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Ryan N. Burnette
ABSTRACT

The complete role of inositol signaling in plants and humans is still elusive. The
plant Arabidopsis thaliana contains fifteen predicted inositol polyphosphate 5-
phosphatases (5PTases, E.C. 3.1.3.36) that have the potential to remove a 5-phosphate
from various inositol second messenger substrates. To examine the substrate specificity
of one of these Arabidopsis thaliana SPTases (At5PTases), recombinant At5PTasel was
obtained from a Drosophila melanogaster expression system and analyzed
biochemically. This analysis revealed that At5SPTasel has the ability to catalyze the
hydrolysis of four potential inositol second messenger substrates.

To determine whether AtSPTasel can be used to alter the signal transduction
pathway of the major drought-sensing hormone abscisic acid (ABA), plants ectopically
expressing AtSPTasel under the control of a constitutive promoter were characterized.
This characterization revealed that plants ectopically expressing At5PTasel had an
altered response to ABA. These plants have stomata that are insensitive to ABA, and
have lower basal and ABA-induced inositol (1,4,5)-trisphosphate [Ins(1,4,5)P;] levels. In
addition, At5PTasel mRNA and protein levels are transiently regulated by ABA. These
data strongly suggest that At5SPTasel can act as a signal terminator of ABA signal
transduction.

Like the Arabidopsis At5PTasel, a human 5PTase, Ocrl, has the ability to
catalyze the hydrolysis of a 5-phosphate from several inositol-containing substrates. The

loss of functional Ocrl protein results in a rare genetic disorder known as Lowe



oculocerebrorenal syndrome. To gather information concerning the specificity
determinants of the Ocrl protein, a structure-function analysis of Ocrl was conducted
using a vibrational technique, difference Fourier transform infrared (FT-IR)

spectroscopy. Upon the introduction of Ins(1,4,5)P3 substrate, structural changes in
carboxylic acid and histidine residues were observed. The net result of changes in these
residues indicates that upon Ins(1,4,5)Ps introduction, a carboxylic acid-containing
residue is protonated, and a histidine residue is deprotonated. This interpretation supports
the idea that the deprotonation of the histidine residue is concomitant with the
coordination of a divalent cation upon Ins(1,4,5)Ps introduction. This work allows for the

proposal of a new model for the role of the active site histidine of OCRL.
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CHAPTER1

LITERATURE REVIEW
Introduction

Inositol signal transduction is used by many organisms in various response
pathways (Berridge, 1993; Stevenson et al., 2000; York et al., 2001). Inositol signaling
has relevance in the fields of agriculture, disease and neural research. For example,
inositol signaling is a key player in regulating the ability of plants to sense and respond to
drought, thus preventing water and crop loss (Schroeder et al., 2001; Schroeder et al.,
2001). Inositol signal transduction has direct connections to medical conditions such as
diabetes (Shepherd et al., 1996), certain cancers (Pendaries et al., 2003; Sulis and
Parsons, 2003) and Lowe syndrome (Attree et al., 1992). One of the pharmacological
targets of bipolar disorder treatment lies within an inositol signaling pathway (Harwood,
2004). These examples demonstrate that advancing the field of inositol signal
transduction is of importance to understanding a variety of agricultural and medical
processes.

My long-term goal is to better understand inositol signal transduction in plants
and humans. I have chosen to study the inositol polyphosphate 5-phosphatases (5PTases;
E.C. 3.1.3.36), enzymes that have been shown to terminate certain inositol signaling
events (Burnette et al., 2003; Michell et al., 2003). My primary objectives are focused on
analyzing the function of one type of 5SPTases. There are three major objectives of this

work:

Objective 1. To express a recombinant SPTase enzyme for biochemical characterization



Objective II. To determine physiological and biochemical consequences of a gain-of-
function in an inositol signal-terminating enzyme in the model organism Arabidopsis

thaliana

Objective I11. To obtain structure-function information from an inositol signal-

terminating enzyme from humans, which is implicated in a rare genetic disorder

These objectives will add information to the overall role 5PTases play in both
plants and humans. With this and future research, it may be possible to better control
such processes as drought resistance in plants, and serious medical conditions such as
diabetes and cancer. The remainder of this chapter will summarize the major pieces of

information pertaining to inositol signal transduction and 5PTases.

Part 1. Signal Transduction: from Animals to Plants

Cyclic AMP (cAMP) was first discovered by Robison et al. in 1968, initiating the
search for molecules that could function as transducers of signals to the interior of cells
(Robison et al., 1968). In the years following, several inositol-containing second
messengers have been discovered in yeast and animal cells, such as Ins(1,4,5)P; (Streb et
al., 1984; Shears, 1998), inositol (1,3,4,5)-tetrakisphosphate [Ins(1,3,4,5)P4; Tsubokawa
et al., 1994; Shears, 1998], phosphatidylinositol (4,5) bisphosphate [PtdIns(4,5)P,] and
phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)Ps; Insall and Weiner, 2001;

Figure 1.1).
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D-Myo-Inositol (1,4,5)- D-Myo-Inositol (1,3,4,5)-
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Figure 1.1 Structures of inositol phosphates. R; and R, represent
fatty acyl chains.



PtdIns(4,S5)P, -—_

. ™ ptdIns(4)P

K

PtdIns(3,4)P, <—> PtdIns(3,4,5)P,

Ca?* Release +— Ins(1,4,5)P, l;:ilns
S l- tns
Biological Responses Ins(L,4)P, Ins()P —
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Ca?* Entry (13,4)P;

Figure 1.2 Model Ins(1,4,5)P; Signaling. An extracellular signal (green circle)
binds to a receptor activating a G-protein coupled to phospholipase C.
Phospholipase C hydrolyzes PtdIns(4,5)P; to Ins(1,4,5)P; and 1,2-diacylglycerol
(not shown). Ins(1,4,5)Ps binds to receptors on intracellular stores releasing Ca®"
into the cytosol, leading to biological responses. The termination of various
signaling events may be mediated by hydrolysis of second messengers by SPTases.



Inositol (1,4,5)-Trisphosphate

As a second messenger, Ins(1,4,5)P; is implicated in several signal transduction
pathways (Shears, 1998; Stevenson et al., 2000; York et al., 2001; Michell et al., 2003).
One model (Figure 1.2) indicates that the production of Ins(1,4,5)P; second messenger
begins by activation of membrane-bound receptors (Berridge, 1993; Berridge et al.,
1999). Phospholipase C (PLC, E.C. 3.1.4.3) is activated by stimulation of these
receptors, producing Ins(1,4,5)P; and 1,2-diacylglycerol (DAG) from PtdIns(4,5)P,
(Nishizuka, 1992; Berridge, 1993). Ins(1,4,5)P; then binds to receptors on intracellular
stores of Ca>*, such as the endoplasmic reticulum, releasing Ca”" into the cytosol. Ca*"
can activate downstream signaling components such as calmodulin, leading to biological
responses.

There is increasing evidence that this pathway is also utilized by plants (Munnik et
al., 1998; Stevenson et al., 2000; Fordham-Skelton and Lindsey, 2001; Meijer and
Munnik, 2003). PLC (Kopka et al., 1998), heterotrimeric GTP-binding proteins (Ma,
1994), a G-protein coupled receptor (Apone et al., 2003), and enzymes that degrade
Ins(1,4,5)P3, SPTases (Berdy et al., 2001; Sanchez and Chua, 2001; Xiong et al., 2001;
Burnette et al., 2003; Ercetin and Gillaspy, 2004) have all been identified in plants.

In plants, Ins(1,4,5)P; levels increase transiently in response to abscisic acid (ABA)
(Lee et al., 1996; Sanchez and Chua, 2001; Burnette et al., 2003), light (Gunesekera and
Gillaspy, unpublished), gravity (Perera et al., 1999; Perera et al., 2001) and salt stress
(DeWald et al., 2001; Takahashi et al., 2001). Further evidence that Ins(1,4,5)P; is a
second messenger in plants is demonstrated by the fact that injection of caged

Ins(1,4,5)P; into guard cells results in an increase in cytosolic Ca®" levels, inducing



stomatal closure (Gilroy et al., 1990). Additionally, application of inositol signaling
inhibitors, such as lithium chloride and U-73122, result in a reduction in Ca" levels in
response to drought and salt stress in plant vacuolar microdomains (Knight et al., 1997).
Ins(1,4,5)P; has been shown to close plasmodesmata (Tucker and Boss, 1996). This
closure may be due to the fact that Ins(1,4,5)Ps results in an influx of Ca®". The Ca®"
channel blocker, La®", eliminates the Ins(1,4,5)Ps;-dependent influx of Ca" (Tucker and
Boss, 1996). These data strongly suggest Ins(1,4,5)P; is a second messenger utilized by

signaling pathways in plants.

Inositol (1,3,4,5)-Tetrakisphosphate

While Ins(1,4,5)P; is the most characterized inositol second messenger, accumulating
evidence indicates other inositol-containing molecules also have the ability to act as
second messengers. Ins(1,3,4,5)P4 acts as a second messenger in several signaling
pathways (Tsubokawa et al., 1994; Hermosura et al., 2000; Reiser et al., 2004). In
response to acoustic and electrical stimuli, expression of the Ins(1,3,4,5)P4/
PtdIns(3,4,5)P; binding protein centaurin-o. (Aggensteiner et al., 1998) was reduced in
nervous tissue of rats (Reiser et al., 2004). This implicates the potential involvement of
Ins(1,3,4,5)P, in behavioral response signaling (Reiser et al., 2004). Centaurin-c. is
highly expressed in neurons of Alzheimer’s patients (Reiser and Bernstein, 2002),
implicating that this Ins(1,3,4,5)P4 binding protein may be a suitable target for
pharmaceutical design. Ins(1,3,4,5)P; was shown to induce an influx of Ca*" in gerbil
hippocampal neurons, indicating it acts as a second messenger (Tsubokawa et al., 1994).

Ins(1,3,4,5)P4 was also demonstrated to inhibit Ins(1,4,5)P; metabolism via inhibition of



5PTase activity in a mast cell line (Hermosura et al., 2000), favoring conversion of
Ins(1,4,5)P; to Ins(1,3,4,5)P4 and facilitation of an influx of Ca”". 1t has been shown
there is a reduced rate of hydrolysis of Ins(1,3,4,5)P4, due to a reduction in the activity of
a 5SPTase in human leukemia cells (Mengubas et al., 1994). These data implicate
elevated levels of Ins(1,3,4,5)P4 in pathways involved in cell proliferation (Mengubas et
al., 1994).

Chromatin remodeling is a process necessary for proper transcription. The SWI/SNF
complex modulates the structure of nucleosomes to facilitate target sites to transcription
factors. It was recently shown that Ins(1,3,4,5)P4 can modulate chromatin remodeling
complexes (Shen et al., 2003). Ins(1,3,4,5)P4 was seen to stimulate mobilization of the
SWI/SNF complex in yeast (Shen et al., 2003). In addition, loss-of-function in genes
encoding inositol phosphate kinases in yeast resulted in the impairment of transcription
(Shen et al., 2003). Currently, no evidence for Ins(1,3,4,5)P, as a second messenger in

plants has been described.

Phosphatidylinositol (4,5)-Bisphosphate

PtdIns(4,5)P, has diverse roles in the cell (Martin, 1997; Zhang et al., 1998; Czech,
2000; Martin, 2001; Czech, 2003; Yin and Janmey, 2003). Not only is it a component of
membranes, it is the precursor in two important signaling pathways. As mentioned
previously, in the first pathway, PtdIns(4,5)P; is hydrolyzed by PLC producing
Ins(1,4,5)P; and DAG. In the second pathway, PtdIns(4,5)P; is converted to
PtdIns(3,4,5)P; by phosphoinositide-3 kinase (PI-3 kinase, E.C. 2.7.1.137; Jiang and

Zhang, 2002).



However, PtdIns(4,5)P; is not limited to being a precursor for other second
messengers. It also functions to regulate several cellular phenomena, such as vesicular
trafficking (Lawrence and Birnbaum, 2003; Kanzaki et al., 2004), platelet activation
(Toker, 1998; Bucki et al., 2001; Cunningham et al., 2001) and cytoskeletal arrangements
(Yin and Janmey, 2003; Corgan et al., 2004; Kanzaki et al., 2004; Meiri, 2004).
Independent of Ins(1,4,5)Ps, PtdIns(4,5)P; regulates membrane trafficking in yeast
(Odorizzi et al., 2000) and mammals (De Matteis et al., 2002; Aikawa and Martin, 2003).
PtdIns(4,5)P, modulates proteins such as the G protein ADP-ribosylation factor 1
(Randazzo, 1997; Skippen et al., 2002) and phospholipase D (PLD, E.C. 3.1.4.50; Wang,
1999; Powner and Wakelam, 2002; Kurz et al., 2004). Similarly, mice lacking the gene
encoding synaptojanin, a 5SPTase, demonstrated the potential importance of PtdIns(4,5)P,
in synaptic vesicular trafficking. PtdIns(4,5)P, levels were higher resulting in
impairment of synaptic vesicle turnover, leading to fatality (Cremona et al., 1999).

INP51 is a yeast 5SPTase with the ability to catalyze the hydrolysis of a 5-phosphate
from PtdIns(4,5)P; (Stolz et al., 1998). Deletion of the inp51 gene in yeast resulted in
two- to four-fold increase in PtdIns(4,5)P, levels, imparting a cold-tolerant phenotype.
Inp51 mutant cells grew faster at 15°C than wild-type strains (Stolz et al., 1998).
Complementation of the inp51 gene indicated this cold-tolerant phenotype was the result
of the loss of 5PTase activity (Stolz et al., 1998).

Another notable feature of PtdIns(4,5)P; is its involvement with the actin
cytoskeleton. PtdIns(4,5)P; itself regulates several cytoskeleton-modifying proteins, such
as o-actinin (Sakisaka et al., 1997; Corgan et al., 2004) and PLD (Wang, 1999; Lee et al.,

2001; Powner and Wakelam, 2002; Kurz et al., 2004). The global role of PtdIns(4,5)P;



may be best described by sufferers of Lowe (oculocerebrorenal) syndrome. The product
of the gene encodes an SPTase that preferentially catalyzes the hydrolysis of
PtdIns(4,5)P, (Attree et al., 1992; Zhang et al., 1995; Suchy and Nussbaum, 2002).
PtdIns(4,5)P, builds to toxic levels in the kidney cells, eventually resulting in renal
failure (Majerus et al., 1999). Other symptoms include glaucoma, cataracts, mental
retardation and a reduced life expectancy, indicating PtdIns(4,5)P, does have diverse

functions in humans.

Phosphatidylinositol (3,4,5)-Trisphosphate

Like PtdIns(4,5)P,, PtdIns(3,4,5)P; has many functions. It is a focus in studies on
signal transduction, diabetes, and cancer research (Shepherd et al., 1996; Jiang and
Zhang, 2002). Additionally, PtdIns(3,4,5)Ps synthesis has been shown to correlate with
control of cellular growth and transformation (Serunian et al., 1990) and apoptosis
(Mejillano et al., 2001). PtdIns(3,4,5)P; is synthesized by PI-3 kinase, using
PtdIns(4,5)P; as the substrate. PtdIns(3,4,5)P3, has been shown to interact with PLC-
v via Src homology (SH2) domains, leading to internal Ca*" elevations (Bae et al., 1998).
The production of PtdIns(3,4,5)Ps via PI-3 kinase essentially bypasses tyrosine
phosphorylation of PLC-y, indicating PtdIns(3,4,5)P; is a second messenger. Recently,
inactivation of the p100d isoform of PI-3 kinase in mast cells in mice resulted in
impairment of cytokine release and an impaired response to allergen-IgE (Ali et al.,
2004). This inactivation of p1000 essentially reduces the anaphylactic response in mice

(Aliet al., 2004).



The antagonist of PI-3 kinase is the human phosphatase and tensin homolog deleted
from chromosome ten (PTEN, E.C. 3.1.3.48), which catalyzes the hydrolysis of a 3-
phosphate from PtdIns(3,4,5)P; (Gustin et al., 2001; Maehama et al., 2001; Ozes et al.,
2001; Parsons, 2004). Overexpression of PTEN in HEK293 cells resulted in highly
reduced levels of PtdIns(3,4,5)P;, indicating PtdIns(3,4,5)P; is the in vivo target of PTEN
(Maehama and Dixon, 1998). Many mutations in the PTEN gene have been discovered
in human tumors, indicating that PTEN may act as a tumor suppressor (Ali et al., 1999;
Cantley and Neel, 1999; Di Cristofano and Pandolfi, 2000; Parsons, 2004). It is therefore
likely that elevated levels of PtdIns(3,4,5)Ps, in part, result in aberrant signaling leading
to cancerous growth in certain tissues.

Of clinical interest is the involvement of PtdIns(3,4,5)P; in insulin signal transduction
(Al-Rasheed et al., 2004; Duan et al., 2004). Production of PtdIns(3,4,5)P; via PI-3
kinase acts as a signal controlling the insertion of the GLUT4 transporter into the plasma
membrane of adipocytes (Tengholm and Meyer, 2002). SHIP2 is a human 5PTase with a
specificity for PtdIns(3,4,5)P; and Ins(1,3,4,5)P4 (Chacko et al., 1996). In both rat and
human, mutations in this gene have been linked to contributions resulting in type II
diabetes (Chacko et al., 1996; Marion et al., 2002). In vivo evidence also suggests that
SHIP2 is a negative regulator of insulin signal transduction and that PtdIns(3,4,5)Ps is
crucial for glycogen synthesis (Sasaoka et al., 2001; Baumgartener, 2003). More
evidence concerning the cellular roles of PtdIns(3,4,5)Ps as a second messenger will
emerge with continued research. Regardless, PtdIns(3,4,5)Ps, as well as PtdIns(4,5)P,

and Ins(1,3,4,5)P4 are important compounds with diverse functions.
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Part I1. 5PTases in Plants

The previous section illustrated the action of various inositol-containing compounds
in signal transduction and other cellular functions. 5PTases can act to terminate inositol
second messenger signaling events by catalyzing the hydrolysis of the 5-phosphate from
various inositol-containing substrates (Erneux et al., 1998; Majerus et al., 2000; Berdy et
al., 2001). All 5PTases have a highly conserved catalytic domain, the inositol
polyphosphate 5-phosphatase (IPPc) domain. The IPPc domain contains several highly
conserved motifs, such as the PAWXDRIL and SDHxPV motifs (York et al., 2001).

In animal cells 5PTases fall into four groups based on their substrate specificities
(Shears, 1998). Enzymes in Group I (Table 1.1), such as HsTypel, catalyze the
hydrolysis of a 5-phosphate from Ins(1,4,5)P; and Ins(1,3,4,5)P4 (Connolly et al., 1985;
Connolly et al., 1986; Connolly et al., 1987). 5PTases from Group II, such as the protein
encoded by the gene, when mutated, is responsible for Lowe (oculocerebrorenal)
syndrome (Ocrl), and all four yeast enzymes (ScInp51p, Sclnp52p, ScInp53p and
Sclnp54p), catalyze the removal of a 5-phosphate from Ins(1,4,5)P3, Ins(1,3,4,5)Pa,
PtdIns(4,5)P, and PtdIns(3,4,5)P;. These proteins contain domains other than the
conserved IPPc domain. For example, C-terminal CAAX sequences are found in some
Group I and Group II 5PTases (Jefferson and Majerus, 1996). These domains are sites
for isoprenylation and membrane association (Rotblat et al., 2004).

The yeast SPTases (ScInp51p, ScInp52p and Sclnp53p) all contain a SAC domain,
capable of converting PtdIns(3)P, PtdIns(4)P and PtdIns(3,4)P, to PI independent of the
IPPc domain (Guo et al., 1999). SAC domain-containing proteins can be grouped into

two separate categories (Hughes et al., 2000). The first group, such as the yeast SPTases,
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contains both an N-terminal SAC domain and C-terminal IPPc domains, each with
phosphatase activities (Hughes et al., 2000). The second group contains an N-terminal
SAC domains with no discernable C-terminal domains (Hughes et al., 2000). Nine SAC
domain-containing proteins have been identified in Arabidopsis (Zhong and Ye, 2003).
These contain no IPPc domain and thus fall into the second group.

SHIP, a human SH2 domain-containing SPTase, is a Group III 5PTase, and catalyzes
the hydrolysis of PtdIns(3,4,5)P; and Ins(1,3,4,5)P4 (Chacko et al., 1996). There are only
two identified members in Group IV. The human Type IV 5PTase (Kisseleva et al.,
2000) and AtSPTasell from Arabidopsis thaliana, (Ercetin and Gillaspy, 2004) both
catalyze the hydrolysis of PtdIns(4,5)P, and PtdIns(3,4,5)Ps.

Like humans and yeast, Arabidopsis, maize, rice and tomato, contain SPTases (Table
1.1; Berdy et al., 2001; Gillaspy, unpublished data). The Arabidopsis genome encodes
fifteen putative SPTases, ranging in size between ~36-75 kDa (Group A; Table 1.1,
Figure 1.3;Berdy et al., 2001) and a separate group of considerably larger proteins,
between ~110-150 kDa (Group B; Table 1.1, Figure 1.3; Berdy et al., 2001). These
genes have been named At5PTasel-15. At5PTasel has been shown to catalyze the
hydrolysis of Ins(1,4,5)P; and Ins(1,3,4,5)P4 in vitro (Berdy et al., 2001). Sanchez and
Chua showed that At5SPTase2 is also capable of hydrolyzing Ins(1,4,5)Ps and
Ins(1,3,4,5)P,4 (Sanchez and Chua, 2001). In contrast to At5SPTasel and At5PTase2, it
has recently been shown that the protein encoded by the At5PTasell gene has the ability
to hydrolyze PtdIns(4,5)P, and PtdIns(3,4,5)Ps, but not Ins(1,4,5)P; or Ins(1,3,4,5)P,4

(Ercetin and Gillaspy, 2004).
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The conserved domains in animal 5SPTases (SAC, GAP, SH2 domains or CAAX
sequences) are not present in the plant 5SPTases (Table 1.1, Figure 1.3). However, the
Group B At5PTases contain WD repeats in the N-terminal portions of the proteins (Table
1.1, Figure 1.3). These domains are found in many proteins and allow for protein-protein
interactions (Smith et al., 1999). These WD repeat domains may allow for Group B
At5PTases to associate with other proteins involved in signaling pathways.

