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IDENTIFICATION OF A FUNCTIONALLY ESSENTIAL AMINO ACID FOR
THE ARABIDOPSIS CYCLIC NUCLEOTIDE-GATED ION CHANNEL
ATCNGC11/12

Joyce Baxter
Masters of Science 2007
Graduate Department of Cell and Systems Biology

University of Toronto

ABSTRACT

The cpr22 Arabidopsis mutant shows constitutive activation of pathogen resistance
responses and has spontaneous lesions. cpr22 was identified to encode for a novel
chimeric gene, ATCNGCI11/12, created by a fusion between ATCNGCII and I2.
Previous analyses suggested that ATCNGC11/12 forms a functional cAMP-activated
CNGC in yeast and that the phenotype conferred by cpr22 is attributable to the
expression of ATCNGCI11/12. To identify downstream components of the cpr22-
mediated signal transduction pathway or identify functionally important residues of this
channel, a genetic screen for mutants that suppress cpr22-related phenotypes was
conducted. One suppressor, #73 was identified to have an intragenic mutation in
ATCNGC11/12. In this project, I have characterized the #73 mutant and analyzed the
mechanism to suppress the cpr22 phenotypes by this mutation. This mutation, ES19K, is
located in the cyclic nucleotide binding domain. Our computational modeling suggests
that this mutation alters an important amino acid necessary for channel activity and

intra/inter subunit interactions that stabilize the tertiary channel structure.
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CHAPTER 1 - Introduction
In this thesis, I have studied a functionally essential amino acid for the
Arabidopsis cyclic nucleotide-gated ion channel (CNGC), ATCNGC11/12. To provide
the background of this research, I have summarized the literature reviews of CNGCs and

the previous findings in the Yoshioka laboratory, at the University of Toronto.

1.1 Animal CNGCs
1.1.1 Discovery of animal CNGCs and their biological role

Cyclic nucleotide-gated ion channels (CNGCs) are nonselective cation channels.
They were first discovered in vertebrate rod photoreceptors at the plasma membrane
where they play a critical role in phototransduction (Fesenko ef al., 1985). Following this
discovery, CNGCs were also found to play a role for odorant signal transduction in
olfactory neurons (Nakamura & Gold, 1987). CNGCs have also been found in
nonsensory tissues such as the hippocampus, heart, testis, kidney, pancreas, adrenal gland
and colon (Kaupp and Seifert, 2002). However, the role of these channels in nonsensory
tissues is not as well known as for the rod and olfactory CNGCs.

The activation of rod photoreceptors occurs in the dark when ¢cGMP molecules
bind to a channel. Full activation will lead to an open channel, whereby an inward current
of ions flows into the cell. When light hits the retina a phototransduction cascade occurs,
causing the hyrolysis of cGMP to GMP. As a response to the decrease in cGMP in the
cell, the CNGCs will close. Closing of the CNGCs reduces the cytoplasmic Ca**

concentration which then acts as a negative feedback in the phototransduction cascade by



stimulating cGMP synthesis while simultaneously increasing the channel’s affinity for
c¢GMP (Matulef and Zagotta, 2003).

Along with rod photoreceptors, CNGCs have also been identified in cone
photoreceptors and are activated by the same fundamental events of phototransduction in
rods (Kaupp and Seifert, 2002). Cone photoreceptors are sensitive to a wider range of
light intensities than rods and it remains that cGMP is also their ligand necessary for
activation. Whereas, the transduction of odorant signals through olfactory CNGCs are
activated by cAMP (Nakamura and Gold, 1987).

So far, six members of the CNGC gene family have been identified in vertebrates.
Based on sequence similarity, these genes were classified into two subtypes, CNGA
(CNGA1-4) and CNGB (CNGBI and 3) (Bradley et al., 2001a). The first cDNA clone
for a subunit of a rod channel, CNGA1, was isolated from bovine retina (Kaupp ef al.,
1989) and the second subunit of a bovine rod channel, CNGB1, was later isolated and
cloned (Korschen et al., 1995).

Mutations in rod or cone, and olfactory channel subunits can cause different
forms of blindness or a loss of odorant signaling, respectively. In the CNGA1 of rod
channels, a mutation can cause an autosomal recessive form of retinitis pigmentosa (a
degenerative form of blindness) in humans (Dryja et al., 1995). Whereas, mutations in
CNGA3 and CNGB3 of channels in cone photoreceptors have been connected to causing
complete achromatopsia (total colour blindness) (Kohl et al., 1998, 2000; Sundin et al.,
2000; Wissinger et al., 2001). In olfactory neurons, mice lacking CNGA2 have total

anosmia (lost the ability to smell) (Brunet et al., 1996). However, when the mice lacked



CNGA4 they exhibited abnormal olfactory capabilities (Bradley ez al., 2001b; Munger et

al., 2001).

1.1.2 Structure of animal CNGCs

The structure of an animal CNGC subunit is comprised of six transmembrane
domains (S1-S6), a P-loop, an intracellular amino-terminal and carboxy-terminal regions
(Figure 1) (Matulef and Zagotta, 2003). The structure of each subunit is similar to that of
the voltage-gated, outward rectifying K'-selective ion channel (Shaker) proteins. The P-
loop located between S5 and S6 transmembrane domain creates the ion-conducting pore.
The S4 domain contains a charged sequence motif that resembles the voltage-sensor
motif found in the S4 domain of Shaker-type voltage sensor channels (Kaupp and Seifert,
2002). This suggest that that CNGCs may be able to gate by voltage sensing, however
experimental the study showed that they are predominantly gated by ligand binding. The
cytoplasmic carboxy-terminal region contains a cyclic nucleotide-binding domain
(CNBD) with a segment that connects the S6 segment and the CNBD, known as the C-
linker. A calmodulin binding domain (CaMBD) resides in the cytosolic amino terminus
of a subunit (Figure 1).

It has been suggested that animal CNGCs form heterotetramers with their
subunits varying depending on the tissue types where they are present (Gordon and
Zagotta, 1995; Liu ef al., 1996; Varnum and Zagotta, 1996). Native rod channels are
thought to be composed of three CNGA1 subunits and one CNGB1 subunit (Weitz et al.,
2002; Zheng et al., 2002; Zhong et al., 2002). Although, when expressed heterologously,

CNGA subunits form functional homomeric channels but not CNGB subunits (Zagotta
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Figure 1. Comparison of animal (a) and plant (b) predicted CNGC membrane
topology. Transmembrane domains (S1-S6), with a pore region (P) are
identified. The CNBD for both animal and plant CNGCs are located at the
cytosolic C-terminus which incorporate three a-helices (A-C) and two B-
sheets (made up of eight B-strands). The major structural difference between
animal and plant CNGCs is the location of the CaMBD in the N-terminus or
the C-terminus, respectively. (Taken from Hua et al, 2003). Copyright ©
2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved



and Siegelbaum, 1996; Kaupp and Zagotta, 2002). Native olfactory channels are thought
to be composed of three different subunits, CNGA2 or CNGAA4, and a form of CNGB1

(Matulef and Zagotta, 2003).

1.2 Plant CNGCs
1.2.1 Discovery of plant CNGCs and its biological role

The first plant CNGC was identified as a CaM binding protein from the plasma
membrane of barley aleurone (HvCBT1) (Schuurink et al., 1998). HvCBT1 was
identified by screening a cDNA expression library from barley aleurone with an
Arabidopsis calmodulin protein (AtCaM2) (Schuurink et al., 1998). Subsequently,
several CNGCs were identified from Arabidopsis and Nicotiana tabacum (Kohler and
Neuhaus, 1998; Arazi et al., 1999; Leng et al., 1999; Kohler and Neuhaus, 1999; Li et al.,
2005; Gobert et al., 2006). The completion of the Arabidopsis genome sequencing
project revealed a large family of CNGC genes, consisting of twenty members (Méser et
al., 2001). Bioinformatic tools were used to categorize Arabidopsis CNGCs by protein
sequence similarity which then divided them into five different subgroups (I-IVB)
(Figure 2; Miser et al., 2001). Considering that only six CNGC genes were found in
animal genomes, the large size of this gene family in plants suggests a diversity and
importance in physiological functions. Due to the size of the gene family, a complete
understanding of the biological role of plant CNGCs may take some time. One method to
assist in predicting the possible partner/physiological role of ATCNGCs, is the
expression pattern of these genes. A tissue-specific expression analysis for all 20

ATCNGCs has been reported using expressed sequence tag (EST) data (Talk er al.,
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2003). In this analysis, it was found that the Arabidopsis CNGCs are expressed
differentially in all tissues.

So far, possible biological functions of group I and group IVB members have
been reported (Kéhler ef al., 2001; Sunkar ef al., 2000; Balague ef al., 2003; Chan et al.,
2003; Li ef al., 2005; Ma et al., 2006; Gobert et al., 2006; Yoshioka et al., 2006; Borsics
et al., 2007). ATCNGCI0 appears to be important throughout plant development,
particularly in root growth, while ATCNGCI has been shown to participate in heavy
metal movement (Sunkar et al., 2000; Ma et al., 2006; Borsics et al., 2007; Christopher et
al., 2007). ATCNGC3 has been shown to be involved in the uptake and/or translocation
of K™ and Na* and therefore, may be necessary to maintain homeostasis of these ions
(Gobert et al., 2006). ATCNGC?2 and 4 have been suggested to play a role in pathogen
response (Clough et al., 2000; Balague ef al., 2003).

ATCNGC? and 4 are members of the most divergent groups, IVB. Null mutations
for ATCNGC2 and 4 were found in the Arabidopsis mutant dndl (Yu et al., 1998; Clough
et al., 2000) and dnd2/him1 (Balague et al., 2003; Jurkowski ef al., 2004), respectively.
Both dndl and dnd2/hlml share striking similarity in pathogen resistance phenotypes.
These phenotypes include the accumulation of salicylic acid (SA), constitutive expression
of pathogenesis related (PR) genes and an altered hypersensitive response (HR), which
would induce localized cell death at the site of invasion. SA is thought to be a common
signaling molecule during pathogen resistance responses to activate defense genes, such
as PR genes or initiate the HR (Dangl et al., 1996; Hammond-Kosack and Jones, 1996;
Dempsey et al., 1999). Additionally, the barley homolog of ATCNGC4 has been

identified as NECI. The nec! mutant shows necrotic spots on green tissues visually



resembling HR (Rostoks et al., 2006). Along with a role in pathogen resistance,

ATCNGC?2 seems to be involved in development and innate immunity (Kohler et al.,

2001; Chan et al., 2003; Ali et al., 2006).

1.2.2 Structure of Plant CNGCs

As shown in Figure 1, the predicted structure of a plant CNGC subunit is almost
identical to that of animal CNGCs. It consists of six transmembrane domains, one pore
region and a CNBD at the carboxy terminal. The only difference is the location of the
CaMBD. The location of the CaMBD in animal CNGCs was previously mentioned to
reside at the amino terminus. In plant CNGCs, it has been reported that the CaMBD
resides at the end of the CNBD or within CNBD (Schuurink ef al., 1998; Kohler and
Neuhaus, 1998; Arazi et al., 1999; Kohler and Neuhaus, 1999). A CaMBD located
within the CNBD suggests that a cyclic nucleotide and a calmodulin may regulate this
channel antagonistically. To support this notion, Ali ef al. (2006) conducted a
complementation analysis by heterologously expressing ATCNGC] lacking the CaMBD
in the K'-uptake deficient yeast (#7k1,2) and E. coli mutants (which additionally lacks
endogenous calmodulin). In this study, they showed the channel function was enhanced
in E. coli but not in yeast when complemented with this truncated ATCNGC1, indicating
the inhibition of channel function by yeast calmodulin.

Although some studies reported plant CNGCs can function as a homomer in
various heterologous expression systems, based on the structural similarity to animal
CNGCs, it is speculated that plant CNGCs also form heterotetramers in planta. However,

by present, no study has been published about heterotetramerization of plant CNGCs.



1.3 Ion selectivity of CNGCs

Animal CNGCs are defined as non-selective cation channels because they do not
discriminate between K*, Na*, and Ca*" well (Zagotta and Siegelbaum, 1996). The pore
of animal CNGCs contains a GETP sequence were there would be a GYGD sequence
acting as a selectivity filter in channels selective for K" ions (Kaupp and Seifert, 2002). It
is the GETP sequence which is believed to be responsible for the inability of animal
CNGCs to discriminate between cations. There is neither a GETP nor a GYGD sequence
in the pore of ATCNGCs. Instead, there is a conserved GQNL in 9 of the 20 ATCNGC:s,
which includes ATCNGCI1, 3, 10, 11 and 12 (Figure 3) (Kaplan er al., 2007).
ATCNGC2 and 4 are both completely unique in terms of this ion selective filter by
having the sequence of ANDL and GN-L, respectively. The differences in this selectivity
filter sequence may provide plant CNGCs a unique ability to discriminate between ions
more than animal CNGCs (Leng ef al., 1999; Hua et al., 2003a; Gobert ef al., 2006;
Borsics et al., 2007).

A functional analysis of ATCNGCI, 2, 3, 4 and 10 in a heterologous system
showed they could freely conduct K" (Leng et al., 2002; Balague ef al., 2003; Hua et al.,
2003; Li et al., 2005; Gobert er al., 2006; Borsics et al., 2007). However, only
ATCNGC1, 3 and 4 allowed for Na™ uptake (Leng ef al., 2002; Balague et al., 2003; Hua
et al., 2003a; Gobert et al., 2006). All of these functional analyses were performed in
either mutant yeast strains lacking either their major Na" or K* channels or a mutant E.
coli lacking the major K™ channels.

