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1. ABSTRACT 
 
 
 

Inorganic phosphate (Pi) is one of the most important components of fertilizers because 
of its importance in many biochemical activities during plant growth and development. They are 
cycled and recycled all over the plant from floral buds to root tips. Even though the Pi 
concentration in soil is way less, plants have devised many ways to increase its concentration 
inside the plant body; one of them being phosphate transporters. 

 
In this project, the maintenance of dynamic cycling of inorganic phosphate is discussed in 

terms of a phosphate transporter, Anion Transporter-3 (ANTR3). Reverse genetics were applied 
with the help of bioinformatics and other web based tools which provided pivotal initial clues. 
The model organism Arabidopsis thaliana, both wild-type and mutants was cultivated 
hydroponically. Screening for homozygotes proceeded standardization of a protocol for isolation 
of plastids from the roots of these plants. Presence and absence of protein in root plastids was 
confirmed by anti-body specific western blotting in wild-type and mutants respectively. This was 
followed by functional and biochemical analysis of the protein by transport assay experiments 
using radioactively tagging phosphate.  

 
The development of a protocol for isolation of root plastids from roots of Arabidopsis 

thaliana with high yields had been successful. In-vitro studies by radioactive phosphate transport 
experiments were possible with the help of knock out mutants. It has been concluded that 
transport of Pi via ANTR3 is dependent on a gradient either from proton concentration (H+) or 
cations (Na+). Back exchange experiments have aided us in establishing its activity in export and 
import of Pi. Last but not the least, phenotypic analysis have observed larger biomass in mutants 
leading to the conclusion that even thought other transporters are present, the sink (roots) – 
source (leaves) balance is disturbed.  
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2. LIST OF ABBREVIATIONS 
 
aa: Amino acid  
 
ANTR: Anion Transporter 
 
DM: dodecyl maltoside 
 
ExPASy: Expert Protein Analysis System 
 
FCCP: Carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone 
 
MIPS: Molecular Imaging Programme at Stanford 
 
NCBI: National Centre for Biotechnology Information 
 
PHT: Phosphate Transporter 
 
Pi: Inorganic phosphate 
 
PLP:  pyridoxal-5'-phosphate 
 
PT: phosphate translocator 
 
PVP: polyvinylpyrrolidone 
 
TAIR: The Arabidopsis Information Resource 
 
TMHMM: TransMembrane prediction using Hidden Markov Models 
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3. INTRODUCTION 

In plants, metabolic pathways are often compartmentalized within the cell to a greater 
extent than in the animal kingdom1. This accentuates the importance of proteins that transport 
metabolites, factors, cofactors or ions across cell boundaries. The transport proteins effectively 
supply various anabolic or catabolic pathways of the cell compartments with substrates. Since 
their function may affect the flux of carbon through a metabolic pathway potentially; they 
represent targets for genetic manipulation2.   

 
3.1. Phosphate as a macronutrient 

Phosphorus is classified as a macronutrient and an essential element in fertilizers because 
of its requirement in comparatively large amounts3. However, Pi is the least accessible 
macronutrient in many ecosystems and its low availability often limits plant growth. Plants have 
evolved an array of molecular and morphological adaptations to cope with Pi limitation, which 
include dramatic changes in gene expression and root development to facilitate Pi acquisition 
and recycling. Although physiological responses to Pi starvation have been increasingly studied 
and understood, the initial molecular events that monitor and transmit information on external 
and internal Pi status remain to be elucidated in plants4. 

Organic compounds that contain phosphorus are used to transfer energy from one 
reaction to drive another reaction within cells. It is present in every compartment of plant cell 
and serves a wide range of structural and regulatory roles, including glycolysis modulation, 
respiration, photosynthesis, starch biosynthesis and sucrose biosynthesis5. Adequate P 
availability stimulates early plant growth and hastens maturity. In natural systems like soil and 
water, P exists as phosphate, a chemical form in which each P atom is surrounded by 4 oxygen 
atoms5. However, soil and water usually contain relatively low concentrations of dissolved (or 
soluble) phosphorus (µM) compared to its concentration inside the plant (mM). P in soil is 
thought to exist in 3 pools namely solution P, active P and fixed P out of which, it is the solution 
P pool from which plants take up P in the orthophosphate form (PO4

-3). Active P is the solid 
phase found attached to small particles which are easily converted to solution P pool while fixed 
pool contains insoluble inorganic phosphate compounds resistant to mineralization by micro 
organisms in soil3.   

 
3.2. Arabidopsis as a model organism 

Researchers understood that the study of plants and their development can be made easy 
with the study of a single plant with similar characters, or rather the need of a model organism. 
One of the so called model organism is Arabidopsis thaliana, an organism that is easily 
manipulated, genetically tractable, and about which much is already known. By studying the 
biology of Arabidopsis, the model plant, we can gain comprehensive knowledge of a complete 
plant. In the laboratory, Arabidopsis offers the ability to test hypotheses quickly and efficiently6. 
With the knowledge we gain from the model plant thus established as a reference system, we can 
move forward with research and rapidly initiate improvements in plants of economic and cultural 
importance.  

Arabidopsis thaliana is a small flowering plant that belongs to the Brassica family, which 
includes species like broccoli, cauliflower, cabbage, and raddish. Since Arabidopsis has a small 
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genome relative to other plants and is easily grown under laboratory conditions, it has become 
the organism of choice for basic studies of the molecular genetics of flowering plants. Scientists 
expect that systematic studies of Arabidopsis will offer important advantages for basic research 
in genetics and molecular biology and will illuminate numerous features of plant biology, 
including those of significant value to agriculture, energy, environment, and human health7. 

The commonly used ecotypes are Landsberg erecta, Columbia, and Wassilewskija from 
NASC8. 

3.3. Root plastids 

Plastids are major organelles responsible for photosynthesis, for storage of a variety of 
products, and for synthesis of key molecules required for the basic architecture and functioning 
of plant cells9. They have a remarkable ability to differentiate, dedifferentiate and re-differentiate 
and can be colorless or pigmented at the same time9. Proplastids are precursors to all types of 
plastids from which the starch storing plastids present in roots and storage organs called 
amyloplasts develop9.  

