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ABSTRACT 

Identification of Adenyl Cyclase Activity in a Disease Resistance Protein in Arabidopsis 

thaliana 

Rana Emad El-Din Hussein 

 

Cyclic nucleotide, cAMP, is an important signaling molecule in animals and plants. 

However, in plants the enzymes that synthesize this second messenger, adenyl cyclases 

(ACs), remain elusive. Given the physiological importance of cAMP in signaling, 

particularly in response to biotic and abiotic stresses, it is thus important to identify and 

characterize ACs in higher plants. Using computational approaches, a disease resistance 

protein from Arabidopsis thaliana, At3g04220 was found to have an AC catalytic center 

motif. In an attempt to prove that this candidate has adenyl cyclases activity in vitro, the 

coding sequence of the putative AC catalytic domain of this protein was cloned and 

expressed in E. coli and the recombinant protein was purified. The nucleotide cyclase 

activity of the recombinant protein was examined using cyclic nucleotide 

enzyme immunoassays. In parallel, the expression of At3g04220 was measured in leaves 

under three different stress conditions in order to determine under which conditions the 

disease resistance protein could function. Results show that the purified recombinant 

protein has Mn
2+

 dependent AC activity in vitro, and the expression analysis supports a 

role for At3g04220 and cAMP in plant defense.  
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Chapter 1 | Literature Review 

1.1 Introduction 

Cyclic nucleotides are small molecules, including 3'-5'-cyclic adenosine monophosphate 

(cAMP) and 3'-5'-cyclic guanosine monophosphate (cGMP) that act as second 

messengers (See figure 1.1). These molecules are well-characterized in animals and 

bacteria, and have been shown to play key biological roles in the transduction of growth 

and stress signals. However, the occurrence and the functional role of the cyclic 

nucleotides in the higher plants have remained controversial. Until mass spectrometry 

techniques were employed that the molecule was shown conclusively to be cAMP in 

addition to the occurrence of the enzymes responsible for the synthesis and breakdown of 

the cyclic nucleotides in plants, nucleotidyle cyclases and cyclic nucleotide 

phosphodiesterases respectively. Recently, more evidence support a role of cyclic 

nucleotides in response to abiotic and biotic stresses (Newton and Smith, 2004; Kaplan et 

al., 2007) . 

This thesis examines the adenyl cyclase activity of a candidate protein in Arabidopsis 

thaliana, AT3g04220, which has been found to have the catalytic motif of adenyl 

cyclases and is annotated as disease resistance protein (R-protein) belonging to the TIR-

NBS-LRR class (toll-interleukin receptor; nucleotide-binding site; leucine rich repeats). 

Furthermore, it has been shown that the NBS-LRR family is able to recognize and 

interact with pathogens, activating the defense response known as innate immunity 

(DeYoung and Innes, 2006). 
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1.2 Occurrence of cAMP and its biological role in higher plants 

In 1971, the scientist Earl Sutherland won the Nobel Prize for the discovery of cAMP in 

mammals and since then, cAMP has been considered to be a highly important second 

messenger in biological signal transduction in both animals and lower eukaryotes. Due to 

its importance, plant researchers were very keen to study its presence and its role in 

higher plants. cAMP levels that have been reported in plants are in the range of 3.5 

pmol.g
-1

 fresh weight in Zea mays (Tarantowicz-Marek and Kleczkowski, 1978), 12 

pmol.g
-1

 fresh weight in auxenic cultures of rye grass (Ashton and Polya, 1978) and  256 

pmol.g
-1

 fresh weight in leaves and roots of lettuce (Kessler and Levinstein, 1974). 

Despite the low concentration of cAMP in higher plants, cAMP has been reported to be 

involved in diverse physiological roles in plants (Gehring, 2010) including mediating 

growth in pollen tubes (Moutinho et al., 2001) and the defense response (Newton et al., 

1999). It has also been shown that cAMP levels in the leaves of Arabidopsis thaliana 

increase after treatment with Pst pathogen which is accompanied increase in  Ca
2+  

influx 

Figure 1.1 Structure of cyclic nucleotides (Newton and Smith, 2004). 
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inside the cell (Ma et al., 2009). This supports the idea that cAMP can activate cyclic 

nucleotide-gated ion channels (CNGC) to cause Ca
2+

 to enter the cell which in turn 

initiates a signal cascade by activating calcium-depended protein kinases, as shown in the 

model (figure 1.2) (Ma et al., 2009; Saraon, 2009). 

Furthermore, it was found that the endogenous level of cAMP in Arabidopsis seedlings 

increased after the treatment with Verticillium toxins (Jiang et al., 2005). In this study, the 

authors showed that the presence of 8-Br-cAMP in the culture medium lead to an 

increase in salicylic acid levels and the resistance of the plant to the toxin while this 

effect was abolished in SA deficient transgenic plant, suggesting that SA acts 

downstream of cAMP in response to Verticillium toxins.  

 

 

 

 

 

 

 

 

Figure 1.2: Model showing cyclic nucleotide pathway in pathogen defense. CaM, calmodulin; 

CDPK, calcium-dependent protein kinase; CNGC, cyclic nucleotide gated channel; NO, nitric 

oxide; PDE, phosphodieasterase. Figure adapted from (Saraon, 2009). 



 
 

15 
 

1.3 Adenyl cyclases 

Adenyl cyclases are enzymes responsible for the cyclization of Adenosine-5’ 

triphosphate (ATP) to 3'-5'-cyclic adenosine monophosphate (cAMP). In animals, 

production of cAMP is initiated by a stimulus which through a series of events activates 

the adenyl cyclase (Newton and Smith, 2004).  

1.3.1 Finding adenyl cyclases in higher plants 

Identification of adenyl cyclases candidates in the higher plants is done through 

homology searches to other annotated and/or experimentally confirmed adenyl cyclases 

from lower and higher eukaryotes. The PSiP protein from Zea mays, shown to play a role 

in the pollen growth, was found to have homology to the catalytic motif of fungal adenyl 

cyclase (Moutinho et al., 2001). In Arabidopsis, the experimentally confirmed catalytic 

motif for guanylyl cyclases, constructed of 14 conserved amino acid residues from 

functionally assigned amino acids of the annotated catalytic center of eukaryote GCs 

(figure 1.2 A) has been modified to discover new AC candidates (Gehring, 2010). The 

main modification was to assign the amino acid residues that show substrate specificity to 

bind to ATP instead of GTP (position 3 in figure 1.3). The predicted AC catalytic motif 

shown in Figure 1.3C was used to identify the AC candidate in this study (Gehring, 2010). 

