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Abstract
Functions of CML24:
A Potential Calcium Sensor of Arabidopsis
by
Yu-Chang Tsai
Plants sense environmental conditions and respond by changing development
and physiology. Calcium (Ca2+) is a second messenger thought to play a critical role in
plant responses to developmental and environmental stimuli. Calmodulin (CaM) is the
prototypical Ca2+ sensor that is highly conserved among eukaryotes. The Arabidopsis
genome encodes 50 CaM-like (CML) proteins in addition to CaM. CML functions
remain largely unknown. CML24 expression is strongly upregulated by diverse stimuli.
The encoded protein shares characteristics with CaM, including primary sequence
similarity, predicted tertiary structure, and Ca2+-induced conformational change. Plants
with epigenetically silenced CML24 are delayed in the transition to flowering and have
altered ion sensitivity.
To further understand CML24 function, I employed genetic, biochemical,
cellular, and physiological approaches. Mass spectroscopy analyses suggest that
CML24 cysteines may form disulfides; therefore, CML24 may have the capability of
transducing oxidative, in addition to Ca2+, signals. Apparent loss- and gain-of-function
cml24 point mutants were identified and determined to have alterations in the timing of
flowering induction. Despite the physiological consequences of the cml24 mutant
amino acid substitutions, the mutant proteins retain the ability to undergo Ca2+dependent conformational changes. cml24 mutants are defective in expression of the
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regulatory genes, CONSTANS and FLOWERING LOCUS C (FLQ and have aberrant
nitric oxide (NO) accumulation. Altered NO levels underlie FLC enhanced expression
in the late-flowering cml24 mutants and contribute in part to delayed flowering. NOassociated 1 (NOA1), not arginine-dependent NO synthase or nitrate reductase, is
implicated, through an indirect mechanism, in NO accumulation in cml24 mutants.
CML24 directly binds and may increase the enzymatic activity of Autophagy 4b
(ATG4b), a cysteine protease that regulates autophagy, the cellular "self eating"
process by which eukaryotic cells remove damaged and nonessential cytoplasmic
components. Fluorescence imaging and western analysis of autophagy markers and
seedling growth assays in response to nutrient-limitation indicate that the cml24
mutants may have defects in autophagy regulation.
Together, this work implicates CML24 as a potential Ca2+ and redox sensor in
the regulation of NO accumulation and, through direct interaction with ATG4b, in the
regulation of autophagy progression.
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Chapter 1: Introduction
Plants are nonmotile yet thrive in diverse environments. Plants sense local
environmental conditions and can undergo physiological changes that enable adaption.
Upon stresses such as drought, flooding, light, temperature, wounding, touch, and biotic
stresses, plants use different strategies to perceive and respond to them. Knowledge of
how plants respond to different environmental stimuli would likely have practical
9+

application toward improvement in agricultural practices. Stress-induced calcium (Ca )
signaling is critical in triggering plant, as well as animal, cell responses. How Ca2+
signals are sensed and the mechanisms by which they induce cellular changes remain
incompletely understood. I used reverse genetics, biochemistry, and cell biological
approaches to shed light on the functions of one Ca + sensor protein, CML24, in
Arabidopsis. This work reveals that this Ca2+ sensor functions in diverse aspects of plant
physiology, including regulation of the transition to flowering, nitric oxide (NO)
accumulation, and autophagy.
1.1 Calcium signaling and calcium sensors
1.1.1 Ca2+ as a signal
Stimulus-induced increases in cytosolic Ca2+ have been implicated in regulating
plant growth, development, and responses to environmental stimuli (Reed et al., 1993;
Yang and Poovaiah, 2003). Changes in Ca

levels may also regulate intracellular

processes, including polarized growth, cell division, vesicle trafficking and fusion, and
gene expression (Clapham, 1995; Cyert, 2001; Reddy, 2001). In unstimulated plant cells,
the cytosolic Ca + concentration is in the nanomolar range. Cytosolic Ca + levels can rise
to micromolar levels after cellular stimulation (Bootman and Berridge, 1995). Elevated

2

cytosolic Ca2+ occurs only transiently because high levels of Ca2+ could cause
precipitation of cellular phosphate necessary for energy metabolism (Sze et al., 2000).
Cytosolic Ca2+ increases occur through regulated influx from extracellular sources or
intracellular stores. Resulting cytosolic Ca + increases can vary in frequency, amplitude,
location, and source. These characteristics are thought to contribute to the Ca
"signature" and may confer specificity of the cellular responses. However, it remains
unclear how Ca2+ signals are perceived in plant cells and how perception leads to
appropriate cellular responses.
1.1.2 Ca 2+ sensors
Cytosolic Ca2+ levels are likely perceived by Ca2+-binding proteins (Kim et al.,
2009). There are four classes of Ca2+-binding proteins: (I) Calmodulins (CaM) with four
EF hand Ca2+-binding domains, (II) CaM-like (CML) proteins, which share significant
sequence similarity with CaM but may differ in EF hand number, (III) Ca2+-binding
proteins that do not contain EF hands, and (IV) Ca +-dependent protein kinases, which
are found only in plants and protozoa (Day et al., 2002; Reddy, 2001; Reddy et al., 2002).
In the Arabidopsis genome, there are -232 genes encoding putative Ca -binding
proteins (Day et al., 2002). Seven genes encode CaM and 50 encode CML proteins
(McCormack and Braam, 2003).
CaM is a highly conserved acidic 17 kDa protein of 148 amino acids (Figure 1.1)
that is ubiquitous in eukaryotes. CaM contains two pairs of helix-loop-helix Ca2+-binding
domains connected by an alpha helix linker region (McCormack et al., 2005).
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Fig 1.1 CML23 and CML24 are calmodulin-like proteins. Amino acid sequence
alignment of Arabidopsis CML24 (At5g37770), CML23 (Atlg66400), and one of the
calmodulins, CaM2 (At2g41110). Shaded amino acids indicate sequence similarity,
underlines delineate EF-hand Ca"T binding loops, letters above the CML24 sequence
indicate the amino acid substitutions in the cml24-l, cml24-2, and cm\24-4 mutants, the
solid triangles indicate the two independent insertion sites of the T-DNA insertions in
CML23. Amino acid numbers are on the right.
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Despite the central role proposed for Ca2+ signaling in plant biology and the
identification of the large number of potential Ca + sensors, functional studies have been
reported for only a few CMLs. cml42 mutants have abnormal trichome branching
(Dobney et al., 2009), whereas overexpression of CML43 accelerates the plant immune
response to bacterial pathogens (Chiasson et al., 2005). CML19 (CENTRIN2) plays a
role in homologous recombination and nucleotide excision repair in Arabidopsis (Liang
et al., 2006; Molinier et al., 2004). -A high throughput protein microarray approach to
identify CaM and CML target proteins revealed that binding partners may be largely
specific to one or a few CaMs/CMLs (Popescu et al., 2007a; Popescu et al., 2007b).
1.1.3 CML24
CML24 shares 44% amino acid identity with CaM and has 4 EF hands (Braam
and Davis, 1990; Khan et al., 1997) (Figure 1.1). Like CaM, CML24 binds Ca2+ and
undergoes Ca2+-dependent changes in conformation (Delk et al., 2005). In addition, in the
9+

presence of Ca , CML24 exposes hydrophobic domains similarly to CaM (Delk et al.,
9+

2005). Therefore, CML24 has characteristics of a CaM-related Ca

sensor. Northern

analysis and quantitative real-time PCR (Q-PCR) indicate that CML24 mRNA
accumulates after heat shock, touch, wounding, dark, cold, H2O2, abscisic acid (ABA),
and auxin (Braam, 1992; Braam and Davis, 1990; Delk et al., 2005; Polisensky and
Braam, 1996). The Arabidopsis electronic fluorescent pictograph (eFP) based on
microarray data reports similar CML24 expression characteristics (Winter et al., 2007).
Heat and cold shock induction of CML24 expression is blocked in the presence of a Ca +
chelator (Braam, 1992; Polisensky and Braam, 1996), suggesting that Ca2+ increases are
necessary for inducing CML24 expression, at least by temperature shocks.
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A CML24 GUS transgenic (CML24::GUS) reported expression in tissues and
organs undergoing growth, vascular tissue, floral organs, stomata, trichomes, and
hydathodes (Delk et al., 2005). Transgenic plants with epigenetically silenced CML24
have higher growth tolerance to exogenous C0CI2, MgCb, ZnS04, and Na2Mo04 than
wild type (Delk et al., 2005). These CML24-underexpressing transgenics are also less
sensitive to ABA inhibition of germination and seedling growth (Delk et al., 2005). In
long-day photoperiods, CML24-underexpressing transgenics are delayed in the transition
to flowering relative to wild type (Delk et al., 2005). These results indicate that CML24 is
critical for diverse aspects of plant physiology. However, the biochemical and cellular
functions of CML24 remain unknown.
CML24's closest paralog, CML23, shares 78% amino acid identity with CML24
and also contains 4 EF hands (Figure 1.1). Based on Q-PCR and CML23::GUS
transgenic analysis, CML23 expression patterns are similar to those of CML24, but
CML23 transcripts accumulate to only about 7% the level of CML24 mRNA (Delk et al.,
2005).
The subcellular location database of Arabidopsis proteins (SUBA) (Heazlewood
et al., 2007) reports that CML24 may localize on plasma membrane, based on mass
spectroscopy analysis (Benschop et al., 2007). In addition, primary sequence analysis
predicts that CML24 may localize in the cytosol, mitochondria, and nucleus (SUBA,
Figure 1.2). The sequence-based predicted localization of CML23 is very similar to that
of CML24, except that CML23 is also predicted to be in the chloroplast (Figure 1.2). The
strong amino acid sequence conservation between CML23 and CML24, similar
expression characteristics (Delk et al., 2005; Tsai et al., 2007), and protein localization
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Fig 1.2 Output image from the BAR Cell eFP Browser shows the predicted subcellular
localization of CML23 (a) and CML24 (b). (a) CML23 is predicted to be in the
cytosol, nucleus, chloroplast, and mitochondria based on primary amino acid sequence
motifs, (b) CML24 is localized on the plasma membrane by mass spectroscopy
analysis and in the cytosol, nucleus, and mitochondria by primary amino acid
sequence prediction. The color intensity indicates the confidence of the prediction.
www.bar.utoronto.ca (Heazlewood et al., 2007).
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predictions lead to the hypothesis that CML23 and CML24 may share overlapping
functions.
1.2 Transition to flowering regulation
1.2.1 Four pathways regulate transition to flowering in Arabidopsis
Flowering is the developmental turning point from the vegetative to the
reproductive phase. The induction of flowering is critical for plant reproductive strategy
and redistribution of nutrients. The transition to flowering is regulated by four major
pathways: long-day photoperiod, autonomous, vernalization (or extended cold), and
gibberellin (GA) pathways (Figure 1.3) (Jack, 2004; Putterill et al., 2004). Changes in
cytosolic Ca + may play roles in at least a subset of these regulatory pathways because
light, circadian rhythms, low temperatures, and GA are stimuli that affect cytosolic Ca
levels (Baum et al, 1999; Dodd et al, 2005; Gilroy, 1996; Love et al, 2004; Polisensky
andBraam, 1996).
Long days (>16-hours of light) accelerate the timing of the transition to flowering
of Arabidopsis. The coincidence of CONSTANS (CO) RNA accumulation late in the day
controlled by the circadian clock and light-stabilization of CO protein that occurs only in
long days leads to functional CO promotion of flowering (Koornneef et al., 1991; Moon
et al., 2003; Reed et al., 1993; Valverde et al., 2004). CO induces Flowering Locus T (FT)
and Suppressor of Overexpression ofConstansl (SOC1) transcription. FT and SOC1 act
positively to drive the transition to flowering. FT and SOC1 are negatively regulated by
Flowering Locus C (FLC). FLC expression is inhibited by activation of the autonomous
and vernalization pathways. Autonomous pathway mutants transition to flowering later

Fig 1.3 Four pathways regulate the transition to flowering: photoperiod,
autonomous, vernalization, and GA. Four major genes, CO, FT, SOC1, and FLC
are controlled by the different pathways and mediate the timing of the transition to
flowering in Arabidopsis.
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than wild type. A long period of low temperature vernalization also promotes flowering.
In addition, SOC1 can be up-regulated by GA. GA biosynthesis mutants are
delayed in the transition to flowering compared to wild type in short days (Moon et al.,
2003; Wilson etal., 1992).
1.2.2 Nitric oxide: role in regulating the transition to flowering
Increased nitric oxide (NO) accumulation correlates with a delay in the transition
to flowering, whereas reduced NO correlates with early flowering. An NO overproducing
mutant {noxl), which has a defective chloroplast phosphoenolpryuvate/phosphate
translocator gene, displays a delay in the transition to flowering relative to wild type (He
et al., 2004a). In addition, exogenous NO provided by an NO donor, sodium nitroprusside
(SNP), inhibits flowering and promotes vegetative growth (He et al., 2004b). In contrast,
the noal mutant, which under some conditions accumulates low NO, flowers earlier than
wild type (Guo et al., 2003). Enhanced scavenging of NO by overexpression of nonsymbiotic hemoglobins (GLB1, GLB2) (Hebelstrup and Ostergaard-Jensen, 2008) causes
an earlier transition to flowering relative to wild type. Conversely, transgenic plants with
silenced GLB1 expression are delayed in flowering time (Hebelstrup and OstergaardJensen, 2008). Reduced GLB1 expression also causes the appearance of aerial rosettes on
lateral meristems of the inflorescence, or flowering stem (Hebelstrup and OstergaardJensen, 2008).
NO represses Arabidopsis flowering by altering flowering gene expression.
Photoperiod pathway genes, CO and LFY, are down regulated in noxl, delaying the
transition to flowering (He et al., 2004a). NO also promotes expression of FLC,
consistent with a delay in flowering. Reduced accumulation of NO in noal correlates
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with higher LFY and CO transcript levels and lower FLC transcript levels than wild type
(He et al., 2004a). Flowering time of noxl is not accelerated by GA application; therefore,
noxl and NO may regulate Arabidopsis transition to flowering independently of GA.
1.3 NO biosynthesis and accumulation
1.3.1 NO synthases in animals
NO is synthesized by three different NO synthase (NOS) isoforms, neuronal
NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS), in animals
(Alderton et al., 2001). NOS catalyzes the conversion of L-arginine to NO and citrulline.
nNOS and eNOS have CaM-binding domains and require Ca2+/CaM-binding for NO
production. (Alderton et al., 2001; Stuehr et al., 2004). iNOS tightly binds to CaM and is
insensitive to intracellular Ca2+ fluctuations. To study NOS functions, several nonselective L-arginine analogs (L-NMMA, L-NAME, and L-NNA) have been widely used
to inhibit NOS activity (Young et al., 2000).
1.3.2 NO synthesis in plants
To date, no gene or protein with significant sequence similarity to the animal NO
synthases have been found in Arabidopsis. The documentation of NO accumulation leads
to the outstanding question of how NO is produced in plant cells. There are two major
proposed enzymatic pathways for NO production in plants (Figure 1.4). Both NOAssociated 1 (NOA1) and nitrate reductase have been implicated in NO production
pathways.
NOA1 in Arabidopsis was identified by similarity to a snail protein required for
snail NO synthesis (Guo et al., 2003; Huang et al., 1997). noal mutants are reported to be
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Fig 1.4 Schematic of NO accumulation in plant cells. NO can be produced from
mitochondria, chloroplasts, or nitrate/nitrite by NOA1 or nitrate reductase
(encoded by NIA genes). Nonsymbiotic hemoglobin acts as a NO scavenger.
Adapted from (Lamotte et al., 2005)
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defective in NO production and accumulate only about 20% the NO level found in wild
type under some conditions. However, H2O2, indole-3-butyric acid, and zeatin induced
NO levels in noal are similar to those of wild type (Arnaud et al., 2006; Bright et al.,
2006; Tun et al, 2008). Originally, some data indicated that NOA1 may be in
mitochondria (Guo and Crawford, 2005; Zemojtel et al., 2006a; Zemojtel et al., 2006b).
However, more recently NOA1, also called RIF1, was localized to chloroplasts (FloresPerez et al., 2008). NOA1 also has been localized in diatom chloroplasts, and higher NO
production occurs in NOAl-overexpressing transgenic diatoms (Vardi et al., 2008).
NOA1 contains a GTP-binding domain, has GTPase activity, and an additional Cterminal RNA-binding domain essential for complementing the noal phenotype (Moreau
et al., 2008; Sudhamsu et al., 2008). rifl-1 has also been identified as a NOA1 allele, rifl1 has defects in chloroplast structure and function (Flores-Perez et al., 2008). Although
recombinant NOA1 was originally reported to have NO synthase activity in vitro (Guo et
al., 2003), the data are not reproducible (Crawford et al., 2006). The physiological
functions of NOA1 and its role in nitric oxide accumulation are still unclear.
NO production in plants may also derive from nitrate reductase activity
(Yamasaki and Sakihama, 2000). The major function of nitrate reductase is nitrogen
assimilation with a role in converting nitrate to nitrite (Figure 1.4). Nitrite can be
converted to NO by various mechanisms. When nitrite accumulates to high levels, nitrate
reductase itself can catalyze one electron reduction of nitrite using NAD(P)H as an
electron donor to produce NO. Nitrite accumulation and consequent NO production
occurs during hypoxia in the dark with nitrate-fertilized plants (Rockel et al., 2002). In
Arabidopsis, nitrate reductase is encoded by two genes, NIA1 and NIA2 (Wilkinson and
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Crawford, 1993). Although NIA1 only contributes 10% of the nitrate reductase enzyme
activity, NIA1 is required for NO production in guard cells (Bright et al., 2006). Nitrate
reductase-dependent NO synthesis also plays a role in cold tolerance in Arabidopsis
(Zhao et al., 2009). nialnia2 double mutants have less cold tolerance and accumulate
lower NO levels than wild type and noal (Zhao et al., 2009).
Mitochondria and chloroplasts are also reported sources of NO production in
plants (Jasid et al., 2006; Planchet et al., 2005). In tobacco leaves and suspension cells,
mitochondrial electron transport is the major electron donor for reduction of nitrite to NO
(Planchet et al., 2005). Electron paramagnetic resonance (EPR)-detected NO production
occurs in soybean chloroplasts supplied with nitrite or L-arginine (Jasid et al., 2006). The
NO production can be blocked by adding a photosynthetic electron transport inhibitor or
L-arginine analogs (Jasid et al., 2006). These results indicate that nitrite can be converted
to NO in mitochondria and chloroplasts. However, which protein(s) participate in the
conversion remains unclear.

1.4 Autophagy
1.4.1 Autophagy overview
Autophagy is a cellular degradation process that removes cytoplasmic contents
and recycles components to promote cellular remodeling and continue growth under
nutrient-limiting conditions. Macroautophagy (here called autophagy) is the process by
which bulk cytosolic contents and organelles are segregated into double-membrane
autophagosomes (Robinson et al., 1998). Autophagosomes are transported to the vacuole,
and the outer membrane fuses to the vacuolar membrane. The vacuolar-localized
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structures surrounded by the single inner membrane, autophagic bodies, are then
degraded by vacuolar enzymes.
Autophagy is not only important for recycling nutrients but also for degradation
of damaged or superfluous proteins and organelles during normal growth conditions.
Mitochondria, chloroplasts, and peroxisomes are major sources of reactive oxygen
species (ROS) production, and ROS may contribute to organelle malfunction. Damaged
mitochondria and excess peroxisomes can be selectively degraded by autophagy (Kim et
al., 2007; Yu et al., 2008). Abnormal mitochondria accumulate in mice mutants defective
in autophagy (Komatsu et al., 2006). In autophagy-defective plants, constitutive oxidative
stress is apparent even under nonstarvation conditions (Xiong et al., 2007). In mice, lipid
stores increase when autophagy is inhibited, as autophagy promotes lipid degradation for
energy generation during nutrient deprivation (Singh et al., 2009).
1.4.2 Autophagy regulation
Autophagy progression includes induction, cargo selection, vesicle formation,
fusion, and degradation (He and Klionsky, 2009). TOR (target of rapamycin) and RascAMP-dependent protein kinase A (PKA) are the two well-characterized autophagy
regulatory pathways in yeast and mammals (He and Klionsky, 2009; Schmelzle et al.,
2004). TOR is a central repressor of autophagy. In response to amino acids, TOR is
activated by the Ras-related small GTPase (Rag) protein and suppresses downstream
autophagy (Kim et al., 2008; Sancak et al, 2008; Wullschleger et al., 2006). In response
to the presence of glucose, Ras-cAMP-PKA can downregulate autophagy; this process is
parallel to the TOR signal pathway (Schmelzle et al., 2004).
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1.4.3 Autophagy in plants
In plants, autophagy can be induced by sucrose starvation, nitrogen depletion,
senescence, and darkness (Bassham et al., 2006; Rose et al., 2006). Thus, autophagy
induction appears to be related to carbon and nitrogen balance in Arabidopsis.
The Arabidopsis genome encodes one AtTOR gene with 49% amino acid
sequence similarity to mammalian mTOR (Menand et al., 2002; Menand et al., 2004).
Unlike mTOR, which is expressed in most mammalian cells, AtTOR is expressed only in
undifferentiated plant cells (Menand et al, 2002) and is essential for embryonic
development (Deprost et al., 2005).
1.4.4 The role of ATG4 and ATG8 in autophagy
Much of the autophagy machinery is conserved among yeast, animals and plants.
ATG4 is a cysteine protease (Yoshimoto et al., 2004) that acts on ATG8 at two steps
(Figure 1.5). In yeast, ATG4 first cleaves the ATG8 carboxyl-terminal arginine (R)
exposing a glycine (G) residue (Figure 1.5). The ubiquitin El-like enzyme, ATG7,
activates the G residue of ATG8 and conjugates an E2-like protein, ATG3, to the ATG8
G residue. The G residue of ATG8 is then conjugated to the amino group of
phosphatidylethanolamine (PE) which is thought to promote ATG8 association with and
expansion of autophagosome membranes (Kirisako et al., 2000a). The second activity of
ATG4 is to release ATG8 from PE, regenerating free ATG8 (Figure 1.5).
Plants also have ATG4, ATG8, ATG7 and ATG3, however, the regulation of
ATG4 action on ATG8 is predicted to be more complicated. The Arabidopsis genome
encodes 9 ATG8 genes. Seven ATG8s (ATG8a-g) are predicted to require ATG4-
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Fig 1.5 Schematic of yeast ATG4 and ATG8 roles in autophagy progression. Newly
synthesized ATG8 carboxyl-terminal Arg (R) is removed by ATG4 protease, leaving a
Gly (G) residue at the carboxyl terminus. The ATG8-G is activated by the El enzyme,
ATG7, and then transferred to E2 enzyme, ATG3. Finally, ATG8 conjugates with PE
and starts autophagosome membrane recruitment. ATG4 is required for ATG8-PE
deconjugation. (Figure adapted from http://www.nibb.ac.jp/annual_report
/2004/090.html)
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Fig 1.6 Amino acid sequence alignment and phylogenic tree of ATG8s. (a) The ATG8
amino acid sequence alignment was generated by ClustalX with output from
GeneDoc. The black boxes indicate the identical amino acids, (b) The phylogenetic
tree was generated by ClustalX using the Neighbor-Joining method with output from
Tree View. At, Sc, and Homo represent Arabidopsis, yeast, and human, respectively.
The distance indicated by "0.1" refers to the percent sequence divergence.
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dependent maturation similarly to that described in yeast. However, ATG8h and ATG8i
are synthesized with carboxyl-terminal G's and therefore are predicted to be independent
of the ATG4-catalyzed maturation step (Fujioka et al., 2008; Tanida et al., 2004a).
Phylogenetic comparative analysis of ATG8 genes indicates that the Arabidopsis ATG8h
and ATG8i are most closely related to human ATG8 (Figure 1.6) (Slavikova et al., 2005).
Further complexity in ATG8 function in Arabidopsis may derive from differential ATG8
expression patterns in development and in response to diverse stimuli (Figure 1.7,
Genevestigator).
The two distinct activities of ATG4 appear to be antagonistic with respect to the
regulation of autophagy progression. Whereas the first action of ATG4 in ATG8
maturation may promote autophagy progression, the second action, removal of ATG8
from membranes, would likely prevent autophagy progression. Therefore, one might
expect that ATG4 activity would require regulation. Consistent with this expectation,
ATG4 activity in human cells has been found to be inhibited by oxidation (ScherzShouval et al., 2007). H2O2 production, stimulated by starvation, leads to superoxide
generation; superoxide induces autophagy (Chen et al., 2009b). Cys78 of human ATG4 is
oxidized in the presence of H2O2 and this oxidation inhibits ATG4 activity (0, Figure 1.8)
(Scherz-Shouval et al., 2007). ATG4 activity becomes constitutive if Ala or Ser are
substituted for Cys78 and autophagy progression is defective (Scherz-Shouval et al.
2007). Thus, ATG4 activity inhibition by oxidation is likely to be required for mature
autophagosome formation because excess ATG4b activity would theoretically prevent
ATG8 accumulation on autophagosome membranes. Although plant ATG4s contain the
homologous catalytic Cys residue (0, Figure 1.8), plant ATG4s lack the analogous Cys78
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required for redox regulation (<§>, Figure 1.8). If plant ATG4s lack the ability to be
regulated directly by oxidation, we predict that there exist alternative regulatory
mechanisms in plants.
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Fig 1.7 Genevestigator reported A TG8 expression patterns obtained from Arabidopsis
microarray experiments, (a) Differential expression of ATG8s in different developmental
stages. Dark-blue coloring represents highest expression, (b) Differential expression of
ATG8s in plants grown under different nutrient media. Red and green coloring represent
elevated and decreased expression, respectively, of ATG8s after the treatments compared to
non-treatments.

