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1 Introduction

1.1 ABC Proteins

1.1.1 General Background
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1.1.2 General Structure of ABC Proteins
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Figure 1.1 – Molecular architecture of ABC transporters
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1.1.3 Chloroplast Transit Peptides 
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1.1.4 ABC Subfamilies

The Arabidopsis thaliana system” 

Arabidopsis

Arabidopsis 

Arabidopsis

Arabidopsis
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Figure 1.2 – Phylogenetic relationships of Arabidopsis and rice proteins in ABC 
subfamily B

– Ph
B

Arabidopsis 
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1.1.5 Plant ABC Proteins

1.1.5.1 The TAP Proteins
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1.1.5.2 The NAP14 Protein



Introduction

Arabidopsis

1.1.6 Bacterial ABC Proteins
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1.1.7 Mammalian ABC Proteins
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1.2 Stress Factors and Characterization of TAP1

A. thaliana 
attap1 

1.2.1 Metals as Stress Factors
Aluminum, Al3+.
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AtTAP2
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Iron, Fe3+

Calcium, Ca2+
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Magnesium, Mg2+.
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Copper, Cu2+
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1.2.2 Non-Metal Stress Factors
Methyl viologen (MV).

Arabidopsis 

Hydrogen peroxide (H2O2).

Arabidopsis 

Auxin.

Heat stress. 
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1.3 The Objectives of the Thesis
Studies of plant transporters can provide value to agriculture, by 
revealing the role of transporters in enabling plants to adapt to 
environmental stress conditions, which can impact plant production and 
crop yields. Additionally, it can provide insight into human transporters, 
and thereby contribute indirectly to developing methods to overcome 
chemical and drug resistance, and to gain novel insights into the cause of 
diseases.  

The objectives of this study are: 

1. To analyze the functional role of AtTAP1, primarily through the 
characterization of the mutant attap1 in response to different 
abiotic treatments, and by comparing expression patterns of 
AtTAP1 to AtTAP2. 

2. To investigate on the evolution and conservation of AtTAP1 and 
AtNAP14. 

3. To analyze the enzymatic function of the proteins AtTAP1, 
AtTAP2, and AtNAP14. 

The results are presented in detail in this thesis, and the main results of 
AtTAP1 and AtTAP1 are presented in an article, submitted to Journal of 
Plant Research (Appendix 1).
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2 Materials and Methods

2.1 Materials

2.1.1 Buffers, Media and Solutions

2.1.2 Enzymes and Commercial Kits



Materials and Methods

2.1.3 Plant Material 

2.1.3.1 Arabidopsis thaliana

Col-0 (WT) Arabidopsis

attap1, SAIL_8_B04 (N800375/CS800375),

AtTAP1 At1g70610

2.1.3.2 Nicotiana tabacum

Nicotiana tabacum

2.1.4 Bacterial Strains

2.1.4.1 Escherichia coli (E. coli)

DH5α E. coli 

BL21(DE3)pLysS 

Rosetta (DE3)pLysS 



Materials and Methods

2.1.4.2 Agrobacterium tumefaciens

A. tumefaciens

ABI-1

2.1.5 Vectors 
pPCR-Script Cam SK(+)

lac 

in vitro
SrfI

pJET1.2

E. coli 

pWEN18



Materials and Methods

pBA002a

E. coli Agrobacterium

pBADG

E. coli Agrobacterium

pET28a(+)



Materials and Methods

2.1.6 Primers 
Table 2.1 – Primers used in this study

Primer name Sequencea
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2.2 Methods

2.2.1 Bioinformatics Methods
Alignments. ncbi.nlm.nih.gov,

Phylogenetic tree. 

Identities and similarities. 
EMBOSS Needle 

Chloroplast transit peptides. 

2.2.2 Plant methods

2.2.2.1 Plant growth and stress treatments

Arabidopsis. Arabidopsis thaliana



Materials and Methods

Tobacco.

2.2.2.2 Sterilizing Seeds



Materials and Methods

2.2.2.3 Plant Transformation

2.2.2.4 Biolistic Transformation of Tobacco 



Materials and Methods

2.2.2.5 General Staining Method/GUS Staining

2.2.3 Bacterial Methods

2.2.3.1 Chemically Competent DH5α Cells

E. coli 
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2.2.3.2 Transformation of Chemically Competent E. coli Cells

E. coli 

2.2.3.3 Chemically Competent ABI Cells

Agrobacterium



Materials and Methods

2.2.3.4 Transformation of Chemically Competent ABI Cells

Agrobacterium

2.2.4 Vectors Constructed
AtTAP1-pPCR-Script CpR. AtTAP1 (At1g70610)

PromoterTAP1--pPCR-Script CpR.
AtTAP1 

PromoterTAP1-pBADG. AtTAP1 
PromoterTAP1-pPCR-Script CpR

PromoterTAP1-pBADG



Materials and Methods

TAP1
promoter.

