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Abstract 

 

Characterization of Apyrases in Pea, Arabidopsis, and Cotton 

 

 

 

 

Julia Elizabeth Kays, MA 
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Supervisor:  Stanley J. Roux 

 

Apyrases are proteins that bind to and hydrolyze most nucleoside di- and 

triphosphates, but not nucleoside monophosphates. Some function inside the cell; others 

hydrolyze extracellular nucleotides in the extracellular matrix. In Arabidopsis, apyrases 

and eATP have been implicated in diverse responses, ranging from phosphate 

mobilization to herbicide and toxin resistance to overall plant growth. 

Isolated garden pea nuclei exhibit phytochrome-dependent, red/far red-reversible 

changes in apyrase activity and in protein phosphorylation. O-linked β-N-

acetylglucosamine (O-GlcNAc) is a post-translational modification that functions in a 

manner analogous but often antagonistic to O-phosphorylation. Given the known red 

light effects in pea nuclei and the link between O-GlcNAc and O-phosphorylation, we 

tested whether O-GlcNAc modification in pea nuclei might change in response to red 

light (Rc). Western blots showed that anti-O-GlcNAc antibody could sometimes 

recognize modifications in pea nuclei proteins, but not consistently. Experiments testing 

red light irradiation, O-GlcNAc transferase inhibitors, and GlcNAcase inhibitors all 
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yielded similarly inconsistent results. As the project progressed we learned that the O-

GlcNAc modification is very labile, and that this lability was the probable basis of the 

inconsistent results. Methods to overcome this technical problem were not readily 

available and so this project was not pursued further. 

A second project focused on identifying the members of the protein complexes 

associated with apyrase in partially purified nuclear preparations. The apyrase complex 

was isolated from etiolated seedlings of both Arabidopsis and pea by co-

immunoprecipitation using antibodies raised against purified protein from each system. 

Apyrase activity was also compared in etiolated and red-light irradiated nuclei in both 

systems. For both experiments and in both systems, the complex of proteins associated 

with apyrase in etiolated and Rc-irradiated nuclei were not consistently different. 

The discovery of a cotton EST with a sequence similar to other plant apyrases 

opened a new line of investigation in a model system with fibers that are suited for the 

study of growth kinetics of single cells. This putative apyrase is expressed at high levels 

in elongating fibers but not in fibers that are not elongating or in ovules, suggesting that 

apyrase may influence cotton fiber elongation. Studies of fiber growth kinetics in the 

presence of inhibitors that block apyrase activity, chemical inhibitors of animal P2X-type 

purinoceptors, and anti-apyrase antibodies also favor this hypothesis. I cloned the full 

length cDNAs of GhApy1 and GhApy2. Antibodies raised against a suspected antigenic 

and variable sequence of GhApy1 were produced and confirmed to recognize native 

cotton apyrase. Crude protein isolated from pollen exhibited apyrase activity. 
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INTRODUCTION 

Apyrases are proteins that bind to and hydrolyze most nucleoside di- and 

triphosphates, but not nucleoside monophosphates. Some function inside the cell, and 

some are ectoapyrases: i.e., function primarily in the ECM, where they hydrolyze 

extracellular nucleotides. In animal systems, extracellular nucleotides are known to have 

roles in signaling, and ectoapyrases function to quench or block these signals. For 

example, extracellular ATP (eATP) is a known neurotransmitter whose signal is 

quenched by ectoapyrases (Burnstock, 2007). eATP and ectoapyrases both function in 

astrocyte signal transduction during bone growth (Joseph et al., 2003). eADP can signal 

platelet aggregation (Yao et al., 1992), and, accordingly, roles for animal apyrases have 

been found in the saliva of blood-sucking animals, where they presumably function to 

block clotting (Ribiero and Francieschetti, 2003).  

In plant systems, apyrases have been cloned and studied in potato (Handa and 

Guidotti, 1995), several legumes (including pea (Hsieh et al., 1996), Medicago (Cohn et 

al., 2001), and soy (Day et al., 2000)), and in Arabidopsis (Steinebrunner et al., 2000). In 

etiolated pea seedlings, apyrase is primarily nuclear, and its activity is regulated by red 

light in a phytochrome-dependent manner (Chen and Roux, 1986) and by calmodulin 

(Chen et al., 1987). In Arabidopsis, the role of apyrases is unclear, but data suggest they 

can regulate phosphate availability (Thomas et al., 1999) and growth (Wu et al., 2007). 

Apyrase overexpression confers resistance to herbicides (Windsor et al., 2003) and high 

[ATP] can inhibit Arabidopsis root gravitropism (Tang et al., 2003). It is possible that 

these phenomena represent regulation of auxin transport (see transport model reviewed in 

Blakeslee et al. (2005)). Apyrases in plant systems have also been implicated also in 

herbicide and toxin resistance and in wound-mediated signaling. Several lines of 

evidence implicate them in growth control: apyrase transcripts accumulate in rapidly 

growing plant tissues, inhibition of apyrase expression or function leads to dwarf plants 
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or decreased growth, and certain tissues overexpressing apyrase exhibit enhanced growth 

(Wu et al., 2007). 
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STUDIES OF PLANT APYRASES 

Chapter 1: Regulation of O-GlcNAc Modification by Apyrase 

RATIONALE 

O-linked β-N-acetylglucosamine (O-GlcNAc) is a post-translational modification 

found in all multicellular eukaryotes examined (reviewed by Zachara and Hart, 2004). O-

GlcNAc modification functions in a manner analogous to O-phosphorylation insofar as 

O-GlcNAc levels change in response to signals, O-GlcNAc modifies proteins transiently, 

it changes the behavior of the polypeptides it modifies, and it has separate enzymes to 

catalyze its addition and removal (reviewed by Zachara and Hart, 2004). 

In animals, addition of O-GlcNAc is performed by a single O-β-N-

acetylglucosaminyltransferase (OGT), and removal of O-GlcNAc is performed by O-β-

N-acetylglucosaminidase (O-GlcNAcase) (reviewed by Zachara and Hart, 2004). In 

animal systems, loss of OGT activity is lethal (Shafi et al., 2000). OGT cleaves its 

substrate, UDP-GlcNAc, to catalyze the addition of GlcNAc to serine or threonine 

residues that may also be modified by phosphorylation. In this “yin-yang” model, O-

GlcNAc may modify the behavior of a protein not only by its presence but also by 

blocking the phosphorylation of that protein, and vice-versa (Hart et al., 1995). In plants, 

the O-GlcNAcase has yet to be identified, but there appear to be at least two OGTs in 

every angiosperm examined (Hartweck et al., 2002).  