 

 
Figure 1.3: The catalytic center motif for nucleotide cyclases.  At position 1,  hydrogen bonds with 

the guanine residue of GTP in the GCs or the adenosine residue of ATP in ACs. Position 14 is important 

for stabilizing the conversion of GTP to cGMP or ATP to cAMP.  Position 3 is predicted to change the 

substrate specificity from GTP in the GCs to ATP in the ACs 
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Finding and assaying the activity of adenyl cyclases in the higher plant has been 

performed by manipulating biochemical and the histochemical approaches (Newton et al., 

1999). In Medicago saliva, radiolabeled cAMP, generated from radiolabelled ATP, was 

measured to indicate the activity of an adenyl cyclase enzyme extracted from roots 

(Carricarte et al., 1988). The activity of the adenyl cyclase was 68 pmol.mg
-1

.min
-1

 

protein, this activity increased to 204 pmol.min
-1

.mg
-1

 protein in the presence of Ca
2+

 and 

Mg
2+

 and increased even further to 2856 pmol.mg
-1

.min
-1

 protein in presence of Ca
2+

 plus 

calmodulin. Further evidence for the presence of AC activity in Medicago saliva was 

found (Cooke et al., 1994) following exposure of cell suspension cultures to a fungal 

elicitor. Using mass spectrometry, the concentration of cAMP produced by the enzyme 

activity was found to be 0.4 pmol.min-1.mg-1 protein at its maximum in the presence of 

Ca
2+

 and Mg
2+

. In the root of Ricinis communis, an adenyl cyclase enzyme was found to 

be active in the presence of GTP and Mn
2+ 

as a cofactor (Lusini et al., 1991). The activity 

measured was 20 pmol. mg
-1

.min
-1

 protein. In the chloroplasts of Nicotiana tacbacum, an 

adenyl cyclase enzyme was identified and its activity assayed using mass spectrometric 

analysis (Witters et al., 2004). The result was showed that the activity of the enzyme is 

0.8 pmol.min
-1

.mg
-1

 protein in the presence of Mg
2+

. Taken together, these findings 

support occurrence of ACs and the ability to measure their activity in higher plants.  
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Chapter 2 | Material and Methods 

2.1 Production of the recombinant protein Trx:At3g04220
TIR

 

2.1.1 Cloning of At3g04220
TIR

  

The cloning of At3g04220 was performed using Gateway technology, which is promising 

cloning method allowing a highly efficient way to transform the transgene into many 

vectors thus facilitating the functional analysis of the insert (Walhout et al., 2000). Using 

this technique, two reactions were conducted to obtain the expression vector containing 

the insert gene; the first was the TOPO direct cloning using the pCR8/GW/TOPO vector 

(Invitrogen, Life technologies, USA) to get the entry clone, and the second was the LR 

recombination reaction between the entry clone and the destination vector pET32a (+) 

(Novagen, USA) to get the expression clone. 

2.1.1.1 Designing primers for amplifying At3g04220
TIR

 

Primers for the TIR domain of At3g04220 which contains the AC motif, were designed 

targeting the first 621 bps of the gene. The forward primer used was: At3g04220 fwd  (5’ 

ATGGATTCTTCTTTTTTACTCGAA 3’), and the reverse primer used, incorporating 

TAG stop codon was: At3g04220 rev (5’ CTACCATTTTCTTGAATCGTAACCAG 3’). 

PCR amplification was performed from Arabidopsis genomic DNA using Kapa HiFi Taq 

polymerase, according to the manufacturer’s instructions (Kapa Biosystems, South 

Africa).  The amplification was carried out under the following conditions: 95 
o
C for 2 

min for initial denaturation, then 25 cycles of 20 sec at 95 
o
C for denaturation, 58

  o
C for 

30 sec for annealing, 72
 o

C for 1min for extension, followed by final extension at 72 
 o

C 

for 5 min. The product was analyzed by agarose gel electrophoresis on a 1 % (W/V) 



 
 

18 
 

agarose gel in 1 X Tris-Acetate (TAE) buffer. 

2.1.1.2 Purification of PCR product and addition of 3’A-Overhangs  

The PCR product band was cut from the agarose gel and purified using the Wizard SV 

GEL and PCR Clean-Up System (Promega, USA). Addition of dA overhangs to the 3’ 

end of the PCR product was carried out by incubating the purified PCR product with 

Kapa taq polymerase, 1 μl and 0.2 μl of dATP in 1 X Kapa Tag buffer at 72
 o
C for 10 min. 

2.1.1.3 TOPO direct cloning of At3g04220
TIR

 to generate an entry clone  

TOPO direct cloning was carried out to generate the entry clone by incubating 4 μl of 

purified PCR product with 1 μl of pCR8/GW/TOPO vector (See figure 2.1) and 1μl of 

salt solution at room temperature for 30 min (Invitrogen, life technologies, USA). The 

entry clone was transformed into TOP 10 chemically competent E. coli, according to the 

manufacturer's instructions (Invitrogen, life technologies, USA). The transformation was 

plated on Luria Bertani (LB) agar plates containing 100 μg/ml spectinomycin and 

incubated overnight for 37 
o
C. 

2.1.1.4  Plasmid DNA isolation  

A single colony of positively transformed E. coli was inoculated into Five ml LB broth 

containing 100 μg/ml spectinomycin and incubated overnight at 37
 o

C with shaking at 

200 rpm. Plasmid DNA was Isolated using the Purelink 
TM

 Quick Plasmid Miniprep Kit 

according to the manufacturer’s instructions (Invitrogen, life technologies, USA). The 

plasmid DNA was quantified using a Nanodrop spectrophotometer (NanoDrop 8000, 

Thermo Scientific, USA). 
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2.1.1.5 Restriction enzyme digestion to confirm inert sequence orientation  

A double restriction digest of the plasmid DNA was done to confirm the correct direction 

of the At3g04220
TIR

 insert in the plasmid.  The Restriction enzyme was conducted using 

FastDigest® BamH1 and EcoRV, according to manufacturer’s instructions (Fermentas, 

life science, USA). The reaction was incubated for 1 h at 37 
o
C. Agarose gel 

electrophoresis was carried out to analyze the samples. 

2.1.1.6 DNA sequencing to confirm identity of the At3g04220
TIR

  

The entry clone containing the insert, At3g04220
TIR

, was sequenced at Biosciences Core 

Laboratories, KAUST University, using M13 forward and reverses primers. 