21

>Arabi_atg4a
>Arabi_atg4b
>0sATG4a
>0sATG4b
>Bovien
>Zebrafish
>Homo4a
>Homo4b
>Mouse4a
>Mouse4b
>Chick
>Xeno4a
>Xeno4b
>Apis
>Yeast_atg4
>Drosophila
>Aspergillus

162
165
152
156
69
66
69
66
66
69
52
71
66
160
139
90
90

YTSDVNWC
YTSDVNWC
YTSDVNWC
YTSDVNWC
PSSDAGWC
PSSDAGWC
PSSDAGWC
PTSDTGWC
PTSDTGWC
PSSDAGWC
PSSDAGWC
PSSDTGWC
PTSDTGWC
FTTDBGWC
FNTDIGWC
LTTDKGWC
LTTDKGWC

IIRSSQMLFAQALLFHRLGRAWTKK-SELPEQE1LRSGQMLFAQALLFQRLGRSWRKKDSEPADEKIVRSSQMLVAQALIFHHLGRSWRKPSQKPYSPEA R S SQMLVAQALIFHHLGRSWRRPSEKPYNPEILRHGQMMLAQALIHRHLGRDWNWEKQKEQPKE[LRB GQMILAQALIB SHLGRDWRWDPEKHQPKE[LRB GQMMLAQALIB RHLGRDWSWEKQKEQPKEILRB GQMIFAQALVB RHLGRDWRWTQRKRQPDS^WGQMIFAQALVS RHLGRDWRWTQRKRQPDSILRHGQMMLAQALIIRHLGRDWNWERQKEQPKELRHGQMMLAQALIHRHLGRDWQWEKHKKQPEELRBGQMMLAQALVHQHLGRDWRWEKHKNHPEELRGGQMIFAQALIHRHVGRDWRWDKQKPKGE—
LRSGQMMLAQALVIHFLGREWRWQPDQPIKTEQ
IRTGQSLLGNALQILHLGRDFRVNGNESLERELRHGQMVLAQALIDLHLGRDWFWTP-DHRDATLRHGQMVLAQALIDLHLGRDWFWTP-DHRDAT-

202
206
193
197
110
107
110
107
107
110
93
112
106
202
180
130
130

Fig 1.8 Plant ATG4 proteins lack the analogous oxidation-sensitive Cys78 of human
ATG4. Amino-acid alignment of the region surrounding the active site Cys residue among
members of the ATG4 family. The alignment was preformed using the ClustalX multiple
alignment program. 0 marks the catalytic Cys residue. ^ marks Cys78 that is essential for
redox regulation of human ATG4b but is missing in plant ATG4. Cys residues are highlight
in black. Amino acid numbers are on the left and right of the sequences.
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Chapter 2: Materials and Methods
2.1 Plant material and growth conditions
The Arabidopsis thaliana ecotype Col-0 was used in this study unless stated
otherwise. Seeds were surface sterilized with 95% ethanol for 1 min and 6% sodium
hypochlorite for 10 min followed by three washs with sterilized water. Sterilized seeds
were stratified at 4°C for 48 to 72 hours and then sown in Metro-Mix 200 series soil
(SunGro, Bellevue, WA, USA) or on agar plates (0.8% w/v) with media as described in
2.1.1 and were grown under 8, 16, or 24 hours photoperiods at approximately 60 umol m
s" at 22°C. These growth conditions were used in this study unless stated otherwise.
2.1.1 Manipulation of nitrogen source in the culture media
Plants were grown on nitrogen-rich (PN or MS) or -free (PN-N or MS-N) media
with or without 0.5% sucrose for specific periods as indicated. PN and half strength MS
(1/2MS) media are commonly using for Arabidopsis growth media (Haughn and
Somerville, 1986; Murashige and Skoog, 1962). The modified PN without nitrogen (PNN) lacked KNO3 and Ca(N03)2 with substitution of KC1 and CaCl2 to maintain the same
amount of potassium and calcium. MS-N media lacked KNO3 and NH4NO3 from the MS
formula (Table 2.1). MS media contain both NO3" and NH44" and PN media contain only
NO3" as nitrogen source.
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2.2 Phenotype characterization
2.2.1 Analysis of transition to flowering
Plants were grown on soil under long- or short- photoperiods at 22°C. Flowering
time was determined as the number of days from sowing the seeds to the appearance of a
floral bud with inflorescence stems elongated over 2 mm. In addition, the number of
rosette leaves present at the start of flowering was recorded.
2.2.2 Analysis of nitric oxide accumulation
To monitor nitric oxide levels in vivo, the first and second true leaves (around 5
mm in diameter) were detached from two-week-old soil-grown plants and submerged in
MES buffer (10 mM MES (2-(/V-morpholino) ethanesulphonic acid), 10 mM KC1, 0.1
mM

CaCf,

pH

5.8)

for

two

hours.

4-amino-5-methylamino-2',7'-difluorofluorescein

After

addition

of

10

mM

diacetate (DAF-FM DA, Molecular

Probes) for 45 min, fluorescence was analyzed with excitation at 490-495 nm and
emission at 515 nm and visualized using a MZ FLIII (Leica, Switzerland) fluorescence
stereomicroscope. For root nitric oxide levels measurement, 7-day-old seedlings were
submerged in MES buffer with or without 200 uM L-NMMA (NG-monomethyl-Larginine monoacetate) for 30 min and then followed with DAF-FM DA staining for 15
min and imaging as described before. All the images had the same exposure time. To
quantify the DAF-FM DA fluorescence, images were analyzed by Image J (Wayner
Rasband,

National

Institute

of

Health,

USA).

The

carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide

NO

scavenger,

2-(4-

(cPTIO, Sigma-aldrich)

400 mM in 0.4% (v/v) DMSO and 0.1% (v/v) Tween20, was directly sprayed on leaves
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of two-week-old plants; the control leaves were sprayed with solvent (0.4% DMSO, 0.1%
Tween20). The first and second leaves were harvested after four hours.
2.2.3 Amino acid analysis sample preparation
100 mg of soil-grown leaf tissues were ground with liquid nitrogen and 200 jal of
extraction buffer (0.1 N HC1, 0.4 mM amino acid standard) was added. The homogenized
tissue extract was centrifuged for 15 min at 21,000g to remove tissue debris, and the
supernatant was subjected to ultrafiltration (Ultrafree-MC PL-10, Millipore) to remove
proteins. The filtered solution was frozen and dried in a lyophilizer. Amino acid contents
were detected with HPLC in collaboration with Kendal Hirschi (BCM).
2.2.4 Analysis of Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)
ICP-MS was performed by Purdue Ionomics Information Management System
(PiiMS) (Baxter et al., 2007). Plant tissues were prepared at Purdue. Plants were sown
onto Sunshine Mix 19f (Sun Gro Horticulture) and stratified at 4°C for three days. Plants
were grown under 10 h light/ 14 h dark (90 umol m"2 s"1), 18°C, 50% humidity, and
fertilized twice per week with 0.25x Hoagland solution and 10 uM Fe-HBED (N,N'-di(2hydroxybenzyl) ethylenediamine-N,N'-diacetic acid monohydro-chloride hydrate) was
substituted for iron. The leaves were harvested from 5-week old plants and rinsed with
deionized (18£T) water. The samples were dried at 92°C for 20 h and weighed before acid
digestion with concentrated nitric acid. The digested samples were processed with ICPMS (Elan DRCe; Perkin-Elmer) for elemental analysis and the results were normalized to
the dry weight.
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Table 2.1 The formulas of different growth media.
PN
PN-N
2.5
mM
2.5
KP04
mM
5
0
KNOa
mM
2
2
MgS04
70
^iM
70
H3BO3
14
14
|iM
MnCI 2
0.5
|iM
0.5
CuS04
^iM
1
1
ZnS04
^M
Na 2 Mo04
0.2
0.2
0.01
0.01
^iM
CoCI 2
NaCI
10
10
^iM
2
mM
0
Ca(N0 3 ) 2
49
^iM
Fe-EDTA
49
KCI
mM
0
5
0
2
mM
CaCI 2
The red indicates the components different
depleted (PN-N or MS-N) media.

MS-N
MS
mM
1.25
1.25
KPO4
mM
18.8
0
KNO3
mM
1.5
1.5
MgS0 4
mM
0.1
0.1
H3BO3
mM
0.1
0.1
MnS04
HM
CuS04
0.1
0.1
ZnS04
^iM
30
30
1
1
HM
Na2Mo0 4
0.1
0.1
\iM
C0CI2
3
3
mM
CaCI 2
20.6
0
mM
NH4NO3
mM
Na 2 EDTA
0.1
0.1
FeS0 4
mM
0.1
0.1
Kl
5
11M
5
in rich (PN or MS) to nitrogen-
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2.2.5 Analysis of root length
Seeds were directly sown on agar plates with different media as described in each
experiment. After stratifying the seeds at 4°C for 3 days, the plates were placed vertically
(70°~80° angle) under constant light (-60 umol m"1 s"2) at 22°C. The seedlings were
grown for different time periods and were photographed with a ruler. The images were
processed with Image J to measure the root length.
2.3 Genetic analysis
2.3.1 Identification of T-DNA insertion plants
The cml23-l (SALK_003090), cml23-2 (SALK_043636), noal (SALK_047882),
nox (SALK_116454), nial (SALK_004164), nia2 (SALK_075996), atg4a-l (CS858308),
atg4b-l (SALK026075), and atg7-l (SALK057605) mutants were obtained from the
Salk Institute sequenced-indexed insertion collection (Alonso et al., 2003). All these TDNA mutants were generated in Arabidopsis {Arabidopsis thaliana) Columbia-0 (Col-0)
ecotype. nox, nial, nia2, atg4a, atg4b, and atg7-l were identified by PCR with T-DNA
border primer and gene-specific primers. cml23-l, cml23-2, and noal T-DNA insertion
sites were verified by sequencing the PCR products using gene-specific primers and TDNA border primers. Sequencing was done by Lone Star Sequencing (Houston, TX).
The primers used to detect T-DNA insertion are listed in Table 2.2.

2.3.2 Identification of cml24 point mutants
The cml24 point mutants were isolated from an ethyl methanesulfonate (EMS) induced mutant seed pool from ABRC by TILLING project

(Till et al., 2003). To

identify and confirm the homozygous plants, PCR and restriction enzyme digest-based
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Table 2.2 SALK T-DNA insertion mutation and cml24 point mutants identification
Primers
CML23L
CML23
CML23R
ATG4a ex4L
ATG4a
ATG4a 3utrR
ATG4b_exon3F
ATG4b
ATG4b exon5F
ATG7_R1
ATG7
ATG7_F1
NOS1 R1
NOA1
NOS1_F1
CUE1 R1
NOX
CUE1 F1
NIR2_ex3R
NIA2
NIR2_ex1F
NIR1_ex4R
NIA1
NIR1_ex1F
TCH2ASCIOE
cml24-1
(G6E)
TCH2EM1
E124KL
cml24-2
(G67E)
G67EdCap
D72NL
cml24-3
(D72N)
D72NR
D72NL
cml24-4
(E124K)
G160DR
D72NL
cml24-7
(A98T)
G160DR
SALKJ.1
T-DNA
SALK_R1
*R.E. restriction enzyme
Genes

|*R.E. digestion

Xmn\ digestion
B a m H I digestion
Xmn\ digestion
Hph\ digestion
/Ac/I digestion

Sequences
GGACATGTCGAAGAACGTTTCGAGAAACTG
CTGGCGCGCCAGAGAGCCATTAAAGAAGCAAC
TTGTCGAGCGTGGGAGTCATTAG
ACGTCGATGGGAAACTAACGATG
AAAGGCTGGGAAGGTCTTGG
TCTCTGATAGCCACTTTCAC
ACGCTTCCAAGTCTTTAAGATG
GAAGACGCTACTTGCAATTC
GTCACTTCCACAACCCAATC
GAAACCCAGACGGAAGTATC
CATTGGAGCATGTAGAGCTTTC
GCGTGGGTGGTATGGGACTATG
CCTGCAGCTAGAATATCAAGAAATCCTCCTTGATG
ATGGCGGCCTCTGTAGATAATCG
CTAGAAGATTAAGAGATCCTCCTTCAC
ATGGCGACCTCCGTCGATAAC
ATAAAGATGCCACCAGCTCACGCAATCTC
TTGGCGCGCCTCAAGCACCACCACCATTACTCATCATCTTCTT
AACAGCATCACCAGAAGAAACACT
GAAAAGCGCGACGAATTCGTCCAGATCTATGgAT
AAACAATTCGATCTAGACGGTAACGGATTC
TTCTTTCAAATCGCTTACGTCGTTTCGATT
AACAGCATCACCAGAAGAAACACT
TACGAATCATCACCGTCGACTAAT
AACAGCATCACCAGAAGAAACACT
TACGAATCATCACCGTCGACTAAT
ACTTGATTTGGGTGATGGTTCACGTAG
GCAATAATGGTTTCTGACGTATGTGCT
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analysis were applied. The primers used to identify the different cml24 point mutants are
listed in Table 2.2. DNA that was amplified with the specific primer set was purified and
digested using the appropriate restriction enzyme (Table 2.2). CML24 PCR products from
segregating progeny of heterozygous cml24-l plants were digested with AVWHI; similarly,
cml24-2, cml24-3, cml24-4, and cml24-7 PCR products were digested with BamHl, Xmnl,
Hphl, and AcK, respectively, to identify homozygous mutants (Table 2.2). The digested
DNA fragments (usually <200bp) were separated by 4% agarose gel electrophoresis.
2.3.3 Selection of transgenics
The rapid identification of transgenics method is modified from a previously published
method (Harrison et al., 2006). Transgenics were selected by growth on MS media with
0.8% agar with 50 \xg mL"1 of kanamycin monosulphate, 50 ug mL"1 of DLphosphinothricin (as known as BASTA, Finale®, AgrEvo, Montvale, NJ), or 15 |ug mL"1
of hygromycin B. Seeds were stratified at 4°C for two days and transferred to
continuously light growth chambers at 22°C. After 6 hours incubation to promote seed
germination, plates were covered with aluminium foil and incubated for two days at 22°C
and then transferred to continuously light and grown for 48 hours. Both kanamycin- and
BASTA- resistant seedlings have long hypocotyls and green cotyledons relative to nonresistant seedlings which have long hypocotyls but pale cotyledons (Harrison et al., 2006).
The hygromycin B-resistant seedlings have long hypocotyls and green cotyledons relative
to non-resistant seedlings, which have short hypocotyls and green cotyledons (Harrison et
al., 2006). The resistant seedlings were transferred and continuously grown on soil to
collect seeds.
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2.3.4 Double mutant generation and identification
cml23lcml24 double mutants were generated by crossing cml23-2 T-DNA
insertion mutants with cml24-l or cml24-4 point mutants. Nikki Delk identified
homozygous mutants from the F2 or later generations using the PCR- and restriction
digest-based analyses described in Table 2.2.
The cml24-4 point mutant was also crossed with noal T-DNA insertion mutant to
generate cml24-4lnoal double mutants. 1 verified the double homozygous plants from the
F2 generation by PCR using the primers as described in Table 2.2.
atg4a4b double mutants were generated by crossing atg4a-l with atg4b-l T-DNA
insertion mutants. The double homozygous mutants were identified by PCR from the F2
generation and the progeny of F2. atg4a4b double mutants did not have full length
ATG4a and ATG4b coding sequences (CDS) amplified by RT-PCR.
2.3.5 Plant DNA isolation
For plant genotyping PCR, DNA was isolated from leaves using an alkali
treatment modified from that previously reported (Klimyuk et al., 1993). 10 uL of 0.5 N
NaOH was added to a 5 mm leaf piece that had been ground on dry ice. Samples were
boiled at 100°C for 30 seconds and neutralized with 100 uL of 0.2 M Tris pH 8, 1 mM
EDTA on ice. DNA preps were stored at -20°C.
2.3.6 Plant RNA isolation
Total RNA was isolated using TR1 Reagent® (Molecular Research Center, Inc.,
Cincinnati, OH). One mL of TRI Reagent® was added to 50-100 mg of homogenized
plant tissue and incubated at room temperature for 5 min. The samples were vortexed for
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15 seconds after adding 0.2 mL of chloroform to the homogenates and centrifuged at
12,000g for 15 min at 4°C. Following centrifugation, the upper aqueous phase was
transferred to a new tube and mixed with 0.5 mL of 100% isopropanol to precipitate
RNA. After removing the supernatants by centrifugation, RNA was washed with 75%
(v/v) RNase free ethanol and resuspended in DEPC-treated water and stored at -20°C.
RNA was quantitated using absorbance at 260 nm.
2.3.7 Reverse transcription (RT)
One ug of total RNA was DNase treated with 10 unit of DNase I (Roche Applied
Science, Mannheim, Germany) at 37°C for one hour and heat inactivated at 75°C for 10
min. DNase-treated RNA was mixed with 250 ng of oligo(dT)i5 and 0.5 mM of dNTP
and incubated at 65°C for 5 min. The DNase-treated RNA was placed on ice for one min
then the reverse transcription mixture (4 uL of 5X First-strand buffer, 1 uL of 0.1M DTT,
50 units of Superscript™ III RT (Invitrogen, Carlsbad, CA)) was added to the sample
and it was incubated at 50°C for one hour. Afterward, the sample was heat inactivated at
70°Cforl5min.
2.3.8 Quantitative RT-PCR (Q-PCR)
Approximately 80 to 100 ng of cDNA was used for each Q-PCR reaction,
assuming 100% conversion from RNA to cDNA and 100% recovery from the reverse
transcription reaction. Each 25 uL Q-PCR reaction contained IX Thermocycler ABI
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) and 500 nM of
each forward and reverse gene specific primers. The primer sequences for Q-PCR are
listed in Table 2.3. SYBR Green was detected by using an ABI PRISM 7000 (Applied
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Table 2.3 Q-PCR primers list
Genes
TUB4
CO
FCA
FKF1
FLC
FRI
FT
FVE
FY
Gl
LD
PIE1
S0C1
VIN3
VRN1
NIA1
NIA2

Primers

Sequences

qTUB4L

CTGTTTCCGTACCCTCAAGC

qTUB4R

AGGGAAACGAAGACAGCAAG

CO_qL

ATATGGCTCCTCAGGGACTC

CO_qR

GGGTCAGGTTGTTGCTCTAC

FCA_qL

GAATGGCCGAGCTGGTAAAC

FCA_qR

ATCCATCAGGCGAGGTATGC

FKF1_qL

CGTTAGAGGTTGGGATGTTC

FKF1_qR

CGAGGATCTCTGTACTGTAG

FLC_qL

AAGAAGAGAAC CAGGTTTTG

FLC_qR

GAAGATTGTCGGAGATTTGT

FRI_qL

GATGACTGAAGGAGGATTAG

FRI_qR

CATTCCACGCTTGATACTTG

FT_qL

TGATATCCCTGCTACAACTG

FT_qR

TCGCGAGTGTTGAAGTTCTG

FVE_qL

TTCAGACCCTTGGACTATTG

FVE_qR

AAGTCATAACGTGCGACTTG

FY_qL

TATGCCATTGCACCCTCATC

FY_qR

TTCATGCCACCTTGCATTCC

GI_qL

GATTGCTGCTCCTGAAATCC

GI_qR

GATGCACTTGCGAGAATCAC

LD_qL

CCCACTCCATCAACTAATCC

LD_qR

TGTACCCGATCTAGCAACTG

PIE1_qL

GGAAGGCTCTCCTTAAAGTC

PIE1_qR

TTCACGGAACCCATAAACTG

S0C1_qL

CAAGCAGACAAGTGACTTTC

S0C1_qR

GCCTCAGATAACGATCTATG

VIN3_qL

GTGGTTTGAAGCAAGATAGG

VIN3_qR

GTTCCAACAGATTCCGATAC

VRN1_qL

GCGAGAAAGAGAACCGTGAC

VRN1_qR

TTGATGAACCCGGAGATCCC

NIA1_qL

TTCTGGTGCTGGTGTTTCTG

NIA1_qR

TGCACACGTTGGTCCTAATC

NIA2_qL

TTCTTTGGTAGACGCCGAAC

NIA2_qR

TGACATGGCGTCGTAATCAC
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Biosystems). The standard Q-PCR program conditions were: 50°C for 2 min, 95°C for 2
min to denature the cDNA, and 40 cycles of 95°C for 15 seconds and 60°C for 1 min. To
determine the specificly of the amplified products, dissociation profiles were measured
between 65°C to 95°C at the final step of Q-PCR program.
The difference in cycle number where product amplification resulted in a fixed
threshold amount of fluorescence was determined by the following equation:
Z A v ^ I sample

A.V_- I 77 ,•'/.? j - Z \ V _ - I gene of interest'

One sample was chosen as a calibrator and AACT was determined for each sample
according to the equation:
Aiw< 1

sample

Z \ v ~ - 1 sample - A v ^

1 calibrator-

Relative RNA levels were calculated using inverse log2, 2A (AACTsami„t.).
2.4 Protein manipulations
2.4.1 Protein extraction and quantification
Total plant protein was isolated using LDS buffer (10% Glycerol, 1% LDS, 0.2 M
Triethanolamine-Cl pH 7.6, 0.5 mM EDTA) unless stated otherwise. For ATG4 in vitro
activity assay with tissue extracts, protein was extracted with KT buffer (25 mM Tris pH
7.5, 50 mM KC1) and 50 ug of total protein was assayed. For ATG8 western blots, the
aqueous soluble protein was first extracted with KT buffer then the detergent soluble
protein was extracted from the pellet of KT buffer with LDS buffer. Protein
quantification was using the BCA™ Protein Assay Kit (Pierce, Rockford, IL) and the
standard concentration curve was made with BSA.
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2.4.2 CML24, cml24-2, and cml24-4 protein generation and purification
To construct an E. coli expression plasmid encoding CML24, the full-length CDS
of CML24 was amplified by PCR from Col-0 wild-type cDNA using the following
primers: 5'-catatgATGTCATCGAAGAACGGAG TTG-3' and 5'CggatccTCAAGCACCACCACCATTAC-3'. The lowercase letters indicate added
restriction enzyme sites. CML24 PCR products were inserted into the cloning sites
(Ndel/BamHI) of pET21b. cml24-2 and cml24-4 CDS were amplified from cml24-2 and
cml24-4 cDNA, respectively, with the same CML24 primers. cml24-2, and cml24-4 PCR
products were inserted into the cloning site (Ndel/BamHY) of pET24a. pET24a-cml24-2
and pET24a-cml24-4 were engineered by Dr. Jiabing Ji of the Braam lab. All of the
constructs were sequenced and transformed into E. coli BL21 (DE3).
Recombinant protein synthesis was induced by adding IPTG (isopropyl 1-thio-pD-galactopyanoside) at 37°C to cells at OD6oo= 0.6 -1.0. After induction, E. coli was
lysed with a homogenizer (EmulsiFlex-C5, AVESTIN) in 20 mM Tris, pH 7.5, 200 mM
NaCl, ImM DTT and 1 mM EDTA buffer. After centrifugation at 30,000g, the
supernatant was incubated with CaCb at a final concentration of 3 mM before being
applied to a Phenyl Sepharose CL-4B column equilibrated with 25 mM Tris, pH 8.0, 150
mM NaCl, 1 mM DTT, 1 mM CaCl2. CML24, cml24-2, and cml24-4 were eluted with 25
mM Tris pH8.0, 150 mM NaCl, 1 mM DTT, 1 mM EDTA and precipitated with 70%
saturated ammonium sulphate. The pellets were solubilized and dialyzed with 25 mM
Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 10% glycerol.

34

2.4.3 GST-ATG4b protein generation and purification
ATG4b (At3g59950) was amplified by PCR using wild type Col-0 cDNA as
template.

