Copper transport to the mitochondrion for integration into cytochrome ¢
oxidase (Cco) in yeast has been highly studied, although it is not yet fully
understood. Two putative chaperones, Cox17 and Cox 19, have been
implicated in cytosolic transport because of dual localization to the cytoplasm
and intermitochondrial membrane space [102,103]. However, due to
biochemical and mutant analysis both proteins have been eliminated as the
chaperones for mitochondrial shuttling [104]. As a result, it is currently
unknown which protein is responsible for copper delivery to the mitochondrion.
Once copper is in the intermitochondrial membrane space several proteins are
required to work in concert to incorporate the ions into Cco. The existing model
is, Cox 17 donates copper to Sco1 and Cox11 [105], which then results in the
integration of copper into the Cua site in Cox2 subunit and Cug site in the Cox1
subunit of cytochrome oxidase, respectively [106,107].

Lastly, the CCS copper chaperone is the protein for ion shuttle to a

' copper-requiring SOD (SOD1) [108,109]. In addition to the cytosol, a small
fraction of both SOD1 and CCS can be found in the intermitochondrial space
even though there is no presequence for targeting to the mitochondria [110].
Yeast also contain two known metellothionein-like proteins, Cup1 and Crs5,
which can sequester excess copper thereby decreasing cell toxicity [111,112].
Whereas the sequence homology between the Crs5 peptide and mammalian

metallothioneins is high, there is little homology between the Crs5 and Cup1
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proteins [112]. A transcriptional regulator, Ace1, has been identified that can
activate transcription of Cup1 and Crs5 metallothioneins [112,113], as well as

the SOD1 enzyme [114] in the presence of copper.

4. Copper Transport Proteins across Autotrophic Models

4.1. Copper Transport in Photosynthetic Cyanobacteria and Algae

The photosynthetic machinery and process in cyanobacteria is similar
to plants, especially under sufficient copper conditions. Therefore, studying the
mechanisms and regulation of copper within cyanobacteria can help to
understand chloroplastic homeostasis in higher plants. Cyanobacteria contain
internal thylakoid membranes, which are the site of electron transport. There
are two major targets for copper within cyanobacteria, plastocyanin (PC) and
cytochrome oxidase (CO), which are both found in the thylakoid (Figure 6)
[115,116]. In an environment deprived of copper, some cyanobacteria can use
the iron containing cytochrome cg protein as a terminal electron acceptor in
photosynthesis instead of the copper-requiring protein plastocyanin [117].
Copper is transported through the cell membrane and the thylakoid membrane
by two P-type ATPases called CtaA and PacS, respectively [118,119]. A
copper chaperone similar to the yeast ATX protein has been identified in the
model organism Synechocystis PCC 6803 that interacts in bacterial 2-hybrid
experiments with both of the P-type ATPase transporters [63]. This suggests
that once copper enters the cell through CtaA it is shuttled to PacS via ATX1 in

the cytoplasm, for plastocyanin or cytochrome oxidase targets.
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Chlamydomonas is a highly studied unicellular, flagellate, green alga.
Cells of Chlamydomonas contain one large chloroplast that has similar
photosynthetic machinery as higher plants. There are three target enzymes
that require copper for proper function in Chlamydomonas, cytochrome
oxidase, plastocyanin, and multicopper oxidases involved in iron acquisition
[120]. It has been proposed that copper reductases work in concert with a
copper transporter to import the metal into cells. A COPT1 transporter protein
has been identified in Chlamydomonas which is similar to the Arabidopsis
COPT1 [121]. In addition, this organism contains three different HMA
transporters (HMA1, HMA2, and HMA3). The HMA1 protein is similar to the
Arabidopsis HMA1, while HMA2 and HMAS3 cluster with P1g-type ATPases that
are copper transporters, such as RAN1 in plants [121]. Although copper is an
essential micronutrient, ion transport in this organism is not well understood.
Recently, microarray analysis has been implemented to investigate gene
transcription responses to external copper concentrations in Chlamydomonas.
In addition to genes involved in metabolic processes, stress related and
intracellular proteolysis genes were greatly affected by copper concentrations

[122].

4.2. Copper Homeostasis in Higher Plants using Arabidopsis as a Model

Arabidopsis is a model organism for plant systems that is widely used in
genetic and molecular investigations. Reasons for its use as a model include,
a sequenced genome, short life cycle, and it is relatively easy to cross and

mutate. Plants are complex, multicellular organisms that transport essential
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micronutrients, like copper, over a long distance through organs and across
several membranes before they reach their final destination in target proteins.

Copper enters through the cell membrane from the apoplast by a Ctr-
like transporter called COPT1 [93], and is either sequestered or trafficked to
targets by copper chaperones (Figure 7). The COPT1 protein and its four
homologs are expressed in stems, flower, leaf, as well as root tissue [36] and
COPTT antisense plants show abnormalities in pollen formation and increased
root length [123]. This analysis suggests that COPT1 may play a role in copper
uptake in the roots from surrounding environment. Little work has been done
on the other proteins in the COPT family with localizations of proteins and
molecular characterizations of mutants pending.

Arabidopsis contains two different cytosolic ATX-like copper
chaperones, CCH and ATX1 [124,125]. Both proteins are functional homologs
of the yeast ATX1 and have been shown to interact with the P-type ATPases,
RAN1 in the Golgi membrane [125] and HMAS in the plasma membrane [60].
The RAN1 (Responsive-to-antagonist1) transporter is a homolog of the yeast
Ccc2 protein and functions to translocate copper into the endomembrane
system where it is required for ethylene signaling [126,127]. Similar to RAN1,
the HMAS membrane transporter is highly expressed in roots and flowers, but
based on mutant analysis the function seems to be copper detoxification in the
roots [60].

Copper chaperones that are responsible for ion transport to the
mitochondrion for cytochrome ¢ oxidase are currently unknown. However, a

homolog to the yeast Cox17 protein has been found in Arabidopsis that may
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play a role in mitochondrial copper delivery [128]. Arabidopsis contains three
Cu,Zn SOD enzymes located in the cytosol (CSD1), stroma (CSD2), and
peroxisome (CSD3). Plants possess a homolog of the yeast CCS, also called
CCS that is the copper chaperone for SOD. There is only one CCS gene in
Arabidopsis;, however it has been suggested that several start sites for
transcription of the gene results in different subcellular locations [129,130].

Within Arabidopsis chloroplasts there are two P-type ATPases similar to
the RAN1 transporter. The outer membrane of the chloroplast is porous and
many ions, including copper perhaps, can diffuse readily through it. One of the
P-type ATPases, PAA1, has been localized to the membrane (inner) of the
chloroplast [131]. The second transporter, PAA2, has been localized using
GFP (Green Fluorescent Protein) to the thylakoid membrane [132]. The PAA1
and PAAZ2 proteins are functional homologs of the CtaA and PacS,
respectively, in cyanobacteria. Both of the PAA transporters contain a heavy
metal binding motif, MxCxxC, at the N-terminal domain of the peptide along
with the chloroplastic transit sequence. Although paa7 mutants show a
decrease in growth rate due to impairment of photosynthetic activity, it is not a
lethal mutation [131]. As a result of this phenotype, it is thought that copper
can enter the chloroplast membrane through an alternate route. Recently,
another P-type ATPase, HMA1, has been localized to the chloroplastic
membrane and it has been implicated as an alternate copper transporter for
SOD activity [65].

In addition to the Cu,Zn SOD in the stroma, the chloroplast has a

second more important target for copper, plastocyanin. Under varying copper
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conditions, the plant must balance regulation of copper to both of these targets
within the chloroplast. Obviously, photosynthetic activity will have a higher
priority for acquiring copper, but the regulators for this homeostatic mechanism
are unknown. Through GFP analysis, the CCS protein has been localized to
the stroma [129] and additionally two other putative copper chaperones have
been localized to the chloroplast [133,134]. The putative chaperone, CCP
(Copper Chaperone for the Plastid), is somewhat similar to the bacterial CopZ
and ATX1 proteins in sequence and has an ATX-like BaBBap fold. However,
CCP does not contain a typical metal binding domain (MxCxxC); instead it has
a series of serine repeats [133]. The function of this protein is currently
unknown; however one hypothesis is that it could be the chaperone for
plastocyanin [133]. The second putative copper chaperone, CutA, also does
not have a stereotypical metal binding site; however there is sequence
similarity to a copper related protein in £. coliby the same name. This protein
is expressed in all major plant tissues at similar levels and purified
recombinant protein of the Arabidopsis CutA has been shown to bind Cu(ll) at
a level of nearly one mole copper per one mole of protein [134].

The chloroplast is a complex organelle and has several membranes for
copper to transverse across. Even though two of the five target proteins for
copper are located in the chloroplast, transport to the organelle and within are
still not well understood. No copper chaperone has been identified for
transport to PAA1 in the chloroplast membrane or to PAA2 in the thalykoid

membrane for plastocyanin.
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5. Objective of This Dissertation

Copper homeostasis in bacteria, yeast, cyanobacteria, plants, and even
humans is a relatively conserved process. However, plants and cyanobacteria
are unique because of their ability to photosynthesize. Since this process
requires copper, a different system has evolved in plants to transport copper
into and within the chloroplast membranes. The chloroplast is a unique
organelle that contains several targets for copper and must communicate with
the rest of the cell to acquire appropriate amounts of the metal for
photosynthetic activity. The objective of this dissertation is to develop a better
understanding of copper homeostasis in Arabidopsis. We hope to gain insight
on the delivery pathways of copper in the plant cell by focusing on the proteins

that are involved in transport.
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Figure 1. Schematic diagrams showing the Ctr Family of transporters in
yeast (Panel A) and the Heavy Metal Associated (HMA) Family of P1g-type
ATPase transporters in Arabidopsis (Panel B)
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Figure 2. A ribbon model of an ATX-like copper chaperone depicting a
typical Bappap (ferredoxin-like) fold. Model was made using SWISS-
MODEL and DeepView/Swiss-PbdViewer software [135-137].
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Figure 3. Diagrams depicting copper coordinating sites in the blue copper

binding protein, plastocyanin (A.) and possible copper binding sites in

copper transporters and chaperones containing an MxCxxC heavy metal

domain (B.).
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Table 1. A list of copper trafficking proteins in bacterial models.

Copper Transport Related Proteins Cellular location Function Homologs References
and Regulatory Elements
Bacteria
Enterococcus hirae
Reductase? Extracellular Reduces Cu(ll) to Cu(l) for uptake Ndh-2 (E. colj)
P-type ATPase Transporters
CopA Plasma membrane Cu(l) influx transporter [72,73]1
CopB Plasma membrane Cu(l) efflux transporter CopA (E. coli) [72,73]
Cu Metallochaperone
CopZ Cytoplasm Delivers Cu(l) to CopY [74,76]
Transcriptional Regulation
CopY Cytoplasm Copper-responsive repressor [74,75]
Escherichia coli
Reductase
NDH-2 Inner membrane Reduces Cu(ll) to Cu(}) for uptake [81,82]
P-type ATPase Transporters
CopA Inner membrane Cu(l) efflux transporter CopB (E. hirae)  [84]
Four-component Copper Pump
CusCFBA Inner membrane, periplasm, outer membrane Cu(l) efflux [88,891]
Multi-copper oxidase
CueO Periplasm Protection of the periplasm from copper-induced damage [85]
Targets for Cu(l
Cu,Zn SOD Periplasm Enzyme that reduces reactive oxidative stress
Cytochrome bo3 Periplasm Laccase activity, detoxification? [80]
Transcriptional Regulation
CueR Cytoplasm DNA-binding regulator; member of the MerR family of [86,87]
metal-responsive regulators
CusRS Cytoplasm Chromosomal two-component regulator [88]
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Table 2. A list of copper trafficking proteins in yeast.

Copper Transport Related Proteins  Cellular location Function Homologs References
and Regulatory Elements
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Yeast
Sacchaomyces cerevisae

Reductases
Fre1/Fre2 Extracellular Reduces Cu(ll) to Cu(l) for uptake [31,32]

Copper Transporters (Ctr)
Ctr1 Plasma membrane High affinity Cu(l) influx COPT1 (A. thaliana)  [30]
Ctr2 Vacuole membrane? Releases stores of copper from vacuole [93-95]
Ctr3 Plasma membrane High affinity Cu(l) influx [29]

P-type ATPase Transporters
Ccc2 Golgi membrane Uptake of copper from cytosol to endomembrane system for incorporation into RAN1(A. thaliana) [96]

Fet3 for iron uptake
Copper Chaperones
ATX1 Ctyoplasm Interacts with Ccc2 Atx1 (Synechocystis) [97]
Atx1 (A. thaliana)
CCH (A. thaliana)

CCSs Cytoplasm Transports Cu(l) from cell membrane to SOD1 (Cu,Zn superoxide dismutase) CCS (A. thaliana) [108,109]
Cox17 and Cox19 Mitochondrion Incorporation of copper into cytochrome ¢ oxidase in mitochondrion Cox17 (A. thaliana) [102,103]
Cox11 Mitochondrion Incorporation of copper into cytochrome c oxidase [105,107]
Sco1 Mitochondrion Incorporation of copper into cytochrome ¢ oxidase [138-140]
Targets for Cu(l
Fet3 Extracellular Multi-copper ferroxidase/iron permease; high affinity iron uptake [30,99-101]
SOD1 Cytoplasm Enzyme that reduces reactive oxidative stress CSD1 (A. thaliana)
Cco Mitochondrion Terminal electron acceptor in respiration
Transcriptional Regulation
Mac1 Nucleus Transcriptional activation of FRE?, CTR1, CTR3 [31,90-92]
Acel Nucleus Transcriptional activation of SO0, CRS5, CUP1 [112-114]
Metallothionein
Crs5 Cytoplasm Sequesters excess copper [112]
Cupt Cytoplasm Sequesters excess copper [111]
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Table 3. A list of copper trafficking proteins in photosynthetic cyanobacteria.

Copper Transport Related Proteins Cellular location Function Homologs References
Cyanobacteria
Synechocystis
Copper import
FutA1 Periplasm Aids in Cu import [141,142]
FutA2 Periplasm Aids in Cu import [142,143]
P-type ATPase Transporters
CtaA Plasma membrane Cu(l) influx PAA1 (A. thaliana) [118]
PacS Thylakoid membrane Cu(l) influx PAA2 (A. thaliana) [119]
Cu Metallochaperones
Arx1 Cytoplasm Transports Cu(l) from cell membrane to thylakoid membrane Atx1 (S. cerevisae) [63]
Atx1 (A. thaliana)
CCH (A. thaliana)
Targets for Cu(l)
PC (Plastocyanin) Thylakoid Electron transport in photosynthesis
CO (Cytochrome oxidase) Thylakoid Electron transport in respiration
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Table 4. A list of copper trafficking proteins in plants.

Copper Transport Related Proteins Cellular location Function Homologs References
Plants
Arabidopsis thaliana

Copper Transporters (Ctr-like)
COPT1 Cell membrane Cu(l} influx Ctr1 (S. cerevisae) [36,93,123]
COPT2 Unknown Unknown [36]
COPT3 Unknown Unknown [36]
COPT4 Unknown Unknown [36]
COPT5 Unknown Unknown [36]

P-type ATPase Transporters [36]
PAA1 Chloroplast membrane Cu(l) influx into the choloplast CtaA (Synechocystis) [131]
HMA1 Chloroplast membrane Secondary copper importer? [65]
PAA2 Thylakoid membrane Cu(l) influx into the thylakoid for plastocyanin PacS (Synechocystis) [132]
RAN1 Golgi membrane Cu(l) influx into Golgi complex for ethylene response Ccc2 (S. cerevisae) [60,127]
HMAS Plasma membrane Copper detoxification [60]

Cu Metallochaperones
COX17 Mitochondrion COX17 (S. cerevisae) [128]
CCH Cytoplasm Interacts with RAN1 and HMAS Atx1 (S. cerevisae) [60,124]

Atx1 (Synechocystis)
ATX1 Cytoplasm Interacts with RAN1 and HMAS Atx1 (S. cerevisae) [124,125]
Atx1 (Synechocystis)

cCP Chloroplast Function unknown [133]
CCSs Chloroplast and Cytoplasm Transports Cu(l) to CSD2 and CSD1? CCS (S. cerevisae) [129,130]
CutA Chloroplast Envelope? Unknown CUTA (E. coli) [134]

Targets for Cu(l)
ETR Endomembrane System Ethylene signaling response [126,127]
Cyt-c (Cytochrome coxidase) Mitochondrion Electron transport in respiration
PC (Plastocyanin) Thylakoid Electron transport in photosynthesis
CSD1(Cu,Zn SOD) Cytoplasm Enzyme that reduces reactive oxidative stress [25,144]
CSD2 (Cu,Zn SOD) Chloroplast Enzyme that reduces reactive oxidative stress [25,144]
CSD3 (Cu,Zn SOD) Peroxisome Enzyme that reduces reactive oxidative stress [25,144]
Laccases

Ascorbate Oxidase
Polyphenol Oxidase
Plantacyanin
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reductases, gray rectangles are copper transporters, and white circles
represent copper targets).
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Figure 5. Copper trafficking proteins and pathways in Sacchaomyces
cerevisae (solid line depicts interactions demonstrated through
experimental data, white rectangles symbolize copper reductases, gray
rectangles are copper transporters, white circles represent copper targets,
and white hexagons are metallothioneins).

Figure 6. Copper homeostasis in the cyanobacterial model, Synechocystis
(solid line depicts interactions demonstrated through experimental data,
gray rectangles are copper transporters, and white circles represent copper

targets).
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Figure 7. Copper transport pathways in Arabidopsis thaliana (solid lines depict interactions demonstrated through
experimental data, dashed lines are hypothetical pathways, gray rectangles are copper transporters, and white
circles represent copper targets
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CHAPTER 2
Further characterization of PAA1 and PAA2 in Arabidopsis and a new model
for copper transport in the chloroplast
Abstract
Plastocyanin is a small, blue-copper containing protein that is found in

the thylakoid lumen of chloroplasts and it is one of the most abundant proteins
found in photosynthetic tissue. Unlike some cyanobacteria that are able to use
an iron containing protein for transport of electrons Arabidopsis requires
plastocyanin for photosynthetic activity. Several P1z-type ATPase transporters
have been identified in Arabidopsis. The PAA1 and PAA2 transporters are
functional homologs of the cyanobacterial CtaA and PacS and have been
localized to the chloroplast envelope and thylakoid membranes, respectively.
The paa7and paa2mutants have previously been characterized and display a
decreased growth rate, a high chlorophyll fluorescence phenotype, as well as
a decrease accumulation of plastocyanin protein. In this investigation, we
further characterize the paa7-7, paa7-3, and paaZ2-7 mutant plants and
determined that the mutations affect copper homeostasis differently in root and
shoot tissue. We also observe a distinct difference in chloroplast structure

between mutant plants and wildtype controls. Additionally, we provide
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evidence that P4g-type ATPase transporters can interact with each other via
ATX-like domains. This novel interaction between PAA1(N) and PAA2(N) has

led us to a new model for copper transport in the chloroplast.

Abbreviations used:

CCS, copper chaperone for Cu/Zn superoxide dismutase; Cu,ZnSOD, Cu,Zn
superoxide dismutase; CSD1, cytosolic Cu,Zn SOD; CSD2, stromal Cu,Zn
SOD; FeSOD, Fe superoxide dismutase; MnSOD, Mn superoxide dismutase;

PC, plastocyanin; SOD, superoxide dismutase.

1. Introduction

Plants are sessile organisms that obtain all essential components for
life from the immediate environment in which they live. In this environment,
plants must regulate the uptake of micronutrients to ensure that requirements
are met for the important biological processes photosynthesis and respiration.
Furthermore, these nutrients must travel long distances to reach aboveground
organs and across several membranes before they are incorporated into target
enzymes. Copper is one micronutrient that is required for both photosynthesis
and respiration in higher plants.

Plastocyanin is a small (10 kDa), blue-copper containing protein that is
found in the thylakoid lumen of chloroplasts and it is one of the most abundant
proteins found in photosynthetic tissue. There are two plastocyanin genes that
encode similar proteins in Arabidopsis thaliana[1]. Some cyanobacteria can

use the iron containing cytochrome cg protein for transport of electrons
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between the b/f complex and photosystem | in photosynthesis instead of the
copper-requiring protein plastocyanin [2]. However, higher plants such as
Arabidopsis do not have an alternative and require plastocyanin for
photosynthetic activity.

Copper enters the plant cell through the copper transporter, COPT1 [3],
and gets shuttled to one of its many targets via copper chaperones. These
targets include, plastocyanin, cytochrome c oxidase, an ethylene receptor, and
several Cu,Zn superoxide dismutase enzymes. Arabidopsis contains three
isoforms of Cu,ZnSODs which are located in the cytosol, peroxisome, and the
chloroplast [4]. In addition, there are eight different Heavy Metal Associated
(HMA) transporters, several of which have been identified as copper
transporters. The HMAS membrane transporter is highly expressed in roots
and flowers, however based on mutant analysis the function seems to be
detoxification of copper within root tissue [5]. Responsive-to-antagonist1
(RANT1) is located in the Golgi membrane and delivers copper to an ethylene
response protein within the endomembrane system [6]. The transporters,
PAA1 and PAA2, have been localized to the chloroplast envelope and
thylakoid membranes, respectively [7,8]. The PAA1 and PAA2 transporters
contain an MxCxxC copper binding motif and are functional homologs of the
cyanobacterial CtaA and PacS, respectively.

PAATand PAAZ are both expressed in the shoots, however only PAA7
is expressed in the root tissue. The paa7and paaZ mutants display a
decreased growth rate in which paa7is more severe than paaZ. Both mutants

also exhibit a high chlorophyll fluorescence phenotype that suggests a defect
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in the electron transport pathway. Immunoblotting analysis has shown that
paaland paa2have a decreased accumulation of plastocyanin which most
likely is the cause of the growth rate and fluorescence phenotypes.
Interestingly, these phenotypes can be overcome by copper feeding [7,8].

Even though copper is an essential micronutrient, due to its redox
potential it is also extremely toxic to the cell. Therefore, plants have adapted a
mechanism to decrease the amount free copper ions through the presence of
many proteins involved in copper transport and sequestration. Most plants
contain 5 - 20 pg/g copper (dry weight) and Arabidopsis exhibits visible signs
of toxicity with media concentrations as low as 20 uM [9,10]. Plastocyanin is
arguable one of the most important targets for copper; however it is not the
only target for copper within the chloroplast.