The fact that there are fifteen SPTases in Arabidopsis suggests they have diverse
functions in the plant cell. They may act to terminate different signaling events or in
different developmental stages of plant growth. Further characterization of the other
At5PTases may show that, like human 5PTases, AtSPTases also fall into groups based on
their substrate specificities. Additionally, amino acid alignments have not been sufficient
in predicting the substrate specificities of the At5SPTases. For example, included in the
Group A At5PTases are At5SPTasel, At5SPTase2 and At5PTasell (Table 1.1). At5PTasel
has an in vitro substrate specificity for Ins(1,4,5)Ps, Ins(1,3,4,5)P4, PtdIns(4,5)P, and
PtdIns(3,4,5)P; (Berdy et al., 2001 and this work), whereas At5PTasel1 only has the
ability to catalyze the hydrolysis of a 5-phosphate from PtdIns(4,5)P, and PtdIns(3,4,5)P3
(Ercetin and Gillaspy, 2004). Therefore, biochemical data is necessary to fully

charaterize the substrates of the fifteen At5PTases.
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Table 1.1. 5PTase Gene Information

Arabidopsis | No. Amino In Vitro Substrates Predicted
Group A Acids Domains
At5PTasel 590 Ins(1,4,5)P5°% Ins(1,3,4,5)P4", IPPc
PtdIns(4,5)P,", PtdIns(3,4,5)P5°
At5PTase2 646 Ins(1,4,5)Ps°, Ins(1,3,4,5)P,° IPPc
At5PTase3 670 Unknown IPPc
AtS5PTase4 569 Unknown IPPc
At5PTase5 574 Unknown IPPc
At5PTase6 609 Unknown IPPc
At5PTase7 501 Unknown IPPc
At5PTase8 401 Unknown IPPc
At5PTase9 417 Unknown IPPc
At5PTasel0 366 Unknown IPPc
At5PTasel 1 331 PtdIns(4,5)P,’, PtdIns(3,4,5)P;° IPPc
Arabidopsis
Group B
At5PTasel2 1,101 Unknown IPPc, WD40
At5PTasel3 1,305 Unknown IPPc, WD40
At5PTasel4 1,136 Unknown IPPc, WD40
At5PTasel5 1,144 Unknown IPPc, WD40
Yeast
InpS1p 9461 PtdIns(4,5)P,, PtdIns(3,4,5)P5° IPPc, SAC
Inp52p 1,183 PtdIns(4,5)P,, PtdIns(3,4,5)P;, IPPc, SAC
PtdIns(3)P, PtdIns(4)P,
PtdIns(3,5)P,°
Inp53p 1,107 PtdIns(4,5)P,, PtdIns(3,4,5)P;, IPPc, SAC
PtdIns(3)P, PtdIns(4)P,
PtdIns(3,5)P,°
Inp54p 384 PtdIns(4,5)P,, PtdIns(3,4,5)P;° IPPc
Human
HsTypel (Group I) 412 Ins(1,4,5)Ps, Ins(1,3,4,5)P,' IPPc, CAAX
HsSHIP2 1,188 Ins(1,3,4,5)P,, PtdIns(3,4,5)P;® IPPc, SH2, Pro-
(Group II) rich
Ocrl (Group III) 813 Ins(1,4,5)P;, Ins(1,3,4,5)P,, IPPc, RhoGap
PtdIns(4,5)P,, PtdIns(3,4,5)P;"
HsTypelV 644 PtdIns(4,5)P,, PtdIns(3,4,5)P5' IPPc
(Group 1V)

*(Berdy et al., 2001; Burnette et al., 2003)

® from this work

¢(Sanchez and Chua, 2001)
4 (Ercetin and Gillaspy, 2004)
“(York et al., 2001)

" (Connolly et al., 1987)

¢ (Damen et al., 1996)
" (Zhang et al., 1995)
' (Kisseleva et al., 2000)
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Figure 1.3 Domain structure of AtSPTasel and related proteins. Amino
acid sequences corresponding to At5PTasel (At1g34120), AtSPTasel 1
(AAD46036), At5SPTasel2 (At1g65580), human Type I SPTase (Q14642),
human Type II 5PTase Ocrl (Q01968), human Type III SHIP 5PTase
(NP_005532), human Type IV 5PTase (NP_063945), the rice gene Os3541
(ARRO01658) and the yeast ScInp52p SPTase (NP_014293) the were analyzed
with Pfam and SMART database tools, and the resulting domain structures are
graphically presented. IPPc is the conserved 5PTase catalytic domain; WD
corresponds to WD40 repeat regions, the CAAX represents isoprenylation
CAAX sequence, SH2 represents Src homology 2 domain sequence, Pro-Rich
represents proline-rich domain sequence, SAC represents SAC phosphatase
domain. Adapted from Ercetin et al., 2004 (Ercetin and Gillaspy, 2004). Note
that the IPPc domain in At5PTasel contains an insertion indicated by the black
line.



Part I11. Abscisic Acid Signal Transduction

The discovery of ABA began in a search to isolate auxins in the 1950s (Bennet-
Clark and Kefford, 1953). Abscisic acid, or abscisin II as it was earlier named, was
finally isolated in 1963 (Ohkuma et al., 1963). Studies to elucidate the biosynthetic
pathway for ABA production proved difficult, and many of the intermediates are still
unknown. Both possible biosynthetic routes share farnesyl diphosphate as the primary
Cis source (Milborrow, 2000). Despite the name, ABA does not induce abscission.

ABA is the major drought-sensing hormone in plants (Evans and Hetherington,
2001; Hetherington, 2001; Desikan et al., 2004). When plants are exposed to drought
conditions, ABA synthesis increases. ABA has several effects on plants. In the leaves,
ABA induces stomatal closure, thereby reducing water loss (Schroeder et al., 2001).
Plants lose 90% of their total water through stomatal pores (Pei et al., 1998). The most
notable effect of ABA is its ability to induce stomatal closure, thus reducing water vapor
loss (Evans and Hetherington, 2001; Hetherington, 2001; Schroeder et al., 2001;
Schroeder et al., 2001). When stomata are open, they allow for an influx of CO; and an
efflux of water (Schroeder et al., 2001). This mechanism assists with the transpirational
process (Hetherington, 2001; Schroeder et al., 2001). ABA also acts antagonistically to
the germination-inducing hormone gibberellic acid (GA), thereby preventing germination
of seeds at inhibitory concentrations (5 uM) of ABA (Koornneef et al., 2002). ABA also
stimulates gene expression of the 7d29 (Yamaguchi-Shinozaki and Shinozaki, 1993),
corl5a (Wilhelm and Thomashow, 1993), kinl (Wang and Cutler, 1995) and kin2

(Kurkela and Borg-Franck, 1992) genes.
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Physiological experiments have identified cellular components essential for ABA
signal transduction. Within minutes of ABA exposure, cytosolic Ca>" increases
(McAinsh et al., 2000; Allen et al., 2001; Webb et al., 2001). This increase in cytosolic
Ca’" is dependent upon two things: an increase in PLC activity (Staxen et al., 1999), and
a transient increase in Ins(1,4,5)P; (Lee et al., 1996). Ins(1,4,5)P; levels increase by 90%
ten seconds after 10 UM ABA addition (Lee et al., 1996). In addition to this evidence,
when Ins(1,4,5)Ps is injected into guard cells, stomatal pores close (Gilroy et al., 1990).
However, with the exception of fieryl (Xiong et al., 2001), genetic evidence for
Ins(1,4,5)P; as a second messenger for ABA-induced stomatal closure has been lacking.

Stomatal closure requires many components, such an increase in cytosolic Ca**
(Gilroy et al., 1990; Allan et al., 1994; McAinsh et al., 1995; McAinsh et al., 2000). It is
thought that ABA triggers stomatal closure by inducing cytosolic Ca®" increases
(Schroeder et al., 2001) as ABA induces cytosolic Ca®" oscillations (Gilroy et al., 1991;
McAinsh et al., 1992; Grabov and Blatt, 1998; Allen et al., 1999; Schroeder et al., 2001).
Guard cell closure resulting from cytosolic Ca®" increases can be achieved by the
application of external Ca*’ (McAinsh et al., 1995; Allen et al., 1999; Allen et al., 1999),
inducing Ca*" flux across the plasma membrane, coordinated with internal Ca>* increases
(Grabov and Blatt, 1998; Allen et al., 1999). The culmination of these events is
inhibition of plasma membrane H'-ATPases and inward rectifying K™ channels
(Schroeder et al., 2001). Activation of outward rectifying K channels allows for ion
efflux from the guard cell and a decrease in guard cell turgor. This results in closure of
the guard cells (Blatt et al., 1990; Lemtiri-Chlieh and MacRobbie, 1994; Schroeder et al.,

2001).
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Despite such knowledge, many components of ABA signal transduction have yet
to be identified. There are two types of ABA response mutants that have been identified
in genetic screens. The first class included mutants with reduced sensitivity to ABA. For
example, the mutants abi/-1 and abi2-1 both show a reduced sensitivity to ABA,
including ABA-insensitive seeds and stomata (Rodriguez et al., 1998; Gosti et al., 1999).
In the presence of 3 uM ABA wild-type seeds either remained intact or demonstrated
arrested growth, whereas abil-1 mutant seeds developed roots and green cotyledons
(Gosti et al., 1999). In addition, when 6 day-old seedlings were transferred from ABA-
free medium to medium containing 10 uM ABA for three days, abil-1 mutants displayed
longer roots compared to wild-type seedlings (Gosti et al., 1999). To determine whether
the abil-1 muntants displayed an increase in susceptibility to wilting, mature plants were
subjected to drought conditions. Compared to wild-type plants, abil-1 mutants displayed
an increase in wilting, and stomata from abil-1 leaves were more open compared to wild-
type leaves (Gosti et al., 1999). Additionally, compared to wild-type plants, internal Ca**
levels in guard cell protoplasts from both abil-1 and abi2-1 were substantially reduced
when treated with 10 uM ABA (Allen et al., 1999). 4BI1 and ABI2 both encode type-
two protein phosphatases (PP2C; Leung et al., 1998). These facts suggest that ABA
stimulates pathways leading to internal Ca®" release, and that PP2Cs are required for this
pathway.

The second class contains mutants that are hypersensitive to ABA. One example
is the eral mutation, which confers an enhanced sensitivity to ABA. Compared to wild-
type plants, stomata from eral plants exhibited a marked reduction in stomatal aperture

in the presence of low amounts of ABA (0.1 uM; Allen et al., 2002). While the addition
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of 0.1 uM ABA is unable to generate Ca*" oscillations in wild-type guard cells, 0.1 uM
ABA elicits Ca®" oscillations in guard cells from eral mutant plants, similar in magnitude
to those seen in wild-type guard cells at much higher concentrations of ABA (10 uM;
Allen et al., 2002). Additionally, 21 day-old plants were withheld water and analyzed for
drought response phenotypes. Compared to wild-type plants, era/-2 muntant plants
exhibited rigidity and healthy green leaves after 12 days without water (Pei et al., 1998).
The eral gene encodes the beta subunit of a farnesyltransferase in Arabidopsis. These
data suggest the era/-encoded farnesyltransferase acts as a negative regulator of ABA
signal transduction.

Another ABA-hypersensitive mutant is fieryl. In fieryl mutant plants, expression
of ABA- and stress-inducible genes was substantially elevated compared to wild-type
plants treated with 100 uM ABA (Xiong et al., 2001). Without exogenous ABA
application, fieryl mutant seeds exhibited a delayed germination compared to wild-type
seeds, and while wild-type seeds reached 100% germination in the presence of 1 uM
ABA, fieryl seeds displayed less than 80% germination (Xiong et al., 2001).
Interestingly, there was no observable difference in transpirational rates between wild-
type and fieryl plants, suggesting fieryl does not play a role in stomatal regulation
(Xiong et al., 2001). However, these authors did not conduct a full stomatal analysis.
Fieryl plants were treated with 100 uM ABA to determine if fiery! mutant plants had
elevated levels of Ins(1,4,5)Ps. Compared to wild-type, fiery! plants displayed elevated
levels of Ins(1,4,5)Ps, indicating the loss-of-function of fiery! results in ABA-stimulated
Ins(1,4,5)P; accumulation (Xiong et al., 2001). Fieryl was found to encode a protein

with high similiarity to an inositol polyphosphate 1-phosphatase. However, these authors
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did not present a full biochemical analysis of the FIERY1 protein, but reported
recombinant, wild-type FIERY1 had very low activity towards Ins(1,4,5)Ps (Xiong et al.,
2001). Rather, compared to activity towards Ins(1,4,5)Ps, FIERY 1 demonstrated 20-fold
higher activity towards 3’-phosphoadenosine 5’-phosphate, suggesting Ins(1,4,5)P; may
not be the preferred in vivo substrate. While the biochemical data do not fully support the
conclusion that FIERY 1 acts to degrade Ins(1,4,5)Ps, these data provide evidence that
FIERY1 is a negative regulator of ABA signaling.

One of the goals of the research described in this dissertation was to examine,
genetically, the role of Ins(1,4,5)P5 in stomatal closure and seedling germination. The
results presented herein will detail the effects of ectopic expression of the At5SPTasel
gene in ABA signal transduction (Burnette et al., 2003). Sanchez and Chua reported
similar work utilizing ectopic expression of the AtSPTase2 gene (Sanchez and Chua,
2001). In thier work, these authors found that in the presence of ABA (2-10 uM),
At5PTase2 transgenic seed displayed a 40-90% germination rate, compared to wild-type
with a 2% germination rate (Sanchez and Chua, 2001). In addition, the expression of the
ABA-inducible genes rd29, kin2 and rd22 was three- to seven-fold lower than wild-type
plants induced with 50 uM ABA (Sanchez and Chua, 2001). These authors also
demonstrated a reduction in ABA-stimulated Ins(1,4,5)P; levels in At5PTase2 transgenic
plants treated with 50 uM ABA (Sanchez and Chua, 2001). Bacterially expressed
At5PTase2 was reported to catalyze the hydrolysis of a 5-phosphate from Ins(1,4,5)P;
and Ins(1,3,4,5)P4, but not PtdIns(4,5)P, or PtdIns(3,4,5)P; (Sanchez and Chua, 2001).
However, a full biochemical analysis was not included in this work. Taken together,

these data suggest SPTases play a role in ABA signal transduction.
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Part IV: Lowe Syndrome and 5PTases

In the early 1950s, Dr. Charles Lowe first described a rare genetic disorder in
Caucasian male children, for which the disorder is named Lowe syndrome (Lowe et al.,
1952). Lowe syndrome is an X-linked, recessive disorder resulting in a variety of
adverse phenotypes that affects between one in 1-10 million boys. Soon after birth,
males develop cataracts that can be removed surgically. Other symptoms include
glaucoma in roughly half of the reported cases, poor muscle tone, seizures, mental
retardation, weak bones and joints, behavioral problems, kidney problems and a reduced
life expectancy (www.lowesyndrome.org, 2004). The kidney impairment, including a
decrease in certain compounds in urine, is known as Fanconi renal tubular dysfunction,
and is not exclusive to Lowe syndrome patients. Due to problems with eye, brain and
kidney function and development, the disease is also known as Ocrl syndrome, for oculo-
cerebro-renal Lowe syndrome.

The gene responsible for these phenotypes was identified in 1992, and was shown
to encode a SPTase (Attree et al., 1992). Mapping of genetic sequences from Lowe

patients has revealed numerous mutations(http://research.nhgri.nih.gov/lowe/; Leahey et

al., 1993; Lin et al., 1997; Nussbaum et al., 1997; Kawano et al., 1998; Kubota et al.,
1998; Lin et al., 1998; Satre et al., 1999; Monnier et al., 2000; Roschinger et al., 2000).
While the majority of mutations resulting in reduced or abolished 5PTase activity are in
conserved regions of the Ocrl protein, such as the IPPc domain, several mutations are not
in conserved regions amongst the SPTases (Figure 1.4). For example, Arg317 in Ocrl is
in a region not highly conserved amongst the 5SPTases, yet a mutation at the location of

this residue confers phenotypes consistent with Lowe syndrome (Figure 1.4).
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Figure 1.4. Amino acid alignment of OCRL and related proteins. Amino
acid sequences corresponding to human OCRL (HsOCRL), yeast
synaptojanin (SpSyn), human Type Il 5SPTase (HsTypell), yeast INP52
(ScInp52), human Type I 5SPTase (HsTypel), Arabidopsis thaliana SPTasel 1
(At5PTasell), and human Apel (HsApel) were analyzed with ClustalX
software. Residues identical to OCRL are shaded gray. Residues identical
amongst the selected amino acid sequences are shaded yellow. Blue and red
bars indicate residues within 5 angstroms of complexed product or divalent
metal, respectively, within the SpSyn crystal structure (Tsujishita et al.,
2001). Mutations (http://research.nhgri.nih.gov/lowe/; Communi and Erneux,
1996; Communi et al., 1996; Jefferson and Majerus, 1996; Lin et al., 1997;
Kawano et al., 1998; Kubota et al., 1998; Lin et al., 1998; Erzberger and
Wilson, 1999; Satre et al., 1999; Hadi et al., 2000; Monnier et al., 2000;
Roschinger et al., 2000; Whisstock et al., 2000; Tsujishita et al., 2001) that
abolish or significantly decrease SPTase enzyme activity are highlighted
green. Double mutants (purple and blue residues) are double mutants. Note
that patient mutations, which result in premature stops in the protein
sequence, are not annotated in this alignment. Regions of the protein
sequences shown represent those areas conserved amongst the selected
protein sequences.
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Characterization of the Ocrl protein confirmed its ability to hydrolyze a 5-phosphate from
four substrates, Ins(1,4,5)Ps, Ins(1,3,4,5)P4, PtdIns(4,5)P, and PtdIns(3,4,5)P3, with a
greater affinity for PtdIns(4,5)P, as determined by in vitro kinetic analyses (Zhang et al.,
1995).

There is increasing evidence that the resulting phenotypes in Lowe patients arise
from a sustained increase in PtdIns(4,5)P, levels (Zhang et al., 1998; Suchy and
Nussbaum, 2002). Since PtdIns(4,5)P, can regulate vesicular trafficking (Odorizzi et al.,
2000; De Matteis et al., 2002; Aikawa and Martin, 2003) and modify actin
polymerization (Sakisaka et al., 1997; Corgan et al., 2004), these processes may be
defective in Lowe patients resulting in developmental and organ impairments. Using two
kidney epithelial cell culture lines, it was demonstrated that the wild-type Ocrl protein is
associated with the Golgi (Dressman et al., 2000), indicating Ocrl may play a role in
vesicular trafficking. Clathrin is a major protein component of vesicles associated with
the trans Golgi network (TGN). Ocrl protein contains an LLDLD-type clathrin box motif
("’LIDLE; Ungewickell et al., 2004), which can facilitate binding to clathrin. In a series
of binding assays, it was demonstrated that Ocrl interacts with clathrin, and mutation of
this motif greatly reduces this interaction (Ungewickell et al., 2004). These data suggest
Ocrl is involved in vesicular trafficking, and that phenotypes observed in Lowe patients
may arise from problems with vesicular trafficking.

Two major problems associated with Lowe syndrome are eye and kidney defects.
Proper assembly of actin filaments is necessary for tight and adherens junctions, crucial
for renal tubular and lens cell development. To date, the only molecular defect

supporting these phenotypes in Lowe patient eye and kidney cells are the observation of
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several phenomena concerning actin polymerization in Lowe fibroblasts. In these
fibroblasts, actin filaments exhibited an increased sensitivity to actin depolymerizing
agents, and unusual localization of actin filaments (Suchy and Nussbaum, 2002).
Therefore, it is likely that problems associated with proper assembly of actin filaments
results in defects in eye and kidney development in Lowe patients.

Future research will provide more knowledge of the molecular basis of the
symptoms of Lowe syndrome. Additionally, increasing knowledge of the SPTase
involved in Lowe syndrome will add information not only of clinical interest, but
biochemical and molecular interest as well. By characterizing the roles of PtdIns(4,5)P
in tissues affected in Lowe patients, possible therapeutic treatments could be devised. Of
interest is the role of PtdIns(4,5)P, and the Ocrl protein, as well as the role the other
inositol-containing molecules, in the development of potential treatments for Lowe
patients. Work with the Ocrl protein included in this dissertation will add information to

the biochemical aspects of this disease.

Part V. Fourier Transform Infrared Spectroscopy and “Caged” Substrates

One goal when trying to understand signal transduction is to comprehend how the
structure of proteins involved in signaling relates to their function. There are many
methods to examine the structures of proteins, such as X-ray crystallography and
spectroscopic methods. However, techniques such as X-ray crystallography present
several limitations. One limitation is the static nature of crystallized proteins. This does
not permit a dynamic view of structural changes. Additionally, certain chemical bonds,

such as protonation states and hydrogen bonding, can only be inferred from X-ray
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crystallographic data. Difference Fourier transform infrared spectroscopy (FT-IR) is a
powerful tool used to identify types of chemical bonds in a molecule by producing an
infrared absorption spectrum. This spectrum provides what is much like a molecular
"signature.” Difference FT-IR also allows one to study details of determinants in protein-
substrate interactions, in that it measures dynamic structural changes in contrast to static
crystal structures. Difference FT-IR analyses are performed by obtaining the spectrum of
a protein before and after exposure to a modifying agent or substrate. The differences in
the two spectra can indicate changes in the chemical bonds involved in catalysis. These
contributions arise from changes in the protein as it binds to the substrate, and changes in
the substrate as it is converted to product. Changes in single amino acids can be observed
(Kim et al., 2001; Zscherp and Barth, 2001).

A critical parameter in performing dynamic difference infrared techniques is the
ability to discretely control the introduction of substrate. It is possible to obtain a
spectrum of the protein and substrate before interaction occurs. Obtaining a spectrum
before interaction is necessary because the spectrum will be subtracted from the spectrum
of the protein and substrate/ product after interaction, which is called the “difference
spectrum.” One experimental method making the discrete introduction of substrate
possible is the use of “caged” compounds. Caged substrates offer the unique ability to
study catalysis in that the 1-(2-nitrophenyl)ethyl “cage” prevents enzymatic catalysis.
Therefore, the caged substrate can be added to the reaction containing the protein and
catalysis will not occur. Release of the cage is accomplished by illuminating the reaction
mixture with ultraviolet light. Photolysis releases the cage, allowing for interaction

between the protein and the substrate. The use of caged compounds has proven
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invaluable in conjunction with difference FT-IR studies in that spectra can be obtained
before and after the protein has converted substrate to product.

A third goal of the research presented in this dissertation was to utilize caged
Ins(1,4,5)P; and difference FT-IR to examine the structural changes occurring in a
5PTase during substrate recognition. The Ocrl SPTase was chosen for these analyses
because of its importance in Lowe syndrome, and in the hope that the information
gathered could contribute to the greater knowledge concerning this disease. The details
of substrate recognition and binding are important because they delineate specific
characteristics of a given protein, including crucial steps in catalysis, and contribute to
the overall understanding of the roles proteins play at the cellular level. These studies are
equally important, because amino acid alignments are not sufficient to delineate substrate

specificities and the catalytic mechanism.

26



GOALS AND OBJECTIVES

My long-term goal is to better understand inositol second messenger actions and
its roles in signal transduction in plants and humans. I have chosen to study an SPTase
from Arabidopsis thaliana and humans, which are enzymes capable of hydrolyzing these
inositol second messengers, such as Ins(1,4,5)P;. There are three major objectives of this

work:

Objective 1. To express active, recombinant AtSPTasel for biochemical assays and

production of an anti-At5PTasel antibody

Objective II. To determine physiological and biochemical consequences of At5PTasel

gain-of-function in Arabidopsis

Objective I11. To analyze the determinants of substrate recognition and binding of a

5PTase, Ocrl, via difference Fourier transform infrared (FT-IR) spectroscopy
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CHAPTER 11

Objective 1. To express active, recombinant AtSPTasel for biochemical assays and
production of an anti-AtSPTasel antibody

INTRODUCTION

The importance of inositol SPTases in signal transduction is underscored by their
diverse roles in all eukaryotes (York et al., 2001; Michell et al., 2003). One example of
their diversity is the fact that they collectively have the ability to hydrolyze a variety of
substrates, such as Ins(1,4,5)Ps, Ins(1,3,4,5)P4, PtdIns(4,5)P, and PtdIns(3,4,5)P;. The
animal 5PTases fall into four groups based on their substrate specificity. HsTypel is an
example of a Group I enzyme capable of hydrolyzing of a 5-phosphate from Ins(1,4,5)P;
and Ins(1,3,4,5)P4 (Connolly et al., 1985; Connolly et al., 1986; Connolly et al., 1987).
The Group II 5PTases catalyze the hydrolysis of all four potential substrates, Ins(1,4,5)Ps,
Ins(1,3,4,5)P4, PtdIns(4,5)P, and PtdIns(3,4,5)P5;. The human 5PTase Ocrl, as well as all
four SPTases identified in yeast (Stolz et al., 1998), are Group II 5SPTases. The Group III
5PTases, such as the human SHIP 5PTase, hydrolyze PtdIns(3,4,5)P; and Ins(1,3,4,5)P.4
(Chacko et al., 1996), whereas the Group IV 5PTases, such as the human Type IV
S5PTase and the Arabidopsis At5SPTasell, catalyze the hydrolysis of PtdIns(4,5)P, and
PtdIns(3,4,5)P; (Kisseleva et al., 2000; Ercetin and Gillaspy, 2004).

The fact that there are fifteen predicted SPTases in Arabidopsis suggests they have
diverse functions in the plant cell. They may act to terminate different signaling events
or in different developmental stages of plant growth. Further characterization of
At5PTases may show that, like human 5PTases, AtSPTases also fall into groups based on
their substrate specificities. Previously, it was demonstrated that two of the Arabidopsis

SPTases, At5PTasel and At5PTase2, have the ability to catalyze the hydrolysis of a 5-
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phosphate from both Ins(1,4,5)Ps and Ins(1,3,4,5)P4 (Berdy et al., 2001; Sanchez and
Chua, 2001). Berdy et al. generated plants ectopically expressing At5PTasel under
control of the constitutive cauliflower mosaic virus promoter to examine its substrate
specificity. These authors observed an increased hydrolysis of Ins(1,4,5)P3; and
Ins(1,3,4,5)P, using extracts generated from these plants (Berdy et al., 2001). Sanchez
and Chua demonstrated that recombinant At5PTase2 also catalyzed the hydrolysis of a 5-
phosphate from Ins(1,4,5)P; and Ins(1,3,4,5)P4 using recombinant AtSPTase?2 in vitro
(Sanchez and Chua, 2001). In both cases, it was reported that these At5PTases could not
utilize the lipid-containing substrate PtdIns(4,5)P, (Berdy et al., 2001; Sanchez and Chua,
2001). In contrast to At5SPTasel and AtSPTase2, it was recently shown the protein
encoded by the At5PTasell gene has the ability to hydrolyze PtdIns(4,5)P, and
PtdIns(3,4,5)Ps, but not Ins(1,4,5)P; or Ins(1,3,4,5)P4 (Ercetin and Gillaspy, 2004). The
fact that At5PTases 1, 2 and 11 fall into the same phylogenetic grouping (Berdy et al.,
2001) suggested they would have similar substrate specificities. Thus, amino acid
alignments and phylogenetic analyses alone are not sufficient to predict substrate
specificities of AtSPTases. Deciphering which substrates these enzymes act to degrade
will provide insight into how these proteins function in plant signaling.