The highly studied plastid is the chloroplast and very less on other higher plant non-green 
plastids because of the fact that considerable expertise is required to prepare intact active non-
green plastids free from contaminating membranes and mitochondria10. This kind of preparation 
is necessary for the accurate investigation of nucleic acids, membrane lipids, protein and 
enzymes11. Earlier preparations of plastids include aqueous methods involving linear or 
discontinuous sucrose gradient centrifugation of mechanically prepared crude plastids12 and from 
broken protoplasts13, 14.   But all these methods have problems regarding purity, and intactness 
and this have been accounted because of the lack of information on root plastid permeability15 
even though purification of intact chloroplasts and peroxisomes following centrifugation through 
a silica-sol pad or gradient has been reported in lots of previous studies16. Later, research came 
up with methods for isolation and purification of plastids from crude extracts following a low 
speed centrifugation through Percoll, colloidal silica particles of 15-30 nm diameter coated with 
polyvinylpyrrolidone (PVP) which renders it non-toxic. Sedimentation occurs at different rates 
due to its heterogeneity in particle size creating a very smooth isometric gradient17.  
 
3.4. Phosphate transporters 
 
3.4.1. Overview 

 
Inorganic phosphate concentration within plant cells is generally less than 10 mM, 

>3g/kg on a dry weight biomass basis, even though the concentration in typically <10 µM18. 
Because of low concentration of soluble form and slow rate of diffusion to root surface, plants 
have evolved a range of strategies to increase the availability and uptake of soil Pi18. Studies 
have revealed the existence of a set of four phosphate translocator (PT) subfamilies with 
different structures but overlapping specificities, the TPT (triose phosphate/phosphate 
translocator), GPT (glucose-6-phosphate/phosphate translocator), PPT 
(phosphoenolpyruvate/phosphate translocator), and XPT (Xylulose-5-phosphate/phosphate 
translocator)19.  

http://seeds.nottingham.ac.uk/Nasc/detail/2005/bglines.lasso


9 
 

Plastids do not produce PEP even though they are essential for a variety of metabolic 
pathways confined to plastids like the biosynthesis of amino acids, fatty acids or the precursor 
for shikimate pathway20, 21. The translocator PPT transports PEP in exchange with Pi released 
during biochemical processes19. Non-green plastids of heterotrophic tissues like amyloplasts 
import starch from storage tissues and it relies on the import of hexoseP (Glucose-6-phospahte) 
22. This glucose-6-phosphate can act as the precursor of starch biosynthesis or be a part of 
oxidative pentose phosphate pathway to form trioseP. 

Research has proved the existence of high and low affinity phosphate transporters 
responsible for Pi acquisition by plant roots from soil and translocation within the plant 
respectively18. The high affinity Pi uptake system in plants operates at low Pi concentrations and 
has an apparent uptake affinity, with Km values ranging from 3-10 µM; whereas the low affinity 
system operates at high Pi concentrations with Km values ranging from 50-300 µM18. A high-
affinity Pi transporter gene PHO84 was isolated from yeast mutants deficient in Pi absorption3. 
Later, plant homologs were identified in EST database of the yeast gene and they were used for 
isolation of cDNA clones from various plant species24, 25, 26. Homologs were also isolated from 
Arabidopsis thaliana but were designated differently by each group. Eg: PHT1 is identical to 
AtPT1 and APT2; PHT3 is identical to AtPT4; and PHT4 identical to AtPT2. 

 
3.4.1. The PHT4 family  
 

The PHT family of transporter proteins consists PHT1 (in plasma membrane), PHT2 
(plastid inner membrane), PHT3 (mitochondrial inner membrane) 28 and PHT4 (leaves and roots) 

29. PHT2; 1, identified in Arabidopsis was found to have similarity with mammalian and fungal 
Na+/Pi symporters30. But functional analyses in yeast, suggest that PHT2 proteins catalyze H+-
dependent Pi transport30, 31, 32. GFP translational fusions with PHT2 proteins in Arabidopsis, 
Medicago truncatula, spinach and potato have targeted them to the chloroplast envelope, 32, 33, 34 
and localization within the inner envelope membrane is affirmed by subcellular proteomics and 
membrane fractionation / immuno-detection33. In addition to its putative role in Pi import into 
the chloroplast, the presence of PHT2;1 transcripts within the root stele suggests that the 
encoded protein functions in non-photosynthetic plastids34.  

The Arabidopsis genome also encodes six PHT4 proteins, all of which mediate Pi 
transport in yeast with high specificity35. The effects of pH and protonophores on transport 
activities suggest that PHT4 transporters, like PHT2 proteins, catalyze H+-dependent Pi 
transport29.  

The spatial expression of PHT4 genes have been analyzed with the use of GUS reporter 
gene where GUS genes are incorporated into their genomes. The transcriptional fusion constructs 
were introduced into Arabidopsis plants and progeny of the transgenic plants were evaluated for 
GUS activity using histochemical assays29.  

PHT4;1or ANTR1 and PHT4;4 or ANTR2 activity was found throughout green tissues of 
leaves, seedlings, sepals etc, present in all cell types but only in guard and subsidiary cells of the 
epidermis. Chlorophyll autofluorescence, co-localized with GUS indicated these proteins to be 
expressed predominantly in chloroplasts. Even though earlier studies by RT-PCR detected 
PHT4; 4 in roots35, no GUS activity was detected in roots of these plants. PHT4; 2(ANTR3) was 
found expressed throughout the roots but not in leaves or other plant parts29. PHT4; 3(ANTR4) 
and PHT4; 5(ANTR6) expression was restricted to veins of leaves especially in the phloem 
portion revealed by differential interference contrast (DIC) imaging of transverse leaf sections. 
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PHT4; 3 was detected also at root tips, while PHT4; 6(ANTR5) was localized to the Golgi 
apparatus29. 
  Light dependence of these genes was evaluated by monitoring the transcript levels using 
quantitative RT-PCR and found out that PHT4;1 and PHT4;4 like PHT2;1 transcripts increased 
rapidly after exposure to light while PHT4;3, PHT4;5 and PHT4;6 had no obvious effects29. 
PHT4; 2 transcript levels in roots were found to be decreased by about 80 % during the light 
treatment29. Even though PHT2; 1 expression is not under circadian control, PHT4; 1 exhibits a 
circadian expression pattern with peak expression during light phase29. Differing from this 
pattern, PHT4; 4 appeared to be induced by light rather than a circadian rhythm while other 
members were unaffected29. Transcripts for all these genes were found to be more abundant in 
light than dark except PHT4; 2 which were rather related to the exposure of the shoot tissues to 
light29.  