The

oligo

primers

added

Bamlil

(ATG4b-BamHIF:

GggatccATG

AAGGCTATATGTGATAGATTTG) and EcoRl (ATG4b-EcoRIR: CCgaattcTCAA
AGTAATTGCCAGTCATC) restriction enzyme sites flanking ATG4b. The recombinant
ATG4b PCR product was cloned into the TA cloning vector pCR2.1-TOPO (Invitrogen,
Carlsbad, CA) and the insertion fragment was sequenced and confirmed with T7 primer.
pCR2.1-ATG4b and pGEX2T (a gift from Dr. McNew) were digested with BamRl and
EcoBl and separated by electrophoresis, then the ATG4b fragment and linearized
pGEX2T vectors were eluted from the TAE-gel using QuickClean DNA Gel Extraction
Kit (GenScript Co.). ATG4b was cloned into pGEX2T vector downstream of the
glutathione S-transferase (GST) coding sequences using T4 DNA ligase (NEB, Beverly,
MA). pGEX2T-ATG4b was chemically transferred into competent E. coli BL21 (DE).
E. coli BL21 (DE3) with pGEX2T-ATG4b was inoculated in 25 mL
LB/ampicillin and cultured overnight with shaking at 37°C. The cells were transferred
from 25 mL overnight culture to 500 mL 2xYT/ampicillin and continuously grown with
shaking at 37°C to OD6oo= 0.6 to 1.0. One mM final concentration of IPTG was added to
the media and continued culture 2 hours at 37°C. Cells were centrifuged at 5,000 g for 10
min at 4°C, and the pellet was kept at -70°C.
The cell pellet was resuspended in GST binding buffer (25 mM Tris pH 7.5, 150
mM NaCl, 1 mM EDTA, lx protease inhibitor (P-9599, Sigma)) and then lysed by
passing through a homogenizer (EmulsiFlex-C5, AVESTIN) three times. Cell lysate was
centrifuged at 30,000g for 10 min at 4°C. The supernatant was transferred to a new 50
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mL tube and added 500 uL of washed glutathione (GSH)-Sepharose 4B beads
(prewashed with GST binding buffer and resuspended to 50% slurry). The supernatant
and GSH-beads were rocked at 4°C for two hours. GSH-beads were spun down at 500 g
for one min and washed with GST binding buffer twice. GST-ATG4b protein was eluted
from GSH-beads twice with 500 uL elution buffer (10 mM reduced GSH, 50 mM Tris
pH 8.0, 5% glycerol). The eluted proteins were analyzed by SDS-PAGE. The eluted
GST-ATG4b protein was dialyzed in buffer (20 mM Tris pH 8.0, 200 mM NaCl, 10%
glycerol) at 4°C overnight.
2.4.4 His-ATG8e-HA protein generation and purification
The HA tag was first introduced to the carboxyl-terminus of AtATG8e
(At2g45170) by PCR using wild type Col-0 cDNA as template. The oligo primers were
engineered Ndel (ATG8e-F3: GCCcatatgAATAAAGGAACATCTTTAAGATGGACGA
CG) and BamHl (ATG8e-R3HA: TGCggatccCTAAGCGTAATCTGGAACATCGTATG
GGTAGATTGAAGAAGCACCGA) restriction enzyme sites flanking ATG8e. The
reverse primer ATG8e-R3HA added hemagluttinin (HA) sequences (underlined
sequences) downstream of the ATG8e carboxyl-terminus before the stop codon. The
engineered ATG8e-HA fragment was cloned into pCR2.1-TOPO vector and the sequence
was confirmed by T7 primer sequencing. The protein expression binary vector pET15b
and pCR2.1-ATG8eHA were digested with Ndel and BamHl. The digested products were
separated by electrophoresis and the engineered ATG8e-HA fragment and linearized
pET15b vector were eluted from TAE-gel using Gel Clean Kit (GeneScript, Co.).
Engineered ATG8e-HA was cloned into the pET15b vector downstream of the His tag
using T4 DNA ligase (NEB, Beverly, MA).
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pET15b-ATG8e plasmid was chemically transferred into competent E. coli BL21
(DE3) for protein expression. The transformed E. coli cells were inoculated in 25 mL
LB/ampicillin and cultured overnight with shaking at 37°C. The overnight culture was
transferred to 500 mL 2xYT/ampicillin and grew with shaking at 37°C until the ODeoo
reached 0.6 to 1.0. 1 mM final concentration of IPTG was added to the media and growth
continued for 2 hours at 37°C. Cells were centrifuged at 5,000 g for 10 min at 4°C, and
the pellet was kept at -70°C.
His-tag protein purification procedure was modified from a previously published
method (Petty, 1996). The cell pellet was resuspended in MCAC-0 buffer (20 mM TrisCl pH 7.9, 0.5 M NaCl, 10% glycerol, 1 mM PMSF) and then lysed by passing through a
homogenizer (EmulsiFlex-C5, AVESTIN) three times. The cell lysate was mixed with
0.1% Triton X-100, 10 mM MgCl2, and 10 ug/mL DNasel at the final concentration and
centrifuged at 15,000 rpm (SS-34 rotor) for 10 min at 4°C. The supernatant was loaded
onto Ni2+-NTA column which had been equilibrated with MCAC-0 buffer. The column
was washed with MCAC buffer containing 20 mM imidazole and His-ATG8e-HA
protein was eluted and collected with MCAC buffer containing 40 to 200 mM imidazole.
The eluted protein was analyzed by SDS-PAGE (Figure 6.1). To prevent His-AtATG8eHA recombinant protein aggregation, the eluted proteins were ultrafiltrated with 20mM
Tris pH 7.0, 1% glycerol, 0.5 M urea, and 300 mM NaCl (Chae et al., 2004).
2.4.5 Ca2+-induced mobility shift
To test whether CML24 and the cml24 mutants isoforms (cml24-l, cml24-2,
cml24-4) were able to undergo Ca2+-dependent conformation changes, the recombinant
CML24 protein and total plant proteins from wild type and cml24 mutants were
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incubated with 5 mM CaCb or 5 mM EGTA for 15 min at room temperature and
separated on 13% SDS-PAGE with constant voltage at 60 V. CML24 proteins were
detected by western blot with anti-CML24 antibody (section 2.4.11) or coomassie blue
staining.
2.4.6 GST pull-down analysis
The purified GST-fused ATG4b was incubated with GSH-Sepharose 4B beads for
30 min at 4°C and washed with TBS buffer (50 mM Tris, pH 7.5, 150 mM NaCl).
CML24, cml24 protein, or CaM (P1431 Sigma) were added to the beads with ImM
CaCb or ImM EGTA and incubated at 4°C for lhour. After washing the beads three
times with TBS containing 0.05% Triton X-100, 1 mM CaCl2 or EGTA, proteins bound
to the beads were directly subjected to SDS-PAGE and immunoblotting (section 2.4.11).
2.4.7 ATG8a antibody purification
The antisera against ATG8a were provided by Dr. Yoshinori Ohsumi (National
Institute of Basic Biology, Okazaki, Japan). The antiserum was affinity purified by
passing the serum through a His-ATG8e-HA coupled Ni-NTA column. The column was
washed with equilibration buffer (150 mM NaCl, 50 mM Tris pH 7.4). The serum was
loaded onto the column and washed with equilibration buffer and 2 M NaCl, 50 mM Tris
pH 7.5. The polyclonal anti-ATG8a antibody was eluted with 4 M MgCl2 and dialyzed in
PBS buffer overnight. The washed and eluted fractions were analyzed on SDS-PAGE
(Figure 2.1). An intensive band appeared in the first elution around 50 kDa relative the
the molecular weight marker, which likely is IgG heavy chains. The final concentration
of anti-ATG8a antibody is 2 mg/mL and is stored in PBS with 0.02% NaN3.
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Figure 2.1 ATG8a antibody purification. ATG8a polyclonal antibody was purified
with His-ATG8e-HA coupled Ni-NTA column. Wl, W2, and W3, washed fractions
with 2 M NaCl, 50 mM Tris, pH 7.5. El, E2, E3, and E4, eluates with 4 M MgCl2
from Ni-NTA column. Molecular mass markers are indicated at left. Asterisk indicates
potential IgG heavy chains. Proteins were detected on a Coomassie Blue-stained SDSPAGE.
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2.4.8 ATG8e antibody generation and purification
Recombinant His-ATG8e-HA protein was generated and purified. I was able to store the
protein for only short periods in buffer (20 mM Tris pH 7.0, 1% glycerol, 0.5 M urea, and
300 mM NaCl) because of its tendency to precipitate. To isolate enough protein for
antigen production, I purified 8 mg of recombinant His-ATG8e-HA protein and separated
if on several protein gels and cut out the His-ATG8e-HA as gel slices. The immunization
of rabbits was performed by GenScript Co. I analyzed the specificity of four antisera after
the second immunization from the rabbits (Figure 2.2). 80 (a,g of aqueous (Figure 2.2,
lanes 1, 3, 5, 7, and 9)- and detergent (Figure 2.2, lanes 2, 4, 6, 8, and 10)-soluble protein
samples were extracted from Col-0/GFP-ATG8e transgenics and immunoblotted with the
antisera. The fold dilution of the antisera were based on ELISA test; anti-ATG8a
(1:2500), anti-ATG8e#6999 (1:640), anti-ATG8e#7000 (1:160), anti-ATG8e#7001
(1:320), and anti-ATG8e#7002 (1:1280). Anti-ATG8a antibody appeared to recognize
two molecular weight proteins in the aqueous soluble fraction (Figure 2.2, lane 1); the
high molecular (~41 kDa) and low molecular (~16 kDa) bands are consistent with full
length GFP-ATG8e (41 kDa) and endogenous ATG8 (17 kDa). Only the high molecular
band was recognized by anti-ATG8a in the detergent soluble fraction (Figure 2.2, lane 2).
The antiserum ATG8e#6999 has two bands around 23 and 17 kDa in the aqueous soluble
fraction (Figure 2.2, lanes 3). The band around 17 kDa could be ATG8. One band is
detected around 26 kDa by #6999 in the detergent soluble fraction (Figure 2.2, lane 4).
Antiserum ATG8e#7000 has lowest titer and high background in the western blot. An
approximate 18 kDa band from the aqueous soluble fraction and no clear band in
detergent soluble fraction was detected by antiserum ATG8e#70002 (Figure 2.2, lanes 5
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Figure 2.2 Anti-ATG8e sera reaction with plant extract proteins. Total protein was
extracted with KT (odd-numbered lanes) and LDS buffer (even-numbered lanes) from
Col-0/GFP-ATG8e transgenic plants and separated on 15% SDS-PAGE and followed
by western blot with anti-ATG8a and four anti-ATG8e sera. Endogenous ATG8s and
GFP-ATG8e are around 16-17 and 43 kDa, respectively.
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and 6). Antiserum ATG8e#7001 detected an 26 kDa and 18 kDa bands in aqueous- and
detergent-soluble fractions, respectively (Figure 2.2, lanes 7 and 8). Antiserum
ATG8e#7002 detected similar two bands in aqueous-soluble fraction as #6999 and the
lower molecular mass protein could be ATG8 (Figure 2.1, lane 9). There are also two
light bands detected by antiserum ATG8e#7002 from the detergent soluble fraction and
the molecular mass is around 55 and 28 kDa (Figure 2.1, lane 10). The antiserum
ATG8e#7002 had highest titer, lowest background, and detected a potential ATG8
protein relative to other antisera. However, the ELISA titer decreased in the final serum
and the final antibody after IgG purification cross-reacts with other proteins (data not
shown). This antibody should be affinity purified and re-tested to determine whether it
will be useful.

2.4.9 In vitro ATG4 activity analysis
Approximately equal moles (60 pmole) of recombinant GST-ATG4b (-78 kDa),
His-ATG8e-HA (-17 kDa), and CML24 (-17 kDa) were used in vitro activity analysis.
GST-ATG4b was mixed with or without CML24 in presence of 5 mM Ca2+ or 5 mM
EDTA at room temperature for 10 min and then His-ATG8e-HA was added to the
reactions. Thereafter, the reactions were incubated at the conditions: 20°C for two hours,
10, 20, 30, 40, and 50°C for three hours, 30°C for two and six hours. The samples were
subjected to 15% SDS-PAGE and proteins were detected by western blot with anti-His or
anti-HA antibody or coomassie blue staining.
For tissue extract ATG4 activity analysis, two-week-old long-photoperiod soilgrown plants (Col-0, cml24-2, cm!24-4, atg4a, atg4b and atg4a4b) were collected during
the light period or one hour after the shift to darkness and extracted with KT buffer (25
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mM Tris pH 7.5, 50 mM KC1, 1 mM PMSF, 1 mM EDTA). 50 ug total protein was
mixed with 0.2 \xg of His-ATG8e-HA as substrate and incubated at 30°C for two hours.
Samples were subjected to 15% SDS-PAGE and ATG8 proteins were detected by
immunoblotting with anti-ATG8a antibody.
2.4.10 Nitrate reductase activity analysis
Soil-grown two-week-old seedling leaves were harvested and ground on dry ice.
Extraction buffer (50 mM Hepes-KOH (pH 7.6), 1 mM DTT, 10 uM FAD, 10 mM
MgCb and 50 uM cantharidine) was added to the frozen powder (two mL/g FW) (Kaiser
et al., 2000). After centrifugation at 16,000g for 10 min at 4°C, to determine activated
NR activity (NRact), 100 uL of the supernatants were mixed with 900 uL reaction buffer
(50 mM Hepes-KOH (pH 7.6), 10 uM FAD, 1 mM DTT, 10 mM MgCl2, 5 mM KN0 3 ,
0.2 mM NADH) and incubated at room temperature for 3 min. To determine total NR
(NRmax), another 100 uL aliquots were incubated at room temperature for 12 min with 5
mM 5'-AMP and 15 mM EDTA at final concentration before adding 895 uL reaction
buffer (MgCb was substitute with 15 mM EDTA). To each sample, 125 uL of 0.5 M zinc
acetate was added to stop the reaction and samples were centrifuged at 16,000g for 10
min. To oxidize the NADH left in the reactions, 10 uM (final concentration) phenazine
methosulfate was added, and the samples were further incubated at room temperature for
15 min in the dark. For colorimetric determination of nitrite formation, 500 uL of each
sample was reacted with 250 uL of 1% (w/v) sulfanilamide (in 3 N HC1) and 250 uL of
0.02% (w/v) N-(l-naphthyl) ethylenediamine for 20 min at room temperature. Samples
were briefly spun to remove any precipitate and supernatant absorbances at 546 nm
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wavelength were determined with a spectrophotometer (DU640, Beckman). Absorbances
were normalized to the protein concentration of the samples.
2.4.11 Western blot analysis
50-80 jag of total tissue protein was loaded onto 13% SDS-PAGE and separated
by electrophoresis. After electrophoresis, proteins were blotted to 0.2 um nitrocellulose
membranes (Whatman, GE) in transfer buffer (25 mM Tris, 1.44% glycine, 20%
methanol, 2 mM CaCb) using semi-dry transfer system Owl blotter (OWL separation
Systems, Portsmouth, NH) with 100 mAmp constant current for 45 mins for each gel.
Membranes were baked at 60°C overnight. Baked membranes were blocked in IX TBST
(TBS buffer, 0.1%(v/v) Tween-20) with 1% skim milk (Carnation) for one hour before
adding the first antibody and then incubated at room temperature for one hour. All
incubations were with gentle rocking. The final concentration or the fold dilution of first
antibodies were as follows: 2.4 ug/mL CML24 (Delk, 2006), 1:1000 HSC70 (SPA-818,
Assay designs, Ann Arbor, MI), 1:1000 p-ATPase (a gift from Dr. Bartel), 1:500 GFP
(SC-9996, Santa Cruz Biotechnology, Santa Cruz, CA), 1:1000 GST (a gift from Dr.
McNew), 1:1000 HA (05-904, Millipore, Billerica, MA) and 1:1000 His (MMS-156R,
Covance, Princeton, NJ). For anti-ATG8a western blots, the blots were incubated with
the first antibody (1:5000) at 4°C overnight to minimize non-specific interaction. The
membranes were washed with IX TBST 10 min three times. The secondary antibodies
were diluted in IX TBST with 1% skim milk and the membranes were incubated at room
temperature for one hour. Goat-anti-mouse antibody conjugated with horseradish
peroxidase (SC-2005, Santa Cruz Biotechnology, Santa Cruz, CA) for anti-P-ATPase,
GFP, GST, HA and His antibodies was diluted 1: 5,000 and goat-anti-rabbit antibody
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conjugated with horseradish peroxidase (Pierce, Cat.31460, Rockford, IL) was diluted 1:
10,000 for CML24 and ATG8a antibodies. Nonspecific secondary antibody binding was
reduced by washing with IX TBST 10 min four times. Pierce Super Signal West Pico
chemluminescent kit was used for detecting the specific interacting secondary antibody.
2.4.12 MALDI-TOF mass spectroscopy
To determine whole protein mass, one ug of recombinant CML24 protein was
directly incubated at 99°C for 5 min, with 25 mM iodoacetamide (IAM) for one hour, or
5 mM DTT at 37°C for 10 min prior to 25 mM IAM for one hour. Cig Zip-tip-purified
recombinant CML24 proteins were directly mixed with matrix (20 mg/mL sinapinic acid
(SA) in 50% acetonitrile (ACN)/0.1% Trifluoro acetic acid (TFA)) and spotted on a
SCOUT-MTP targets. Mass spectra were collected with a Bruker Autoflex™ II MALDITOF operated in linear mode and calibrated with Protein Calibration Standard I (Part No.
206355, Burker). I analyzed positively charged ions in the m/z range 10,000-25,000. The
spectra were summed for 1000 laser pulses.
To identify the peptides of CML24, 10 ug of recombinant CML24 protein was
treated as follows: (1) CML24 was denatured with 4 M guanidine thiocyanate (GdmCN)
at 95°C for 10 min and incubated with 100 mM IAM for 30 min at 37°C. (2) CML24
denatured with 4 M GdmCN at 95°C for 10 min and incubated with 5 mM EDTA, 100
mM IAM for 30 min at 37°C. (3) CML24 was denatured with 4 M GdmCN at 95°C with
10 mM DTT and incubated with 100 mM IAM for 30 min at 37°C (4) CML24 was
denatured with 4 M GdmCN at 95°C with 10 mM DTT and incubated with 5 mM EDTA,
100 mM IAM for 30 min at 37°C. Samples were digested with 0.1 ug/ul Trypsin
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overnight at 37°C and purified with Cig Zip-tip. Purified peptides were mixed with acyano-4-hydroxycinnamic acid matrix (10 mg/mL in 50% ACN/0.1% TFA) and spotted
on an AnchorChip Target™. Mass spectra were collected with a Bruker Autoflex™ II
MALDI-TOF operated in reflected mode and calibrated with Peptide Calibration
Standard II (Part No. 222570, Burker). I analyzed positively charged ions in m/z range
700-3500. The spectra were analyzed with MASCOT database (Perkins et al, 1999) and
tolerated 50 parts per million mass error and one permitted missed cleavage site.
2.5 Fluorescence microscopy
2.5.1 GFP-ATG8e green fluorescent protein visualization
To visualize GFP fluorescence, GFP-ATG8e transgenic roots were imaged in vivo
using Axioplan II (Zeiss) with narrow-band GFP filter (Chroma 41020). The Z-stack
images were taken and processed with deconvolution and 3D reconstruction with
MetaMorph software. To prevent non-specific epi-fluorescence signal, non-GFP or GFP
vector transgenic plants were also imaged and confirmed with DAPI/ Texas Red filters.
2.5.2 Monodansylcadaverine staining and visualization
Arabidopsis whole seedlings were incubated with 0.05 mM monodansylcadaverine (MDC) in PBS buffer for 10 min at room temperature (Contento et al, 2005).
After staining, seedlings were washed with PBS twice to remove excess dye and mounted
on slides. In vivo MDC fluorescence was observed at 335 nm wavelength using a DAPI
filter on Axioplan II (Zeiss) or two photon laser on LSM510 confocal microscopy
(Zeiss). To prevent non-specific epi-fluorescence signal, non-MDC staining plants were
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also imaged and confirmed with Texas Red filters. The images were processed and
quantified with MetaMorph or Image J software.
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Chapter 3: Arabidopsis Potential Calcium Sensors Regulate Nitric
Oxide Levels and Transition to Flowering
To begin to identify the physiological functions of CML24, we initiated reverse
genetic approaches. CML24 protein has 4 EF hands and shares 44% amino acid identity
with CaM (Braam and Davis, 1990; Khan et al., 1997). CML24 mRNA accumulates in
response to heat shock, touch, wounding, dark, cold, H2O2, ABA, and auxin (Braam,
1992; Braam and Davis, 1990; Delk et al., 2005; Polisensky and Braam, 1996). Nikki
Delk, a previous graduate student in the Braam lab, identified CML24 underexpressing
transgenics, Ul and U2, which have an epigenetically silenced CML24 gene and strong
reduction of CML24 transcript and protein levels (Delk et al., 2005). Ul and U2 have
reduced MgCb, C0CI2, Na2MoC>4, ZnSO"4, and ABA sensitivity compared to wild type
(Delk et al., 2005). In addition, both Ul and U2 transition to flowering later than wild
type (Delk et al., 2005).
To further characterize CML24 functions, we aimed to identify true genetic
lesions in CML24 because of potential complications, such as instability, using
epigenetically silenced lines. No T-DNA insertions have been identified in CML24,
therefore we sought TILLING mutants (Till et al., 2003). Nikki Delk identified ten
TILLING-generated CML24 mutants, which have single amino acid substitutions (Table
3.1).
CML23 shares close sequence similarity with CML24 (78% amino acid sequence
identity), and CML23 and CML24 share overlapping expression behavior (Tsai et al.,
2007). Because of the potential for at least partial functional redundancy between CML23

Portions of this chapter have been published (Tsai et al., 2007).
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Table 3.1 cml24 point mutations and mutant flowering phenotype
Allele name
Mutation
Flowering phenotype
th
cml24-l
6 Gly -> Glu
Same as wild type
cml24-2
67th Gly -* Glu
Early flowering
cml24-3
72th Asp —* Asn
Late flowering
th
cml24-4
124 Glu -» Lys
Late flowering
cml24-5
36th Asp —> His
*Early flowering
th
cml24-6
36 Asp —» Asn
cml24-7
98th Ala ^ Thr
Late flowering
th
cml24-8
105 Asp -*• Asn
cml24-9
130th Asp -»• Asn
cml24-10
160th Gly -> Asp
* cml24-5 early flowers only under high intensity light (Delk, 2006).
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and CML24, we sought to identify and characterize CML23 mutants also. Nikki Delk
identified two cml23 T-DNA knock out insertion mutants, cml23-l and cml23-2. The
cml23 single mutants have no detectable differences in phenotype relative to wild type
(Delk, 2006). However, combining cml23-2 with the point mutation, cml24-l, results in
decreased Mg

sensitivity relative to wild type (Delk, 2006). Because this phenotype is

not detected in either cml23-2 nor cml24-l, we conclude that CML23 and CML24 have at
least partially overlapping function and the effect of the cml24-l mutation on CML24
function may be less severe than the apparent loss of CML24 expression in the
underexpressing CML24 Ul and U2 transgenics.
3.1 CML24 regulates the transition to flowering
3.1.1 CML24 is required for photoperiod regulation of the transition to flowering
The transition to flowering in Arabidopsis is promoted by long photoperiods (> 14
hr light), and mutants defective in this photoperiod-regulated transition fail to respond to
the lengthened light period. cml24-4 flowers later than wild type in long-day photoperiods (Figure 3.1a) consistent with a defect in the photoperiod pathway of flowering
regulation. In addition, cml24-4 generates a greater number of rosette leaves than wild
type prior to flowering (Figure 3.Id). Altered rosette leaf number at flowering is an
indicator that flowering time differences are the consequence of defective regulation of
floral induction and not simply slowed growth rate. cml24-4 flowering time is
comparable to wild type when grown in short-day photoperiods (Figure 3.1c and 3.1e),
subjected to an extended cold period (data not shown), or treated with gibberellin (GA)
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Fig 3.1 CML23 and CML24 are required for appropriate timing of the transition to
flowering. Wild type (Col-0) and mutants were grown in LD 16-hour (a) or SD 8-hour
(b) and 7-hour (c) photoperiods and the percentages of plants flowering over time
were recorded. Rosette leaf numbers at flowering onset were recorded for Col-0 and
mutants grown under (d) LD and (e) SD photoperiods. LD: long-day, SD: short-day.
Values are means ± SE (n = 6 to 33). (Tsai et al., 2007).
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(data not shown). These three results indicate, respectively, that the autonomous,
vernalization and GA flowering regulatory pathways are intact. cml24-4 is thus
specifically

defective

in

the

photoperiod

pathway.