AtTAP1-pWEN18. AtTAP1 AtTAP1-
pPCR-Script CpR

35S-AtTAP1-YFP/pBA002a. 35S-AtTAP1-YFP
AtTAP1-pWEN18

AtTAP1-pJET1.2. AtTAP1 

AtTAP1-pET28a(+). AtTAP1 AtTAP1-
pJET1.2

AtTAP1-pET28a(+)

attap1-pJET1.2. attap1 

AtTAP2-pJET1.2. AtTAP2 (At5g39040) 



Materials and Methods

AtTAP2-pET28a(+). AtTAP2 AtTAP2-pJET1.2

AtTAP2-pET28a(+)

AtNAP14-pJET1.2. AtNAP14 (At5g14100) 

AtNAP14-pET28a(+). AtNAP14 AtNAP14-
pJET1.2

AtNAP14-pET28a(+)

AtNAP14-pWEN18. AtNAP14
AtNAP14-pET28a(+)



Materials and Methods

2.2.4.1 Sequencing

2.2.5 DNA/RNA Methods

2.2.5.1 RNA Isolation

2.2.5.2 Preparing Genomic DNA

attap1
AtTAP1 attap1

2.2.5.3 Isolation of Plasmids 

2.2.5.4 Purification of DNA
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2.2.5.5 Standard Cloning Methods

Restriction digestion.

Dephosphorylation.

Ligation.

2.2.5.6 RT-PCR

2.2.5.7 PCR



Materials and Methods

2.2.6 Agarose Gel Electrophoresis

2.2.7 Protein Methods

2.2.7.1 Preparation of recombinant fusion proteins

E. coli 
AtTAP1-pET2a(+) AtTAP2-pET28a(+) AtNAP14-

pETa(+),



Materials and Methods

2.2.7.2 SDS-PAGE and Western Blotting



Materials and Methods

2.2.7.3 Ion-Exchange Chromatography – Protein Purification 
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2.2.7.4 Agarose Columns and His-Tag Protein Purification

2.2.7.5 ATPase Activity
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3 Results

Arabidopsis thaliana. 

3.1 AtTAP1

3.1.1 AtTAP1 and Homolog Proteins 

Arabidopsis
Nicotiana tabacum Solanum lycopersicum Oryza 
sativa Triticum aestivum Physcomitrella patens

Chlamydomonas reinhardtii 
Homo sapiens Danio

rerio Drosophila melanogaster Caenorhabditis 
elegans Saccharomyces cerevisiae
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Table 3.1 – AtTAP1 and related proteins from different plant species

Species Protein namea Amino acid 
length

Accession codea

Table 3.2 – AtTAP1 and related proteins of different non-plant species

Species Protein namea Amino acid 
length

Accession codea
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Figure 3.1 – Alignment of AtTAP1 protein with seven different ABC proteins 
from other plant species



Results

Figure 3.2 – Alignment of AtTAP1 protein with different ABC proteins from 
non-plant species
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C. reinhardtii
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3.1.2 Evolutionary Relationship 

N. tabacum S. lycopersicum. 
N. tabacum S. lycopersicum
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O. sativa T. 
aestivum 

Table 3.3 – Percentage identity and similarity of AtTAP1 and TAP1 proteins 
from different plant and non-plant species

Species Protein name
Amino 

acid 
length

Identity
(%)

Similarity
(%)

Higher Plants

Lower Plants

Non-plants



Results

Figure 3.3 – Phylogenetic tree indicating evolutionary relationships of AtTAP1 
to six TAP1 proteins of other plant species

3.1.3 Localization of AtTAP1

3.1.3.1 In silico Prediction of Subcellular Localization -
Chloroplast Transit Peptides and TAP1



Results

O. sativa T. 
aestivum

N. tabacum S. 
lycopersicum 

C. reinhardii P.patens

Arabidopsis 

Table 3.4 – Predicting chloroplast transit peptides and their cleavage sites of 
eight TAP proteins

Species Accession code Lengtha Scoreb cTPc cTP-
lengthd
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3.1.3.2 In vivo Subcellular Localization Analysis