The chloroplast is a complex organelle and has several membranes for
copper to transverse across. Even though the important copper requiring
proteins plastocyanin and CSD2 are located in the chloroplast little is known
about the transport pathway for this essential metal. Currently, there has been
no copper chaperone identified for the transport of the ion to PAA1 for import
into the chloroplast or one that is responsible for transport to PAAZ2 at the
thylakoid membrane for plastocyanin.

In this investigation we further characterize the paa7 and paa2 mutants
by studying the regulation of copper homeostasis in various copper treatments
and we note distinct differences in chloroplast ultrastructure caused by a

mutation in the genes. Finally, we propose a new possible model for copper
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transport from PAA1 to PAA2 in the chloroplast through evidence of a protein-

protein interaction detected by yeast two-hybrid.

2. Materials and Methods

Plant material and growth conditions. Arabidopsis ecotype Colombia-O was
used as a wildtype. The paa7-1, paa7-3, and paaZ-1 mutants have been
described [7,8]. Arabidopsis plants were grown on one half Murashige and
Skoog (MS) medium including 1% sucrose and 0.4% agar gel [11]. The
medium was supplemented with CuSO4 (Sigma # C9012; Sigma, St Louis) as

indicated.

Protein Analysis by Immunoblotting and Native Assays. Soluble protein
extraction of plant tissue for SDS-PAGE and NATIVE-PAGE analysis was
performed according to [12]. Protein was quantified using the Bradford method
[13] and bovine serum albumin was used for a standard curve. A total of 10 ug
of protein extract was fractionated on PAGE gels for SOD activity analysis or
immunodetection. Activity of SODs was determined by staining NATIVE-PAGE
gels according to [8,14] and 10-20% Tris-HCL gradient gels (Bio-Rad
Laboratories) were used to resolve CSD1 and CSD2 activity. Antibodies used
for immunodetection were obtained from D. Kliebenstein (University of
California, Davis, CA) [4] or have been described [8] with the exception of
CCS. The amino terminal domains of PAA1 and PAA2 as well as the full length
CCS recombinant proteins were expressed in £. coli and purified using affinity

chromatography. Purified proteins were then used to produce polyclonal
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antibodies in rabbits (Pocono Rabbit Farm and Laboratory Inc, PA, USA). All
antibodies were raised against Arabidopsi/s purified proteins with the exception

of plastocyanin which was raised against spinach.

Transmission Electron Microscopy. VVegetative tissue from 14 day old plants
were fixed in 5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.2) for
2 hours, then rinsed three times in 0.1M sodium cacodylate buffer, and post-
fixed in 2% osmium tetroxide in 0.1M sodium cacodylate buffer for 2 hours.
Samples were then dehydrated in acetone (30, 50, 70, 90, and 100%) for 15
minutes each. Fixation and dehydration on all plant tissue at the same time
and was performed at 4°C. Samples were then brought to room temperature
with the last dehydration step. Tissue was embedded over 24 hours by adding
Spurr’s resin, and then polymerized for 12 hours at 70°C. Thin sectioning was
performed using a Porter Blum MT-2 ultramicrotome and were stained for 7
minutes in 1% (w/v) uranyl acetate and for 2 minutes in 0.2% (w/v) lead

acetate. Thin sections were imaged using an AEI electron microscope.

Bacteria and yeast cell strains. Escherichia coli strain DH5a (F" ¢80/acZAM15
A(/acZYA-argF)U169 recA1 endA1 AsaR17(r, my*) phoAsupEA4 thi-l gyrh96
re/A1 \) was cultured in Luria-Bertani (LB) broth Miller (EMD Biosciences)
medium with the appropriate antibiotic and was used for cloning and
propagation of plasmids. Saccharomyces cerevisiae strain AH109 (MATa,
trp1-901, leu2-3, 112, ura3-52, his3-200, gald4A, gal80A, LYSZ2 : : GAL 1yas-

GAL 7TA TA-H/S3, MEL 7GAL2UA3-GAL2 TA TA-ADEZ, URA3::MEL 7UA3-MEL 77',4 TA-
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lacZ) [15] was obtained from Clontech Laboratories, Inc. (Mountain View, CA,
USA) and was cultured in yeast extract/peptone/dextrose (YPD) (1% (w/v)
yeast extract (Fisher Scientific), 2% (w/v) peptone (Fisher Scientific), 2% (w/v)
D-glucose (Fisher Scientific)) medium or synthetic complete drop out (SD)
medium (Difco) lacking tryptophan and leucine for selection and maintenance

of plasmids.

Plasmid constructs for yeast two-hybrid system. Amplification of DNA
encoding the amino terminal sequences of PAA1 and PAA2 was performed by
PCR using Expand High Fidelity polymerase (Roche). Oligonucleotide primer
sequences used to generate DNA fragments and sequencing of plasmids for
PAA1(N) are 5'- gggaattccatatgtcggagagtggtgattccaagtca -3’ (forward) and 5'-
cgcggatecgctegeggcecactctcttttaageg -3’ (reverse) and for PAA2(N) are 5'-
gggaattccatatgatcgaatctgtgaaatccattacga -3’ (forward) and 5’-
cgcggatcccacggttcctgctcttaacaagcaa -3’ (reverse). Genomic DNA isolated
from wildtype Arabidopsis plants was used as a template for fragment
amplification. The coding region of PAA1(N) and PAA2(N) was cloned in frame
into pGBKT7 and/or pGADT7 vectors (Matchmaker™ Yeast Two-Hybrid

System 3, Clontech) using the Ndel and BamH| restriction sites.

Yeast two-hybrid spot assay. Yeast cells were co-transformed with a plasmid
containing an activation domain fusion and one containing a binding domain
fusion using the lithium acetate (LiAc) method [16]. Selection of the

transformants was performed on 1.5% agar plates containing the appropriate
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dropout medium (-Leu -Trp) and several individual colonies were purified for
spot assays. Liquid cultures of yeast co-transformed with cloned pGAD and
pGBK vectors were propagated in media lacking leucine and tryptophan for
selection of both plasmids for 24 hours at 30° C, shaking at 260 RPM. The
optical denisity of yeast cultures were measured at 600nm using a DU 530 Life
Science UV/Vis Spectrophotometer (Beckman Coulter, Inc.) and diluted to 0.1
ODeoo, then further diluted to 0.01 ODgqo for spot assays. An 8-channel pipettor
was used to transfer 3 uL of each dilution onto three separate agar plates
containing SD minimal medium lacking tryptophan, leucine or on medium
lackinig tryptophan, leucine, histidine, and adenine or on medium lacking
tryptophan, leucine, histidine, and adenine supplemented with 2.5 mM 3-
amino-1,2,4-triazole (Sigma). Agar plates were then incubated in 30° C for five

days and each assay was repeated in at least three independent experiments.

B-galactosidase activity assays. The procedure for quantitative estimates of
yeast two-hybrid interactions using B-galatcosidase was modified from the
Yeast Protocol Handbook (Clontech) [16]. Liquid cultures of yeast co-
transformed with cloned pGAD and pGBK vectors were propagated in the
proper dropout medium for selection of both plasmids and supplemented with
bathocuproine disulfonic acid (BCS) (Sigma-Aldrich) for 48 hours at 30° C,
shaking at 260 RPM. Liquid B-galactosidase activity assays were then carried
out following the Clontech protocol using chlorophenol red--D-
galactopyranoside (CPRG) (BMCC) as the substrate [16]. Each culture was

measured in triplicate for an individual experiment and three independent
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experiments were performed. B-galactosidase Miller units [17,18] were
calculated and quantities are presented as average values £+ mean standard
deviations for the three experiments combined. The pACT-KIPK and pAS1-
KCPB(N) constructs were obtained from A.S.N. Reddy (Colorado State
University, CO, USA) and the interaction between these proteins has been

described [19].

In silico sequence analysis. Gene and protein information was obtained
through The Arabidopsis Information Resource (TAIR) database. Sequence
alignments were performed using the CLUSTAL W (1.83) multiple sequence
alignment tool [20]. Plasmid DNA was sequenced in two directions using the
forward and reverse gene specific primers used in cloning and/or the forward
and reverse plasmid specific primers. Sequencing was performed by
Macromolecular Resources (Colorado State University, Fort Collins, CO,

USA).

3. Results

In order to investigate how mutations affect other proteins involved in
copper homoestasis, wildtype, paa 7-3, and paaZ2-1 plants were grown for 14
days on %2 MS media and 2 MS media supplemented with various copper
concentrations. Tissue was then harvested and proteins were extracted for
SOD activity assays and immunoblot analysis. Manganese SOD and HSP70
were used as loading controls in all immunoblot analysis. It has been

demonstrated in the past that regulation of FeSOD and CSD2 is based on the

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



availability of their cofactors, especially the availability of copper within the cell
[12]. In this study, the addition of 0.5 - 1 uM CuSQ4 to the media caused a
switch from the use of FeSOD to CSD2 in the chloroplast (Figure 1). FeSOD is
down regulated in both of the PAA mutants, but is more evident in paa7-3
compared to paa2-1. In most copper treatments CSD2 expression is
noticeably elevated in paaZ2-7 compared to wildtype plants, whereas paa7-3
has a slightly lower expression. The expression of CSD1 did not vary between
plants as greatly as CSD2. In the control treatment both mutants had a higher
expression of CSD1 than wildtype. The same trend was detected in the 0.5 pM
and 1 uM copper treatments; however the difference between lines diminishes
at copper concentrations higher than 1 uM. Superoxide dismutase activity
correlated with the protein expression levels of FeSOD, CSD1, and CSD2. The
differences in SOD activity between the growth conditions can be attributed to
a variance in protein abundance (Figure 1B) which may be explained by a
change in transcript levels. The CCS protein followed the same expression
profile as CSD1 in all plants that were tested, with an elevated expression in
the PAA mutants at low copper concentrations. Plastocyanin accumulation in
wildtype plants increased somewhat as copper concentrations increased. This
direct correlation between plastocyanin expression and copper supply was
also present in the PAA mutant plants. However, in most treatments a
considerably lower amount of plastocyanin was detected in paa7and paa2
compared to wildtype.

The chloroplast contains two important targets, CSD2 and PC, for

copper and plastocyanin is one of the most abundant proteins in
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photosynthetic tissue. With the absence of chloroplasts in root tissue we might
expect a difference in copper homeostasis regulation between tissue types. In
order to investigate this, wildtype, paa7-3, and paaZ2-7 plants were grown for
14 days in 2 MS containing various copper concentrations. When tissue was
harvested roots and shoots were dissected separately and total soluble protein
was extracted for immunoblot analysis. FeSOD expression was detected at a
higher level in the shoots compared to the roots in all plants and was only
present under very low copper supply (Figure 2). Although expression of
FeSOD was seen in all plants wildtype exhibited a much higher amount of the
protein (especially in shoot tissue) compared to paa7-3and paaZ-1. In fact,
there was almost an absence of FeSOD in the paa7-3 mutant in the control
treatment. Expression levels of CSD1 and CSD2 was detected in different
levels in the varying tissue types. CSD1 expression levels were higher in root
tissue compared to shoot tissue, while CSD2 expression levels were higher in
shoot tissue compared to roots. Interestingly, CSD1 protein quantity in the
roots was similar in all treatments and all plant types; however CSD1 amounts
in shoot tissue varied slightly between wildtype and the PAA mutants in some
treatments and slightly increased as copper supply increased. Increased levels
of CSD2 were detected paaZ-7 compared to wildtype and paa7-3. This
elevated level of CSD2 protein in paa2-7was most apparent in the control
treatment were there is very little copper present in the media. Though as
copper supply increased, CSD2 protein increased in wildtype plants and levels
became similar paa2-7. However, CSD2 remained low in paa 7-3 plants across

copper concentrations. Similar to SOD expression, CCS protein levels were

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



detected in both roots and shoots, although root tissue exhibited lower
amounts of the protein compared to shoot tissue. Expression of CCS was
similar in wildtype and mutant plants and appeared consistent across copper
treatments in root tissue. However, in shoot tissue CCS seemed to increase
slightly as copper supply increased. This was most noticeable between 2 MS
and 1 uM copper treatments. As expected, plastocyanin protein was only
detected in photosynthetic tissue and at a lower amount in the PAA mutants
compared to wildtype.

Growth rate and chlorophyll fluorescence phenotypes have been
previously described for the paa7-7, paa7-3, and paa2-7 mutants [7,8].
Furthermore, in this study we have established that CCS, CSD1, CSD2, as
well as plastocyanin protein expression are affected by mutations in the PAA
genes. With such severe visual as well as biochemical phenotypes it seems
likely that a mutation in PAA7and PAA2 may also affect the ultrastructure of
the chloroplasts. To investigate this, wildtype, paa7-7, paa7-3, and paa2-1
plants were grown on %2 MS media and 2 MS media supplemented with 10 uM
CuSOQ4 for 14 days. Leaf tissue samples were taken for analysis of chloroplast
ultrastructure by transmission electron microscopy. Interestingly, wildtype
plants grown on 2 MS media display an unequal distribution of thylakoid
membranes (Figure 3). In all chloroplasts, thylakoid membranes were
unevenly distributed and were found arranged to one side of the plastid cross-
sections. In the copper treatment, wildtype plastids showed a more even
distribution of thylakoid membranes. This difference in arrangement of

membranes was not observed to the same extent in any of the mutants in this
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investigation. Wildtype plants also displayed distinct stacking of the thylakoid
membranes that form grana. We observed a difference of chloroplast structure
in the paa7and paaZmutants when compared to wildtype plants we are
classifying as a structural change due to stress (Figures 4-6). This damage
looks similarly to starch granules that would accumulate between the thylakoid
membranes within the plastid. However, little accumulation of starch granules
was observed in all plant lines in this investigation and the PAA mutants are
thought to be deficient in starch accumulation since photosynthetic activity is
so severely affected (M. Pilon, unpublished data). Additionally, the paa 7
mutants (specifically paa 7-3) displayed decreased stacking or disassociation
of the thylakoid membranes in the copper treatment when compared to the
other plant lines (Figure 4 and 5).

The amino termini of PAA1 and PAA2 contain an ATX-like structural
domain (Figure 7) and it is possible that these domains act similarly to copper
chaperones in accepting and delivering copper. The yeast two-hybrid
technique was utilized to investigate if PAA1 and PAA2 could interact with
each other via their ATX-like domains. In order to detect PAA1 and PAA2
expression within a variety of systems, including yeast, antisera were
produced from purified recombinant proteins (amino termini only without
affinity tags). Encoded regions of PAA1 and PAA2 used for antisera production
as well as yeast two-hybrid analysis can be found in Figure 7. Figure 8
displays the purified proteins (w/ tags) and illustrates that antisera are capable
of detecting as little as 1 ng of purified protein. Additionally, no cross reaction

of antibodies with PAA1 and PAA2 was detected (data not shown). Yeast two-
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hybrid results indicated that there is an interaction between PAA1(N) and
PAA2(N), however those same domains do not interact with themselves
(Figure 9).

Beta-galactosidase activity was measured to obtain a quantitative
estimate of the yeast two-hybrid interactions. In this assay, the
PAA1(N)/PAA2(N) interaction was 10-fold greater than the empty vector
control, whereas the PAA2(N)/PAA1(N) interaction was only approximately 2-
fold greater than the same control (Figure 10A). This difference in interaction
between these reciprocal combinations is most likely do to the effect of the
yeast two-hybrid tag on the protein charge and/or confirmation. To test if this
interaction is copper dependent, a copper chelator (BCS) was added to the
growth media and B-galactosidase activity was measured again. The
KCBP(N)/KIPK interaction that is not involved in copper homeostasis was
used as a control (Figure 10B). The B-galactosidase activity of the
PAA1(N)/PAA2(N) interaction decreased approximately 50% at 500 uM BCS
and decreased 70% at 1000 uM BCS concentration (Figure 10C). There was
also a decrease in B-galactosidase activity when the reciprocal interaction,
PAA2(N)/PAA1(N), was tested although it was not as dramatic. At 500 pM
BCS activity decreased about 20%, whereas a decrease of 30% was seen at

1000 pM BCS (Figure 10D).

4. Discussion
Mutations in the PAA7 and PAAZ genes dramatically affect Arabidopsis

copper homeostasis. However, roots and shoots are affected differently within
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the paa7-3and paaZ-1plants. FeSOD and CSD2 are both localized to the
chloroplast and are seen at higher expression levels in shoot tissue versus
root tissue. CSD1 is a cytosolic protein and therefore is detected in both root
and shoot tissue, however at slightly varying amounts. Protein levels of CSD1
in roots were consistent between wildtype and mutant plants across all
treatments. Since green chloroplasts are not formed in roots, cellular copper
supply is diverted to other copper targets. Additionally, there is evidence of a
slightly higher copper concentration in root cells compared to shoot cells [5].
With this additional buildup of copper ions in the cytosol CSD1 expression is
consistently high to sequester excess ions within the cell. Alternatively, in
shoot tissue the cell has to regulate copper transport into the chloroplast for
plastocyanin and as a result at low copper concentration there are fewer
copper ions in the cytosol. This would explain a small decrease in CSD1
expression in 2 MS media. CSD2 expression in paaZ2-7 whole plant tissue and
shoot tissue showed a dramatic increase, which could be attributed to the
defect in copper transport at the thylakoid membrane. As copper ions are
transported into the chloroplast and accumulated in the stroma, ion
concentrations decrease in the cytosol and subsequently lead to a decrease in
CSD1 expression in the same mutant. The expression of CCS was slightly
elevated in whole plant tissue of paa7-3 and paaZ2-7 plants at low copper
concentrations which correspond to SOD expression. It is currently unknown
what the regulatory elements are for gene transcription of CCS, CSD7, and
CSDZ. however expression of CCS and CSD1 are similar and may have the

same regulatory element controlling transcription of both genes.
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It has been determined that mutations in the PAA7and PAAZdgenes
create defects in photosynthetic activity that dramatically affects both growth
rate and chlorophyll fluorescence [7,8]. In addition, this investigation has
demonstrated that these same mutations can contribute to stress-related
structural change to the structure of the chloroplast. This structural change
may be caused by either the buildup of superoxides from photosynthetic
activity or in some cases a buildup of toxic copper ions in the stroma,
especially in paa2-1. Media, such as MS, has very low levels of copper
(approximately 0.05 uM) which may be deficient to plants. The presence of
FeSOD protein in 2 MS also suggests that plants may not be acquiring a
sufficient amount of the ion for proper growth: The uneven distribution of
thylakoid membranes in wildtype plants in 2 MS copper may be a result of the
ion deficiency, especially if PAA1 and PAA2 transporters directly interact with
one another for copper delivery to plastocyanin.

Yeast two hybrid is a technique that is often used to establish possible
interactions between proteins involved in copper transport [5,21-23], however
interactions have only been discovered between transporters and copper
chaperones. In this study, we show that the amino terminal domains of PAA1
and PAAZ2 can interact with each other /n vitro. Both domains possess a
copper binding motif MxCxxC as well as the BaBBap structure similar to the
ATX copper chaperone. It has been proposed that the interactions occur
between the ATX-like domain of a transporter and the ATX-like domain of a
copper chaperone; however this is the first instance in which an interaction

between two transporters has been demonstrated. In general, charge, size,
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and confirmation of proteins can contribute to protein-protein interactions. In
addition to the conformation of ATX-like folds of the PAA1 and PAA2 amino
termini, we believe that charge may also contribute to the interaction between
the transporters. The interaction between these transporters also seems to be
copper dependent, similar to other interactions shown with copper
homeostasis proteins [21,24,25].

Topologies of the PAA1 and PAA2 transporters have not yet been
resolved, however P-type ATPases require the presence of ATP to change
conformation and translocate ions. Therefore, it is predicted that the N- and C-
terminal domains along with a large cytosolic loop containing the ATP binding
domain of PAA2 are located in the stroma. Nevertheless, ATP is present within
the stroma as well as the cytosol and the orientation of PAA1 could be either
direction. Some scientists have speculated that the P-type ATPases are faced
in a direction in which the domain containing the copper binding motif accepts
the copper ion for transport across a membrane. This would result in the
cytosolic location of the PAA1 amino terminus. However, some investigations
in the cyanobacteria, Synechocystis, have revealed that the CtaA transporter
amino terminus in located within the cytosol [26]. This provides important
evidence that the heavy metal binding domain accepting copper can be
orientated the opposite direction that was originally predicted.

Based on the data acquired in this investigation we propose a new
model for copper transport within the chloroplast for delivery to plastocyanin
(Figure 11). In this model, we suggest that there may be a direct interaction

between the amino terminal domains of PAA1 and PAA2 without the
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requirement of a copper chaperone intermediary. Currently, only one copper
chaperone within the chloroplast has been identified and characterized, CCS,
and has been shown to deliver copper to CSD2 [12,27]. Several other putative
copper chaperones have been identified as candidates for chloroplastic
transport from PAA1 to PAA2; however investigations have not yet led to
experimental data to place them in this transport pathway. Further
investigations must be made to resolve the topologies of these transporters,
however /n vivo data will be difficult to obtain. Membrane transporters are
difficult to work with in planta especially when working with fusion tags.
Without proper insertion of the protein in its given membrane topology is
unable to be determined. Additionally, we noted differences in thylakoid
organization in wildtype plants between treatments which could be the
consequence of the interaction between PAA1 and PAA2 to facilitate transport
to plastocyanin. Alternatively, we do not believe that this membrane
organization is caused by the concentration of copper within the chloroplast. If
this were the case, paa7 mutants would have chloroplasts with an uneven
distribution of thylakoids due to the deficiency of copper ions and paaZ2 plants
would display thylakoids that are separated from the envelope due to the
accumulation of the metal ion within the stroma.