The

coincidence

of

a

photoperiod-specific defect in both cml24-4 and CML24-silenced plants (Delk et al.,
2005), for which little or no CML24 protein is detectable, suggests that the E124K
mutation in cml24-4 causes at least a partial loss of CML24 function. In addition, cml243 and cml24-7 flower later than wild type in 16-hour photoperiods; these mutations may
also cause loss of CML24 function (data not shown) (Delk, 2006). cml24-5 flowers
earlier when grow in high light intensity (110 umol m"2 s"1) but not under low light (50
umol m"2 s"1) in both 16- and 24-hour photoperiods (Delk, 2006). We suspect that this
high light-dependent acceleration of flowering is a stress response since these plants are
also pale green under high light.
cml24-2 flowers early (Figure 3.1a) and produces fewer rosette leaves prior to
flowering (Figure 3.Id) in long-day photoperiods. In short days, cml24-2 flowering time
resembles that of wild type (data not shown). The opposing effect on flowering time of
the cml24-2 and cml24-4 mutations suggests that the cml24-2 G67E mutation may result
in a gain of function. Consistent with this possibility, cml24-2 is dominant; plants
heterozygous for the mutation also flower early under long-day conditions (Figure 3.2).
Together, these data indicate that CML24 may act as a regulatory switch, stimulating
flowering when activated and inhibiting flowering when inactive.
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Fig 3.2 The cml24-2 mutation is dominant with respect to time to flowering transition.
Both homozygous (-/-) and heterozygous (-/+) cml24-2 transition to flowering earlier
than wild type (Col-0) when grown in 24-hour light, n >6.
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3.1.2 CML23 contributes to flowering regulation under long days
Flowering time and rosette leaf number at flowering are not significantly affected
in cml23-2 or cml24-l under long or short photoperiods (Figure 3.1b, d and e). However,
when the cml23-2 and cml24-l mutations are combined in double mutants, the transition
to flowering in long days is delayed (Figure 3.1a and d). These data indicate that CML23
and CML24 have overlapping roles in photoperiod regulation of flowering, CML23 is
dispensable in the presence of wild-type CML24, and cml24-l is likely a weak allele that
manifests a late-flowering phenotype only when CML23 is also defective.
3.1.3 Double mutants of cm/23 and cml24 are defective in the autonomous pathway
The double mutants, cml23-2/cm24-l and cml23-2lcml24-4, also flower later than
wild type under short photoperiods, revealing a role for the related Ca2+ sensors in the
autonomous pathway. Relative to wild type, cml23-2/cm24-l and cml23-2lcml24-4
flower later (Figure 3.1b and c) and produce a greater number of leaves (Figure 3.1e)
under short days of 7 or 8 hours of light. These double mutants respond to both
vernalization and GA (data not shown), indicating that the CML23 and CML24 functions
are likely limited to the photoperiod and autonomous pathways regulating flowering time.
3.1.4 cml23 and cml24 mutations affect CO and FLC transcript levels
To begin to dissect where CML23 and CML24 act in the photoperiod and
autonomous pathways, I analyzed expression of genes implicated in flowering regulation.
FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOCl) integrate regulatory information from both the photoperiod and
autonomous pathways and promote flowering (Figure 3.3)
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Photoperiod
(FKF1, Gl)

Autonomous

Vernalization

(FCA, FY, LD, FVE)

(VIN3, VRN1)
(FRI, PIE1)

Fig 3.3 Four pathways regulate the transition to flowering: photoperiod, autonomous,
vernalization, and gibberellin (GA). Four major genes, CO, FT, SOC1, and FLC control
flowering time. FKF1 and GI act in the photoperiod pathway as positive regulators
upstream of CO. FLC is negatively regulated by FCA, FY, LD, and FVE in the
autonomous pathway. VIN3 and VRN1 act in the vernalization pathway. FRI and PIE1
are positive regulators of FLC.
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12 16 20 24 28
Col-0
cml24-2
cml24-4
cml23-2/cml24-1
cml23-2/cml24-4

Fig 3.4 Regulation of flowering time gene expression in cml mutants. Wild type and cml
mutants were grown for 2 weeks in 16-hour long-day photoperiods and harvested 11
hours after dawn (a, b, c) or at 4-hour intervals over a 24-hour period (d, e, f).
Quantitative RT-PCR was performed to detect abundances of (a) FT, (b) SOC1, (c) FLC,
(d) CO, (e) GI, (f) FKF1 transcripts relative to TUB 4 (encoding tubulin) transcripts. The
light and dark periods for d - f are represented by the open bars and filled bar,
respectively, above panel d. (b) (c) Values are means ± SE (n = 3 to 5). (Tsai et al.,
2007).
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(Mouradov et al., 2002; Simpson and Dean, 2002). The peak of FT transcript
accumulation that occurs before the start of the dark transition is reduced in two
late-flowering mutants analyzed, cml24-4 and cml23-2/cml24-l (Figure 3.4a). SOC1
expression is reduced in all the late-flowering mutants (Figure 3.4b). In contrast, both FT
and SOC1 expression levels are elevated in the early-flowering cml24-2 mutant (Figure
3.4a and b). This altered gene expression in the cml mutants suggests that CML23 and
CML24 act upstream of these pathway integrators.
FT and SOC1 expression levels are dependent upon Constans (CO) protein
activity (Imaizumi et al, 2003; Kardailsky et al., 1999; Kobayashi et al., 1999). CO
activity is regulated through coincident signals from the circadian clock and
photoreceptors, which convey when the photoperiod is appropriate for flowering (SuarezLopez et al., 2001; Yanovsky and Kay, 2002). The late-flowering mutants cml24-4,
cml23-2/cml24-l and cml23-2/cml24-4 have reduced CO transcript accumulation during
the day (Figure 3.4d), the time when CO mRNA accumulation can lead to stable and
thereby functional protein product (Valverde et al., 2004). cml24-4 has the strongest
effect, with a loss of 76% of the peak CO transcripts found in wild type at 12 hours after
dawn (Figure 3.4d). CO expression levels in cml23-2/cml24-l and cml23-2/cml24-4 are
reduced by 24% and 48%>, respectively (Figure 3.4d). In contrast, the early flowering
mutant, cml24-2, has elevated daytime CO expression (Figure 3.4d). CO, FT, and SOC1
expression levels are comparable to wild type in cml24-l (data not shown). Taken
together, these data indicate that CML24 is required for, and CML23 contributes to, the
regulation of CO transcript accumulation during the day. The defect in daytime CO
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expression in the mutants may account, at least in part, for alterations in FT and SOC1
transcript levels and delayed flowering in long-day photoperiods.
Genes that act upstream of CO and the circadian clock appear largely unaffected
by

mutations

in

CML23

or

CML24.

Transcripts

of

G1GANTEA (GI) and

FLAVIN-BINDING, KELCH REPEAT, F-BOXl (FKF1), which are required for proper
CO expression (Figure 3.3) (Imaizumi et al., 2003; Mizoguchi et al., 2005; Suarez-Lopez
et al, 2001), accumulate with nearly identical diurnal kinetics in wild type, cml24-4, and
cml23-2/cml24-l (Figure 3.4e and f). However, GI transcripts do appear to begin to
accumulate slightly earlier in the mutants (Figure 3.4e). Leaf movements of the double
mutants (cml23-2/cml24-l and cml23-2/cml24-4) reveal a possible circadian period
lengthening (Alex Webb unpublished, University of Cambridge); however, the effect is
likely too modest to account for the late flowering behavior. In addition, circadian CO
expression continues in long-day entrained cml23-2 and cml23-2/cml24-4 placed in
constant light conditions (data not shown). CML23 and CML24, therefore, are unlikely to
play major roles in the regulation of the circadian clock or GI or FKF1 expression;
however these paralogous Ca2+ sensors may act either downstream or in parallel with
these photoperiod pathway components and at a regulatory step upstream of CO.
CO expression in wild type reaches a second peak during the night (Figure 3.4d);
the mechanism of this regulation is not well defined. cml24-4 has reduced whereas
cml23-2/cml24-I and cml23-2/cml24-4 have higher CO expression than wild type during
the night (Figure 3.4d). CO expression is unaffected in cml23-2 mutants (data not shown);
therefore, CML23 and CML24 have functional overlap in the darkness-specific repression
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of CO. The consequence of aberrant nighttime CO expression is, as yet, unclear because
CO protein is unstable in the dark (Valverde et al., 2004).
Delayed flowering of cml23/cml24double, but not single, mutants in short-day
photoperiods (Figure 3.1b, c, and e) indicates that CML23 and CML24 have overlapping
functions regulating the autonomous pathway. FLC transcript levels are elevated several
fold in cml23-2/cml24-l and cml23-2/cml24-4 (Figure 3.4c) and altered expression is
detectable in the shoot apex (data not shown) where FLC is normally expressed (He et al.,
2003). These results are consistent with the mutants flowering late in short days (Figure
3.1b, c, and e). The single mutants, cml23-2, cml24-l and cml24-4, show no or only
modest increases in FLC transcript accumulation (Figure 3.4c and data not shown). The
coordinate mis-regulation of both CO and FLC expression in the double mutants may
explain why FT and SOC expression levels are more strongly affected in, for example,
cml23-2/cml24-l than in cml24-4, which is only modestly affected in FLC transcript
levels. Although mutation of CML24 can be sufficient to affect photoperiod-regulated
flowering time, the autonomous pathway is affected only when both CML23 and CML24
are impaired. Therefore, I concluded that CML23 and CML24 act upstream of FLC to
inhibit expression and thus promote flowering.
The transition to flowering can also be negatively regulated by FLC as part of the
autonomous and vernalization pathways. Late-flowering mutants cml23-2/cml24-l and
cml23-2/cml24-4 have strongly elevated FLC expression levels (Figure 3.4c). Several
genes are negative regulators of FLC and belong to either the autonomous (FCA, FY, LD,
and FVE) or vernalization (VLN3 and VRN1) pathways (Figure 3.3). cml23-2/cml24-l
transcript levels of these negative regulatory genes are either elevated or comparable to
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Fig 3.5 Regulation of flowering time gene expression in cml mutants. Quantitative
RT-PCR o f F C i FY, LD, FVE, VJN3, VRN1, FRI, and PIE1 relative to TUB4
transcript levels were determined in 2-week-old plants grown under long-day (24-hr)
photoperiods. Autonomous genes, FCA, FY, LD, and FVE, accumulated higher
transcript levels in cml23-2lcml24-l relative to wild type (Col-0). cml23-2/cml24-l
has comparable transcript levels of vernalization pathway genes, VIN3 and VRN1, to
wild type. FRI, a mutant allele in Col-0, has increased transcript levels in cml232/cml24-l relative to wild type. PIE1, a positive regulator of FLC, has decreased
transcript levels in cml23-2/cml24-l relative to wild type. FCA, FY, LD, VIN3, and
VRN1 relative transcript values are means ± SE (n = 3 to 4). FVE, FRI, and PIE1
analysis was conducted one time.

60

wild type (Figure 3.5). Transcript levels of two FLC positive regulators (FRI and PIE1)
were also examined; FRI had slightly increased RNA levels in cml23-2/cml24-l relative
to Col-0 (Figure 3.5). However, FRI in Col-0 is a mutant allele unable to upregulate
downstream FLC expression (Johanson et al., 2000); therefore alterations in FRI
transcript abundance has no likely functional consequence. These results suggest that
CML23 and CML24 do not act on these upstream FLC regulators of the autonomous and
vernalization pathways. Instead, CML23 and CML24 may influence FLC expression
through an alternative mechanism.
3.1.5 The cml24 late flowering mutants accumulate elevated nitric oxide (NO)
Nitric oxide (NO) is known to regulate several plant developmental processes,
including the flowering transition (He et al., 2004b). NO delays flowering by positively
regulating FLC and negatively regulating CO expression levels (He et al., 2004b). To
check whether the late and early flowering cml23 and cml24 mutants are altered in NO
levels, I compared staining with NO fluorescence indicator, 4-amino-5-methyl-amino2',7'-difluorofluorescein (DAF-FM), used primarily for in vivo NO measurements (He et
al., 2004b) to assess how NO accumulation is affected in the cml mutants. Comparable
basal fluorescence is detected in wild type, cml23-2, cml24-l, and cml24-2 (Figure 3.6a
and b). In contrast, the late-flowering mutants, cml24-4, cml23-2/cml24-l, and cml232/cml24-4, show elevated fluorescence in detached leaves (Figure 3.6a and b). These data
suggest that CML23 and CML24 may regulate NO accumulation levels in Arabidopsis.
The elevated fluorescence in the late-flowering cml mutants is most likely due to higher
NO accumulation because incubation with 2-(4-carboxyphenyl)-4,4,5,5-tetra-
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Fig 3.6 CML23 and CML24 regulate NO accumulation in leaves and the altered NO
levels are responsible for elevated FLC transcript levels, (a) Col-0 and cml mutants
rosette leaves were stained with DAF-FM DA for 45 min. Fluorescence was detected
with 490-495 nm excitation and 515 nm emission, (b) Fluorescence intensity was
quantified. n=3. (c) Quantitative RT-PCR of FLC levels relative to TUB4 were
determined in 2-week-old plants grown under long-day (24-hr) photoperiods and
treated with or without 400 uM cPTIO for 4 hours. Values are means ± SE (n = 3 to
4). (Tsai et al., 2007).
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methylimidazoline-l-oxyl-3-oxide (cPTIO), an NO scavenger, significantly reduces the
DAF-FM fluorescence (Tsai et al., 2007).
To investigate whether the elevated NO levels in the cml23/cml24 mutants may be
responsible for alterations in gene expression, I quantified FLC transcript abundance in
wild-type and mutant plants grown under a 16-hour photoperiod, and treated with cPTIO
to reduce NO levels. A 4-hour cPTIO treatment has no significant effect on FLC
transcript levels in wild type or cml24-2 but strongly reduces FLC expression in the
late-flowering cml24-4, cml23-2/cml24-l and cml23-2/cml24-4 mutants (Fig 3.6c). These
results suggest that although NO may not be required for basal FLC expression, elevated
NO is essential for the enhanced FLC expression in the late flowering cml24-4,
cml23-2/cml24-l and cml23-2/cml24-4 mutants.
To test whether the elevated NO levels in cml23/cml24 mutants are responsible
for delayed flowering in short photoperiods, I sprayed cPTIO directly on Col-0, cml232/cml24-l, and cml23-2/cml24-4 leaf surfaces and compared flowering times (Figure 3.7).
When plants were grown in short-day photoperiods and sprayed with 0.16% MetOH as
control, 50% of Col-0 transitioned to flowering before 115 days of growth (Figure 3.7a).
Half of the cml23/cml24 double mutants transitioned to flowering around 130 days after
the seed were sown. Plants treated with cPTIO transitioned to flowering earlier than
untreated controls (Figure 3.7a and b). With cPTIO treatment, 50% of Col-0 transitioned
to flowering 5 days earlier than untreated controls. cml23-2/cml24-l and cml23-2/cml244 flowered earlier with cPTIO than untreated controls by 11% (114/128 days) and 4%
(125/130 days), respectively (Figure 3.7a and b). The different responses between the two
mutants may be because cml24-l or cml23-2/cml24-l is more sensitive to cPTIO.
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Conversely, Col-0, cml23-2/cml24-l, and cml23-2/cml24-4 treated with SNP, a NO donor,
showed around a 7% (123/115 days), 8% (139/128 days), and 5% (137/130 days),
respectively, delayed flowering transition relative to untreated controls (Figure 3.7a, and
c). These results are consistent with the hypothesis that NO levels influence the timing of
the transition to flowering. The timing of the flowering transition is influenced by
manipulation of NO in wild type and the cml mutants. Therefore, the cml mutants remain
sensitive to NO levels. Furthermore, the flowering time alterations in the cml mutants
correlate with NO accumulation levels.
3.2 Amino acid content in the cml mutants
3.2.1 Free arginine levels in cml mutants do not correlate with NO accumulation
In animal cells, NO synthases catalyze NO production from L-arginine. Whether
NO production in plant cells occurs through an L-arginine-dependent mechanism remains
controversial (Flores-Perez et al., 2008; Moreau et al., 2008). However, in the
Arabidopsis noxl mutant, NO overaccumulation correlates with an 8-fold increase in
arginine compared to wild type (He et al., 2004b).
To determine whether NO accumulation in the cml24 mutants correlates with
altered arginine accumulation, I analyzed free amino acid levels in wild type and cml
mutants in collaboration with Kendal Hirschi (BCM) (Figure 3.8 and Appendix Al).
Plants were soil grown in constant light, and two-week-old rosette leaf amino acid levels
were quantified by HPLC. Asn and Gin levels were over the set detection limit and thus
affected the accuracy of the minimum amino acid detection level; therefore, to confirm
the data this analysis will be repeated.
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(a) (c) Col-0 extract contained 14774 (84 nmol/g FW) and 501 ppm of Arg and Thr,
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Although cml24-4, cml23-2/cml24-l and cml23-2/cml24-4 mutants have higher NO
levels than wild type, free arginine levels were not significantly different in cml24-4 and
cml23-2/cml24-l relative to Col-0 (Figure 3.8a). cml23-2, cml24-2 and cml23-2/cml24-4
had significantly lower arginine levels relative to Col-0 (Figure 3.8a), which may suggest
defective arginine biosynthesis or degradation. These results indicate that the cml24
mutants are unlike noxl in that high NO levels are not correlated with high arginine. The
mechanism whereby the cml mutants accumulate high NO remains undetermined. Further
investigation into the basis for this phenotype may reveal insight into the outstanding
question of how plants generate NO.
3.2.2 cml24 mutants accumulate cystine
One remarkable difference discovered through the amino acid analysis is that the
cml24 mutants had relatively high levels of oxidized cysteine (cystine, Cys2) (Figure
3.8b). Cystine usually accrues in oxidizing environments and is very insoluble. For
example, in animal cells, proteins degraded in the oxidizing environment of the lysosome
release cysteine as cystine. Cystine is then transported from the lysosome to the
cytoplasm (Gao et al., 2005). In wild type and cml23-2, there was no detectable free
cystine (Figure 3.8b). In contrast, cml24-2 and cml24-4 accumulated 255 and 111 ppm,
respectively, of cystine; cml23/cml24 mutants had over twice as much cystine than
cml24-4 (Figure 3.8b). These results suggest that cml24 mutations may cause a higher
oxidizing state and/or have a higher protein turnover rate than wild type. The
accumulation of higher cystine in cml23-2/cml24-4 than cml24-4 is consistent with the
hypothesis that CML23 has overlapping functions with CML24. This analysis will be
repeated to verify the reproducibility of the results.
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3.2.3 cml24 mutants have altered threonine levels
Threonine (Thr) is an essential amino acid that animals cannot synthesize and
instead must be obtained through diet. In plants, Thr is synthesized from Aspartate (Asp)
(Figure 3.9). Lysine (Lys), Methionine (Met), and S-Adenosylmethionine (SAM) are also
produced from Asp. Thr can be further converted to isoleucine (He) or degraded to
glycine, 2-oxobutyrate, or 2-amino-3-oxobutyrate. cml24-2 and cml24-4 accumulated 40
times more Thr relative to wild type (Figure 3.8.c). Both cml23-2/cml24-l and cml232/cml24-4 mutants did not have significant Thr accumulation differences relative to wild
type, which may indicate cml23-2 can somehow compensate for cm/24-caused Thr
accumulation. Thr, Lys, and SAM can negatively regulate Asp-derived amino acid
synthesis by a negative feedback mechanism. A mutant defective in the key enzyme for
Lys synthesis accumulates high Thr levels (Sarrobert et al., 2000). High levels of Thr can
be toxic for plant root development (Sarrobert et al., 2000). These results indicate that
both CML23 and CML24 may have a role in Thr accumulation. However, the
mechanisms responsible for these differences in accumulation and the relevance of these
effects remain unclear.

68

Aspartic semialdehyde

•

Dihydrodipicolinate

t

Homoserine

Lysine

1
Phosphohomoserine

OH

Isoleucine "<•

,-- Cysteine

0

H,C

NH2
Threonine

OH

Methionine

°s^

NH,

OH

H,C

OH

OH

OH

S-adenosyl-L-Met
(SAM)

H,N

2-oxobutyrate

O
glycine

2-amino-3-oxobutyrate

Degradation

Fig 3.9 Aspartate-derived amino acid biosynthesis and degradation. Arrows with solid
lines indicate direct reaction products and arrows with dashed line indicate indirect
reactions. Threonine degradation reactions are labeled with a dashed box. Figure was
adapted from (Joshi et al., 2006; Kim et al., 2002; Lee et al., 2005; Sarrobert et al.,
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3.3 Ionomics analysis
CML24 is a potential Ca2+ sensor and therefore may play a role in sensing
transient cytosolic Ca2+ changes (Delk et al., 2005). Ca2+ is essential for ion homeostasis
in plants (White and Broadley, 2003). The CML24 underexpressors have enhanced
tolerance to several ions, including Co2+, Mo0 4 2 \ Zn2+, and Mg2+ (Delk et al., 2005). The
higher tolerance of Mg2+ in CML24 underexpressors is not due to defects of Mg2+ uptake
(Delk et al., 2005).
In collaboration with David Salt (PiiMS, Purdue University), cml23 and cml24
mutants were analyzed with inductively coupled plasma mass spectroscopy (ICP-MS)
(Baxter et al., 2007). High-throughput ICP-MS is a powerful tool that enables analysis of
most metal ions (Li, B, Na, Mg, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, Cd, Mo, and As) and
biologically significant nonmetals (P and Se) in tissue samples (Appendix A2). Although
some differences in ion content were reported, there were variations among the genotypes
which confused the interpretation of the results. In general, the ionomics analysis did not
reveal severe ion deficiency in cml23 and cml24 mutants, which may suggest that any
metal sensitivity in the cml mutants is not due to aberrant ion accumulation.
3.4 Conclusion
CML24 can act as a switch in the response to day length perception;
loss-of-function cml24 mutants are late flowering under long days, whereas apparent gain
of CML24 function results in early flowering. CML24 function is required for proper
CONSTANS {CO) expression; components upstream of CO in the photoperiod pathway
are largely unaffected in the cml24 mutants. In conjunction with CML23, a related
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calmodulin-like protein, CML24 also inhibits FLOWERING LOCUS C (FLQ expression
and therefore impacts the autonomous regulatory pathway of the transition to flowering.
Nitric oxide (NO) levels are elevated in cml24-4 and cml23/cml24 double mutants and
are largely responsible for FLC transcript accumulation.
The high NO levels in cml24 late flowering mutants do not correlate with
increased L-arginine levels. Therefore an altered NOS activity is likely not contributing
to the NO overaccumulation in the cml mutants. cm\24 mutants also accumulate high
levels of cystine indicating that CML24 may have a role in regulating the oxidative
cellular state.
The results presented in this chapter reveal overlapping roles for the Arabidopsis
CML23 and CML24 potential Ca~+ sensor proteins in regulating the transition to
flowering and NO accumulation. Thus, CML23 and CML24 may function to integrate
signaling information from cytosolic Ca"*to the production and/or degradation of cellular
NO, leading to regulation of the transition to flowering in Arabidopsis.
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Chapter 4: CML24: Role in NO Accumulation
There are two major proposed enzymatic pathways for NO production in plants
(Figure 1.4). One pathway requires NOA1 (Guo and Crawford, 2005); the other pathway
involves nitrate reductase (Flores-Perez et al., 2008; Guo et al., 2003). There is no clear
evidence for L-arginine derived NO production from NO synthase-like proteins in plants
(Corpas et al., 2009b). Mitochondria, chloroplasts, and peroxisomes are organelles also
implicated in NO production and/or degradation (Corpas et al., 2009a; Guo and Crawford,
2005; Gupta et al., 2005; Jasid et al., 2006; Planchet et al., 2005).
CML24 affects NO accumulation and, in turn, delays transition to flowering (Tsai
et al., 2007), and plays a role in pathogen defense (Ma et al., 2008). However, how
CML24 influences NO accumulation remains unclear.
4.1 CML24 and putative NOSINOA1 pathway
Animal NOS proteins catalyze the oxidation of L-Arg to NO and L-citrulline, and
this activity can be inhibited by Arg analogs. Published work suggests that plants also
have Arg-dependent NOS activity, which can be inhibited by Arg analogs (Barroso et al.,
1999; Corpas et al., 2004; del Rio et al., 2004).
To determine whether a putative Arg-dependent NOS pathway may be required
for NO accumulation in cml24-4, cml23-2/cml24-l, and cml23-2/cml24-4, the cml
mutants were treated with the NOS substrate arginine analog, N -monomethyl-L-arginine
monoacetate (L-NMMA), which has been reported to act as an inhibitor of the putative
NOS-like pathway in plants (Zeidler et al., 2004; Zottini et al., 2007). Plants were grown
on PNS plates for 2 weeks and transferred to PNS liquid media with 5 mM L-NMMA or
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0.1% methanol as control. After 4 hours incubation, roots were subjected to DAF-FM
staining (Figure 4.1). I chose to examine roots because I reasoned that the inhibitor might
best be taken up by roots. However, the cml mutant roots did not have higher than wildtype levels of DAF-FM fluorescence. cml24-2 may have lower DAF fluorescence relative
to wild type. Furthermore, L-NMMA treatment did not decrease the fluorescence detected;
in some samples, the L-NMMA treatment increased DAF-FM fluorescence (Figure 4.1).
These results suggest that either the L-NMMA treatment was not optimal under
the conditions used and therefore failed to inhibit the NOS-like pathway or that the NOSlike pathway does not significantly contribute to basal NO levels in wild type and cml
mutant roots.
4.2 CML24 and NOA1 pathway
To address whether CML24 and NOA1 act in the same NO-related pathway, I
crossed cml24-4 with noal to monitor genetic interaction. In long photoperiod soilgrowth conditions, rosette leaves of cml24-4 but not cml24-4/noal had higher DAF-FM
fluorescence relative to wild type (Figure 4.2a and 4.2b). These data indicate that the
cml24-4 mutant requires NOA1 for NO over accumulation. Therefore, CML24 may act
upstream of NO A1 for NO accumulation. In addition, cml24-4/noal resembles noal in
that double mutants have pale green and small leaves (data not shown). However, the
timing of transition to flowering of cml24-4/noal was intermediate between the late
flowering cml24-4 and early flowering noal mutant. Relative to wild type, cml24-4/noal
flowered later and generated more rosette leaves prior to the transition to flowering
(Figure 4.2c). We conclude that NOA1 is required for NO overaccumulation in the
cml24-4 mutant but that the delayed flowering in cml24-4 is only partially caused by
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Fig 4.1 L-NMMA does not repress NO accumulation. 2-week-old Col-0 and cml
mutants were untreated or treated with 5 mM L-NMMA for 2 hours in liquid culture
and stained with DAF-FM for 45 min. Fluorescence was detected with 490-495 nm
excitation and 515 nm emission. Average fluorescence intensity levels from the roots
were quantified using Image J (NIH). n=5.
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Fig 4.2 NOA1 is required for NO accumulation but is dispensable for the delay of
flowering caused by cml24-4. (a) Col-0, cml24-4, cml24-4/noal, and noal rosette
leaves were stained with DAF-FM. DAF-FM fluorescence reports higher basal NO
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DAF-FM DA for 45 min. Fluorescence was detected with 490-495 nm excitation and
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corresponding to the treatments in (a) were quantified using Image J (NlH)n>5. (c)
Rosette leaf numbers at flowering for plants grown in constant light. n>9.

