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Abstract 

NOAl: A Tool for Understanding Nitric Oxide Accumulation 
and Fosmidomycin Resistance in Arabidopsis 

by 

Kalie Van Ree 

Chloroplasts generate important cellular signals and synthesize diverse products. 

The chloroplast-localized protein, Nitric Oxide Associated-! (NO AI), is implicated in 

nitric oxide (NO) accumulation and linked to the methylerythritol phosphate (MEP) 

pathway, but its role is undefined. I report that NOAl is not essential for NO 

accumulation because the noal mutant accumulates NO when provided sucrose-

supplemented media. Therefore, chloroplast function and fixed carbon, but not NOAl are 

likely critical for plant NO accumulation. noal is also resistant to fosmidomycin, an 

inhibitor of the MEP pathway. This phenotype led to uncovering a potential link between 

the MEP and tetrapyrrole pathways. I report that fosmidomycin toxicity is light 

dependent and reduced by phytol supplementation. Downregulation of the tetrapyrrole 

pathway enhances fosmidomycin resistance, suggesting that reduced tetrapyrrole 

biosynthesis alleviates fosmidomycin toxicity. These findings reveal new insight into 

how impairment of the MEP pathway affects plants and the importance of metabolic 

balance for chloroplast function. 
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Chapter 1 

Introduction 

1.1. Chloroplasts 

Chloroplasts are responsible for a wide variety of processes - from photosynthesis 

to amino acid production. Photosynthesis is a process whereby sunlight initiates electron

transfer reactions producing energy {ATP} and reducing power (NADPH) as well as 

oxygen (02). The energy and reducing power captured from the sun is used to fix carbon 

by converting C02 to carbohydrates. In addition to carbon fixation, the reducing power of 

light-activated electrons drives the reduction of nitrite (N02") to ammonia (NH3). This 

ammonia is then incorporated into amino acids, nucleotides and organic compounds. 

A fully functional chloroplast requires coordination among many different 

pathways and metabolites. Mutation of a single gene functioning in a chloroplast pathway 

can have detrimental effects on the whole chloroplast by disrupting the balance among 

metabolites of different pathways (Waters and Langdale, 2009). Coordinated regulation 

between the nucleus and the chloroplast is also critical for chloroplast function because 
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the nucleus encodes more than 95% of chloroplast-localized proteins (Soli, 2002). Proper 

nuclear gene expression is required to generate and maintain functional chloroplasts; 

therefore, it is crucial that coordination between the chloroplast and the nucleus exists, 

otherwise there can be severe consequences leading to irreparable damage to the 

chloroplasts. 

1.2. NO-Associated 1 (NOA1) 

NO-Associated 1 (NOA1) localizes to chloroplasts (Flores-Perez et al., 2008), and 

ultrastructural analysis of noal mutant seedlings shows small and irregularly shaped 

chloroplasts (Flores-Perez et al., 2008). The closest homolog ofNOA1 is Y qeH of B. 

subtilis (Moreau et al., 2008). YqeH is required for proper assembly and stability of 

ribosomes {Vicker et al., 2007). Transgenic Y qeH production and localization to 

chloroplasts rescues the pale-green leaf and delayed-growth phenotypes of noal 

seedlings (Flores-Perez et al., 2008). Therefore, bacterial YqeH may have similar 

activities as NOA1, suggesting that NOA1 may have a role in plastid ribosome function. 

NOA1 was originally reported to be a nitric oxide synthase (NOS) (Guo et al., 

2003); however, further analysis determined it was not (Crawford et al., 2006). The first 

NOAJ mutant isolated is aT-DNA insertion mutant that results in loss of the NOA1 

protein (Guo et al., 2003). Mutant noal seedlings are unable to accumulate NO (Bright 

et al., 2006; Chen et al., 2010; Guo and Crawford, 2005; Guo et al., 2003; Li et al., 2009; 

Zeidler et al., 2004; Zhao et al., 2007), and noal phenotypes can be partially rescued by 

growth in the presence of an NO donor, sodium nitroprusside (SNP) (Flores-Perez et al., 

2008). However, noal has also been reported to be unaffected in NO accumulation 
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(Arnaud et al., 2006; Bright et al., 2006; Kolbert et al., 2008; Lozano-Juste and Leon, 

2010; Shi and Li, 2008; Tun et al., 2008; Xuan et al., 2010; Zhao et al., 2009; Zottini et 

al., 2007). Determining whether NOA1 has a direct or indirect role in NO accumulation 

is important to understanding NO biosynthesis in plants. 

3 

A second mutant allele ofNOA1, rifl-1, was isolated in a screen for defects in the 

plastid-localized methylerythritol phosphate (MEP) pathway. Mutants were isolated 

based on their resistance to fosmidomycin (FSM) (Flores-Perez et al., 2008). FSM is a 

competitive inhibitor of one of the first enzymes in the MEP pathway. The MEP pathway 

is responsible for the biosynthesis of various isoprenoids, including carotenoids and 

phytol, the long-chain alcohol of chlorophyll. 

My thesis work has been focused on investigating the physiological role of NOAJ 

in Arabidopsis. We have determined that noal can accumulate NO when grown on 

sucrose-supplemented media. Sucrose is also capable of rescuing the slow growth, pale

green leaves and reduced chlorophyll content of noal. Furthermore, through investigation 

of the basis for FSM resistance of noal, we have demonstrated potential importance of 

balance between the MEP and tetrapyrrole biosynthesis pathways. 



Chapter 2 

Materials and Methods 

Portions of this chapter are taken from a manuscript currently in preparation (Van Ree et 

al., in preparation). 

2.1. Plant growth conditions 

Arabidopsis seeds, ecotype Col-O, were surface sterilized by soaking in 95% 

ethanol for 1 minute. After the ethanol was removed, seeds were soaked in full strength 

bleach for 10 minutes, and then washed 5-6 times in sterile water. An alternative method 

for seed sterilization also used was to place seeds in a vacuum-sealable container with a 

beaker of 100 mL ofbleach to which 3 mL ofHCl was added. The excess air was 

removed from the container and the seeds were left to sterilize in the chlorine gas for 3 

hrs. The seeds were stratified for 48 - 72 hrs at 4 °C in the dark. Stratified seeds were 

sown on either half-strength MS (Murashige and Skoog, 1962) agar plates (0.8% w/v), 

with or without 1% sucrose, or in soil (Metro-Mix 200 series, SunGro, Bellevue, W A, 
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USA). Plants in plates and soil-containing pots were grown under 24-hour light, - 75 

J..lffiOl m"2s-1 at 22 °C. 

2.2. Root length, chlorophyll and viability measurements 

Root length - Seeds were sown on plates, and plates were placed vertically at 

approximately a 75° angle. After 5 days, roots were aligned against a ruler and the length 

between the root tip and the root-shoot junction was measured. Photographic images of 

representative seedlings were taken. 

Chlorophyll - 10-15 seedlings were collected in microcentrifuge tubes and placed 

on dry ice. 500 J.lL of 80% (v/v) acetone was added and the samples were wrapped in foil 

and left overnight at 4 °C. After centrifugation at 14000 g for 5 minutes, 100 J.lL of the 

supernatant was transferred to a clear 96-well plate (Grenier BioOne, Monroe, NC). 

Absorbances at 645 and 663 nm were read using a Tecan Infinite M1000 plate reader 

{Tecan, Research Triangle Park, NC). Chlorophyll content was determined using the 

following equation: Chlorophyll (J.lg) = [20.2(~5) + 8.02(.A<;63)]. Values were 

normalized to fresh weight. 

Viability- Seeds were sown on MS plates with various concentrations of 

inhibitors, as indicated. Viability was judged by seedling cotyledon greening. Seedlings 

with cotyledons that were small and white, had stunted root growth and were unable to 

develop past the cotyledon stage were considered nonviable. Seedlings with large 

greening cotyledons, established roots and continued growth were considered viable. 
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2.3. DAF-FM fluorescence 

2.3.1. Microscopy 

Five-day-old seedlings were placed in a well of a 12-well plate (Grenier BioOne. 

Monroe, NC) containing 1 mL ofloading buffer (5 mM MES-KOH pH5.7, 0.25 mM 

KCl, 1 mM CaCh) with or without the NO scavenger, 2-( 4-carboxyphenyl)-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, Cayman Chemicals) at a final 

concentration of 500 J..tM for 1 hr. Subsequently, seedlings were incubated in 4-amino-5-

methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA, Molecular Probes) at a 

final concentration of 5 J..tM for 15 min and then rinsed in 2 mL of loading buffer for 15 

min. For salicylic acid (SA) treatment, following the rinse seedlings were placed in 

loading buffer with or without SA at a final concentration of 1 mM for 1 or 2 hr. 

Fluorescence of the distal root regions was monitored with an Axioplan fluorescence 

microscope (Zeiss, Thornwood, NY), using FITC filter; excitation = 495 nm, emission = 

515 nm. Exposure time was the same for all samples in each data set, in that each sample 

was exposed to the same amount and intensity of light while the images were being 

acquired. Similarly treated seedlings were used as controls to report autofluorescence 

levels; autofluorescence was subtracted from all experimental samples. Z-stacks were 

reconstructed into 3-dimensional images and the fluorescence within the distal 900 J.lffi of 

root tips was quantified using lmageJ software (Rasband, W.S., U.S. National Institute of 

Health, Bethesda, Maryland, USA). 
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2.3.2. Fluorescence measurements using a plate reader 

Five-day-old seedlings were loaded with DAF-FM DA dye as described above. 

Subsequently, 10 seedling root tips were removed using scissors and dropped into 300 J.lL 

ofloading buffer in a clear 96-well plate. Fluorescence intensity was measured using a 

Tecan Infinite M1 000 plate reader. Excitation = 495 nm, emission = 515 nm. 

2.4. Nitrate reductase assay 

Adapting a reported protocol (Kaiser et al., 2000), nitrate reductase activity was 

measured as follows. Leaves of two-week-old seedlings grown on plates with or without 

sucrose were collected and ground to a powder using mortar and pestle. Extraction buffer 

was added to the frozen powder (50 mM Hepes-KOH (pH7.6), 1 mM OTT, 10 JJ.M FAD, 

10 mM MgC}z and 50 JJ.M cantharidin). Dephosphorylation of nitrate reductase was 

prevented by the addition of cantharidin (Alexis Biochemicals, San Diego, CA). The 

samples were centrifuged at 16000 g for 10 min at 4 °C. To determine activated nitrate 

reductase levels (NRact), 100 JJ.L aliquots of the supernatant were added to the reaction 

buffer (900 JJ.L, 50 mM Hepes-KOH (pH7.6), 10 J.lM FAD, 1 mM OTT, 10 mM MgC}z, 5 

mM KN03, 0.2 mM NADH) and incubated for 5 min at room temperature. Another 100 

JJ.L aliquot of the supernatant was used to determine total nitrate reductase levels 

(NRmax); 5'-AMP and EDTA were added to final concentrations of5 mM and 15 mM, 

respectively, and incubated at room temperature for 12 min. 895 JJ.L of reaction buffer 

(with 15 mM EDTA in place ofMgC}z) was added, and the reaction was incubated for 5 

min. To stop both NRact and NRmax reactions, 125 JJ.L of0.5 M zinc acetate was added, 
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followed by centrifugation at 16000 g for 10 min. The supernatant was removed and 

unreacted NADH was oxidized by treatment with 10 J.LM phenazine methosulfate for 15 

min in the dark. 500 J.LL of each sample was then reacted with 250 J.LL of 1% (w/v) 

sulfanilamide (3 N HCl) and 250 J.Ll 0.02% (w/v) N-(1-naphthyl)ethylenediamine (dH20) 

for 20 min at room temperature. The samples were centrifuged at 16000 g for 1 min, and 

the nitrite formed was assessed by colorimetric determination at OD546nm using the Tecan 

Infinite M1000 plate reader. Absorbances were normalized to the protein concentration of 

the sample, as determined by the Bicinchoninic acid (BCA) Protein Assay (Thermo 

Scientific, Pierce, Rockford, IL) using bovine serum albumin as a standard. 

