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This dissertation describes the results of experiments aimed at defining the 

tissue distribution, regulated expression and nuclear function of apyases in both 

Pisum sativum and Arabidopsis thaliana.  

As an approach to tissue-specific localizations in Arabidopsis, promoter 

regions including 5’UTR of two Arabidopsis apyrases, Atapy1 and Atapy2, were 

linked with GUS and transformed into Arabidopsis thaliana. As evaluated by 

GUS staining, the expression patterns of the two apyrases were almost identical.  

The highest expression level for both apyrases was found in mature pollen, the 

stigma surface, root cap and columella cells, the abscission zone and the top part 

of stipules.   Both apyrases were also expressed highly in selected cell types of 

roots other than root tip.  However, expression in hypocotyls and in flowering 

stems was not detectable for either apyrase in light grown seedlings.  In etiolated 

seedlings, both apyrases are expressed in the upper region of the hypocotyl.  
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Semi-quantitative RT-PCR measurements showed that both apyrases are up-

regulated by blue light and red light.  Quantitative GUS assay and RT-PCR also 

shows that Atapy1 and Atapy2 are differently regulated by physical injury.  

Possible functions of AtAPYs in secretion, wound responses and in phytochrome-

mediated light signal transduction are proposed. 

Transgenic plants that express AtAPY1-GFP and the antisense of Atapy1 

were also made.  The AtAPY1-GFP hybrid protein was found to exist as dot-like 

structures primarily in the cytosol.  These plants showed no visible phenotype 

differences to wild-type plants, in conformity to the observations that plants 

knocked out in Atapy1 had no apparent phenotypic differences from wild-type 

plants.  

In the nuclei of etiolated pea seedlings, expression of the apyrase protein 

is regulated by red light but not white light.  The nuclear apyrase was found to 

exist in a large (MW ~ 400Kd-800Kd) protein complex bound to the nuclear 

matrix.  Specific molecular mass proteins were found to associate with apyrase 

when it was separated on molecular sieve chromatography and 

immunoprecipitated with highly specific polyclonal antibodies. In Arabidopsis, 

attempts to use AtAPY1 as bait in the yeast two-hybrid system to search for its 

binding protein were not successful. 
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CHAPTER ONE: INTRODUCTION 

Apyrases (ATP diphosphohydrolases, EC 3.6.1.5) belong to a group of 

enzymes that can hydrolyze ATP.  Though apyrases and ATPases all have the 

ability to hydrolyze ATP, they differ from each other in several aspects.  

First, apyrases have a broad substrate specificity but a high specific 

activity. Apyrases can hydrolyze different nucleotide di- and triphosphates to 

nucleotide monophosphate. The hydrolyzing efficiency of apyrase for ATP is 

normally 1-2 times higher than for ADP (Komoszynski and Wojtczak, 1996).  In 

contrast, ATPases, using ATP as their primary substrate, have a higher substrate 

specificity.  Although some ATPases can also hydrolyze ADP, their hydrolyzing 

efficiency for ADP is typically only one tenth of that for ATP, or even less.  

A second distinguishing characteristic of apyrases is that they are typically 

insensitive to known inhibitors of various ATPases (P-, F- and V-type) and 

phosphatases, such as azide and vanadate. So, apyrases have been classified as 

“E-type ATPase”.   

Apyrases also have a broader divalent cation requirement than most 

ATPases. Most apyrases use Mg2+and Ca2+ as their most efficient divalent cation.  

Some can also use Mn2+ (Zhong and Guidotti 1999, Ghosh et al. 1998, Kettlun et 

al. 1992b).  In contrast, ATPases typically use Mg2+.   
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Not surprisingly, the unique biochemical characteristics of apyrases are 

reflected by unique protein sequence motifs.  Apyrases typically have four such 

motifs, which are called Apyrase Conserved Regions (ACRs) (Honda and 

Guidotti, 1996). Most ATPases have a Walker ATP binding domain, which 

cannot be found in apyrases.  

Apyrases can be further divided into endo-apyrase and ecto-apyrase sub-

families.  Endo-apyrases are localized and function intracellularly, either on an 

inner membrane system or in a soluble form in the cytoplasm.  Ecto-apyrases 

localize in the plasma membrane with their catalytic domain facing outside the 

cell, or they are secreted into extracellular space. In mammals, apyrase is now 

more commonly called E-NTPDase (ecto-nucleotide triphosphate 

diphosphohydrolase) (Zimmermann 2001).  There are six members (CD39, 

CD39L1 to CD39L5) in this family, which are all relatively well characterized. 

Though they are all called Ecto-NTPDases, two members (CD39L4/NTPDase5 

and CD39L2/NTPDase6) are actually endo-apyrases (Wang and Guidotti 1998a, 

Biederbick et al., 1999, Shi et al. 2001).  Apyrases from the salivary gland of 

blood-feeding insects are ecto-apyrases because they are secreted to the host's 

hemostatic system during feeding.   

In plants, apyrases have been found in all the species examined.  They 

have been reported to be localized on the outer membrane of mitochondria 
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(Zancani et al. 2001), in nuclei and on plasma membranes in pea (Thomas et al. 

1999), and in Golgi in soybean (Day et al. 2000).  They are also reported to be 

associated with the cytoskeleton (Shibata et al. 1999).  In potato, it was reported 

that apyrases also exist as a soluble form in the cytoplasm (Handa and Guidotti, 

1996, Kettlun et al. 1992a).  

 

1.1 STRUCTURE-FUNCTION ANALYSES OF APYRASES   

1.1.1 Post-translational modification 

Most structural analyses on apyrases have been done on members of the 

mammalian E-NTPDase family, especially CD39.  CD39 was originally identified 

as a cell-surface marker of Epstein Barr virus (EBV)-transformed B 

lymphoblastoid cells (Maliszewski, et al. 1994), and was found primarily on 

activated immune cells (Kansas et al. 1991, Ikewaki, et al. 1992 and Deunsing et 

al. 1994).  CD39 has two transmembrane domains located at both N- and C- 

terminal ends.  Between the transmembrane domains is a large extracellular 

region.  Sequence analysis showed the extracellular region of CD39 contains five 

apyrase conserved regions (Handa and Guidotti, 1996, Kegel et al. 1997), which 

are hallmarks of apyrase family members.   

The enzyme activity of CD39 and most other ecto-apyrases are inhibited 

by most of the detergents used for membrane solubilization.  But the activity of 
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soluble apyrases, such as potato apyrase, is not affected by those detergents.  

Wang et al. (1998) showed that four monomers of CD39 noncovalently bond 

together and form a tetramer on the plasma membrane.  By deleting one of the 

transmembrane domains at a time, they were able to show that one 

transmembrane domain is sufficient for the membrane localization, but both 

domains are necessary for forming the tetramer structure.  By using these deletion 

mutants and a secreted soluble construct of CD39, they also showed that the 

transmembrane domains are not necessary for the enzyme activity, though the 

activity of the tetramer is higher than that of the monomer.  The detergents that 

inhibit the enzyme activity can actually disassociate the tetramer into monomers, 

and apparently this causes the decrease of enzyme activity.  Wang et al. (1998) 

conclude that the heterologous interactions between the transmembrane domains 

are important for the high enzyme activity and for maintaining the quaternary 

structure of the enzyme in the membrane. Two other members of the E-NTPDase 

family, human ecto-ATPase (CD39L1 or NTPDase2) (Chadwick and Frischauf 

1997), and chicken stomach and gizzard ecto-apyrase (CD39L3 or NTPDase3) 

(Carl et al. 1998), also have two transmembrane domains and form 

homotetramers and homodimers, respectively, in the membrane.       

Other than its transmembrane domain, CD39 has six putative N-

glycosylation sites within its sequence (Maliszewski et al. 1994, Wang et al. 1998, 
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Wang et al. 1997) and is heavily glycosylated (Wang et al. 1998, Wang et al. 

1997, Kansas et al. 1991).  The sugar side chains are important for CD39 function 

as a surface marker.  However, it was also shown that N-glycosylation of CD39 is 

important for regulating its activity and localization.  

 Since CD39 has its catalytic domain facing outside of the cell and has 

extremely high turnover rates on nucleotide substrates (Zhong et al. 2001, Handa 

and Guidotti 1996), it is very important that the activity of CD39 be highly 

regulated so that it won’t deplete the ATP pool in ER and Golgi during the 

process of its secretion to the plasma membrane.  Zhong et al. (2001) showed that 

CD39 is not active until it reaches the plasma membrane.  By comparing a 

secreted version and ER-retained version of CD39, they were able to show the 

secreted version of CD39 has a high level of N-glycosylation and is highly active 

when purified from the growth medium.  But without glycosylation, soluble 

CD39 is retained intracellularly and is inactive, and the ER-retained version of 

CD39 is not active even if it is glycosylated.  Glycosylation may also contribute 

to the difference between the ecto-apyrase activities from different tissues 

(Maliszewski et al. 1994).  A glycosylation site is found in yeast YND1 (Gao et 

al. 1999), and some potential glycosylation sites are also found in other members 

of the apyrase family, such as potato tuber soluble apyrase (Handa and Guidotti 

1996), legume Nod factor-binding protein LNP (Etzler et al. 1999), pig 
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NTPDase1 (Lemmens et al. 2000), chicken oviduct ecto-ATP-

diphosphohydrolase (Nagy et al. 1998), and Arabidopsis apyrase (Steinebrunner 

et al. 2000). In Mimosa pudica, apyrases are noncovalently associated with 

polysaccharides in the presence of Ca2+, and this association is required for the 

activity of apyrase (Ghosh et al. 1998). 

CD39 has a short N-terminal intracellular region.  This region contains a 

cysteine residue that has a potential of forming high-energy thioester linkages 

(Maliszewski et al. 1994). Bobson’s group found that CD39 was associated with 

caveolae (Kittle et al. 1999), and later they showed that caveolae-targeted CD39 

undergoes the post-translational modification of palmitoylation. Based on these 

observations, they suggested that the N-terminal intracytoplasmic region of CD39 

might participate in the regulation of attaching CD39 to the cell membrane, and 

that the tetramer structure of CD39 in membranes might be facilitated by the 

palmitoylation (or other kind of S-acylation) through intermolecular interactions 

with the cholesterol and sphingolipid-rich caveolar microdomains (Koziak et al. 

2000). 

 

1.1.2 The importance of Apyrase Conserved Regions 

Almost all the apyrases from mammals and plants share some conserved 

amino acid sequences, which are known as apyrase conserved regions.  The 
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existence of apyrase conserved regions became a major standard for the 

identification of new apyrases.  Four ACRs were first identified by Handa and 

Guidotti (1996) in potato apyrase.  The fifth ACR was identified in CD39 and 

related proteins by Vasconcelos et al. (1996).  Though the function of ACRs is not 

fully understood, there is evidence showing that these ACRs are involved in 

nucleotide binding as well as in the regulation of hydrolysis activity.  Sequence 

analysis showed that ACR1 and ACR4 are similar to actin-hsp70- hexokinase β- 

and γ-phosphate binding motifs, and this suggests that these two regions might be 

involved in nucleotide binding (Wang and Guidotti 1996). Point mutations of 

conserved amino acids within ACRs showed these conserved regions are required 

for catalytic activity and/or substrate specificity (Schulte et al. 1999).  

Some resides in the ACR might also affect the divalent cation dependence 

of the enzyme (Yang et al. 2001, Biederbick et al. 2000).  Protein structures other 

than the conserved ACRs may also play a major role in determining differences in 

the catalytic properties between the related enzymes (Heine et al. 2001). 

 

1.2 FUNCTIONAL ANALYSIS OF APYRASES FROM ANIMAL AND 

YEAST   

Apyrase has diverse roles in different organisms, and most of its functions 

are  based  on  its  ATP/ADP  degradation  activity.  Among  all  the  apyrases, the 
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 function of mammalian CD39 is the most elucidated. 

CD39, as a lymphoid cell activation antigen, is suggested to have a role in 

cell adhesion (Kansas et al. 1991). It may also play a role in controlling 

lymphocyte function including antigen recognition and/or the activation of 

effector activities of cytotoxic T cells (Zimmermann 2001 and refs. therein).  It 

has been reported to associate with caveolae (Kittle et al. 1999), which serve as 

docking places in the plasmalemma for many proteins involved in signal 

transduction, such as G-proteins. The major substrates of CD39, ATP and ADP, 

are ligands of P2 receptors that are coupled to G-proteins; and these ligands are 

inactivated by hydrolysis to adenosine by ecto-nucleotidases, including CD39.  So 

the function of CD39 in purinergic signaling has been widely researched.  These 

functions include hemostasis and thromboregulation (Enjyoji et al. 1999, Imai et 

al. 1999a, b), neurotransmission (Sarkis and Salto 1991, Edwards and Gibb 1993), 

apoptosis (Goepfert et al. 2000) and cytokine interleukin-� release (Imai et al. 

2000). 

CD39 is highly expressed on the surface of endothelial cells and normally 

is the main ecto-nucleotidase at the inner vascular surface (Enjyoji et al. 1999).  It 

plays a major role in the regulation of hemostasis and thrombosis.  CD39 converts 

ADP into AMP and blocks ADP-induced platelet aggregation (Kaczmarek et al. 

1996, Marcus et al. 1997, Imai et al. 1999a, b).  In CD39-deficient mice, the level 
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of ATP, ADP and adenosine in blood are normal.  This observation suggests that 

CD39 is not required for controlling plasma nucleotide concentration.    It may be 

more important for controlling transient high ATP and ADP concentrations at the 

endothelial surface (Enjyoji et al. 1999, Zimmermann 1999).  The ADP-

hydrolysis role of CD39 cannot be substituted by ATPases due to the low ADP 

hydrolysis rate of ATPase. 

The neurotransmitter role of ATP is well established.  The expression of 

CD39 is also widespread throughout the central nervous system  (Bonan et al. 

2001, Wang et al. 1997, Wang and Guidotti 1998b). During neurotransmission, 

ATP is released from the cell to the synaptic space and causes the depolarization 

of a postsynaptic membrane and signal transmission to the adjacent neuron or 

neuro-muscular junction (Komoszynski and Wojtczak 1996 and ref. therein). 

CD39 is involved in regulating synaptic transmission by degrading ATP to AMP 

to prevent the desensitization of P2 receptors resulting from prolonged exposure 

to high concentrations of ATP.  At the same time, the released AMP can activate 

5’-nucleotidase, and the release of adenosine by the 5’-nucleotidase will allow it 

to re-enter the cell and restore the cellular ATP pool (Komoszynski and Wojtczak 

1996). 

Two other roles of CD39 should be briefly mentioned. It plays an 

important role in the function of the immunosystem (Mizumoto et al. 2002, 
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Dombrowski et al. 2001, Imai et al. 2000), and in rats CD39L4 is an ER-UDPase. 