In garden pea (Pisum sativum), phytochrome-dependent, red/far red-reversible 

responses are observable in isolated nuclei. Protein phosphorylation is stimulated by red 

light in a far-red reversible, phytochrome-dependent manner by red light (Datta et al., 

1985). Given this change in protein phosphorylation and the observed relationship 

between O-GlcNAc and O-phosphorylation, we might expect that the patterns of proteins 

modified by O-GlcNAc in pea nuclei would change in response to red light. However, 
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apyrase, which is found in pea nuclei and known to be associated with chromatin (Chen 

et al., 1987), catalyzes the hydrolysis of UTP to UDP and is stimulated more than 50% 

by red light in a far-red reversible, phytochrome-dependent manner in purified nuclei 

(Chen and Roux, 1986). Given the activity of apyrase to produce UDP, a potent inhibitor 

of O-GlcNAc transferases (Haltiwanger et al., 1992), we might expect to see decreased 

levels of O-GlcNAc modification in response to red light. 

Two main areas of investigation were used to explore the putative role of apyrase 

in O-GlcNAc control of protein activity: (1) apyrase enzymatic activities in the presence 

of inhibitors of O-GlcNAc transferase and (2) Western blot using an anti-O-GlcNAc 

monoclonal antibody to detect global changes in O-GlcNAc post-translational 

modification. 

METHODS AND MATERIALS 

Growth conditions 

Garden pea seeds (Pisum sativum), cv. „Early Alaska‟ were soaked overnight in 

double distilled water with aeration and in the presence of fungicide. Soaked seeds were 

spread on trays lined with damp paper towels and sprayed with fungicide. Trays of peas 

were grown in the dark for 7 to 10 days at 22±3º C.  

Nuclei purification 

Whole nuclei were purified from etiolated plumules as described by Datta et al. 

(1985). Pea nuclei were visually inspected to confirm that they were intact. A small 

aliquot of nuclei was placed on a glass microscope slide and stained with a small amount 

of Feulgen‟s stain (recipe from S. Reichler of the S. Roux lab, 2005: 250 mg Fuchsin 

Basic stain and 475 mg sodium metabisulfite in 25 mL 0.15 M HCl and filtered through 

activated charcoal). Feulgen‟s stain is specific for DNA or chromatin, and intact nuclei 

appeared red in color and round in shape. 
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Preparation of chromatin-enriched protein fractions 

Chromatin fractions enriched in apyrase but not in other common nuclear proteins 

(histones) were purified from whole nuclei as per Chen et al. (1987) by lysing purified 

pea nuclei in Lysing Buffer (1mM EDTA, 0.5% Triton X-100, 20 mM β-

mercaptoethanol, and 1X Roche cOmplete, Mini, EDTA-free cocktail tablet (Roche Cat. 

No. 04 693 159 001) and by then precipitating protein from lysed nuclei with a Salt 

Precipitation Buffer (3 mM MgCl2, 300 mM NaCl, 20 mM β-mercaptoethanol, and 1X 

protease inhibitor). 

Protein quantification 

Protein concentration of whole purified nuclei and of chromatin-enriched protein 

fractions were performed by Bradford Assay (Bio-Rad Protein Assay, Cat. No. 500-0006) 

or Lowry Assay (Bio-Rad DC Protein Assay). Bradford assays were performed by 

diluting 1-5 µl protein sample to a total volume of 800 µl with ddH2O and adding 200 µl 

Bradford reagent. Samples were then incubated at room temperature for 20 to 30 minutes 

before their A595 was read with a tabletop spectrophotometer. Lowry assays by diluting 1-

5 µl protein sample to a total volume of 22 µl with ddH2O and adding 109 µl alkaline 

copper tartrate (Bio-Rad Protein Assay Reagent A, Cat. #500-0113) with or without 

surfactant (Bio-Rad Protein Assay Reagent S, Cat. #500-0115). Samples were then 

vortexed at room temperature before addition of 669 µl dilute Folin reagent (Bio-Rad 

Protein Assay Reagent B, Cat. #500-0114) and another vortex mixing. Samples were 

incubated at room temperature for 20 to 30 minutes before their A750 was read with a 

tabletop spectrophotometer. For both assays, protein concentration was ultimately 

determined by plotting sample concentration against a standard curve calculated with 

purified bovine serum albumin (Sigma-Aldrich product no. A9418). 
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Irradiations 

Irradiations were performed as in Datta et al. (1986). Fluence rates of red light 

were 4-6 μmol m
-2

 s
-1

, and far red were 7-10 μmol m
-2

 s
-1

. All other exposure of whole 

plants or nuclei was under green safe lights, the fluence rates of which are 30-5 nmol m
-2

 

s
-1

. Exposure of purified nuclei to red light or far red light was 5 minutes and was either 

red light alone or red light followed by far red light. Immediately after irradiation, nuclei 

were snap-frozen in liquid nitrogen. 

Preparation of nuclear proteins for SDS-PAGE 

Frozen nuclei covered samples in foil, mixed with SDS-PAGE load dye to 6X, 

and boiled. Boiled samples were centrifuged to remove cell debris, and these purified 

proteins were assayed by Bradford reaction before SDS-PAGE. When appropriate, 

protein quality was confirmed by Coomassie stain of polyacrylamide gel. 

Detection of O-GlcNAc Modification 

Electrophoretically separated proteins were blotted to PVDF or nitrocellulose 

membrane and probed with commercial anti-O-GlcNAc antibody (commercially 

available from Pierce Bioreagents, #24565, also generously contributed by L. Mahal). 

Visualization was done by blotting with goat anti-mouse horseradish peroxidase-labeled 

antibody and Pierce SuperSignal West Pico Chemiluminescent Substrate (such as Pierce 

Product No. 34077), with goat anti-mouse phosphatase-labeled antibody and Pierce 1-

Step NBT/BCIP (Pierce Product No. 34042), or with goat anti-mouse IRDye800-labeled 

antibody. 