When the yeast mutant strain WD3, lacking two major K*-uptake transporters,

trkl, trk2 (Mercier et al., 2004), expressed either ATCNGC11 or 12, the yeast was able to
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RYIARIYWESITTMI TVGYEDLAASNTIEMVE ITVIMLFNLGLTAY L IGHMTHLY
GYTYEMYWS IV T LT TVGYGDLHAVN S REKTFEMFIMLFNIGLTSY I IGIMTNLY
RINTAMYWS ITTFSTTGY GO I HGVNESREMTF ELFYMVENLGLEAY T IGHNMTRL YV
RYVTAMYRSITTFRSTTGYGD I HGHNARERAFILFYMI FHLGLLAY T IGNMTNLY

- RYTISMYFAVWTMATVGYGD IHAVHMREMIFAMVY ISFEMILGAY LICHMTALL

RY TTALYFAIVTHATVGYSD I HAVNLREMIEVMI ¥ VS FDMVLGAYLIGNITALL
TYPRALWNSVETATTVGYGLLY PVTLRGRLVAVVVMVAGI TSFELYVTARLATHE

- s & a . %
. r s - u . " " - * s

Figure 3. Taken from Kaplan et al., (2007). Amino acid sequence alignment of
the S6 and pore region of the 20 Arabidopsis CNGCs, the shaker-like K+-
selective channels (AtKAT1 and 2, AtAKT1, 2 and 5, AtKCI, AtSPIK, AtSKOR,
and AtGORK), tobacco (NtCBP4), bovine CNGCs (BRET and BOLF) and the
Streptomyces lividans K+ channel (KCSA). The presumed selectivity filter is
highlighted in red. © 2007 Federation of European Biochemical Societies
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grow in K* minimal media indicating that both of these ATCNGCs are permeable to K*
ions and can form homomeric functional channels in vitro (Yoshioka et al., 2006). A
similar result was obtained using a yeast mutant lacking its major Ca** channels
indicating that they were also able to permeate Ca®" jons (Urquhart ef al., 2007) unlike
that of ATCNGC1 which was unable to permeate Ca®* when expressed in the same yeast
mutant (Ali et al., 2006). The heterologous expression of ATCNGCI18 in E. coli elevated

the Ca®" ion concentration inside the cells (Frietsch et al., 2007)

1.4 The CNBD structure and key residues

Cyclic nucleotides are ubiquitous intercellular secondary messenger. It has been
reported that many cellular processes are regulated by these small molecules through
their effectors, such as protein kinase A and the Rap guanine nucleotide-exchange factor
Epac (Rehmann et al., 2007). Intracellular cyclic nucleotides have also been found to
interact with animal CNGCs and induce gating (Yau and Baylor, 1989; Zagotta and
Siegelbaum, 1996; Kaupp and Seifert, 2002). The CNBDs of a plant or animal CNGC
share similarity in their protein sequence and structure to the CNBDs found in cAMP-
and cGMP-dependent protein kinases, cAMP-dependent G-protein exchange factors, and
the bacterial catabolite activator protein (CAP) (Arazi et al., 2000; Kaupp and Seifert,
2002; Hua et al., 2003b). CNBD sequences are also found in several other voltage and
ligand-gated potassium channel family members that share homology to that of CNGCs,
such as hyperpolerization-activated cyclic nucleotide-gated (HCN) “pacemaker” and
ether-a-go-go (EAG) channels (Anderson et al., 1992; Sentenca et al., 1992; Robinson

and Siegelbaum, 2003).



12

A reliable three-dimensional model for CNBDs was generated based on a crystal
structure analysis of the CNBD within the CAP (Weber and Steitz, 1987). This model
delineates a “roll subdomain” and a “C-helix subdomain” connected by a conserved
proline also found in animal CNGCs (Figure 1). The roll subdomain consists of two a-
helices, “A-helix” and “B-helix”, which flank an eight-stranded B-barrel (B1 to B8). In
between the sixth and seventh B-strand there is a short “P-loop” and “PB-loop”. The C-
helix subdomain consists of a single helix and in plant CNGCs the C-helix contains the
CaMBD.

The overall structure of the B-barrel in the CNBD is similar in both plant and
animal CNGCs. The B-barrel has a “jelly-roll”-like topography due to the eight B-strands,
which make up two antiparallel B-sheets consisting of four strands each, causing the B-
barrel to flatten (Kaupp and Seifert, 2002). A bound cyclic nucleotide can be held in this
B-barrel by a number of polar and non-polar interactions. In the PB-loop between B6 and
B7, the residues interact with the negatively charged phosphate and the ribofuranose
moiety of a cyclic nucleotide through several hydrogen bonds and electrostatic contacts
(Kaupp and Seifert, 2002). The residues from the B6 to the end of the 7 are therefore
referred to as the phosphate binding cassette (PBC). Analysis of the ATCNGC2 CNBD
through computational modeling identified three residues, G599, D600, and S619, which
are predicted bind to the ribofuranose moiety and the phosphate in cAMP (Hua et al.,
2003b).

In animal CNGCs, the purine ring of cyclic nucleotides will interact with
particular residues in the C-helix of the CNBD through hydrogen bonds (Zagotta and

Siegelbaum, 1996). Previous studies using nucleotide analogs have demonstrated that the
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C-helix is responsible for ligand selectivity (Goulding et al., 1994). cGMP and cAMP are
different only at the C; and Cg¢ positions of the purine ring (Figure 4). Therefore, various
substitutions in the purine ring of cyclic nucleotides were created to test how the purine
structure contributes to ligand selectivity (Tanaka et al., 1989; Scott and Tanaka, 1995;
Wei et al., 1996; Scott et al., 2000; Scott et al., 2007). In these studies the alterations in
its size and charge of the purine ring were reported to alter its ability to activate rod
CNGCs. Contrary, alterations to the residues in the PBC in the CNBD will completely
abolish channel activity in rod CNGCs (Scott et al., 2007). Together, these studies
suggest that the purine ring controls ligand selectivity and the ribofuranose stabilizes the

ligand in the B-roll (Kaupp and Seifert, 2002).

1.5 Channel gating and subcellular localization

The C-linker region exhibits a unique tertiary structure in which there are no
related structures currently in the protein data bank. Yet it has been reported that the C-
linker plays a crucial role in the arrangement of the interacting subunits and gating of the
tetrameric channels (Goulding et al., 1994; Craven and Zagotta, 2004). The C-linker is
thought to mediate most of the subunit-subunit interaction in HCN2 channels (Zagotta et
al., 2003). Also, the C-linker interacts with residues in the CNBD such that when a cyclic
nucleotide binds to the B-barrel, a movement in the C-helix of the CNBD causes some
movement in the C-linker (Matulef ef al., 1999; Taraska and Zagotta, 2007). A mutation
to a residue that allows the C-linker and the CNBD to interact could disrupt the necessary

stoichiometry for the correct subunit interactions.
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¢ - AMP ¢ -GMP

Figure 4. Structure of cAMP and cGMP. A cyclic nucleotide molecule consists
of a purine ring (adenine for cAMP or a guanine for cGMP) and a ribofuranose
moiety with a phosphate that has formed hydrogen bonds between the C3 and
C5 of the ribofuranose. The difference between cAMP and cGMP are at the C,
and C6 position of the purine rings.
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Mutations in the CNBD can also abolish channel activity, such as by causing
improper subcellular protein localization. Several studies with HCN2 and the human
ether-a-go-go-related gene (HERG) have provided some evidence that the CNBD of
CNGCs may be necessary for proper subcellular localization of these channels. HERG
encodes a CNBD-containing K* channel found in cardiac tissue and abnormal HERG
function is associated with ventricular arrhythmias and sudden death (Curran et al., 1995;
Sanguinetti et al., 1995). Single point mutations in the CNBD or a truncation of the
entire C-helix in the CNBD of HCN2 and HERG were reported not to affect the
formation of tetramers and instead the channels were retained in the golgi apparatus and
the ER, respectively (Akhavan et al., 2005).

Localization of the tobacco CNGC, NtCBP4, (Arazi et al., 1999), the barley
CNGC, HvCBT]1 (Schuurink et al., 1998) and the Arabidopsis CNGCs, 10, 5, 3, 18, 11
and 12 and ATCNGC11/12 (Gobert et al., 2006; Borsics et al., 2007; Urquhart et al.,
2007; Frietsch et al., 2007; Christopher et al., 2007) has been observed in the plasma
membrane. The localization of ATCNGC10 and 3 were shown in plant-based analyses

and ATCNGCI11, 12 and ATCNGC11/12 have been shown in yeast.

1.6 The Arabidopsis cpr22 mutant

In prior work, the Arabidopsis mutant, constitutive expresser of PR genes22
(cpr22) was isolated (Yoshioka et al., 2001, 2006). cpr22 exhibits stunted growth with
curly leaves and falls into a category of lesion mimic mutants with various constitutively
active defense responses (Figure 5). cpr22 displayed enhanced resistance to two distinct

types of pathogens, the oomycete pathogen Hyaloperonospora parasitica isolate Emco5



Figure 5. Morphological phenotype of the Arabidopsis cpr22
mutant. (a) cpr22 homozygous grown under ambient humidity. (b)
cpr22 heterozygous. (c) wildtype Arabidopsis.
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and Emwal as well as the bacterial pathogen Pseudomonas syringae pv. maculicola
ES4326 (Yoshioka ef al., 2001; Yoshioka et al., 2006). Interestingly, these phenotypes
are strikingly similar to that of the null mutants of ATCNGC?2 (dndl) (Yu et al., 1998;
Clough ef al., 2000) and ATCNGC4 (dnd2/hlml) (Balague et al., 2003; Jurkowski ef al.,
2004).

The cpr, dnd and him mutants fall into a class of Arabidopsis mutants that display
constitutive PR gene expression, increased SA levels and a heightened resistance to
virulent and avirulent pathogens. cprl, cpr5 and cpr6 share all of these phenotypes with
cpr22, however, it is only cpr5 which also has spontaneous lesion formation (Bowling ef
al., 1994, 1997; Clarke et al., 1998, 2000). This spontaneous lesion formation in cpr3 is
SA-independent (Bowling et al., 1997), whereas the morphological phenotypes and
spontaneous lesion formation in cpr22 are SA-dependent (Yoshioka et al., 2006).
Furthermore, cpr6 has a similar morphological phenotype to cpr22, such that cpré has
stunted growth, which is also attributed by a SA-dependent pathway (Clarke et al., 2000).

The SA-dependent pathway in cpr22 is responsible for constitutive expression of
the PR-I gene, stunted growth, spontaneous lesions, lethality in homozygous plants and
enhanced resistance to H. parasitica (Yoshioka et al., 2001). This was determined by
crossing the cpr22 mutant with the Arabidopsis mutant, NahG, which is carrying a
transgene (nah(G) that metabolizes SA into catechol. Furthermore, from crossing cpr22 to
Arabidopsis mutants that are non-expressors of PR-1 (nprl-5) it was determined that the
constitutive expression of PR-1 in cpr22 is NPRI-dependent (Yoshioka et al., 2001).
nprl mutants are insensitive to SA, fail to develop a HR and have a enhanced disease

susceptibility (Cao et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996; Shah et al.,
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1997). It was suggested that NPRI is an important factor downstream of SA
accumulation in order to express PR-1. Therefore it was important to determine if CPR22
functions in the same pathway as NPRI. The stunted growth, spontaneous lesions,
lethality and enhanced pathogen resistance are all NPRI-independent (Yoshioka et al.,
2001). cpr5 and cpr6 plants demonstrate a similar resistance to H. parasitica that is also
NPRI-independent (Bowling ef al., 1997; Clarke et al., 1998). This data indicate that
there is a signaling branch after SA accumulation and before NPRI to induce these
phenotypes.

The enhanced pathogen resistance in cpr22 is also mediated by an R gene-
mediated signal transduction pathway that requires the resistance signal transducers
EDSI, PAD4, and NDRI (Yoshioka et al., 2006). The Arabidopsis EDSI and PAD4
genes encode lipase-like proteins that are predominantly required by a particular R gene
class with a N-terminal domain homologous with Toll and the interleukin-1 receptor
followed by a nucleotide binding site and leucine-rich repeat (TIR-NBS-LRR) (Feys et
al., 2001). Contrary, another R gene class with a coiled-coil, NBS and LRR (CC-NBS-
LRR), predominantly requires the NDR! for defense response (Aarts et al., 1998). NDRI
encodes for an integral membrane protein, yet the precise biochemical activity for NDR1
is not yet known (Century et al., 1997). Analyses of double mutants, cpr22/pad4,
cpr22/edsl, and cpr22/ndrl, demonstrated a loss of cpr22-conferred enhanced pathogen
resistance but no change in elevated SA accumulation, stunted and curly-leafed plants,
spontaneous lesions, or to the constitutive PR-1 expression (Yoshioka et al., 2006). This
suggested that the heightened pathogen resistance in cpr22 is not only SA-dependent but

also both NDRI- and EDS1/PAD4-dependent.
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cpr22 also has constitutive expression of the definsin gene, PDFI.2, which is a
marker gene for the activation of jasomonic acid (JA) and ethylene signaling pathways.
Double mutant analysis between Arabidopsis mutants which are defective in the JA
(coil-I) and ethylene (etrlI-1) signaling pathways with cpr22 demonstrated that the
constitutive expression of PDFI1.2 is JA- and ethylene-dependent and SA-independent
(Yoshioka et al., 2001).

cpr22 was identified as a semi-dominant mutation that is lethal in the
homozygous state unless the plant is grown under high relative humidity (>90%, Figure
5) (Yoshioka et al., 2001). Recently, the cpr22 mutation was identified as a 3-kb deletion
that fuses two CNGC-encoding genes, ATCNGC11 and ATCNGC12, to generate a novel
chimeric gene, ATCNGC11/12 (Figure 6) (Yoshioka et al., 2006). Based on genetic,
molecular and complementation analyses, it is suggested that ATCNGC11/12, as well as
ATCNGC11 and ATCNGCI12, form functional CNGCs and that the phenotype conferred
by cpr22 is attributable to the expression of ATCNGC11/12 (Yoshioka et al., 2006;
Urquhart et al., 2007).

Arabidopsis knockout lines for either ATCNGC11 or ATCNGC2 did not display
the phenotypes conferred by cpr22 but showed partially reduced resistance to the
avirulent pathogen H. parasitica isolate Emwal. This reduction in resistance suggests a
role for ATCNGC11 and 12 in pathogen defense and that ATCNGC11/12 is
constitutively activating defense responses, possibly by generating a downstream signal

normally activated by ATCNGC11 or 12.
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ATCNGC11 ATCNGC12

Figure 6. The chimeric gene, ATCNGC11/12, in the cpr22 plant (above) and the protein
model of the chimeric channel (below). The orange box delineates the portion of the
channel contributed by ATCNGC11 and the brown box delineates the portion contributed
by ATCNGC12. The portion in the yellow box has the exact same sequence in both
ATCNGC11 and 12, and therefore it can not be determined which channel has
contributed this portion. Legend: external loop (EL); internal (cytosolic) loop (IL);
transmembrane segment (S1-S6); pore (P); cyclic nucleotide binding domain (CNB
domain); calmodulin binding domain (CaMB).
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Thesis objectives

The specific objectives of my thesis are: 1) to characterize the intragenic cpr22
suppressor mutant #73, and 2) to investigate the molecular mechanism of the suppression
of cpr22-related phenotypes by this mutation. This study aims to evaluate the possibility

to use ATCNGC11/12 as a tool to identify the functionally important residues of CNGCs.
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CHAPTER 2 — Methods and Materials

2.1 Growth conditions

All Arabidopsis thaliana seed lines were sown on PRO-MIX soil (Premier
Horticulture Inc., Red Hill PA, USA) and stratified in the dark at 4°C for two days in
order to synchronize germination. Seeds were germinated and grown under 16 hours of
fluorescent light (45 umol/mz/sec) in a growth chamber that maintained a temperature of
22°C and a relative humidity (RH) of 55%; except those homozygous for ATCNGC11/12
which were grown at a RH of 95%. Nicotiana benthamiana plants were grown on the

same soil in the greenhouse under seasonal light and ambient humidity.

