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ABSTRACT
Characterization of a putative extracytoplasmic function (ECF) sigma factor, σG, and its
cognate anti-sigma factor in Nostoc punctiforme
By
Nicole Jan Cassel
Master of Science in Biology
Akinetes are spore-like cells resistant to desiccation and cold that differentiate from
vegetative cells of the filamentous cyanobacterium N. punctiforme in response to
phosphate or potassium limitation and low light. Previous microarray data has identified
a putative extracytoplasmic function (ECF) sigma factor, NpF4153 (SigG), and an
adjacent downstream anti-sigma factor, NpF4154, as potential genes involved in akinete
induction in N. punctiforme. GFP transcriptional reporter strains confirmed the array
results, showing increased expression from the sigG promoter in akinetes, heterocysts,
and following stresses imposed by heat or EDTA. The zwf model system of akinete
induction was used to unveil a potential regulon for SigG by two separate microarray
analyses comparing the zwf/sigG double mutant relative to a zwf strain under both
vegetative growth conditions and during akinete formation. Genes showing decreased
expression in the double mutant included outer membrane proteins, lipid biosynthesis
proteins, proteases, as well as many hypothetical proteins. Transcriptional start sites of
genes shown to be down-regulated due to deletion of sigG in both microarrays were
determined by random amplification of cDNA ends, and a putative SigG consensus
sequence was determined. To determine interaction between SigG and the N-terminal end
of the NpF4154 anti-sigma factor, a GST pull down assay was performed. The Nterminal predicted cytoplasmic domain of the anti-sigma fused to GST was able to pulldown SigG-His6 from an E. coli crude lysate, indicating a specific interaction between
SigG and F4154N-GST. A strain expressing a SigG-GFP protein fusion was shown by
confocal laser microscopy to have GFP-fluorescence localized to the periphery of the cell
under normal growth conditions. Such protein localization was lost following exposure
to short periods of heat, indicating release of sigma factor from the cell membrane
following stress. Survival studies comparing wild-type and ΔsigG mutant strains
following exposure to heat or outer membrane disruption using EDTA showed reduced
survival for the mutant strain. The mutant also exhibited a significant delay in heterocyst
formation following nitrogen starvation relative to the wild-type strain. Together these
data support the hypothesis that NpF4153-4154 encode proteins that act in a manner that
is typical of an ECF sigma / anti-sigma factor pair that is important for normal expression
of genes involved in cell differentiation and envelope biosynthesis/repair.

x	
  
	
  

INTRODUCTION
Cyanobacteria are photosynthetic microbes that have great importance to life on earth.
They have the ability to exist in different types of environments, terrestrial or aquatic.
Photosynthesis by cyanobacteria is thought to have transformed Earth’s early atmosphere
to be oxygen rich which has paved the way to the biodiversity we see on Earth today.
Cyanobacteria are also thought to be the predecessors to chloroplast in plants
(Giovannoni et al., 1988)
Nostoc punctiforme is a unique, gram-negative, cyanobacterium that exists as vegetative
cells along filaments under optimal conditions. To date, N. punctiforme has the largest
cyanobacterium genome known with 9,757,495 bases (Meeks et al., 2001). The
massiveness of the genome allows for numerous metabolic pathways that allow for
survival and adaptability to many types of environments. They have evolved the ability
to differentiate into 3 distinctive cell types, which include motile hormogonia, nitrogen
fixing heterocysts, and spore-like akinetes. They harbor the ability to survive in a vast
array of harsh environmental conditions due to their ability to adapt to different stresses,
such as nutrient deficiency, cold, heat, desiccation, etc. These stresses serve as cues for
N. punctiforme cellular differentiation. Once vegetative cells have differentiated to
hormogonia, heterocysts, or akinetes due to these cues, they are better able to survive.
Vegetative cells have the ability to differentiate into terminally expressed heterocysts
when there is nitrogen deficiency. The heterocyst envelope is rich in polysaccharides and
glycolipids. When heterocysts form, they serve as sites of nitrogen fixation that feed
vegetative cells. This process requires the enzyme nitrogenase. Oxygen represses
nitrogenase activity, and therefore heterocysts must form an anaerobic cytoplasmic
environment in order to feed neighboring vegetative cells fixed nitrogen efficiently. In
order to create an environment in which heterocysts can work properly, changes to the
cells physiology and structure must be made that aid in protecting nitrogenase from
oxygen. These include producing thicker cell walls, including glycolipids, which aid in
blocking oxygen, degrading oxygen-producing photosystem II, and producing the
necessary nitrogenase and other proteins that rid oxygen. Heterocysts have a unique
spacing pattern along the filament, which appears to be nonrandom and evenly spaced
among vegetative cells (Meeks et al., 2002). While vegetative cells are growing between
heterocysts, eventually the cells furthest away from the nitrogen source that heterocysts
are supplying are not gathering enough fixed nitrogen from the heterocyst source and a
new heterocyst must form, and the cycle continues.
Another cell type that vegetative cells have the ability to differentiate into are spore-like
akinetes that have the ability to resist cold and desiccation. The akinete cell envelope is
very rich in polysaccharides and, unlike heterocysts, allows for diffusion of oxygen.
Compared with an endospore of a gram-positive organism, akinetes show more metabolic
activity and less resistance to environmental extremes. Typically, akinetes form in
stationary phase of growth likely due to lack of nutrients or light. Compared with
vegetative cells, akinetes are larger in size and have a distinct granular appearance due to
having higher amounts of glycogen and cyanophycin (Meeks et al. 2002). They are
1	
  
	
  

induced under stressful conditions where certain nutrients are lacking other than
combined nitrogen, for example phosphate starvation. Typically, phosphate starvation or
conditions of low light serve as inducers of akinete differentiation in the laboratory
(Argueta et al., 2006).
N. punctiforme has the unique ability to survive in continual darkness due to its ability to
become a respiring heterotroph when given a carbon source such as glucose, fructose, or
sucrose. When in this state, there is increased production of glucose-6-phosphate
dehydrogenase, the first enzyme required to undergo the oxidative pentose phosphate
pathway. This enzyme is encoded by the zwf gene in N. punctiforme. When given
fructose as a carbon source and under dark conditions, a zwf mutant of N. punctiforme
will produce frequent, synchronous akinetes very quickly (Summers et al., 2005).
Therefore, the zwf mutant is extremely useful to study akinete related genes because in
nature akinetes are found in small numbers relative to vegetative cells and form
asynchronously.
Previously, a 6-day time course array had been conducted utilizing this model system in
order to identify genes that were differentially regulated following akinete induction.
Relative gene expression each day following induction for a total of 6 days was compared
to expression levels before induction to determine possible genes involved in akinete
differentiation and development. It was found that 497 genes were differentially
expressed during the time course array as compared with time zero, meaning that there
were potentially 497 genes involved in akinete differentiation and development (M.L.
Summers, pers. com).
Two adjacent genes identified in this time course array were NpF4153 and NpF4154, a
putative extracytoplasmic function (ECF) sigma factor and anti-sigma factor pair. Due to
the ability of sigma factors to affect transcription of a number of genes, the ECF sigma
factor NpF4153 was chosen for further study. This thesis describes its transcriptional
regulation and role in response to environmental stress, protein interaction between it and
its anti-sigma factor, and determination of its in vivo regulon.
Gene regulation by sigma factors
Sigma factors are essential proteins that are unique to bacteria. They serve as subunits
that bind with the core RNA polymerase, resulting in the RNA polymerase holoenzyme,
and aid in promoter selectivity. Therefore, sigma factors are essential for the initiation of
transcription. They also may aid in the melting of DNA early on in the elongation
process (Paget and Helmann, 2003).
Housekeeping sigma factors are sigma factors that aid in the transcription of genes
required for normal cell growth in exponential phase. Alternative sigma factors
recognize promoters of genes required to combat cell stress. Housekeeping sigma factors
and alternative sigma factors don’t typically recognize and bind to the same promoter
sequences, and therefore activate different regulons. The regulons of alternate sigma
factors are activated only when they are required for cell survival. The determining
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factor of which sigma factor will become activated depends on environmental cues.
Typically housekeeping genes are transcribed by the housekeeping sigma factor when
environmental conditions are good and there are no stresses to the cell. Under stressful
situations, such as heat, cell wall damage, changes in osmolarity, high light, etc.,
alternative regulons are activated by alternative sigma factors the in order to combat the
stress presented to the cell.

Figure 1: Model of a bacterial RNA polymerase bound with a sigma factor recognizing a
promoter sequence of DNA (taken from Paget and Helmann, 2003).
There are varying types of sigma factors that can exist within a species. Typically, they
are classified by their size and function. The two main families of sigma factors that
exist are σ70 and σ54, however others exist as well. In cyanobacteria, σ70 are the most
abundant, and they actually lack the nitrogen limitation sigma factor, σ54.
Listed in Table 1 are the different classes of sigma factors known to date. They are
categorized by function and size. Their size in kDa is denoted by the number following
the σ designation. For example, the sigma factors that fall in the σ70 category are
approximately 70 kDa in size. In unstressed, exponentially growing cells most genes are
transcribed by σ70, the housekeeping sigma factor. However, environmental cues can
serve as a signal for transcription or activation of alternative sigma factors, for example,
the extracytoplasmic function sigma factors.
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Sigma Factor
Function
σ70 (RpoD)
Primary “housekeeping” sigma factor. Active in growing cells.
σ54 (RpoN)
Nitrogen limitation sigma factor. Structurally distant from σ70.
σ38 (RpoS)
Stationary/starvation phase sigma factor.
σ32 (RpoH)
Heat shock sigma factor.
σ28 (RpoF)
Flagellar sigma factor
σ24 (RpoE)
Extracytoplasmic function (ECF), extreme heat sigma factor
σ19 (FecI)
Ferric citrate sigma factor, regulates iron transport
Table 1: Main classes of sigma factors known to date and their functions.
Within the housekeeping σ70 family, there exists three subgroups. The primary sigma
factors comprise group 1 and are essential for normal state gene regulation and viability.
Group 2 sigma factors are very similar to those that fall in group 1, however, they are not
required for survival, and are known as ‘primary-like sigma factors’. Group 3 sigma
factors are known as alternative sigma factors, which appear to be much more divergent
than group 1 and 2. These types of sigma factors become activated when the cell
interprets an environmental cue. Different types of sigma factors exist within this group
that have specialized functions, for example in response to heat shock or oxidative stress.
Sigma factor annotation varies among organisms. In Synechocystis PCC 6803, a
unicellular, non-differentiating cyanobacterium, the 9 known sigma factors are classified
as follows (Imamura and Asayama, 2009):
Group 1: sigA
Group 2: sigB, sigC, sigD, sigE
Group 3: sigF, sigG, sigH, sigI
SigA is a group 1 sigma factor known as the housekeeping sigma factor. It is required for
normal cell growth gene expression within the cell. It is the most active sigma factor
under optimal growth conditions. SigA has been shown to have constant expression
under normal conditions. This sigma factor only becomes inactivated under conditions of
stress, for which it is ‘switched out’ with another sigma factor to become active in order
to combat the stress introduced to the cell. Certain types of stresses which can include
salt stress, heat stress, osmotic stress, and nitrogen starvation have been shown to reduce
sigA transcripts within Synechocystis PCC6803 (Imamura and Asayama, 2009).
SigB is a multifaceted sigma factor that has many roles in stress response within the cell.
Heat stress at 42ºC for 30 minutes has been shown to increase sigB transcripts as well as
SigB protein levels significantly at approximately 12.7-fold in Synechocystis PCC6803.
In a sigB knock out strain, heat shock transcripts were not detected. On top of heat
shock, SigB also responds to changes from light to dark, as its protein levels increased 2fold from a light to dark shift. SigB also responds to nitrogen starvation, as it has a 2-fold
increase in protein levels following nitrogen step down. Synechocystis PCC7120 has
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four SigB-type sigma factors. These include sigB2, within the genome, and sigB, sigB3,
and sigB4 on plasmids. It seems that sigB and sigB2 are activated upon nitrogen
starvation. Furthermore, SigB also seems to play a role in other types of stresses
including osmotic stress, salt stress, and oxidative stress (Imamura and Asayama, 2009).
SigC is thought to be required during stationary phase and has been found to become
activated during nitrogen starvation as well as heat shock during stationary phase
(Imamura and Asayama, 2009). SigD has been shown to respond to changes in light
intensity, increasing protein levels as much as 3.4 times when exposed to high light when
compared to normal light conditions (Imamura and Asayama, 2009).
SigE has been shown to be induced transcriptionally by nitrogen starvation in
Synechocystis PCC 6803. SigE has more than one promoter. One of these promoters is
constitutively turned on while the other only becomes active upon nitrogen starvation. It
was thought that NtcA binds with the promoter induced by nitrogen starvation, which
was later confirmed by a gel shift assay. SigE also responded to light exposure gradually.
It is thought that SigE might be regulated by circadian cycles. DNA microarray data
suggests that SigE also may be involved in regulation of sugar catabolic pathway genes,
as the knock out mutant showed decreased transcription of genes involved in sugar
catabolism including genes involved in glycolysis, the oxidative pentose phosphate
pathway, as well as genes involved in glycogen breakdown (Imamura and Asayama,
2009).
SigF may be involved in cell motility because knock out mutants of SigF showed loss of
motility in response to light as well as loss of pili that typically cover the surface of the
cell in Synechocystis PCC6803 (Bhaya et al., 1999). Therefore it was concluded that
SigF plays a crucial role in cell motility, pilus formation and possibly other cell surface
functions. Long-term exposure to high salt conditions did reduce growth of sigF mutants
when compared with wild type cells (Huckauf et al. 2000).
In Synechocystis PCC6803, a sigG knockout is lethal and is thought to be required for
cell growth. However, this lethal phenotype is not common for all homologous
mutations in closely related species. For example, in Synechocystis PCC7002, it is not
lethal however does show a slowed growth phenotype. The anti-sigma factor to sigG,
sapG, is located just downstream of sigG in the genome. The structure of sapG and sigG
in the genome is conserved in many cyanobacteria including PCC6803, PCC7942,
PCC7120, BP-1, and NIES-843 (Cyanobase). Studies have been conducted with sigG
using GFP reporters. These reporters have shown sigG to be up-regulated in late
heterocysts, showing the most fluorescence following 9-13 hours of nitrogen step down.
SigG is hypothesized to be involved in the ‘commitment step’ for the cell to become a
heterocyst (Imamura and Asayama, 2009). SigG shows high homology to SigH, a very
similar sigma factor in Synechocystis PCC6803. They seem to be oppositely regulated
under some stresses, for example, under conditions of heat and salt stress, sigH
transcripts increase significantly while sigG transcripts plummet (Huckauf et al. 2000).
SigI showed to be active in both heterocysts and vegetative cells, however a specific
function has not been determined (Imamura and Asayama, 2009).
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The σ70 sigma factor proteins contain areas of highly conserved regions of amino acids
that have been designated regions 1, 2, 3, and 4 (Severinova et al. 1996). Region 2 is
responsible for recognizing the -10 region of the promoter, while region 4 is responsible
for recognizing the -35 region of the promoter. Regions 2 and 4 are conserved
throughout all of the σ70 sigma factors in Synechocystis PCC 6803 (Fig. 2). Noticeable
differences among the conserved motifs arise when comparing groups 1 and 2 with group
3. These differences lie in the fact that for the most part, regions 1 and 3 are absent in
group 3 sigma factors, being only present in groups 1 and 2. Only sigF among the group
3 sigma factors include region 3 (Fig. 2).