Chemical inhibition of O-GlcNAc transferase 

In order to examine the possibility that pea nuclear apyrase, by virtue of its UTP 

hydrolytic activity, serve as a mediator between red light signaling and UDP/GlcNAc 

signaling, pea nuclei were isolated in extraction buffer with and without 1 µM UDP or 
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UDP-N-acetylglucosamine (UDPAG) and then irradiated with red light. This inhibitor 

concentration is five times higher than the concentration required for a response in animal 

cell culture. These nuclei were then assayed for apyrase activity using the Sigma potato 

apyrase quality control assay (Prod. No. A6132, protocol dated 1996) with modifications 

to inhibit alkaline phosphatase and acid phosphatase activity as per Chen and Roux 

(1986). 

RESULTS 

Although red light irradiation usually increased apyrase activity in isolated pea 

nuclei, this increase was not always statistically significant. For example, in five 

biological repeats, red light irradiation failed to stimulate apyrase activity in nuclei not 

treated with OGT inhibitors. In addition, no significant difference in activity was 

observed regardless of OGT inhibitor concentration.  
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Figure 1: Pea nuclear apyrase activity, percent activity as compared to no inhibitor/no 

irradiation control. Red light may stimulate apyrase activity in purified pea 

nuclei. Inhibitors of OGT activity did not significantly affect apyrase 

activity. As determined by student t-test there was no significant difference 

amongst any treatments in the representative data shown. 

In preparations of whole pea nuclear proteins and in chromatin-enriched fractions, 

O-GlcNAc was detectable by Western blot using anti- O-GlcNAc antibody or wheat 

germ agglutinin, but this detection was not consistent (detectable in approximately 50% 

of blots). Furthermore, red light irradiation led to no consistent global change in the 

presence or pattern of O-GlcNAc as a post-translational modification in the same protein 

fractions, as detected by Western blot and detection by anti-O-GlcNAc monoclonal 

antibody. 
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Figure 2: Representative Western blot: Anti-O-GlcNAc monoclonal antibody recognizes 

proteins in pea total nuclear protein fractions and chromatin-enriched 

protein fractions. 

Eventually, we learned that O-GlcNAc is very labile as a post-translational 

modification when examined under laboratory conditions. 

It may have been possible to alter experimental conditions with the hope of 

consistently detecting O-GlcNAc modifications. The preferred method of detection in the 

O-GlcNAc community is not by monoclonal antibody or by wheat germ agglutinin but 

rather by tritiated O-GlcNAc. In order to apply this label to pea or Arabidopsis nuclear 

proteins, whole plants would have to have been grown in the presence of tritiated O-

GlcNAc. This would have been likely to label proteins but impossible to perform safely, 

given the resources available for growing trays of pea seedlings or Arabidopsis seedlings 

in quantities sufficient for protein purification. Alternatively, purified pea or Arabidopsis 
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nuclei could have been incubated in a solution containing tritiated O-GlcNAc. Taken 

together these technical hurdles argued against pursuing this project further. 
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Chapter 2: Identification of Proteins Associated with Nuclear Apyrase 

RATIONALE 

As previously discussed, apyrase is associated with chromatin in dark-grown pea 

seedlings. To further examine the physiological role it may play there, we decided to 

determine what proteins chromatin-associated pea apyrase interacts with. Furthermore, 

since nuclear apyrase activity increases in response to red light irradiation, we decided to 

examine whether red light irradiation alters the association of apyrase with chromatin or 

if any changes occur in the apyrase complex after whole nuclei are irradiated with red 

light. Eventually, these studies were moved into the model plant Arabidopsis to better use 

the toolkit available for identification of Arabidopsis proteins. 

MATERIALS AND METHODS 

Pea seedling growth conditions, nuclei isolation, irradiation, chromatin enrichment 

protein purification, and SDS-PAGE 

Growth conditions, nuclei extraction, chromatin enrichment, irradiation of whole 

nuclei, protein quantification, and SDS-PAGE were all performed as per O-GlcNAc 

experiments. 

Chromatin proteins from irradiated and unirradiated pea nuclei were separated by 

SDS-PAGE, and these protein gels were stained with Coomassie Blue to observe protein 

band patterns. 

Pea apyrase co-immunoprecipitation 

To more specifically determine which chromatin proteins associate with pea 

nuclear apyrase, chromatin-enriched protein fractions were subjected to co-

immunoprecipitation (CoIP) using anti-pea nuclear apyrase pc480.  
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For this experiment, pc480 was incubated with Dynabeads® Protein A (such as 

Invitrogen Cat. No. 100-02D), as was pre-immune serum from the same species (guinea 

pig). To reduce non-specific binding of proteins to the beads, protein fractions were first 

incubated with equilibrated, unlabeled beads, typically for one hour at 4°C with rotation 

and in the presence of a protease inhibitor cocktail. The unlabeled beads and any proteins 

bound to them were then removed from solution by placing the 1.5 mL tube containing 

the beads and protein mixture in a chilled magnetic rack. The magnetic beads were 

attracted to the rare earth magnets in the rack, and the unbound proteins were left in 

solution to be decanted to fresh 1.5 mL tubes.  

This pre-cleared protein fraction was then divided into two fractions and 

incubated with beads labeled either with pc480 serum or with pre-immune serum, 

typically for four hours at 4°C with rotation and in the presence of a 1000X protease 

inhibitor cocktail divided into aqueaous and DMSO components. The 1000X aqueous 

component consisted of 3 mg leupeptin, 5 mg antipain, 50 mg trypsin inhibitor, 25 mg 

benzamidine, and 12.5 mg pefabloc SC in 2.5 mL aprotinin); the 1000X DMSO fraction 

consisted of 10 mg chymostatin and 5 mg pepstatin in 2 ml DMSO.. At the end of this 

incubation, beads were removed from solution as previously described and resuspended 

in a small volume of chromatin purification buffer. 6X SDS-PAGE loading buffer was 

then added to this fraction, and the bead/protein/loading buffer mixture was boiled for 

five minutes. This boiling should have released apyrase and any proteins associated with 

it, the antibodies, and protein A into solution. This protein sample was then 

electrophoresed on SDS-PAGE, and the protein gel was stained with Coomassie Blue to 

examine the protein banding pattern. 

Arabidopsis seedling growth conditions 

Arabidopsis seeds (wild-type, ecotype Wassilewskija) were imbibed in ultrapure 

water, then surface sterilized for 1 minute in 70% ethyl alcohol, then 10 minutes in 40% 

bleach, followed by six washes in ultrapure water. Sterilized seeds were then mixed with 
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1% agar in MS and plated on 1X MS/0.8% agarose/2% sucrose, 1X vitamin stock, pH 5.7 

before agarose). Seeds were exposed to Arabidopsis growth chamber lights one 

hour/room temperature (23°-28°C) to synchronize growth before plates were wrapped in 

foil and left in the dark at room temperature for seven days. 

