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Introduction

The elucidation of the structure of deoxyribonucleic (DNA) by Watson and 
Crick in 1953 has been one of the most important discoveries in the life 
sciences (Watson & Crick, 1953). DNA is the database for all of the 
information that an organism needs to function. This very important finding 
opened the biological field for further investigations of life processes and 
how they are controlled.  

DNA is organized in genes, which are the templates for the synthesis of 
proteins with various characteristics. An important part of current research is 
the sequencing of genomes of various organisms in order to find out the role 
of different genes and how they are controlled. Recently, the genomes of 
several organisms have been fully sequenced. The cyanobacterium 
Anabaena PCC 7120 contains approximately 5,400 genes encoding proteins. 
To put this into a broader perspective, the human genome contains 
approximately 30,000 genes. The large number of genes requires a
sophisticated control mechanism involving many factors in order to function 
properly. Transcription factors are DNA-binding proteins that are involved 
in this control mechanism by either facilitating or blocking the transcription 
initiation of genes, depending on the requirements of the organism. 

This thesis describes some characteristics of the cyanobacterial 
transcription factor NtcA from Anabaena PCC 7120. Apart from performing 
oxygenic photosynthesis, this cyanobacterium is capable of carrying out 
atmospheric nitrogen fixation, making it a significant contributor of carbon 
compounds from photosynthesis as well as nitrogen to the ecosystem. 
Nitrogen is an essential component of e.g. nucleic acids and proteins, and its 
availability is necessary for survival of all organisms. Even though there is 
an abundant supply of nitrogen in the atmosphere (~78%), it is in the form of 
the inert N2 gas and therefore inaccessible to most organisms, making 
nitrogen a limiting factor for growth and biomass production. Nitrogen-
fixing organisms thus have a central role in providing biologically useful 
forms of ‘new’ nitrogen to the biosphere, making the understanding of 
nitrogen fixation mechanisms directly related to life support on Earth. 

The NtcA protein is crucial in the differentiation of photosynthetic cells to 
heterocysts, the cell-type in which nitrogen fixation takes place, and also the 
ensuing up-regulation of the nitrogen-fixing apparatus and N-assimilation.  
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This thesis contains new information about the DNA-binding properties 
of NtcA, as well as preliminary structural information about NtcA obtained 
by X-ray crystallography.  

The building blocks of life 

DNA
The existence of nucleic acids was revealed in the late part of the 19th

century, but it took almost 50 years before their functions were discovered. 
Until the 1940s it was thought that genetic information was stored in 
proteins, but Oswald Avery proved that the nucleic acid DNA is the 
molecule responsible for the storing of information. This started a quest for 
the structure of this important molecule, in order to understand its functions 
further. Watson and Crick found that the genetic material was composed of 
two nucleic acid chains which form a double helix. 

Each chain is composed of a sugar-phosphate backbone that covalently 
binds the four bases; adenine (A), cytosine (C), guanine (G), and thymine 
(T). These bases have a strict specificity of pairing where C in one chain 
pairs with G in the other chain and A pairs with T. The sequence of the bases 
makes up the genetic information in all organisms. A prerequisite for all 
forms of life is the ability to decipher the genetic code and use it for protein 
synthesis.  

Proteins
DNA is organized in genes of different lengths coding for various proteins. 
Proteins are macromolecules that have a very wide variety of functions in 
nature and play a crucial role in most biological processes. For example, 
they are involved in the catalysis of chemical reactions, immune protection, 
structural support, transport of other molecules and control of transcription. 
Proteins are normally constructed from 20 different amino acids that 
covalently bind to each other forming a long chain. The amino acids differ 
from each other with regard to their side-chains, which can be hydrophobic, 
polar or charged. The length of the amino acid chain, and the combination of 
the diverse chemical properties of the side-chains, decide the fate of a 
protein; its function, localization, and three-dimensional structure. The 
amino acid sequence of a protein is determined by the nucleotide sequence 
of the gene encoding that specific protein. The bases in DNA function like a 
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code where every amino acid is encoded by three bases organized in codons 
(Fig. 1). 
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Amino acid sequence:

DNA sequence:

Lys - Glu - Asn - Pro - Glu - Leu - Ser - Met - Lys - Met - Leu - Arg - Gly - Leu - Ser

AAG GAA AAT CCT GAA TTA TCG ATG TTG ATG CTG CGG GGT CTG TCT

Figure 1 DNA is organized in genes of various lengths coding for proteins. The 
codons of the DNA sequence are translated to the corresponding amino acids. The 
amino acid sequence in combination with the properties of their side-chains lead to 
the formation of an -helix in the figure above. 

There are 64 codons, of which 61 code for amino acids and the last three 
represent a stop in the gene sequence. Since there are commonly 20 amino 
acids that can be used to construct proteins, there is more than one codon 
representing each amino acid.  

From gene to protein 

The flow of genetic information 
The transfer of genetic information from DNA to protein involves two steps: 
transcription and translation. In the transcription step, the information in the 
DNA is transcribed to ribonucleic acid (RNA), a single-stranded nucleic acid 
functioning as a messenger of the code. In the ensuing translation step, the 
messenger RNA (mRNA) template is translated into the amino acid for 
which it codes. 

The synthesis of the mRNA is catalyzed by the enzyme RNA polymerase 
(RNAP) and involves three steps; initiation, elongation and termination. 
After completed synthesis, the information in the mRNA is transported to 
the ribosome for translation and synthesis of the encoded protein.  
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Transcription factors 
The functions of all genes in an organism are not needed at all times. Most 
genes are expressed at a low level or repressed until the product of the gene 
is required. The regulation of both induction and repression of gene 
transcription demands a sophisticated mechanism that can respond quickly to 
changes in the environment of the cell.  

Initiation of gene transcription 
Unlike eukaryotic genomes, the genes in prokaryotes are organized in 
operons (transcriptional units that contain more than one gene). Each operon 
is controlled by the binding of RNA polymerase (RNAP) to the promoter 
region located upstream from the coding gene. The promoter region consists 
of one or more regions in the upstream DNA with conserved sequences that 
are specifically recognized by the RNAP. These specific binding sites are 
situated –35 and –10 bases from the starting point of the genes, and the 
binding affinity of RNAP is higher in this region than in other parts of the 
DNA. Tight binding in the correct position is necessary for transcription 
activation, and there are several components that affect this binding. One 
important requirement is the sigma ( ) factor (a polypeptide that binds to the 
polymerase). In the absence of  factors, the RNAP binds weakly and 
unselectively to the DNA and transcription initiation does not occur. The 
factor is only there to help the RNAP in the initiation phase and is released 
from the polymerase when the elongation phase proceeds.

Apart from the  factors, transcription of the operons is controlled by 
different regulatory mechanisms that facilitate, or block, the transcription of 
genes. The genes usually have a basal level of transcription, and to increase 
or decrease transcriptional activity two main types of regulatory proteins, or 
transcription factors, are involved; repressors and activators. Some 
repressors work by binding to the RNAP binding sites, thereby blocking the 
activation of the gene, whereas others prevent transcription initiation by 
decreasing the binding affinity of the RNAP. Activators enhance the 
transcription by increasing the binding affinity of the RNAP complex in the 
DNA promoter region. When the activator binds to the promoter sequence it 
affects the binding affinity of RNAP either by binding directly to the 
polymerase, or by inducing a conformational change in the DNA that 
facilitates tight binding of the RNAP. The increased binding affinity results 
in improved initiation of gene transcription.  