Recombinant At5PTasel was expressed to further characterize its substrate
specificity. I used recombinant AtSPTasel in in vitro biochemical assays with
Ins(1,4,5)Ps, Ins(1,3,4,5)P4, PtdIns(4,5)P, and PtdIns(3,4,5)Ps with the hope more
information would be gathered concerning the substrate specificity of AtSPTasel. This

information would expand the base of knowledge concerning the role of At5PTasel in
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the plant cell: specifically, by determining which substrates At5SPTasel has the ability to

degrade may predict which signaling pathways At5PTasel participates in.

MATERIALS AND METHODS

Cloning of At5PTasel for Prokaryotic and Eukaryotic Expression

Two At5PTasel constructs were produced for expression in E. coli. The first,
pHis-5PT1-Full (Table 2.1, Figure 2.1), encoded the full-length At5PTasel (1773 bp,
amino acids 1-590) and an N-terminal 6xHis tag and Xpress™ (Asp-Leu-Tyr-Asp- Asp-
Asp- Asp-Lys) epitope. The second AtSPTasel construct, pHis-5SPT1-Trunc (Table 2.1,
Figure 2.1) encoded an N-terminal truncated At5PTasel (1215 bp, amino acids 186-590)
including the IPPc catalytic domain, also with N-terminal 6xHis and Xpress™ tags.

For PCR amplification of the full-length AtSPTasel gene, tissue from leaves,
bolts, siliques, flowers and roots were frozen in liquid N», and ground to a fine powder.
Total RNA was isolated from frozen, ground tissue using the Qiagen RNeasy RNA
isolation kit as described by the manufacturer (Qiagen, Valencia, CA). Total RNA (1 ug)
was used in a reverse transcriptase (RT) reaction containing an oligo-dT primer (2.5 uM)
using the Qiagen Omniscript® RT Kit according to the manufacturer’s protocol (Qiagen)
to produce cDNA. The RT reaction (2 uL) with the cDNA encoding At5PTasel (1773
bp, amino acids 1-590) was used as template for polymerase chain reaction (PCR) using
the following oligonucleotide primers: AtSPTasel-Nterm
(5'GTACGCTCGAGCATGGCGGAAGTACGATCACGA3') and At5PTasel-Cterm

(5'CATCGGGGATCCTCAGGCGTCAAGGCCTTGAAT3'). RT
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Table 2.1. AtSPTasel prokaryotic and eukaryotic expression constructs

Construct Description No. No. Protein Tags/
Name Base Amino Name Epitopes
Pairs Acids
pHis-5PT1- Construct encoding 1773 590 His-5PT1 | N-terminal
Full full-length At5PTasel 6xHis,
for prokaryotic Xpress®
expression
pHis-5PT1- Construct encoding an | 1215 404 His-5PT1- | N-terminal
Trunc N-terminal truncated Trunc 6xHis,
form of At5PTasel Xpress®
for prokaryotic
expression
pMT-5PT1- | Construct encoding 1773 590 | At5PTasel- | C-terminal
V5 full-length At5PTasel V5 VS5, 6xHis

for expression in
Drosophila S2 cells
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reactions (2 uL) were mixed containing At5PTasel-Nterm (12.5 pmol uL™"), At5PTasel-
Cterm (12.5 pmol uL™"), 1 unit Elongase polymerase and supplied buffer (Invitrogen,
Carlsbad, CA), 0.5 mM dNTPs, and 2.5 mM MgCl, were mixed heated to 94°C for 5
minutes. PCR amplification consisted of 30 cycles (1 minute 94°C, 2 minutes 60°C, 2
minutes 72°C). The resulting PCR-amplified cDNA product was gel purified (Qiagen
Gel Extraction Kit, Qiagen) and cloned into the pCR®T7/NT-TOPO prokaryotic
expression vector (Invitrogen) according to the manufacturer's instructions. In brief, 7aq
polymerase (i.e. Elongase polymerase) based enzymes have a terminal transferase
activity that results in the addition of a deoxyadenosine residue to the 3’ ends of PCR
products. The pCR®T7/NT-TOPO vector is linearized and has 5’ deoxythymidine
residues. This provides for ligation of the PCR product into the expression vector
without the addition of DNA ligase.

For cloning of the truncated At5PTasel (1215 bp, amino acids 187-590) tissue
from leaf, bolt, silique, flower and root was frozen in liquid N, then ground to a fine
powder. Total RNA was isolated from frozen, ground tissue using the Qiagen RNeasy
RNA isolation kit as described by the manufacturer (Qiagen). Total RNA (1 ug) was
used in a reverse transcriptase (RT) reaction containing an oligo-dT primer (2.5 uM)
using the Qiagen Omniscript® RT Kit according to the manufacturer’s protocol (Qiagen)
to produce cDNA. The RT reaction (2 uL) with the cDNA encoding truncated
At5PTasel was used as template for PCR using the following oligonucleotide primers:
Truncated At5SPTasel-Nterm (5’AGTGATCCCCCTTCTCCATC3’) and Truncated
At5PTasel-Cterm (S'CATCGGGGATCCTCAGGCGTCAAGGCCTTGAAT3'"). RT

reactions (2 WL), containing Truncated At5PTasel-Nterm (12.5 pmol uL ™), Truncated
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At5PTasel-Cterm (12.5 pmol uL ™), 1 unit Elongase polymerase and supplied buffer
(Invitrogen), 0.5 mM dNTPs, and 2.5 mM MgCl, were mixed and heated to 94°C for 5
minutes. PCR amplification consisted of 30 cycles (1 minute 94°C, 1.5 minutes 60°C, 2
minutes 72°C). The N-terminal truncated At5PTasel (1215 bp) PCR-amplified cDNA
product was gel purified (Qiagen Gel Extraction Kit; Qiagen) and cloned into the
pCR®T7/NT-TOPO prokaryotic expression vector (Invitrogen) according to the
manufacturer's instructions.

In addition to generating At5PTasel prokaryotic constructs, full-length
At5PTasel (1773 bp, amino acids 1-590) was cloned into a eukaryotic expression vector
for expression in Drosophila S2 cells. Tissue from leaf, bolt, silique, flower and root was
frozen in liquid N», and ground to a fine powder. Total RNA was isolated from frozen,
ground tissue using the Qiagen RNeasy RNA isolation kit as described by the
manufacturer (Qiagen). Total RNA (1 pg) was used in a reverse transcriptase (RT)
reaction containing an oligo-dT primer (2.5 uM) using the Qiagen Omniscript® RT Kit
according to the manufacturer’s protocol (Qiagen) to produce cDNA. The RT reaction (2
uL) with the cDNA encoding At5PTasel (1773 bp, amino acids 1-590) was used as
template for polymerase chain reaction (PCR) using the following oligonucleotide
primers: At5PTasel-Nterm (5'GTACGCTCGAGCATGGCGGAAGTACGATCACGA3")
and At5PTasel-Cterm (S'CATCGGGGATCCTCAGGCGTCAAGGCCTTGAAT3'"). RT
reactions (2 uL), containing At5PTasel-Nterm (12.5 pmol uL "), At5PTasel-Cterm (12.5
pmol uL™"), 1 unit Elongase polymerase and supplied buffer (Invitrogen), 0.5 mM
dNTPs, and 2.5 mM MgCl, were mixed and heated to 94°C for 5 minutes. PCR

amplification consisted of 30 cycles (1 minute 94°C, 2 minutes 60°C, 2 minutes 72°C).
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The resulting cDNA product was gel purified (Qiagen Gel Extraction Kit, Qiagen) and
cloned into the pMT/V5-His TOPO TA eukaryotic expression vector (Invitrogen)
according to the manufacturer's instructions.

The resulting constructs (2 UL cloning reactions; pHis-5PT1-Full, pHis-5PT1-
Trunc, pAtSPTasel-V5; Table 2.1) were used to transform TOPO10 E. coli (Invitrogen)
by the heat-shock transformation method at 42°C. Transformed cells were plated on LB
agar plates containing 100 pg/mL ampicilin and grown overnight at 37°C. Individual
colonies were selected and grown in 5 mL of LB medium containing 100 pg/mL
ampicilin overnight at 37°C while shaking. Plasmid DNA was isolated from cultures
using the Bio-Rad Plasmid Miniprep kit according to the manufacturer’s protocol. The
constructs were propagated in E. coli TOP10 (Invitrogen) and sequenced to verify proper

insertion, orientation and accuracy of the At5SPTasel sequence.

Expression and Purification of 6xHis-Tagged At5PTasel from Bacteria

For expression of full-length (His-5PT1) or truncated (His-SPT1-Trunc)
recombinant 6xHis-tagged AtSPTasel protein, 20 ng of either pHis-5PT1 or pHis-5PT1-
Trunc purified DNA constructs were used to transform E. coli BL21(DE3)pLysS
(Invitrogen) by heat shock for 30 seconds. The cells were diluted in 5 mL of LB broth
containing 100 pg/mL ampicillin and grown at 37°C overnight. The 5 mL culture was
added to 500 mL of LB with 100 pg/mL ampicillin and grown until the culture reached a
optical density of ODggo of 0.3. Production of the protein was induced by bringing the
culture to 1 mM IPTG for four hours. Cells were harvested and cell pellets were stored at

-80°C.
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250 mL culture cell pellets expressing His-SPT1 or His-5PT1-Trunc were thawed
and resuspended in 10 mL lysis buffer (50 mM NaH,PO, pH 8.0, 300 mM NaCl, 10 mM
imidazole) and lysed via French pressure device at 16,000 psi three times. The lysates
were centrifuged at 12,000x g for 10 minutes to pellet cell debris. Soluble cell lysates
were recirculated over 2.5 mL Ni'-NTA agarose columns (Qiagen) for two hours. The
columns were washed three times with 10 mL wash buffer (50 mM NaH,PO4 pH 8.0, 300
mM NaCl, 20 mM imidazole), and protein was eluted with 4 mL of elution buffer (50
mM NaH,PO, pH 8.0, 300 mM NaCl 150 mM imidazole). Eluted His-5SPT1 and His-
SPT1-Trunc protein was dialyzed against dialysis buffer (50 mM Tris pH 8.0, 1 mM

EDTA) overnight. Protein purity was evaluated via SDS-PAGE and Coomassie staining.

Expression and Immunoprecipitation of V5-Tagged At5PTasel from Drosophila S2
Cells

For expression of recombinant At5PTasel-V5 protein, pMT-5PT1-V5 plasmid
DNA was used to transfect Drosophila melanogaster S2 cells using the Effectene
transfection kit (Qiagen). Culturing and transfection of S2 cells has been described
(Ercetin and Gillaspy, 2004). In short, S2 cells were cultured in Schneider's Drosophila
medium supplemented with 10% fetal bovine serum (heat-inactivated at 60°C for 30
minutes), 50 units/mL penicillin, and 50 pg/mL streptomycin. Cells were incubated in a
28°C incubator with humidity and were routinely passaged every three days when cell
cultures reached an approximate density of 5 x 10° cells/mL. For transfections, cells were
seeded into 25-cm” flasks at a density of 1 x 10° cells/mL in 10 mL of medium and

cultured overnight. S2 cells were centrifuged at 800x g for 5 minutes and washed with
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10 mL sterile phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 5.4 mM
NaHPOy4, 1.7 mM KH,POy4, pH 7.2). Prior to transfection, the cell pellets were
resuspended in 4 mL of fresh medium. Plasmid pMT-5PT1-V5 DNA (2 pg), 16 uL of
Effectene enhancer reagent, and 20 UL of Effectene reagent (Qiagen) were mixed
according to manufacturer's instructions and added to the cell culture. After 24 hours,
cells were induced with 500 uM CuSOy for two days. Cells were harvested and washed
with PBS (pH 7.2) and stored at —80°C.

Immunoprecipitation (IP) of At5PTasel-V5 was performed as described (Ercetin
and Gillaspy, 2004). Briefly, Drosophila S2 cell pellets (from one 25-cm” flask at a
density of 1 x 10° cells/mL) transfected with pMT-5PT1-V5 DNA were resuspended in
300 uL of IP buffer (50 mM Tris, pH 7.8, 150 mM NaCl, 5 mM MgCl,, and 0.05% Triton
X-100). Cells were lysed via passage through a 25-gauge needle 10 times. Following
centrifugation at 12,000x g for 10 minutes, the S2 extract was used for
immunoprecipitation. A 50% slurry of protein A-Sepharose (50 uL; Sigma-Aldrich, St.
Louis, MO) was complexed with 5 g of mouse anti-V5 monoclonal antibody
(Invitrogen). The S2 extract was incubated with the protein A-Sepharose:anti V5
complex for two hours at 4°C with rotation. The protein A-Sepharose beads were
centrifuged at 12,000x g for one minute. The supernatant containing the S2 extract was
removed, and the beads were washed three times with 1 mL IP buffer followed by a final
wash in 1 mL 5PTase activity assay buffer (250 mM KCI, 3 mM MgCl,, 50 mM Tris, pH
7.5). Samples of all immunoprecipitations (10% of total IP) were saved for analysis via

SDS-PAGE and western blotting to determine the amount of immunoprecipitated
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At5PTasel-VS5 protein by western blot. The yield of At5SPTasel-V5 protein was

approximately 1 pg of protein per immunoprecipitation.

Production of an Anti-At5PTasel Antibody

An antiserum was produced using a synthetic peptide specific to At5SPTasel. A
hydropathy plot of At5SPTasel was generated using SDSC Biology Workbench
(http://workbench.sdsc.edu/). A predicted surface domain peptide sequence specific to
At5PTasel (SDSKREERFSYTERV) was selected for production of a synthetic peptide
(Sigma Genosys). The synthetic peptide (200 pg) was injected into a female rabbit after
collecting a pre-immune serum (5 mL). Boost injections were administered 14, 28 and
42 days following the initial injection. The first production bleed was collected 50 days
after the initial injection. Subsequent bleeds were collected 63 and 77 days following the
initial injection. The antisera were purified by ammonium sulfate precipitation.

The synthetic peptide used as an antigen was purified via electrophoretic
sepratation with an acrylamide gel. The resulting peptide contained acrylamide, and the
resulting atisera contained antibodies generated from acrylamide. Therefore, the antisera
were subtracted over polymerized acrylamide to remove cross-reactive antibodies
generated against acrylamide. The antibody was shown to cross-react with recombinant
At5PTasel protein expressed in fruitfly (Drosophila melanogaster) S2 cells (Invitrogen)

and a protein from Arabidopsis plant extracts of the expected size of 64.9 kD.

Western Blot Analyses of At5PTasel-V5
For analysis of AtSPTasel-V5 expressed in Drosophila S2 cells, total and soluble

S2 extracts from S2 cells transiently expressing At5PTasel-V5 were prepared as
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described above, and immunoprecipitated At5SPTasel-V5 protein was analyzed via SDS-
PAGE and western blotting as described (Burnette et al., 2003; Ercetin and Gillaspy,
2004). Total protein in the crude lysates was quantified with the Bio-Rad Protein Assay
kit (Bio-Rad, Hercules, California). Equal amounts of protein were electrophoresed on a
10% SDS-PAGE gel and transferred to nitrocellulose using a semi-dry transfer apparatus
(Bio-Rad). Mouse anti-V5 antibody (Invitrogen) was diluted 1:10,000 in 2.5% milk in
TBST (50 mM Tris pH 7.5, 0.9% [w/v] NaCl, and 0.01% [v/v] Tween 20) and was
incubated with the nitrocellulose blot for one hour at room temperature with rocking.
The nitrocellulose blot was washed three times for 15 minutes in 50 mL TBST. Goat-
anti-mouse HRP-conjugated antibody (Amersham-Pharmacia Biotech) was diluted
1:10,000 in 2.5% milk in TBST and incubated with the nitrocellulose blot for one hour at
room temperature while rocking. The nitrocellulose blot was washed three times for 15
minutes in 50 mL TBST. After washing, the membranes were activated with the ECL
Plus detection kit (Amersham-Pharmacia Biotech) according to the manufacturer’s
protocol. The membrane was exposed to X-ray film between five and sixty seconds to

achieve the appropriate exposure and developed.

5PTase Activity Assays of At5PTasel-V5 Using Ins(1,4,5)P; and Ins(1,3,4,5) Py
Immunoprecipitated At5PTasel-V5 was quantified by visual comparison to
Positope (Invitrogen) positive control protein via western analysis. At5PTasel-V5
protein (1 pg) was incubated with 30 nCi of either [3H]myo-inosit01 (1,4,5)P; or [3H]myo-
inositol(1,3,4,5)P4 (23 Ci mmol™, 10 ,uCimL_l; NEN, Shelton, CT) in reaction buffer

(250 mM KCl1, 3 mM MgCl,, 50 mM Tris, pH 7.5) in a total volume of 300 UL at room
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temperature for one hour while rocking end over end. The resulting products were
analyzed by HPLC (Beckman System Gold; Beckman Instruments, Fullerton, CA) using
a Waters Spherisorb S5 SAX 4 x125-mm analytical column (Milford, MA) equilibrated
with a 10 mM ammonium phosphate (10 mM ammonium phosphate pH 3.8; AP) buffer
at pH 3.8. Products were eluted with a linear gradient from 10 mM AP to 340 mM AP
over 30 min; 340 mM AP to 1.02 M AP over 15 min; and constant 1.02 M AP over 5 min
(Stolz et al., 1998). Standards ([*H]-Ins(1,4)P,, [’H]-Ins(1,4,5)P; and [*H]-Ins(1,3,4,5)P,)
incubated in reaction buffer alone, were analyzed under the same conditions to determine
elution positions. Quantification of reaction products was achieved by direct comparison

of the total area of HPLC chromatogram peaks.

5PTase Activity Assays of At5PTasel-V5 Using PtdIns(4,5)P; and PtdIns(3,4,5)P;
5PTase assays using fluorescent PtdIns(4,5)P, and PtdIns(3,4,5)P; have been

described (Taylor and Dixon, 2001; Ercetin and Gillaspy, 2004). Fluorescent substrates

were purchased from Echelon (Echelon Research Laboratories, Salt Lake City). Briefly,

1 ug of immunoprecipitated AtSPTasel was incubated for 1 hour at room temperature

with 1.5 ug of either D(+)-sn-1-O-[ 1-[6'-[[6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)

amino Jhexanoyl]amino]-hexanoyl]-2-O-hexanoylglyceryl

D-myo-phosphatidylinositol 4,5-bisphosphate (di-Cs-NBD6-phosphatidylinositol 4,5-

bisphosphate) or D(+)-sn-1-O-[1-[6'-[[6-[(7-nitrobenz-2-o0xa-1,3-diazol-4-yl)

amino |Jhexanoyl]amino]-hexanoyl]-2-O-hexanoylglyceryl

D-myo-phosphatidylinositol 3,4,5-trisphosphate (di-Cs-NBD6-phosphatidylinositol 3,4,5-

trisphosphate) in lipid assay buffer (50 mM HEPES, pH 7.5, 5 mM MgCl,, and 50 mM
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KCl), mixing frequently. Reactions were stopped by adding 100 uL acetone and were
dried in a Savant SC110 SpeedVac (Savant, Holbrook, NY) under low heat. Samples
were dissolved in 10 uL of a 5:5:2 (v/v) mixture of methanol:2-propanol:glacial acetic
acid. Each sample (10 pL) was loaded on a silica gel 150 TLC plate (Whatman, Clifton,
NJ). TLC plates were previously pretreated with 1.2% potassium oxalate in 60:40
methanol:water, followed by drying at 100°C for one hour. The plates were developed in
180 mL of chloroform:methanol:acetone:glacial acetic acid:water (70:50:20:20:20, v/v).
Visualization of fluorescent lipids and products was accomplished by drying the TLC
plate and analysis using a Storm 860 Blue Fluorescence Chemifluorescence and Scanner
Control Software version 4.1 (Molecular Dynamics, Piscataway, NJ). Fluorescent
substrates incubated in reaction buffer only were chromatographed to determine
migration positions. Data were interpreted by comparing the migration of the standards

with products from enzymatic reactions.

RESULTS
Expression of Recombinant At5PTasel in Bacteria

The initial goal was the production of purified, active AtSPTasel. A protocol was
designed for the expression of recombinant At5PTasel in bacteria. This initial choice
was based on the potential for high-level expression of recombinant protein that could be
purified easily for in vitro biochemical assays as well as provide a source of protein for
the production of an anti-At5SPTasel antibody. RT-PCR was used to obtain full-length
cDNA (1773 bp, encoding amino acids 1-590), corresponding to At5PTasel containing

the IPPc catalytic domain, which was cloned into the pCR® TOPO TA/T7 expression
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vector (Figure 2.1). The pHis-5PT1 construct was free of PCR misincorporations, as
shown by DNA sequencing.

The pHis-5PT1 construct was transformed into BL21(DE3)pLysS cells and
induced with IPTG to induce expression of recombinant His-5PT1 protein. Notably,
bacterial cultures transformed with the pHis-5PT1 construct grew much slower than non-
transformed cells or cells transformed with a 3-Gal control construct (data not shown).
In fact, these cultures never reached an optimal ODgop 0f 0.6 for induction. Therefore,
cultures were grown to an ODgoo = 0.3 and then induced with IPTG for recombinant
protein expression. After a four-hour induction, the cells were harvested to generate
extracts for the analysis of His-5PT1 expression.

In addition to an N-terminal 6xHis tag, recombinant His-5PT1 protein has an N-
terminal Xpress™ epitope (Figure 2.1). Extracts from cells induced to produce His-5PT1
were analyzed via SDS-PAGE and western analysis using an anti-Xpress™ antibody
(Invitrogen). After quantification, 10 ng of total protein was analyzed. Compared to the
positive control protein, His-5PT1 protein levels were barely above the limits of detection
(Figure 2.2).

The activity of His-5PT1 was tested towards Ins(1,4,5)Ps. Total protein (10 ug)
from cells expressing His-5PT1 or a control 5SPTase, synaptojanin, was incubated with
[*H]-Ins(1,4,5)P; and analyzed via HPLC (Figure 2.3). Products were analyzed via
HPLC using a Spherisorb S5 SAX HPLC column, and separation of inositol phosphates
was accomplished using an ammonium phosphate (AP) gradient (Stolz et al., 1998;
Ercetin and Gillaspy, 2004). Compared to the control 5SPTase, synaptojanin (Figure 2.3B,

red line), the extract containing His-5PT1 (Figure 2.3B, black line) showed no conversion
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of Ins(1,4,5)Ps to Ins(1,4)P,. These data indicate that expression of AtSPTasel in

bacteria results in low levels of biologically inactive protein.
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pCR® T7/NT-His-TOPO

Figure 2.1. Cloning strategy of AtSPTasel in bacteria. RT-PCR amplified
truncated C-terminal or full-length AtSPTasel cDNA was TA cloned into the
pCR®T7/NT-TOPO expression vector (Invitrogen). The resulting constructs
(pHis-5PT1 and pHis-5PT1-Trunc) were used to express truncated or full-length
His-At5PTasel in bacteria. RBS: ribosome binding site. ATG: start codon.
6xHis: 6x histidine tag. Xpress™: Xpress™ epitope. EK: enterokinase cleavage
site.
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Figure 2.2. Expression of Full-Length AtSPTasel in bacteria. Protein extracts
from bacteria expressing positive control protein, synaptojanin (Positive), His-5PT1
(His-5PT1) or non-transformed bacteria (Mock) were subjected to SDS-PAGE and
western analysis using the anti-Xpress™ antibody (Invitrogen) for detection.
Arrows indicate molecular mass markers. * indicates migration of His-5PT1. &
indicates migration of positive control protein, synaptojanin. Film exposure time
was one minute.
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Figure 2.3. HPLC chromatogram of His-AtSPTasel activity assay with
[*H]-Ins(1,4,5)P;. Standard ["H]-Ins(1,4)P, and [*H]-Ins(1,4,5)P; substrates
(A) and [*H]-Ins(1,4,5)P; incubated with bacterial extract expressing His-5PT1
(B, black line) or positive control synaptojanin SPTase (B, red line) were
incubated at 25°C for 1 hour and analyzed via HPLC as described in Materials
and Methods.
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Using the same expression system, a truncated version of AtSPTasel (amino acids
187-590) containing the entire IPPc catalytic domain was produced. The hypothesis was
that higher levels of expression would be achieved by expressing a smaller fusion protein.
Similar results were found from the expression of full-length His-5PT1 with this
truncated protein. Expression levels of His-5PT1-Trunc were equally low as full-length
His-5PT1, and the protein demonstrated no detectable activity toward Ins(1,4,5)P; (data
not shown).