2.1.1.7 LR reaction to generate an expression clone  

The LR reaction was performed using a 150 ng of the entry clone and 150 ng of the 

pET32a (+) destination  vector (see figure 2.2) and the reaction was completed to 8 μl by 

TE buffer pH 8.0 with 2 μl of the LR Clonase
TM

 II according to the manufacturer’s 

instructions (Invitrogen, Life technologies, USA). The reaction was incubated for 4h at 

25 
o
C and terminated by adding 1 μl of the proteinase K solution for 10min at 37

  o
C. The 

LR reaction was transformed into Library Efficiency® DH5α chemically competent cells 

according to the manufacturer’s instructions. (Invitrogen, Life technologies, USA). The 

transformation was plated on LB agar plates containing 100 μg/ml of ampicillin and 

incubated at 37 
0
C overnight.  

2.1.1.8 Colony PCR to screen for positive transformants  
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Quick screening for transformants containing the desired inserts was carried out using 

colony PCR directly from the DH5α colonies was carried out using colony PCR. The 

colony PCR reactions were performed by touching a pipette tip to a single positively 

transformed colony and then transferring a small amount to a sterile PCR tube. A PCR 

reaction was then performed using Kapa Taq and the At3g4220 forward and reverse 

primers, according to the manufacturer’s instructions (KAPA BIOSYSTEMs, USA). The 

PCR cycling conditions used were the same as described previously (see section 2.1.1.1) 

and the products were analyzed by gel electrophoresis. 

2.1.1.9 Confirmation of the identity of the At3g04220
TIR

 insert in the expression clone  

The pET32a(+) plasmid containing the At3g04220
TIR

 insert was extracted from colonies 

testing positive for the colony PCR, as described previously (See section 2.1.1.1). 

Plasmid DNA samples were sent for sequencing using T7 forward and reverse primers at 

Biosciences Core Laboratories at KAUST University. 

2.1.2 Production of recombinant protein  

2.1.2.1 Plasmid DNA transformation into E. coli expression cells 

BL21 Star™ (DE3) competent cells (Invitrogen, Life technologies, USA) were chosen as 

a competent cell for protein expression as they contain T7 RNA polymerase that 

facilitates transcription of the fusion protein Trx:At3g04220
TIR

 which lies downstream of 

the T7 promoter. Competent cells were transformed with pET32a(+) At3g04220
TIR

 

plasmid according to the manufacturer’s instructions (Invitrogen, Life technologies, 

USA). The transformation reaction was then plated on LB agar containing ampicillin and 

checked by doing colony PCR.  
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2.1.2.2 Expression of recombinant protein  

A single colony of BL21 (DE3) transformed with pET32a(+)At3g04220
TIR

 was 

inoculated into 5 ml LB broth containing 100 μg/ml of ampicillin and incubated 

overnight at 37
 o
C with shaking at 200 rpm. The following day the 5 ml of the culture was 

used to inoculate a fresh 2 L of LB broth culture containing the same concentration of the 

antibiotic. The culture was incubated at 37
 o

C with shaking at the same speed until the 

optical density at 600 nm (O.D600) reached 0.6. Then protein expression was induced by 

adding isopropyl-1-thio-D-galactopyranoside (IPTG) to a final concentration of 1 mM 

and incubated at 30 
o
C for 6 h with shaking. The bacterial pellet was collected by 

centrifugation at 5000 x g for 10 min after which it was stored at 20 
o
C. 

2.1.2.3 Purification of 6-His-tagged Trx:At3g04220
TIR

 
 

2.1.2.3.1 Protein purification under denaturing conditions 

Purification of the recombinant protein was performed using a Ni-NTA agarose column 

under denaturing conditions. In brief, the cell pellet was thawed on ice for few minutes, 

then re-suspended in 20 ml of lysis buffer (100 mM NaH2PO4, pH 8.0; 10 mM Tris.HCL; 

8 M Urea; 1 x protease inhibitor cocktail) and incubated on ice for 1h. The lysate was 

centrifuged at 15000 xg for 20 min at room temperature to pellet the cell debris. For 

every 4 ml lysate, 1ml of 50% Ni-NTA slurry was added then mixed gently with shaking 

at 200 rpm on a rotary shaker for 1h. The lysate-resin mixture was loaded into empty 

column, then the flow through was collected. This was followed by three washes using 4 

ml washing buffer (100 mM NaH2PO4; 10 mM Tris.HCl; 8 M Urea; pH adjusted using 
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HCl to be pH 6.3). Finally the recombinant protein was eluted 4 times with 0.5ml elution 

buffer 1 (100 mM NaH2PO4; 10 mM Tris.HCl; 8 M Urea; pH adjusted using HCl to be 

pH 5.9) and 3 times with 0.5 ml of the same elution buffer at pH 4.5. 

2.1.2.3.2 Fast protein liquid chromatography purification and refolding of the 

recombinant protein  

The lysate, wash and elution fractions were analyzed by SDS-PAGE and the recombinant 

protein of the expected size was found to be present in the last three elution fractions. The 

last three eluted fractions were collected and concentrated to 0.5 ml using a 30 kDa cut-of 

Amicon Ultra centrifugal column according to the manufacturer’s instructions (Millipore, 

Germany). The concentrated protein was diluted to 25 ml by adding FPLC binding buffer 

(100 mM NaH2PO4; 10 mM Tris.HCl; 8 M Urea; 150 mM NaCl; pH8.0). For FPLC 

purification, a HisTrap™ HP affinity column was used (GE Healthcare, UK). The 

instrument was preprogramed in sequence to equilibrate the column, bind the protein, 

wash the column, refold the protein using a linear gradient, wash the column again and 

then elute the protein. The column was first equilibrated with 10 ml of binding buffer 

then the protein was loaded into the column in slow rate then washing with 20ml of 

washing buffer (20 mM NaH2PO4; 20 mM Tris.HCl; 8 Urea; 150mM NaCl; pH 8.0). 

Refolding step was performed as a linear gradient to remove urea that took 50 cv to 

slowly replace 100 % wash buffer with 100 % refolding buffer (20 mM NaH2PO4; 20 

mM Tris.HCl; 100 mM NDSB (non detergent sulfobetaine); 0.05 % PEG (Polyethylene 

glycol); 4 mM reduced glutathione; 0.04 mM oxidized glutathione). The recombinant 

protein was eluted using a linear gradient which replaced the refolding buffer with 100% 

elution buffer (20 mM NaH2PO4; 20 mM Tris.HCl; 500 mM Imidazole; pH 8.0) over 20 
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cv. During the elution step, 1 ml fractions were collected. The presence of protein in the 

elution fractions was monitored using the FPLC UV detector was that measured 

absorbance at 280 nm A280 and then confirmed using SDS-PAGE gel. 