UDP is an inhibitory product of the UDP-Glc:glycoprotein glucosyltransferase. 

By eliminating UDP, CD39L4 is likely to promote re-glycosylation reactions 

involved in glycoprotein folding and quality control in the ER (Trombetta and 

Helenius 1999). The function of other members of the mammalian E-NTPDase 

family is still unclear.   

Since apyrases can degrade ADP at a very fast rate and inhibit platelet 

aggregation, blood feeding insects take advantage of this mechanism, and soluble 

apyrases are commonly found in the salivary of these insects (Mans et al. 2000, 

Cheeseman 1998, Muncuoglu et al. 1996, Valenzuela et al. 1996).  These 

apyrases are secreted during feeding and function as a regulator of the host's 

hemostatic system (Mans et al. 2000). Since platelet aggregation is one of the 

main barriers encountered by blood feeding insects during feeding, the secreted 

apyrase functions as an important factor for successful feeding. 

Though there is no ecto-apyrase identified in yeast, two endo-apyrases, 

yeast GDPase and Ynd1/Apy1p (Gao et al. 1999, Abeijon et al. 1993), have been 

found to localize in Golgi with their catalytic domain facing the Golgi lumen.  

Double deletions of these two genes reveal that the enzymes are required for 

Golgi glycosylation and cell wall integrity (Gao et al. 1999).  A recent study on 

Ynd1/Apy1p showed that it binds to the activator subunit of V-ATPases, 
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Vma13p, via its C-terminal cytoplasmic domain. When the Vma13p is absent 

from the membrane, the activity of Ynd1/Aby1p is drastically increased.  But the 

function of V-ATPase is not required for this inhibition.  These results suggest 

that the apyrase activity in the Golgi lumen can be regulated through the 

cytoplasmic domain. 

 

1.3 APYRASES IN PLANTS 

The discovery of the first apyrase in plants was reported more than a half-

century ago (Honda and Guidotti, 1996).  Since then, apyrases have been widely 

found in many different species, but little was known about their function until 

recently. Currently, more than 40 apyrase genes have been cloned and registered 

in gene banks.  

Potato tuber apyrase was the first apyrase characterized.  It was first 

reported as an adenylpyrophosphatase and later named as apyrase (Honda and 

Guidotti, 1996).  A number of apyrase isoforms have been identified from 

different varieties of potato tuber (Handa and Guidotti 1996, Kettlun et al. 1992a, 

Valenzuela et al. 1988, Mancilla et al. 1984).  These isoforms show different 

kinetic properties and subcellular localizations.  Although there are likely to be 

several apyrase genes in potato, only one soluble apyrase gene has been cloned so 

far.  The function of apyrase in potato has been proposed to be related to starch 
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synthesis, since several key enzymes in starch metabolism are regulated by the 

level of ATP, ADP or Pi (Handa and Guidotti 1996).  

Studies of the legume plant Pisum sativum have identified three apyrases, 

Psapy1 (Hsieh et al. 1996), Psapy2 (genebank accession No. BAB85978) and pea 

apyrase (accession No. AAG22044).  Apyrase in pea was originally reported as a 

nuclear apyrase from pea plumules.  Its activity could be up-regulated by red 

light, calmodulin (Chen and Roux 1986; Chen et al. 1987, Hsieh et al. 1996) and 

casein kinase II (Hsieh et al. 2000).  This apyrase was found to be expressed in 

both light and dark grown pea roots but only strongly expressed in dark grown 

plumules and stems (Hsieh et al. 1996).   Further studies showed apyrase in pea 

root could be localized on plasma membrane (Thomas et al. 1999).  Transgenic 

Arabidopsis plants expressing the Psapy1 gene showed enhanced growth 

compared with the wild type and could utilize exogenous ATP as a source of 

inorganic phosphate, suggesting this apyrase might play a role in mediating the 

uptake of phosphate from the extracellular matrix (Thomas et al. 1999).   Later 

Thomas et al. (2000) showed that transgenic plants and yeast overexpressing the 

pea apyrase had an increased resistance to cycloheximide compared to wild type 

plants, indicating that apyrases might be involved directly or indirectly in toxin 

resistance of plants, probably by regulating the efficiency of MDR transporters 

(Thomas et al. 2000).   
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Further advances in an understanding of possible functions of legume 

apyrases have been published by several groups focusing on apyrase role in 

nodulation. Etzler’s group reported that an apyrase from the legume Dolichos 

biflorus could bind to lipochitooligosaccharides and implicated its function in 

nodulation.  This apyrase was originally isolated as a lectin from the root of 

Dolichos biflorus and was first named lectin-nucleotide phosphohydrolyase (Db-

LNP) (Etzler et al. 1999).  It shares no significant homology to any lectin reported 

to date but contains four apyrase conserved regions.  Activity assays showed it 

could hydrolyse ATP, ADP and other nucleotide triphosphates but not AMP or 

pyrophosphate.  Lipochitooligosaccharide ligands not only bind to this lectin but 

also increase its apyrase activity. Localization of Db-LNP showed it was present 

on the epidermal cell surface of young roots and particularly predominant on the 

surface of root hairs, the primary site of rhizobial infection.  When treated with 

anti-LNP serum, a significant inhibition of root hair deformation and nodulation 

was observed.  The continued studies on Db-LNP by the same group showed Db-

LNP was redistributed to the tips of root hairs in response to symbiotic rhizobia or 

carbohydrate ligands (Kalsi and Etzler 2000).  However, this redistribution was 

not observed after treating the root hairs with pathogen, indicating it is not a 

defense response.  These results suggested that this Db-LNP/apyrase might play a 

role in activating downstream events either directly by signal transduction or 
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indirectly during the initiation of rhizobium-legume symbiosis.  It may also play a 

role in a related carbohydrate recognition event endogenous to the plant.  The 

same group also reported possible orthologs of this Db-LNP/apyrase in legumes 

Lotus japonicus (Lj-LNP) and Medicago sativa (Ms-LNP)(Roberts et al. 1999).  

Identification of these orthologs revealed that the function of DB-LNP/apyrase in 

Dolichos biflorus is not a unique event.   

In a study related to these works, two apyrases, GS50 and GS52, were also 

characterized in soybean (Day et al., 2000).  GS52, but not GS50, was 

transcriptionally activated by rhizobia at 6 hours after inoculation, showing this 

protein was an early nodulin.  GS52 was co-localized with the enzyme marker of 

plasma membrane in an isolated membrane fraction, suggesting that this protein is 

plasma membrane associated. The same method localized GS50 in Golgi.  In 

addition, pretreatment of roots with anti-GS52 but not anti-GS50 inhibited the 

nodulation on soybean.  Phylogenic analysis showed GS52 is closely related to 

pea apyrase 1, Medicago apyrases and Db-LNP (Cohn et al. 2001, Roberts et al. 

1999, Day et al. 2000).  These results provide more evidence on the role of 

apyrase in rhizobium-legume symbiosis or nodulation.  

In more recent work from Stacy’s group, four apyrases genes, Mtapy1-4, 

were identified (Cohn et al. 2001) in Medicago truncatula, and two of them 

(Mtapy1 and Mtapy4) were found to be inducible by inoculation with rhizobia 
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Sinorhizobium meliloti. This induction was a transient effect. The highest levels 

of expression were seen 3 to 6 h post-inoculation with expression declining to 

basal levels by 12 to 24 h after inoculation. However, the mRNA expression 

levels of Mtapy2 and Mtapy3 were not affected by rhizobial inoculation. Taken 

together, these results suggest apyrases might have a role in an early nodulation 

response, before the division of theroot cortical cell that forms the nodule 

structure.   

Recent results from our lab showed that the two Arabidopsis apyrases, 

Atapy1 and Atapy2, were critical for pollen germination (Steinebrunner et al. 

2003).   The homozygote of single knockout of either apyrase gene shows no 

obvious phenotype. But if both apyrase genes in Arabidopsis are disrupted, pollen 

will not germinate.  Plants with a heterozygote of either one apyrase and the 

homozygous knock-out for the other showed only fifty percent of pollen 

germination as compared to wild type.  Vital staining of pollen showed the 

ungerminated pollen develops normally and is still alive (Steinebrunner et al. 

2003).   

Experimental results present in this dissertation show that both 

Arabidopsis apyrases are expressed in mature pollen but not in immature pollen.  

This result is consistent with the result from Arabidopsis apyrase knockout 

studies.  Our studies of transgenic plants expressing the promoter of either 
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apyrase linked with GUS show that the expression of AP1:GUS is rapidly 

increased by physical injury while the same condition causes the decrease of 

AP2:GUS expression.  The same constructs also reveal that light suppresses the 

expression of both AP1:GUS and AP2:GUS in seedling hypocotyls, and that this 

suppression is likely related to the light-induced suppression of hypocotyl growth.   

In conclusion, apyrases play diverse roles across the animal and plant 

Kingdoms, although less is known about their function in plants. This dissertation 

is a description of experiments and results that address the regulation and function 

of apyrases in two plant species, Pisum sativum and Arabidopsis thaliana.  

Protein biochemistry and molecular techniques were used to search for the 

binding partner of apyrases.  Transgenic plants were made to study the 

localization and regulation of Arabidopsis apyrases.  
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CHAPTER TWO: APYRASE IS ASSOCIATED WITH A 

LARGE PROTEIN COMPLEX IN PEA NUCLEI 

2.1 INTRODUCTION 

Plants are very sensitive to small changes in environmental conditions, 

especially to changes in light, which is a very important external signal for plant 

development and growth.  Light signals are perceived by a complex system of 

different photoreceptors, which detect different light qualities over a wide 

spectrum.  Among all the photoreceptors identified, phytochromes are the best 

characterized, and they are responsible for the detection of red light (R) and far-

red light (FR).  

Phytochromes can affect plant physiological processes in different ways.  

After receiving red light, phytochrome can change from its inactive red-light-

absorbing form (Pr) to its active far-red light -absorbing form (Pfr) and initiate 

signaling changes. Phytochrome appears to have serine/threonine kinase activity 

(Yeh and Lagarias 1998, Cashmore 1998)), and several phytochrome kinase 

substrates have been identified (Fankhauser et al.1999, Ahmad et al.1998). Other 

early downstream elements of the light signal transduction pathway may include a 

heterotrimeric G protein and subsequently one of three pathways that involves 

either calcium/calmodulin, cGMP or both, and which can lead to changes in gene 

expression (Wu et al. 1996).  
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Light activation of phytochrome also leads to a reduction of the 

COP/DET/FUS signalosome in the nucleus, which, in turn, allows an increase in 

the nuclear concentration of certain transcription factors and increased expression 

of genes that are suppressed in darkness (Schwechheimer and Deng 2000; Ma et 

al. 2002; Ma et al. 2003). (). Some minutes after it is converted from Pr to Pfr, 

phytochrome can translocate into nucleus (Kircher et. al. 1999).  Once it gets into 

the nucleus, phytochrome may associate with its partners, such as PIF3, and 

regulate gene expression directly (Quail 2000). Despite much progress, however, 

knowledge on how exactly the light signal is transduced by phytochrome is still 

limited.   

In this lab, a nuclear-associated NTPase activity was found to be up-

regulated by red light (Chen and Roux, 1986), and this stimulation was mediated 

by calmodulin in a calcium-dependent manner (Chen et al. 1987).  Later on, this 

enzyme was identified as apyrase (Psapy-1) and, as predicted, its sequence had a 

nuclear localization signal (NLS) and a DNA binding domain at its C-terminus.  

In addition, this apyrase also contained a calmodulin-binding domain.   

The transcription of this enzyme was also found to be up-regulated by red 

light.  Interestingly, it was also up-regulated by far-red light as well as dim green 

light (Hsieh et al. 1996).  This kind of light response is known as Very-Low-

Fluence responses (VLFR) and is mediated by phytochrome A (Casal 1998).  So, 
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it was hypothesized that the nuclear-localized pea apyrase could play a role in the 

calcium/calmodulin dependent pathway of phytochrome signal transduction.  

Here we describe studies of the apyrase protein aimed at learning whether the 

nuclear enzyme functions independently or in association with other proteins. 

 

2.2 MATERIAL AND METHODS 

Pea seedlings (Pisum sativum L. cv. Alaska) were grown in dark for 7 

days at room temperature.  Plumules of the seedlings were then collected and used 

for the purification of nuclei as described by Chen et al. (1986).  Anti-pea apyrase 

antibody, pc480, was used for all the Western studies. 

2.2.1 Plant nuclear matrix preparation. 

Freshly prepared nuclei from 10-15 g dark grown pea plumules were lysed 

with 0.5 ml lysing buffer (1 mM CaCl2, 5mM DTT, 0.5% (v/v) Triton X–100, 0.5 

mM PMSF, 10 µg/ml Trypsin inhibitor, 50 mM Hepes pH 7.2) for 1 hr and 

centrifuged at 10,000 g for 15 min.  The pellet, considered to be a crude 

chromatin extract, was resuspended in 0.5 ml digestion buffer (10 mM NaCl, 5 

mM MgCl2, 10 mM CaCl2, 1 mM DTT, 0.5 mM PMSF, 50 µg/ml DNase I, 50 

µg/ml RNase A, 5 mg/ml BSA, 10 µg/ml Trypsin inhibitor and 25 mM Tris-HCl 

pH 7.6), and incubated at 37oC for 1 h.  After the sample was centrifuged at 

10,000 g for 15 min, the pellet was extracted with 0.5 ml NaCl buffer (0.35 M or 
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2 M NaCl, 0.5 mM CaCl2, 0.5 mM PMSF, 1 mM DTT, 10 µg/ml Trypsin 

inhibitor, 50 mM Hepes pH 7.2) for 1 h, and then centrifuged at 10,000 g again. 

The pellet was washed twice with 2M NaCl buffer, and the final pellet was 

considered to be the nuclear matrix fraction.  It was boiled directly in 0.5 ml SDS-

PAGE loading buffer for 10 min. 

 

2.2.2 Binding of pea apyrase to nuclear matrix 

 Bacterially-expressed recombinant pea apyrase was purified according to 

Hsieh et al (1996).  Isolated nuclear matrix was resuspended in 0.5 ml incubation 

solution (5 mM MgCl2, 10 mM CaCl2, 1 mM DTT, 0.5% (v/v) Triton X-100, 1 X 

protein inhibitor cocktail (Sigma) and 25 mM Tris-HCl pH 7.6), 10 µg 

recombinant pea apyrase was added into the incubation solution, then the sample 

was incubated at 4oC for 4 h.  The nuclear matrix was then washed with 0.5 ml 

incubation solution three times, with each wash being 15 min.  It was then boiled 

directly in 0.5 ml SDS-PAGE loading buffer for 10 min.  For SDS-PAGE, 50 µl 

sample from each preparation was loaded per lane.  