In this investigation, we have further characterized the paa7-7, paai-3,
and paaZ-7 mutant plants and determined that mutations affect copper
homeostasis differently in root and shoot tissue. We have also identified a
change in chloroplast ultrastructure in paa7and paa2 mutant plants that is

most likely caused by stress-related damage. Additionally, we describe a novel
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interaction between two separate P-type ATPase transporter domains which

leads us to a newly proposed model for chloroplast copper transport.
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Figure 1. Effect of PAA mutations on copper homeostasis protein
expression and activity. Immunoblot analysis of wildtype (WT), paa7-3, and
paaZl-1 plants grown for 14 days in 2 MS and 2 MS supplemented with 0.5
- 50 uM CuSOq4 (Panel A). A total of 10 ug of soluble protein from whole
plant tissue was resolved on 12.5% SDS-PAGE gels for protein
expression. SOD activity was analyzed using the same tissue (Panel B). A
total of 10 g of soluble protein was resolved on a 15% NATIVE-PAGE gel
for FeSOD analysis and on a 10-20% Tris-HCL gradient gel for analysis of

CSD1 and CSD2 activity. HSP70 and MnSOD proteins were used as
loading controls.
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Figure 2. PAA mutations affect copper homeostasis protein levels
differently in roots and shoots. Immunoblot analysis of wildtype (WT), paa7-
3, and paaZ-1 plants grown for 14 days in 2 MS and %2 MS supplemented
with 0.5 - 10 uM CuSOQ,. Tissue was dissected and harvested separately

for analysis and a total of 10 pg of soluble protein from root or shoot tissue
was resolved on 12.5% SDS-PAGE gels for protein expression. HSP70
and MnSOD proteins were used as loading controls.
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Figure 3. Chloroplast structure of wildtype plants in varying copper concentrations. Wildtype, paa7-1, paa1-3, and
paaZz-1 plants were grown for 14 days in 2 MS and %2 MS supplemented with 10 pM CuSO,. Vegetative tissue was
harvested and prepared for transmission electron microscopy analysis (Scale bars = 2 pm).
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Figure 4. Chloroplast structure of paa7-1 plants in varying copper concentrations. Wildtype, paa7-71, paa1-3, and paaZz-
7 plants were grown for 14 days in %2 MS and %2 MS supplemented with 10 uM CuSO,. Vegetative tissue was
harvested and prepared for transmission electron microscopy analysis (Scale bars = 2 pm).
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Figure 5. Chloroplast structure of paa7-3plants in varying copper concentrations. Wildtype, paa7-7, paa1-3, and paaZz-
7 plants were grown for 14 days in ¥2 MS and Y2 MS supplemented with 10 uM CuSQy. Vegetative tissue was
harvested and prepared for transmission electron microscopy analysis (Scale bars = 2 um).
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Figure 6. Chloroplast structure of paa7-3 plants in varying copper concentrations. Wildtype, paa7-7, paai-3, and paaZ-
7 plants were grown for 14 days in 2 MS and %2 MS supplemented with 10 pM CuSO,. Vegetative tissue was
harvested and prepared for transmission electron microscopy analysis (Scale bars = 2 pm).
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Figure 7. PAA1(N) and PAA2(N) contain ATX-like domains. Sequence and structural similarity of PAAT(N), PAA2(N),
and the ATX copper chaperone. Colors represent alpha helixes (red) and beta (blue) sheets, underlined sequence
depict heavy metal binding domain, asterisks represent identical residues, and dots symbolize residue similarity.
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Figure 8. Purification of PAA1and PAA2 amino terminal domains and
antisera production. Recombinant protein was expressed in £.coliand
purified using affinity chromatography. Purified protein (5 pg) was resolved
on a 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue
(Panel A). Polyclonal antisera were then produced for purified amino
terminal domains and can detect as little as 1 ng of purified protein (Panel

B).
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Figure 9. Interaction between PAA1(N) and PAA2(N) transporters using
yeast two-hybrid. A yeast two-hybrid spot assay was conducted using the
ATX-like domains of PAA1 and PAA2. AH109 yeast cells were co-
transformed with pGAD- and pGBK- based plasmids containing encoding
regions of both proteins. Cells were grown in liquid cultures and spotted on
plates containing +HIS+ADE, -HIS-ADE, and -HIS-ADE supplemented with
2.5 mM 3-amino-1,2,4-triazole (AT) (Panel A). Fusion proteins are
expressed in yeast cells (Panel B). Yeast transformants were analyzed by
immunoblot analysis with PAA1(N) and PAA2(N) antibodies. Sizes of
proteins correspond to the appropriate molecular weight of purified amino
terminal domains fused to yeast two-hybrid tags.
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Figure 10. Quantitative estimates of the interaction between PAA1(N) and PAA2(N) and the effect of a copper chelator on
the interaction. AH109 yeast cells were co-transformed and grown in liquid cultures for B-galactosidase activity
measurements (Panel A). Bathocuproine disulfonic acid (BCS) was added to the media to test whether the interaction is
copper dependent (Panels B-D). The KCBP(N)/KIPK interaction was used as a copper independent control.
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Figure 11. A new model for copper transport in the chloroplast indicating a direct interaction between the PAA1 and PAA2

transporters.
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CHAPTER 3

AtCCS is a functional homolog of the yeast copper chaperone Ccs1/Lys7

The following chapter is found as the publication:

AtCCS is a functional homolog of the yeast copper chaperone Ccs1/Lys7.
FEBS Letters, Volume 579, Issue 11, Pages 2307-2312 S. Abdel-Ghany, J.
Burkhead, K. Gogolin, N. Andrés-Colas, J. Bodecker, S. Puig, L. Pefarrubia,
M. Pilon

Abstract

In plant chloroplasts two superoxide dismutase (SOD) activities occur, FeSOD
and Cu/ZnSOD, with reciprocal regulation in response to copper availability.
This system presents a unique model to study the regulation of metal-cofactor
delivery to an organelle. The Arabidopsis thaliana gene AtCCS encodes a
functional homologue to yeast Ccs1p/Lys7p, a copper chaperone for SOD.
The AtCCS protein was localized to chloroplasts where it may supply copper
to the stromal Cu/ZnSOD. AtCCS mRNA expression levels are up-regulated in

response to Cu-feeding and senescence. We propose that AtCCS expression

is regulated to allow the most optimal use of Cu for photosynthesis.
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Abbreviations used:

CCS, copper chaperone for Cu/Zn superoxide dismutase; Cu/ZnSOD, Cu/Zn
superoxide dismutase; FeSOD, Fe superoxide dismutase; SOD, superoxide
dismutase; GFP, Green Fluorescent Protein; CaMV35S, Cauliflower Mosaic

Virus 35S promoter.

1. Introduction

The two major targets for copper (Cu) delivery within chloroplasts are
plastocyanin in the thylakoid lumen and Cu/Zn superoxide dismutase
(Cu/ZnSOD) in the stroma. Superoxide ions (O ) are formed by the
photoreduction of O, at photosystem-| [1]. Superoxide dismutase (SOD)
detoxifies the potentially damaging superoxide to hydrogen peroxide (H205,)
and Oy; for a review see [2]. H,O, is further reduced to water by other enzymes
in the water-water cycle [1]. Four major SOD activities are detected in
Arabidopsis [3]. The mitochondrial manganese SOD (MnSOD) is constitutively
expressed [3]. One isoform of Cu/ZnSOD is found in the cytosol (CSD1),
whereas another major isoform of Cu/ZnSOD is localized in the chloroplast
stroma (CSD2) [3]. Next to Cu/ZnSOD, the stroma can also contain the activity
of an FeSOD [3], which is structurally unrelated to Cu/ZnSOD [2].

To regulate micronutrient distribution but at the same time avoid metal
ion-induced damage, all living organisms have evolved mechanisms to acquire
and deliver cofactors to target proteins but at the same time avoid the
accumulation of potentially damaging free metal ions in cells [4]. The

Arabidopsis COPT17 gene and its four homologues encode copper transporters
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that may allow the entrance of Cu into cells [5-7]. Copper is imported into the
chloroplast stroma by the P-type ATPase PAA1 and mutations in PAAT affect
both stromal Cu/ZnSOD activity and PC [8]. The Arabidopsis genome encodes
a protein with high sequence similarity to PAA1, called PAA2, which functions
to move Cu into the thylakoid lumen for delivery to plastocyanin [9].

To avoid improper interactions but also to ensure that the correct
delivery pathway is used, copper ions may be directed to specific targets while
bound to cysteine-containing proteins known as copper chaperones; for a
review see [10]. In yeast, Ccs1p/Lys7p delivers copper to the Cu/ZnSOD
(Sod1p) by a direct protein-protein interaction [11,12], a function which is
required to maintain the activity of reactive oxygen species sensitive enzymes
involved in lysine and methionine biosynthesis [13]. Since chloroplasts are a
site of oxygen production it is of interest to note that O, and the copper
chaperone for Cu/Zn superoxide dismutase (CCS) regulate posttranslational
activation of Cu/ZnSOD enzymes [14] by mediating correct disulfide formation
[15]. A single gene, AfCCS encodes for CCS in Arabidopsis [16]. Arabidopsis
CCS encodes a protein with a predicted chloroplast targeting sequence but
dual localization in both cytosol and plastids was predicted if transcripts of
alternative length are produced [16]. Sequences encoding CCS have also
been found in other higher plants such as tomato [17], potato [18] and maize
[19].

The expression and regulation of SOD isoforms in plants has been a
topic of a number of studies, which showed that oxidative stress, light, and

electron transport activity affect plastidic SOD isoform expression [3,8,20]. It

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was recently shown that copper feeding dramatically affects the activity of
FeSOD and Cu/ZnSOD isoforms, whereas the activity of MnSOD is not
affected by Cu availability [9]. Arabidopsis plants grown on media in which Cu
is not limiting express Cu/Zn SOD in the cytosol and stroma. In contrast, plants
grown on low Cu media do not express Cu/ZnSOD in green tissue, which may
allow more efficient Cu delivery to plastocyanin under these conditions. To
allow the dismutation of superoxide an FeSOD is expressed in the stroma
under Cu limitation. Interestingly, in the paa2 mutant, defective in Cu transport
to the thylakoids, an increased expression and activity of Cu/ZnSOD in the
stroma was observed [9]. These observations prompted us to investigate Cu

delivery to stromal Cu/ZnSOD and its regulation.

2. Materials and Methods

Plant material. Arabidopsis plants, the wildtype ecotype Colombia-0 and the
mutant lines paa7-3[12] and paaZ2-7[13] were grown under a 16h light/8h dark
cycle on soil at 23°C. For growth on agar media, seeds were surface-sterilized
and sown on solid 1/2 strength Murashige and Skoog (1/2 MS) medium
including 3% sucrose and 0.4% agargel [21]. The medium was supplemented

with CuSO;, as indicated.

Expression of Green Fluorescent Reporter Protein in Isolated Arabidopsis
protoplasts. Messenger RNA isolation from 14-day old seedlings and cDNA
synthesis are described [22]. Primers to amplify the cDNA containing the

coding sequence for AfCCS (AGI: At1g12520) by PCR are as follows
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(upstream/downstream): 5 TACCGCGGTACCATGGCG ACTGCTCT and &’
ATCCGCGGATCCTTAACCCTTACTGGCCAGGAAA. The PCR fragments
were subcloned in Kpn1/BamH1 digested pBluescript-SK (Stratagene, San
Diego CA). To generate a GFP fusion, the full coding sequence of A{CCS was
amplified to introduce Safl/Nco1 restriction sites for cloning in the GFP
reporter plasmid 350-SGFP(S65T) [23], generously provided by Dr. Norbert
Rolland (Université Joseph Fourier, France). Enzymes, cellulase Onozuka R-
10 and Macerozyme R-10 were obtained from Karlan Research Products
(Santa Rosa, CA, USA). Protoplasts were isolated and transformed as
described [24]. A confocal laser-scanning microscope (FVX-IHRT Fluoview
Confocal LSM, Olympus, Melville, NY, USA) with Kr/Ar laser excitation (488
nm) was used to monitor green fluorescence (530 nm) and red chlorophyll
auto fluorescence (660 nm). Images were captured and processed using
Fluoview software at a 90X magnification at a scan speed of 0.45 seconds for

256X256 pixel area. Scan slices were 1.0 um thick.

Yeast complementation. The AtCCS mature sequence was cloned under the
control of the constitutive PGK promoter in the yeast shuttle vector pFL61 [25]
after PCR amplification to introduce Nof1 restriction sites. The yeast /ys/
mutant [13] was obtained from Dr. V. Culotta (Johns Hopkins University).
Strains were transformed using the Li-acetate method; transformed colonies
were selected on SC minimal media lacking uracil. Complementation was

tested by plating serial dilutions on SC-minimal media lacking lysine [13] or
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supplemented with Menadione (sigma, St Louis, Mo). Plates were incubated at

30°C for 3 days.

Miscellaneous methods. Protein was assayed according to [26]. SOD activity
assays were performed as described [8]. RNA blots were performed as
described [22]. DNA constructs were sequenced in two directions at Davis
Sequencing (Davis, CA, USA). Multiple protein alighments were performed

with the ClustalW program [27].

3. Results

In analogy to the situation in yeast, Cu chaperones may exist, which
deliver Cu to specific targets within the chloroplast. Although the Arabidopsis
genome encodes many proteins with Cys-x-x-Cys containing possible heavy
metal binding domains, our database searches revealed the presence of just 2
candidate genes encoding putative soluble proteins with a heavy metal binding
domain and a putative chloroplast targeting sequence (AGI nrs: At1g12520
and At2g28660). Of these 2 genes, one (At1g12520) encodes a protein similar
to Ccs1p/Lys7p, the yeast Cu-chaperone for Cu/ZnSOD. Earlier database
searches suggested that A{CCS may be the only LYS 7Zlike sequence in
Arabidopsis and it has been speculated that the gene encodes gene products
in both plastids and cytosol [16]. The same protein had been identified as a
potential homologue of Ccs1p/Lys7p, however that clone lacked a significant
portion of the N-terminal sequence [17]. We used RT-PCR to obtain the full-

length protein-coding sequence for A{CCS. Sequence comparison of the
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cloned cDNA and the published genomic sequence (TAIR) indicated the
presence of 6 exons and 5 introns (Figure 1A), an organization that is shared
with the potato homologue [18]. The cDNA sequence confirmed the exon
assignment in the MIPS database (http://mips.gsf.de/proj/thal/db/) and
indicates that it encodes a protein of 320 amino acids. A sequence alignment
of AtCCS with other predicted CCS proteins is shown in Figure 1B. The N-
terminal region of AtCCS includes a predicted 66-amino acid cleavable
chloroplast targeting sequence, and similar sequences are found in the other
plant CCS proteins. The predicted mature AtCCS protein shares a three-
domain structure typical of CCS proteins, including a conserved Atx1-like
domain with canonical MxCxxC binding motifs (domain I), a central domain
with similarity to a portion of Cu/ZnSOD (domain Il) and a C-terminal region
which includes two conserved cysteines (domain ).

To investigate if AtCCS is a functional homologue of yeast Ccs1p/Lys7p
the Arabidopsis protein was expressed without its transit sequence in a yeast
lys7 mutant. We tested for functional complementation by assaying the growth
phenotype on media that lack lysine or contain the superoxide generator
menadione (Figure 2A) and by assaying SOD activity (Figure 2B). An isogenic
wild-type strain and a /ys7mutant transformed with an empty vector were used
as controls. Expression of AtCCS rescues both the growth defect phenotype
and SOD activity in the /ys7mutant. We conclude that AtCCS is functional as a
copper chaperone for SOD in yeast.

In order to investigate the intracellular localization of AtCCS, the coding

sequence for full-length AtCCS protein was fused to the coding sequence for
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green fluorescent protein in a transient expression vector under control of the
Cauliflower Mosaic Virus 35S (CAMV35S) constitutive promoter. Isolated
Arabidopsis protoplasts were transformed with this plasmid and analyzed for
GFP expression. Protoplasts transformed with control CAMV35S:.GFP
exhibited GFP fluorescence in the cytosol as shown in Figure 3. In contrast,
AtCCS:GFP is localized in structures corresponding to chloroplasts when
compared to red chlorophyll fluorescence, indicating that AtCCS is imported
along with the GFP passenger into chloroplasts.

We analyzed the expression of A{CCS using RNA blots which indicated
that AtCCS is expressed both in root and shoot tissues (Figure 4A). A striking
increase in AfCCS mRNA levels was seen in shoots during natural
senescence (Figure 4B). To investigate the effects of Cu feeding and plastid
Cu levels we compared the mRNA expression in shoot tissue of WT and paa 7
and paaZ mutant plants under different conditions of Cu supply (Figure 4C).
AtCCS mRNA levels are clearly induced by elevated Cu levels (Figure 4C).
Interestingly, in the paa2 mutant which accumulates Cu in the stroma [9],
AtCCS mRNA levels were induced at much lower Cu concentrations
compared to the WT and paa7 mutant. RT-PCR experiments showed that

treatment with other metal ions such as Fe did not induce AfCCS expression.

4. Discussion
The protein encoded by At1g12520 (AfCCS), is most likely the metallo-
chaperone that delivers Cu to CSD2 in the chloroplast stroma, in view of its

sequence, the complementation data and the observed localization in plant
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cells. However, AfCCSis the only candidate in the Arabidopsis genome with
high conservation as a copper chaperone for superoxide dismutase. It is
therefore possible that AtCCS delivers copper to both CSD1 and CSD2,
perhaps utilizing an alternative translation start site that skips the chloroplast
targeting peptide as was suggested based on bioinformatic data [16]. The
expression of chloroplastic and CSD2 as well as cytosolic CSD1 is
dramatically up-regulated by Cu [9] and AtCCS is co-regulated with the CSD1
and CSD2 targets indicating an important role of delivery Cu in the regulation
of oxidative stress protection. Interestingly and consistent with our findings,
AtCCS, CSD1and CSD2were found to be down-regulated together in
response to both Zn and Cu deficiency in a transcript profiling study using
micro-arrays [28]. The regulation of AfCCS in response to Cu and senescence
may also reflect the need for protection from oxidative stress and the need to
buffer excess Cu.

It is of interest to compare the reported phenotypes of plants that are
deficient in stromal Cu/ZnSOD [29] and plastocyanin [30]. Arabidopsis
expresses two plastocyanin genes, that are closely related in sequence
[31,32]. Silencing of both copies of plastocyanin leads to a very severe growth
phenotype [33] and plants with insertions in both plastocyanin genes cannot
be maintained on soil [30]. Thus, in higher plants, plastocyanin is an essential
protein and it can be expected that Cu delivery to plastocyanin is a priority for
plants. Arabidopsis knock-down mutants for csd2 were reported to display a
very severe and light-dependent growth phenotype [29]. Photo-reduction of O,

at PSl is thought to be an important mechanism of superoxide ion formation
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[1]. In paa7, the reduced electron transport rate may diminish the need for
photo-protection via an active water-water cycle because photosystem-I will be
more oxidized [8]. We hypothesize that for optimal photosynthesis, the
chloroplast needs to have a Cu delivery system that balances the activity of
lumenal plastocyanin and stromal SOD enzymes under variable metal supply,
ensuring that sufficient SOD activity is present to prevent oxidative damage if
plastocyanin is present and PSI can be reduced (see Figure 5). The available
data suggest that this is achieved by a reciprocal regulation of FeSOD and
CSD2 expression [9] and regulation of the copper chaperone for SOD in
response to Cu in the chloroplast (Figure 4C). On low Cu media WT plants still
produce active plastocyanin, whereas SOD activity is provided by FeSOD
alone. The reduced activity of CSD2 under these conditions may help save Cu
for delivery to plastocyanin in the lumen. Under Cu sufficient conditions CSDZ2
is transcribed and a balanced delivery of Cu to stromal CSD2 (likely via
AtCCS) and to plastocyanin must take place. Under high Cu conditions in the
plastid both plastocyanin and in particular stromal Cu/ZnSOD may help to
buffer Cu concentrations.

We observed the switching between a Cu-enzyme (CSD2) and an Fe-
enzyme (FeSOD) in chloroplasts in response to nutrient status. A Cu/ZnSOD
is not found in cyanobacteria or in the eukaryotic green algae Chlamydomonas
rheinhardltii, which depend on FeSOD activities and therefore this switching
does not occur in these organisms. Plastocyanin is indispensable in plants [30]
and therefore a priority for Cu delivery. However in many algae, including

Chlamydomonas a cytochrome-c [6] can functionally replace plastocyanin
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under low Cu conditions [34]. This presumably saves Cu for other essential
functions such as respiration, which take priority under Cu starvation. Thus,
Cu delivery pathways in higher plants and algae may have adapted differently

to ensure delivery of Cu to the most essential Cu proteins in each organism.
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Figure 1. Sequence alignment and domain structure of Arabidopsis CpCCS.
Panel A: Genomic structure of AtCCS. Exons are indicated by solid boxes,
introns by lines. Primers used to amplify A{CCS cDNA are indicated by arrows.
Panel B: alignment of the CCS from Arabidopsis (AtCCS), yeast (ScCCS),
humans (HsCCS), tomato (LeCCS) and maize (GmCCS). The predicted
chloroplast transit sequence of AtCCS is underlined. Conserved regions
implied in metal binding are indicated by boxes.
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Figure 2. Functional complementation of the yeast /ys7 ccs 7 mutant by AtCCS.
Panel A: Complementation of the growth phenotype of lys/. S. cerevisiae wild
type and /ys7mutant cells transformed with empty plasmid (vector), or vector
containing yeast L YS7/CCS7 or mature AfCCS were assayed for growth on
SD (Complete), SD without lysine (-Lys), and YPD with 25 uM menadione.
Cells were grown in SD lacking uracil to exponential phase (TAsoo = 1.0),
spotted in 10-fold serial dilutions starting at Aggo= 0.1 and incubated at 30°C for
3 days. Panel B: Native gel assay for Cu/ZnSOD activity in yeast. Wild-type or
mutant cells transformed with the indicated plasmids were grown in SD media
and cell extracts (10 pg protein) tested for SOD activity.
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Figure 3. CpCCS is localized in chloroplasts. The coding sequence of the AtCCS precursor was fused to GFP and
expressed in protoplasts. Plasmid expressing GFP alone was used as a control. Cells were analyzed 16 h after
transformation by confocal microscopy.
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Figure 4. mRNA expression analysis of CpCSS. Panel A: Expression in roots
and shoots. Panel B: AfCCS expression during senescence. RNA was
prepared from the leaves of adult plants. CCS expression was analyzed at
different senescence stages, indicated by the percentage of yellow leaf
surface. Panel C: Expression in shoots in response to Cu feeding and in
response to mutations in the chloroplast Cu transporters paa? and paaZ.
Equal amounts of total RNA were loaded and separated on agarose gels,
blotted to Hybond membranes and probed with a AtCCS probe. All
experiments were performed in duplicate. Quantitative data are the average of
two measurements normalized to the control.
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Figure 5. A model for SOD regulation and Cu delivery in chloroplasts. Cu
enters the chloroplast by the PAA1 transporter. When Cu supply is sufficiently
high, CSD7and CSDZ2and the Cu-chaperone gene CCS are transcribed. The
CSD2 protein functions to detoxify the superoxide produced as a result of
photosynthetic electron transport. Under these conditions PAA2 can deliver Cu
to plastocyanin and both CSD1 and CSD2 may help to absorb excess
available Cu and prevent toxicity. When Cu supply is limited, the mRNA and
protein levels for CSD1, CSD2 and CCS are reduced while the FeSOD mRNA
and protein become abundant. This regulation allows PAAZ2 to effectively
deliver Cu to plastocyanin without the need to compete with CCS for Cu under
these limiting conditions.
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CHAPTER 4
Effects of altered CCS expression on copper homeostasis in Arabidopsis with
a novel interaction between CCS and HMA5(N)

Abstract

Copper is an essential micronutrient for plants and plays a crucial role in
processes such as photosynthesis and reactive oxidative species
detoxification. Arabidopsis contains three isoforms of Cu,Zn superoxide
dismutase (SOD) enzymes and the copper chaperone for SOD (CCS) is
required for copper delivery to Cu,ZnSODs within the plant cell. All types of
SODs have the important function of reducing reactive oxygen species (ROS),
which can be a byproduct of photosynthesis and respiration. The chloroplast
contains two different isoforms of SODs that require iron or copper and zinc
transport across the envelope membrane for enzyme activity where metal
cofactor availability may play a role in regulation. Oxidative stress and nutrient
demands can vary based on tissue type and the developmental stage of the
organism. In this investigation, we study how altered CCS expression affects
protein expression of superoxide dismutase enzymes at various copper
concentrations and at different developmental stages. The CCS expression

levels are influenced by copper concentrations. Furthermore, we describe a
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novel interaction between the CCS copper chaperone and the amino terminal
domain of the HMAS transporter and propose a new model for copper

transport in the plant cell.