CAP-related transcription factors 
An example of a prokaryotic transcription factor that can act both as an 
activator and a repressor is the cyanobacterial transcription factor NtcA. It is 
a member of the cAMP receptor protein (CAP) family of prokaryotic 
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transcription factors. The CAP protein is a well-studied transcription factor 
controlling several genes in E. coli. Proteins in this family are dimeric and 
bind with a helix-turn-helix motif in the promoter regions of the genes that 
they control (Steitz, et al., 1982). The members of the CAP family are found 
in different prokaryotes and control genes with a wide variety of functions 
(Table 1)

Table 1. Examples of members of the CAP family, including their origin 
and function 

Protein Organism Function 
NtcA Various cyanobacteria global nitrogen regulator 
CAP E. coli catabolite gene activator protein 
Fnr E. coli fumarate and nitrate reduction 

regulator
CooA Rhodospirillum

rubrum
genes involved in CO oxidation

pfrA Listeria
monocytogenes

controls all virulence genes 

(Weber & Steitz, 1987; Leimeister-Wachter, et al., 1990; Shelver, et al., 1997; Kiley & Beinert, 1998) 

The exact regulatory mechanism of NtcA is not known. However, in most 
genes the NtcA binding site is situated in the –35 region of an E. coli 70-like
promoter region located upstream from the transcription starting point (Frias,
et al., 1993; Ramasubramanian, et al., 1996). This is in accordance with the 
transcription activation characterizing class II CAP-dependent promoters in 
E. coli (Busby & Ebright, 1994, 1997). For this class, CAP overlaps the –35 
binding site and RNAP binds to the DNA both upstream and downstream of 
the CAP molecule. The binding of CAP in this region provides two 
mechanistically important features for efficient transcription; 1) a higher 
binding constant for RNAP to its binding site in the promoter region, and 2) 
isomerization of the closed complex between RNAP and promoter to the 
transcriptionally active open complex (Niu, et al., 1996; Busby & Ebright, 
1997).  

Cyanobacteria
Cyanobacteria are prokaryotic, globally widespread microorganisms that are 
capable of performing photosynthesis. They have existed on Earth for at 
least 2.5 billion years and were probably the first organisms to perform 
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oxygenic photosynthesis (Schopf & Walter, 1982). Apart from producing 
oxygen, the photosynthetic activity of cyanobacteria and plants also account 
for a significant part of the production of carbon compounds in the 
ecosystem. Some cyanobacterial genera are, in addition, able to fix 
atmospheric nitrogen (N2), making them important nitrogen providers in soil 
and aquatic habitats. The capacity of cyanobacteria to obtain their key 
nutrients from the atmosphere, sunlight, and water only, makes them capable 
of surviving under extreme environmental conditions. For instance, 
cyanobacteria are found in hot springs, open oceans, cold deserts and in the 
arctic ice, as well as in nitrogen-fixing symbioses with plants and fungi (Rai,
et al., 2000; Rai, et al., 2002)  

The ability to carry out photosynthesis was later inherited by plants 
through the incorporation of cyanobacteria via endosymbiosis, leading to the 
development of chloroplasts and thereby algae and plants (Gray, 1992). The 
oxygen production via photosynthesis during an early stage of the history of 
Earth suggests that cyanobacteria contributed to the generation of the 
oxygenic atmosphere. They were thus key organisms in the creation of the 
environment that made possible the origin of the animal and plant life that 
we see today. 

The prokaryotic cyanobacteria are important model organisms in research 
on photosynthesis and nitrogen fixation. The relatively simple genetic 
properties and cell organization of prokaryotes make it easier to study the 
mechanisms of complicated physiological processes than in developmentally 
more elaborate eukaryotic organisms. The facts that prokaryotes have less 
complicated gene-regulating mechanisms, and are easier to genetically 
manipulate than eukaryotes, also make them important in research on gene 
regulation and cell differentiation. 

 Nitrogen fixation in cyanobacteria 
Cyanobacteria prefer inorganic forms of nitrogen, particularly nitrate and 
ammonia, as the main nitrogen source for growth. In case of deficiency of 
useful nitrogen forms, many cyanobacteria perform nitrogen fixation. In this 
process, the cells take up nitrogen from the atmosphere and perform a 
sequence of intracellular reducing reactions. Nitrate is reduced intracellularly 
to nitrite via nitrate reductase, and the nitrite from this reaction is further 
reduced to ammonia (Flores & Herrero, 1994). Molecular nitrogen is 
reduced via the nitrogenase complex to provide ammonia as the end product. 
The ammonia generated in these reactions is further utilized by the organism 
and is incorporated in the glutamine synthetase and glutamate synthase, GS-
GOGAT, cycle (Stanier & Cohen-Bazire, 1977; Meeks, et al., 1978; 
Herrero, et al., 2001). The nitrogenase enzyme is oxygen sensitive, which 
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makes the nitrogen fixation process incompatible with the oxygen 
production of photosynthesis. This is a problem that has to be solved in order 
for the reduction of nitrogen to function properly in cyanobacteria. Despite 
the relative simplicity of prokaryotes, cyanobacteria have solved the 
considerable dilemma of accommodating both of these incompatible 
processes in the same organism. Different cyanobacterial strains have 
handled this problem in different ways. Anabaena PCC 7120 is a 
filamentous strain of cyanobacteria that develop specialized cells at intervals 
of approximately every 10 cells along the filament in which nitrogen fixation 
takes place (Fig. 2).  

Figure 2 Filaments of Anabaena PCC 7120. The arrows indicate heterocysts. 

In these cells, termed heterocysts, the oxygen production via photosystem II 
in photosynthesis is shut down, as is CO2 fixation, and the cell membrane is 
modified (higher respiration) in order to provide a micro-aerobic 
environment for the nitrogenase (Haselkorn, 1978; Wolk, 1994). In addition, 
a protective envelope consisting of a layer of glycolipids, and a  layer of 
polysaccharide, is added outside of the cell wall to reduce the diffusion of 
atmospheric O2 gas into the cell (Walsby, 1985; Murry & Wolk, 1989). The 
fixed nitrogen produced in the heterocysts (glutamine) is thereafter 
transported along the filament for use in the vegetative cells. In return, 
carbon is incorporated from the vegetative cells into the heterocysts to act as 
carbon skeletons for the newly fixed nitrogen. 

The complexity of switching from photosynthetic to nitrogen fixing 
conditions, in combination with the necessary cell differentiation, demands a 
sophisticated regulation mechanism that involves numerous genes. These 
genes are up regulated when the organism lacks combined nitrogen, 
indicating that nitrogen deprivation is an important factor in the development 
of heterocysts (Cai & Wolk, 1997). Examples of genes necessary for 
nitrogen fixation are: nifKDH (encoding dinitrogenase and dinitrogenase 
reductase) (Ramasubramanian, et al., 1994), hetR (encoding a serine-type 
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protease necessary for heterocyst development) (Buikema & Haselkorn, 
1991), xisA (encoding a site-specific recombinase responsible for 
rearrangements in the nif gene in heterocysts) (Brusca, et al., 1990) 
(Ramasubramanian, et al., 1994), and glnA (encoding glutamine synthetase) 
(Chastain, et al., 1990). All of these genes are positively regulated by the 
global nitrogen regulator, NtcA (Frias, et al., 1993), making it an important 
transcription factor to study in order to understand the mechanisms of 
nitrogen fixation and cell differentiation. 

NtcA
The primary structure of NtcA is highly conserved among cyanobacteria. 
NtcA from Anabaena PCC 7120 is a dimeric protein containing 223 amino 
acids per monomer. It activates or represses genes that it controls by binding 
with a helix-turn-helix motif to palindromic target sequences in the promoter 
regions of the genes. Each monomer of NtcA binds to one half-site of the 
palindromic DNA sequence, and examination of the binding sites in different 
cyanobacterial strains have led to the proposal that the consensus binding 
sequences for NtcA are TGT – N9 or 10 – ACA or GTA – N8 – TAC (Luque,
et al., 1994; Ramasubramanian, et al., 1994). 