 

2.2.3 Gel Filtration 

Isolated nuclei from 10-15 grams of etiolated plumules were lysed by 0.5 

ml nuclei lysing buffer supplemented with 350 mM NaCl and centrifuged at 
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10,000 g. The extracted supernatant was ultracentrifuged at 100,000 g for 1 h to 

pellet the membrane fraction.  The resulting supernatant (about 0.7 ml) was 

loaded onto a pre-calibrated Bio-gel A 1.5 column (1.5 cm x 90 cm), which was 

then eluted overnight with filtration buffer (1 mM CaCl2, 25mM NaCl, 0.5 mM 

EDTA, 1 mM DTT, 0.02% (w/v) NaN3, 25 mM Tris-HCl pH 7.2).  Fractions were 

collected every 20 drops.   

 

2.2.4 Immunoaffinity column purification 

Apyrase antibody was cross-linked to a protein A-sepharose column using 

a cross-linking kit from Pierce. Flow-through fractions from the gel filtration, 

which were in the molecular mass range of 400 kD and 800 kD, were combined, 

concentrated and loaded onto the antibody column, which had been pre-

equilibrated in 5 ml buffer A (20 mM Tris-HCl, 0.5 mM EDTA, 0.5 mM CaCl2, 

10 mM NaCl, 1 mM MgCl2, 1 mM DTT, 0.02% (w/v) NaN3, 0.2% (v/v) NP-40, 

0.5 mM PMSF, 1X protein inhibitor cocktail (Sigma), pH 7.8).  The column was 

washed with 5 ml buffer A plus 0.35 M NaCl until the OD280 reading of flow 

through fractions fell below 0.005.  Protein was eluted with 1 M Glycine/HCl (pH 

2.8).  The pH of the eluted sample was neutralized immediately by adding 1 M 

Tris-HCl (pH 9.3). 
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2.2.5 Silver staining of SDS-PAGE gel 

Silver staining was performed according to Blum et al (1987) with slight 

modifications.  In brief, the SDS-PAGE gel was fixed for 1 hr (50% methanol, 

12% acetic acid, 0.5 ml/L 37% HCOH), and washed for 20 min with 50% ethanol  

three times with constant shaking.  The gel was then incubated 1 min in 0.2 g/L 

Na2S2O3 (5H2O), 20 min in a solution of 2 g/L AgNO3, 0.75 ml/L HCOH, then 

rinsed 20 sec with ddH2O twice.  Color was then developed in developing 

solution (60 g/L Na2CO3, 4 mg/L Na2S2O3 (5H2O), 0.5 ml/L 37% HCOH) for 10 

min or until the best contrast was seen.  Gel was then washed twice by ddH2O (2 

min each time).  The staining reaction was stopped by soaking the gel in 50% 

methanol, 12% acetic acid for 10 min.  The stained gel could be stored in 50% 

methanol for at least one week. 

 

2.3 RESULTS 

2.3.1 Pea apyrase protein is up-regulated by red light 

Previous results from this lab showed that apyrase activity and mRNA in 

dark grown pea plumules could be up-regulated by red light.  To test whether the 

protein level of apyrase can also be up-regulated by red light, one-week-old 

etiolated pea seedlings were exposed to white light or red light for 3 min then 
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returned to darkness, and plumules were collected at 10 min or 6 h after initial 

exposure.  Protein from the nuclei of plumules was prepared as described in 

Materials and Methods and used for Western blot analysis. As seen in Figure 

2.1A, nuclear apyrase is highly expressed in dark-grown plumules.  Treating dark-

grown pea plumules with brief red light can increase the protein level of apyrase 

in the nuclei (Figure 2.1B), while the same amount of continuous white light has 

no obvious effect (Figure 2.1A).  

 

2.3.2 Pea apyrase is associated with nuclear matrix 

To get a preliminary impression of where apyrase is localized in nuclei, 

we fractioned nuclei from dark-grown pea plumules by different treatments. No 

apyrase can be found in the supernatant of nuclei lysed with Triton X-100 without 

NaCl (Figure 2.2D).  This indicates that there is no free apyrase in nuclei and that 

virtually all the nuclear apyrase is associated with structures in the crude 

chromatin extract.  Apyrase can be partially released by digestion of the crude 

chromatin extract with DNase and RNase (Figure 2.2C).  Following this digestion 

all of the remaining nuclear apyrase (= most of the total nuclear apyrase), can be 

released to the supernatant by extraction with 2 M NaCl (Figure 2.2B), and no 

apyrase remains in the pellet, which is the purified nuclear matrix (Figure 2.2A).  

Extraction of the crude chromatin fraction with 0.35 NaCl alone can also partially 
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release some associated apyrase (Figure 2.2E).   

When we incubated purified nuclear matrix with purified recombinant pea 

apyrase and then washed this preparation, apyrase was found to remain associated 

with the nuclear matrix as judged by Western analysis (Figure 2.3C).  The 

tightness of this association is indicated by the fact that no apyrase could be found 

in the washing solution (Figure 2.3D); the reversibility of this association is 

indicated by the fact that washing with 2 M NaCl removes all detectable apyrase 

from the nuclear matrix (Figure 2.3E).  Taken together, our data indicate that 

nuclear apyrase only exists in a bound form in the nucleus and may associate 

directly with the nuclear matrix and/or the chromatin. 

 

2.3.3 Pea apyrase is associated with a protein complex. 

Since pea apyrase only exists in a bound form in nuclei, the next question 

we asked was whether there were any protein partners associated with pea nuclear 

apyrase.  The discovery of such partners could help us understand how pea 

apyrase functions in the nucleus.  Gel filtration was used originally to try to 

partially purify any potential apyrase-partner complex.  Surprisingly, apyrase can 

be consistently detected in eluted fractions corresponding to a molecular mass 

range from 400 kD to 800 kD (Figure 2.4B).  Since the NaCl-solubilized fraction 

was ultracentrifuged at 100,000g before it was loaded onto the gel filtration 
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column, it is unlikely that the appearance of apyrase in high molecular weight 

fractions is due to its association with small nuclear debris contaminants.  Apyrase 

can also be detected in fractions corresponding to a molecular weight range from 

40 kD to 100 kD (Figure 2.4B), which might represent apyrase monomers or 

dimers, or it might represent a different complex of apyrase with other totally 

different partners.   

The same fractionation method was applied to the red-light irradiated 

etiolated pea plumules.  The result showed that red-light does not affect the 

apyrase distribution pattern as analyzed by western blot.  This indicated that the 

protein complex associated with apyrase is not affected by red-light.  Taken 

together, the data indicate that most of the pea apyrase in nuclei is associated with 

a large protein complex.  

 

2.3.4 Immuno-affinity column purification of the pea apyrase complex 

To begin to characterize the proteins associated with nuclear pea apyrase, 

purification on an anti-apyrase immuno-affinity column was performed on the six 

gel filtration fractions that eluted at a molecular weight range from 400 kD to 800 

kD. Each of these six fractions were first run separately on an SDS-PAGE gel to 

check the protein distribution pattern and ensure all the fractions contained 

roughly same proteins from the gel filtration column.  Then these fractions were 
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combined and used on immuno-affinity column to purify the apyrase complex.  

As we can see from Figure 2.5, 8 bands, corresponding to molecular masses of 

150 kD, 85 kD, 72 kD, 60 kD, 49 kD, 45 kD, 42 kD and 29 kD, could be 

consistently pulled out by apyrase antibody. Western analysis showed that band 5 

is apyrase (Figure 2.5 B).  

 

2.4 DISCUSSION 

When pea nuclei were lysed with 0.5% (v/v) Triton X-100 without any 

NaCl, apyrase was not released, showing that it does not exist in a free form in 

nuclei.  However, after the remaining crude chromatin fraction was extracted with 

NaCl, apyrase was released, most of it as a large complex > 400 kD, and a smaller 

amount as a 50 kD fraction after gel filtration.  Although 2 M NaCl extracted 

more apyrase from the crude chromatin fraction than 0.35 M NaCl, this higher 

salt concentration could also dissociate protein complexes, or in the case of 

hydrophobic interactions, artificially induce complexes to form.  So the decision 

was made to use the apyrase extracted from chromatin by 0.35 M NaCl for 

fractionation on the gel filtration column.   Because the DNase and RNase 

digestion step will generate DNA and RNA fragments, which might randomly 

associate with proteins in an extracted apyrase complex, this step was avoided in 

preparing the apyrase sample for column chromatography.  
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After gel filtration chromatography, apyrase was found in fractions 

calibrated to be in a molecular weight range from 400 kD to 800 kD and from 40 

kD to 100 kD.  After the high molecular weight fractions were purified on an 

immunoaffinity column, 7 proteins consistently co-eluted from this column with 

apyrase.  The summed molecular weight mass of those 8 proteins was around 530 

kD, which is near the estimated mass of the peak of the high molecular weight 

fractions.  From Figure 2.5 we can see that band 3 (72 kD) in the complex, is 

obviously much stronger than any other bands, suggesting that this protein has a 

higher affinity for the silver stain or that it could exist as multiple copies in the 

complex, which would raise the molecular mass of the complex to above 600 kD.  

Some proteins in the complex may be more loosely associated with it than others.  

For example, if we increased the salt concentration from 0.35 M to 0.5M in the 

buffer used to elute bound proteins from immunoaffinity column, this resulted in 

the virtual disappearance of bands 6 and 7 in Figure 2.5A while the other bands 

remained unchanged.  This could indicate bands 6 and 7 are not associated with 

the core complex as tightly as other proteins.  Besides, we cannot totally rule out 

the presence of small nucleic acid fragments that might associate with certain 

proteins within the complex.   

Our confidence that pea nuclear apyrase is associated with a large protein 

complex is strengthened by the fact that we consistently got the same result from 
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mutliple (more than 10) repeats of the gel filtration and immunoaffinity 

purification experiments.  Since apyrase was also shown to associate with the 

nuclear matrix, it is possible that the protein complex we isolated was associated 

with the nuclear matrix through apyrase, with or without the cooperation of other 

proteins.  The nuclear matrix has been proposed to influence gene expression by 

its binding of transcriptional factors (Vlcek et al. 2001).  Together with the 

published evidence that nuclear apyrase activity is regulated by phytochrome, that 

it binds to calmodulin in a calcium-dependent manner, and that it has a DNA-

binding domain (Hsieh et al. 1996), our finding that apyrase binds to the nuclear 

matrix provides an additional rationale to propose that apyrase could play a role in 

the phytochrome signal transduction pathway leading to gene expression 

regulation.   

Nuclear NTP concentration has been reported to be an important factor for 

rRNA transcription regulation (Barker and Gourse 2001, Gaal et al. 1997).  The 

ATP concentration in nuclei may also play an important role in the regulation of 

chromosome re-modeling (Shen et al. 2002).  Since pea apyrase activity is the 

major NTPase activity in pea nuclei, it is possible that the role of apyrase in gene 

expression regulation is at the transcription level or by virtue of its being involved 

in chromosome remodeling.   

To search for the protein(s) that can bind to apyrase directly, recombinant 



 29

pea apyrase heterologously expressed in E coli. was labeled with biotin and used 

in a protein overlay assay to detect its possible binding partner(s) among the 

proteins extracted from the crude chromatin fraction by 0.35 M NaCl.  But no 

conclusive data were obtained from this experiment.  It is possible that the 

recognition between apyrase and its binding protein(s) requires post-translational 

modification of apyrase, such as its phosphorylation (Hsieh et al., 2001), which 

could not occur in the E. coli-expressed apyrase.  It is also possible that binding of 

apyrase to its partner needs cooperation of other proteins and the binding is only 

stable in the complex.  Similar reasoning can be applied also to the experiment in 

which only a low amount of recombinant apyrase bound to the nuclear matrix.     

To get further evidence for the above hypothesis, it would be important to 

identify the components in the apyrase complex.  The first approach used was to 

see if any of the proteins in the complex could be recognized by antibodies 

directed to other known nuclear proteins.  We tried antibodies that can recognize 

lamins, phytochrome, actin, CKII, nucleolin and annexin, but none of them gave a 

significantly positive recognition.   

Another way we used to try to identify the proteins that co-purified with 

apyrase on the pc480 immunoaffinity column was to try to get sequence 

information on them.  Multiple rounds of immunoaffinity isolation were 

performed, and pooled samples were separated on SDS-PAGE gel.  Protein band 
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8 in Figure 2.5 was excised out from gels for sequencing.  However, no useful 

sequence information was obtained, and this approach to identify the protein was 

unsuccessful.   

Another way to try to identify the pea apyrase binding partner(s) would be 

to use the yeast two-hybrid system and an expression library from pea.  

Alternatively, there would be an advantage to performing similar nuclear 

fractionation experiments on proteins extracted from Arabidopsis chromatin, 

because the genomic data base of Arabidopsis is already complete, which would 

make it easier to interpret highly sensitive MALDI-TOFF analyses of apyrase 

associated proteins   

In conclusion, the data in this chapter show that pea nuclear apyrase is 

bound to components of the nuclear matrix, and that when it is extracted from this 

bound state, it is released as part of a large protein complex.  These results point 

to the possibility that the complex of apyrase with its binding partners could 

function together in association with the nuclear matrix, and, because nuclear 

apyrase activity is regulated by phytochrome, play a role in the signaling steps 

leading from phytochrome activation to phytochrome-regulated gene expression, 

possibly by regulating the nuclear NTP pool.   
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                                        A                                              B 

Figure 2.1 Western results showing increased pea apyrase protein level by 
red light.  One-week-old etiolated pea seedlings were treated with white light (A) 
or red light (B) and the plumules were collected for nuclei preparation. 100 or 
50µg nuclear protein per lane in A or B, respectively, was loaded on the gel. 
Western blot was performed with antibody pc480. 
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Figure 2.2 Association of pea apyrase with nuclear matrix. Nuclear matrix 
from dark grown pea plumules was prepared according to Material and Methods.  
50 µl extraction solution from each step was loaded into a 12% SDS-PAGE and 
detected with pc480 in a Western analysis.  Lanes are samples from: (A) Nuclear 
matrix boiled directly in SDS loading buffer. (B) 2 M NaCl extraction; (C) 
Supernatant after DNase and RNase digestion; (D) Supernatant of nuclei lysed by 
0.5% Triton X-100; (E) Supernatant of 0.35M NaCl extraction 
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Figure 2.3 Binding of recombinant pea apyrase purified nuclear matrix.  
Lanes are: (A) Purified nuclear matrix from dark grown pea plumules; (B) 
Purified recombinant pea apyrase; (C) Nuclear matrix incubated with recombinant 
pea apyrase; (D) The third washing solution of apyrase-incubated nuclear matrix; 
(E) Nuclear matrix pellet, incubated with recombinant pea apyrase then washed 
by 2 M NaCl.  For lanes C, D and E, 50 µl extraction solution from each steps 
was loaded into a 12% SDS-PAGE and assayed by immunoblot, using pc480 anti-
apyrase antibody. 
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Figure 2.4 Apyrase is associated with a biological complex.  The solution 
extracted from a crude chromatin fraction by 0.35 M NaCl was ultracentrifuged at 
100,000 g for 1hr.  The supernatant was concentrated and loaded onto Bio-gel A 
1.5 column (1.5cm x 90cm).  Flow through was collected every 20 drops. (A) 
Standard curve of molecular weight for the gel filtration column.  Molecular 
weight markers (Sigma) were: blue dextron (2,000 kD), Thyroglobulin (669 kD), 
Apoferritin (443 kD), β-Amylase (200 kD), Alcohol dehydrogenase (150 kD), 
Albumin (66 kD) and Carbonic anhydrase (29 kD) (B) Western analysis of the 
flow through.  Numbers showed the number of fraction. 
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Figure 2.5 Immuno-affinity column purification of apyrase complex from 
nuclei.  Fractions from gel filtration that were in the 400 kD and 800 kD range 
were combined, concentrated and run through an protein A-sepharose column that 
was cross-linked with anti-apyrase antibody. 20 µl of the peak eluted sample was 
electrophoresed on 12% SDS-PAGE and visualized by silver staining.  Band 5 in 
A is apyrase.  B: Western blot analysis of the precipitated complex (lane 2), 
apyrase is indicated by arrow.  Lane 1: Control without using the primary 
antibody pc480.   
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CHAPTER THREE: ANALYSIS OF APYRASE EXPRESSION 

IN TRANSGENIC ARABIDOPSIS 

3.1 INTRODUCTION  
 

In etiolated pea seedlings, apyrase was first found in nuclei and shown to 

be up-regulated by light, calcium/calmodulin and casein kinase II (Chen and Roux 

1986, Chen et al. 1987, Hsieh et al. 1996, Hsieh et al. 2000).  Further studies 

showed pea apyrase could also be localized on the outside of the plasma 

membrane (Thomas et al. 1999).   

