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ABSTRACT 

Soil salinity is an important and growing problem for agriculture. Sodium in the 

soil adversely affects the growth and yield of most crop plants which are highly salt-

sensitive (glycophytes) and experience reduced growth and yield even under mildly 

saline conditions. Halophytes are plants that can grow and reproduce in extreme saline 

conditions. Being naturally adapted to growth in salt, they are important models for 

studying mechanisms of salt tolerance. Salicornia bigelovii is a euhalophyte and requires 

sodium (100 to 400 mM NaCl) for optimal growth. Plants grown in 200 mM NaCl are 

larger, more succulent with larger cells and accumulate three times more sodium in their 

cells than plants grown in sub-optimal levels of salt (5 mM NaCl). The increased cell 

size and high levels of intracellular sodium in plants grown in 200 mM NaCl suggest that 

sodium is being accumulated in the vacuole. Vacuolar sodium accumulation provides an 

efficient mechanism to avoid the deleterious effects of sodium in the cytosol and 

maintains osmotic balance for water uptake into the cell. It has been proposed that 

sequestration of Na^ into the vacuoles is through the operation of a vacuolar Na^/H^ 

exchanger which is driven by the electrochemical gradient across the vacuolar membrane 

generated by the vacuolar membrane FT" pumps, (R*"-ATPase and FT"-pyrophosphatase). 

Previous research with Salicornia bigelovii has shown increased activities of the 

vacuolar -pumps in plants grown at optimal salinity (200 mM NaCl). Recent transport 

studies have characterized vacuolar Na^/H^ exchange in Salicornia bigelovii. The 

exchange activity is specific for Na^, pH gradient dependent, and is sensitive to the 

diuretic methyl-isobutyl amiloride. There is increased Na^/tT exchange activity in plants 

grown in 200 mM NaCl compared to that from plants grown in 5 mM NaCl suggesting 

that vacuolar Na^/IT^ exchange is involved in the salt tolerance of Salicornia bigelovii. 

The work in this thesis used various approaches to provide molecular 

identification and critical information about the vacuolar Na'"/H^ exchanger in Salicornia 

bigelovii with a goal to understand its role in plant salt tolerance. A cDNA {SbNHXl) 

was isolated and, based on sequence comparisons, showed 87% identity to the Na^/H^ 

exchanger from the glycophyte, Arabidopsis thaliana. DNA blot analysis suggests the 
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CHAPTER 1 

INTRODUCTION 

Salinity effects on plant growth 

Environmentai stresses are among the most limiting factors to plant productivity. 

Among these, salinity is one of the most detrimental (1) and is a growing problem. An 

estimated 20% of all arable land and 50% of all irrigated land is affected by salinity and 

the progressive salinization of irrigated land limits the future of agriculture in the most 

productive areas of the world (2-4). Salinization is particularly marked in arid and semi-

arid regions of the world, where nearly 10 million hectares of land are abandoned 

annually due to increasing salinity (5). It is estimated that 130 million hectares of land 

can be made available for agriculture if saline soils could be used for agriculture (6). 

While inherent properties of the soil in a particular location ultimately determine the 

degree to which it can be salinized, a big problem is posed by secondary salinization 

caused by improper agricultural practices and the use of poor quality irrigation water (4, 

7). 

High sodium (Na^ and chloride (CO ion concentrations in the soil solution lead 

to hyperionic and hyperosmotic effects in plants (8-10). Most angiosperms and virtually 

all major crops are very sensitive to high concentrations of NaCI (11). Numerous 

changes in cellular activities have been observed in higher plants in response to salt 

stress. Such changes include altered water status, potassium content and protein 

synthesis, cell wall alterations and production of organic solutes such as proline, glycine 

betaine and polyols (11, 12). Alterations in the water status lead to initial growth 

reduction, membrane disorganization, metabolic toxicity, inhibition of photosynthesis 

and decreased nutrient cycling (13, 14). Plant cells maintain high Bv" and low Na^ 

concentrations in the cytoplasm (15). However, during salt stress in crop plants, there is 

a decrease in iC uptake and increase in Na^ influx (16, 17). This altered regulation of the 

: Na^ ion ratio occurs as Na^ competes with IC ions for entry into the plant cell (17, 

18). 
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Soil treatment regimens and integrated soil management practices can reduce the 

salt level in the soil (19). However, in most situations, it is either not possible or is 

economically impractical to achieve desirably low soil salinity levels. In the latter case, 

growing suitable salt-tolerant crops can minimize crop loss caused by salinity. Genetic 

enhancement of the tolerance of crops to environmental stresses is an important goal for 

the future of agriculture. This tolerance could be achieved by traditional breeding 

methods or plant biotechnology involving transgenic crops. 

Breeding crop plants that can be grown on marginal soils with limited water 

supply or water with low osmotic potential (saline soils) has been underway for decades. 

For example, in tomato, attempts have been made to identify quantitative trait loci 

associated with the salinity tolerance traits of low Na^ uptake and regulation of the Na: K 

ratio (20, 21). Although breeding for drought tolerance has met with some success, the 

progress in salinity stress tolerance breeding has remained slow (2). It is now recognized 

that response to salinity is genetically and physiologically complex with salt affecting 

numerous plant processes at all levels of organization (22). 

There has been considerable consensus on the need for identification of candidate 

genes involved in salt tolerance (23, 24). Bohnert and Jensen (25) have argued for 

concentration on approaches leading to mechanistic understanding of the term 

"tolerance". This understanding would provide a new addition to the breeder's tool kit in 

terms of traits for selection and would also identify gene targets for production of 

transgenic crops. 

Halophytes as model organisms 

Basic cellular responses are conserved among all plants but different plant species 

employ a variety of mechanisms to cope with abiotic stresses (26). The plants 

Arabidopsis thaliana and Mesembryanthemum crystallinum have been studied 

extensively and many genes or gene products have been identified based on their 

expression in response to salt stress. However, they are not true halophytes and many 

genes that have been found to be salt-responsive may not be contributing to tolerance as 
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their expression may only reflect salt stress damage or changes in the photosynthetic 

machinery (26). Salt tolerance determinants may be present in halophytes, plants that 

have evolved to survive in stress conditions. Euhalophytes are plants that have the ability 

to survive and reproduce at high levels of salinity and show even greater adaptation to 

growth in salt (14). Owing to their high level of adaptation, they require salt for optimal 

growth. Thus, they are important model organisms for studying the mechanisms of salt 

tolerance. 

Plants employ one or more strategies to survive in extreme salinity conditions. 

The strategies include exclusion of toxic ions or inclusion and sequestration of these ions 

away from sensitive metabolic processes (27). Salt-sensitive plants depend mainly on 

exclusion of Na**^ at the plasma membrane. Their prominent strategy is the accumulation 

of osmolytes to maintain an osmotically balanced environment (28). However, 

halophytic plants from extreme saline environments adopt the strategy of inclusion and 

sequestration for maintaining homeostasis. The latter can be done by transport into the 

vacuole or into specialized structures like salt bladders (24, 29). Halophytic species 

accumulate large amounts of Na^ into the vacuole, a predominant organelle that occupies 

almost 90% of the cell volume in a mature plant (30, 31). Vacuolar sequestration of Na^ 

provides the driving force for continued water uptake and protects salt-sensitive 

metabolic enzymes in the cytoplasm as well as in the lumen of intracellular organelles 

like the chloroplast. Na^ sequestration in a halophyte provides a major advantage as it 

has an effective capacity to coordinate this sequestration with growth processes leading to 

better growth even under saline conditions (6, 32). 

The euhalophyte Saiicornia higeiovii 

Salicornia bigelovii is a euhalophyte and requires Na^ for optimal growth (33). 5. 

bigelovii does not produce specialized structures for Na^ sequestration or osmotic solutes 

in response to salt suggesting that understanding mechanisms of salt tolerance in S. 

bigelovii will provide useful information for improvement of salt tolerance in crop plants 

(33). 
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S. bigelovii is the most salt-tolerant plant that has been identified (33) and grows 

well between 100-400 mM NaCl. Plants grown in optimal levels of salt (200 mM NaCl) 

are larger, more succulent, and have larger cells than plants grown in sub-optimal 

conditions (5 mM NaCl). These plants accumulate three times more Na^ in their cells 

compared to plants grown at sub-optimal levels of salt (33, 34). The increased cell size 

and higher accumulation of Na^ suggests that Na^ is being accumulated in the vacuole. 

This provides an efficient mechanism to prevent the deleterious effects of Na^ in the 

cytosol and maintains osmotic balance using Na^ in the vacuole to drive water into the 

cell (8). Salt-sensitive enzymes are present in both, glycophytes and halophytes (14, 35); 

however, the vacuolar sequestration strategy seems to be used for salt tolerance by the 

halophytes more than glycophytes. It has been proposed that sequestration of Na^ into 

the vacuoles is through the operation of a vacuolar Na^/FT exchanger (Figure 1). Na^/H^ 

exchange transports Na^ into the vacuole by using the electrochemical gradient of 

generated by the vacuolar FT-translocating enzymes, the H^- ATPase and FT"-

pyrophosphatase (PPase) (36). Studies have shown increased activity of the vacuolar FT"-

ATPase, FT-PPase, and Na^/FT*" exchanger under salt stress in several organisms (23, 37-

41) suggesting the importance of these genes in salt tolerance. 

Previous research Math S. bigelovii has shown that activities of the FT pumps on 

the vacuolar membrane are stimulated in plants grown at optimal (200 mM NaCl) salinity 

(42, 43). This stimulation of FT"-pumping activity suggested an increased driving force 

for Na^ sequestration in the vacuole. Transport assays using vacuolar membrane vesicles 

have shown the presence of vacuolar Na^/FT*" exchange in S. bigelovii (44). This 

exchange is specific for Na% has a high affinity for Na% is dependent on the pFF gradient, 

and is sensitive to the diuretic methyi-isobutyl amiloride (a known inhibitor of Na^ 

transport in mammalian cells, 40). Increased activity of the Na^/FT exchanger has been 

demonstrated in plants grown in optimal salt conditions compared to that from plants 

grown in sub-optimal conditions, suggesting vacuolar Na^/FT exchange is involved in 

salt tolerance in 51 bigelovii. 
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Figure 1 Model of a plant cell showing transporters playing a role in salt tolerance 

The diagram shows a model plant cell with cell wall, vacuolar and plasma 

membrane. A pH gradient is present across the vacuolar membrane by virtue of the 

neutral cytoplasm (pH 7) and acidic vacuolar lumen (pH 5). This pH gradient is 

established and maintained by the activities of the V-ATPase and V-pyrophosphatase, 

which move protons (H"*^ against a concentration gradient into the vacuole. Na^/H^ 

exchangers are transmembrane proteins present on both the vacuolar and plasma 

membranes. The Na^/H^ exchanger on the vacuolar membrane uses the driving force 

from the pH gradient to accumulate Na^ ions into the vacuole in exchange for tT. In S. 

bigelovii grown under optimum salt conditions, there is increased activity of the 

pumps and the Na^/H^ exchanger in the vacuolar membrane (41,42). 
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The discovery of novel genes, determination of their expression patterns in 

response to abiotic stress and an improved understanding of their role in stress adaptation 

is the basis of effective engineering strategies for improved stress tolerance (45). 

Molecular studies are on-going to characterize the salt tolerance determinants (genes) in 

halophytes like Atriplex gmelini (46), Suaeda salsa (47), M crystallinum (48). However, 

the regulation of the Na^/H^ exchanger and its role in salt tolerance is not very well 

understood. 

To explore the molecular properties of Na^/H*" exchangers in the euhalophyte, S. 

bigelovii and to provide information for comparative studies into the roles of these 

transporters in halophytes and glycophytes, 1 isolated and sequenced a Na^/tf^ exchanger 

cDNA from a S. bigelovii cDNA library and used this cDNA as a tool for studying the 

mechanisms of salt tolerance in S. bigelovii. 

The specific aims and objectives of the present work were to; 

1. Isolate a full-length cDNA encoding a vacuolar Na^/TT exchanger. 

2. Characterize the cDNA including sequence, domain, phylogenetic, gene family and 

transcript analyses. 

3. Clone the cDNA for over expression in A. thaliana. 

4. Identify mechanisms underlying regulation of the vacuolar Na^/tT exchanger. 



20 

CHAPTER 2 

LIBRARY SCREENING AND cDNA ISOLATION 

Na^/H^ exchangers are a family of transmembrane proteins involved in catalyzing 

the exchange of Na^ for across membranes. They are responsible for a variety of 

functions such as the regulation of internal pH and Na^ levels in the cytoplasm (49). 

Regulation of the intracellular concentration of these ions is important in cell growth and 

tolerance to salt in animal and plant cells (9). 

Na'^/Ft' exchangers have been isolated and extensively characterized in mammals, 

yeast, bacteria and plants (50). In mammals, six isoforms with specific tissue and cellular 

distribution have been found (51). Most of the mammalian exchangers have been 

localized in the plasma membrane but mitochondrial location was demonstrated for one 

isoform {NHE6, 52). In yeast, the Na^/H^ exchangers are localized to the prevacuolar 

{NHXI, 53) and plasma membranes {SOD2, 54). The sequencing of entire genomes of 

some model species has identified amino acid sequences with significant homologies to 

the mammalian Na^/H^ exchangers. For example, in addition to three known exchangers 

{Nha A, Nha B, Cha A) that have been identified genetically and biochemically in £. co/i, 

genomic sequences indicate the presence of two additional open reading frames with 

significant amino acid homology to Na^/H^ exchangers (49). In Synechocystis sp. 6803, 

five Na^/IT^ exchanger isoforms have been identified in the entire genome sequence (55). 

In plants, Na^/ff^ exchange activity was first shown in vacuolar membrane 

vesicles isolated from red beet storage tissue (37) and later in various halophytic and salt-

tolerant glycophytic plant species (38, 56). Measurements of Na^ transport across 

isolated vacuolar membranes firom halophytes and giycophytes have shown that Na^/H^ 

exchange activity is induced during salt stress (37, 41). These increases in exchange 

activity could be due to modification of the transporters themselves or changes in gene 

expression. Identification of the specific genes encoding vacuolar exchange proteins has 

begun in many species including the vacuolar Na^/H^ exchangers in Oryza saliva (57), A. 

gmelini (46), and Ipomoea nilakantii (58) and Na^/If" exchangers on the vacuolar (59) 
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and plasma membrane (60) in A. thaliana. These genes will allow more detailed 

characterization of the expression and function of these transporters. 

In S. bigelovii, transport studies clearly demonstrated that Na^/TT exchange 

activity is higher in plants grown in 200 mM NaCl (44). The identification of a specific 

gene responsible for this increased activity would enable us to understand the mechanism 

underlying salt tolerance in S. bigelovii and also facilitate comparisons between 

euhalophytic and glycophytic exchangers. This chapter describes the screening of a 51 

bigelovii cDNA library and isolation of a Na^/H^ exchanger cDNA. 

MATERIALS AND METHODS 

Seed collection^ plant growth and harvest 

S. bigelovii seed was collected from an estuary (Estero Morua) near Puerto Penasco, 

Mexico (31° 17'N, 113° 24' W). The growth of S. bigelovii was optimized for ma.ximum 

differences in plants grown at 200 and 5 mM NaCl. The details of seed collection, 

quality of seed material and processing, and methods for growth and harvest of the plants 

are described elsewhere (44). The harvested plant material was used for nucleic acid and 

protein isolation. 

Materials 

PFU turbo polymerase and TAQ polymerase were purchased from Stratagene (La 

Jolla, CA). Modifying enzymes (T4 DNA ligase and restriction endonucleases) were 

purchased firom NEB (Beverly, MA). Oligo-nucleotides were synthesized by Sigma-

Genosys (The Woodlands, TX). Other reagents and materials used for molecular and 

physiological experiments were of the highest grade commercially available. 

Partial Na^/lT' exchanger cDNA isolation 

Total RNA from 5. bigelovii grown in 200 mM NaCl (27 days in vermiculite, 14 

days in hydroponics) was used to make first strand cDNA (Superscript kit, Gibco BRL, 

Carlsbad, CA) for use as a template in polymerase chain reactions (PCR). Three pairs of 
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degenerate primers were designed to conserved regions in amino acid sequences from 

Na^/H^ exchangers in A thaliana (Acc. No. AF106324), O. saliva (Acc. No. ABO 12188), 

and Glycine max (Acc. No. BE331360). These primers were designed to target a region 

of the sequences encoding conserved putative transmembrane segments of these proteins. 

Primer sequences were designed using DNASTAR software with manual evaluation. 

PCR using TAQ polymerase was performed in a Perkin-Elmer DNA thermal cycler-480. 

A PCR fragment (dNHE7) of 477 bp was isolated and blunt-end cloned into a 

pBluescript-based vector (KS vector, Stratagene, PCR-Script Amp cloning Kit). For 

probe labeling, the 477 bp insert was released from the plasmid using BamHl and gel 

purified (Prep-a-gene, Biorad, Hercules, CA). 

Probe labeling 

The RadPrime DNA labeling system (Gibco BRL) was used to randomly label all 

DNA probes used in this study; the protocol provided with the kit was followed. The 

labeled probes were purified from the unincorporated counts using spin columns 

containing Sephadex G-50. 

cDNA library screen 

The cDNA library was made from the shoots of S. bigelovii grown in 200 mM 

NaCl based on the expectation that the vacuolar Na^/H^ exchanger transcript would be 

abundant in the tissue with higher exchange activity. Total RNA from 200 mM NaCl-

grown S. bigelovii was used to synthesize first and second strand cDNA, which was 

subsequently used for preparation of the cDNA library (61). 

The primary titer was approximately 2.8 x 10^ PFU/ml (plaque forming units per 

ml) and 10^ PFU/ ml was amplified to get a final titer for the amplified library of 4 x lO'® 

PFU/ ml. The T7 and SP6 primers, designed to regions on the vector arms, were used to 

estimate insert size by a PCR screen. Insert size ranged from 500 bp to 3000 bp (61). 