2.5. Fumarate assay 

Extraction and measurement of fumarate was carried out as described (Chia et al., 

2000) with minor modification. In brief, leaf tissue was collected from intact plants and 

immediately frozen in liquid nitrogen. Samples were finely ground using a mortar and 

pestle while frozen, then quickly weighed, and -150-200 mg were transferred to a 4-mL 

screw top Supelco vial (Sigma, St. Louis, MO) containing 1 mL of 1 N methanolic-HCl 

and incubated at 80 °C for 1 hr. Equal volumes of0.9% (w/v) NaCl and hexane were 

added to each sample followed by vigorous shaking for 2 min. Tubes were then 

centrifuged at 2000 g for 5 min at room temperature. The hexane layer (containing the 

dimethyl ester of fumaric acid) was then analyzed by GC-MS using a Hewlett and 

Packard 6890 series gas chromatograph coupled to an Agilent Technologies (Santa Clara, 

CA) 5973 network mass selective detector operated in electronic ionization (EI) mode. 

One J.LL of sample was injected in 1 :40 split mode at 250 °C and separated using a Restek 



(Bellefonte, PA) Rtx-35ms GC column (30m x 0.25 mm x 0.1 mm) held at 100 °C for 1 

min after injection, and then at increasing temperatures programmed to ramp at 25 

°C/min to 160 °C. 1bis was followed by temperature increases of 15 °C/min until 

reaching 220 °C and then incubating at 220 °C for 4.5 min. Helium was used as the 

carrier gas (constant flow rate 0. 7 mllmin). Measurements were carried out in full scan 

mode with the retention time for the dimethyl ester of fumaric acid being 2.28 min. 

2.6. Nucleic acid manipulation 

2.6.1. DNA extraction 

CTAB DNA Miniprep protocol was followed based on the protocol from 

Arabidopsis: A Laboratory Manual (Weigel and Glazebrook, 2002). In brief, leaf tissue 

was ground in CT AB extraction buffer (1 00 mM Tris-Cl pH 8.0, 20 mM EDTA pH 8.0, 

1.4 M NaCl, 2% (w/v) CTAB (cetyltrimethyl ammonium bromide), 1% PVP 40,000 

(polyvinylpyrrolidone)) and then purified using phenol/chloroform/isoamyl alcohol 

(48:48:4). DNA was precipitated using isopropanol, and the final pellet was dissolved in 

water. Samples were stored at -20 °C. 

Alkaline DNA prep method- Shoot tissue was collected, frozen and ground using 

a pestle. 10 JJL of 0.5 M NaOH was added, and samples were vortexed then placed in 

boiling water for 30-45 seconds. 100 JJL of neutralizing solution (0.2 mM Tris pH 8, 1 

mM EDTA) was added. The samples were stored at -20 °C. 
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2.6.2. RNA 

14-day-old seedlings were ground in liquid nitrogen, and RNA was extracted 

using Tri reagent (Molecular Research Center, Cincinnati, OH) according to the 

manufacturer's instructions. Extracted RNA was quantified using a Thermo Scientific 

NanoDrop spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Waltham, 

MA), and one microgram was reverse transcribed using Invitrogen Superscript III reverse 

transcriptase as instructed by the manufacturer (Invitrogen, Carlsbad, CA, USA) after 

DNase treatment (Roche Diagnostics, Basel, Switzerland). PCR ran for 28, 34 and 36 

cycles in an EppendorfMastercycler with primers designed for the NIA1 gene (right 

primer TGCACACGTTGGTCCT AATC, left primer TTCTGGTGCTGGTGTTTCTG). 

Beta-tubulin primers (right primer CTGTTTCCGTACCCTCAAGC, left primer 

AGGGAAACGAAGACAGCAAG) were used as a control. 

2.6.3. PCR 

The chlm-1 (Salk_110265), cia5-3 (Salk_104852C), cnjU2-2 (Salk_039254C), 

crd1-1 (Salk_009052), egy1-2 (Salk_134931), hema1-2 (Salk_067622C), heme1-2 

(Salk_107425C), laf6 (Salk_033937C),porA (Salk_036137C),porB (Salk_060191), 

porC (Salk_141477),ppo1-1 (Salk_060822C), and var2-2 (CS272) mutants were 

generated by the Salk Institute (Alonso et al., 2003) and obtained from the Arabidopsis 

Biological Research Center. T-DNA mutants (Salk lines) were identified by PCR using 

gene-specific primers and a T-DNA border primer. Primers used are listed in Table 2.1. 
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2. 7. Statistical analysis 

All statistical analysis was performed using one-way ANOV A and Student-Newman-

Keuls test with SPSS software (Chicago, IL). 

Table 2.1 Primers used to genotype Salk T -DNA insertion mutants 

Gene Mutation Mutant Line Primers Sequences 
At4g25080 ch/m-1 Salk 110265 chlm-1 5UP-F * TTTTTCCTGCTCGACAAAGC 

chlm-1 EX1-R CAGCTTCAGCAACCATAGCA 
At2g15290 cia5-3 Salk 104852C cia5-3 F AGCCGAATATACCCAAACGAC 

cia5-3 R • CTTGTTTCCCTTTGTTAGGGC 
At5g49940 cnjU2-2 Salk 039254C cnfUIN-F * TTGGTGTTGTGATTGCATTG 

cnfU3D-R TTGAGGACAAATAGCAAATGTCA 
At3g56940 crd1-1 Salk 009052 crd1-1 F * CTGGAGAAATGGAGTTTGTGC 

crd1-1 R TCAAACCAACAACCACACTTG 
At5g35220 egy1-2 Salk 134931 egy1-2 F * ACAGCAGCTCCATATCAGGTG 

egy1-2 R TGCCGTTAACATTAGATTCCG 
Atlg58290 hema1-2 Salk 067622C henna1-2 EJ(3-F * TGAGCGAGACCCTTGAGAAT 

henna1-2 3D-R TTTTGTGTGTGTGTTTTGGTGA 
At3g14930 heme1-2 Salk 107425C heme1-2 F GCAAGCTTGAAAACAAGCAAG 

heme1-2 R • CAATGAGCAGCTAGTAACCCG 
At4g04770 /af6 Salk 033937C 1af6 F * TTCGAAATCAAACGAATCGTC 

1af6R GATCTTATTGGTGTTTCCGGC 
At5g54190 porA Salk 036137C porAF * CATCTTTGCGGACAGAGAAAG 

porAR AACAACAAAACCGTCACCAAC 
At4g27440 porB Salk 060191 porBF * TGATTGATGGAGGAGATTTCG 

porBR TCCAATGAACAAGATCAAGGC 
Atlg03630 pore Salk 141477 porCF AATTGGGCTCAAAAAGGTTTC 

porCR • TGGCTGTAACTGTCTGTGCAC 
At5g14220 ppo1-1 Salk 060822C ppo1-1 F TCTGGTGGTAGTGCACAGAAAC 

ppo1-1 R • ACCCTTTATTGTCGTTTTGGG 
T-DNA SalkLBb1 GCGTGGACCGCTTGCTGCAACT 

The Forward (F) and Reverse (R) primers were used to amplify wild-type gene loci. 
Primers with an asterisk(*) were used with the T-DNA primer to amplify loci interrupted 
with T-DNA insertions. 
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Chapter 3 

NOAl: Conditional NO Accumulation 

3.1. Nitric Oxide in Plants 

Nitric oxide (NO), a small, highly reactive gas, is an important signaling molecule 

in diverse cellular and physiological processes. Due to the short half-life and high 

reactivity ofNO, its effects are most often seen locally; however, being an uncharged 

molecule, NO can diffuse through cell membranes (Lowenstein et al., 1994). NO plays an 

important role in vasodilation, neurotransmission, immunoresponse, and digestion in 

animals (Culotta and Koshland, 1992). In contrast, NO in plants regulates the transition to 

flowering (He et al., 2004), stomatal aperture (Desikan et al., 2002) and pathogen 

response (Figure 3.1) (Delledonne et al., 1998; Ma et al., 2008; Wendehenne et al., 2004). 

In animals, NO is synthesized by nitric oxide synthases (NOS), which convert 

arginine to citrulline and NO (Alderton et al., 2001). Despite significant genomic and 

proteomic efforts (Crawford et al., 2006; Zemojtel et al., 2006), a NOS has yet to be 
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identified in plants. Therefore, a currently unanswered question in plant science is how 

do plants synthesize N 0? 

Nitrate 

Nitric Oxide 
Associated 1 

(NOAl) ~ 

Reductase 

Organelles (chloroplasts,/ 
mitochondria, peroxisomes) 

Nitric 
Oxide ~Transition to 

/ · flowering 

-----~ Pathogen 
Resistance 

~Stomatal 
Aperture 

Figure 3.1 Players implicated in NO synthesis, and processes regulated by NO in plants. 

3.1.1. Nitrate reductase 

Nitrate reductase (NR) has been implicated in NO synthesis. Nitrate reductase is a 

cytosolic enzyme that catalyzes electron transfer from NAD(P)H to nitrate (N03 ), 

producing nitrite (N02) (Figure 3.2) (Kaiser and Huber, 2001). Nitrate reductase is 

regulated at gene expression, protein stability and enzyme activation levels (Cheng et al., 

1992; Cotelle et al., 2000; Kaiser and Huber, 2001; Kaiser et al., 2000). Under optimal 

conditions, after nitrate is reduced to nitrite by nitrate reductase, the nitrite is translocated 

from the cytosol to the chloroplasts, where it can be reduced to ammonium by nitrite 

reductase (NiR) (Figure 3.2) (Yamasaki and Sakihama, 2000; Yamasaki et al., 1999). 

These processes are dependent on a functional photosynthetic electron transport pathway 

(Yamasaki and Sakihama, 2000). In the dark, nitrite translocation to the chloroplasts is 

blocked, resulting in cytosolic nitrite accumulation (Yamasaki et al., 1999). Because 
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cytosolic nitrite accumulation can be toxic to the cell, nitrate reductase may use the 

excess nitrite as substrate to produce NO (Figure 3.2) (Yamasaki and Sakihama, 2000; 

Yamasaki et al., 1999). However, nitrate reductase-based production of NO from nitrite is 

minimal in comparison to the normal nitrate reductase activity of reducing nitrate to 

nitrite (Kaiser and Huber, 2001). 

Nitrate Reductase (NR) 

Figure 3.2 Nitrate Reductase Pathway. 
Nitrate (N03) is reduced by nitrate reductase (NR) to nitrite (N02-). Nitrite is translocated to the 
chloroplast and reduced by nitrite reductase (NiR) to ammonium, which can then be incorporated 
into amino acids. Translocation of nitrite to the chloroplast is dependent on a functional electron 
transport chain and is blocked by darkness. Cytosolic nitrite can be used as a substrate by nitrate 
reductase and reduced to NO. The nitrate reductase encoding gene, NIAJ is proposed to be 
responsible for the nitrate reductase-based production of NO. 