Abbreviations used:

CaMV 35S, Cauliflower Mosaic Virus 35S promoter; CCS, copper chaperone
for Cu/Zn superoxide dismutase; Cu,ZnSOD, Cu,Zn superoxide dismutase;
CSD1, cytosolic Cu,Zn SOD; CSD2, stromal Cu,Zn SOD; FeSOD, Fe
superoxide dismutase; F, /Fp,, the quantum efficiency of open photosystem ||
centers; MnSOD, Mn superoxide dismutase; NPQ, Non-photochemical
quenching; PC, plastocyanin; PSII, Photosystem Il; ®PSII, Quantum yield of
photosystem |l photochemistry; qP, Photochemical quenching; SOD,

superoxide dismutase.

1. Introduction

Arabidopsis thaliana contains a total of seven superoxide dismutase
genes, which encode three isoforms of SOD enzymes [1]. These enzymes are
categorized by their metal cofactor, iron, manganese, or copper and zinc [2].
All types of SODs have the important function of reducing reactive oxygen
species (ROS), which can be a byproduct of cellular processes such as
photosynthesis and respiration. Superoxide dismutases are responsible for the
conversion of superoxides (O7") to hydrogen peroxide (H,O,) which prevents
the formation of highly reactive hydroxyl radicals (OH). Catalases and

peroxidases can then reduce hydrogen peroxide to water [1,3].
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In Arabidopsis the major SOD isoforms are found in several intracellular
locations: a cytosolic Cu,ZnSOD (CSD1), a chloroplastic Cu,ZnSOD (CSD2),
and peroxisomal Cu,ZnSOD (CSD3), as well as a mitochondrial MnNSOD
(MSD1) and chloroplastic FeSOD (FSD1) [1]. The chloroplast contains two
different isoforms of SODs that require iron or copper and zinc transport
across the envelope membranes for enzyme activity. Due to other copper
requirements within the chloroplast essential for photosynthesis, it has been
suggested that the regulation of FeSOD and CSD2 is controlled by metal
availability, particularly copper [4,5]. Under low concentrations of copper,
priority is for delivery to plastocyanin in the chloroplast and as a result there is
expression and activity of FeSOD. However, when copper supplies are
sufficient the metal is delivered to CSD2 for activity.

Recently, it has been proposed that the regulation of some SODs,
including CSD7and CSDZ2 are controlled by microRNAs. MicroRNAs are small
fragments of RNA (approximately 20 nucleotides long) that regulate target
genes through sequence-specific degradation of mMRNA sequences [6]. The
microRNA family that has been identified for target degradation of CSD7 and
CSDZ2is miR398[7,8]. Experimental data has demonstrated that miR398
responds to both environmental stress as well as copper concentrations to
regulate the expression of both genes [5,9]. It has been hypothesized that
miR398is part of a regulatory mechanism that detects copper availability
needed for proper function of CSD1 and CSD2 and regulates the transcripts of

those genes accordingly [5].
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Copper homeostasis is tightly regulated in plant cells, which is most
likely due to the potential toxicity of free metal ions. However, copper is an
essential micronutrient that is required for photosynthesis, respiration,
ethylene response, as well as superoxide dismutase activity. Copper enters
the plant cell through a Citr-like transporter, COPT1 [10], and is shuttled to one
of its many targets via copper chaperones. Several possible chaperones have
already been identified in Arabidopsis, including ATX1, CCH, and CCS [11].
Both ATX1 and CCH proteins are functional homologs of the yeast ATX1
[12,13]. These cytosolic metallochaperones have been shown to interact with
the RAN1 transporter in the endoplasmic reticulum or Golgi membrane [12]
and HMAS5 in the plasma membrane [14]. The RAN1 (Responsive-to-
antagonist1) transporter is a homolog of the yeast Ccc2 protein and functions
to translocate copper into the endomembrane system were it is required for
ethylene signaling [15,16]. The HMA5 membrane transporter is highly
expressed in roots and flowers, however based on mutant analysis the
function seems to be detoxification of copper within root tissue [14].

Arabidopsis contains one CCS gene (At1g12520) which is expressed in
root and shoot tissue and increases expression levels during senescence [4].
The CCS protein, a functional homolog of the yeast CCS, is co-localized to
both the cytosol and the stroma and is responsible for delivering copper to
Cu,ZnSODs [4,17]. Cystallographic structure analysis of CCS proteins from
yeast and humans indicate that it consists of three domains: an ATX-like

domain (domain ), a SOD-like domain (domain Il), and a unique domain
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(domain Ill) [18-20]. The CCS chaperone also contains a CxxC metal binding
sequence in the amino terminal, ATX-like domain [19].

Plants require the transport of micronutrients over long distances and
across several membranes for proper delivery to target enzymes. Additionally,
demands for nutrients and the production of reactive oxygen species can vary
based on tissue type and the developmental stage of the organism. Here, we
investigate the effects of altering CCS protein expression on other proteins
involved in copper homeostasis and superoxide dismutase. We describe a
growth rate and chlorophyll fluorescence phenotype of CCS overexpressing
plants compared to a CCS knockout mutant. We report a change in expression
levels of CCS and SOD proteins at different developmental stages in deficient
and sufficient copper concentrations. Furthermore, we describe a novel
interaction between the CCS copper chaperone and the amino terminal

domain of the HMADS transporter.

2. Materials and Methods

Plant material and growth conditions. The Arabidopsis CCS T-DNA insert plant
line was obtained from the SALK institute (Salk_025986). Mutant plants were
backcrossed to wildtype three consecutive times and homozygous seed was
collected. The hmab-1 plant line was obtained from Lola Pefarrubia
(Departament de Bioquimica i Biologia Molecular, Universitat de Valéncia,
Spain) and has been described [14]. Arabidopsis plants were grown on 72
Murashige and Skoog (MS) tissue culture media containing 1% sucrose and

0.4% agarose. Treatments were supplemented with either CuSQO4 or methyl
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viologen (MV) to the growth media as stated [21]. Plants were grown for 7-35
days in 12-h/12-h light/dark cycles at a light intensity of 120 umol photons m’
2.5 and 23°C.

Overexpression of CCS in Arabidopsis. Amplification of DNA encoding the full
length sequence of CCS including precursor was performed by PCR using 5'-
catgccatggatggcatcaattctcaggtcagt-3’ (forward) and 5'-
cgcggattcttaaaccttactggccacgaaat-3’ (reverse) primers. cDNA from wildtype
Arabidopsis plants was used as the template for fragment amplification. The
CCS coding region was then cloned in frame into the pFGC5941 vector
containing the CaMV/355 promoter and sequenced in two directions using the
gene specific primers. Arabidopsis thaliana (Col-0) plants were transformed
with the pFGC5941-CCS vector via Agrobacterium using the floral dip method
[22]. Glufosinate ammonium (AgroEvo, Inc.) resistance (0.25 mg/mL) was
used to screen soil grown plants for selection of the plasmid. Individuals from
two separate plant lines (OX77 and OX74) were selected, grown for two

generations and homozygous seed was collected.

Protein Analysis by Immunoblotting and Native Assays. Soluble protein
extraction of plant tissue for SDS-PAGE and NATIVE-PAGE analysis was
performed according to [23]. Protein was quantified using the Bradford method
[24] and bovine serum albumin was used for a standard curve. A total of 10 pg
of protein extract was fractionated on PAGE gels for SOD activity analysis or

immunodetection. Activity of SODs was determined by staining NATIVE-PAGE
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gels according to [25,26] and 10-20% Tris-HCL gradient gels (Bio-Rad
Laboratories) were used to resolve CSD1 and CSD2 activity. The full length
AtCCS recombinant protein was expressed in £. co/iand purified. A polyclonal
antibody was then raised in rabbits against the CCS purified protein (Pocono
Rabbit Farm and Laboratory Inc, PA, USA). Other antibodies used for
immunodetection were obtained from D. Kliebenstein (University of California,
Davis, CA) [1] or have been described [26]. All antibodies were raised against
Arabidopsis purified proteins with the exception of plastocyanin which was

raised against spinach.

Chlorophyll Fluorescence Measurements. Plants were grown in one half MS
medium with 1% agarose for 14 days in 12/12hr light/dark cycles at a light
intensity of 120 pmol photons ms™ and 23°C. Chlorophyll fluorescence was
imaged using a Fluorcam 700MF, controlled by v. 5.0 PSI Fluorcam software
(Photon System Instruments, Brno, Czech Republic), on one hour dark-
adapted plants before and after high light treatment. Fluorescence was
recorded for plants grown at low light intensity. Plants were then placed in
continuous high light (500 umol photons m?s™) and a temperature of 25°C for
64 hours. Immediately after high light treatment plants were measured for

chlorophyll fluorescence again as described above.

Bacteria and yeast cell strains. Escherichia coli strain DH5a (F” 980/acZAM15
A(/acZYA-argF)U169 recA1 endA1 hsaR17(r, m¢’) phoAsupE44 thi-1 gyrA96

re/A1 \') was cultured in Luria-Bertani (LB) broth Miller (EMD Biosciences)

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



medium with the appropriate antibiotic and was used for cloning and
propagation of plasmids. Saccharomyces cerevisiae strain AH109 (MATs,
trp71-901, leu2-3, 112, ura3-52, his3-200, galdA, gal80A4, LYS2 : : GAL Tyas-
GAL 17a74-HIS3, MEL 1GALZ2 j05-GAL27474-ADEZ, URA3::MEL 11a5-MEL T7a74-
/acZ) [27] was obtained from Clontech Laboratories, Inc. (Mountain View, CA,
USA) and was cultured in yeast extract/peptone/dextrose (YPD) (1% (w/v)
yeast extract (Fisher Scientific), 2% (w/v) peptone (Fisher Scientific), 2% (w/v)
D-glucose (Fisher Scientific)) medium or synthetic complete drop out (SD)
medium (Difco) lacking tryptophan and leucine for selection and maintenance

of plasmids.

Plasmid constructs for yeast two-hybrid system. The pGBK-HMA5(N), pGAD-
ATX1, pGAD-CCH, and pGAD-CCHA plasmids were obtained from Sergi Puig
(Departament de Bioquimica i Biologia Molecular, Universitat de Valéncia,
Spain) and are described in the publication [14]. Amplification of DNA
encoding the full length sequence of CCS was performed by PCR using
Expand High Fidelity polymerase (Roche). Oligonucleotide primer sequences
used to generate DNA fragment is 5’-gggaattccatatggcgactgctctcacttc -3’
(forward) and 5’-ataggaatgcggccgeggatccttaaaccttactggccacgaaa-3’ (reverse).
Genomic DNA isolated from wildtype Arabidopsis plants was used as a
template for fragment amplification. The coding region of CCS was cloned in
frame into pGBKT7 and/or pGADT7 vectors (Matchmaker™ Yeast Two-Hybrid

System 3, Clontech) using the ANdel and BamHlI restriction sites.
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Yeast two-hybrid spot assay. Yeast cells were simultaneously co-transformed
with a plasmid containing an activation domain fusion and one containing a
binding domain fusion using the lithium acetate (LiAc) method [28]. Selection
of the transformants was performed on 1.5% agar plates lacking tryptophan
and leucine and several individual colonies were purified for spot assays.
Liquid cultures of yeast co-transformed with pGAD and pGBK based vectors
were propagated in the proper medium for selection of both plasmids for 24
hours at 30° C, shaking at 260 RPM. The optical density of yeast cultures were
measured at 600nm using a DU 530 Life Science UV/Vis Spectrophotometer
(Beckman Coulter, Inc.) and diluted to 0.1 ODggo, then further diluted to 0.01
ODggo for spot assays. An 8-channel pipettor (VWR International) was used to
transfer 3 uL of each dilution onto three separate agar plates containing SD
minimal medium lacking tryptophan, leucine or medium lacking tryptophan,
leucine, histidine, and adenine or medium lacking tryptophan, leucine,
histidine, and adenine supplemented with 2.5 mM 3-amino-1,2,4-triazole
(Sigma). Agar plates were then incubated at 30° C for five days and each

assay was repeated in at least three independent experiments.

[-galactosidase activity assays. The procedure for quantitative estimates of
yeast two-hybrid interactions using B-galactosidase was modified from the
Yeast Protocol Handbook (Clontech) [28]. Liquid cultures of yeast co-
transformed with cloned pGAD and pGBK vectors were propagated in the
proper dropout medium for selection of both plasmids and supplemented with

bathocuproine disulfonic acid (BCS) (Sigma-Aldrich) for 48 hours at 30° C,
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shaking at 260 RPM. Control cultures were propagated in the absence of BCS.
Liquid B-galactosidase activity assays were then carried out following the
Clontech protocol using chlorophenol red-B-D-galactopyranoside (CPRG)
(Calbiochem) as the substrate [28]. Each culture was measured in triplicate for
an individual experiment and three independent experiments were performed.
B-galactosidase Miller units [29,30] were calculated and quantities are
presented as average values * mean standard deviations for the three

experiments combined.

Sequence and statistical analysis. Gene and protein information was obtained
through The Arabidopsis Information Resource (TAIR) database. Sequence
alignments were performed using the CLUSTAL W (1.83) multiple sequence
alignment tool [31]. A model of the HMAS amino-terminal domain was
generated using the SWISS-MODEL Server and DeepView - Swiss-
PdbViewer Software [32-35]. Plasmid DNA was sequenced in two directions
using the forward and reverse gene specific primers used in cloning and/or the
forward and reverse plasmid specific primers. Sequencing was performed by
Macromolecular Resources (Colorado State University, Fort Collins, CO,
USA). Statistical analysis was performed using the Jump-in software package

(SAS Institute, Cory, NC).

3. Results
The Arabidopsis CCS gene (At1g12520) contains six exons with two

separate ATG sites located in the first exon (Figure 1). We obtained a
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knockout mutant plant line for the CCS gene (Salk_025986). Knockout plants
grown on soil did not express CCS protein and also lost the activity of both
CSD1 and CSD2 compared to wildtype plants. In addition to the knockout
mutants, two separate overexpressing lines were produced to study the CCS
protein. Overexpressors grown in limited copper supply (2 MS media) show a
significantly elevated expression of CCS compared to wildtype plants (Figure
2).

CCS is an important protein involved in copper homeostasis and the
superoxide dismutase enzymes that are targets for copper delivery are
responsible for relieving oxidative stress within the plant cell. If the regulation
of CCS is altered the growth rate of the plant may be affected as a result of the
disturbance in copper homeostasis or oxidative stress. To investigate these
possibilities, wildtype, CCSKO, OX717, and OX74 plants were grown on 2 MS
media and Y2 MS media supplemented with CuSO4 or with methyl viologen
(MV) to induce oxidative stress. After 10 days of growth, primary root lengths
were measured (Figure 3). Mean root length measurements were similar
between all plant lines at low copper concentrations (Figure 4). However, at
high levels of copper there was a significant difference between the
overexpressing lines compared to the knockout mutant. In all treatments the
knockout mutant had a decreased mean primary root length compared to
wildtype. Additionally, in most cases OX77and OX74 had an increased
primary root length when compared to the same control plants with the most

significant difference seen in the MV treatment.
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Chlorophyll fluorescence has been widely used to study the effects of
environmental stress to plant systems. Without the activity of several SODs as
a result of a mutation in CCS oxidative stress may occur. Furthermore, the
overexpression of the CCS protein may allow plants to cope more efficiently
with any oxidative stress caused by the environment. Therefore, plant lines
were grown in the presence of CuSO,4 or MV for 14 days and analyzed for
chlorophyll fluorescence. These plants were then treated with continuous high
light for 64 hours and chlorophyll fluorescence was measured again. This
investigation would test how the mutant and overexpressing lines would
manage the oxidative stress caused by high light under various copper
concentrations. Before the high light treatment the mean values of chlorophyll
fluorescence parameters (Fv/Fm, ®PSIl, qP, and NPQ) for wildtype, CCSKO,
OX11, and OX74 plants were similar (Table 1). However, after the high light
treatment the OX77and OX74lines displayed a significantly different Fv/Fm
measurement when compared to the CCS mutant plants. This indicates that
the CCS overexpressers are able to manage oxidative stress more efficiently
than the mutant and in some cases wildtype plants during copper feeding. This
difference between plant lines is best illustrated in falsely colored images
representing Fv/Fm values (Figure 5). In treatments containing 2 - 20 uM
CuSO4 CCS overexpressing plants had higher values of Fv/Fm as indicated by
the dark orange or red color; whereas wildtype and knockout mutant plants
appear yellow or green in color indicating a lower Fv/Fm value.

We wanted to investigate how changes in CCS expression affect other

proteins involved in copper homeostasis. Wildtype, CCSKO, OX71, and OX74
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plants were grown for 10 days on Y2 MS media supplemented with CuSO,4 or
MV for immunoblot and SOD activity analysis. Manganese SOD and HSP70
were used as loading controls for immunoblot assays (Figure 6). One half MS
media containing 0.5 uM Cu was limited in copper supply, which can be
detected by the presence and activity of FeSOD in all plant lines. The CCS
knockout mutant showed no CCS expression in any treatment. Furthermore,
there was little to no CSD1 or CSD2 expression and no activity of either SOD
which was due to the defect in metal cofactor delivery. Interestingly, wildtype
plants displayed an increased expression of CSD2 compared to
overexpressing plants which was more apparent at low copper concentrations.
However, CSD1 did not exhibit the same trend; rather, expression levels
remained similar between OX77, OX74, and control plants. Interestingly, at
low copper concentrations plants that have high CCS expression showed a
decrease in CSD2 protein expression and enzyme activity. Additionally, an
increase in copper concentrations resulted in a slightly higher expression of
CCS protein that can be seen in both wildtype as well as the two
overexpressors (Figure 7). Plastocyanin expression levels were not affected in
any plant line across all treatments.

Copper requirements for proper growth vary in different types of plant
tissue. In addition, oxidative stress can occur at different levels in various
organs and at different stages of development. To investigate what copper
protein expression patterns are seen as a result of developmental demands,
wildtype plants were grown on 2 MS and %2 MS supplemented with 2 pM

CuSOq, for 35 days. Plant tissue was harvested and dissected every seven

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



days for immunoblot analysis. Interestingly, FeSOD was expressed only in
photosynthetic tissue in 2 MS media, which may suggest copper sufficiency in
root tissue and deficiency in shoot tissue (Figure 8). In copper supplemented
media FeSOD was not expressed which indicates copper sufficiency in whole
plant tissue. CSD1 expression is noticeably increased in root tissue compared
to photosynthetic tissue; whereas the inverse is true for CSD2 expression. In
limited copper concentrations CSD2 expression is higher in flowering tissue
compared to leaf tissue. Expression of CCS was found at increased levels in
photosynthetic tissue compared to root tissue in low and high copper
treatments. In low copper, an increase in CCS expression was seen in
inflorescent tissue compare to leaf or root tissue which was a similar trend to
CSD2 expression. However, in sufficient copper CCS was equally expressed
in leaf and inflorescence at 28 and 35 days.

CSD1 and CSD2 expression levels are slightly affected by altered CCS
expression, which may suggest that CCS could acquire copper in the cytosol
and stroma without delivery to SOD or CCS may transport the metal to
additional targets. The amino terminal domain of HMAS contains two copper
binding motifs (MxCxxC) in two separate ATX-like domains (Figure 9). Protein-
protein interactions have been demonstrated between HMAS5(N) and ATX1
and CCH copper chaperones and since HMA5(N) contains two binding
domains in two respective ATX-like domains it is possible for multiple
chaperones to interact with the transporter. The yeast two-hybrid technique
was utilized to investigate if CCS and HMA5(N) proteins can interact with each

other. Interactions between HMA5(N) and ATX1 as well as CCHA were
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observed in this investigation by spot assay as expected (Figure 10). In
addition, a novel interaction between HMA5(N) and the full length version of
CCS was detected. Quantitative estimates of protein interactions were
obtained by B-galactosidase activity assays. Interactions with ATX1 and CCHA
were approximately 2-fold higher than the empty vector control; whereas the
interaction with CCS was 11-fold greater than the same control (Figure 11).
When copper dependency was tested by the presence of BCS in the growth
media none of the interactions were changed by the BCS addition.
Interestingly, the HMAS5-ATX1 interaction increased as copper availability
decreased. This may be due to the addition of the fusion tag or the binding site
for ATX1 is immediately adjacent to the metal ion when bound to HMA5(N).
Interactions between CutA/CutA and KCBP(N)/KIPK were used as controls
and are not believed to be copper dependent [36,37].