Interestingly, an amino acid sequence with some similarities to the C-
terminal end of the NtcA protein sequence is found in the chloroplast of the 
primitive unicellular red algae Cyanidioschyzon merolae (Fig. 3).  

IETLAHRDMGSRLVSFLLILCRDFGVPCADGITIDLKLSHQAIAEAIGSTRVTVTRLLGD
+  + ++   SRL SF+++L   +      G+ I  +LS  ++A  +G++R  + ++LGD
LSVMNNKQTRSRLASFVILLAYYYAQESPKGLYIPWRLSQASLARILGTSRAAIGQVLGD

LREKKMISIHKKKITVHKPVTLS
 +++  +  +K+   +  P+ LS

WKKQAWLLNYKQGQCLTNPLALS

137 196

79 138

197

139

219

161

NtcA

C. merolae

C. merolae

NtcA

Figure 3 An alignment of NtcA and an amino acid sequence from the chloroplast in  
Cyanidioschyzon merolae. The sequence from C. merolae shows similarities to the 
C-terminal end of the NtcA protein from Anabaena PCC 7120. 

This algae is found in hot, acidic springs and it is a photosynthetic eukaryote 
with a very simple cell structure, including a nucleus, one mitochondrion and 
one chloroplast. Analysis of the DNA sequence suggests that the chloroplast 
from C. merolae is one of the most ancestral chloroplasts known (Ohta, et 
al., 1999), which supports the theory that chloroplasts in plants may derive 
from cyanobacteria. 
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Gene activation by NtcA 
The NtcA protein has been proven necessary for full activation of genes 
responding to ammonium repression in Synechococcus PCC 7942 (Luque, et 
al., 1994). It has also been shown that a mutant of Anabaena PCC 7120 
lacking a functional NtcA protein requires ammonium in order to grow and 
initiate heterocyst differentiation (Frias, et al., 1994). In addition, NtcA is an 
auto-regulative protein and acts as a positive activator for the transcription of 
the ntcA gene. Apart from acting as an activator, it also functions as a 
repressor for genes that are not directly related to nitrogen fixation and 
heterocyst differentiation, e.g., for genes encoding glutathione reductase 
(gor) (Jiang, et al., 1995), and rubisco (rbcLS) (Ramasubramanian, et al.,
1994). The involvement in the regulation of such different genes as those 
contributing to the nitrogen metabolism and antioxidant defense, suggests 
that the control mechanisms for transcription regulation by NtcA may not 
only be dependent on the nitrogen status, but also by the redox status of the 
cell (Jiang, et al., 1997). 

Oxidative stress and redox regulation 
Redox regulation has been recognized as an important aspect in the control 
of gene transcription (Allen, 1993). In cyanobacteria, the oxygen production 
via photosynthesis in the vegetative cells may also generate the free radical 
O2

.- and the oxidant hydrogen peroxide, H2O2. To decrease the risk of 
oxidative damage, the organism requires an efficient system for eliminating 
these harmful substances. In mammals, the major metabolic route involves 
the selenium-dependent enzyme glutathione peroxidase, which is not found 
in cyanobacteria (Tel-Or, et al., 1985). Instead, cyanobacteria use the 
glutathione-ascorbate (GSH-ASC) pathway, in which ascorbate and 
glutathione are used to transform H2O2 to O2 and H2O (Tel-Or, et al., 1985; 
Tel-Or, et al., 1986). One of the enzymes required for this pathway to 
function is glutathione reductase (GR) (an enzyme involved in the 
antioxidant defense of many organisms) the expression of which is under the 
control of NtcA (Jiang, et al., 1995). 

2-Oxoglutarate 
The fact that mutants of Anabaena PCC 7120 lacking NtcA cannot grow 
without the addition of ammonia implies that the regulation of NtcA is 
controlled by the level of ammonia in the cells. Recent studies suggest that 
the nitrogen status of the cell is sensed by 2-oxoglutarate (2-OG) and that the 
DNA-binding of NtcA is improved in the presence of this compound (Muro-
Pastor, et al., 2001; Vazquez-Bermudez, et al., 2002b, 2003). Moreover, 2-
OG is necessary for transcriptional activation of NtcA, making it the key 
molecule that controls NtcA expression rather than the concentration of 
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ammonia (Tanigawa, et al., 2002). 2-OG is ultimately derived from 
photosynthesis and is synthesized from isocitrate and functions as the carbon 
skeleton in the GS-GOGAT nitrogen assimilation pathway (Vazquez-
Bermudez, et al., 2000). Cyanobacteria lack the tricarboxylic acid cycle 
(TCA) enzyme 2-OG dehydrogenase, making the TCA incomplete. Instead, 
the synthesized 2-OG enters directly into the GS-GOGAT cycle, where it 
has a crucial role in nitrogen assimilation and acts as a signaling metabolite 
(Stanier & Cohen-Bazire, 1977). The concentration of 2-OG in the cell is 
directly related to the nitrogen availability in the sense that when the 
nitrogen concentration is low, the 2-oxoglutarate concentration is high. This 
makes 2-OG an important signaling substance for the nitrogen status of the 
cell, which also affects the activation of NtcA. 
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Present investigation 

Aim of the studies 
NtcA has been found in many strains of cyanobacteria, where it plays a 
crucial role in acting as an activator or a repressor of genes with a wide 
diversity of functions. Despite extensive studies, the mechanism by which 
NtcA binds to its target sequences, and under what conditions, is not fully 
known. The aim of this project was to improve our understanding of the 
DNA-binding mechanisms and to obtain an X-ray structure of the 
transcription factor NtcA from Anabaena PCC 7120.  

In order to investigate NtcA, large quantities of pure protein were needed. 
Therefore, the first step was to develop a suitable method for efficient 
expression and purification of NtcA. The purified NtcA protein was then 
used to elucidate features of the protein, as well as the DNA-sequence that 
are important for efficient binding. This was mainly achieved by performing 
binding studies with different DNA sequences and with mutant variants of 
the NtcA protein under varying conditions. Furthermore, the role of the two 
cysteine residues in NtcA, and the influence of various compounds on DNA-
binding, were examined. Finally, with the aim of obtaining a better 
understanding of the role of the different parts of the NtcA molecule, efforts 
were made to solve its three-dimensional crystal structure.  

Attempts to crystallize NtcA were made using the NtcA protein alone, as 
well as the NtcA protein in the presence of different DNA-segments having 
a variety of sequences preferentially bound by NtcA, and various compounds 
that may influence the DNA-binding. 
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Method description 

Electrophoresis gel mobility shift (Papers I-III, and V) 
Electrophoresis gel mobility shift (gel-shift) is the analysis method that has 
been used throughout the studies to investigate the binding properties of 
cyanobacterial NtcA to DNA. In order to facilitate understanding of the 
following papers, a brief description of the method is given here.