2.2 Plant material

A knock-out line for the ATCNGC12 gene (KO12) was generated using the T-
DNA insertion line SALK 092657 (ecotype Col-0) obtained from the SALK institute
(Yoshioka et al., 2006) and used along with a Ws wildtype (wt) plant to create the

transgenic plant lines described in this thesis.

2.3 Suppressor screening and identification of the #73 mutant

The Arabidopsis plants used as a control line are of the Ws ecotype, unless
otherwise noted. The cpr22 mutant previously identified (Yoshioka et al., 2001) is also of
the Ws ecotype and therefore all suppressor lines for the cpr22 mutant, including
suppressor #73, are of the same ecotype. Approximately 10,000 cpr22 homozygous seeds
M, were mutagenized with 0.3% (v/v) ethylmethane sulfonate (EMS) solution (Sigma-
Aldrich) for 8 hours at room temperature (RT), followed by rinsing with water more than

15 times. The My seeds were grown under high RH of 95% for M, plants. Seeds from M,
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plants (M, seeds) were grown under ambient RH conditions to screen for suppressor
plants. One of these plants, #73, which had the physical appearance of a Ws-wt plant,
was identified through this screening. Suppressor #73 was then backcrossed with a
homozygous cpr22 plant for genetic analysis. The homozygosity of the ATCNGC11/12
gene was confirmed by a PCR based marker (see the “General Molecular Biology”
section for PCR conditions and Table 1 in Appendix for primer sequences, “D2DT_for”

and “D2DT rev”™).

2.4 General molecular biology
2.4.1 Media for bacterial cultures
See Appendix, Table 2, for a summary of the media for bacterial cultures.
2.4.2 Yeast Strains and Growth Conditions

The K" uptake-deficient Saccharamyces cerevisiae strain CY162 (trkl,2) (Gaber
et al., 1988; Ko and Gaber, 1991) was used for the channel complementation assay. The
CY162 yeast was made competent first by growing it in YPD medium at 30°C shaking
overnight. The overnight culture was diluted in 50 ml YPD (1% yeast extract, 2%
peptone, 2% dextrose) to an ODggp of 0.4 and grown for an additional 2 hrs. The cells
were collected at 6000 rpm centrifugation for 6 min at 22°C and resuspended in 40 ml of
1X TE. At this time the cells were competent and were aliquoted into individual 1.5 ml
tubes at 200 pl per tube and immediately placed in liquid nitrogen and then placed into a -
80°C freezer for later use. Competent cells were thawed on ice and pelleted by brief
centrifugation. The supernatant was removed and the cells were resuspended in 200 pl of

1x LiAc/0.5x TE and incubated at RT for 30 min. The cells were pelleted by brief
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centrifugation and resuspended in 300 pl of 1x LiAc/40% PEG-3350/1x TE, 100 pg of
boiled and cooled sheared salmon sperm DNA, and 1 pg of plasmid DNA. The yeast was
incubated at 30°C for 30 min and then put into a 42°C water-bath for 40 min with
inversions every 10 min. The cells were briefly centrifuged and the supernatant was
removed. The cells were washed 2x by 1 ml sterile ddH,O and then resuspended in 1 ml
of sterile ddH,O. A small aliquot (~20 pl) of the yeast was spread onto SC-ura (minimal
medium containing 2% glucose, 0.67% Yeast Nitrogen Base without amino acids) plates
and incubated for 2 days at 30°C. Synthetic dropout media minus uracil was added to the
medium for selection from the yeast following transformation. The yeast vector,
pYES2® (Invitrogen), (URA3 marker) was transformed alone or containing
ATCNGC11/12, ATCNGC12, ATCNGC11/12:E519K or ATCNGC12:E527K. In addition,
100 mM of KCl was added to SC-ura media for growing transformed CY 162 yeast. This
protocol was adapted from Invitrogen™ “Small-Scale Yeast Transformation™ (Catalog
no. V825-20).
2.4.3 DNA extraction

All plasmids extractions from Escherichia coli strains were performed using an
alkaline extraction protocol as described in Sambrook and Russell, 2001, or using the
GenElute™ Miniprep Kit (Sigma). This kit and all other kits were used according to the
manufacturer’s protocols. Genomic DNA was extracted from Arabidopsis plants by
selecting 1-2 small leaves and following the protocol (Quick DNA prep for PCR) as
described in Arabidopsis laboratory manual (Weigel and Glasebrook, 2002).

From yeast, all plasmids were extracted by pelleting a 1 ml yeast culture grown

for 2 days at 30°C and vortexing the pellet with 100 pl of lysis solution (2% Triton X-
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100, 1% SDS, 100 mM NaCl, 10 mM tris-HCl, pH 8, and 1 mM EDTA). Following this,
100 pl of phenol/chloroform and 0.1 g of acid-washed glass beads were added. The
samples were then vortexed at high speed for 2 min and centrifuged for 2 min at 13,000
rpm. The supernatant was transferred to a clean tube and precipitated with 250 pl of
100% EtOH for 5 min at RT. This was followed by another centrifugation at 13,000 rpm
for 5 min. The supernatant was removed and the pellet was washed with 500 pl of 70%
EtOH and then re-centrifuged at 13,000 rpm for 2 min. The supernatant was discarded
and the pellet was air-dried and resuspended in 10 pl of ddH,O.
2.4.4 DNA Restriction endonuclease digestion

Restriction endonucleases where purchased from Fermentas and all enzymatic
reactions were carried out according to the manufacturer’s recommendations. DNA
fragments generated by restriction endonuclease digestion were separated on 0.8%
agarose gels, and products of the correct size were cut out from the gel using a clean
razor blade. The DNA was extracted from the gel by using the GenElute™ Gel
Extraction Kit (Sigma) and this is referred to as “agarose-gel purification” in subsequent
sections.
2.4.5 DNA Ligations

All ligations were carried out in 10 pl reactions using 1 pl (5 Units) of T4 DNA
ligase and the companion ligation buffer both obtained from Fermentas. Reactions were

incubated overnight in a 16°C waterbath.
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2.4.6 Bacterial Transformations

Both chemically competent and electro-competent E. coli cells were made and
used for transformations. For chemically competent cells ~100 ng (or 4 pl from a 10 pl
ligation) of plasmid was added to the cells and then left on ice for 20 min followed by a
30 sec incubation in a 37°C water-bath and then another 5 min incubation on ice. As for
the electro-competent cells 50-100 ng (or 1-2 pl from a ligation) of plasmid was added to
the cells and chilled on ice for 5 min and then transferred to a chilled electroporation-
cuvette and was electroporated in a BioRad MicroPulser™ at 2.5 kV using a 0.2 cm
cuvette. Either chemical or electro-competent cells would then have 1 ml of LB added to
the cells and then placed in a 37°C shaker at 250 rpm for 1 hr and plated onto LB agar
plates containing the appropriate antibiotic selection and incubated overnight at 37°C.

Agrobacterium, strain GV3101 was used for stable transformation of Arabidopsis.
The introduction of plasmids into Agrobacterium was performed by the same protocol
that was used for E. coli electro-competent transformations. N. behthamiana and tobacco
BY-2 cell transformations were performed using the Agrobacterium strain, GV2260. This
strain was made chemically competent to introduce the desired plasmid into the
Agrobacterium. However, transformation for GV2260 required a slightly different heat-
shock method. After the plasmid DNA was added the cells were put into liquid nitrogen
for five minutes and then kept for 25 min at 37°C. After adding 1 ml of LB to either strain
and incubating at 37°C for 1 hr, the cells were plated on LB agar containing rifampicin
plus the appropriate selection antibiotic and grown for 2-4 days at 28°C. Positive colonies
were screened by PCR detection of the ATCNGC11/12:E519K gene using the primers #1

and #32 (see Appendix, Table 1) and confirmed by restriction digest with Hindlll.
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2.4.7 Polymerase Chain Reaction (PCR)

PCR reactions consisted of a 20 pl total volume for screening purposes or 40 pl
for agarose gel purification of the PCR product. Each PCR reaction contained 50-100 ng
of template DNA, 0.125 mM working concentration dNTPs (from a 1.25 mM stock
mixture of dATP. dCTP, dGTP and dTTP) (Fermentas), 20 pmol of each primer
(Invitrogen), 1x PCR buffer (0.2 M Tris pH8.0, 0.25 M NaCl, 25 mM EDTA, and 0.5%
SDS) and one unit of Tag polymerase (Fermentas). A PCR reaction consisted of an initial
2 min denaturation step at 94°C, followed by 24 to 39 cycles consisting of a 30 sec
denaturation step at 94°C, a 30 sec annealing step at 55-65°C (depends on the Ty, of the
primers), an extension step at 72°C for 20 sec to 2 min (30 sec for every 500 bp of
expected product size) and a final step at 72°C for 10 min. PCR reactions took place in a
MJ PTC-200 Peltier™ Thermocycler. All PCR products were run on 1% agarose gels
except when screening for the homozygosity of suppressor #73, a 4% was used. Plants
homozygous for cpr22 would produce a 180 bp band versus the 160 bp and 180 bp bands
for cpr22 heterozygous plants and Ws-wt plants.

2.4.8 RNA extraction and electrophoresis

All RNA was extracted using the TRIzol® Reagent (Invitrogen) according to the
manufacturer’s instructions. For plant tissue, 1-2 medium leaves were used. Yeast cells
were grown to a mid-log phase (ODgop = 0.5-0.7) and used. Leaves or yeast cells were

frozen in liquid nitrogen first and leaf tissue was then ground using a sterile pestle before
TRIzol® was added. Half the amount TRIzol® (500 pl) was added directly to the frozen

yeast cells along with 100 pl glass beads (Sigma) and vortexed for 1 min the rest of the
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procedure was carried out the same as for plant RNA extraction except that all other
subsequent volumes were also halved.

All prepared RNA samples were run on a 1x MOPS-formaldehyde agarose gel
following a standard method (Sambrook and Russell, 2001). Samples were boiled at 65°C
in sample buffer (1x MOPS, 0.2 M formaldehyde, 0.6 M Formamide, and 0.6% EtBr) for
15 min and then cooled on ice for 5 min.

2.4.9 Reverse transcriptase (RT)-PCR

cDNA was generated by SuperScript™ II Reverse Transcriptase (Invitrogen)
using total RNA and following the manufacturer’s instructions. The cDNA was then
used in a PCR reaction using the thermocycle previously described and under the same
conditions as for PCR. The fB-tubulin and the ACT! genes were used as a control for
plant and yeast RT-PCR, respectively. ATCNGC gene specific primers were used to
detect gene expression in N. benthamiana and yeast mutants (see Appendix, Table 1 for

all primer sequences).

2.5 PR-1 detection by Northern hybridization
PR-1 gene detection was performed as previously described (Kachroo et al.,

1995) using a previously designed and used probe (Yoshioka et al., 2001)

2.6 Plasmid construction
The ATCNGCI11/12 c¢DNA was digested from the plasmid, pMBP3-
ATCNGCI11/12 (minus the stop codon, plus a green fluorescence protein, smGFP,

Yoshioka et al., 2006, Urquhart et al., 2007) with Xhol and subcloned into pBluescript®
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(Stratagene). The #73 point mutation (G1555A), which creates the residue change
E519K, was introduced into the cDNA of ATCNGC11/12 while in pBluescript, through
the QuikChange® Site-Directed Mutagenesis Kit (Stratagene). Oligiomer primers
“cpr22#73 for” and “cpr22#73 rev” were designed (see Appendix, Table 1) and the
procedure was carried out following the manufacturer’s instructions. The pBluescript-
ATCNGC11/12:E519K plasmid was sequenced and sub-cloned back into pMBP3
(Cambia) by digestion with Xhol. The re-ligation was confirmed by digestion with
Hind]1l for insertion and correct orientation (see Appendix, Figure 1).

In order to obtain the cDNA, of ATCNGC11/12:E519K with a stop codon and
without the smGFP, a PCR product using the primers #67 and #68 (see Appendix, Table
1) was used to amplify ATCNGC11/12:E519K from pMBP3. The forward primer
introduced a BamHI site at the 5’-end of the cDNA. An A-tail was added to the PCR
product to allow for ligation into pPGEM®-T Easy (Promega).

This ATCNGC11/12:E519K (with stop codon) in pGEM plasmid was subcloned
into pYES2® by digesting both the plasmid and the pYES2 vector with BamHI and Notl.
Other plasmids, pYES2 (empty vector), pYES2-ATCNGC12 and pYES2-ATCNGC11/12
were constructed as previously described (Yoshioka et al., 2006). For the construction of
pYES2-ATCNGCI2:E527K, both pYES2-ATCNGCI11/12:E519K and pYES2-
ATCNGC12 were digested by restriction enzymes Munl and Xbal. The 550bp fragment
from pYES2-ATCNGC11/12:E519K contains the E527K mutation and was agarose gel
extracted along with the 7450 bp fragment from the pYES2-ATCNGC12 so that these two
pieces of DNA were ligated together to create pYES2-ATCNGC12:E527K. The summary

of the construction of the yeast expression vector is shown in Appendix, Figure 2.
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The CNBD portion (T1323 to GI1950) of ATCNGC12 and
ATCNGC11/12:E519K (T1299 to G1926) was expressed in E. coli (BL21-DE3). The E.
coli expression vector, pET28a(+)® (Novagen, Madison, WI, USA) was used. To express
the CNBD portion of ATCNGC12, the CNBD ¢DNA for ATCNGC12 was obtained from
pGADT7-ATCNGCI2 by EcoRIl and Xhol digestion and sub-cloned into pET28a to
create pET28a-CNBDI12. Whereas pET28a-CNBDI11/12:E519K was created using PCR
to amplify the CNBD portion of ATCNGC11/2:E519K with the primers “WS14-EcoRI”
and #37 (see Appendix, Table 1). This product was then digested by EcoRI and X#hol in
order to create the appropriate restriction enzyme sites for sub-cloning into pET28a. The
summary of the construction of the CNBD clones in pET28a vector is shown in

Appendix, Figure 3.

2.7 Agrobacterium-mediated transient expression

ATCNGC11/12:E519K in pMBP3 was transformed into the Agrobacterium strain
GV2260 which was then subsequently used to transiently express ATCNGC11/12:E519K
in N. benthamiana along with ATCNGC11/12, and ATCNGCI2 as described in Sessa et
al., (2000). Agrobacterium carrying either of these CNGC cDNAs or that of the empty
pMBP3 vector (final density of 0.2 ODgqg) were used to syringe-infiltrate the underside of
N. benthamiana leaves and monitor these areas for cell death 2 days post infiltration. All
Agrobacterium was infiltrated in a 1:1 ratio with Agrobacterium carrying the tobacco
etch virus (TEV) helper component proteinase (HC-Pro), in order to prevent gene

silencing in N. benthamiana (Mallory, et al., 2002). The expression of these genes was
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confirmed by RT-PCR (see the section “Reverse transcriptase (RT)-PCR” under “General

molecular biology™).