Figure 2: Conserved regions among the 9 different sigma factors known in Synechocystis
PCC 6803 (Imamura and Asayama, 2009).
Within the σ70 family of sigma factors, specific domains exhibit very important
structural characteristics. Within the conserved regions mentioned previously, there exist
subregions that have specialized function. Region 1.1 aids in DNA binding by regions 2
and 4. Within region 4 exists subregion 4.2, which plays a role in recognizing the -35
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region of a promoter. Region 3.0 within region 3 is sometimes used to recognize an
extended -10 region within a promoter, which is not always present and a reason this
region is not conserved universally among all groups of sigma factors. Region 2 plays a
very important role in promoter recognition due to subregions 2.4 and 2.3. These regions
aid in recognition of the -10 region of a promoter (Fig. 3) (Severinova et al., 1996).

Figure 3: Conserved structural characteristics in E. coli σ70. Towards the C-terminal
end, region 4.2 contacts the -35 region of the promoter. Region 3.0 contacts the extended
-10 in cases where a -35 is not present within the promoter. Region 2.4 and 2.3 contact
the -10 region (Paget and Helmann, 2003).
Synechocystis has 9 known sigma factors, while N. punctiforme has 13. However, this
classification by group 1-3 can still be used for the homologous proteins in N.
punctiforme (see Table 2).
Sigma
factor
SigA

SigB-a

SigB-b

N.
punctiforme
PCC 73102
F6374

F1499

R1771

Anabaena
PCC 7120
All5263
(SigA;
96/95.5)
All7615
(SigB;
67/79)
Alr3800
(SigB2;
67/83)
Alr7615
(SigB;
63/76)
Alr3800
(SigB2;

Synechocystis
PCC 6803

Group

Information

Slr0653 (SigA;
77/81)

Group 1

Housekeeping
sigma factor

Group 2

Responds to
changes in
carbon or
nitrogen
availability

Sll0306 (SigB;
62/76)

Sll0306 (SigB;
61/77)
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Group 2

78/64%
ident/sim to
F1499 and
F3293

60/79)

SigB-c

F3293

All7615
(SigB;
63/79)
Alr3800
(SigB2;
63/82)

Sll0306 (SigB;
64/82)

Group 2

SigB2

R4091

Alr3800
(SigB2;
93/96)

Sll0306 (SigB;
73/85)

Group 2

SigB4

BF004

All7179
(SigB4;
60/81)

Sll0306 (SigB;
54/76)

Group 2

F0996

All1692
(SigC;
90/95)

Sll0184 (SigC;
85/79)

Group 2

R5797

Alr3810
(SigD;
90/93)

Sll2012 (SigD;
74/82)

Group 2

SigE

F0307

Alr4249
(SigE;
89/94)

Sll1689 (SigE;
67/78)

Group 2

SigF

F4811

Slr1564 (SigF;
53/74)

Group 3

SigG

F4153

Slr1545 (SigG;
69/81)

Group 3

Slr1545 (SigG;
24/38)

Group 3

SigC

SigD

All3853
(SigF; 86/95)
Alr3280
(SigG;
94/97)
All2193
(SigI; 27/46)

Responds to
changes in
carbon or
nitrogen
availability
Responds to
changes in
carbon or
nitrogen
availability
Responds to
changes in
carbon or
nitrogen
availability
Responds to
changes in
carbon or
nitrogen
availability

Post
exponential
phase sigma
factor
Sigma-28
subunit
ECF sigma-24
subunit

ECF sigma-24
subunit
FliA/WhiG
Alr0277
subfamily,
SigJ
R1337
Group 3
(SigJ; 90/95)
sigma-28
subunit
Table 2: Sigma factors present in N. punctiforme, orthologs in Anabaena PCC 7120 and
Synechocystis PCC 6803, classification, and potential function. Percent identity/similarity
of proteins in other organisms to the N. punctiforme sigma factors using the BLAST
default settings are shown in parenthesis. Homologs with close identity/similarity in other
organisms are italicized.
SigI

F2132
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N. punctiforme has 13 sigma factors known to date (Table 2). Homologous sigma factors
are also denoted in this table in closely related organisms, Anabaena PCC7120 and
Synechocystis PCC6803. Sigma factor designation is not universal, however for the
purpose of this work, I will use the designations listed in Table 2.
Extracytoplasmic function (ECF) sigma factors and anti-sigma factors
The integrity of bacterial membranes is incredibly important because the membrane is a
bacteria’s first line of defense against environmental stresses. A gram-negative cell
envelope consists of an inner membrane, periplasmic space, which contains
peptidoglycan, and outer membrane that contains lipopolysaccharides. Extracytoplasmic
stress involves stress that lies outside of the cytoplasm, for example, cell envelope stress.
Extracytoplasmic function (ECF) sigma factors are alternative sigma factors that are
induced in response to an environmental stress. They are typically co-transcribed with a
cognate anti-sigma factor that acts to regulate the sigma factor’s activity. Anti-sigma
factors contain one transmembrane domain of ~22 hydrophobic amino acids and are
located in the inner membrane, acting to sequester the ECF sigma factor on the
cytoplasmic end. Fig. 4 shows how the ECF sigma factor and anti-sigma factor would
interact in an uninduced state with low to no stress levels. Note that the anti-sigma
factor, NpF4154 is sequestering the sigma factor, NpF4153, at the membrane when there
is no stress through protein-protein interaction. An inducing signal is required for the
sigma factor’s release and subsequent activation. Typically, ECF sigma factors are
released when there is outer membrane or periplasmic stress. Denatured or abnormally
occurring proteins outside the cell trigger a protease cascade results in the proteolysis of
the anti-sigma factor, which frees up the ECF sigma factor to bind with the RNA core
polymerase and aid in transcription of a number of genes required to deal with envelope
stress (Fig. 5).

Figure 4: Model illustrating the sequestration of the ECF sigma factor (proposed for
NpF4153) by the anti-sigma factor (proposed for NpF4154) at the membrane in an
uninduced, non-stressful state.
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RpoE in E. coli was previously identified as an ECF sigma factor because it was induced
when there was an imbalance or overproduction of outer membrane proteins or an
aggregation of misfolded transported proteins in the extracytoplasmic space. It was also
found that altered lipopolysaccharides (LPS) also had an effect on stimulating the activity
of RpoE, which could be due to the outer membrane protein ratios. Mutating genes
involved in refolding misfolded proteins in the periplasm also increased levels of RpoE
(Missiakas and Raina, 1998).
Some ECF sigma factors are thought to autoregulate their own transcription as well as
their specialized regulons in certain species of bacteria such as E. coli and B. subtilis. In
E. coli, rpoE has two promoters, one that is recognized by the housekeeping sigma factor,
and the other that is recognized by RpoE (Wu and Newton, 1997). In B. subtilis, there is
only one promoter for the sigW gene, encoding for the ECF sigma factor W (σW), and it
is positively autoregulated by itself (Huang, 1998). A model for B. subtilis σW activation
and regulation is demonstrated in Fig. 5 (Helmann, 2002). RsiW, the anti-sigma factor in
this model, is sequestering the ECF sigma factor, σW at the cell membrane. Upon cell
envelope stress, the periplasmic portion of RsiW becomes degraded, which leads to
further degradation of the transmembrane portion with a zinc metalloprotease (RasP), and
subsequent processing through the ATP-dependent ClpXP protease. This leads to the
activation of σW, which increases its own transcription along with other additional target
promoters of genes within its regulon.

Figure 5: Model of ECF sigma factor (σW) activation and anti-sigma factor (RsiW)
degradation in a stress-induced state of B. subtilis. Taken from Helmann	
  (2002).
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Protein Tagging
Protein tagging is a common technique used in molecular biology and serves to be
extremely helpful in protein purification as well as detection. Most proteins do not
naturally occur in vast quantities to study and are often impossible to purify without some
sort of protein fusion tag. Proteins can be engineered as a fusion with a particular tag and
overexpressed depending on the vector being used. For example, pET plasmids
(Novagen) were engineered to produce recombinant proteins fused with polyhistidine
tags to either the N- or C-terminal end of a protein when cloned correctly in frame. Once
a gene of interest is cloned into the pET vector it can be over-expressed in E. coli upon
induction with IPTG, an analog of a lactose metabolite that allows for expression from a
very strong T7 promoter. The over-expressed protein can be easily isolated from an E.
coli lysate by adsorption to a nickel column, which binds the polyhistidine tag. After a
few wash steps, the protein can be eluted with imidazole, which will elute the protein
product.
There are many different types of protein tags that can be used other than polyhistidine.
For example, a glutathione S-transferase, (GST) protein can be used. GST has a high
affinity for glutathione, which can be purchased conjugated to agarose beads. For this
tag, one of the pGEX plasmids (GE Healthcare Life Sciences) can be utilized. When
cloned in frame, the N-terminal end of a protein can be fused to the C-terminal end of
GST. Once over-expressed, the tagged protein can be purified by being bound to a
glutathione agarose bead (Fig. 6) and eluted with free glutathione.

Figure 6: Affinity binding of GST to glutathione from a GST fusion protein (bait protein
bound to GST).
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MATERIALS AND METHODS
Bacterial strains and growth conditions
Strains of Nostoc punctiforme ATCC 29133 were grown in 125 mL Erlenmeyer flasks
with shaking at 100-120 rpm at 23-25°C with exposure to 19-46 µmol photos.m-2.s-1 of
cool white fluorescent light in the standard minimal salts medium of Allan and Arnon
(1955), diluted four-fold, supplemented with 5 mM 3-[N-morpholino]propanesulfonic
acid (pH 7.8), 2.5 mM NaNO3 and 2.5 mM KNO3 (MOPS, ammonia, nitrate [MAN].
Where neomycin selection was required, liquid media were supplemented with 10 µg/ml
neomycin (Nm). Fructose additions when needed were added to a final concentration of
50 mM. For akinete induction, the inorganic phosphate compounds were omitted from
AA/4 media. AA medium was used for plates and solidified with 1% Noble agar (Difco)
and supplemented with MAN (and Nm (10 µg/ml) for GFP reporters or zwf mutants.
Cultures grown on these plates were incubated at 25°C under continuous light.
E. coli strains were grown in Luria-Bertani broth (LB), with the exception of SoluBL21
strains, which were grown in M9 minimal media with 30 µg/ml Km. Solid media
contained 1.5% agarose.
Antibiotic
Resistance

Strain

Description

Escherichia coli DH5
alpha MCR

Strain used for
routine cloning.
Methylationdependent
restrictiondefective derived
from E. coli
DH5α.

Grant et al.,
1990

E. coli SoluBL21

F- ompT hsdSB
(rB- mB- ) gal
dcm (DE3)
F4153 Histagged at the Cterminal end
F4153 Histagged at the Nterminal end
F4154 Nterminal portion
His-tagged at the
C-terminal end.
F4154 N-

Genlantis

E. coli SoluBL21
F4153HisC
E. coli SoluBL21
F4153HisN
E. coli SoluBL21
F4154N-HisC
E. coli SoluBL21

Plasmid

Kanamycin This work

pET28a
(Novagen)

Kanamycin This work

pET28a

Kanamycin Hugo Medina,
This work

pET28a

Kanamycin Hugo Medina,

pET28a
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Source

F4154N-HisN
E. coli BL21 Rosetta

terminal portion
His-tagged at the
N-terminal end.
BL21 lacYZ
deletion, Lacks
Lon and OmpT
proteases

This work
Novagen

E. coli BL21 Rosetta
F4154N-GST

N-terminal end
of F4154 fused
to C-terminal
end of GST

Kanamycin This work

N. punctiforme wildtype (WT)

Filamentous
cyanobacterium
capable of
differentiation
4153 deletion
strain of N.
punctiforme
Promoterless
GFP reporter
control

None

Rippka and
Herdman,
1992

None

LeGrande,
2008

Neomycin

This work

Neomycin

This work

pSUN119
(Argueta and
Summers,
2005)
pSUN119

Neomycin

This work

pSUN119

Neomycin

This work

pSUN119

Neomycin

This work

pSUN119

Neomycin

Summers and
Meeks, 1996

Neomycin

This work

Δ4153
WT containing
pSUN119 (control)
WT pSUN119::P4153

GFP reporter for
F4153 promoter
in WT strain
Δ4153 pSUN119::
GFP reporter for
P4153
F4153 promoter
in 4153- strain
WT
F4153 GFP
pSUN119::F4153
protein fusion
WT
F4154 GFP
pSUN119::F4154
protein fusion
Δzwf
N. punctiforme
zwf
insertion/deletion
mutant, unable to
make G6P
dehydrogenase
zwf/NpF4153
N. punctiforme
zwf/NpF4153
double mutant
Table 3: Strains used in this study.