In this assay, NtcA is mixed with a segment of radioactively labeled DNA 
that includes the binding sequence for the specific protein. Under appropriate 
conditions, NtcA will bind to the DNA. The mixture is loaded onto a 
vertical, non-denaturing polyacrylamide gel with the ability to separate 
molecules depending on size. An electric current is applied over the gel and 
the negatively charged samples start migrating through the gel toward the 
anode at the lower end. After the electrophoresis, the gel is dried and 
autoradiographed and bands representing the position of the labeled DNA 
can be visualized on a film. Large molecules migrate more slowly through 
the gel than do small ones, meaning that free DNA will migrate further in the 
gel than larger protein-DNA complexes. If NtcA binds only to a fraction of 
the total amount of DNA in the reaction two bands will be seen; one located 
closer to the top of the gel representing the complex of NtcA – DNA and a 
lower band for the remaining free DNA (Fig. 4) 

0 2 10 50 100 ng NtcA

Free DNA

Protein-DNA complex

Figure 4 Gel-shift representing the binding of increasing amounts of NtcA added to 
DNA from the promoter region of the glutathione reductase gene in Anabaena PCC
7120. The DNA sequence  includes the NtcA binding site: 
TGTTGACAACTGACA. The upper band represents the NtcA-DNA complex, and 
the lower band free DNA.  
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Purification of NtcA from Anabaena PCC7120 (Paper I) 
The interiors of cells of any organism provide a very crowded environment, 
even in prokaryotes such as cyanobacteria, which lack subcellular 
organelles. However, equally complicated cellular processes may take place 
in their subcellular structures. The cyanobacterial plasma membranes 
enclose several components, creating a crowded intracellular environment. 
This is composed of an often thylakoid-free centroplasma with DNA/RNA 
and subcellular structures such as carboxysomes (containing rubisco), the 
photosynthetic thylakoid area with attached phycobilisomes (light-harvesting 
pigment-rich antennae) and interspersed with glycogen granules (C-storage 
structures), as well as cyanophysin granules (N-storage structures),  
polyphosphate granules (P-storage bodies), all embedded in a matrix of 
cytoplasmic proteins. These components exist in a ‘symbiosis’ in the cells, 
often affecting and interacting with each other in various ways. However, 
when attempting to investigate a specific protein, all of the components 
surrounding it may disturb the investigation. It is therefore important to have 
a pure protein sample when performing the characterization.  

Expression and purification of NtcA 
There are different methods available to obtain large quantities of a pure 
protein. These may involve both increased expression level as well as 
sophisticated chromatographic purification methods. One way to achieve 
high expression levels in E. coli, is to introduce alternative synonymous 
codons that are preferred by E. coli at the 5’-end of the heterologous gene to 
be expressed (Andersson & Kurland, 1990; Bucheler, et al., 1990). A library 
of altered DNA coding for NtcA was created by introducing random, silent 
mutations at the 5’-end of the cyanobacterial NtcA gene by PCR. In order to 
facilitate the subsequent purification of NtcA, the primer used in the PCR 
reaction also introduced codons for a hexa-histidine tag in the 5’-end of the 
gene. The genes were cloned into the pET-11a vector and transformed into 
the BL-21 E. coli strain (pET system, Novagen) for expression. The pET 
system provides a tightly controlled transcription by the bacteriophage T7 
RNA polymerase transcription promoter, and expression is induced by IPTG 
to activate the T7 polymerase in the bacterium.  

The clone giving the highest expression of NtcA was selected based on 
SDS-PAGE followed by Western blot analysis using antibodies against the 
hexa-histidine tag. This high-expression clone had two codons in the 5’-end 
differing from the wild-type gene. To achieve an even higher yield of NtcA, 
the protein was co-expressed with a plasmid including the chaperones 
groEL/ES that help NtcA to fold properly.  
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After expression, the bacteria were lysed by using a combination of 
lysozyme treatment and ultrasonication. The hexa-histidine tag made it 
possible to purify the NtcA protein from the lysate in one chromatographic 
step using Ni-IMAC Sepharose (Porath, et al., 1975). This purification 
process gives approximately 30-40 mg of pure NtcA from one liter of 
bacterial culture. The methods used to express and purify a large amount of 
active NtcA made further characterization possible. 

Functional studies 
Other proteins in the CAP family of prokaryotic transcription factors bind to 
DNA as dimers. In order to find out whether this is the case also for the 
cyanobacterial NtcA, the polymeric state of the recombinant NtcA protein 
was investigated by gel-filtration chromatography. The result showed that 
the molecular mass of the protein was approximately 50 kDa. This is 
consistent with the molecular weight calculated for the dimeric form of the 
protein based on the amino acid sequence. 
The binding capability of recombinant NtcA was explored through binding 
studies using the gel-shift assay. NtcA proved to be active in binding to a 
200 bp long DNA fragment including the gor promoter sequence from 
Anabaena PCC 7120 with the specific NtcA-binding sequence: 
TGTTGACAACTGACA.

Selection of NtcA-DNA-binding sites in vitro (Paper II) 

Creating a DNA library 
The palindromic DNA-sequences to which NtcA binds in vivo are found in 
the promoter sequences of the genes that it controls. The common consensus 
binding sequences for the investigated cyanobacteria are suggested to be 
TGT – N(9 or 10) – ACA and GTA – N8 – TAC (Ramasubramaniam et al. 
1994; Luque et al. 1994). In order to determine which sequences that 
constitute the most preferred binding sites for NtcA, a library of semi-
random binding sites was created. The library was produced by three PCR-
reactions to create a binding site in a 450-bp long DNA-fragment. As seen 
from the consensus binding sequences, the maximum binding sequence is 16 
bp long. The binding site introduced in the library was comprised of three 
fixed bases from one of the suggested binding sites followed by 13 random 
bases: ACA – N13. Purified NtcA (Wisén, et al., 1999) was mixed with the 
DNA library followed by incubation at 25˚ C. After incubation, anti-serum 
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from rabbits immunized with the purified recombinant NtcA was added to 
the NtcA – DNA complex and the complex was recovered by binding to a 
Sepharose A gel. The DNA recovered from the first selection round was 
amplified through PCR and used for the next round of selection. After five 
rounds, the product was ligated into the pGEM-3Zf(+) vector and was 
transformed into E. coli. The sequences of 41 clones were analyzed, of 
which 34 contained binding sequences similar to the previously suggested 
NtcA binding-sites.  

Analysis of the binding sites 
The binding ability of NtcA to the selected DNA-fragments was investigated 
through gel-shift analysis. Both of the binding sites: TGT – N(9 or 10) – ACA
and GTA – N8 – TAC were recovered in approximately 50 % of the 
selection. The core-binding sequence for the 34 clones was NGTa – N7, 8, or 9
– tACA, showing the importance of the two middle bases: GT and AC in 
each half-site. 

The selected DNA-fragment with the highest binding affinity contained 
an eight-base palindromic sequence including all of the palindromic bases 
suggested to be involved in binding. The binding sequences were separated 
by an eight-base long spacer, resulting in the sequence: 
TGTAGTGTGGTATACA. Moreover, the selection showed that at least 
five out of the eight suggested recognition bases were necessary for binding. 
This is also in accordance with the natural binding sites, where only one out 
of 17 known binding sequences has five, instead of six or more, conserved 
bases in the binding sequences. 

A comparison of the presence of frequently occurring bases in the middle 
region separating the two conserved binding sequences showed that one 
half-site had the conserved sequence NTGTTACA. This was only seen in 
one half of the DNA fragment, indicating that the middle bases may also 
have a discriminatory role in the binding of NtcA. The finding of these 
selected bases could mean that the dimeric protein finds one half-site of its 
binding sequence and starts binding with one monomer attached to the DNA, 
followed by binding of the second subunit to cover the whole recognition 
sequence.