2.8 Subcellular localization analysis

The localization of ATCNGC12, ATCNGC11/12 and ATCNGC11/12:E519K
was attempted in several different systems using the same constructs used in the transient
expression of N. benthamiana. A first attempt was in tobacco bright yellow (BY) -2
suspension culture cells. The BY-2 cells were transformed with the plasmids, pMBP3-
ATCNGC11/12-smGFP and pMBP3-ATCNGC11/12:E519K-smGFP using particle
bombardment and Agrobacterium transfection. The Agrobacterium was prepared as
described in the “Agrobacterium-mediated transient expression” section. BY-2
suspension cultures were grown for 4 days in 4.3 g/LL MS salts, 30 g/L sucrose, 100 mg/L
Myo-inositiol, 255 mg/L. KH,POy4, 0.2 mg/L 2,4-D, 1 ml/L Thiamine-HCl, pH 5. Cells
were centrifuged for 5 min at RT and resuspended in transformation buffer (4.3 g/L MS
salts, 30 g/L sucrose, 100 mg/L Myo-inositiol, 255 mg/L KH2PO4, 1 ml/L. Thiamine-
HCI, 0.25 M sorbitol and 0.25 M mannitol, pH 5). For 8§ ml of BY-2 cells, 200 pl of
Agrobacterium and 8 pl of Acetosyringone (from a stock of 4 mg in 1 ml EtOH) were
gently mixed together and incubated at 28°C for 24, 48 and 72 hrs. At each time point the
BY-2 cells were collected and gently centrifuged (1000 rpm, 1 min, 22°C). Cells were
washed in BY-2 media and observed under the microscope.

Tungsten particles (microcarriers) were prepared for particle bombardment
transformation of BY-2 cells by placing 100 mg of tungsten particles (M-17-Biorad) in a

glass vial and heated to 180°C overnight. Microcarriers were transferred to a 1.5 ml tube
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with isopropanol and sonicated at a duty cycle of 30% and an output of 2, at 10 sec
interval pulses for a total of 3 min. The microcarriers were then incubated at RT for 15
min and centrifuged for 10 sec at 13000 rpm. After removing the supernatant, the
microcarriers were washed in sterile ddH,O and vortexed. The microcarriers were
incubated for 1 min at RT and centrifuged as above. The washing and centrifugation was
repeated once more and the microcarriers were finally resuspended in 1 ml of sterile 50%
(v/v) glycerol and aliquoted into 5 pl samples.

A microcarrier sample had 2.5-5 pg of plasmid DNA added and mixed
thoroughly. To each sample, 16 mM spermidine (Sigma) and 1 M CaCl, was added. The
samples were vortexed for 3 min and centrifuged briefly. The microcarriers were
resuspended in 100% isopropanol, vortexed and centrifuged as above. The supernatant
was removed and microcarriers were then resuspended in 48 pl of isopropanol. A sample
of the microcarrier bound with plasmid were added onto macrocarriers (Biorad) and
allowed to sit at RT until all isopropanol evaporated. Coated macrocarriers were set into
macrocarrier holders on top of the stopping screen (Biorad). Rupture disks (1350 psi-
Biorad) were also washed in isopropanol and loaded into the retaining cap and tightly
screwed onto the gas acceleration tube. BY-2 cells were plated on petrie dishes lined with
Whatmann filter paper soaked with transformation buffer and placed into a chamber of
unit (PDS-1000 Helium Biolostic Particle Delivery System-Biorad). Helium tank
pressure was set to 1500 psi, and the vacuum was created to 25 inches of mercury to
allow firing of the DNA at approximately 1300 psi. After releasing the vacuum the plates

were removed, sealed and placed at 24°C in the dark overnight.
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The following day the transformed BY-2 cells were fixed with transformation
buffer and formaldehyde (1:1) and mixed on a rocker for 40 min at RT in the dark. The
cells were washed four times with 1 ml of 1x PBS (for 1L: 8 g NaCL, 0.2 g KCl, 1.44 g
Na,HPO4, 0.24 g KH,PO4) for 2 min, on the rocker in the dark. After the last wash the
cells were resuspended in 1 ml of 1x PBS and 10 pl of pectolyase (from a 10 mg/ml
stock) was added and the cells were incubated at 28°C for 2 hrs in the dark on a rocker.
Cells were then washed three times with 1x PBS and then resuspended in 1 ml of 1x PBS
and observed under the microscope.

Arabidopsis Ws-wt and KO12 (Col-0) were used for floral dip transformation of
ATCNGC12, ATCNGC11/12 and ATCNGC11/12:E519K. First bolts from the plants were
cut off (approximately 6 weeks old) and after 2 or more bolts had grown the plants were
vacuum-infiltrated with the Agrobacterium (strain GV3101) carrying the appropriate
construct. Plants were placed on their side and covered with saran wrap and left at RT in
the dark overnight. The following day the plants were stood erect and grown until seed
pods were matured and ready for collection. These seeds are referred to as the T,
generation. Positive transformants were identified by growing the T; seeds on soil with
Wipeout™ since the pMBP3 plasmid carries a Basta (glufosinate ammonium) selection
gene. Plants from the T, generation were screened under the microscope for GFP in the
epidermis of the leaves.

We attempted Arabidopsis protoplasts transfection by following the protocol
described in Yoo et al., (2007). However, we were unsuccessful. Therefore, we decided
to collaborate with Dr. N. Kato at the University of Louisiana. Protoplast isolation and

transfection with 10 pg of plasmid (pMBP3-ATCNGC12-smGFP, pMBP3-ATNCG11/12-
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smGFP, pMBP3- ATCNGC11/12:E519K-smGFP or a plasmid which expresses a plasma
membrane-localized protein, GFP-SYP123, courtesy of Uemura et al., 2004) was
performed as described in Fujikawa and Kato (2007). No plasmid was added during the
transfection procedure to the mock samples.

Transfected protoplasts were observed with Leica TCS SP2 spectral confocal
microscope equipped with a 40x, 1.25 numerical apertures, oil immersion objective lens
and a 500 nm excitation beam splitter. A pinhole size was 81 pum (Airy 1). A 488 nm
argon laser at 25% power was used to excite GFPs. A slit window of a photon multiplier
tube (PMT) was 500-600 nm. Each image was manually adjusted for the gains of the
PMT to increase signal-to-background ratios of the images. Images were zoomed to 3.2

fold and an area of 512 x 512 pixels (117 x 117 pm) was scanned with a resolution of

0.23 pm.

2.9 Pathogen infection and Trypan Blue staining

Cotyledons of 7 to 10-day-old seedlings were inoculated with Hyaloperonospora
parasitica isolates Emwal or Noco2 by applying a single drop of a 10° asexual
conidiosporangia/ml. Inoculated seedlings were covered with plastic wrap to keep a high
humidity and grown at 16°C under an 8 hr photoperiod. At 7 dpi plants which displayed
sporangiophore growth on the cotyledon surface were scored as susceptible. Leaf samples
from plants after 7 dpi were taken to stain for sporangiophores in susceptible plants or
dead cells using Trypan Blue staining was preformed as described in Yoshioka et al.,

2001.
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2.10 Yeast complementation assay

The complementation assay was performed by growing the K™ up-take deficient
yeast mutant (#7kl,2) strain CY162 carrying ATCNGCI1/12, ATCNGCI2,
ATCNGC11/12:E519K, ATCNGC12:E527K or empty pYES2 vector (from a glycerol
stock) in SC-ura media with 0.1 mM KCl. The cultures were grown at 28°C for 48 hours
and the growth was recorded at 0, 24 and 48 hrs by measuring the ODgoy with a

spectrophotometer.

2.11 Protein expression in E, coli

The pET28a constructs carrying the CNBD domain of CNBDI2 or
CNBD11/12:E519K were transformed into electro-competent E. coli strain BL21 (DE3)
and selected on LB medium plus kanamycin plates for positive colonies. A positive
colony was grown in a 1 L LB medium plus kanamycin culture to an ODgyy of
approximately 0.6, cooled on ice to approximately 4°C and then induced with 1 mM
IPTG, as recommended for the pET28a vector under the T7 promoter. The induced
culture was then grown overnight at 16°C. All proteins were extracted from the cells
using a lysis buffer volume (150 mM NaCl, 0.5% NP40, 5 mM EDTA pH 5.0, and 10
mM Tris pH 7.5), and sonication (duty cycle of 90, output of 5) for 10 min (30 sec on /
30 sec off) and the CNBD12 or CNBD11/12:E519K recombinant proteins were purified
from other contaminating proteins using Ni-NTA affinity chromatography. Fractions
were pooled together and dialyzed overnight at 4°C in 50 mM Tris pH 7.5, 150 mM KCl,

5 mM MgCl,, and 1 mM DTT. All proteins were stored at 4°C.



36

2.12 Protein conformation by Western blot analysis

The protein extracts were boiled in a 2x SDS loading buffer (in 1 ml: 100 pl 1.5
M Tris-HCL, pH 6.8, 60 ul 20% SDS, 300 pl glycerol, 150 ul B-mercaptoethanol, and
0.002mg Bromophenol Blue) for 2 min and run on a 12% SDS-PAGE gel at 130 mV ina
Tris-glycine-SDS running buffer. The gels were then blotted onto a PVDF membrane
(Millipore) at 150 mV in the appropriate buffers as directed by the manufacture of the
electroblotting system (ThermoFisher Scientific). The proteins blotted to the membrane
were probed with a His antibody (BIOSHOP, 1:2,500 dilution) and then with an a-rabbit
antibody conjugated to horse radish peroxidase (Cell Signaling Technology, 1:2,500
dilution). Using the Western Lightning reagent Plus (Perkin Elmer, Shelton, CT, USA)

cross-reacting protein bands were detected following the manufacturer’s protocol.

2.13 CNBD assay

Agarose beads coated with cAMP (Sigma) were resuspended in 1 ml of buffer (50
mM Tris pH 7.5, 150 mM KCI, 5 mM MgCl,, and 1 mM DTT) and 50 pl of this resin
was incubated with 250 pg of either purified protein CNBD12 or CNBD11/12:E519K for
2 hrs at 4°C. The beads were concentrated and the supernatant was collected (“unbound”
protein). The beads were then washed three times with the CNBD assay buffer (200 pl
was used for the first wash and 500 pl was used for subsequent washes). The beads were
then mixed with 50-100 pl of a 2x SDS-loading buffer and boiled for 5 min. Each sample
(input, supernatant, first wash and bound protein) was run on a 12% SDS-PAGE gel and

used for Western blotting to detect the His-tag. Competition assays followed the same
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protocol except that, first, 10 umol of either cAMP or ¢cGMP was incubated with the

CNBD protein for 20 min at 4°C and then the cAMP agarose beads were added.

2.14 Bioinformatics Analysis

A Dbioinformatics approach was taken to address the secondary and tertiary
structure of ATCNGC11/12. Using the secondary structure prediction tool PHYRE
(McDonnell et al,, 2006; www.sbg.bio.ac.uk/phyre/html/index.html) residue ES519 in
ATCNGC11/12 was found to be located in the eighth B-sheet of the CNBD. In a
collaboration with the Christendat lab, University of Toronto, Cell and Systems Biology
Department, the amino acid sequence of the cytosolic c-terminus domain from
ATCNGC11/12 was modeled to the crystallized structure of the cytosolic c-terminus of
HCN2 (PDB# 1Q50) using PYMOL (DeLano, W.L., 2002). The same portion of
ATCNGC12 was modeled to the crystallized structure of the CNBD from Rlo. (PDB#
INES).

Multiple sequence alignments of the CNBD amino acid sequences of all 20
Arabidopsis putative CNGCs were aligned using the ClustalW alogthrim (Thompson et
al., 1994). Full length protein sequences for these CNGCs were obtained from the Entrez
protein database (NCBI, http://www.ncbi.nlm.nih.gov/): AtCNGC1 (gi 38502855),
AtCNGC2 (gi 38502856), AtCNGC3 (gi 18407073), AtCNGC4 (gi 38503128),
AtCNGC5 (gi 42573714), AtCNGC6 (gi 38502863), AtCNGC7 (gi 15219100),
AtCNGC8 (gi 15223667), AtCNGC9 (gi 15234769), AtCNGCI10 (gi 38503202),
AtCNGCI11 (gi 79577669), AtCNGC12 (gi 3850303), AtCNGCI13 (gi 38503199),

AtCNGC14 (gi 38503238), AtCNGCI15 (gi 3850324), AtCNGC16 (gi 38503242),
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AtCNGC17 (gi 38503044), AtCNGC18 (gi 38503201), AtCNGC19 (gi 15229093),
AtCNGC20 (gi 38503198). Other putative CNGCs from barley (gi 66933082), rice (gi
77555620), bean (gi 24943196) and tobacco (gi 6969231) homologs obtained from the
blast search were aligned to the CNBD12. Human ion channels HCN2 (gi 156071470),
CNGA1 (gi 71143141), and CNGA3 (gi 4502917) was aligned to the CNBD12 and

ATCNGC11/12:E519K.
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CHAPTER 3 - Results

3.1 Screening for suppressor mutants of cpr22

To identify downstream components of cpr22 (ATCNGCI11/12)-mediated
pathogen resistance signaling or to gain insight into the structural-functional relationship
of ATCNGCI11/12, a suppressor mutant screen was conducted. In this screen, we took
advantage of the conditional lethal phenotype of c¢pr22 homozygous plants under ambient
humidity condition (Yoshioka et al., 2001). cpr22 homozygous seeds were treated with
EMS and M, seeds were grown under high humidity conditions (RH95%). The M,
generation was grown under ambient humidity conditions to identify mutants that exhibit
suppression of the conditionally lethal phenotype of cpr22. Seventy-four plants survived
under this condition and were classified into 6 groups based on morphological phenotype:
1) identical to wildtype, 2) similar to wildtype plus wavy leaves, 3) similar to cpr22
heterozygous plants, 4) more pronounced phenotype than cpr22 heterozygous, 5)
identical to wildtype plus spontaneous lesion formation, and 6) others (Figure 7).
Suppressors in Group VI (“Others”) mainly consisted of three phenotypes: i) small plants
with enhanced curly leaves that created a “star-like” leaf shape and HR-like lesions, ii)
large plants with abnormal HR-like lesions which were much larger and created white

patches on the leaves, and iii) small plants of a much lighter green tissue colour.