Studies indicate that these transporters may serve as two-way valves with transport 
direction dependent on the Pi electrochemical gradient and proton-motive force29. But in non-
photosynthetic plastids where there is no synthesis of ATP, export of Pi not directly coupled to 
transport of phosphorylated carbon compounds is essential to avoid imbalances29. They have also 
revealed that PHT4; 2 functions in all root plastids and that Pi transport catalyzed by PHT4; 3 
and PHT2; 1 may be needed to supplement that of PHT4; 2 in distinct plastid types, including 
amyloplasts in root cap columella29. 

Calvin cycle takes place in the stroma of chloroplasts (source); during which carbon 
dioxide enters the cycle along with the energy provided by photolysis and in a series of steps, 
glucose is manufactured36. This glucose can act as building blocks in making starch and cellulose 
or can be used in respiration36. Previous studies have established the presence of phosphate 
transporters like ANTR1, localized to the thylakoid membrane for export of Pi37 and ANTR2 to 
the chloroplast inner membrane responsible for import of Pi38. Triose phosphate translocator 
exports photoassimilates in strict counter-exchange with Pi7. The sucrose produced is transported 
through phloem, unloaded and broken by invertase or sucrose synthase39.  In non-green root 
plastids (sink), Glucose-6-phosphate translocator imports these molecules which are used for 
various purposes19. This cycle of events are depicted in a cartoon below (Fig 1). 
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3.5. Functional Genomics 
 

Bioinformatics makes use of databases to store, organize, generate, retrieve, analyze and 
share sequences, structures, functions and genetic interactions. Databases include primary 
databases with primary sequence structure of nucleic acid like EMBL, DDBJ, Gene Bank etc and 
that of protein like SWISS-PROT, TrEMBL, MIPS, PIR etc. While secondary databases includes 
secondary structure of proteins like PROSITE and Pfam40.  

These databases along with  other web based tools have provided the first breakthrough 
regarding the protein ranging from protein sequence to localization, length of targeting peptide, 
molecular weight, structure, function and sequence homology. Genetic analysis that proceeds 
from genotype to phenotype using gene manipulation techniques is termed as reverse genetics. 
Knowledge of the sequence helps in complete inactivation of the gene of interest by designing 
random mutagens like transposons or T-DNA which can create loss of function in the plants. T-
DNA mutagenesis involves Agrobacterium-mediated transformation resulting in a random and 
stable integration in the plant nuclear genome of a DNA sequence, the T-DNA sequence which is 
part of a large bacterial plasmid41. While transposon mutagenesis involves transposable elements 
that ‘hops’ into the middle of a gene, disrupting it41. Polymerase chain reactions, by designing 

Fig. 1: The working model with the series of biochemical events where Pi is exported and 
imported.  
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specific primers for the gene of interest and the insert help to identify those plants carrying the 
particular mutation. While screening, they are classified as wild type: WT (which do not carry 
the insert on the gene of interest), homozygous: HM (which has insertions on both the 
chromosomes) and heterozygous: HT (which carry insertion on just one of the pairs of 
chromosomes). When PCR is carried out, WT would yield a product corresponding to the size of 
the gene of interest, HM would yield just one band with a gene specific and T-DNA primer, and 
HT would yield bands in both using only gene specific and with gene specific and T-DNA 
primer (Fig 2). 

 
Fig. 2: Schematic representation of primer design and possible screening results of PCR 
reactions with different pairs of primers (http://signal.salk.edu/tdnaprimers.2.html). 
 

A growing number of insertion mutants are available to the Arabidopsis community and 
can be screened for an insertion in a gene of interest, either in silico by using BLAST, if the 
genomic sequence that flanks the insertion is known, or through a PCR-based screening 
approach41.  
 
3.6. Aim and Hypothesis  
 

We aimed to screen out the mutants, standardise a protocol for isolation of root plastids 
from Arabidopsis thaliana, localization of ANTR-3 / PHT4; 2 protein and prove phosphate 
transport across the envelope by linking bioinformatics and other web related tools using in-vitro 
techniques. The physiological role of this protein was investigated by analysing knock-out 
mutants. We hypothesised that ANTR3 (PHT4;2), present on the envelope of non-green root 
plastids was responsible for the cycling of Pi and thus crucial for many biochemical pathways. 
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4. MATERIALS AND METHODS 
 
4.1. Bioinformatics 

 
The predicted sequence information was obtained from ExPASy, NCBI, TAIR, MIPS, 

ARAMEMNON and PPDB. ExPASy provides tools like TargetP, MITOPROT, Predotar, 
PSORT etc. that helps predict sub-cellular location. MITOPROT and Predotar focuses on 
prediction of mitochondrial targeting and plastid targeting sequences45. The theoretical 
isoelectric point and molecular weight of the protein of interest was computed from a UniProt 
knowledge base45.  For the structure and localization of the protein, it is important to know about 
how hydrophobic or hydrophilic the amino acids comprising the protein are, and how they are 
arranged into the membrane. Since the protein of interest is a predicted transporter, this piece of 
information is of great importance. ARAMEMNON is a specialized database for Arabidopsis 
membrane proteins that facilitates the interpretation of gene and protein sequence data46. This 
enables direct comparison of the predictions of seven different TM span computational programs 
and the predictions of sub-cellular localization by eight signal peptide recognition programs46. 

Another membrane protein topology prediction method, TMHMM, based on a hidden 
Markov model discriminates between soluble and membrane proteins with both specificity and 
sensitivity47 while HMMTOP transmembrane topology prediction server predicts both the 
localization of helical transmembrane segments and the topology of transmembrane proteins48. 
PROSITE and Pfam consists entries describing protein domains, families and functional sites 
along with hidden Markov models49. Genevestigator allows biologists to study the expression 
and regulation of genes in a broad variety of contexts by summarizing information from 
hundreds of micro-array experiments into easily interpretable results50. This also allows the 
visualization of gene expression in many different tissues, at multiple developmental stages, or in 
response to large sets of stimuli, diseases, drug treatments, or genetic modifications50. 
 