Despite the lack of activity towards ["H]-Ins(1,4,5)Ps, His-5PT1-Trunc protein
was purified for production of polyclonal antisera. The resulting bleeds were tested
against protein extracts expressing His-SPT1 and Arabidopsis extracts. The antisera were
shown to cross-react with the recombinant His-5PT1 protein in E. coli extracts and a
prominent band in plant extracts. It was later determined that the antisera were not
specific for AtSPTasel in plant extracts, and was not suitable for analyzing At5PTasel
expression in Arabidopsis (data not shown).

In a complementary approach, a synthetic peptide corresponding to At5SPTasel
was designed (Materials and Methods) and synthesized as an antigen for production of
polyclonal antisera. The synthetic peptide was designed from a region of the AtSPTasel
protein sequence not conserved amongst the AtSPTases, therefore cross-reactivity with
other At5SPTases was not expected. The resulting antisera were tested against extracts
from wild-type plants and plants ectopically expressing At5SPTasel, E. coli extracts with
or without expression of His-5PT1-Trunc, and Drosophila S2 cell extracts transiently
expressing recombinant At5PTasel (Figure 2.4). In contrast to the previous polyclonal

antisera, the antisera generated from the synthetic AtSPTasel peptide showed specific
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cross-reactivity towards a single band in plants corresponding to the predicted size of
At5PTasel (64.9 kDa), His-5PT1-Trunc in bacteria, and recombinant At5PTasel in
Drosophila S2 cell extracts. From these data, I concluded that the polyclonal antisera
generated against the synthetic peptide specific to AtSPTasel is suitable for analyzing the

expression of At5SPTasel protein levels in Arabidopsis.
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1x 5PT1-V5S2
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Figure 2.4 Anti-At5PTasel peptide antibody cross-reacts with AtSPTasel in
Arabidopsis protein extracts, recombinant AtSPTasel-VS in Drosophila S2 and
His-5PT1 in E. coli cell extracts. Protein extracts from wild-type Arabidopsis
(WT At), At5SPTasel ectopically expressing Arabidopsis (SPT1 At),
BL21(DE3)pLysS E. coli expressing His-5PT1 (His-5PT1), mock-transformed
BL21(DE3)pLysS E. coli (Neg E. coli), Drosophila S2 cells expressing V5-tagged
recombinant At5PTasel-V5 (10 uL, 1x SPT1-V5 S2; 20 uL, 2x 5PT1-V5 S2), and
mock-transfected S2 cells (Neg S2) were subjected to SDS-PAGE, transferred to
nitrocellulose and probed with the anti-At5PTasel peptide antibody. ¢ indicates
the migration of At5PTasel protein in Arabidopsis extracts. # indicates
recombinant 6xHis tagged AtSPTasel from E. coli. In a similar fashion, the anti-
VS5 epitope antibody was used to probe immunoprecipitated AtSPTasel-V5 (5PT1-
V5 IP) and 25 and 50 ng of Positope positive control protein. &indicates migration
of recombinant AtSPTasel-V5 protein. Arrows indicate molecular mass markers.
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Expression of Recombinant At5PTasel in Drosophila S2 Cells

As demonstrated, His-SPT1 expressed in bacteria was not catalytically active.
This result may be due to the fact that eukaryotic post-translational modifications are
necessary to produce active protein (Huber and Hardin, 2004). It is also possible that
levels of His-5PT1 protein expressed in bacteria are too low for detection of conversion
of Ins(1,4,5)Ps to Ins(1,4)P,. Therefore, recombinant At5SPTasel was expressed using a
eukaryotic expression system, utilizing Drosophila S2 cells.

The At5PTasel gene was expressed as a fusion protein with C-terminal 6xHis-
and V5-tags in Drosophila S2 cells (Table 2.1). A cDNA corresponding to full-length
At5PTasel (1773 bp, 590 amino acids) was cloned into the pMT/V5-His TOPO TA
eukaryotic expression vector (Invitrogen). The C-terminal V5 epitope (pMT-5PT1-VS5,
Figure 2.5) facilitates immunoprecipitation with use of an anti-V5 epitope antibody. S2
cells were transfected with 2 pg of pMT-5PT1-V5 DNA, or no construct (mock
transfection) and expression was induced with 500 uM CuSOy for two days (Ercetin and
Gillaspy, 2004). S2 cell extracts transfected with the pMT-5PT1-V5 were analyzed using
the anti-V5 antibody. Analysis revealed cross-reactivity with a recombinant protein of
approximately 80 kDa (Figure 2.6, lanes 1 and 2). This protein was not observed in
extracts from mock-transfected S2 cells (Figure 2.6, lanes 4 and 5). At5PTasel is
predicted to encode a 64.9 kDa protein, and the addition of the C-terminal V5 and 6xHis
tags (45 amino acids) is expected to increase the molecular mass by approximately 5 kDa
(Invitrogen). The increase in molecular mass is potentially partly due to the addition of

the C-terminal 6xHis and V5 epitope tags. Minor bands pertaining to smaller proteins
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seen in these extracts (Figure 2.6, lanes 1 and 2) are most likely due to products of
proteolytic cleavage of AtSPTasel-V5, which retain the V5 epitope.

Recombinant At5PTasel-V5 protein was immunoprecipitated from S2 cell
extracts using the anti-V5 epitope antibody (Ercetin and Gillaspy, 2004). The resulting
immunoprecipitation was analyzed via western blot using the same anti-V5 antibody used
for immunoprecipitation (Figure 2.6, lane 3). Analysis of the immunoprecipitation
revealed an enriched band running slightly higher than the band seen in crude S2 cell
extracts (Figure 2.6, lanes 1 and 2). This slight shift in migration may be due to the fact
that the immunoprecipitation results in an enrichment of At5PTasel-V5, essentially
removing At5PTasel-V5 protein from proteases in the crude extract. The prominent
band in the total and soluble extracts (Figure 2.6, lanes 1 and 2) may be subjected to
proteolysis, whereas the immunoprecipitated At5SPTasel-V5 is not. The putative
breakdown products in the immunoprecipitation correspond to the same extra bands in
the crude extracts. As these bands are detected with the anti-V5 antibody, these are most
likely breakdown products of AtSPTasel-V5 that are immunoprecipitated with the anti-
V5 antibody. Immunoprecipitations were performed on mock-transfected S2 cell extracts
as a negative control (Figure 2.6, lane 6). An extra band was detected in
immunoprecipitations from both At5SPTasel-V5 and mock S2 migrating with an apparent
molecular weight of 55 kD (Figure 2.6, lanes 3 and 6) that corresponds to the heavy chain
of the anti-V5 antibody. Comparison of immunoprecipitated AtSPTasel-V5 protein to
the mock-transfected immunoprecipitation reveals that immunoprecipitation of

At5PTasel-V5 was successful.
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PMT

V5 Epitope

pMT/V5-His-TOPO, 3.6 kB

Figure 2.5. Cloning strategy of AtSPTasel in Drosophila S2 cells. RT-PCR
amplified At5PTasel full-length cDNA without a stop codon was cloned in the
pMT/V5-His-TOPO expression vector (Invitrogen). The resulting construct
(pMT-5PT1-V5) was used to express AtSPTasel-V5 in S2 cells. Pyr :

metallothionein promoter.

51



%]
—_ =
8 E
© =)
o 15!
N N
7)) 7))
W W
>z
o o
%] %]
172] 17,]
< <
- -
=N =N
w w
N N
< <

At5SPTasel-V5 IP
Mock S2 Total

Mock S2 Soluble
Mock S2 IP

25 ng Positope Control

90 kD —»

50.7 kD —»

35.5kD —»

Figure 2.6. At5PTasel-VS5 expression in Drosophila S2 cells. Extracts from S2
cells transiently expressing AtSPTasel-V5 were analyzed via SDS-PAGE and western
analysis. The anti-V5 antibody (Invitrogen) was used to detect recombinant proteins.
Lane 1: Total extract from S2 cells transfected with pMT-5PT1-V5. Lane 2: Soluble
extract from S2 cells transfected with pMT-5PT1-V5. Lane 3: Immunoprecipitation
from S2 extract transfected with pMT-5PT1-V5. Lane 4: Total extract from non-
transfected S2 cells. Lane 5: Soluble extract from mock-transfected S2 cells. Lane 6:
Immunoprecipitation from non-transfected S2 cells. Lane 7: 25 ng of Positope control
protein. * IgG heavy chain. Arrows indicate molecular mass markers. & indicates
migration of 80 kD At5PTasel-V5.
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At5PTasel-V5 Hydrolyzes Ins(1,4,5)P; and Ins(1,3,4,5) P4 In Vitro
Immunoprecipitated At5PTasel-V5 protein was used in a series of activity assays
to determine whether At5PTasel-VS5 protein was catalytically active.
Immunoprecipitates from mock-transfected S2 cells and S2 cells transfected with pMT-
5PT1-V5 were incubated in a series of activity assays with either [*’H]-Ins(1,4,5)P3 or
[*H]-Ins(1,3,4,5)Ps. Assays were carried out at room temperature for one hour for
observation of complete conversion. Products were analyzed via HPLC using a
Spherisorb S5 SAX HPLC column, and separation of inositol phosphates was
accomplished using an ammonium phosphate (AP) gradient (Stolz et al., 1998; Ercetin
and Gillaspy, 2004). [*H]-Ins(1,3,4,5)Ps, [*H]-Ins(1,4,5)P3 and [*H]-Ins(1,4)P, standards
were analyzed in an identical fashion to verify elution times of resultant products (Figure
2.6A). In contrast to the activity assays using His-SPT1 from bacteria, four times more
sample was analyzed via HPLC to increase the sensitivity of detection. [*H]-
Ins(1,3,4,5)P4, ["H]-Ins(1,4,5)P5 and [’H]-Ins(1,4)P; standards eluted at 32 minutes, 23
minutes and 16 minutes, respectively. Elution times of the standards were compared to
the elution times of At5PTasel-V5 reaction products. The reaction product of At5PTase-
V5 incubated with [*H]-Ins(1,3,4,5)P, eluted at the same elution time of the [*H]-
Ins(1,4,5)P; standard. The product of At5SPTase-V5 incubated with [*H]-Ins(1,4,5)P;
eluted at the same elution time of the [*H]-Ins(1,4)P; standard. Both reactions went to
completion. Immunopreciptates from mock-transfected S2 cells demonstrated no
hydrolysis of either [*H]-Ins(1,4,5)P5 or [*H]-Ins(1,3,4,5)P, (data not shown). From these
data, I conclude that, under my in vitro assay conditions, AtSPTasel-V5 has the ability to

catalyze the hydrolysis of a 5-phosphate from both Ins(1,4,5)Ps and Ins(1,3,4,5)Ps.
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However, without a more detailed kinetic analysis, it is not possible to determine which,
if either, is the preferred substrate. These data correspond well with previous work
utilizing plant extracts from plants ectopically expressing At5PTasel (Berdy et al., 2001;

Burnette et al., 2003).

At5PTasel-V5 Hydrolyzes PtdIns(4,5)P; and PtdIns(3,4,5)Ps In Vitro

Using plants ectopically expressing At5SPTasel, it was previously reported that
At5PTasel did not have the ability to catalyze the hydrolysis of a 5-phosphate from
PtdIns(4,5)P, or PtdIns(3,4,5)P; (Berdy et al., 2001). These authors tested the ability of
extracts generated from plants ectopically expressing At5PTasel to hydrolyze a 5-
phosphate from radiolabeled PtdIns(4,5)P, and PtdIns(3,4,5)P3, and found no increase in
hydrolysis compared to extracts from wild-type plants. Additionally, Sanchez and Chua
reported recombinant At5PTase2 did not catalyze the hydrolysis of a 5-phosphate from
PtdIns(4,5)P, (Sanchez and Chua, 2001). With active, recombinant At5PTasel-V5
available, the ability of AtSPTasel-VS5 to utilize these substrates was tested.

In the experiments presented above, following immunoprecipitation, At5SPTasel-
V5 was visually quantified by western analysis using 25 ng of a positive control protein
(Figure 2.6, lane 7). Immunoprecipitated AtSPTasel-V5 protein (1 1g) was incubated
with 1.5 pg of fluorescent di-Ce- NBD6-phosphatidylinositol PtdIns(4,5)P, and
PtdIns(3,4,5)P5 at room temperature for one hour. Products of the reactions were
observed using oxalate thin layer chromatography (TLC). Migration of the reaction
products was compared to the separation of standard fluorescent substrates on the TLC

plate (Figure 2.8, lanes 1-3). Compared to immunoprecipitates of mock-transfected S2
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cells, immunoprecipitated At5SPTasel-V5 resulted in the conversion of PtdIns(4,5)P, to a
product migrating near the standard PtdIns(4)P (Figure 2.8, lane 4). Additionally,
At5PTasel-V5 converted PtdIns(3,4,5)Ps to a product migrating with similar mobility to
the PtdIns(4,5)P; standard (Figure 2.8, lane 6). Notably, when fluorescent substrates
were incubated with protein extracts, the migration of these molecules differed from
conditions where proteins were not present (compare lanes 2 and 5, Figure 2.8). This is
due, in part, to the migration of the solvent front. Partial conversion of substrates to
products is apparent with mock-transfected immunoprecipitations, providing limits of
detection as background conversion during the assay conditions. However, a comparison
of lanes 4 and 5 (Figure 2.8) clearly shows a much larger conversion dependent on the
presence of AtSPTasel-V5. These results confirm that in addition to catalyzing the
hydrolysis of a 5-phosphate from Ins(1,4,5)P3 and Ins(1,3,4,5)Ps4 in vitro, At5PTasel-V5

also has the ability to hydrolyze both PtdIns(4,5)P, and PtdIns(3,4,5)Ps.
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Figure 2.7. AtSPTasel-V5 hydrol}yzes Ins(1,4,5)P; and Ins(1,3,4,5)P4 in vitro.
(A) A mixture of [’H]-Ins(1,4)P,, ["H]-Ins(1,4,5)Ps and [*H]-Ins(1,3,4,5)P4
standards or (B) reaction products from immunoprecipitated AtSPTasel-V5
incubated with [*H]-Ins(1,4,5)Ps (blue line) or [*H]-Ins(1,3,4,5)P4 (red line) were
separated via HPLC.
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Figure 2.8. Immunoprecipitated AtSPTasel-V5 hydrolyzes PtdIns(4,5)P, and
PtdIns(3,4,5)P;. Immunoprecipitated (IP) At5SPTasel-V5 was added to fluorescent
C6 labeled PtdIns(4,5)P; or PtdIns(3,4,5)Ps;. Reaction products were separated via
potassium oxalate-TLC and compared to standards. Lane 1: PtdIns(4)P standard.
Lane 2: PtdIns(4,5)P; standard. Lane 3: PtdIns(3,4,5)P; standard. Lane 4: IP
At5PTasel-VS5 reaction with PtdIns(4,5)P,. Lane 5: IP from non-transfected S2 cells
in a reaction with PtdIns(4,5)P,. Lane 6: IP At5PTasel-V5 reaction with
PtdIns(3,4,5)P;. Lane 7: IP from non-transfected S2 cells in a reaction with
PtdIns(3,4,5)P;. Migration of standards are marked * PtdIns(4)P, I PtdIns(4,5)P,
and 1 PtdIns(3,4,5)Ps.
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DISCUSSION

Characterization of the substrate specificities of the AtSPTases is important to the
overall understanding plant second messenger hydrolysis. Identification of a SPTase
protein family in Arabidopsis consisting of fifteen putative members was previously
reported (Berdy et al., 2001). Through the use of transgenic plants, At5SPTasel was
initially characterized as an Ins(1,4,5)P; and Ins(1,3,4,5)Ps-specific enzyme (Berdy et al.,
2001; Burnette et al., 2003). In addition, it was demonstrated that At5SPTase2 has the
ability to hydrolyze these substrates (Sanchez and Chua, 2001). Both of these studies
provided evidence that neither At5SPTasel and At5SPTase2 could remove a 5-phosphate
from PtdIns(4,5)P, (Berdy et al., 2001; Sanchez and Chua, 2001). The first At5PTase
capable of hydrolyzing PtdIns(4,5)P, and PtdIns(3,4,5)P; was recently reported (Ercetin
and Gillaspy, 2004). Recombinant At5SPTasel was produced to test its activity in vitro.
Gaining a better understanding of the substrates it hydrolyzes may permit a more accurate

picture of the overall role it plays in the plant cell.

Recombinant At5PTasel was initially expressed using a prokaryotic expression
system. This method was chosen based on its ease of manipulation and low expense.
However, trials with At5PTasel and other AtSPTases have resulted in catalytically
inactive proteins (Ercetin and Gillaspy, 2004). There are several possibilities to explain
these observed results. One possibility is the need for eukaryotic post-translational
modifications. Post-translational modifications, such as N- and O-linked glycosylation,
can affect enzymatic activity and stability (Huber and Hardin, 2004). A second
possibility is the fact that the encoded At5SPTase proteins may be toxic to bacteria to

some degree. This hypothesis is bolstered by the observation of reduced growth of
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At5PTasel-transformed cultures, and low levels of AtSPTasel-His expression. These

limitations necessitated the use of a eukaryotic expression system.

Unlike expression in the prokaryotic expression system, expression of AtSPTasel
in Drosophila S2 cells resulted in catalytically active protein. Not only did At5PTasel-
V5 have the ability to hydrolyze Ins(1,4,5)P; and Ins(1,3,4,5)P4 (Figure 2.7), it was able
to remove a 5-phosphate PtdIns(4,5)P, and PtdIns(3,4,5)P; (Figure 2.8). By utilizing an
assay with fluorescent di-C¢-NBD6 PtdIns(4,5)P; and PtdIns(3,4,5)P; (Taylor and Dixon,

2001), it was confirmed that At5PTasel-V5 did indeed have this catalytic ability.

The in vitro substrate specificity of AtSPTasel-V5 resembles that of the Group II
S5PTases, such as Ocrl, in that it can catalyze the hydrolysis of a 5-phosphate from all four
predicted substrates. However, there is no kinetic data to suggest which substrate is
preferred. While it has been documented that At5SPTasel can utilize Ins(1,4,5)P3 in
Arabidopsis (Berdy et al., 2001; Burnette et al., 2003), it is attractive to speculate that it
may also act to regulate levels of other substrates. Iftrue, it could implicate the
involvement of At5PTasel in the regulation of other signaling molecules and possibly,

other signaling networks.
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Chapter 111

Objective 1. To determine physiological and biochemical consequences of
At5PTasel gain-of-function in Arabidopsis

Burnette RN, Gunesekera BM and Gillaspy GE. An Arabidopsis Gain-of-Function
Alters Abscisic Acid Signaling. June 2003, 132:2 p. 1011-1019.
Copyright 2003, Plant Physiology
Consent of coathors (B. Gunesekera and G. Gillaspy) and the American Society of Plant
Biologists is appreciated.
ABSTRACT
Signals can be perceived and amplified at the cell membrane by receptors coupled
to the production of a variety of second messengers, including Ins(1,4,5)P;. We
previously have identified 15 putative inositol 5-phosphatases (5PTases) from
Arabidopsis and shown that At5PTasel can hydrolyze Ins(1,4,5)Ps;. To determine
whether AtSPTasel can terminate Ins(1,4,5)Ps-mediated signaling, we analyzed
transgenic plants ectopically expressing At5SPTasel. Stomata from leaves of At5SPTasel
transgenic plants were abscisic acid (ABA) and light insensitive, and ABA induction of
genes was delayed. Quantification of Ins(1,4,5)Ps in plants exposed to ABA indicated
that ABA induced two Ins(1,4,5)P; increases in wild-type plants. Both of these
Ins(1,4,5)P; increases were reduced in AtSPTasel transgenic plants, indicating that
Ins(1,4,5)P; may be necessary for stomatal closure and temporal control of ABA-induced
gene expression. To determine if ABA could induce expression of At5PTasel, we
examined RNA and protein levels of At5PTasel in wild-type plants exposed to ABA.

Our results indicate that At5PTasel is up-regulated in response to ABA. This is

consistent with At5PTasel acting as a signal terminator of ABA signaling.
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INTRODUCTION

The ability to respond to a variety of biotic and abiotic signals is crucial to plants.
Signals outside the cell can be perceived and amplified at the cell membrane by receptors
linked to a variety of signaling pathways, including the Ins(1,4,5)Ps pathway (Stevenson
et al., 2000; Taylor and Thorn, 2001). In this pathway, signals activate phospholipase C
(PLC), which catalyzes the hydrolysis of phosphatidylinositol-4,5-bisphosphate to form
diacylglycerol and Ins(1,4,5)Ps. Ins(1,4,5)P; then binds to intracellular receptors,
triggering the release of Ca®" from intracellular stores into the cytosol (Berridge, 1993).

In plants, there is evidence that signals such as light (Shacklock et al., 1992),
gravity (Perera et al., 1999; Perera et al., 2001), and abscisic acid (ABA; Wu et al., 1997;
Sanchez and Chua, 2001) are relayed via Ins(1,4,5)P; signaling. Most of the information
on Ins(1,4,5)P; signaling has arisen from studies utilizing ABA. The most notable affect
of ABA on plants is its ability to induce stomatal closure (Allen et al., 2001). When
open, stomatal pores allow the influx of CO, and water vapor to move outward, driving
the transpirational process. ABA is thought to trigger stomatal closure by inducing
cytosolic Ca*" increases, which, in turn inhibit plasma membrane H'-ATPases and
inward- rectifying K channels. Subsequent activation of outward-rectifying K™ channels
allows for ion efflux from the guard cell and a decrease in guard cell turgor, resulting in
stomatal closure (Blatt et al., 1990; Lemtiri-Chliech and MacRobbie, 1994; Schroeder et
al., 2001).

One key component in the mechanism of stomatal closure is an initial increase in
cytosolic Ca*" concentration that occurs within minutes of ABA exposure (McAinsh et

al., 2000; Allen et al., 2001; Webb et al., 2001). This rapid increase in Ca*" is preceded

61



by an increase in Ins(1,4,5)P; (Lee et al., 1996) and is dependent on increased PLC
activity (Staxen et al., 1999). Accordingly, microinjection of caged Ins(1,4,5)P; into
guard cells has been shown to be sufficient for stomatal closure (Gilroy et al., 1990).
Until recently, genetic evidence for Ins(1,4,5)P3 involvement in ABA responses has been
lacking. Xiong et al. (2001) demonstrated that a mutation in an inositol polyphosphate 1-
phosphatase, fieryl, led to altered ABA-induced gene expression and physiological
responses. We examined whether Ins(1,4,5)P; was necessary for stomatal closure by
limiting the amount of second messenger Ins(1,4,5)P; within the plant cell. To do, this
we utilized an Arabidopsis gene, AtSPTasel, which we previously characterized as
encoding an inositol 5-phosphatase (5PTase) that hydrolyzes Ins(1,4,5)P; and
Ins(1,3,4,5)P, substrates (Berdy et al., 2001). At5PTasel is one of 15 At5PTases in
Arabidopsis that has the potential to terminate Ins(1,4,5)P3 signaling by hydrolyzing
Ins(1,4,5)P; and related second messengers (Berdy et al., 2001). Work by Sanchez and
Chua (2001) indicated that the expression of the AtSPTase2 gene under the control of a
gluccocorticoid response element altered ABA signaling in germinating seedlings. Our
results suggest that a gain-of-function of At5PTasel inhibits the ability of ABA to induce
stomatal closure, indicating that Ins(1,4,5)P; is required for this physiological event.
Further, our results show that levels of endogenous At5PTasel are increased by ABA
application. This evidence suggests that ABA regulates the production of this ABA

signal-terminating enzyme.
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MATERIALS AND METHODS
Southern Blotting

Genomic DNA was isolated from WT Arabidopsis and three lines of At5SPTasel
ectopic expressors (5Pe6F’, SPe3A and 5Pe3K) using the Qiagen Plant Dneasy kit
(Qiagen) according to the manufacturer’s instructions. The resulting DNA was
quantified using a UV spectrophotometer. Genomic DNA (10 pg) from each sample was
digested with EcoRI (Promega, Madison, WI) and electrophoresed overnight on a 1%
agarose gel. The agarose gel was stained with ethidium bromide for visualization of
digestion. Digested, electrophoesed genomic DNA was transferred to a Qiagen nylon
membrane using the alkaline transfer protocol recommended by the manufacturer. DNA
was cross-linked to the nylon membrane with the Stratalinker UV Crosslinker
(Stratagene, La Jolla, CA).