With this new protein-protein interaction between HMA5 and CCS,
hmab mutant plants were studied in comparison to wildtype for protein
expression analysis. Plants were grown in Y2 MS media and 2 MS media
supplemented with 10 uM CuSO; for 14 days and analyzed for immunoblot
and SOD activity. In 2 MS media root and shoot tissue of wildtype and Ama5
plants had similar expression of FeSOD, CSD1, CSD2, and CCS proteins
(Figure 12). When whole plant tissue was examined, Ama5 plants displayed a
slight decrease in CSD1, CSD2, and CCS protein expression as well as a
small decrease in CSD1 and CSD2 activity in the high copper treatment.

MnSOD was used as a loading control and plastocyanin proteins levels
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remained relatively unchanged between the mutant and wildtype in both

treatments.

4. Discussion

Previously, only a biochemical phenotype based on SOD activity has
been described for a CCS knockout mutant plant which has been confirmed in
this investigation [17]. Visual phenotypes may not have been detected in the
past due to the mild defect in growth rate compared to wildtype. However, we
have found that when CCS OXplants are compared to CCS knockout mutants
there is a significant difference in growth rate at high copper concentrations.
This is most likely due to the increased ability of the plant to compensate for
excess copper through sequestration of the ion by the CCS protein.
Furthermore, we have detected a chlorophyll fluorescence (Fv/Fm) phenotype
of the CCS overexpressing plants. The values of Fv/Fm indicate the level of
photoinhibition as a result of damage to photosystem Il. High light can cause a
dramatic increase in oxidative stress for photosynthetic organisms; however
OX717and OX74 plants only displayed a phenotype in treatments with
sufficient copper concentrations when CSD proteins are expressed. It has
been suggested that SOD enzymes with different metal cofactors function with
similar efficiency [38]. Copper, zinc superoxide dismutases have been
localized to the cytosol, stroma, and peroxisome, whereas FeSOD has been
found in the stroma [1]. Plants may be able to cope with an increase in
oxidative stress under sufficient copper concentrations due to the multiple

subcellular locations of the three CSD enzymes and at toxic levels the OX
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plants have the ability to sequester excess metal ions before they become
harmful to the cell.

In low copper concentrations, superoxide dismutase expression was
slightly affected when CCS expression was altered. Since copper is low in
supply the priority targets for the metal are plastocyanin and cytochrome ¢
oxidase for photosynthesis and respiration, respectively. As a result, it has
been demonstrated that at low copper levels CSD1 and CSD2 have little to no
expression and FeSOD is the active enzyme for superoxide dismutase. With
the plant below critical toxicity for the metal ion, copper chaperones involved in
scavenging and sequestering excess copper are not expressed. At sufficient
or toxic levels of copper expression and activity of CSD1 and CSD2 increase
and expression and activity of FeSOD are lost. Interestingly, CSD2 expression
in OX plants is lower than wildtype, whereas CSD1 expression is relatively
equal between the same plant lines. The regulatory element for copper within
the plant cell has not yet been identified, however if there is an excess of CCS
protein scavenging free copper ions this regulatory element in the cytosol and/
or chloroplast would detect a decrease in copper levels. Arabidopsis only has
one CCS gene which encodes two CCS proteins for the cytosol and the
stroma [4,17]. It is currently unknown how the plant regulates the transcription
of the two versions of the CCS protein. In this investigation, we have
overexpressed the full length version of the CCS gene, yet the plant may still
be regulating transcription of the two start sites. As a result there may be an
increase of the cytosolic version of CCS which is elevating CSD1 levels and

decreasing CSD2 expression. Subsequently, the decrease in CSD2
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expression may be caused by the degradation of the protein from the lack of
cofactor delivery and not a result of a decrease in transcript levels. Since both
wildtype and OXplants show a slight increase in CCS expression when the
copper levels switch from limited to sufficient, this would suggest that the CCS
protein is regulated by copper levels in the plant cell.

Since copper requirements vary in different tissue types and at different
developmental stages this suggests that changes in expression levels of
copper homeostasis proteins over the course of the plant life are expected.
Copper requirements, based on protein levels, seem to be the lowest in the
root tissue and highest in the inflorescent tissue. Root tissue does not contain
chloroplasts which results in the elimination of plastocyanin. With the exclusion
of this abundant target for copper there is a decrease in demand for the metal
ion. Therefore the plant cell is sufficient in copper and results in the expression
of CSD1 and the lack of FeSOD expression in root tissue. However, all
photosynthetic tissue contains chloroplasts and consequently more targets for
copper within the plant cell.

Plastocyanin is one of the most abundant proteins in photosynthetic
tissue and is arguably the most important protein that requires the delivery of
copper. With the copper resources going to plastocyanin in vegetative and
reproductive tissue the plant cell is easily deficient in copper and FeSOD is the
active superoxide dismutase. When copper concentrations in the media are
low, CCS protein expression is higher in leaf tissue compared to root tissue
before flowering. However, when the plant produces reproductive tissue there

is an increase in CCS expression in inflorescent tissue compared to leaf and
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root tissues. This may be caused by the requirement of copper for floral
development or the increase in oxidative stress generated during reproductive
development and plant senescence. It has previously been shown that CCS
transcript levels dramatically increase during plant senescence [4]. However,
the addition of as little as 2 uM CuSO4 to the media creates a sufficient
environment for the plant where tissue specific as well as developmental
demands are met. In this treatment, the plants displayed an increase in CCS
expression as well as an increase in CSD2 expression in photosynthetic
tissue. Even though this level of copper is considered sufficient due to the
switch of SOD isoform activity, plastocyanin is still a priority for copper
delivery. With much of the copper in the plant cell entering the chloroplast for
delivery to plastocyanin this may create a build up of excess copper in the
stroma. As a result, chloroplastic CCS and CSD2 expression increases to
relieve the stroma from this potentially harmful ion.

Since OX'plants that display an increase in CCS expression do not
have a dramatically altered SOD or lowered expression, what happens to the
metal ion that is sequestered by the CCS protein? It is possible that the copper
chaperone acts similar to a metallothionein by holding the metal ion until the
priority targets in the cell require copper. Alternatively, a more likely scenario
may be that CCS has additional delivery targets other than CSD1 and CSD2.
Here we have reported a novel interaction between the CCS copper
chaperone and the amino terminal domain of HMAS. The HMAS transporter,
similar to RAN1, has two separate ATX-like domains, each with an MxCxxC

heavy metal binding domain [14,16]. The multiple copper binding domains
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would suggest multiple copper chaperones could deliver ions for translocation
by the transporters. As a result both transporters may play an important role in
the detoxification of copper from the plant cell. Due to the cytosolic location of
CCS as well as the location of HMAS in the plasma membrane it is likely that
an interaction would be seen /n p/anta. Compared to the ATX1 and CCHA
interactions with HMAS, the interaction with CCS was considerably greater
when quantitative estimates were measured via p-galactosidase activity
assays. However, all three interactions did not appear to be copper
dependent. In fact, the interaction with ATX1 seemed to increase as copper
availability decreased. Currently, little is known about protein interactions
between copper chaperones and transporters involved in metal ion delivery. It
is also unknown why some interactions have displayed copper dependency
while others have not. This may be due to the protein surfaces involved or the
result that fusion tags have on conformation and charge of the proteins that
are investigated. However, it is likely that the interaction between the
chaperones and transporters occur near the metal binding domain for the ion
to transfer from one protein to the other.

With this novel interaction between CCS and HMAS5(N), we investigated
the effect of a mutation in HMA5on CCS, CSD1, and CSD2 expression. Under
low copper concentrations there was no difference in protein expression levels
between Amab mutants and wildtype in root or shoot tissue. Previously, it has
been demonstrated that HMA5 transcript levels are elevated in sufficient
copper conditions suggesting that the gene is copper regulated. Additionally,

high copper concentrations in root tissue of mutant plants suggest that Ama5
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aids in detoxification of copper in root tissue [14]. As a result, a mutation in
hmab would not significantly affect copper homeostasis proteins at low copper
concentrations. Surprisingly, at high copper concentrations whole plant tissue
of hmab mutants displayed a decrease in CCS, CSD1, and CSD2 protein
expression as well as a decrease in CSD1 and CSD2 activity compared to
wildtype. The difference was not great compared to wildtype, but this was an
unexpected result. It is possible that HMAS aids in the long distance transport
of copper from root tissue to shoot tissue. If this is the case, it would result in
the deficiency of copper in shoot tissue and may lead to a decrease in the
transcription of copper regulated genes. If the priority is for delivery to
plastocyanin there would be little free copper ions in photosynthetic tissue
which could explain a decrease in CCS and CSD expression levels.

With these new findings, we propose that the CCS protein has multiple
targets for copper delivery within the plant cell (Figure 13). This copper
chaperone can delivery copper to the Cu,ZnSODs as well as HMAS for cellular
detoxification or long distance transport within the organism. It should be noted
that a possible visual phenotype was observed in CCS knockout mutants
growing on soil. This potential phenotype was detected only after flowering
occurred in plants that we believe were also limited in copper. After flowering
vegetative tissue began to turn yellowish in color and possible defects in floral
development could have contributed to a decrease in seed development.
Further investigations can be conducted to look at the effects of altering CCS
expression on reproductive tissue. Depending on copper concentrations within

the cytosol and the stroma the plant will regulate between two different
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versions of CCS for different subcellular locations. As cytosolic levels increase
CCS can deliver copper to CSD1 and HMAS, whereas when stromal levels
increase CCS can deliver copper to CSD2 within the chloroplast.

In this investigation we have reported that the alteration of CCS protein
levels slightly affect the expression of the target SOD proteins. We have
described a growth phenotype and chlorophyll fluorescence phenotype
associated with CCS overexpression. Additionally, that copper concentrations
do affect CCS expression slightly which can be seen the best when media
switches between limited to sufficient copper. Furthermore, we have identified
a novel interaction between the CCS copper chaperone and the HMAS

transporter and propose a new model for copper transport in the plant cell.
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Figure 1. CCS knockout plants loose expression of CCS and activity of
CSD1 and CSD2. A map illustrating the AtCCS gene and the location of the
T-DNA insert in the CCS knockout mutant plant (Panel A). Wildtype and
knockout plants were grown on soil for 6-8 weeks and soluble protein was
extracted for immunoblot and SOD activity analysis. A total of 10 pg of
soluble protein from whole plant tissue was resolved on 12.5% SDS-PAGE
gels for CCS expression (Panel B). SOD activity was analyzed using the
same tissue (Panel C). A total of 10 ug of soluble protein was resolved on a
10-20% Tris-HCL gradient gel for analysis of CSD1 and CSD2 activity.
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Figure 2. CCS overexpressing plants accumulate high levels of CCS
protein. Wildtype (WT), KO, OX77, and OX74 plants were grown for 14
days on %2 MS media for immunoblot analysis. A total of 10 ug of soluble
protein from whole plant tissue was resolved on 12.5% SDS-PAGE gels for
protein expression. MnSOD protein was used as a loading control.
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A 1/2MS B. 1/2MS +0.5uM CuSOy4

WT | KO [ OX11] OX14 WT | KO | OX11] OX14

C. 1/2MS + 1uM uSO - D. 1/2MS + 2uM CuSOy4

WT | KO | OX11} Ox14 WT | KO | OX11]0X14

E. 1/2MS 4 10uM CuSO F. 1/2MS + 20uM CuSOy4

WT | KO | OX11| OX14 WT | KO | OX11] OX14

G. 1/25 + 50uM CuSOy4 H. 1/S +02UM MV

WT | KO | OX11] OX14 WT | KO | OX11| OX14

Figure 3. Primary root length of wildtype (T), CCS knockout, OX717, and
OX74 plants grown in ¥2 MS for 10 days in ¥2 MS or 2 MS media
supplemented with CuSO,4 or methyl viologen (MV) where indicated.
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Before High Light Treatment After High Light Treatment

Fv/Fm ®PSI| qP NPQ Fv/Fm ®PSII qP NPQ
1/2MS
WT 0.89 + 0.01 0.45+0.01° 0.64 +0.01° 0.80 + 0.03%° 0.81+0.02 0.46 + 0.01 0.69 £ 0.01° 0.52 £ 0.05
KO 0.90 + 0.01 0.46 +0.01%° 0.66 + 0.01° 0.83 £ 0.03° 0.83 +0.02 0.49 £ 0.02 0.73 £ 0.01° 0.58 + 0.06
OX11 0.90 + 0.01 0.50+0.01° 0.69+0.01° 0.71+0.03° 0.77 £ 0.02 0.44 +0.02 0.70 £ 0.01%° 0.47 £ 0.06
OX14 0.90 + 0.01 0.47 £0.01% 0.66 +0.01° 0.72 £ 0.03%° 0.81+0.02 0.47 +0.02 0.71 £0.01% 0.53 +0.06
1/2MS + 0.5 pM CuSO,
WT 0.89 + 0.01° 0.47 £ 0.01 0.66 + 0.01 0.72 £ 0.03° 0.89 +0.01 0.54 + 0.01° 0.74 £ 0.01° 1.00 + 0.03
KO 0.89 + 0.01° 0.46 + 0.01 0.65 £ 0.01 0.89 + 0.03° 0.90 + 0.01 0.56 + 0.01%®° 0.75+0.01° 1.10 £ 0.03
OX11 0.90+0.01° 0.50 +0.01 0.68 + 0.01 0.79 £ 0.03° 0.90 +0.01 0.58 + 0.01° 0.77 £0.01° 0.98 + 0.04
OX14 0.89 +0.01° 0.47 £ 0.01 0.66 + 0.01 0.82 +0.03% 0.88 +0.01 0.53 + 0.01° 0.74 £ 0.01° 1.01+0.03
1/2MS + 1 pM CuSO,
WT 0.89+0.01° 0.45+0.012 0.64 +0.01° 0.75+0.03° 0.77+0.01 0.41+0.02 0.68 £ 0.02 0.61+0.04
KO 0.89+0.01° 0.48 +0.01%° 0.67 £0.01* 0.90 + 0.03° 0.77 £0.02 0.40 £ 0.02 0.66 + 0.02 0.51+£0.05
OX11 0.90+0.01° 0.50 £+ 0.01° 0.69 + 0.01° 0.75 + 0.03° 0.78 £+ 0.01 0.44 £ 0.02 0.70 £ 0.02 0.60 + 0.04
OX14 0.89 + 0.01® 0.45 +0.01° 0.65 + 0.01%° 0.81+0.03% 0.81+0.01 0.42 + 0.01 0.67 +0.01 0.61+0.04
1/2MS + 2 uM CuSO,
WT 0.90 £ 0.01° 0.46 £+ 0.01° 0.65 + 0.01? 0.77 £0.03 0.84 +0.01%° 0.49 + 0.02° 0.74 £ 0.02° 0.88 + 0.06°
KO 0.89 £ 0.01° 0.49 £ 0.01%° 0.68 + 0.01° 0.86 £ 0.03 0.81+0.01° 0.50 + 0.02%° 0.78 £+ 0.01% 1.12 + 0.06°
OX11 0.90 + 0.01° 0.52 +0.01° 0.71+0.01° 0.76 + 0.04 0.87 +0.01° 0.57 +0.02° 0.81+0.02° 1.08 + 0.06™
OX14 0.90 + 0.01%® 0.46 +0.01° 0.65+0.01° 0.82+0.03 0.85+0.01%° 0.52 + 0.02% 0.76 + 0.01% 1.05 + 0.06%°
1/2MS + 10 pM CuSO,
WT 0.89+0.01° 0.47 +0.012 0.65+0.01° 0.72 +0.03° 0.82 +0.02% 0.49 + 0.02% 0.73+0.01° 0.90 + 0.07
KO 0.89 +0.01° 0.47 £0.01° 0.66 + 0.01? 0.89 +0.03° 0.77 £0.02° 0.44 +0.02° 0.71+£0.01° 0.70 + 0.08
OX11 0.90 + 0.01° 0.53+0.01° 0.71+0.01° 0.71+0.03° 0.83+0.02° 0.55 + 0.02° 0.79+0.01° 0.83+0.06
OX14 0.89 +0.01° 0.49 £ 0.01%° 0.68 +0.01%° 0.78 + 0.03% 0.84 +0.02% 0.51 £ 0.02% 0.73+0.01° 0.81+0.06
1/2MS + 20 uM CuSO,
WT 0.89 £ 0.01° 0.49 + 0.01 0.67 + 0.01? 0.81+0.03 0.79 +0.03% 0.48 £ 0.02° 0.74 +0.02 0.67 + 0.08°
KO 0.89 + 0.01° 0.53+0.01 0.72+0.01° 0.82+0.03 0.76 + 0.02° 0.49 £ 0.02° 0.77 + 0.01 0.70 + 0.07°
0X11 0.90 + 0.01° 0.50 + 0.01 0.68 + 0.01%° 0.77 £ 0.03 0.87 +0.02° 0.57 £ 0.02° 0.79 + 0.01 1.00 £ 0.06°
OX14 0.89 + 0.001? 0.49 £ 0.01 0.67 + 0.01? 0.76 + 0.03 0.83 +0.02° 0.53 + 0.02%° 0.77 + 0.01 0.90 + 0.06%°
1/2MS + 50 pM CuSO;
WT 0.89 + 0.01° 0.48 +0.02°° 0.65 + 0.02%° 0.88 +0.05 0.76 +0.03 0.45 £ 0.03 0.75 £ 0.02% 0.80+0.11
KO 0.89 +0.01° 0.50 + 0.02%° 0.68 + 0.02° 1.01+0.05 0.76 + 0.02 0.48 + 0.02 0.78 + 0.02° 0.82 +0.09
OXx11 0.90 + 0.01° 0.53 +0.02° 0.70 + 0.01° 0.92+0.04 0.78+0.03 0.47 +0.02 0.73 +0.02%® 0.64 +0.10
OX14 0.89 +0.01° 0.47+0.012 0.64 +0.01° 0.89+0.04 0.77 £0.03 0.43+£0.03 0.69 + 0.02° 0.58 +0.11
1/2MS + 0.2 pM MV
WT 0.88 + 0.01 0.47 +0.01 0.66 + 0.01 0.83 + 0.08° 0.81+0.02 0.42+£0.02 0.65 + 0.02 1.02 £ 0.08
KO 0.89 + 0.01 0.47 £ 0.02 0.67 £ 0.02 1.47 £ 0.09° 0.84 +0.02 0.45+0.02 0.70 + 0.03 1.10 £+ 0.09
oX11 0.88 + 0.01 0.48 + 0.01 0.67 + 0.01 1.03 + 0.07° 0.86 +0.02 0.45+0.02 0.68 +0.02 1.22 +0.07
OX14 0.87 + 0.01 0.47 £0.02 0.66 + 0.02 0.88 + 0.09° 0.82+0.02 0.43+£0.02 0.68 + 0.02 1.14 £ 0.07

Table 1. Measurements of mean chlorophyll fluorescence (Fv/Fm, ®PSII, gP, and NPQ) before and after high light
treatments £ S.E. Letters denote significant difference of plants within treatments based on Tukey’s HSD comparison of
least squared means (ANOVA) (n = 3 - 5 individual measurements, p = 0.10). Absences of letters indicate no significant
difference between plants within the treatment.
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A (iy1/2MS ] ‘ (i} - ‘ (iii)

D. (i) 1/2MS + 2uM CuSOy

Figure 5 (Panels A-D). Images of wildtype, KO, OX77, and OX74 plants
grown in ¥2 MS and ¥ MS media supplemented with CuSO4 or MV. Plants
were grown for 14 days (i), treated to 64 hours of high light (ii), and
measured for chlorophyll fluorescence (iii). Chlorophyll fluorescence
images represent Fv/Fm values and are falsely colored (Blue, min value =
0.45; Red, max value = 0.95).
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E. (i)

1/2MS + 10uM CuSO4

F. () 1/2MS + 20uM CuSOy4 (i)

G. (i) 172MS + 50pM CuSOy4 (ii) (iii)

H. (i) 1/2MS + 0.|.LM Mv ‘ (ii) (iii)

SOXTE

Figure 5 (Panels E-H). Images of wildtype, KO, OX77, and OX74 plants
grown in 2 MS and 2 MS media supplemented with CuSO4 or MV. Plants
were grown for 14 days (i), treated to 64 hours of high light (ii), and
measured for chlorophyll fluorescence (iii). Chlorophyll fluorescence
images represent Fv/Fm values and are falsely colored (Blue, min value =
0.45; Red, max value = 0.95).
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Figure 6. Altered CCS expression does not dramatically affect copper
homeostasis protein expression or SOD activity. Immunoblot and SOD
activity analysis of wildtype (WT), CCS knockout (KO), OX77and OX74
plants grown for 10 days in ¥2 MS supplemented with 0.5 - 50 uM CuSO; or
0.2 uM MV. A total of 10 ug of soluble protein from whole plant tissue was
resolved on 12.5% SDS-PAGE gels for protein expression (Panel A).
MnSOD and HSP70 proteins were used as loading controls. SOD activity
was analyzed using the same tissue (Panel B). A total of 10 ug of soluble
protein was resolved on a 15% NATIVE-PAGE gel for FeSOD analysis and
on a 10-20% Tris-HCL gradient gel for analysis of CSD1 and CSD2 activity.