4.2. Plant material and growth conditions 
 

Seeds were normally stored in dark at 4oC. During sterilization they were placed in a 
piece of miracloth, wrapped and pinned up. They were soaked in 70% ethanol for about 5 
minutes and then washed with 0.5 % SDS for 15 minutes. The seeds were washed with sterile 
water for 3 or 4 times and incubated in it for about 5 minutes. They were opened up in a petridish 
and dried in a hood.  

Meanwhile pipette tips were melted and arranged into the boxes into which agar solution 
(0.7 % agar with nutrient solution) was added. After the agar dried up, a seed was planted on top 
of the agar (care should be taken not to bury the seeds). After a short period of vernalization at 
4oC (3-5 days), the seeds were transferred to the plant room, where they were incubated for 2-3 
weeks. After a period of about 3 weeks, trays were prepared with the hydroponic setup (200 ml 
nutrient solution was aerated and mixed with water). The plantlets were sprayed with water 
regularly until ready for harvest. The plant growth room was maintained at a temperature of 22oC 
and 70% relative humidity with 8 hours of daylight and 16 hours of dark.  

 
 
 
 



14 
 

4.3. Screening of Mutants 
 
4.3.1. Isolation of genomic DNA from leaves 
 

Leaf tissue was grinded in 40 µl of shorty buffer (see Appendix). 460 µl of this buffer 
was added to rinse the pestle. The crushed tissue was centrifuged at high speed for 7 minutes and 
400 µl of the supernatant was transferred into an Eppendorf with the same amount of isopropanol 
making sure the pellet at the bottom was not disturbed. It was then mixed by inverting the tube 
for about 7 times and centrifuged for 15 minutes at high speed. The supernatant was then poured 
out and the samples were left to dry out. When the samples were dried, they were dissolved in 
100 µl of TE1 buffer.  

 
4.3.2. Polymerase chain reaction 
 

The polymerase chain reaction (PCR) is a fast and reliable technique used to amplify or 
copy small segments of DNA which involves repeated cycles of denaturing and synthesizing 
new DNA as many as 30 or 40 times, leading to more than one billion exact copies of the 
original DNA segment. This is directed by a machine called a thermocycler, which is 
programmed to alter the temperature of the reaction every few minutes to allow DNA denaturing 
and synthesis44. 

The PCR mix was prepared first by adding the components into a nuclease-free 
microcentrifuge tube and mixed. The DNA polymerase used in this reaction was Paq5000 DNA 
polymerase, a recombinant DNA-dependent DNA polymerase isolated from Pyrococcus species. 
This reaction mixture was placed in a thermo-cycler and a polymerase chain reaction was carried 
out (see Appendix). The PCR products were then analyzed by using Agarose gel electrophoresis.  
 
4.3.3. Agarose gel electrophoresis 
 

Agarose gel electrophoresis is a method for separating, viewing and analyzing DNA. This 
makes use of a gelling agent, agar obtained from cell walls of some species of red algae 
primarily from genera Gracillaria or Gelidium. DNA fragments move through the pores in the 
gel and get separated on basis of their charge:size ratio. DNA molecules, due to their phosphate 
backbone are negatively charged so they migrate towards the positively charged anode. The size 
of the pore (concentration of agarose) is decided according to the size of DNA fragments. The 
buffer used in this technique was Tris borate buffer (TBE). The DNA was viewed by a 
fluorescent dye, Ethidium bromide as it gets intercalated between nucleic acid bases and 
fluoresces under UV light.  

The 0.8% agarose was prepared by heating the constituents in appropriate amounts until 
the agarose melts completely. It was allowed to cool down to a temperature (about 60°C) that 
can be handled by bare hands. Ethidium bromide was added and swirled to mix. The preparation 
was then poured into a cast tank with the comb making sure to remove the bubbles. This was left 
to set for about half an hour. The gel tank was filled with 0.5× TBE as the running buffer to a 
level that completely submerges the gel. Meanwhile, the samples were prepared from the PCR 
digest and loading dye. They were then loaded on to the prepared wells finishing off with a 1 Kb 
marker and immersed in running buffer.The gel tank was closed and power source turned on 
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with a current of about 100 mA. Once the bands run all the way down, the unit was turned off 
and gel was removed from the tank to be viewed under a transilluminator.        
  
4.4. Protein Analysis 
 
4.4.1 Root Plastid Isolation 
 

10-15 grams of roots were washed with distilled water and chilled at 4oC for about 30 
minutes. The roots were then homogenized in a blender with 40 ml of isolation buffer for 3-4 
bursts of 6 seconds. The homogenate was filtered through 2 layers of miracloth with a pore size 
of 20 µm. This was then centrifuged at 1500g (4000rpm) for 2 minutes. The supernatant was 
discarded and the pellet was resuspended in 0.5 ml isolation buffer. Meanwhile, a centrifuge tube 
was prepared with 40 ml of 10 % percoll which was freshly prepared from stock and diluted with 
isolation buffer and BSA. The mixture was centrifuged at 3000g (7500rpm) for about 10 
minutes. The pellet obtained was resuspended in 20 ml isolation buffer without BSA and 
centrifuged again at 1500g (4000 rpm) for 3 minutes. The pellet now obtained was resuspended 
in 0.5 ml isolation buffer (without BSA).  

 
4.4.2. Concentration of Protein 
 
 The concentration of protein in the preparation was measured using Protein A280 in a 
Nanodrop Spectrophotometer. Protein A280 determines concentration of purified protein 
samples by relating absorbance with concentration with the help of Beer-Lambert equation51, 

A = E * b * c 
where,  A = Absorbance value, E = Wavelength-dependent molar absorptivity coefficient, b = 
path length in centimeters, c = analyte concentration in moles/liter or molarity (M). 
 