Production of the At5PTasel-specific probe was accomplished by using 25 ng of
At5PTasel PCR product with the Stratagene Prime-1t® Random Primer Labeling Kit
(Stratagene) according to the manufacturer’s protocol with **P-dATP. The probe solution
was incubated with the nylon membrane overnight at 65°C. After washing, the
membrane was used to expose the Storm Phospholmager Card for two days. The
Phospholmager card was scanned using the Storm Phospholmager (Molecular Dynamics,

Piscataway, NJ).

Plant Growth and Treatment
Arabidopsis ecotype Columbia plants were used for all experiments. Growth
conditions of soil-grown WT and At5PTasel transgenic plants have been described

previously (Berdy et al., 2001). For biochemical analyses, either mature rosette leaves or
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5-day-old filter-grown seedlings were used. For Ins(1,4,5)P; measurement, seeds from
WT and At5PTasel transgenic plants were germinated in petri dishes on sterile filter
paper, grown for 5 days under constant light, and were floated on a control solution
(0.1% [v/v] ethanol) or a 100 uM ABA solution and frozen in liquid nitrogen at the
indicated times. For the RT-PCR and protein-blot analyses, seedlings were grown on
sterile filter paper under constant light and sprayed with a control solution (0.1% [v/v]
ethanol) or a 100 uM ABA solution and frozen in liquid nitrogen at the indicated times.
For the germination studies, WT and At5PTasel transgenic seeds were plated on 0.5x
Murashige and Skoog agar plates containing no ABA or 0.1, 0.25, 2.5, 5, 10, 50, or 100
uM ABA. Before plating, WT and transgenic seed of similar ages had been stored at
room temperature in the dark for at least 30 d before germination. Each agar plate was
divided in half, and approximately 100 seeds of WT and At5PTasel transgenic seeds
were plated on each half. Plates with seed were stored in the dark at 4°C for three d
before being transferred to 25°C under continuous white light for 14 d. Germination
assays were carried out three times. A seed was regarded as germinated when the radicle

protruded through the seed coat.

Protein Gel-Blot Analyses

Crude protein extracts were generated from treated seedlings by grinding 100 mg
of tissue in liquid nitrogen. After addition of 50 mM Tris (pH 8.5), 150 mM KCl, 0.5 mM
EDTA, and plant protease inhibitor cocktail (Sigma, St. Louis), samples were dounce
homogenized and centrifuged at 14,000 rpm at 4°C for 10 min. Proteins in the
supernatant were quantified with the Bio-Rad Protein Assay kit (Bio-Rad, Hercules,

California), and equal amounts of protein were separated by electrophoresis on 10%
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(w/v) SDS polyacrylamide gels. Protein was transferred to nitrocellulose membrane using
a semidry transfer apparatus (Bio-Rad) for 30 min at 15 V. Equal loading and transfer of
proteins were verified by staining the blot in Ponceau S solution (Sigma) for 5 min. The
membrane was destained with water and blocked with 5% (w/v) Trans-blot (Bio-Rad) for
30 min and incubated overnight with anti-At5PTasel antisera in 5% (w/v) Trans-blot, tris
buffered saline containing Tween 20 (50 mm Tris [pH 7.5], 0.9% [w/v] NaCl, and 0.01
[v/v] Tween 20) at 4°C. The membrane was washed with tris buffered saline

containing Tween 20 and incubated with goat-anti-rabbit secondary antibody HRP
conjugate (Bio-Rad). After washing, the membrane was activated with the ECL Plus
detection kit (Amersham-Pharmacia Biotech, Piscataway, NJ) according to the
manufacturer’s protocol. The membrane was exposed to film and developed. Protein-blot

experiments were repeated three times.

Stomatal Aperture Determination

Rosette leaves were removed from the plant and floated on the surface of a
perfusion solution (10 mM MES and 50 mM KCI [pH 7.0]) for 2 h under constant light.
Epidermal fragments were generated by blender treatment (Allen et al., 1999). Separate
leaves were transferred from a perfusion solution to a 100 uM ABA solution (0.1% [v/v]
ethanol) or a 15 uM fusicoccin solution (0.1% [v/v] ethanol) and incubated under
constant light and temperature for 2 h. For inhibition of stomatal opening, rosette leaves
were removed from the plant and incubated on the surface of an ABA solution under
constant darkness for 2 h. Separate leaves were transferred in the same solution to

constant light for 2 h. For stomatal closing via application of external Ca", leaves were
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floated in a solution containing 1 mM CaCl, with or without 100 uM ABA. Other
leaves were used as controls and floated on the surface of perfusion solution under
constant light and temperature (25°C) for 2 h. Approximately 100 stomata were observed
from each sample. All stomata were imaged at 400-fold magnification with an Axiophot
compound microscope (Zeiss, Thornwood, NY) equipped with differential interference
contrast optics and photographed with a cooled CCD (Spot) digital camera. Stomatal
apertures were measured using a digital ruler in Adobe Photoshop (Adobe Systems, San

Jose, CA) and converted to micrometers by comparison with a scaled slide.

Ins(1,4,5)P; Measurement

Filters containing 5-d-old seedlings were floated on a 100 uM ABA solution or a
control 0.1% (v/v) ethanol solution and frozen in liquid nitrogen at the indicated time
points. This procedure was developed to ensure that the ABA solution was absorbed by
the seedlings quickly and uniformly. This method also facilitated the freezing of the
filter-grown seedlings at time intervals of less than 1 min after exposure to ABA. The
frozen tissue was scraped from the filter and was ground to a fine powder in liquid
nitrogen. After transfer to a preweighed tube containing 500 UL of cold 20% (v/v)
perchloric acid, the mixture was incubated on ice for 20 min. The precipitated protein
was removed by centrifugation at 4°C for 15 min at 2,000g. The assay was performed on
the neutralized supernatant fraction using an Ins(1,4,5)P3; mass measurement kit
(Amersham-Pharmacia Biotech) according to the manufacturer’s protocol. Controls for
nonspecific binding were included as per the manufacturer’s protocol. The Ins(1,4,5)P;

content of each sample was calculated using interpolation from a standard curve. For
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ABA experiments, Ins(1,4,5)P; content was expressed as picomoles of Ins(1,4,5)Ps per
gram of ground frozen tissue. The mean values from replicates of three independent
experiments were determined. WT seedlings treated with 0.1% (v/v) ethanol did not show

significant changes in Ins(1,4,5)P; content during the time course tested (data not shown).

RT-PCR

Total RNA was extracted from 100 mg of frozen tissue using the Qiagen Plant
RNeasy Kit (Qiagen, Valencia, CA) according to the manufacturer’s specifications. One
microgram of RNA was analyzed by two-step RT-PCR utilizing a Qiagen Omniscript RT
kit and the manufacturer’s instructions. Conditions for AtSPTasel, actin (Berdy et al.,
2001), Kinl (Knight et al., 1996), and COR15a (Knight et al., 1999) amplification have
been described and generate a 450-, 428-, 342-, and 651-bp product, respectively. For
Kin2- specific amplification, Kin2for primer (ATGTCAGAGACCAACAAGAA) and
Kin2rev primer (CAACAACAAGTACGATGAGTACGA) were utilized at 30 cycles and
annealing temperature of 60°C, resulting in a 312-bp product. Amplification with cDNA
and genomic DNA template was used as a control for all PCR primers to verify the sizes
of bona fide reaction products from RNA and contaminating genomic DNA. Molecular
mass markers were used to determine product sizes. Each RT-PCR experiment was
independently repeated three times to verify that the observed changes in expression were
reproducible. Digital quantification of gel bands was performed with an Alpha Innotech
scanner (Alpha Innotech, San Leandro, CA); this allowed for comparison of results from

individual experiments.
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RESULTS
Characterization of At5PTasel Ectopic Expression

We previously generated several independent lines of transgenic plants that
ectopically express AtSPTasel under control of the cauliflower mosaic virus 35S
promoter and verified that these plants contained an increased capacity to hydrolyze
Ins(1,4,5)P; (Berdy et al., 2001). Independent transgenic lines were further investigated
with respect to their At5SPTasel protein expression levels and their growth and
development. To examine At5PTasel protein levels, we used an At5PTasel-specific
synthetic peptide as an antigen to produce polyclonal antibodies in a rabbit (Sigma
Genosys, The Woodlands, TX). The resulting At5SPTasel antisera were shown to cross-
react with recombinant At5PTasel protein expressed in fruitfly (Drosophila
melanogaster) S2 cells (Figure 2.4). The At5PTasel antisera were used in a protein-blot
analysis and shown to cross-react with a protein from Arabidopsis leaf tissue of the
expected size, 64.9 kD (Figures 2.4 and 3.1). This same protein was elevated in several
independent AtSPTasel transgenic lines, verifying ectopic expression of the AtSPTasel
transgene (Figure 3.1). To determine whether ectopic expression of At5SPTasel altered
growth or development, we compared all stages of development of transgenic At5SPTasel
lines and WT plants. We found that each of the three At5PTasel transgenic lines grew
normally at each phase of development and contained no phenotypic variation except for
a slightly decreased time to bolting. No wilting or other stress-related symptoms
occurred preferentially on AtSPTasel transgenic plants during growth under standard

conditions.
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Figure 3.1 Protein-blot analysis of transgenic lines expressing the
AtS5PTasel transgene. Equal amounts of crude protein extract from leaves of
wild type (WT) or three independent lines of At5SPTaseltransgenic plants (1-3)
were separated by SDS-PAGE, blotted onto nitrocellulose, and probed with a
rabbit antibody specific for At5SPTasel protein as described in “Materials and
Methods.” Arrows indicate molecular mass standards.
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At5PTasel Ectopic Expression Alters Stomatal Physiology

Microinjection of Ins(1,4,5)P3 into guard cells has been shown to induce stomatal
closure, indicating that Ins(1,4,5)P; is sufficient for stomatal closure (Gilroy et al., 1990).
To determine whether Ins(1,4,5)Ps is necessary for this physiological event, several
investigators have decreased Ins(1,4,5)P; production by inhibiting PLC activity (for
review, see Assmann and Wang, 2001; Schroeder et al., 2001). At5PTasel transgenic
plants offer a specific way to test the necessity of Ins(1,4,5)P5 for stomatal closure in that
only inositol phosphate messengers are hydrolyzed by the product of the encoded
transgene (Berdy et al., 2001). To test whether At5PTasel transgenic plants have
alterations in stomatal signaling, we measured stomatal closure in both WT and three
independent lines of AtSPTasel transgenic plants treated with ABA (Figure 3.2). WT
stomata closed as expected after exposure to ABA (Figure 3.2 A). Stomata of AtSPTasel
transgenic leaves were less open before ABA exposure and did not close further after
ABA exposure (Figure 3.2A). To test whether downstream components in the stomatal
response pathway were intact in guard cells of AtSPTasel transgenic leaves, we
incubated WT and transgenic leaves with fusicoccin, which activates H -ATPases and
stimulates stomatal opening. Stomata from both WT and At5PTasel transgenic leaves
opened in response to fusicoccin (Figure 3.2B), demonstrating that H'-ATPase and
inward rectifying K~ channel activities are not hindered by ectopic At5PTasel
expression. These data suggest that the AtSPTasel transgene product does not interfere
with downstream components in the ABA signaling pathway, such as ion channels.

Light is another signal that induces stomatal opening. Another test of ABA

sensitivity is whether dark-stimulated stomata that are closed can open in response to
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light in the presence of ABA. To determine if stomata of At5SPTasel transgenic leaves
responded to ABA under these conditions, we incubated WT and At5PTasel transgenic
leaves in a perfusion solution in the dark, then transferred the leaves to light in the
presence or absence of ABA (Figure 3.2C). As a control, WT stomata were incubated in
a perfusion solution and exposed to light. The WT stomata responded to light by opening
in the absence of ABA and remaining closed in the light when ABA was present (Figure
3.2C). However, the response to light was diminished in stomata of At5PTasel
transgenic leaves that opened only slightly in light in the absence of ABA (Figure 3.2C).
We conclude that At5PTasel ectopic expression interferes with both ABA and light
signal transduction in stomata.

It has been demonstrated that application of external Ca>* can bypass ABA-
induction of stomatal closure (Allen et al., 1999). To determine whether we could get the
stomata of At5PTasel ectopic expressors to close, we incubated leaves from At5SPTasel
ectopic expressors in a solution containing 1 mM Ca®" with or without the addition of
100 uM ABA. In all cases, we were unable to observe closure of stomata from
At5PTasel ectopic expressors (data not shown). These data indicate that application of

2+ . . .
external Ca~" was insufficient to induce stomatal closure.
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Figure 3.2 AtSPTasel transgenic stomata are altered in their responses to ABA and
light but not fusicoccin. Leaves from WT and three independent lines of At5PTasel
transgenic plants (1-3) were removed from the plant and incubated in the indicated
solutions (see “Materials and Methods™). Epidermal fragments generated by blender
treatment were imaged to determine the average stomatal apertures as described in
“Materials and Methods.” A, Leaves were incubated in a perfusion solution for 2 h (white
bars) and then exposed to 100 uM ABA for 2 h (black bars). B, Leaves were incubated in
a perfusion solution for 2 h (white bars) and then exposed to 15 uM fusicoccin for 2 h
(black bars). C, Leaves were incubated in 10 mM MES, 50 mM KCIl, and 100 uM ABA
(pH 7.0) for 2 h in the dark (black bars) and then exposed to light for 2 h (gray bars).
Separate leaves were incubated in perfusion solution under constant light for 2 h (white
bars). Error bars = SE from three independent experiments.
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At5PTasel Ectopic Expression Alters Ins(1,4,5)P; Levels

The finding that AtSPTasel ectopic expression alters ABA responses in stomata
suggests that changes in second messenger Ins(1,4,5)Ps levels are required for stomatal
closure. To examine whether At5PTasel transgenic plants are deficient in Ins(1,4,5)Ps,
we focused on a single homozygous At5PTasel transgenic line (5P-e3) for a thorough
analysis. This line contained a single AtSPTasel transgene insertion as measured by
DNA gel-blot analyses (Figure 3.3) and increased At5PTasel mRNA, protein (Figure
3.1), and enzyme activity levels (Berdy et al., 2001). To determine if the ABA
insensitivity of AtSPTasel transgenic plants was due to altered Ins(1,4,5)P; levels, we
quantified Ins(1,4,5)Ps levels in WT and At5PTasel transgenic leaves. WT leaf tissue
contained 865 +/- 158 pmol Ins(1,4,5)P; g fresh weight ', whereas in At5PTasel
transgenic plants basal levels were reduced to 344 +/- 7 pmol Ins(1,4,5)P; g fresh weight -
!, This approximately 2.5-fold reduction in basal Ins(1,4,5)P; levels in the At5PTasel
transgenic leaves is in agreement with the fact that AtSPTasel mRNA and enzyme levels
(Berdy et al., 2001), as well as protein levels (Figure 3.1), are increased in the At5SPTasel
transgenic plants.

Production and action of second messengers occurs quickly during signal
transduction. Therefore, we examined changes in Ins(1,4,5)P; levels within a time scale
of seconds after exposure to ABA. To examine rapid changes in Ins(1,4,5)Ps, we used
whole seedlings, in which tissue could be frozen quickly after exposure to ABA (Sanchez
and Chua, 2001). WT and At5PTasel transgenic seedlings were exposed to ABA or a

control solution (data not shown) and quickly frozen (“Materials and Methods”).
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Figure 3.3 Southern blot analysis of AtSPTasel ectopic expressors. Genomic DNA
from wild-type (WT) and three lines of At5PTasel ectopic expressors (5Pe, 1-3) was
isolated, digested with EcoRI and prepared for electrophoresis, transfer to nylon
membrane, and autoradiograpic analysis as descrbed in “Materials and Methods.”
Arrows indicate molecular weight makers. The & indicated the position of the WT copy
of At5PTasel. The black diamond indicates the position of the transgenic copy of
At5PTasel.
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Within the first minute of exposure to ABA, Ins(1,4,5)P5 levels transiently
increased 2.5-fold above basal Ins(1,4,5)P; levels in WT seedlings. The basal level of
Ins(1,4,5)P; in At5PTasel transgenic seedlings was lower than in WT seedlings (Figure
3.4A). At5PTasel transgenic plants exhibited a slight increase in Ins(1,4,5)P3 within 1
minute of ABA addition. However, this ABA-stimulated increase in Ins(1,4,5)P; was
lower than basal Ins(1,4,5)P; levels in WT seedlings.

ABA addition also stimulated a second increase in Ins(1,4,5)P; in WT seedlings
by 30 minutes of exposure to ABA (Figure 3.4B). Ins(1,4,5)P; had not returned to the
basal levels 2 hours after ABA exposure, indicating that this second Ins(1,4,5)P; increase
is sustained longer than the initial peak. At5PTasel transgenic seedlings were also
deficient in the second Ins(1,4,5)P; increase (Figure 3.4B). Although a slight increase in
Ins(1,4,5)P; was apparent 1 hour after ABA addition, the ABA-stimulated Ins(1,4,5)P;
level was lower than the WT basal level. We conclude that ABA stimulates two separate
increases in Ins(1,4,5)Ps levels that vary in duration in WT seedlings. Ectopic expression
of At5SPTasel results in suppression of both Ins(1,4,5)P; increases, indicating that

At5PTasel acts to suppress ABA-stimulated Ins(1,4,5)P; accumulation in seedlings.
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Figure 3.4 Ectopic expression of AtSPTasel suppresses ABA-stimulated Ins(1,4,5)P;3
accumulation. Five-day-old WT (white diamonds) and At5PTasel transgenic seedlings
(black squares) were treated with 100 uM ABA and harvested at the indicated times.
Ins(1,4,5)P; was quantified from frozen ground tissue as described in “Materials and
Methods.” A, Five-minute time course. B, One hundred-twenty-minute time course. Error
bars = mean SE from three independent experiments.
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Ectopic Expression of At5PTasel Alters Expression of ABA-Related Genes

In addition to influencing stomatal aperture, ABA signaling regulates the
expression of several genes in a nuclear signaling pathway (Giraudat, 1995). Kin 1 gene
expression is up-regulated by ABA, a process requiring Ca>* (Gilmour et al., 1992). To
determine whether there are differences in the expression pattern of a subset of ABA-
induced genes in AtSPTasel transgenic plants, we examined the expression of the Kin 1,
Kin 2, and COR15a genes in WT and At5PTasel transgenic plants exposed to ABA by
semiquantitative reverse transcriptase (RT)-PCR (Figure 3.5). Given the
semiquantitative nature of these experiments, we interpreted changes in amplification
products as follows: If no band was observed, we concluded that the gene was not
expressed; if submaximal levels were observed, we concluded that expression was
detectable; if maximal levels (for any particular gene) were observed, we concluded that
expression was detectable and higher than in submaximal cases.

Levels of Kin 1, Kin 2, and COR15a mRNA were either not detectable (Kin 1) or
submaximal (COR15a and Kin 2) in both WT and At5PTasel transgenic seedlings before
ABA application. mRNA levels of the Kin 1, Kin 2, and COR15a genes in WT seedlings
were up-regulated within 15 minutes in response to ABA (Figure 3.5, WT). These three
genes were up-regulated in At5PTasel transgenic seedlings in response to ABA, but
accumulation of mRNA was delayed (Figure 3.5, Trans). Specifically, Kin 1 and
CORI15a accumulation was not maximal in At5SPTasel transgenic seedlings until 1 hour
after ABA application, and Kin 2 did not reach maximal levels until 30 minutes after
ABA exposure. These experiments were repeated three times. These results indicate that

overexpression of At5PTasel alters the ABA induction of these genes.
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Figure 3.5 Expression of ABA inducible genes is altered in AtSPTasel
transgenic plants. WT (5 d) or At5PTasel transgenic (Trans) seedlings were
treated with ABA and harvested at the indicated times. Total RNA was
isolated, and RT-PCR reactions were performed with Kin 1-, COR15a-, Kin
2-, or actin-specific primers as described in “Materials and Methods.”
Control (C) indicates seedlings treated with

0.1% (v/v) ethanol for 15 s.



At5PTasel Ectopic Expression Does Not Affect Germination in the Presence of ABA
The data in Figures 3.2 to 3.5 suggest that ABA signaling in both the stomatal
response and nuclear signaling pathways requires a discreet increase in Ins(1,4,5)Ps.
Another major physiological action of ABA is inhibition of seed germination. We
examined whether ectopic expression of At5PTasel affected seed germination in the
presence of ABA. Seeds from WT and At5PTasel transgenic plants were germinated at
various concentrations of ABA (see “Materials and Methods™). When the concentration
of ABA was 5 UM or higher, germination of both WT and At5PTasel transgenic seed
was inhibited (data not shown). Seed from At5PTasel transgenic plants germinated with
the same kinetics as WT seed at 0, 0.1, and 0.25 uM ABA (data not shown). At 2.5 uM
ABA, a slight delay in germination was observed with both WT and At5PTasel
transgenic seed (Figure 3.6). We detected a slight increase in ABA sensitivity in the
At5PTasel transgenic seed. Thus, there was no evidence for ABA insensitivity in the
At5PTasel transgenic seed at all concentrations of ABA tested. We conclude that in
contrast to the effects noted in At5PTasel stomata, ectopic expression of At5PTasel does

not impart ABA insensitivity during seed germination.
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Figure 3.6 Germination of AtSPTasel transgenic seed in the presence of ABA. WT
seed (black squares) and At5SPTasel transgenic seed (white circles) were germinated with
no ABA present. WT seed (black triangles) and AtSPTasel transgenic seed (black
circles) were germinated in the presence of 2.5 uM ABA. No differences in germination
were observed at 0.1 or 0.25 uM ABA (data not shown), and no germination was
observed at concentrations of ABA above 5 UM (data not shown). Error bars = mean +/-
SD values from three independent experiments during a 6-d period.
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Regulation of At5PTasel Expression by ABA

Whereas a gain-of-function of At5PTasel is useful to test the contributions of
Ins(1,4,5)P; in signaling, it does not address how the endogenous enzyme is regulated to
terminate ABA signaling. The short duration of the first ABA-stimulated Ins(1,4,5)P3
increase indicates that an inositol phosphatase may act quickly to return stimulated
Ins(1,4,5)P; levels to basal levels. To test whether At5PTasel expression is correlated
with Ins(1,4,5)P; hydrolysis after ABA stimulation, we measured both At5PTasel
mRNA and protein levels during ABA stimulation. We used RT-PCR to observe
At5PTasel mRNA levels. At5SPTasel mRNA expression was not detectable in seedlings
before ABA treatment, but was detectable within the first few minutes in response to
ABA (Figure 3.7A). In multiple experiments, we documented that this initial increase in
At5PTasel mRNA was followed by a subsequent decrease at 15 to 30 minutes after ABA
treatment. At5SPTasel mRNA levels increased again between 1 and 3 hours, and
diminished to undetectable levels between 6 and 24 hours (Figure 3.7A). This oscillation
in At5PTasel mRNA levels is reminiscent of second messenger Ins(1,4,5)P; (Perera et
al., 2001) and Ca*’ (Grosse et al., 1993; Bootman et al., 2001) changes that occur during
signaling events. The initial increase and decline in AtSPTasel mRNA levels (Figure
3.7) correlate with the initial decline and increase in Ins(1,4,5)P; levels that occur in
response to ABA (Figure 3.5). The anti-At5PTasel antisera were used to observe
At5PTasel protein levels in seedlings exposed to ABA. Seedlings treated with a 0.1%
(v/v) ethanol control solution lacking ABA showed no accumulation of AtSPTasel
protein over a 24-hour time course (Figure 3.7C). Seedlings treated with ABA showed

an increase in At5PTasel protein within 30 minutes of ABA exposure (Figure 3.7B).
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At5PTasel protein reached maximal levels by 4 hours after ABA exposure, and after 24
hours AtSPTasel protein was nearly below detectable levels. We conclude that ABA

regulates both mRNA and protein levels of At5PTasel in a specific, transient manner.
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Figure 3.7 ABA treatment alters AtSPTasel expression in seedlings. Five- to 7-d-old
WT seedlings were treated with 100 UM ABA and harvested at the indicated times. A,
Total RNA was harvested and used in RT-PCR experiments with At5PTasel- and actin-
specific primers as described in the “Materials and Methods.” -, No template; +, control
cDNA template. B and C, Protein extracts were generated, followed by SDS-PAGE and
protein gel-blot analysis as described in “Materials and Methods.” Arrows indicate
molecular mass standards.
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DISCUSSION

We have shown previously that the gene product encoded by At5SPTasel
hydrolyzes Ins(1,4,5)P; second messenger (Berdy et al., 2001). Here, we present
evidence that ectopic expression of At5SPTasel in Arabidopsis leads to an increase in
steady-state levels of AtSPTasel protein and a corresponding decrease in basal
Ins(1,4,5)P; levels in both leaf and seedling tissue. We found that the stomatal response
to ABA and induction of ABA-regulated genes in seedlings was altered in At5SPTasel
transgenic plants (Figures 3.2 and 3.5, respectively). This finding is significant because
the biochemical events that take place within the cell leading to stomatal closure and
ABA induction of gene transcription are not fully characterized. Our results strongly

implicate Ins(1,4,5)Ps as a second messenger in these events.