More recently, two Arabidopsis genes, Atapy1 and Atapy2 were cloned 

from Arabidopsis (Steinebrunner et al. 2000).  These two proteins were 87.1% 

identical in amino acid sequence.  They both had a predicted transmembrane 

domain at their N-terminus and a DNA binding motif at their C-terminus.  A 

major difference was that Atapy1 had a predicted calmodulin-binding domain and 

could bind calmodulin in the presence of calcium (Steinebrunner et al. 2000), but 

Atapy2 had no calmodulin-binding sequence or activity. From this point of view, 

Atapy1 might be more similar to the pea apyrase, Psapy1, than Atapy2.   

Results from transgenic Arabidopsis plants over-expressing the pea 

apyrase gene, Psapy1, suggested apyrase might play a role in mediating the 

uptake of phosphate from the extracellular matrix (Thomas et al. 1999) and be 

involved in plant toxin resistance (Thomas et al. 2000).  The studies of pea 
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apyrase raise the question of whether Arabidopsis apyrases are regulated in the 

same way and have similar functions. 

As a first step toward addressing these questions, in this chapter, we used 

different approaches to analyze the tissue distribution, cellular localization, and 

expression regulation of Atapy1 and Atapy2.  To learn more about its function, 

we overexpressed and depressed the expression of Atapy1 and evaluated what 

phenotypes resulted.   We used promoter:GUS constructs to learn that the two 

apyrases share an almost identical tissue-specific expression pattern.  We used 

diverse methods to measure how the mRNA levels of these two genes changed in 

response to light and injury stimuli.  

 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Wild type and transformants of the Arabidopsis thaliana ecotype 

Wassilewakija were grown at 22ºC under continuous light.  Seeds were 

germinated and grown on MS medium (MS salt (Sigma), 1% sucrose, 1.2% agar, 

pH5.8) up to two weeks or grown on soil directly.  For etiolated seedlings, seeds 

were put on MS medium and grown in the dark for 7 days.  

 

3.2.2 Arabidopsis transformation 
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All plasmid constructs for plant transformation were first introduced into 

Agrobacterium tumefaciens GV3101(pMP90) by electroporation.  Colonies that 

had Kan, Gen, Rif and Tet resistance were picked and grown overnight in regular 

LB liquid medium supplement with 1 mM MgSO4 and four antibiotics.  Five- to 

six-week-old Arabidopsis plants were transformed by the vacuum infiltration 

method (Bechthold, et al. 1998). Transgenic seeds were selected in regular MS 

medium supplied with 50 µg/ml Kanamycin. 

 

3.2.3 Generation of Atapy1 antisense and overexpressing plants  

3.2.3.1 Construction of Atapy1 antisense and overexpression plasmids 

To amplify Atapy1 full-length cDNA, forward primer Arapy5 (5’-

TTAGGATCCGAATTCATGACGGCGAAGCGAGCG-3’) and reverse primer 

Arapy3-1 (5’- TAGCGGCCGCAGTCATGGTGAGGATACTGC-3’) were used.  

The 1.6 kb PCR product was cloned into TOPO vector pCR2.1 to create pCR2.1-

Atapy1. To generate an Atapy1 antisense construct, pCR2.1-Atapy1 was digested 

with EcoR I and Xho I to release a 1.1 kb fragment. The resulting fragment was 

ligated into EcoR I and Xho I sites of binary vector pLBJ21 under the direction of 

35S CaMV promoter (provided by Dr. Alan Lloyd, University of Texas, Austin) 

in the antisense orientation.  To generate the Atapy1 overexpression construct, 

pCR2.1-Atapy1 was digested by EcoRI to release a 1.6 kb fragment.  The 
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fragment was ligated into EcoRI site of pLBJ21 and the correct orientation was 

determined by digestion with XhoI or XbaI.   

3.2.3.2 Construction of chimeric GFP expression plasmids for stable 

transformation 

To generate an Atapy1-GFP construct for stable transformation, forward 

primer gfpyu5 (5’-AGAGGTCGACGGGGCAATGAGTAAAGGAGAAGAAC-

TTTT-3’) and reverse primer gfpyu3a (5’- AAATCTAGATTATTTGTATAGT-

TCATCCAT-3’) were used to amplify GFP cDNA using pBIN mGFP5-ER 

(provided by Dr. Jim Haseloff, MRC Laboratory of Molecular Biology, 

Cambridge, England) as template.  The resulting 700 bp PCR product was double 

digested by SalI and XbaI and subcloned into vector pQE-30 to generate pQE-

gfp5.  Primers Arapy5 and Arapy3 (5’-TCGGAATTCGCATGCGTCAAGAT-

AAGGTGGTGAGGATACTGCTTC-3’) were used to amplify the Atapy1 gene.  

The resulting 1.6 kb PCR product was double digested by BamHI and SphI and 

subcloned into pQE-gfp5 to generate an in-frame Atapy1-GFP gene construct.  

Then another round of PCR using primer pair Arapy5 and Gfpyu3 was performed 

to amplify the conjugate Atapy1-GFP gene.  The 2.4 kb product was cloned into a 

TOPO vector to create pCR2.1-Atapy1-gfp.  Then pCR2.1-Atapy1-gfp was 

digested with EcoRI and subcloned into pLBJ21.  The correct orientation was 

determined by XhoI single digestion.   
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To delete the potential signal peptide from the Atapy1-GFP construct, 

forward primer Arapy5-2B (TTAGAATTCATGCCGGGGACGTCGACG) and 

reverse primer Gfpyu3a were used to amplify the Atapy1-gfp-no.sp using 

pCR2.1-Atapy1-gfp as a template.  The resulting 2.3 kb product was cloned into a 

TOPO vector to create pCR2.1-Atapy1-gfp-no.sp.  Then pCR2.1-Atapy1-gfp-

no.sp was double digested with EcoRI  and XbaI and subcloned into pLBJ21.   

3.2.3.3 Estimating the expression level of apyrase in transformed plants  

To determine the expression level of apyrase in antisense and 

overexpressing lines of transformed plants as well as in the chimeric GFP 

transformed plants, whole protein was extracted from 14- or 7-d-old light- or 

dark- grown seedlings, respectively, according to Martínez-García et al. (1999).  

Western blot analysis was performed using either GFP antibody (Clontech), or 

antibody raised against recombinant Atapy1 protein expressed in E. coli. 

 

3.2.4 Construction of chimeric GFP expression plasmids for transient 

expression 

To generate Atapy1-gfp and Atapy2-gfp for transient transformation, 

vectors pAVA122, pAVA321 and pAVA393 were used (kindly provided by Dr. 

von Arnim, the University of Tennessee, Knoxville).  For Atapy1-gfp, Atapy1 

was first amplified by PCR using primers Atapy12-5 (5’-TAACCATGGGCGGC-
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CGCATGACGGCGAAGCGA-3’) and Atapy1-3 (5’-ATTCCATGGCACAAA-

GTAGTGGTGGTGAGGATACTGC-3’).  The 1.6 kb PCR product was first 

subcloned into TOPO vector pCR2.1 and then digested by NcoI. The resulting 1.6 

kb fragment was ligated with vector pAVA393 that was also cut by NcoI.  The 

correct direction was verified by digestion with XhoI.  To generate Atapy2-gfp 

for transient transformation , vectors pAVA122 and pAVA321-S65T were first 

digested with NcoI and XbaI.  The 3.6 kb fragment from pAVA122 and 0.75 kb 

fragment from pAVA321-S65T were ligated to generate pAVA443-S65T.  Then 

primers TL5 (5’-CTACTCGAGTCTAGAAATTCTCAACAC-AAC-3’) and TL3 

(5’-ATAGAA-TTCGCGGCCGCTATCGTTTGCAAA-3’) were used to add 

XhoI-XbaI and NotI-EcoRI at the 5’ and 3’ end of the translational enhancer 

region from pAVA321-S65T, respectively, by PCR.  The PCR product was first 

subcloned into TOPO vector pCR2.1 to create pCR2.1-TL.  Then pCR2.1-TL was 

digested by XhoI and EcoRI and the 180 bp fragment was ligated with pAVA443-

S65T digested by the same enzymes. The resulting vector was called pAVA445-

S65T.  To put Atapy2 into pAVA445-S65T, cutting site NotI and EcoRI was 

added to the 5’ and 3’, respectively, of Atapy2 by PCR using primers Atapy12-5 

and Atapy2-3 (5’-ATTGAATTCACAAAGTAGTGGCGGTGAGGATACGGC-

3’).  Then NotI and EcoRI restriction sites were used to put Atapy2 into vector 

pAVA445-S65T.  
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3.2.5 Confocal analysis of the chimeric GFP protein constructs 

The expression of GFP was visualized by confocal laser microscopy (TCS 

4D, Leica Microsystems, Bensheim, Germany) using an FITC filter. For stable 

transformants, either 7-d-old etiolated seedlings or protoplasts generated from 4- 

week-old light grown leaves of Atapy1-GFP and Atapy1-GFP-no.sp expression 

plants were used.  For transient expression, protoplasts from 4-week-old leaves 

were isolated and transformed byeither pAVA445-S65T, pAVA445-S65T-Atapy2 

or pAVA393-Atapy1 according to Abel and Theologis (1998) and analyzed after 

16 h of incubation. 

 

3.2.6 Screen of yeast two-hybrid system using Atapy1 as bait 

3.2.6.1 Construction of GAL4-DB-Atapy1 and GAL4-DB-CaM expression 

plasmids 

The cDNA library as well as the yeast two-hybrid vectors were obtained 

from Dr. William L. Crosby (Plant Biotechnology Institute, Candada).  The 

primer pairs used to amplify Atapy1 cDNA were Arapy5-1 (5’-TTACTAGTTAT-

GACGGCGAAGCGAGCGATC-3’) and Arapy3-1 (5’-TAGCGGCCGCAGTC-

ATGGTGAGGATACTGC-3’).  The 1.6 kb PCR product was subcloned into 

pCR2.1.  Then an in-frame SpeI-NotI fragment was subcloned into the bait vector 
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pBI880.  Calmodulin cDNA was amplified using primers Cam5 (5’-AATGAAT-

TCATGGCAGATCAGCTCACC-3’) and Cam3 (5’-GCGACTAGTTCACTTTG-

CCATCATAAC-3’). PCR product was subcloned into pCR2.1 first, then 

subcloned into pBI771 as an in-frame EcoRI-SpeI fragment.  The expression of 

GAL4-DB-Atapy1 and GAL4-AT-CaM was verified by Western analysis using 

anti-FLAG antibody.   

3.2.6.2 Screening the yeast two-hybrid library 

Single plasmid was transformed into yeast followed the method of Elble 

(1992).  Co-transformation of two plasmids also followed the same method.  

Transformation of the cDNA library to the GAL4-DB-Atapy1-bearing yeast and 

the following screening procedure were exactly as prescribed by Dr. William L. 

Crosby.  pBI880-Atapy1 and pBI771-cam were also co-transformed into the same 

yeast cells to test the binding possibility of Atapy1 and CaM.   

 

3.2.7 Analysis of promoter-directed, tissue-specific GUS expression of 

Arabidopsis Apyrases 

3.2.7.1 Construction of promoter-GUS plasmids 

The Arabidopsis genomic BAC clone T6K12, which contains the Atapy1 

promoter region, AP1, was obtained from ABRC.  MRG7, which contains the 

Atapy2 promoter region, AP2, was kindly provided by Kazusa DNA Research 

Institute (Japan).  Both promoter regions used include the 5’UTR sequences of 
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Atapy1&2 genes.  AP1 was first amplified by PCR using primers AP1F (5’-CCC-

AAGCTTCTCCGCTACCTTTGGAATTCAGACG-3’) and AP1R (5’-GCGTC-

GACTCGATAGACACAAGTCCTGATGAGAGGTC-3’) and subcloned into 

TOPO vector pCR2.1 (Qiagen).  Then the 3 kb HindIII-SalI fragment was 

subcloned into binary vector pBI101 (Provided by Dr. Mark Estelle, University of 

Texas, Austin), which contains a promoterless β-glucuronidase (GUS) gene.  AP2 

was amplified using primers AP2F (5’-ACGCGTCGACATGGTCATTTGA-

GGTGGCAGAGAATATG-3’) and AP2R (5’-GCTCTAGACGTCAACAGAG-

TCGGATGTAGGAGAATGG-3’) by PCR and subcloned into vector pCR2.1 

(Qiagen).  Then a 2.8 kb SalI-XbaI fragment was subcloned into vector pBI101. 

3.2.7.2 Histochemical GUS staining 

GUS transformants were grown on regular MS medium for root and 

cotyledon staining.  For staining of flower, embryo and wounded leaves, soil- 

grown plants were used.  For various treatments, seeds were first germinated and 

grown on MS medium for 6 d and transferred to medium supplied with different 

hormones or 2.5 mM ATP and incubated for 24 h before GUS staining.  