13	
  
	
  

pGEX-01 (GE
Healthcare)

Description
Primer
pET28a F (T7 promoter)
taatacgactcactataggg
pET28a R (T7 Term)
gctagttattgctcagcgg
pSUN119 F
tatagcgctagagtcgacct
pSUN119 R
gagtctccgtttgtttcagt
NpF4153 GFP-F (PstI)
caccctgcaggtaaccacagcaacccaact
NpF4153 GFP-R (KpnI)
ctgtggtaccaggaatctagataattctgc
NpF4154 GFP F (PstI)
tcctctgcagaagtatcttgcctctgtcca
NpF4154 GFP F (KpnI)
acttggtaccagttaatgtcttgtttggagt
NpF4153 HisC1 (NcoI)
gtacccatgggcagtcagtcgattactgtatc
NpF4153 HisC2 (XhoI)
ctgtctcgagggaatctagataattctgca
NpF4153 HisN1 (NdeI)
acgacatatgagtcagtcgattactgtat
NpF4153 His N2 (XhoI)
atacctcgagttaggaatctagataattctgca
NpF4154N GST P1 (Bam)
tcggatccaaatggtgaagcgcgatcgcttcg
NpF4154N GST P2 (XhoI)
atctcgagttaacgggaacggcggcgcaaa
Table 4: Primers used in this study.
Construction of N- and C-terminal His-tagged sigma factor and NpF4154N-GST
NpF4153 was PCR amplified from N. punctiforme genomic DNA with primers NpF4153
HisC1 and NpF4153 HisC2 or NpF4153 HisN1 and NpF4153 HisN2 (See Table 4).
NpF4153-HisC yielded a 666 bp band while NpF4153-HisN yielded a 665 bp band. 1
cycle 95°C, 2 minutes; 30 cycles 95°C, 30 seconds, 56°C, 30 seconds, 72°C, 40 seconds;
1 cycle 72°C, 3 minutes using Herculase II DNA polymerase. The resulting fragments
were cut with either NdeI and XhoI (N-terminal tag) or NcoI and XhoI (C-terminal tag),
treated with alkaline phosphatase in order to prevent self-ligation, and subsequently
ligated into similarly digested pET28a. These recombinant plasmids were then
transformed into CaCl2 competent E. coli DH5α, plated onto LB + Km (30 µg/ml), and
colonies were screened by colony PCR using primers pET28a F and pET28a R (Table 4).
A positive clone for the N-terminal His tag yielded an 839 bp fragment while the Cterminal His tag yielded an 896 bp fragment. The plasmid-insert junctions were
confirmed by sequencing to contain an in-frame fusion (pET28a-F / pET28a-R primers
used in separate sequencing reactions) Confirmed colonies were grown up in LB + Km30
and the plasmids were prepped using Promega Wizard SV Plus Minipreps DNA
purification kit. The extracted plasmids were transformed into the SoluBL21 strain of E.
coli and plated on LB + Km30 and incubated overnight at 37°C.
NpF4154N was PCR amplified (225 bp product) using NpF4154N-GST P1 and
NpF4154N-GST P2. This PCR product was directionally cloned into pGEX5X-1
BamHI/XhoI sites. This produced a predicted 35.7 kDa protein containing GST fused inframe with the 78 N-terminal amino acids of NpF4154. The cloned region of NpF4154
began with the predicted start codon and ended with the last amino acid predicted to be in
the cytoplasm and did not contain any of the predicted transmembrane domain. The
plasmid-insert junction were sequenced to confirm correct cloning, and the protein
expressed using E. coli Rosetta strain at 23°C with 0.4 mM IPTG for 4 hours.
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Construction of GFP protein fusions
NpF4153 was PCR amplified from N. punctiforme genomic DNA with primers NpF4153
GFP F and NpF4153 GFP R (Table 4) yielding a 1,048 bp product. 1 cycle 95°C, 2
minutes; 30 cycles 95°C, 30 seconds, 56°C, 30 seconds, 72°C, 40 seconds; 1 cycle 72°C,
3 minutes using Herculase II DNA polymerase. The fragments created were cut with
PstI and KpnI and ligated into similarly digested pSUN119. These recombinant plasmids
were then transformed into CaCl2 competent E. coli DH5α and screened by observing
colony fluorescence under a Dark Reader (dim colonies indicate successful insertion of
NpF4153 into pSUN119). The positive clones were grown up in LB + Km30 and
prepped using Promega Wizard SV Plus Minipreps DNA purification kit. The plasmidinsert junctions were confirmed by sequencing to contain an in-frame fusion with GFP.
The plasmids were electroporated into either N. punctiforme WT or Δ4153 strains and
plated on AA + Neomycin 10 µg/ml and incubated at 25°C.
Heterocyst and akinete induction
Cultures were grown at 25°C, 8-12 PFD light, with two bottle changes to exponential
phase in AA/4 + MOPS ammonia (and neomycin 10 µg/ml for GFP reporter strains).
Combined nitrogen was removed by washing the 50 mL vegetative cultures with 50 mL
of AA/4+Pi+MOPS three times, vortexing culture between each wash. After the last
wash, the pellet was resuspended in AA/4 + Pi + MOPS (and neomycin 10 µg/ml for
GFP reporter strains) and returned to the 25°C incubator. After 48 hours, heterocysts
were observed under the microscope. After observing heterocysts, the cultures were
transferred to a 50 mL falcon tube and sat for 15 minutes to allow for a top layer of
hormogonia, which were removed with a pipette. These cultures were then washed three
times with AA/4 –Pi +MOPS and resuspended in 50 mL of AA/4 –Pi +MOPS + 80 µL of
0.01x +Pi stock. Cultures were placed at room temperature under low light (3-8 PFD)
with slow shaking for about 3 weeks. They were then allowed to sit under low light
without shaking for 3 days.
Epifluorescence and confocal laser microscopy
A Zeiss Axiolab microscope with a 100x oil immersion objective was used for
epifluorescence microscopy. GFP fluorescence was detected using a long-pass blue
excitation filter (395 nm) and a green band pass (509 nm) filter set (Omega Optical) and
captured with a DVC 1312 digital camera. A Texas red filter set (Omega Optical) was
used to detect natural autofluorescence from phycobilisomes.
A Leica EL6000 laser confocal microscope with a 100x oil immersion objective was used
for visualizing GFP protein fusions. The excitation filter UV used was ND 3 and the
emission bandwidth PMT 1 from beginning to end was 500 nm – 568 nm. The gain was
985 with an offset of -6, visible argon laser power 12%.
EDTA stress test
GFP reporter strains (WT pSUN119, WT pSUN119::P4153) were grown at 25°C, 8-12
PFD light, with two bottle changes to exponential phase in AA/4 + MOPS ammonia.
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Samples were observed under an epifluorescence microscope before stress induction and
after treatment with 0.25 µM, 0.35 µM, or 0.45 µM EDTA for 24 hours.
EDTA survival test
Wild type and Δ4153 was grown at 25°C, 8-12 PFD light, with two bottle changes to
exponential phase in AA/4 + MOPS ammonia. Cultures were subjected to chlorophyll a
extraction to determine µg/ml. Culture volumes of wild type and mutant strains were
adjusted to yield the same chlorophyll a concentration of 5.32 µg/ml. Aliquots were
removed before and after treatment with 0.45 mM EDTA stress. Ten-fold serial dilutions
of the samples were spotted onto AA + MAN plates using 10 µl for each spot. Plates
were incubated at 25 °C under 0.5% carbon dioxide enriched incubator, 8-12 PFD light,
for one month.
Heat stress test
GFP reporter strains (WT pSUN119, WT pSUN119::P4153) were grown at 25°C, 8-12
PFD light, with two bottle changes to exponential phase in AA/4 + MOPS ammonia.
Samples were observed under an epifluorescence microscope before heat stress and after
46°C water bath heat treatment for 30 minutes. Samples were immediately plated as 10fold dilutions on an AA + MAN plate.
DNA microarray
N. punctiforme zwf and zwf/NpF4153 double mutant grown in fructose and light (T0) and
after 2 days in the dark (T2). Samples were taken after T0 and T2 and subjected to
breakage using a mini bead beater (Biospec) in the presence of phenol and 0.5-mm
zirconium/silicate beads. The aqueous supernatant was removed and RNA was
precipitated overnight on ice following addition of an equal volume of 4 M lithium
chloride, 20mM Tris (pH 7.4), and 10 mM EDTA (pH 8). Qiagen RNase free DNase set
was used for on-column DNase digestion. RNA (10 µg/sample) was run on a 1%
formaldehyde gel to confirm integrity of RNA. Fifteen micrograms of RNA was used
per cDNA synthesis reaction that was labeled with Alexa fluorescence dyes 555 (scans
green/scanning wavelength 532) and 647 (scans red/scanning wavelength 635) with
Invitrogen SuperScript Plus Indirect cDNA labeling kit. Unincorporated dyes were
removed using Quiagen PCR purification columns and dye incorporation was assayed
using a NanoDrop 1000. Labeled samples were stored at -70°C until use. Array
hybridization and analysis was conducted as per Campbell et al. (2007).
Batch protein purification
NpF4153-HisN and NpF4153-HisC were expressed in and purified from the SoluBL21
strain of E. coli through batch purification. A single colony of SoluBL21 E. coli
containing either NpF4153-HisN and NpF4153-HisC were inoculated into 250 mL M9
media until A600 reached 0.400. Cells were then treated with 1 mM IPTG and allowed to
incubate on shaker at room temperature (not in water bath) overnight. Induced cultures
were spun down and the pellets were frozen at -80ºC. Pellets were resuspended in 10mL
TBS+PMFS+protease inhibitor cocktail (Thermo Scientific) and lysed using with 2
passes at 16000 psi through a cold French pressure cell. The cell lysate was centrifuged
at 13,000 X g to get a cleared lysate. A 50% slurry of HisPurTM Ni-NTA resin (Thermo
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Scientific) was washed in equilibrium buffer (20 mM sodium phosphate buffer, 300 mM
NaCl, 10 mM imidazole, pH 7.4) 4 times and then combined with 10 mL cleared lysate
containing soluble proteins. This mixture was incubated at 4ºC for 2 hours with constant
shaking. After incubation, the beads were washed 3 times with PBS (300 mM NaCl, 20
mM sodium phosphate buffer pH 7.4) + 45 mM imidazole. After washing, the purified
protein was eluted with 1 mL PBS + 250 mM imidazole + 20% glycerol two times for
two elutants.
GST pull down assay
Recombinant proteins were expressed in and purified from the Rosetta strain of E. coli.
Glutathione agarose bead resin were washed four times with 10X bead volume with
TGEM(0.1) (0.1 M NaCl, 20 mM Tris-HCl pH 7.5, 20% glycerol, 1 mM EDTA, 5 mM
MgCl2, and 0.2 mM phenylmethylsulfonyl fluoride, or PMSF, added on the day of the
experiment) and resuspended in the same solution prior to use. In order to bind the
recombinant protein to the beads, the cell lysate (obtained with lysis of cell pellets using
with 2 passes at 16000 psi through a cold French pressure cell) containing protein was
centrifuged 13,000 X g at 4ºC for 20 minutes in order to remove precipitates caused by
freezing. A 1/10 dilution of the lysate for GST only control and the GST-4154N
recombinant protein was mixed with beads constantly shaking at 4ºC for 2 hours. Beads
were then washed twice with 100 µL ice cold TGEM(1.0), which contained the same
contents as TGEM(0.1) except with 1.0 M NaCl. Then beads were washed with
TGEM(0.1) two more times. After last wash, 2 bead volumes of TGEM(0.1) were added
to the beads. Cell lysate containing soluble target protein was diluted 1/10 and added 1:1
to the bait protein cell lysate to go ‘fishing’. This was placed at 4ºC with constant
shaking for 2 hours. After this samples were centrifuged at 800 x g for two minutes
while at 4ºC and the supernatant was removed. Beads were washed four times with ice
cold TGEM(0.1) and the beads were stored in -80ºC for later use in SDS PAGE.
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RESULTS
Multiple sequence alignment of SigG and orthologs of SigG
σG shows high sequence conservation with other known ECF sigma factors in other
species of closely related organisms. A multiple sequence alignment of the amino acid
sequences of other known ECF rpoE-like sigma factors in other species was performed
(Table 5, Fig. 7). NpF4153 shows extreme conservation within this alignment and is
likely to be an rpoE-like ECF sigma factor.
Annotation
Species
Protein length
Cyc_PCC7424_5146
Cyanothece sp. 7424
219 aa
Cyan7822_4189
Cyanothece sp. PCC 7822
219 aa
Mar_MAE_02820
Microcystis aeruginosa
218 aa
Cyh_Cyan8802_0342 Cyanothece sp. 8802
217 aa
Cyp_PCC8801_0335
Cyanothece sp. PCC 8801
217 aa
Cyt_cce_4142
Cyanothece sp. ATCC 51142
221 aa
UCYN_04970
Cyanobacterium UCYN-A
217 aa
Slr1545
Synechocystis sp. PCC6803
223 aa
SYNPCC7002_a1970 Synechococcus sp. PCC7002
218 aa
Alr3280
Anabaena sp. PCC7120
218 aa
Ava_4933
Anabaena variabilis
218 aa
Npun_F4153
Nostoc punctiforme
218 aa
Aazo_4185
Anabaena azollae 0708
218 aa
Tery_4370
Trichodesmium erythraeum
218 aa
Cyan7425
Cyanothece sp. PCC 7425
221 aa
Tlr2109
Thermosynechococcus elongatus
219 aa
Amr_AM1_3600
Acaryochloris marina
220 aa
gll1739
Gloeobacter violaceus
214 aa
CYA_1490
Synechococcus sp. JA-3-3Ab
220 aa
CYB1458
Synechococcus sp. JA-2-3B'a(2-13)
220 aa
Table 5: RpoE ortholog designations used in the MSA seen in Fig. 7. Also indicated are
the organism as well as protein size.
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181
AFRTTIVLRE
AFRTTIVLRE
AFRTTIILRE
AFRMTIVLRE
AFRMTIVLRE
AFRTTIVLRE
AFRVAIVLRE
AFRTTIILRE
VFRTTIVLRE
VFRTTIVLRE
VFRTTIVLRE
VFRTTIVLRE
VFRTTIVLRE
VFRVTIILRE
DFRTTIVLRE
TFRTTIVLRE
AFRTTIVLRE
AFRTTIVLRE
VFRQTILLRE
AFRQTILLRE

cyc_PCC7424_5146
Cyan7822_4189
mar_MAE_02820
cyh_Cyan8802_0342
cyp_PCC8801_0335
cyt_cce_4142
UCYN_04970
slr1545
SYNPCC7002_A1970
alr3280
Ava_4933
Npun_F4153
Aazo_4185
Tery_4370
Cyan7425
tlr2109
amr_AM1_3600
gll1739
CYA_1490
CYB_1458
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IEGMAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IEGLAYEEIA
IEGLAYEEIA
IDGLAYEEIA
IEGLAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IEGMAYEEIA
IQGLSYEEIS
IEGLSYEEIA
IEGLSYEEIA
IEGLAYEEIA
IEGMAYEEIA
IQGMAYEEIA
IQGMAYEEIA