Phage (5 x 10^) from the S. bigelovii cDNA library was plated at a density of 

50,000 PFU per 132 mm circular culture plates (10 plates). Plaques were transferred in 
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mixture was vortexed for a minute and stored overnight at 4°C to elute the phage from the 

top agar. After centrifligation for five minutes at RT, the solution containing the phage 

was transferred to a new tube. 

Secondary, tertiary and quaternary screens were performed using smaller 

membranes and smaller plates (82 mm). Positive clones were plaque-purified after five 

rounds of screening (1 primary, 3 secondary and I tertiary). 

Plasmid excision 

Bluescript plasmids (pZLl) containing cDNA inserts were excised in vivo from 

the Lambda Ziplox vector (Gibco BRL) by co-infecting DHIOB (ZIP) cells for double 

stranded DNA synthesis. The manufacturer's protocol provided for the Lambda Ziplox 

vector (catalog # 15394-018) was followed for the excision of the plasmids. The 

plasmids were transformed into Top 10 F' cells to facilitate single stranded DNA 

preparation and glycerol stocks were made, when necessary. 

Plasmid DNA preparation 

The ABI mini-alkaline-lysis/ PEG precipitation protocol was followed for 

plasmid DNA preparation (62). Terrific broth (63) with appropriate antibiotics was used 

to grow 2 ml overnight cultures of E. coli at 37°C with shaking (200-225 rpm). A portion 

of the overnight culture (1.5 ml) was transferred to an eppendorf tube and centrifuged for 

one minute at RT at maximum speed in microcentrifuge. The pellet was resuspended in 

200 (il of cold GTE buffer (50 mM glucose; 25 mM Tris-HCl, pH 8; 10 mM EDTA, pH 

8). Freshly prepared 0.2 N NaOH/ 1% SDS solution (300 |i,l) was added to the tube and 

mixed by inversion 3-5 times and incubated on ice for 5 minutes. The solution was 

neutralized by adding 300 ^il of cold 3 M potassium acetate (pH 4.8), mixed by inversion 

and incubated on ice for 5 minutes and later centrifuged for 10 minutes at RT. The 

supernatant (700 |il) was transferred to a clean tube and RNase A (20 ^g/ml) was added 

to the tube. Afrer incubating at 37°C for 20 minutes, the supernatant was extracted twice 

with chloroform (400 |ii). The DNA was precipitated from the aqueous phase (600 |il) 
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by adding an equal volume of 100% isopropanol followed by immediate centrifligation of 

the tubes for 10 minutes at RT. The DNA pellet was washed with 500 ^il of 70% EtOH, 

and dried at 37®C until the ethanol evaporated. The pellet was dissolved in sterile water 

(32 nl) and precipitated with 4 M NaCl (8 nl) and autoclaved 13% PEG 8000 (40 jal). 

The samples were incubated on ice for 20 minutes followed by centrifligation for 15 

minutes at 4°C. The pellet was rinsed with 70 % EtOH (500 jal), dried at 37°C and 

resuspended in sterile double distilled water. 

Sequencing primer design 

Sequencing primers were designed for both strands of the cDNA, so that 

overlapping sequence could be obtained to venfy the accuracy of the sequencing. 

Primers were designed and analyzed using DNASTAR and Primer 3 software and were 

selected after manual evaluation. Primers were ordered from Sigma-Genosys (The 

Woodlands, TX, USA). 

Sequencing 

DNA sequencing (64) was performed by two Applied Biosystems 377 automated 

DNA sequencing machines at the Arizona Research Laboratory, University of Arizona, 

Tucson, AZ. 

Homology comparisons 

The edited sequence was generated using the software, SIM (65). The ftill-length 

nucleotide sequence was queried against the non-redundant database at the NCBI 

(National Center for Biotechnology Information). The nucleotide sequences were 

compared to translated protein sequences using default BLAST (Basic Alignment Search 

Tool) program parameters (66). The sequence was also translated in six ftames and 

compared with the database at the NCBI using BLAST. 
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RESULTS AND DISCUSSION 

Isolation of a partial Na^/H^ exchanger probe 

Na^/H^ exchangers have several conserved regions in their sequences, 

representing domains important for conserved function. Therefore, degenerate forward 

and reverse primers were designed to conserved regions in amino acid sequences from 

Na^/Ft" exchangers from A. thaliana, O. sativa and G. max. First strand cDNA, made 

from total RNA isolated from 200 mM NaCl-grown shoots of S. bigelovii was used as 

template for PCR. Various combinations of the forward and reverse primers were used 

for PCR and reactions yielded five separate fragments of expected sizes. After 

sequencing, two fragments (240 and 477 bp) out of five showed 97% identity at the 

nucleotide level to each other and 74% identity at the nucleotide level with NHXJ from A. 

thaliana. The 477 bp fragment, designated as dNHEl, was selected for the cDNA library 

screening. The primers used for the amplification of the dNHEl fragment are listed in 

the legend to Figure 2. The strategy underlying the use of 5. bigelovii fragment as a 

probe was to permit homologous hybridizations and thereby reduce mismatches or cross 

hybridization and increase the likelihood of identification of exchanger cDNAs. 

cDNA library screens 

A cDNA library was made from 200 mM NaCl-grown S. bigelovii shoot tissue 

(61). This tissue was used based on the expectation that there would be exchanger gene 

expression due to increased Na^/H^ exchange activity (44) in plants grown in high levels 

of salt. This approach of using tissue known to contain biological activity for making 

cDNA libraries has been used in other organisms. For example, in the halophyte, Suaeda 

maritima, a cDNA library was made from shoot tissue after treating the plants with 200 

mMNaCl(47). 

From the primary library screen of ten plates, a total of 20 signals were found on 

9 plates (one plate showed no signal). The signals were divided into three categories 

depending on a visual analysis of their intensity (SI bigelovii cDNA Library Screen 

Summary, Appendix II). Plaques from ten weak, four medium and five strong signals 
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Figure 2 Autoradiograph from a Salicomia bigelovii cDNA library screen 

Duplicate membranes containing cDNA's from a S. bigelovii cDNA library were 

hybridized with a labeled, double stranded, 477 bp partial Na^/H^ exchanger probe 

(dNHET). First strand cDNA was made from total RNA isolated from shoots of S. 

bigelovii grown 200 mM NaCl. This cDNA was used as template for amplification of 

dNHE7 using the following primers; 5'AAR CAR TTY TTY MGN AA 3' (forward 

primer) and 5'TAN GCC ATN ARC ATC AT 3' (reverse primer). Figure 2A shows 

filter #3 firom the secondary screen. The bright spot (heavy arrow) was designated 3a I 

and was taken through the tertiary screen to isolate well-separated plaques. The thin 

arrow points to an India ink spot used to mark the orientation of the filter. Figure 2B 

shows the filter for the tertiary screen that was plated with the plaque isolated from the 

plate shown in Figure 2A. Brighter and stronger signals are seen than in the secondary 

screen. This tertiary screen shows well-isolated, single plaques (bold arrow) that were 

used for plasmid excision. 
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were chosen for further analysis. Two secondary library screens were conducted. In the 

first secondary screen, 13 positive plaques were selected from the primary screen and 

screened as described in Materials and Methods. Even though the filters showed very 

high background, one of the filters showed three positive signals. The secondary screen 

was repeated with all the 20 positives isolated from the primary screen. The results of the 

second secondary screen are sunmiarized in Appendix II. Three strong signals were seen 

on filters 3a, 7, 10b. Figure 2 shows autoradiographs identifying the 3al cDNA firom the 

secondary and tertiary screens. These positive plaques were picked and stored in SM 

buffer with chloroform. 

Phages from all eight positives from both secondary screens were subsequently 

analyzed in a tertiary screen. Most of the filters gave very strong positive signals. The 

strongest signals were from filters 3a, 7a, 9cl, 9dl, 9d2, 9d3 and 10b. As these signals 

came firom well-isolated single plaques, they were used for excision of the plasmids. To 

identify all putative plaques, a final screen was performed with the IS plaques that gave 

positive signals on the primary screen but failed to give signals in the secondary screens. 

When the 15 plaques were re-screened, two positive signals were seen on filters 3b and 

9c. A PGR screen was used to verify that the isolated plaques were indeed positives. 

Additional plaques isolated firom the PGR screen were designated as 8a-e. Four of the 

positives (3al, 7al, I0b2, 9cl) were excised from the plaques as described in the 

Materials and Methods. Plasmid DNA was isolated, purified and the insert sizes 

determined on an agarose gel (data not shown). Vector primers SP6 and T7 were used to 

sequence the four cDNAs. The longest cDNA (3al) was 2.5 KB (Appendix III). 

Screening of the library through primary, secondary, tertiary screens with the 

dNHEl probe yielded several cDNAs. These cDNAs may represent members of an 

exchanger gene family or unrelated genes that contain regions of similarity to the 

exchanger probe. 
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cDNA sequencing 

Two primers, T7 and SP6 were used for the first round of cDNA sequencing. 

These two primers are on the 5' and 3' ends, respectively of the pZLl plasmid housing 

the S. bigelovii cDNA inserts. The initial round of sequencing showed that 3al had a 

poly-A tail suggesting that it is a full-length cDNA. Based on information &om the first 

round of sequencing, primers (Table I) were designed in both sense and antisense 

directions of the Sal sequence (shown in Figure 3). 

A particular stretch of nucleotide sequence was used only when the data from at 

least two independent sequencing rounds was the same. The sequences received from the 

sequencing facility were first manually analyzed by monitoring the chromatograms to 

avoid false base assignments. The sequencing strategy yielded five stretches of 

sequences for 3al in each direction giving a total of ten sequence overlaps along the 

length of the cDNA. The sequences were assembled using the program SIM. The SIM 

program treated each piece of the sequence as an EST and put them together to give a 

continuous sequence (contig). The final length of the cured sequence for 3a 1 was 2474 

bp. The other cDNAs isolated were 7a 1, 10b2 and 9c 1 (Appendix IV). These cDNAs 

were partially sequenced in both directions giving about 500-600 bp for each round of 

sequencing. (Appendix IV). The programs, DNASTAR and BLAST2 were used to 

compare the cDNAs with each other. Comparison of the 7a 1 sequence with the 3a I 

sequence showed that 7a 1 is a partial clone identical to 3a 1. Sequences from 9cI and 

I0b2 cDNA showed 98% identity to each other. However, these two cDNAs are 

different from 3a I (74% identity). No other positive clones were sequenced. 

Sequence homology comparisons 

To determine whether the cDNAs encoded Na^/H^ exchangers, their nucleotide 

sequences were compared to those from other organisms (data not shown). Based on 

these homology comparisons, four of the sequenced cDNAs encode Na^/H^ exchangers. 

When queried with the 3a 1 cDNA sequence, the GenBank database with the BLAST 

algorithm revealed more than 70 high scoring matches (cut off E value was le'"°). These 



TABLE 1S. bigeiovii 3al cDNA sequencing primer summary 

The name of the primer includes the orientation for sequencing. For example, the 485sense primer was designed to basepair 485 of 

the cDNA sequence relative to the initial N or C terminus sequence and "sense" indicates that it was used for sequencing in the sense 

direction i.e., 5' to 3'. Similarly, the name "39anti"means this primer was designed for sequencing in the antisense direction. Primers 

numbered, 1,3,7, and 10 were designed and analyzed with the help of the DNASTAR program. The rest of the primers were 

designed using Primer3 (web-based software) and analyzed by DNASTAR. The primers were selected based on several 

characteristics, including length, GC content, Tn„ number of self-dimers and hairpins. 

Primer Start End Length Sequence T„. GC Self-dimer Hairpins 
Name (bp) (bp) (bp) (%) (#) (#) 

48Ssense 485 502 18 TCGTTGGATGAATGAGTC - 44 5 5 

39anti 39 58 20 ACACACAGGTGCTCTTGACA 57.8 50 8 10 

635sense 635 654 20 CATACATGCTTGCTGAACTC - 40 5 6 

S89sense 589 608 20 TCAACTGATCGTGAGGTTGC 59.84 50 5 5 

606anti 606 625 20 CATCAAGGAGAGGCAAGGAT 59.24 50 3 3 

S27sense 527 545 19 GATGGTGTTTGGGTTGCTG 59.95 52.63 1 0 

376 anti 376 398 23 GACTATCACTCACAAATCTCCAC - 43.4 4 5 

365 sense 365 384 20 AGGGAATCCGAGGCAGTTAG 64.2 55 3 3 

393anti 393 412 20 ATTGAAAAGCACCACCGAAG 60.11 45 3 4 

345anti 345 365 21 AGCAGAATCACAACCCCAGTA 47.6 3 2 
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Figure 3 Salicornia bigelovii 3al cDNA sequencing strategy 

The 2474 bp 3al cDNA from S. bigelovii is depicted as a cartoon. The length of 

sequences obtained from each strand of sequencing is shown as a single line above or 

below the cDNA depending upon whether the sequencing was performed in sense or 

antisense direction. The arrows indicate the direction of sequencing. Initial sequencing 

was done with the primers T7 (5') and SP6 (3') from the pZLl vector flanking the insert. 

The SP6 primer did not give good sequence due to the presence of a poly-A tail. A 27 bp 

poly-A specific primer was subsequently used for sequencing from the carboxyl (3') end. 

The sequences were edited by removing vector sequence (for the initial round), and using 

up to 600 bp of actual cDNA sequence. Primers were designed so that cDNA 3a 1 was 

sequenced in each region at least twice in each direction. The figure shows the position 

of the primers (filled squares) relative to the cDNA sequence and the regions of cDNA 

sequenced. The table at the bottom lists the name of the primers and their length and 

position relative to the cDNA. 

a.485SENS 496-513 1.39ANTI 2410-2391 

b.589SENS 1103-1122 2.606ANTI 1759-1778 

C.635SENS 1149-1168 3.376ANTI 1370-1348 

d. 527SENS 1651-1669 4.393ANTI 946-927 

e. 365SENS 2042-2061 5.345ANTI 561-541 
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matches were exclusively Na^/H^ exchanger sequences from various plants, animal, yeast 

and bacterial species (data not shown). 

The isolation of two distinct Na^/FT*" exchanger clones suggests the presence of 

isoforms or a gene family with specific temporal and spatial expression and functions. 

Seven isoforms of Na^/H^ exchangers have been identified in A. thaliana (67). To 

initiate studies to identify exchanger gene family members in S. bigelovii, the carboxyl 

terminus of some of the other cDNAs isolated in the screen were amplified and cloned 

into a TA-vector (Invitrogen, Carlsbad, CA) to allow identification of gene family 

members and for designing gene specific probes and antibodies. A detailed analysis of 

the comparison between the 3a I sequence and Na^/H^ exchanger sequences from other 

organisms is presented in chapter 3. 
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CHAPTERS 

CHARACTERIZATION OF THE Salicornia bigelovii Na W 

EXCHANGER 

Based on the importance of Na^ and in growth and development, most cells 

have efficient homeostatic mechanisms for these ions (68). Restriction of Na^ influx, 

active Na^ efRux and compartmentation of Na^ prevent the excess accumulation of Na^ 

in the cytoplasm (9). Na^/tT' exchangers play a primary role in these homeostatic 

mechanisms and this involvement implies that the exchangers share unique properties in 

addition to their capacity to exchange ions across the membrane. For example, they may 

be equipped with sensors and transducers to perceive the ion concentration of the 

environment and respond accordingly by modulating their activity (69). 

There is high degree of sequence conservation within the amino-terminal 

transmembrane domain of the Na^/H*' exchanger (NHE) family in mammalian cells; this 

domain contains sequences involved in ion transport. In contrast, the hydrophilic 

carboxy-terminal tail has diverged significantly, allowing for tissue-specific and cell-

specific regulation (70). Numerous studies suggest that the large hydrophilic C-terminal 

tail of the NHE assumes a cytosolic orientation implicating it in pH set point, calmodulin 

binding, protein kinase C-dependent phosphorylation, and volume sensitivity (71, 50). 

Comparative studies of the ion transport genes from different organisms are one 

way to understand the underlying transport mechanisms, protein regulation and function. 

This chapter analyzes the properties of the S. bigelovii Na^/H^ exchanger cDNA by 

studying the primary nucleotide and deduced protein sequence to identify potential 

regulatory sites. Hydropathy and comparative sequence analyses were performed to 

identify specific conserved domains, and phylogenetic analyses to study the evolutionary 

relationships of the 3al sequence to Na^/H^ exchangers fi-om other organisms. 

Implications of these results are discussed relative to the function of a euhalophytic 

exchanger. 
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MATERIALS AND METHODS 

3al protein sequence analysis 

The DNASTAR program was used to translate the 3al DNA sequence into 

protein sequence based on the longest open reading frame. Various web-based software 

tools were used for nucleotide and protein analysis. The PHD (Profile fed neural network 

systems) program is a suite of programs for predicting primary and secondary structure 

and solvent accessibility from multiple sequence alignments; the PHDsec program was 

used for prediction of secondary structure. The PHDhtm program was used for 

prediction of transmembrane domains. The PROSITE program is a database of 

functional motifs and finds putative domains in the query sequence; it was used for 

prediction of phosphorylation, glycosylation and myristoylation sites. SAPS (Statistical 

Analysis of Protein Sequences) is a program that uses statistical criteria to evaluate 

various protein sequence properties. This program was used to identify statistically 

significant features like charge-clusters, hydrophobic regions, and compositional 

domains. 

Hydropathy analysis 

The hydropathy profile of the deduced amino acid sequence of the 3al cDNA was 

predicted by the computer-assisted procedure according to the methods of Kyte and 

Doolittle (72) and Engleman et al. (73). The TopPREDIII program was used to deduce 

the putative transmembrane domains in the protein sequence and predict the possible 

orientation of these segments (74). 