Arabidopsis nuclei purification and chromatin protein enrichment 

Etiolated seedlings were plucked from plates with forceps and ground in a chilled 

mortar and pestle in 4°C 30 mL nuclei isolation buffer (25 mM Tris, 25 mM NaCl, 5 mM 

MgCl2, 30% glycerol, 5% sucrose, 0.5% Triton X-100, 10 mM β-mercaptoethanol, and 

1X Roche protease inhibitor) per 7g tissue. Pulverized tissue was filtered through 3 layers 

of Miracloth (EMD/Calbiochem Prod. No. 475855). Nuclei were pelleted by 

centrifugation 20 minutes, 4°C, and 3400g. Pellets were washed four times with 5 mL 

extraction buffer without Triton X-100. Centrifugations following addition of buffer were 

2200g/10 minutes/4°C, 1700g/10 minutes/ 4°C, 1700g/8 minutes/4°C, and 1700g/6 

minutes/4°C. A rubber “policeman” attached to the end of a glass rod was used to 

resuspend pelleted nuclei in chilled extraction buffer without Triton X-100. 

For preparations enriched in chromatin proteins, nuclei in 1.5 mL plastic tubes 

were agitated by vortex mixing in the presence of chilled (4°C) Buffer I (20 mM HEPES, 

1 mM EDTA, 0.5% Triton X-100, 0.5 M NaCl, 20 mM β-mercaptoethanol, 1X Roche 

Complete protease inhibitor cocktail tablet). Nuclei were agitated by rotation in Buffer I 

at 4°C for 10 minutes and spun down in a tabletop centrifuge at maximum speed for 1 

minute at 4 degrees. The supernatant after this centrifugation was discarded, and proteins 

were resuspended in a small amount of Buffer I made without Triton X-100 or NaCl. 

Arabidopsis nuclei irradiation, protein quantification, co-immunoprecipitation, and 

SDS-PAGE 

Irradiation of whole nuclei, protein quantification, CoIP, and SDS-PAGE were all 

performed as per pea nuclei experiments. 
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RESULTS 

Pea chromatin proteins purified by CoIP with pc480 consistently showed the 

same banding pattern when electrophoresed on SDS-PAGE. Due to sequence and other 

protein identification tools available for Arabidopsis but not for pea, further experiments 

to build on work initiated in pea were continued in Arabidopsis. 

 

Figure 3: Pea chromatin-associated proteins co-immunoprecipitated with apyrase. The 

same pattern was repeated five times by the same protocol.  
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Figure 4: Arabidopsis apyrase coIP. Lane 1: Arabidopsis chromatin-enriched protein 

fraction not bound by coIP. Lane 2: whole nuclei protein fraction. Lane 3: 

chromatin proteins bound by pre-immune coIP. Lane 4: chromatin proteins 

by anti-Arabidopsis apyrase antibody coIP. This experiment was repeated 

three times, and each time most of the bands precipitated by anti-GhAPY 

antibody were also precipitated by preimmune serum. 
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Chapter 3: Characterization of Nucleotide and Apyrase in Upland 

Cotton 

RATIONALE 

The discovery of a cotton EST with a sequence similar to that of apyrase 

transcripts in Arabidopsis and peas suggested a new line of investigation in a model 

system that is both commercially important and that possesses fibers that are well-suited 

to investigation of single-cell growth kinetics. 

Cotton lint fibers are long, single-celled trichomes, derived from the epidermis of 

the ovule, which grow semi-synchronously within a boll. Cotton fiber growth is 

characterized by four phases of growth. The first phase, differentiation, occurs 

concurrently with anthesis (the opening of the flower bud). The second, fiber initiation, 

occurs at 3 days after anthesis (3 DPA). Fiber cells then enter the third phase, fast 

elongation, which lasts until approximately 20 DPA. The fourth stage, characterized by 

synthesis and deposition of large amounts of cellulose and the thickening of the cell wall, 

lasts from 15 to 45 DPA.  

The third stage, fast elongation, is of the most interest when studying the role of 

apyrase in cotton fiber development. As may be expected during this stage, auxin-

response genes, cell wall loosening genes, and lipid transfer and metabolic genes are 

upregulated (Gou et al., 2007). A screen of genome-wide upland cotton ESTs revealed 

that genes involved in auxin and other hormone responses are expressed during the 

elongation phase of fiber development (Yang et al., 2006). This database also 

documented the expression of a putative cotton apyrase, TC59992, during the elongation 

phase. The deduced amino acid sequence of the coding regions of this cotton apyrase and 

Arabidopsis apyrase 1 (AtAPY1) are nearly the same length and share 67% identity, the 

coding regions of the cotton apyrase and Arabidopsis apyrase 2 (AtAPY2) are exactly the 

same length and share 68% identity, and the coding region of the cotton apyrase is 17 
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residues longer than that of pea apyrase and shares 53% identity. Within the Apyrase 

Conserved Regions, (ACRs), however, cotton apyrase and AtAPY1 share 97.5% identity, 

cotton apyrase and AtAPY2 share 92.5% identity, and cotton apyrase and pea nuclear 

apyrase share 90% identity. The alignments of AtAPY1, AtAPY2 and GhAPY1 

(TC59992) are illustrated in Figure 5. 

 

Figure 5: Alignment of the deduced amino acid sequences of Arabidopsis apyrases 1 and 

2 with cotton EST TC59992. TC59992 and AtAPY1 share 97.5% identity; 

TC59992 and AtAPY2 share 92.5% identity. 

The listing of TC59992 as a single sequence was later changed by the 

administrators of the DFCI cotton EST database to reflect the likelihood that this EST is 

more likely three separate, possibly distinct sequences (TC130548, TC147332, and 

TC146809) and is no longer considered a true sequence in the DFCI cotton EST 

database. TC59992 was not defunct at the time of picking an antigenic peptide, and later 
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sequencing of nearly perfect clones suggests that TC59992 accurately reflected the 

sequence of a putative apyrase. 