EITGVSLGTV
EITGVSLGTV
EMTGVSLGTV
QLTGVSLGTV
QLTGVSLGTV
EMTGVSLGTV
EMTEVSLGTV
EITGVSLGTV
EITGVSLGTV
EITGVSLGTV
EITGVSLGTV
EITGVSLGTV
EMTGVSLGTV
EITGVSLGTV
EITGVSLGTV
QITGASLGTV
EITGVSLGTV
ETLGISVGTV
EITGVSLGTV
EITGVSLGTV

KSRIARARAK
KSRIARARAK
KSRIARARAK
KSRIARARAK
KSRIARARAK
KSRIARARGK
KSRIARARAK
KSRIARARAK
KSRIARARAK
KSRIARARSR
KSRIARARSR
KSRIARARSR
KSRIARARSR
KSRIARARQR
KSRIARARQR
KSRIARARQR
KSRIARARLR
KSRIARARRR
KSRIARARAR
KSRIARARAR

LQSVLQPYLG
LQSVLQPYLG
LQSVLQPYFT
LQSVLQQYLD
LQSVLQQYLD
LQTVLQKYID
LQTVLQKYID
LQTFLQPYLA
LQEMLQPYLA
LQTQLQTYLD
LQTQLQTYLD
LQAYLQNYLD
LQAQLQTYLD
LQLQLQKYLD
LQTQLQPYLD
LQLELQPYLD
LQGQLQNYLK
LQSQLNAYLLQSTLKPYLD
LQSTLKPYLN

DS
DS
EG
----SDAASTITLP
G-GE
GE

Figure 7: Multiple sequence alignment of other ECF sigma factors in closely related
organisms to NpF4153. The abbreviations for each strain are presented in Table 5.
F4153 and F4154 up-regulated upon akinete induction using the zwf model system
A DNA microarray study had been previously conducted in order to unveil possible
genes involved in akinete induction utilizing the zwf model system (Campbell et al.,
2007). This was subsequently expanded into a time-course array to study the kinetics of
gene regulation during akinete development (M.L. Summers, pers. com). RNA samples
were taken each day following induction and compared with expression levels before
akinete induction. There were 770 genes that showed a significant chance of differential
expression (B>0, p<1.75x10-4) with greater than 2-fold expression change for at least one
of the six time points. Genes identified were categorized in core metabolism (39%),
adaptation (8%), transport (6%), phage (1%), unassigned (16%), or conserved
hypothetical (29%). Of the 770 genes differentially expressed upon akinete induction
throughout the time course of the array, F4153 and F4154 were shown to be up-regulated
4-fold, especially on days 2 and 3 following induction (Fig. 8).
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Figure 8: Expression patterns of F4153 and F4154 in a 6-day time course DNA
microarray relative to time zero each day following akinete induction. Induction was
initiated by placing the zwf mutant strain pre-grown to exponential growth phase in AA/4
MAN +50 mM fructose into darkness.
Transcriptional GFP reporters
In order to evaluate expression levels of NpF4153 in individual cells, GFP transcriptional
reporters were utilized. It has been previously determined that NpF4153 contained two
different transcriptional start sites. Both these transcriptional start sites were required to
show greater transcriptional expression in heterocysts and akinetes. It is thought that
perhaps two transcriptional start sites are required for NpF4153 because one promoter
may be for keeping basal levels of the sigma factor present in conditions that don’t
require it to be very active, while the other promoter may be for producing large
quantities of the sigma factor when it is needed (LeGrand, 2008). The location of the
downstream end within the gene-coding region may be an artifact caused by mRNA
processing. Both transcriptional start sites, including 84 bp upstream from the initial start
site) were included on the PCR fragment cloned into the transcriptional GFP reporter
pSUN119 (Fig. 9).
A)
GTAACCACAGCAACCCAACTCCCAGAAATTATTACCTGAATTTTAAAGGTAT
CAAGAAGATAGAATTACAAAATTTTTCTCTTCATCCTTAATAACCAGATTTAA
TTATTTTTATCAAGCGTATATACCCAGTTGCTAAAAGTACTAAAATGTGCATG
TTGCTGCGCTTTTTTGAGTTGATGGGTGTAAGGGCAACTATGCGAGCAGTATA
AGGAAAAAGTGGCTCACCTTATTGCTATAAATGTATCCAAAATTGTCTGCCTC
CGTGTTCCAGTCATAAATCCGTCACCTTAGCATGGAACTTCTGTCCCATTAGC
AGGTCTAATAGATAGGGATGATTTAGAGCCAGTACGATCTATGAGTCAGTCG
ATTACTGTATCCTGGTCAACGGTTGATGCAAAGTATCCAGAAGCATCAGTGC
21	
  
	
  

AAGTTGACAAACTCCCTAACCACGATTTAATTTTGCGCTGTCAAGCGGGACTG
CGGCCAGATCGTGTTGCGTTTTCAGAACTATTACGCCGCTATCAAAGTCAAG
B)
P1	
  

P2	
  

GFP	
  
Figure 9: Transcriptional GFP reporter for NpF4153. A) Sequence cloned upstream of
GFP into pSUN119. Bolded with yellow highlight indicates transcriptional start sites.
Red text indicates the coding region of the NpF4153 gene. B) Schematic of how the
transcriptional GFP reporter for NpF4153 contains its two promoters.
Transcriptional expression using GFP reporters: Heterocysts
The NpF4153 transcriptional GFP reporter was used to visualize expression of σG after
induction of heterocysts in wild type cells following removal of combined nitrogen.
Heterocysts have a distinct shape dissimilar to vegetative cells and do not fluoresce under
a Texas Red filter, and therefore can easily be identified from vegetative cells or akinetes.
The WT pSUN119::P4153 GFP reporter showed strong fluorescence in heterocysts
consistently (Fig. 10), indicating a possible role of σG in heterocyst formation and/or
maintenance.
WT pSUN119::P4153, induced heterocysts:
100x, brightfield
100x, GFP filter
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100x, Texas Red filter

WT pSUN119, induced heterocysts (promoterless GFP reporter control):
100x, brightfield
100x, GFP filter
100x, Texas Red filter

Figure 10: Epifluorescence photomicrographs of WT pSUN119::P4153 and WT pSUN119
control 5 days following heterocyst induction. Heterocysts are indicated by black arrows
for the first two brightfield images.
Typically, N. punctiforme cultures grown in AA/4 MOPS ammonia tend to use up the
nitrogen provided in the media relatively quickly. Therefore, cultures grown in this
media tend to make heterocysts within usually at least one week depending on the initial
inoculation due to the depletion of nitrogen. These heterocyst-containing cultures are
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easily identifiable because they form clumpy aggregates due to the stickiness of
heterocyst cell envelope walls.
GFP transcriptional reporters Δ4153 pSUN119::P4153, WT pSUN119::P4153, and WT
pSUN119 were grown in AA/4 MOPS ammonia and allowed to grow for 12 days at room
temperature with constant shaking. Their initial green coloring was identical among the
cultures, but not determined with chlorophyll a extraction. It was interesting to note that
within 12 days, both wild type GFP transcriptional reporters formed these clumpy,
heterocyst-containing aggregates while the Δ4153 mutant did not. This indicated the
mutant was unable to initiate formation of heterocysts in the same time period as that of
the wild type strain. It wasn’t until about 5 days later that Δ4153 was able to start
forming weak heterocysts. Fig. 11 shows pictures of the two wild type cultures that had
clumpy, heterocyst-containing aggregates (middle and right), while the Δ4153 culture
(left) showed no clumpy formation, and therefore, no heterocysts.

Figure 11: N. punctiforme GFP transcriptional reporter cultures grown in AA/4 MOPS
ammonia after 12 days.
To confirm these casual observations, a more structured experiment was conducted to see
if the Δ4153 mutant does indeed have a lag in heterocyst production under conditions of
nitrogen starvation. This was done by ensuring the starting concentration of cells was the
same among Δ4153 pSUN119::P4153, WT pSUN119::P4153, and WT pSUN119 at 6 µg/ml.
These cultures were then starved for nitrogen by washing with AA/4 + Pi + MOPS, and
heterocyst formation was monitored.
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1 Day following heterocyst induction:

Figure 12: Δ4153 pSUN119::P4153, WT pSUN119::P4153, and WT pSUN119, 24 hours
following heterocyst induction (nitrogen starvation). The mutant does not form
heterocysts while the wild type strains do.
It was found that the WT pSUN119::P4153 and WT pSUN119 control both formed
heterocysts within 1 day of induction (Fig. 12), while the Δ4153 pSUN119::P4153 strain
took 3 days before heterocysts were weakly beginning to form (Fig. 14), not nearly to the
extent the wild type strains were able to form in 1 day.
Cells were observed under the epifluorescence microscope in order to observe
heterocysts and GFP expression levels in strains (Fig. 13).
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Δ4153 pSUN119::P4153, 1 day following heterocyst induction
100x, brightfield
100x, GFP filter
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100x, Texas Red filter

WT pSUN119::P4153, 1 day following heterocyst induction
100x, brightfield
100x, GFP filter
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100x, Texas Red filter

Figure 13: Epifluorescence photomicrographs of Δ4153 pSUN119::P4153 and WT
pSUN119::P4153, 1 day following heterocyst induction. Black arrows indicate cells
within mutant filaments that appear to have lysed.
The wild type strains showed frequent heterocysts in filaments throughout the cultures.
The Δ4153 mutant did not have any heterocysts, however, photomicrographs showed
cells within mutant filaments that appeared to have lysed (Fig. 13, black arrows). It is
interesting to note that these seemingly lysed cells in the Δ4153 mutant had a spacing
pattern that was reminiscent of the spacing between two heterocysts in the wild type
strain.
Three days following heterocyst induction, the Δ4153 mutant started to form weakly
visible clumps in the culture (heterocysts). However, the number of clumps that were
present were not nearly comparable to those found in wild type cells, indicating that
Δ4153 mutant had a lag in heterocyst production. Aside from the lag in weak heterocyst
formation, Δ4153 seemed to show a different overall coloring when compared to both
wild type strains. The wild type strains had more of a dark green color, while the Δ4153
mutant had more of a vibrant, bright green color (Fig. 14).
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3 Days following heterocyst induction:
A)

B)

Figure 14: A) Δ4153 pSUN119::P4153 (left), WT pSUN119::P4153 (middle), and WT
pSUN119 (right) 3 days following heterocyst induction (nitrogen starvation). The Δ4153
mutant is starting to form sparse heterocysts and seems to be changing colors to a lighter,
brighter green, while the wild type strains form heterocysts and maintain a dark green
color. B) A closer look at heterocysts starting to form in the Δ4153 pSUN119::P4153
mutant (left, small green clumps in culture).
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Cells were observed under the epifluorescence microscope in order to observe
heterocysts and GFP expression levels in strains (Fig. 15).
Δ4153 pSUN119::P4153, 3 day following heterocyst induction
100x, brightfield
100x, GFP filter

100x, Texas Red filter

WT pSUN119::P4153, 3 days following heterocyst induction
100x, brightfield
100x, GFP filter