The difference in binding affinity depending on the length of the binding-
sequence may reflect variations in biological function during different 
conditions. The 17 natural binding sites found in different cyanobacteria 
could be divided into two groups according to the binding consensus 
sequence. Group I, containing the binding site with the eight-base long 
spacer, NGTA – N8 – TACA, contains eleven of the 17 natural promoter 
sequences. These promoters are regulatory genes encoding proteins that are 
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involved in the nitrogen assimilation process. The group II consensus 
sequence is TGT – N(9 or 10) – ACA and the genes in this group,  gor, rbcL,
and xisA, are not directly involved in nitrogen fixation. The gor gene 
encodes glutathione reductase, which is down-regulated during nitrogen-
fixing conditions (Wolk, 1994; Jiang, et al., 1995). The protein encoded by 
the rbcL gene is the large subunit of rubisco, an enzyme that controls the 
carbon assimilation in vegetative cells and the expression of the rbcL gene is 
also down-regulated in heterocysts (Wolk, 1994). Heterocysts provide a 
more reduced environment than do the vegetative cells and the difference in 
expression of the genes in group I compared with the group II genes may be 
due to the influence of different environmental factors. Depending on the 
physiological conditions, including the redox status of the environment, it is 
possible that NtcA may occur in different conformations, causing some 
variations in the interactions between NtcA and DNA. This change in the 
affinity of NtcA toward binding-sites of different length could be an 
important factor in the selective control of the gene expression (Berg, 1988). 

The role of the cysteine residues in NtcA-binding to 
DNA (Paper III) 
Previous studies made on the binding of NtcA to DNA suggest that the 
binding, apart from being nitrogen controlled, is a redox-regulated process 
(Jiang, et al., 1997; Alfonso, 2001). These studies showed that NtcA has a 
low DNA-binding affinity under non-reducing conditions. On the other 
hand, when an increasing amount of the reducing agent dithiothreitol (DTT) 
was added to the binding mixture, the fraction of NtcA-DNA complex in the 
gel-shift binding assay increased.  

The cysteine residues Cys157 and Cys164 
NtcA from Anabaena PCC 7120 contains only two cysteines, residues 157 
and 164, that are good candidates to be influenced by the addition of DTT. 
The Cys157 residue is conserved throughout the known NtcA proteins found 
in different cyanobacteria strains, whereas Cys164 is unique to the Anabaena 
PCC 7120 protein (Fig. 5) (Jiang, et al., 1997).  
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*::******:.   *: ::*:**********************

Cys157 Cys164

NtcA, Anabaena PCC 7120 LLILCRDFGVPCADGITIDLKLSHQAIAEAIGSTRVTVTRLLG 

Synechococcus PCC 7002  LLILCRDFGVPTDEGIRIDLKLSHQAIAEAIGSTRVTVTRLLG 

Cyanothece ATCC 51142         LLILCRDFGVPTPEGIRIELKLSHQAIAEAIGSTRVTVTRLLG 

Synechocystis   PCC 6803  LLILCRDFGVPAPDGIRIDLKLSHQAIAEAIGSTRVTVTRLLG 

Plectonema boryanum            LLILCRDFGVPSQEGIMIDLKLSHQAIAEAIGSTRVTVTRLLG 

Phormidium laminosum          LLILCRDFGVPTSEGITIDLKLSHQAIAEAIGSTRVTVTRLLG

Trichodesmium IMS101           LLILCRDFGVPRDDGIVIDLKLSHQAIAEA------------- 

Trichodesmium WH9601           LLILCRDFGVPRDDGIMIDLKLSHQAIAEAIGSTRVTVTRLLG 

Thermosynechococcus elongatus     LLILCRDFGIPTSAGVTVDLKLSHQAIAEAIGSTRVTVTRLLG 

Synechococcus PCC 7942        LLILCRDFGIPSPDGITIDLKLSHQAIAEAIGSTRVTVTRLLG 

Prochlorococcus marinus pastoris   LMVLCRDFGVASEKGITIDLRLS-------------------- 

Synechococcus WH 7803          LLVLCRDFGIPGSQGITIDLRLSHQAIAEAIGSTRVTVTRLLG

Figure 5 An alignment of a part of the C-terminal end of NtcA protein sequences 
from various cyanobacteria. The cysteine residue Cys157 is conserved throughout 
all strains, whereas Cys164 is found only in NtcA from Anabaena PCC 7120. The 
under-lined segments show the helix-turn-helix motif. The symbols are represented 
by: * identical residues, : highly similar residues, . similar residues. 

Both cysteine residues are situated close to the predicted DNA-binding 
helix-turn-helix motif which is found between residues 174-195. Their 
proximity to the DNA-binding site makes it plausible that they affect the 
binding of the NtcA protein to DNA. In order to further investigate the role 
of the cysteines, three mutant variants were constructed. Two single-mutants 
had one of the cysteine residues mutated into an alanine, the Cys157Ala and 
Cys164Ala variants. The third variant was a mutant with both cysteine 
residues replaced by alanine, giving the Cys157Ala / Cys164Ala double 
mutant. The wild-type NtcA, together with the three mutant variants, made it 
possible to investigate the role of the individual cysteine residues in the 
binding of NtcA to DNA.

The mutant variants were constructed by sequential PCR. After sequence 
analysis for verification of the mutations, the mutants were expressed and 
purified according to the protocol for the wild-type NtcA (Wisén, et al.,
1999). The yield of pure protein for all three mutants was approximately the 
same as for the wild-type (30-40 mg from 1 L culture). 

Investigation of the occurrence of disulfide bonds 
One possible explanation for the effect of increased binding previously 
observed under reducing conditions (Jiang, et al., 1997) could be the 
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presence of disulfide bonds. If the addition of the reducing agent DTT breaks 
a disulfide bond between the cysteines, it may induce a conformational 
change in the protein structure. Because the cysteines are situated close to 
the helix-turn-helix motif, it is likely that such a conformational change in 
this domain would influence the binding affinity to DNA. The presence of 
free thiol groups in the different protein variants was measured with 5,5-
dithiobis(2-nitrobenzoic acid). The results indicate that the thiol groups are 
free in the wild-type protein and the single-mutants, whereas the double 
mutant, as expected, showed no thiol groups. This indicates that no disulfide 
bond is present in the wild-type NtcA. The positive effect on the NtcA-DNA 
binding seen during reducing conditions is therefore not a result of the 
breaking of disulfide bonds. 

To get more information about the role of the cysteine residues in DNA-
binding, the cysteines in the three protein variants, containing either one or 
both of the cysteines, were labeled with the fluorescent probe NBD-Cl. The 
labeled proteins were analyzed by fluorescence measurements with and 
without the addition of DNA. The results of this investigation showed that 
the positions of the cysteine residues were affected when the NtcA protein 
binds to DNA, indicating a conformational change in this region. A blue-
shift in the case of the Cys157Ala mutant indicates that the Cys164 residue 
is exposed to a more non-polar environment when bound to DNA. This is 
not seen in the other mutant, but a possible relocation of the fluorescent 
probe on Cys157 to a less quenched position is indicated by an increase in 
the fluorescence intensity for the Cys164Ala variant. 

Binding studies of the protein variants 
The binding properties of the four NtcA variants were analyzed by gel-shift 
assays in the presence and absence of DTT. Increasing amounts of protein 
were incubated with a 200 bp long DNA-fragment with the binding 
sequence: TGTAGTGTGGTATACA (Jiang, et al., 2000), followed by 
electrophoresis and autoradiography. Plotting the fraction of DNA-binding 
against protein concentration made it possible to obtain a half-saturation 
binding constant, (C50). The binding constants for all four variants show that 
binding is stronger in the presence of DTT, i.e. also for the mutant variant 
lacking cysteine residues, indicating that the cysteines are not directly 
involved in the response to the reagent (Table 2). 
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Table 2 The C50 values of the different NtcA variants, with and without 
DTT.