2.1.2.3.3 Concentration of the refolded purified Trx:At3g04220
TIR

 Protein 

The eluted protein was concentrated using a 10 kDa Amicon Ultra centrifugal column 

according to the manufacturer’s instructions (Millipore, USA). The elution buffer was 

then exchanged with storage buffer (200 mM NaCl; 50 mM Tris.HCl pH 8.0; 10 mM 

NaH2PO4) by repeating the centrifugation step two times. The point of this was to remove 

imidazole from the protein preparation. 

2.1.2.3.4 SDS-PAGE gel electrophoresis 

One-dimensional SDS-PAGE was performed to analyze the proteins on 12% 

polyacrylamide gels. The separating gel was prepared with final concentration 12% from 

30% 29:1 Acrylamide/Bis, 1.5 M Tris-HCl (pH 8.8), 20 % (w/v) SDS, TEMED, 10% 

(w/v) APS. The stacking gel used was prepared to be 4 % final concentration from (30% 

29:1 Acrylamide/Bis, 1.5 M Tris-HCl (pH 6.8), 20 % (w/v) SDS (Sodium dodecyl 

sulfate), TEMED, 10 % (w/v) APS (Ammonium persulfate). The running buffer used was 

1 x from 10 x stock (250 mM Tris-HCl; 192 M Glycine; 1 % (w/v) SDS).  

All samples were mixed with an equal volume of 2 x SDS sample buffer (0.5 M Tris-HCl 

(pH 6.8), 2 0% (v/v) glycerol, 4 % (v/v) β-mercaptoethanol, 0.2 % (w/v) Bromophenol 

Blue, 4 % (w/v) SDS). Then the samples were boiled for 5 min and loaded on the SDS-

PAGE gel and electrophoresed at constant volt 90.  Thereafter the gels were stained with 

Coomassie blue overnight the destained with coomassie destain (Bio-rad,USA) until 
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protein bands were clearly visible.    

2.1.2.3.5 Staining of His-tagged fusion Protein 

InVision™ His-tag In-gel stain (Invitrogen, Life technologies) was used to visualize His-

tagged fusion protein bands from the SDS-PAGE gel using UV transilluminator. After 

electrophoresis, the gel was fixed for 4 h in 50 % EtOH, 10 % acetic acid. Then each gel 

was washed with ultrapure water twice for 20 min. The gel was immersed overnight in 25 

ml of the stain solution. The following morning, the gel was washed twice for 10 min 

with 20 mM sodium phosphate pH 7.8 to remove the background signal, and visualized 

using a UV transilluminator with an ethidium bromide filter. 

2.1.2.3.6 Mass spectrometry analyses for Proteins. 

Specific bands of electrophoresed SDS-PAGE gel stained with Coomassie blue with 

expected size of the recombinant protein were excised and sent it for in gel tryptic digest 

and mass spectrometry analysis at the Proteomics center at Biosciences Core 

Laboratories at KAUST University. Each band was digested with trypsin according to the 

facilities’ standard operating procedures. The peptides were resolubilized in 5% 

acetonitrile and 0.1 % (v/v) formic acid and run on the Q-Trap coupled with a liquid 

chromatography system. The gradient of the LC was 45 min. The Q-Trap data was 

searched, against known protein databases, using MASCOT and subsequently complied 

and stats performed using Scaffold software. 
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Figure 2.2: The features of pET32a(+) destination vector. It shows the expression 

region downstream T7 promoter including the fused protein thioredoxin (Trx), N-terminal 

6-His-Tag and N-terminal S-tag. Also it has two sites from fused protein cleavage 

thrombin and enterokinase.    

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Extraction of cAMP from leaves 

Figure 2.1:  Map of pCR8/GW/TOPO vector. The map shows the site of insertion of PCR 

product by direct TOPO cloning, and attL1 and attL2 sites required for LR reaction 

(Invitrogen, life technologies).    
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2.2.1 Plant preparation 

Two sets of leaves from 4 week-old wild type Arabidopsis thaliana grown under standard 

conditions (16 hr day (100 u M photons m-2 s-1) 8 hr night at 22 
0
C and 55 % relative 

humidity) were detached and their weights were measured immediately after detachment 

(500 mg/sample). Each set was placed into 6 well microtitre plates containing either 

(0.5 % v/v) ethanol as a negative control or 1mM sodium salicylic acid (Na-SA) solution 

and immersed in these solutions and returned to the growth chamber for 6 h at room 

temperature. After this time, leaves were dried on tissue paper and frozen in liquid 

nitrogen and then stored at -80 
o
C. 

2.2.2 cAMP extraction from treated leaves 

Extraction of cAMP from leaves was performed as previously described by (Ma et al., 

2009). In brief, frozen leaves were ground using liquid nitrogen into fine powder and 

resuspended in 2.5 ml/sample perchloric acid (HCLO4), then placed on ice for few min. 

The reaction was neutralized by adding 625 μl of 4M KOH and vortexed immediately. 

The samples were then centrifuged at 4 
o
C for 20min at 12,000 xg. The supernatants were 

frozen in liquid nitrogen, then freeze-dried and stored at -80
o
C.  

2.3 Total protein extraction and preparation of membrane enriched cytosolic fractions  

2.3.1 Plant preparations 

Leaves from 4 week-old soil were detached and weighed 8 g/sample. The leaves were 

frozen immediately in liquid nitrogen, and then stored at -80 
o
C.  

2.3.2 Extraction of cytosolic membrane proteins 
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Frozen leaves were ground In liquid nitrogen and immersed in 50 ml cold extraction 

buffer containing 50 mM Tris-HCl pH 7.4, 1mM IBMX (3-isobutyl-1-methylxanthine, 

phosphodiesterase inhibitor (Essayan, 2001)), 0.5 % PVPP (PolyVinylPolyPyrolidone 

Insoluble), 1 x protease inhibitor cocktail (Sigma-Aldrich, USA), 0.25M Sucrose, 5 mM 

ascorbic acid, 0.1 mM MgSO4, 10 mM KCl and 1 mM EDTA. The protein extraction was 

then centrifuged at 1500 X g for 20 min to remove the cellular debris and the supernatant 

collected into a fresh tube. In order to separate the  cytosolic and membrane fractions, the 

protein extraction was further centrifuged at 113000 X g for 30 min at 4C using 

Ultracentrifuge (Beckman Coulter, USA) (Volotovski et al., 2003). The supernatant 

obtained corresponds to the cytosolic fraction; whereas the pellet is the membrane 

enriched fraction and this was resuspened in 75 0 μl of the extraction buffer.  