AtTAP1
AtTAP1

YFP



Results

Figure 3.4 – Localization of TAP1-YFP in tobacco leaf chloroplasts

Arabidopsis



Results

Figure 3.5 – Localization of AtTAP1-YFP fusion in leaves of Arabidopsis

3.1.4 Characterization of an AtTAP1 T-DNA Insertion 
Line, attap1 

attap1 
attap1 Arabidopsis 

Arabidopsis 
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Figure 3.6 – Identification and localization of the T-DNA
AtTAP1

attap1

attap1

AtTAP1, AtTAP1 
AtTAP1 

AtTAP1 
attap1 
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3.1.5 Phenotypic Analysis of the attap1 Knockout 
Mutant Line of Arabidopsis

attap1 
AtTAP1

3.1.5.1 Root Length and Treatment with Different 
Concentrations of Metal Ions

attap1 
attap1 

attap1 



Results

Table 3.5 – Mean root length of seedlings of WT and attap1 knockout mutant 
(MUT) grown for 16 days on ½MS with/without sucrose, and selected metals

Mean root length (SDa)

Treatment WT MUT P valueb

attap1 
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Figure 3.7 – Root length of seedlings grown for 16 days on ½MS with/without 
sucrose, and selected metals

attap1 

Figure 3.8 – Seedlings grown on ½MS media with or without metal ions added

attap1 
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attap1 

Table 3.6 – Mean root length of seedlings grown for 35 days on ½MS with 
sucrose, and selected metals

Mean root length (SDa)

Treatment WT MUT P valueb

attap1 
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Figure 3.9 – Root length of seedlings grown for 33 days on ½MS with sucrose,
and selected metals

attap1 

Figure 3.10 – Seedlings of three replicas grown for 33 days on sucrose and ½MS 
media added 2.0 mM Fe3+

attap1 
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3.1.5.2 Stress Treatment of Plants grown on MS Media

attap1 

attap1 
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Figure 3.11 – Seedlings of wild-type (WT) and mutant (Mut) 6 days after 
treatment

3.1.5.3 Exposure to Fe3+ of Seedlings and Plants on Soil

attap1 

attap1
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Figure 3.12 – Phenotypic patterns of young plants on soil after (A) Fe3+ treatment 
and (B) no treatment, control

attap1 

3.1.6 AtTAP1 Expression Analysis

3.1.6.1 AtTAP1 Expression in different Plant Tissues 

AtTAP1 

AtTAP1 

AtTAP1 

PromoterTAP1-
pBADG TAP1 promoter.

Arabidopsis 

AtTAP1 promoter-GUS reporter 
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AtTAP1 

AtTAP1 

Figure 3.13 – RT-PCR and GUS expressions of TAP1 in Arabidopsis
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3.1.6.2 Effects of Auxin Treatment

AtTAP1

AtTAP1 Actin

AtTAP1 

AtTAP1 AtTAP1

Figure 3.14 – Auxin treatment of seedlings of Arabidopsis for 6, 12 and 24 hrs
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Figure 3.15 – Auxin treatment of seedlings

3.1.6.3 Effects of Iron treatment

PromoterAtTAP1-pBADG 
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Figure 3.16 – Wild-type (WT) plants transformed with promoterAtTAP1-pBADG 
after 20 days on soil

3.1.6.4 Effects of Wounding

PromoterAtTAP1-pBADG 

AtTAP1 

AtTAP1
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PromoterAtTAP1-pBADG

Figure 3.17 – Leaves from GUS plants (WT) of Arabidopsis 
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3.1.7 Comparison of AtTAP1 and AtTAP2
AtTAP1 AtTAP2 

3.1.7.1 Stress Treatments and AtTAP1 versus AtTAP2 
Expressions. 

AtTAP1 AtTAP2 

AtTAP1 AtTAP2

AtTAP1 AtTAP2 

AtTAP1
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Figure 3.18 – Seedlings of wildtype (WT) Arabidopsis treated in wells with 
different metal solution for 48 hrs

Figure 3.19 – RT-PCR analysis performed on Arabidopsis seedlings treated with 
different metal ions

AtTAP1 AtTAP2 Actin 
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Figure 3.20 – Expression level of AtTAP1 and AtTAP2 in different treatment of 
metal ions, normalized against the control treatment for each gene

3.1.7.2 Protein Characterization of AtTAP1 and AtTAP2 



Results

Figure 3.21 – Protein gels after staining with 0.1% Coomassie Brilliant Blue R250



Results

Figure 3.22 – Western Blotting

BLUEstainTM 2 Protein ladder 

3.2 AtNAP14
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3.2.1 AtNAP14 and Homolog ABCI Proteins
At5g14100) 

Nicotiana tabacum Solanum 
lycopersicum Oryza sativa Triticum aestivum 
Physcomitrella patens Chlamydomonas reinhardtii 

Table 3.7 – AtNAP14 and related proteins from different plant species

Species Protein name
Amino 

acid 
length

Accession code 

Higher Plants

Lower Plants
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3.2.2 Alignment of AtNAP14 Protein with Four 
Essential Motifs and Homologs

Synechocystis Synechocystis sp.