C50-value (nM) Mutant variant of NtcA 
No DTT 5 mM DTT 

Native 20.0 8.7 
Cys157Ala 39.5 14.9 
Cys164Ala 26.5 20.0 

Cys157Ala / Cys164Ala 41.7 30.8 

The binding data for the wild-type including DTT and for Cys157Ala with 
and without DTT could be fitted to a normal first-degree saturation function. 
However, the binding curves for the wild type without reducing agent added, 
as well as all binding reactions with protein variants lacking Cys164, i.e., 
Cys164Ala and the double mutant Cys157Ala / Cys164Ala, have a sigmoid 
curvature, indicating positive cooperativity. A possible explanation to the 
positive cooperativity seen in the binding experiments could be that binding 
of one subunit to one half of the palindromic DNA binding site may 
facilitate binding of the second subunit of the dimeric NtcA protein. The 
positive cooperativity could also be rationalized by the low concentrations of 
protein used.  

The binding constant for the dimerization of the NtcA protein is not 
known, but it is possible that dimerization may occur in the protein 
concentration range (1.3-170 nM) used in the experiments. This means that 
the binding affinity would increase once the dimer is formed, giving the 
sigmoid curvature. It is also possible, that the relative positions differ 
between the two subunits, which is the case for the CAP structure. This 
structural plasticity could be necessary for proper binding to DNA, 
suggesting that the binding of one monomer to one side of the palindromic 
binding sequence facilitates the binding of the second subunit. Another 
explanation for the cooperativity could be that NtcA is auto-regulated. 
Deficiency of nitrogen starts the expression of genes involved in the nitrogen 
fixation processes. The transcription of many of these genes is controlled by 
NtcA, including the ntcA gene itself, and therefore responds to the 
concentration of the NtcA protein. 
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Crystallization and preliminary X-ray data of NtcA 
(Paper IV) 

Obtaining the right conditions for crystallization 
Crystallization of a protein demands large quantities of pure protein at high 
concentration. The purified NtcA obtained through the method described in 
paper I gave a sufficient amount of protein, but due to the instability of the 
NtcA protein, some modifications had to be made in order to get the right 
conditions for crystallization. The elution buffer from the purification 
method includes 2 M NaCl and 300 mM imidazole, both of which are 
required to keep the protein in solution during the concentration process.

Crystallization and data collection 
Conditions for growing crystals of the wild-type NtcA were found in 
different buffer systems. Independently of the different conditions, all 
crystals were grown using the vapor-diffusion method with hanging drops.  

Data were collected to 2.5 Å resolution at 100K using synchrotron 
radiation. Attempts to obtain initial phases were made using molecular 
replacement based on the CAP structure. However, these attempts were not 
successful.  

Binding of NtcA to the hupSL promoter (Paper V) 
A by-product of the nitrogen fixation process is the production of molecular 
hydrogen, H2. In order to recapture H2, all investigated nitrogen-fixing 
cyanobacteria express an uptake hydrogenase encoded by the gene hupSL
(Lambert & Smith, 1980; Houchins & Burris, 1981; Tamagnini, et al.,
2002). In Nostoc punctiforme PCC 73102 (ATCC 29133), a possible binding 
site for NtcA, with the DNA sequence TGTCAGCTTTAAACA, was found 
upstream of the transcription starting point of the operon coding for the 
hydrogenase. In order to investigate the possible control of the transcription 
by NtcA, binding studies were performed with recombinant NtcA from 
Anabaena PCC 7120 and a DNA-fragment including the potential NtcA 
binding site. The genomes of both N. punctiforme PCC 73102 and Anabaena 
PCC 7120 are sequenced and the primary structure of NtcA from both 
strains are identical, making this investigation relevant. The study showed 
that NtcA binds specifically to the putative binding motif found in the 
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promoter region of  hupSL, suggesting that the hupSL gene could be under 
the transcription control of  NtcA.  

The NtcA binding sequence found in the hupSL region belongs to the 
group of natural binding sites found in the promoter regions of genes 
encoding proteins that are not directly involved in heterocyst differentiation 
and nitrogen fixation. This group includes gor, rbcL, and xisA. Glutathione 
reductase and rubisco are normally expressed in vegetative cells, whereas 
both are down-regulated during the transformation of a vegetative cell into a 
nitrogen-fixing heterocyst. The recombinase encoded by the xisA gene is 
exclusively expressed during heterocyst differentiation (Buikema & 
Haselkorn, 1991; Ramasubramanian, et al., 1994; Wolk, 1994; Jiang, et al.,
1995; Jiang, et al., 2000). The binding sequence of hupSL being a member of 
this group is in accordance with the fact that hupSL is not directly involved 
in nitrogen fixation, and only activated during or after heterocyst 
differentiation (Carrasco, et al., 1995). The newly found binding site in the 
hupSL promoter gives a further indication that NtcA may have a different 
conformation when binding to DNA under nitrogen-fixing conditions 
compared to non-nitrogen-fixing conditions. 

In Anabaena PCC 7120, no transcriptional starting site has been 
determined for hupSL and no putative NtcA-binding site similar to the one in 
N. punctiforme has been found upstream of the gene. 

Additional studies 
This section presents further, unpublished, investigations made on different 
aspects of NtcA based on the earlier described studies. This also includes a 
description of a partially solved crystal structure and attempts made to obtain 
crystals with DNA and different additives, followed by a section describing 
the background and the performance of further experiments that were carried 
out to elucidate the role of the cysteine residues in NtcA-DNA binding.  

A preliminary X-ray structure of NtcA 
The results presented in Paper IV describes the crystallization of NtcA. 
Attempts to solve the structure by molecular replacement failed. The 
convergence in the refinement procedure was poor due to large anisotropy in 
the crystals. Despite extensive efforts, phases could not be obtained by 
molecular replacement using various models based on the CAP structure. 
Instead, seleno-methionine was introduced into NtcA during the expression, 
followed by purification and crystallization according to the protocol used 
for native material (Fig. 6). 
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Figure 6 Crystals obtained from the NtcA protein from Anabaena PCC 7120. 

Most of the model building was done in the electron density map calculated 
from diffraction data collected from crystals of NtcA modified with seleno-
methionine using the multiple wavelength anomalous dispersion (MAD) 
method. The anisotropy in the Se-Met crystals was even more pronounced 
than that in the native crystals. Approximately 60 % of the molecule could 
be traced in the initial maps, but refinement did not converge very well and 
the current model contains 80% of the protein molecule in the asymmetric 
unit. However, the C  trace of the model is reasonably reliable and shows 
that the structure of CAP and the model of NtcA have the same main 
features. Like CAP, NtcA is a dimeric protein with three domains in each 
subunit: 1) the N-terminal domain, where the cAMP binding site is located 
in CAP, 2) a long dimerization helix connecting the N-terminal and the C-
terminal domains, as well as building up the interface between the two 
subunits, and 3) a C-terminal domain including the DNA-binding helix-turn-
helix motif (Fig. 7).  
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Figure 7 A model representing the partially solved structure of one subunit of NtcA 
showing the three domains. The C-terminal domain includes the DNA-binding 
helix-turn-helix motif shown in dark grey. 

An important region in the CAP structure is the cAMP binding site that is 
located between the N-terminal domain and the dimerization helix. 
However, it is not very probable that a cAMP molecule works as the key 
regulator of NtcA by binding in the N-terminal of the protein. This is 
indicated both by the lack of space for cAMP in the partially solved structure 
of NtcA, and the fact that some of the amino acid residues of CAP involved 
in cAMP-binding are missing in the NtcA protein. Furthermore, addition of 
cAMP to the NtcA-DNA binding reaction before gel-shift analysis did not 
increase the binding affinity, giving further support for this conclusion.  

The dimerization helix followed by the C-terminal DNA-binding domain 
is well defined, and the helix-turn-helix motif is very similar to the CAP 
structure. The C-terminal domain includes the two cysteine residues (Cys157 
and Cys164) that are discussed in Paper III. The Cys157 residue is buried 
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inside the protein and is rather inaccessible, whereas the Cys164 residue is 
located on a flexible loop that is not well defined in the crystal structure. 
Even though the Cys164 residue is situated in a flexible region, the structural 
model shows that the distance between the two sulfur atoms seems to be too 
large (more than 10 Å) to allow a disulfide bond.  