Comparative sequence analysis 

Multiple sequence aligrmient software available on the web was used for the 

comparison of the exchanger sequences firom various organisms. Programs like 

BLASTP, BLASTN and BLAST2 were used for sequence similarity analyses. The 

BLAST2 (comparison of two sequences) and DNASTAR programs were used for 



37 

comparative analyses. The program CLUSTAL W was used to identify conserved 

regions within the sequences. 

Phylogenetic analysis 

Exchanger sequences from various organisms were aligned using the CLUSTAL 

W program. The program PHYLLIP (75) was used to make a tree from these aligned 

sequences using the neighbor joining method (76). The tree was bootstrapped 500 times 

to increase the confidence level of the tree. The program PROTDIST was used to 

calculate the distance between various sequences. 

RESULTS AND DISCUSSION 

Due to their function in ion homeostasis, the Na^/tT exchangers that have been 

identified have conserved residues and sites that are important for specific functions. 

These include aspartic residues in the transmembrane segments, sites that sense can 

be glycosylated or phosphorylated and those that bind amiloride or calmodulin (77, 70, 

71, 78, 79, 53, 80). Therefore, the sequence of the S. bigelovii 3al cDNA was studied to: 

(i) determine if it contains sequence elements that are characteristic of Na^/Pf^ exchangers 

and (ii) identify any differences within the sequences from giycophytes and halophytes 

that might point to particular residues or motifs that may be important for halophyte 

adaptation to saline conditions (81). 

3a 1 nucleotide and protein sequence analysis 

The complete S. bigelovii 3al cDNA is 2474 bp long with a long poly-A tail of 27 

bp (Figure 4). The start codon (ATG) of 3al is 355 nucleotides from the 5' end of the 

cDNA which has a total open reading frame of 1680 bp with a 439 bp long 3' UTR 

(untranslated region). Other ATG sites found initiated very short in-frame sequences. 

This translated nucleotide encodes a protein composed of 560 amino acids. The SAP 

analysis program showed that the calculated molecular weight of the protein is 62.1 Kilo 

Daltons (KD). The 3al cDNA encodes a longer protein compared to other plant vacuolar 
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Figure 4 The full-length nucleotide and deduced protein sequence of the Saiicornia 

bigelovii 3al cDNA 

The longest uninterrupted open reading firame (ORF) in the nucleotide sequence of the S. 

bigelovii 3al cDNA was identified using the DNASTAR program. The same program 

was used to translate this ORF into the putative amino acid sequence. 
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CCACGCGTCCGCGGACGC6TGGGCAAGATCCAATTTTTGATTTTTATTTGATAAACATAT 
I • • • • ' ' • '—•—— —J 60 

GAAGAATCACGAGTGGTGTCTTCTCTAATTACTTGGTGTAGTCCTTTAGTTTGATCTCTC 
— 120 

CACATCTCCTTTTGACCTTTTGTTTCATCCCTCTCCAGTCCACAATACACGCCTCTTCTC ——.—I 1— 1 1 180 

TTCCATCATCCATTGGCATTTTAACACCTTTGTTTGCTTAAAATTAAAAAAAGAATTGGT 1 1 1 240 

AAGGTTATGAATTTCTGAAGGTGTTTAGAAAGTTGATTTTGGGAAGCTACAAAGAATTCC 1 1 1 300 

ACATATCTTGTTGTGGGTATTATTGGATTTGGGTGTGCAAAGAAATAGATAAACAATGTT 
360 

Met Leu 

GTCACAATTGAGCTCTCTATTTTATAGCAAGATGGACATGCTATCCACGTCCGATCATGC 
1 420 

Ser Gin Leu Ser Ser Leu Phe Tyr Ser Lys Met Asp Met Leu Ser Thr Ser Asp His Ala 

TTCTGTGGTGTCGATGAATTTGTTCGTAGCACTTCTATGTGGCTGCATTGTAATTGGTCA 
— 1 —J —J -J 1 1 1 HQQ 

Ser Vai Vol Ser Met Asn Leu Phe Vol Ala Leu Leu Cys Gly Cys He Vol He Gly His 

TCTTCTCGAGGAGAATCGTTGGATGAATGAGTCCATCACCGCTTTACTAATTGGTTTGTG , . , , . . I , . . • I , , . • I • . I I 540 
Leu Leu Glu Glu Asn Arg Trp Met Asn Glu Ser He Thr Ala Leu Leu lie Gly Leu Cys 

TACTGGGGTTGTGATTCTGCTGATTAGTGGAGGAAAAAGCTCACATCTACTAGTCTTCAG — I .1 I . • I I • ' • • • I I • . I I 600 
Thr Gly Val Val He Leu Leu He Ser Gly Gly Lys Ser Ser His Leu Leu Vol Phe Ser 

TGAAGATCTTTTCTTCATATACCTCCTTCCGCCAATTATATTTAATGCAGGGTTTCAGGT 
660 

Glu Asp Leu Phe Phe He Tyr Leu Leu Pro Pro He He Phe Asn Ala Gly Phe Gin Vol 

AAAAAAGAAGCAATTCTTCCGCAACTTCATTACTATTATAATGTTTGGAGCCATTGGTAC 
1 720 

Lys Lys Lys Gin Phe Phe Arg Asn Phe He Thr He He Met Phe Gly Ala He Gly Thr 

ACTGGTATCATTCTCCGTCATATCTCTAGGAGCAATGACTATTTTTAAGAAGATGGATAT •  '  '  I I I . .  I — '  .  I  •  I . I  7 8 0  
Leu Val Ser Phe Ser Val He Ser Leu Gly Ala Met Thr He Phe Lys Lys Met Asp He 

TGGTTCTCTGGAGTTAGGAGACTATCTTGCAATTGGTGCAATATTCGCTGCAACCGATTC 1 1 1 1 1- 840 
Gly Ser Leu Glu Leu Gly Asp 1yr Leu Ala He Gly Ala He Phe Ala Afa Thr Asp Ser 

TGTTTGCACATTGCAGGTGCTTAATCAAGATGAGACTCCTCTTCTGTACAGTCTGGTGTT 
—I • • . I ' • ' • I . • • 900 

Val Cys Thr Leu Gin Val Leu Asn Gin Asp Glu Thr Pro Leu Leu Tyr Ser Leu Val Phe 

Figure 4 Cont'd. 
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TGGTGAAGGTGTTGTTAATGATGCTACTTCGGTGGTGCTTTTCAATGCGATTCAGAACTT 
I  . . .  I • . , • 960 

Gly Glu Gly Vol Vai Asn Asp Ala Thr Ser Vol Vol Leu Phe Asn Ala He Gin Asn Pbe 

CGACCTCACGAATATTGATCACAGAATTGCTATACAGTTTTCTGGCAACTTCTTGTATTT 
^ 1020 

Asp Leu Thr Asn He Asp His Arg He Ala He Gin Phe Ser Gly Asn Phe Leu Tyr Leu 

GTTTTTCGCAAGCACCATGCTTGGAGCGATGACCGGCTTGCTAAGTGCTTATGTTATCAA 
 ̂ 1080 

Phe Phe Ala Ser Thr Met Leu Gly Ala Met Thr Gly Leu Leu Ser Ala "fyr Vol He Lys 

AAAGCTGTACTTTGGAAGGCATTCAACTGATCGTGAGGTTGCCTTAATGATGCTTATGGC 
1  1  i i a o  

Lys Leu Tyr Phe Gly Arg His Ser Thr Asp Arg Glu Val Ala Leu Met Met Leu Met Ala 

TTATCTATCATACATGCTTGCTGAACTCTTCTATTTGAGCGGAATTCTTACAGTATTCTT 
1 1200 

Tyr Leu Ser Tyr Met Leu Ala Glu Leu Phe Tyr Leu Ser Gly He Leu Thr Val Phe Phe 

CTGTGGGATTGTCATGTCGCATTATACATGGCACAATGTGACTGAGAGTTCAAGAGTAAC 
— ,260 

Cys Gly He Val Met Ser His Tyr Thr Trp His Asn Val Thr Glu Ser Ser Arg Val Thr 

CACCAAGCATGCATTTGCAACGCTGTCCTTTGTTGCTGAGATTTTCCTCTTTCTATATGT 
1320 

Thr Lys His Ala Phe Ala Thr Leu Ser Phe Val Ala Glu He Phe Leu Phe Leu Tyr Val 

TGGTATGGATGCATTGGACATTGAGAAGTGGAGATTTGTGAGTGATAGTCCGGGAACTTC 
— 1 1380 

Gly Met Asp Ala Leu Asp He Glu Lys Trp Arg Phe Vol Ser Asp Ser Pro Gly Thr Ser 

TGTTGCTGTGAGCTCCATATTGCTTGGTTTACTCATGGTTGGACGAGCAGCTTTTGTTTT 
——— • • . . - I 1— 1 1——— »- 1410 

Val Ala Val Ser Ser lie Leu Leu Gly Leu Leu Met Val Gly Arg Ala Ala Phe Val Phe 

CCCTTTATCCTTGTTGATAAACTTTTCCAAAAAATCGCATAGTGAGAAGATCACCTTCAA 
1 1 1 1 1. 1500 

Pro Leu Ser Leu Leu He Asn Phe Ser Lys Lys Ser His Ser Glu Lys He Thr Phe Asn 

TCAGCAGATAGTTATATG6TGGGCTGGTCTCATGAGAGGTGCTGTTTCCATGGCACTTGC 
,5gQ 

Gin Gin He Val He Trp Trp Ala Gly Leu Met Arg Gly Ala Val Ser Met Ala Leu Ala 

TTATAATCAGTTTACGAGGTCAGGGCACACGCAGCTGAGGGGGAATGCAATCATGATCAC 
— ' ——^ 1620 

Tyr Asn Gin Phe Thr Arg Ser Gly His Thr Gin Leu Arg Gly Asn Ala He Met He Thr 

GAGCACTATAACTATTGTCCTTTTTAGTACGATGGTGTTTGGGTTGCTGACAAAGCCACT 
1680 

Ser Thr He Thr He Vol Leu Phe Ser Thr Met Val Phe Gly Leu Leu Thr Lys Pro Leu 

TATATTATTTTTGTTGCCACATTCAAAACACTTCAATAGTGCCAGCACTGTATCAGATTT 
• I I I I , , I • • . • I——— ' «- 17H0 

He Leu Phe Leu Leu Pro His Ser Lys His Phe Asn Ser Ala Ser Thr Val Ser Asp Leu 

GGGGAGTCCAAAATCATTATCCTTGCCTCTCCTTGATGGCGGACAAGATTCCGAAGCTGA 
,aoo 

Gly Ser Pro Lys Ser Leu Ser Leu Pro Leu Leu Asp Gly Gly Gin Asp Ser Glu Ala Asp 

Figure 4 Cont'd. 
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TATGGACAACCAAGACGAAGCAGTCAACAACCQCTATGAAGGAACCCACAACCGGACTAT 
' •— —^— — — • I860 

Met Asp Asn Gin Asp Glu Ala Vol Asn Asn Arg Tyr Glu Gly Thr His Asn Arg Thr He 

AGCCCGGCCTGGCAGCCTCCGAATGCTTCTAAATGCACCTACTCACACCGTCCACTATTA 
—— 1 ,920 

Ala Arg Pro Gly Ser Leu Arg Met Leu Leu Asn Ala Pro Thr His Thr Vol His Tyr Tyr 

TTGGCGCAAATTCGATGATTCGTTCATGCGGCCTGTATTTGGTGGCAGGGGTTTTGTACC 
1 1 1 1 1 1. ,980 

Trp Arg Lys Phe Asp Asp Ser Phe Met Arg Pro Vol Phe Gly Gly Arg Gly Phe Vol Pro 

GTACGTGCCTGGCTCGCCTATTGAACAGAACACCGACAATTTGCTAGACAGAACATAGGA 
' 1. 2040 

Tyr Vol Pro Gly Ser Pro lie Glu Gin Asn Thr Asp Asn Leu Leu Asp Arg Thr 

CAGGGAATCCGAGGCAGTTAGGCAGAAACTACTACTAACCTACTGGCAGTCTGCAAGGAT 
1 1 —— 1 1 I 2100 

GTGAATGCCCGTACCCTAGAACAGTTTGGCGTTTGGTTCGGTCTCACGGGCATGACGTTA 
1 1 2160 

AGAGTTACAGTTAACAATGGCTATTCAATATATATATATTCTTTAATTTGGGTGTAGCTA 
.  I  I  . . .  I  1— I . . —•— 1 • • • I I 2220 

GAGTAATCTAGCATGTTTTGATGTTCCATTGGTCTATTAGGTTTTTACCCCCACAAAATC 
1 1 1 1 1 2280 

TTCTCTTTCAAGAATTAGTTTGGTGTGCTTAGTGCTTACTGTAGAATAAATTGTGAGTCT 
1 1 1 1 1 2340 

GCAATTGAACAGTTGCTGTAAATAAAATCAGTCTTTTGTGCTGATAATTTTGTCAAGAGC 
———^— 1-—— «. 2'»00 

ACCTGTGTGTAATTAATCATTGTTTAATAGATGACTATTATTTTCCTAAAAAAAAAAAAA 
— 1 • • •—'— • '—— 2460 

AAAAAAAAAAAAAA 
1 2474 

Figure 4 Cont'd. 
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exchangers: OsNHXl and AtNHXl are 2330 and 2100 bp long, respectively with 

predicted proteins of 535 amino acids (57) and 538 amino acids (59). The exchanger 

from A. thaliana has a predicted protein mass of 58 KD but the actual protein mass of the 

protein is 47 KD (59); this discrepancy in size may be due to glycosylation of the protein 

or the presence of a putative signal peptide sequence (82). The 3al protein has both 

glycosylation sites and a putative signal peptide sequence, suggesting the actual protein 

may also be smaller. 

The 3a 1 protein sequence is made up of the major hydrophobic amino acids, 

LVIFM (39.5%) and FIKMNY (29.3%), respectively. A membrane lipoprotein lipid 

attachment site and ten myristoylation sites are also predicted. A leucine-zipper pattern is 

predicted in one region of the protein sequence and a signal peptide is predicted with a 

cleavage site between positions 288 and 289 (VMS-HY) (82). The protein has 6 cysteine 

residues, which in other exchangers have been shown to be important for protein 

structure and formation of homodimers (83). It is believed that the site of interaction 

between the monomers is present in the putative transmembrane region (83). This 

suggests that the 3a 1 protein may be potentially interacting with other proteins or exists 

as a dimer for functioning within the cell. 

There is growing evidence that phosphorylation is one of the regulatory 

mechanisms of Na^/H*" exchangers; the human NHEl has been shown to be a 

phosphorylated protein in vivo (84). The NetPHOS program predicts 20 serine, nine 

threonine and three tyrosine residues as potential phosphorylation sites in the 3a 1 protein 

sequence. The Predict Protein software predicts seven Protein kinase C and casein kinase 

II phosphorylation sites (Table 3) also suggesting that this protein may be regulated by 

phosphorylation. 

The glycosylation of proteins has been implicated in biosynthetic processing and 

movement of ion transport proteins to the membrane surface (81). In addition, these sites 

may be important for regulation of exchanger function. Most mammalian transporters 

show both O and N-linked glycosylation (81). The Human NHEl has been shown to be a 

N-linked glycosylated protein and the site has been mapped to an extra cellular loop 
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TABLE 3 Domains for putative post-translational modification in the predicted 

protein sequence of Salicornia bigeiovii 3al 

The PROSITE program was used for prediction of putative sites for post-translational 

modifications of the predicted protein of the SI bigeiovii 3al cDNA. The numbers 

preceding the sequences indicate the first amino acid of the domains. 

I. PROTEIN KINASE C PHOSPHORYLATION II. N-GLYCOSYLATION SITE 

251 TDR 51 NESI 
298 SSR 294 NVTE 
302 TTK 369 NFSK 
371 SKK 499 NRTI 
376 SEK 
464 SPK 
507 SLR 

in. CASEIN KINASE II PHOSPHORYLATION SITE IV. N-MYRISTOYLATION 

SITE 

11 SKMD 60 GLCTGV 

17 STSD 72 GGKSSH 

205 TNID 118 GAIGTL 

251 TORE 154 GAIFAA 

374 SHSE 230 GAMTGL 

458 TVSD 284 GIVMSH 
479 SEAD 340 GTSVAV 
547 SPIE 391 GLMRGA 

463 GSPKSL 
475 GGQDSE 

VL LEUCINE ZIPPER 

Leucine zipper pattem L. {6} L. {6} L. {6} L 

257 LMMLMAYLSYMLAELFYLSGIL 
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between Ml and M2 (85). The yeast NHXI (prevacuolar) protein shows only N- linked 

glycosylation (64, 73). The protein sequence of 3al has four asparagine (N linked) 

glycosylation sites at positions 51, 294, 369 and 499 suggesting another potential level of 

regulation of the exchanger protein in S. bigelovii. 

Hydropathy analysis 

The prediction of 4 N-linked glycosylation sites, ten myristoylation sites and a 

lipid attachment site further suggests that 3a I functions within membranes. Therefore, 

the PROSITE program was used to analyze membrane topology. It predicted a secondary 

structure of an alpha-beta class protein with 48% helix, 31.6% loop and 20.4% extended 

structures. The hydrophobicity plot of the sequence was analyzed by the method of 

Engleman et al (73) or Kyte and Doolittle (72). These plots revealed that the exchanger 

protein contains two distinct domains (Figure 5). The N-terminal domain is amphipathic 

with II to 12 putative membrane spatming segments (I I and 12 segments were detected 

by the method of Engleman (73) and Kyte and Doolittle (72), respectively). The 

Engleman method, which considers transmembrane segments as alpha-helical, is more 

adapted for membrane proteins (87). A second domain, towards the C terminus, is highly 

hydrophilic and is likely to represent the large cytoplasmic domain of the molecule. The 

topological similarity of the 3al protein to proteins in the Na^/tT exchanger family in 

animals and bacteria provided additional evidence that a Na^/FT exchanger had been 

isolated. 