Mutations in the nitrate reductase encoding genes, NIAJ and NIA2, have been 

generated (Wilkinson and Crawford, 1991, 1993 ). The 10% of wild-type nitrate reductase 

activity that is retained in the null nia2 T -DNA insertion mutant results from the activity 
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of the NIAJ gene (Wilkinson and Crawford, 1991), however nitrate reductase activity is 

reduced to only 0.5% in the niallnia2 (also called G'4-3) mutant (Wilkinson and 

Crawford, 1993). Nitrate reductase has been reported to be responsible for NO 

accumulation in response to various stimuli (Bright et al., 2006; Kolbert et al., 2008; Shi 

and Li, 2008), but this assertion has been challenged because NO accumulates in 

niallnia2 mutants in response to stimuli (Arnaud et al., 2006; Tun et al., 2008; Zottini et 

al., 2007). 

3.1.2. NO production by organelles 

Mitochondria, chloroplasts, and peroxisomes have also been implicated in NO 

synthesis. Mitochondria are able to reduce nitrite to NO with the help of the respiratory 

chain and cytochrome c oxidase (Castello et al., 2006; Planchet et al., 2005). Low oxygen 

levels increase mitochondrial production ofNO from nitrite (Castello et al., 2006; 

Planchet et al., 2005). In chloroplasts, NO production occurs upon the induction of 

apoptotic-like events such as the induction of cell death by the photoactivation of 

protoporphyrin IX in a light-dependent manner (Y ao and Greenberg, 2006). Mutants 

defective in peroxisomal protein import also have decreased NO production (Corpas et 

al., 2009}, suggesting that protein import into peroxisomes is required for NO 

accumulation. Resolving the roles of the mitochondria, chloroplasts and peroxisomes in 

plant NO synthesis is critical for elucidating how NO is synthesized and how its 

accumulation is regulated. 
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3.1.3. NOAl 

NOA1 was originally reported to encode a protein with NOS activity (Guo et al., 

2003). However, evidence is accumulating that NOAJ has a function distinct from NO 

synthesis (Zemojtel et al., 2006; Moreau et al., 2008; Gas et al., 2009). NOA1 and its 

homolog, YqeH of Bacillus subtilis, have no detectable NOS activity in vitro but instead 

display GTPase activity (Moreau et al., 2008; Sudhamsu et al., 2008). Despite these data 

that question a direct role for NOAJ in NO production, multiple reports indicate that the 

noal mutant has significantly reduced NO levels relative to wild type (Chen et al., 201 0; 

Guo et al., 2003; Lozano-Juste and Leon, 2010; Xuan et al., 2010; Zhao et al., 2007; 

Zhao et al., 2009}, supporting the idea that NOAJ is a critical player in plant NO 

biosynthesis. 

In this chapter, we test the hypothesis that the defective chloroplasts of the noal 

mutant leads to reduced fixed carbon availability and, as a consequence, indirectly affect 

NO accumulation. We show that exogenous sucrose restores cPTIO (2-(4-

carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide)-sensitive DAF-FM DA 

(4-amino-5-methyl-amino-2',7'-di-fl.uorofl.uorescein diacetate) fluorescence in noal, 

consistent with restoration ofNO accumulation. The small, pale, and slow growth 

phenotypes of noal are also largely rescued when grown in the presence of sucrose. 

However, nitrate reductase activities are indistinguishable between noal and wild type 

and are therefore unlikely to contribute to altered NO levels of noal grown without 

sucrose. These data, together with other published work, are consistent with NOAJ not 

being essential for NO production, but rather playing only an indirect role in NO 
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accumulation. Portions of this chapter are taken from a manuscript currently in 

preparation (Van Ree et al., in preparation). 

3.2. NOAJ is required for NO accumulation only in the absence of sucrose 

3.2.1. Reports of NO accumulation in noallargely correlate with seedling growth on 

media supplemented with sucrose 

The literature includes significant variation as to whether noal is defective in NO 

accumulation. We hypothesize that growth conditions could account for the differing 

reports. Investigation of reported plant growth conditions in fifteen papers suggests a 

strong, though not perfect, correlation between noal's reported ability to accumulate NO 

and growth on media containing sucrose (Table 3.1). Seven papers report that noal is 

defective in NO accumulation; all but one of these reports analyzed plants grown on 

media lacking sucrose or containing less than 1% sucrose (Table 3.1). In contrast, noal 

was reported to be unaffected in NO accumulation in five reports in which plants were 

grown with 1% sucrose or higher, regardless of the stimulus applied (Table 3.1). 

However, the correlation is not perfect; there are four cases when noal was reported to 

produce NO even when grown in the absence of sucrose. These data suggest that the 

ability of noal to accumulate NO may be affected by growth conditions, and 

supplementation of growth media with sucrose may promote NO accumulation in noal. 
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Table 3.1 Publications reporting the ability of noal to accumulate NO in response to various 
stimuli 

Reference Sucrose NO accumulation Stimulus 

Guo et al., 2003 0 No Abscisic Acid (ABA) 

Zeidler et al., 2004 0 No Lipopolysaccharides 

Guo & Crawford, 2005 0.5% No Arginine 

Bright et al., 2006 Soil No ABA 

Zhao et al., 2007 0 No Salt Stress 

Li et al., 2009 0 No Extracellular Calmodulin 

Chen et al., 2010 1% No Iron Deficiency, Auxin (NAA) 

Arnaud et al., 2006 1% Yes Iron 
Bright et al., 2006 Soil Yes H202 
Zottini et al., 2007 0 Yes Salicylic Acid (SA) 

Kolbert et al., 2008 0 Yes Indole Butyric Acid (IBA) 

Shi & Li, 2008 3% Yes Verticillium dahliae 

Tun et al., 2008 2% Yes Zeatin 

Lozano-Juste & Leon, 2009 1% Yes ABA 

Zhao et al., 2009 0 Yes Cold acclimation/Freezing 

Xuan et al., 2010 3% Yes Heat Stress 
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3.2.2. Growth on media with sucrose rescues the ability of noal to accumulate NO 

To test directly whether the presence of sucrose in the growth media can rescue 

the ability of noal to accumulate NO, we compared DAF-FM DA fluorescence in 

seedlings of the wild-type background, Col-O, to noal, grown with and without 1% 

sucrose. DAF-FM DAis membrane permeable and fluoresces in the presence of oxidized 

NO (NO+ and N203) (reviewed in Planchet and Kaiser, 2006). To verify the specificity of 

DAF-FM DA fluorescence for NO-derived compounds, we compared fluorescence 

detected in the presence of cPTIO, an NO scavenger. 

Figure 3.3 demonstrates that basal DAF-FM DA fluorescence is detected in wild

type Col-O roots and that this basal fluorescence level is not significantly affected by the 

presence of sucrose in the growth media. In contrast, noal seedling roots have nearly 

undetectable DAF-FM DA fluorescence when grown on media lacking sucrose. 

However, in the presence of sucrose, noal seedlings show restored DAF-FM DA 

fluorescence (Figure 3.3). Figure 3.3 B quantifies the fluorescence levels detected in both 

Col-O and noal seedling roots and reveals that cPTIO reduces, at least partially, the DAF

FM DA fluorescence, consistent with the interpretation that some, if not most, of the 

DAF-FM DA fluorescence is due to NO. These results demonstrate that noal, when 

provided with an exogenous source of sucrose, is rescued in its ability to accumulate 

basal levels ofNO. 

We next tested whether the presence of exogenous sucrose affected the ability of 

noal to accumulate NO in response to an inducing stimulus. Figure 3.4 shows that 1 mM 

salicylic acid (SA) dramatically induced DAF-FM DA fluorescence in Col-O wild-type 
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roots after one and two hours incubation. noal fluorescence increases in the presence of 

salicylic acid only when the seedlings are grown on sucrose (Figure 3.4). The rescue by 

sucrose is not complete, in that the fluorescence levels of the mutants are not as high as 

wild type at the longer time point (Figure 3.4). These results are consistent with the 

conclusion that salicylic acid-induced NO production in noal, but not wild type, is 

dependent upon an exogenous sucrose supply. 

Together, the data in Figures 3.3 and 3.4 demonstrate that growth conditions, in 

particular sucrose availability, affect the ability ofnoal to accumulate NO. We conclude 

that noal is only conditionally defective in both basal and salicylic acid-induced NO 

accumulation and hence NOAl activity is likely not required for NO production. 

3.2.3. noal is defective in fumarate accumulation 

The ability of exogenous sucrose to restore NO accumulation in noal suggests 

that noal may be deficient in endogenous fixed carbon levels. To test this idea, we 

compared fumarate accumulation in noal versus wild type. Fumarate is a major storage 

form of fixed carbon in Arabidopsis (Chia et al., 2000). We quantified fumarate in noal 

seedlings, grown with and without sucrose, and compared these levels to wild type. When 

grown on media lacking sucrose, noal has only 47% fumarate accumulation relative to 

wild type (Figure 3.5). However, the availability of sucrose in the growth media promotes 

fumarate accumulation in noal to levels comparable to those of wild type (Figure 3.5). 

Therefore, noal has the ability to generate fumarate if supplied with fixed carbon. These 

results indicate that a defect resulting from loss of NOAJ is reduced 
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Figure 3.3 DAF-FM DA fluorescence is increased when noal is grown on media containing 
sucrose. 
(A) Five-day-old Col-O and noal seedlings grown without(- Sucrose) or with(+ Sucrose) 1% 
sucrose were pre-incubated for 1 hr without(- cPTIO) or with(+ cPTIO) an NO scavenger and 
then stained with the NO-sensitive fluorescent dye, DAF -FM DA, for 15 mins. Fluorescence was 
detected with FITC filter; excitation= 490 run, emission= 515 run. Scale bars= 500 !J.ID. (B) 
Average fluorescence intensity was quantified using ImageJ. Standard error is shown. (n > 3). 
Letters indicated statistical significance. This experiment was conducted at least 5 times with 
similar results. 
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Figure 3.4 Salicylic acid induced NO accumulation in noal only in the presence of sucrose. 
Five-day-old Col-O and noal seedlings grown with(+ Sucrose) or without(- Sucrose) 1% sucrose 
were incubated in the presence ofDAF-FM DA for 15 min. Following DAF-FM DA incubation, 
seedlings were incubated with or without 1 mM salicylic acid (SA) for 1 or 2 hrs. Fluorescence 
was detected with FITC filter; excitation = 490 nm, emission = 515 nm. Scale bars = 500 f..UD. 

22 



carbon fixation, consistent with the report that noal has defective chloroplasts (Flores

Perez et al., 2008). Reduced fumarate in noal may also underlie the finding that noal 

displayed low activity in a citrulline-based NOS activity assay (Guo et al., 2003; Zhao et 

al., 2007). Fumarate, abundant in Arabidopsis extracts (Chia et al., 2000}, interferes with 

the standard assay designed to monitor L-citrulline formation from L-arginine as an 

indicator of NO synthase activity {Tischner et al., 2007). Plant extracts generate 

argininosuccinate from fumarate and arginine {Tischner et al., 2007). Under standard 

assay conditions, argininosuccinate can be mistaken for L-citrulline and thereby may 

result in inaccurate interpretations of NO synthase activity levels {Tischner et al., 2007). 

Low fumarate in noal is likely responsible for reduced argininosuccinate levels and thus 

a potential misinterpretation that noal has low NO synthase activity. 