The roles of apyrase and extracellular nucleotides were characterized by other 

members of the Roux lab in in vitro cotton fiber growth assays examining fibers cultured 

from 0 DPA to +7 DPA (Clark et al., 2010). Here, low concentrations (30 μM) of poorly 

hydrolysable ATP S and ADP S nucleotides both significantly increase cotton fiber 

growth, and this enhancement is reversed by PPADS, an antagonist of purinoceptors in 

animal systems. Conversely, a high concentration (150 μM) of ATP S significantly 

inhibits cotton fiber growth, an effect that is similarly reversed by PPADS. Treatment 

with apyrase inhibitor also inhibits cotton fiber growth, presumably by allowing ATP and 

ADP concentrations to accumulate to inhibitory levels, and this inhibition is reversed by 

PPADS (Clark et al., 2010). Antibodies raised against Arabidopsis apyrase also inhibit 

cotton fiber elongation (Clark et al., 2010). These results strongly implicate cotton fiber 

apyrase(s) in the regulation of cotton fiber growth, and they provide a rationale for 

biochemically characterizing this enzyme, and further testing its role in controlling the 

growth of other cotton tissues. 

MATERIALS AND METHODS 

Initial cloning of GhAPY1 

Cotton EST TC59992, a putative apyrase was used to design PCR primers to 

amplify RNA message from whole cotton leaf RNA. Cotton leaf RNA was isolated using 

the protocol supplied with Sigma Spectrum Plant Total RNA Kit. First-strand cDNA was 

synthesized using RT-PCR as per a protocol supplied by A. Cantero-Garcia of the Roux 

lab. This cDNA was used as template for Phusion DNA polymerase (NEB Cat. No. F-

530) to amplify a putative cotton apyrase transcript. Primers were designed to amplify the 

entire putative coding sequence of GhApy1 using the sequence from TC59992 (Forward: 

5‟-ATGATCAAGCGTTCAATGGCG-3‟; Reverse: 5‟-
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CCTCATTGCTGATACAGCTTCGATGGC-3‟). Amplified message was cloned into the 

expression vector pTrcHis2 using Invitrogen pTrcHis and pTrcHis2 TOPO TA 

Expression kit (Invitrogen Cat. No. K440001). The vector used in this kit adds both Myc 

and 6X-Histidine tags to the C-terminus of the cloned sequence. Invitrogen Top 10 

chemically competent E. coli cells were then transformed with this construct, hereafter 

named GhApy1 in pTrcHis2. 

The sequence of GhAPY1 in pTrcHis2 was confirmed by growing cells 

expressing this construct overnight with shaking at 37° in Luria Broth with 0.5% glucose 

(to repress basal level transcription of GhApy1 and promote stabilization of the construct) 

and 50 µg/mL carbenicillin. These cells were sedimented by centrifugation and used for 

plasmid miniprep extraction with the Qiagen Qiaprep Spin Miniprep Kit (such as Qiagen 

Cat. No. 27104). Purified plasmid DNA was quantified using the Nanodrop at the 

University of Texas ICMB Core DNA Facility and submitted to the same for DNA 

sequencing with AB 3130 and AB 3730 DNA Analyzers.  

Bacterial expression of GhAPY1 

After induction of expression using IPTG, cell samples were taken at two-hour 

time points to determine the optimal time of expression. These cell samples were boiled 

in SDS-PAGE loading buffer and run on a precast BIO-RAD or NuSep polyacrylamide 

gel; this gel was stained with Coomassie Blue.  

Cells were lysed by lysozyme treatment and subsequent freeze-thaw. Lysed cells 

were centrifuged for 45 minutes at 4° and maximum speed in a tabletop microcentrifuge. 

The resulting supernatant was aspirated to fresh tubes for protein quantification and SDS-

PAGE. Resulting pellets were resuspended in 8M urea buffer, pH 8.0 and incubated at 4° 

with rotation for 10 minutes to resolubilize protein. These protein fractions were also 

quantified before SDS-PAGE and staining with Coomassie Blue. 
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Purification of bacterially-expressed GhAPY1 by Ni
2+

-affinity  

Bacterially-expressed Arabidopsis AtAPY1 is sequestered in insoluble inclusion 

bodies (Steinebrunner et al. 2000). Bacterially-expressed GhAPY1 appeared to be present 

in the insoluble protein fraction, albeit at lower levels than in the soluble fraction. 

Because fewer proteins appear to be present in the insoluble protein fraction of bacteria 

expressing GhAPY1, this fraction was used in attempts to purify GhAPY1 by Ni
2+

-

affinity chromatography.  

Insoluble bacterially-expressed protein was resuspended by rotation at 4°C in 8M 

urea/1mM Tris/1X protease inhibitor cocktail, pH 8. Resuspended protein was dialyzed 

against 0.5M NaCl/20% glycerol (Spectrum Spectra/Por Biotech RC, 3500 kDa cutoff, 

diameter 11.5 mm; product #132720, Lot #13369) for apyrase activity assay or applied to 

Ni
2+

-agarose beads equilibrated in the same 8M urea buffer for batch extraction or 

column chromatography. Proteins applied to Ni
2+

-agarose columns were eluted with 

progressively more acidic versions of the 8M urea buffer. 

In hopes of purifying greater quantities of GhAPY1 protein, batch extraction of 

whole protein extracts was done with Ni
2+

-agarose beads and elution with imidazole. 

Whole protein extracts from cells expressing GhAPY1 or those not induced to express 

GhAPY1 were incubated for five minutes at room temperature with Ni
2+

-agarose beads 

pre-equilibrated in 50 mM Tris/0.3 M NaCl, pH 8. The beads were then washed twice 

with the same equilibration buffer and then incubated with equilibration buffer with 

increasing concentrations (10 to 250 µM) of imidazole. 

The soluble fraction of recombinant GhAPY1 from bacteria expressing it was 

dialyzed against 0.5 M NaCl and 20% glycerol, further purified and concentrated in 

Millipore Microcon centrifugal filters (molecular weight cutoff of 30 kDa), and finally 

assayed for apyrase activity.  
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Activity assay of purified bacterially-expressed apyrase 

The activity assay used was the same as that used by Steinebrunner et al., (2000), 

with the inclusion of alkaline and acid phosphatase inhibitors as per Chen and Roux 

(1986).  

Confirmation of cloned GhAPY1 sequence 

Given the difficulties with obtaining consistent apyrase activity assay results, the 

cloned GhAPY1 was sequenced to determine whether some sequence change could 

explain the inconsistent activity associated with bacterially-expressed GhAPY1. 

Sequencing was performed by ICMB Core Facility staff using AB 3130 or AB 3730 

DNA Analyzers at the University of Texas at Austin. 