Hormones tested were IAA (10 µM, 50 µM, 100 µM), ACC (0.01 µM, 0.1 µM, 1 

µM, 10 µM), BA (0.2 µM, 2 µM, 20 µM) and BR (0.01 µM, 0.1 µM, 1 µM). 

GUS staining was performed according to Lehman et al. (1996). In brief, 

Arabidopsis plants were vacuum fixed in 100 mM sodium phosphate, 1% 
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formaldehyde, pH 7.0 for 20 min, then rinsed 5 times in 100 mM sodium 

phosphate, pH 7.0. The GUS staining solution (1 mM 5-bromo-4-chloro-3-

indolyl-β-D glucuronic acid [X-Gluc, SIGMA], 100 mM sodium phosphate, 10 

mM EDTA, 0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 1% Triton X-100, pH 7.0) 

was then added, and staining was performed 1-4 hours with constant monitoring 

every 30 min until a desired staining intensity was reached. 

3.2.7.3 Quantitative GUS activity assay 

Quantitative GUS activity assay was performed using the fluorogenic 

substrate 4-4-methylumbelliferyl- -d-glucuronide (4-MUG) according to 

Bernhardt and Tierney (2000) with slight modification.  In brief, harvested plant 

tissues were quick-frozen in liquid nitrogen and stored at -80°C.  Tissue was 

ground in MUG extraction buffer (0.2 mL/100 mg tissue), composed of 50 mM 

sodium phosphate, pH 7.0, 10 mM -mercaptoethanol, 10 mM EDTA,  0.1% (w/v) 

SDS, and 0.1% (v/v) Triton X-100, using micropestles in Eppendorf microfuge 

tubes. The extract was clarified by centrifugation at room temperature for 15 min 

at 15,000 rpm. Protein concentration was determined using DC Protein Assay kit 

(BIO-RAD).  The reaction was carried out in 1 ml MUG extraction buffer 

containing 2 mM 4-MUG and 100 µg of total protein.  Reaction was incubated at 

37°C with constant shaking.  100 µl aliquots were removed at time zero and 20 

min. Reactions were stopped by addition of 1.9 ml 200 mM Na2CO3 and 
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fluorescence was determined using a cuvette-based scanning Spectrofluorometer 

(Photon Technologies International Quanta Master Model C). 

 

3.2.8 RT-PCR of pollen total RNA 

To collect mature pollen from Arabidopsis, about 100 fully opened 

flowers were picked and dried overnight to ensure total dryness.  The dried 

flowers were put into a 1.5 ml centrifuge tube and vortexed about 30 to 60 sec.  

During the vortexing, the centrifuge tube wall was rubbed with gloves to generate 

a static electricity.  The released pollen was attracted to the wall of the centrifuge 

tube.  The flowers were thrown away and any dried flower parts that also stuck to 

the wall were carefully picked out to ensure a pure pollen collection.   

RNA was isolated from 3 mg of pollen by grinding in equal volumes of 

grinding buffer (1 M Tris-HCl, pH 7.7; 5 mM EDTA, pH 8.0; 1% SDS) and 

phenol:chloroform (1:1). The aqueous layer was extracted with chloroform: IAA 

(24:1) once. After sodium acetate precipitation, the RNA was resuspended in 10 

µl of water. 

 For RT-PCR, 2 µg of total RNA was reverse transcribed using oligo-dT 

primers and M-MLV reverse transcriptase (Life Technologies/Gibco-BRL, 

Gaithersburg, MD) in a total volume of 20 µl. 2 µl of the reaction volume was 

used as template in the subsequent PCR reactions.  For Atapy2-specific 
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amplification, primer pairs Arapy2F (5’-GCTTTCCCAAATTCACCGT-3’) and 

ApyR (5’-TCTCCGTATTTCACCTTCTTCACTAACGT-3’) were used.  For 

Atapy1-specific amplification, the primer pairs Atapy12-5 and Atapy1-3 (5’-

ATTCCATGGCACAAAGTAGTGGTGGTGAGGATACTGC-3’) were used.   

 

3.2.9 Semi-quantitative RT-PCR 

Total RNA from light-treated 7-d-old etiolated seedlings was purified with 

RNeasy Plant Mini Kit (Qiagen).  4 µg from each RNA sample was used for 

reverse transcription.  The resulting cDNAs were used in PCR with ubiquitin-

specific primers UBQ1 (5’-GATCTTTGCCGGAAAACAATTGGAGGATGGT-

3’) and UBQ2 (5’-CGACTTGTCATTAGAAAGAAAGAGATAACAGG-3’) 

(Weigl and Glazebrook 2001).  Densitometry analysis was used for the amplified 

ubiquitin band to normalize to equal loading of cDNA from different RNA 

samples.  Apyrase specific primers AAR566 (5’-CACAGCGTAATTCTTCGG-

ACC-3’) and AraF172 (5’-GCAGCCGTAACTTGCAATC-3’) were used to amplify 

Atapy1, and Arapy2F (5’-GCTTTCCCAAATTCACCGT-3’) and AAR556 were 

used to amplify Atapy2.  10 µl aliquots of amplified product for each sample were 

taken out after 22, 23 and 24 cycles and loaded separately on 1% agarose gel for 

densitometry analysis. 
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3.3 RESULTS 

3.3.1 Functional analysis of Arabidopsis Apyrase 1 by antisense and over-

expressing plants 

3.3.1.1 Generation of Atapy1 antisense and over-expressing plants 

The transformed plants were first screened for kanamycin resistance.  

Then the expression levels of AtAPY1 were analyzed by Western blot of a total 

protein extract.  The expression of AtAPY1 was depressed at various levels in the 

seven analyzed lines of the antisense transformants compared to wild-type plants 

(Figure 3.1A).  Lines C1 and N2 showed the lowest expression level: only 10% to 

20% of the wild-type level.   In the AtAPY1-GFP full-length transformants, 5 out 

of 10 lines showed obvious expression of the construct at 80 kD (Figure 3.1C), 

when analyzed using antibodies to Arabidopsis apyrase.  The AtAPY1-GFP 

expression level of these 5 lines ranged from 5 to 10 times higher than the 

natively expressed AtAPY1.  The three highest expressing lines, AgA-I3, AgA-

D3 and AgAC5, were further verified using anti-GFP antibody (Figure 3.1D).   

When using anti-GFP antibody, an additional band at about 30 kD also 

showed up, representing the molecular weight of GFP alone.  To clarify if this 

band was due to protein degradation during sample preparing, purified protoplasts 

from 4-week-old leaves of line AgA-I3 were boiled directly in SDS sample buffer 

supplied with various proteinase inhibitors.  The 30 kD band was not present in 
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this sample (Figure 3.1E), indicating the protein in this band was not present in 

the transgenic plant.  For AtAPY1-GFP-no.sp transformants, 5 out of 6 lines 

showed strong expression of the construct (Figure 3.1B). 

3.3.1.2 Assessment of Atapy1 function by analyzing Atapy1 antisense and 

Atapy1-GFP over-expressing plants 

Thomas et al. showed that over-expressing pea apyrase in Arabidopsis 

could enhance the utilization of 2 mM inorganic phosphate by the plant (Thomas 

et al. 2000).  If AtAPY1 is involved in phosphate transport, antisense plants 

should show a decreased plant size relative to that of over-expressing plants in 

media containing different concentrations of phosphate ranging from 0.1 mM to 5 

mM.  When we compared the size of antisense, over-expressing and wild type 

plants grown with or without phosphate in the medium, there was no significant 

difference observed. 

Pea apyrase over-expressed in Arabidopsis was also shown to be involved 

in xenobiotic resistance (Thomas et al. 2000).  Known as an ecto-apyrase, pea 

apyrase was hypothesized to degrade ATP in extracellular matrix and increase the 

activity of ATP binding cassette transporters that efflux toxins.  Compared to 

wild-type plants, Arabidopsis over-expressing pea apyrase was shown to have a 

higher germination rate and larger plant size when grown in cycloheximide or 

toxic levels of 2IP (Thomas et al. 2000).  Atapy1 antisense, over-expressing and 
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wild-type plants were also grown side-by-side in media containing various 

concentrations of cycloheximide or 2-IP.  The germination rates of antisense and 

wild-type plants were similar.  After statistical analysis, there was no inhibition of 

growth observed in antisense plants compare to wild type though both types of 

plants showed a high variation in plant size.  Similar results were also observed in 

over-expressing plants.  Atapy1 antisense and over-expressing lines were also 

grown in various hormone-containing media such as IAA, NAA ACC, BA etc., 

and in different growth conditions such as darkness, cold or heat stress to test 

whether these treatments affected the transgenic and wild-type plants differently. 

But no toxin or hormone induced any obvious phenotypic differences in the 

different plants. 

3.3.1.3 Confocal analysis of chimeric GFP constructs  

Confocal analysis of 7-d-old Atapy1-gfp transgenic seedlings showed that 

the protein was localized within the cell and displayed a dot-like structure (Figure 

3.2A).  When the signal peptide of AtAPY1 was deleted from the conjugate, the 

dot-like structures disappeared, and the fluorescence was observed along the cell 

periphery (Figure 3.2B).  Similar results were also obtained from protoplasts 

isolated from light-grown transgenic plants (Figure 3.3).  The transient expression 

of pAVA393-Atapy1 and pAVA445-S65T-Atapy2 in protoplasts did not give 
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conclusive results though the positive control showed correct expression (Figure 

3.4).  

 

3.3.2 Search for apyrase-binding proteins by yeast two-hybrid system 

3.3.2.1 Analysis of correct expression of the conjugate proteins 

The correct expression of GAL4-DB-APY1 and GAL4-AT-CaM were 

confirmed by Western blot analysis using an anti-FLAG antibody.  Without 

additional sequences, GAL4-DB and GAL4-AT are polypeptides near 16 kD.  

Since the molecular weight of Atapy1 is 51 kD, it is expected that the expressed 

GAL4-DB-Atapy1 would have a molecular mass about 67 kD.  From Fig. 3.5A 

we can see there is a clear band near that size in the total protein extracted from 

yeast expressing GAL4-DB-Atapy1 (lane 2), but no band is visible at the same 

molecular mass from the yeast harboring only GAL4-DB vector (lane 1).  Atapy1 

cDNA sequence was linked to the C-terminal of GAL4-DB.  If there was any 

frame shift, the stop codon generated from the shift would terminate the 

translation much earlier and produce a polypeptide with a much lower molecular 

weight.  Since the molecular mass of expressed protein GAL4-DB-Atapy1 is, as 

expected, around 67 kD, the conjugate protein must have been expressed 

correctly.  The expected molecular mass of GAL4-AT-CaM protein is about 34 

kD.  Figure 3.5B (lane 2) shows that the expression of GAL4-AT-CaM is correct.   
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3.3.2.2 Assay of Atapy1 binding to CaM by the yeast two-hybrid system 

After co-transforming GAL4-DB-Atapy1 and GAL4-AT-CaM plasmids 

into yeast, the yeast cells were first grown on SD-leu-trp medium to assure the 

correct transformation.  When the grown–out colonies were re-streaked onto SD-

leu-trp-his+3AT medium, only very small colonies grew out after 4 days 

incubation.  The size of these colonies was less than one tenth of the positive 

control.  This indicates that Atapy1 and CaM do not bind to each other in the two-

hybrid system.  When using the colonies grown on SD-leu-trp-his+3AT medium 

to perform the X-Gal filter assay, no blue color appeared within 24 h while the 

color of positive control developed within 20 min.  This result further showed that 

Atapy1 does not bind to CaM under the experimental conditions.  

3.3.2.3 Screening the yeast two-hybrid cDNA library 

Twelve rounds of library transformation and screening were performed.  

For each round, the yeast culture used for transformation varied from 2 to 4 liters,   

and the total number of transformed colonies calculated from the twelve rounds 

was 9.6x107. From all the transformed colonies, only two false positive were 

identified.  Both of these two colonies could activate the LacZ reported gene in 

the absence of GAL4-DB-Atapy1.   
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3.3.3 Tissue specific expression of apyrases in Arabidopsis 

In order to get a clearer picture of the tissue localization of Atapy1 and 2, 

promoter (AP1 and AP2)-directed tissue specific GUS expression was used.  The 

expression of AP1:GUS and AP2:GUS was monitored at different stages, from 

seed germination to  new seed formation.  The GUS staining patterns of Atapy1 

and Atapy2 were almost identical, with slight differences around the root tip.   

3.3.3.1 AP1:GUS and AP2:GUS are expressed in roots 

The expression of AP1:GUS and AP2:GUS were analyzed first in roots of 

seedlings germinated and grown on MS medium for up to two weeks. Both 

AP1:GUS and AP2:GUS are expressed highly in the root-hypocotyl junction 

(Figure 3.7F) and root tip, mainly the root cap and the columella cells (Figure 

3.7C).  In the root of one-week-old seedlings, the expression of both AP1:GUS 

and AP2:GUS in the zone of maturation can be divided into two regions:  the 

basal region (close to the root-hypocotyl junction) and the apical region (close to 

the root tip).  In the basal region, AP1:GUS and AP2:GUS are stained mostly in 

the outer two layers: the epidermal and cortex layers of the root (Figure 3.7A).  

However, staining in differentiated epidermal cells --the root hairs-- is barely 

detectable.  Toward the root tip direction, the expression of AP1:GUS and 

AP2:GUS in the epidermal and cortex layers gradually disappears, and the 

expression in the vascular tissue gradually increases.  In the apical region of the 



 54

maturation zone, near the root tip, AP1:GUS and AP2:GUS are expressed mostly 

in the vascular tissue, and the staining for these constructs in epidermal and cortex 

layers becomes less obvious when compared with the basal region (Figure 3.7B).   

In the region between the zone of maturation and zone of elongation, the 

expression of AP2:GUS becomes generalized throughout all of the root tissue 

including epidermal, cortex and developing vascular tissue (Figure 3.7D).  But the 

expression of AP1:GUS in this region is almost undetectable (Figure 3.7E).   