100x, Texas Red filter
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Figure 15: Epifluorescence photomicrographs of Δ4153 pSUN119::P4153 and WT
pSUN119::P4153 three days following heterocyst induction. Blue arrows show
heterocysts in the Δ4153 pSUN119::P4153 mutant that do not fluoresce under a GFP filter.
Red arrows show heterocysts in the Δ4153 pSUN119::P4153 mutant that slightly fluoresce
under a GFP filter. Yellow arrows show heterocysts in WT pSUN119::P4153 that highly
fluoresce.
More heterocysts were observed in the Δ4153 mutant when compared with those
observed after one day of induction. It is also interesting to note that most of the
heterocysts in the Δ4153 pSUN119::P4153 mutant do not fluoresce under a GFP filter (Fig.
15, blue arrows). Although an occasional heterocyst was observed to fluoresce slightly
(for example, Fig. 15 red arrow). In the WT pSUN119::P4153 strain, heterocysts were
highly fluorescent indicating that NpF4153 is actively transcribed (Fig. 15, yellow
arrows) within heterocysts. This indicates that lack of the Npf4153 gene in the genome
results in less expression from the NpF4153 promoter region in heterocyst cells.
Fluorescence is still observed in the Δ4153 mutant GFP reporter strain in cells other than
heterocysts. This indicates low-level constitutive expression between the two promoters
upstream of Npf4153. However, there is little to no fluorescence in heterocysts of the
Δ4153 mutant.
Transcriptional expression using GFP reporters: Akinetes
The NpF4153 transcriptional GFP reporter was used to visualize expression of σG after
induction of akinetes, which appear enlarged and granular, positioned initially mid-way
between heterocysts and in somewhat of a zig-zag pattern on the filament. The WT
pSUN119::P4153 GFP reporter showed minor fluorescence in matured akinete cells, which
were approximately 1 month old (Fig. 16). It is possible that due to the fact σG is at its
peak expression on day 2 following akinete induction (of the 6 day time course) in the
zwf model system that it is required for early akinete development and therefore its
expression may not be as evident in matured akinetes, such as the ones shown in Fig. 16.
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WT pSUN119::P4153, induced akinetes
100x, brightfield

100x, GFP filter
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WT pSUN119 promoterless control, induced akinetes
100x, brightfield

100x, GFP filter

Figure 16: Epifluorescence photomicrographs of WT pSUN119::P4153 and WT pSUN119
control approximately 1 month following akinete induction.
Transcriptional expression using GFP reporters: EDTA stress
ECF sigma factors are necessary to combat cell wall damage or heat stress. EDTA is a
chelating agent that is often used to weaken the integrity of the cell outer membrane due
to its ability to sequester divalent cations, such as Ca2+ and Mg2+, which are required to
strengthen the outer membrane by bridging negatively charged lipopolysaccharides to
each other.
The NpF4153 transcriptional GFP reporter was used to visualize expression of σG before
and after treatment with a range of EDTA levels (0.25 mM, 0.35 mM, and 0.45 mM).
Pretreated samples were observed in order to determine basal levels of transcription for
WT pSUN119::P4153 and WT pSUN119. After this, samples were treated with 0.25 µM,
0.35 µM, or 0.45 µM EDTA and allowed to grow for an additional 72 hours. Following
this, GFP fluorescence was photographed with an epifluorescence microscope (Fig. 17).
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A) Before EDTA treatment, basal expression of NpF4153:
WT pSUN119::P4153
100x, brightfield
100x, GFP filter

Before EDTA treatment, basal expression of NpF4153:
WT pSUN119 promoterless control
100x, brightfield
100x, GFP filter
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B) 0.25 mM EDTA, 72 hours:
WT pSUN119::P4153
100x, brightfield

100x, GFP filter
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0.25 mM EDTA, 72 hours:
WT pSUN119 promoterless control
100x, brightfield

100x, GFP filter

C) 0.35 mM EDTA, 72 hours:
WT pSUN119::p4153
100x, brightfield

100x, GFP filter
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0.35 mM EDTA, 72 hours:
WT pSUN119 promoterless control
100x, brightfield

100x, GFP filter

D) 0.45 mM EDTA, 72 hours:
WT pSUN119::P4153
100x, brightfield

100x, GFP filter
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0.45 mM EDTA, 72 hours:
WT pSUN119 promoterless control
100x, brightfield

100x, GFP filter

Figure 17: Epifluorescence photomicrographs of WT pSUN119::P4153 and WT pSUN119
control A) before EDTA treatment, 3 days following B) 0.25 µM, C) 0.35 µM, or D) 0.45
µM EDTA treatment.
Increasing amounts of EDTA used to stress the cells resulted in increased transcriptional
expression of NpF4153 using the GFP reporters in a wild type background strain. Before
EDTA treatment, the cells showed little to no fluorescence and therefore, expression of
NpF4153 (Fig. 17A). However, following 0.25 mM EDTA treatment, cells began to
show more expression from NpF4153 than what was seen in pre-treated cells (Fig. 17B).
The most fluorescence, and therefore expression activity of NpF4153, was observed in
0.35 mM and 0.45 mM EDTA treated cells (Fig. 17C and 17D). The cells treated with
0.35 mM EDTA maintained long filaments with high expression of NpF4153 (Fig. 17C).
However, the jump from 0.35 mM EDTA to 0.45 mM EDTA resulted in filaments
beginning to break, indicating possible cell lysis, perhaps due to an inability to handle the
cell envelope damage caused by this chelating agent. Fragmentation was accompanied
with high expression levels of NpF4153 as indicated by intense GFP fluorescence in
these cells (Fig. 17D).
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Protein localization of NpF4153 before and after 30 minutes heat stress
NpF4153, under the control of its own promoter, was cloned into pSUN119 without a
stop codon in order to create a NpF4153 GFP protein fusion. This protein fusion plasmid
was electroporated into wild type and Δ4153 strains of N. punctiforme and viewed with a
confocal microscope in order to view protein localization within the cell before and after
heat stress (46ºC, 30 minutes). Before the heat stress, σG is clearly visible around the cell
periphery for all of the cells in the wild type background strain (Fig. 18).

Figure 18: WT pSUN119::F4153 (GFP protein fusion) as viewed with a Leica EL6000
confocal microscope (left brightfield, right GFP).
Following heat stress for 30 minutes at 46ºC, cells were viewed under the Leica EL6000
microscope again to view σG’s localization. It is clear that the ‘halo’ effect the cells
exhibited before the stress is no longer present, indicating that σG is no longer
sequestered at the membrane. Instead GFP fluorescence is seen fluorescing throughout
the cytoplasm of the cell (Fig. 19).
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Figure 19: WT pSUN119::F4153 (GFP protein fusion) following 30 minutes of 46ºC
heat treatment (left brightfield, right GFP).
Protein localization of NpF4154, the anti-sigma factor
NpF4154, the ECF anti-sigma factor that is hypothesized to regulate activity of NpF4153,
was cloned into pSUN119 without a stop codon, without a stop codon, and designed so
that the coding region of NpF4154 was in frame with GFP, giving rise to a GFP protein
fusion (Fig. 20).

Figure 20: Cartoon illustrating the GFP protein fusion of NpF4154, with the GFP located
at the C-terminal end of NpF4154. Although not depicted, there is a linker between
NpF4154 and GFP that is 69 bp long.
A confocal microscope was used to attempt visualizing NpF4154-GFP protein
localization in wild type cells of N. punctiforme. It was hypothesized that we would
observe NpF4154-GFP localized at the membrane in an uninduced, non-stressful state.
However, instead it was observed that the entire cell seemed to slightly fluoresce without
any true localization pattern (data not shown).
To begin troubleshooting this issue as to why there was no observable GFP localization,
the orientation of the protein within the membrane was further investigated. The
TMHMM online trans-membrane prediction program
(www.cbs.dtu.dk/services/TMHMM/) was used to predict the orientation of NpF4154 in
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the membrane. It was determined with a sequence total probability of 0.92424 that the
N-terminal portion of the protein was positioned in the cytoplasm (Fig. 21).
Therefore, if it is assumed that the TMHMM prediction is correct and that the N-terminal
portion of NpF4154 lies within the cytoplasm, that would mean the C-terminal portion
would lie within the periplasm. The GFP protein fusion was constructed so that the Cterminal end of NpF4154 was tagged with GFP. This would mean that the GFP portion
of the protein fusion would be positioned within the periplasm (Fig. 22).

Figure 21: TMHMM posterior probabilities for NpF4154 protein sequence.
The protein fusion sequence was run through SOSUI including GFP, which resulted in
one transmembrane domain, indicating that the linker and GFP do not create any
secondary transmembrane domains.
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Figure 22: Schematic of how the NpF4154-GFP protein fusion would be positioned in
the membrane, according to the orientation predictions of TMHMM. Graphic generated
from SOSUI with personal annotations to indicate regions where the three domains lie.
GFP indicated at the C-terminal domain rather than including entire GFP amino acid
sequence (GFP and linker was confirmed to not contain any transmembrane domains in
this fusion).
Perhaps this localization was not detected due to the positioning of the GFP on the Cterminal end of the protein, which would be in the periplasm. It has been reported that
when positioned outside of the cytoplasm, for example, in the periplasm, GFP does not
fold correctly and therefore could not actively fluoresce (Feilmeier et al., 2000).
WT and Δ4153 exhibit differing survival rates in response to EDTA stress
Using the transcriptional GFP reporters, it was determined that treatment of cells with
0.45 mM EDTA showed the most dramatic increase in the expression of Npf4153 (Fig.
17D). Therefore, it was hypothesized that a Δ4153 strain will likely have a difficult time
recovering from such treatment when compared to wild type. In order to test this
hypothesis, wild type and Δ4153 strains were plated on AA before and after treatment
with 0.45 mM EDTA in order to determine survivability (Fig. 23).
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A. Before 0.45 mM EDTA:

B. After 0.45 mM EDTA, 24 hours:

Figure 23: Wild type vs. Δ4153 survivability before (A) and after (B) overnight
treatment with 0.45 mM EDTA. Cultures were ensured to be the same starting
concentration and were spotted as 10-fold dilutions on AA + MAN plates.
Wild type and Δ4153 showed the same survivability before being treated with 0.45 mM
EDTA, as shown in Fig. 23A. Therefore, under optimal conditions wild type and Δ4153
grow similarly to one another. This supports the idea that NpF4153 is thought to be
required under stressful conditions versus optimal conditions. However, after 24 hours in
0.45 mM EDTA, Δ4153 was not able to recover or survive at all (Fig. 23B). In contrast,
wild type cells showed only a slight reduced survivability when treated with 0.45 mM
EDTA (Fig. 23B). This data suggests that without σG, the cells do not possess the ability
to form an envelope resistant to this stress, or lack the ability to rebuild or repair the
damaged cell envelope.
WT and Δ4153 exhibit differing survival rates in response to heat stress
NpF4153 shows sequence similarity to many known heat shock sigma factors.
Therefore, it was hypothesized that the NpF4153 mutant may be sensitive to heat stress at
46ºC compared with wild type. Survival rates between the wild type strain and the
Δ4153 mutant showed similar survival patterns before heat stress (Fig. 24A). However,
following 30 minutes of heat stress at 46ºC, the Δ4153 mutant showed drastic reduction
in survival while the wild type seemed unaffected (Fig. 24B).
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A)

B)

Figure 24: WT vs. Δ4153 survivability before (A) and after (B) treatment with 46ºC heat
stress for 30 minutes. Cultures were ensured to be the same starting concentration and
were spotted as 10-fold dilutions on AA + MAN plates.

σ G Regulon determination by DNA microarray
Two additional DNA microarray experiments were conducted; 1) using the zwf mutant
and the zwf/NpF4153 double mutant before akinete induction (T0) grown in AA/4 MAN
50 mM fructose, and 2) comparison of these strains in the same media after 2 days in
darkness (T2), where NpF4153 showed highest expression. The second day following
akinete induction in the zwf time course array, was chosen because NpF4153 had peak
expression levels in the previous time-course array (Fig. 8). The first array experiment
was designed to identify changes in basal gene expression under normal growth
conditions, whereas the second experiment was conducted to identify genes differential
expressed under akinete induction. The genes listed in Table 6 represent the genes
differentially expressed between zwf and zwf/NpF4153 before akinete induction. The
genes listed in Table 7 were differentially expressed between zwf and zwf/NpF4153 in the
microarray on day 2. Genes that were down-regulated in the microarray may be
dependent on NpF4153 for normal expression levels. It is hypothesized that those genes
up-regulated in the microarray could be repressed by transcriptional regulators requiring
NpF4153 for their transcription.
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RNA samples for the array analysis from biological triplicates were separated on a 1%
formaldehyde gel in order to examine RNA for degradation and to confirm concentration
as measured by spectroscopy using the NanoDrop (Fig. 25).