Ins(1,4,5)P; and Stomatal Closure

Previous studies have shown that ABA stimulation of PLC activity is an
important step in the stomatal closure pathway (Lee et al., 1996; MacRobbie, 1998;
McAinsh et al., 2000). Inhibition of PLC activity reduces both ABA-induced changes in
intracellular Ca** concentration and stomatal closure (Staxen et al., 1999). Microinjection
of Ins(1,4,5)P5 can stimulate stomatal closure (Gilroy et al., 1990). Ins(1,4,5)Ps-induced
Ca’" increases in guard cells have also been correlated with stomatal closure (Gilroy et
al., 1990). Recent work has shown that an increase in intracellular Ca** is observed in
guard cells within the first 3 minutes after ABA addition in Arabidopsis (Webb et al.,
2001). Ifthis initial increase in intracellular Ca’'is dependent on Ins(1,4,5)Ps, then it is

logical to expect an increase in Ins(1,4,5)P3 to occur at an earlier time.
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In conjunction with previous work from other groups using PLC inhibitors (Staxen et al.,
1999) and microinjection of Ins(1,4,5)P; into guard cells (Gilroy et al., 1990), our data
utilizing At5PTasel transgenic leaves strongly suggest that Ins(1,4,5)P; is required for
normal stomatal responses to ABA and light. Stomata from At5PTasel transgenic leaves
do not respond to ABA and appear to maintain a partially closed aperture even under
conditions that should promote opening (Figure 3.2A). We believe this partially closed
phenotype results from alterations in both ABA and light signal transduction pathways
because these stomata are also less light responsive (Figure 3.2C). Because the
At5PTasel transgenic plants are grown in the light, it might be expected that the impact
of altering light signal transduction in the stomata would be greater leading to an overall
reduction in the resulting stomatal aperture. This reduction in light responsiveness limited
our ability to determine whether stomata from At5PTasel transgenic plants would open
in the light in the presence of added ABA (Figure 3.2C). Additional verification that the
physiological alterations in stomata of AtSPTasel transgenic leaves result from
Ins(1,4,5)P; signaling instead of structural differences was obtained by testing the
response of transgenic stomata to fusicoccin. This fungal toxin stimulated opening of the
stomata of At5SPTasel transgenic leaves, indicating that the inward rectifying K channels

were normal.

ABA Stimulates Two Distinct Increases in Ins(1,4,5)P;
To examine the effects of AtSPTasel ectopic expression on Ins(1,4,5)P; levels
during ABA signaling, we measured Ins(1,4,5)P; levels in At5PTasel transgenic and WT

seedlings exposed to ABA. WT seedlings displayed two increases in Ins(1,4,5)P; after
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ABA exposure. The first increase in Ins(1,4,5)P; was transient and occurred within the
Ist minute after ABA exposure. This is appropriate timing for stimulating documented
increases in stomatal intracellular Ca*" levels (Webb et al., 2001). The second
Ins(1,4,5)P; increase occurred much later (30 minutes) and the role of this increase in
signaling is unclear. Previous work on Vicia faba stomata documented an early
Ins(1,4,5)P; peak occurring 1 minute after ABA treatment (Lee et al., 1996). These
authors did not investigate whether Ins(1,4,5)Ps changes occurred at later time points
after ABA stimulation. Published data from Arabidopsis seedlings documented an
Ins(1,4,5)P; peak occurring 60 minutes after ABA stimulation (Sanchez and Chua, 2001).
These authors did not investigate whether changes in Ins(1,4,5)Ps also occurred within
the first minute. The changes in Ins(1,4,5)Ps levels reported here correspond well with the
pattern of Ins(1,4,5)Ps increases seen in maize (Zea mays) and oat (Avena sativa) pulvini
stimulated by alterations in gravity (Perera et al., 1999; Perera et al., 2001). In the maize
pulvinus, gravity stimulates oscillations of Ins(1,4,5)P; within seconds and a gradual
Ins(1,4,5)P; increase peaking at 6 hour post-stimulation. It has been speculated that the
initial Ins(1,4,5)P; oscillations may reflect rapid signaling changes and the gradual
increase may reflect long-term stimulation required for growth alterations (Perera et al.,

1999).

Ins(1,4,5)P; Signaling Is Altered in At5PTasel Transgenic Plants
Ins(1,4,5)P; signaling alterations in AtSPTasel transgenic plants were
documented by comparing the Ins(1,4,5)P; levels in these plants with those of WT.

Surprisingly, WT Ins(1,4,5)P; levels were higher in mature rosette leaves than in 5-day-
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old filter-grown seedlings. The At5PTasel transgenic plants showed a reduction in basal
Ins(1,4,5)P; levels in both leaves and seedlings and ABA-stimulated Ins(1,4,5)Ps levels
in seedlings. A small increase in Ins(1,4,5)P; occurred in the At5PTasel transgenic
seedlings in response to ABA, but this Ins(1,4,5)P; increase was lower than the basal WT
Ins(1,4,5)P; level (Figure 3.4). The stomatal closure and gene expression data indicate
that At5PTasel transgenic plants have an alteration in cellular signaling events that are
stimulated by Ins(1,4,5)Ps. This conclusion is supported by recent evidence that ectopic
expression of the AtSPTase2 gene inhibits ABA signaling in germinating seeds and
Ins(1,4,5)P; production in seedlings (Sanchez and Chua, 2001). However, it is important
to note the difference between the ability of At5SPTasel and AtSPTase2 to impart ABA
insensitivity in germinating seeds. Our data indicate that AtSPTasel ectopic expression
significantly alters the stomatal response and nuclear signaling pathways associated with
ABA (Figures 3.2, 3.4, 3.5, 3.6 and 3.7) but does not affect seed germination (Figure
3.5). There are several possible explanations for these differences. First, it is possible
that At5PTasel and At5PTase2 function in overlapping (nuclear signaling) and different
(stomatal response versus seed germination) pathways. The open reading frames of
At5PTasel and At5PTase2 are 34.4% identical and 54% homologous at the amino acid
level, and the conserved catalytic domains are 53% identical. They have similar substrate
specificities; both can hydrolyze Ins(1,4,5)Ps and Ins(1,3,4,5)P4 (Berdy et al., 2001;
Sanchez and Chua, 2001). No information on the subcellular locations of these two
enzymes has been reported, so they could also function to terminate signaling within
different cellular compartments. Another possible explanation for the observed

differences could be the difference in the inducible system used to ectopically express
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At5PTase2 versus constitutive expression of At5SPTasel. Dexamethasone induction of
At5PTase2 may have allowed for higher levels of At5SPTase2 expression that could
repress Ins(1,4,5)Ps levels to a greater or different extent. In our system, we consistently
found a 2.5- to 3-fold increase in At5SPTasel mRNA and protein levels and a similar
decrease in basal Ins(1,4,5)Ps levels. No details on similar measurements were presented
for the At5PTase2 transgenic seedlings.

It is known that both At5PTasel and At5PTase2 can hydrolyze Ins(1,3,4,5)P4
(Berdy et al., 2001; Sanchez and Chua, 2001). Therefore, it is possible that hydrolysis of
Ins(1,3,4,5)P, by ectopic expression of these enzymes could also impact ABA signal
transduction. In animal cells, it has been shown that Ins(1,3,4,5)P4 binding to SPTase
serves as a mechanism to potentiate Ins(1,4,5)Ps-mediated intracellular Ca** release
(Hermosura et al., 2000). Therefore, reductions in Ins(1,3,4,5)P, in AtSPTase transgenic
plants are likely to reduce the ability of Ins(1,4,5)P; to induce Ca®" release. Thus, an
increase in either Ins(1,4,5)P; or Ins(1,3,4,5)P4 hydrolysis may have the same net effect
on signaling. Ins(1,3,4,5)P4 can be further phosphorylated, eventually resulting in
Ins(1,2,3,4,5,6)Ps. Recently, Ins(1,2,3,4,5,6)P¢ has been implicated in the control of
stomatal closure. It has been shown that ABA stimulates the production of
Ins(1,2,3,4,5,6)Ps. When Ins(1,2,3,4,5,6)P¢ is introduced into stomata, it inhibits the
inward-rectifying K" channel (Lemtiri-Chlieh et al., 2000). We did not measure
Ins(1,2,3,4,5,6)Ps levels but suggest that ongoing work to delineate plant phytases,
Ins(1,2,3,4,5,6)Ps-degrading enzymes, may provide excellent tools to alter putative

Ins(1,2,3,4,5,6)Ps second messenger levels.
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At5PTasel Is Regulated by ABA

At5PTasel mRNA and protein levels were rapidly altered in response to ABA.
The timing of the initial increase in AtSPTasel mRNA expression correlated well with
the initial decline in Ins(1,4,5)P; levels after ABA stimulation. Although the At5SPTasel
protein expression pattern that results in response to ABA does not exactly mirror the
At5PTasel mRNA expression pattern, both indicate that AtSPTasel accumulation is
regulated by ABA addition. It is important to note that in three independent experiments,
we documented the oscillatory behavior of both. It is interesting to speculate that
changes in AtSPTasel expression may be required for appropriate signal termination.
Such oscillations in terminator enzymes might serve to regulate Ins(1,4,5)Ps hydrolysis in
response to signaling, resulting in the two discrete increases in Ins(1,4,5)P; found in this
work and by others (Perera et al., 1999; Perera et al., 2001). However, it must be noted
that SPTase function in the plant cell is a combined result of protein expression and
enzymatic activity.

In the era of genomics, it is important to consider other gene products that may
function in a similar manner to At5SPTasel. We have described previously 14 related
At5PTases that contain a conserved putative SPTase catalytic domain (Berdy et al.,
2001). The substrate specificity of 13 of these proteins has not yet been characterized.
Our results indicate that the expression of several of these other At5PTases is regulated
by ABA (R.N. Burnette and G.E. Gillaspy, unpublished data). Understanding the role of
each of these genes in ABA signal transduction will require the analysis of substrate
specificity of each gene product. The finding that signal terminators are rapidly up-

regulated in response to signaling in a manner consistent with the hydrolysis of
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Ins(1,4,5)P; suggests that the plant cell regulates these enzymes to ensure that signaling

events are properly terminated.

Note: The references originally included in this publication have been included in

the complete reference section of this document.
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CHAPTER 1V

Objective I11. To analyze the substrate specificity determinants of a SPTase via
difference Fourier transform infrared (FT-IR) spectroscopy

ABSTRACT

The termination and degradation of inositol second messenger compounds is
achieved in eukaryotic cells by SPTases. This diverse family of proteins has the ability to
catalyze the hydrolysis of a 5-phosphate from both hydrophilic and hydrophobic inositol-
containing substrates. The importance of these enzymes is best demonstrated in patients
with mutations in the Ocrll gene, which encodes a 5SPTase. Patients lacking functional
Ocrl protein have a condition known as Lowe syndrome. This syndrome is characterized
by a variety of phenotypes, including glaucoma, cataracts, as well as abnormal brain and
kidney function. Difference FT-IR and caged Ins(1,4,5)P; were used to study structural
changes in Ocrl protein upon introduction of the substrate. The difference FT-IR data of
Ocrl argue that there are resultant conformational changes upon interaction of
Ins(1,4,5)P;. Changes were observed in Ocrl that occur in single types of amino acid
residues. These changes demonstrate there is a protonation change in at least one
carboxylic acid-containing residue and one histidine residue in Ocrl upon introduction of
substrate. The resulting deprotonation of this histidine residue may result in a change in
the coordination of a divalent cation in the active site of Ocrl. Results of this first study
utilizing difference vibrational techniques to probe the catalytic mechanism of a SPTase
implicates both carboxylic acid-containing and histidine residues, as well as a divalent

cation(s), in catalysis.
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INTRODUCTION

Signals outside the cell can be perceived by receptors linked to various signaling
pathways, such as the PI signaling pathway (York et al., 2001). In this model, PLC
stimulated by receptors acts to hydrolyze PtdIns(4,5)P, to produce Ins(1,4,5)P; and DAG.
In its conventional role, Ins(1,4,5)P; binds to receptors on intracellular stores of Ca”",
thereby releasing Ca>" into the cytosol (Berridge, 1993). This release of Ca®* leads to a
variety of downstream biological phenomena (Berridge, 1993). In addition to
Ins(1,4,5)Ps, other inositol-containing compounds, such as PtdIns(4,5)P, and P1(3,4,5)P;,
can also act as second messengers, and in other cellular functions varied from
intracellular signaling (Serunian et al., 1990; Tsubokawa et al., 1994; Bae et al., 1998;
Hermosura et al., 2000; Odorizzi et al., 2000; Mejillano et al., 2001).

SPTases are enzymes that act to terminate the action of inositol-containing second
messengers by catalyzing the hydrolysis of the 5-phosphate from the inositol ring. To
date, more than ten mammalian SPTases (Majerus et al., 1999), four yeast SPTases (Stolz
et al., 1998), and three of the fifteen predicted SPTases in Arabidopsis (Berdy et al.,
2001; Sanchez and Chua, 2001; Burnette et al., 2003; Ercetin and Gillaspy, 2004) have
been characterized. The SPTases are a diverse family of proteins with a conserved IPPc
domain and a dependency for divalent cations. The catalytic domain resembles proteins
with functions diverse from 5PTases, such as the apurinic/apyrimidinic endonuclease,
APE1 (Whisstock et al., 2000), and to DNasel (Dlakic, 2000). Four types of SPTases are
found in humans, a categorization based on their respective substrate specificities (Zhang
et al., 1998). Ocrl (oculocerebrorenal Lowe syndrome) is a human Group II 5PTase with

the ability to catalyze the hydrolysis of a 5-phosphate from four substrates, Ins(1,4,5)P;,
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Ins(1,3,4,5)P4, PtdIns(4,5)P, and PtdIns(3,4,5)P;. Lowe syndrome, a rare genetic
disorder afflicting between one and ten per million Caucasian males (Lowe Syndrome
Association), results from a mutation or absence of functional Ocrl 5SPTase (Attree et al.,
1992; Zhang et al., 1995). While born without visual impairments, development of Lowe
patients is marked by many symptoms including cataracts, glaucoma, renal tubular
dysfunction, kidney failure, mental retardation and others. The cause of these symptoms
is most likely due to elevated levels of PtdIns(4,5)P,, the in vivo substrate for Ocrl
(Zhang et al., 1995; Zhang et al., 1998).

Despite the knowledge pertaining to SPTase involvement in eukaryotic signal
transduction, not much is known concerning either substrate discrimination or the
catalytic mechanism of any 5PTase. 5PTases require divalent cations (Luttrell, 1994).
Similarly, nucleases and polymerases require metal cofactors for hydrolysis of a
phosphate and phosphoryl transfer (Beernink et al., 2001). Metal ion-dependent enzymes
can be grouped into two distinct classes: one class utilizes amino acid sidechains and
metal ions for catalysis, and the other class uses metal ions only to facilitate catalysis.

Historically, site-directed mutagenesis has been the tool of choice to define
residues involved in 5SPTase catalysis and reaction mechanism (Communi and Erneux,
1996; Communi et al., 1996; Jefferson and Majerus, 1996; Erzberger and Wilson, 1999;
Whisstock et al., 2000; Tsujishita et al., 2001). Mutations in multiple residues in various
5PTases (Communi and Erneux, 1996; Communi et al., 1996; Jefferson and Majerus,
1996; Erzberger and Wilson, 1999; Whisstock et al., 2000; Tsuyjishita et al., 2001)
resulted in significantly reduced or abolished activity (Figure 1.4). While many of these

residues are conserved amongst the SPTases, several missense mutations in patient Ocrll
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sequences have defined alternate residues potentially necessary for activity, proper
folding or stability (Lowe mutation database, Figure 1.4).

In addition to site-directed mutants and definitions of missense mutations in Lowe
patients, a recent crystallographic analysis of synaptojanin (SpSyn), a 5PTase from
Schizosaccharomyces pombe, complexed with Ins(1,4)P; provided a more detailed look
at the structure of the IPPc domain (Tsujishita et al., 2001). Several residues shown to be
critical for activity (Dlakic, 2000; Whisstock et al., 2000) were seen coordinating
Ins(1,4)P; product and divalent cation, including a glutamic acid (Glu590 in SpSyn), an
aspartic acid (Asp830) and a histidine (His831). Despite the information concerning
potential key residues in protein:product association, analysis of this crystal structure fails
to identify determinants in Ins(1,4,5)P; binding, or or allow for observation of dynamic
structural changes occurring during catalysis.

An important component of understanding the SPTase mechanism is the ability to
observe the coordination and protonation state of amino acids in the active site. The
necessity of gathering such structural information is best exemplified by three recent
crystallographic determinations of the catalytic site in the APE1/5PTase family of
proteins. These three studies yield three different forms of the histidine sidechain critical
for function (Figure 4.1): as a imidazolium cation (ImH,") with N3 potentially hydrogen
bonded to a phosphate (Mol et al., 2000), as a neutral imidazole with N1 potentially
hydrogen bonded to a phosphate (Tsujishita et al., 2001), and as a neutral imidazole with
N3 coordinated to a metal cation (Beernink et al., 2001); Figure 4.1). Therefore, a

comprehensive study of the SPTase mechanism and resulting structural changes will
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prove useful to understanding more about SPTase catalysis, and to resolve such
discrepancies.

We have chosen the employment of a biophysical technique, difference FT-IR, to
study structural changes that occur during substrate introduction in the active site of Ocrl.
Difference FT-IR has certain advantages over crystal structure analyses, one of which is
the ability to view structural changes in a more dynamic way. This method is sensitive
enough to observe changes occurring in single amino acids during substrate recognition,
binding, and catalysis (reviewed in Kim et al., 2001; Zscherp and Barth, 2001). It is
necessary to control the initiation of substrate introduction. This is accomplished by
using Ins(1,4,5)P3 which is covalently bound to a 1-(2-nitrophenyl)ethyl (NPE) “cage”
moiety (Figure 4.2). The intiation of substrate introduction is achieved by photolytically
releasing the Ins(1,4,5)P; from the cage by UV light (Cepus et al., 1998). The net result
of this method is the ability to observe Ocrl before and after introduction of Ins(1,4,5)Ps.
This allows for observation of amino acids experiencing changes upon introduction of
Ins(1,4,5)P;. The use of this vibrational technique indicates that SPTases utilize not only
amino acids within the active site, but also a divalent cation, to recognize and bind
Ins(1,4,5)Ps. This is the first instance of using difference FT-IR to probe the initial phase

of catalysis of a SPTase.
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Figure 4.1. Chemical schemes of resolved His residues of SPTase/APE1
proteins. Reported coordination and protonation states of a conserved
histidine residue in the active site of 5SPTase/APE1 proteins. (i) His831 of
the yeast SPTase, synaptojanin, crystal structure (Tsujishita et al., 2001), in
which the neutral N1H-Im ring is hydrogen bonded to the 4-phosphate of the
inositol ring; (ii) His309 of the APE1 structure (Mol et al., 2000), in which
the imidazolium cation is hydrogen bonded to the phosphate moiety; and (iii)
His309 of'a second APE1 structure (Beernink et al., 2001), in which the
neutral N1H-Im is coordinated to the divalent metal cation in the active site.
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Figure 4.2. Photolysis of caged Ins(1,4,5)P;. NPE-caged Ins(1,4,5)Ps is
photolytically cleaved by UV light, and forms 2-nitrosoacetophenone and free
Ins(1,4,5)P; (Cepus et al., 1998).
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MATERIALS AND METHODS
Amino acid alignment

Amino acid sequences corresponding to human Ocrl (accession number Q01968),
yeast synaptojanin (accession number CAA17882), human Type II 5SPTase (accession
number P32019), yeast Inp52 (accession number NP014293), human Type I 5PTase
(accession number Q14642), Arabidopsis thaliana 5PTasell (accession number
NP175182), and human Apel (accession number P27695) were analyzed with ClustalX
software. The resulting alignment was manually refined. The crystal structure of yeast
synaptojanin (Tsujishita et al., 2001) was visualized with Cn3D software

(www.ncbi.nih.gov/Structure/CN3D/cn3d.shtml) to identify residues within 5 angstroms

of the crystallized product. Ocrl numbering is according to the Lowe mutation database

(http://research.nhgri.nih.gov/lowe/).

Ocrl purification and activity assays

The following describes the expression and purification of the Ocrl protein
provided by Philip Majerus and Marina Kisseleva (Washington University, St. Louis,
MO). A construct containing a truncated, human Ocrll cDNA sequence encoding amino
acids Met'"’-Asp*®* was used to express Ocrl protein in S cells (Attree et al., 1992;
Zhang et al., 1995). Ocrl was purified as previously described (Zhang et al., 1995), and
had an apparent molecular weight of 90 kDa as judged by mobility on an SDS
polyacrylamide gel.

Ocrl phosphatase activity was verified as reported (Zhang et al., 1995). The ratio

of Ocrl enzyme to substrate in all assays was 1:51 [1.0 pmol Ocrl protein: 50 pmol
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Ins(1,4,5)Ps + 1 pmol [*H]-Ins(1,4,5)P; (23 Ci mmol”; ARC, St. Louis, MO)]. Assays
were carried out for 10 or 20 minutes in activity assay buffer (50 mM Tris-HCI pH 7.5,
250 mM KCI, 3 mM MgCl,) in a final volume of 5 UL at 37°C, and terminated by 60-
fold dilution in water (Zhang et al., 1995). The resulting products were analyzed by
HPLC (Beckman System Gold; Beckman Instruments, Fullerton, CA) using a Waters
Spherisorb S5 SAX 4 x125-mm analytical column (Milford, MA) equilibrated with a 10
mM ammonium phosphate (AP) buffer at pH 3.8. Products were eluted with a linear
gradient from 10 mM AP to 340 mM AP over 30 min; 340 mM AP to 1.02 M AP over 15
min; and constant 1.02 M AP over 5 min (Stolz et al., 1998). Radiolabeled products were
detected with a Beckman 171 Radioisotope detector. Quantification of reaction products
was achieved by direct comparison of the total area of HPLC chromatogram peaks. The
retention times of reaction products were compared to retention times of radiolabeled
standards. Data reported herein are an average of three experiments to verify
reproducibility.

Ocrl activity was measured as a function of temperature, substrate, and solvent
removal; in all cases, reactions were terminated as described above. For temperature
dependency experiments, assays were thermostated between 0-37°C in a
ThermoNESLAB RTE 7 recirculating bath (Fisher Scientific, Atlanta, GA). For NPE-
caged Ins(1,4,5)P; competition assays, Ocrl protein, in activity assay buffer containing
either 0.1 or 1.0 mM NPE-caged Ins(1,4,5)Ps, was pre-incubated for 10 minutes at 37°C.
[*H]-Ins(1,4,5)P; was added and the reaction proceeded for 10 minutes at 37°C before
termination. For dehydration experiments, Ocrl protein in activity assay buffer was dried

on ice under a steady stream of N, gas. The dehydrated sample was incubated at -10°C
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for 20 minutes, then returned to 37°C, resuspended to 5 uL and given [*H]-Ins(1,4,5)Ps.
After incubation for 10 minutes, reactions were terminated and analyzed as described

above.

Infrared spectroscopy

All spectra shown herein are averages of three experiments, and were analyzed
using the IGOR Pro (Wavemetrics, Lake Oswego, OR). Vibrational modes were
assigned based on manual inspection of frequencies reported from both the spectrometer
and from the IGOR analysis program.

Model compound data were collected with a liquid-nitrogen cooled MCT/A
detector in a Bruker IFS 66v/s infrared spectrophotometer, either under vacuum or under
nitrogen purge. Spectral conditions were: Happ-Genzel apodization function, 20 kHz
mirror velocity, 4 cm™ resolution, and 1,000 scans per interferogram. Spectra of
protonated (10 mM MES pH 6.0, 750 mM Im) and deprotonated (10 mM MES pH 8.0,
750 mM Im) imidazole in solution were obtained using an AMTIR crystal mounted in an
ATR accessory (Pike Technologies, Madison, WI). A difference spectrum of the
deprotonated-minus-protonated Im was generated by subtracting the spectrum of Im at
pH 6.0 from the spectrum of Im at pH 8.0.