aCCS

Figure 7. Copper concentrations in the media affect CCS protein
expression levels. Immunoblot analysis of wildtype (WT), OX77, and OX74
plant lines grown for 10 days in %2 MS and 2 MS supplemented with 0.5 -2
UM CuSO;.
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Figure 8. CCS expression varies in different tissue type and at different developmental stages. An illustration of
Arabidopsis depicting tissue that was harvested (R, roots; L, leaves; |, inflorescence) (Panel A). Immunoblot analysis of
wildtype plants grown for 35 days in ¥%2 MS (Panel B) and %2 MS supplemented with 2 pM CuSO, (Panel C) (C,
cotyledon). Tissue was dissected and harvested separately for analysis and a total of 10 pg of soluble protein from
root, leaf, or inflorescent tissue was resolved on 12.5% SDS-PAGE gels for protein expression.
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Figure 9. A model of the amino terminal domain of HMA5(N) depicting two
separate ATX-like structural domains. This image was produced using the
SWISS-MODEL Server and SwissPDB-viewer software.
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Figure 10. Interaction between the HMA5(N) transporter and copper
chaperones using yeast two-hybrid. A yeast two-hybrid spot assay was
conducted using the amino terminal domain of HMAS and ATX1, CCH, and
CCS copper chaperones. AH109 yeast cells were co-transformed with
pGAD- and pGBK- based plasmids containing encoding regions of
proteins. Cells were grown in liquid cultures and spotted on plates
containing +HIS+ADE, -HIS-ADE, and -HIS-ADE supplemented with 2.5
mM 3-amino-1,2,4-triazole (AT) (Panel A). CCS fusion protein is expressed
in yeast cells (Panel B). Yeast transformants were analyzed by immunoblot
analysis with CCS antibody. Size of protein corresponds to the appropriate
molecular weight of purified full length CCS protein fused to a yeast two-
hybrid tag.
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Figure 11. Quantitative estimates of the interactions between HMAS5(N) and copper chaperones showing no copper
dependence. AH109 yeast cells were co-transformed and grown in liquid cultures for B-galactosidase activity
measurements (Panel A). Bathocuproine disulfonic acid (BCS) was added to the media to test copper dependency
(Panels B-F). The CutA/CutA and KCBP(N)/KIPK interactions were used as a copper independent control.
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Figure 12. SOD and CCS expression is slightly affected by a mutation in H/MAS. Immunoblot analysis of wildtype (WT),
and hAma5 plants grown for 14 days in 2 MS and %2 MS supplemented with 10 pM CuSO,. Tissue was harvested from
Y2 MS media and dissected for analysis. A total of 10 pug of soluble protein from root or shoot tissue was resolved on
12.5% SDS-PAGE gels for protein expression (Panel A). Whole tissue was harvested from low and high copper
treatments and 10 pg of soluble protein was resolved on 12.5% SDS-PAGE gels for protein expression (Panel B).
MnSOD protein was used as a loading control. SOD activity was analyzed using the same whole plant tissue (Panel
C). A total of 10 pg of soluble protein was resolved on a 15% NATIVE-PAGE gel for FeSOD analysis and on a 10-20%
Tris-HCL gradient gel for analysis of CSD1 and CSD2 activity.
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Figure 13. A new model for copper transport in the plant cell based on a
novel interaction between the CCS copper chaperone and the HMAS
transporter.
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CHAPTER 5

HMA1 functions to transport a metal other than Cu(l) across the chloroplast
envelope which affects photosynthetic activity

Abstract
P1g-type ATPase transporters, a total of eight in Arabidopsis, are responsible
for the translocation of metal ions across membranes. Several of these
proteins are involved in copper transport and homeostasis in plants. Copper is
an essential micronutrient that is required for both photosynthesis and
respiration; transport of metal ions, especially copper, must be tightly regulated
due to potential toxic effects. Two Pqg-type ATPases, PAA1 and PAA2, have
been described and are functional homologs of the CtaA and PacS in
cyanobacteria. They have been localized to the chloroplast envelope and
thylakoid membrane, respectively, and are importers of copper into the
organelle for CSD2 and PC function. Recently, the HMA1 transporter has been
localized to the chloroplast membrane and some data suggests that it could
transport copper for CSD2 activity. Here we compare hma7 mutants to paa 7
and paaZfor chlorophyll fluorescence, protein expression, and chloroplast

structure. We report that all mutants contain a chlorophyll fluorescence
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phenotype which affects photosystem |l efficiency. However, this phenotype
can be recovered by copper feeding in paa7and paaZplants, but not hma7
mutants. Furthermore, protein levels of CSD1, CSD2, CCS, and PC were not
affected in Ama7 mutants and there was no difference in SOD activity between
hma 1 and control plants. Additionally, we describe a unique change in
chloroplast structure of Ama7-4 mutants that is distinctly different from wildtype
and paa7-3 plants. With this data, we propose that HMA1 transports a metal
ion across the chloroplast envelope other than Cu(l) which affects

photosynthetic activity.

Abbreviations used:

CCS, copper chaperone for Cu/Zn superoxide dismutase; Cu,ZnSOD, Cu,Zn
superoxide dismutase; CSD1, cytosolic Cu,Zn SOD; CSD2, stromal Cu,Zn
SOD; FeSOD, Fe superoxide dismutase; F, /Fn, the quantum efficiency of
open photosystem Il centers; MnSOD, Mn superoxide dismutase; NPQ, Non-
photochemical quenching; PC, plastocyanin; PSIl, Photosystem Il; ®PSII,
Quantum yield of photosystem Il photochemistry; gP, Photochemical

quenching; SOD, superoxide dismutase.

1. Introduction

The Heavy Metal Associated gene family encodes protei.ns that are
categorized as P1g-type ATPases. These transporters, a total of eight in
Arabidopsis, are responsible for the translocation of metal ions across

membranes. P-type ATPase proteins are predicted to have eight
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transmembrane domains with a large cytosolic loop between the sixth and
seventh transmembrane domain [1,2]. There is a heavy metal binding domain
at the amino and/or carboxy termini as well as a CPx motif in the sixth
transmembrane domain that is speculated to function in ion transduction [3,4].
Another conserved sequence is DKTGT, found in the large cytosolic loop,
which is the site of phosphorylation. Once a metal binds to the transporter,
ATP is required for phosphorylation that changes the conformation of the
protein resulting in the transfer of an ion across the membrane [5].

The P4g-type ATPase subgroup of transporters is further divided into
two different groups based on the putative heavy metals they are hypothesized
to transport. The first group is the Zn?*/Co?*/Cd**/Pb?* ion transporters and
consists of HMA1, HMA2, HMA3, and HMA4 in Arabidopsis; while the second
group includes HMAS5, PAA1 (HMAG), RAN1 (HMA7), and PAA2 (HMAS8) and
is thought to transport Cuz"/Ag2+ ions [6,7]. These two groups were originally
developed based on sequence and phylogenetic analysis with the transporters
in the Zn group containing histidine rich regions in the amino and/or carboxy
termini areas of the proteins, whereas the transporters in the Cu group have
one or two MxCxxC heavy metal binding domains in their amino terminus
region.

Copper is an essential micronutrient that is required for the biological
processes of photosynthesis and respiration. However, homeostasis of this
metal ion is tightly regulated in organisms due to its potential toxic effects.
Copper is thought to enter the plant cell membrane from the apoplast by a Ctr-

like transporter called COPT1 [8]. Once in the cytosol, copper is then
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transported to one of its many targets via copper chaperone. Arabidopsis
contains three Cu,Zn SOD enzymes located in the cytosol (CSD1), stroma
(CSD2), and peroxisome (CSD3). Plants possess a homolog of the yeast
CCS, also called CCS that is the copper chaperone for SOD.

The copper chaperones responsible for delivery to the mitochondria for
cytochrome c oxidase and the chloroplast envelope are currently unknown;
however several chloroplastic P1g-type ATPases have been described. PAA1
has been localized to the chloroplast envelope and is thought to be the primary
transporter for copper ions into the organelle [9]. The PAA2 transporter, a
homolog of PAA1, has been localized to the thylakoid membrane and is
responsible for copper transport into the lumen where it is required for the
proper function of plastocyanin [10]. The PAA7 gene is expressed in the root
tissue, whereas PAA7and PAAZ are both expressed in photosynthetic tissue.
Plants containing mutations in the PAA7 or PAAZ genes display a decrease in
growth rate and exhibit a high chlorophyll fluorescence phenotype that
suggests a defect in the electron transport pathway. Both mutants also show a
decreased protein accumulation of plastocyanin which may be correlated to
the growth rate and fluorescence phenotypes. Interestingly, these phenotypes
can be overcome by copper feeding [9,10].

Since a mutation in PAATis not lethal and only results in a decrease in
growth rate due to impairment of photosynthetic activity it has been
hypothesized that copper can enter the chloroplast through non-specific
interaction with another transporter. Recently, a third P1g-type ATPase, HMAT,

has been localized to the chloroplast [11]. Yeast expression data has
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suggested that HMA1 could be involved in both copper and zinc transport
across the envelope. In Arabidopsis, a mutation in HMA 7 causes leaf chlorosis
in high light treatments a reported decrease in SOD activity [11]. It has been
proposed that HMA1 could be an alternate copper transporter in the
chloroplast envelope that translocates the ion for CSD2 activity and function.

Comparison of HMA1 and PAA transporter sequences yield several
dissimilarities. The PAA transporters have a typical heavy metal binding motif
in the amino terminal domain that is associated with copper transport, MxCxxC
(Figure 1). Other copper transporters, RAN1 and HMAS, as well as copper
chaperones also contain MxCxxC or CxxC binding domains. In contrast, the
HMA1 transporter has a histidine rich region at the amino terminus.
Additionally, the PAA transporters contain a CPC sequence in the sixth
transmembrane domain, whereas HMA1 contains a CPS motif in the site of ion
transduction. Although, the HMA1 protein sequence is dissimilar to PAA1 and
PAAZ2 it is not highly similar to other putative zinc transporters either. The
sequence of HMA1 is slightly different from HMAZ2, 3, and 4 in that the
hisitidine rich region is in the amino terminus and it has a rather short carboxy
terminus. Since the hypothesis of the Zn?*/Co?*/Cd?*/Pb?* and Cu?*/Ag®*
groups of Heavy Metal Associated transporters there has been a significant
amount of experimental data that supports thé theory. The more recent data to
suggest that HMA1 could be a copper transporter rather than a Zn transporter
[11] has created much dispute over the function of this protein.

In this investigation, we compare the Ama 7 mutants to paa7and paa2

mutants. If all three transporters reside in the chloroplast and transport copper
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we hypothesize that mutations in those genes would create similar
physiological and biochemical effects on the plants. In particular, other
proteins involved in copper homeostasis would be affected to compensate for
the mutation. We report that a mutation in HMA 7 creates a chlorophyll
fluorescence phenotype that is unlike paa7and paaZin that it is not affected
by copper feeding. Additionally, we demonstrate that the proteins involved in
copper homeostasis are not affected in Ama 7 mutants in expression levels or
activity. Finally, we describe a unique change in chloroplast structure in Aima7
plants that is different than paa 7 mutants. All together, this data suggests that
the HMA1 transporter functions in the translocation of an ion other than Cu(l)

across the chloroplast envelope and that affects photosynthetic activity.

2. Methods and Materials

Plant material and growth conditions. Arabidopsis ecotypes Colombia-O (Col)
and Wassilewskija (Ws) were used as wildtype controls. The Ama 7 mutant
seed, hmai-4(Col), ACT (Ws), and DRC (Ws), were obtained from Norbert
Rolland (Université Joseph Fourier, Grenoble, France), were propagated for
this study, and insertions were confirmed using polymerase chain reaction
(PCR). The pc-2 (pete2) seed were obtained from Dario Leister (Max-Planck-
Institut fur Zichtungsforschung, Kéln, Germany) and has been described [12].
The paa7-3, and paaZ2-7 mutants have been described [9,10]. Arabidopsis
were either grown in soil or one half Murashige and Skoog (MS) medium
including 1% sucrose and 0.4% agar gel [13]. The agar medium was

supplemented with CuSO4 (Sigma # C9012; Sigma, St Louis) as indicated.
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Chlorophyll Fluorescence Measurements. Chlorophyll fluorescence
measurements were taken for plants grown in normal light conditions, high
light, as well as copper feeding treatments. Seeds were sown in soil for normal
light conditions grown for four weeks at a light intensity of 120 pmol photons m
2.5" and 25°C. Plants in the high light experiment were also grown on soil for a
total of four weeks, two weeks at a light intensity of 120 pmol photons m%s™
and two weeks at a light intensity of 250 pmol photons m2s™' and 25°C. For
the copper feeding experiment, plants were grown in one half MS medium with
1% agarose for 14 days in 12/12hr light/dark cycles at a light intensity of 120
pmol photons m?s™ and 23°C. Data from plants on one half MS media was
taken from two separate biological replicates and was compiled. Chlorophyll
fluorescence was imaged using a Fluorcam 700MF, controlled by v. 5.0 PSI
Fluorcam software (Photon System Instruments, Brno, Czech Republic), on
one hour dark-adapted plants. Statistical analysis was performed using the

Jump-in software package (SAS Institute, Cory, NC).

Protein Analysis by Immunoblotting and Native Assays. Soluble protein
extraction of plant tissue for SDS-PAGE and NATIVE-PAGE analysis was
performed according to [14]. Protein was quantified using the Bradford method
[15] and bovine serum albumin was used for a standard curve. A total of 15 ug
of protein extract was fractionated on 12.5% SDS-PAGE gels before
immunodetection. While 10 pg of protein extract was fractionated on 15%

NATIVE-PAGE gels for SOD acitivty and was stained according to [10,16]
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Antibodies used for immunodetection were obtained from D. Kliebenstein
(University of California, Davis, CA) [17] or have been described [10] with the
exception of CCS. The full length AtCCS recombinant protein was expressed
in £. cofiand purified. A polyclonal antibody was then raised in rabbit against
the CCS purified protein (Pocono Rabbit Farm and Laboratory Inc, PA, USA).
All antibodies were raised against Arabidopsis purified proteins with the

exception of plastocyanin which was raised against spinach.

Transmission Electron Microscopy. Vegetative tissue from 14 day old plants
were fixed in 5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.2) for
2 hours, then rinsed three times in 0.1M sodium cacodylate buffer, and post-
fixed in 2% osmium tetroxide in 0.1M sodium cacodylate buffer for 2 hours.
Samples were then dehydrated in acetone (30, 50, 70, 90, and 100%) for 15
minutes each. Fixation and dehydration of all plant tissue was performed at the
same time and at 4°C. After which samples were brought to room temperature
with the last dehydration step. Tissue was embedded over 24 hours by adding
Spurr’s resin, and then polymerized for 12 hours at 70°C. Thin sectioning was
performed using a Porter Blum MT-2 ultramicrotome and sections were
stained for 7 minutes in 1% (w/v) uranyl acetate and for 2 minutes in 0.2%
(w/v) lead acetate. Thin sections were imaged using an AEIl electron

microscope.

3. Results
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Previously, it has been demonstrated that Ama 7 mutant plants exhibit
yellowing of vegetative tissue when placed in high light [11]. Seeds were
obtained from Norbert Rolland (Université Joseph Fourier, Grenoble, France)
and propagated for this investigation. To ensure that plants contained the
same phenotype that was described plants were grown for two weeks at 120
umol photons m?-s™ and then placed in 250 umol photons m?-s™ for two
additional weeks. We demonstrate that the Ama 7 mutant plants used for this
study display the same chlorotic phenotype in high light that was previously
reported (Figure 2). Chlorophyll fluorescence measurements (Fv/Fm, ®PSII,
gP, and NPQ) were taken on the soil grown mutants after high light treatment
and compared to wildtype plants according to their background (Figure 3).
Data recorded for PSII efficiency were significantly reduced in Ama 7 mutants
compared control plants; however no significance was seen in Fv/Fm
measurements. When comparing Ama 7 mutants to wildtype controls no trend
was seen with gP and NPQ measurements that were consistent in both
backgrounds.

Mutations in PAA7and PAAZresult in a defect of photosynthetic activity
that can be detected by measuring chlorophyll fluorescence [9,10]. If HMA1
transports copper across the envelope membrane similar to PAA1 than similar
chlorophyll fluorescence phenotypes would be expected. Wildtype, Aima,
paal, and paa2 mutant plants were grown on soil for four weeks in normal light
conditions and chlorophyll fluorescence measurements were taken. In the Ws
background, a significant different was displayed between Ama 7 mutants (ACT

and DRC) and control plants in ®PSIl and qP measurements (Figure 4). In the
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Columbia background no trends were seen in Fv/Fm, ®PSII, gP, or NPQ
measurements.

When copper fed, paa7and paaZ2, mutants recover their growth
phenotype which is most likely due to a restoration of photosynthetic activity.
Since hmal, paal, and paa2 all exhibit significantly different PSI|
measurements compared to wildtype plants, we investigated whether copper
feeding would restore the PSII efficiency when mutants are fed with copper.
Plants were grown on 2 MS and 2 MS media supplemented with 2 uM CuSQ4
for 14 days in normal light. Very little change in Fv/Fm was seen between
plants and between treatments (Figure 5). Photosystem Il efficiency (PPSII)
was significantly different between wildtype and all mutants in deficient and
sufficient copper conditions. Interestingly, an increase in ®PSIl was observed
in most plant lines when fed with copper; however copper had the least effect
on fima 7 mutants (ACT, DRC, and Ama7-4). This effect of copper feeding can
be illustrated in falsely colored images of PSII efficiency where minimum value
equals 0.250 (blue) and maximum value equals 0.500 (red) (Figure 6). All
plant lines, with the exception of Ama7-4, ACT, and DCR, displayed a sizable
difference in photosystem Il efficiency when fed copper. Most Ama 7 mutant
plants yielded a significantly different gP measurement in low and high copper
concentrations compared to wildtype controls (Figure 7). A difference was also
seen between paa7and wildtype in Y2 MS; however, when media was
supplemented with copper, P increased in paa7to a level higher than control
plants. Little difference was seen between paa2and pc-2plants and wildtype

in treatments and did not seem to be affected by copper. Non-photochemical
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qguenching (NPQ) was not significantly different between Ws, ACT, and DRC
plants in either treatment. Wildtype, paa’, paa2 and pc-2NPQ levels
increased when fed with copper however Ama7 did not.

It has been previously demonstrated that mutations in PAA7 or PAAZ
affects plastocyanin, CSD1, and CSD2 protein expression as well as SOD
activity [9,10]. If HMA1 functions in copper transport for CSD2 activity in the
chloroplast both expression as well as activity levels would be altered. To
investigate this, wildtype (Col and Ws), paa, paaZ, hmai, ACT, and DRC
plants were grown for 14 days on 2 MS and 2 MS supplemented with 2 uM
CuSOq. Wildtype controls displayed a switch between FeSOD expression and
activity in low copper and Cu,ZnSOD expression and activity in sufficient
copper concentrations (Figure 8). CCS and CSD1 expression in paa7and
paalplants were elevated in 72 MS media. Increased levels of CSD1 were
noticeable in paa7 plants in supplemented copper treatments, whereas
expression levels of CSD2 were increased in paaZ2 plants in the deficient
copper treatment when compared to all other plant lines. Plastocyanin levels
were dramatically affected in paa7and paaZ plants in both treatments
compared to controls and Ama 7 mutants. In contrast to the paa7and paa2
mutants, Ama7 mutants did not display a difference in CSD1, CSD2, CCS, or
PC protein expression levels when compared to control plants in deficient or
sufficient copper cond.itions. Activity of SOD followed the same trend as
protein expression levels. Elevated CSD1 and CSD2 activity was seen in paa7
and paa2mutants, whereas no differences in activity levels were seen

between Ama7 and control plants.
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Since photosynthetic activity is affected in paa7and hAma7 mutants that
can be demonstrated by chlorophyll fluorescence (specifically PSli efficiency)
this may be correlated to changes to the structure of the chloroplast. Wildtype
(Col), paat, and hma7-4 were grown in 2 MS and %2 MS supplemented with
10 uM CuSO4 for 14 days. Tissue was then harvested and prepared for
analysis via transmission electron microscopy. We observed distinct
differences in the chloroplast structure of paa7-3and hAma7-4 when compared
to wildtype plants (Figure 9 - 11). We noted a change in the chloroplast shape
in Ama 7 mutants that was unlike other plant lines. Many of the chloroplasts
were oblong in shape and appeared to bulge on one side of the chloroplast. In
contrast, paa7-3 mutants contained altered ultrastructure in the stroma
between thylakoid membranes. A minimal amount of starch was observed in
hma 1 plants, while the presence of starch in wildtype and paa7-3was
negligible. In the sections that were imaged it appeared that the addition of
copper to the media slightly decreased thylakoid stacking in all plants.
However, stacking of the thylakoid membranes was the strongest in wildtype
plants (Figure 12). We noted a distinct difference in organization of thylakoid
membranes between Ama7and paa7 plant lines. A decrease in stacking was
exhibited in paa7 plants, especially in the copper treatment, whereas Ama7

plants were similar to wildtype in appearance of grana.

4. Discussion
Arabidopsis thalilana contains eight members of the HMA family that

encode Pig-type ATPases. Most of these genes have been characterized in
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Arabidopsis, such as HMA1, HMA2, HMA4, HMAS, PAA1, RAN1, and PAA2
[9-11,18-22]. The HMAS, PAA1, RAN1, and PAA2 transporters have been
demonstrated to translocate copper; whereas data on HMA2 and HMA4
suggests that their metal specificity is with zinc, cadmium, and possibly lead.
The initial characterization of HMA1 suggests the function could be copper and
zinc translocation. In this investigation, we have confirmed a high light
phenotype of Aima7 mutants which is a yellowing of vegetative tissue. There is
also a slight decrease in growth rate in these mutant plants under the same
treatment. In normal light conditions paa7and paaZ2 exhibited a moderate to
severe decrease in growth rate, whereas there was no visual difference
between fima7and wildtype control plants.

If the function of HMAT1 is to transport copper into the chloroplast for
CSD2 acitivity, protein expression as well as activity levels of the enzyme
would decrease. We have reported that there is no difference in CSD2 protein
levels in Ama7 mutants compared to wildtype. Furthermore, plants would also
display a change in protein expression levels of CSD1 in the cytosol as well as
CCS which delivers copper to CSD1 and CSD2. In paa7and paaZ mutants,
there is a sizable difference in expression levels of CCS, CSD1, and CSD2
proteins compared to wildtype which is most likely due to either an
accumulation of copper ions in the cytosol (paa7) or an accumulation of
copper ion in the cytosol and the stroma (paa2). Wildtype and Ama17 plants
displayed similar CCS and CSD1 protein expression levels. Similar trends
between plants were seen when SOD activity was analyzed where CSD1 and

CSD2 activity were elevated in paa7and paaZ2 and no difference was seen in
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hma 1 plants compared to controls. Altogether, these immunoblot and activity
assays suggest that a mutation in the #MA 7 gene does not alter the affect of
protein expression or activity of CSD2 or other proteins involved in copper
homeostasis (CCS, CSD1, and PC) in a plant cell.