Figure 25: Integrity of RNA samples extracted for zwf and zwf/NpF4153 day 0 and day 2
microarray. RNA was run on a 1% formaldehyde gel. The RNA samples used for the
array were: zwf time 0, A and C; zwf time 2, B and C; zwf/4153 time 0, A and C; and
zwf/4153 time 2, A and C
The microarray was conducted for each of the two experiments using biological
replicates, each with a dye swap (4 slides total in each experiment). Since each array
slide contains replicates of each gene, this resulted in 8 technical replicates for each gene,
and sorted by p-value (cut-off at 1x10-5 to add statistical significance). I chose not to
have a cut-off for LogFC, which is a log2-fold change between zwf and zwf/NpF4153
because I did not want to overlook potentially important genes that showed smaller
differences in expression.
Genes differentially transcribed between zwf and zwf/4153 before akinete induction:
Gene Name
Description
LogFC
P Value
NpF4153
RpoE; Sigma-70 region
2:Sigma-70 region 4
-4.081869538
5.10E-09
NpF0517
conserved hypothetical protein 1.518491441
9.47E-09
NpF0518
SpoVK, Vesicle-fusing
ATPase.
1.429476872
5.09E-08
NpF0437
possible Spore germination
prot
-1.121173089
9.57E-08
NpR4791
pcr, Precorrin-6x reductase
CbiJ/CobK
1.621600908
1.50E-07
NpF5115
conserved hypothetical protein 3.649940424
3.62E-07
NpR4059
conserved hypothetical protein.
S-layer containing protein
-2.829718893
3.72E-07
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NpF1403
NpF0915
NpF4926

NpF4118
NpF6483
NpF1408
NpR6595
NpR3912
NpF1876
NpR5600
NpR1589
NpR3626
NpF1406
NpR1558
NpR1399
pNPBR225
NpF1207
NpF1456
NpR1956
NpF4619
NpF5030
NpR0390
NpR2847
NpF1402
NpF1404
NpR4761

SCD8A.26c, possible Phage
tail sheath protein
TROVE
NpF4926; Peptidase M48;
Ste24p Membrane associated
metalloprotease. Predicted
peptidase with chaperone
function. Responds to heat
stress
conserved hypothetical protein
cobI_cbiL, Precorrin-2 C20methyltransfe
XkdP, Peptidoglycan-binding
LysM
conserved hypothetical protein
PlsC, Phospholipid/glycerol
acyltransfer
susA, Sucrose synthase.
aroB 3-dehydroquinate
synthase AA, P and T
conserved hypothetical protein
RimI, GCN5-related Nacetyltransferase
conserved hypothetical protein,
sp
spsA, Starch (bacterial
glycogen) syntha
conserved hypothetical protein
UbiE, Phosphoethanolamine
N-methyltrans
hypothetical
putative glr1841 protein
conserved hypothetical protein
Serralysin, complex protein
with multiple domains.
ThiJ, Peptidase C56, PfpI
nifK, Nitrogenase
molybdenum-iron protei
PqqL, Mitochondrial
processing peptidase
SCD8A.26c, Phage tail sheath
protein
conserved hypothetical protein
Sbp, Bacterial extracellular
solute-bind
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-1.148732623
2.411473854

6.88E-07
8.25E-07

-1.220479254
-0.684026226

9.10E-07
1.49E-06

1.223205441
-1.041133806

1.98E-06

-1.395816289
0.658300334
0.884305158
0.709532697
-0.707434651
-0.489087199

2.19E-06
3.32E-06
4.29E-06
4.47E-06
4.55E-06
4.62E-06
5.07E-06

-0.947504326
5.85E-06
1.100112641
-1.190280991
-0.634617073
2.31065768
-0.549948017
1.116708173
-0.638779927
0.501396419
-0.54396496

6.97E-06
7.14E-06
7.47E-06
7.74E-06
8.04E-06
8.18E-06
1.03E-05
1.09E-05
1.10E-05

-0.808441516
1.21E-05
-1.074890865
-1.342211351

1.24E-05
1.25E-05

-0.637265601

1.27E-05

NpF0073

PulG, possible Type II
secretory pathway
-0.49369668
1.72E-05
NpF5197
cyano, conserved hypothetical
protein, cyano sp 2 tm
-0.432217711
1.76E-05
NpF2186
Tdh, L-iditol 2-dehydrogenase. -0.498793748
1.77E-05
NpF1400
conserved hypothetical protein -0.9768343
3.19E-05
NpF1409
possible Phage protein D
-0.676872863
3.45E-05
NpR1607
conserved hypothetical protein 1.174441863
4.12E-05
NpF3018
hypothetical
-0.441886674
4.58E-05
NpR1819
DdlA, Carbamoyl-phosphate
synthase (glutaminehydrolyzing), cphA,
cyanophycin synthetase
0.41837243
4.59E-05
NpF4622
Uma2, Protein of unknown
function DUF820
-0.4815656
4.90E-05
NpR1095
GPW/gp25 family protein
-0.676321849
5.01E-05
NpF3694
von Willebrand factor, type A -0.530625495
5.24E-05
NpR6493
rlpA, Rare lipoprotein A
0.660186622
5.25E-05
pNPAR049
conserved hypothetical protein 0.734611419
5.35E-05
pNPAF059
XerD, Phage integrase
-0.408654917
5.52E-05
NpR3643
Protein of unknown function,
HHE, oxygen or NO binding,
T
0.64295143
5.70E-05
NpR2775
hypothetical, P
1.367387295
6.12E-05
NpF1545
conserved hypothetical protein 0.554961513
6.39E-05
NpF6482
CobH, Precorrin-8X
methylmutase.
0.806620094
7.22E-05
NpF4218
Dolichyl-phosphate beta-Dmanno
0.446411521
8.07E-05
NpR0874
asnS, Asparaginyl-tRNA
synthetase, class
0.481603823
8.69E-05
NpR0727
DegQ; Peptidase S1;
chymotrypsin:PDZ/DHR/GLG
F domain
-1.002588381
8.89E-05
NpR2778
McrA, HNH endonuclease
1.87237308
8.91E-05
NpR1325
conserved hypothetical - no
cog, all3034, P
0.57148878
9.03E-05
NpR3602
SPS1, Protein kinase.
0.715730827
9.24E-05
NpR2774
hypothetical
1.267911242
9.25E-05
NpF6451
hypothetical
1.045739618
9.96E-05
Table 6: List of genes differentially expressed on before akinete induction in
zwf/NpF4153 as compared with zwf. Red font indicates down-regulated genes in the
zwf/NpF4153 when compared to zwf, while green font indicates up-regulated genes.
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Genes differentially transcribed between zwf and zwf/NpF4153 on day 2 following
akinete induction:
Gene Name Description
LogFC
P Value
NpF4153
RpoE, Sigma-70 region 2, region 4
-4.831986173 6.43E-10
NpR1041
NpR1041; conserved hypothetical
-3.970375872 1.95E-07
protein
NpF5356
LepB; Signal peptidase I. Signal
-1.116121943 2.13E-07
peptidase I; SPI; responsible for type
I signal cleavages of periplasmic,
OM, some IM, and extracellular
proteins
NpF0817
NpF0817; OMP85 target. outer
-2.211554542 2.20E-07
membrane insertion C-terminal
signal domain protein
NpR4059
NpR4059; conserved hypothetical
-2.66408761
2.35E-07
protein S-LAYER CONTAINING
PROTEIN
NpR1589
NpR1589; conserved hypothetical
-1.206532298 1.30E-06
protein
NpR0664
NpR0664; conserved hypothetical
-2.646829885 1.39E-06
protein
NpF3483
RfaG; Glycosyl transferase; group 1 -1.446278787 1.82E-06
lipopolysaccharide core biosynthesis
NpR0896
multi-sensor hybrid histidine kinase -0.813820221 3.78E-06
BaeS; Adenylate cyclase.
NpF4926
NpF4926; Peptidase M48; Ste24p
-2.36682278
4.51E-06
Membrane associated
metalloprotease. Predicted peptidase
with chaperone function. Responds
to heat stress
NpR4155
NpR4155 ; butirosin biosynthesis
-0.776901752 6.91E-06
protein possible Uncharacterized
conserved protein
NpF2719
ErfK; ErfK/YbiS/YcfS/YnhG
-0.781354863 7.31E-06
NpR0727
DegQ; Peptidase S1;
-2.122785252 1.15E-05
chymotrypsin:PDZ/DHR/GLGF
domain
NpF5566
NpF5566; Glycosyl transferase;
-1.107239971 1.33E-05
family 2
NpR1131
YhbG; Lipopolysaccharide export
-0.825422202 1.97E-05
system ATP-binding protein LptB
NpF4118
conserved hypothetical protein
-1.344411029 2.20E-05
NpF2931

lpxA; Acyl-[acyl-carrier-protein]-UDP-N-acetylglucosamine Oacyltransferase. First enzyme in the
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-1.53370942

2.80E-05

NpF4027
NpF6209
NpR6413
NpR1095
NpR0438

Lipid A biosynthesis pathway
NpF4027; S-layer protein (SLH
domain)
SufI; possible Putative periplasmic
multicopper oxidases
NpR6413; conserved hypothetical
protein
NpR1095 ; GPW/gp25 family
protein
ArsR; Bacterial regulatory protein

-1.429474392

3.04E-05

0.73523994

3.29E-05

-1.067706109

3.91E-05

-0.495729574

4.91E-05

-0.847122977

5.60E-05

NpF4948

NpF4948; PAS domain
-0.528349935 6.99E-05
MULTISENSOR HYBRID
HISTIDINE KINASE
REDOX/OXYGEN SENSOR
NITROGEN FIXATION
NpR2539
NpR2539; Coenzyme B12-0.902056164 7.08E-05
binding:Radical SAM
NpF3553
hetF; possible Uncharacterized
-0.550250095 7.84E-05
protein conserved in bacteria
NpR2816
NpR2816; conserved hypothetical
-0.55274257
9.49E-05
protein
NpF3794
cpeC; Phycobilisome linker
0.405054599
9.77E-05
polypeptide:CpcD phycobilisome
linker-like
NpR0769
thrC; Threonine synthase
-0.893681311 0.000103256
NpF6098
SPS1; Protein kinase.
-1.427575713 0.000110409
Saccharomyces cerevisiae Sps1p
regulates trafficking of enzymes
required for spore wall synthesis
NpR6595
NpR6595; conserved hypothetical
-1.568504664 0.000125465
protein
Table 7: List of genes differentially expressed on day 2 following akinete induction (dark
treatment and fructose) in zwf/NpF4153 as compared with zwf. Red font indicates downregulated genes in the zwf/NpF4153 when compared to zwf, while green font indicates
up-regulated genes.
Identification of a putative σG binding site
The genes that were down-regulated in the zwf/NpF4153 double mutant in both arrays
were thought to be the most likely genes under the direct control of σG. Therefore, it was
hypothesized they would contain similar promoter sequences that is recognized by σG. In
order to investigate this, 6 genes identified in the microarray with reduced expression in
zwf/NpF4153 double mutant were RACE mapped in order to determine their
transcriptional start sites. The promoter regions upstream of these sites were analyzed for
a consensus sequence. The results are shown in Fig. 26.
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A)
>NpF4118
TTACGGATAGTGGCCACACTGATTGGACAATTTCGCACCTGGCTATGGGTCA
AGATTATGATAGAAAGTGGTGAGCGCAACCAACAAGCGATAGCTATTGCTGC
TGATATCGGTAATCCCAAGCGGATCTACTTCTTACAGCAAGAAATCAAACTG
CTTTCTGTGCAACAGTTAATCTCATGCTTACCTCTACTATTGGAGTTAGAAGT
GAGCCTTAAGCAAGGAGCATCAGAAATGTCAACCTTTCAGACTAAAGTCATC
GAACTTTGTCAAGTATGCCAAGGAAGTTGAcaatcaaatataaaaacttgatgtactgaacagttgct
ggaacttccaactccgaaaataattcaaagtccttA
>NpF0437
AGAAATAGTCATTGATGAAGTTACCACTACACTCCAACAATGGATTACCGCC
GCAATTGATGTAAAAAATTAAacactaaaacttccgcagaggaataaatactttactttgtgttcctctgcgtttt
ccagcctgcggcaagccgcaaaaacatctactactgaattgtaaatttaatcatctccaaaaagaatgaaatttacataatttggtag
gtgacggattagaaatataaattctaaaattgataaagggacttgcggaattaaaaataatcgccttttgaggcataaagtctcctcc
aggtttcgggaaactctctacttgtaagtatcgtctttaaccA
>NpR6595
tcggtatcgctgtatctcatcgtcattcgtacctctctctcttaccccggttagtttcgccggggttttttgtgttttactgctgtgcgttg
gctttgcccaccggaggtatcgcatctcaaaatacgaccttgttgtagaatacctgcgatcgctctatctgtatttcgctaattcctca
tcaaagtgagaaaaataccctttggtctaggtgcgctccagcacgaaatgaactatgaaggagtagagcgttatgcagaaattca
agggtgggtgaaaaaggtactcccagagaaaaaagcaagggagaaaaaaaatactgtttttaatgaatcaaaaaagagaattat
tcgtcacttaaactA
>NpR0727
TCCGCACTAAAAAGCGTATGCCATCCTGTTCGATAAATTCAAATTCTGTCGGA
ATCGACAGTAACGCCCCACATTGCAAAGCATGTTCAGTTCGTTCTTTAACACT
TTTCCATAAAGTGCCAGGTTTCAGTAAGATTTTCCCCTGTGGCATtttcattccttcaca
catggtataaaacatgcagtcaacttaacgtaaaattgttggttagaaaccgctctggctctaagttgacaagcatgacaactgtgt
aaccctacgaatgagtatattccaataaggtttagtaaaataccaaagctttcacaacaacgcaatacctctgcaacaaaactgtca
caaatcatatctacattagtA
>NpR4059
atagcagatagttgatttttcagtcccataggtaaatcattcgttaagaaaacgaaaatatttcccaattcctagtaaataaatctagaa
tagaagtaagagttcacagttagcctatcccctctatttaatggcttagatatgtggacataagtaataaaaaaatacttaggaacaa
aatgatactcgtttacgtcgcttaaatatcttgcctctgatttgagtgaggcacattagcaggatactaattctgaggtgtgatcgcga
tcgcacaggctcccataataataagtacttttatcttcggaatacgcttatagacaggtttaaaaacagtcagaaacaaactcagtaa
atcaccgtcattaaatacA
>NpF4926
CCATaaaaatctttccgaggtaatagcgaagtaattgattgtagcaagaagactttcgatgaaaacggcaatttttcctatttggt
aataactcaaggcggctgggcgttgcagttatgcgacagtttatcacgagtttcgtaagttagcaggggtggggcagctaaccct
aaaacttttgcccgttcagactgacgcacccagaaagtaatatctagtgtttaagcctatctctagagggaatctttagtccaccaca
cttcagtagatttgcgtaagcattagctgtatcacaactcatttgctattgagttaagaatgcaacttagaatcctctaaatccgtctcc
taattT
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B)
Upstream 45 bases from the transcriptional start site:

C)
Consensus sequence LOGO from the 6 genes RACE mapped:

Figure 26: Transcriptional start sites and upstream sequences (A), aligned immediate
upstream regions from RACE-mapped start sites (B), and LOGO (C) for 6 genes downregulated in the double mutant strain in both DNA microarrays. Capital letters in A
denote open reading frames for upstream genes. The first capital, bolded letter in A
designates the transcriptional start site identified by RACE. The promoter regions found
in B were taken from the sequences found in A. Logo generated with
http://weblogo.berkeley.edu/logo.cgi
Based on these results, the binding site of σG is ‘GNAAC’ for the -35 region, and
‘CGTC’ for the -10 region. It is interesting to note that in Bacillus subtilis, there exists
an almost identical binding site for a homologous ECF sigma factor, σW (Fig. 27),
GAAAC for the -35 and CGTC for the -10. It has also been described that the ‘GNAAC’
sequence in the -35 region is common for most ECF sigma factors (Paget and Helmann,
2003).
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Figure 27: Promoter recognition site for a homologous ECF sigma factor, σW, in B.
subtilis, as compared to the primary σ factor recognition site. Taken from Helmann
(2002).