Comparative sequence analysis 

Comparison of the translated 3al protein sequence with sequences from Na^/FT 

exchangers in bacteria, animals and other plants demonstrated that it is a highly 

conserved protein belonging to the Na^/lT" exchanger family. The percent identity and 

similarity of the 3al sequence with those encoding some of the other plant exchangers is 

siunmarized in the Table 2. The "E" value (indicating that the identity detected is not 

random) is the maximum, i.e. 0.0 showing that the probability that these sequences could 



45 

Figure 5 Hydropathy plot of the predicted protein encoded by the Salicornia 

bigelovii 3al cDNA 

Using the method of Engieman et ai. (1986), the hydropathy profile shows 

average hydrophobicity values of the predicted protein encoded by S. bigelovii 3al 

cDNA as determined for spans of 20 residues. The X-axis shows the amino acid number 

and the Y-axis specifies the relative hydrophobicity. Values greater than zero indicate 

the hydrophobic nature of the amino acids while the negative values denote the 

hydrophilic nature. The hydrophobicity values have been calculated for two potential 

orientations of the protein across the membrane, the inside to outside orientation 

(unbroken line) and the outside to inside orientation (dotted line). 
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Transmembrane Profile of SbNHXl 

600 



TABLE 2 Similarity and identity relationships of the predicted protein sequence of Saticornia bigelovii 3al cDNA with 

plant vacuolar NaVH^ exchangers 

BLASTP program was used to compare the protein sequences from plant vacuolar exchangers with the protein 

sequence encoded by the S. bigelovii Sal cDNA. The e-value, a statistical measure of the confldence level of the sequence 

alignment, showed the highest level of confidence (e = 0.0) for all comparisons except for that with A, ihaliana SOSl which 

had a low value (data not shown). 

Plant Name Amino acid identity Amino acid similarity 
(%) (%) 

S. bigelovii 100 100 

A, gmelini 87 92 

S, maritima 87 92 

A, lhaliami 76 85 

0. saliva 75 84 

A. Ihaliana SOSI 15 18 
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be identical just by chance is zero. As expected, the percent similarity for these proteins 

is higher than the percent identity. The protein sequence showed the highest level of 

identity (87%) to the vacuolar exchanger sequences from A. gmelini and S. maritima. It 

showed 76% and 75% identity to the A. thaliana and O. saliva vacuolar Na^/tT" 

exchanger proteins, respectively and only 15% identity to the A. thaliana SOSl protein 

which encodes a plasma membrane Na'^/K*' exchanger. The sequence similarity is 

greatest in the amino-terminal transmembrane segments with significantly less similarity 

at the carboxyl terminus. The carboxyl terminus of the Sal protein (Figure 6) is 78.8%, 

59.4% and 58% identical to the carboxyl termini of the vacuolar exchangers from A. 

gmelini, A. thaliana and O. saliva, respectively and 11% identical to the C-terminus of 

the^. thaliana SOSl protein. 

The alignment of halophytic and glycophytic exchangers highlighted the 

abundance of conserved negatively charged residues in these proteins. Transmembrane 

spanning segments M4 and M5 of the 3a 1 protein are very similar to transmembrane 

segments of other exchangers and have highly conserved aspartic (D) and glutamic acid 

(E) residues. The 5. bigelovii protein has 24 D and 16 E acid residues compared to 17 

D/16 E and 24 D/11 E in exchangers firom O. saliva and A. thaliana, respectively. Their 

abundance suggests that the negatively charged amino acid residues localized in the 

membrane spanning domains are important for the binding and transport of cations like 

and Na^ (78). It is possible that the anionic residues may attract Na^ in the immediate 

environment of the exchanger, bringing it to the site of transport within the 

transmembrane domains of the protein. The presence of a membrane-associated D 

residue followed by a doublet of D residues is conserved in mammalian and yeast Na^/FT" 

exchanger proteins (79). This motif is absent in the protein sequence of 3aI, but these 

residues are present in other regions of the protein. The absence of this motif may be 

characteristic of plant exchangers as it is also absent in exchangers from A, thaliana and 

O, saliva. 

Comparison of conserved regions identified specific domains that are 

characteristic of all Na^/tf" exchangers. For example, the sequence LFFIYLPPII has 
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Figure 6 Partial alignment of protein sequences of plant vacuolar Na^/IT^ 

exchangers 

The CLUSTAL W program was used to align the C-termini of putative vacuolar 

Na^/Ft" exchanger protein sequences from S. bigelovii, A. gmelini, A. thaliana and O. 

saliva. The conserved residues are boxed. Most of the C-terminal amino acids of the 

Na^/H^ exchangers are not conserved. 
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been identified as the binding site for amiloride, an inhibitor of Na^/H^ exchange activity 

in mammalian and plant cells (88, 89, 90). Analyses of amiloride-resistant human NHE 

isoforms and point mutations within this sequence have defined residues 164-173 as 

important for amiloride binding (89,90). Table 4 shows the comparison of the sequences 

for amiloride binding from various Na^/tT" exchangers and their degree of sensitivity to 

amiloride. Activity of the yeast Na^/H*" exchanger was found to be unaffected by 

amiloride or the more potent analogs EIPA (5-(N-ethyl-N-isopropyl amiloride) and MIA 

(5-(N-methyl-N-isobutyl amiloride). This insensitivity may be due to differences in 

amino acid sequences within the amiloride binding site. The yeast protein has an aspartic 

and a valine residue at positions 4 and 5 of the conserved domain; this is in comparison to 

a leucine residue and a phenylalanine at the same positions in proteins with high affinity 

for amiloride. As has been found for the amiloride-sensitive human NHE2 exchanger 

(90), the plant exchangers have isoleucine and tyrosine residues at these positions; 

however, the plant vacuolar exchangers differ in their responses to amiloride and its 

analogs. For example, the Na^/FT exchanger in 5. bigelovii is not inhibited by amiloride 

but is sensitive to MIA (44). It is possible that, in the 3a 1 protein sequence, residues 

outside the amiloride-binding domain are also important for the response to amiloride 

perhaps through a change in protein conformation. 

The carboxyl terminus of the 3al protein sequence has both unique and conserved 

domains (69). For example, 3al has an unusual cluster of negatively charged amino 

acids (Figure 7) which is conspicuously absent from the other plant vacuolar Na^/H^ 

exchanger proteins. Whether this "extra" set of negatively charged amino acids is 

important for the growth of 5. bigelovii under extreme saline conditions is not known, but 

this region would be a good candidate for site directed mutagenesis to determine its role 

in the regulation and function of the exchanger. The calmodulin (CaM) binding domain 

in the carboxy terminus of 3al is conserved to a very high degree (Figure 7); structural 

conservation is usually based on secondary structure, an amphipathic alpha helix. A 

cartoon of the 3al cDNA depicting the conserved sites is shown in Figure 8. 



TABLE 4 Comparison of putative amiloride binding domains in mammalian, plant and yeast NaVH^ exchangers 

The amiloride sensitivity of the NaVH^ exchangers from different organisms is shown along with the putative 

amiloride binding domains. Differences in the inhibitor sensitivity of the exchangers may be due to the amino acid differences 

in the amiloride binding domain. The numbers in brackets indicate references where the results were published. NHXl and 

NHEl-2 (Human), AtNHXl (A, thaliana), InNHXl (/. nilakantii), AgNHXl (A. gmelini), OsNHXl (O. saliva), and SbNHXl 

(S, bigelovii) sequences were used. 

cDNA 

NHEl 

Amiloride binding site Amiloride sensitivity 

1C5O3mM (78) 

NHEl Phe VFFFFLLPPI ICsolS^iM (78) 

NHEl Phe VFFFYLLPPI lC5ol5^M (78) 

Tyr 

NHE2 VFFLYLLPPI ICsoSmM (78) 

NHXl YFFNVLLPPI 20-40% inhibition, 120 (iM amiloride (51) 

At-NHXl LFFIYLLPPI 100% inhibition, 120 amiloride (52) 

AgNHXl LFFIYLLPPI (45) 

InNHX LFFIYLLPPI (54) 

OsNHXl LFFIYLLPPI 50% inhibition, 20 amiloride (53) 

SbNHXl LFFIYLLPPI 50% inhibition, 20 fiM MIA (43) 
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Figure 7 Alignment of putative regulatory domains in the protein sequences of plant 

vacuolar Na^/H^ exchangers 

The S. bigelovii-specific domain is rich in negatively charged amino acids (Figure 

7A, bold). The numbers preceding the sequences indicate the first amino acid of the 

domain. The highly conserved calmodulin-binding domain is aligned and the residues 

that are not conserved are underlined (Figure 7B). The numbers preceding the sequences 

indicate the first amino acid of the domain. Sequences from 5. bigelovii, A. gmelini, A. 

thaliana and O. sativa were used for the alignments. 



A. S. bigelovii specific domain? 

429 QDSEADMDNQDEAVNNRYEGTHNRT I S. bigelovii 

B. Calmodulin-binding domain 

519 VHYYWRKFDDSFMRPVFGGRG S. bigelovii 
514 VHHYWRKFDDSFMRPVFGGRG A. gmelini 
499 VHYYWRQFDDSFMRPVFGGRG A. thaliam 
498 VHYYWRKFDDALMRPMFGGRG O. saliva 

476 QDYEVDVGNGNHE 

469 QDSFIEPSGNHN-

471 QGSDLESTTN 

DTTEPRTI A. gmelini 
V A. thaliana 
1 O. sativa 
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Figure 8 Model of the Salicornia bigelovii exchanger protein with conserved 

domains 

Based on comparisons of the deduced amino acid sequence of the S. bigelovii 3a 1 

cDNA with Na^/H^ exchanger sequences from other organisms, a model showing 

putative domains was generated. These domains may be important for the flmction and 

regulation of the 5. bigelovii exchanger. In addition to the 11 putative transmembrane 

domains, there are amiloride-, cation- and calmodulin-binding domains. A putative S. 

bigelovii-spQciiic domain made up of a cluster of negatively charged amino-acids may be 

important for adaptation of this plant to growth in high levels of salt. Based on these 

features, the 3a 1 cDNA was identified as a putative vacuolar exchanger and the protein 

designated as SbNHXl. 



S. bigelovii NaVH  ̂exchanger 

[jlil Membrane spanning domains 

^ Amiloride-binding domain 
(LFFIYLLPPII) 

Negatively ciiarged aa cluster 
(DGGODSEADMDNODEAVNNRY) 

Cation binding domain 
(LVFGEGVVNDATSVVLFN) 

Calmodulin-binding domain 
(VHYYWRKFDDSFMRPVFGGR) 
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Based on these features, the protein sequence of S. bigelovii 3al cDNA was 

identified as a putative vacuolar exchanger and was designated as SbNHXl. The 

prediction of various regulatory regions in the SbNHXl protein suggests the gene might 

be regulated at numerous levels, as is characteristic of proteins involved in multiple 

functions. The above analysis is mainly based on prediction of the domains and 

secondary structure. Structural and functional studies are needed to determine the actual 

role of these domains in SbNHXl regulation. 

Phylogenetic relationships of SbNHXl 

Phylogenetic studies suggest the presence of two sub families of Na^/H^ 

exchangers as previously noted (57). The first consists of Na^/H^ exchanger proteins 

localized to the plasma membrane and includes mammalian and plant proteins. The 

second subfamily comprises exchangers proposed to be intracellular like NHXl in yeast 

and OsNHXl and AtNHXl in plants. SbNHXl is related to isoforms of these NHX-like 

proteins (Figure 9). Within the plant Na^/H^ exchangers, SbNHXl shares a cluster with 

other halophytic exchangers (AgNHXl, McNHXl and McNHX2); this cluster is separate 

from the cluster that includes the glycophytic exchangers. 

To determine the regulation and role of vacuolar Na^/H^ exchangers in plant 

adaptation to growth in salt, SbNHXl was chosen for studies of mechanisms underlying 

vacuolar Na^ sequestration. 
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Figure 9 Phylogenetic analysis of SbNHXl, the Salicornia bigelovii vacuolar Na^/lT' 

exchanger 

The evolutionary relationship of SbNHXl with Na^/H^ exchangers across the 

phyla is shown. Multiple sequence alignment and generation of the phylogenetic tree 

was performed with CLUSTAL W and PHYLLIP software programs. The evolutionary 

distances were computed by the neighbor joining method (107). Bootstrap values (SOO 

replicates) are indicated at the nodes of the tree and are expressed as percentages. The 

organisms and accession numbers of their respective exchanger genes are listed. 

A. gme/Zm-AgNHXl (AB038492), Mesembryanthemum crystallmum-Mc^iWXX 

(AF279671) and McNHX2 (AF 279670), a sa//va-OsNHXl (AB021878), Ipomoea 

«/7a/law///-InNHXl (AB055062), C/VrMjpara<//j/-CpNHXl (AAK27314), Arabidopsis 

/AaZ/awcr-AthNHXl (AF106324), /fa//Ms/iorveg/CMJ-RnNHE3 (AAA75406.1),//bmo 

ja/7/ewj-HsNHE3 (AAB59460), Xenopus /aevwr-XlNHE (CAA69925), 

Schizosaccharomyces pombeS^^Y{X\ (CAB 10103.1), Saccharomyces cerevisieae-

ScNHXl (NP010744.I), Synechocystis sp.-SNHX (S75063), Arabidopsis thaliana 

SOS 1 -AthSOS I (AAF76139), Orytolagus cuniculus-OcNUE (S16328 ), Sus scrofa 

domestica-Ss^fR^ (146613). 
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CHAPTER 4 

GENE FAMILY AND TRANSCRIPT ANALYSIS 

Multiple Na^/H^ exchanger isoforms have been identified in animal, yeast, 

bacterial and plant cells (SO). The isoforms exhibit differences with respect to plasma 

membrane targeting, sensitivity to inhibition by amiloride or amiloride analogs, ion 

specificity, and apparent molecular mass. The multiple isoforms identified in these 

organisms may represent alternatively spliced products of a single gene, post-

translationally modified products, or the distinct products of separate genes. 

To understand the role of SbNHXl in salt tolerance in S. bigelovii, it was 

necessary to determine if it is a member of a gene family and, if so, when the members of 

the family are expressed and how they are regulated. Typically, DNA hybridization 

strategies are used to determine if a particular sequence is a member of a multigene 

family, the number of family members and the arrangement of the genes within the 

genome. Of these approaches, genomic reconstruction, DNA restriction and blot 

analyses under high and low stringency conditions were used to determine if SbNHXl is a 

member of a gene family. In addition, the genome size of S. bigelovii was determined for 

use in genomic DNA reconstruction analysis. 

Most of the plant Na^/H^ exchangers that have been characterized show patterns 

of transcript expression that depends on the tissue, developmental stage and growth 

conditions (46, 50, 57, 91). For example, AtNHXl transcripts were found in root, shoot, 

leaf and floral tissues in plants grown in the absence of salt stress. When plants were 

treated with a high concentration of salt (250 mM), there was an increase in transcript 

expression only in leaves (59). Similarly, in M crystallinum grown in high salt (500 mM 

NaCl), higher exchanger expression was seen in stems compared to roots (48). In 

contrast, expression of SOS I, a plasma membrane exchanger was higher in roots than 

shoots in plants grown in 300 mM NaCl (92). Exchangers also play a role in the 

development of plants as seen in L nilakantii where the vacuolar exchanger contributes to 

the shift from reddish-purple buds to blue open flowers (93). To understand the 



61 

mechanism of regulation of Na^/H^ exchanger in S. bigelovii, it will ultimately be 

necessary to determine whether the increased exchange activity measured in plants grown 

in high levels of salt is due to increased amount of the protein, differential regulation of 

the protein, or both. As a first step in understanding the level of control, the regulation of 

the SbNHXl transcript was monitored to determine if it was difTerentially expressed in 

response to plant growth in salt. 

MATERIALS AND METHODS 

Measurement of nuclear DNA content 

An arc lamp-based-flow cytometer (Partec, PA II) was used to determine DNA 

content in DAPI-stained nuclei from shoot cells of S. bigelovii. Care was taken to choose 

young, growing, disease- and stress-free shoots from plants grown in 200 mM NaCl. A 

small amount of the tissue (~ 20 mg) was chopped with a new razor blade for about three 

minutes in I ml of partec buffer (0.2 M Tris-HCl, pH 7.5; 4 mM MgCb; 0.5% Triton X-

100) in a glass petri dish. DAPI (4 ^g/ml) in Partec buffer was used for staining the 

released nuclei. The tissue suspension was Altered through a nylon mesh (42 |im) to 

remove any large debris and the filtered suspension was stored on ice prior to analysis in 

the flow cytometer. 

Genomic DNA extraction 

The genomic DNA extraction method used is a modification of the Dellaporta et 

al. (94) protocol for land plants. The modiflcation is the addition of the organic 

extraction steps. Shoot tissue from S. bigelovii grown in 200 mM NaCl (21 d vermiculite, 

14 d hydroponics) was rapidly frozen in liquid nitrogen. Frozen tissue was ground 

vigorously to a powder in a pre-cooled sterilized mortar in liquid nitrogen and quickly 

transferred to a sterile centrifrige tube containing I ml of 20% SDS and 15 ml of 

extraction buffer (0.1 M Tris-Cl, pH 8; 0.05 M Na-EDTA, pH 8; 0.5 M NaCl, 0.01 M p-

Mercaptoethanol). The solution was incubated at 65°C for 10 minutes and then 5 ml of 5 

M potassium acetate was added. After mixing vigorously, the solution was incubated on 
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ice for 20 minutes and then centrifliged at 14.S krpm for 20 minutes at 4°C. Unless 

indicated, all spins were done in a JA-20 rotor in a Beckman high-speed centrifuge 

(Beckman, J2-21). The supernatant was transferred to a sterile centrifuge tube containing 

10 ml of isopropanol, mixed by inversion and incubated on ice for 30 minutes. The DNA 

was pelleted at 13 krpm for 20 minutes at 4°C and, after the supernatant was removed, the 

DNA pellet was dissolved in TE (5.5 ml; 0.5 M Tris-EDTA, pH 7.5). Phenol (4 ml) was 

added and the tube was inverted several times before centrifiigation at 5 krpm for 20 

minutes at 4°C. The aqueous phase was collected and extracted with equal volumes of 

phenol and chloroform/isoamyl alcohol (24:1). After centrifuging at 5 krpm for five 

minutes at 4''C, the aqueous phase was collected. A chloroform extraction was 

performed and the DNA was precipitated using 7.5 M ammonium acetate (1.5 ml) and 

equal volume of isopropanol. The solution was incubated overnight at 4°C and the DNA 

pelleted for 20 minutes at 11 krpm at 4°C. The pellet was air-dried and then resuspended 

in 1 ml of TE. RNase/buffer (200 jxl; 1 M Tris-Cl, pH 7.5; 4 M NaCl; 1 M MgCl; 100 

^g/ml RNase) was added, the solution was mixed and incubated at 37°C for one hour. 