75

NOA1 -dependent accumulation of NO. The cml24-4 effect on the timing of flowering is
partially independent of NOA1.
Collaborative experiments with Dan Klessing's lab (Cornell University) found
that CML24 does not bind NOA1 in yeast two-hybrid, co-immunoprecipitation, or in
vitro pull-down experiments (unpublished). In addition, addition of purified CML24 does
not affect the enzymatic activity of NOA 1 in vitro (unpublished). Therefore, it is unlikely
that CML24 directly interacts with NOA1. If CML24 and NOA1 are in the same pathway,
it is likely that any interaction is indirect.
4.2.1 CML24 and mitochondrial/chloroplast NO production pathway
NOA1 also has been identified as RIF1, which is localized to chloroplasts (FloresPerez et al., 2008). Mitochondria and chloroplasts are both potential sources of NO
(Gupta et al., 2005; Jasid et al., 2006; Lopez-Figueroa et al., 2000). Electron transfer
chain activities may reduce nitrite to NO under certain conditions. Mitochondrial and
chloroplast ATP synthases contain similar Fi complexes composed of five subunits
( a ^ y S s ) . As an initial examination of organelle integrity in mutants altered in NO
accumulation, I used an antibody generated against mouse mitochondrial ATP synthase P
subunit (MitoSciences, Oregon) to detect protein levels in Col-0, cml24-2, cml24-4, noal
and nox.
Two-week-old seedlings were collected and protein was extracted with LDS
(lithium dodecyl sulfate) buffer. LDS prevents protein degradation at low temperature
better than SDS because of higher solubility. 50 ug of protein were subjected to SDSPAGE and western blotting with anti-ATP synthase P subunit antibody. The antibody
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detected comparable protein levels in cml24-2, cml24-4 and wild type (Figure 4.3). In
strong contrast, however, noal had elevated levels of ATPase P subunit, which suggests
that noal has abnormal mitochondria or chloroplasts. Unexpectedly, the cml24-4
mutation suppressed this defect, as cml24-4/noal has reduced ATPase P subunit
accumulation relative to noal (Figure 4.3). These data suggest that the cml24-4 allele
counteracts the noal defect with respect to this phenotype.
These results indicate noal has elevated levels of mitochondrial/chloroplast
ATPase. This finding is consistent with the idea that NOA1 is required for normal
function of mitochondria and/or chloroplasts. How CML24 may affect the abundance of
ATPase in noal is unclear.
4.3 CML24 and Nitrate Reductase
Nitrate reductase is another protein implicated in NO production in plants (Meyer
et al., 2005). Nitrate reductase has a major role in plant nitrogen assimilation through the
reduction of nitrate to nitrite. Genetic and inhibitor studies indicate that nitrate reductase
is important for abscisic acid (ABA)- and auxin-induced NO production as well as NO
accumulation required for the transition to flowering, cold acclimation, and freezing
tolerance (Figure 1.4) (Desikan et al., 2004; Desikan et al, 2002; Kolbert et al., 2008;
Kolbert and Erdei, 2008; Seligman et al., 2008; Zhao et al., 2009). Nitrate reductase may
contribute to NO production through its role in nitrite production. Nitrite can then be
reduced to NO through multiple pathways. In addition, nitrate reductase can itself directly
reduce nitrite to NO under some conditions. Nitrate reductase accumulation and activity
levels are tightly regulated by exogenous nitrate levels and darkness (Lillo et al., 2004). I
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Fig 4.3 P-ATPase protein accumulation levels in wild type, cml24 and noal. Plants
were grown in soil for three week and the rosette leaves were harvested. Proteins were
extracted and separated on 13% SDS-PAGE following by western blot with anti-PATPase antibody. Total proteins were stained with coomassie brilliant blue (CBB).
The intensity of P-ATPase was normalized with CBB staining with Image J (NIH) and
Col-0 was defined as 1 for quantification.
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am interested in determining whether CML24 regulates NO accumulation through an
effect on nitrate reductase.
4.3.1 The cml24 mutants do not have alter NIA1 and NIA2 transcript levels
Nitrate reductase protein is encoded by two genes, NIA I and NIA2, in Arabidopsis.
NIA2 is more highly expressed during vegetative growth than NIA1. NIA1 transcript
levels also decline during the floral transition (Genevestigator). To investigate whether
NIA expression is affected by CML24, NIA1 and NIA2 transcript levels were determined
from wild type, cml24-2 and cml24-4 shoots harvested six hours after shift to light. As
expected, NIA2 transcript levels are much higher than those of NIA I in wild type (Figure
4.4a). Transcript levels of NIA 1 and NIA2 in the cml24 mutants are indistinguishable
from wild type (Figure 4.4a). These results indicate that NIA1 and NIA2 expression is not
significantly affected by CML24 and therefore altered NO accumulation in the cml
mutants is not due to altered NIA expression regulation.

4.3.2 The cml24 mutants do not have altered nitrate reductase activity levels
To determine whether CML24 affects

nitrate reductase function

post-

transcriptionally and thereby affects NO accumulation, I determined both maximum
nitrate reductase activity (NRmax) and the active nitrate reductase (NRact). In the presence
of divalent cations, phosphorylation of nitrate reductase on Ser543 recruits 14-3-3
binding (Aitken, 1996) and inactivates nitrate reductase (Kaiser et al., 1999).
Nonphosphorylated nitrate reductase (NRact) consumes NAD(P)H and catalyzes the
reduction of nitrate to nitrite (Kaiser et al., 1999).
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Fig 4.4 7VL4 transcript and nitrate reductase activity analysis in wild type and cml
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measured. NRmax represents the total amount of functional NR. NRact represents the
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To measure NRact, MgCb was added into each reaction. To fully activate NR
(NRmax), a reaction was mixed with EDTA to chelate divalent cations. NRact and NRmax
activity were determined in extracts from three-week-old plants grown under 16-hour
photoperiods in soil. Approximately 50% of the total nitrate reductase is apparently
nonphosphorylated in wild type (Figure 4.4b). I used nial as a control; nia2 reports only
10% of wild type NRact and NRmax activity (Figure 4.4b), which is consistent with a
previous report (Wilkinson and Crawford, 1993). cml24-2 and cml24-4 had similar
proportions of NRact to NRmax as wild type (Figure 4.4b). These results indicate that the
altered accumulation of NO in cml24 mutants is not correlated to alterations in
extractable nitrate reductase activity.
4.4 Conclusion
In this chapter, I attempted to link CML24 to potential NO production pathways. I
found that although NO accumulation in cml24-4 requires NOA1, CML24 is unlikely to
directly interact with NOA1. If CML24 and NOA1 are in the same pathway, it is likely
that their interaction is indirect. cml24-4/noal revealed an intermediate flowering
between cml24-4 and noal and abated ATPase accumulation in mitochondria and/or
chloroplasts relative to noal.
In addition, CML24 regulation of NO accumulation occurs independently of
transcriptional NIA regulation, total nitrate reductase protein accumulation, or nitrate
reductase activity level regulation.
NO accumulation may also be regulated by degradation or scavenging. Plant
hemoglobin can bind and remove NO (Figure 1.4) (Hebelstrup and Ostergaard-Jensen,
2008). Bernadette Gehl, a postdoctoral researcher in the Braam lab, determined that
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hemoglobin transcript levels in the cml24 mutants are comparable to wild type. Thus,
CML24 regulation of NO accumulation may not be due to increased NO scavenging
through hemoglobin function.
CML24 is one of several genes implicated in NO accumulation regulation in
Arabidopsis. As the mechanisms and machinery that catalyze NO production remain
uncertain, further insight into CML24 function may shed light of NO regulation in plants.
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Chapter 5: Biochemical Analysis of CML24
5.1 CML24 structure
In many organisms, Ca2+ signals are sensed by calmodulin (CaM). CML24 shares
44% amino acid identity with CaM and, like CaM, has 4 EF hand Ca -binding domains
(Braam and Davis, 1990; Khan et al., 1997) (Figure 1.1). To assess whether CML24 has
homologs in other plant species, I used the Blast program (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) to search for CML24-related proteins. Protein sequence alignments with
ClustalX program (Larkin et al., 2007) reveals protein conservation. The top seven ESTs
that encode more than 70% amino acid identity with CML24 cluster with CML24. Unlike
most plant CaMs, which contain only one Cys, CML24 protein contains 4 Cys at
positions 11, 126, 131 and 145 (Figure 1.1 and 5.1a). Cysl26 and Cysl31 are predicted to
form a disulfide (Khan et al., 1997). The seven CML24-related proteins also have the
analogous 4 Cys residues (Figure 5.1a and b). An additional 17 CML24-related proteins
also have cysteines analogous to CML24. This phylogenetic analysis indicates that the
Arabidopsis CML24 may have orthologs are conserved in Brassica and Raphanus within
Brassicaceae (Figure 5.1b). A closely related CML24-like protein is also encoded in Zea
mays (Figure 5.1b).
Based on CML24 protein modeling predictions, Cys 126 and Cysl31 are close
enough in space for disulfide bond formation (Khan et al., 1997). Formation of a
disulfide is predicted to stabilize the Ca2+-bound conformation of CML24 and therefore is
predicted to affect CML24 function. SUBA (Heazlewood et al., 2007), based on mass
spectroscopy and primary sequence predictions, reports that CML24 may be located in
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Fig 5.1 Multiple alignment and phylogenetic analysis of CML24 homologous proteins
in other plant species, (a) The amino acid sequence of CML24 was aligned against
sequences giving significant BLAST similarity scores using ClustalX. The red boxes
indicate EF-hand Ca + binding domains. The cysteine residues are highlight in black.
The first two letters of the acronyms indicate the species (Aa, Ambrosia artemisiifolia;
At, Arabidopsis thaliana; Be, Brassic carinata; Bn, Brassica napus; Br, Brassica
rapa; Bo, Brassica oleracea; Gm, Glycine max; Hb, Hevea brasiliensis; Hv, Hordeum
vulgare; Lu, Linum usitatissimum; Ms, Medicago sativa; Nt, Nicotiana tabacum; Os,
Oryza sativa; Pt, Pouplus trichocarpa; Rr, Raphanus raphanistrum; SI, Solarium
lycopersicum; Sr, Sesbania rostrata; Vv, Vitis vinifera; Zm, Zea mays), (b)
Trichotomy phylogenetic tree showing the evolutionary relationships among the
sequences in (a). The analysis was generated with ClustalX, and the tree was drawn
with the TREEVIEW program. The distance indicated by "0.1" refers to the percent
sequence divergence.
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the plasma membrane, cytosol, mitochondria and nucleus (Figure 1.2). As these cellular
locations would be expected to be mostly reducing environments, it is unclear whether a
disulfide could form. One possibility is that a disulfide would form in CML24 in a
transient redox-sensitive manner. The alteration in structure could then alter function.
9+

CML24, therefore, may function as both a Ca

and redox sensor in cells. In this chapter,

I evaluate the biochemical characteristics CML24 that relate to its potential as a Ca2+
and/or redox sensor.
5.1.1 CML24 changes conformation upon Ca2+ binding
To study the potential consequences of the cml24 point mutations on CML24
function, I investigated the Ca2+-binding ability of the wild-type and mutant CML24
isoforms. I generated CML24, cml24-2, and cml24-4 expression constructs to produce the
9+

•

proteins in E. coli. Proteins were purified with Ca -dependent chromatography using
phenyl sepharose. Wild-type and mutant CML24 isoforms bound the resin in a Ca2+dependent manner, indicating that the mutant proteins maintained the ability to expose
hydrophobic domains as a response to binding Ca2+.
9+

9+

Like CaM, Ca

sensors change conformation in the presence of Ca . The

conformation change can be detected by mobility shifts in SDS-PAGE. CML24, detected
by western analysis of wild-type extracts, also shows a Ca2+-dependent mobility shift in
SDS-PAGE (Delk et al., 2005; Tsai et al., 2007). To assess whether the amino acid
9+

substitutions in the mutant cml24-l, cml24-2, and cml24-4 isoforms affect Ca

binding

and conformational change, I conducted western analysis of protein extracts from wild
type (Col-0), cml24-l, cml24-2, and cml24-4 plants, and purified recombinant CML24
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Fig 5.2 Comparison of wild-type and mutant CML24 isoform migration in SDS-PAGE.
(a) Western analysis of protein extracted from the roots of Col-0, cml24-l, cml24-2 and
cml24-4 incubated with either 5 mM CaCl2 (+) or 5 mM EGTA (-) and subjected to 13%
SDS-PAGE. (b) Coomassie blue staining of purified recombinant wild-type CML24 and
cml24-2 protein incubated with increasing concentrations of EGTA and subjected to
13% SDS-PAGE.
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from bacteria (Figure 5.2a). All isoforms of CML24 migrate faster through SDS-PAGE
in the presence of 5 mM CaCb (+, Figure 5.2a) compared to protein in the presence of 5
mM EGTA (-, Figure 5.2a). Recombinant CML24 purified from E. coli (CML24(rec),
Figure 5.2a) migration behavior is used as a reference. These results indicate that cml241, cml24-2, and cml24-4 amino acid substitutions do not block the protein's ability to
bind Ca2+ and undergo conformational change. However, subtle alterations in Ca +
binding affinity and/or conformation may not be detected under these conditions.
I was interested in analyzing the Ca -binding ability of cml24-2 in particular,
since this mutant has a substitution in a highly conserved EF hand residue (Gly 67 to Glu);
this substitution would be predicted to eliminate Ca2+ binding by that EF hand. Therefore,
I sought to detect if there were potential subtle differences in Ca2+-binding of cml24-2 as
compared with wild type CML24. Recombinant wild-type CML24 and cml24-2 proteins
were resuspended in buffer containing 1 mM CaCh after purification and then aliquots
were incubated with increasing concentrations of EGTA before SDS-PAGE analysis
(Figure 5.2b). The coomassie blue stained gel shows that both CML24 and cml24-2 begin
to shift in migration rate starting at 0.25 mM EGTA. However, a greater proportion of
wild-type CML24 remains in the faster-migrating form, the Ca -binding form, even at
high EGTA concentrations (e.g., 1 mM, Figure 5.2b) compared to recombinant cml24-2.
These results suggest that the cml24-2 G67E substitution of the highly conserved glycine
within the second Ca2+-binding domain may affect Ca2+ affinity and/or ability to undergo
conformational change. This structural defect may underlie the physiological effects
observed in cml24-2 mutant plants.
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5.1.2 CML24 can form a disulfide bond
To determine if cysteine residues of CML24 can form a disulfide, I sought to
determine the number of reduced cysteines in purified recombinant CML24 in vitro.
CML24 has four cysteines. Free and reduced thiols of cysteines, not cysteines in a
disulfide, can be carboxyamidated with iodoacetamide (IAM). The number of
carboxyamidated groups added by incubation with IAM can be determined by liner mode
mass spectroscopy (AutoFlexII, Burker). Mass spectroscopy of recombinant wild-type
CML24 treated at 99°C for 5 min reveals the average mass of native unmodified CML24
to be 17324 Da (Figure 5.3, green trace). CML24, treated with 25 mM IAM for one hour
in the dark to carboxyamidate free thiol groups, has a peak mass of 17438, indicating that
two carboxyamidated groups of 58 Da are adding to the protein. This result suggests that
only two cysteine thiols were available for carboxyamidation modification (Figure 5.3,
blue trace). To reduce any oxidized cysteines, one aliquot of CML24 was pre-incubated
with 5 mM of DTT at 37°C for 10 min prior to carboxyamidation with 25 mM IAM
(Figure 5.3, orange trace). After the DTT treatment, four carboxyamidated groups were
detected on CML24, causing a 227 Da mass shift. These data indicate that purified
recombinant CML24 contains only two free cysteine thiols; the other two cysteines are
likely oxidized, consistent with the presence of a disulfide bond.
To identify which two cysteine residues may form a disulfide bond, I performed
mass spectroscopy with the reflector mode MALDI-TOF-MS (Autoflex II) to detect
trypsin-digested peptides from carboxyamidation modified CML24. Trypsin is a serine
protease, which specifically cuts after lysines and arginines (Rice et al., 1977). The
predicted trypsin-digested peptides of native CML24 are listed in Table 5.1. The four
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Fig 5.3 Assessment of the number of reduced Cys in recombinant CML24 proteins.
Purified recombinant wild-type CML24 was subjected to 99°C for 5 min (green trace),
to IAM at 37°C for an hour (blue trace), or to DTT at 37°C for lOmin followed by IAM
at 37°C for an hour (orange trace). Proteins were analyzed with a MALDI-TOF mass
spectrometer (Autoflex). The top black box indicates the full captured mass spectra
range (15000-20000 m/z) and the white box represents the region shown in the figure.
Intensity is indicated on the y-axis; mass-to-charge (m/z) is on the x-axis.

Table 5.1 Predicted trypsin digestion fragments of CML24

Fragment

Position

Monoisotopic
mass

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

[1-4]
[5-9]
[10-20]
[10-20]
[21-24]
[25-27]
[28-32]
[33-39]
[40-43]
[44-59]
[60-89]
[90-96]
[97-109]
[110-113]
[114-120]
[121-125]
[126-133]
[126-133]
[134-137]
[138-153]
[138-153]
[154-161]

452.22
544.32
1196.57
1254.57
549.31
409.21
490.23
803.45
516.31
1692.82
3198.55
790.39
1498.68
418.27
843.44
560.3
910.41
1026.42
478.27
1800.81
1858.82
724.28

Amino acid sequence
MSSK
NGWR
SCLGSMDDIKK
SCLGSMDDIKK (1x Carboxyamidation)
VFQR
FDK
NGDGK
ISVDELK
EVIR
ALSPTASPEETVTMMK
QFDLDGNGFIDLDEFVALFQIGIGGGGNNR
NDVSDLK
EAFELYDLDGNGR
ISAK
ELHSVMK
NLGEK
CSVQDCKK
CSVQDCKK (2x Carboxyamidation)
MISK
VDIDGDGCVNFDEFKK
VDIDGDGCVNFDEFKK (1x Carboxyamidation)
MMSNGGGA
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MSSKNGWRS
LGSMDDIKKVFQRFDKNGDGKISVDELKEVIRALSPTASPEETVTMMKQFDLDGNGFIDLDEFVALFQIG
IGGGGNNRNDVSDLKEAFELYDLDGNGRISAKELHSVMKNLGEK SVQD KKMISKVDIDGDG VNFDEFKKMMSNGGGA

Fig 5.4 Prediction of CML24 three-dimensional structure. CML24 3-D structure was
predicted basing on amino acid sequence analysis and comparison to potato
calmodulin protein structure (PBD1RFJ) by PredictProtein server (Rost et al., 2004).
CML24 amino acid sequence is shown at the bottom. The oranges regions indicate the
peptides containing the Cys residue(s) (colored yellow) after trypsin digestion. The
blue region represents the fragment contains the second EF-hand after trypsin
digestion and green residues are predicted as Ca -binding sites/loop (underlined).
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cysteine residues would be in peptides 3, 17, and 20 (Table 5.1 and Figure 5.4). Peptide
17 harbors two of the four cysteines (Cysl26 and Cysl31). All three peptides contain two
lysine residues next to each other; this arrangement often causes incomplete trypsin
digestion. Carboxyamidated of all four cysteines with IAM would eliminate peptides 3,
17, and 20 and instead generate peptides 4, 18, and 21, respectively (Table 5.1). However,
if peptides 3, 17, or 20 contain an oxidized Cys residue(s), peptides 4, 18, or 21 could not
be formed from carboxyamidation of CML24.
To conduct this analysis, I denatured CML24 protein and then incubated the
protein in either the presence or absence of reducing agent. The protein samples were
then IAM treated and subsequently digested with trypsin. In addition, to assess CML24
folding stability, protein aliquots were mixed with either Ca2+ or EDTA. After treatments,
proteins were re-purified and analyzed by mass spectroscopy (Figure 5.5).
In the MALDI-TOF spectra, I was able to identify -90% of the predicted CML24
peptides (Table 5.1) using the Mascot database (Perkins et al., 1999). Peptide 3
(SioCLGSMDDIKK2o) that contains Cys 11 was not detected at 1196 Da in any of the
treatments (Figure 5.5a, left panel). Only the samples that were reduced with DTT and
carboxyamidated with IAM had the predicted +58 Da peptide at 1254 m/z (peptide 4)
(Figure 5.5a, right panel, blue and green traces). These results indicate the Cysll thiol
group was unavailable for carboxyamidation prior to DTT-reduction and therefore may
be in an oxidized form. I interpret this result as indicating that the cysteine thiol in
peptide 3 is oxidized and linked to other peptides; however, I was not able to identify a
potential linkage peptide in 700 to 3500 m/z region. It may be that this linkage is
nonspecific.
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Fig 5.5 MALDI-TOF-MS analysis of trypsin-digested CML24 protein.
Recombinant CML24 protein was incubated with (blue and green traces) or without
(orange and purple traces) DTT at 95°C for 10 min and lOOmM IAM for 30min.
Proteins were desalting and trypsin digested overnight with (green and purple traces) or
without EDTA (blue and orange traces) and analyzed with MALDI-TOF-MS (Autoflex
II). (a) Monoisotopic mass of peptide 10-20 did not appear at expecting 1196 m/z (left
panel) instead at 1254 m/z (right panel) without reduction (orange and purple traces),
(b) Monoisotopic mass of peptide 126-133, contains two Cys residues, without
reduction appeared at 908 m/z instead of 910 m/z, which may correlate to two protons
mass (left panel). Peptide 126-133 can be carboxylamidation with IAM in the presence
or absence of DTT and appeared at 1026 m/z (right panel), (c) Monoisotopic mass of
peptide 138-153 appeared at predicting 1800 m/z and 1858 m/z, after
carboxylamidation. Intensity on the y-axis, mass-to-charge (m/z) on the x-axis.
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The second and third cysteines, Cysl26 and Cysl31 are in the same peptide
(C]26SVQDCKK133) after trypsin digestion (Figure 5.5b). The non-reduced CML24
protein samples (Figure 5.5b, left panel, orange and purple traces) lacked the expected
monoisotopic mass at 910 Da. Instead, there was a monoisotopic mass peak at 908 Da.
This peptide would be predicted if Cysl26 and Cysl31 were disulfide bonded, losing two
proton (H+) mass units. After DTT reduction and IAM carboxyamidation, I identified the
modified peptide (C126SVQDCKK133) at the expected mass of 1026 Da, consistent with a
two-IAM modification shift from 910 Da (Figure 5.5b, right panel, blue and green traces).
However, this peptide with two carboxyamidated modifications also appeared in nonreduced CML24 (Figure 5.5b, right panel, orange and purple traces). These results
suggest that the CML24 protein existed in two forms. One fraction of CML24 had two
free thiols within the 126-133 peptide; the other fraction harbored the two Cys as
disulfide bond. This result may suggest flexibility of disulfide bond formation.
The

fourth

cysteine,

Cys 145,

was

identified

in

peptide

138-153

(V138DIDGDGC*VNFDEFKKi53) and was detected at 1858 Da (Figure 5.5c, right panel,
blue and green traces) with DTT reduction and IAM modification. However, in the
absence of DTT, this peptide was unable to be modified by IAM and appeared at 1800
Da (Figure 5.5c, left panel, orange and purple traces). It is unlikely this cysteine is
oxidized, which would also change the peptide mass. One possibility is that this cysteine
thiol group was unable to be carboxyamidated because the peptide existed as a compact
and stable folded structure. In the presence of reducing agent, this cysteine is accessible
to carboxyamidation. These results suggest that Cys 145 in CML24 is unlikely to be part
of a disulfide bond.
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Fig 5.6 MALDI-TOF-MS analysis of trypsin-digested CML24 protein.
Recombinant CML24 protein was incubated with (blue and green traces) or without
(orange and purple traces) DTT at 95 °C for 10 min and lOOmM IAM for 30 min.
Proteins were desalted and trypsin digested overnight with (green and purple traces) or
without EDTA (blue and orange traces) and analyzed with MALDI-TOF-MS (Autoflex
II). Peptide 60-89 appears at 3199 m/z in the absence of Ca (green and purple traces)
Intensity on the y-axis, mass-to-charge (m/z) on the x-axis.
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In summary, these data suggest that Cysl26 and Cysl31 may form a disulfide
bond and Cysll may be in an oxidized form, which potentially could also form
intermolecular disulfide bonds. Cysl45 does not appear in oxidized form and is unlikely
to be part of a disulfide bond.
Removing Ca2+ with EDTA did not affect the thiol group modifications; this can
be seen by comparing the blue and green traces or the orange and purple traces (Figure
5.5a, 5.5b, and 5.5c). However, one peptide that is significantly affected by EDTA is
peptide 60-89 (QFDLDGNGFJDLDEFVALFQIGIGGGGNNR), which contains the
second EF hand (underlined) (Figure 5.4 and 5.6). This peptide only appeared in the
CML24 protein samples treated with EDTA. The absence of the peptide from the Ca2+treated protein may by the consequence of incomplete trypsin digestion (Figure 5.6). This
result suggests that the presence of Ca2+ affects CML24 structure, in particular that of the
second EF hand, such that the protein has higher resistance to denaturants and/or the
trypsin protease.
Cysteine residues can participate in both intra- or inter- molecular interactions. To
address whether CML24 can form multimers through cysteine oxidation, I incubated
wild-type CML24 recombinant protein with 1 mM DTT in the presence or absence of
Ca2+. A single band is detected when CML24 is pretreated with reducing agent (Figure
5.7, lane 3 and 5), yet a small proportion of CML24 is detected as a slow migrating form
in the absence of DTT (Figure 5.7, lane 2 and 4). The mobility of these forms relative to
the protein mass standards (Figure 5.7, lane 1) indicates that CML24 can form dimers
(-34 kDa) and timers (~51 kDa). These dimer and trimer structures were more stable in
the presence of Ca2+ than EDTA (Figure 5.7, lane 2 and 4). These results suggest that
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Fig 5.7 CML24 has potential to form multimers. 10 ug of wild-type CML24
recombinant protein was incubated in combinations of DTT, Ca +, and EDTA.
Proteins were analyzed on 12% SDS-PAGE and stained with coomassie brilliant blue.
Lane 1 shows the molecular mass markers. From bottom to top, arrows indicate the
potential monomer (~16 kDa), dimer (~34 kDa), and trimer (-51 kDa) of CML24.
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Fig 5.8 Unfolding of CML24 monitored by CD at 220nm. (a) GdmHCl-induced
denaturation of apo-CML24 (open circles) and CML24-Ca2+ (solid circles) monitored
by far-UV CD at 220 nm. (b) Urea-induced denaturation of apo-CML24 (open circles)
and CML24-Ca2+ (solid circles) monitored by far-UV CD at 220nm. (c) Thermal
denaturation of CML24 monitored by CD at 220 nm at different concentration of
GdmHCI: from bottom 0.00, 0.99, 1.97, 2.46, 2.96, 3.45 (blue triangles), 3.94, 4.44,
4.93, and 6.90 M at 20 °C. (d) From extrapolation of Tm vs. [GdmHCI] to 0 M
denaturant, the transition temperature of CML24 in the presence of 4 Ca2+.is 122.6 ±
1.0 °C (Performed by Pernilla Wittung-Stafshede and Erik Sedlak).
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intermolecular disulfide bonds may enable multimeriztion of CML24. Whether this
mulimerization has physiological relevance and occurs in the presence of other proteins
or only occurs with purified CML24 remains to be elucidated.
5.1.3 CML24 protein stability
To address how Ca2+ affects CML24 protein stability and may contribute to
CML24 functions,

circular dichroism (CD) measurements were performed

in

collaboration with Pernilla Wittung-Stafshede. CD spectroscopy can report protein
secondary structure. GdmHCl- and urea-induced unfolding of wild-type CML24 with or
without Ca2+ were monitored using far-UV CD at 20°C (Figure 5.8a and 5.8b). In the
presence of Ca2+, CML24 is very stable and remains folded even at high concentrations
of urea (Figure 5.8b) and unfolds only in GdmHCl concentrations higher than 5M (Figure
5.8a). In addition, thermal denaturation of CML24 with Ca2+ was also monitored with
far-UV CD at a rate of 1.5°C/min (Figure 5.8c). CML24 was incubated with different
concentration of GdmHCl (0.00, 0.99, 1.97, 2.46, 2.96, 3.45, 3.94, 4.44, 4.93, and 6.90 M)
and CD thermal-unfolding was monitored at 20°C to 100°C. The values of Tm at 3.45,
3.94, and 4.44 M GdmHCl were used for extrapolation of Tm versus [GdmHCl] to 0 M
denaturant (Figure 5.8d). Interestingly, the transition temperature of CML24 in the
presence of 4 Ca2+ bound is 122.6 ± 1.0 °C, which suggests CML24-[Ca2+]4 is very stable
in the presence Ca2+.