4.4.3. Latency of root plastids  
 

The latency of root plastids was confirmed with the use of a phase contrast microscope as 
transparent bodies cannot be viewed under a normal optical microscope42. Even though 
transparent bodies transmit as much light as the mounting medium that surrounds them, the 
refractive index varies slightly from the surrounding material and this is made use of in phase 
contrast microscopy43.The propagation of light through such an object provides a change in the 
optical path across the object, as well as a resulting shift in the phase of the light that has passed 
through the structure of interest relative to light passing around the structure. This phase-shift 
information can be used to form a visible image if it is converted into intensity variations that are 
detectable by the observer43. In a phase-contrast microscope, the phase difference between light 
that is diffracted by a specimen and light that is direct and undeflected is one-quarter of a 
wavelength or less. By placing an appropriate mask in the back focal plane of the objective to 
provide selective filtering of the diffracted light, the phase difference is increased by another 
quarter wavelength. Waves that differ in phase by half a wavelength cancel one another. In the 
phase image where this occurs, no light was transmitted. As a result, phase differences caused by 
variations in the specimen appear as intensity variations in the image43. 

A phase contrast microscope consists of 4 objective lenses, a centering telescope and a 
Zernike phase condenser lens. It has five settings that can be rotated through 10x, 20x, 40x, 100x 
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and BF, where BF is "brightfield" with no phase. It was then aligned and centered before 
viewing. The height of the condenser has to be adjusted for optimum picture quality. The 
samples were prepared by smearing it onto a slide and then sealed.   
   
4.4.4. SDS-polyacrylamide gel electrophoresis and Western Blotting 

 
The components for separating and stacking buffer were mixed except TEMED and APS 

(see Appendix) which were mixed just before casting. Seperating gel was casted first with a layer 
of butanol on top to save the gel from drying out and allowed to polymerize. Meanwhile, the 
samples were prepared in the ratio 2:1 with S×3(see Appendix), rested for about 30 minutes and 
incubated at 45°C for 7 minutes followed by resting for about 10 minutes. The butanol was 
rinsed away with de-ionised water, dried and the spacers were mounted and stacking gel was 
added. This was allowed to polymerize for about 30 minutes. The samples were loaded and gel 
was run at 15 mA/gel with cooling.  

The electrodes were soaked in water, filter papers were cut and nylon membranes were 
prepared. They were wetted in methanol, rinsed in double distilled water and equilibrated in 
blotting buffer.  After electrophoresis, the unit was detached and stacking gel discarded. The 
blotting sandwich was prepared placing the gel on the nylon membrane in between the filter 
papers. After making sure all air bubbles were removed, the membrane was blotted for about 75 
minutes under a current of 0.8 mA/cm2. After transfer, the nylon membrane was washed in 
TBS×1 to remove blotchy or spotted background. The SNAP cassette was prepared with 
appropriate well blot holder. For this, the white membrane was wetted with double distilled (dd) 
water and the membrane was placed at the centre with the protein side down. Air bubbles were 
removed and squeezed to shut. To minimize non-specific binding, the membrane was blocked 
for 1 minute at room temperature. Then, it was incubated in 1.5 ml AB1 which were mixed under 
optimum dilution ratios. AB1 was removed and washed 3 times in 15 ml of TTBS×1 (to remove 
unbound AB1). Later, the membrane was incubated with 1.5 ml of AB2 for 10 minutes at room 
temperature. Following this, the membrane was removed from SNAP and transferred into 
TBS×1 (to remove residual tween). Meanwhile, the chemiluminescent substrate solution was 
prepared and incubated on membrane for 5 minutes at room temperature. Once this reaction was 
done, it was sealed in a heat sealable bag so as to prevent the membrane from drying out. This 
blot was then exposed to LAS-4000 mini at room temperature for time gaps ranging from 2 
minutes to 10 minutes.    
  
4.5. Functional Analysis 
 
4.5.1. Pi transport experiments 
 

The samples were diluted to 1mg/ml, centrifuged for 1 minute at 13000 rpm and 
supernatant was removed. The pellet was re-suspended in 28.5µl corresponding buffer with 1µl 
of inhibitor or KH2PO4 (if needed) on ice. This was then transferred to room temperature in the 
hot hood. 1.5µl of radioactive iP32 with a final concentration 50µM and specific activity of 
60µCi/µmol was added to the plastids and incubated for 1 minute at room temperature to effect 
the transport. The transfer was stopped by adding 170µl of cold buffer. It was centrifuged at 
13000 rpm for 1 minute and supernatant was removed. As part of washing, the pellet was re-
suspended in 200µl cold buffer and spun down. The supernatant was discarded again; 30µl of 
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2mM dodecyl maltoside (DM) was added on ice and then incubated for 5 minutes. Uptake with 
three inhibitors, 150µM Mersalyl, 6 mM pyridoxal-5'-phosphate (PLP) and 50µM Carbonyl 
cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP) were performed. They were then 
transferred to scintillation tubes with 1.5 ml dd water for counting in a scintillation counter 
machine. Back-exchange was done either in presence or absence of NaCl. Preloading was first 
done and washed two times. Later, they were incubated for exchange in the next buffer for 1 
minute. This was centrifuged and radioactivity was measured in both pellet and supernatant by 
using a scintillation counter as described above.   
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5. RESULTS  

5.1. Bioinformatics 

UniProt / Swiss-Prot predicted Anion transporter 3 (Locus name: At2g38060, Accession 
number = Q7XJR2) to be a transmembrane chloroplastic protein. ANTR3 gene is present on the 
3rd chromosome of Arabidopsis with 8 exons. This At2g38060 gene52 as in Fig.3 codes for a 
protein with 512 amino acid residues with a 44 amino acid transit peptide so that the chain would 
be about 468 amino acids long (ExPASy). This was predicted to be a probable anion transporter 
belonging to the major facilitator super-family.    

 
Fig.3: Amino acid sequence of the full-length ANTR3 protein from Arabidopsis thaliana 
(Uniprot acc. No: Q7XJR2). The predicted cleavage site is indicated by a block arrow. (a) in 
blocks is the ab1 epitoe (from ExPASy). 

 
TargetP predicted this protein to be found in the plastid with a score of 0.905. MitoProt 

adumbrates export of the protein to the mitochondria with a probability of 0.8914 / 1 but 
cleavage sites could not be predicted. Predotar provided extra information about the localization 
of this protein and it was found with highest probability in plastids rather than in mitochondria 
and endoplasmic reticulum. According to PSORT, the certainty of finding the protein was 
highest in the endoplasmic reticulum with a score of 5 when compared to chloroplast and plasma 
membrane with scores of 4 each. It has also identified some of its nearest neighbors; the closest 
being GR12_ARATH, an integral membrane protein found in plastids and another membrane 



19 
 

protein found in endoplasmic reticulum, HMD1_ARATH. ARAMEMNON predicted the protein 
to have 12 putative alpha helix transmembrane regions and concensus prediction localized it to 
chloroplast with a score of 18.3 against 1 for mitochondria and 0 for secretory pathways.  