2.4 Measuring protein concentration using a bradford assay 

A BSA standard was prepared by serially diluting a 2 mg/ml stock with sterile distilled 

water to produce 100 μg/ml, 250 μg/ml, 500 μg/ml, 750 μg/ml, 1000 μg/ml and 1500 

μg/ml. The Bradford 1 x dye (Quick Start™ Bradford Protein Assay, Bio-Rad, USA) was 

removed from 4 
0
C and allowed to reach room temperature before use. In a cuvette, 20 μl 

of standards, samples and blanks were mixed with 1ml of Bradford 1 x dye and the 

colour allowed to develop for 5min at room temperature. The absorbance was then read 

using spectrophotometer (Biophotometer plus, Eppendorf, Germany) at 595 nm. A 

standard curve was produced by plotting the absorbance vs. concentration and then the 

concentrations of the unknown samples was extrapolated from the curve. 
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2.5 Measuring the AC activity of the recombinant protein and total protein extracted from 

plasma membrane and cytosolic fractions 

The AC activity assays of the recombinant protein were performed in a reaction mixture 

containing 50 mM Tris-HCl, pH 8.0, 1 mM ATP, 5 mM MgCl2 and/or 5 mM MnCl2 as a 

cofactors and 10 μg of the recombinant protein. The reaction incubated for 20 min at 

room temperature. Whereas the activities of AC of the total protein extracted from 

plasma membrane and cytosol fractions were measured by conducting a reaction 

containing 175 mM Tris-HCl pH 7.9, 20 mM MnCl2, 1mM ATP, 2 mM IBMX and 60 μg 

of the total protein, then incubated 10min at room temperature. Both reactions terminated 

by adding 10 mM of EDTA followed by 3 min boiling, 2 min cooling on ice, then 

centrifuged at 2300 xg for 3 min. 

The level of cAMP formed due to this reaction was measured using Amersham cAMP 

Biotrak Enzymeimmunoassay (EIA) system (GE Healthcare), according to the 

manufactures procedure for the acetylation protocol. 

2.6 Expression level of At3g04220 gene by semi-quantitative RT-PCR 

2.6.1 Plant materials 

SA, Ozone, virulent and avirulent pseudomonas strains were used to treat four-week-old 

plants. All this section was carried out at prof. Stefania Pasqualini lab (University of 

Perugia, Italy). All sample tissues were frozen in liquid nitrogen and stored at -80 °c. 

2.6.1.1 Salicylic acid treatment 
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Four-week-old Arabidopsis leaves were sprayed with 2 mM SA with 0.1 M NaOH. 

Collecting samples was done at different time point 4 h, 6 h, 8 h and 24 h from SA 

treatment whereas; zero time control was sprayed with distilled water.  

2.6.1.2 Ozone treatment 

Plant leaves of four old weeks were exposed to 300 nll
-1

 O3 for 6 h. After that, the plants 

were left to recover. Plant leaves were sampled at time points 1 h, 2 h, 3 h, 6 h, 9 h and 

24 h. The zero time control was collected before applying the ozone. 

2.6.1.3 Pathogen inoculation 

Leaves of 4-week-old plants were treated with the virulent Pseudomonas syringaepv. 

tomato (Pst) DC3000 strain and avirulent strain Pseudomonas syringae pv. RpM1. 

Inoculation was done by pressing a solution containing 106 CFU (colony-forming units) 

of one of the strains with OD600 0.001 in 10 mM MgCl2 with the tip of 1 ml syringe 

without its needle against the adaxial side of the leaves. Rosette leaves were harvested 

from mock-inoculated leaves as a control and 2 h, 6 h and 24 h samples were collected. 

2.6.2 Total RNA isolation from leaves 

From all the plant tissue samples collected, 100 mg/sample was ground in liquid nitrogen 

and total RNA isolated from it according to the total RNA isolation protocol from the 

NucleoSpin
®
 RNA Plant kit (Macherey Nagel, Germany). To confirm the quality of RNA, 

agarose gel electrophoresis was performed. A 2 % of agarose gel in TAE buffer was used 

followed by EtBr staining to visualize the samples.   

2.6.3 cDNA synthesis for semi-quantitative RT-PCR 
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From the total RNA , 1 l was used to be reverse transcribed for 1 h at 42 °C with 200 

units of SuperscriptII RT (Invitrogen, USA) in 10 mm DTT, 0.4 mM each dNTP and 0.5 

µg oligo dT Primer (Invitrogen, USA).  

2.6.4 Semi-quantitative PCR  

Ten µM of the following primers were used to pursue semi-quantitative PCR for the 

cDNA: Forward primer: (216-238) 5’-AGATGTCCGCAAAGACTTCCTCA-3’ and 

Reverse primer (807-827) 5’-CTAGCAATGGTGGTTTTGCCA-3’ and mixed with 0.2 

mM dNTP and one unit of Taq polymerase. The elongation factor, housekeeping gene, 

was used to normalize for variation between the amounts of cDNA in each sample. The 

primer which used for it was forward (105-124) 5’TGATGTCAAGGTTTACGCTG-3’ 

and reverse primer (622-641) 5’-TGGATGTACTCGTTGTTAGG-3’. The reaction was 

performed under the following conditions: initial heating at 94 °C for 75 sec, 

denaturation at 94 °C for 5 sec, annealing for 20 sec, 72 °C for 45 sec and a final 

extension at 72 °C for 7 min. The band intensities were determined with for image 

analysis software. 
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Chapter 3 | Results 

3.1 Measuring AC activity in Arabidopsis thaliana 

In order to assess the worthiness of assaying and measuring the activity of any protein in 

Arabidopsis thaliana in vitro, the AC activity of Arabidopsis cytosolic and plasma 

membrane proteins was first determined as described in chapter 2.2. The protein extracts 

were incubated with ATP and any cAMP generated measured using the Amersham 

cAMP Biotrak Enzyme immunoassay (EIA) system (GE Healthcare, UK). As a negative 

control, the experiment was repeated without the addition of ATP to test whether there is 

any endogenous cAMP or other contaminants extracted that can interfere with cAMP 

produced as a result of protein activity. 