The expression level of AP2:GUS in the elongation zone (between the 

zone of maturation and the root apical tip) is relatively stronger than that of 

AP1:GUS, but both expressions are low here (Figure 3.7 D, E) and the staining of 

AP1:GUS in root cap and columella cells is much stronger than in any other cell 

types in root.   As the root elongates, the expression of AP1:GUS and AP2:GUS 

in the tissue between the basal and apical regions of the zone of maturation totally 

disappears.No expression is found in the early stages of lateral root formation 

even after it emerges from the primary root (Figure 3.8 A, B). When the vascular 

tissue starts to form in lateral roots, expression of AP1:GUS and AP2:GUS 

becomes evident as judged by GUS staining. No GUS staining is found in the 

lateral root tip at this stage. (Figure 3.8C). Root tips are stained only after the 

lateral root structure is fully developed. And at this stage, the staining pattern is 

identical to the staining pattern found in the primary root (Figure 3.8D). 
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3.3.3.2 AP1:GUS and AP2:GUS are expressed in certain flower organs 

The development of Arabidopsis flowers has been divided into 12 stages, 

each characterized by landmark events (Smyth et al. 1990).  The expression of 

AP1:GUS and AP2:GUS was examined in these different stages. AP1:GUS and 

AP2:GUS are not expressed in flowers younger than stage 8 (Figure 3.9A, 

indicated by black arrows) .  Between stage 8 and 12, AP1:GUS and AP2:GUS 

are expressed only in surface cells of the stigma and in vascular tissue of carpels 

(Figure 3.9 A, indicated by red arrows, B and D).  No expression is observed in 

developing pollen (Figure 3.10A).  In flowers between stage 13 and 15, AP1:GUS 

and AP2:GUS are expressed strongly in stigma tissue and in pollen (Figure 

3.10B), and slightly in the style and other parts of the stamen. After prolonged 

staining, the whole stamen including anther wall and filaments are all stained 

(Figure 3.9C), but the expression in the carpel vascular tissue has disappeared 

(Figure 3.9E).  The expression of Atapy1 and Atapy2 in mature pollen was 

independently verified by RT-PCR using total RNA extracted from mature wild- 

type pollen (Figure 3.10C).  

In the pollinated flower AP1:GUS and AP2:GUS expression in pollen 

tubes was hard to distinguish from the background staining of style. To make the 

pollen tube staining clearly visible, wild-type plant stigmas were used for in vivo 

germination of pollen from AP1:GUS and AP2:GUS plants. The wild-type 
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flowers were emasculated the day before pollination.  The next morning, pollen 

from fully opened AP1-GUS or AP2-GUS flowers were brushed onto the wild-

type stigmas and allowed to germinate for 2 h.  A regular GUS staining procedure 

was then followed to make AP1:GUS and AP2:GUS expression in pollen tubes 

clearly visible (Figure 3.10D).  This method did not permit a direct comparison of 

the expression level of AP1:GUS and AP2:GUS in pollen with that in the pollen 

tube.  However, the fact that the staining of pollen tube was hard to distinguish 

from the staining of style indicated that the expression of AP1:GUS and 

AP2:GUS is much lower in pollen tubes than in pollen. AP1:GUS and AP2:GUS 

also show expression in pollen tubes germinated in vitro.   

Post-pollination, both AP1-GUS and AP2-GUS are also expressed 

strongly in the separation layer of the abscission zone of flower organs, where 

petal, sepal and stamen fall off after anthesis.  Figure 3.11A shows that after 

abscission of these organs the staining exists only at the former area of attachment 

to those flower structures.  When pollination was prevented by removing the 

stigma before anthesis, the staining in this area remained strong (Figure 3.11B), 

indicating the expression of apyrases in the separation layer is pollination 

independent.   

Staining was tested in the embryos of developing ovules after fertilization. 

As seen in Figure 3.12 A-D, even after prolonged staining, the expression of 
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neither AP1:GUS nor AP2:GUS was detected in any stage of embryogenesis 

(globular, heart and torpedo stage).  However, when the embryo has matured, the 

expression of AP1:GUS and AP2:GUS can be detected though the whole embryo, 

with the radicle staining slightly stronger than other regions (Figure 3.12 E). 

3.3.3.3 Expression of AP1:GUS and AP2:GUS in cotyledons, leaves, and 

stipules 

AP1:GUS and AP2:GUS stain lightly in cotyledons (Figure 3.13C) and 

true leaves (Figure 3.13D), where the vein is stained slightly stronger than other 

tissues.  AP1:GUS and AP2:GUS are also expressed strongly in stipules (Figure 

3.13A). Here the staining is limited to only the top part of the stipules (Figure 

3.13B). 

3.3.3.4 Expression of AP1:GUS and AP2:GUS is regulated by light 

The first apyrase studied in this lab, pea apyrase1, is up-regulated by red 

light.  We tested whether Arabidopsis apyrases are also light regulated.  When 

transgenic plants are grown in darkness, expression in hypocotyls of both 

transformants is clearly visible, and mainly localized at the top part of the 

hypocotyls (Figure 3.14A).  But when these plants are grown under continuous 

white light, no GUS expression in their hypocotyls can be detected (Figure 

3.14B).  Another change in the light-grown seedlings is the disappearance of GUS 

staining in cotyledons (Figure 3.14A).  These results are consistent with those of 
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the Western blot analysis, which showed the expression level of apyrases is 

higher in etiolated plants (Figure 3.14C).  When phytochrome mutants, phyA, 

phyB and phyA/B were transformed with AP1:GUS and AP2:GUS, GUS 

expression was detected in the hypocotyls of both light-grown (Figure 3.15A) and 

etiolated seedlings (Figure 3.15B).   This indicates that phyA and phyB are both 

needed for the down-regulation of Atapy1 and Atapy2 expression in light-grown 

seedlings. 

Since AP1 and AP2:GUS were found to be expressed in hypocotyls, 

especially the top part, which is the actively growing region, we wanted to know 

if both AtAPYs were involved in hypocotyl elongation.  Wild-type and Atapy 1& 

2 double- knockout seeds were germinated and grown in darkness for 7 days, and 

the hypocotyl lengths of the seedlings were measured.  As shown in figure 3.16, 

the etiolated wild-type hypocotyls were significantly longer than apyrase double-

knockout hypocotyls, indicating that apyrases are involved in the elongation of 

etiolated hypocotyls. 

The hypocotyls of etiolated seedlings are significantly longer than those of 

light-grown seedlings. Brassinosteroids (BRs) are involved in the regulation of 

stem elongation in etiolated seedlings, so we tested whether the expression of 

AP1:GUS and AP2:GUS in etiolated hypocotyls is regulated by BRs.  AP1:GUS 

and AP2:GUS transformants grown in BR-containing medium show the same 
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phenotype as BR-treated wild-type plants: hypocotyl elongation is inhibited in the 

dark but unaffected under the light.  A comparison of the GUS staining pattern of 

BR-treated plants with that of plants grown in regular medium at both growth 

conditions reveals no obvious differences (Figure 3.17). This result indicates that 

the enhanced expression of apyrases in hypocotyls is either not related to the rate 

of elongation in darkness or is regulated by a different pathway other than BR 

signal pathway.   

As an independent test of whether the expression of Arabidopsis apyrases 

is regulated by light, a semi-quantitative RT-PCR assay was employed.  Etiolated 

wild-type seedlings were exposed to red light or red/far-red light briefly and 

returned to darkness.  After 10 min or 6 h, seedlings were collected and the 

mRNA abundance of both apyrases in dark-grown seedling was compared to 

light-treated seedlings by semi-quantitative RT-PCR.  The results showed that the 

mRNA levels of both Atapy1 and Atapy2 are up-regulated by red light and this 

up-regulation can be reversed by far-red light (Figure 3.18).   The results shown 

here are representative; similar results were obtained in two additional replicate 

experiments.  A detailed time course analysis showed that the mRNA of both 

apyrases increases within 5 min and then drops down to below the dark level 

before increasing again.  The mRNA level of both Atapys reaches a peak at 

around 4 h after exposure to red light, then begin to drop (Figure 3.19).   



 60

Semi-quantitative RT-PCR assays also showed that Atapys are regulated 

by blue light, but in a manner different from that of red light regulation.  When 

etiolated seedlings are exposed to blue light, the mRNA level of Atapys increases 

within the first 30 min and then drops back to the dark level after 1 h (Figure 

3.19).   

3.3.3.5.  AP1:GUS and AP2:GUS are differentially regulated by wounding 

During GUS assays we frequently observed that wounded areas had 

stronger staining, and that this was especially evident for AP1:GUS staining.  To 

clarify if this was due to the easier penetration of GUS substrate through a 

wounded area or due to the plant response to physical injury, a quantitative GUS 

activity assay was performed to measure the differences in expression level for 

both AP1:GUS and AP2:GUS.  A time-course plot showed that the expression of 

AP1:GUS became significantly higher within 5 min after the injury, while the 

level of AP2:GUS changed only slightly.   Between 5 min and 1 h, the expression 

of AP1:GUS was maintained at a high level and reached a peak at 1 h.  Three h 

after wounding, the expression of AP1:GUS began to drop. Unlike AP1:GUS, the 

expression of AP2:GUS decreased after wounding (Figure 3.20), a result verified 

independently by semi-quantitative RT-PCR using wounded wild-type plants 

(Figure 3.21).   
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Although we saw apyrase mRNA levels change after wounding, the 

change of apyrase protein levels remains un-known.  The transcripted mRNA 

could be stored in the cell and not translated for a long period of time.  A similar 

process could also apply to light-regulated expression of apyrases.  Ultimately it 

will be important to test whether changes in protein expression parallel the change 

of mRNA level. 

 

3.4 Discussion 

3.4.1 Localization of Atapy1 using GFP tag  

It is known that pea apyrase is localized to the outside of plasma 

membranes (Thomas et al., 1999).  Atapy1 has a putative signal peptide and is 

also expected to be a transmembrane protein with its catalytic domain localized 

outside the cell.   So protoplasts from the transgenic plants expressing the 

AtAPY1-GFP conjugate were expected to show a GFP signal along the cell 

periphery.  It was also expected that when the predicted signal peptide was 

deleted from AtAPY1-GFP conjugate, this should disrupt the fluorescence on the 

plasma membrane and distribute it more evenly throughout the cytoplasm.  

However, the actual result was quite different.  Cells expressing AtAPY1-GFP 

show a dot-like fluorescence pattern inside the cell.  Because AtAPY1 is expected 

to be a secreted protein, the synthesis of AtAPY1-GFP should be in the ER, 
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followed by its transport to Golgi then to plasma membrane.  The dot-like 

fluorescence pattern we saw could represent AtAPY1-GFP presence in the Golgi 

apparatus since it is very similar to the pattern observed for Golgi-localized H+-

PPase-GFP (Mitsuda et al. 2001).  Alternatively, it could represent AtAPY1-GFP 

presence in secretory vesicles that are transporting the AtAPY1-GFP.   When the 

signal peptide is deleted, the localization of AtAPY1-GFP is along the cell 

periphery but clearly inside the cell (Figure 3.3B). 

 On the other hand, the putative signal peptide of AtAPY1 may not 

function that way, and it is possible that AtAPY1 doesn’t localize to the plasma 

membrane at all.  In this case, deleting this sequence could cause an unpredictable 

localization change of AtAPY1-GFP since the function of the N-terminal peptide 

would not be known. 

Unfortunately, the AtAPY1-GFP construct may not be able to accurately 

report AtAPY1 localization.  An attempt to use this construct to rescue the male 

sterile phenotype of Atapy1/Atapy2 double knockout plant failed (Steinebrunner, 

unpublished).  The reason for this failure could be that  AtAPY1-GFP is not 

functional in cells.  Theoretically, this could be due to the mis-localization of 

AtAPY1-GFP, and could indicate that the GFP tag actually interfered with the 

localization of AtAPY1.  For example, the C-terminal GFP tag may have affected 
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the DNA binding activity of AtAPY1, since the DNA-binding domain of AtAPY1 

is at its C-terminal end.  

Recently, Colleen Jeter in our lab showed that AtAPY1 can complement 

the function of yeast Golgi GDPase in protein glycosylation.   So, this protein 

complementation assay could be used to test if the AtAPY1-GFP construct is still 

functional, and the results of this assay could aid an evaluation of whether the 

localization of AtAPY1-GFP in the transgenic plants is correct. 

It is also possible that the construct is localized correctly but the GFP tag 

interfered with the function of AtAPY1 by, for example, disrupting the activity of 

the enzyme. Springers et al. (2000) have reported an example of a protein 

conjugated with GFP that did not function properly but still localized correctly.  If 

this is the case for the AtAPY1-GFP conjugate, then AtAPY1 might not localize 

to the plasma membrane as the previously studied pea apyrase does.  However, 

because the Atapy1-GFP conjugate was shown not to be a functional construct by 

a complementation assay, plans to identify the dot-like subcellular structures 

harboring Atapy1-GFP were not pursued.  To clarify the localization of AtAPY1 

and AtAPY2 in Arabidopsis at the subcellular level, some other localization 

method, such as immunolocalization, could be used.  

 

3.4.2 Functional analysis of AtAPYs by antisense and over-expression 
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Atapy1 antisense or over-expressing plants showed no visible difference 

from wild-type plants under all the conditions tested.  One possible explanation is 

that AtAPY1 and AtAPY2 have overlapping functions. Thus, a decrease in the 

protein level of AtAPY1 might not be sufficient to result in a phenotypic change 

as long as AtAPY2 is still present.  This explanation is consistent with the results 

of Steinebrunner et al. (2003) who studied T-DNA knockouts (KOs) of Atapy1 

and Atapy2 and found that single KOs of Atapy1 or Atapy2 did not show any 

phenotype but double KOs are male sterile.  Along the same lines, an increase or 

decrease in the level of Atapy1 expression might induce a compensatory decrease 

or increase in the expression of Atapy2.  

Similar compensation-type arguments could explain the failure to see any 

relationship between altered expression of Atapys and altered resistance to 

xenobiotics or altered phosphate utilization.  Alternatively, pea apyrase and 

Arabidopsis apyrases might have different functions.  Involvement in phosphate 

transport and xenobiotic resistance might be functions only of pea apyrase. 

 

3.4.3 Search for Atapy1 binding protein by yeast two-hybrid system 

3.4.3.1 The binding assay of AtAPY1 to CaM 

Earlier reports (Chen et al., 1987; Hsieh et al. 2001) demonstrated that pea 

apyrase was a CaM-binding protein and that its activity and phosphorylation 
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could be modulated by CaM.  In Arabidopsis, Steinebrunner et al. (2000) showed 

that Atapy1 had a potential CaM-binding domain and could bind to CaM in a gel 

overlay assay.  Inconsistent with the biochemical assay, AtAPY1 was shown not 

bind to CaM in the two-hybrid system.  Several explanations can address this 

inconsistency.  First, to use the yeast two-hybrid system, the bait protein has to 

conjugate with the GAL4 DNA-binding domain.  Sequence analysis predicted 

AtAPY1 could be a trans-membrane protein with a signal peptide at its N-

terminus.  Because the GAL4 DNA-binding domain was added at the N-terminal 

end of Atapy1, the function of the signal peptide could be blocked, causing 

AtAPY1-Gal4-DB to localize to the cytoplasm.  Outside its normal membrane 

locale, AtAPY1 might not be able to display a correct structure, and since the 

binding of two proteins is highly dependent on their structure, an incorrect 

structure might have been the reason for the failure of AtAPY1 to bind to 

calmodulin in the yeast assay.  Secondly, the prey protein has to conjugate with 

GAL4 DNA-activating domain at the N-terminus. This could affect the calcium-

binding ability of CaM so that it could not perform an exact conformational 

change to provide a correct binding structure.  Thirdly, the gel overlay assay was 

performed in the presence of Ca2+ because the binding of AtAPY1 to CaM is Ca2+ 

dependent.  The yeast two-hybrid system uses living yeast cells for the assay.  As 

an important second messenger, Ca2+ is typically restricted to a very low 
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concentration inside the cell so that it will not activate CaM all the time.  The 

Ca2+ concentration in yeast cells might not have been high enough to activate 

CaM so that it could bind to AtAPY1 in the two-hybrid assay.   