The average precursor molecular weight was computed to be 55306.68 Da and the 
theoretical isoelectric point was calculated as 9.71. ProtScale with the help of hydropathy plot of 
Kyle and Doolittle provides us an idea about the transmembrane property of the protein. The 
positive values indicate hydrophobicity and peaks below zero indicate hydrophilicity. The graph 
indicates majority of peaks above zero with a maximum of 2.678 and a minimum of -3.300. 
TMHMM calculates probability using hidden Markov models and according to the plot there 
were 10 predicted transmembrane helices. PROSITE and Pfam classified ANTR3 in Major 
facilitator superfamily (MFS) which are single-polypeptide secondary carriers capable only of 
transporting small solutes in response to chemi-osmotic ion gradients. InterPro predicted the 
protein to be a sodium-dependent phosphate transporter.  

According to the data obtained from the above tools, a physical map was drawn with 3 
mutants as depicted in figure 6. Three T-DNA mutations were identified in the At2g38060 gene; 
one on the intron (N5709922), exon (N519289), promoter (N584316) (table: 1).  
 

 
Fig. 4: The physical map of ANTR3 with the three mutants; ANTR-i (N570992), ANTR3-e 
(N519289), ANTR3-p (N584316).  
 
Table 1: Left and right border along with T-DNA primers designed for PCR screening. 
 ANTR3-e  ANTR3-p 
(1)Left Primer AGTAAAGAAAGGCCGTAACCG (5)Left Primer GATACCGGAGTTTCGGTTAG

C (2)Right Primer TTGTCGAAATTGCCTACTTGG (6)Right Primer GTCTCTTTCAATTGTTCCCCC 
 ANTR3-i   
(3) Left Primer AGCCAACACTCTTTTTCCTCC (7) T-DNA ATTT TGCC GATT TCGG AAC 
(4)Right Primer CGAAGAAGAGGAATCAATCCC   

 
5.2. Screening of mutants 

 
All plants were screened and homozygous ones were chosen out of the lot. In the gel 

shown below, (Fig. 5) two randomly selected plants of wild type Arabidopsis thaliana showed 
bands of 900 base pairs in wells with gene specific primers while mutants displayed bands 
around 400 base pairs in T-DNA specific primer wells. Since all the plants showed the expected 
bands, all 20 of them were homozygotes. 
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Fig. 5: Agarose gel electrophoresis of PCR products. Lane1,2,3,4(gene and T-DNA specific 
primers of two ANTR3-e plants); 5,6(gene and T-DNA specific primers of WT); 7,8,9,11(gene 
and T-DNA specific primers of two ANTR3-i plants); 10(Marker);12,13(gene and T-DNA 
specific primers of WT);14,15,16,17(gene and T-DNA specific primers of two ANTR3-p 
plants);18,19(gene and T-DNA specific primers of WT);20(Marker). 
 
5.3. Phenotypic analysis 

Four weeks old Arabidopsis wild-type and mutants were compared phenotypically and 
the mutants were found to grow more profusely than the wild-type as shown in fig.6. Mutants 
build-up 30 % more biomass than the wild-type when total amount of biomass was taken into 
consideration. A graph (Fig.7) has been plotted with mean plant weight against plant type (about 
4 weeks old 25 plants each) which clearly illustrates the difference.  
 

 
Fig. 6: Wild type Arabidopsis thaliana along with the mutants ANTR3-e, ANTR3-p and ANTR3-i  
(4 weeks old). 
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Fig. 7: Average plant weight of Wild type Arabidopsis thaliana and the mutants ANTR3-e, 
ANTR3-p and ANTR3-i. 
 
5.4. Protein Analysis 
 

Phase contrast microscopy at 100 X magnification gives us an idea of the latency of root 
plastids. Even though they were isolated, frozen and thawed; majority of them were found to be 
intact as intact plastids look bright with a halo while broken ones look dark as seen in figure 8. A 
rough estimate of the total number of plastids in the field of view was counted and the 
percentage of intact plastids was about 70 %.  

 

 
Fig. 8: Evaluation of wt root plastid intactness by phase contrast 

microscope at 100X magnification. Arrow indicates 10 µm. 
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Fig. 9: Western blot of root plastids from wild type Arabidopsis. Lane 1(15µg protein); 
2(buffer); 3(5µg protein); 4(1.5µg protein); 5(Marker); 6(15µg protein); 7(5µg protein); 
8(1.5µg protein). 
 

SDS-PAGE gel electrophoresis followed by Western Blotting was performed with an 
antibody raised against a peptide of ANTR3 protein on wild-type root plastid samples and bands 
were observed at a size of 45 KDa. Decreasing protein concentrations (15, 5 and 1.5 µg 
protein/lane) were loaded in wells and bands with decreasing intensity were observed as in figure 
9. For the sake of controls, the second part of the gel loaded with the same protein concentrations 
are blotted against pre-immune in lanes 6-8. No bands were observed in these control wells as 
expected.   ` 

 
 

 
SDS-PAGE gel electrophoresis followed by Western Blotting was carried out with wild-

type, all three mutants, and an ANTR1 mutant with concentrations 15 µg protein/lane against 
ab1 (antibody raised against a peptide of ANTR3 protein). Bands were observed at size 46 KDa 
for wild type, ANTR1 and ANTR3-e mutants. As expected no bands were observed again with 
pre-immune in lanes 6 to 9 (Fig. 10). 

 
5.5. Functional analysis 

 
Transport experiments with wild-type Arabidopsis thaliana and the mutants have led to 

their functional characterization in-vivo.  Figure 13 shows the uptake of radioactive Pi under 
different conditions of pH, cations and inhibitors. Non-specific binding was assayed at pH 6.5 
and 7.5 with sodium cations (6.5+ and 7.5+) in presence of 10mM Pi and subtracted from 
individual values of the radioactive counter measurement values. Fig 12 shows the back-
exchange experiments where radioactivity was counted in the supernatant and pellet.  
 When wild-type and mutants are compared, figure 11(a), (b) and (c) shows clear 
distinction regarding the transport of 32Pi between them. WT Arabidopsis show high values of 
transport activity and the lowest values for mutants under pH conditions of 7 .5 with Na+. Fig. 11 
(d) sums up the contribution of ANTR3 protein from experiments with all mutants. It was found 
that all three inhibitors Mersalyl, PLP and FCCP have pronounced effect on transport of 32Pi. 