3.2.4. noal phenotypes of delayed maturation and pale green leaves are rescued by 

growth on sucrose-containing media 

noal displays a number of visible phenotypes. Mutant plants accumulate less 

biomass and have pale green leaves when compared to wild type grown under 

comparable conditions (Figure 3.6A) (Guo et al., 2003; Flores-Perez et al., 2008). To 

address whether the availability of fixed carbon affects the overt phenotypes of noal, we 

compared wild-type and noal phenotypes when grown with and without sucrose 

supplementation of the growth media. 
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Figure 3.5 noal has reduced fumarate relative to Col-O. 
Shoots of2-week-old Col-O and noal seedlings grown without (open bars) or with {filled bars) 
1% sucrose were assayed for fumarate content by GC-MS. Standard deviation is shown. (n = 3). 
Letter indicates statistical significance. 
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noal is significantly delayed in the development ofboth shoots and roots (Figure 

3.6). After five days of growth on MS medium, noal plants are very small with short 

roots and pale shoots when compared to Col-O (Figure 3.6). Remarkably, this growth 

phenotype greatly improved when sucrose was supplied to the growth medium (Figure 

3.6A). The shoot biomass of noal grown without sucrose supplementation is reduced by 

approximately 70% compared to Col-O (Figure 3.6B). When sucrose is supplied, noal 

leaves are darker green and develop more rapidly than in the absence of sucrose (Figure 

3.6A), although noal shoots grown on sucrose media are still significantly smaller 

(approximately 50%) than wild-type shoots. Exogenous sucrose also improves noal root 

growth. Without sucrose supplementation, noal roots are almost 70% shorter than Col-O 

(Figure 3.6C); this growth defect is less severe, only 30% less than wild type, when 

sucrose is present in the medium. 

To determine whether the pale green phenotype of noal is due to reduced 

chlorophyll accumulation, we measured chlorophyll levels in noal and wild-type Col-O 

grown in the absence and presence of sucrose. When grown in the presence of sucrose, 

wild-type levels of chlorophyll per fresh weight increase, and noal accumulates 

increased chlorophyll levels though not to a comparable level as to wild type (Figure 3.7). 

Together, these results indicate that the presence of exogenous sucrose largely rescues 

aspects of the growth, leaf coloration, and chlorophyll level defects of noal. 
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Figure 3.6 noal phenotypes of delayed maturation and pale green leaves are largely rescued 
by growth on sucrose-containing media. 
(A) Photographs of 5-day-old Col-O and noal seedlings grown without (top) and with (bottom) 
1% sucrose. (B) Seedling fresh weight of 5-day-old wild type (Col-O) and noal plants. (n = 3). 
(C) Primary root lengths of 5-day-old Col-O and noal seedlings. (n > 20). (B) and (C) Growth on 
media without (open bars) or with (filled bars) 1% sucrose. Standard error is shown. 
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Figure 3. 7 noal has reduced chlorophyll levels. 
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Shoots of 5-day-old Col-O and noal seedlings grown without (open bars) or with (filled bars) 1% 
sucrose were assayed for total chlorophyll content per fresh weight. Standard error is shown. (n = 
3). 
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3.2.5. noal is not deficient in nitrate reductase activities or accumulation 

Nitrate reductase is one proposed enzymatic source of NO in plants. To test 

whether the ability of noal to accumulate NO correlated with altered nitrate reductase 

activity, we measured active and total nitrate reductase in Col-O and noal extracts. 

Extracts from nia2, a mutant in the more highly expressed nitrate reductase encoding 

gene, were used as controls to verify that the activities measured were due to nitrate 

reductase. As reported previously (Wilkinson and Crawford, 1991), nia2 has low nitrate 

reductase levels (Figure 3 .8). Although the presence of sucrose may lower the levels of 

both active and total nitrate reductase in both wild type and noal, there are no significant 

differences in activated nitrate reductase activities in noal compared to wild type Col-O 

(Figure 3.8). The only difference observed is that the total nitrate reductase level may be 

somewhat higher in noal than wild type (Figure 3.8). The active levels, however, which 

would be directly relevant to NO synthesis, are comparable (Figure 3.8), and ifnitrate 

reductase were responsible for the reduced NO accumulation in noal, nitrate reductase 

would have been reduced in noal relative to wild type. 

NJAJ-derived activity has been proposed to be responsible for the conversion of 

nitrite to NO (Bright et al., 2006). Therefore, we tested whether reduced NIAJ expression 

may underlie the conditional phenotypes ofnoal. Semi-quantitative RT-PCR ofRNA 

purified from noal and Col-O revealed that NIAJ expression is not altered in noal 

relative to Col-O, nor does the addition of sucrose have a detectable effect on NIAJ 

expression levels (Figure 3.9). 
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Figure 3.8 Nitrate reductase activity levels do no correlate with nitric oxide accumulation in 
noal. 
Shoots of3-week-old Col-O, noal, and nia2 seedlings grown in the absence(-) or presence(+) of 
1% sucrose were assayed for nitrate reductase activity. Active nitrate reductase enzyme (NR act, 
black bars) and total nitrate reductase protein (NR max, grey bars) were monitored at an 
absorbance of 546 nm (n = 3). This experiment was done twice with similar results. 

Col-OMS Col-O MS+S noal MS noal MS+S 

Figure 3.9 NIAl transcript levels are indistinguishable between noal and wild type (Col-O). 
Semi-quantitative PCR analysis of NIAJ transcipt levels in 14-day-old Col-O and noal seedlings 
grown on media without (MS) or with (MS+S) 1% sucrose. The three lanes are 28, 32 and 34 
cycles. 
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3.3. Conclusion 

NOA1, despite original reports (Guo et al., 2003; Guo and Crawford, 2005), is not 

an NO synthase (Gas et al., 2009; Moreau et al., 2008; Sudhamsu et al., 2008; Zemojtel et 

al., 2006). However, whether NOA1 might have an essential role in NO production 

remained a matter of speculation because loss of NOAJ was reported to dramatically 

reduce NO accumulation (Bright et al., 2006; Chen et al., 2010; Guo and Crawford, 2005; 

Guo et al., 2003; Li et al., 2009; Zeidler et al., 2004; Zhao et al., 2007). However, in 

conflict with this conclusion were numerous reports indicating that NO can accumulate in 

noal (Arnaud et al., 2006; Bright et al., 2006; Kolbert et al., 2008; Lozano-Juste and 

Leon, 2010; Shi and Li, 2008; Tun et al., 2008; Xuan et al., 2010; Zhao et al., 2009; 

Zottini et al., 2007). When comparing growth conditions used in these previous 

publications, we were intrigued by an apparent correlation between noal reportedly 

accumulating NO when plants were grown with sucrose, whereas reported failures to 

detect NO in noal generally did not provide sucrose supplementation to the plants (Table 

3.1). 

We found that NOAJ is not required for basal or salicylic acid-induced NO; when 

provided supplemental sucrose, noal's ability to accumulate NO is comparable to that of 

Col-O wild type (Figures 3.3 and 3.4). Therefore, NO accumulation in noal depends on 

the growth conditions. 

NOAJ is required for chloroplast biogenesis (Flores-Perez et al., 2008). Defective 

chloroplasts and photosynthesis may underlie the reduced fumarate accumulation we 

observed in noal (Figure 3.5). Indeed, noal can generate fumarate if given sucrose, an 



alternative form of fixed carbon (Figure 3.5). It is possible, therefore, that the primary 

requirement for NOAJ is efficient chloroplast function in generating photosynthate. The 

other prominent phenotypes of noal, including slow growth, pale coloration, and reduced 

chlorophyll levels, are also partially rescued by supplementation with sucrose (Figures 

3.6 and 3.7), consistent with the interpretation that reduced photosynthate due to 

defective chloroplasts is the primary physiological defect resulting from loss of NOAJ. 

Provision of exogenous sucrose enables noal to accumulate NO (Figures 3.3 and 

3.4). This finding helps to identify the underlying cause of noal phenotypes but leads to 

the question of why fixed carbon may be necessary for NO accumulation in Arabidopsis. 

We found no evidence of a role for nitrate reductase activities in NO accumulation 

(Figure 3.8). Further experimentation is necessary to elucidate how the presence of fixed 

carbon may promote NO accumulation in Arabidopsis. 
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Chapter4 

A Potential Metabolic Link Between the MEP and 
Tetrapyrrole Biosynthesis Pathways 

4.1. Methylerythritol phosphate (MEP) pathway 

Isoprenoids are important to many aspects of plant life such as photo-protection, redox 

reactions, membrane structure and light harvesting (Ganjewala et al., 2008). The 

methylerythritol phosphate (MEP) pathway is responsible for the production of 

isoprenoids related to photosynthesis such as phytol, carotenoids, and the plant hormones, 

gibberellins and abscisic acid (Figure 4.1) (Flores-Perez et al., 2008; Rodriguez

Concepcion et al., 2004; Sauret-Gueto et al., 2006). Isoprenoid production occurs through 

the condensation of two 5-carbon precursors, isopentenyl diphosphate (IPP) and 

dimethylallyl diphosphate {DMAPP). In plants, IPP and DMAPP are produced both in 

plastids and the cytosol through the MEP and mevalonate (MV A) pathways respectively 

(Cordoba et al., 2009; Ganjewala et al., 2008). The MV A pathway uses the precursors 
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IPP and DMAPP to produce isoprenoids such as dolichol, brassinosteroids, sterols and 

triterpenes (Rodriguez-Concepcion et al., 2004). 
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Figure 4.1 Methylerythritol Phosphate (MEP) pathway in plastids. 
Abbreviated mechanism ofMEP-derived isoprenoid biosynthesis. Deoxyxylulose 5-phosphate 
(DXP), DXP synthase (DXS), Methylerythritol 4-phosphate (MEP), DXP reductoisomerase 
(DXR) Fosmidomycin (FSM), Dimethylallyl diphosphate (DMAPP), isopentenyl diphosphate 
(IPP), geranylgeranyl diphosphate (GGPP), Norflurazon (NF). Enzymes are in bold; steps 
inhibited by FSM and NF are indicated (in red). Adapted from Rodriguez-Concepcion et al., 
2004. 
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Despite the importance of the MEP pathway, knowledge ofhow flux through the 

pathway is regulated remains incomplete. All of the genes encoding enzymes of the MEP 

pathway are nuclear-encoded and must be imported into the plastid; therefore making 

communication between the chloroplast and the nucleus a critical necessity (Cordoba et 

al., 2009; Ganjewala et al., 2008; Flores-Perez et al., 2008). In addition to nuclear

chloroplast communication, light exposure is another signal that has major impact on the 

transcript levels ofMEP pathway genes. Upon plant exposure to light, transcripts of all 

MEP pathway genes increase in abundance (Cordoba et al., 2009). Nutritional status can 

also affect MEP gene expression; for example, exogenous sucrose causes transcript 

accumulation (Cordoba et al., 2009). Additionally, there is evidence of post

transcriptional regulation ofMEP pathway genes; mutants with defects in various steps of 

the MEP pathway show low transcript levels, however the protein levels remain high 

(Cordoba et al., 2009). 

4.1.1. FSM-resistant mutants 

Fosmidomycin (FSM) is a competitive inhibitor of the first enzyme in the MEP 

pathway, deoxyxylulose 5-P reductoisomerase (DXR) and blocks the production of 

downstream metabolites (Flores-Perez et al., 2008; Sauret-Gueto et al., 2006). Several 

mutants were isolated in a mutant screen for the ability to grow in the presence of FSM. 