Chlorophyll fluorescence analysis is widely used to study the effects of
mutations as well as treatments on photosynthetic activity. If HMA1 is involved
in SOD regulation and activity within the chloroplast Fv/Fm measurements
would detect possible photoinhibition as a consequence of oxidative stress
caused by a defect in the transporter. However, Fv/Fm values in Ama7 mutant
plants were no different than wildtype in normal light or high light treatments as
well as on 2 MS media. Interestingly, an HMA1 mutation most dramatically
affected PSI| efficiency and gP values in all treatments that were tested. This
phenotype, similar to paa7and paaZ2 would suggest that there is a defect in
photosynthetic activity downstream of photosystem Il; however a location of
this defect can not be determined with this data. Since plastocyanin protein
levels are severely affected in paa7and paaZitis likely that this is the location
of the defect in these mutants. There is currently no experimental data to
suggest where the defect is located in the photosynthetic pathway of hma7
plants. Additionally, copper feeding affected chlorophyll fluorescence
measurements in all plants except for the Ama 7 mutants.

Genetic mutations of genes that encode chloroplastic proteins can
cause a change in chloroplast structure, which can be severe. One such
example is a mutation in chloroplastic NifS which causes a dissociation of

grana and thylakoid membranes [23]. If PAA1 and HMA1 are both located in
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the chloroplast envelope and have similar functions any change in the
chloroplast structure would be expected to be similar between mutants. We
have demonstrated a unique change in chloroplast structure in Ama 7 mutants
in low and high copper conditions. Here we note that there is a change in
overall shape of the Ama7 chloroplasts, as a result the chloroplast appears to
bulge on one side. However, we are not certain if this is the result of the
mutation, fixation procedures, or if it represents the area of the leaf that was
imaged. In contrast, the paa 7-3 mutant plants did not display that same
change in chloroplast ultrastructure when compared to Ama 7-4 plants. These
plants contained stress related damage and under high copper there was a
decrease in grana stacking and dissociation of thylakoids which was not as
severe as NifS mutants [23].

Recently, it has been suggested that sequences within the sixth,
seventh, and eighth transmembrane domains of Pz-type ATPases can
contribute to metal specificity [5]. In addition to metal binding and ion
transduction sequences being dissimilar between HMA1 and the PAA
transporters, there are also differences in the sequences within these other
transmembrane domains. The PAA1 and PAA2 transporters contain xYN and
MxxxS sequences in the seventh and eight transmembrane domains,
respectively. In contrast, HMA1 contains a HEGG sequence in the eighth
transmembrane domain. With this level a variation between HMA1 and the
PAA transporter sequences it is unlikely that metal specificity for binding is the
same. Topologies of PAA1 and HMA1 transporters have yet to be resolved;

however, since ATP is present on both sides of the envelope it is possible for
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either orientation to occur. Biochemical data suggests that PAA1 functions as
an influx for copper ions in the chloroplast. It is possible that HMA1 could be
orientated in the opposite direction and acts in metal efflux from the organelle.
Several metals, such as cobalt and cadmium, have been shown to interact
with proteins requiring copper for function. Copper, zinc superoxide dismutase
enzyme crystal structure has been resolved with cadmium located in the
copper binding domain [24]. Additionally, a cobalt(lll) complex has been
demonstrated to target the bgf complex in photosystem Il and affect
photosynthetic activity [25]. If either of these two metals accumulated in the
chloroplast they could have non-specific interactions with other metalloproteins
and negatively affect plant physiology and biochemistry. All of the plant lines in
this investigation were grown on various concentrations of copper, zinc, and
cadmium in an attempt to resolve which metal HMA1 transports. However, we
were unable to make conclusions on this experiment due to the two different
ecotypes of the mutants that were used. It appeared that Ws and Col ecotypes
of Arabidopsis cope with metals differently. Overall, we did not observe
changes or phenotypes that were consistent cross both ecotypes in ACT,
DRC, and Ama7-4 plants.

In this investigation, we report that there is little similarity between the
hma1and PAA mutant plants. Although, all mutants display a chlorophyll
fluorescence phenotype, especially with photosystem |l efficiency, ima7
mutants were not affected by copper feeding. In addition, CCS, CSD1, CSD2,
and PC protein levels were dramatically affected in paa7and paaZ, whereas

there was no difference between Ama7 and wildtype controls. Superoxide
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dismutase was not affected in Ama 7 mutants, which was in contrast to paa7
and paaZ. Finally, we describe a unique chloroplast ultrastructure in Ama7
mutants that is distinctly different from wildtype or paa7 plants. All together, we
propose that the HMA1 is not a primary or secondary transporter of Cu(l) into
the chloroplast for proper function of either plastocyanin or CSD2. We believe
that the primary function of HMA1 is to transport a metal other than Cu(l)
across the envelope membrane, which is most likely zinc but could also be
cobalt or cadmium. If HMA1 does interact with copper /n planta we believe it is
a non-specific interaction. We do not believe that the function of this
transporter has fully been resolved and further investigation is needed to
determine the metal specificity, membrane topology, as well as the cause of

defect in photosystem |l efficiency.
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A. HMA1 Transporter
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Figure 1. Models of the HMA1 and PAA transporters from Arabidopsis
thaliana.
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Figure 2. A mutation in HMAT7 causes yellowing of vegetative tissue in high
light conditions. Images of Aima 7 mutant plants and control plants grown on
soil after a total of four weeks growth.
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Figure 3. Measurements of mean chlorophyll fluorescence (Fv/Fm, ®PSI|, gP, and NPQ) after high light treatments *
S.E. Wildtype (Col and WS), ACT, DRC, and hma 7-4 plants were grown on soil for a total of four weeks. Letters denote
significant difference of plants categorized by ecotype within treatments based on Tukey’s HSD comparison of least
squared means (ANOVA) (n = 2 - 6 individual measurements, p = 0.05).
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Figure 4. Measurements of mean chlorophyll fluorescence (Fv/Fm, ®PSII, gP, and NPQ) + S.E. Wildtype (Col and
WS), ACT, DRC, hma1-4, paai-3, paa2-1, and pc-2 plants were grown on soil for a total of four weeks in normal light
conditions. Letters denote significant difference between plants categorized by ecotype within treatments based on
Tukey’s HSD comparison of least squared means (ANOVA) (n = 4 - 8 individual measurements, p = 0.05).
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Figure 5. Measurements of mean chlorophyll fluorescence (Fv/Fm and ®PSII) £ S.E. Wildtype (Col and WS), ACT,
DRC, hma1-4, paa1-3, paa2-1, and pc-2plants were grown for 14 days on 2 MS (Panel A) or 2 MS media
supplemented with 2 uM CuSOQO4 (Panel B). Letters denote significant difference between plants categorized by ecotype
within treatments based on Tukey’s HSD comparison of least squared means (ANOVA) (n = 4 - 8 individual

measurements, p = 0.05).
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Figure 6. Images of wildtype (Col and WS), Aima -4, ACT, DRC, paa7-3, paa2-1and pc-2plants grown in 2 MS and %2
MS media supplemented with 2 UM CuSO,. Plants were grown for 14 days and measured for chlorophyll fluorescence.
Chlorophyll fluorescence images represent PSlI efficiency values and are falsely colored (Blue, minimum value =
0.250; Red, maximum value = 0.500).

164



‘uolssiwuad noyum pauqgiyold uononposdal seyunS “Jaumo JybuAdoo ayy Jo uoissiwiad yum paonpoiday

A. 1/2MS B. 1/2MS + 2uM CuSOy4
08¢ 08 0.8 0.8
a a C
07} b b o7k ab b b @ 0.7 a7k ab b € ac
06} iy 06} s 06 o6}
a 05F :’, L o 05F o 0.5 a o5k
Y o4} il c"0.4[— - 04 o4t
03f Sy 03[ [ 03 o3}
02k 0 02 S 02 02
01} o o1 i 0.1 o1f
0.0 0.0 o 0.0 0.0 ]
WS ACT DRC COL hmal paal paa2 pc-2 COL hmal paal paa2 pc-2
15p 1.2 1.6 a 15 a
a  a a a @ 4 a ab
12k . 10 T ab zp T I 12k b ab ab
| B 7 o 12} (Y ; -
09 0.8 b - Sosl =
g " osf £ 0s o g
Z o6} . e o6k S 06|
chrEa 0.4} b :
03t L 02}k e o4r L 03}
: : 0.2
0.0 : 0.0 0.0 - 0.0
WS ACT DRC COL hmal paal paa2 pc-2 WS ACT DRC COL hmal paal paa2 pc-2

Figure 7. Measurements of mean chlorophyll fluorescence (qP and NPQ) + S.E. Wildtype (Col and WS), ACT, DRC,
hma1-4, paai1-3, paa2-1, and pc-2 plants were grown for 14 days on 2 MS (Panel A) or 2 MS media supplemented
with 2 uM CuSOQ4 (Panel B). Letters denote significant difference between plants categorized by ecotype within
treatments based on Tukey’'s HSD comparison of least squared means (ANOVA) (n = 4 - 8 individual measurements, p
= 0.05).
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Figure 8. Altered HMA1 expression does not dramatically affect copper
homeostasis protein expression or SOD activity. Immunoblot and SOD
activity analysis of wildtype (Col and WS), ACT, DRC, Ama7-4, paai-3, and
paaz-1 plants grown for 14 days in ¥2 MS and 2 MS media supplemented
with 2 uM CuSOs. A total of 15 g of soluble protein from whole plant tissue
was resolved on 12.5% SDS-PAGE gels for protein expression (Panel A).
HSP70 proteins were used as a loading control. A total of 10 pg of soluble
protein was resolved on a 15% NATIVE-PAGE gel for SOD activity using
the same plant tissue (Panel B).

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

1/2 MS

1/2 MS +

10 UM CuSOy4 '

Wildtype (Col)

Figure 9. Chloroplast ultrastructure of wildtype (Col) plants. Wildtype (Col), Aima7-4, and paa7-3 plants were grown for
14 days in 2 MS and %2 MS media supplemented with 10 uM CuSOQ,. Vegetative tissue was harvested and prepared
for transmission electron microscopy analysis (Scale bars = 2 pm).
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Figure 10. Chloroplast ultrastructure of Ama7-4 mutant plants. Wildtype (Col), hima 7-4, and paa7-3 plants were grown
for 14 days in ¥2 MS and 2 MS media supplemented with 10 uM CuSO,. Vegetative tissue was harvested and
prepared for transmission electron microscopy analysis (Scale bars = 2 um).

168



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

paal-3

1/2 MS

1/2 MS +
10 uM CuSOy4

Figure 11. Chloroplast structure differs between Ama7-4 and paa7-3 mutant plants. Micrographs of paa7-3 mutant
plants in low and high copper conditions. Wildtype (Col), Ama7-4, and paa7-3 plants were grown for 14 days in 2 MS
and 2 MS media supplemented with 10 uM CuSO4. Vegetative tissue was harvested and prepared for transmission
electron microscopy analysis (Scale bars = 2 um).
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Figure 12. Magnified images of thylakoid membranes in wildtype, Ama7-4
and paa7-3plants. (Scale bar = 1 micron).
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CHAPTER 6
A comprehensive analysis of copper transport protein-protein interactions in
Arabidopsis studied by yeast two-hybrid

Abstract
Copper is an essential micronutrient for plants and plays a crucial rble in
processes such as, photosynthesis and reactive oxidative species
detoxification. Since excess copper is toxic there is a balance between the
need for copper and copper toxicity that the plant has to achieve in order to
survive. Due to its extreme toxicity, copper must be tightly regulated by the
cell. This regulation involves proteins that can carry copper (called copper
chaperones) as well as specific copper transporters that shuttle copper across
membranes. Copper is an essential micronutrient, yet copper delivery is not
well understood in plants. In this investigation, protein-protein interactions for a
total of 65 different combinations were tested in the yeast two-hybrid system to
look for new possible transport pathways for copper in a plant cell. Special
interest was taken in finding candidate proteins for the transport of copper to
the chloroplast and within the chloroplast to the thylakoid membrane for
plastocyanin. Several new possible copper delivery pathways were identified

in vitro. Most interestingly, and plausible /n vivo, an interaction was observed
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between the CCS chaperone and the amino terminal domain of HMAS
suggesting that CCS could aid in cell detoxification or HMAS could donate
copper to CCS for delivery to CSD1. Also an interaction was determined
between the amino terminal domains of PAA1 and PAA2 suggesting a

possible direct pathway for copper within the chloroplast.

Abbreviations used:

HMA1(N) Amino terminal domain of the Arabidopsis HMA1 protein without a transit
peptide

HMA4(N) Amino terminal domain of the Arabidopsis HMA4 protein

HMAS(N) Amino terminal domain of the Arabidopsis HMAS protein

PAA1(N) Amino terminal domain of the Arabidopsis PAA1 protein without a transit
peptide

PAA2(N) Amino terminal domain of the Arabidopsis PAA2 protein without a transit
peptide

ATX1 Full length ATX1 protein from Arabidopsis

CCH Fuil length CCH protein from Arabidopsis

CCHA CCH protein from Arabidopsis with a deletion of the C-terminus

CCSs Full length CCS protein from Arabidopsis without transit peptide

CCP Full length CCP protein from Arabidopsis without transit peptide

CCP#2 CCP protein from Arabidopsis with an N-terminal deletion (based on an
alternative cleave site of mature protein)

CutA Full length CutA protein from Arabidopsis without transit peptide

1. Introduction

Plants require the transport of essential micronutrients, like copper, long
distance through organs and across several membranes before they reach
their final destination in target enzymes. Membrane transporters and
chaperones are the proteins involved in cellular copper transport in plants.
Arabidopsis contains two different transporter families responsible for the
translocation of copper ions across membranes. The Copper Transporter
Family (COPT) is similar to a yeast family of copper transporters (Ctr) which
are all predicted to have three transmembrane domains [1,2]. Copper enters

the plant cell by COPT1[3], and is either sequestered or trafficked to targets by
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copper chaperones. The Heavy Metal Associated (HMA) Family of ion
transporters is classified in the P1g-type ATPase subfamily. Within the HMA
family, HMAS5, PAA1 (HMAG), RAN1 (HMA7), and PAA2 (HMAS) all contain
MxCxxC heavy metal binding domains at the amino terminus. The HMAS
protein is hypothesized to be in the plasma membrane and functions in copper
detoxification [4], while the RAN1 (Responsive-to-antagonist1) transporter is
responsible for translocation of copper into the endomembrane system were it
is required for ethylene signaling [5]. Both RAN1 and HMAS transporters
contain two separate MxCxxC domains in their amino terminus. The PAA1 and
PAAZ2 proteins are functional homologs of the cyanobacterial transporters,
CtaA and PacS, and have been localized to the chloroplast envelope and
thylakoid membrane, respectively [6,7]. The HMA1 transporter has a long
histidine rich region in the amino terminus that is a characteristic of other zinc
transporters in the Heavy Metal Associated Family; however more recent
experimental data suggests that HMA1 may function as an alternate copper
transporter in the chloroplast envelope [8].

In addition to transporters, organisms also have copper chaperones to
shuttle Cu(l) from one place to another within the cell. Copper chaperones are
small, soluble, intracellular proteins that carry Cu(l) from one target to another
and it is believed that copper chaperones are highly target-specific [9].
Arabidopsis contains a copper chaperone for superoxide dismutase (CCS) that
has been localized to both the cytosol and the stroma and functions in
delivering copper to CSD1 and CSD2 [10,11]. Additionally, there are two other

cytosolic chaperones that have been identified, ATX1 and CCH, which are
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both similar in structure and function to the yeast chaperone ATX1[12,13].
Previous investigations have shown that both of these chaperones interact
with the amino termini of HMAS5 and RAN1 [4,13].

Several other putative copper related proteins have been identified in
Arabidopsis that may function as copper chaperones as well. The protein,
CCP (Copper Chaperone for the Plastid), is similar in structure to the yeast
ATX1 chaperone; however CCP contains an IXCxxC motif rather than the
typical metal binding domain (MxCxxC). The CCP protein has a long series of
serine repeats and the function of the protein is currently unknown [14]. This
chaperone has been localized to the chloroplast [14] and one hypothesis is
that it could be the chaperone for plastocyanin. A second putative copper
chaperone, CutA, contains a predicted transit sequence for the chloroplast
[19]. It is expressed in all major plant tissues at similar levels and purified
recombinant protein of the Arabidopsis CutA has been shown to bind Cu(ll) at
a level of nearly one mole copper per one mole of protein [15].

The chloroplast is a complex organelle which has to communicate with
the cell in order to acquire sufficient copper for photosynthetic activity. In this
investigation, we utilize the yeast two-hybrid technique to investigate possible
interactions between components of copper delivery pathways within
Arabidopsis. Here, we describe two novel interactions between PAA1(N) and
PAA2(N), as well as HMAS5(N) and CCS and propose a new model for copper
transport within the cell. We feel these interactions are likely /n p/anta based
on previously reported protein localizations and further investigations can be

conducted to test these new putative transport pathways.
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2. Materials and Methods

In silico sequence analysis. Gene and protein information was obtained

through The Arabidopsis Information Resource (TAIR) database. Information

about proteins in this study including gene loci can be found in Table 1.

Chloroplast targeting sequences and potential transit peptide cleavage sites

were predicted using the ChloroP Server [16]. Due to a large region of serine

repeats that is typically found in transit sequences, a putative shorter version

of the mature protein CCP, CCP#2, was used in this investigation. Sequence

alignments were performed using the CLUSTAL W (1.83) multiple sequence

alignment tool [17].

Table 1. Protein Information for yeast two-hybrid analysis.

Protein Name Gene Locus  Protein Predicted Transit Peptide  Cloned Region
Length
HMA1 AT4G37270 820 aa Yes (Chloroplast) 61-124 aa
HMA4 AT2G19110 1173 aa No 1-100 aa
HMAS5 AT1G63440 996 aa No 1-289 aa
PAA1 AT4G33520 950 aa Yes (Chioroplast) 30-157 aa
PAA2 AT5G21930 884 aa Yes (Chloroplast) 67-179 aa
ATX1 AT1G66240 106 aa No 1-106 aa
CCH AT3G56240 121 aa No 1-121aa,
CCHA 1-69 aa
CCs AT1G12520 320 aa Yes (Chloroplast) 68-320 aa
CCP AT2G28660 265 aa Yes (Chloroplast) 84-265 aa,
CCP#2 180-265 aa
CutA AT2G33740 182 aa Yes (Chloroplast) 71-182 aa

Bacteria and yeast cell strains. Escherichia coli strain DH5a (F" 80/acZAM15

A(/acZYA-argF)U169 recA1 endA1 hsaR17(rc, me*) phoAsupE4d thil gyrA96

re/A1 \) was used for cloning and propagation of plasmids and was cultured in

Luria-Bertani (LB) broth Miller (EMD Biosciences) medium with the appropriate

antibiotic. Saccharomyces cerevisiae strain AH109 (MATa, trp7-901, leuZ2-3,
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112, ura3-52, his3-200, gal44, gal80A, LYS2 : : GAL 1yas-GAL T1a74-HIS3,
MEL 1GALZas-GAL21414-ADE2, URA3::MEL 145-MEL 17474-lac2) [18] was
obtained from Clontech Laboratories, Inc. (Mountain View, CA, USA) and was
cultured in yeast extract/peptone/dextrose (YPD) (1% (w/v) yeast extract
(Fisher Scientific), 2% (w/v) peptone (Fisher Scientific), 2% (w/v) D-glucose
(Fisher Scientific)) medium or synthetic complete drop out (SD) medium
(Difco) lacking tryptophan and leucine for the selection and maintenance of

plasmids.

Plasmid constructs for yeast two-hybrid system. Oligonucleotide primer
sequences used to generate DNA fragments and sequencing of plasmids are
found in Table 2. Amplification of DNA encoding N-terminal domains of HMA1,
HMA4, PAA1, PAA2, full length sequences of CCS, CCP, CutA, and a
truncated version of CCP were performed by PCR using Expand High Fidelity
polymerase (Roche). Genomic DNA and/or cDNA isolated from wildtype
Arabidopsi/s plants were used as templates for fragment amplification. All
coding regions were cloned in frame into pGBKT7 and/or pGADT7 vectors
(Matchmaker™ Yeast Two-Hybrid System 3, Clontech) using the BamHl or
Ndel/ BamHlI restriction site(s).

Table 2. Primer sequences for yeast two-hybrid constructs.

Name Direction Oligonucleotide Primer Sequence (5'-3’)

HMA1(N) Forward GGGAATTCCATATGCTACGTGCTGTCGAAGAT
Reverse CGCGGATCCCTCTCTGAGGTAATTGGCCAA

HMA4(N) Forward GGGAATTCCATATGGCGTTACAAAACAAAGAAGAA
Reverse CGCGGATCCCGAAAGGGCTCGGCCATTTGTTCT

PAA1(N) Forward GGGAATTCCATATGTCGGAGAGTGGTGATTCCAAGTCA
Reverse CGCGGATCCGCTCGCGGCCACTCTCTTTTAAGCG

PAA2(N) Forward GGGAATTCCATATGATCGAATCTGTGAAATCCATTACGA
Reverse CGCGGATCCCACGGTTCCTGCTCTTAACAAGCAA

CCS Forward GGGAATTCCATATGGCGACTGCTCTCACTTC
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Reverse ATAGGAATGCGGCCGCGGATCCTTAAACCTTACTGGCCACGAAA
CCP Forward GGGAATTCCATATGGCTTCGGCTCGCGGTAGC

Reverse ATAGGAATGCGGCCGCGGATCCTTAAGATTTGAGGAGTGAATAAT
CCP#2 Forward GGGAATTCCATATGACTGATGACCAGGTTGTT

Reverse ATAGGAATGCGGCCGCGGATCCTTAAGATTTGAGGAGTGAATAAT
CutA Forward GGGGTACCATGGAGGAGAGCAGCAAAACTG

Reverse GGGGTACCGGATCCTGGTCCAGTATTACACTTCACA
pGAD Forward CGATGATGAAGATACCCCAACCAAACCA

Reverse CAGTTGAAGTGAACTTGCGGGGTTTTTCA
pGBK Forward CATCATCGGAAGAGAGTAGTAACAAAGGTCA

Reverse CTACAGGAAAGAGTTACTCAAGAATAAGAATTTITCGT

Additional sequences were introduced to create and properly cleave restriction sites. These
sequences are denoted with an underline.

The pGBK-HMA5(N), pGAD-ATX1, pGAD-CCH, and pGAD-CCHA plasmids
were obtained from Sergi Puig (Departament de Bioquimica i Biologia

Molecular, Universitat de Valéncia, Spain) and are described [4].