Crystallization with different additives 
Great difficulties were experienced when attempting to solve the structure of 
NtcA in its entirety due to unstable and flexible parts in the structure. The 
structure of the CAP protein has been solved numerous times both in the 
presence and absence of DNA, but never in the absence of its effector 
cAMP. NtcA binds to its DNA consensus sequence in vitro in the absence of 
an effector. However, it is possible that NtcA also has a molecule bound to 
each protein monomer in vivo that is necessary for stabilization of the 
structure.

In an attempt to obtain the complete structure of NtcA, crystallization 
experiments with different additives were performed to stabilize the 
structure. Crystallization conditions with NtcA pre-incubated with the 
additives described below have been attempted in order to obtain crystals 
with non-anisotropic qualities. All experiments were performed with and 
without the addition of DNA.  

DNA
With the aim of solving the structure with NtcA bound to DNA, attempts 
were made to crystallize the wild-type NtcA protein together with DNA 
fragments of different lengths and sequences. Before designing the DNA 
sequences used for these crystallization experiments, we examined the 
experimental design used to solve the structure of the CAP protein bound to 
DNA. The first crystallization attempts of CAP bound to DNA showed that 
although the actual binding site was shorter, at least 28 bp are required for 
full binding capacity when CAP binds to DNA (Liu-Johnson, et al., 1986; 
Schultz, et al., 1990). This is due to a 90  bending of the DNA when bound 
to the protein. The bending induces formation of hydrogen bonds between 
the sides of the CAP protein and to the flanking bases of the DNA (Schultz,
et al., 1991). The importance of the length as well as the presence or absence 
of extended 5’- or 3’-termini for the success of the crystallization was also 
confirmed by this study.  

The length of the palindromic NtcA-binding sites in the promoter regions 
is between 14 and 16 base pairs. However, the flanking bases, as well as the 
bases located in the spacer between the palindromic sequences, also affect 
the binding capacity. This has been described, both in a binding-study where 
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the binding of NtcA to a DNA library of binding sites was investigated 
(Jiang, et al., 2000) and when examining sites in the natural promoter 
regions of nitrogen-regulated genes in Synechococcus (Vazquez-Bermudez,
et al., 2002a). The different DNA sequences used for crystallization together 
with NtcA were designed based on a combination of the results from the
study of the NtcA binding region (Jiang, et al., 2000), as well as on natural 
NtcA-binding sites. The double stranded DNA constructs were achieved by 
ligation of fully palindromic single strain DNA sequences (Fig. 8).  

a) CAGACGTTCTGTATCAGCTGATACAGAACGTCTG
 GTCTGCAAGACATAGTCGACTATGTCTTGCAGAC

b) CAGACGTTCTGTATCAGCTGATACAGAACGTCT
   TCTGCAAGACATAGTCGACTATGTCTTGCAGAC

c) CAGACGTTCTGTATCAGCTGATACAGAACGTC
     CTGCAAGACATAGTCGACTATGTCTTGCAGAC

d) TAAGTTCTGTAACAATTGTTACAGAACTTA
ATTCAAGACATTGTTAACAATGTCTTGAAT

e) TGCAGGCAGACGTTCTGTATCAGCTGATACAGAACGTCTGCCTGCA
 ACGTCCGTCTGCAAGACATAGTCGACTATGTCTTGCAGACGGACGT

Figure 8 Fully palindromic DNA sequences used for crystallization attempts with 
NtcA. The different lengths of the DNA fragments and the overhanging bases in 
their ends may influence the binding of NtcA. The underlined segments represent 
the NtcA binding sites. 

Crystals were obtained with NtcA preincubated with all of the DNA 
sequences in Fig. 8, but analyses of the crystals showed no DNA bound to 
NtcA in the crystals. 

cAMP
The ability of the CAP protein to induce transcriptional activation of RNA 
polymerase is highly dependent on the cAMP molecule. When cAMP binds 
to the N-terminal domain of the CAP protein, it induces an allosteric 
transition of the protein that is required for proper binding to DNA (Passner,
et al., 2000). The similarity between the CAP protein and NtcA suggests that 
there may be a binding site for a metabolite between the domains in NtcA as 
well. Binding of a molecule in this area could also stabilize this part of the 
NtcA structure. Even though NtcA does not have amino acid residues 
corresponding to those necessary for cAMP binding in CAP, cAMP was 
added to the crystallization mixture to investigate whether it would affect the 
binding.  
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Crystals were obtained when NtcA was pre-incubated with cAMP, but 
analysis of the crystals showed that the cAMP molecule was not present in 
the crystal. The partially solved crystal structure of wild-type NtcA also 
shows that the space in the N-terminal area is too small to accommodate a 
cAMP molecule. 

2-Oxoglutarate 
The fact that 2-OG increases the binding affinity of NtcA to DNA, and that it 
is necessary for transcription initiation (Muro-Pastor, et al., 2001; Tanigawa,
et al., 2002; Vazquez-Bermudez, et al., 2002b) implies that 2-OG has a 
significant function in vivo. On the other hand, the presence of 2-OG is not 
necessary for binding of NtcA to DNA in vitro if the protein concentration is 
high enough. One possibility is that 2-OG promotes DNA binding and 
affects the transcription initiation by inducing a conformational change in 
NtcA in the same way as cAMP does in CAP.  

These previous results and theories led to attempts to crystallize NtcA 
preincubated with 2-OG both with and without the addition of DNA to the 
crystallization medium. Large crystals were formed within a few days. 
However, the 2-OG molecule was not included in the complex, resulting in 
the same anisotropic crystals as for the native NtcA.

Additional binding studies involving the cysteine residues in 
NtcA
The suggested redox regulation mechanism of NtcA and the results in Paper 
III led to further investigations of what role the cysteine residues may have 
on DNA binding. This was done by adding to the binding assay, different 
compounds that may affect the redox status, and/or the thiol group in the 
cysteines.  

Glutathione and oxidative stress 
The tripeptide glutathione, GSH ( -L-glutamyl-L-cysteinylglycine), is a low-
molecular mass thiol that occurs at a high concentration in cells (Kosower & 
Kosower, 1978). It is an important molecule in the cellular detoxication 
system of organisms and also plays a role as an antioxidant and helps to keep 
the thiol groups of cysteine residues reduced. In its role as a reductant, it is 
continuously oxidized to glutathione disulfide, GSSG. The GSSG is reduced 
back to GSH by the enzyme glutathione reductase (GR) to maintain the 
appropriate GSH:GSSG ratio in the cell. The GR enzyme is an important 
element in the defense system against oxidative stress, and a deficiency in its 
function can cause various hemolytic diseases in mammals (Schirmer, 1989). 
A poor defense against oxidative compounds is also a major contributor to 
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the initiation of cancer and aging of cells, making a well functioning 
protection system important for all organisms, including prokaryotes (Ames,
et al., 1993; Feig, et al., 1994). In plants, a higher GR activity than normal 
has been detected when the plants, such as peas and spinach, were exposed 
to the highly oxidizing compound ozone (Mehlhorn, et al., 1987; Tanaka, 
1988). The GR gene (gor) has also been found in and isolated from various 
prokaryotes, of which the E. coli enzyme is the most extensively studied 
(Greer & Perham, 1986). In E. coli, the gor gene is regulated by responding 
to oxidative stress, a process that is controlled by the transcription factor 
OxyR (Christman, et al., 1989). 