Second cloning attempt of GhAPY1 and first cloning of GhAPY2 

The second attempt to clone GhAPY1 used the same RNA extraction and first 

strand cDNA synthesis methods. Following the advice of E. Huq, a quicker Taq 

polymerase was used to amplify GhAPY1; using this strategy was expected to solve the 

problem of the poly-T slippage, though it might result in clones with more sequence 

differences from the native GhAPY1 gene. In addition, a different vector, 

pCR8/GW/TOPO (Invitrogen), was used to clone GhAPY1.  

The first attempt to clone GhAPY2, a second putative apyrase identified from the 

DFCI Cotton EST TC59994 was performed concurrently with the cloning of GhAPY1. 

Primers were designed to amplify the entire sequence and based on TC59994 (Forward: 

5‟-ATGAAGCGTTCATTGGCGAGA-3‟; Reverse: 5‟-

AGATGATACAGCCTCGATGGC-3‟). All protocols in this section describe the 

methods used to clone GhAPY1 and GhAPY2. 

pCR8/GW/TOPO was chosen because it is not an expression vector, so positive 

clones were not expected to be lethal to host cells. Furthermore, the use of a Gateway 
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vector could enable transfer of GhAPY1 into other Gateway vectors as appropriate for 

further experiments. 

GhAPY1 and GhAPY2 were amplified by PCR as before, resulting in multiple 

bands. Bands of the appropriate size (approximately 1.5 kb) were excised from the 

agarose gels in which they were electrophoresed. PCR products were purified from 

agarose using the Qiagen QIAquick gel purification kit as per its protocol. Purified PCR 

fragments were cloned into pCR8/GW/TOPO as per the Invitrogen protocol. This cloning 

reaction was then used to transform Invitrogen One Shot TOP10 chemically competent E. 

coli as per the Invitrogen protocol, and transformants were identified by spectinomycin 

resistance, also as per the Invitrogen protocol. 

Creation of anti-GhAPY polyclonal antibody  

Using TC5992, two likely antigenic regions were identified for use in raising 

antibody in guinea pigs. Although TC59992, the EST used to predict the sequence of 

GhAPY1, has been split into 3 parts (TC130548, TC147332, and TC146809) and is no 

longer considered a true sequence, TC59992 was not defunct at the time of picking an 

antigenic peptide. 

One sequence was identified using the online antigenicity predictor EMBOSS 

(http://liv.bmc.uu.se/cgi-bin/emboss/antigenic). The other sequence was identified by Dr. 

Roux and Dr. Clark and was sent to the Protein Microanalysis Facility of at the 

University of Texas at Austin ICMB Core facilities for synthesis. This is the sequence 

that was synthesized at the core: VTLKKVKYRNSLVEAAWPLC. 

While that sequence does not exist in TC59992. A BLAST search against the 

DFCI database leads to hits in TC147332 (formerly of TC59992), TC59993, and 

TC59994; it also matches parts of two other sequences. Sequencing of the GhAPY1 clone 

with poly-T slippage suggests that GhAPY1 has a sequence that does not match but is 

similar to the sequence in TC59992:  
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Figure 6: The deduced amino acid sequences of GhAPY1 and TC59994. Sequence that 

closely matches the antigenic peptide used for antibody creation is 

underlined. 

An alignment of the sequences (from the GhAPY1 clone, TC59994, and the 

antigenic peptide used to raise antibody) further suggested that the antigenic sequence 

would likely yield an antibody that recognizes both GhAPY1 and GhAPY2. 

 

Figure 7: Clustal alignment of the antigenic peptide used to raise anti-cotton apyrase 

antibody, partial sequence from the first GhAPY1 clone, and partial 

sequence from TC59994 (GhAPY2). 
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Polyclonal anti-GhAPY was raised in two guinea pigs (GP2146 and GP2147) at 

Pocono Rabbit Farm and Laboratory (Canadensis, PA). Pre-immune serum was collected 

from both animals, and then they were injected with the antigenic peptide. Bleeds were 

taken every two weeks for several months, and crude serum was sent to the Roux lab for 

purification and analysis.  

Serum containing antibody was purified by Protein-A/agarose affinity column 

chromatography. Briefly, Protein A-labeled agarose beads were equilibrated in 10 

column volumes Bind/wash buffer (0.1M citrate and 0.1M dibasic phosphate). Crude 

serum was mixed 1:1 with bind/wash buffer and added to the equilibrated beads. Serum 

was allowed to flow through the column before the column was washed with bind/wash 

buffer until the eluate measured an OD280 of 0.050 or less.  

Antibody was eluted from the column using the same citrate/phosphate buffer 

with the pH adjusted to 4.3. Eluate fractions were collected in 900 µl aliquots, to which 

550 µl neutralization buffer (1M Tris, pH 9.0) was added. Eluate was collected until the 

OD280 of the combined eluate/neutralization mixture was 0.050 or less. 

For reuse, beads were washed for 30 minutes with 0.1M NaOH, followed by 5 

column volumes of 1X PBS, pH 7.4, followed by 5 column volumes of sterile distilled, 

deionized water, and stored in 20% EtOH. Beads were re-equilibrated in 10 column 

volumes of Wash Buffer before re-use. 

Protein extraction from cotton tissues 

Total crude protein was extracted from cotton tissues with a modified Buffer E 

(125 mM Tris, 1% SDS, 10% glycerol, 50 mM sodium metabisulfite, 1X protease 

inhibitor, pH 7.0). (Martínez-García et al., 1999). Briefly, cotton leaf (or other) tissue was 

homogenized at room temperature in five volumes Buffer E per weight tissue. The 

homogenate was filtered through one layer of Miracloth and spun in a tabletop clinical 

centrifuge at setting “6” for five minutes to pellet debris. The supernatant was boiled with 
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6X SDS-PAGE loading buffer five minutes before chilling on ice. Protein concentration 

was determined by Bradford assay.  

Minor modifications were made for 7-day-old cotton seedlings. The protein 

extraction protocol was also adapted for etiolated 7-day-old cotton seedlings. TM-1 

cotton seedlings were surface-sterilized and germinated in magenta boxes on damp 

artificial sponges topped with a layer of filter paper. The boxes were closed to outside air 

by stretching Miracloth over the top. Because this apparatus was clean but not sterile, 

seedlings were sprayed with fungicide. Seedlings were harvested under dim green light, 

divided into root, hypocotyl, and cotyledon sections, and crushed to a fine powder in 

liquid nitrogen. The powders were brought back to room temperature in E protein 

extraction buffer. 