3.1.1 Results 

According to the standard curve showed in figure 3.1, the range of cAMP that the 

immunoassay kit can measure ranged from 4 fmol/well to 64 fmol/well as these readings 

fell within the linear range of the curve concentrations of cAMP produced by the plasma 

membrane and cytosolic proteins were very high and didn’t lie within the range of the 

standard curve. Therefore this experiment was repeated using a lower amount of 30 μg 

instead of 60 μg, but the results were still out of this range. However this second set of 

results, shown in figure (3.2), indicates that there is a clear difference in cAMP produced 

after incubation of the protein fractions with ATP when compared to the same samples 

without ATP. The control in this experiment shows the cAMP levels measured without 

any protein in the reaction mixture. This indicates that there is some component of the 

reaction mixture that interferes with the EIA. It should be noted that the protein 



 
 

32 
 

extractions that did not include any ATP in the reaction, produced similar results as the 

control and therefore these levels are unlikely to be the result of any actual cAMP in the 

extracts but are more likely to reflect the background noise in the assay. The 

concentration of cAMP produced by the plasma membrane fraction was 166.17 fmol.ng
-

1
.min

-1 
protein while the AC activity of the cytosolic fraction was 148.1 fmol.ng

-1
.min

-1 

protein.   

 

 

 

 

 

 

 

 

  

Figure 3.1: The standard curve of the cAMP Biotrak Enzyme immunoassay.  The curve 

shows the relation between %B/B0 (the percent bound) values and the corresponding 

concentration of cAMP. Black dots showed on the line represented the range of the cAMP 

concentrations that can be assayed using the kit. 
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3.2 Identification of At3g04220 as a Candidate AC and production of the recombinant 

protein 

3.2.1 Identification of At3g04220 as a potential AC 

The Arabidopsis At3g04220 gene is annotated to encode disease resistance protein (R-

protein) belonging to the TIR-NBS-LRR (toll-interleukin receptor; nucleotide-binding 

* 

Figure 3.2: AC activity of Arabidopsis plasma membrane and cytosolic protein fractions. 
cAMP levels were measured in a reaction mixture containing 60 μg protein, 175 mM Tris-HCl pH 

7.9, 20 mM MnCl2, 2 mM IBMX and with or without 1 mM ATP and the reaction incubated for 10 

min. Error bars represent the standard error of two mean values (n=2). The significant difference 

between the control and extracted proteins are represented by * for p < 0.05 as result of a t-test. 



 
 

34 
 

site; leucine rich repeat class according to The Arabidopsis Information Resource (TAIR; 

www.arabidopsis.org). Using the AC search motif (see chapter one) as shown in figure 

3.3, At3g04220 is found to have the 14 amino acids core motif of AC (figure 

3.4)(Gehring, 2010).  As figure 3.4 shows, the AC motif is located within the TIR domain. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.4: location of the AC motif within the TIR domain. (A) The location of AC within Tir 

domain. (B) 3D model of the full length At3g04220 protein with “TIR, NBS, and LRR” domains 

highlighted in red, yellow and blue respectively, and (C) shows 3D model of the cloned part from 

At3g04220 protein presented with the AC and TIR domain highlighted in blue and red 

respectively. 

Figure 3.3: The AC search motif used in the identification of the AC candidate, At3g04220 

from Arabidopsis. The red amino acids correspond to the catalytic centers; X represents any 

amino acid. The amino acid residue number 1 bonds hydrogen with adenine moiety of cAMP, 

residue in position 14 stabilizes the transition of ATP to cAMP, and number 3 binds ATP. The last 

amino acid residue [DE] confers Mg
2+

/Mn
2+

 binding. 

 

http://www.arabidopsis.org/
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As the AC search motif is located in the TIR domain, this domain only was chosen for 

cloning and expression of the protein as shown in figure (3.5).The molecular weight 

(MW) prediction for the recombinant protein TRX:At3g04220
TIR 

and its isoelectric point 

(pI) were predicted using the online Expasy protparm tool: 

(http://web.expasy.org/protparam). The results as shown in figure 3.6 show the predicted 

MW of the 383 aa expressed protein is 42.6306 kDa and its pI is 7.17. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: 1 % agarose in 1 X TAE gel showing At3g04220
TIR

 

amplified PCR product. Lane 1 corresponds to the 621 bp At3g04220 

PCR fragment and lane M confers to the MW marker. 

Figure 3.5: The protein sequence for the At3g04220
TIR

.  The red aa indicate the 14 aa AC motif 

and the underlined aa is important for Mn
2+

 /Mg
2+

 binding. 

http://web.expasy.org/protparam


 
 

36 
 

3.2.2 Cloning of The At3g04220 TIR domain 

Gene specific primers were designed as described in section 2.1.1.1 to amplify the first 

621 nucleotides of At3g04220 corresponding to the TIR domain. The expected size of the 

PCR product was verified by agarose gel electrophoresis as shown in Figure 3.6. The 

PCR product was then cloned into the pCR8/GW/TOPO vector using a TA cloning 

technique and transformed into chemically competent E. coli TOP10 cells, as described 

in section 2.1.1. Positive transformants were screened for the presence of the insert by 

colony PCR as described in section 2.1.1.5; after which plasmid DNA was extracted and 

double RE digests were performed to further verify the correct orientation of the insert 

(sections 2.1.1.8). The isolated plasmid DNA containing the At3g04220
TIR

 insert was 

sent for sequencing (section 2.1.1.6) to confirm that the sequence of the insert did not 

contain any errors.  

The results of the sequencing confirmed the presence of the insert sequences without any 

errors. 

3.2.3 Recombinant Protein Expression and Purification of Trx:At3g04220
TIR

 

At3g04220
TIR

 insert was transferred to the destination vector pET32a+by LR reaction as 

described in section 2.1.1.7 and transformed into chemically competent E.coli DH5α cells. 

Colony PCR was performed to confirm the presence of the insert. Plasmid DNA was 

extracted from the insert positive transformants and sent for DNA sequencing to 

determine whether there were any errors in the insert sequence and to ensure that the 

insert is in frame with the His tag and T7 inducible promoter Trx gene fusion.  The 

results of the colony PCR (results not shown) confirmed the presence of the insert and the 
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analyses of the DNA sequencing results (results not shown) confirmed that the insert is in 

frame with the Trx protein fusion. 

The recombinant plasmid pET32a+ At3g04220
TIR

 was transformed into BL21 star (DE3) 

strain (see section 2.1.2.1), which is designed for recombinant protein expression. 