3.2 Identifying suppressor #73
Suppressor #73 is a plant from Group I that is morphologically identical to
wildtype plants (Figure 8). Suppressor #73 has not only lost the conditional lethality of

the cpr22 mutation but has also lost the spontaneous lesion formation and constitutive
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Bar=2.5cm

Figure 7. Representatives of the morphological phenotypes of the six
groups of potential cpr22 suppressors. All plants are five weeks old.
Group 1: wildtype, Group 2: Similar to wildtype plus wavy leaves,
Group 3: Similar to cpr22 heterozygous plants, Group 4: More
pronounced phenotype than cpr22 heterozygous, Group 5: ldentical to
wildtype plus spontaneous lesion formation, and Group 6: Others.
Picture courtesy of Kim Chin.
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Figure 8.. Morphological phenotype comparison of
suppressor #73 to cpr22 heterozygous (het) and Ws
wildtype (Ws-wt) Arabidopsis plants. Top panel:
morphological phenotype. Bottom panel: Trypan Blue
stain for dead cells which can only be seen in the images
of cpr22. -
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expression of the PR-1 gene (Figure 8 and 9). To evaluate the genetic nature of the #73
mutation, a backcross with cpr22 homozygous plants which were grown in high humidity
was carried out. As shown in Table 1, all B, (backcross first generation) plants showed
cpr22 heterozygous-like phenotypes, suggesting that the #73 mutation is semi-dominant,
just as the original cpr22 mutation itself. The following B, generation after self-
pollination showed a segregation of; 1 (wildtype-like): 2 (cpr22 heterozygous-like): 1
(lethal), further confirming the semi-dominant nature of this mutation (Table 1).

In order to confirm that this mutation was causing the cpr22 suppression, and not
a contamination from heterozygous or wildtype seeds, a PCR-based analysis was then
conducted to ensure that its background is homozygous for ATCNGCI11/12. By this
analysis, wildtype and heterozygous cpr22 plants show two bands (160 bp and 180 bp)
and cpr22 homozygous shows one band (160 bp). As shown in Figure 10, #73 has only
one 160 bp band, indicating that it is homozygous in terms of ATCNGC11/12. Therefore,
#73 is not a contamination. (Note: In the Ws-wt lane of Figure 10 there appears to be a
third band slightly larger than the expected 180bp band. This band is only observed when
wildtype genomic DNA is used for the PCR reaction. At this time, we are unable to
explain the reason for this unexpected band and we are currently investigating the
possible reason. However, sequencing confirms that the other expected band sizes are
correct and therefore this PCR analysis is reliable to distinguish plants with a cpr22

homozygous background.)
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cpr22
Ws-wt #73 het.

PR1

rRNA

Figure 9. PR-1 gene expression analysis in suppressor #73
by northern blot. cpr22 heterozygous (het.) is a positive
control and Ws wildtype (Ws-wt) is a negative control. rRNA
is a loading control.
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Table 1. Segregation of the cpr22 morphological phenotype in suppressor

#73 backcrosses

Morphological Phenotype

Plant Line Total No. Wt cpr22 lethal Hypothesis? X¢ P

cpr22/CPR22 139 35 65 39 1:2:1 0.81 0.7>P>0.5

#73 xcpr22/cpr22 F, 13 0 13 0 0:1:0 _— —
F, 111 25 59 27 1:2:1 0.51 0.8>P>0.7

a #73 is the pollen accepting plant
b Both ¢pr22 and #73 are semi-dominant

¢ Two degree of freedom



a
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<
— ATCNGC11
180bp
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b cpr22

Wswt _#73 _ #70_ Nomo.

180bp
160bp

Figure 10. PCR analysis to confirm the cpr22 homozygous

background. (a) Diagram of how the primer position (arrows) and
the expected PCR product sizes. (b) Plants with cpr22
homozygous (homo.) background will have only one band of 180
bp, whereas Ws wildtype (Ws-wt) (or cpr22 heterozygous) plants
display both 160 bp and 180 bp bands . Suppressors #73 and
#70 confirm the cpr22 homozygous background. (Note: see the
results section to explain the reason for a third band in Ws-wt
lane)
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3.3 Suppressor #73 is an intragenic mutant of cpr22

Since cpr22 is a semi-dominant mutation, it indicated that the #73 mutation might
be an intragenic mutation. This prediction led us to sequence the ATCNGC11/12 gene in
#73 plants. As shown in Figure 11, sequence analysis revealed that there is a nucleotide
change, G1555A, in the CNBD. This point mutation caused an amino acid change: a
glutamate (E) to a lysine (K) (Figure 11). This mutation is referred to as “E519K”
because it occurred at the 519™ residue and the chimeric channel ATCNGC11/12 with
this mutation is referred to as ATCNGCI11/12:E519K. The expression of
ATCNGC11/12:E519K in suppressor #73 was then confirmed by semi-quantitative RT-
PCR analysis. As shown in Figure 12, the amount of expression is comparable to that of
the ATCNGC11/12 gene in cpr22 homozygous plants (when compared to the loading
control), suggesting that the suppression of the cpr22 phenotype is not due to the

alteration of expression of this gene.

3.4 Loss of cpr22-mediated pathogen resistance in suppressor #73

Since the PR-1 gene is a marker for SA accumulation and SA accumulation is
often correlated to pathogen resistance, a loss of constitutive expression of PR-1 gene
suggested that suppressor #73 would also have lost the heightened pathogen resistance
found in cpr22. cpr22 is resistant to the isolates Emco5 and Emwal of the oomycete
pathogen, Hyaloperonospora parasitica (Yoshioka et al., 2001, 2006). However, these
isolates are virulent to Arabidopsis Ws-wt and will therefore cause an infection in these
plants. Pathogen resistance of suppressor #73 was evaluated using one of these virulent

strains, Emwal. As shown in Table 2 and Figure 13, the same degree of infection was
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VEAFALKADDLKFVASQFRRLHSKQLRHT
VEAFALKADDLKEFVASQFRRLHSKQLRHT
VEAFALAADDLKLVASQFRRLHSKQLQHT
VEGFLLSADDLKFVATQYRRLHSKQLRHM
VEGEFVISADDLKEVATQYRRLHSKQLQHM
VEGFILLPDDIKFIASHLNVFQRQKLQRT

VEGFILLPDDIKFIASHLNVFQROKLORT

Figure 11. Amino acid sequence alignment from group | of the ATCNGC gene
family covering the area over the CNBD which contains the residue change found
in suppressor #73 (in bold), E527K. Performed using ClustalW (Thompson ef al.,

1994).



ATCNGC11/12

B-tublin

Figure 12. Gene expression analysis of ATCNGC11/12 by RT-
PCR. cDNA from cpr22 homozygous, wildtype WS plants and
suppressor #73. B-tublin represents a loading control.
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Table 2. Interaction phenotype with H. parasitica isolate Emwa

49

# of plants?
Plant Total # of plants
R S
Ws 28 3 25
cpr22/CPR22 21 21 0
Suppressor #73 30 0 30

@ Based on formation of sporangiophores; R, no formation; S formation



Ws-wt cpr22 het. #73

Pathogen
growth

Figure13. Growth of H. parasitica isolate Emwal on Ws
wildtype (Ws-wt), cpr22 heterozygous (het.) and suppressor
#73. Plants were infected by spraying a conidiospore
suspension of 108 ml' on 7-d-old plants. The infected
cotyledons were harvested 7 dpi and stained with Trypan Blue
to visualize pathogen structures.
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observed in suppressor #73 as in wildtype plants. Contrary, no pathogen growth was
observed on cpr22 plants. This experiment was repeated several times with similar
results.

The same type of experiment was conducted using a different isolate, Noco2.
Noco? is an avirulent strain to the Arabidopsis Ws ecotype. Therefore, using this strain
we can evaluate if the E519K mutation caused enhanced susceptibility to this pathogen.
Since the #73 plant lacks wildtype ATCNGC11 and 12 genes and the ES19K mutation
suppresses ATCNGC11/12 function, #73 could be a potential double knockout of
ATCNGCI1 and 12. Since Yoshioka ef al., (2006) have suggested a positive role of these
genes for pathogen resistance responses, it is interesting to analyze the pathogen
resistance in this potential double knockout plant (#73). However, as shown in Table 3,
suppressor #73 did not appear to have higher susceptibility to this avirulent strain of H.

parasitica.

3.5 ATCNGC11/12:E519K abolishes the induction of HR cell death in N
benthamiana

The loss of all cpr22-associated phenotypes in suppressor #73 suggests that the
E519K mutation caused this suppression. However, since EMS can cause multiple
mutations, there is a possibility that another mutation in the genome suppresses the
cpr22-mediated phenotypes in #73 plants. To confirm the significance of the E519K
mutation, the same point mutation (GAA to AAA) causing ES19K was artificially created
in ATCNGC11/12 by site-direct mutagenesis. This construct (ATCNGC11/12:E519K)

was then tested for its ability to cause programmed cell death (PCD) in Nicotiana



Table 3. Interaction phenotype with H. parasitica isolate Noco2
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# of plants?

Plant Total # of plants R S
Col. 22 9 13
Ws 28 26 2
cpr22/CPR22 27 : 25 2
Suppressor #73 26 25 1

2 Based on formation of sporangiophores; R, no formation; S formation
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benthamiana using Agrobacterium-mediated transient expression. This method has been
well established to observe PCD or HR-like cell death (Sessa ef al., 2000). It was
previously used to determine if the expression of ATCNGCI1/12 is responsible for the
HR-like cell death seen in ¢pr22 and not the loss of ATCNGCI1 or 12 (Yoshioka et al.,
2006; Urquhart et al., 2007). As shown in Figure 14a, transient expression of
ATCNGC11/12 caused clear HR-like cell death on N. benthamiana leaves, whereas
expression of ATCNGCI11/12:E519K did not induce cell death. Expression of
ATCNGCI2 and the empty vector also did not induce cell death. The expression of
ATCNGC11/12 and ATCNGC11/12:E519K was confirmed visually by green fluorescence
at the cell periphery from a GFP (green fluorescence protein) tag fused to the C-terminus
of each protein as well as by RT-PCR (Figure 14b and 14c). Taken together, we
concluded that the E519K mutation in suppressor #73 is responsible for the suppression

of cpr22 phenotypes.

3.6 The E519K mutation does not alter the subcellular localization of
ATCNGC11/12

The observed GFP fluorescence in the periphery of the N. benthamiana cells after
transient expression of ATCNGCs indicates that they are located in the plasma
membrane. Furthermore, the studies of other ATCNGCs, animal CNGCs, HCN and
HERG channels also indicates a localization in the plasma membrane (Zagotta and
Siegelbaum, 1996; Akhavan et al., 2005; Gobert et al., 2006; Borsics et al., 2007,
Urquhart et al., 2007). However, some mutations in the CNBD of HCN and HERG

channels prevented proper subcellular localization (Akhavan et al., 2005). Because the
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E519K (TEV)
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Figure 14. Transient expression of ATCNGC12, ATCNGC11/12, or ATCNGC11/12:E519K in N.
benthamiana. (a) Agrobacteria containing an empty vector (EV - pMBP3) or a vector containing
ATCNGC12, ATCNGC11/12, or ATCNGC11/12:E519K driven by the CaMV 35S promoter were
infiltrated into N. benthamiana leaves. Agrobacterium carrying a component of the tobacco etch
virus (TEV) was also used as a negative control (Note: the TEV component is used in all of the
infiltrations, see Methods and Materials). The infiltrated areas are circled. Leaves were
photographed at 48 hrs after infiltration and showed lesion formation only with ATCNGC11/12
expression. Lesion formation is no longer present in leaf tissue infiltrated with
ATCNGC11/12:E519K. (b) fluorescence from smGFP-fusion tag in the expressed consturcts. (c)
Expression analysis of ATCNGC11/12 or ATCNGC11/12:E519K by RT-PCR. cDNA was
prepared from leaf areas infiltrated with ATCNGC711/12 at 0 hrs and 24 hrs. cDNA for
ATCNGC11/12:E519K and the EV were also prepared at 24 hrs.
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E519K mutation is also in the CNBD, the possibility that this mutation prevents proper
localization of ATCNGC11/12 can not be ruled out.

We have attempted to determine the localization of ATCNGC12, ATCNGC11/12
and ATCNGC11/12:E519K by several different approaches using GFP tagged proteins.
However, despite many attempts, we did not obtain a conclusive result. Therefore, we
have established a collaboration with Dr. Naohiro Kato’s laboratory at the University of
Louisiana. By this collaboration, we showed the localization of ATCNGCI11, 12 and
ATCNGCI11/12 and ATCNGC11/12:E519K in the plasma membrane of Arabidopsis
protoplasts (Figure 15). These results support prior observations by Urquhart et al. (2007)
that ATCNGC11, 12 and ATCNGC11/12 are localized to the plasma membrane in yeast.
Taken together, we concluded that the localization of ATCNGC11/12:E519K is not
different from that of ATCNGCI11/12, indicating that the ES519K mutation in

ATCNGC11/12 does not disrupt proper subcellular localization.

3.7 E519 is essential for the channel function not only for ATCNGC11/12, but also
for the wildtype channel ATCNGC12

To investigate if the E5S19K mutation abolishes ATCNGC11/12 channel function,
complementation analysis using a yeast mutant, CY162 (Gaber et al., 1988; Ko and
Gaber, 1991) lacking its two major K™ channels, trkl, trk2 was performed. It has been
reported that ATCNGC11, 12 and ATCNGC11/12 are capable of acting as cAMP
activated K* channels in this K'-uptake deficient yeast mutant (Yoshioka et al., 2006). As
shown in Figure 16a, the mutant yeast carrying ATCNGC11/12:E519K does not grow on

media in the presence of low K, whereas the yeast expressing either ATCNGCI2 or



GFP

™

Figure 15. Subcellular localization is not affected by the E519K mutation in
ATCNGC11/12. Top panel (GFP): Localization of ATCNGC12,
ATCNGC11/12 and ATCNGC11/12:E519K was observed in Arabidopsis
protoplasts transfected with the plasmid (pMB3) carrying the cDNA for each
channel with the smGFP-fusion tag at the C-terminus. A plasma membrane
protein (SYP123, Uemura et al., 2004) and untransfected protoplasts were
used as positive and negative controls for GFP visualization, respectively.
Bottom panel (TM): Protoplasts were observed under transmission Ilght
Images courtesy of Dr. Kato, University of Louisiana.
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Figure 16. E519/527 is important for channel function in ATCNGC11/12 and ATCNGC12,
respectively. (a) ATCNGC11/12, 12 and ATCNGC11/12:E519K were heterologously expressed
in the K* uptake-deficient yeast strain CY162 and only ATCNGC11/12 and 12 were able to
complement the yeast growth in low K* media, whereas ATCNGC11/12:E519K has the same
minimal growth as the yeast carrying the empty vector (pYES2). (b) Expression analysis of
ATCNGC11/12 in CY162 grown in high K* media, carrying the empty vector, ATCNGC11/12, or
ATCNGC11/12:E519K by RT-PCR; see supplementary information for primers used. (c)
ATCNGC12, ATCNGC11/12.E519K, ATCNGC12:E527K and the empty vector were
heterologously expressed in CY162. Only ATCNGC12 was able to complement the CY162
growth whereas ATCNGC12:E527K has the same minimal growth as ATCNGC11/12:E519K
and the empty vector. (d) Expression analysis of ATCNGC11/12 or ATCNGC12 (because the
primers used anneal to the half of ATCNGC11/12 contributed by ATCNGC12) by RT-PCR.



58

ATCNGC11/12 grow well, indicating that E519K disrupts K™ channel function of
ATCNGC11/12.