This protein extraction protocol was adapted for cotton pollen by first extracting 

pollen from isolated anthers by vortexing the anthers in the presence of 1 mL liquid 

pollen germination medium per flower. Subsequent steps were the same as for protein 

extraction from other tissues. 

Western blot with cotton protein 

Protein extract from pollen protein was used for Western blot to test the 

specificity of the anti-GhAPY antibody. Crude extract of cotton pollen protein was run on 

Bio-Rad 10% Tris-HCl and transferred to nitrocellulose by wet blot. The blot was then 

blocked with 1% milk/PBS/0.05% Tween-20/trace azide, probed with 40 ng/mL anti-

GhAPY1 in blocking buffer, and finally probed with 1:10,000 goat anti-guinea pig IgG 

with IRDye fluorescent tag in blocking buffer without Tween-20.  

Protein extracts purified from pollen typically looked less degraded than extracts 

from other cotton tissues. Thus, further experiments were conducted with cotton pollen. 
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TCA and ammonium sulfate purification of crude cotton protein extracts 

Further purification of pollen protein was attempted by TCA precipitation and 

ammonium sulfate precipitation. For each, pollen protein was purified with a modified 

Buffer E that substituted 0.1% Triton X-100 for SDS. For ammonium sulfate 

precipitation, the protein homogenate with Triton was mixed 1:1 with chilled saturated 

ammonium sulfate, incubated at 4° with rotation for 15 minutes, and spun at maximum 

speed in a tabletop microcentrifuge at 4° for 5 minutes. For TCA precipitation, the 

protein homogenate was mixed with chilled saturated trichloracetic acid solution to a 

final concentration 13% over a period of five minutes. The TCA-homogenate was then 

chilled at -20° for 5 minutes and at 4° for 15 minutes before being at maximum speed in a 

tabletop microcentrifuge at 4° for 5 minutes. For both precipitations, the pellet was 

resuspended in TBS with 1X protease inhibitor. Both supernatant and resuspended pellet 

were used for apyrase activity assay and Western blot with anti-GhAPY antibody. 

Purification of secreted apyrase from pollen germination medium 

Because apyrase is secreted from Arabidopsis pollen while it is growing in 

germination medium, I tested a simple method to purify native apyrase from the 

germination medium of cotton pollen. Cotton pollen was incubated in pollen germination 

medium (18% sucrose, 1mM MgSO4, 0.01% boric acid, 1 mM CaCl2, 1 mM Ca(NO3)2, 

and 5 mM HEPES, pH 7.0) for 1 to 4 hours at 30°. Germination rates were nearly zero, 

so 1 µM GA3 was added to the germination medium; sucrose was increased from 18% to 

25% or 33%; and pollen in liquid medium were overlaid on a solid layer of medium. 

Each strategy failed to increase pollen germination rates. Pollen rolled in excised 

stigmas/styles did germinate, but pollen incubated in solid or liquid medium with whole 

or crushed stigmas failed to germinate. 

Because pollen failed to germinate at significant levels, efforts to purify secreted 

apyrase from liquid medium were abandoned. 
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RESULTS 

Expression and purification of bacterially expressed GhAPY1 

The expected size of bacterially-expressed GhAPY1 (including 6X His and c-Myc 

tags) is approximately 54 kDa. Although the predominant bands that accumulated after 

IPTG induction were larger than this, the protein was reasonably assumed to migrate 

more slowly because of putative post-translational modifications. The same darker band 

at 54 kDa was seen in three separate cultures treated with IPTG. 

 

Figure 8: Time course of protein expression in E. coli following treatment with IPTG. 

Equal loading of cells was determined from optical densities of cell cultures.  

The prominent bands seen in the total protein from cells expressing GhAPY1 are 

present in the soluble protein fraction but not in the insoluble protein fraction. This 

fraction was then used for further purification. 



 

 28 

 

Figure 9: Bacterially-expressed GhAPY1 is largely in the soluble fraction, as determined 

by visual examination of 25 µl protein separated by SDS-PAGE and 

subsequent protein staining with Coomassie Blue. This experiment was 

repeated twice with the same result. 
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Figure 10: Insoluble protein fractions resolubilized in 8M urea/1 mM Tris buffer elute 

from Ni
2+

-agarose column optimally at pH 5.9. This experiment was 

repeated three times with the same result. 

Batch extraction typically yielded purified proteins from the cells expressing 

GhAPY1 that were not also present in cells not induced to express apyrase 

 

 

 



 

 30 

Figure 11: Batch-purified protein extract from cells expressing GhAPY1 (I) or those not 

induced to express GhAPY1 (U) incubated with Ni
2+

-agarose beads. Protein 

was eluted with increasing concentrations of imidazole (70 µM, 90 µM, 110 

µM, or 140 µM). This experiment was repeated ten times, with imidazole 

concentrations ranging from 10 µM to 250 µM; all experiments yielded 

similar results. 

Apyrase activity assays using bacterially expressed GhAPY1 

Affinity-purified bacterially expressed GhAPY1 was found to have significant 

enzymatic activity, as determined by colorimetric report of phosphate evolution. Protein 

extracts from cells expressing GhAPY1 consistently had higher apyrase activity than 

equivalent extracts from cells not induced to express GhAPY1. However, when purified 

extracts are incubated with substrates not expected to allow for phosphate evolution 

(adenosine and AMP), phosphate evolution was seen. Furthermore, no clear pattern of 

change in activity was seen with increasing concentrations of ATP. This suggests 

possible flaws in the apyrase activity assay design used for these experiments. 
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Figure 12: Sample result of apyrase activity assay using affinity purified bacterially-

expressed GhAPY1. In three separate experiments, cells induced with IPTG 

to express GhAPY1 consistently yield protein extracts with higher apyrase 

activity.  

Confirmed sequence of the first GhAPY1 clone 

The GhAPY1 clone in pTrcHis2 was found to have a deleted “T,” which changed 

a string of eight thymines to seven thymines. Though polymerase slippage is known to 

occur during DNA sequencing, a total of seven sequencing reads approaching from both 

the forward and reverse directions confirmed that the sequence of the clone itself was 

missing a “T.” This error was likely a result of the DNA polymerase used to amplify 

GhApy1 for cloning. After conferring with lab colleagues Sonya Chiu and Jian Wu, I 

learned that Phusion is known to make poly-T slippage errors. The resulting amino acid 

sequence is truncated after 55 residues; the putative GhAPY1 amino acid sequence 

deduced from TC59992 has 472 residues. 
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Figure 13: Sequence of GhAPY1 in pTrcHis2, its putative translated sequence, and the 

ameliorative effect on the translated sequence of correcting the poly-T 

slippage made by the Phusion polymerase. 
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Figure 14: Clustal alignment of the deduced amino acid sequences for the corrected 

GhAPY1 in pTrcHis2 clone and the DFCI EST TC59992, from which 

primers to clone GhAPY1 were designed. 