Interaction study of NpF4153 and NpF4154
It was hypothesized that if NpF4153 and NpF4154 do in fact exhibit characteristics
typical of ECF sigma factor and anti-sigma factor and they should show the ability of
binding with one another. In order to determine if NpF4153 and NpF4154 bind with one
another, a GST pull down assay was performed using the N-terminal portion of NpF4154
tagged with GST as the bait. NpF4153HisN was overexpressed from SoluBL21 E. coli
cells and the crude extract was used as the prey. We chose to use NpF4153HisN either
incubated with a high concentration of competitor (NpF4154N-HisC), a low
concentration of competitor, or no competitor at all in order to determine if binding may
become decreased or vanish all together if already bound before interacting with the bait.
Purified NpF4154N-GST was previously purified and supplied by M.L. Summers for
these experiments.
A summary of the recombinant proteins that were created is depicted in Fig. 28. Two
types of prey were created that included NpF4153 being tagged at the C- or N- terminal
end in case one of the tags interfered with interaction with NpF4154. Both proteins were
used separately in the pull down assay. The N-terminal of NpF4154 was His-tagged at
the C- and N- terminal portion as well in order to create potential inhibitors of binding
referred to as competitors in this experiment. NpF4154N tagged with GST at the Nterminal portion was created as well, and served as bait in the GST pull down
experiment.
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Figure 28: Schematic of the protein tags created for the GST pull down assay, including
NpF4154N-GST (bait), NpF4153HisN (prey), and NpF4154N-HisC (competitor).
Location of the predicted trans-membrane domain within NpF4154 is denoted with a box.
NpF4154 contains a single predicted transmembrane domain (Figs 21, 22, and 29 yellow
region) indicating it has a periplasmic region, transmembrane region, and a cytoplasmic
region. Only the N-terminal portion of NpF4154 was utilized in the GST pull down
assay because the N-terminal end of NpF4154 was thought to be the interacting region
with NpF4153 due to its predicted positioning in the cytoplasm. Correct folding and
soluble expression of NpF4154 would be compromised due to the transmembrane
domain if the entire ORF of NpF4154 was included to be tagged by either GST or His.
Therefore, only the predicted interacting portion of NpF4154 was used, the N-terminal
portion (see blue highlighted bases in Fig. 29).
ATGGTGAAGCGCGATCGCTTCGAGTTATTGAGTGCTTACCTCGATGGTGAAGT
CACAGCCCCTGAACGCAGGCAAGTAGAAGAATGGCTGGCAAATGATGCCTC
GGTTCAATGCTTGTATGCGCGACTGTTAAAGCTACGCCAAGGCTTGCGGACTC
TCCCAATCCCCACAGCCCAAAAGTCACCAGAAGCAACAGTTCAGCAAGTATT
CACACGTTTGCGCCGCCGTTCCCGTTTAAACTGGATGGCGGGAGGTGCAGCT
GTTGCTGCCTGCGTAATCGGTGCAGTATCTAGCTTAGTACCTGGTGGTTTGAA
TGTGCCGCAACTGGCGCAACGACCACAAAAAGAACCGATTCAAACATCCTCA
GCGTCTATAATTCCACCTTCCCCTTTGATGGTGGGACTAAATAATCCGGTTAT
TGAAATTCCTAAAGCAGCAGTAGCTTCTCCAAAAAATCCAATCTATCCGGTA
CAGCCACAACGCCACGACTCCAAACAAGACATTAACTAA
Figure 29: Open reading frame of NpF4154, highlighted blue, yellow, or green to
demonstrate the N-terminal (blue), transmembrane (yellow), or C-terminal domain
(green). Underlined portion was the part cloned for used in the pull down assay.
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A

B

Figure 30: GST pull down assay. A) SDS PAGE of proteins adhering to glutathione
agarose beads stained with Coomassie blue. B) Western Blot of this same gel with antiHis and anti-GST antibodies conjugated to horseradish peroxidase.
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The pull down assay was performed as described in the Materials and Methods by preattaching the GST-tagged protein, or GST alone, to the glutathione agarose beads, and
then using these washed beads to “go fishing” in crude E. coli lysates containing Histagged proteins. The resulting beads were again washed, loaded and run on an SDS
PAGE gel. The gel was blotted and proteins were detected with anti-His and anti-GST
antibodies in order to detect proteins not apparent in the less sensitive SDS PAGE alone.
A GST and F4154N-GST only set, not incubated with any crude lysate or competitor,
were included as controls. These controls were present in the both the SDS PAGE and
the western blot with different migration patterns unique to each control. F4154N-GST
was detected as the higher band on the gel, at approximately 35 kDa, compared with the
faster migrating GST controls at approximately 25 kDa. The pGEX only control
expressing GST did not pull down any protein when incubated with the NpF4153-HisN
crude lysate as shown in the western blot (Fig. 30B, lanes 3, 5, and 6). Therefore,
NpF4153-HisN does not interact with GST alone.
Although not visible on the stained gel, detectable levels of NpF4153-HisN were pulled
down, and detected in the Western blot, when F4153-HisN crude lysate was incubated
with F4154N-GSTpre-attached to nickel beads (Fig. 30B, lane 4). The data indicates that
NpF4153 was able to interact and bind with the N-terminal portion of NpF4154. Similar
amounts of NpF4153-HisN were pulled down with or without varying amounts of
competitor present (Fig. 30B, lanes 6 and 7), indicating that pre-incubation of NpF4153HisN crude lysates with the concentrations of purified NpF4154N-HisC employed in this
experiment did not affect the binding of NpF4153-HisN to the bait.
Similar results were obtained with NpF4153-HisC (M.L. Summers, pers. com).
Purification of NpF4153-HisN and NpF4153-HisC
In order to do further in vitro protein studies with this sigma factor, we require the
purification of NpF4153-HisN and NpF4153-HisC. The purification of these two proteins
required optimization and troubleshooting in order to rid impurities that co-purified with
the proteins once eluted. In order to optimize for a cleaner eluted protein product,
variations to the wash buffers were experimented with in order to identify one that left
the purest protein product eluted. These variations included different combinations of
NaCl and imidazole concentrations with the addition or absence of Tween20 or TritonX100. The original wash buffer used that did not produce a clean protein product is
denoted as Wash 1. Changes were made to the original Wash 1 in order to determine a
wash buffer that would produce a pure protein product following elution from the nickel
beads. The various experimental conditions with are described in Table 8 as Washes 2-8.
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NaCl
Wash 1 (original)
Wash 2
Wash 3
Wash 4
Wash 5
Wash 6
Wash 7
Wash 8

300 mM
300 mM
300 mM
600 mM
900 mM
1200 mM
300 mM
300 mM

Sodium Phosphate
Bfr
25 mM
25 mM
25 mM
25 mM
25 mM
25 mM
25 mM
25 mM

Imidazole

Other

25 mM
35 mM
45 mM
25 mM
25 mM
25 mM
25 mM
25 mM

+ 0.1% Tween20
+ 0.1% TritonX100
Table 8: Variations of the wash buffers utilized in optimization of the purification of
NpF4153-HisN and NpF4153-HisC.
Proteins were purified by Ni-NTA batch protein purification using the different wash
buffers specified in Table 8. Through this, we were able to determine optimal wash
conditions for purifying NpF4153-HisC and NpF4153-HisN protein products.
NpF4153HisC

Figure 31: Ni-NTA batch purification elution results of NpF4153-HisC using different
wash buffers (letter ‘W’ indicates wash and the number following is the wash number).
CL=crude lysate, L=ladder.
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NpF4153-HisN

Figure 32: Ni-NTA batch purification elution results of NpF4153-HisN using different
wash buffers (letter ‘W’ indicates wash and the number following is the wash number).
CL=crude lysate, L=ladder.
The data indicate that NpF4153-HisC and NpF4153-HisN, Washes 2 and 3 produced the
purest protein product (Figs. 31 and 32, W2-W3). These wash buffers had the same PBS
(NaCl and sodium phosphate buffer) concentration that was in the original Wash 1,
however the difference lies in the imidazole concentration. Washes 2 and 3 had slightly
higher concentrations of imidazole, at 35 mM (Wash 2) or 45 mM (Wash 3). When
washed with Wash 2 or Wash 3, the small amounts of contaminating proteins that were
previously seen with the lower concentration of imidazole (25 mM) were removed by the
slightly higher imidazole concentrations present in the Washes 2 and 3. Both seemed to
have equally clean elution products, therefore the more stringent Wash 3 was used for
large-scale purification of these proteins.
The proteins became less and less pure as the concentration of NaCl increased in the
wash buffers (Figs. 31 and 32, W4-W8). This was especially evident for NpF4153-HisN
(Fig. 32, W4-W8).
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DISCUSSION
Previous attempts to complement the NpF4153 mutant strain using a multi-copy plasmid
containing a wild-type copy of the gene under control of its normal promoter were
unsuccessful (M.L. Summers, personal communication). Similarly, mutation of the
NpF4154 anti-sigma factor has been unsuccessful after multiple attempts (Summers, pers.
com). These combined results indicate that excess amounts of this ECF sigma factor,
either through over-expression expression or loss of its inhibitor, are lethal to the cell.
Therefore although this sigma factor is non-essential, as is characteristic of Type 3 sigma
factors, over-expression of the genes under its control can be detrimental under normal
growth conditions.
The focus of this work was to characterize the putative ECF sigma factor NpF4153, and
the putative anti-sigma factor NpF4154, in N. punctiforme. A BLAST search of the
amino acid sequence of NpF4153 was conducted yielding many orthologs in a diverse
range of bacterial species. The similarity of the orthologs may point to a role in stress
rather than development in the cell due to the fact it is also present in non-differentiating
strains of cyanobacteria. It is also possible that the gene regulation associated with
differentiation overlaps with regulation associated with stress, perhaps the N. punctiforme
uses this sigma factor as a way to express genes needed for proper cell envelope
development in heterocysts and akinetes.
Investigation of NpF4153 and NpF4154 transcription was conducted using GFP
transcriptional reporters of NpF4153 and DNA microarray studies comparing a zwf single
mutant with a zwf/NpF4153 double mutant. Phenotypic analysis was conducted using
survival tests following treatment with heat, EtOH, and EDTA, and interaction studies
between NpF4153 and NpF4154 were conducted using a GST pull down assay. The
various conclusions from these experiments are discussed below along with follow-up
experiments suggested by these findings.
Transcriptional GFP reporters
Transcriptional GFP reporters were utilized in this study to get a better understanding of
what conditions cause transcriptional changes of NpF4153. Due to homology with ECF
sigma factors, it was hypothesized that NpF4153 would be turned on under conditions of
cell envelope stress. Transcriptional expression patterns from the NpF4153 promoter
were observed in exponential, nonstressful conditions as well as under various stressful
states. Basal levels of Npf4153 transcription was observed in the GFP reporters that
wasn’t extremely bright, however did show higher fluorescence than the WT pSUN119
control. In a wild type background strain, NpF4153 seems to be transcriptionally active
upon akinete induction at low levels (Fig. 16), heterocyst induction (Fig. 10), and
following EDTA treatment (Fig. 17). Larger cells had a tendency to always fluoresce
very brightly along the filament. The larger, more deformed cells may be an artifact of
the GFP reporter, however, the abnormal size and shape may indicate problems in the cell
envelope that allows Npf4153 to become transcriptionally activated. In the future, other
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types of cell stresses can be utilized with these GFP reporters such as osmolarity, pH,
light stress, etc. Transcription levels can be monitored for different stages of heterocysts
as well as akinetes in future studies.
Heterocysts
It has been previously described that heterocysts require 2 additional layers on top of the
outer membrane. Therefore, heterocyst differentiation due to lack of nitrogen in the
environment requires extensive cell wall changes in order to maintain proper heterocyst
wall structure. The innermost layer consists of glycolipids, which aids in prevention of
the permeation of oxygen, and is required to maintain a necessary anaerobic environment.
The other layer consists of polysaccharides that perhaps serve as protection to the
glycolipids (Nicolaisen et al., 2009). It is likely that the WT pSUN119::P4153 GFP
reporter strain for NpF4153 shows a consistent pattern of expression in heterocysts due to
the fact that σG aids in remodeling of the cell wall in heterocyst formation and/or
maintenance, perhaps regulating the necessary genes required to build up these two extra
layers. This would make sense due to the fact ECF sigma factors tend to monitor
periplasm and cell envelope integrity, aiding in transcribing genes necessary for
combating these stresses, which includes the refolding of misfolded, damaged
periplasmic proteins as well as rebuilding a damaged cell envelope.
In the Δ4153 mutant, heterocysts did not fluoresce as strongly as in wild type cells (Fig.
15). This may imply that heterocysts show different requirements for expression of
NpF4153 compared with other cell types, which may require some degree of
autoregulation of NpF4153 from one of the promoters upstream of Npf4153. It is also
possible that NpF4153 is responsible for expression of an activator of itself. However,
further in vitro transcription studies are needed to tell these apart. The upstream region of
Npf4153 was examined in order to determine whether a similar binding site was present
that was identified in the RACE studies.
On day 1 following heterocyst induction there were regions on the filament that showed
cell lysis with similar spacing patterns to heterocysts along a filament (Fig. 13). These
lysed cells may have meant to be heterocysts and could not form or maintain their cell
envelope integrity and was forced to lyse. Future studies can be employed by utilizing
GFP reporters for early heterocyst genes and determining if they are present in these
cells. Further investigation lead to the finding of a similar binding site found in our
RACE studies just upstream from the Npf4153 and Npf4154 ORF. For Npf4153,
‘GGAAC’ was identified 60 bp upstream and ‘GGTC’ was identified 39 bp upstream.
For Npf4154, ‘GCAAC’ was identified 67 bp upstream and ‘TGTC’ was identified 50 bp
upstream. However, the spacer between these regions may be to small to be a true
promoter sequence. These upstream sequences are very similar to the site found through
RACE-mapping, ‘GNAAC’ for the -35 region and ‘CGTC’ for the -10 region, only being
off by one base pair in the same positioning for each sequence found (second base for the
-35 site and first base for the -10 site). Further studies would have to be done to
investigate whether NpF4153 can bind to these sites.
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Akinetes
Due to the fact that NpF4153 was previously identified in the akinete induced zwf 6 day
time course array, it was hypothesized that NpF4153 would be transcriptionally active in
akinete cells. However, upon induction of akinetes by starvation of phosphate, rarely did
we come across high GFP fluorescence in akinetes. Instead, most of the time cells did
not fluoresce, however, in cells that appeared to be early akinetes there was small
amounts of fluorescence relative to neighboring vegetative cells. This could be due to the
fact that NpF4153 may be necessary for early akinete development, for example, cell
envelope reconstruction. This hypothesis would coincide with the 6-day time course
array because the highest expression of NpF4153 was on day 2 and steadily dropped
following the second day. Perhaps most of the akinetes observed upon induction through
phosphate starvation are older akinetes and therefore we do not observe the potential
early activity of NpF4153.
EDTA treatment
It is consistent with NpF4153’s role as an ECF sigma factor that it would become
transcriptionally activated upon treatment with EDTA, a divalent cation chelator that
results in a destabilized LPS. A destabilized LPS results in cell envelope damage that
likely triggers the degradation of NpF4154, the anti-sigma factor, which in turn activates
NpF4153. NpF4153 likely increased its expression levels in order to combat the cell
envelope damage it was facing. It was observed that the WT pSUN119::P4153 strain
showed NpF4153 to be transcriptionally active upon treatment with 0.25 mM, 0.35 mM,
and 0.45 mM EDTA after 24 hours. The most GFP fluorescence was observed with 0.45
mM EDTA, which was accompanied by strand breakage throughout the filaments.
Although not documented, I noticed that cells at the end of filaments created by
sonication typically fluoresced in the wild-type reporter strain. If it were assumed that
filament fragmentation occurs due to cell lysis, then the end cells would experience
envelope stress due to the lack of an outer-membrane at the missing cell-cell junction.
Protein localization of NpF4153 and NpF4154, the ECF sigma and anti-sigma factor
GFP protein fusions were created for NpF4153 and NpF4154 in order to identify where
both proteins are located within the cell before and after stress treatment with EDTA and
heat. It was hypothesized that both protein fusions would be visualized at the cell
periphery before the EDTA or heat treatment due to the model showing NpF4154
sequestration of NpF4153 at the membrane under optimal conditions (Fig. 4). NpF4153GFP did show marginal GFP fluorescence, or a “halo” around the cell, in optimally
grown cells, which supports the hypothesized sequestered activity of NpF4153 under
non-stressful conditions. Future experiments can be done utilizing this GFP protein
fusion for different types of stress tests to see what types of stresses causes for the sigma
factor to be released, for example osmolarity stress, light stress, etc. This fusion can also
be utilized to observe protein localization in heterocysts and akinetes.