The DNA was precipitated using 7.5 M ammonium acetate (600 |il) and cold 100% EtOH 

(3.4 ml). The precipitated DNA was incubated on ice for 30 minutes and collected by 

centrifiigation for 20 minutes at 11 krpm at 4°C. The pellet was washed in 1 ml of 70% 

EtOH, dried at 37°C and resuspended in TE (500 (il). The DNA concentration and purity 

were determined by assaying 3 )il of DNA solution in a total of 200 ^1 of water at A230, 

A26O> ^d A280 using the spectrophotometer. 

Alkaline blotting (DNA capillary transfer) 

Zeta-Probe GT membrane (Gibco BRL) was used for blotting nucleic acids 

following the protocol provided by the manufacturer. After use, radio labeled probe was 

removed firom the membrane by stripping it in a boiling solution of 0.1 X SSC/0.5% SDS 

for 30 minutes in a pre-heated glass beaker. 
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Genomic DNA hybridization at iiigii and low stringency 

Genomic DNA isolated from S, bigelovii shoot tissue grown in two independent 

experiments was used for replicates in the DNA blot. Four enzymes. Hind III, EcoRI, 

Eco RV and Kpnl, were used to digest the genomic DNA. After digestion, the DNA was 

precipitated with 0.5 volumes of 7.5 M ammonium acetate and 2 volumes of 100% 

ethanol. The digests were incubated at -20°C overnight, washed with 70% ethanol, dried 

and resuspended in 20 nl of TE. The gel (10 ng of DNA per lane) was run at 30 V for a 

total of 23 hours with a peristaltic pump to circulate the buffer. The gel was stained with 

ethidium bromide and photographed. 

The positive control (5 ng of SbNHXl cDNA) was run on a minigel and blotted 

separately. After blotting, the gel was stained; no DNA was visible in the gel. The blot 

was briefly rinsed in 2 X SSC, air-dried for 20 minutes, baked at 80°C for 30 minutes and 

stored at RT between two pieces of filter paper. 

The SbNHXl cDNA was labeled with ^"P-dCTP using a random prime labeling 

kit (Gibco BRL). The blots containing genomic DNA or control DNA were 

prehybridized, hybridized and washed under either high or low stringency conditions. 

The blots were prehybridized for 4.5 hours in either 1.5 X SSC, 1% Blotto, 1% SDS and 

10 i^g/ml of salmon sperm (ss) DNA (high stringency conditions) or 1.5 X SSC, 30% 

formamide, 0.1% SDS and 10 ^g/ml of ss DNA (low stringency conditions). The 

hybridization solution was boiled, poured into the hybridization bag and incubated at 

68°C and 40°C for high and low stringency conditions, respectively. The genomic DNA 

and control blots were hybridized separately. 

Both blots were washed with 3 ml of wash solution #1 (2 X SSC/0.1% SDS). For 

high stringency conditions, the blots were washed twice at 55°C for 30 minutes each with 

wash solution #1, followed by 3 washes for 30 minutes each in pre-warmed (40°C) wash 

solution #2 (0.2 X SSC/0.1% SDS). For low stringency conditions, blots were washed 

twice at RT for 15 minutes with wash solution #1, followed by three 30-minute washes at 

40°C in wash solution #2. After washes with solution #2, both under low and high 

stringency conditions, two washes were done with wash solution #3 (1 X SSC/0.1% 
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SDS) for 20 minutes at 55®C. After washing, the membranes were air-dried on fiher 

paper for 30 minutes and then exposed to X-ray film (-80°C). 

Amplification of an exon-specific region in SbNHXl 

The GENEWISE software on the Sanger website (95) was used to find putative 

exon regions based on splice sites. Primers were designed to a putative exon region in 

the C-terminus of the SbNHXl cDNA taking care to avoid sequence stretches very near to 

splice sites. These primers, SbEXONF and SbEXONR (Table 5), were used to amplify a 

330 bp region of the SbNHXl cDNA by PGR. 

Genomic DNA restriction analysis 

Genomic DNA blots using three different probes, dNHEl (477 bp PGR firagment), 

SbNHXl (2474 bp purified cDNA) and the SbEXON (330 bp PGR firagment), were 

analyzed to determine if SbNHXl is a member of a gene family. The procedure for all 

three DNA blots was the same except that 3 concentrations of genomic DNA (10, 20 and 

30 i^g) were used for the DNA blot probed with dNHE7. The other two DNA blots had 

20 (ig of genomic DNA per lane. Genomic DNA was isolated fi*om shoots of S. bigelovii 

grown in 200 mM NaGl as described above. Genomic DNA (25 (ig) was digested with 

two enzymes (Hindlll and EcoRI) and DNA (0.5 ^g) from each reaction was used to test 

for the completeness of the digestion. The digests were precipitated with 0.5 volumes of 

7.5 M ammonium acetate and 2 volumes of 100% ethanol. After incubation ON at 20°G, 

the DNA was collected, washed with 70% ethanol, dried and resuspended in TE (20 ^1). 

A 0.8% agarose TAE (IX TAE: 40 mM Tris-acetate (pH 7.6); I mM Na^EDTA) 

gel was used for separation of the digested DNA fragments, and the DNA blotting 

procedure was the same as described above. The blots were briefly rinsed in 2 X SSG, 

air-dried for 20 minutes, baked at 80°G for 30 minutes and stored at RT between two 

pieces of filter paper. All the three probes were labeled using the random prime labeling 

kit as described above and the hybridization protocol was same as described for DNA 

hybridization analysis. The prehybridization, hybridization and washing were performed 



TABLE S Primers used for amplification of specific SbNHXI regions 

SbNHXI 3'UTR specific 

Forward Primer: 

Reverse Primer: 

SAEXOAT specific 

Forward Primer: 

Reverse Primer: 

SbNHXI coding region 

Forward Primer: 

Reverse Primer: 

5'ACA GGG AAT CCG AGG CAG TT 3' 

6'TAG GAA AAT AAT AGT CAT CT 3' 

5'GCC ACA TTC AAA ACA CTT CAA T 3' 

5'GTC GGT GTT CTG TTC AAT AG 3' 

5'GCA AAG AAA TAG ATA AAC ATG TTG TCA C 

5'TGC CTA ACT GCC TCG GAT CCC TGT CC 3' 
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using high stringency conditions. 

Genomic reconstruction 

The amount of SbNHXl cDNA equivalent to one copy of the gene was calculated 

using the following equation (96), 

For one ^ig of genomic DNA: 

X*i /V =  g /Gng 

X = Quantity of the "vector + insert DNA" equivalent to one copy of the target 

gene (^g) 

G = Size of the haploid genome 

V = Size of the vector + insert 

g = Approx. size of the target gene in the genome (assumed to be at least the same 

size as the SbNHXl cDNA) 

i = Size of the cDNA to be used as a probe {SbNHXl) 

When using "purified insert" the equation becomes, 

X = g/G ng 

X = Amount of purified SbNHXl equivalent to one copy when one (ig of genomic 

DNA is used. 

g = Size of the target gene in the genome (assumed to be at least the same size as 

SbNHXl) 

G = Size of the haploid genome. 

Putting in the numerical values for SbNHXl, for 10 ^g of the genomic DNA: 

x = 2474/1.158x10'* 10 ng = 21.36 pg 

Approximately 21.36 pg of SbNHXl was equivalent to one copy of the gene. 

S. bigelovii genomic DNA (15 jig) was digested with Hindlll and EcoRI. The 

SbNHXl cDNA sequence has two EcoRI restriction sites but no Hindlll restriction sites. 

Using the value of 21.36 pg/single copy, copy standards of 0.25, 0.5, I, 2 and 3 copies 

were prepared. Digested genomic DNA and the standards were run on an agarose gel 

(0.8%) and the DNA was transferred to a zeta-probe GT membrane as described above. 
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Hybridization was done at using 10^ cpm/ml of the appropriate probe. The blot was 

washed using high stringency conditions, dried and a phosphorimager was used to 

analyze the intensity of the hybridization signals. 

RNA extraction 

The procedure used for DTAB extraction of RNA involves minor variations from 

the original protocol (97). Frozen shoot tissue from 5. bigelovii grown in 5 or 200 mM 

NaCI was ground in liquid nitrogen in a baked, pre-cooled mortar and pestle and 

transferred to 30 ml conical tubes. Two volumes of DTAB solution (1.5 M NaCl; 8% 

dodecyl trimethyl ammonium bromide; 100 mM Tris, pH, 8.6; 50 mM EDTA) were 

added to the tubes, which were then mixed by inversion and incubated in a 68°C water 

bath for five minutes. An equal volume of chloroform was added and the solution was 

mixed gently by inversion for one minute. The tubes were centrifliged at 5000 rpm at 

4°C for 15 minutes and the aqueous phase was transferred to a fresh tube. The organic 

phase was back extracted with 0.25 volumes of DTAB solution and the aqueous phases 

were collected and pooled. An equal volume of RT isopropanol was added, the solution 

was mixed and then centrifliged at 8900 rpm at 4°C for 15 minutes. The pellet was 

resuspended in 0.75 original volumes of TE to which 8 M LiCl (0.25 volumes) was added 

and the solution incubated on ice for about two hours. The mixture was centrifliged at 

8900 rpm at 4°C for 10 minutes. The recovered pellet was RNA which was washed with 

70% EtOH (0.5 mi) and dried at 37°C. The pellet was resuspended in 250 jal TE and the 

concentration and purity were determined by assaying 10 |il of the solution in a total of 

500 fil of water at A230, A260, and A280. 

To prepare the RNA blots, the RNA was denatured in glyoxyl, run on a 

glyoxalated gel and transferred to a nylon membrane according to the alkaline blotting 

protocol. The blot was hybridized with the full length SbNHXI cDNA at 42°C in 

hybridization solution (50% deionized formamide, 10% dextran sulphate, 1% SDS, 1 M 

NaCl and 100 i^g/ml ss DNA). 
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RESULTS AND DISCUSSION 

Gene family analysis 

Three different DNA hybridization approaches were used to determine if a 

Na^/H^ exchanger gene family exists in 5. bigelovii. First, DNA restriction analysis was 

used to provide an indication of the existence and size of the S. bigelovii exchanger 

family. The restriction enzymes EcoRI, Hindlll, EcoRV and Kpnl were used to digest 

the genomic DNA. The SbNHXl cDNA sequence does not have recognition sites for, 

Hindin, EcoRV or Kpnl, but has two recognition sites for EcoRI. EcoRI was used as a 

control to compare the patterns of DNA hybridization obtained when the DNA was 

digested with enzymes for which there are and are not restriction sites in the SbNHXl 

cDNA. While EcoRV and Kpnl did not digest the S. bigelovii genomic DNA completely, 

Hindlll and EcoRI resulted in complete digestion (Figure 10). When the SbNHXl cDNA 

was used as the probe, the autoradiographs showed multiple discrete bands, and similar 

bands were recognized in both digests. In addition, comparison of the DNA blots 

hybridized at high and low stringency showed that the number of bands was the same, 

suggesting that the exchanger gene family in S. bigelovii consists of highly conserved 

members. 

In subsequent experiments, genomic DNA hybridization was performed using 

three different probes to provide additional support for the presence of an exchanger gene 

family in 5. bigelovii. The dNHE7 probe is the same 477 bp fragment that was initially 

used to screen the cDNA library to isolate the SbNHXl cDNA. Figure 12 shows that at 

least three bands with different intensities were apparent with the dNHE7 probe after 

digestion of the DNA with EcoRI (Appendix V), while the Hindlll digested lane showed 

two bands. As expected, the SbNHXl cDNA (a more complex probe) identified more 

bands in the EcoRI (nine bands) and Hindlll (six bands) digests than were identified with 

the dNHE7 PCR fragment. The results of these hybridizations suggest the presence of a 

gene family; however, the presence of multiple bands may also be the result of restriction 

sites within the introns. To circumvent this possibility, a third probe was designed within 

exon regions to avoid intronic sequences (Figure 11). The SbEXON probe, a 330 bp PCR 
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Figure 10 Genomic DNA analysis of tiie Salicornia bigelovii Na'^/IT^ exciianger gene 

family with the SbNHXl cDNA as probe 

Genomic DNA was isolated as described in Materials and Methods. Replicate 

isolations (I and II) of genomic DNA (10 ^g in each lane) digested with EcoRI (1), 

Hindlll (2), Kpnl (3), EcoRV (4) were run on an agarose gel (0.8%). labeled 

SbNHXl (full length cDNA) was used as a probe under high and low stringency 

conditions (see Materials and Methods). 



70 

HIGH STRINGENCY LOW STRINGENCY 



71 

Figure 11 PCR amplification of an exon region of the SbNHXJ cDNA 

Ethidium bromide-stained agarose gel (1%) shows the PCR amplified exon 

regions of SbNHXl. This region was amplified using non-degenerate primers, 

SbEXONF and SbEXONR (Table 5). Lane A, Ikb marker; Lane B, negative control 

(vector); Lane C and D (Arrows), 330 bp PCR product (SbEXON); Lane E, 100 bp 

marker. 
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Figure 12 Genomic DNA analysis of tiie Salicornia bigelovii Na^/lT' exchanger gene 

family with different regions of the SbNHXl cDNA as the probe. 

Genomic DNA was digested with EcoRI (I) and Hindlll (II) and was run on an 

agarose gel (0.8%) for 24 hrs with circulating buffer. labeled probes (dNHE7, legend 

to Figure 2; SbNHXl cDNA, Figure 4; SbEXON, Table 5) were used for hybridization 

under high and low stringency conditions. The left panel shows a blot with 3 

concentrations of digested genomic DNA (10, 20 and 30 ng) hybridized with dNHE7. 

The middle panel shows 20 ^g of digested genomic DNA hybridized with full-length 

SbNHXl cDNA. The right panel shows a blot performed under same conditions as the 

middle panel but hybridized with SbEXON. 
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fragment, identified five and two bands with the EcoRl and Hindlll digested DNA, 

respectively. Bands identified from these hybridizations should not be due to restriction 

of the cDNA in intron regions and; therefore, this hybridization provides a more reliable 

indication of the number of possible Na^/tT" exchanger isoforms present in S. bigelovii. 

Taken together, these results suggest that there is at least one other gene with strong 

similarity to SbNHXl in the S. bigelovii genome. However, hybridization with a genomic 

clone may ultimately be required to determine the number of SbNHXl gene family 

members. 

Genomic reconstruction was used to identify the copy number of a particular gene 

within an organism (96). An estimate of the copy number is obtained by comparing the 

hybridization signals of genomic bands with those produced by bands that contain known 

gene equivalents of the query sequence. The method used to calculate the amount of 

DNA equivalent to one gene copy is described in detail in Materials and Methods. 

Information about the size of the S. bigelovii genome was necessary for this calculation 

and was determined using flow cytometry. The flow cytometric readings were 

standardized using nuclei from tobacco and chicken red blood cells, organisms with 

known genome sizes (Appendix VI). The genome size of S. bigelovii was calculated to 

be 2.316 X lO' bp (Appendix VII). 

There was a gradual increase in hybridization signal as the number of copies of 

the standard (SbNHXl cDNA) increased (data not shown). Quantification of the 

hybridization level of the standard was linear up to 2 copies. Genomic DNA digested 

with Hindlll and EcoRI showed multiple high intensity bands. Bands from these digests 

were 94.8% and 36.9 as intense as one copy standard for the EcoRI and Hindlll digests, 

respectively. 

The genomic reconstruction experiment was performed a number of times to try 

to achieve correct loading of controls and standards. However, an accurate copy number 

could not be determined. There could be several reasons for this: (i) Technical problems 

due to the use of very low amounts of DNA. It was difficult to accurately measure 21.26 

pg of the SbNHXl cDNA that was used as the control, (ii) Less genomic DNA on the 

blot than calculated due to losses during precipitation of the digested DNA. (iii) 
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Inaccurate quantification of the standard resulting in too much standard on the gel. The 

SbNHXl standard DNA was 3al cDNA insert isolated from an agarose gel and quantified 

using DNA mass standards. This kind of quantification is largely visual and so it can be 

prone to subjective errors. To use genomic reconstruction as the method to calculate 

gene family number, it is imperative to have accurate quantification of all DNA. 

The above experiments clearly indicate that a multi-gene family of Na^/FT 

exchangers exists in S. bigelovii, but the size of the family is not clear. Further 

sequencing of cDNAs from the library screen should allow the identification of additional 

gene family members. 

Transcript analysis 

Previous transport experiments demonstrated that there is an increase in Na^/fT 

exchange activity in S. bigelovii plants grown in 200 mM NaCl (43). To determine if this 

is due to differences in SbNHXl transcript levels, total RNA was isolated from shoots of 

200 mM and 5 mM NaCl-grown S. bigelovii. On an equivalent fresh weight basis, yields 

of total RNA were significantly lower for plants grown in 5 mM NaCl (data not shown). 