Spectra of inositol model compounds were obtained using potassium bromide
(KBr) pellets. One mg of either myo-inositol, Ins(1,4)P, potassium salt or Ins(1,4,5)P;
hexapotassium salt (99%, 98%, and 98% purity, respectively; Sigma, St. Louis, MO) was

added to approximately 50 mg of KBr. Each mixture was homogenized and ground to a
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fine powder and pressed into a “window” using a manual compression apparatus (Buck
Scientific, East Norwalk, CT).

NPE-caged Ins(1,4,5)P; (Figure 4.3) is a mixture of P* and P’ esters that
demonstrates no second messenger ativity prior to photolytic release of the NPE-cage via
flash photolysis at <360 nm (Gjerstad et al., 2003; Stutzmann et al., 2003). For
examination of caged Ins(1,4,5)Ps photolysis alone, 20 uL of a 1 mM myo-inositol
(1,4,5)-trisphosphate (1,2-nitrophenyl ester) [NPE-caged Ins(1,4,5)P3;, Molecular Probes,
Eugene, OR] solution in buffer A (20 mM Tris-HCI pH 7.5, 0.1 mM EDTA, 1 mM
MgCl,, 0.3 mM DTT) was partially dehydrated under a stream of N, gas (Brewer et al.,
2000) and “sandwiched” between two CaF, windows. In a similar fashion, 100 uL.
spectral samples of 1.0 mM NPE-caged Ins(1,4,5)P3; and 20 uM Ocrl protein in buffer A
were prepared. Samples were mounted in a Nicolet Magna 560 spectrophotometer
(Madison, WI) with a MCT/A detector, which was cooled using liquid N,. Data were
collected at -10°C, using a recirculating cooled water bath (Fisher Scientific, Atlanta,
GA). Spectral conditions were: Happ-Genzel apodization function, 1.8988 mirror
velocity, 4 cm™ resolution, and 500 scans per interferogram.

To observe photolysis of the NPE cage from Ins(1,4,5)P3, the sample was
illuminated with a 337 nm nitrogen laser for 10 minutes. Two interferograms were
collected per sample: pre- and post-photolysis. The difference spectrum of caged
Ins(1,4,5)P; photolysis was obtained by subtracting the spectrum before photolysis from
the spectrum of caged Ins(1,4,5)P; after photolysis. A difference spectrum of Ocrl with
caged Ins(1,4,5)P; photolysis was constructed as well. Biological spectra are ratioed to

an amide I absorbance of 0.3 AU.
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In the most conservative treatment of data, the double-difference, or substrate-
binding, spectra shown herein were constructed from a 1:1 subtraction of the difference
spectrum of caged Ins(1,4,5)P; photolysis from that of Ocrl and caged Ins(1,4,5)P;
photolysis. As in other vibrational analyses of caged compounds (Cepus et al., 1998),
often-employed interactive subtractions remove contributions from the photolytic
reactions, measured by elimination of the negative 1525 and 1346 cm™ lines, assigned to
cage NO; stretching vibrations. Optimally, however, 15N-isotopomers of the caged
compound are utilized to ensure that no vibrational protein modes are inadvertently
eliminated in this process; these isotopomers are not available at this time. Note that
resultant double-difference spectra constructed from interactive subtraction yield
vibrational lines with equivalent frequencies with the exception of the negative 1525 and

1346 cm™ lines (data not shown).

RESULTS

Classic studies used to probe the catalytic mechanism of 5PTases, such as the
S5PTase SpSyn (Tsujishita et al., 2001), as well as nucleic acid-modifying enzymes, rest
almost entirely on crystallographic analyses. However, crystal structures can be limiting
in their ability to illustrate dynamic changes within a protein, such as structural changes
at the amino acid level, and changes in the protonation status of individual residues.
Vibrational spectroscopy offers some attractive alternatives to observing such dynamic
changes, in that it monitors these subtle changes often unobservable in static crystal
structures. As such, difference FT-IR is a potentially powerful tool for these types of

analyses. The initial goal was to observe structural changes occurring in the Ocrl protein
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upon the introduction of Ins(1,4,5)Ps substrate. Furthermore, this analysis would provide

information concerning the details of SPTase catalysis.

In vitro activity of Ocrl 5PTase

Purified Ocrl is the experimental model and is a truncated form of the normal
protein (~90 kD, Figure 1.4 and 4.3; Zhang et al., 1995). Using previously defined
biochemical techniques (Zhang et al., 1995), the catalytic ability of Ocrl was tested by
measuring conversion of Ins(1,4,5)Ps to Ins(1,4)P,. Upon incubation with [*H]-
Ins(1,4,5)Psat 37°C, Ocrl catalyzed the conversion of [*H]-Ins(1,4,5)Ps to [’H]-Ins(1,4)P,
(Figure 4.4A). These data support the conclusion that the purified Ocrl is catalytically
active.

The temperature dependency of Ocrl was assessed by subjecting Ocrl and [*H]-
Ins(1,4,5)P; to a range of temperatures between 0°C and 37°C (Figure 4.4B). While
conversion of [’H]-Ins(1,4,5)Ps to [°H]-Ins(1,4)P, was observable at all temperatures
tested, the greatest level of conversion was seen at 37°C, and negligible product
accumulation was witnessed at 0°C. These data indicate that Ocrl exhibits a strict
temperature dependency.

To determine whether conditions that will be presented to the Ocrl protein in the
spectroscopic experiments are detrimental to the Ocrl activity, Ocrl was partially
dehydrated and incubated at -10°C. The effects of these manipulations were tested by
drying the protein in assay buffer on ice under a constant stream of N, gas (Materials and
Methods), and incubating the sample at -10°C for 10 minutes. Upon resuspension, the

sample was given [*H]-Ins(1,4,5)P; and incubated at 37°C for 10 minutes. As shown in
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Figure 4.4C, dehydration and incubation at -10°C did not abolish the catalytic
competency of the Ocrl protein. While the possibility exists that these conditions may
affect the specific activity of Ocrl, the catalytic competency of Ocrl remains intact. Ocrl
was able to convert [*H]-Ins(1,4,5)P; to [°H]-Ins(1,4)P, upon returning to favorable
conditions. Thus, I conclude that the Ocrl protein remains catalytically competent under
these conditions.

To test whether or not NPE-caged Ins(1,4,5)P3 could associate with the active site
of Ocrl, NPE-caged Ins(1,4,5)P; was tested as a competitive inhibitor of [*H]-
Ins(1,4,5)P3. Ocrl was pre-incubated with NPE-caged Ins(1,4,5)Ps. Following this pre-
incubation with NPE-caged Ins(1,4,5)Ps, ["H]-Ins(1,4,5)P; (50 pmol) was added to the
mixture to observe catalysis of ["H]-Ins(1,4,5)P5 to ["H]-Ins(1,4)P, (Figure 4.4D). At
both concentrations of NPE-caged Ins(1,4,5)Ps, there was no significant reduction in the
conversion of [*H]-Ins(1,4,5)P; to [°H]-Ins(1,4)P;, indicating NPE-caged Ins(1,4,5)P;
does not compete. From these data, I conclude that NPE-caged Ins(1,4,5)P; does not

compete with [*H]-Ins(1,4,5)P5 for the active site of Ocrl.
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Figure 4.3. Coomassie staining of purified recombinant OCRL protein. 0.5, 1, 2 and
5 UL of purified OCRL protein, and 1, 2, 5 and 10 pug of acetylated BSA was subjected to
SDS-PAGE and stained with Coomassie for visualization and quantification. Arrows
indicate molecular mass markers.
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Figure 4.4. HPLC chromatograms and quantitation of Ins(1,4,5)P; catalysis via
OCRL. (A) 200 ng of OCRL protein was incubated with *H-Ins(1,4,5)P; at 37°C for
20 min and analyzed via HPLC (solid line). *H-Ins(1,4,5)P; was run as a standard for
retention time (dashed line). (B) 200 ng of OCRL protein and “H-Ins(1,4,5)P; were
incubated at 0, 4, 10, 16, 24 and 37°C for 10 min. (C) 200 ng of OCRL protein was
partially dehydrated at -10°C, and subsequently reconstituted. The sample was
incubated with *H-Ins(1,4,5)P; at 37°C for 20 min. (D) 200 ng of OCRL protein was
pre-incubated in either 100 uM or 1.0 mM caged Ins(1,4,5)P; for 10 min. *H-
Ins(1,4,5)P; was added, and the reaction was incubated at 37°C for 10 min. Error bars
in (B) and (D) represent standard error.
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Difference infrared spectrum of caged Ins(1,4,5)P; photolysis

The difference FT-IR spectrum of NPE-caged Ins(1,4,5)P; photolysis was
obtained (Figure 4.5A and B, solid line). The difference spectrum is the result of
subtracting the pre-photolysis spectrum from the post-photolysis spectrum of the NPE-
caged Ins(1,4,5)P5. Therefore, NPE-caged Ins(1,4,5)P; (pre-photolysis) gives rise to
negative bands in the difference spectrum, whereas the NPE-cage and free Ins(1,4,5)P;
(post-photolysis) give rise to positive bands (Figure 4.5A and B). As a primary control,
spectra are collected before photolysis. The difference spectrum generated by subtracting
one pre-photolytic spectrum from a separate pre-photolytic spectrum (Figure 4.5A and B,
dashed line) demonstrates no vibrational modes are observed, indicating bonafide
vibrational modes result from photolysis and the subsequent products. Figure 4.5A
(striped peaks) show bands at 1525 and 1346 cm™, which can be assigned to vibrations in
the NO, moiety of the NPE-cage. These characteristic modes are well in agreement with
data from other caged compounds (Cepus et al., 1998; Butler et al., 2002; Kirilenko et al.,
2002).

To fully and appropriately assign modes in the difference FT-IR spectrum of
NPE-caged Ins(1,4,5)Ps photolysis, it was necessary to obtain spectral data from other
model inositol compounds. We obtained the IR absorbance spectra of Ins(1,4)P, (Figure
4.5C and D, solid lines), Ins(1,4,5)P; (Figure 4.5C and D, dashed lines), and myo-inositol
(Figure 4.5E and F). From these data, we assigned vibrational modes corresponding to
the phosphates on the inositol ring, as well as the inositol ring itself, seen in the
difference FT-IR spectrum of NPE-caged Ins(1,4,5)P; photolysis (Figure 4.5A and B). A

detailed list of these assignments is presented in Table 4.1.
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Figure 4.5. FT-IR spectra of inositol compounds. (A and B) Light-
minus-dark difference FT-IR spectrum (solid line) and control, dark-minus-
dark (dotted line) of caged Ins(1,4,5)P; photolysis. The crosshatched peaks
represent contributions from phosphates of Ins(1,4,5)P;. Diagonal striped
regions correspond to contributions from the NPE cage. Dots represent
modes corresponding to contributions from the inositol ring of Ins(1,4,5)Ps.
Measurements were conducted at -10°C. (C and D) Absorbance FT-IR
spectra of Ins(1,4,5)P3 (dashed line) and Ins(1,4)P; (solid line). Bold,
italicized numbered modes correspond to spectrum of Ins(1,4,5)P;. The
spectra of Ins(1,4,5)P3 and Ins(1,4)P, are multipled by 0.5 for ease of
visability. (E and F) Absorbance FT-IR spectrum of myo-inositol.
Measurements for (C-F) were obtained at 25°C. In panels (A&B), (C&E),
(D&F), tick marks denote 2.5x107, 0.1, and 0.4 AU, respectively.
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Table 4.1. Tentative infrared mode assignments of myo-inositol, Ins(1,4)P,,
Ins(1,4,5)P3, and caged Ins(1,4,5)P3;. Vibrational frequencies for inositol are from
Figure 4.4, and vibrational assignments are derived from (Yang et al., 2000).

Experimental vibrational frequency (cm™)

. . ab caged
Description in:s?;z;a,b Ins(1,4)P,"  Ins(1,4,5)P;" Ins(1,4,5)P;
(soln)
1659 1657
P-OH & P=0O 1632
1605 1606
v(CC), v(CO), 6(COH) 1446 1464 1468 1464
v(CC), v(CO), §(CCO), 8(COH), 1417 1414 1415
T(CCCH)
v(CC), 8(CCH), §(COH), ©(CCCH) 1371 1385 1385
v(CO) 1221 1213
v(CC), v(CO), 1(CCCO) 1196 1190
v(CO), 1(CCCC), 1(OCCC) 1148 1148
v(CO), v(CC) 1115 1122 1111
Asymmetric PO;> 182; 1094 1055

* (Yang et al., 2000)
® from this work (Figure 4.4)
¢ data not shown
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The IR absorbance spectrum of myo-inositol (Figure 4.5E and F) shows modes present at
1446, 1417, 1371, 1325, and 1246 cm™. These observations correspond very well with
previous reports (Yang et al., 2000). Vibration contributions from the inositol ring are
assigned to the 1490-1250 cm™ region of the NPE-caged Ins(1,4,5)P3 photolysis
spectrum (Figure 4.5A, dotted peaks). Modes unique to Ins(1,4)P, and Ins(1,4,5)P; are
seen in their respective IR absorbance spectra (Figure 4.5C and D). The contributions in
the 1670-1600 and 1200-960 cm™ regions of the Ins(1,4)P, and Ins(1,4,5)Ps spectra are
most likely from phosphates at the 1, 4 and 5 positions of the inositol ring (Figure 4.2).
These phosphate modes arise from changes in electron density, charge localization, and
ring conformation that the phosphates present to the overall structure of the inositol ring.
The POH functional group stretching, interacting with the POH bending vibrations,
are evident at 1657 cm™ for Ins(1,4,5)Ps, and 1632 and 1605 cm™ for Ins(1,4)P; (Figure
4.5C). Degenerate stretching modes arising from the PO5” functional group are expected
in the 1120-1060 cm™ range (Figure 4.5D). Asymmetric P-O-C stretching modes have
prominent bands in the 1050-960 cm™ region. From these data, vibrational modes from
the phosphate groups on the inositol ring can be assigned in the 1200-960 cm™ region of
the NPE-caged Ins(1,4,5)Ps photolysis spectrum (Figure 4.5B, crosshatched peaks).
Additionally, vibrations corresponding to the phosphates in the 1670-1600 cm™ region
overlap with the carbonyl mode of the NPE-cage photolysis product (Figure 4.5A,

crosshatched peaks).
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Substrate-dependent infrared spectrum of Ocrl

Similarly, a reaction-induced, difference FT-IR spectrum of Ocrl in the presence of
NPE-caged Ins(1,4,5)P; was gathered (Figure 4.6A, solid line). Creation of the
difference FT-IR spectrum was achieved by subtracting the absorbance spectrum of Ocrl
and NPE-caged Ins(1,4,5)P; mixture before photolysis from the absorbance spectrum
after photolysis. Just as Ins(1,4)P; and Ins(1,4,5)P; presented spectral features unique
from myo-inositol, there are modes in the difference spectrum of Ocrl and NPE-caged
Ins(1,4,5)P; that are only seen in the presence of Ocrl protein (Figure 4.6A, solid line).

To assign contributions from the Ocrl protein only, it is necessary to remove
contributions from the NPE-caged Ins(1,4,5)P,. This was accomplished by creating a
double difference FT-IR spectrum (as described in Materials and Methods; Figure 4.7B,
solid line). The biochemical data presented earlier suggest this resulting double
difference spectrum represents structural changes in the Ocrl protein as substrate is
presented and recognized post photolysis. Positive lines in the double difference
spectrum correspond to structural changes occurring in the Ocrl protein during
introduction of Ins(1,4,5)P, to Ocrl, and negative lines correspond to vibrational modes of
Ocrl in the absence of substrate. The negative control, one spectrum taken before
photolysis subtracted from another pre-photolytic spectrum, (Figure 4.6B, dotted line)

shows no spectral features.
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Figure 4.6. The 1800-1350 cm™ region of difference FT-IR spectra
from OCRL and NPE-caged Ins(1,4,5)P; photolysis at -10°C. (A)
Light-minus-dark difference FT-IR spectrum of caged Ins(1,4,5)P3
photolysis in the presence of OCRL (solid line). Control dark-minus-
dark spectrum (dotted line) is shown, as well as a repeat of the
difference infrared spectrum of caged Ins(1,4,5)Ps photolysis from
Figure 4.5A (dashed line). (B) Substrate-binding, or double-difference,
spectrum of OCRL. Tick marks denote 5x10° AU.
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Structural changes in Ocrl upon substrate introduction

Evidence of structural changes occurring in the Ocrl protein is seen in the 1800-
1600 cm™ region (Figure 4.6). This region contains contributions of carbonyl functional
groups contained in the protein chain, or the amide [ mode. Prominent contributions of
C=0 stretching are visible in the 1690-1620 cm™ range, specific for the amide I region.
The substrate-binding spectrum of Ocrl exhibited a negative spectral component at 1633
cm’, indicative of unique modes in the absence of Ins(1,4,5)Ps. Structural changes in
Ocrl with free Ins(1,4,5)P; are evident at 1647 and 1620 cm™. It is important to note that
modes corresponding to the amide I region may reflect secondary structure changes
occurring during substrate recognition.

Carboxylic acid-containing residues, such as aspartic and glutamic acids, are
commonly associated with assisting in catalysis. Within our double difference spectrum,
or biological spectrum, are signatures of structural changes occurring in one or more
carboxylic acid-containing residues. Specifically present in the biological spectrum is a
broad, yet positive, mode observed at 1711 cm™ (Figure 4.6B). The only residues
capable of producing such vibrational signatures in this range are carboxylic acid-
containing residues, specifically stretching of C=0O of carboxylic acids (Flett, 1962;
Bellamy, 1980). This particular mode at 1711 cm™ is not observable in the spectrum of
NPE-caged Ins(1,4,5)Ps photolysis (Figure 4.6A, dashed line). Tentative assignments of
modes corresponding to carboxylic acids are presented in Table 4.2. From these data, I
conclude the involvement of at least one aspartic or glutamic acid upon the introduction

of Ins(1,4,5)Ps.
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In addition to carboxylic acid-containing residues being involved in catalysis,
histidines also play a prominent role in many catalytic mechanisms. The most common
change a histidine residue will experience upon substrate recognition, binding and
catalysis is a change in the protonation state. The analysis of the involvement of a
histidine residue was focused on the 1350-1015 cm™ infrared region of the biological
data (Figure 4.7). This spectral window contains modes from various CN stretches and
CH/NH deformations of imidazole compounds (Hasegawa et al., 2000), and this region is
often utilized for determining the coordination and protonation state of the imidazole
sidechain in proteins (Garfinkel and Edsall, 1958; Markham et al., 1993; Miura et al.,
1999; Noguchi et al., 1999; Wang et al., 2000; Berthomieu and Hienerwadel, 2001).

Also generated was a deprotonated-minus-protonated difference FT-IR spectrum
of imidazole (Figure 4.7B), which was created by subtracting the spectrum of imidazole
at pH 6.0 (protonated) from the spectrum of imidazole at pH 8.0 (deprotonated). This
difference spectrum shares signatures similar to the biological difference spectrum
(Figure 4.6A). Within the 1160-1030 cm™ range of the biological difference spectrum
(Figure 4.7A) are a number of vibrational modes at (+)1160, (+)1097, (-)1080, (+)1071,
and (-)1057 cm™. Parallel signatures are seen within the deprotonated-minus-protonated
imidazole spectrum at (+)1161, (+)1095, (-)1086, (+)1067, and (-)1055 cm™ (Figure
4.7B). Although there are interferences from previously defined phosphate modes within
the 1200-1000 cm™ region, it is clear there is a histidine residue in Ocrl experiencing a
structural modification, such a shift in protonation status, during introduction of
Ins(1,4,5)Ps;. A comparison of calculated vibrational modes and experimentally

measured vibrational modes of Ocrl are presented in Table 4.3. From these data, I
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conclude that this histidine is protonated before binding of Ins(1,4,5)P3, and is
subsequently deprotonated post-introduction of the free Ins(1,4,5)P; substrate (Figure
4.7). Taken together, I conclude the involvement of at least one carboxylic acid-
containing residue, and one imidazole-containing residue, during introduction and

recognition of Ins(1,4,5)Ps.
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Table 4.2. Infrared mode assignments and experimentally measured vibrational
frequencies of Ocrl and carboxylic acid modes.

Candidate Experimental

vibrational vibrational frequency
Description frequency (cm™) (cm™)

a glutamic aspartic
Ocrl acid® acid®

S:ig) stretch of protonated carboxylic +) 1711 1718 1721
‘;sr{ggi’;gaﬁg;"h ofdeprotonated 15564 () 1579 1555 1574
fﬁg?gf:ﬁg’ of deprotonated (-) 1404 and (-) 1389 1399 1391
C-O/OH stretch of protonated not observed 1291 1211

carboxylic acid

* from this work (Figure 4.6)
® (Hutchison et al., 1999)
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Figure 4.7. The 1350-980 cm™ region of substrate-binding and imidazole
protonation spectra. (A) Substrate-binding, or double-difference, spectrum
of OCRL, repeated from Figure 4.6B. (B) Deprotonated-minus-protonated
difference FT-IR spectrum of imidazole. Data were collected at 25°C. Tick
marks denote 5x10° AU.
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Calculated vibrational
Coordination and frequency (cm™)”

protonation state of

Candidate
experimental
vibrational

His sidechain -M +M frequency in
Ocrl (cm™)"
C5N1 stretching mode
N1H-Melm 1075 1094 (+) 1097
N3H-Melm 1126 1108
MelmH," 1081 -
Melm’ 1120 1132 (N3M)
1091 (N1IM)
1115 (Mz)
C4C5 stretching mode
N1H-Melm 1579 1604 (+) 1605
N3H-Melm 1594 1615
MelmH," 1636 -
Melm’ 1514 1562 (N3M)
1568 (N1M)
1586 (M>)

* (Hasegawa et al., 2000, 2002)
® from this work

Table 4.3. Comparison of calculated mode assignments for metal-
coordinated and —uncoordinated methylimidazole with experimentally
measured vibrational frequencies of OCRL. The abbreviations +M and -M
designate the presence and absence of metal coordination by the imidazole
nitrogens, respectively. Frequencies shown in the right column are from this
work, and are given tentative vibrational descriptors.
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Figure 4.8. Speculative model of the structural changes for
histidine residue at the active site of OCRL, upon introduction of
substrate to the inositol S-phosphatase enzyme. The structures of
these residues in OCRL in the presence of substrate are based upon the
x-ray crystal structure of Beernink and coworkers (Beernink et al.,
2001).
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DISCUSSION

The mechanism of phosphatase reactions has proven elusive to unravel. Much
research and debate has followed with progressing studies aimed at deciphering the
mechanistic steps involved (Sorensen et al., 2004; Webster, 2004). Important to this
study is the ability of SPTases to discriminate between potential substrates, thereby
controlling various signaling events. Also of interest is how and to what degree metal ion
cofactors participate in substrate recognition, binding and catalysis. An understanding of
these details can be aided by observing structural changes occurring in the protein during
substrate recognition and binding. We have chosen to study these resultant structural

changes in the human 5PTase, Ocrl, using difference FT-IR spectroscopy.

Controlling Catalysis of Ocrl

Important to our study was the ability to discretely control the introduction of the
substrate, Ins(1,4,5)Ps, to the Ocrl protein in the spectroscopic experiments. This was
achieved by the use of NPE-caged Ins(1,4,5)P3, and by delineating specific biochemical
conditions that would provide for catalytically competent Ocrl protein under constraining
conditions presented in the infrared experiments.

The goal was to observe structural changes resulting in the Ocrl protein specific to
the introduction of the substrate, therefore, an important test is whether or not NPE-caged
Ins(1,4,5)P; can associate with Ocrl before photolytic cleavage and release of free
Ins(1,4,5)P5. Despite other reports indicating caged Ins(1,4,5)P; is prevented from
specific interaction with other targets due to the cage moiety (Gjerstad et al., 2003;

Stutzmann et al., 2003), it is possible that during pre-photolysis, the Ins(1,4,5)P; moiety
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could associate with the active site, rendering changes in the active site before photolysis.
This would decrease the likelihood of observing significant structural changes.