These mutants were named rifbased on their resistance to inhibition by E.SM (Cordoba et 

al., 2009). rifl -1, an allele of noal, was isolated, and mutant characterization suggests 

that RIF 1/NOAl is required for plastid gene expression and ribosome function (Flores

Perez et al., 2008). An additional rif mutant, rifl 0, may be defective in processing plastid 

RNA transcripts (Sauret-Gueto et al., 2006). Increased flux through the MEP pathway is 



one mechanism by which plants can be resistant to FSM. Overexpression of DXR or 

deoxyxylulose 5-P synthase (DXS) confers FSM resistance and permits the production of 

downstream products (Sauret-Gueto et al., 2006). However, as will be discussed later, we 

believe there may be alternative mechanisms by which seedlings can be FSM resistant. 

4.1.2. GUN mutants 

The nuclear genome encodes approximately 95% of all chloroplast proteins, 

therefore it is important that the nucleus and chloroplast communicate to ensure the 

chloroplast has the required proteins available for processes such as photosynthesis (Gray 

et al., 2003). The expression of nuclear-encoded genes is regulated by the developmental 

status of the chloroplast, communicated to the nucleus through a retrograde signal (Gray 

et al, 2003; Waters and Langdale, 2009). The signal that is responsible for this 

communication is still up for debate. Light is known to cause the upregulation of genes 

such as those encoding light-harvesting chlorophyll-alb-binding proteins (Lhcb), yet this 

upregulation is dependent on proper signaling from the chloroplast to the nucleus. To 

gain insight into the retrograde signaling process, a mutant screen was conducted to 

identify seedlings able to maintain Lhcb expression even when their chloroplasts were 

damaged by norflurazon (Susek et al., 1993). Norflurazon (NF) blocks the MEP pathway, 

preventing carotenoid and abscisic acid (ABA) production (Figure 4.1 ), and leads to 

defective chloroplasts and seedling bleaching. In wild-type seedlings, defective 

chloroplasts lead to decreased nuclear Lhcb expression. The genomes uncoupled (gun) 

mutants continue to express Lhcb in the presence of norflurazon (Susek et al., 1993). Five 

gun mutants were originally isolated; GUN1 is thought to be required for signal 

integration in response to inhibitors and conditions that cause damage to the chloroplast 
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and thus require retrograde signaling (Cottage et al., 2010), and the other four GUN genes 

function in the tetrapyrrole biosynthesis pathway (reviewed in the next section). GUN2 

encodes heme oxygenase, and GUN3 encodes phytochromobilin synthase (Comah et al., 

2003; Mochizuki et al., 2000; Susek et al., 1993). gun4 affects the activity ofMg

chelatase, andgun5 is a mutation in the ChlH subunit ofMg-chelatase (Comah et al., 

2003; Moulin and Smith, 2005). It remains incompletely understood why norflurazon 

inhibition ofMEP pathway-directed carotenoid synthesis results in the identification of 

mutants defective in the tetrapyrrole biosynthesis pathway. 

4.2. Tetrapyrrole pathway 

There are four major tetrapyrroles synthesized in plants; chlorophyll, heme, 

siroheme and phytochromobilin. Tetrapyrroles are important cofactors for many 

apoproteins and are involved in a variety of metabolic processes (Moulin and Smith, 

2005; Vavilin and Vermaas, 2002). In plants, the early steps of the tetrapyrrole 

biosynthesis pathway occur in chloroplasts and other plastids. Chlorophyll is synthesized 

in and confined to the chloroplasts; however, heme can be found in all cellular 

compartments (Moulin and Smith, 2005). 
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Figure 4.2 Tetrapyrrole biosynthesis pathway in plastids. 
Mechanism of tetrapyrrole biosynthesis carried out in chloroplasts. Enzymes are in bold, steps 
inhibited by Gabaculine and Oxyfluorfen are indicated (in red). Glutamate-1-semialdehyde 
aminotransferase (GSA aminotransferase). Adapted from Moulin and Smith, 2005. 
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Tetrapyrrole biosynthesis starts with the conversion of glutamate to 

aminolevulinic acid (ALA) through several enzymatic steps, including activity by 

glutamyl-tRNA reductase (GluTR), the regulated enzyme in this pathway (Figure 4.2). A 

series of methylation, oxidation, and decarboxylation steps convert ALA to 

protoporphyrin IX. Protoporphyrin IX is the precursor at the branch point for chlorophyll 

and heme production. Magnesium- and ferro-chelatase compete for protoporphyrin IX, 

forming Mg-protoporphrin IX, a chlorophyll precursor, or heme, respectively. Mg

protoporphyrin IX then becomes methylated and is subsequently reduced to 

protochlorophyllide. Protochlorophyllide oxidoreductase (POR) reduces 

protochlorophyllide to chlorophyllide, which becomes mature chlorophyll through the 

action of chlorophyll synthase (Figure 4.2) (Comah et al., 2003; Moulin and Smith, 

2005). 

Tetrapyrrole synthesis is tightly regulated; the intermediates between ALA and 

protoporphyrin IX, as well as Mg-protoporphyrin IX and protochlorophyllide, can lead to 

oxidative damage in the presence oflight and oxygen. Unregulated accumulation of these 

intermediates is detrimental and can lead to plant death (Vavilin and Vermaas, 2002). 

Regulation of tetrapyrrole pathway flux occurs at the GluTR enzyme, prior to synthesis 

of ALA. Heme accumulation inhibits GluTR activity (Comah et al., 2003; Goslings et al., 

2004; Moulin and Smith, 2005; Tanaka and Tanaka, 2007), thereby reducing ALA 

synthesis (Figure 4.2). Decreased heme synthesis leads to overaccumulation of the other 

tetrapyrrole pathway intermediates, like protochlorophyllide (Comah et al., 2003; Moulin 

et al., 2008). Additionally, depleting heme results in stimulation of ALA synthesis 
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(Comah et al., 2003); thus, heme levels can regulate flux through the tetrapyrrole 

biosynthesis pathway. 

An additional method of regulation occurs through the chlorophyll branch of the 

tetrapyrrole pathway. Chlorophyll synthesis is coordinated with the proper assembly of 

the photosynthetic apparatus by regulating concurrent formation of chlorophyll-binding 

proteins (Papenbrock and Grimm, 2001; Vavilin and Vermaas, 2002). A ternary complex 

of protochlorophyllide, protochlorophyllide oxidoreductase (POR) and NADPH is 

formed and accumulates in the dark; the formation of this complex prevents toxicity of 

protochlorophyllide upon sudden light exposure (Papenbrock and Grimm, 2001). 

Increased synthesis ofprotochlorophyllide induces translocation ofPOR into plastids 

(Papenbrock and Grimm, 2001; Reinbothe and Reinbothe, 1996). In a light-dependent 

reaction, POR catalyzes the reduction of this protochlorophyllide ternary complex to 

chlorophyllide (Reinbothe and Reinbothe, 1996). Chlorophyllide is then reduced to 

chlorophyll by chlorophyll synthase (Comah et al., 2003; Moulin and Smith, 2005). To 

ensure that protocholorophyllide does not accumulate beyond the capacity ofPOR and 

cause photooxidative damage to plants, ALA synthesis is downregulated. 

Downregulation of ALA synthesis is achieved through the Fluorescent (FLU) gene 

function (Figure 4.2). FLU attaches to chloroplast membranes and interacts with GluTR 

to repress GluTR activity upon accumulation ofprotochlorophyllide (Goslings et al., 

2004; Meskauskiene and Apel, 2002). When flu mutants are germinated in the dark and 

then moved to the light, they die from protochlorophyllide-generated superoxide damage 

(Meskauskiene et al., 2001).jlu mutants have the characteristic phenotype of strong red 
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fluorescence upon exposure to blue light because of the accumulation of unbound 

protochlorophyllide in the dark (Meskaukiene et al., 2001). 

Due to potentially toxic intermediates, the tetrapyrrole pathway must be tightly 

regulated. Additionally, coordination between distinct plastid pathways must be achieved 

to ensure chloroplast function is maintained. While there is no currently established 

connection between the tetrapyrrole and MEP pathways, we propose that understanding 

FSM resistance may provide insight into a possible link. 
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4.3. FSM toxicity and resistance 

To gain insight into the function ofNOAl, we sought to follow up on the finding 

that noal is FSM resistant. Therefore, we aimed to elucidate the possible mechanisms by 

which plants could become FSM resistant. FSM toxicity is thought to occur because of 

the failure to produce MEP pathway products; consistent with this hypothesis, FSM 

resistance can occur through upregulation of influx through the MEP pathway by 

increased DXR and DXS protein levels (Sauret-Gueto et al., 2006). Although some 

elevation in DXR and DXS protein accumulation is noted in the noal mutant (Flores

Perez et al., 2008), increased flux through the MEP pathway is unlikely to be the basis for 

FSM resistance of noal. The apparent elevated DXR and DXS proteins levels in noal 

may be an overestimation due to the very low levels ofRubisco large subunit (RBLC) 

accumulation in noal (Flores-Perez et al., 2008). We reason that because RBLC normally 

accounts for approximately 50% of total soluble leaf protein (Feller et al., 2008), the low 

RBLC accumulation could result in appearance of proportionally more non-RBLC 

protein, such as DXR and DXS, relative to total but not increases in absolute DXR and 



DXS proteins. If flux through the MEP pathway is not increased by the noal mutation, 

how does the noal mutation confer FSM resistance? 

Two possible alternative mechanisms might explain FSM toxicity. First, FSM 

could cause accumulation of precursors or intermediates upstream ofDXR that could be 

toxic at elevated levels. This possibility is unlikely because the precursors of the MEP 

pathway are pyruvate and glyceraldehyde-3-phosphate. These precursors are basic 

building blocks used in a variety of pathways in plants and are unlikely to have toxic 

effects. Alternatively, perhaps FSM kills plants because blocking the MEP pathway 

prevents accumulation of MEP pathway products that are needed in stoichiometric 

balance with metabolites generated from a different pathway. In this case, it is the 

unbalanced biosynthetic activity of the other pathway that results in lethality. That is, the 

FSM-induced stoichiometric imbalance of metabolites may lead to toxicity due to 

accumulation of products from a different pathway. 

4.3.1. Hypothesis: FSM toxicity is dependent upon tetrapyrrole pathway product 

accumulation 

FSM-induced seedling lethality includes seedling leafbleaching. This phenotype 

resembles that of the flu mutant upon transfer from darkness to light. The flu mutation 

causes aberrant accumulation of tetrapyrrole pathway products thereby resulting in 

photooxidative stress-induced seedling death. A connection exists between the MEP and 

the tetrapyrrole pathways in that the two pathways are responsible for generating the two 

components of chlorophyll. The MEP pathway generates the isoprenoid geranylgeranyl 

diphosphate (GGPP) required for the phytol chain of chlorophyll (Figure 4.1) and the 

40 



tetrapyrrole pathway generates the chlorophyll tetrapyrrole (Figure 4.2). We hypothesize 

that GGPP and protochlorophyllide accumulation are coordinated, and that FSM disrupts 

the balance due to reduced GGPP accumulation. Impaired production of GGPP may 

result in free chlorophyllide (or other tetrapyrrole intermediates) that may then generate 

photooxidative stress and cause seedling death (Figure 4.3). 

DXP 

! t--FSM 
MEP 

Tetrapyrrole 
Pathway 

! 
1 Protocblorophyllide 

! 
GGPP Chlorophyllide 

y 
Chlorophyl I 

Figure 4.3 Hypothesized connection between MEP and Tetrapyrrole Pathways. 