Based on these difTerences, care was taken to load equal amounts of RNA on the gel 

(based on spectrophotometer readings and visualization of ethidium bromide and 

methylene blue stained RNA). As seen from Figure 13, the ribosomal RNA bands from 

plants grown in 5 mM NaCl are less intense than the ribosomal RNA bands from plants 

grown in 200 mM NaCl. Plant growth at the two salinities is very different and may 

affect ribosomal RNA production leading to different levels of RNA accumulation. 

Alternatively, less than accurate quantification of RNA might have led to unequal 

loading. 

To further compare RNA loading, an ubiquitin probe from maize (courtesy of Dr. 

R. Elumalai, Dept. of Plant Sciences, University of Arizona) was hybridized to the same 

blot. As with ethidium bromide staining of the gel, the ubiquitin hybridization showed 

that more signal was present in the lanes containing RNA isolated &om plants grown in 

high levels of salt. When the SbNHXl cDNA was used as the probe, a single transcript 

was recognized. The size of the transcript (calculated using a log table) was 2474 bp. 
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Figure 13 SbNHXl transcript accumulation in Salicornia bigelovii siioots 

The full length SbNHXl cDNA was used as a probe to determine the expression 

levels and sizes of the transcripts by RNA blot analysis (Panel A, upper). Total RNA (20 

^g) was isolated from 5 mM and 200 mM NaCl-grown S. bigelovii shoots as described in 

Materials and Methods. The RNA was electrophoretically separated (Panel C) and 

blotted onto a membrane, which was then hybridized with the probe under high 

stringency hybridization conditions (42°C in 50% deionized formamide, 10% dextran 

sulphate, 1% (w/v) SDS, I M NaCl, 100 ^g ml*' denatured salmon sperm DNA). The 

size of the transcripts is shown on the right (Panel A). Panel A, lower, shows the same 

blot hybridized with a heterologous probe (maize ubiquitin) to serve as the loading 

control. Panel B shows the densitometric scanning values of the autoradiographs from 

panel A. Panel C shows the ethidium bromide stained RNA gel with the RNA samples 

and the RNA size standards (lanes 1 and 7) that were used to calculate the transcript size 

of SbNHXl. 



78 

200 

SbNHXl 

Ubiquitin 

200 NaCl (mM) 

M 2.47 KB 

M 1.4 KB 

B 
140 

120 

100 
$ 
1 80 « TS 
•S 60 K 

40 

20 

0 -
200 5 

mM NaCi 

• ubiquitin 

• SbNHX 

200 

kb 1 2 3 4 5 6 7 



79 

equivalent to the size of the cDNA. There was dififerential accumulation of the SbNHXl 

transcript when plants were grown at the two salinities; there was ~ two times higher 

signal intensity in plants grown in 200 mM NaCl compared to that from 5 mM NaCl-

grown salt plants (Figure 13). This difference in transcript accumulation is more than the 

loading differences suggesting that there is an increase in exchanger message as a 

function of plant growth in salt. The up-regulation of SbNHXl activity in the shoots of 

200 mM NaCl-grown plants suggest that SbNHXl is involved in regulation of Na^/H^ 

exchange activity in the shoots and thus could be important for sequestration of Na^ in 

the vacuoles. The SbNHXl transcript was also expressed in shoots of plants grown at 5 

mM NaCl suggesting that the exchanger may play a role in the regulation of cellular Na^ 

homeostasis even at low levels of salt. 

Sequence analysis of the deduced SbNHXl protein sequence (Chapter 3) 

suggested the presence of conserved sites for post-translational modification in SbNHXl. 

Results from the RNA hybridizations shown in this chapter suggest that transcriptional 

control of gene expression may be one of the ways in which the SbNHXl exchanger is 

regulated in S. bigelovii. Taken together, these resuhs suggest that multi-level regulation 

is important for SbNHXl frinction both for survival during rapid stress imposition and for 

continued growth in elevated levels of external Na^. 
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CHAPTERS 

CLONING SbNHXl FOR OVEREXPRESSION IN A. thaliana 

Arabidopsis thaliana is unique among plant model organisms in having a small 

genome (130-140 Mb) and little repetitive DNA. The plant has detailed physical and 

genetic maps, and the entire genome has been sequenced (98) facilitating genetic studies 

of complex physiological phenomenon. S. bigelovii does not yet have the same level of 

genetic and molecular characterization and there have been no reports of DNA 

transformation. As a result, a molecular genetic approach (over-expression of the S. 

bigelovii Na^/FT exchanger in wild type A. thaliana) was used to determine if A. thaliana 

can serve as a heterologous system for expression of halophytic transporters (critical for 

future structure/function studies). Characterization of halophytic transporters will be 

essential for our understanding of the molecular mechanisms underlying their adaptation 

to growth in salt. In addition, these studies will ultimately enable us to determine if 

regulatory components of the salt tolerance machinery identified in a halophyte can be 

transferred to a glycophyte to improve salt tolerance. 

A signaling pathway for the regulation of ion homeostasis and salt tolerance has 

been discovered with the cloning of several SOS (Salt-Overly-Sensitive) genes firom A. 

thaliana (99). Increased transcript levels of a plasma membrane localized Na^/H^ 

exchanger (SOSI) during salt stress has been shown to be partly under the control of the 

SOS2 and SOS3 genes (92). SOS2 encodes a serine/threonine protein kinase with an 

amino-terminal catalytic domain and a carboxy-terminal regulatory domain (100). The 

interaction between these two domains negatively regulates SOS2 (99). SOS3 encodes a 

calcium-binding protein (101) that interacts with and activates SOS2 (102). Thus the 

signaling pathway is becoming clearer with respect to the plasma membrane exchanger. 

However, it is not clear if the vacuolar NaVH^ exchanger is also a target for the SOS 

pathway and if there is coordinate regulation of the exchangers on the vacuolar and 

plasma membranes during salt stress. Over expression of SbNHXl in A. thaliana should 

provide tools that can be used to examine these possibilities. 
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MATERIALS AND METHODS 

Cloning the SbNHXl coding region into the pGSA 1131 vector 

The pGSA 1131 vector has a CaMV 35S promoter (200 bp) to drive gene 

expression, a pMas2'- (pMas stands for mannopine synthase and 2' indicates that the 

promoter in Agrobacterium tumifaciens is bi-directional) driven bar gene for selection on 

the herbicide BASTA (glufosinate anmionium) and bacterial selection was made using 

chloramphenicol. The Ncol/BamHl site was selected for cloning the SbNHXl coding 

region. 

Two primers were designed based on the 5' and 3' ends of the coding region of 

SbNHXl (Table 6). Pcil and BamHI sites were included within the primers to generate 

ends (Ncol and BamHI) that would be compatible for ligation into pGSA 1131. The 

primers anneal near the start and stop codons of the gene (Table 1). The coding sequence 

of SbNHXl was isolated by PCR using purified SbNHXl-^z\\ plasmid as a template. 

Reactions, in a final volume of 50 |il, contained dNTP (0.2 mM), PCR buffer (I X), 

Primers, SbNHXlF and SbNHXl R (0.5 \iM), PFU turbo polymerase (2.5 U/^il, 

Stratagene), template DNA (100 ng). The PCR reaction was performed as follows; 

denaturation at 94°C for 4 minutes followed by 30 cycles at 94°C for 1 minutes, 47°C for 

1 minutes and 72°C for 1.5 minutes and a final extension at 72°C for 10 minutes. The 

PCR products (1680 bp) were analyzed on an agarose gel (0.8%), isolated from the gel 

and purified by adsorption onto resin (Prep-a-gene, Biorad). The purified PCR product 

was cloned into the TOPO-TA vector and transformed into E. coli TOP-10 F' chemically 

competent cells. The transformed colonies were tested for the presence of the insert by 

PCR using T3 and T7 primers. The cloned SbNHXl ORF was sequenced to verify the 

fidelity of the PCR product. 

Once identified, plasmids containing SbNHXl were isolated and digested using 

the Pcil and BamHI en^nnes to isolate the coding region of SbNHXl. The coding region 

was purified using the Prep-a-Gene nucleic acids purification kit (Biorad). Three ligation 

reactions were set up using different ratios of the purified vector (pGSA 1131) and insert 

DNA (103). Control reactions were set up to test for ligation and transformation 
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TABLE 6 Strategy for amplification of tiie SbNHXl coding region 

The 5' and 3' ends of the SbNHXl cDNA have a stretch of nucleotides very 

similar to the recognition site of the enzymes- Ncol, Pcil and BamHI. The pGSA 1131 

vector has Ncol and BamHI recognition sites at either end of the multiple cloning site. 

Pcil was used to create the same sticky ends as Ncol at the 5' end of SbNHXl. The 

enzyme, BamHI, was used at the 3'ends of both the pGSA 1131 and the TOPO-TA 

vector (which contained the SbNHXl insert). 6A, the recognition sites for each of the 

enzymes used and 6B, the sequence of the oligonucleotides designed with the restriction 

enzyme sites. The original nucleotides at the site are indicated above the sequence and 

the length, Tm and GC content (%) of each oligonucleotide are shown. 

A Restriction enzymes used 

Ncol- C/CATGG 

Pcil- A/CATGT 

BamHI- G/GATCC 

B Primers used for amplification of SbNHXl coding region 

Forward primer 
CAAT6T 

SbNHXlF- S'GCAAAGAAATAGATAAACATGTTGTCAC 3' 

Length- 28 bp T^- 56 GC% -32 

Reverse primer 
6GAATCC 

SbNHXlR - 5' TGCCTAACTGCCTCGGATCCCTGTCC 3' 

Length- 26 bp Tm- 66 GC%- 50 
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efficiency. The ligation reactions were incubated at 16°C ON. For transformation, the 

ligation mix was incubated with E. coli cells (SO |il) on ice for 30 minutes followed by a 

heat shock of 30 seconds. The cells were grown in 200 |il of LB broth (Luria Bertini; 10 

grams tryptone, 5 grams of yeast extract and 10 grams of NaCl per IL of water) for one 

hour and the mix was plated on LB-chloramphenicol plates at 37°C. The colonies were 

tested for the SbNHXl insert by PCR using a 35S promoter specific primer and the 

SbNHXlR primer. After identification, candidate plasmids were digested with restriction 

enzymes to test for the presence of the insert. Once a clone in the correct orientation was 

identified, it was sequenced to verify the junction regions to facilitate later manipulation 

of the clone. The clone was designated as p35S-SbNHXl. 

Transfonnation of Agrobacterium tumifaciens 

Transformation of p35S'SbNHXl into A. tumifaciens strain GV3101 was done by 

electroporation. For electroporation, purified DNA p35S-SbNHXl plasmid (30 ng) was 

added to thawed electrocompetent A, tumifaciens GV3101-PMP90 cells (50 fxl), mixed 

gently and incubated on ice for 20 minutes. When transferring the mixture to a pre-

cooled cuvette, care was taken that the solution bridged the two sides of the cuvette and 

that there were no air bubbles. The voltage was set for bacteria at 1.8 kv and the cuvette 

was pushed into the shocking chamber until the cuvette made firm contact with the 

electrode. After the electrical pulse, SOC medium (20 g Bacto Tryptone, 5 g Bacto Yeast 

Extract, 2 ml 5 M NaCl, 2.5 ml of I M KCl per 1 L of water) was quickly added to the 

cuvette. The solution was mixed gently, incubated for one hour with shaking at 25°C in a 

sterile 15 ml conical tube and plated on chloramphenicol/gentamycin LB selection plates 

that were incubated overnight at 25°C. Single colonies were picked and streaked for 

well-isolated colonies that were grown in culture and stored as glycerol stocks. 

Transformatioii of Arabidopsis thaliana 

The A. tumifaciens strain GV3101- PMP90, carrying the coding region of 

SbNHXl in the binary vector pGSA 1131 was used for transformation. Wild type A, 
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thaliana plants (3 pots each of ecotypes - Landsbergia and Columbia) were grown to 

flowering. The first flower bearing branches (bolts) were clipped to encourage 

proliferation of secondary bolts (104). Plants were ready for transformation 6 days after 

clipping (105, 106). The above ground parts of the plants were dipped in the A. 

tumifaciens solution for 2-3 seconds with gentle rotation to ensure dipping of all parts 

(107). The dipped plants were placed under a covered dome for 24 hours to maintain 

high humidity. The plants were watered normally until the seeds matured. Upon 

maturation of the siliques, the dry seeds from each plant were harvested, weighed and 

stored separately. 

RESULTS AND DISCUSSION 

Amplification and cloning of the SbNHXl coding sequence 

The SbNHXlcodxtig region was amplifled to keep the minimum required elements 

in the construct for over expression in A, thaliana and to avoid the presence of stop 

codons in front of the start site of SbNHXl. The ampliflcation facilitated the cloning of 

the coding region into the desired construct with suitable multiple cloning sites. 

The purifled plasmid containing SbNHXl was used as a template to amplify the 

coding region using two speciflc primers designed with Pcil and BamHI restriction sites 

at the 5' start point and the 3' end respectively (Table 7). The enzyme, PFU Turbo DNA 

polymerase was used for ampliflcation as it had higher rate of fldelity than other 

enzymes, though the yield was low (Figure I6a, 75). The amplifled coding region (1680 

bp) was cloned directly into the TA-TOPO vector using the kit as described (Figure 14). 

This facilitated bulk preparation of the plasmid to enable isolation of high concenu-ations 

of the insert for ligation. The insert was then released using the Pcil and BamHI enzymes 

to provide compatible ends for cloning into the Ncol and BamHI sites in the multiple 

cloning region of pGSA1131 (Figure 15). For successful cloning of SbNHXl into 

pGSAl 131, unusual conditions were required both for ligation and transformation. The 

ligation reaction with the pGSAl 131 vector and SbNHXl insert did not work well when 

the molar ratios of the insert and vector were 1:3. Ligation reactions with higher ratios of 
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Figure 14 Restriction sites for releasing the SbNHXl coding region from the TOPO-

TA vector 

A molecular approach was taken (overexpression of the coding region of the 

SbNHXl cDNA in wild type A. thaliana) to determine if A. thaliana can serve as a 

heterologous system for expression of halophytic transporters. The TOPO-TA vector 

was chosen for initial cloning of PCR amplified SbNHXl coding region to facilitate its 

cloning into the expression vector, pGSAll3L For cloning the coding region of the 

SbNHXl cDNA in the correct orientation in the expression vector, it was important to 

choose the right restriction sites for releasing the coding region of SbNHXl cDNA from 

the TOPO-TA vector. The enzyme sites Pcil and BamHI were used for digestion of the 

SbNHXl insert and three fragments were obtained. Region A is 400 bp of the vector 

sequence, region B contains the coding region of the SbNHXl cDNA, and region C 

contains 3.5 kb of vector sequence. 



86 

TOPO-TA 
3957kb 

BamHI 

Ncol 



87 

Figure 15 Plasmid map of the pGSAil31 vector 

pGSAll3l, a GAMBIA vector, has the CaMV 35S promoter to drive expression 

of the cloned gene. It carries chloramphenicol selection for Agrobacterium tumifaciens 

and BASTA selection for A. thaliana. 
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Figure 16 Amplification and cloning of tiie SbNHXl coding region 

Panel A shows an ethidium bromide stained agarose gel (0.8%) with the PCR 

amplified SbNHXl. Specific primers, SbNHXlF and SbNHXlR (Table 1) were used for 

amplifying the coding region with two enzymes, Taq (lane 2) and PFU (lane 3). PFU 

enzyme gives lower quantities of the PCR product but has a high rate of DNA replication 

fidelity (91). The 1 kb DNA standard is loaded in lane I. The PCR product was cloned 

into the TOPO-TA vector and later cloned into the pGSA113l vector with the 35S 

promoter and the cloned product was named p35S-SbNHXJ. Panel B shows an ethidium 

bromide stained agarose gel (0.8%) with the restriction digest products of p35S-SbNHXl. 

As seen from the restriction products, the coding region of SbNHXl is cloned into the 

pGSAini vector in correct orientation. 1 kb ladder (a and o); pGSAll31 vector 

digested with Ncol and HIII (lanes b); 3 separate p35S- SbNHXl clones digested with 

Ncol and HIII (lanes c-e); pGSAll31 vector digested with EcoRI (lane f); same 3 clones 

as in lanes c-e, digested with EcoRI (lanes g-i); the sample in lane "h" was lost. Lanes, j 

and k show two negative controls for PCR amplification - water and pGSAl 131 vector. 

Lanes 1-n show the PCR amplification products from the three clones (35S promoter 

specific primer and SbNHXIR primers were used for the amplification). 
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the vector to the insert worked, although the ligation efficiency was low. The amount of 

the ligation mix required for transformation into the TOP 10 F' cells was also higher 

than a typical reaction (8 |al compared to 2 (xl). After transformation, three colonies were 

picked, grown on media with selection and plasmid DNA was extracted for further 

analysis. Restriction digests using enzymes with known sites both within and outside the 

insert were used to test whether the coding region had been cloned into pGSAl 131 in the 

correct orientation (Figure 17). PCR amplification was performed using a 35S promoter 

specific primer and the SbNHXlR primer to amplify the complete SbNHXl coding 

region (along with approximately 60 bp of the 35S promoter. Figure 16b). These results 

confirmed that all of the plasmids in all three colonies contained the SbNHXl insert. One 

of the clones was sequenced using the SbNHXl sequencing primers so that the junction 

regions could be defined for further manipulation of the construct. This construct was 

designated as p35S-SbNHXl and used for transformation of the Agrobacterium 

tumefaciens strain GV3101. 