DNA sequence analysis. Plasmid DNA was sequenced in two directions using
the forward and reverse gene specific primers used in cloning and/or the
forward and reverse plasmid specific primers. Sequencing was performed by
Macromolecular Resources (Colorado State University, Fort Collins, CO,

USA).

Yeast two-hybrid spot assays. Yeast cells were simultaneously co-transformed
with a plasmid containing an activation domain fusion and one containing a
binding domain fusion using the lithium acetate (LiAc) method [19]. Selection
of the transformants was performed on 1.5% agar plates lacking tryptophan
and leucine and several individual colonies were purified for spot assays.
Liquid cultures of yeast co-transformed with cloned pGAD and pGBK based

vectors were propagated in the proper medium for selection of both plasmids
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for 24 hours at 30° C, shaking at 260 RPM. The optical densities of yeast
cultures were measured at 600nm using a DU 530 Life Science UV/Vis
Spectrophotometer (Beckman Coulter, Inc.) and diluted to 0.1 ODggo, then
further diluted to 0.01 ODgqg for spot assays. An 8-channel pipettor was used
to transfer 3 pL of each dilution onto three separate agar plates containing SD
minimal medium lacking tryptophan, leucine or medium lacking tryptophan,
leucine, histidine, and adenine or medium lacking tryptophan, leucine,
histidine, and adenine supplemented with 2.5 mM 3-amino-1,2,4-triazole
(Sigma). Agar plates were then incubated in 30° C for five days and each

assay was repeated in at least three independent experiments.

Yeast two-hybrid B-galactosidase activity assays. The procedure for
quantitative estimates of yeast two-hybrid interactions using B-galactosidase
was modified from the Yeast Protocol Handbook (Clontech) [19]. Liquid
cultures of yeast co-transformed with cloned pGAD and pGBK vectors were
propagated in the proper dropout medium for selection of both plasmids for 24
hours at 30° C, shaking at 260 RPM. Yeast extract/peptone/dextrose medium
was added to each culture tube and incubated in the same conditions for an
additional five hours. Liquid B-galactosidase activity assays were then carried
out following the Clontech protocol using chlorophenol red-B-D-
galactopyranoside (CPRG) (BMCC) as the substrate [19]. Each culture was
measured in triplicate for an individual experiment and four independent
experiments were performed. B-galactosidase Miller units [20,21] were

calculated and quantities are presented as average values + mean standard
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deviations for the four experiments combined. Statistical analysis was

performed using the Jump-in software package (SAS Institute, Cory, NC).

3. Results

In this investigation, we utilized the yeast two-hybrid technique to
screen for interactions between metalloproteins in order to establish new
delivery pathways for copper within Arabidopsis. A total of 65 different
combinations of protein-protein interactions were tested including five different
Pe-type ATPase transporters in the HMA family (HMA1, HMA4, HMAS5, PAAT,
and PAA2). When all five transporter domains were aligned, sequence
analysis reveals little similarity between the amino terminal domains of these
transporters (Figure 1). However, previous phylogenetic investigations have
shown that PAA1 and PAA2 are very similar in sequence and both proteins are
similar in sequence to HMAS [22]. This sequence similarity is most likely in the
ATX-like domains of the amino termini. Additionally, there was little similarity
between all five copper chaperones that were incorporated to this
investigation, ATX1, CCH, CCP, CCS, and CutA (Figure 2). Although little
sequence similarity exists between all proteins in this investigation, individually
each protein contains either a putative metal bind domain, is predicted to be
structurally similar to other copper transport proteins, or have experimentally
been shown to bind copper.

The transporter domains in this study were divided into two groups
based on the predicted metal ion that they transport. Putative copper

transporters, HMA5, PAA1, and PAA2, were placed into one group and HMA1
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and HMA4 were designated to the zinc transport group. Primarily HMA4
assays were conducted as negative controls for the copper protein assays;
whereas HMA1 was included to possibly resolve what metal the protein
transports. Three separate assays were performed to test interactions
between these two groups of transporters (Figure 3). Interactions were
observed between the copper transporters PAA1(N) and PAA2(N) as well as
HMAS(N) and PAA2(N). Due to the recent experimental data that suggests
that HMA1 can possibly transport both copper and zinc ions an assay was
conducted to determine whether interactions could occur between transporters
in the copper group and the zinc group. Interactions were seen between
PAA1(N) and HMA1(N) in addition to HMA5(N) and HMA1(N). A final
transporter-transporter assay was conducted on the zinc transporters, HMA4
and HMA1, in which no interaction was observed.

In order to determine potential candidate chaperones for copper
transport into and within the chloroplast transporter-chaperone assays were
conducted with the amino terminal domains of PAA1 and PAA2 (Figure 4).
Surprisingly, no interaction was seen with both transporters and any of the
candidate chaperones that were tested. Other possible cytosolic copper
transport pathways were investigated with HMA5 and interactions were
observed between HMAS5(N) and the chaperones ATX1, CCHA, and CCS
(Figure 5). The zinc transporters, HMA1(N) and HMA4(N), were tested with
copper chaperones in the yeast two-hybrid system as negative controls. As
expected, we observed no interaction between these zinc transporters and the

copper chaperones (Figure 6). The CutA protein was added at a later date in
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this investigation and when tested with the amino termini of all transporters no
interaction was observed (Figure 7).

It might be possible for copper chaperones to act in concert with other
chaperones passing ions to ensure the metal is delivered to the most
important target enzymes, such as plastocyanin. To test this idea, two
chaperone-chaperone assays were conducted with CCS and CutA. In both
instances no interaction was seen between CCS or CutA and other
chaperones. However, it was determined that CCS and CutA both interact with
themselves (Figure 8).

It appeared on yeast two-hybrid spot assays that there were varying
levels of interaction based on the magnitude of yeast growth on agar plates. A
B-galactosidase activity assay was performed in order to gain a better estimate
of the strength of interactions that were observed on these spot assays. The
three interactions PAA1(N)/PAA2(N), HMA5(N)/PAA2(N), and HMA5(N)/CCS
were dramatically stronger than any other interaction that was tested (Figure
9). These interactions were over 3-fold stronger than HMA5(N)/HMA1(N)

which was the next strongest interaction.

4. Discussion

Previous research has shown that the yeast two-hybrid technique is a
useful tool for investigating protein-protein interactions within cellular copper
transport pathways in bacteria, yeast, humans, and plants [4,13,23,24]. The

research presented here identified ten total positive protein-protein interactions
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(Figure 10). However, not all of these interactions would be plausible in a plant
cell.

Crystal structure analysis of the CutA protein isolated from 7hermotoga
maritima has demonstrated that the protein is dynamic and can exists as a
homotrimer [25]. In addition, the crystal structure of the yeast CCS protein has
resolved that it occurs as a homodimer [26]. Therefore, this natural
trimerization and dimerization of these proteins would explain the CutA/CutA
and CCS/CCS interactions that were seen in this investigation.

As stated earlier, it has been shown that the amino terminus of HMAS
can interact with the ATX1 chaperone as well as the CCH chaperone (witha C
terminal deletion) [4]. These interactions were reconfirmed here although the
interactions were not as strong (yeast growth on plates) as the previous
publication demonstrated. One explanation for this is the minimal media that
was used in this investigation compared to dropout media that may have been
used in any previous investigation. The dropout medium would contain
additional amino acids that would aid in the growth of yeast. Additionally, an
increased amount of the inhibitor 3-amino-1,2,4-triazole was used in this study.
As a result of potential differences in procedure we cannot compare between
investigations.

A new interaction was discovered between the amino terminus of HMAS
and the CCS copper chaperone. P1g-type ATPase transporters, such as
HMAD, are predicted to have eight transmembrane domains. Other
characteristics include an ATP binding site in a large loop between the sixth

and seventh transmembrane domains. Since ATP is required for transport to
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occur, it is believed that the location of the large loop that contains the ATP
binding domain is in the cytosol. Therefore, the HMAS terminal domains would
also be orientated in the cell cytosol. Since CCS has been localized to both the
cytosol as well as the stroma [11,27], it is plausible that in a plant cell the
cytosolic version of CCS would have access to interact with the amino terminal
domain of HMADS. If HMA5(N) and CCS do interact in the plant cell, several
different mechanisms are possible. Hypotheses include that CCS could
acquire excess copper from HMA5(N) for delivery to CSD1 or more likely CCS
might aid in cell detoxification by delivering copper to HMA5(N) as well as
CSD1.

It was expected that no interaction would be observed between the
putative zinc transporters, HMA1 and HMA4, and copper chaperones.
However, it was surprising that no interactions existed between PAA1 or PAA2
and the copper chaperones that were tested. As a result, there is still currently
no candidate copper chaperone for transport to the chloroplast envelope.

Currently, there has been no data to suggest that P-type ATPases could
interact with one another or transfer metal directly from transporter to
transporter. The hypothesis for copper delivery has been such that copper
chaperones transport metal from one transporter to another in a highly specific
manner. This investigation has demonstrated that it is possible for P-type
ATPases to interact with one another at their amino termini if cellular
localization and protein orientation permits. The interaction shown between
HMAS5(N) and PAA2(N) would be unlikely in a plant cell due to the localization

of the two proteins in the cell membrane and thylakoid, respectively. Although
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it has not been definitively determined what metal HMIA1 transports,
characteristically it is more similar to other zinc transporters in the same
subfamily. The interactions that were seen between PAA1(N) and HMA1(N) as
well as HMAS5(N) and HMA1(N) would not be likely if one is a copper
transporter and one is a zinc transporter regardless of their locations and
orientations. One interaction that is possible in the plant cell is the interaction
between the amino termini of PAA1 and PAA2. Interestingly, there is sequence
similarity between the copper chaperone ATX1 and the amino termini of some
Pis-type ATPases, such as PAA1 and PAA2. Therefore, these domains are
predicted to have a BapBaB ATX-like fold which is characteristic of many
copper chaperones. One interesting hypothesis to consider is that the amino
terminal domains of P1B-type ATPases could act as their own chaperone for
direct transport from one transporter to another.

Generally, protein-protein interactions can be affected by three
characteristics of the individual proteins: charge, size, and conformation. A
broad trend was seen in transporter-transporter interactions when analysis
was done on the relative charge of amino terminal domains. It seemed that
charge, at least in part, wés responsible for interactions between these
proteins and could be the reason that the amino termini of transporters did not
interact with themselves. This trend was not seen in the interactions between
HMAS(N) and the chaperones, CCS-CCS, or CutA-CutA. Therefore, these
interactions might be based more on size and conformation of proteins rather

than charge.
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In this study several new copper transport protein-protein interactions
were discovered through yeast two-hybrid analysis. However, not all
interactions seen /n vitro are possible within the plant cell. This screening
yielded two potential new transport pathways for copper in plants (Figure 11).
An interaction between HMA5(N) and CCS would be possible /7 vivo due to
the cellular locations of both proteins and most excitingly, an interaction was
shown between PAA1(N) and PAA2(N). Depending on the topology of these
two transporters in their respective membranes (chloroplast envelope and
thalykoid) copper could be directly passed from transporter to another. To
date, there has been no evidence that P-type ATPase transporters could
interact with other P-type ATPases, however through this investigation it has
been shown that these transporters can interaction with each other at the
amino terminus region of both proteins. Further research should be continued

on these two new potential transport pathways for copper within a plant cell.
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Figure 1. Sequences and alignment of Heavy Metal Associated (HMA)
transporter encoded regions cloned into the yeast two-hybrid system.
Underlined residues are putative metal binding sites, and dots symbolize
residue similarity.
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Figure 2. Sequences and alignment of copper chaperones and putative copper

related proteins expressed in a yeast two-hybrid system. Underlined residues

are putative metal binding sites, and dots symbolize residue similarity.
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Figure 3. Interactions between HMA transporters of Arabidopsis as measured by yeast two-hybrid assays. Yeast two-
hybrid spot assays of Heavy Metal Associated (HMA) Family transporter-transporter interactions showing interactions on
plates lacking histidine and adenine supplemented with 2.5 mM 3-aminotriazol (AT). Panel A shows putative Cu
transporter - Cu transporter interactions, while Panel B shows copper transporters with putative zinc transporters, and
Panel C shows putative zinc transporter-transporter interactions. Numbered lanes indicate negative controls and the
interaction between PAA1/PAA2 was used as a positive control after discovery.
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Figure 4. Interactions between PAA transporters and copper chaperones of
Arabidopsis as measured by yeast two-hybrid assays. Yeast two-hybrid spot
assays of PAA(N) transporters and copper chaperones showing interactions
on plates lacking histidine and adenine supplemented with 2.5 mM 3-
aminotriazol (AT). Numbered lanes indicate negative controls and the
interaction between PAA1/PAA2 was used as a positive control.
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Figure 5. . Interactions between the HMAS transporter and copper chaperones
of Arabidopsis as measured by yeast two-hybrid assays. Yeast two-hybrid spot
assay of HMA5(N) transporter and copper chaperones showing interactions on
plates lacking histidine and adenine supplemented with 2.5 mM 3-aminotriazol
(AT). Numbered lanes indicate negative controls and the interaction between
PAA1/PAA2 was used as a positive control.

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



+HIS -HIS  -HIS,-ADE +HIS -HIS  -HIS,-ADE
+ADE -ADE +2.5 AT +ADE -ADE +2.5 AT

! Bi/GAD I :
2 HMA4(N)/GAD RS ,
GBK/ATX1 [ 3
GBK/CCH R 4
cBk/ccHA IR 5
GBK/CCS Ko 6
I ey & 7
GBK/CCP#2 R 8
PAAT(N)/PAA2(N) IR
HMA4(N)/ATX1 JECEIRS
HMA4(NY/CCH (R
HMA4N)/CcHA R
HMA4(N)/CCS [ I
HMA4(N)/CCP IR
HMAT(N)/CCP#2 .
. B,

Cell Density 7 B, B Cell Density .

GBK/GAD
HMAT1(N)/GAD

GBK/ATX1

w

GBK/CCH

E-N

GBK/CCHA
GBK/CCS
GBK/CCP

W N W

GBK/CCP#2
PAAT(N)/PAA2(N)
HMAT(N)/ATX1
HMA1(N)/CCH
HMA1(N)/CCHA
HMAT(N)/CCS
HMA1(N)/CCP

Figure 6. . Interactions between HMA transporters and copper chaperones of
Arabidopsis as measured by yeast two-hybrid assays. Yeast two-hybrid spot
assay of putative zinc transporters, HMA1(N) and HMA4(N), with copper
chaperones (Panels A and B, respectively) showing interactions on plates
lacking histidine and adenine supplemented with 2.5 mM 3-aminotriazol (AT).
Numbered lanes indicate negative controls and the interaction between
PAA1/PAA2 was used as a positive control.
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Figure 7. . Interactions between HMA transporters and the CutA protein of
Arabidopsis as measured by yeast two-hybrid assays. Yeast two-hybrid spot
assay of putative copper chaperone CutA and amino termini of Heavy Metal
Associated transporters showing interactions on plates lacking histidine and
adenine supplemented with 2.5 mM 3-aminotriazol (AT). Numbered lanes
indicate negative controls and the interaction between PAA1/PAA2 was used
as a positive control.
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Figure 8. Yeast two-hybrid spot assays of putative copper chaperones, CCS
and CutA, with copper chaperones (Panels A and B, respectively) showing
interactions on plates lacking histidine and adenine supplemented with 2.5 mM
3-aminotriazol (AT). Numbered lanes indicate negative controls and the
interaction between PAA1/PAA2 was used as a positive control.
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Figure 9. A quantitative estimate of copper protein interactions from yeast two-
hybrid using B-galactosidase activity liquid assays. Average values displayed
were calculated as Miller units and can be defined as the activity which
hydrolyzes 1 pmol of chlorophenol red-B-D-galactopyranoside (CPRG) to
chlorophenol red and D-galactose per minute per cell [20,21]. Significant
difference between positive interactions and empty vector control is indicated
(Student’s ttest, p<0.05).
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Figure 10. Summary of yeast two-hybrid spot assay results. The symbol + indicates growth on plates lacking histidine and
adenine with large, bold symbols indicating a very strong interaction, while the symbol - indicates no growth on the same
plates. Diagonal lines denote that no interaction was tested.
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Figure 11. A revised illustration of copper transport pathways in Arabidopsis thaliana with new possible routes discovered
using the yeast two-hybrid technique (new interactions are shown in red, solid lines depict interactions demonstrated
through published experimental data, dashed lines are hypothetical pathways, gray rectangles are copper transporters,
and white circles represent copper targets).
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CHAPTER 7

Conclusions

The three most abundant trace elements in biochemical systems are
iron, zinc, and copper [1]. Copper is an essential micronutrient that is required
for several biological processes in Arabidopsis thaliana. Enzymes that contain
copper ions have three major functions: dioxygen transport, catalytic, or
copper transport/sequestration [1]. Plastocyanin is a small (10 kDa) protein
that is located inside the lumen of plant chloroplasts as well as some
cyanobacteria and green algae. Some cyanobacteria and Chlamydomonas
can use the iron containing cytochrome cg protein for transport of electrons in
photosynthesis instead of plastocyanin [2]. However, higher plants such as
Arabidopsis do not have an alternative and require plastocyanin for
photosynthetic activity.

The chloroplast is a complex organelle that must communicate with the
rest of the cell to acquire copper for photosynthesis. Since plastocyanin is one
of the most abundant proteins in photosynthetic tissue the demand for copper
within the organelle is extremely high. Several P1g-type ATPase transporters

and metallochaperones have previously been identified in Arabidopsis and
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contribute to copper ion delivery within the organism. This research focused on
the proteins that are involved in transport of copper ions with the aim of
determining their placement within the delivery pathway. As a result a better
understanding of cellular copper homeostasis was achieved and several new
possible pathways were identified.

The yeast two-hybrid technique was utilized to screen 65 different
protein-protein interactions in Arabidopsis. A total of ten positive interactions
were identified, however two seem the most plausible within a plant cell
(PAAT(N)PAA2(N) and HMAS5(N)/CCS). An interaction between the amino
terminal domains of PAA1 and PAA2 was described which led to a more
indepth look at these transporters. Both paa7and paa2 mutants have
previously been described [3,4] and phenotypes include, decreased growth
rate, a decrease in photosystem |l efficiency, as well as a decrease in
accumulation of plastocyanin. We investigated these mutants further and
noted differences in chloroplast structure compared to wildtype that may be a
result of stress-related damage. Protein levels of PC, CSD1, CSD2, FeSOD,
and CCS were all affected by the mutation, especially in low copper
treatments. When root and shoot tissue was analyzed individually we
observed differential regulation of CSD1 and CSD2 in different organs. Similar
to whole plant tissue PC, SOD, and CCS were affected differently in the
mutant plant lines. With the data we obtained, we propose that the ATX-like
domains of PAA1 and PAA2 directly interact with one another to pass copper

ions for the delivery of the metal to plastocyanin in the thylakoid membrane.
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The Arabidopsis CCS gene (At1g12520) contains six exons with two
separate ATG sites located in the first exon. We provide experimental data
that suggests that AfCCS encodes a functional homologue to yeast
Ccs1p/Lys7p, a copper chaperone for SOD. Through GFP fusion analysis we
have localized this protein to the chloroplast where it may supply copper to the
stromal Cu/ZnSOD. Furthermore, AfCCS mRNA expression levels are up-
regulated in response to Cu-feeding and senescence. In addition to
plastocyanin, the chloroplast contains two different isoforms of superoxide
dismutases (FeSOD and CSD2). We observed a switching between a Cu-
enzyme (CSD2) and an Fe-enzyme (FeSOD) in chloroplasts in response to
cofactor bioavailability. We propose that in low copper conditions metal ions
are directed towards plastocyanin in the chloroplast and FeSOD is the active
SOD enzyme. However, under sufficient copper concentrations some copper
ions can be diverted to CSD2 in the stroma.

New experimental data was then published that localized the CCS
protein to both the cytosol as well as the stroma [5]. We obtained a CCS
knockout mutant plant line and produced two separate CCS overexpressing
lines to further investigate this protein and better understand its role in copper
homeostasis. We have reported that the alteration of CCS protein levels
slightly affect the expression of the target SOD proteins. We observed a
growth phenotype based on primary root length and a chlorophyll fluorescence
phenotype that is associated with CCS overexpression. There is evidence that
CCS is regulated by copper, especially at low concentrations. Data from a

developmental study indicates that CCS is expressed differently in varying
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tissue types. This data combined with the yeast two-hybrid analysis suggests
that the CCS protein can possibly aid in cellular detoxification or long distant
transport of copper through different tissue types.

Recently, a third P1g-type ATPase, HMA1, has been localized to the
chloroplast [6] and some data has suggested that HMA1 could be involved in
both copper and zinc transport across the envelope. It was proposed that
HMA1 could be an alternative copper transporter in the envelope which
translocates the ion for CSD2 activity. We obtained Ama 7 mutant seeds from
Norbert Rolland (Université Joseph Fourier, Grenoble, France) and compared
them to paa7and paa2 mutant plant lines. If all three transporters are located
in the chloroplast and translocate copper ions, we might expect that mutations
in the genes create similar biochemical and physiological effects on plants. We
report that the Aima7, paa’, and paaZplant lines have a decreased
photosystem |l efficiency compared to wildtype plants; however, copper
feeding does not affect Ama 7 plants. We note distinct differences between the
chloroplast structure of paa7and Ama7 mutant plants. Finally, we observe no
differences in proteins expression levels of PC, FeSOD, CSD1, CSD2, and
CCS between Ama7 and control plants. This data suggests that HMA1 does
not transport copper for CSD2 activity and we propose that the transporter
functions in the translocation of an ion other than Cu(l) across the chloroplast
envelope that affects photosynthetic activity.

We believe that the research presented here has made a significant
contribution to the understanding of copper homeostasis in Arabidopsis plant

cells. We have provided experimental data that shows a direct interaction
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between two separate P-type ATPase transporters. Prior to this investigation
an interaction of this type has not been described. We have identified two
novel pathways for copper delivery within the cell between PAA1 and PAA2 as
well as between CCS and HMAS. We have determined that the superoxide
dismutase enzymes and CCS expression levels are regulated by the
availability of copper within the cell. Additionally, we describe physiological
responses that occur in Arabidopsis that are a result of metal supply, tissue
demands, or altered protein expression. We believe that the research
conducted here on copper transport proteins can be combined with the genetic
and genomic analysis that has been done to provide a more broad

understanding of metal homeostasis in higher plant systems.
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