                               ANTR3-ab                                              pre-immune 

45 KDa 

   1          2          3          4        5        6           7           8 

45 KDa 

    WT           antr1        antr3-p         antr3-i         WT        antr3-p      antr3-i 

Fig. 10: Western blot of root plastids from wt (1), antr1 mutant (2); antr-p (3); antr3-i (4; wt 
(1); antr3-p (6); antr3-i (7).  
  

                         ANTR3-ab                                            pre-immune 
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The most efficient was PLP (18 % left) followed by Mersalyl (35 %) and FCCP (35 %). Back 
exchange experiment was performed with pre-loading and exchange. The amount of 
radioactivity was measured in both the pellet and supernatant and the highest rate of export was 
observed in 6.5+ Na+ - 7.5- Na+. These values were expressed in ratios and a graph was plotted 
as in figure 12. 
 
 

 
 
 
 

 
 
 

0

50

100

150

200

250

300

6.5+ 7.5+ 6.5- 7.5-

6.5+
KCl

150
 µM

 M
er

sa
lyl

6 m
M

 PLP

50 µ
M

 FC
CP

Pi
 u

pt
ak

e 
(p

m
ol

/m
g 

pr
ot

ei
n)

wt

antr3-e

(a) 

0

50

100

150

200

250

300

6.5+ 7.5+ 6.5- 7.5-

6.5+
KCl

150
 µM

 M
er

sa
lyl

6 m
M

 PLP

50 µ
M

 FC
CP

Pi
 u

pt
ak

e(
pm

ol
/m

g 
pr

ot
ei

n)

wt

antr3-p

(b) 



24 
 

0

50

100

150

200

250

300

6.5+ 7.5+ 6.5- 7.5-

6.5+
KCl

150
 µM

 M
er

sa
lyl

6 m
M

 PLP

50 µ
M

 FC
CP

Pi
 u

pt
ak

e 
(p

m
ol

/m
g 

pr
ot

ei
n)

wt

antr3-i

 
 
 
 

ANTR3 Contribution

0

50

100

150

200

250

6.5+ 7.5+ 6.5- 7.5-

6.5+
KCl

150
 µM

 M
er

sa
lyl

6 m
M

 PLP

50 µ
M

 FC
CP

Pi
 u

pt
ak

e 
(p

m
ol

/m
g 

pr
ot

ei
n)

 
Fig. 11: (a, b, c) Bar graph plotted with conditions along X-axis and the Pi uptake along Y-axis 
during transport experiments. (d) Bar graph plotted with conditions and the total ANTR3 
contribution during transport experiments. 
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Back exchange performed with the same pH of 6.5+ Na to 6.5+ Na, displayed the same 
ratios of 2:1 in both wild-types and mutants but to a lesser extend compared to wild-type (data 
not shown).   
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Fig. 12: Bar graph plotted against ratio of Pi in pellet and supernatant during back-exchange 
experiments. 
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6. DISCUSSION 
 
 The amino-acid sequence give hints about how the protein looks like which in-turn 
gives us information about the alignment and function. There are a number of trans-membrane 
domains and a Poly-G which assumes a U-conformation54. This gives us an idea about the 
positioning of ANTR3 in the plastid membrane. The hydophobicity or hydrophilicity of amino 
acids provides an understanding of the arrangement of amino acids in the cell which in-turn 
would provide details regarding function, structure and its localization.  
  
 In Arabidopsis thaliana, there are 6 genes encoding anion transporters (ANTR3-6), 
sharing homology with the NaPi – I members. The ANTR1 and ANTR2 proteins have been 
localized to the chloroplasts and latter precisely assigned to the inner envelope using proteomics 
and immunodetection with a peptide-specific antibody53, 38. The subcellular location of the 
proteins from ANTR3-6 had not been addressed experimentally37. Since bioinformatics tools like 
TargetP localized this protein to the chloroplasts, they were isolated and western blots were 
performed. Bands were not observed in these blots. According to Genevestigator transcript levels 
were highest in roots, so our focus shifted from leaves to roots which were further supported by 
western blots which revealed the presence of bands in wild type plants. Guo et al. in 2008 
published experimental evidence regarding the presence using GUS staining where it was 
detected throughout roots but not in leaves or floral tissues35. RNA expression levels were also 
studied using RT-PCR where expression was highlighted in roots35. 
  
 The predicted molecular weight of the ANTR3 is 55 KDa but when these are loaded 
into wells in a SDS-PAGE gel and blotted on to a PVDF membrane, bands are viewed at 45 KDa 
which differs significantly from its theoretical size. Similar migration shift was observed for 
ANTR1 and ANTR237. One possibility can be incorrect prediction of cleavage site. Since all 
three proteins show a difference from their theoretical molecular weight and anti-body specific 
western blotting worked out well, the possible explanation might be the presence of charged and 
hydrophilic residues37.    
  
 All members of this family have been expressed heterologously in yeast and E. coli and 
all of them had an optimum pH of 5 except one member whose optimum value was 7.537. In this 
study, we have focussed on ANTR-3 protein in-vitro where mutants were taken advantage of. 
Moreover, it is impossible to study this protein without mutants because of the presence of other 
transporters. Highest activity has been observed at pH 7.5 in presence of sodium ions. Transport 
experiments were done in presence of inhibitors to confirm that we were studying phosphate 
transport. Mersalyl disrupts S-S bridges in the transporter and it had considerable effects on the 
transport activity. At this present stage we know there are cystine residues but there is no 
knowledge about the formation of these bonds. PLP is a well known phosphate transporter 
inhibitor since it is an analogue of phosphate and blocks transport while FCCP affects the 
electrochemical gradient. These inhibitors had pronounced effect on the activity so we confirm 
that it was phosphate transport that we were studying. 
  