Transformation of Arabidopsb thaliana 

P35S-SbNHXI was subsequently transformed into the A. tumifaciem strain, 

GV3101. The pGSA1131 vector (no insert) was transformed into the same strain of .4. 

tumifaciem as a control. Positive colonies &om both control and experimental 

transformations were streaked for single colony isolation. Two ecotypes of A. thaliana -

Columbia and Landsberg were used for the transformation procedure. The two ecotypes 

were used to differentiate between any environmental effects and effects of the 

transformed gene. The same procedure (105, 106) was followed to transform both wild 

type ecotypes of A, thaliana with the control vector to account for any affects of the 35S 

promoter on plant growth. The plants were grown until the siliques were mature and 

each plant was harvested separately. 

The next steps to be followed for identifying transformed plants would be 

selection on glufosinate ammonium (BASTA). BASTA-resistant plants would be 

screened for SbNHXl insert by PCR with 35S specific primers or genomic DNA blots 

using 35S promoter-specific sequences. Putative transformants would be grown at least 
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Figure 17 Plasmid map of p35SSbNHXJ 

The plasmid map of p35S-SbNHXI shows the SbNHXl coding region cloned 

between the Ncol and BamHI sites of the pGSAl 131 vector. The junction marker refers 

to the junction of the sticky ends of the Pcil-digested insert with that of the Ncol digested 

vector. 
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to the T3 generation to generate lines in which the genes are no longer segregating. The 

transcript levels in the wild type non-transformed plants and the transgenic plants would 

be compared to verify if there is overexpression of the transgene. After confirmation of 

transgene expression, the growth response as a function of salt would be evaluated in the 

overexpressors. SbNHXl specific antibodies would be used to verify the presence of 

increased protein levels in the overexpressors and transport assays would be done to 

determine if there is a correlation between increased tolerance to salt and activity of the 

exchanger. If a salt-tolerant phenotype is seen, then a detailed phenotypic analysis of the 

transgenic plants would be done. Growth as a function of salt in plants overexpressing 

SbNHXl would be compared to A. thaliana plants overexpressing AtNHXl to see if a 

halophytic exchanger confers differential salt tolerance compared to a glycophytic 

exchanger. If increased salt tolerance were observed, this would suggest that the 

sequence of SbNHXl itself is structurally designed to confer increased salt tolerance in 5. 

bigelovii. 

If the phenotype of the overexpressing plants is same as WT, it implies that the 

regulation of the exchanger is different in halophytes and glycophytes and the future 

studies could be focused towards understanding this difference. Understanding whether 

the exchanger from a halophyte is working better due to its inherent characteristics or 

whether evolutionary adaptations have led to complex alterations in regulatory 

mechanisms in halophytes will be a critical issue. 
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CHAPTER 6 

CALMODULIN REGULATION OF NaW EXCHANGE 

Plant cells perceive various signals from the environment, integrate and respond 

to them by modulation of various functions through signal transduction pathways. Ca^* 

plays an important role as a second messenger in these signal transduction pathways in 

plants (109). Direct measurements of Ca^~ levels and fluxes coupled with Uransgenic 

approaches have elucidated the role of Ca^~ in mediating plant responses to external 

stimuli, both biotic and abiotic (110). Salinity stress leads to disruption of the IC^:Na^ 

ratio within cells and Cat' ions are required for maintaining and increasing the absorption 

of the ions even at high levels of Na^ (110). In addition, high NaCl causes cytosolic 

accumulation of Ca^~ that is transported from the apoplast and intracellular compartments 

(30). The resulting transient increase leads to stress signal transduction, followed by 

adaptation. 

The modulation of cellular processes by Ca^", involves calcium-binding proteins 

like calmodulin (CaM, 109). Ca'^"-mediated signaling through CaM is an ordered 

process, with Ca^~ entering the cytosol in response to a signal followed by CaM binding 

to the Ca^^ to form a Ca^~-CaM complex. This activated complex can regulate target 

proteins leading to a physiological response (98). CaM is a highly conserved, acidic EF-

hand protein present in all eukaryotes (111). However, the CaM binding domains of the 

target proteins are not conserved at the primary structure level; CaM can bind and 

activate or deactivate target proteins that share very little amino acid sequence similarity 

in their binding sites. The position of these binding domains has been empirically 

determined (111). The majority of known target sites include a stretch of 12-30 amino 

acids with positively charged amphiphilic characteristics and the target usually forms an 

a-helix upon binding to CaM (111). 

In animals, many target genes for Ca^~/CaM-mediated signaling have been 

identified (80). In plants, several CaM-dependent enzymes such as NAD kinase, 

glutamate decarboxylase, elongation factor-la, nucleoside triphosphate, Ca^"-ATPases 
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and Ca^^/ exchangers have been characterized (112). While little is known about any 

effect of CaM on the regulation of Na^/H^ exchangers in plants, in animals extensive 

studies have been done and have shown that there is direct interaction between CaM and 

the human plasma membrane exchanger, NHEl (80). Two Ca^^-CaM binding sites are 

present in the middle of the cytoplasmic regulatory domain of NHEl. It is thought that 

one of the regions is involved in the negative regulation of NHEl by acting as an auto 

inhibitory domain. The addition of Ca^^/CaM leads to inactivation of the auto itihibitory 

domain and activation of the exchanger. A similar mechanism of regulation by 

Cdt'lCdM has also been found in other transport proteins. For example, it is thought that 

plant type II B Ca^~-ATPases are regulated by an auto inhibition that can be relieved by 

binding of Ca^'/CaM and leading to activation of the pump (113). 

The SbNHXl sequence has a conserved CaM binding domain similar to those 

found in vacuolar Na^/H^ exchangers in other plants. The presence of these domains 

suggests that Ca^VCaM could be part of the regulatory mechanisms that control SbNHXl 

gene function. Therefore, transport assays with vacuolar membrane vesicles were 

performed to determine if Ca^"/CaM binding regulates vacuolar Na^/H^ exchange activity 

in S. bigelovii. 

MATERIALS AND METHODS 

Materials 

Commercially available calmodulin (99% pure. Bovine brain calmodulin protein, 

Calbiochem, San Diego, CA) was used for transport assays. This protein was dissolved 

in sterile double distilled water, frozen at -80°C until use at the indicated concentrations. 

CaCli was of the highest laboratory grade available. 

Membrane vesicle preparation 

Vacuolar-enriched membrane vesicles, used to characterize H^ transport 

activities, were prepared as described previously (44) with the following modifications. 

Care was taken to maintain low temperatures (4°C) through out the procedure. Shoot 

tissue firom 200 mM NaCl-grown SI bigelovii was homogenized in a pre-cooled mortar 
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If*' transport and Na'^/H^ exchange activity assays 

pumps are ion-transporting proteins that use metabolic energy in the form of 

inorganic pyrophosphate (PPi) or adenosine triphosphate (ATP) to drive against a 

concentration gradient. H^-ATPases are present both on the plasma membrane and the 

vacuolar membrane whereas -pyrophosphatase (H^-PPase) is present on the vacuolar 

membrane (36, 42). Therefore, the activity of the H'*'-PPase was used to generate a pH 

gradient in the membrane vesicles to drive the vacuolar Na^/H^ exchanger. Quinacrine, a 

fluorescent compound was used as an indicator of the pH gradient that formed. A 

detailed description of this assay is discussed elsewhere (44). transport reactions (1 

ml) were prepared in 1.5 ml cuvettes designed for use with a mini stir-bar. Reactions 

contained 30 mM HEPES-BTP pH 8.5, 50 mM KCl, 2 jiM quinacrine, 0.3 mM PPj-BTP 

and 15 ^g/ml of protein isolated from shoots of S. bigelovii grown in 200 mM NaCl. 

Reactions were mixed by inversion several times, and placed in a luminescence 

spectrophotometer (Perkin Elmer model 480, LS-5B) in a dark chamber with constant 

stirring. The sample was illuminated at 427 nm and quinacrine fluorescence was 

monitored at 495 nm. Reactions were allowed to equilibrate with stirring for 10 minutes 

before beginning fluorescence readings. Initial levels of fluorescence were set to 

approximately 85% and fluorescence was measured for 2 minutes before starting the 

reaction. Any additions to the reactions were made in a darkened room. The addition of 

MgS04 (1.3 mM) initiated pH gradient formation, which was monitored as quench of 

quinacrine fluorescence. Fluorescence quenching was allowed to proceed until steady 

state was reached after which additional components were added. Total quench was 

calculated as difference in % fluorescence immediately before start of the reaction and at 

steady state. To determine initial rates of cation dissipation of the pH gradient (change in 

fluorescence per min; A%F min*'), changes in relative fluorescence were measured 

during the first 15 s after addition of the cation. NaCl was added to measure Na^/TT 

activity and the protonophore gramicidin was used to dissipate any remaining pH 

gradient. 
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RESULTS AND DISCUSSION 

The SbNHXl protein sequence includes a highly conserved CaM-binding domain 

that is present in the sequences from vacuolar Na^/H^ exchangers in other organisms. 

Bovine brain CaM has been used in various organisms to study effect of Ca^"/CaM on 

various target genes using both biochemical assays and molecular approaches (115). For 

example, yeast two hybrid assays have shown that the C-terminus of the mammalian 

exchangers interacts with CaM (80). The effect of Ca^^/CaM on SbNHXl protein was 

studied to better understand the regulation of SbNHXl by Ca^"/CaM. 

The goal of these experiments was to determine if Ca^~/CaM regulates the activity 

of the vacuolar Na^/H^ exchanger. In order to do this, comparisons of exchange activity 

in the absence and presence of Ca^^/CaM were performed. Ca^^ and CaM modulate and 

affect numerous target genes by regulated expression of the different isoforms of CaM or 

by differences in transient Ca*" concentrations (116). Ca^"/CaM-regulated ATPases are 

present in endoplasmic reticulum, tonoplast and plasma membranes (117). It was, 

therefore, important to determine if Ca^"/CaM regulates the activity of the H*"-PPase since 

Na^/IT^ exchange activity is dependent on the pH gradient established by this enzyme. 

H*" transport activity as a function of Câ VCaM concentrations 

transport activity across the vacuolar vesicles has been characterized in detail 

previously (44). In the absence of Ca^" or CaM, fluorescence quenching was observed 

after addition of MgS04 indicating the formation of FT-PPase-driven pH gradient 

(APPENDIX X). The effect of Ca^" on the pH gradient can be assessed by addition of 

Ca^' before or after the establishment of the pH gradient. Results of experiments using 

these approaches are shown in Appendices VIIl-X. When added before the pH gradient 

had formed (at the start of the experiment), concentrations of Ca^~ as low as 0.1 |aM 

caused a significant reduction (almost 35%) in the amount of pH gradient that could be 

generated (APPENDIX VHI). Increasing concentrations of Ca^^ caused a progressive 

reduction in the formation of the pH gradient (reduced 64% with 50 nM Ca^"). When 

added after the pH gradient was established, high concentrations of Ca^~ caused a 
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significant dissipation of the gradient (APPENDIX IX). This Ca^^-induced dissipation 

could be an effect of the cation on the -PPase itself or could be due to the presence of 

the Ca^^/H^ exchanger that has been identified in the vacuolar membrane of plant cells 

(118,119); this transporter also uses the energy of the pH gradient to transport Ca""". 

Lower concentrations of Ca^^ (0.1-10 ^iM) did not affect the steady state pH gradient 

(APPENDIX X). Based on these results, addition of low levels of Ca^^ (0.1 to 50 nM) 

after the steady state pH gradient had formed was used for measurements to determine 

the effects of Ca^^and Ca^'/CaM on Na^/H^ exchange activity. 

The effect of increasing CaM concentrations on the steady state pH gradient was 

also analyzed; the pH gradient was unaffected by any of the CaM concentrations (10-100 

fiM) tested (data not shown). 

exchange activity as a function of Ca'^VCaM concentrations 

Several experiments were performed to study the effects of Ca^" on initial rates of 

Na^/H^ exchange activity. In these experiments, Ca^~ was added after the pH gradient 

reached steady state and Na^/H^ exchange was initiated with the addition of 2.5 mM 

NaCl (Appendix X). At low concentrations of Ca^" (0.1 jiM), the initial rate of Na""-

induced dissipation of the pH gradient was approximately 45% lower than dissipation in 

the control (no CaCb). Addition of gramicidin (0.5 |ig/ml) at the end of the experiment 

led to a complete dissipation of any remaining pH gradient (Appendix X). Higher 

concentrations of Ca^" led to a progressive decrease in Na^/Tt" exchange activity 

(Appendix XI). 

The effect of CaM on Na^-induced pH gradient dissipation in the absence of Ca^' 

was also monitored. Surprisingly, low concentrations of CaM (1-25 nM) led to reduction 

in initial rates of Na^/H^ exchange, while higher concentrations (50-100 nM) had no 

significant effect on exchange activity (Appendix XII). 

To determine the effect of Ca^VCaM on Na^/lT exchange activity, 50 nM CaCli 

was added after the pH gradient reached steady state and was followed by the addition of 

different concentrations of CaM (10-1000 nM). There was no clear effect of Ca^"/CaM 
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on the initial rate of Na^/H^ exchange at any of the CaM concentrations tested (Appendix 

XIII). 

Clearly more experiments will need to be done in order to assess the effect (if 

any) of these regulators on vacuolar Na^/rf" exchange activity. A number of biochemical 

and genetic approaches might be used. For example, it will be necessary to eliminate the 

activity of the Ca^'/tT" exchanger on the vacuolar membrane. This could be done with 

specific inhibitors or through engineering a constitutively active CaM that is activated in 

the absence of Ca^~. An alternative approach might be to alter/delete the portion of the 

exchanger sequence that encodes the CaM domain (in Arabidopsis) and to assay the 

effect of this change on Na^/H^ exchange activity. 
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CHAPTER? 

CONCLUSIONS AND FUTURE DIRECTIONS 

Previous research has shown that growth in 200 mM NaCl leads to stimulation of 

the vacuolar H^-pumps and increased Na"^/ir" exchange activity in S. bigelovii (43, 45). 

Based on these findings, it was proposed that this transporter is important in the 

regulation ofNa^ ion homeostasis during the growth of 51 bigelovii in salt. 

This research isolated and characterized a cDNA (3a 1) isolated from a library 

made from RNA isolated from shoots of S. bigelovii grown in 200 mM NaCl. 3al 

encodes a transmembrane protein of 560 amino acids with 11 predicted transmembrane 

domains. The deduced amino acid sequence shows a high level of identity to plant 

vacuolar Na^/H^ exchangers from other organisms and has domains that are characteristic 

of these vacuolar exchangers, including conserved amiloride and calmodulin-binding 

domains and sites for regulation by post-translational mechanisms like glycosylation and 

phosphorylation. Based on these characterizations, it was concluded that 3a 1 encodes a 

vacuolar Na^/H^ exchanger and was given the designation of SbNHXl. Phylogenetic 

studies revealed that SbNHXl is related to isoforms of NHX-like proteins in plant, fungal 

and bacterial cells. The halophyte exchangers, SbNHXl, AgNHXl, McNHXl and 

McNHX2, share a cluster, which is different from previously known clusters of vacuolar 

exchangers like AtNHXl and OsNHXl and from the plasma membrane exchangers. 

The present study provides the groundwork for future studies to differentiate 

between the roles of vacuolar exchangers in glycophytes and halophytes. Three areas of 

future research might be; 

1. Molecular characterization of the exchanger 

2. Role of the exchanger in salt tolerance 

3. Regulation of the exchanger as a function of salt 
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Molecular characterization of the exchanger 

The work described in this thesis shows that there are several conserved regions 

within the SbNHXl sequence that could play an important role in its specific regulation in 

response to salt. Computer analysis of the hydrophobicity and potential secondary 

structure as well as sequence comparisons with homologs from various species has 

identified common structural features. This information provides a foundation for the 

design of models and hypothesis aimed at understanding the relationships between 

exchanger structure and function. In addition, identification of structural differences 

between glycophytic and halophytic exchangers may provide insights into their 

differential regulation under stress conditions. 

Further screening of the cDNA library using SbNHXl as a probe under low and 

high stringency conditions should allow identification and isolation of related clones that 

encode distinct isoforms of the exchanger. The isoforms can be charactenzed based on 

their time and place of expression both at the transcript and protein levels and their 

response to salt concentrations. The characterization of these isoforms in relation to 

SbNHXl should further elucidate the role of SbNHXl in salt tolerance in 5. bigelovii. 

Inununolocalization studies must be done to provide definitive evidence for the 

cellular localization of the SbNHXl protein to establish that it is a vacuolar protein. The 

C-terminus of SbNHXl does not show significant homology to other proteins and can, 

therefore, be used to generate a gene-specific probe and protein-specific antibody. The 

antibody can be used for immunolocalization of SbNHXl in cells from shoots or roots of 

S. bigelovii. Vacuolar and plasma membrane-enriched protein fractions used in this study 

can be used to further establish the subcellular localization of SbNHXl. 

SbNHXl has a cluster of negatively charged amino acids in the C -terminus 

which is not seen in the glycophytic sequences of A. thaliana, O. sativa and /. nilakantii. 

Structural studies on the cluster of negatively charged amino acids and the conserved 

regulatory sequences in SbNHXl should shed light on the mechanism of Na^/H*' 

exchange. These regions are important candidates for site-directed mutagenesis to 

elucidate their importance in exchanger function. Mutants generated would need to be 

studied in a heterologous system, as protocols for transformation of S. bigelovii have not 
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been established. The expression of SbNHXl in A. thaliana should provide a 

heterologous system conducive for genetic manipulation. 

Isolation and study of the promoter/enhancer regions of SbNHXl will enable the 

identification of any trans-acting factors that might be involved in regulating a halophytic 

exchanger. Structural and functional studies of SbNHXl regions in A. thaliana may 

contribute to our understanding of the various levels of exchanger regulation. 

Role of the exchanger in salt tolerance 

This study has shown that there is increased accumulation of SbNHXl transcript 

in optimal salt-grown (200 mM NaCl) S. bigelovii plants compared to sub-optimal salt-

grown (5 mM NaCl) plants. Further analysis of exchanger transcript and protein 

accumulation in response to salt, as well as the developmental regulation and tissue 

specificity of the exchanger should help us understand when and where the exchanger is 

expressed. This understanding of the temporal and spatial expression patterns of the 

exchanger is important for understanding its biological function in the plant. 