62	
  
	
  

As mentioned previously, it was hypothesized that the anti-sigma factor NpF4154-GFP
protein fusion would also show localization at the membrane of the cell in a non-stressful
state, as NpF4153-GFP did. However, accurate visualization of NpF4154 protein
localization in WT cells of N. punctiforme was not possible because the GFP did not
fluoresce in a localized manner when viewed with a confocal microscope. The inability
of GFP to fluoresce in a detectable manner could be due to the orientation of the GFP
protein fusion. It was predicted that the NpF4154 protein is oriented to have the Cterminal domain insert into the periplasm and the N-terminal domain insert into the
periplasm (Figs. 21 and 22). The protein fusion was designed so that the C-terminal of
NpF4154 was tagged with the GFP, the portion that would sit within the periplasm.
Following a more thorough literature review, it was later discovered that the C-terminal
end of the protein was not a good terminal to tag with GFP because the periplasm
provides an environment where GFP cannot fold in its correct orientation (Feilmeier et
al., 2000). Therefore, it is likely that GFP showed no fluorescence when viewed with a
confocal microscope due to the fact it could not fold correctly in the periplasm.
It may be possible to try this experiment again with NpF4154 using a different
fluorescent tag, such as RFP, that has the ability to fold properly in the periplasm, and
therefore maintain fluorescing activity when positioned at the C-terminal domain (Fritz et
al., 2003). It is also possible to tag the anti-sigma factor on the cytoplasmic, N-terminal,
side so the GFP sits on the cytoplasmic end. However, the latter suggestion poses the
risk of interfering with interaction between the ECF sigma and anti-sigma factor, as the
cytoplasmic side is the side where interaction occurs between the two proteins, and would
required insertion of GFP between the native promoter and the F4154 coding region for
proper transcriptional control.
EDTA and heat stress survival tests
ECF sigma factors are necessary to combat cell envelope damage or heat stress. They act
to combat stress by recruiting chaperones or other proteins that aid in the correct folding
of misfolded proteins as well those that aid in cell envelope biosynthesis. Therefore, it
was investigated as to whether or not the wild type cells have better survival when placed
under these types of stressed when compared with the Δ4153 mutant.
EDTA was utilized for survival tests in order to induce cell envelope damage because it
is a chelating agent that sequesters divalent cations that are required to strengthen the
outer membrane by binding lipopolysaccharides to each other. EDTA did seem to have
an effect on survivability of Δ4153 mutant cells as compared with wild type cells. The
survivability was reduced in the Δ4153 mutant following EDTA treatment, whereas wild
type cells showed no reduced survivability. This result was consistent with what was
seen in the GFP reporters under EDTA stress where NpF4153 was transcriptionally
activated upon EDTA treatment (Fig. 17). These combined data indicate NpF4153 is
necessary to combat cell wall stress that was caused by the EDTA treatment. The fact
that the Δ4153 mutant was unable to survive treatment with EDTA compared with wild
type cells supports the idea that NpF4153 may be required under stressful conditions
versus optimal conditions. The EDTA survivability test data suggests that without σG,
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the cells do not possess the necessary repair tools required to rebuild the damaged cell
wall. It is also possible that due to σG’s absence, the cell envelope was never structurally
sound to begin with.
NpF4153 shows homology with proteins that are annotated as heat shock sigma factors
and therefore, heat sensitivity was tested. The Δ4153 mutant also showed heat sensitivity
when exposed to a 46ºC water bath with constant shaking for 30 minutes. One of the
major roles of NpF4153 is to maintain the integrity of proteins in the periplasm. Heat
tends to denature proteins in a way that causes them to become misfolded. Therefore, it
is extremely important that there be a constant surveillance monitoring the periplasm for
misfolded proteins that have the potential to become toxic to the cell if it accumulates.
Within the periplasm, the NpF4154 is thought to receive a signal for degradation if the
integrity of periplasmic proteins becomes compromised. This in turn frees NpF4153, by
an unknown mechanism, to guide RNA polymerase to the appropriate genes to combat
damage caused by the stress. In the case of heat stress, this could involve turning on
genes that encode for proteins that are required for correct folding of denatured proteins
due to heat. Therefore, the reduced survivability of Δ4153 upon heat stress could be due
to the fact that perhaps without σG present to recruit chaperones and other cell envelope
rebuilding proteins, the cell had an accumulation of misfolded proteins that became too
toxic for the cell to survive. NpF4926, a gene identified in both T0 and T2 arrays, is a
zinc-metalloprotease that is thought to also have chaperone function, which would
support this theory. Many proteases were also identified in both arrays as well as
proteins that aid in the rebuilding of the cell envelope (Tables 6 and 7).
A survival stress test was also conducted using 1% EtOH treatment, however wild type
and Δ4153 both survived in a similar manner before and after treatment with 1% EtOH
(data not shown). However, this likely due to the fact that 1% EtOH may have been too
dilute a treatment to cause damage to the cell wall as intended. Perhaps a range of EtOH
concentrations can be experimented with in the future to see how the mutant responds to
this type of cell wall stress.

σ G Regulon determination by DNA microarray
The genes that were identified in the DNA microarray analysis comparing zwf and
zwf/NpF4153 gene expression levels before and after akinete induction (day 2, when
NpF4153 is most highly expressed in a zwf mutant upon akinete induction) included
many hypothetical proteins, proteins involved in proteolysis, OMP related proteins, and
Cpx related proteins.
Before akinete induction, there were many more genes that were up-regulated in the
mutant when compared to following induction on day 2 (Tables 6 and 7). This could
indicate that when cells are experiencing optimal conditions without stress, basal levels
of NpF4153 may control more repressors that control other genes to keep the cell in a
normal state. However, upon akinete induction day 2, we see that with the absence of
NpF4153, more genes are down-regulated than up-regulated in the mutant with functions
that relate to cell envelope, proteases, and periplasmic proteins. This hints that NpF4153
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may be controlling genes directly relating to protein degradation, protein refolding, and
rebuilding of the cell envelope in times of stress where NpF4153 is the most upregulated.
Identification of a putative σ G binding site
It is thought that the potential genes under the control of NpF4153 that were identified in
the microarray could potentially have similar promoter sites if they are in fact all under
the direct control of σG. Six genes that showed reduced transcription in both microarrays
were RACE mapped in order to find their transcriptional start sites. These genes
included NpR4059 (conserved hypothetical, possible S-layer containing protein),
NpR6595 (conserved hypothetical), NpF0437 (possible spore germinating protein),
NpR0727 (DegQ, Peptidase S1), NpF4118 (conserved hypothetical), and NpF4926
(Peptidase M48). After a transcriptional start site was determined for each gene, the
upstream region was analyzed in order to identify a possible consensus promoter
sequence. For these 6 promoters analyzed, GNAAC……..cgTC was identified upstream
(Fig. 26B and 26C), which is very similar to the binding site for an ortholog of σG, σW
(Query coverage 80%, E value 5e-30), in B. subtilis (Fig. 27). Future experiments can be
done to alter this consensus sequence to determine if binding of the sigma factor
diminishes with mutations to the -35 or -10 regions. This putative binding site can also
be used to search the genome for similar sequences. It is hypothesized it will be found in
the upstream intergenic regions of genes identified to be down-regulated in the array
experiments.
Interaction study of NpF4153 and NpF4154
A classical characteristic of a typical ECF sigma factor is its ability to bind specifically
with an anti-sigma factor, which regulates the ECF sigma factor activity. A GST pull
down assay was performed in order to show interaction between NpF4153 and NpF4154,
the putative anti-sigma factor. The pull down assay was performed and run on an SDS
PAGE gel, which was accompanied by a Western blot in order to detect smaller amounts
of protein that may not be detected in the SDS PAGE gel. The pGEX only control,
expressing GST only, did not pull down NpF4153-HisN, which indicates NpF4153-HisN
does not interact with GST alone. Therefore, if an interaction were to occur between
F4154N-GST, it would be due to the fact that NpF4153 is specifically binding to the Nterminal of NpF4154. This was in fact the case, F4154N-GST was able to pull down
NpF4153-HisN from thousands of other proteins present in a crude lysate, indicating an
interaction specifically between the N-terminal portion of NpF4154 and NpF4153 (Fig.
30B).
It was hypothesized that if a competitor (NpF4154-HisN) were pre-incubated with
NpF4153-HisN we would see less binding of NpF4153-HisN to the F4154N-GST bait.
However, despite using small or large amounts of NpF4154-HisN for preincubation, we
did not see less binding to the NpF4154-GST bait. Therefore, preincubation with the
competitor did not affect F4154N-GST’s ability to pull down σG. The results however
are not conclusive. It is not clear as to whether the competitor was able to bind
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effectively to the NpF4153-HisN before being mixed with the beads containing the
F4154N-GST bait. This could be due to too small an amount of competitor, or perhaps
binding with the competitor did occur, but it did not reduce the ability to also bind with
the F4154N-GST bait. It should also be noted that the NpF4154N competitor was tagged
at the N-terminal end, which may have interfered with the binding to NpF4153 because
this is the side where interaction is thought to occur. I do not believe that F4154-HisN
could act as a dimer to F4154N-GST due to the fact F4154-HisN was also present in the
control lane (GST only). It is also possible that excess NpF4154N-HisN seen in the
samples with higher amounts of competitor (Fig. 30B, lanes 5 and 6) was capable of
binding with NpF4154N-GST alone due simply to its excess.
This project has unveiled important phenotypic characteristics of NpF4153. We found
that mutants of NpF4153 are unable to survive heat stress at 46ºC or cell envelope stress
through EDTA. This indicates that NpF4153 may control genes that help combat these
types of stresses to the cell. This work has also shown through GFP reporter studies that
NpF4153 is transcriptionally activated in early-stage akinetes as well as in heterocysts.
Mutants of NpF4153 showed less transcriptional activity in heterocysts, which may
indicate some degree of autoregulation. Furthermore, a potential regulon for NpF4153
has been identified through a DNA microarray. The genes identified include many
periplasmic and outer membrane proteins, LPS biosynthesis proteins, cell envelope
stabilizing proteins, as well as many hypothetical, uncharacterized proteins. Lastly, it
was shown that the N-terminal domain of NpF4154 interacts specifically with NpF4153,
as it was able to pull down NpF4153 from a crude extract in a GST pull down
experiment.
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