Next, we asked if ES519 is important for the constitutive active feature of
ATCNGC11/12, or for CNGC channel function in general. To address this question, the
same point mutation was artificially created by site-direct mutagenesis in the wildtype
gene ATCNGCI2 (ATCNGC12:E527K). (Note: the residue numbers in ATCNGC11/12
and ATCNGCI12 are not the same because the first half of ATCNGC11/12 came from
ATCNGCI11 gene and it is shorter than that of ATCNGCI12. Consequently, E519 in
ATCNGC11/12 is E527 in ATCNGC12). As shown in Figure 16c, the yeast carrying
ATCNGCI12:E527K grew similar to the yeast carrying ATCNGC11/12:E519K or the
empty vector. The expression ATCNGC12, ATCNGC11/12, ATCNGC11/12:E519K and
ATCNGCI12:E527K in CY162 was confirmed by RT-PCR and there is no significant
difference in the level of gene expression (Figure 16b and 16d). Taken together, these
results indicate that ES27 is a functionally important residue in the wildtype channel

ATCNGCI12 and not only to the constitutive activity of ATCNGC11/12.

3.8 E519/527 is well conserved in plant CNGCs and a residue at this position in the
CNGAS3 of human rod photoreceptors causes total color blindness

Multiple sequence alignment (MSA) of the amino acid sequence of the cytosolic
C-terminus from the 20 members in the Arabidopsis CNGC family resulted in the same
five subgroups (I-IVb) as predicted by a MSA based on the entire gene sequence (Méser
et al., 2001) (Figure 17). ATCNGCI12 falls into subgroup I, yet it is remarkably different
from the members of this group. Since the C-terminus region contains regulatory

domains, this suggests that the regulation of the ATCNGC12 subunit may be different
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Group 4B
ATCNGC2 ILDNICDRAKPRVFSKDEKIIREGDPVQRMIFIMRGRVKRIQSLS-~KGVLATSTLEPGGY
ATCNGC4 VLENICDRVKSLIFTKGETIQKEGDAVQORMLFVVRGHLQSSQLLR-~DGVKSCCMLGPGNF
Group 2
ATCNGC6 LLDAICERLKPCLFTEKSYLVREGDPVNEMLFIIRGRLESVTTDGGRSGFYNRSLLKEGDF
ATCNGCY9 LLDAICERLKPCLYTESSYLVREGDPVNEMLFIIRGRLESVTTDGGRSGFFNRSLLKEGDF
ATCNGC5 LLDAICMRLKPCLFTESTYLVREGDPVDEMLFIIRGRLESVTTDGGRSGFFNRSLLKEGEF
ATCNGC7 LLDAICERLKPSLFTESTYIVREGDPVNEMMFIIRGRLESVTTDGGRSGFFNRGLLKEGDF
ATCNGCS8 LLDAICERLKPSLYTESTYIVREGDPVNEMLFIIRGRLESVTTDGGRSGFFNRGLLKEGDF
Group 3
ATCNGC15 MLDAICERLKPALCTEGTFLVREGDPVNEMLFIIRGHLDSYTTNGGRTGFFNSCLIGPGDF
ATCNGC14 LLDAICERLASSLSTQGNYIVREGDPVTEMLFIIRGKLESSTTNGGRTGFFNSITLRPGDF
ATCNGC17 LLDAICERLVSSLCTEGTYLVREGDLISEMLFIIRGRLESSTTNGGRTGFFNSIILRPGDF
ATCNGC16 LLDAICERLVPSLNTKDTYVIREGDPVNEMLFIIRGOMESSTTDGGRSGFFNSITLRPGDF
ATCNGC18 LLDAICGCLVSSLSTAGTYIFREGDPVNEMLFVIRGQIESSTTNGGRSGFFNSTTLRPGDF
Group 1
ATCNGC3 LLDALCARLKTVLYTEKSYIVREGEPVEDMLFIMRGNLISTTTYGGRTGFFNSVDLVAGDF
ATCNGC11 LLDAVCARLKTVRYTEKSYIVREGEPVEDMLFIMRGNLISTTTYGGRTGFF~~~DLAAGDF
ATCNGC10 LLDAVCDRLRPVLYTENSYVIREGDPVGEMLEFVMRGRLVSATTNGGRSGFFNAVNLKASDF
ATCNGC13 LLDAVCDKLKPVLYTENSYAIREGDPVEEMLFVMRGKLMSATTNGGRTGFFNAVYLKPSDF
ATCNGC1 LLDALCDRLQPVLYTEESYIVREGDPVDEMLFIMRGKLLTITTNGGRTGFLNSEYLGAGDF
ATCNGC12 LLEAVCDRVKSVFYSANSFIVREGHPVEEMLIVTRGKLKSTTGSHEMGVRNNCCDLQDGDI
Group 4A
ATCNGC19 VLDSIRERLKQRTYIRSSTVLHHRGLVEKMVFIVRGEMESIGEDG-~=~—~ SVLPLSEGDV
ATCNGC20 ILDAIRERLKQRTYIGSSTVLHRGGLVEKMVFIVRGEMESIGEDG—~~—=— SVLPLYEGDV
ek . . . - ko0 k% . .

aA B1 B2 B3 B4 B5 B6
Group 4B
ATCNGC2 LGDELLSWCLR-——=—==—==—=——=————— RPFLDRLPP----SSATFVCLENIEAFSLG
ATCNGC4 SGDELLSWCLR-——~—==—=——==——————— RPFVERLPP----SSSTLVTLETTEAFGLD
Group 2 ; _

. ATCNECG CGDELLTWALD-~~——=====—~=—==———— PKSGSNLPS----STRTVKALTEVEAFALI
ATCNGC9 CGEELLTWALD-~==~==r==m————o————— PRKSGSNLPS-~--STRTAKAL EAFALI
ATCNGC5 CGEELLTWALD-~~—~-————-——=——=——— PKSGVNLPS----STRTVKALTEVEAFALT
ATCNGC7 CGEELLTWALD----—---——-—-———————- PKAGSNLPS~~-~STRIVKALTEVEAFALE
ATCNGCS CGEELLTWALD----—--—-————~—=—————— PKAGSNLPS----STRTVKALTEVEAFALE
Group 3
ATCNEClS CGEELLTWALD-===============—=—- PRPVVILPS----STRTVKAICEVEAFALK
ATCNGC14 CGEELLAWALL-===—==—=m = o PKSTVNLPS--~-STRTVRALHENVEAFALQ
ATCNGC17 CGEELLSWALL----=====—=====—==== PKSTLNLPS----STRTVRALVENEAFALR
ATCNGC16 CGEELLTWALV--———-———————=——————m PNINHNLPL-~--STRTVRTLSEVEAFALR

© ATCNGC18 CGEELLTWALM-~=—~===m=-——=————— PNSTLNLPS----STRSVRALSEVEAFALS
Group 1
ATCN8C3 CG-DLLTWALD-—~—~—=~——=— =~ —— e mm e PLSS-QFPI~-~-SSRTVQALTEVEGFLLS
ATCNGC11 CG~DLLTWALD~-———=~—————m=—m = PLSS-QFPI-~--SSRTVOAWTIENEGFLLS
ATCNGC10 CGEDLLPWALD~——=——=———=————————— PQSSSHFPI----STRTVQALTEVEAFALT
ATCNGC13 CGEDLLTWALD--——-—————~——=—=———— POSSSHFPI----STRTVQALTEVEAFALA
ATCNGC1 CGEELLTWALD-~-—~——~——==-——=————— PHSSSNLPI----STRTVRALMENVEAFALK
ATCNGC12 CGELLFNG-————————~——m— o —mm RLPT-~--~-STRTVMTQTENEGFILL
Group 4A .

ATCNGC19 CGEELLTWCL--SSINPETWNFGAEYVLKLADGTRIKMPPKGLVSNRNVRCVTNVEAFSLS
ATCNGC20 CGEELLTWCLERSSVNP--—-———=-—=—=—— DGTRIRMPSKGLLSSRNVRCVTNVEAFSLS
* * . ok * * * k
aP B7 B8
Group 4B
ATCNGC2 SEDLRYITDHFRYKFANERLKRTARYYSSNWRTWAAVNIQMAW
ATCNGC4 AEDVKYVTQHFRYTFVNEKVKRSARYYSPGWRTWAAVAVQLAW
Group 2
ATCNgce ADELKFVASQFR-RLHSRQVQHTFRFYSQQWRTWAACFMQAAW
ATCNGCO ADELKFVASQFR-RLHSRQVOHTFRFYSQOWRTWAAIFIQAAW
ATCNGCS SEELKFVASQFR-RLHSRQVQHTFRFYSHOWRTWAACFIQAAW
ATCNGC7 AEELKFVASQFR-RLHSRQVQQTFRFYSQOQOWRTWASCFIQARW
ATCNGCS AEELKFVASQFR-RLHSRQVQQTFRFYSQOWRTWAACFIQARW
Group 3
ATCNEC15 AEDLQFVASQFR-RLHTKQLRHKFRFYSHOWRTWAACFIQAAW
ATCNGC14 AGDLKFVANQFR-RLHSKKLQHTFRYYSHQWRTWAACFVQVAW
ATCNGC17 AEDLKFVANQFR~-RLHSKKLQHTFRFYSHHWRTWAACFIQAAW
ATCNGC16 AEDLKFVANQFR-RLHSKKLQHAFRYYSHQWRAWGTCFIQAAW
ATCNGC18 AEDLKFVAHQFK-RLQSKKLQHAFRYYSHQWRAWGACFVQSAW
Group 1
ATCNEC3 ADDLKFVATQYR-RLHSKQLRHMFRFYSVQWQTWAACFIQAAW
ATCNGC11 ADDLKFVVTQYR~-RLHSKQLRHMFRFYSVQWQTWAACFIQAAW
ATCNGC10 AEDLKSVASQFR-RLHSKQLQHTFRFYSVQWRTWSVSFIQAAW
ATCNGC13 ADDLKLVASQFR-RLHSKQLQHTFRFYSVOWRTWGASFIQAAW
ATCNGC1 ADDLKFVASQFR-RLHSKQLRHTFRYYSQQOWKTWAACFIQAAW
ATCNGC12 PDDIKFIASHLN-VFQROKLQRTVRLYSQQWRSWAAFFIQAAW
Group 4A
ATcngclg VADLEDVTSLFSRFLRSHRVQGAIRYESPYWRLRAAMOIQVAW
ATCNGC20 VADLEDVTSLFSRFLRSHRVQGAIRYDSPYWRLRAARQIQVAW
.. . - . * * * . ok kK
aB ) . aC
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Figure 17. A MSA of the CNBD protein sequences from the 20 members of the Arabidopsis (Col-0
ecotype) CNGC family. Using ClustalW, the sequences were aligned into the 5 subgroups
determined by Maser ef al. (2001). E527 is conserved in 16 of the ATCNGCs; highlighted in red
box. :
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from that of the others (Miser et al., 2001). Despite this, the E5S19/527 residue is still well
conserved in 16 of the 20 members (Figure 17). Furthermore, this conservation is also
observed in known CNGCs of other plant species such as rice, tobacco, bean, and barley,
indicating the importance of this residue for their function (Figure 18a). The MSA in
Figure 17 predicts residue E519/527 resides at the beginning of the 8™ p-strand.

Our alignment \of ‘the CNBD sequences with that of the mammalian CNGCs
(CNGA1-4 and CNGB1 and 3) and HCN channels (HCN1-4) reveals a highly conserved
tyrosine (Y) at the E519/§27 position (Figure 18b). Considering that plant and animal
maintain a similar structure of CNGCs, this finding suggests that the position .of
E519/527 is important for channel structure universally. Furthermore, it has been
reported that a mutation at this tyrosine in CNGA3 of rod chahnels causes complete color
blindness in humans (Wissinger et al., 2001), supporting this idea. To investigate this

idea further, we have conducted a comparison of ATCNGC12 and HCN2 using

computational modeling with PYMOL (http://www.pymol.org). As shown in Figure 19,
the position E527 perfectly superimposed to this tyrosine residue. This indicates that the
position of the glutamate in ES27 is structurally important for CNGC channel function in

both plant and animals.

3.9 The E519K mutation does not affect cAMP binding: Computational modeling

suggest the importance of E519/527 for stabilization of inter-subunit interactions -
Crystallization of the CNBD portion from the catabolite activator protein (CAP),

the Rlo (protein kinase A subunit) and the hyperpolarization-'activated cyclic nucleotide-

gated (HCN2) has determined that the CNBD interacts with the cyclic nucleotide at the



61

a

Rice (CNGC7) PTSTRTVMTQTEVEGFILLPDDIKFIASHLNVFQROKLORTVRLYSQOWRSWAAFFIQAAW
ATCNGC12 PTSTRTVMTQTEVEGFILLPDDIKFIASHLNVFQROKLOQRTVRLYSQOWRSWAAFFIQAAW
Barley (CNGC1l) PTSTRTVMTQTIEVEGFILLPDDIKFIASHLNVFQROKLORTVRLYSQOWRSWAAFFIQAAW
Bean (CNGC-C) - PTSTRTVQTLSEVEAFALKADDLKEVASQFRRLHSKQLRHTFREYSQQWRSWAACFIQAAW
Tobacco (CBP4) PISTRTAQALSEVEAFALVADDLKLVASQFRRLHSKQLRHTFREYSGOWRTWAACFIQAAW

b

CNGA1l (human) VIQFVVLSDGSYFGEISILNIKGSKAGNRRTANIKSIGYEDLFCLSKDDLMEALTEYPDA
CNGA3 (human) VTQFVVLSDGSYFGEISILNIKGSKSGNRRTANIRSIGYBDLFCLSKDDLMEALTEYPEA
ATCNGC11/12:E519K EMGVRNNCCDLQODGDICGELLEFNGSRLPTSTRTVMTQTKVEGFILLPDDIKFIASHLNVE
ATCNGC12 EMGVRNNCCDLODGDICGELLENGSRLPTSTRTVMTLTEVEGFILLPDDIKFIASHLNVE
HCN2 (human) KE--MKLSDGSYFGEICLLTR~-—--~~ GRRTASVRADT{LCRLYSLSVDNFNEVLEEYPMM

Figure 18. E527 is conserved in plant CNGCs and aligns to a tyrosine necessary for colour
vision in an animal rod CNGC. (a) ATCNGC12 was aligned to the protein sequence of the
CNBDs from putative CNGCs in rice (Oryza sativa ,gi 77555620), barley (Hordeum vulgare
,0i 66933082), bean (Phaseolus vulgaris ,gi 24943196) and tobacco (Nicotiana tabacum ,gi
6969231). (b) MSA alignment of the mammalian rod channels CNGA1 (Homo sapiens,
Gl:71143141) and CNGA3 (Homo sapiens, Gl:4502917) and another mammalian CNBD ion
channel, HCN2 (Homo sapiens, GI:156071470), were aligned to ATCNGC12 and
ATCNGC11/12:E519K which identifies a conserved tyrosine among mammalian channels at
this residue location. '
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Figure 19. ATCNGC12 CNBD protein sequence superimposed to the
crystallized HCN2 (PDB#1Q50) structure. ATCNGC12 (green) residues are
shadowed in the background of HCN2 (blue) residues. Y600 in HCN2 aligns
to E527 (pointed out in the background with an arrow).
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purine ring and the ribofuranose moiety (Berman et al., 2005). The crystallized structure
of Rla was modeled to ATCNGC2 and from this analysis three residues in ATCNGC2
that interact with cAMP were predicted (Hua et al., 2003b). A MSA of the CNBD protein
sequence from plant CNGCs revealed that the E519/527 does not align with any residues
predicted to interact with the cyclic nucleotide in ATCNGC2. This suggests that
E519/527 does not interrupt the binding with cyclic nucleotide directly.