Positive transformants were again screened by colony PCR prior to conducting a pilot 

expression experiment.  A number of positive transformants were inoculated into 5 mL 

cultures and incubated with shaking at 37 °C until OD600 became 0.6 to ensure that they 

were in the log phase of growth. Recombinant protein expression was then induced by 

adding IPTG to a final concentration of 1 mM (or without adding IPTG, as a control) and 

then growth resumed by incubating the cultures  with shaking at 30 °C for 6 h. The cells 

were then harvested by centrifugation and the cell pellets lyzed using a denaturing lysis 

buffer (Urea) as described in section 2.1.2.3.1 to extract proteins which were then 

separated by SDS-PAGE. Since different transformants could display variable levels of 

recombinant protein expression, this experiment allowed me to choose the transformant 

which displayed the strongest induced expression profile for downstream large scale 

experiments. Large cell cultures were then grown and induced, as described previously, 

and the cell pellets harvested. A crude purification of the His-tagged protein was then 

performed. 

  As described in section (2.1.3.1), Ni-NTA agarose beads under denaturing conditions 

was used. The crudely purified protein was analyzed by SDS-PAGE and the result shown 

in figure 3.7. A corresponding to the expected size of the recombinant protein 

Trx:At3g04220
TIR

 at ~ 42.6 kDa appeared in the elution fractions (pH 4.5).  
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As the recombinant protein purification was performed using Ni-NTA agarose under 

denaturing conditions, the recombinant protein needed to be refolded. As described in 

section (2.1.2.3.2), the protein was refolded and further purified using FPLC. Lanes 2 and 

3 in figure (3.8B) show the refolded fusion protein, which corresponds to peak 1 on the 

FPLC chromatogram, see figure (3.8A). 

These results were confirmed by using InVision™ His-tag In-gel stain (Invitrogen, Life 

Figure 3.7: 12 % SDS-PAGE analysis of affinity purified At3g04220
TIR

. M is the protein 

marker. Lane 1: soluble uninduced crude extraction, lane 2: insoluble induced supernatant, lane3: 

flow through, lane 4-6: washing fractions, lane 8-11: 1
st
 elution fractions (pH 5.9), and lane 12-14: 

elution fractions (pH4.5).  

Figure 3.8: Refolding and purification of the At3g04220
TIR

 fusion protein. (A) Chromatogram 

showing the UV absorbance of proteins at 280 nm of the elution fractions from the FPLC. (B) 12% 

SDS-PAGE showing the elution fractions corresponding to the absorbance peak of the 

chromatogram; lane 1: partially purified protein loaded onto the FPLC, lanes 2-3: correspond to 

peak 1 on the chromatogram. 
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technologies, USA) which reveals the presence of His-tagged protein in the SDS-PAGE 

gel under a UV transilluminator. As shown in lane 1 and 2 of figure (3.9), the refolded 

recombinant protein of the expected MW (~ 42.6 kDa) was visualized under UV light. 

However, another band with 25 kDa was also apparent. This may be due to degradation 

of the fusion protein. The protein band of ~ 42.6 kDa and the other protein band of ~ 25 

kDa were excised and sent for mass spectrometry analyses. These results confirmed that 

the both bands comprised the Trx:At3g0422
TIR 

protein, thus suggesting that the smaller 

band is a breakdown product of the larger protein. 

 

 

 

 

 

 

3.3 Measuring The Adenyl Cyclase Activity of Trx:At3g04220
TIR

 

The AC activity of Trx:At3g04220
TIR

 was assessed based on its ability to convert ATP to 

cAMP and the subsequent measurement of the generated cAMP was performed using the 

Amersham cAMP Biotrak Enzyme immunoassay (EIA) system (GE Healthcare, UK) as 

described in section (2.5).  

 

 

Figure 3.9:  12 % SDS-PAGE analysis of Trx:At3g04220
TIR

 stained with InVision™ His-Tag In-Gel 

Stain. M1 and M2: Molecular weight marker, lane 1-2: refolded recombinant Trx:At3g04220
TIR

. 
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Using the standard cure shown in figure 3.10, the cAMP concentration generated due to 

the activity of Trx:At3g04220
TIR

 was measured. Significantly, as shown in figure 3.11, 

Trx: At3go4220
TIR

 produced 249.22 fmol cAMP.ng
-1

.min
-1

 protein in the presence of 

Mn
2+

 as a cofactor, while it produced 179.3 fmol cAMP.ng
-1

.min
-1

 protein when assayed 

without cofactors. But the levels of cAMP measured without any cofactors or both Mg
2+

 

and Mn
2+

, were not significantly different from the control (no protein) values, therefore 

Trx:At3g04220
TIR

 is only able to produce cAMP in the presence of Mn
2+

. 
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Figure 3.10: The standard curve of the cAMP Biotrak Enzyme 

immunoassay.  The curve shows the relation between %B/B0 values and the 

corresponding concentration of cAMP. 
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3.4 Expression level of At3g04220 by semi-quantitative RT-PCR 

Firstly, the expression pattern of At3g04220 was investigated by performing a search 

using the genevestigator online tool (www.genevestigator.com), the result of which 

showed that At3g04220 is moderately expressed in fully developed leaves of Arabidopsis 

as shown in figure 3.12. As described in section (2.6), total RNA was extracted from 

Arabidopsis leaves and based At3g04220 is annotated as disease resistance protein. The 

leaves had been treated with avirulent or virulent Pseudomonas syringae strains, SA or 

ozone. The At3g04220 gene transcripts were detected using a semi-quantitative PCR 

Figure 3.11: AC activity assay of the recombinant Trx:At3g04220
TIR

. cAMP levels were 

measured in a reaction mixture containing 10 μg protein, 50mM Tris-HCl pH 8.0, 1 mM ATP, 5 

mM MgCl2 and/or 5 mM MnCl2 as a cofactors. The reactions were incubated for 20 min. Error bars 

represent the standard error of the mean (n=2). The significant difference between the control and 

extracted proteins are represented by * for p < 0.05 as determined using a t-test. 

*

Control                   No cofactor                      Mn2+                                                                        

 
Mg2+                      Mn2++Mg2+   

http://www.genevestigator.com/
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approach to investigate the expression levels in response to the inducers as described in 

chapter two section 2.6. As shown in figure (3.13), the level of expression of At3g04220 

was induced in all leaves treated relative to untreated controls and the expression reached 

its maximum 6 h from post the treatment with SA and 2 h after ozone treatment. In 

response to virulent Pseudomonas DC3000 and avirulent Pseudomonas RpM1, the 

expression of At3g04220 was maximal after 6 h and 24h respectively. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: The expression pattern of At3g04220 using (www.genevestigator.com).  The 

figure shows a medium expression level of At3g04220 in leaves of Arabidopsis. 