 The uptake with inhibitors was performed at pH 6.5+ Na for the wild type and 7.5+ Na 
for wild type and mutants. This is because of the fact that plastids show the best transport activity 
under a pH of 7.5 in presence of cations. A set of back-exchange experiments (Fig.14) were also 
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performed where transport was studied from the same pH of 6.5+ Na+ to 6.5+ Na+ to check out 
leakage of Pi from plastids by other sources (transporters) (Fig.14). This experiment validates 
our earlier results with most efficient activity from a buffer at pH 7.5+ (presence of Na+) to 7.5- 
(absence of Na+) along with the fact that this transporter works in both directions, export and 
import (radioactivity observed in both pellet and supernatant).   
  
 As per our phenotypic analysis, mutants were found to grow 30 % more profusely than 
the wild-type. At the same time starch levels in the roots of mutants were reduced, which is 
consistent with the idea that phosphate export from a root plastid would lead to increased 
phosphate levels and that this would inhibit starch synthesis (unpublished data, Wayne Versaw, 
Univ. Of Texas). Our transport assays in intact plastids strongly supports this argument. 
Repeated starch and sugar measurements in leaves, roots and phloem exudates with the idea that 
source / sink allocation may be broadly affected by mutation. Glucose and sucrose levels in roots 
showed differences in the mutant but more samples are needed to make a marked difference. 
Amino acid content was unaffected so it is not a matter of total carbon or nitrogen that is out of 
balance (unpublished data, Wayne Versaw, University of Texas). The accumulation of Pi in roots 
might lead to effective metabolism in the shoots leading to large phenotypes at the same time 
inhibit starch synthesis in root plastids. This hypothesis provides space for further studies and 
research. 
  
 Previous studies have recorded transcript levels by using RT-PCT (reverse 
transcriptase-PCR) and ANTR3 transcript levels were found to be decreased by 80 % during 
light phase of the circadian rhythm unlike other proteins of the same family29. Moreover these 
transcript levels were more abundant in dark rather than in light and not under circadian 
control29. 

 
The development of a protocol for isolation of root plastids from roots of Arabidopsis 

thaliana with high yields had been successful. In-vitro studies by radioactive phosphate transport 
experiments imply that transport of Pi via ANTR3 is dependent on a gradient either from proton 
concentration or cations (Na+). Back exchange experiments have aided us in establishing its 
activity in export and import of Pi. Last but not the least, phenotypic analysis have led to the 
observation of larger biomass in mutants leading to the conclusion that even though other 
transporters are present, the sink (roots) – source (leaves) balance is disturbed. So it can be 
concluded that Anion Transporter 3 has been localized to root plastid envelope membranes 
playing a pivotal role in Pi transport. It is an H+ or a Na+ dependent transporter that can work 
either in the import or export of Pi according to their concentrations and environment.  
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9. APPENDIX 
 
 
DNA isolation 
Shorty Buffer 
0.2 M Tris-HCL, pH 9.0 
0.4 M LiCl 
25mM EDTA, pH 8.0 
1% SDS 
H2O 
 
TE Buffer 
10 mM Tris, pH 8.0 
1 mM EDTA, pH 8.0 
H2O 
 
 
PCR 
PCR mix: 
5µl 10×Paq5000 reaction buffer 
0.4µl 100mM dNTP 
1µl 10µM forward primer  
1µl 10µM reverse primer  
100ng genomic DNA 
0.5µl of Paq5000 DNA Polymerase 
 
 No: of cycles Temperature Duration 
Denaturation 1 95ºC 2 minutes 

Annealing 30 
95ºC 
72ºC 
72ºC 

20 sec 
20 sec 
30 sec / kb 

Elongation 1 72ºC 5 minutes 
 
 
Agarose Gel Electrophoresis 
Gel preperation (0.8%) 
200 ml TBE 
1.6 mg agarose 
2 µl Ethidium bromide 
 
Sample preparation 
8µl sample  
2µl loading dye 
 
Isolation of root plastids 
Isolation buffer 
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50 mM Tricine (pH 8) 
0.3 M Sorbitol 
1 mM EDTA 
2 mM MgCl2  
Add BSA freshly when needed 
 
Western blotting 
 
 Seperating gel (14 %) Stacking gel (6 %) 
Urea 3.6 g 5.45 g 
dd H2O 1.7 ml 5.4 ml 
Sep/Stacking buffer 2 ml 3.72 ml 
40% acrylamide 3.5 ml 2.25 ml 
TEMED 5 µl 9 µl 
10 % APS 45 µl 162 µl 
 
Seperation buffer (pH 8.83) 
1.5 M Tris-HCL 
0.4 % SDS 
dd H2O 
 
Stacking buffer (pH 6.8) 
0.5 M Tris HCL 
0.4 % SDS 
dd H2O 
 
Running buffer (×10) (pH 8.3) 
0.25 M Tris  
1.9 m glycin 
1 % SDS 
dd H2O 
Before use, dilute to 10 times. 
 
Solubilization buffer, S×3 (pH 6.8) 
0.5 M Tris-HCL (pH 6.8) 
0.4 % SDS 
87 % glycerol 
dd H2O 
Before use, mix 417 µl S×3, 83 µl 600 mM DTT (Dithiotreitol) and BPB. 
 
TEMED (N’,N’,N’,N’- tetramethyl-ethylenediamine) 
 
10 % APS (Ammonium persulphate) 
APS 
dd H2O 
 



34 
 

Blotting buffer 
48 mM Tris 
39 mM glycin 
0.0375 % SDS 
20 % methanol 
dd H2O 
 
TBS×5 (Tris buffered saline) (pH 7.5) 
100 mM Tris-HCL 
0.5 M NaCl 
dd H2O 
Prepare TBS×1 by diluting it 5 times. 
 
Washing/Antibody solution (TTBS×1) (pH 7.5) 
TBS×1 
0.1 % Tween-20 
 
Blocking solution (pH 7.5) 
TTBS×1 
0.5 % non-fat dry milk 
 
Antibody 1 (ab 1) 
Rabbit IgG raised from the desired protein. 
 
Antibody 2 (ab 2) 
Donkey anti-rabbit IgG horseradish peroxidase conjugate (HRP) 
 
ECL-Plus Chemiluminescent substrate 
1 ml of solution A 
25 µl of solution B  
1 ml dd water. 
 
 
 
 
 
 
 
 
 
 
 