To confirm that cyclic nucleotides would still bind to the CNBD with the
E519/527K mutation, the CNBD portion of ATCNGC12 (CNBD12) and
ATCNGCI11/12:E519K (CNBD11/12:E519K) was expressed in E. coli BL21 cells.
Soluble proteins were then extracted and purified using a Ni**-affinity column. These
purified proteins were tested for binding capabilities to cAMP using cAMP-agarose
(Sigma-Aldrich). The amount of protein which binds to the cAMP resin was almost equal
for both CNBD12 and CNBD11/12:E519K (Figure 20a), suggesting that the E519
mutation does not disrupt the CNBDs ability to bind to cAMP. The negative control
(aconitase, Moeder et al., 2007) shows no significant binding to the resin under the same
condition (Figure 20b).

cAMP was tested for the binding assay first, since previous work had shown that
ATCNGCL11, 12 and ATCNGC11/12 are activated by cAMP but not cGMP in a yeast
complementation assay (Yoshioka et al., 2006). However, since this experiment was
conducted in yeast, the possibility that cGMP binds to ATCNGC12 or that the ES19K
mutation causes an alteration in ligand specificity can not be ruled out. To address these
points, we asked if cGMP binds to ATCNGC11/12 or ATCNGC11/12:E519K. To test

this, we conducted a competition analysis using cGMP and cAMP. Both expressed
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Figure 20. cAMP binding assay under high stringency conditions (500 mM
NaCl) to demonstrate specific interactions with the ligand. Western blot
analysis with a His-tag antibody to detect the His-tag present in all of the
purified proteins. Legend: marker (M), input (I), unbound (U), first wash
(W), protein bound to cAMP resin (B). (a) CNBD proteins for ATCNGC12
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and ATCNGC12:E527K. (b) Control protein, aconitase, does not interact

with cCAMP resin. (c) Competition assay with CNBD12 incubated with either
cAMP or cGMP prior to adding the cAMP resin. An (*) indicates the
expected protein size. The lower band is likely a product of protein
degradation.
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proteins were pre-incubated with either cAMP or cGMP and then cAMP agarose was
added. As shown in Figure 20c, prior incubation of CNBD12 with cAMP competed well
and reduced binding to the cAMP resin, whereas incubation with cGMP did not affect
binding to cAMP agarose (Figure 20c), indicating that cGMP does not bind to CNBD12.
These results are consistent with previous observations (Yoshioka et al., 2006), indicating
that there is specific binding of cAMP over ¢cGMP for activation of ATCNGC12.
However, the result of CNBD11/12:E519K interacting with cAMP specifically over
c¢GMP is inconclusive at this time due to lack of protein expression. Therefore, further
analysis is required.

Since E519 is not predicted to interact with cAMP and the cAMP binding assay
shows that the CNBDI11/12:E519K can still bind to cAMP, the role E519 has in
ATCNGC11/12 was further investigated. First, the entire cytosolic C-terminus of
ATCNGC12 was modeled based on the crystallized structures of Rla. As shown in
Figure 21, it appears that the side chain of the glutamate at E527 faces away from the
interior of the pocket formed by the B-barrel that is thought to accommodate the binding
of a cyclic nucleotide, supporting our observation that E527 does not interfere the cyclic
nucleotide binding. Also, modeling the C-terminus of ATCNGC12 and
ATCNGC11/12:E519K, using the crystallized structure of HCN2, predicted the same
interactions as when modeled to Rla. According to this modeling, E519/527 interacts
with residues on the B-helix of the C-linker (Figure 22a and b).

As shown in the super-imposition of the predicted CNBD structure of
ATCNGC11/12 and ATCNGC11/12:E519K (Figure 22c), there is a change in the

predicted interaction between ES19K and other surrounding residues. This alteration of
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Figure 21. Predicted ATCNGC12 C-terminus tertiary protein structure. The
protein sequence from the residues after the sixth transmembrane domain
(5358 to A649) of ATCNGC12 were modelled to the crystallized Rla
(PDB#1NES6), and predicted the eight beta strands (B1-88) and the three alpha
helices (aA-aC) of the CNBD and the C-linker. A pocket is created by the B-
barrel which is were a cAMP (red circle) would reside. The E527 residue
faces away from the cAMP and towards the B-helix (aB) in the c-linker.
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Figure 22. Predicted tertiary structure of the CNBD of ATCNGC11/12 (or ATCNGC12) with and
without the E519K mutation. Both ATCNGC11/12:E519K and ATCNGC12 were modeled to the
crystallized HCN2 (PDB#1Q50) using PYMOL. (a) predicted protein interaction of E519K on the
eight beta-strand (8) with neighbouring residues from the B-helix (B8) in the C-linker. R384 is
shown to be within the closest proximity for protein interaction. (b) predicted protein interaction with
E527 remains the arganine (R392 is R384 in ATCNGC12). (¢) ATCNGC12 and
ATCNGC11/12:E519K superimposed, predicts how a lysine replacing E519/527 would change the
position of surrounding amino acids and appears to push away R384/392.
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protein interactions is hypothesized to destabilize both intra- and inter-subunit
interactions between the C-linker. The negative charge of E519 could be forming strong
salt bridges between positively charged R384. Replacing the glutamate with a positively
charged lysine (E519K) would destroy this salt bridge. Also, the arganine and the lysine
are both positively charged which could cause repulsion instead of an interaction. The
loss of interaction of E519 and R384 also appears to affect neighbouring interactions
between the B-helix of the C-linker and the CNBD (Figure 22c). Take together, we
conclude that the E519K mutation does not affect cyclic nucleotide binding; rather it may

interfere with the stabilization of inter-subunit interactions.
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CHAPTER 4 - Discussion

4.1 Suppressor screening of cpr22

In the suppressor screen for the cpr22 mutant a variety of morphological
phenotypes were observed. Based on morphological phenotypes, they were categorized
into six groups. The morphological phenotype of group I plants is similar to that of
wildtype plants. Suppressor #73 is a member of group I and sequencing revealed a point
mutation in ATCNGC11/12 which caused a residue change from a glutamate to a lysine
(E519K). We originally hypothesized that the suppressors with a wildtype phenotype
would be good candidates to identify downstream components in the cpr22-mediated
pathogen resistance pathway because the strong morphological difference from cpr2?2
could be beneficial for subsequent map based cloning. Instead, we have shown that the
suppressors with intragenic mutations in ATCNGC11/12, like suppressor #73, can be
used to identify important residues for the function of the channel.

A similar situation was reported in the suppressor screening of the acd6-/ mutant.
acd6-1 (Accelerated Cell Death 6) is a lesion mimic mutant which has a gain of function
mutation in the ACD6 gene (Rate et al., 1999). ACD6, encodes a novel protein containing
ankyrin repeats and putative transmembrane (TM) regions (Lu et al., 2003). acd6-1 has a
single amino acid change in the TM of ACD6. A screen to identify suppressors for acd6-
I was conducted using EMS and the suppressor candidates were categorized into two
groups, one of which were identical to wildtype and the other were wildtype with HR-
like lesions (Lu et al., 2005). It was found that all seventeen suppressors of acd6-1 with a
wildtype phenotype had intragenic point mutations which caused residues changes at

positions important for the function of ACD6.
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In our screen, so far 45 suppressors with a wildtype phenotype were found to be
intragenic mutants, similarly to the acd6-1 suppressors. The location of majority of the
intragenic mutations in were found in the cytosolic C-terminus, throughout the C-linker
and the CNBD. The large number of intragenic mutations indicates the difficulty of
suppressor screens for gain of function mutants. Yoshioka et al., (2001) showed that
salicylic acid (SA) accumulation is responsible for the cpr22 phenotype. Therefore, if this
suppressor screening was saturated, then SA biosynthesis genes, like SID2 (Wildermuth
et al., 2002), should have been identified. However, so far we have not identified a
suppressor with a mutation in SID2. Therefore, our and the acd6 suppressor mutant
screening were also likely not saturated. Further screening may be required in order to

find downstream components.

4.2 The E519K mutation in ATCNGC11/12 suppresses cpr22-related phenotypes yet
does not effect channel subcellular localization

The enhanced disease resistance in cpr22 involves constitutive expression of
defense-related genes, such as PR-I, and the induction of a HR-like cell death.
Suppressor #73 lost constitutive expression of PR-1 and lesion formation, suggesting that
the E519K mutation identified in the CNBD of ATCNGC11/12 was responsible for
suppression of these phenotypes. Recently, we have reported that the transient expression
of ATCNGC11/12 by Agrobacterium infiltration causes HR-like programmed cell death
in a Ca®>* dependent manner (Urquhart et al., 2007). This method is very useful to observe
cell death since development of cell death is well synchronized. Therefore, in this study
we used this system to evaluate ATCNGC11/12:E519K in N. benthamiana. As we

expected, the E519K mutation caused no lesion formation, unlike the expression of
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ATCNGC11/12. The loss of HR-like lesion formation on N. benthamiana leaves after
infiltration with Agrobacterium carrying ATCNGC11/12:E519K supported the hypothesis
that this mutation is responsible for suppressing the cpr22-related phenotypes by
abolishing ATCNGC11/12 activity.

The loss of cpr22-related phenotypes was assumed to be due to the alteration of
ATCNGC11/12 at the protein level since the gene expression levels of ATCNGC11/12
(with mutation ES19K) in suppressor #73 were comparable to that of cpr22 plants. This
led us to investigate the subcellular localization of ATCNGC11/12. Previously some
studies have shown how single point mutations in the CNBD of an ion channel can
prevent protein localization. Improper protein localization in the ion channel HERG was
first reported by Zhou et al. (1998), which was caused by a mutation in the seventh -
strand of the CNBD. These results were further investigated by Ficker et al. (2002) and
Akhavan et al. (2005). They provided evidence that a mutation in the seventh B-strand or
one in the sixth B-strand inhibit proper localization of HERG ion channels. Other reports
of improper protein localization for HERG ion channel were reported for mutations
created in the A- and C-helices (Satler et al., 1996; Ficker et al., 2000; Akhaven et al.,
2003). The CNBD B- and C-helices in their entirety have also been reported as necessary
for localization of HCN2 channels (Proenza et al., 2002b; Akhaven et al., 2005). These
are key areas in the CNBD that directly interact with the ligand. E519 does not align to
any of the residues found in HCN2 which prevented proper localization when mutated.

Recently, ATCNGC11/12, ATCNGCI11 and 12 where shown to localize to the
plasma membrane of yeast cells (Urquhart et al., 2007). In this study, to observe the

localization to the plasma membrane in planta, many attempts were made using tobacco
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BY-2 cells, transgenic Arabidopsis lines and protoplast transfection. Yet all attempts
were inconclusive. After collaborating with Dr. Kato at the University of Louisiana the
localization of ATCNGC11/12:E519K-smGFP fusion protein was observed in the plasma
membrane of Arabidopsis protoplast cells. This confirms that the ES19K mutation does
not affect proper subcellular localization of ATCNGC11/12.

The reason why we could not succeed to observe the subcellular localization is
not known. It could be due to the lack of our expertise or a fundamental technical
problem. However, one piece of information that is worth mentioning is that, although
Dr. Kato’s laboratory succeeded to obtain the localization images, the rate of transfection
was very low. According to their record, the transfection rate was approximately 3%.
Compared to the other protein transfections in their laboratory, which routinely show
approximately 25%, a 3% success rate is remarkably low. This could be due to a high
turnover of the CNGCs in the transfected cells or poor expression of the CNGCs in the

vector. Further investigation is necessary to find the reason of this low transfection rate.

4.3 E519 is essential for CNGC channel function

Plant CNGCs differ from animal CNGCs in that they can discriminate against
certain ions. To determine ion selectivity of plant CNGCs, heterologous expression
analyses in Saccharomyces cerevisiae mutants deficient in cation uptake have been used.
One such yeast mutant, CY162, lacking two major K'-uptake transporters, trkl, trk2,
(Gaber et al.,, 1988; Ko and Gaber, 1991) has been used in this study. This strain is
similar to the yeast strain WD3 which has been used to examine ATCNGC11, and 12 and

ATCNGC11/12 channel function (Yoshioka et al., 2006). The CY162 strain has
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previoysly been used to examine ATCNGCI10 and 2 and the CNGC from barley,
HvCBT1 (Schuurink ef al., 1998; Leng et al., 1999; Li et al., 2005). ATCNGC10 and 2
were able to complement the K up-take deficiency at low potassium concentrations but
not HVCBT1. However, Leng et al., (1999) found that ATCNGC2 could only
complement the CY162 strain with the addition of cAMP. These results were
contradicted when a different K'-uptake deficient yeast strain was used to express
ATCNGC2, in which ATCNGC2 could complement the mutation even in the absence of
cAMP (Kohler er al., 1999; Mercier et al., 2004). Other Arabidopsis CNGCs,
ATCNGCI, 3 and 4, were also able to complement the K'-uptake deficient mutation
without the presence of cAMP (Mercier ef al., 2004; Gobert et al., 2006)

Later, the protocol for the complementation of the K uptake-deficient yeast was
modified by Dr. G. Berkowitz’s laboratory at the University of Connecticut. Addition of
the antibiotic hygromycin B causes hyper-polarization of the plasma membrane and this
hyper-polarization can suppress the background growth of the yeast mutant (Madrid et
al., 1998; Bihler et al., 2002). ATCNGCI, 2 and 4 were all still able to complement the
K" up-take deficiency of this yeast mutant with this revised protocol (Mercier et al.,
2004). However, yeast growth was enhanced with the addition of membrane-permeable
cAMP, indicating the clear activation of the channel by cAMP. Later, the same modified
assay was used to evaluate ATCNGCI1, 12 and ATCNGC11/12, and all three genes were
able to complement the mutant yeast both with and without cAMP, but the addition of
cAMP did enhance the complementation efficiency (Yoshioka et al., 2006).

Since ATCNGC11/12 was able to complement the K* up-take deficiency, this

method was used to asses the effect of the E519K mutation in ATCNGC11/12 on K*
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channel function. As we expected, ATCNGC11/12:E519K was unable to complement the
K" up-take deficiency of CY162. This result strongly indicates the importance of this
residue in ATCNGC11/12 channel function. Furthermore, in this study we showed that
E519 is not only necessary for the ATCNGC11/12 function but also for the wildtype
channel ATCNGCI12. This study combined with the finding of a high conservation of
E519/527 in plant CNGCs, suggests that the residue at this location has a structural
importance to the tertiary structure of the CNBD in general.