5.2 CML24-ATG4 interactions
To begin to elucidate the biochemical basis for the cml24 mutant phenotypes, we
sought to identify CML24 interacting proteins.
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5.2.1 ATG4b identified as a CML24 interaction partner in yeast two hybrid screen
Our first approach to identify CML24-interacting proteins was to conduct a twohybrid screen for genes encoding proteins that bind CML24 in yeast. Using the
University of Wisconsin Y2H service, 18 million clones were tested for CML24
interaction by selection for yeast growth on histidine drop-out plates and screens for betagalactosidase activity. Plasmids from the positive clones were rescued and analyzed by
restriction enzyme digestion. Verification of interaction by the positive clones was
achieved by retransformation. Transformant growth occurred in the selection media when
cotransformed with CML24 as bait; no growth occurred with non-bait constructs. In
addition, (3-galactosidase activity was detected only when CML24 was used as bait. The
identities of the positive clone genes were determined by sequencing. The autophagy
cysteine protease, ATG4b (At3g59950), was identified as an interactor.
5.2.2 CML24 is pulled down with GST-ATG4b
To verify that CML24 can interact with ATG4b, I tested for co-association with
the glutathione-S-transferase (GST) pull-down assay. The coding sequence of ATG4b
was cloned into pGEX2T vector and fused to GST at its amino-terminus. GST-ATG4b
protein was produced in E. coli BL21 cells and purified with glutathione (GSH)sepharose™ 4B (Figure 5.9). The size of GST-ATG4b fusion protein is 78.5 kDa, and
GST protein is around 26 kDa (Figure 5.9).
CML24 is pulled down with the GSH-beads in the presence of GST-ATG4b
(Figure 5.10, lanes 1 and 2 "Pull down") but not with GST alone (Figure 5.10, lanes 9
and 10 "Pull down"), indicating that the GST-ATG4b interaction with CML24 is
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Fig 5.9 Purified GST and GST-ATG4b protein. GST and GST-ATG4b fusion protein
were eluted from GSH-sepharose 4B with 5 mM reduced glutathione. The purified
proteins were detected on a Coomassie Blue-stained SDS-PAGE.
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Fig 5.10 CML24 binds GST-ATG4b in vitro independent of calcium. Recombinant GSTATG4b or GST was used in pull-down assays with CML24, cml24-2, cml24-4, and CaM
in the presence (+) or absence (-) Ca2+. Protein precipitated with the GSH-sepharose
("Pull down") and protein remaining soluble ("Input") were separated on 12% SDSPAGE and immunoblotted with anti-CML24 or anti-CaM antibody.
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Fig 5.11 Plant ATG4 proteins lack the analogous oxidation-sensitive Cys78 of human
ATG4 and have an additional CaM-binding motif. Amino-acid alignment of the region
surrounding the active site Cys residue among members of the ATG4 family. The
alignment was preformed using the ClustalX multiple alignment program and the
green/blue coloration marks the presence of predicted CaM-binding motifs. Red boxes
indicate two conserved Cys residues. 0 marks the catalytic Cys residue. ^ marks
Cys78 that is essential for redox regulation of human ATG4 but is missing in plant
ATG4.
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dependent upon the presence of ATG4b. The presence of Ca2+ had no detectable effect on
CML24 binding to GST-ATG4b binding (Figure 5.10, compare lanes 1 and 2 "Pull
down").
Based on the Calmodulin Target Database (http://calcium.uhnres.utoronto.ca/
ctdb/ctdb/home.html) predictions performed on Arabidopsis ATG4b, I found that ATG4b
contains a predicted CaM-binding domain near the active site (Figure 5.11). A predicted
CaM-binding domain is not present in animal ATG4s (Figure 5.11). The predicted CaMbinding region on Arabidopsis ATG4b is consistent with three distinct types of CaMbinding motifs, 1-10 (Fi8ixxxxxxxxLi9o), 1-5-10 (LigoxxxxLissXXXxLigo), and 1-14
(Fi8ixxxxxxxxxxxxWi94). 1-10 and 1-5-10 motifs are similar to Ca2+/calmodulin
dependent kinase II binding manners (Rhoads and Friedberg, 1997). Smooth muscle and
skeletal muscle myosin light chain kinase has a similar 1-14 motif in the binding region
(Rhoads and Friedberg, 1997). These results suggest the possibility that CML24 may
possibly interact with ATG4b through a predicted CaM-binding domain.

5.2.2 Mutated cml24 proteins interact with GST-ATG4b
If the cellular functions of CML24 are mediated through interaction of CML24
with ATG4b, one prediction would be that the cml24-2 and cml24-4 mutant phenotypes
occur because the amino acid substitutions in the cml24-2 and cml24-4 proteins affect
ATG4b interaction.
To test this possibility, I assayed cml24-2 and cml24-4 interaction with GSTATG4b. In the presence of GST-ATG4b, both cml24-2 and cml24-4 were pulled down
with GSH-beads (Figure 5.10, lanes 3 to 6 "Pull down"). Similarly to wild-type CML24,
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the mutant cml24 interactions with GST-ATG4b were unaffected by the presence of Ca .
These results indicate that the mutant isoforms cml24-2 and cml24-4 retain Ca independent ATG4b binding ability that is indistinguishable from wild type CML24, at
least under the in vitro conditions tested. Thus, differential CML24 binding of ATG4b
may not explain the phenotypic consequences of cml24-2 and cml24-4.
5.2.3 CaM does not bind ATG4b-GST
CML24 is highly similar to CaM, the prototypical eukaryotic Ca

sensor, in

primary sequence (Figure 1.1) and predicted tertiary structure (Figure 5.4) (Khan et al.,
1997). To test whether GST-ATG4b can also bind CaM, I conducted a similar binding
assay with purified bovine CaM (Sigma P1431). Under conditions in which GST-ATG4b
interacts with CML24, no binding to CaM is detected (Figure 5.10, lane 7 and 8). CaM
also did not interact with GST alone (Figure 5.10, lane 7 to 10). Thus, despite the primary
and predicted tertiary structural similarities between CML24 and CaM, the interaction
with GST-ATG4b may be specific for CML24.
5.2.4 Evolutionary trace analysis of ATG4b
In collaboration with Olivier Lichtarge and Angela Wilkins (BCM), Arabidopsis
ATG4b amino acid sequence was examined for clustered amino acids with high
conservation among homologs. Unlike traditional mutational analysis which tests
functional relevance of each amino acid one residue at a time, evolutionary trace (ET) is
based on phylogenetic relationships and identifies 3-dimensionally clustered amino acid
residues predicted to be functionally important (Madabushi et al., 2002). ET analysis of
Arabidopsis ATG4 indentified the well-characterized binding site for ATG8 (Figure

106

Fig 5.12 Evolutionary trace analysis of plant ATG4b. (a) and (b) are HsATG4b and
LC3 (human ATG8) structure (PDB2Z0E) rotated by 180° about the y-axis.
HsATG4b and LC3 are shown in space-filling and cyan-ribbon structures, respectively.
The ET-identified residues are marked top 25% (a) and 35% (b) residues on HsATG4b.
(a) Red residues represent top 25% residues identified with ET analysis from mammal
sequences, (b) Top 35% residues identified with ET analysis and red and blue marked
residues are animal and plant specific, respectively.
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5.12a). In addition ET highlighted another potential functional site on ATG4b (Figure
5.12b); remarkably, this region is close to the predicted CaM-binding site (Figure 5.11).
This second site identified is specific for plant ATG4 (Figure 5.12b). However, animal
ATG4s also have a second site identified by ET that may have functional relevance (data
not shown). This result suggests that there is a second functional site close to the
predicted CaM-binding motif on plant ATG4s and this may involve in regulation of
ATG4b.
5.3 Conclusion
In this chapter, I analyzed biochemical characteristics of CML24 to assist in
understanding the potential functions of CML24 in plants. CML24 changes conformation
upon Ca2+ binding. Recombinant cml24-2 may have altered Ca2+ binding affinity relative
to wild type CML24. Ca2+ binding is important for CML24 structured stability and may
influence the multimerization of CML24. Cysll, Cysl26 and Cysl31 of CML24 may
form disulfide bonds, as revealed by mass spectroscopy.
I also identified a potential interacting partner of CML24, ATG4b. ATG4b and
CML24 interact in yeast two-hybrid and ATG4b-GST pull down assays. The interaction
between CML24 and ATG4b is independent of Ca2+ binding and is maintained with the
cml24-2 and cml24-4 point mutants.
Overall, the results described in this chapter suggest that CML24 has
characteristics of both a Ca2+ sensor and redox sensor. To further investigate the subtle
Ca2+-binding affinity different in CML24 and cml24-2, the Ca2+-binding kinetics will be
determined with incorporating

45

Ca2+ by CML24 and cml24-2. To determine specificity

of CML24 and ATG4b interaction, ATG4b-paralog, ATG4a, will also be evaluated the
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interaction with CML24. Amino acid substitutions of the potential CaM-binding domain
on ATG4b will be generated and tested the interaction with CML24. The crystal and/or
NMR structure of CML24 will reveal the conformational consequence of a disulfide bond
and Ca -binding. Recombinant cml24 protein with four cysteine substitutions with
alanine will be generated to analyze the physiological relevance of potential disulfide
bond formation.
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Chapter 6: CML24 and Autophagy Regulation
To begin to reveal mechanisms of CML24 function that may underlie the
phenotypic changes detected in the cml24 mutants (Chapter 3), I identified a CML24interacting protein, ATG4b, by yeast two hybrid and GST pull-down assay (Chapter 5). I
next wanted to determine whether the CML24 interaction with ATG4b affects ATG4
activity. Furthermore, I sought to address whether CML24 regulates autophagy through
the interaction with ATG4.
To address these questions, I first analyzed CML24 effects on in vitro ATG4
activity that cleaves ATG8. In addition, I monitored autophagy in wild type, cml, and
autophagy mutants by multiple methods. Finally, I compared dark- or nitrogen depletedrelated root growth phenotypes among wild type, cml and autophagy mutants.
6.1 CML24 effects on ATG4b activity
6.1.1 CML24 effects on recombinant ATG4b activity in vitro
ATG4 cleaves ATG8 to result in a Gly residue as its carboxyl terminus
(Yoshimoto et al., 2004). To test whether the interaction between CML24 and ATG4b
might affect ATG4b cysteine protease activity, I first designed a substrate to enable in
vitro ATG4 activity assays. I generated an ATG8e fusion protein with a Hemagluttinin
(HA) epitope and six histidine (His) residues at its carboxyl- and amino-termini,
respectively. This recombinant His-ATG8e-HA protein was produced in E. coli BL21
and affinity purified with Ni-NTA agarose (Figure 6.1).

110

[Imidazole]

Fig 6.1 His-ATG8e-HA protein purification. Expression and purification of HisATG8e-HA fusion protein from E. coli BL21 (DE3). -IPTG, crude extract of E. coli;
+IPTG, crude extract of E. coli in the presence of IPTG; FT, flow through fraction from
Ni-NTA column; 1-20 to 1-200, eluates with 20 to 200 mM imidazole from Ni-NTA
column. Molecular mass markers are indicated at left. Proteins were detected on a
Coomassie Blue-stained SDS-PAGE.
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To test whether the recombinant GST-ATG4b has activity, I incubated HisATG8e-HA with or without GST-ATG4b at 20°C for two hours, ran the proteins through
SDS-PAGE, and detected protein by western blot analysis with either anti-His or anti-HA
antibodies (Figure 6.2). After two hours incubation without ATG4b, a single band is
detected by either anti-HA or anti-His antibody (Figure 6.2). A lower band generated in
the presence of GST-ATG4b is recognized by anti-His antibodies but not by anti-HA
antibodies (Figure 6.2), as expected for ATG4 cleavage of the carboxyl-terminal HA
extension from ATG8e. These results indicate that recombinant GST-ATG4b is able to
remove the carboxyl-terminal HA extension from His-ATG8e-HA.
In an attempt to improve GST-ATG4b enzymatic rate in vitro, I assessed the
effect of different temperatures on cleavage of His-ATG8e-HA. Reactions were
conducted at 10°C, 20°C, 30°C, 40°C, and 50°C for three hours. The coomassie brilliant
blue gel staining of total proteins show that in the absence of GST-ATG4b, His-ATG8eHA runs as a single stained band (Figure 6.3a, first lane). After a three-hour incubation
with GST-ATG4b at 30°C, 10% of the intact His-ATG8e-HA remained (Figure 6.3a,
second and third lanes; Figure 6.3b, gray bars). Less His-ATG8e-HA cleavage occurred
at 10°C and 20°C (Figure 6.3a, 6.3b). At the higher temperatures of 40°C and 50°C,
activity was greatly reduced (data not shown). No strong difference in band intensities
occurred as a consequence of Ca"T or EDTA presence (Figure 6.3a, second and third
9-1-

lanes); therefore it appears that Ca

does not affect GST-ATG4b in vitro activity under

these assay conditions. These results suggest that the optimal temperature for GSTATG4b activity is 30°C. However, as evidenced by an overall decrease in total protein
band intensities this assay is potentially compromised by some nonspecific protease
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Fig 6.2 ATG4b activity in vitro. His-ATG8e-HA was incubated without (-) or with (+)
ATG4b at 20°C for 2 hours. Reaction aliquots were separated on 15% SDS-PAGE and
western blotting. The blot was probed with a-HA (top panel) first and a-His (bottom
panel). The high and low molecular weight bands indicate full length His-ATG8e-HA
and His-ATG8e, respectively.
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Fig 6.3 Effect of temperature on GST-ATG4b cysteine protease activity in vitro, (a) HisATG8e-HA was incubated without or with GST-ATG4b at 10°C, 20°C, and 30°C for
three hours in the presence of Ca2+ (+) or EDTA (-). Proteins were separated by SDSPAGE and visualized by coomassie brilliant blue staining, (b) The intensity was
quantified with Image J (NIH) and full length His-ATG8e-HA (*) in the first lane of
10°C (a, without Ca + or GST-ATG4b) was defined as 1 for quantification. The
experiment has been repeated three times with similar results.
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activity leading to loss of total proteins especially at elevated temperature.
Next, I used this assay to assess whether the presence of CML24 alters ATG4
ability to cleave the carboxyl-terminal extension of His-ATG8e-HA. I incubated HisATG8e-HA proteins with GST-ATG4b and CML24 in the presence of Ca2+ or EDTA at
30° (Figure 6.4). After two hours of incubation in the absence of CML24 protein,
approximately 70% of the full-length His-ATG8e-HA protein remained (Figure 6.4a, and
6.4b), and the lower molecular weight form appeared (Figure 6.4a). Ca

and EDTA did

not affect the activity of GST-ATG4b (Figure 6.4a, second and third lanes), which is
consistent with the results in Figure 6.3. In the presence of CML24 (Figure 6.4a, bottom
bands in fourth and fifth lanes), a comparable level (-70%) of full-length His-ATG8eHA protein remained (Figure 6.4a and 6.4b, fourth and fifth lanes) relative to the absence
of CML24 after two hours incubation (Figure 6.4a and 6.4b, second and third lanes).
These results suggest that CML24 did not affect GST-ATG4b in vitro activity to cleavage
His-ATG8e-HA after 2 hours incubation.
In addition, I prolonged the GST-ATG4b in vitro activity assay reactions to 6
hours to test whether CML24 has subtle effects on GST-ATG4b activity. After 6 hours
incubation with GST-ATG4b in the absence of CML24 protein, about 60% of the fulllength His-ATG8e-HA remained (Figure 6.4c, d). The band intensity of the cleaved HisATG8e is greater than the full-length substrate remaining (Figure 6.4c, second and third
lanes). Therefore, the overall activity of GST-ATG4b is low under these conditions,
unable to convert all the substrate to product in 6 hours. Furthermore, there is some
nonspecific protease activity leading to the loss of full length His-ATG8e-HA and
appearance of additional smaller bands after the 6-hour incubation. Interestingly, in the

115

GST-ATG4b
CML24

CML24

CML24
(d)

1.0
0.8 0.6 0.4 0.2 O.O -

^ y A

6h

Fig 6.4 Addition of CML24 to test effects on ATG4b in vitro cleavage of His-ATG8eHA substrate, (a) (c) His-ATG8e-HA was incubated without or with GST-ATG4b and
with CML24 in the presence of Ca2+ (+) or EDTA (-) for 2 or 6 hrs at 30°C. Proteins
were separated by SDS-PAGE and visualized by coomassie brilliant blue staining, (b)
(d) The intensity was quantified with Image J (NIH), and full length His-ATG8e-HA
(*) in the first lanes of 2h (a, without Ca , CML24, or GST-ATG4b) was defined as l
for quantification. The experiment has been repeated three times with similar results.
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presence of CML24, GST-ATG4b may have somewhat higher activity to cleave HisATG8e-HA as compared to activity in the absence of CML24. However, the least amount
of full length substrate remaining occurs with CML24 and in the presence of Ca2+ and
even higher activity in the presence EDTA (Figure 6.4c, fourth and fifth lanes). Future
experiments will be aimed at reducing the background protease effects to verify that the
loss of substrate is due to ATG4 and not nonspecific protease activity. However, this
experiment suggests that CML24 may have a weak enhancing effect on GST-ATG4b in
vitro cleavage of His-ATG8e-HA. Apo-CML24 may have the strongest enhancement of
GST-ATG4b activity.
To verify that the lower band seen by coomassie brilliant blue staining is the
result of the removal of the carboxyl-terminus of His-ATG8e-HA, I repeated the in vitro
GST-ATG4b activity assay and detected resulting protein products with the anti-HA
antibody (Figure 6.5). After six hours of incubation at 30°C, only one band
approximately of 18 kDa, consistent with His-ATG8e-HA migration, was recognized by
anti-HA antibody in all five lanes. Therefore the lower coomassie brilliant blue stained
band in Figure 6.4 lacks the HA epitope. Consistent with the results of Figure 6.4, coincubation with GST-ATG4b results in a moderate decrease in the anti-HA recognized
protein, with no significant difference in the presence of Ca

or EDTA (Figure 6.4,

second and third lanes). In the presence of CML24, His-ATG8e-HA decreased in
quantity, with the greatest protein loss occurring in the presence of EDTA. Overall, these
results are consistent with the coomassie brilliant blue staining results (Figure 6.4).
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Fig 6.5 CML24 may enhance GST-ATG4b activity. Cleavage of His-ATG8e-HA
substrate. His-ATG8e-HA was incubated without (first lane only) or with GSTATG4b and with CML24 in the presence of Ca2+ (+) or EDTA (-) for 6 hrs at 30°C.
Reactions were separated on 15% SDS-PAGE and followed by anti-HA western blot
analysis. The experiment has been repeated three times with similar results.
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Together the data presented in Figures 6.4 and 6.5 suggest that CML24 may
enhance ATG4 cleavage of the carboxyl-terminus of His-ATG8e-HA, and apo-CML24
may have the greatest enhancement activity.
6.1.2 cml24 mutant tissue extracts have altered His-ATG8e-HA activity
Although I can detect ATG4b enzymatic activity by the appearance of a carboxylterminal HA cleavage from His-ATG8-HA substrate in vitro, the activity level appears to
be low, with only 30% cleavage after two hours. This slow cleavage rate suggests the
possibility that the recombinant GST-ATG4b protein may not be fully active.
Alternatively, additional cellular factors and/or post-translational modifications not
present in the bacterially produced proteins are required for full ATG4b activity.
Therefore I sought to assay ATG4b activity using crude tissue lysates.
In the presence of exogenously added His-ATG8e-HA, extract ATG4 activity is
predicted to generate a lower molecular mass protein recognized by the anti-His antibody
by western blot analysis. Indeed, crude extracts from wild-type plants produce a lower
molecular mass form of an anti-His antibody recognized protein (Figure 6.6a, "Col-0").
This lower band is likely produced by endogenous ATG4 activity because extracts
derived from an atg4a4b double mutant fail to generate this product (Figure 6.6a,
"atg4a4b").
Plants were harvested twice at different photoperiod points, during the light
period (Figure 6.6a) and one hour after the light was turned off (Figure 6.6b). I reasoned
that darkness may trigger autophagy and therefore ATG4 activity regulation may occur.
In addition, based on microarray data, ATG4b expression is regulated by light/dark cycles
(Michael et al., 2008). Under long day growth conditions, ATG4b transcripts accumulate
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Fig 6.6 cml24 mutant extracts may have altered ATG4 activity assayed as His-ATG8HA cleavage in vitro. Wild type (Col-0), cml24-2, cml24-4, atg4a, atg4b, and atg4a4b
plants were harvested in the middle of a 16-h light period (a) or one hour after the shift
to darkness (b). The scheme at the bottom indicates the sample collection times. Crude
tissue extracts were incubated with His-ATG8e-HA at 30°C for 2 hours. The reactions
were separated on 15% SDS-PAGE and immunoblotted with a-His antibody. Total
proteins were stained with coomassie brilliant blue (CBB) in the gel after transfer to
verify similar protein amounts loaded in all lanes. The experiment has been repeated
twice with similar results.
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after a shift from darkness to light and are reduced after onset of darkness (Michael et al.,
2008). Thus, one prediction is that ATG4b would be more abundant and display higher
activity in plant tissues harvested in the light than those harvested in the dark.
Extracts prepared from wild type (Col-0) harvested during the light period (Figure
6.6a, "Col-0") and one hour after the light was turned off (Figure 6.6b, "Col-0")
demonstrated ability to convert the His-ATG8e-HA substrate to a lower molecular mass
protein. The light period-collected extracts revealed higher amounts of lower molecular
mass protein than the dark period-collected extracts. These results suggest that Col-0
tissues have higher ATG4 activity during the light relative to the dark period.
To determine whether CML24 can affect endogenous ATG4 activity, I compared
the His-ATG8e-HA cleavage activities in wild-type extracts (Col-0) to extracts isolated
from the cml24-2 and cml24-4 mutants.
Extracts prepared from light or dark collected cml24-2 and cml24-4 tissues were
incubated with His-ATG8e-HA and production of the smaller protein band was assessed
by anti-His westerns. Tissue extracts prepared from light period-harvested cml24-2 and
cml24-4 demonstrated comparable production of the His-ATG8e-HA cleavage product as
wild type (Figure 6.6a, "cm/24-2" and "cm/24-4"). I interpret this result to indicate that
ATG4 activity levels are comparable in the cml24 mutants relative to wild type. However,
the low molecular mass proteins were undetectable in the dark-collected cml24-2 tissue
extract (Figure 6.6b, "cml24-2"). Production of the anti-His detected-low molecular mass
protein was also decreased in the dark-collected cml24-4 extract relative to the wild type
extract. Reduced cleavage product suggests that the cml24 mutants have a diminished
ATG4 activity at least under certain growth conditions.
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ATG4 is encoded by ATG4a and ATG4b in Arabidopsis, and ATG4b is reported to
contribute approximately 70% of total ATG4 activity (Thompson et al., 2005). To
determine whether atg4a and atg4b mutants have ATG4 activity deficiencies, I also
analyzed endogenous atg4a and atg4b activities on His-ATG8e-HA substrate (Figure
6.6a, iiatg4a" and "atg4b"). Only the extract prepared from light period-collected atg4a
had detectable anti-His detected cleavage product (Figure 6.6a, "atg4cT). atg4b and darkcollected atg4a had no detectable activity (Figure 6.6a,b, "atg4b"; 6.6b, "a/g¥a"). These
results indicate atg4a and atg4b have reduced cleavage on activity on the His-ATG8eHA substrate consistent with the expected reduction in ATG4 activity. In addition, these
results are consistent with the interpretation that this assay measures ATG4 activity.
Overall, these results suggest that ATG4b activity regulation by darkness may be
defective in cml24-2 and cml24-4; therefore, CML24 may be necessary for proper ATG4
activity regulation in response to darkness. This effect of CML24 on ATG4 activity may
be direct, in that CML24 may enhance recombinant GST-ATG4b activity in vitro.
6.2 Monitoring autophagy in cml24 mutants with fluorescence imaging
To investigate whether cml24 mutants may have altered autophagy, I used the
autophagy marker monodansylcadaverine (MDC) and a green fluorescent protein (GFP)tagged an autophagy protein, ATG8e, to monitor appearance of autophagosome-like
structures. MDC is thought to stain acidic compartments, with selectivity toward mature
autophagosomes;