3.4.3.2 Screening of yeast two-hybrid library 

After twelve rounds of library screening, no positive clone was isolated.  

The library used was made from polyA isolated mRNA from whole plant of 

Columbia ecotype at 2, 3, 4 and 5 week intervals, and it probably covered 

virtually every tissue in Arabidopsis.  The cDNA expression library had 2.0 x 107 

independent clones, and 96% of them had inserts.  If the average size of 

Arabidopsis mRNA is 1500 bps, the calculated number of independent clones that 

would be needed to include a particular sequence with 99.99% probability is 9 x 

105 (Ausubel et al. 1999).  The diversity of the library is much higher than this 

required number.  An exhaustive screen of a library requires a 3 to 10-fold higher 

frequency of transformants relative to the diversity of the library (Sambrook et al. 

1989).  The total number of transformed yeast clones was about 9.6 x 107, almost 

5 times the cDNA library diversity.  So, the probability that the binding protein of 

Atapy1 was not screened is very low.   

The likelihood that AtAPY1 does not have another binding partner except 

CaM seems to me to be very low.  First of all, because AtAPY1 is a very active 

enzyme that uses ATP as a substrate, its activity has to be highly regulated.  No 
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matter whether its activity is regulated by post-translational modification or 

degradation, it almost certainly has to interact with other proteins.  Moreover, we 

know that the AtAPY1-related protein, pea apyrase, functions in a protein 

complex.   

The reason that no AtAPY1 binding partner was found might just be due 

to the two-hybrid system itself.  Although the two-hybrid system is highly 

sensitive and can detect interactions not revealed by other methods such as 

transient interaction, it is not a method that can assay all protein-protein 

interactions (Fields and Sternglanz 1994).  As discussed previously, if AtAPY1-

GAL4-DB could not fold correctly, this method would not be suitable.  Since the 

conjugated protein AtAPY1-GFP does not function correctly, it is possible that 

conjugated Atapy1-GAL4-DB also is not functional, and this would surely affect 

its interaction with its partner.  The yeast two-hybrid system may not be able to 

detect interactions involving proteins that are glycosylated and/or contain 

disulfide bonds (Fields and Sternglanz 1994).  These modifications generally are 

not compatible with a nuclear-based system.  In the sequence of Atapy1, there is 

indeed a potential N-glycosylation site. In the case of animal apyrase CD39, its 

sugar side chains are important to function as a surface marker and for regulating 

its activity and localization (Zhong et al. 2001). So, N-glycosylation could be a 

factor that affects the interaction of Atapy1 with its binding protein in the two-
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hybrid system.  Similarly, the interactions that are mediated by post-translational 

modification such as phosphorylation may not be detected (Fields and Sternglanz 

1994).  AtAPY1 has a tyrosine kinase phosphorylation site.  If this site is required 

for it binding interactions, the binding might not be detected because this 

phosphorylation might not occur in yeast.   

If the protein-protein interactions of AtAPY1 are mediated by the amino-

terminal domain of either protein, the standard orientation of the hybrid constructs 

might mask these interactions because the transcription factor domain could block 

the accessibility.  Also, one combination of the hybrids often activates 

transcription much more efficiently (Fields and Sternglanz 1994).  That is, the bait 

protein may be more efficient fused to the DNA-binding domain than fused to the 

DNA-activation domain or visa versa.  Furthermore, the transcription is optimal 

only when the DNA-activation domain hybrid is in excess over the DNA-binding 

domain hybrid.  So, if the hybrid of AtAPY1’s partner with the DNA-activation 

domain is not expressed efficiently or is not stable, the interaction will not be 

detected.   

So, to search for the binding partner of AtAPY1, some other methods 

should be used.  For example, biochemical methods, such as those used to study 

proteins that associate with the pea nuclear apyrase, could be applied to 

Arabidopsis apyrases, though this method might not be good enough to 



 69

distinguish AtAPY1 and AtAPY2.  To try the yeast two-hybrid system again, it 

would be important to first test whether the bait construct is still functional.  This 

could be approached by using the yeast GDPase mutant and doing the 

complementation assay for protein glycosylation.  Based on this, different 

constructs different yeast systems, and even different libraries should be used.  A 

good library to try would be a pollen specific library since both AtAPY1 and 

AtAPY2 are expressed highly in pollen. 

 

3.4.4 Tissue specific expression of apyrase in Arabidopsis 

In the dark, hypocotyls elongate rapidly but the expansion of 

leaves/cotyledons is inhibited.  The expression of both AP1:GUS and AP2:GUS 

in hypocotyls of etiolated seedlings is limited to the upper portion of the 

hypocotyl and is depressed by light. Expression of AP1:GUS and AP2:GUS in 

etiolated cotyledons is below the detection limit. Consistent with these results, the 

apyrase protein level in seedlings grown in darkness is much higher than that in 

light-grown plants.  

BR can also regulate hypocotyl elongation, inhibiting it in the dark.   To 

find out whether the increased expression of AP1:GUS and AP2:GUS in darkness  

was related to an increased rate of hypocotyl elongation, BR was used to inhibit 

the elongation of hypocotyls in darkness.  Though the hypocotyls of etiolated 
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seedlings grown on BR-containing medium were significantly shorter than 

untreated controls, the level and pattern of AP1:GUS and AP2:GUS expression 

stayed the same. BR causes some morphological change of the etiolated seedling 

in the dark, especially at high concentrations, so its impact is not just to decrease 

growth rates.  Because the detailed mechanisms of how light and BR regulate 

hypocotyl elongation are mostly unknown, the relationship of apyrase expression 

to hypocotyl growth and physiology remains unclear.   

 There is a steep ATP gradient cross the plasma membrane, and the cell 

may use this gradient to symport auxin through MDR transporters (Tang et al. 

2003). Apyrase in the cell wall could lower the extracellular ATP concentration to 

make the ATP gradient across the plasma membrane steeper and increase the 

auxin transport.  Correspondingly, AtMDR1 appears to play an important role in 

auxin transport and auxin-mediated development, as reported by Noh et al. 2001.  

Promoter-GUS studies of AtMDR1 indicated that AtMDR1 is only expressed in 

the upper portion of hypocotyl in dark grown Arabidopsis seedlings.  No GUS 

staining can be found in hypocotyls of light grown seedlings but the staining in 

cotyledons was enhanced by light (Figure 1D, Noh et al. 2001). This staining 

pattern is quite similar to what we have seen in the AtAPY:GUS –expressing 

plants. Moreover, Atapy1/Atapy2 double knockout plants grow only one tenth the 

size of wild type, quite similar to the very stunted phenotype of Atmdr1/Atpgp1 
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double knockout plants. The similarity of the promoter-GUS staining patterns of 

MDR and apyrase, and the similar phenotypes of the double knockout plants for 

both MDR and apyrase imply that apyrase may participate in MDR1-mediated 

auxin transport process in plants.  

The fact that AP1:GUS and AP2:GUS are expressed highly in root tips, 

including columella cells, may also point to an auxin-transport related function for 

apyrases. The gravitropic response of roots is mediated by an uneven distribution 

of auxin across the elongation zone of the roots, and the sensing of gravity by 

columella cells appears to be a critical prerequisite in the signaling steps leading 

to that uneven auxin distribution.  The high expression of AP1:GUS and 

AP2:GUS in root tips positions them well for playing an important role in the 

auxin transport processes leading to gravitropic growth. 

According to the GUS staining results AtAPYs are not expressed during 

embryo development.  Given the fact that auxin polar transport is important in 

pattern formation during embryogenesis (Friml et al. 2002), the results suggest 

that whatever role apyrase plays in auxin-transport processes, that role is not 

needed for the auxin transport that is critical for Arabidopsis embryogenesis.  

The pattern of expression of AP1:GUS and AP2:GUS is particularly 

interesting in pollen and stigma. The expression of AP1:GUS and AP2:GUS in 

maturing pollen was under the detection limit, but becomes very strong after 
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maturation. Both AP1:GUS and AP2:GUS are also expressed in germinated 

pollen tubes and in unfertilized styles, but after fertilization, their expression in 

styles disappeared. These observations suggest that apyrases may not be 

important for pollen maturation but might be needed for the processes of pollen 

germination and pollen tube elongation. Consistent with this idea, pollen from 

apyrase double KO plants are viable (thus form OK without apyrase), but are 

unable to germinate (thus need apyrase only after maturation) (Steinebrunner et 

al. 2003).  

Apyrases were predicted to localize on the plasma membrane with the 

catalytic domain facing outside of the cell, and might play a role in controlling the 

ATP concentration in the ECM.  Could this role be important for pollen 

germination? In vitro pollen germination assays showed that ATP could inhibit 

the germination of wild-type pollen (Steinebrunner et al. 2003).  This indicated 

that extracellular ATP might also be a factor that affects pollen germination.  One 

function of extracellular ATP, as noted above, would be as part of an ATP 

gradient cross the plasma membrane that could influence the transport of 

biologically important substances through MDR transporters in a symport model.  

However, the AtMDR1 promoter:GUS analysis showed that AtMDR1 was not 

expressed in pollen and stigma but on style (Figure 1F, Noh at. al 2001).  So, the 

effects of extracellular ATP on pollen germination are unlikely to relate to 
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AtMDR1, though the involvement of other members of the MDR family cannot 

be excluded. 

In pea, apyrase was shown to be upregulated by both red light and far-red 

light, but the effects of red light were not far-red light reversible.  In contrast, the 

red light effects on Atapys were far-red light reversible, showing pea apyrase and 

Arabidopsis apyrases are regulated differently under the same light treatment. 

Promoter analysis shows that there are potential Light Responsive Elements 

(LREs), such as GATA box, I box and consensus GT-1 binding site, in the 

promoter region of both apyrases, a further indication that Atapys are regulated by 

phytochrome.  The enhanced expression of Atapys induced by blue light has a 

distinctly different time response pattern than that induced by red light indicating 

the likelihood that the positioning of Apyrases function in the two signaling 

pathways could be quite different.  

AtAPY1 and AtAPY2 respond differently and rapidly in wounding, as 

assayed by promoter:GUS constructs.  Similar results were also obtained by 

Charlotte Song (unpublished) in our lab, using Northern analyses.  She also 

showed that during wounding, a large amount of ATP is released to the ECM.  As 

ATP hydrolyzing enzymes, apyrases might play a role in reversing this sudden 

rise in the wall ATP concentration to ensure the normal function of MDR 

proteins. Why AtAPY2 is down regulated after wounding remains unclear.  
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After wounding, cells need to secrete a large mount of cell wall materials 

to repair the damaged area.  As discussed in the next Chapter (Conclusion) 

significant release of ATP into the ECM can be associated with regions where 

secretory vesicles are being delivered, so a strong expression of apyrases may be 

needed  at wound sites during the wound repair stage when secretion is 

particularly active, again to return the extracellular [ATP] back to its usual low 