 

http://www.genevestigator.com/
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3.5 Level of cAMP generated in Arabidopsis leaves treated with SA 

As shown in figure 3.13, the expression level of At3g04220 was induced after 6 h 

treatment of leaves with SA, therefore the level of cAMP was measured in SA-treated 

leaves at the same time point to determine whether At3g040220 activity could be 

responsible for any cAMP produced in response to SA. As described in section 2.2, 

Figure 3.13: The expression pattern of At3g04220 in leaves of Arabidopsis treated with SA, 

ozone, and virulent and avirulent strains of Pseudomonas. 
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cAMP was extracted from 500 mg of leave tissue treated with 1 mM SA or 0.5% v/v 

ethanol as a control for 6 h at room temperature and assayed in duplicate (final 

concentration of the protein in each well was 250 mg) using Amersham cAMP Biotrak 

Enzymeimmunoassay (EIA) system (GE Healthcare, UK). The figure 3.14 shows that 

cAMP was generated after treated the leaves treated with SA for 6 h to a level of 136 

fmol/μg protein which is higher than the control values, albeit not significantly. 

 

 

 

 

 

 

 

 

 

 

 

The induced expression of At3g04220 in response to SA together with a corresponding 

increase in cAMP suggests that At3g04220 could indeed function as an AC in the 

response to SA signaling which plays an important role in the defense of the plant against 

pathogens such as Pst. As this links the activity of At3g04220 to a physiological function 

it would be important to repeat these cAMP measurements in response to SA to 

determine whether this cAMP increase is significant.  

Figure 3.14: Concentration of cAMP in leaves treated with 1 mM SA or 0.5 % ethanol as a 

control. Error bars represent the standard error of two mean values (n=2). 
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Chapter 4 | Discussion 

 In this study the main purpose was to investigate the AC activity of a novel candidate, 

At3g04220, which contains the predicted AC search motif (Gehring, 2010). The study 

also presents evidence for a relation between AC activation, cAMP production and 

activation of defense responses in Arabidopsis.  

The ability to measure AC activity in Arabidopsis thaliana using the Amersham cAMP 

Biotrak Enzyme immunoassay (EIA) system was assessed and the results showed that the 

AC activity in the plasma membrane fraction was about 166.17 fmol.ng
-1

.min
-1 

protein 

whereas the AC activity of the cytosolic fraction was 148.1 fmol.ng
-1

.min
-1 

protein.  

These activities are considered to be low when compared to AC activities that have been 

measured in other plants including Medicago saliva, Ricinis communis, Nicotiana 

tacbacum, where AC activities reached to 0.4 pmol.mg
-1

.min
-1 

protein, 20 pmol.mg
-1

.min
-

1 
protein and 0.8 pmol.mg

-1
.min

-1 
protein respectively (Cooke et al., 1994; Lusini et al., 

1991; Witters et al., 2004). These differences could be due to using different techniques 

in measuring the AC activity. The AC activity could also need to be stimulated using 

some missing cofactors like Ca
2+

, Mg
2+

 and GTP in the reaction or after pathogen 

induction. 

The recombinant protein Trx:At3g04220
TIR

 was purified and refolded as shown in figure 

3.8. After that the AC activity was measured and the results were showed that Trx: 

At3go4220
TIR

 was significantly produced 249.22 fmol cAMP.ng
-1

.min
-1

 protein in the 

presence of Mn
2+

 as a cofactor (see figure 3.11). However, Trx:At3g04220
TIR

 was only 
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partially purified and because of that it may not be active as the native protein would be, 

in addition the recombinant protein was fused with thioredoxin that may be effect. 

 As this candidate AC is annotated as belonging to the TIR-NBS-LRR class of disease 

resistance proteins which have been found to be able to recognize pathogen and activate 

the immune response (DeYoung and Innes, 2006), it was very interesting to study the 

expression pattern of At3g04220 after treating Arabidopsis leaves with avirulent or 

virulent Pseudomonas syringae strains, SA or ozone. The results in figure 3.13 show that 

the expression of At3g04220 was highly induced in leaves after all these treatments 

relative to untreated controls and that suggests a role of At3g04220 protein in response to 

these treatments. Since Pst infection increases SA levels (Rasmussen et al., 1991) and the 

finding that ozone can act as a fungal elicitors to increase the SA level (Sandermann Jr et 

al., 1998) and to increase cGMP level in tobacco (Ederli et al., 2008), this suggests that 

At3g04220 plays a role in the SA mediated defense response induced by Pst or ozone.  

 It is well known that SA is a hormone involved in activating the plant defense response 

(Klessig et al., 2000). Based on this and in addition to the increase in At3g04220 

expression after SA treatment, exogenous SA was applied to Arabidopsis leaves and 

cAMP levels were measured (figure 3.14), and the results showed that endogenous cAMP 

levels increased after cAMP treatment. However, this increase in cAMP was not 

significant when compared to the control. Therefore the experiment should be repeated 

with more biological repeats to determine whether the cAMP increase in response to SA 

is significant. The increase in cAMP in response to SA suggests that SA acts upstream of 

cAMP and may be do this by activating At3g04220 in order to stimulate cAMP 

production. In order to test this theory one would need to determine whether SA can 
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induce increases in cAMP levels in At3g04220 knockout mutant. In addition, it has been 

experimentally proven by (Ma et al., 2009) that cAMP levels in the leaves of Arabidopsis 

thaliana increase after treating with Pst avrRpm1 pathogen. Therefore, it is possible that 

Pst infection stimulates SA production which activates At3g04220 and causes the 

increase in cAMP which in turn affects Ca
2+

 influx through CNGCs and the initiation of 

an appropriate defense response. All of that suggesting that ACs are activated through 

pathogen attack to produce cAMP, which in turn lead to open the CNGC allowing Ca
2+

 to 

enter the cell and starting the signaling cascades, in parallel with activating SA, the 

signaling molecule. 

In conclusion, the results showed in this work is strongly suggest that At3g04220 could 

act as AC in response to pathogens such as Pst and specifically in the SA signaling 

pathway which is crucial to plant defense against pathogens. Further examination of 

At3g040220 mutants will prove whether At3g040220 is in fact the AC responsible for 

pathogen induced cAMP increases. In addition, the susceptibility of At3g04220 mutants 

to Pst will determine the importance of the cAMP increase in plant defense. The results 

presented in this thesis provide valuable groundwork to characterizing the first AC in 

Arabidopsis thaliana and proving a functional role for the AC in plant.  
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