4.4. FSM toxicity is light dependent 

To begin to test the hypothesis that FSM toxicity is conferred by FSM-induced imbalance 

of tetrapyrrole accumulation, we examined whether FSM toxicity is light dependent. 

Tetrapyrrole pathway products can absorb photon energy and react with oxygen to create 

cell-damaging reactive oxygen species (ROS). The consequences of overaccumulation of 

tetrapyrrole intermediates are manifested by the flu mutant, which accumulates unbound 

protochlorophyllide that causes seedling death upon light exposure. If tetrapyrrole 

pathway products are responsible for FSM-induced plant death, then FSM toxicity should 

be light dependent. To test whether FSM toxicity is light dependent, wild-type seedlings 
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were plated with or without 50 J.LM FSM and grown either in constant light or dark. After 

6 days in the light FSM-grown seedlings had bleached white seedling leaves (cotyledons) 

and were severely stunted in root and shoot growth compared to those grown without 

FSM (Figure 4.3). However, dark-grown seedlings grown with or without FSM are 

indistinguishable (Figure 4.3). This suggests that light is necessary for FSM to be toxic to 

the seedlings. Transfer of dark-grown (etiolated) seedlings to light conditions for an 

additional 4 to 7 days resulted in shoot greening of those not exposed to FSM; in contrast, 

the cotyledons of the seedlings grown with FSM were smaller and pale in color (Figure 

4.3). This difference in size and color became more apparent after 7 days of growth in the 

light (Figure 4.3). The light-dependent toxicity ofFSM is consistent with the hypothesis 

that loss of a downstream MEP product leads to an accumulation of a toxic light-reactive 

metabolite. 
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Light 6 day 
+ 

Dark 6 day 
+ 

Figure 4.4 FSM toxicity is light dependent. 

Dark6 days 
Light 4 day 

+ 

Dark6 days 
Light 7 day 

+ 50 J!M FSM 

Representative photographs of wild-type (Col-O) seedlings grown in the absence (-) or presence 
(+)of 50 fJM FSM in the light or the dark for 6 days (first two panels). Dark-grown seedlings 
were transferred to the light to continue growing for 4- 7 days (third and fourth panels). 

4.5. Phytol, an MEP pathway product, reduces FSM toxicity 

A potential connection between the MEP and tetrapyrrole pathway comes from 

the need for geranylgeranyl diphosphate (GGPP) production and esterification to 

chlorophyllide to generate the phytol chain of chlorophyll (Eckhardt et al., 2004). To test 

whether the inability to generate phytol may underlie FSM toxicity, we provided phytol 

exogenously to seedlings and assessed FSM resistance. Free phytol provided 

exogenously can be incorporated into chlorophyll, tocopherols and other lipid esters in 

Arabidopsis once it has been phosphorylated to phytyl-PP (Ischebeck et al., 2005). Wild-

type seedlings treated with FSM and supplemented with 0.75% or 1% phytol have larger, 

greener seedlings leaves (cotyledons) (Figure 4.4). Although the rescue is not complete, 

the enhanced greening and seedling growth indicates that availability of phytol can 

reduce FSM toxicity. This result is consistent with the hypothesis that FSM toxicity may 

result from an imbalance between the components critical for chlorophyll biogenesis, the 

isoprenoid phytol chain and the chlorophyllide tetrapyrrole. 
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+ + 
+0.75% 

Figure 4.5 Phytol rescues wild type growth on FSM. 

+ 40 J.tMFSM 
+ 1% Phytol 

Representative photographs of7-day-old Col-O seedlings grown in the absence(-) or presence(+) 
of 40 f.1M FSM or Phytol. 

4.6. Genetic defects in the tetrapyrrole pathway confer FSM resistance 

If FSM toxicity is due to MEP and tetrapyrrole product imbalance, then reduced 

flux through the tetrapyrrole pathway would be expected to reduce FSM toxicity. To test 

this idea, we obtained two mutants with defects in various steps of the tetrapyrrole 

pathway and tested whether they were FSM resistant. chlm-1 contains aT-DNA insertion 

in the gene encoding Mg-Protoporphyrin IX methyltransferase which uses Mg-

Protoporphyrin IX, the first intermediate following the branch point, as a substrate. 

chlm-1 mutant seedlings accumulate the Mg-Protoporphyrin IX intermediate and have 

reduced chlorophyll leading to defective photosystems (Pontier et al., 2007). ppil is a 

null mutant that is defective in photosynthetic proteins import through the Toc33 

component of the import machinery (Jarvis et al., 1998). ppil mutant seedlings have 

reduced chlorophyll levels and severe chloroplast defects especially early in seedling 

development (Jarvis et al., 1998; Kubis et al., 2003). Another chloroplast mutant, cnfU2-
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2, that does not function in the tetrapyrrole pathway was also tested for FSM resistance. 

CnfU2 is involved in iron-sulfur cluster biogenesis and required for photosytem I and 

ferrodoxin formation (Y abe et al., 2004). Wild-type and mutant seeds were sown on agar 

media with 50 J..LM FSM, and seedlings were allowed to grow for 10 days. noal and rifl 0 

were used as positive controls for FSM resistance (Flores-Perez et al., 2008; Sauret-

Gueto et al., 2006). The tetrapyrrole pathway mutants,ppil and chlm-1, resembled FSM-

resistant mutants, noal and rifl 0, in that the seedling leaves developed green color in 

contrast to the wildtype (Col-O) control (Figure 4.5). cnjU2-2 was sensitive to FSM, 

resembling wild type, indicating that not all chloroplast mutants are resistant to FSM 

(Figure 4.5). These data demonstrate that genetic impairment of the tetrapyrrole pathway 

can result in FSM resistance, consistent with the hypothesis that tetrapyrrole product 

accumulation may be important for FSM toxicity. 

Col-O noal rifJO ppil chlm-1 cnjU2-2 Col-O 

Figure 4.6 FSM resistance of chloroplast mutants. 
Photographic representation of seedlings grown on 50 JlM for 10 days. 

4. 7. An inhibitor of the tetrapyrrole pathway can confer FSM resistance to wild-

type plants 

To verify that downregulation of the tetrapyrrole pathway can confer FSM 

resistance, we examined whether the presence of a chemical inhibitor of the tetrapyrrole 

pathway can promote plant growth and survival on FSM. Gabaculine inhibits glutamate-



1-semialdehyde (GSA) aminotransferase preventing aminolevulinic acid (ALA) synthesis 

(Figure 4.2) (Huang and Castelfranco, 1990). Approximately 30% of wild-type seedlings 

grown in the presence of 30 J.!M FSM and 1 J.!M gabaculine (Figure 4.6) had enlarged and 

green seedling leaves as opposed to those grown in the presence of only FSM. These 

results suggest that decreasing flux through the tetrapyrrole biosynthesis pathway with 

gabaculine improves the stoichiometric balance between the levels of metabolites from 

both the tetrapyrrole and MEP pathways, thus promoting seedling survival. 

30 J.!M FSM 30 J.1M FSM + 1 J.!M GC 

Figure 4. 7 Growth of wild-type seedling in the presence of FSM and tetrapyrrole inhibitor 
gabaculine partially rescues FSM sensitivity. 
Photographic representation of seedlings grown on 30 J.lM FSM without (left) and with (right) 1 
J.1M Gabaculine (GC). 

4.8. Conclusion 

Through our objective to uncover the mechanistic basis for the FSM resistance of 

the noal mutant, we uncovered a potential metabolic link between the MEP and 

tetrapyrrole biosynthesis pathways that may be critical for plant survival. 

We established that FSM toxicity is light dependent, consistent with the idea that 

loss of downstream MEP products results in an accumulation of a toxic substance that is 
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light reactive. The MEP pathway is not known to produce light-sensitive toxic products, 

however the tetrapyrrole pathway produces light-reactive porphyrins that can cause 

photooxidative damage if not properly regulated. Both the MEP and tetrapyrrole 

pathways are required to form mature chlorophyll through the generation of GGPP and 

chlorophyllide, respectively (Eckhardt et al., 2004). We show that addition of phytol 

enables wild-type seedlings to be FSM resistant (Figure 4.4); one interpretation is that the 

exogenous phytol becomes associated with the accumulating chlorophyllide enabling 

proper chlorophyll biogenesis and thus reduced photooxidative stress from free 

chlorophyllide or intermediates further upstream in the tetrapyrrole biosynthetic pathway 

that may accumulate when chlorophyll biogenesis is impaired. 

Downregulation of the tetrapyrrole pathway, through either genetic mutation or 

chemical inhibition, leads to enhanced FSM resistance, indicating that FSM is less toxic 

if tetrapyrrole biosynthesis is reduced. Our data are consistent with the hypothesis that 

biosynthetic balance between the MEP and tetrapyrrole pathways is important and that 

disruption of that balance can result in severe detrimental effects on plant survival. These 

findings reveal new insight into how FSM or methods of impairment of the MEP 

pathway affect plant biology and provide a new understanding of the critical importance 

of metabolic balance for chloroplast biogenesis, function, and maintenance. 
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Chapter 5 

Discussion 

5.1. NOAl: NO accumulation 

The noal mutant was first identified and characterized based on a reduced ability 

to accumulate nitric oxide (NO) (Guo et al., 2003). NOAl was originally reported to be 

an NO synthase (Guo et al., 2003), but then this idea was refuted (Moreau et al., 2008; 

Zemojtel et al., 2006); therefore, the basis for reduced NO accumulation in the noal 

mutant remained unclear. However, noal remained recognized as a potentially important 

tool to elucidating the NO synthesis mechanism in plants because of the mutant's 

inability to accumulate NO. Here we show that noal is only conditionally defective in 

NO accumulation depending upon the growth conditions; when grown in the presence of 

sucrose noal accumulates NO similarly to wild type (Figures 3.3 and 3.4). noal has 

defective chloroplasts (Flores-Perez et al., 2008), and this defect may underlie the 

reduced accumulation of fixed carbon in noal (Figure 3.5). The surprising finding that 

exogenous sucrose enables noal to accumulate NO leads to the question ofhow fixed 
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carbon availability might be important for NO accumulation. We found that nitrate 

reductase activity levels in noal did not correlate with NO production (Figure 3.8), 

suggesting that changes in nitrate reductase activity were not responsible for determining 

NO accumulation in noal. 

If chloroplast function is required for NO accumulation, other chloroplast 

mutants, in addition to noal, would be predicted to have reduced NO. We have obtained 

several mutants with defects in various aspects of chloroplast function and plan to 

determine whether NO accumulation is impaired in these mutants as well. If we find that 

noal is the only mutant with the NO accumulation defects, it would suggest that the 

defect may be closely linked to NOAJ gene function. 

5.2. FSM resistance 

We have found a new potential mechanism for FSM resistance in plants. 

Chlorophyll is composed of two components; its phytol chain comes from geranylgeranyl 

diphosphate (GGPP) produced in the MEP pathway and the chlorophyllide tetrapyrrole 

produced in the tetrapyrrole pathway. We hypothesize that a balance between GGPP and 

chlorophyllide exists and when FSM disrupts that balance by reducing GGPP levels, free 

tetrapyrrole intermediates accumulate and cause seedling bleaching through 

photooxidative stress. 