Therefore, to test whether or not NPE-caged Ins(1,4,5)Ps could associate with the active
site of Ocrl, NPE-caged Ins(1,4,5)P; was pre-incubated with Ocrl protein (Figure 4.4C).
In this test, if NPE-caged Ins(1,4,5)P; associated with the active site, it would act as a
competitive inhibitor of Ins(1,4,5)P;. As shown, however, NPE-caged Ins(1,4,5)P; was
unable to competitively inhibit conversion of [*H]-Ins(1,4,5)P; to ["H]-Ins(1,4)P,. From
these data, I was able to conclude that within these spectroscopy experiments, I would not
observe structural changes in the active site of Ocrl due to active site-specific interactions
of NPE-caged Ins(1,4,5)Ps.

Because the goal was the ability to control catalysis, it was necessary to decrease
the temperature to -10°C in our spectroscopic experiments. Additionally, as water
absorbs throughout a wide range of the infrared spectrum, it was also necessary to
partially dehydrate the protein sample. However, the possibility existed that dehydration
and lowering the temperature of the Ocrl protein sample would result in inactivation of
the Ocrl protein. To test this, Ocrl protein was dehydrated and incubated at -10°C, then
returned to catalytically favorable conditions and incubated with [*H]-Ins(1,4,5)Ps.
Complete conversion of [*H]-Ins(1,4,5)P; to ["H]-Ins(1,4)P, was observed, indicating
dehydration and low temperature are not sufficient to abolish the catalytic competency of
the Ocrl protein. The possibility exists that a reduction in the specific activity of the Ocrl
protein occurs during the dehydration and incubation at lower temperatures. However, in
these analyses, despite a potential adverse affect on the specific activity, the Ocrl protein

demonstrated its catalytic ability had not been abolished. Therefore, the most likely
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scenario is one in which the Ocrl protein in the spectroscopic experiments was
catalytically competent under those conditions. By this method, conditions were
achieved that would permit the observation of structural changes in the Ocrl protein upon

substrate introduction.

Substrate-dependent infrared spectrum of Ocrl

The biochemical data provided conditions that allow discrete control of catalysis
(Figure 4.4). The biochemical conditions do not exclude the possibility for the
conversion of Ins(1,4,5)P, to Ins(1,4)P,. Additionally, there is no substantial evidence
presented in the infrared spectroscopic data to suggest whether or not complete catalysis
to Ins(1,4)P, occurs (Figure 4.6). Little data exist to positively identify one of the
products of complete catalysis, free inorganic phosphate. Two reports indicate free
phosphate modes are observed at 1068 and 992 cm in solution (Cepus et al., 1998), and
at 1078 and 992 cm’ in the presence of protein (Allin and Gerwert, 2001). Analysis of
the biological spectrum (Figure 4.6) reveals several positive phosphate modes in this
infrared region. However, these contributions arise from a variety of phosphates modes,
and may not directly correspond to free inorganic phosphate. Whether or not complete
conversion to Ins(1,4)P, occurs cannot be definitively concluded from this analysis.
Therefore, I conclude that the structural changes I observe in the Ocrl protein result from
the introduction of the Ins(1,4,5)P, substrate.

Substrate binding has been shown to result in conformational changes of proteins,

including the specific location and state of residues in the catalytic pocket (Joseph et al.,

1990; Osborne et al., 2001). Despite the fact that proteins related to Ocrl do not reveal
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secondary structure changes in crystallographic studies (Mol et al., 2000; Tsujishita et al.,
2001), it is possible to observe these changes in the infrared analyses.

The biological spectrum (Figure 4.6) indicates the potential for secondary
structure changes upon introduction of the substrate based on vibrational modes seen in
the 1680-1620 cm™ region (Krimm and Bandekar, 1986). Additionally, these modes may
be the result of contributions from primary amide groups in the polypeptide, such as
asparagine and glutamine (Flett, 1962; Bellamy, 1980). Specific secondary structure
motifs give rise to vibrational modes in the amide I region (Surewicz et al., 1993; Jackson
and Mantsch, 1995). The fact that modes are seen at both 1630-1620 cm™ region and at
1650 cm™ strongly suggests there are changes in o-helical structures (Byler and Susi,
1986; Surewicz and Mantsch, 1988). Closer examination of the biological spectrum
(Figure 4.6B) shows a negative mode at 1633 cm™ in the absence of substrate. This
mode is a signature indicative of a random loop structure. Upon introduction of the
Ins(1,4,5)P; substrate, two positive modes arise at 1647 and 1620 cm. These vibrational
modes are indicative of changes resulting in a net increase in net o-helical structure.
Based on these data, I speculate that upon the introduction of Ins(1,4,5)Ps, the Ocrl
protein assumes a more ordered conformation with an increase in o-helical structure.
Therefore, I conclude that binding of Ins(1,4,5)P5 results in changes in the secondary

structure of Ocrl.

Alteration of carboxylate residues in the Ocrl substrate-dependent spectrum

There is evidence in the biological spectrum (Figure 4.6B) that there are structural

changes in carboxylic containing-residues in Ocrl upon introduction of Ins(1,4,5)P..
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During catalysis, there are a variety of changes that can occur to carboxylic acids
including changes in the protonation status or hydrogen bonding state, as well as changes
in the ligation status of a metal cation (Nara et al., 1996). The broad, positive vibrational
mode at 1711 cm has been tentatively assigned to stretching of the C=0 in the
carboxylic acid. This assignment is made based on the fact that a C=0 stretch from
carboxylic acids is the prominent feature in this region of the spectrum (Flett, 1962;
Bellamy, 1980). The significance of this mode is that this is the first direct evidence of a
structural modification of a single type of an amino acid in a 5SPTase enzyme, upon
introduction of a substrate. The presence of the broad positive mode, and absence of a
derivative-shaped mode, in the 1730-1700 cm™' region favors the interpretation that there
is a change in the protonation status of a carboxylic acid-containing residue(s) in Ocrl, as
opposed to changes in hydrogen bonding or metal ligation.

These stretching vibrations of the C=0 and C-O are subsequently replaced by
symmetric and asymmetric stretching of the anionic form of the carboxylic acid, RCO;’,
after deprotonation. Model compound analyses of both glutamic and aspartic acids
(Table 4.2) have shown that symmetric and asymmetric stretching are the result of a
delocalized electron shared between the two oxygens of the RCO,™ form of the carboxylic
acid (Hutchison et al., 1999). Two vibrational modes were observed in the biological
spectrum at (-)1579 and (-)1389 cm”, which can be assigned to the symmetric and
asymmetric stretching carboxylate modes from the broad, positive mode at 1711 cm™.

In the Ocrl substrate-binding spectrum (Figure 4.6B), there are two negative lines
observed at 1579 and 1389 cm™ (Figure 4.6B, Table 4.2). In addition, there are other
negative modes, (-)1556 and 1404 cm™, that also correspond to stretching of a carboxylic

acid upon deprotonation. The first set of negative vibrational modes may correspond to
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an aspartic acid, and the second set to a glutamic acid based on analyses using model
compounds (Hutchison et al., 1999). However, it should be noted that the broad, positive
vibrational mode seen at 1711 cm™ may have contributions from additional carboxylic
acids present in the protein.

While this analysis is unable to provide information concerning specific
carboxylic acid-containing residues, it does provide substantial evidence of a protonation-
deprotonation event in at least one carboxylate residue upon introduction of the substrate.
Specifically, our biological spectrum indicates that a carboxylate residue(s) are
deprotonated before introduction of the substrate, and protonated after. Additionally, it is
not possible to obtain how many protonation-deprotonation events occur during
introduction of the substrate, or the extent of protonation. Specifically, other carboxylate

residues may exist in an intermediate protonation state.

Alteration of histidine residues in Ocrl substrate-dependent spectrum

Based on the in vitro imidazole data, we observed a deprotonation/protonation
reaction of a histidine sidechain in the infrared substrate-binding spectrum. The histidine
side chain can exist in four protonation states: a neutral form with the N1 is protonated, a
separate neutral form with the N3 is protonated, a state in which both N1 and N3 are
protonated, and as an imidazolate anion with both N1 and N3 are deprotonated. The two
neutral forms and the imidazolate anion can bind metal ion(s) at the unprotonated
nitrogen site(s). It is possible to differentiate between protonation and coordination
structures of histidine from the comprehensive calculations for methylimidazole and Zn-

complexed methylimidazole reported (Hasegawa et al., 2000, 2002) within the analyses
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of two regions in the infrared spectrum (Table 3): the C5-N1 stretching region at 1100
cm’ (Figure 6A) and the C4-C5 stretching region at 1615-1560 cm™ (Figure 5B).

Despite overlapping phosphate modes in the substrate-binding spectrum within
the 1100 cm™ region, there is a positive line at 1097 cm™ in the biological data (Figure
6A), which is unique in frequency and lineshape, compared to both the Ins(1,4,5)P;
(Figure 4D) and caged Ins(1,4,5)Ps photolysis spectra (Figure 4B). Based on the
calculated frequencies, this mode may be attributed to NIH-N3M-Melm (Table 3). C4-
C5 stretching modes are observable within the 1615-1560 cm™ infrared region of the
substrate-binding spectrum (Figure 5B). The observation of a positive line at 1566 cm™
(Table 3) corroborates the interpretation that the histidine residue in Ocrl is in the N1H-
N3M-Melm state in the presence of Ins(1,4,5)P3 substrate.

A protonation change must occur in the metal-bound N1H-Melm sidechain,
therefore, the histidine residue is predicted to have one of three potential states in the
absence of Ins(1,4,5)P3: M,-Melm, MelmH,", or N3M-Melm states. The presence of
negative 1080 and 1633 cm™ modes support the interpretation that the His residue is in
the MeImH," state in the absence of substrate. In this interpretation, a histidine residue is
protonated at N1 and at N3 before the introduction of substrate, and undergoes a
deprotonation event at the N3 upon introduction of the substrate, Ins(1,4,5)P; (Figure
4.8). Upon introduction of the substrate, there is a deprotonation of the histidine
sidechain that corresponds with a coordination of a divalent cation (Figure 4.8). This
interpretation is both the simplest and the most consistent with a structural change in a

histidine residue within the Ocrl protein observed within the spectroscopic data.
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Mechanistic interpretation of substrate-dependent infrared spectrum

Changes in at least one carboxylic acid and one histidine residue were observed in
the spectroscopic data upon the introduction of substrate, Ins(1,4,5)Ps. These changes
may be the observed result of interactions with Ins(1,4,5)P3, a change in the ligation state
of the divalent cation, and/or structural changes in the conformation of the active site of
the Ocrl protein during this initial phase of catalysis. In the spectroscopic analyses, we
favor potentially reactive residues predicted to occupy the active site. Glu261, His362,
Glu364, Asp365, Asp482, Asp506, and His507, are all candidate residues in Ocrl, as
these residues are seen in the Ins(1,4)P,-synaptojanin complex (Tsujishita et al., 2001).
Although it is not possible to quantitatively assess the number of residues involved in this
study, rather than specific types of residues, further spectroscopic work will focus on
identifying unique signatures from single residues.

Although the role of His-Asp residue pairs in SPTases has not been elucidated,
crystallographic and magnetic resonance analyses have proposed functions of His-Asp
pairs in the human APE1 (Mol et al., 2000; Lowry et al., 2003). These results implicate
the role of the histidine in the orientation of the phosphate backbone of its substrate. This
histidine interacts with a divalent cation and stabilization of the phosphotransfer
intermediate (Lowry et al., 2003). From these results, I have focused on the His507-
Asp482 pair in Ocrl (Figure 1.4) and in APE1, His309-Asp283. From this analysis |
speculate that upon substrate introduction, interactions between these residues and the
divalent cation are modified, possibly to accommodate a transition state, as opposed to

strictly involved in general base catalysis.
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It is important to discern the number and status of divalent cations present in
S5PTases, to gain a better understanding of 5PTase catalysis. The spectroscopic analysis
does not allow me to discern the exact number or status of divalent cations in the Ocrl
protein. Therefore, I concede the possibility of more than one site of divalent cation
binding in the Ocrl protein. It is important to note I have both Ca** and Mg*" in the
experimental system, and as a result contributions from both ions are present in our
spectroscopic data. Although the primary role of divalent cations is thought to be a
cofactor for chemical catalysis, seen in nucleases is also the role of mediating structural
changes necessary for substrate recognition and binding (reviewed in Cowan, 1998). For
instance, the absence or presence of the substrate analog in the DNA polymerase |
Klenow fragment determines whether one or two bound cations, respectively, were seen
in the active site (Ollis et al., 1985; Beese and Steitz, 1991).

The spectroscopic results indicate the role of a histidine is to ligand the divalent
cation and act as a proton donor and acceptor. A deprotonated histidine ligand has been
described for other proteins requiring metal ions (Berthomieu and Hienerwadel, 2001).
Theoretical calculations of metal-Melm complexes vibrational properties suggest there is
a partial transfer of the negative charge from a histidine residue to the divalent cation
(Hasegawa et al., 2000, 2002). There is partial transfer of the negative charge from the
histidine sidechain to the divalent metal ion. This transfer of negative charge is nearly
two times higher when the Melm ligand is deprotonated. This is evidence that the
protonation status of the histidine ligand can alter the electronic property of the bound
metal ion (Figure 4.8). The role of the metal cofactor may be to stabilize the increase of

negative charge in the transition state, and aid in the deprotonation of bound nucleophilic
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water. Therefore, it is possible that changing the protonation state of the histidine ligand
may assist in the control of metal cation-dependent catalysis in SPTases.

In summary, this study is the first report of the observation of dynamic changes
occurring in a S5SPTase, human Ocrl, upon introduction of substrate, Ins(1,4,5)P3 using
difference FT-IR. The culmination of this work implicates structural changes of both
carboxylic acids, and a histidine residue in the ligation of a divalent cation, during
substrate recognition and binding. Despite the fact that this study does not implicate
individual amino acids, it serves as a foundation to delineating specific types of residues
involved in the initial phases of catalysis. Future work in this arena will shed light on
those specific amino acids using vibrational techniques to probe the mechanistic

questions pertaining to SPTase catalysis.
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CHAPTER V
SUMMARY

The impact of cellular signaling research spans many organisms throughout many
disciplines, from agriculture to disease research. It is the focal point of much research
aimed at unraveling diseases such as cancer and diabetes. While many components of
several signaling pathways are being elucidated, discovering the function of individual
pieces within an amalgam of pathways will continue to drive further research, and also
reveal important facts of how signaling is controlled.

Implicated in many pathways are the diverse and multi-functional signaling
compounds, phosphoinositides. In the animal model-derived pathway, Ins(1,4,5)P;
(Shears, 1998; York et al., 2001; Michell et al., 2003), Ins(1,3,4,5)P4 (Mengubas et al.,
1994; Tsubokawa et al., 1994; Hermosura et al., 2000; Reiser et al., 2004), PtdIns(4,5)P,
(Odorizzi et al., 2000; Jiang and Zhang, 2002; Lawrence and Birnbaum, 2003; Kanzaki et
al., 2004) and PtdIns(3,4,5)P; (Shepherd et al., 1996; Bae et al., 1998; Jiang and Zhang,
2002; Al-Rasheed et al., 2004; Duan et al., 2004) have all been demonstrated to act as
second messengers, although they are not restricted to signal transduction. While the role
of these second messengers has been moderately characterized in animals and yeast, their
potential roles in plants are not well defined.

Understanding cell signaling in plants is a relatively new arena of research. While
many components of signaling pathways have been characterized in animals, researchers
are still probing for analogous components in plants. The importance of signal
transduction in plants is underscored by their inability to flee environmental stresses,
such as drought, cold and salinity. Therefore, elegant signaling mechanisms must be

present to appropriately deal with such stimuli. To date, many components associated
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with phosphoinositide signaling in the animal system have been identified in plants, such
as PLC (Kopka et al., 1998), heterotrimeric GTP-binding proteins (Ma, 1994), a G-
protein coupled receptor (for review see Apone et al., 2003; Jones and Assmann, 2004),
and 5PTases (Berdy et al., 2001). The roles of these components in signaling in plants
are still being characterized, such as which stimuli elicit responses, and which second
messengers are involved.

The 5PTases are a class of enzymes that act to degrade inositol-containing second
messengers by catalyzing the hydrolysis of a 5-phosphate from the inositol ring (Erneux
et al., 1998; Berdy et al., 2001). There are fifteen predicted SPTases in Arabidopsis
(Berdy et al., 2001; Burnette et al., 2003; Ercetin and Gillaspy, 2004). It is possible that
the number of SPTases in Arabidopsis may be necessary for terminating different
signaling events in different cellular locations, or in different plant tissues. The in vitro
substrate specificities of three of these plant SPTases have been characterized (Berdy et
al., 2001; Sanchez and Chua, 2001; Burnette et al., 2003; Ercetin and Gillaspy, 2004).

The three major goals of this dissertation were as follows. First, expression of
active recombinant AtSPTasel was used for the determination of its in vitro substrate
specificity. A second goal was to characterize the biochemical and physiological
consequences of an At5PTasel gain-of-function in Arabidopsis. The final goal was to
determine the specificity determinants in substrate recognition and binding of a SPTase
using difference infrared techniques.

To approach the first goal, expression of At5SPTasel in bacteria was attempted. I
encountered several problems with this approach. First, cells transformed with the

At5PTasel expression construct grew poorly, at a reduced rate, even before induction. It
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is possible that low levels of “leaky” expression of At5SPTasel resulted in cell toxicity.
Secondly, levels of At5SPTasel expressed in bacteria were low, indicating production of
sufficient levels for activity assays and the production of an anti-At5PTasel antibody
would not be optimal. Thirdly, recombinant AtSPTasel expressed in bacteria was tested
against Ins(1,4,5)P; and found there was no catalytic activity. It is possible that post-
translational modifications of this eukaryotic protein are necessary for catalytic
competency.

To circumvent these issues, At5SPTasel was expressed in a eukaryotic expression
system. Recombinant At5PTasel was successfully expressed and immunoprecipitated
from Drosophila S2 cells. Immunoprecipitated AtSPTasel was demonstrated to be
catalytically active towards Ins(1,4,5)P; and Ins(1,3,4,5)P,4 as demonstrated earlier (Berdy
et al., 2001). In addition, At5PTasel was able to catalyze the hydrolysis from the lipid
substrates PtdIns(4,5)P, and PtdIns(3,4,5)P;, indicating At5PTasel is similar to the
Group II human enzymes such as Ocrl. This finding added credence to the possibility
that At5PTasel may act to terminate a variety of signaling events in that its in vitro
activity demonstrates the ability to hydrolyze all four potential substrates.

The second goal was to characterize the biochemical and physiological
consequences of a gain-of-function in AtSPTasel in Arabidopsis. Before this work,
plants ectopically expressing AtSPTasel had been constructed but not fully characterized.
The hypothesis was that a gain-of-function of At5PTasel, an enzyme known at that time
to hydrolyze Ins(1,4,5)Ps and Ins(1,3,4,5)P4, may have reduced basal and stimulated

Ins(1,4,5)P; levels, and altered stomatal physiology.
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An antibody was produced from a synthetic peptide specific to AtSPTasel. This
antibody was shown to cross-react with recombinant At5PTasel expressed in both
bacteria and Drosophila S2 cell, as well as a single band in plants corresponding to the
predicted molecular mass of At5PTasel. Using this antibody, it was determined that
compared to wild-type plants, AtSPTasel overexpressors had 2-3 fold elevated levels of
At5PTasel protein.

In addition, stomata from the At5PTasel overexpressing plants were examined
and found that, compared to wild-type, they had reduced stomatal apertures before
application of the drought sensing hormone, ABA. These stomata did not close further
upon ABA application. Light, a signal that promotes stomatal opening, was not able to
override the ABA hormone signal. From these data, I concluded that stomata from
At5PTasel transgenic were ABA and light insensitive.

It was possible that the altered stomatal physiology was the result of an increased
hydrolysis of Ins(1,4,5)P3, due to constitutive expression of At5SPTasel. Upon
examination of basal and ABA-stimulated Ins(1,4,5)P; levels, several interesting
phenomena were found. First, in wild-type plants, in response to ABA there were two
Ins(1,4,5)P; peaks: one on the order of seconds and the second increase on the order of
minutes. Secondly, compared to wild-type plants, the AtSPTasel ectopic expressors had
reduced basal and ABA-stimulated Ins(1,4,5)P; levels. These data led to the conclusion
that At5PTasel ectopic expressors had lower levels of Ins(1,4,5)P3 due to constitutive
expression of AtSPTasel, and that these reduced levels may result in the observed altered

stomatal physiology.
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In addition, in response to ABA, the At5SPTasel transgenic plants exhibited a
delayed transcription of genes known to be upregulated by ABA. This result was
consistent with a reduction in the sensitivity towards ABA via ectopic expression of
At5PTasel. AtSPTasel mRNA and protein levels are also regulated by ABA. A time-
course exposure to ABA revealed that levels of AtSPTasel mRNA and protein were
transiently upregulated.

In addition to characterizing the various biochemical and physiological aspects of
a 5SPTase gain-of-function in plants, I became interested in the details of the catalytic
mechanism 5PTases utilize to achieve hydrolysis of a 5-phosphate from the inositol ring.
Ocrl, the human Group II 5PTase, was chosen as the protein for these structural studies.
Like At5PTasel, Ocrl has the ability to catalyze the hydrolysis of a 5-phosphate from all
four potential substrates. It is interesting to speculate that differentiation of these
substrates is achieved through different structural changes that may occur upon
introduction of the substrate. The experimental system was difference FT-IR and the use
of the non-hydrolyzable NPE-caged Ins(1,4,5)Ps. These tools, when used together, allow
for analysis of discrete changes occurring in the protein during substrate recognition and
binding, in that it is possible to observe changes before and after substrate release via
photolysis of the NPE cage using a UV laser.

Assigning appropriate modal signatures to changes occurring in the Ocrl protein
required the analysis of model compound data, and NPE-caged Ins(1,4,5)P; photolysis.
The first difference FT-IR spectrum of NPE-caged Ins(1,4,5)P; photolysis and was
collected and used to assign modes to the NPE cage as well as Ins(1,4,5)P;. This work

was supplemented by a FT-IR absorbance analysis of Ins(1,4)P,, Ins(1,4,5)P3 and myo-

134



inositol. The culmination of this analysis resulted in assignment of contributions from
the NPE-cage, the phosphates on the inositol ring, as well as the inositol ring itself.
These data assisted in proper assignment of modes representing structural changes in the
Ocrl protein upon interaction with free Ins(1,4,5)Ps.

To observe structural changes in the Ocrl protein upon introduction of
Ins(1,4,5)P; substrate, and thereby assign modes corresponding to the involvement of
specific types of amino acids, the difference FT-IR spectrum of Ocrl and NPE-caged
Ins(1,4,5)P; photolysis was collected. The creation of the double difference spectrum
allowed for the subtraction of modes corresponding to the NPE-cage and Ins(1,4,5)Ps,
consequently revealing those changes occurring only in the Ocrl protein. Analysis of this
double-difference, or substrate recognition spectrum, revealed changes occurring in at
least one carboxylic acid-containing amino acid residue, specifically a deprotonation
event, upon the introduction of substrate. There are several glutamic and aspartic acid
residues conserved amongst SPTases, and many are necessary for catalysis (Communi
and Erneux, 1996; Communi et al., 1996; Jefterson and Majerus, 1996; Erzberger and
Wilson, 1999; Whisstock et al., 2000; Tsujishita et al., 2001). Additionally, the X-ray
crystal structure of a related SPTase from yeast, synaptojanin, reveals the involvement of
a glutamic and aspartic acid in the coordination of the Ins(1,4)P, product and the required
divalent cation (Tsujishita et al., 2001).

In addition to carboxylic acid-containing residues, observed changes in a histidine
sidechain upon the introduction of substrate were observed in the double-difference
spectrum. This was accomplished by comparing the double-difference spectrum to the

difference spectrum of deprotonated-minus-protonated imidazole. A comparison of these
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two spectra revealed that after the introduction of free Ins(1,4,5)Ps, at least one histidine
undergoes a deprotonation event. Again, in the [PPc domain of all 5PTases, as well as
the human APE1 endonuclease, is a conserved histidine residue. This residue also was
involved in coordination of the divalent cation in the active site of synaptojanin
(Tsujishita et al., 2001). Therefore, the overall conclusions from these structural
analyses of Ocrl, I conclude that upon the introduction of substrate, at least one glutamic
and/or aspartic acid, and at least one histidine residue, undergo deprotonation.

The complexity of signal transduction will require much research to unravel
individual pathways and the components within them. I have added understanding to this
field by characterizing the substrate specificity of At5PTasel, the biochemical and
physiological consequences of a gain-of-function of AtSPTasel in Arabidopsis, and

identifying specificity determinants in the human 5PTase, Ocrl, using difference FT-IR.
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