This result explains the relatively few positive clones recovered after transforming 

competent cells (fewer than 20 colonies, many of which had the GhAPY1 clone inserted 

backwards in the expression vector). If only clones with truncated apyrase or those with a 

nonsense protein translated from the backwards apyrase sequence are recovered, this 

suggests that the expression vector had leaky expression. In this case, apyrase expressed 
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even at relatively low levels could deplete cells‟ stores of NTPs, thus starving any 

positive clones.  

Although the identification of this apyrase clone as a truncated product does not 

explain the protein bands that accumulate in transgenic cells treated with IPTG, though it 

is possible that confirmation bias led me to see a band in the protein gels of bacterially-

expressed apyrase while ignoring the lower molecular weight portions of the gels where 

many small proteins may mask the appearance of a truncated GhAPY1. Identification of 

the truncated protein also fails to explain apyrase activity that increases in these cells, 

further expressing the truncated protein, though many of these experiments are likely 

flawed due to the use of too much total protein, which turns the solution cloudy. Further 

experiments with these cells were abandoned. 

Sequence of second GhAPY1 clone and first GhAPY2 clone 

Sequencing of purified PCR products positive transformants was performed as 

previously described. Sequence data from several of these clones was compiled and 

compared with the cotton ESTs used to design primers to clone GhAPY1 and GhAPY2 to 

create consensus sequences. These sequences do not exist as individual clones but rather 

reflect the likely sequences of native GhAPY1 and GhAPY2 in cotton. The two 

sequences are 85% identical and 94% similar to each other; the sequences diverge mostly 

in the C-terminus, which is variable within the Arabidopsis apyrase family. Within the 

characteristic Apyrase Conserved Regions (ACRs), GhAPY1 and 2 are identical at all but 

one residue and are identical to AtAPY1 and 2 at all but three other residues (of 40 total 

residues within ACRs). 
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Figure 15: Sequence of GhAPY1 clone in pCR8/GW/TOPO vector and amino acid 

sequence deduced from this nucleotide sequence. 
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Figure 16: Sequence of GhAPY2 clone in pCR8/GW/TOPO vector and amino acid 

sequence deduced from this nucleotide sequence. 
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Figure 17: ClustalW2 alignment of amino acid sequences of GhAPY1, GhAPY2, 

AtAPY1, and AtAPY2. Apyrase Conserved Regions (ACRs) are boxed.  
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GhAPY1 and GhAPY2 are 85% identical and 94% similar. GhAPY1 and 

AtAPY1 are 67% identical and 81% similar; GhAPY1 and AtAPY2 are 66% identical 

and 82% similar. GhAPY2 and AtAPY1 are 66% identical and 80% similar; GhAPY2 

and AtAPY2 are 68% identical and 83% similar. Within ACR1 and ACR4, all four 

apyrases are 100% identical. Within ACR2, GhAPY1, GhAPY2, and AtAPY1 are 100% 

identical, differing from AtAPY2 at two of eleven residues. Within ACR3, GhAPY1 and 

GhAPY2 differ by one residue (a serine in #1, a threonine in #2), but they are otherwise 

identical to AtAPY1 and 2 at all other twelve residues except for one. 

The GhAPY1 antibodies recognize an endogenous cotton protein 

The antibody raised against the GhAPY1 partial peptide strongly recognizes one 

band at approximately 60 kDa in the whole cotton pollen protein. This band is slightly 

larger than apyrases in Arabidopsis and in pea and is slightly larger than the size 

predicted by the GhAPY1 or GhAPY2 deduced amino acid sequences. 

 

Figure 18: Representative Western blot of crude cotton pollen protein probed with anti-

GhAPY. The antibody strongly recognizes one band of approximately 60 

kDa in 7 separate blots. 
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Purified protein extracts from cotton pollen demonstrate apyrase activity 

Both ammonium sulfate precipitation and TCA precipitation were used in 

attempts to further purify endogenous cotton pollen apyrase from crude pollen protein 

extracts. 

Ammonium sulfate precipitations were divided into a pellet fraction and a 

supernatant fraction, which was subsequently de-salted by size exclusion 

chromatography. Three eluate fractions from this size exclusion column were collected.  

All four fractions were tested for apyrase activity, and all four fractions showed more 

apyrase activity when given ADP than when given AMP. The first eluate fraction had 

more apyrase activity than other fractions per mass total protein. 

 

Figure 19: Representative apyrase activity assay of cotton pollen ammonium sulfate 

precipitated protein (pellet and eluates purified by size exclusion column). 

Apyrase activity is measured as the difference between the mean activity of 

protein fractions given ADP as a substrate minus the mean activity of 

protein fractions given AMP as a substrate. This experiment was performed 

once successfully. 
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TCA precipitations were divided into a pellet fraction and a supernatant fraction, 

and both fractions were tested for apyrase activity. Both pellet and supernatant fractions 

showed more apyrase activity when given ADP than when given AMP; supernatant 

fractions had more apyrase activity than pellet fractions per mass total protein. 

 

Figure 20: Representative apyrase activity assay of cotton pollen TCA precipitated 

protein pellet and supernatant. Apyrase activity is measured as the 

difference between the mean activity of protein fractions given ADP as a 

substrate minus the mean activity of protein fractions given AMP as a 

substrate. This experiment was performed twice with similar results. 
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DISCUSSION 

In summary, understanding the molecular mechanisms underlying plant growth is 

key not only to advance basic research but also to advance applied research, especially 

for crop improvement by hybridization or genetic engineering. Relative to the canonical 

plant hormone signaling pathways, nucleoside phosphate signaling and its regulation by 

apyrase are poorly understood. This work contributes to part of a larger group effort to 

characterize pea and Arabidopsis apyrases, especially enzyme activity and localization of 

nuclear apyrases. Later in my studies, I moved on to pioneering work in characterizing 

apyrase in cotton, an exciting model system for single cell growth. 
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