GFP-ATG8

likely reports

fluorescence

regardless

of protein

localization. In brief, I find differences between the cml24 mutants and Col-0 in staining
patterns. However, clear interpretation of potential defects will require additional
experiments.
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6.2.1 The cml24 mutants have altered monodansylcadaverine fluorescence
The finding that CML24 can bind with ATG4b and may affect ATG4b activity in
plant extracts led me to test whether the cml24 mutant plants may be defective in
autophagosome formation. I used monodansylcadaverine (MDC) as a cellular
fluorescence indicator that stains acidic lipid-bound compartments (pKa 4.5-5.0)
(Biederbick et al., 1995; Contento et al., 2005).
Autophagy can be induced by nitrogen depletion in plants (Rose et al., 2006).
Therefore, I tested whether MDC fluorescence increased in roots exposed to growth
media lacking nitrogen. Plants were grown on nutrient rich media for one week and
transferred to either nitrogen-free or full nutrient liquid media for an additional 5 days.
Under rich media (PNS), wild type (Col-0) showed low MDC fluorescence levels (Figure
6.7). This basal MDC fluorescence in Col-0 could result from acidic compartment
staining unrelated to autophagosomes. Alternatively, the MDC fluorescence could be
reporting a basal level of constitutive autophagy that has been reported for Arabidopsis
roots (Inoue et al., 2006; Yano et al., 2007). After growth in the absence of nitrogen for 5
days, wild type MDC fluorescence increases (Figure 6.7, "Col-0", "PS"). This increased
MDC staining may be due to increased autophagosome formation because the autophagy
mutant, atg7-l, fails to show a comparable increase in MDC fluorescence after growth
without nitrogen (Figure 6.7, "atg7-l", "PS"). ATG7 is an El ubiquitin-like protein
required for ATG8 modification and autophagy progression (Figure 1.5) (Doelling et al.,
2002). These data are consistent with the interpretation that 5 days of growth without
nitrogen may induce starvation and increase autophagosome formation in

Nitrogen rich

Nitrogen depleted

Fig 6.7 MDC staining of root tips of wild type (Col-0), cml24-2, cml24-4, and atg7-l.
One-week-old plants were transferred to media with (Nitrogen rich) or without
nitrogen (Nitrogen depleted) and grown in the light for 5 days. Roots were stained
with MDC for 10 min and visualized by fluorescence microscopy. n=5. Representative
examples are shown.
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an atg7-l-dependent manner. Next, I compared the responses of cml24-2 and cml24-4
roots to similar treatment. cml24-2 had variable MDC fluorescence on rich media (PNS)
relative to wild type and comparable fluorescence to wild type after growth without
nitrogen. cml24-4 had elevated MDC fluorescence relative to wild type in both nitrogenrich and nitrogen-depleted media. These results suggest that CML24 may affect
autophagosome formation in roots. However, because non punctate MDC staining may
occur independently of autophagosome formation and confuse interpretation, I needed to
better define the MDC fluorescence images.
Therefore, I next examined MDC autophagosome labeling at the subcellular level.
10-day-old seedlings were transferred to PNS or PS plates for three days and stained with
MDC. Because roots contain cells in different maturation stages, I examined both
immature cells near the root tips and more mature cells located more proximally (Figure
6.8). Images were taken at lOOx magnification to view subcellular fluorescence.
On complete media, wild type root tips have variable and some what blotchy
MDC fluorescence (Figure 6.8a); this fluorescence is unlikely to be reporting
autophagosomes because atg7-l shows similar fluorescence patterns (Figure 6.8m).
However, in mature root cells, some punctate fluorescence was detected in Col-0 that was
absent in atg7-l (Figure 6.8b and 6.8n). Therefore punctate MDC fluorescence in mature
root cells may be a reliable marker for autophagosome accumulation.
The blotchy MDC fluorescence on root tips diminished in both Col-0 and atg7-l
plants grown in media lacking nitrogen (Figure 6.8c, and 6.8o). Punctate fluorescence
increases in Col-0 root tips from nitrogen-starved plants (Figure 6.8c); however atg7-l
root tips also show some fluorescence particles, although perhaps fewer than Col-0, in
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Fig 6.8 MDC staining of the root tips and mature root cells of wild type (Col-0),
cml24-2, cml24-4, and atg7-l. Ten-day-old plants were transferred to nitrogen rich
media (left panels) media lacking nitrogen (right panels) and grown in the light for
three days. Roots were stained with MDC for 10 min and visualized by fluorescence
microscopy.
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root tips grown without nitrogen (Figure 6.80). The results suggest that Col-0 root tips
accumulate more punctate MDC fluorescence in response to nitrogen-depletion relative
to atg7-l. However, these MDC staining particles in root tips may be produced
independently of ATG7.
In Col-0 mature root cells, the punctate MDC fluorescence does not significantly
increase after nitrogen starvation (Figure 6.8b), and atg7-l has no detectable fluorescence
particles in mature root cells (Figure 6.8n and 6.8p). These results suggest that Col-0
mature roots cells have autophagosomes that stain with MDC and their formation
depends on ATG7 function. However, three days of growth on media lacking nitrogen
may not be sufficient to alter autophagosome abundance.
I compared MDC punctate fluorescence accumulation in cml24-2 and cml24-4
root tips grown in complete and nitrogen-depleted media (Figure 6.8). Overall, because
punctate root tip MDC staining occurs in atg7-l at levels comparable to Col-0,
differences in the cml24 mutants are difficult to interpret. Therefore, I focused on MDC
data in the mature root cells.
In cml24-2 and cml24-4 mature root cells, MDC fluorescent particles accumulated
in both complete and nitrogen-depleted media (Figure 6.8f, 6.8h, 6.8j, and 6.81). These
punctate fluorescence particles showed random movement suggesting that they are freefloating within the vacuole as reported for autophagic bodies (Contento et al., 2005).
There may be more MDC fluorescent particles in cml24-2 and cml24-4 mature root cells
than in Col-0, but as yet I have not yet been able to quantify a difference. However, these
data suggest that MDC-labeled autophagosome structure can form in the cml24 mutants,
and therefore, CML24 may not be required for autophagosome formation.
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The effect of CML24 on autophagosome formation could also be assessed using
plants with altered CML24 expression levels. Overexpressing (01) and underexpressing
(Ul) CML24 transgenics of the RLD accession have increased and decreased CML24
protein accumulation, respectively (Delk et al., 2005). Seven-day-old seedlings were
transferred to nitrogen-rich or nitrogen-depleted media for six days. Some of wild-type
(RLD) mature root cells had low amounts of punctate MDC fluorescence in nitrogen-rich
media (Figure 6.9, three left top panels), and the abundance of these fluorescent particles
was increased after growth without nitrogen for 6 days (Figure 6.9, three left bottom
panels). These results suggest that 6 days without nitrogen may be sufficient to increase
autophagosome formation at least in the RLD background.
Both 01 and Ul had higher MDC fluorescence in nitrogen-rich media relative to
wild type (Figure 6.9, MS). In addition, 01 and Ul MDC staining punctate structures
appear less abundant than wild type after six days of nitrogen starvation (Figure 6.9).
These results suggest that either increasing or decreasing CML24 protein accumulation
may lead to enhanced basal autophagosome accumulation in mature root cells; therefore
autophagy regulation may require wild-type levels of CML24. Reduced MDC staining in
01 and Ul transgenic roots after 6 days of growth without nitrogen relative to wild type
may indicate that either the transgenics are unable to properly induce autophagosome
formation in response to nutrient deprivation or that enhanced constitutive autophagy
may exhaust available cellular components for recycling after a long-term starvation.

6.2.2 GFP-ATG8e fluorescence analysis
MDC staining has been reported to label only mature autophagosomes (Bampton
et al., 2005). Autophagosome membrane expansion and ATG8 recycling would likely be
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Fig 6.9 MDC staining of the root tips of wild type (RLD) and CML24 overexpressing
(01) and underexpressing (Ul) transgenics. One-week-old plants were transferred to
media with (MS) or without nitrogen (MS-N) and grown in the light for 6 days. Roots
were stained with MDC for 10 min and visualized by fluorescence microscopy.
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affected by altered ATG4 activity levels (Kirisako et al., 2000b; Yoshimoto et al., 2004).
To assess whether CML24 may affect early autophagosome membrane assembly and
verify effects on mature autophagosome accumulation, I sought to follow autophagy
progression using a Green Fluorescent Protein (GFP)-tagged ATG8. GFP-ATG8 is a
well-characterized tool to monitor autophagy progression (Contento et al., 2005). I
obtained CaMV35S:GFP-ATG8e transgenic plants from Dr. Bassham (U of Iowa). The
CaMV35S regulatory region is thought to drive strong and relatively constitutive
expression.
To avoid differences in GFP-ATG8e expression due to CaMV35S:GFP-ATG8e
genomic insertion sites, I crossed the GFP-ATG8e reporter into cml24-2 and cml24-4
instead of introducing the transgene by transformation. The cml24-4IGFP-ATG8e
transgenic line revealed comparable GFP-ATG8e transcript levels relative to the original
GFP-ATG8e transgenic (data not show). However, cml24-2IGFP-ATG8e plants showed
GFP fluorescence in only roots but not shoots; GFP-ATG8e transcript levels were also
low in shoots (data not shown). The lower GFP-ATG8e transcript levels in cml24-2IGFPATG8e may be due to epigenetic silencing.
Autophagy induction has been reported under nitrogen-depleted, carbon-limited,
and nitrogen/carbon ratio unbalanced conditions (Bassham et al., 2006; Rose et al., 2006).
I monitored GFP-ATG8e fluorescence in the roots of wild type, cml24-2, and cml24-4
CaMV35S:GFP-ATG8e transgenics. Seven-day-old seedlings were transferred to media
lacking nitrogen and incubated in the light or dark for two days (Figure 6.10). Darkness
should result in fixed carbon deprivation.
In Col-0/GFP-ATG8e roots, most GFP signal is diffuse with some apparent
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Fig 6.10 Effect of darkness on behavior of GFP-ATG8e fluorescence in stably
transformed roots. One-week-old GFP-ATG8e transgenic seedlings of Col-0, cml24-2,
and cml24-4 genotypes, were transferred to nitrogen free media and incubated for two
days light (left panels) or dark (right panels). Both root tips and mature root cells GFP
fluorescence is visualized by fluorescence microscopy. n>4.
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nuclear staining in the root tips (Figure 6.10a) and punctate structures in mature roots
(Figure 6.10b) after two days growth on media lacking nitrogen in the light. The
abundance of punctate GFP fluorescence structures was increased in both root tips and
mature roots in Col-0 after two days of darkness and nitrogen starvation (Figure 6.10c
and d). These results suggest that GFP-ATG8e labeled structure accumulation can be
induced by adding darkness stress to nitrogen-limited growth conditions.
Compared to Col-0/'GFP-ATG8e root tips, cml24-2IGFP-ATG8e transgenic root
tips had more abundant punctate GFP fluorescence after growth in the absence of
nitrogen for two days in the light (Figure 6.10e). Only a few fluorescence particles were
detected in mature root cells (Figure 6.1 Of), possibly fewer than seen in comparable Col0 cells. Unlike Col-0/GFP-ATG8e, cml24-2/GF?-ATG8e transgenic root tips have
comparable punctate GFP fluorescence under both light and dark conditions when grown
on media lacking nitrogen (Figure 6.10g and h). In contrast to root tip cells, the cml24-2
transgenic mature root cells may have fewer GFP labeled structures than the Col-0
transgenic under comparable conditions. Although the cml24-2 transgenic differs from
Col-0 in a root-region dependent manner, the most striking difference is that GFP-ATG8e
labeled structures are abundant in cml24-2 root tips after two days of light growth
whereas few, if any, are detected in Col-0. This suggests that cml24-2 forms
autophagosome membranes under conditions when wild type does not.
cml24-4IGFP-A TG8e transgenics appeared to have more abundant punctate GFP
fluorescence in mature root cells and root tips relative to Col-0/GFP-ATG8e under
nitrogen-free and light-growth conditions (Figure 6.1 Oi and 6.10J). The levels of punctate
fluorescence in cml24-4lGFP-ATG8e did not change robustly in response to darkness
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treatment (Figure 6.10k and 1). These results suggest that both the cml24-2 and cml24-4
alleles cause increased abundance of GFP-ATG8e fluorescent structures relative to wild
type transgenics under nitrogen-limited growth in the light. However, cml24-2 and
cml24-4 may have opposite regulation of GFP-ATG8e labeled structure formation in
mature root cells. cml24-2 has reduced fluorescent structures in plants grown in absence
of nitrogen and light, while cml24-4 has higher abundance of fluorescence punctate
structures even without the darkness treatment.
One possibility is that CML24 may affect ATG4 activity in a way that could
influence the earliest events in autophagosome membrane assembly, therefore I
investigated whether the cml24 mutants have differences in GFP-ATG8e labeling early in
autophagy induction. GFP-ATG8e transgenic seedlings were grown in nitrogen-rich
media for 7 days, then transferred to nitrogen free media and incubated in the dark for 0,
12, 24, 38, and 48 hours (Figure 6.11). In Col-0 mature root cells, some diffuse GFP
signal is detected at 0 hours (Figure 6.1 la). After 12, 24, and 38 hours of treatment, GFP
fluorescence begins to accumulate in a pattern that resembles cytosolic staining (Figure
6.11b, c, d, green arrows). This apparent change in GFP fluorescence localization
suggests that ATG8 is remobilized after 12 to 38 hours of loss of light and nitrogen
availability. GFP-ATG8e punctuate structures appear after 48 hours treatment in the wild
type transgenic (Figure 6.1 le). Although asimilar fluorescence relocation occurs in
cm\24-2 mature root cells, the staining pattern changes are not as stark as in Col-0, nor
does punctate staining occur at 48 hours post treatment (Figure 6.11f-j). At 0 hours,
cml24-4IGFP-ATG8e transgenic mature root cells have GFP staining that largely
resembles that of the Col-0 transgenics, except that they have more distinct nuclear and
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Fig 6.11 GFP-ATG8e fluorescence of darkness and nitrogen depleted treated mature
root cells. One-week-old GFP-ATG8e transgenic seedlings of wild type (Col-0), cml242 and cml24-4 were transferred from nitrogen-rich media to nitrogen-free (MS-N)
media and incubated in darkness for different time periods. Green arrows indicate GFP
fluorescence consistent with cytosolic accumulation. GFP fluorescence is visualized by
fluorescence microscopy.
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possibly more punctate staining. The cml24-4 root cells also resemble those of Col-0 in
that GFP fluorescence relocalized after 12 and 24 hours or treatment (Figure 6.111, m
green arrows). However, cml24-4 also developed small punctuate structures earlier than
seen in Col-0 (Figure 6.1 lm,n); nearly all the GFP fluorescence is restricted to particulate
form, without much diffuse fluorescence, at 48 hours post treatment. These data are
consistent with the interpretation that the cml24 mutant root cells respond to nutrient
deprivation through changes in ATG8 localization similarly to Col-0, but the kinetics of
these responses are altered in the mutants relative to wild type.
In addition, based on previous MDC and GFP fluorescence results (e.g., Figure
6.8, 6.10), autophagosome formation and/or accumulation may be variable depending
upon the maturation stage of the root cells. Therefore, I imaged three different root
regions, including the root tip and two portions of the differentiation zone (Figure 6.12,
left to right columns). The age and maturation of root cells increase more proximally.
GFP-ATG8e transgenic seedlings of Col-0, cml24-2, and cml24-4 were grown on rich
media for 7 days and roots were imaged (Figure 6.12, Oh). Col-0/GFP-ATG8e transgenics
accumulated some GFP punctate structures, consistent with a low basal level of
constitutive autophagy, both in root tips (Figure 6.12a) and mature root cells (Figure
6.12b, c, Oh), in addition to some diffuse GFP fluorescence.
cml24-2IGFP-ATG8e root tips had punctate GFP fluorescence and lower diffuse
GFP fluorescence relative to Col-0 (Figure 6.12g, Oh). In mature root cells, cml242IGFP-ATG8e transgenics had fewer punctate GFP fluorescence structures than Col-0
(Figure 6.12h, i, Oh). cml24-4IGFP-ATG8e root tip GFP fluorescence was similar to Col0/GFP-ATG8e (Figure 6.12m). However, more and/or larger GFP fluorescence structures
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Fig 6.12 GFP-ATG8e fluorescence in control (Oh) and nitrogen depleted and autophagy
inhibitor, E64d, treated roots (12h). One-week-old GFP-ATG8e transgenic seedlings of
wild type (Col-0), cml24-2 and cml24-4 were transferred from nitrogen-rich (MS)
media to nitrogen-depleted media with E64d incubated for 12 hours. Images were taken
from three different regions of roots (approximate regions indicated red boxes in the top
image) from root tips toward mature zone (left to right panels). GFP fluorescence is
visualized by fluorescence microscopy.

136
accumulated in cml24-4IGFP-ATG8e mature root cells in comparison to Col-0/GFPATG8e (Figure 6.12n, and 6.12o).
To try to improve visualization of ongoing autophagy, I treated roots with E64d, a
protease inhibitor reported to inhibit autophagic body breakdown in the vacuole
(Matsuoka, 2008; Moriyasu and Inoue, 2008). In wild type, after 12 hours of growth on
nitrogen-free media with E64d, the overall GFP fluorescence increased in mature root
cells but not root tips (Figure 6.12d, e, f). This may indicate that mature root cells, which
have higher efficiency to take up media components, are more sensitive to nitrogendepletion and/or E64d treatment. cml24-2 has high fluorescence before and after the
treatment (Figure 6.12h, k). In the mature zone of cml24-2, there is also some aggregate
GFP labeled structures accumulation (Figure 6.121). On the other hand, the GFP punctate
structures appearing with nitrogen-free growth and E64d treatment in cml24-4IGFPATG8e appear larger (Figure 6.12p, q and r) relative to 0 hour non-treated roots (Figure,
6.12n and 6.12o). Some cytosolic GFP fluorescence also appears in mature root cells,
consistent with previous data for 12-hour darkness treatment of cml24-4IGFP-ATG8e
(Figure 6.111). These results also confirm that GFP fluorescence is not uniform in
different root regions.
These GFP-ATG8e transgenic data are consistent with the previous findings of
reduced abundance of autophagosomes in cml24-2. cml24-4 may have more
autophagosome formation than wild type.
6.3 The cml24 mutants have altered ATG8 protein accumulation
I hypothesize that CML24 interacts with and regulates ATG4b. Since ATG4
primes and recycles ATG8 (Figure 1.5) and such activities may affect overall ATG8
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accumulation, I predict that mis-regulation or loss of ATG4 activity would affect ATG8
accumulation. To test these ideas, I investigated whether ATG8 levels are altered in the
atg4a4b double mutant relative to Col-0. In addition, if CML24 affects ATG4 activity in
vivo, I would predict that cml24-2 and cml24-4 may also have altered ATG8 levels.
6.3.1 The cml24 mutants have altered endogenous ATG8 accumulation levels
To enable quantification of endogenous ATG8 levels in plants, I obtained an antiATG8a antibody from Dr. Ohsumi (National Institute for Basic Biology, Okazaki, Japan)
for use on western blots. This antibody crossreacts with AtATG8a to AtATG8h isoforms
produced in yeast (Yoshimoto et al., 2004). I purified recombinant ATG8e protein from
bacteria and affinity purified the anti-ATG8e antibody before use. I also used the purified
ATG8e protein as an antigen for antibody production. However, the initial attempt
yielded a poor titer antibody that cross-reacts with other proteins. This antibody should
be affinity purified and re-tested to determine whether it will be useful.
I used the anti-ATG8a antibody to monitor ATG8 accumulation in Col-0, atg4a4b,
and the cml24 mutants. Because the ATG4 activity levels may differentially affect
soluble ATG8 versus membrane-associated, lipid-linked, ATG8e, I extracted both soluble
protein and detergent-released protein from insoluble protein pellets after centrifugation.
In Col-0, ATG8 was detected only in the aqueous-soluble protein fraction; no detectable
ATG8 was found in the detergent-soluble fractions (Figure 6.13, Col-0). atg4a4b showed
less ATG8 accumulation in the aqueous-soluble fraction and the protein detected
displayed different mobility than that from Col-0. The overall decreased levels of
aqueous-soluble ATG8 may be the consequence of ATG4 activity loss. Lack of ATG4
activity may also affect either which specific ATG8 isoforms accumulate or
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Fig 6.13 ATG8 protein accumulation in Col-0, cml24-2, cml24-4, and atg4a4b. Twoweek-old plants were grown under constant light. Aqueous-soluble proteins are shown
in left panel; detergent-soluble proteins are shown in right panel. Proteins were
separated on 15% SDS-PAGE and immunoblotted with a-ATG8a (top panel) first and
a-HSC70 (middle panel). Total proteins were stained with coomassie brilliant blue
(CBB) (bottom panel) in the gel after transfer to verify similar protein amounts loaded
in all lanes. The experiment has been repeated twice .with similar results.
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posttranslational ATG8 modifications, such as preservation of the ATG8 carboxylterminus; these differences may result in an altered SDS-PAGE migration. In detergentsoluble protein fractions of atg4a4b, ATG8 shows dramatic overaccumulation. This
protein may represent ATG8 conjugated to phosphatidylethanolamine (PE) or other lipid
due to loss of deconjugation activity by ATG4. Alternatively, loss of ATG4 activity, and
thus autophagy, may lead to overaccumulation of ATG8 because ATG8 is no longer
subjected to autophagy-mediated degradation. Overaccumulated ATG8 may be found in
the insoluble protein fraction because of its tendency to self associate (Yoshimoto et al.,
2004). If this accumulated protein is ATG8-PE, we would hypothesize that the protein is
most likely ATG8h because ATG8h, which has a carboxyl terminal Gly, does not require
ATG4 priming activity prior to PE conjugation. In addition, ATG8h is recognized by the
anti-ATG8a antibody and therefore should be imaged by the western analysis. Similarly
to wild type, ATG8 is found only in the soluble fraction of both cml24 mutant extracts
(Figure 6.13, "cml24-2" and "cml24-4"). However, both cml24 mutants have reduced
aqueous-soluble ATG8 levels relative to wild type. These results suggest that cml24
mutants still have at least some ATG4 activity; however, the lower ATG8 accumulation
may be a consequence of alterations in ATG4 regulation as a consequence of cml24
mutations.
Figure 6.13 also shows unexpected HSC70 (Heat Shock protein Cognate 70)
accumulation in atg4a4b. Anti-HSC70 was used originally as a control for protein
loading. However, these data indicate that HSC70 accumulates to high levels in atg4a4b
(Figure 6.13). Because HSC70 has a role in protein folding and turnover, HSC70 may be
induced to accumulate when other cellular mechanisms of protein degradation, such as
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autophagy, are defective, as expected in an atg4a4b mutant (Figure 6.13, compare middle
and bottom panel). In addition, It has been reported that several HSCs are degraded
through autophagy (Kirkin et al., 2009; Shen et al., 2009) and therefore HSC70 may
accumulate in atg4a4b because of defective autophagy.
I sought to verify the result shown in Figure 6.13 and to determine whether ATG8
levels vary in wild type and the mutants under conditions, such as darkness, that induce
autophagy. Three-week-old short photoperiod (8h light/16h dark) grown plants were
harvested one hour after lights were turned on (Figure 6.4, "1L") or off (Figure 6.4,
"ID"). I extracted aqueous- and detergent-soluble proteins for western analysis. In the
aqueous-soluble protein fractions, Col-0 accumulated similar levels of ATG8 after shift
from dark to light (Figure 6.14a, "Col-0", "1L") or light to dark (Figure 6.14a, "Col-0",
"ID"). The abundance of detergent-soluble ATG8 was slightly lower after one hour
darkness relative to levels after the shift to light (Figure 6.14b, "Col-0"). Since ATG8
was not present in detergent-soluble protein Col-0 grown in constant light period (Figure
6.13), but is present in detergent-soluble protein extracts of plants grown in short
photoperiods, a greater fraction of ATG8 may be lipid-associated in short-day grown
plants.
Aqueous-soluble ATG8 accumulates regardless of light conditions in atg4a4b but
the band mobility pattern is again distinct from that seen for Col-0 (Figure 6.14a,
"atg4a4b'"). atg4a4b also accumulated high levels of detergent-soluble ATG8 under both
light conditions (Figure 6.14b, ilatg4a4b"), consistent with previous results found with
plants grown under constant light (Figure 6.13). The ATG8 levels in atg4a4b are not
affected by changes in light treatments.
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Fig 6.14 ATG8a protein accumulation in short photoperiod growth Col, cml24-2,
cml24-4, and atg4a4b plants grown under short photoperiods. Plants were harvested
one hour after the shift to light (1L) or dark (ID). Aqueous- (a) and detergent- (b)
soluble proteins were extracted. Proteins were separated on 15% SDS-PAGE and
followed by analysis with anti-ATG8a western blotting. Total proteins were stained
with coomassie brilliant blue (CBB). The intensity of anti-ATG8a was normalized
with CBB staining, and protein levels in light-harvested Col-0 was defined as 1 for
quantification. The experiment has been repeated twice with similar results.
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cml24-2

and cml24-4 had decreased

levels of aqueous-soluble

ATG8

accumulation relative to Col-0 in extracts from plants harvested under both light and dark
conditions (Figure 6.14a, "1L" and "ID"). Both cml24-2 and cml24-4 also had decreased
levels of detergent-soluble ATG8 in plants harvested in the light; however, the detergentsoluble ATG8 levels were slightly increased in cml24-2 and cml24-4 dark-harvested
plants relative to wild type (Figure 6.14b). These results confirm that cml24 mutants may
accumulate