level .   
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Figure 3.1 Western blot analysis of Atapy1 antisense and Atapy1-GFP over-
expressing plants.  Total protein was extracted from 7- to 10-d-old whole 
seedlings and run on SDS-PAGE gel. A. 150µg of total protein from Atapy1 
antisense lines were loaded on a 12% gel and detected by polyclonal antibodies to 
Arabidopsis apyrase.  B to D. 75µg of total protein from over-expression lines 
transformed with Atapy1-GFP lacking the hypothesized transmembrane domain 
were loaded on a 10% gel and detected by antibodies to Arabidopsis apyrase (B, 
C) or anti-GFP antibodies (D).  E. Isolated protoplasts were boiled directly in 
SDS sample buffer and detected by anti-GFP antibodies. 
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Figure 3.2 Confocal microscopy of water mounted whole plants transformed 
with Atapy1-GFP.  A. Atapy1-GFP transformed line AgAI3.  B. Line 1-3-8 
transformed with Atapy1-GFP without the hypothesized transmembrane domain.  
C.  Positive control transformed with GFP (CS9114).  D.  Negative control 
transformed with vector only. 
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Figure 3.3 Confocal microscopy of protoplasts isolated from plants 
transformed by Atapy1-GFP.  A. Protoplast from Atapy1-GFP transformed line 
AgAI3.  B. Protoplast from line A-3-2 transformed with Atapy1-GFP without the 
hypothesized transmembrane domain.  C.  Positive control transformed with GFP 
(CS9114).  D.  Negative control transformed with vector only. 
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Figure 3.4 Confocal observation of protoplasts transient express GFP.  Both 
pictures show the successful transient expression of GFP in the cytoplasm of 
isolated protoplast(s). 
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Figure 3.5 Expression of Atapy1 bait hybrid and CaM prey hybrid by 
Western blot analysis.  Whole protein from yeast cell bearing the Atapy1 bait 
hybrid (A, lane2 ) or CaM prey hybrid (B, lane 2) were extracted and loaded on a 
12% SDS-PAGE gel and detected by FLAG antibody.  Lane 1 is the control from 
yeast harboring only the vector plasmid 
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Figure 3.6 Structure of the AP1, AP2 and pBI101 vector. 
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Figure 3.7 Expression of AP1:GUS and AP2:GUS in root.  A: Expression of 
AP1:GUS and AP2:GUS is mainly in the epidermal and cortex layers in the 
region close to root-hypocotyl junction.  B: Expression of AP1:GUS and 
AP2:GUS in the vascular tissue in the region close to the root tip.  C: Expression 
of AP1:GUS in root cap and columella cells.  Similar expression pattern was also 
obtained from AP2:GUS.  D and E: Slightly different expression pattern of 
AP1:GUS (E) and AP2:GUS (D) in the root tip.  F: Expressions of AP1:GUS and 
AP2:GUS at the root-hypocotyl junction. 
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Figure 3.8 Expression of AP1:GUS and AP2:GUS in lateral roots at various 
stages of development.  No expression was found in the early stages of formation 
of lateral root even after it emerged from the primary root (A and B). When the 
vascular tissue began to form in the lateral root, expression of both AP1:GUS and 
AP2:GUS was observed (C).  No GUS staining was found in the lateral root tip at 
this stage.  Expression of AP1:GUS and AP2:GUS in the root tip was found only 
after the lateral root structure was fully developed, and at this stage, the staining 
pattern was identical to the staining pattern found in the primary root (D). 
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Figure 3.9 Expression of AP1:GUS and AP2:GUS at various stages of flower 
development.  There is no expression in flowers younger than stage 8 (A, black 
arrows).  Between stage 9 and 12, the expression is only located in the stigma, 
style and vascular tissue of carpels (A, red arrows), but not in immature stamen or 
pollen (B and D).  In flowers between stage 13 and 15, both AP1:GUS and 
AP2:GUS are expressed mainly on stigma and in pollen (C and E).  After 
prolonged staining, the whole stamen including anther wall and filament are also 
stained (C).   
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Figure 3.10 Expression of AP1:GUS and AP2:GUS in pollen. Anther from a flower 
at anthesis (stage 13) with mature pollen (A) or from a flower at stage 12 with immature 
pollen (B) was stained for AP1:GUS expression. Staining pattern shown was also 
observed in AP2:GUS pollen (not shown). (C) Detection of the expression of Atapy1 and 
Atapy2 mRNA in mature, wild-type pollen, using RT-PCR.  (D) Staining of AP1:GUS 
pollen germinated on wild-type stigma.  Similar result was also obtained when using 
AP2:GUS pollen. 
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Figure 3.11 Expression of AP1:GUS and AP2:GUS during flower withering.  
Expression of AP1:GUS and AP2:GUS is found in the abscission zone where 
stamen, petal and sepal break off (A).   The staining begins to appear gradually at 
the end of stage 15.  B shows a flower at the same stage when anthesis was 
prevented.  The staining pattern remains the same. 
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Figure 3.12 Expression of AP1:GUS and AP2:GUS was observed only in 
mature embryo.   A: Eight-cell stage.  B: Globular stage.  C: Heart stage.  D: 
Torpedo stage.  E: Mature embryo. 
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Figure 3.13 Both AP1:GUS and AP2:GUS are expressed in cotyledon, true 
leaves and stipules.  Expression of AP1:GUS and AP2:GUS in cotyledon (C) and 
true leaf (D) is at a low level.  Expression in veins is stronger than in mesophyll 
cells. The expression in stipules (A) is only located at the apical tip (B). 
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Figure 3.14 Light suppresses the expression of both AP1:GUS and AP2:GUS 
in etiolated hypocotyls.  Expression of AP1:GUS and AP2:GUS in the upper part 
of hypocotyls is significantly higher in etiolated seedlings (A) compare to light-
grown seedlings (B).  The expression of both AP1:GUS and AP2:GUS in 
cotyledons of etiolated seedling is below the detection limit.  C: Expression of 
AtAPY protein in dark- (1) and light- (2) grown whole seedlings, as detected by 
immunoblot analysis.  Protein loading was the same in the two lanes. 
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Figure 3.15 Expression of AP1:GUS and AP2:GUS in light- and dark-grown 
phytochrome mutants.  A, B and C: light-grown phytochrome mutants, phyA/B, 
phyB and phyA respectively.  D, E and F: light-grown phytochrome mutants, 
phyA/B, phyB and phyA respectively. 
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Figure 3.16 Hypocotyl elongation of Atapy1/Atapy2 double mutant is 
suppressed in the dark comparing to wild-type plants.  A. 9-day-old dark-
grown wild-type and DKO seedling.  B.  Actual hypocotyl length measured. 
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Figure 3.17 Expression of AP1:GUS and AP2:GUS in dark- and light- 
growing seedling is not affected by BR.  A-D:  AP2:GUS grown in dark with 0 
µM (A), 0.001 µM (B), 0.1 µM (C) and 1 µM (D) BR.  BR inhibits the hypocotyl 
elongation of etiolated seedling but does not affect the staining patterns.  E-F: 
AP2:GUS grown in light with 0 µM (E), 0.001 µM (F), 0.1 µM (G) and 1 µM (H) 
BR.  Neither the growth nor  the staining pattern are affected by BR.  Expression 
of AP1:GUS is similar to that shown here for AP2:GUS in all cases (not shown).  
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Figure 3.18 Expression of Atapys are affected differently by red/far-red light.   
Seven-day-old etiolated seedlings were exposed briefly to either red light or red 
light followed by far-red light then returned back to dark.  After 10 min or 6 hr, 
total RNA were extracted and used for semi-quantitative RT-PCR.  A: products 
from the semi-quantitative RT-PCR after light treatment.  B: densitometry assay 
of the PCR product from A. The results shown here are representative; similar 
results were obtained in two additional replicate experiments. 
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Figure 3.19 Red light and blue light affect differently on the mRNA level of 
Atapys. Seven-day-old etiolated seedlings were exposed to red or blue light for 4 
min and returned to darkness.  Tissue samples were collected at different time 
points, then total RNA was extracted and used for semi-quantitative RT-PCR.   
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Figure 3.20 Wounding rapidly induces the expression of AP1:GUS but not 
AP2:GUS.  Three- to 4-weeks-old plants were wounded at different time points.  
The extracted whole proteins were used for quantitative GUS activity assay. 
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Figure 3.21 Wounding rapidly induces the mRNA of Atapy1 gene but not 
Atapy2 gene.  Three- to 4-week-old plants were wounded at different time points.  
Total RNA was extracted from the collected tissue and used for semi-quantitative 
RT-PCR.  A: The mRNA level of Atapy1 was increased as early as 5 min after 
injury.  B: The mRNA level of Atapy1 reached the highest at 1 hr after injury  and 
then decreased, but the level of Atapy2 decreased from the beginning of the 
injury. 
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CHAPTER FOUR: CONCLUSION 

The two Arabidopsis apyrases show a similar expression pattern in the 

promoter-GUS analysis.  Tissues that show the strongest expression of AP1:GUS 

and AP2:GUS, such as root cap, pollen, the separation layer of the abscission 

zone of flower organs, and dark-grown hypocotyls, share a common character.  

That is, they all have active secretion.  For example, root cap cells are constantly 

secreting mucilage.  During pollen germination and pollen tube growth, as well as 

during the rapid growth of etiolated hypocotyls, cell wall materials are actively 

secreted. During abscission, the separation layer is secreting pectinases and 

cellulases to digest cell wall constituents.  The consistently strong expression of 

Arabidopsis apyrases in tissues that are actively engaged in secretion indicates 

that these enzymes may play an important role in secretory processes.   

A recent report shows that significant ATP release occurs with secretion in 

animal cells (Maroto and Hamill 2001).  If the same is true in Arabidopsis cells, 

then Atapy1 and Atapy2, enzymes with high ATP-hydrolyzing activity, may be 

needed to hydrolyze the ATP released into the ECM of cells with high secretory 

activity, because high [ATP] in the ECM can inhibit growth and the transport of 

growth-regulating substances like auxin (Tang et al. 2003).  

High ectoapyrase activity would be expected to help maintain the 

steepness of the ATP gradient across the plasma membrane. It has been suggested 
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that plant cells could use this ATP gradient in a symport mechanism to export 

toxins (Thomas et al. 2000) or auxin (Tang et al. 2003) through MDR or MDR-

related proteins, and that the effectiveness of MDR transport could be dependent 

on the steepness of the ATP gradient.  In Arabidopsis, it has not yet been 

demonstrated that apyrases are transmembrane proteins with their active site 

facing to the outside of cells, as is the case in peas.  In fact, the localization results 

from AtAPY1-GFP (dot-like structures shown in figure 3.3A) suggest 

Arabidopsis apyrases are Golgi localized.  However, this localization would not 

totally rule out the possibility that a key apyrase function is to lower the ECM 

[ATP], as proposed above.  For instance, apyrases might be enclosed in the 

secreted vesicles and deplete ATP content before the vesicles fuse with the 

plasma membrane. In fact, this could be a more effective way to deplete ATP 

during secretion because Golgi apyrases could have higher contact with ATP in 

the enclosed vesicles.    

Of course, it is also possible that accumulated ATP in the ECM of plant 

cells plays a more important role as a receptor-binding agonist than as a transport 

regulator.  But the presence of purinoreceptor-like protein has not been reported 

in plant systems, and computer-based analysis reveals no obvious purinoreceptor 

in the Arabidopsis genome.   However, the difficulty to identify purinoreceptors 

in plants could be due to the fact that these receptors are not well conserved even 
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in animal systems. Thus, it is still too early to evaluate the likelihood that ATP 

serves as a signaling molecule in the plant ECM. 

Other than the role of depleting ATP during secretion, another possible 

role of AtAPY1 and AtAPY2 is to help regulate protein glycosylation in Golgi.  A 

recent data base search by Colleen Jeter in our lab revealed that there are four 

more apyrase genes in Arabidopsis besides AtAPY1 and AtAPY2.  These four 

apyrases are more closely related and more similar to other known Ecto-apyrases, 

while AtAPY1 and AtAPY2 are more similar to the Golgi-localized apyrase 

found in soybean. So, even if it is hypothesized that AtAPY1 and AtAPY2 are 

involved in secretion, it is too early to tell how they are involved in this 

complicated process. 

A computer-based motif analysis (Higo et al. 1999) of the promoters for 

both Atapy1 and Atapy2 shows that, other than the usual regulatory sequences 

found on most mRNAs, the majority of the cis-acting regulatory elements found 

in both promoter sequences can be classified into five groups (Table 4.1).  We 

will discuss these five groups in turn. 

As we can see in Table 4.1, both promoters contain multiple light-

responsive elements, indicating that both apyrases are likely to be regulated by 

light.  Our experimental results indeed show that this prediction is correct.   
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The light-responsive motifs found in both promoters are not identical. For 

instance, the CCA1ATLHCB1 motif and INRNTPSADB motif are found in the 

promoter region of Atapy2 but not in that of Atapy1.  This might indicate that the 

two apyrases do not respond identically to light.  It is possible that different 

motifs function together during certain light conditions, and the lack of one or 

more of the motifs could cause a slight difference in regulation between the two 

apyrases.  It is also possible that certain light conditions work through a single 

motif and only regulate the expression of one apyrase but not another.     

Another kind of motif found in both Atapy1 and Atapy2 promoters is a 

type found in genes that are active mainly late in pollen development.  This kind 

of motif has been found both in tobacco late pollen gene g10 (Rogers et al. 2001) 

and tomato late pollen gene Lat52 gene (Bate and Twell 1998).  The transcription 

of late pollen genes first appears following microspore mitosis (Flower stage 8 of 

Arabidopsis), and transcripts accumulate until anthesis (Eady et al. 1994), which 

occurs during a period that ranges from flower stage 8 to 13 in Arabidopsis.  

Studies of these genes suggest that some gene transcripts are stored, and 

translation is postponed until the proteins are needed (Wittink et al. 2000).  

Consistent with the promoter motif analysis, promoter-GUS studies of 

both Arabidopsis apyrases show that the expression of both apyrases in pollen 

occurs only in mature pollen.  It is possible that, like some other late pollen genes, 
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the transcripts of apyrases are stored and only translated until anthesis because 

they are not needed until that point.  Since many of the late pollen genes identified 

have functions related to pollen hydration or pollen tube growth (Bate and Twell 

1998, Wittink et al. 2000, Rogers et al. 2001), the two apyrases might also be 

involved in these processes.  Results from the apyrase double-knockout mutant 

showed that pollen from this plant could hydrate normally but could not 

germinate at all.  Promoter-GUS analysis also showed that both apyrases are 

expressed in pollen tubes.  So, it is very likely that the two Arabidopsis apyrases 

play a key role in pollen germination and pollen tube elongation, possibly by 

participating in the secretion process needed for these events.   

A third motif identified in both promoter regions is one found in many 

seed-specific genes, especially seed storage genes.  This indicates that both 

apyrases might also function in seeds.  The promoter:GUS result shows there is 

no staining in immature embryos during development, but both apyrases are 

expressed in mature embryos. This could suggest a post-maturation role for 

apyrases, such as in seed germination. However, based on the fact that seeds 

knocked out in both apyrases germinate normally, apyrases appear not to play a 

critical role during seed germination.  The function of apyrases in seeds needs to 

be further analyzed.  
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Another interesting motif group is the Dof protein binding site.  Dof 

(DNA binding with One Finger) is a novel family of DNA transcription factors 

that have been found only in plant species.  Proteins in this family share a highly 

conserved Dof domain and can bind to DNA through this domain (Yanagisawa 

and Sheen 1998, Yanagisawa and Schmidt 1999, Baumann et al. 1999).  Two 

members of this family from maize, Dof1 and Dof2, were shown to be associated 

with multiple genes that are involved in carbon metabolism (Yanagisawa 2000).  

Dof1 was also shown to be involved in light-regulated gene expression 

(Yanagisawa and Sheen 1998).  StDof1 from potato plays a role in guard cell-

specific gene expression (Plesch 2001), and tobacco Dof protein NtBBF1 appears 

to be important for auxin-regulated gene expression (Baumann et al. 1999).  There 

may be other genes that can be regulated by Dof, and the apyrase genes in 

Arabidopsis could be two of them. What kinds of environmental factors can 

regulate the apyrases through Dof is unknown.  Light might be one good 

candidate; auxin could be another one.  Though no auxin-induced response was 

detected by promoter-GUS analysis, there are several copies of auxin responsive 

elements identified in the promoters of both apyrases, and there is still a 

possibility that apyrases respond to auxin under certain conditions.   

The fifth interesting motif identified in both apyrase promoters is the W-

box and WB-box that can be recognized by the WRKY DNA- binding protein.  
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The W-box is specifically recognized by the WRKY protein, which is induced by 

salicylic acid, and the WB-box is required for elicitor responsiveness.  In contrast 

to the several regulatory element groups described above, the W-box and WB-box 

motif is found in only very limited copy numbers in each promoter region.  

However, our results did show that both apyrases respond to wounding.  The fact 

that the two apyrases responded differently to wounding indicates that they might 

have different functions in plant defense responses.   

The protein sequences of the two apyrases show 87.1% identity.  Even 

their promoter sequences have over 50% identity.   In fact, systematic analysis of 

the Arabidopsis genome shows that BAC clone T6K12, which contains Atapy1 

gene, and MRG7, which contains Atapy2 gene, are duplicated regions within the 

genome (Blanc et al. 2000).  This could explain the high similarity among the 

motifs identified in the promoter regions of both genes.  The experimental results 

from double-knockout mutants provide further evidence that the two Arabidopsis 

apyrases are likely to be duplicates and have overlapping functions.  The 

hypothesis that the two apyrases genes have redundant functions helps to explain 

why the apyrase single-knockout plant or single antisense plant shows no obvious 

phenotype, but the double-knockout plants are male sterile and dwarf.   

In conclusion, our results show that Atapy1 and Atapy2 share very similar 

expression and regulation patterns.  But the exact function of these two proteins is 
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still unknown.  Key roles for Arabidopsis apyrases in light signal transduction, in 

pollen germination and pollen tube elongation, in wounding responses, in growth, 

and in secretion-related process are proposed in this dissertation.  Our 

experiments lay an important foundation for clarifying exactly what those roles 

are. 
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