A multiple sequence alignment (MSA) of the CNBDs from ATCNGC11/12 and
CNGA3 and the computational modeling of CNBD11/12:E519K to HCN2 revealed that
ES519 aligns to Y573 in CNGA3 and Y600 in HCN2 (Figure 18). Although the molecular
mechanism is not clear yet, a clinical study of the CNGCs in human cone receptors
showed that a mutation at this Y573 in CNGA3 caused total colour blindness (complete
achromatopsia) (Wissinger et al., 2001). This tyrosine is conserved well in the
mammalian ion channels and it has been shown that CNBDs demonstrate a high level of
secondary structure conservation (Canaves and Taylor, 2002). Therefore, it is reasonable
to conclude that residue at this location is structurally important. Further comparison
between CNGA3 human mutants and cpr22 intragenic mutants may reveal other
functionally important positions in the structure of this type of channel. In this scenario,
since ATCNGC11/12 is a unique constitutive active channel, it will be a useful tool to
reveal important residues for channel function by suppressor screening or site-directed

mutagenesis.
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4.4 The E519K mutation in ATCNGC11/12 does not interfere with the binding of
cAMP to the CNBD

Activation of CNGC by cyclic nucleotides (cAMP/cGMP) has previously been
demonstrated indirectly in mammalian CNGCs electro-physiologically using
heterologous expression analysis in Xenopus laevis oocytes and human embryonic kidney
(HEK) cells (Zagotta and Siegelbaum, 1996). It has been reported that the current level
can vary between rod and olfactory CNGCs depending on the type of cyclic nucleotide
which binds to the CNBD of the channel, indicating the specificity of ligand-binding in
CNGCs (Gordon and Zagotta, 1995b; Varnum et al., 1995; Shapiro and Zagotta, 2000).
However, the expression of plant CNGCs in Xenopus oocytes and HEK cells has been
unsuccessful in patch-camp analyses, most likely due to the instability of plant genes in
these heterologous systems (Leng et al., 2002; Hua et al., 2003; Berkowitz, personal
communication). Therefore, in this study, a direct binding assay was taken to analyze if
this mutation prevents the binding of cyclic nucleotides.

To test the direct binding of ATCNGCs with cyclic nucleotides, a cAMP-bound
agarose resin was utilized. Previously, this resin was used to evaluate the ability of
mammalian cAMP-binding proteins (cAMP-GEFs) to bind to cAMP (Kawasaki et al.,
1998). The analysis of CNBD12 and CNBD11/12:E519K proteins with the cAMP resin
concluded that the ES19K mutation does not disrupt the binding of cAMP (Figure 21a).
Even under high stringency (500 mM NaCl) conditions, the interaction between the
CNBDs from ATCNGC12 or ATCNGC11/12:E519K, and cAMP resin was observed.
This indicated that the interaction of the CNBDs with the cAMP resin is a strong, stable

interaction.
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As already mentioned, it has been reported that ion channels with CNBDs have
specific cyclic nucleotide agonists. Mammalian CNGCs are activated only by ¢cGMP
whereas HCN channels are activated fully by cAMP and only slightly by ¢cGMP (Kaupp
and Seifert, 2002). By incubating the CNBD12 and CNBD11/12:E519K proteins with
cAMP or ¢cGMP prior to treating the proteins with the cAMP resin, we attempted to
demonstrate that these CNBD proteins have specific interactions with one cyclic
nucleotide over another. Preliminary results demonstrate that CNBD12 specifically
interacts with cAMP but not ¢cGMP. We are currently trying to conclude if
CNBD11/12:E519K also specifically interacts with cAMP. This analysis has been
attempted several times but the amount of protein appears to be crucial and the
expression levels of the CNBDs have been quite low.

These results are the first to show the binding of cAMP to a plant CNGC directly.
This assay could prove very useful to identify important residues necessary for
interacting with cyclic nucleotides combined with computational modeling analyses.
Crystallography is one of the best ways to predict cyclic nucleotide interactions with the
residues in the CNBD. However, crystallization of proteins can be very time consuming
and does not reveal all functional conformations of the protein. Considering the technical
difficulty of patch-clamp analysis with plant CNGCs (Leng et al., 2002; Hua et al.,
2003), or crystallography, the direct binding assay used in this work may be useful to
study the binding site of cyclic nucleotides to plant CNGCs.

It has been reported that there are three residues predicted to interact with cAMP
in ATCNGC2 (Hua et al., 2003b), located in the phosphate binding cassette (PBC) which

binds to the ribofuranose moiety of cAMP. In the CAP CNBD there are four residues in
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the PBC which bind to the ribofuranose of cAMP (Punta ef al., 2003). Residues which
bind to the purine ring of cyclic nucleotides in rod and olfactory CNGCs reside in the
fifth B-strand and the C-helix (Scott et al., 2000). As previously mentioned, the purine
ring of cyclic nucleotides appears to be involved with ligand selectivity and the
ribofuranose moiety is probably required for ligand stabilization. E519/527 does not
reside in any of these areas in the CNBD. Therefore, together with our cAMP binding
assay, we concluded that the mutation at this residue would not disrupt ligand binding or

selectivity.

4.5 The ES519K mutation may disrupt the gating of ATCNGC11/12

The cyclic nucleotide binding assay supported the theory that the E519K mutation
in ATCNGC11/12 does not disrupt the binding of cyclic nucleotides. Computational
modeling was used to further support this theory and predict a possible role of E519 in
channel activation and the molecular mechanism of disruption to channel function by this
mutation. The computational model of ATCNGC11/12:E519K, which was created based
on the crystal structure of HCN2 predicted that ES19 interacts primarily with the R384
residue located in the B-helix of the C-linker (Figure 20). Craven and Zagotta (2004)
identified a glutamate in the 2™ B-strand of the CNBD of HCN2 and CNGA1 which has a
strong interaction with an arginine in the B-helix of the C-linker forming a intrasubunit
salt bridge. This salt bridge proved necessary for proper gating in the HCN2 channels. In
CNGAL, this intrasubunit salt bridge affected channel activation by altering ligand
specificity (Craven and Zagotta, 2004). Even though E519 is not at exactly the same

position as the glutamate identified in the HCN2 and CNGA1 channels, the study
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demonstrates how the loss of one interaction between two subunits can alter channel
function. The E519K mutation would disrupt the potential salt bridge formed with R384.
The inter- and intra-subunit salt bridges formed between residues in the CNBD
and the C-linker of HCN2 and CNGA1 channels supports the theory that the ES19K
mutation could alter channel gating in ATCNGC11/12. Although, unless
ATCNGCI11/12:E519K is crystallized, it is not possible to determine if E519 is
interacting with R384 of its own subunit or that of a neighboring subunit. Six a-helices
make up the C-linker in HCN2 (aA- oF) and the first two helices (0 A and aB) form an
antiparallel helix-turn-helix motif that interacts with the aC and aD helices of the
neighbouring subunit (Zagotta et al., 2003; Craven and Zagotta, 2004). This interaction
has been explained as an “elbow on shoulder” (Zagotta et al., 2003), and appears to
create a partial hydrophobic environment for the interacting amino acids. The A- and B-
helix of the C-linker are referred to as the “elbow” that is resting on the C- and D-helix,
which is the “shoulder”, of a neighbouring subunit (Craven and Zagotta, 2004). This type
of interaction between subunits makes it difficult to predict what type of structural
change takes place in the C-linker when the E519K mutation is present in
ATCNGC11/12. Therefore, we speculate that the ES19K mutation has rendered the C-
linker in a closed state possibly by disrupting the “elbow on shourlder” interactions. Even
with a cyclic nucleotide bound to the CNBD of ATCNGC11/12:E519K, this closed state

renders the ATCNGC11/12 channel inactive.
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4.6 Future Direction

As we mentioned above, our computational analysis predicted a potential
interaction between E519 and R384. This indicates that the disruption of channel function
may be due to the disruption of this interaction. To further address this hypothesis, the N.
benthamiana heterologous expression system can be used. Currently in our laboratory,
ATCNGC11/12:R3841 was created to see if this mutation causes the same suppression of
HR in N. benthamiana. A preliminary trial revealed that no lesions formed when
ATCNGC11/12:R3841 was transiently expressed in N. benthamiana. This result supports
our hypothesis for the necessary interaction of E519 and R384 in ATCNGC11/12.
Additionally, it should be tested if the E519K mutation affects on intra-subunit
interactions. Although currently we do not know if ATCNGC12 (ATCNGC11/12) forms
heterotetramers or homotetramers in planta, heterologous expression analysis in yeast
indicates that they can form functional homoheteromer K* channel in yeast. Therefore,
we are going to test if subunit interaction (homoheteromer) is disrupted by the ES19K
mutation. Currently, yeast two hybrid systems using only the C-terminal cytosolic portion
of CNGCs are being tested. Furthermore, FRET and split YFP systems also are being
tested by a collaborator. Alternatively, co-immunoprecipitation also could be used for a
subunit interaction assay.

Other aspects of the ATCNGC11/12:E519K channel function, also have to be
addressed. Urquhart et al. (2007) showed that Ca** is important to induce the HR in N.
benthamiana. Since ATCNGC11/12 and its wildtype channels conduct Ca®" in yeast, we

therefore have to test if ATCNGC11/12:E519K can still conduct Ca®". If
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ATCNGC11/12:E519K is unable to conduct Ca?*, this would further support the role the
E519K mutation has on channel function.

Also, the competition analysis of cyclic nucleotides has to be repeated and
concluded to fully understand the nature of the E519K mutation in ATCNGC11/12. All
of these future analyses and the continuous investigation of the other intragenic mutations
in ATCNGCI11/12 (identified from the rest of the suppressors) will assist to unravel the
molecular mechanism of the novel function of the chimeric channel, ATCNGC11/12 and

at the same time, identify functionally important residues for wildtype channels.
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CHAPTER S - Conclusion

The work shown in this thesis revealed that the residue E519 is functionally
important for ATCNGC11/12. Also, the position E519 is likely important for the function
of the wildtype channel, ATCNGC12, Computational modeling and bioninformatics
analyses revealed that the location of this glutamate is important for the structure of the
CNBD of one subunit and possibly for the interaction with partner subunits. Finally, the
cyclic nucleotide binding assay suggested that this channel likely binds to cAMP and that
the ES19K mutation does not affect this binding. This project has demonstrated that
ATCNGC11/12 is unique and a useful tool to identify functionally important amino acids

in CNGCs in general.
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Table 1. Primer sequences and melting temperatures (T.,).
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Primer Oligonucleotide sequence T, (°C)
cpr22#73_for 5-CCGTAATGACTCAGACTAAAGTTGAAG
GTTTCATTCTCTTGCC-3 71
cpr22#73_rev 5-GGCAAGAGAATGAAACCTTCAACTTTA
GTCTGAGTCATTACGG-3¥ 71
D2DT-for 5-CTCTTGATCCCACTTCC-% 51
D2DT _rev 5-GACCGTGAGATTGCAGT-3’ 51
#1 5-ATGGAAAATTGAAAAGTGTTAGAGGA-3’ 56
#32 5-ACGTTTCCAATGAGCACAGCA-3' 57
#10 (for) 5-TTATACTCACAGCAATGGCG-3’ 54
#46 (rev) 5-CTATGCTTCAGCCTTTGC-3 52
#67 5-GGGATCCCATGAATCTTCAGAGGAGAAA-3’ 64
#68 5'-CTATGCTTCAGCCTTTGCAAACTC-3 60
pYES2 fwd 5-AAGCCGCCGAGCGGGTGACA-3 64
pYES2 rev 5-GCTAGTCAGTCCGATCCGGGG-3’ 65
ACT1_fwd 5-CCTACGTTGGTGATGAAGCT-3’ 55
ACT1_rev 5-GTCAGTCAAATCTCTACCGG-3 55
B-tubulin_fwd 5-CGTGGATCACAGCAATACAGAGCC-% 71
B-tubulin_rev 5-CCTCCTGCACTTCCACTTCGTCTTC-3 72
Ws14-EcoRI (for) 5-AAGAATTCGGTTGGCTACTAGAAGCTGTG
TCCG-3’ 61
#37 (rev) 5-CACTATGCTTCAGCCTTTGC-3’ 63



Table 2. Media and antibiotic selection for bacterial growth.
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Bacteria Plasmid Medium Antibiotic
Selection

E. coli (DH5a) pMBP3, pET28a LB Kanamycin sulfate
(50 pg/ml)

E. coli (DH50q) pGEM-T Easy, pBluescript, LB Ampicillin (50 pg/ml)

pYES2

E. coli (BL21) pET28a LB Kanamycin sulfate
(50 pg/ml)

Agrobacterium pMBP3 LB and Kanamycin sulfate

LB+MES (50 pg/ml) and

rifampicin (100 pg/ml)



84
Xhol Xhol

" ATCNGC11/12 (SIS

pMBP3

Site-directed
mutagenesns

b Xhol Xhol
5'\ X ¢3
- ATCNGC11/12

E519K

pBluescript

c Xhol shol
R s
" ATCNGC11/12 [
E519K
pMBP3

Figure 1. Construction of pMBP3-ATCNGC11/12:E519K. (a) pMBP3-ATCNGC11/12
was digested with Xhol to excise ATCNGC11/12 cDNA, from the vector and without
the smGFP tag. (b) ATCNGC11/12 cDNA with Xhol cut sites at both 5’ and 3’-ends
was ligated into pBluescript, linearized with Xhol. Site-directed mutagenesis was
used to create ATCNGC11/12:E519K in pBluescript. (c) ATCNGC11/12:E519K cDNA
was subsequently digested from pBluescript by Xhol and re-ligated back into pMBP3,
with the smGFP tag is at the 3’-end.
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Figure 2. Construction of pYES2-ATCNGC12:E527K. The cDNA (a) ATCNGC11/12:E519K
and (b) ATCNGC12 in pYES2, have restriction enzyme sites Munl and Xbal before and
after the E519K mutation (represented by a red ‘X’), respectively. Digesting both of these
plasmids, (a) and (b), with Munl and Xbal, and then subsequently swaping the areas with
the mutation created (c) ATCNGC12:E527K in pYES2.
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Figure 3. Construction of CNBD12 and CNBD12:E527K in pET28. (a) CNBD12 cDNA
was digested from pGADT7-CNBD12 by EcoRI and Xhol and ligated into a pET28a
vector digested with the same enzymes. (b) pET28a-CNBD12:E527K was created by
digesting the DNA product from a PCR using pYES2-ATCNGC11/12:E519K as
template DNA, and a forward primer that introduced a EcoRI site before the T1299
nucleotide (the reverse primer did not change the 3’-end sequence, there is a Xhol
restriction site at the location indicated).
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