In support of our alternate hypothesis for FSM resistance, we established the light 

dependent toxicity ofFSM (Figure 4.3). Additionally, exogenous phytol partially rescues 

FSM toxicity (Figure 4.4). Phytol may rescue because, after phosphorylation, it can 
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become incorporated into chlorophyll thus preventing accumulation of free 

chlorophyllide (lschebeck et al., 2005). Alternatively, the exogenous phytol may provide 

an alternate source for other MEP products. To distinguish between these possibilities, 

we plan to test whether phosphorylation of phytol, necessary for chlorophyll 

incorporation, is required for phytol-mediated FSM resistance. vte5 is a mutant defective 

in phytol kinase and cannot phosphorylate phytol (Valentin et al., 2006). If the exogenous 

phytol is being incorporated into chlorophyll, vte5 mutants grown in the presence of 

exogenous phytol should not show FSM resistance as they are not able to phosphorylate 

phytol to the activated phytyl-PP state. 

To determine whether coordinated regulation exists between the MEP and 

tetrapyrrole pathways, MEP pathway gene expression will be monitored using 

quantitative Real-Time PCR (qRT-PCR) to determine if expression is affected following 

manipulation of tetrapyrrole pathway flux. To decrease flux through the tetrapyrrole 

pathway, a number of inhibitors can be used: gabaculine inhibits GSA aminotransferase 

preventing ALA synthesis (Huang and Castelfranco, 1990), levulinic acid blocks ALA 

dehydratase activity (Nott et al., 2006), and oxyfluorfen inhibits the formation of 

protoporphyrin IX (Jacobs and Jacobs, 1993; Lee et al., 1993) (Figure 4.2). Using these 

chemicals at various concentrations and over varying lengths of time, we can monitor 

MEP pathway gene expression. If flux through the tetrapyrrole pathway can effect 

expression of genes functioning in the MEP pathway, then the status of tetrapyrrole 

synthesis must be communicated to the nucleus to regulate MEP pathway genes. We 

would expect that MEP pathway gene expression may be decreased when the tetrapyrrole 

pathway is inhibited by any of the inhibitors listed above. Alternatively, adding 
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exogenous ALA will bypass the regulatory step of the tetrapyrrole pathway thus 

increasing all downstream intermediates in the pathway (Tanaka and Tanaka, 2007). 

ALA addition would be predicted to enhance MEP gene expression to accommodate the 

increased need for photosynthesis-related isoprenoids such as chlorophyll and 

carotenoids. Should MEP gene expression correlate with flux through the tetrapyrrole 

pathway, it would suggest that these pathways are in communication to ensure that a 

stoichiometric balance of metabolites is maintained and accumulation of toxic 

intermediates is avoided. 

The proposed genetic analysis and pharmacological physiological assays will 

further our understanding of NO regulation, synthesis and accumulation in Arabidopsis. 

Additionally, we will gain further insight into the physiological role of NOAJ. The 

approaches outlined will also provide an increased understanding of the potential balance 

of intermediates required between the MEP and tetrapyrrole pathways. It is already well 

established that fully functional chloroplasts require coordination between many different 

pathways and metabolites, as well as coordination between the nucleus and the 

chloroplast. Despite the importance of coordination among pathways and organelles, the 

mechanisms through which this communication occurs have not been fully elucidated. 

51 



References 

Alderton, W.K., Cooper, C.E., and Knowles, R.G. (2001). Nitric oxide synthases: 
structure, function and inhibition. Biochem J 357, 593-615. 

Alonso, J.M., Stepanova, A.N., Leisse, T .J., Kim, C.J., Chen, H., Shinn, P., 
Stevenson, D.K., et al. (2003). Genome-wide insertional mutagenesis of Arabidopsis 
thaliana. Science 301, 653-657. 

Arnaud, N., Murgia, I., Boucherez, J., Briat, J.F., Cellier, F., and Gaymard, F. 
(2006). An iron-induced nitric oxide burst precedes ubiquitin-dependent protein 
degradation for Arabidopsis AtFerl ferritin gene expression. J Bioi Chern 281, 23579-
23588. 

52 

Bright, J., Desikan, R., Hancock, J.T., Weir, I.S., and Neill, S.J. (2006). ABA-induced 
NO generation and stomatal closure in Arabidopsis are dependent on H202 synthesis. 
Plant J 45, 113-122. 

Castello, P.R., David, P.S., McClure, T., Crook, Z., and Poyton, R.O. (2006). 
Mitochondrial cytochrome oxidase produces nitric oxide under hypoxic conditions: 
implications for oxygen sensing and hypoxic signaling in eukaryotes. Cell Metab 3, 277-
287. 

Chen, W.W., Yang, J.L., Qin, C., Jin, C.W., Mo, J.H., Ye, T., and Zheng, S.J. (2010). 
Nitric oxide acts downstream of auxin to trigger root ferric-chelate reductase activity in 
response to iron deficiency in Arabidopsis. Plant Physiol154, 810-819. 

Cheng, C.L., Acedo, G.N., Cristinsin, M., and Conkling, M.A. (1992). Sucrose 
mimics the light induction of Arabidopsis nitrate reductase gene transcription. Proc Natl 
Acad Sci US A 89, 1861-1864. 

Chia, D.W., Yoder, T.J., Reiter, W.D., and Gibson, S.I. (2000). Fumaric acid: an 
overlooked form of :fixed carbon in Arabidopsis and other plant species. Planta 211, 743-
751. 

Comah, J.E., Terry, M.J., and Smith, A.G. (2003). Green or red: what stops the traffic 
in the tetrapyrrole pathway? Trends Plant Sci 8, 224-230. 

Cordoba, E., Salmi, M., and Leon, P. (2009). Unravelling the regulatory mechanisms 
that modulate the MEP pathway in higher plants. J Exp Bot 60, 2933-2943. 

Corpas, F.J., Hayashi, M., Mano, S., Nishimura, M., and Barroso, J.B. (2009). 
Peroxisomes are required for in vivo nitric oxide accumulation in the cytosol following 
salinity stress of Arabidopsis plants. Plant Physiol151, 2083-2094. 



53 

Cotelle, V., Meek, S.E., Provan, F., Milne, F.C., Morrice, N., and MacKintosh, C. 
(2000). 14-3-3s regulate global cleavage of their diverse binding partners in sugar-starved 
Arabidopsis cells. EMBO J 19, 2869-2876. 

Cottage, A., Mott, E.K., Kempster, J.A., and Gray, J.C. (2010) The Arabidopsis 
plastid-signalling mutant gunl (genomes uncoupledl) shows altered sensitivity to sucrose 
and abscisic acid and alterations in early seedling development. J Exp Bot 61, 3773-3786. 

Crawford, N.M., Galli, M., Tischner, R., Heimer, Y.M., Okamoto, M., and Mack, A. 
(2006). Response to Zemojtel et al: Plant nitric oxide synthase: back to square one. 
Trends Plant Sci 11, 526-527. 

Culotta, E., and Koshland, D.E., Jr. (1992). NO news is good news. Science 258, 
1862-1865. 

Delledonne, M., Xia, Y., Dixon, R.A., and Lamb, C. (1998). Nitric oxide functions as a 
signal in plant disease resistance. Nature 394, 585-588. 

Desikan, R., Griffiths, R., Hancock, J., and Neill, S. (2002). A new role for an old 
enzyme: nitrate reductase-mediated nitric oxide generation is required for abscisic acid
induced stomatal closure in Arabidopsis thaliana. Proc Natl Acad Sci US A 99, 16314-
16318. 

Eckhardt, U., Grimm, B., and Hortensteiner, S. (2004). Recent advances in 
chlorophyll biosynthesis and breakdown in higher plants. Plant Mol Biol56, 1-14. 

Feller, U., Anders, I., and Mae, T. (2008). Rubiscolytics: fate ofRubisco after its 
enzymatic function in a cell is tenninated. J Exp Bot 59, 1615-1624. 

Flores-Perez, U., Sauret-Gueto, S., Gas, E., Jarvis, P., and Rodriguez-Concepcion, 
M. (2008). A mutant impaired in the production of plastome-encoded proteins uncovers a 
mechanism for the homeostasis of isoprenoid biosynthetic enzymes in Arabidopsis 
plastids. Plant Cel120, 1303-1315. 

Ganjewala, D., Kumar, S., and Luthra, R. (2008) An account of cloned genes of 
methyl-erythritol-4-phosphate pathway of isoprenoid biosynthesis in plants. Curr Issues 
Mol BiolJJ, i35-45. 

Gas, E., Flores-Perez, U., Sauret-Gueto, S., and Rodriguez-Concepcion, M. (2009) 
Hunting for plant nitric oxide synthase provides new evidence of a central role for 
plastids in nitric oxide metabolism. Plant Cell2J, 18-23. 

Goslings, D., Meskauskiene, R., Kim, C., Lee, K.P., Nater, M., and Apel, K. (2004). 
Concurrent interactions ofheme and FLU with Glu tRNA reductase (HEMAl), the target 
of metabolic feedback inhibition oftetrapyrrole biosynthesis, in dark- and light-grown 
Arabidopsis plants. Plant J 40, 957-967. 



Gray, J.C., Sullivan, J.A., Wang, J-H., Jerome, C.A., and MacLean, D. (2003) 
Coordination of plastid and nuclear gene expression. Phil. Trans. R. Soc. Lond. B 358, 
135-145. 

54 

Guo, F.Q., and Crawford, N.M. (2005). Arabidopsis nitric oxide synthase! is targeted 
to mitochondria and protects against oxidative damage and dark-induced senescence. 
Plant Cel117, 3436-3450. 

Guo, F.Q., Okamoto, M., and Crawford, N.M. (2003). Identification of a plant nitric 
oxide synthase gene involved in hormonal signaling. Science 302, 100-103. 

Gutierrez-Nava, M., Accorsi, G., Masson, P., Armaroli, N., and Nierengarten, J.F. 
(2004). Polarity effects on the photophysics of dendrimers with an 
oligophenylenevinylene core and peripheral fullerene units. Chemistry 10, 5076-5086. 

He, Y., Tang, R.H., Hao, Y., Stevens, R.D., Cook, C.W., Ahn, S.M., Jing, L., Yang, 
Z., Chen, L., Guo, F., et aL (2004). Nitric oxide represses the Arabidopsis floral 
transition. Science 305, 1968-1971. 

Huang, L. and Castelfranco, P.A. (1990) Regulation of5-aminolevulinic acid (ALA) 
synthesis in developing chloroplasts. Plant Physiol. 92, 172-178. 

Ischebeck, T., Zbierzak, A.M., Kanwischer, M., and Dormann, P. (2005) A salvage 
pathway for phytol metabolism in Arabidopsis. JBC 281, 2470-2477. 

Jacobs, J.M., and Jacobs, N.J. (1993) Porphyrinogen accumulation and export by 
isolated barley (Hordeum vulgare L.) plastids; effect of diphenyl herbicides. Plant 
Physiol101, 1181-1187. 

Jarvis, P., Chen, L-J., Li, H-M., Peto, C.A., Fankhauser, C., and Chory, J. (1998) An 
Arabidopsis mutant defective in the plastid general protein import apparatus. Science 
282, 100-104. 

Kaiser, W.M., and Huber, S.C. (2001). Post-translational regulation of nitrate 
reductase: mechanism, physiological relevance and environmental triggers. J Exp Bot 52, 
1981-1989. 

Kaiser, W.M., Kandlbinder, A., Stoimenova, M., and Glaab, J. (2000). Discrepancy 
between nitrate reduction rates in intact leaves and nitrate reductase activity in leaf 
extracts: what limits nitrate reduction in situ? Planta 210, 801-807. 

Kolbert, Z., Bartha, B., and Erdei, L. (2008). Exogenous auxin-induced NO synthesis 
is nitrate reductase-associated in Arabidopsis thaliana root primordia. J Plant Physiol165, 
967-975. 