Wild type A. thaliana shows very little tolerance to salt, but over-expression of 

the native Na^/H^ exchanger resulted in an increase in salt tolerance (91). An important 

goal would be to determine if over expression of SbNHXl in A, thaliana confers salt 

tolerance and if levels are greater than what was seen by overexpression of the A. 

thaliana exchanger. These studies would enable us to answer questions like: are all the 

signaling components required for proper ^ctioning of the S. bigelovii exchanger 

present in A, thalianal The physiological evaluation of the transgem'c plants should help 

us understand the contribution of the exchanger to salt tolerance. 

Regulation of the exchanger as a function of salt 

Glycophytes and halophytes appear to have the same molecular framework in 

place in the cell but still show different responses to salt. This implies that the regulation 

of the exchangers is different and it is important to uncover these mechanisms of 

regulation to fully understand salt tolerance in halophytes. The present study provides 

the groundwork for examining the transcriptional, translational and post-translational 
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regulation of the Na^/H^ exchanger in halophytes and may permit a molecular approach 

for differentiating between the roles of the exchangers in halophytes and glycophytes. 

There was increased SbNHXl transcript in shoots of plants grown in 200 mM 

NaCl compared to plants grown in 5 mM NaCl. It remains to be seen if there is 

differential protein accumulation in response to salt as well. If so, the mechanism 

involved in this differential protein accumulation should be determined, for example, 

whether it is due to increased transcript accumulation or some other mechanism like 

increased translation. Antibodies can be used to determine if protein expression is 

differentially regulated in plants grown at the two salinities. It is possible that the plant 

may employ all three levels of control of gene expression to get a fine-tuned response to 

different stress conditions. This mechanism might also suggest that the exchanger is 

involved in additional growth processes like absorption of water and osmotic stress. 

Na^/tT exchangers may undergo post-translational modification in various ways. 

The C-terminal domain of SbNHXl has several putative regulatory domains that could be 

important for post-translational modifications. In vivo (over-expression in A. thaliana) 

and in vitro (transport assay) approaches can be used to determine if phosphorylation is 

involved in response to salt stress. 

SbNHXl has a CaM-binding site and a binding assay can be used to determine if 

SbNHXl binds to calmodulin in vitro. Experiments with additional replicates need to be 

done to separate the effects of the transporters involved in Ca^~ transport from the activity 

oftheNa^/H^ exchanger. 

The SOS pathway in A. thaliana regulates the maintenance of K^/Na^ 

homeostasis (99). To date, three SOS genes have been shown to be important in this 

regulation (99). SOSl, SOS2 and SOS3, all are components of a complex pathway where 

SOS I, a plasma membrane Na^/IT^ exchanger is regulated by the other two proteins. It 

would be interesting to know if the vacuolar Na^/FT" exchanger and the SOSl plasma 

membrane exchanger are part of the same pathway. This can be elucidated by over 

expressing SbNHXl in sosl, sos2 and sos3 plants. Over expression in sosl can tell us if 

SbNHXl can rescue the sosl phenotype implicating that SbNHXl is downstream of SOSl 

in salt stress pathway. Over expression in sosl and sos3 might tell us if these two genes 
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regulate SbNHXl. Another approach to understanding whether there is a link between 

the SOS pathway and the vacuolar Na^/tT" exchanger would be to isolate and study the 

homologs of SOS genes in S. bigelovii. 

Now that genes encoding the vacuolar Na^/H^ exchangers have been identified 

and cloned, rapid progress should be made towards understanding the molecular nature of 

these transporters. The role of vacuolar sequestration in the ability of the plant to grow in 

elevated levels of salt has been demonstrated in A. thaliana plants over-expressing 

AtNHXl (91). Transgenic tomato plants have also been created that over express a 

vacuolar exchanger (120). These plants showed increased levels of salt tolerance with 

higher accumulation of salt in foliage but not in fruits (120). Transgenic Brassica napus 

plants over expressing AtNHXl, a vacuolar Na^/H^ exchanger from A. thaliana, were able 

to grow, flower, and produce seeds in the presence of 200 mM NaCl. The transgenic 

plants grown in high salinity accumulated Na^ up to 6% of their dry weight while growth 

was marginally affected by the high concentration of salt. In these plants, the seed yields 

and the seed oil quality were not affected by the high salinity of the soil (121). However, 

in order to engineer salt-tolerant crop plants it seems essential to create plants that do not 

constitutively express the exchangers but rather respond to periods of increased salt levels 

in the soil for example during periods of drought. Even though AtNHXl clearly 

facilitates Na^/H^ exchange, the in vivo function of AtNHXl in a glycophyte plant 

remains to be demonstrated. Moreover, because the activity of known 

exchangers is regulated in a complex fashion, sufficient knowledge of the regulatory 

mechanisms of these transporters will be critical for generation of stable engineered 

plants. 

Exchangers from euhalophytes, which accumulate large amounts of Na^ in their 

vacuoles, may ultimately provide better tools for engineering salt-tolerant crop plants 

because traditional crops that do not accumulate salt have been shown to be salt-sensitive. 

Cloning of the exchanger from SI bigelovii is the first step in this direction. From this 

research, many opportunities should follow to improve our understanding of the patterns 

of gene expression, and the role and frmction of the vacuolar Na^/H^ exchanger. 



APPENDIX 11 Salicornia bigelovii cDNA library screen with the dNHE7 probe 

I" screen ^plaques/ Subsequent screening Result 
intensity of signal 

Comments 

Plate I 2/weak -jiiii 2" screen No signal 

Plate 2 I/medium I "and 2"''2" screen No signals 

Plate 3 I/medium 

I/weak 

2'"' 2" screen 

3° screen 

2'"' 2° screen 

Signal, single plaque 3a I isolated, sequenced from 3° screen 

Signals, picked 16 

No signal 

Plate 4 I/weak 1" and 2"''2" screen No signals 

Plate 5 no signals 

Plate 6 I/weak I "and 2'"'2" screen No signals 

Plate 7 1/strong I" 2" screen 

2'"* 2° screen 

3" screen 

No signal 7a I isolated, sequenced from 3° screen 

Signal, single plaque (7a I) 

Signals, picked 77 



1° screen # plaques/ Subsequent screening 

intensity of signal 

Plate 8 2/strong 

1/medium 

r'and 2"''2° screen 

I "and 2"''2° screen 

Plate 9 2/strong 

4/weak 

I" and 2"'' 2" screen 

I" 2° screen 

2'"'2° screen 

3° screen, 9dl-3 

Plate 10 I/medium 2"''2° screen 

2"''2" screen 

3" screen, 10 

APPENDIX II Cont'd. 

Result Comments 

No signals 

No signals 

No signals 

Signal, 9d (9d I -3) 

No signals 

Signals, picked 

9dl - 10 plaques 

9d2 - 6 plaques 

9d3 - 6 plaques 

No signals2/\veak 

Signal, single plaque (IOb) 

Signals, picked 10 

8 positives identified in PCR 

9c I sequenced partially 

I0b2 sequenced partially 



APPENDIX III Clones isolated from the S. bigelovii cDNA library screen 

Four cDNAs isolated from the S. bigelovii library screen were partially sequenced and encode NaVH^ exchangers. Other 

cDNA's isolated are also listed but they have not been excised out of the pZLl plasmid or sequenced (see APPENDIX II), 

Filter #8 showed positive clones only in the PGR screen and none in the hybridization screens. 

cDNA Name Length Comments 

Sal 2474 bp Complete sequence of 2474 bp. 

7al -1.4 kb Partial sequence of 585 bp. 99% identical to 3a 1 over this region. 

8a-e - Clones identified in PCR screen. Not excised. 

9c 1 -1,8 kb Partial sequence of 584 bp. 72% identical to 3a 1 over this region. 

10b2 -1.8 kb Partial sequence of 558 bp, 72% identical to 3a 1 over this region. 

9dl-3 - 3 clones isolated during 2" and 3" screen. Not excised. 
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APPENDIX IV Nucleotide sequences of the partial cDNA's isolated from Salicornia 
bigeiovii cDNA library screen 

a) 7al cDNA 

1 CCCGCGTCCG GCTGTACTTT GGAAGGCATT CAACTGATCG TGAGGTTGCC 
51 TTAATGATGC TTATGGCTTA TCTATCATAC ATGCTTGCTG AACTCTTCTA 
101 TTTGAGCGGA ATTCTTACAG TATTCTTCTG TGGGATTGTC ATGTCGCATT 
151 ATACATGGCA CAATGTGACT GAGAGTTCAA GAGTAACCAC CAAGCATGCA 
201 TTTGCAACAC TGTCCTTTGT TGCTGAGATT TTCCTCTTTC TATATGTTGG 
251 TATGGATGCA TTGGACATTG AGAAGTGGAG ATTTGTGAGT GATAGTCCGG 
301 GAACTTCTGT TGCTGTGAGC TCCATATTGC TTGGTTTACT CATGGTTGGA 
351 CGAGCAGCTT TTGTTTTCCC TTTATCCTTG TTGATAAACT TTTCCAAAAA 
401 ATCGCTTAGT GAGAAGATCA CCTTCAATCA GCAGATAGTT ATATGGTGGG 
451 CTGGTCTCAT GAGAGGTGCT GTTTCCATGG CACTTGCTTA TAATCAGTTT 
501 ACTAGGTCAG GGCACACGCA GCTGAGGGGG AATGCAATTA TGATCACGAG 
551 CACTATAACT ATTGTCCTTT TTAGTACGAT GGTGT 

b) 9cl cDNA 

1 CCACGCGTCC GATTGTTCTT CATTTATTTG CTTCCACCCA TTATTTTTAA 
51 TGCTGGGTTT CAGGTTAAGA AAAAGCAGTT TTTCAAAAAC TTTTCAACAA 
101 TTTTGTCATT TGGAGTGCTG GGAACATTAA TATCATTCTG CCTCATATCA 
151 GCAGGTGGAT TATGGTTGTT GCAGAAGATT GGTTTGACGC AACTTAGTCT 
201 CAATGACTTT ATGGCCATTG GTGCAATATT CTCTGCCACA GATTCTGTTT 
251 GCACTTTGCA GGTCCTTAAT CAAGATGACA CGCCACTTCT TTACAGTGTT 
301 GTATTTGGAG AGGGTGTTGT AAATGATGCA ACCTCCATTG TGCTTTTCAA 
351 TGCAGTCCAA TCACTTGATC TAAGCAACCT CAGTGCCGTG ACAGCCCTAG 
401 CATTGTTGGG GACCTTTTTG TACCTCTTAT TCACCAGTAC AATTCTTGGC 
451 GTTTTTGTTG GTTTGTTGAG TGCTTTCATT ATAAAGAAGC TCTACATTGG 
501 AAGACACTCT ACAGATCGTG AAATTGCGCT TATGATGCTT ATGGCTTATT 
551 TGTCTTACAT GATAGCTGAG CTTATGGATC TTAG 

c) 10b2 cDNA 

1 CCCGCGTCCG ATTGTTCTTC ATTTATTTGC TTCCACCCAT TATTTTTAAT 
51 GCTGGGTTTC AGGTTAAGAA AAAGCAGTTT TTCAAAAACT TTTCAACAAT 
101 TTTGTCATTT GGAGTGCTGG GAACATTAAT ATCATTCTGC CTCATATCAG 
151 CAGGTGGATT ATGGTTGTTG CAGAAGATTG GTTTGACGCA ACTTAGTCTC 
201 AATGACTTTA TGGCCATTGG TGCAATATTC TCTGCCACAG ATTCTGTTTG 
251 CACTTTGCAG GTCCTTAATC AAGATGACAC GCCACTTCTT TACAGTGTTG 
301 TATTTGGAGA GGGTGTTGTA AATGATGCAA CCTCCATTGT GCTTTTCAAT 
351 GCAGTCCAAT CACTTGATCT AAGCAACCTC AGTGCCGTGA CAGCCCTAGC 
401 ATTGTTGGGG ACCTTTTTGT ACCTCTTATT CACCAGTACA ATTCTTGGCG 
451 TTTTTGTTGG TTTGTTGAGT GCTTTCATTA TAAAGAAGCT CTACATTGGA 
501 AGACACTCTA CAGATCGTGA AATTGCGCTT ATGATGCTTA TGGCTTATTT 
551 GTCTTACA 
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APPENDIX V Salicornia bigeiovii Na^/lT' exchanger gene family analysis 

a) Results from genomic blots hybridized with the full length SbNHXl cDNA at 
high and low stringency 

Enzyme Number of bands 

Hindlll 6 

EcoRI 7 

Kpnl Approx. S (smear of undigested DNA) 

EcoRV Approx. 3 (smear of undigested DNA) 

b) Quantitative comparison of standards and digested Salicornia bigeiovii genomic 
DNA. Values were calculated from density scanning using the phosphoimager. 

Copies % Intensity 

0.25 21.73 

0.5 44.44 

1.0 100.0 

2.0 208.6 

3.0 243.92 

Hdin 36.9 % of the intensity of 1 

EcoRI 94.8 % of the intensity of I 
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APPENDIX VI Flow cytometry output for Salicomia bigelovii genomic DNA 

13099 Saieomiab. 
04.01.80 14:15:50 -
Total Count 23264 O 
dated Count 122 (0.52K1 

caUa/nH 
Peak Index Mean Area AieaXCV  ̂

1 1.000 84.93 7929 34.09 7.38 
2 2.018 171.36 8880 29.50 5.98 
3 3.882 329.76 2076 8.92 8.11 

150 200 250 300 350 400 450 ELI SOO 



APPENDIX VII Examples of plant genome sizes 

Organism Peak index 
(2c) 

Chicken red blood cells 80.7 

Nicotiana iobaccum 

Salicomia bigelovii 84.93 

Arabidopsis lhaliana 

Estimation of genome size: 1 pg = 0,965 x lO' bp 

DNA content Genome size per 2c nucleus 
(pg) 

2.3 2.22x 10'bp 

10 9.65xl0''bp 

2.4 2.32xl0%p 

0.5 6.60xl0%p 
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APPENDIX Vin Effect of CaCb concentration on PPi-dependent pH gradient 

formation 

Different concentrations of CaCb were added to a reaction mix consisting of 30 mM 

HEPES-BTP (pH 8.5), 50 mM KCl, 2 ^M Quinacrine, 0.3 mM PPi-BTP, and 30 ^ig of 

protein (vacuolar enriched membrane vesicles isolated from shoots of 200 mM-grown S, 

bigelovif). PPj-dependent ApH formation was measured as the initial rate of quinacrine 

fluorescence quench and compared to that of the control where no CaCh was added. The 

initial rate of Ca^^ induced dissipation of ApH is expressed as a percent of control. One 

experiment is representative of two. 

120 

100 

80 

60 

40 

20 
Q. 
Q. 

0 10 20 30 40 50 

CaClj concentration (txM) 
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APPENDIX IX Effect of high CaClj concentrations on the pH gradient 

The reactions were as described in APPENDIX VIII with various CaCb concentrations. 

At high CaCh concentrations (0.5 mM andl mM) Ca^^ dissipated the pH gradient. 

10 10 

50 mM CsCl 
^^MgS04 

50 mM CsCl 
8 8 

2mM 6 
6 

2 mM NaCI 

0.5 mM 
CaCb 

4 
4 

I mM CaCb 
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APPENDIX X Effect of CaClj concentrations on vacuolar Na^/IT^ exchange 

Various CaCl2 concentrations were used to study the affect of Ca^^ on vacuolar Na^/H*" 

exchange in S. bigelovii. The reaction components were same as described in 

APPENDIX VIII. Increasing concentrations of CaCb were added after the steady state 

pH gradient was formed. Na^/H^ exchange in the presence of Ca^^ was then monitored 

by addition of 2 mM NaCl. 
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MgSO. 

80-

Gramicidin 
(5 ^g/lnl) 60-

2 mM NaCl 
40-

100-

80-

Gramicidin (S Mg/ml) 60-

2 mM NaCl 

40-1 

100-

80-

60- Gramicidin (5 ^g/ml) 

2 mMNaCI 
0.5 jiM CaCI, 
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100-

80-
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2 mM NaCI 
60-

40-1 

E 
100-

80-
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60-
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F 
100-

80-
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40-
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APPENDIX XI. Na^/H*' activity as a function of CaCh concentration 

Three separate experiments (represented in APPENDIX X) were performed with various 

concentrations of CaCb to study the affect of Ca^^ on vacuolar Na^/PT" exchange in S. 

bigelovii. The data from the traces of the three experiments is represented here in the 

form of a graph. Both, low and high concentrations of CaCb are shown in panel A. The 

data with only low concentrations (0.l-10|iM) of CaCb is shown in panel B. 

120 

P 100 

20 40 60 80 

CaCI, concentration (^M) 

B 110 

0 2 4 6 8 

CaClj concentration (^M) 

10 12 
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APPENDIX XII Effect of Calmodulin concentrations on vacuolar Na^/lT' exchange 

Various CaM concentrations were added after pH gradient formation steady state. The 

reaction components were same as described in APPENDIX VIII. Initial rates of Na^/H^ 

exchange in the presence of CaM were then monitored by addition of 2 mM NaCl. 

o 
o 

+ (Q 

120 

i 100 -

> 
o 
< 

CaM concentration (nM) 
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APPENDIX Xni. Effect of Ca^'/CaM on vacuolar Na^/H^ exchange 

Increasing concentrations of CaM were added at steady state pH gradient in the presence 

of SOfoM CaCb to study the effect of Ca^^/CaM on vacuolar Na^/tT" exchange. Na'^/H^ 

exchange in the presence of Ca^^/CaM was monitored by addition of 2 mM NaCl. 

^ 90 

100 200 300 400 

CaM concentration (nM) 

500 
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