Arabidopsis
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A

B

Figure 3.23 – Alignment of AtNAP14 with six ABCI proteins from other plant 
species
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3.2.3 Evolutionary Relationship and Phylogenetic Tree 
of seven ABCI proteins

Table 3.8 – Percentage identity and similarity to AtNAP14a of six similar ABCI 
proteins from different plant species

Species Protein name
Amino 

acid 
length

Id (%) Sim 
(%)

Higher Plants

Lower Plants

N. tabacum S. 
lycopersicum

P. patens, O. sativa T. aestivum 
N. tabacum S. 

lycopersicum,
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C. reinhardtii 

Figure 3.24 – Phylogenetic tree indicating relationship of AtNAP14

3.2.4 Localization of AtNAP14

3.2.4.1 In silico Prediction of Subcellular Localization -
Chloroplast Transit Peptides and NAP14



Results

P. patens,
P. patens

C. reinhardtii

C. reinhardtii

Table 3.9 – Predicting chloroplast transit peptides and their cleavage sites of 
seven NAP14 homolog proteins

Species Accession
code

Amino acid 
lengtha

Scoreb cTPc cTP
lengthd

3.2.4.2 In vivo Subcellular Localization Analysis of AtNAP14 
and Microscopy

AtNAP14
YFP
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AtNAP14-YFP/pWEN18
AtNAP14 At5g14100

AtNAP14 

Figure 3.25 – Comparing NAP14 (At5g14100) and inquiries after sequencing
AtNAP14-

YFP/pWEN18,

AtNAP14-YFP/pWEN18



Results

Figure 3.26 – Localization of NAP14.YFP in tobacco leaf chloroplasts

3.2.5 Protein Characterization of AtNAP14 in A. 
thaliana  

3.2.5.1 Western Blotting, AtNAP14 Protein Production and 
ATPase Activity

3.1.7.2



Results

Arabidopsis 

Figure 3.27 – Western Blotting showing bands of NAP14-His (30.7 kDa)



Results

Figure 3.28 – Western Blotting showing distinct NAP14



Results

Figure 3.29 – Western Blotting after purification of NAP14 protein (30.7 kDa)



Results

Figure 3.30 – Western Blotting of three replicas of NAP14 protein and pET 
(control)

3.2.5.2 Purification of NAP14 Protein by Ion-Exchange 
Chromatography



Results

Figure 3.31 – Ion-exchange chromatography equipment ÄktaTM Pure from GE 
Healthcare Bio-Sciences AB at St. John’s University, USA



Results

Figure 3.32 – Isolation of NAP14 protein (30.7 kDa) by Western Blotting and 
protein purification
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4 Discussion

4.1 Evolution of ABC transporters

4.1.1 General Aspects

Chlamydomonas
Arabidopsis 

Arabidopsis



Discussion

4.2 AtTAP1

4.2.1 Conservation of TAP1 and NAP14 Domains and
Evolution 

Arabidopsis

N. tabacum 



Discussion

S. lycopersicum 

N. tabacum 
S. lycopersicum

N. tabacum S.
lycopersicum 

N. 
tabacum S. lycopersicum 

O. sativa



Discussion

C. 
reinhardii P. patens 

C. reinhardii P. 
patens

P. patens C. 
reinhardii

C. reinhardii 
P. patens
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4.2.2 In vivo Subcellular Localization

Arabidopsis

Arabidopsis



Discussion

4.2.3 T-DNA Establishment of the Mutant attap1
, AtTAP1
attap1, 

4.2.4 Phenotypic Analysis

A. thaliana

attap1 

Arabidopsis 
ALS1 ALS3

AtTAP2

ALS1

attap1
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attap1

AtTAP1 



Discussion

4.2.5 Expression Analysis

AtTAP1 

AtTAP1 

AtTAP1 

PromoterAtTAP1-pBADG 



Discussion

attap1, 

AtTAP1 

AtTAP2 

4.2.6 Wounding

Arabidopsis

PromoterAtTAP1-
pBADG

AtTAP1 



Discussion

AtTAP1

Arabidopsis

AtTAP1 



Discussion

4.2.7 AtTAP1 Expression and Comparison to AtTAP2

AtTAP1 
AtTAP1

Arabidopsis

AtTAP2
AtTAP1 

Arabidopsis

AtTAP1 
AtTAP2 



Discussion

AtTAP1 AtTAP2 

AtTAP
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4.3 AtNAP14

AtNAP14 AtNAP11

AtNAP14



Discussion

Arabidopsis



Discussion
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5 Future Perspectives

AtTAP1 

AtTAP1 
AtTAP2 

AtTAP1
Arabidopsis 

AtTAP1

AtTAP1

AtTAP1
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AtTAP1

AtTAP1 
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