Kubis, S., Baldwin, A., Patel, R., Razzaq, A., Dupree, P ., Lilley, K., Kurth, J ., 
Leister, D., and Jarvis, P. (2003) The Arabidopsis ppil mutant is specifically defective 
in the expression, chloroplast import, and accumulation of photosynthetic proteins. Plant 
Cel115, 1859-1871. 



55 

Lee, H.J., Duke, M.V., and Duke, S.O. (1993) Cellular localization of 
protoporphyrinogen-oxidizing activities of etiolated barley (Hordeum vulgare L.) leaves 
(relationship to mechanism of action of protoporphyrinogen oxidase-inhibiting 
herbicides. Plant Physiol. 102, 881-889. 

Li, J.H., Liu, Y.Q., Lu, P., Lin, H.F., Bai, Y., Wang, X.C., and Chen, Y.L. (2009). A 
signaling pathway linking nitric oxide production to heterotrimeric G protein and 
hydrogen peroxide regulates extracellular calmodulin induction of stomatal closure in 
Arabidopsis. Plant Physio1150, 114-124. 

Lichtenthaler, H.K. (1999). The 1-Deoxy-D-Xylulose-5-Phosphate Pathway of 
Isoprenoid Biosynthesis in Plants. Annu Rev Plant Physiol Plant Mol Bioi 50, 47-65. 

Lowenstein, C.J., Dinerman, J.L., and Snyder, S.H. (1994). Nitric oxide: a physiologic 
messenger. Ann Intern Med 120,227-237. 

Lozano-Juste, J., and Leon, J. (2010) Enhanced abscisic acid-mediated responses in 
nia1nia2noa1-2 triple mutant impaired in NIAINR- and AtNOA1-dependent nitric oxide 
biosynthesis in Arabidopsis. Plant Physiol152.._891-903. 

Ma, W., Smigel, A., Tsai, Y.C., Braam, J., and Berkowitz, G.A. (2008). Innate 
immunity signaling: cytosolic Ca2+ elevation is linked to downstream nitric oxide 
generation through the action of calmodulin or a calmodulin-like protein. Plant Physiol 
148, 818-828. 

Meskauskiene, R., and Apel, K. (2002). Interaction of FLU, a negative regulator of 
tetrapyrrole biosynthesis, with the glutamyl-tRNA reductase requires the tetratricopeptide 
repeat domain of FLU. FEBS Lett 532, 27-30. 

Meskauskiene, R., Nater, M., Goslings, D., Kessler, F., op den Camp, R., and Apel, 
K. (2001 ). FLU: a negative regulator of chlorophyll biosynthesis in Arabidopsis thaliana. 
Proc Natl Acad Sci US A 98, 12826-12831. 

Mochizuki, N., Brussian, J.A., Larkin, R., Nagatani, A., and Chory, J. (2000) 
Arabidopsis genomes uncoupled 5 (GUN5) mutant reveals the involvement ofMg
chelatase H subunit in plastid-to-nucleus signal transduction. Proc Natl Acad Sci USA 
98, 2053-2058. 

Moreau, M., Lee, G.I., Wang, Y., Crane, B.R., and Klessig, D.F. (2008). 
AtNOS/AtNOA1 is a functional Arabidopsis thaliana cGTPase and not a nitric-oxide 
synthase. J Bioi Chern 283,32957-32967. 

Moulin, M., McCormac, A.C., Terry, M.J., and Smith, A.G. (2008). Tetrapyrrole 
profiling in Arabidopsis seedlings reveals that retrograde plastid nuclear signaling is not 
due to Mg-protoporphyrin IX accumulation. Proc Natl Acad Sci U S A 105, 15178-
15183. 



56 

Moulin, M., and Smith, A. G. (2005). Regulation of tetrapyrrole biosynthesis in higher 
plants. Biochem Soc Trans 33,737-742. 

Nott, A., Jung, H-S., Koussevitzky, S., and Chory, J. (2006) Plastid-to-nucleus 
retrograde signaling. Annu Rev Plant Bioi 57, 739-759. 

Papenbrock, J., and Grimm, B. (2001). Regulatory network of tetrapyrrole 
biosynthesis--studies of intracellular signalling involved in metabolic and developmental 
control ofplastids. Planta213, 667-681. 

Planchet, E., Jagadis Gupta, K., Sonoda, M., and Kaiser, W.M. (2005). Nitric oxide 
emission from tobacco leaves and cell suspensions: rate limiting factors and evidence for 
the involvement of mitochondrial electron transport. Plant J 41,732-743. 

Planchet, E., and Kaiser W.M. (2006) Nitric oxide production in plants. Plant Signal 
Behav 1, 46-51 

Reinbothe, S., and Reinbothe, C. (1996). The regulation of enzymes involved in 
chlorophyll biosynthesis. Eur J Biochem 237, 323-343. 

Pontier, D., Albrieux, C., Joyard, J., Lagrange, T., and Block, M.A. (2007). Knock
out of the magnesium protoporphyrin IX methyl transferase gene in Arabidopsis. J Bioi 
Chern 282, 2297-2304. 

Rodriguez-Concepcion, M., Fores, 0., Martinez-Garcia, J.F., Gonzalez, V., Phillips, 
M.A., Ferrer, A., and Boronat, A. (2004). Distinct light-mediated pathways regulate the 
biosynthesis and exchange of isoprenoid precursors during Arabidopsis seedling 
development. Plant Cell16, 144-156. 

Sauret-Gueto, S., Botella-Pavia, P., Flores-Perez, U., Martinez-Garcia, J.F., San 
Roman, C., Leon, P., Boronat, A., and Rodriguez-Concepcion, M. (2006). Plastid 
cues posttranscriptionally regulate the accumulation ofkey enzymes of the 
methylerythritol phosphate pathway in Arabidopsis. Plant Physiol141, 75-84. 

Shi, F.M., and Li, Y.Z. (2008). Verticillium dahliae toxins-induced nitric oxide 
production in Arabidopsis is major dependent on nitrate reductase. BMB Rep 41, 79-85. 

Sudhamsu, J., Lee, G.I., Klessig, D.F., and Crane, B.R. (2008) The structure ofYqeH: 
An AtNOS1/AtNOA1 ortholog that couples GTP hydrolysis to molecular recognition. J 
Bioi Chern 283, 32968-32976. 

Susek, R.E., Ausubel, F.M., and Chory, J. (1993) Signal transduction mutants of 
Arabidopsis uncouple nuclear CAB and RBCS gene expression from chloroplast 
development. Cell 74, 787-799. 

Tanaka, R., and Tanaka, A. (2007). Tetrapyrrole biosynthesis in higher plants. Annu 
Rev Plant Bioi 58, 321-346. 



Tischner, R., Galli, M., Heimer, Y.M., Bielefeld, S., Okamoto, M., Mack, A., and 
Crawford, N.M. (2007). Interference with the citrulline-based nitric oxide synthase 
assay by argininosuccinate lyase activity in Arabidopsis extracts. FEBS J 274, 4238-
4245. 

57 

Tun, N.N., Livaja, M., Kieber, J.J., and Scherer, G.F. (2008). Zeatin-induced nitric 
oxide (NO) biosynthesis in Arabidopsis thaliana mutants ofNO biosynthesis and of two
component signaling genes. New Phytol178, 515-531. 

Vicker, W.C., Schaefer, L., Koenigsknecht, M., and Britton, R.A. (2007). The 
essential GTPase Y qeH is required for proper ribosome assembly in Bacillus subtilis. J 
Bacteriol189, 2926-2929. 

Van Ree, K., Gehl, B., Chehab, E.W., Tsai, Y-C., and Braam, J. (in prep) Arabidopsis 
nitric oxide accumulation is independent ofNOA1 in the presence of sucrose. 

Vavilin, D.V., and Vermaas, W.F. (2002). Regulation of the tetrapyrrole biosynthetic 
pathway leading to heme and chlorophyll in plants and cyanobacteria. Physiol Plant 115, 
9-24. 

Waters, M.T., and Langdale, J.A. (2009) The making of a chloroplast. EMBO J 28, 
2861-2873. 

Wendehenne, D., Durner, J., and Klessig, D.F. (2004). Nitric oxide: a new player in 
plant signalling and defence responses. Curr Opin Plant Bioi 7, 449-455. 

Wilkinson, J.Q., and Crawford, N.M. (1991). Identification of the Arabidopsis CHL3 
gene as the nitrate reductase structural gene NIA2. Plant Cel13, 461-471. 

Wilkinson, J.Q., and Crawford, N.M. (1993). Identification and characterization of a 
chlorate-resistant mutant of Arabidopsis thaliana with mutations in both nitrate reductase 
structural genes NIA1 and NIA2. Mol Gen Genet 239,289-297. 

Xuan, Y., Zhou, S., Wang, L., Cheng, Y., and Zhao, L. (2010) Nitric oxide functions 
as a signal and acts upstream of AtCaM3 in thermotolerance in Arabidopsis seedlings. 
Plant Physiol153, 1895-1906. 

Yabe, T., Morimoto, K., Kikuchi, S., Nishio, K., Terashima, I., and Nakai, M. (2004) 
The Arabidopsis chloroplastic Nitl.J-Like protein Cntl.J, which can act as an iron-sulfur 
cluster scaffold protein, is required for biogenesis of ferredoxin and photosystem I. Plant 
Cel116, 993-1007. 

Yamasaki, H., and Sakihama, Y. (2000). Simultaneous production of nitric oxide and 
peroxynitrite by plant nitrate reductase: in vitro evidence for the NR-dependent formation 
of active nitrogen species. FEBS Lett 468, 89-92. 

Yamasaki, H., Sakihama, Y., and Takahashi, S. (1999). An alternative pathway for 
nitric oxide production in plants: new features of an old enzyme. Trends Plant Sci 4, 128-
129. 



Yao, N., and Greenberg, J.T. (2006). Arabidopsis ACCELERATED CELL DEATH2 
modulates programmed cell death. Plant Cel118, 397-411. 

58 

Zeidler, D., Zahringer, U., Gerber, I., Dubery, I., Hartung, T., Bors, W., Hutzler, P., 
and Dumer, J. (2004). Innate immunity in Arabidopsis thaliana: lipopolysaccharides 
activate nitric oxide synthase (NOS) and induce defense genes. Proc Natl Acad Sci U S A 
101, 15811-15816. 

Zemojtel, T ., Frohlich, A., Palmieri, M.C., Kolanczyk, M., Mikula, I., Wyrwicz, 
L.S., Wanker, E.E., Mundlos, S., Vingron, M., Martasek, P., et aL (2006). Plant nitric 
oxide synthase: a never-ending story? Trends Plant Sci 11, 524-525; author reply 526-
528. 

Zhao, M.G., Chen, L., Zhang, L.L., and Zhang, W.H. (2009). Nitric reductase
dependent nitric oxide production is involved in cold acclimation and freezing tolerance 
in Arabidopsis. Plant Physiol151, 755-767. 

Zhao, M.G., Tian, Q.Y., and Zhang, W.H. (2007). Nitric oxide synthase-dependent 
nitric oxide production is associated with salt tolerance in Arabidopsis. Plant Physiol144, 
206-217. 

Zottini, M., Costa, A., De Michele, R., Ruzzene, M., Carimi, F., and LoSchiavo, F. 
(2007). Salicylic acid activates nitric oxide synthesis in Arabidopsis. J Exp Bot 58, 1397-
1405. 