The gor gene has also been purified from a few cyanobacterial strains, 
including Anabaena PCC 7120, and its expression is under the control of 
NtcA (Serrano, et al., 1984; Rendon, et al., 1986; Jiang, et al., 1995; Rendon 
& Mendoza-Hernandez, 2001). In this organism, the GR enzyme is an 
important factor in the glutathione-ascorbate pathway and necessary for the 
elimination of oxidizing compounds.  

Ascorbate and the protection against oxidative stress 
Only a limited number of studies have been performed on the GSH-ASC 
pathway in cyanobacteria. However, an increased activity of the enzymes 
involved in the pathway has been discovered in legume and soybean root 
nodules, structures engaged in nitrogen fixation in legumes (Dalton, 1993). It 
has also been demonstrated that ascorbic acid may affect the development of 
heterocysts. The proposed explanation is that ascorbic acid may be an 
important factor in maintaining the reduced environment in heterocysts 
(Wahal, 1973).  

The possible redox-regulated mechanism of NtcA in transcription control 
of the gor gene and the importance of NtcA in the heterocyst differentiation 
process led to NtcA-DNA binding studies in the presence of the compounds 
from the GSH-ASC pathway. Binding studies including an excess of 
ascorbate, GSH, or GSSG were performed. The DNA sequences used were 
the promoter region from the gor gene in Anabaena PCC 7120 and a library-
selected binding site with a known high binding affinity to NtcA (Jiang, et 
al., 2000). The stoichiometry of added compound in relation to NtcA varied 
between 1 and 250,000. 

These binding studies showed that there was no difference in DNA-
binding affinity of NtcA compared to samples analyzed in the absence of 
ascorbate, GSH or GSSG. The results indicate that even though NtcA 
controls the transcription of GR in Anabaena PCC 7120, binding of NtcA to 
DNA in vitro is not dependent on the concentration of any of the three 
compounds investigated.  
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S-nitrosocysteine
Several studies have shown that nitrosylation of proteins can be an important 
factor for proper function and regulation of the protein. An example of a 
prokaryotic transcription factor that is activated through S-nitrosylation is 
OxyR, which is involved in H2O2 detoxication in E. coli and which controls, 
among others, the gene coding for glutathione reductase (Hausladen, et al.,
1996). OxyR responds to oxidative stress by sensing an increased level of 
H2O2. This results in a conformational change caused by a thiol oxidation of 
cysteine residues to form a disulfide bond (Zheng, et al., 1998; Åslund, et 
al., 1999). Apart from responding to reactive oxygen species, nitrosative 
stress induced by S-nitrosothiols activates the OxyR transcription factor. In 
the presence of S-nitrosocysteine (Cys-NO), a cysteine residue in the 
transcription factor is nitrosylated rather than oxidized. This nitrosylation 
causes a conformational change of OxyR to a more active form that induces 
an increased transcription of the genes (Hausladen, et al., 1996).  

NtcA has been proven to respond to the nitrogen status of the cell, and it 
has been suggested to be controlled by redox regulation involving the 
cysteine residues of the protein (Jiang, et al., 1997; Alfonso, 2001). These 
two ways of inducing transcription suggest the possibility that the activation 
mechanism of NtcA could function in a similar way as the OxyR 
transcription factor, involving conformational changes due to modifications 
of the cysteine residues. In order to test this possibility, binding studies were 
performed with a 10,000-fold excess of Cys-NO compared to the NtcA 
concentration present in the binding medium. Both binding to the natural 
GR-promoter site and to the library-selected NtcA binding sequence with the 
best binding affinity (Jiang, et al., 2000) were investigated. Despite the 
excess of Cys-NO compared to the NtcA concentration, the addition of Cys-
NO did not affect the binding capacity. 



29

Concluding remarks 

The work of this thesis has revealed new information about various aspects 
of  NtcA. The results described in the previous section, can be summarized 
as follows:

Expression and purification 
A method providing a high expression level of NtcA in E. coli was 
developed and a high yield (30-40 mg pure NtcA from 1 L culture) was 
achieved through a one-step purification method using Ni-IMAC 
chromatography.  

DNA binding 
The DNA sequence TGTA – N8 – TACA has the strongest DNA binding 
affinity for NtcA. At least five out of these eight bases are necessary for 
binding to occur, of which the middle GT and AC are most important. Also 
the nature of the surrounding nucleotide bases, the bases in the middle 
region, and the length of the spacer are important for good binding. The 
natural binding sites can be divided into two groups reflecting a possible 
variation in protein conformation depending on physiological conditions. 

Binding studies using native NtcA, Cys157Ala, Cys164Ala, and 
Cys157Ala / Cys164Ala illustrate that the binding affinity is slightly higher 
in the presence of the reducing agent DTT. The observed effect is, however, 
not due to breaking of intramolecular disulfide bonds. A positive 
cooperativity seen in the binding curves of some mutants could indicate that 
binding of one subunit to DNA facilitates the binding of the second. 

The addition of ascorbate, cAMP or cysteine-modifying substances 
(GSH, GSSG, Cys-NO) to binding experiments with the native NtcA did not 
affect the binding affinity.  
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A new NtcA binding site was demonstrated in the promoter region of the 
hupSL gene in Nostoc  punctiforme giving further evidence for the versatility 
of NtcA. 

Structure studies 
Crystallization followed by X-ray analysis led to a partial three-dimensional 
structure of NtcA. The information from the structure shows that NtcA is a 
dimeric protein with three domains. The C-terminal domain includes the 
DNA-binding helix-turn-helix motif. Furthermore, the structure shows that 
the distance between the two cysteine residues probably is too large for 
disulfide bonds to occur.   

Activation of NtcA by a possible allosteric factor 
NtcA binds to DNA without any additions of possible ligands. However, 

the purified recombinant NtcA is very unstable, which we have seen both in 
the crystallization attempts and the fact that the purified NtcA is very prone 
to precipitate. All known members of the CAP family bind to DNA as 
dimers, but another interesting fact is that the proteins CAP, FNR and CooA 
in this family, all with known mechanisms, bind ligands or substrates that 
affect their conformation. These conformational changes are important 
factors for their ability to bind DNA, thereby affecting the level of 
transcription. In CAP, it is the binding of cAMP that induces the 
conformational change that activates the protein for DNA binding (Weber & 
Steitz, 1987), whereas FNR is dependent on an oxygen sensitive iron-sulfur 
cluster (Kiley & Beinert, 1998), and the conformational change in CooA is 
induced by binding of CO to its heme group (Shelver, et al., 1997) (Table 3).  
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Table 3 Examples of members of the CAP family and their allosteric 
effectors

Protein Origin Function Allosteric 
effector

NtcA Various cyanobacteria Global nitrogen 
regulator

unknown 

CAP E. coli catabolite gene 
activator protein 

cAMP

FNR E. coli fumarate and nitrate 
reduction regulator 

Oxygen

CooA Rhodospirillum 
rubrum

genes involved in CO 
oxidation 

CO

pfrA Listeria
monocytogenes 

Controls all virulent 
genes

Found, but not 
identified

(Weber & Steitz, 1987; Shelver, et al., 1997; Dickneite, et al., 1998; Kiley & Beinert, 1998; Bockmann, et al., 2000)

It is possible that also NtcA is regulated by a suitable ligand. Binding might 
lead to a conformational change, and/or a stabilization of the NtcA structure. 
A putative ligand could also be the explanation of the marked increase in 
DNA binding seen in the earlier investigation of the redox effect of NtcA 
from Anabaena PCC 7120. The NtcA protein used in this study was purified 
directly from Anabaena PCC 7120, and it is possible that the preparation 
contained an effector bound to NtcA that was affected by the addition of 
DTT. If NtcA has a ligand in vivo, it could also explain the instability of the 
recombinant purified NtcA and the flexible nature of the crystal structure. 
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