less aqueous-soluble

ATG8. In

addition,

detergent-soluble

ATG8

accumulation may be influenced by light conditions, and cml24 mutants may have slower
turnover rate of detergent-soluble ATG8 in darkness relative to Col-0.
6.3.2 The cml24 mutants show altered GFP-ATG8e accumulation patterns
GFP-ATG8e is another well characterized marker useful for monitoring
autophagy (Contento et al., 2005; Phillips et al., 2008; Slavikova et al., 2008; Yano et al.,
2007; Yoshimoto et al., 2004). cml24 mutants transformed with GFP-ATG8e revealed
distinct fluorescence patterns relative to Col-0 (Figure 6.10, 6.11 and 6.12). To assess
whether the visualized GFP-ATG8e fluorescence patterns reflect ATG8 progression
through autophagy, I monitored GFP-ATG8e accumulation and breakdown by anti-GFP
westerns. GFP is thought to be rapidly cleaved from the fusion protein upon entering the
vacuole. The released GFP moiety is stabilized especially in the presence of
Concanamycin A (ConA), which inhibits vacuolar ATPases (Fliickiger et al., 2003). By
using GFP-ATG8e transgenics, I sought to compare GFP-ATG8 progression to the
vacuole in wild type and cml24 mutant plants.
Based on previous GFP-ATG8e fluorescence transgenics results (Figure 6.11 and
6.12), I expect that 12 hours on nitrogen-free media may be long enough to induce the
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onset of autophagy. Therefore, I transferred 7-day-old GFP-ATG8e transgenic plants to
nitrogen rich or free media for 12 hours before harvesting. Immunoblotted proteins
analyzed with anti-GFP revealed three different molecular weight bands (Figure 6.15).
The slowest migrating band may be full length GFP-ATG8e. The faint band often present
just below this major band may be a lipid-modified GFP-ATG8e. Phosphatidylethanolamine (PE)-linked ATG8 runs faster than the unmodified ATG8 through SDSPAGE (Fujioka et al., 2008; Yoshimoto et al., 2004). Alternatively, this band could result
from partial breakdown of GFP-ATG8e. The low molecular weight band size is
consistent with that of free GFP (Figure 6.15).
In Co\-0/GFP-ATG8e, full length GFP-ATG8e remains relatively constant with
and without 12-hr of nitrogen starvation (Figure 6.15, "Col-0", "N, +, -"). To attempt to
slow vacuolar degradation of GFP-ATG8e, GFP-ATG8e transgenics were incubated with
ConA to inhibit vacuolar proteases (Yoshimoto et al., 2004). In the presence of ConA,
free GFP accumulates under both nitrogen-rich and -free media growth conditions
(Figure 6.15, "Col", "+ConA"). The results reveal that autophagy likely occurs even in
presence of nitrogen, but that degradation of free GFP is usually complete and so not
detected. ConA treatment may delay this breakdown of GFP. Free GFP levels are
elevated more in nitrogen-free ConA-treated plants consistent with the expectation that in
response to reduced nitrogen autophagy is induced, leading to increased degradation of
GFP-ATG8e.
cml24-2IGFP-ATG8e may have slightly lower levels of GFP-ATG8e relative to
Col-0 in nitrogen rich media (Figure 6.15, "cml24-2"). However, cml24-2 has very low
GFP-ATG8e when grown on nitrogen-free media (Figure 6.15, "cml24-2", "N, -").
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Fig 6.15 GFP-ATG8e accumulation in plants transferred to nitrogen-depleted media.
7-day-old seedlings were incubated with or without ConA for 12 hours in nitrogen
rich (+) or depleted (-) media. Total proteins were extracted subjected to SDS-PAGE
and immunoblotted with anti-GFP antibody (top panel).Full length GFP-ATG8e
protein (GFP-ATG8e) and free GFP are labeled at left. Arrow labels lower molecular
mass band; asterisks indicates small band of unknown origin. Bottom panel, total
blotted proteins were stained by Ponceau S. The experiment has been performed once.
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Similarly to Col-0, upon ConA treatment, free GFP accumulates in cml24-2IGFP-ATG8e
transgenics. However, the relative abundance of the free GFP in cml24-2 is higher than
that seen for Col-0 (Figure 6.15, "+ConA, N+"), suggesting that basal autophagy may be
higher in cml24-2 than Col-0. In addition, in nitrogen-free media, ConA appears to slow
the degradation of the GFP-ATG8e in cml24-2. This effect of ConA is consistent with the
interpretation of cml24-2's reduced GFP-ATG8e under low nitrogen may be the
consequence of vacuole protease-dependent degradation, possibly autophagy. One
interpretation of these results is that cml24-2 has higher basal autophagy than Col-0 and,
as a consequence, a nitrogen availability reduction can rapidly deplete available ATG8 by
an induction of autophagy. However, it is difficult at this time to reconcile these data with
that in Figure 6.12. While cml24-2 may have higher basal autophagy than Col-0, the data
are, as yet, unclear as to whether cml24-2 displays increased autophagy in response to
nitrogen deprivation.
cml24-4IGFP-ATG8e, like cml24-2IGFP-ATG8e, has less full-length GFPATG8e when grown on nitrogen-free media (Figure 6.15, "cml24-4") than when on
nitrogen-rich media. On nitrogen-rich media in the presence of ConA, cml24-4/GFPATG8e accumulated higher free GFP levels than wild type, suggesting that cml24-4, in
addition to cml24-2, may undergo higher rates of constitutive autophagy. Full length and
free GFP accumulate in cml24-4 when grown in nitrogen free media with ConA is similar
to wild type. The minor band migrating just below the full-length GFP-ATG8e band is
seen in most of the Co\-0/GFP-ATG8e and cml24-4/GFP-ATG8e protein samples. cml242 fails to accumulate this band to detectable levels. This could be because overall levels
of GFP-ATG8e are reduced in cml24-2 or that cml24-2 fails to accumulate the lipid
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linked form of GFP-ATG8e. Further analysis will be required to interpret these
differences. Additionally, a band near the size of free GFP appears in cml24-4 grown on
nitrogen-rich media; the identity of this protein is undetermined as yet.
These results indicate that the cml24 mutants can conduct degradation of GFPATG8e in a manner consistent with autophagy. The lower accumulation levels of GFPATG8e in the cml24 mutants, especially cml24-2, may indicate accelerated degradation
or reduced synthesis. The finding that ConA treatment leads to higher GFP-ATG8e
accumulation is consistent with alterations in protein degradation regulation, potentially
through a change in ATG4 activity and autophagy progression.
6.4 cml24 mutants have aberrant root elongation
In response to limited nutrient growth conditions, autophagy is thought to play a
role to re-mobilize nutrients by recycling organelle and protein components in cells
(Bassham et al., 2006; Wada et al., 2009). In plants, failure to appropriately regulate
autophagy would be expected to cause growth inhibition in nutrient-limited conditions.
Indeed, relative to wild type, atg4a4b roots have been reported to be shorter when
seedlings are grown under nitrogen-depleted conditions (Yoshimoto et al., 2004).
Arabidopsis primary root elongation can be affected by low nutrient content or different
nutrient ratios in the media. For example, primary root length is decreased relative to
shoot dry weight as nitrate levels are increased in the media (Linkohr et al., 2002).
Seedlings grown under nitrogen-limited conditions have altered root/shoot ratios with
more growth targeted to the root (Linkohr et al., 2002). This differential growth may be
an acclimation response enabling seedlings to access nutrients available at greater
distances. On the other hand, root elongation also can be inhibited with high levels of
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sucrose or glucose (Laetsch and Briggs, 1963). I hypothesized that autophagy would be
activated under nitrogen-limited conditions to provide the recycled components necessary
to allow enhanced root elongation.
If CML24 has a role in regulating autophagy, CML24 mutants would be expected
to show altered growth under nutrient limitation. I compared cml24 mutant and wild type
root elongation after seedling transfer to nitrogen-free (MS-N) or -rich (MS) media with
(Figure 16.16a) or without (Figure 16.16c) 0.5% sucrose under constant light. Root
length was measured after three days. Wild type (Col-0) had longer root elongation under
nitrogen-depleted media relative to rich media in both 0.5% and 0 sucrose (Figure 16.16a
and c). The autophagy mutant, atg4a4b, had longer primarily roots relative to wild type
in MS with sucrose media and the root length did not further increase in nitrogen-free
media. These results are inconsistent with a previous report (Yoshimoto et al., 2004); the
inconsistency may be because the two mutants examined are of different ecotype
backgrounds. cml24-2 had short roots on both MS and MS plus sucrose media relative to
wild type and did not respond to nitrogen-free conditions (Figure 6.16a and c). cml24-4
had a similar root elongation response to nitrogen-free media as wild type (Figure 6.16b
and d). The wild type root length ratio on MS-N to MS is approximately 1.5 whereas
atg4a4b is close to 1 (Figure 16.16b). This suggests that the autophagy mutant fails to
respond to nitrogen limitation to promote root elongation. cml24-2 MS-N to MS root
length ratio is also close to 1, suggesting that it is unable to elongate roots in response to
low nitrogen. However, the severe short roots in cml24-2 may be related to other
functions of CML24 because root growth is inhibited even in nutrient-rich conditions.
Interestingly, although cml24-4 demonstrates low nitrogen induced root elongation, the

E
E
O)

c
+>*

O

o
on
Col-0

cm!24-2

cm!24-4

atg4a4b

2.5
(b)

rasEEi MS-N+0.5S/MS+0.5S

2.0
1.5
(0

1.0
0.5

-

n rt

Col-0

cm!24-2

cml24-4

atg4a4b

E
E
O)

c
_a>
+J

o
o
on
Col-0

cm!24-2

cml24-4

2.5
i

i

(d)

MS-N/MS

2.0
1.5
(0

01 1.0
0.5
n n
Col-0

cm\24-2

cm!24-4

Fig 6.16 cml24 and atg4a4b mutants have abnormal root growth in response to
nitrogen and carbon availability media. Root length was measured for 5-day-old wild
type (Col-0), cml24-2, cml24-4, and atg4a4b seedlings transferred to rich (MS) or
nitrogen depleted (MS-N) media with (a) (b) or without (c) (d) 0.5% sucrose for three
days. Error bars represent standard error, n>12.
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ratios of root length under different conditions were dependent on sucrose (Figure 16.16b
and d). In the presence of sucrose, the root length ratios in cml24-4 were slightly
increased relative to wild type; whereas in the absence of sucrose cml24-4 root ratios
were significantly decreased relative to wild type. Thus, fixed carbon availability may
also play a role in root elongation regulation.
These results suggest that cml24-2 may have a defect in responding to nitrogendepleted conditions, similarly to atg4a4b. However, atg4a4b in the Col-0 background has
longer primary roots, not shorter, as published for Ws ecotype atg4a4b (Yoshimoto et al.,
2004). The explanation for this ecotype difference is not yet clear. cml24-4 may also fail
to respond to nitrogen-limited conditions in the absence of sucrose. Overall, the role of
autophagy and CML24 in root elongation regulation remains to be fully elucidated.
6.5 Conclusion
Autophagy has been implicated in several physiological processes, including
survivability with limited nutrients and floral and embryonic development (Bassham et
al, 2006; Chen et al., 2009a; Chung et al., 2009; Deprost et al., 2005; Fujiki et al., 2007;
Harrison-Lowe and Olsen, 2008; Menand et al., 2004). Although plants and animals
share highly conserved ATG4 and ATG8 gene families, the activity regulation of these
proteins in plants is not yet clear. By studying the interaction partners of these autophagy
proteins, we may reveal regulation mechanisms.
I confirmed a direct physical interaction between CML24 and ATG4b in vitro.
This interaction is independent of Ca . Plant ATG4 proteins do not have the conserved
Cys redox sensor; instead a predicted plant specific CaM-binding domain was identified
and, based on evolutionary trace computation, is predicted to be functionally important.
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I performed in vitro activity assays with recombinant GST~ATG4b, His-ATG8eHA, and CML24. The recombinant GST-ATG4b is able to modify the carboxyl-terminus
of His-ATG8e-HA, and this activity may be elevated in presence of CML24. ApoCML24 may enhance GST-ATG4b in vitro activity more than Ca2+-bound CML24.
ATG4-dependent cleavage of His-ATG8e-HA in vitro can detected in crude plant
extracts. The cml24-2 and cml24-4 crude extracts have reduced His-ATG8e-HA cleavage
activity levels upon shift to darkness, relative to that of Col-0. One possibility is that
CML24 may be required to regulate ATG4 activity in response to change in light
conditions. To further investigate this possible CML24 regulation of ATG4 activity,
crude extract ATG4 activity levels will be assessed in plants harvested at multiple time
points under distinct carbon- or nitrogen-limited conditions.
Distinct assays to evaluate autophagosome formation and autophagy progression
were attempted to try to shed light on potential differences between the cml24 mutants
and wild type. Interpretation is complicated by the fact that different root regions show
distinct responses and the kinetics of induced changes vary among genotypes. However,
my hypothesis based on data obtained to date is that CML24 can affect autophagosome
formation and accumulation and autophagy progression. Specifically, the cml24-2
mutation leads increased punctate MDC and GFP-ATG8 fluorescence in root tips under
basal conditions, consistent with enhanced autophagy in cml24-2 root tips relative to wild
type. Constitutive autophagy in cml24-2 is also consistent with the elevated levels of GFP
release from GFP-ATG8 in plants grown under nutrient rich conditions. However, in
mutant root cells of seedlings subjected to nutrient limitation, cml24-2 has fewer
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autophagosome-like structures than wild type, consistent with the cml24-2 mutation
negatively affecting the ability to induce autophagy in response to nutrient limitation.
In mature root cells, the cml24-4 mutation appears to enhance basal levels of
autophagosome formation and accelerate autophagosome appearance in response to
nutrient limitation relative to wild type.
Plants that either over or under accumulate CML24 have enhanced MDC-stained
structures relative to wild type under basal conditions. Thus, alteration of either CML24
levels or CML24 functions, as a consequence of mutation, appear to affect the extent of
autophagy.
I hypothesize that the effects on apparent autophagy levels in the cml24 mutants
are due to altered CML24 interaction with and activity regulation of ATG4. Additional
ATG4 activity assays with crude extracts of wild type and mutant tissues will be
necessary to clarity the effects of CML24 on ATG4 activity. Furthermore, examination of
the ability of mutant cml24 isoforms to regulate ATG4 activity in vitro may help to
elucidate the enzymatic basis of the cml24 mutants.
To verify a genetic interaction between CML24 and ATG4, it will be
advantageous to characterize plants defective in both CML24 and ATG4. If, for example,
CML24 upregulates ATG4 activity, a cml24/atg4 mutant should be more defective in
autophagy than either single mutant, potentially approaching the phenotype of atg4a4b.
In summary, autophagy is a regulated cellular response that varies in magnitude
depending upon cell type and growth conditions. ATG4 is a critical player that can both
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promote and inhibit autophagy progression through its modifications of ATG8. CML24
interacts with and may regulate ATG4 activity, and thus autophagosome formation.
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Chapter 7: Discussion and Future Perspectives
Fluctuations in cellular calcium (Ca ) are implicated in regulating plant growth,
development, and responses to environmental stimuli (Reed et al., 1993; Yang and
Poovaiah, 2003). The Arabidopsis genome encodes a large CaMICML family, and this
work sheds light on one Ca2+ sensor, CML24, and its potential functions in diverse
aspects of plant physiology, including the regulation of the transition to flowering, nitric
oxide (NO) accumulation, and autophagy. CML24 can interact with ATG4b, which may
regulate ATG4 activity and autophagy (Chapter 5 and 6). ATG4b does not appear to
interact with CaM and the cml24 mutants have phenotypes even in the background of the
remaining CaMs and CMLs. This suggests that individual CMLs may have specific and
distinct functions. However, CML24 and CML23 do share some overlapping functions,
both in NO accumulation and flowering regulation (Chapter 3). CML24 regulates NO
levels and may act downstream of or in parallel to NOA1, which encodes a mitochondrial
and/or chloroplast protein (Chapter 4). CML24 binds to Ca2+ and may form a disulfide.
These characteristics suggest that CML24 may act as both a Ca2+ and redox sensor
(Chapter 5).
I provide the model illustrated in Figure 7.1 to propose a summary scheme that
includes the diverse aspects of CML24 analysis. I hypothesize that CML24 acts as a Ca2+
and redox sensor and is involved in ROS and Ca2+ homeostasis (Figure 7.1). High and
local accumulation of ROS and/or Ca

may be induced by starvation or different kinds

of stress (Delledonne et al., 1998; Zeidler et al., 2004). Mitochondria and/or chloroplasts
are a source of ROS (Maxwell et al., 1999) and Ca2+ (Logan and Knight, 2003)
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Fig 7.1 A proposed model for the function of CML24. CML24 regulates autophagy by
directly interacting with ATG4b. Upon aging or stress conditions, mitochondria and/or
chloroplasts may be attacked by ROS. Proper autophagy function autophagy is
required for removing malfunction mitochondria or chloroplasts, which may release
Ca2+ or ROS. CML24 can use EF-hands or disulfides to sense Ca2+ or ROS, which
may impact ATG4 interaction. Autophagosome formation requires proper ATG4
activities in priming and/or lipid deconjugation of ATG8. Without proper autophagy
regulation by CML24, mitochondria or chloroplasts, which contain NOA1, may also
produce NO from NO2". NO can also be produced by reduction of NO2" by nitrate
reductase (NR) under hypoxia conditions. NO can be degraded by hemoglobin.
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production in Arabidopsis. CML24 may detect increases in Caz and ROS through
binding Ca2+ or oxidation-induced Cys thiol modification, and these changes would lead
to activated CML24. CML24 directly interacts with ATG4. Activated CML24 may
differentially affect ATG4 activities in priming and/or lipid deconjugation of ATG8.
ATG4 activity is necessary to prime ATG8, but too much ATG4 activity may block
mature autophagosome formation. Thus, turning down ATG4 activity may be necessary
for robust autophagy. Defective mitochondria and chloroplasts may release too much
ROS or Ca2+. Mitochondria and chloroplasts are also reported sources of NO production
from nitrite in plants (Jasid et al., 2006; Planchet et al., 2005) (Figure 7.1). Thus, stress
signals may trigger CML24 effects on ATG4, perhaps inhibition of deconjugation
activity, enabling autophagy induction. Nitrate reductase is required to produce nitrite,
and nitrite is likely to be the major source for NO production in plants. Nitrate reduction
can also convert nitrite to NO under hypoxia conditions, which may contribute a small
portion of NO accumulation (Figure 7.1). NO can trigger several downstream cell
responses, like stomatal aperture regulation, pathogen resistance and flowering time
transition regulation (Garcia-Mata et al., 2003; He et al., 2004b; Li et al, 2009; Ma et al.,
2008).
In this study, CML24 has been shown to interact with ATG4b by yeast twohybrid and GST pull-down. To gain more insight to CML24 functions and autophagy
regulation, several future experiments are proposed.
There are two ATG4 isoforms in Arabidopsis genome, ATG4a and ATG4b. To
test whether CML24 also interacts with ATG4a, GST-ATG4a protein will be generated
and purified for GST pull-down assay with CML24. Additionally, to address CML24 and
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ATG4a/4b in vivo interaction, CML24- and ATG4b-tag (e.g. myc, HA, FLAG and GST)
transgenic plants will be generated and co-immunoprecipitation with anti-tag antibodies
will be performed. Moreover, additional CML24 interaction partners could also be pulled
down since many CaMs/CMLs may have multiple targets (Popescu et al., 2007a). ATG4
is known to interact with ATG8 (Fujioka et al., 2008; Fujita et al., 2008; Satoo et al.,
2009; Tanida et al., 2004b; Yoshimoto et al., 2004). Preliminary GST pull-down assay
did not show CML24 and ATG8e-ATG4b interaction (data not shown). This result may
be because ATG4b may have higher binding affinity for ATG8e than CML24. To
investigate whether the second functional region on ATG4b predicted by Evolution Trace
analysis is important for ATG4b-CML24 interaction, amino acid substituted ATG4b
mutants (Q184, R190, L191, G192, R193) proteins will be expressed and verified the
interaction with CML24 assayed. Co-crystallization of CML24-ATG4b proteins and
determination of structure could also shed light on the structure bases for ATG4 activity
regulation.
Plant ATG4s lack the analogous Cys required for redox regulation of animal
ATG4s (Scherz-Shouval et al. 2007). One possibility is that CML24, with the ability to
form at least one disulfide between two of the four Cys residues, may act as a redox
sensor and be responsible for plant ATG4 activity regulation. To assess whether the Cys
residues on CML24 may act in redox sensing, CML24 protein pre-treated with H2O2 and
DTT will be analyzed for disulfide bond formation with mass spectrometry. CML24 Cys
mutants (CI 1, C126, C131 and C145) will also be generated and the disulfide bonds will
be expected to be lost based on the mass spectrum. Additional CML24-ATG4 pull-down
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assays will be performed in the present of H2O2 or DTT to imitate different redox
environments.
The two distinct activities of ATG4 are priming ATG8 and releasing ATG8 from
PE (Yoshimoto et al., 2004). Although the recombinant GST-ATG4b revealed the
cysteine protease activity to cleave carboxyl-terminus of His-ATG8e-HA in vitro, the
activity was low relative to previous report with animal ATG4s, which had full cleavage
of ATG8 within one hour incubation (Fujioka et al, 2008; Scherz-Shouval et al., 2007;
Tanida et al., 2004b). To overcome the low ATG4 activity, the GST tag will be removed
from the recombinant GST-ATG4b with thrombin. Alternatively, another tagged fusion
of ATG4b protein will be generated and analyzed for in vitro activity. ATG4 activity
could also be analyzed with the tissue extract and incubated with exogenous His-ATG8eHA. To analyze whether ATG4 activity could be regulated through CML24, wild-type,
cml24-2, cm\24-4, atg4a4b, and cml24/atg4a4b mutant tissues will be harvested at
different conditions, e.g. darkness or light, nitrogen starvation, and tissue extract will be
incubated with His-ATG8e-HA. The endogenous ATG4 activity will be determined
based on the accumulation of processed His-ATG8e. Endogenous ATG8 protein and
transcript levels will also be analyzed with western blots and Q-PCR, respectively.
CML24 may have different regulation on the two distinct activities of ATG4.
Two of Arabidopsis ATG8s, ATG8h and ATG8i, which do not have the extended
carboxyl-terminus after Gly, may only require ATG4 for releasing from the PE. atg8h
and atg8i mutants will be identified and crossed with cml24 and atg4a4b to analyze
whether CML24 regulates autophagy by affecting the priming activity of ATG4. In
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addition, ATG8-PE will be engineered to verify ATG4 deconjugation activity, which
potentially is also regulated by CML24.
Proper ATG4 activity regulation is critical for autophagosome closure (Fujita et
al., 2008). To monitor autophagosome number and autophagic flux, GFP-ATG8 has been
wildely used (Contento et al., 2005; Mizushima et al., 2010; Slavikova et al., 2008).
cml24-2IGFP-ATG8a and cml24-4IGFP-ATG8a transgenics revealed different punctate
and diffused GFP fluorescence relative to Col-0/GFP-ATG8a, which may correlate to
defective CML24 functions. However, some potential pitfalls may occur with the GFPATG8a transgenics driven by a constitutive promoter. An endogenous ATG8a promoter
will be fused to GFP-ATG8a and transferred to cml24 and cml24/atg4a4b mutants, which
could prevent ectopic GFP fluorescence. To confirm the fluorescence structures observed
by MDC and GFP, transmission electron microscopy (TEM) will also performed to
detect the morphology of autophagosome double membranes.
In addition, CML24 may also interact with a protein (Atlg72090) function in
iron-sulfur cluster binding from yeast two-hybrid analysis. The interaction of CML24 and
Atlg72090 still needs to be verified and the cellular functions of Atlg72090 remain
unclear.
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Appendix Al. Amino acid content in wild

Amino acid content
Col-0
3243
Ala
14774
Arg
Asn
51553
Asp
2468
Cit
3661
Cys2"
0"
Cyst
179
Cysteine
8538
Gin
55759
Glu
9061
747
Gly
937
His
He
62
63
Leu
Lys
528
Met
52
Orn
699
Phe
57
Pro
323
Ser
1516
Thr
501
Tyr
545
Val
278
(stander) 800
MetS02
Norleu
(stander) 666
•Relative amino acid changed more or less than
•'Absolute amino acid content

cml23-2
48.08*
62.33
73.27
123.99
47.81
0"
134.36
166.15
45.96
101.25
95.11
64.62
214.52
169.84
87.97
259.22
228.61
101.77
57.43
242.51
130.54
53.49
117.12
100.00
104.81
2 times of

and cml mutants.

Relative amino acid content (% of Col-0)
cml23\cml24-1
cml24-4
cml23\cml24-4
cml24-2
47.00
101.91
81.00
107.36
84.79
60.56
129.26
78.22
70.58
74.60
112.99
76.46
55.94
79.94
67.06
91.69
68.13
66.51
104.28
54.21
111"
509"
426"
255"
129.61
141.06
116.76
105.31
132.42
187.16
136.29
129.35
256.12
126.14
102.67
146.51
74.41
81.15
77.76
99.26
155.93
145.01
122.91
114.20
81.54
89.11
160.51
151.81
108.87
83.87
72.58
92.74
145.24
106.35
131.75
123.81
62.97
136.65
83.90
61.65
84.47
189.32
114.56
165.05
30.54
205.08
87.55
82.76
156.64
109.73
236.28
162.83
108.67
165.33
140.87
151.08
159.63
169.43
202.80
109.70
3987.33
2035.73
4052.20
105.09
419.63
184.50
45.60
80.28
104.14
127.75
130.09
122.88
100.00
100.00
100.00
100.00
105.41
110.59
107.66
102.63
are label with red
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Appendix A2. Ion Accumulations in cml23 and cml24 mutants. Ion levels in cml23 and
cml24 mutants were determine by ICP-MS (PiiMS, Purdue University). * P<0.05,
**P<0.01.
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