INTRODUCTION
Part I: Cyanobacteria and Cyanoglobin
Formerly grouped with the blue-green algae, the cyanobacteria are a diverse,
ecologically important, assemblage of photosynthetic prokaryotes that are believed to be
responsible for the Earth's early oxygenic atmosphere (Schopf and Walter, 1982) They
are, for the most part, obligate photoautotrophs and occur in a variety of morphological
forms. They are ancient bacteria, possessing a fossil record dating some 3.5 billion years
(Schopf and Walter, 1982). "In sensu stricto cyanobacteria are neither typical bacteria nor
typical algae" (Fay, 1983).
Cyanobacteria are known primarily for their resistance to a variety of environmental
extremes, such as desiccation, and nutrient deprivation (Potts, 1994). Cells of certain
strains of cyanobacteria, that have been in the desiccated state for some ten years, have
been rehydrated, which induces an instantaneous resumption of metabolic activities (Potts,
1996). Rehydrated cultures cannot be distinguished from freshly growing cultures.
However, there are a variety of genetic responses, that are markedly increased, immediately
following rehydration, which generally include: increased superoxide dismutase synthesis,
synthesis of polypeptides thought to be involved in desiccation tolerance, and synthesis of
the nitrogen fixation apparatus. Interestingly, the essential components of RNA
polymerase can survive dehydration in cyanobacteria and are fully functional at rehydration
(Potts, 1996).
Many cyanobacteria are diazotrophic, and thus participate in the global cycling of
nitrogen. Biological nitrogen fixation is essential for life on Earth and is catalyzed by a
multi-enzyme complex termed nitrogenase. The reaction catalyzed by nitrogenase can be
written as the following equation:

N2 + 16 MgATP + 8 H+ + 16 e-

2NH3 + H2 + 16 MgADP + 16 Pi

This reaction is restricted to prokaryotes, although there are a large variety of different
prokaryotes that are capable of diazotrophy. The ammonia produced by nitrogenase is
converted to glutamine and then to glutamate, via the glutamine synthetase-L-glutamine:2oxoglutarate aminotransferase pathway, which is used as a precursor for further amino acid
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biosynthesis. The sensitivity of nitrogenase to oxygen is well known. The nitrogenase
complex contains a number of catalytic iron-sulfur centers that become oxidized irreversibly
in the presence of oxygen (Bothe, 1982). The oxygen sensitivity of nitrogenase was at
first attributed to the fact that the organisms, in which nitrogenase was typically found,
were themselves facultative or obligately anaerobic (Fay, 1992). However, Azotobacter
vinelandii, an obligately aerobic diazotroph, is an exception (see later).
Both unicellular and filamentous classes of cyanobacteria contain representatives that are
capable of biological nitrogen fixation. Typically, the unicellular forms, such as
Synechocystis sp. strain PCC 6803 (Synechocystis 6803), fix nitrogen only under
microaerobic conditions. Filamentous forms, such as Anabaena sp. strain PCC 7120
(Anabaena 7120), are capable of aerobic nitrogen fixation by differentiating specialized
cells, called heterocysts, that are the primary centers of nitrogen fixation.
The heterocyst is a terminally differentiated cell within the growing filament of the
cyanobacterium. Remarkable features of the heterocyst include the loss of the oxygen
evolving photosystem II apparatus, the loss of the reductive pentose phosphate pathway
(Calvin cycle), and a relatively thick cell wall, decreasing the effective diffusion of gases
into the cell (Walsby, 1985). Alternative pathways of NADPH equivalent influx to the
heterocysts, by the import of an unknown carbohydrate from the vegetative cells to the
heterocysts, has been established (Haselkorn and Buikema, 1992). There is therefore a
spatial separation of nitrogenase activity within the filament of cyanobacterial cells. In
effect, the "micro-anaerobic" environment that is sustained in the differentiated heterocyst
permits nitrogen fixation to occur, concomitant with the oxygen-evolution that derives from
the photosynthetic activities of adjacent vegetative cells.
Other strategies exist for cyanobacteria to "protect" nitrogenase from oxygen
inactivation. In some strains of cyanobacteria, there also may be a temporal separation of
photosynthetic respiration and nitrogen fixation activities. Such temporal separation of
light (photosynthetic) and dark (nitrogen fixing) cycles has been postulated to occur in nonheterocystous forms of cyanobacteria such as Oscillatoria sp. (Stal and Krumbein, 1985a)
and Synechococcus sp strain MIAMI 43522 (Fay, 1992). Stal and Krumbein presented
evidence that would suggest both a high de novo synthesis of nitrogenase and an unknown
mechanism of reversible modification of nitrogenase to an oxygen-stable form (Stal and
Krumbein, 1985b). This phenomenon has also been noted to occur in Azotobacter
vinelandii and Klebsiella pnuemoniae nitrogenases (Fay, 1992). Evidence has been
presented by Durner, et al., that would suggest that saturation of the nucleotide binding
sites of dinitrogenase reductase, in Anabaena variabilis (ATCC 29413), may be a primary
mode of protection (Durner, et al., 1996). In Gloeothece spp., DNA supercoiling has
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been inferred as the primary mode of regulation of nif gene expression (Fay, 1992). These
examples underscore the variety, and certainly the complexity of, the differing ways
organisms "protect" nitrogenase within their respective ecological niches.
Hemoproteins have been identified as an indirect or "respiratory" protective mechanism
of nitrogenase. Because nitrogen fixation is an energy intensive process, many organisms
have developed strategies for maintaining cellular ATP pools by using hemoproteins to
sequester oxygen. For example, the obligately aerobic bacterium, Azotobacter vinelandii,
sustains nitrogen fixation by using a "high-affinity" terminal cytochrome oxidase. Oxygen
is consumed so rapidly, the effective oxygen concentration within the cell is maintained at a
level that is not aerotoxic to nitrogenase.
Recent evidence using cyo mutations in Azotobacter vinelandii suggests that this
respiratory protection is conferred by the cytochrome bd "alternative" terminal oxidase
(Lueng, et al.,1994). In Klebsiella pneumoniae, under microaerobic (NIF +) conditions,
only high affinity "alternative" d-type cytochrome terminal oxidase are detectable, thus
supporting ATP demand and lowering the oxygen tension within the cell (Smith, et al.,
1990). Similar mechanisms are also seen in Azorhizobium cualinodans during symbiotic
nitrogen fixation, although both quinol (cytochrome bd) and cytochrome c (cytochrome
cbb3 ) type terminal oxidase are required (Kaminski,et al., 1996).
The expression of cytoplasmic hemoglobins that function in the sequestering of free
oxygen from the immediate vicinity of active nitrogenase occurs in nodulated legume roots
(Appleby, 1984). The nitrogen fixing machinery in nodulated legume roots is provided in
a symbiotic relationship with Rhizobium sp.. The requirement for high-oxygen flux to
accommodate oxidative phosphorylation, concomitant with low oxygen tension for active
nitrogenase synthesis in Rhizobium sp. is accomplished functionally by the
leghemoglobins (Appleby, 1984). The leghemoglobins possess an extremely high affinity
for oxygen. Essentially, the leghemoglobins have an extremely high on rate of oxygen
association and a relatively slow rate of oxygen dissociation.
Therefore, the
leghemoglobins act as an oxygen buffer, scavenging available oxygen for presentation to
the terminal oxidase complexes mentioned above (Appleby, 1984). The structural basis for
oxygen binding to leghemoglobins will be elaborated in a later section.
Plant cytoplasmic hemoglobins have also been detected in the actinorhizal nodules of
Casuarina and Myrica sp. (Tjepkema and Asa, 1987). The heme content of the
actinorhizal nodules is much lower than that of legume nodules. Although these
hemoglobins can bind molecular oxygen, they are not considered as oxygen scavengers or
as protectors of the nitrogenase complex because nitrogen fixation is maximal in
actinorhizal root nodules at atmospheric oxygen tensions (Tjepkema and Asa, 1987).
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Current evidence suggests that the actinorhizal hemoglobins may serve as an oxygen
sensor(s), and may be involved in the shift between oxidative and fermentative plant
metabolism (Silvester and Harris, 1990). The diazotrophic symbiont in actinorhizal root
nodules is Frankia sp. Evidence suggests that a specialized, lignin-rich, thick cell-wall
permits nitrogen fixation to occur in Frankia sp. Frankia sp., like heterocystous
cyanobacteria, thus may provide a spatial barrier to the nitrogenase complex when growing
at atmospheric oxygen tension (Silvester and Harris, 1990).
Nostoc commune UTEX 584 (Nostoc 584) is a filamentous, heterocystous
cyanobacterium that is noted particularly for its desiccation tolerance. Under nitrogenlimiting conditions, N. commune can fix nitrogen both aerobically and anaerobically. The
nitrogen fixing (nif) gene cluster of N. commune UTEX 584 has been characterized
(Defrancesco and Potts, 1988). The nifUHD cluster of this strain encodes the polypeptide
products necessary for the functional activity of the nitrogenase complex. A nifU-like
sequence is located approximately 1kb upstream from the nifH sequence (ibid). Further
investigations of this nif cluster revealed an open reading frame (ORF) between nifU and
nifH. This ORF potentially encodes a polypeptide of approximately 12 kilodaltons, with
no similarity to any nif genes characterized thus far (Potts, et al., 1992). Restriction
enzyme analysis permitted the isolation of a fragment containing the ORF, and subsequent
polymerase chain reaction (PCR) assays and subcloning of the insert into pT7-7 allowed
transformation of E. coli BL21DE3.
Induction of recombinant protein synthesis in E. coli produced a 12.5 kilodalton
hemoprotein, that has the capacity to bind carbon monoxide (Potts, et al., 1992). The
recombinant hemoprotein isolated did not have significant amino acid sequence similarities
to sperm whale myoglobin, the leghemoglobins, or the cytochromes. There was,
however, significant amino acid sequence similarity to the protozoan cytoplasmic
hemoglobins isolated from Paramecium caudatum and Tetrahymena pyriformis (Potts,
et al., 1992). To reflect this similarity, the hemoprotein detected in Nostoc commune
UTEX 584 was named cyanoglobin (Potts, et al., 1992). It was postulated initially that
cyanoglobin may be involved in nitrogen fixation, specifically in the protection of the
nitrogenase complex, because of its location within a nif cluster and the fact that the protein
was synthesized in Nostoc commune under microaerobic, nitrogen-limiting conditions
(Potts, et al., 1992).
Cyanoglobin was purified to homogeneity and found to bind oxygen reversibly and with
high affinity (Thorsteinsson, et al., 1996). Cyanoglobin is therefore a hemoglobin as
defined by the ability to reversibly bind oxygen. Similar to other hemoglobins,
cyanoglobin was shown to possess significant alpha-helical content (Thorsteinsson, et al.,
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1996). Interestingly, the heme environment of cyanoglobin was suggested to be more
similar to leghemoglobin a than sperm whale myoglobin by CD analysis (Thorsteinsson, et
al., 1996). Unusual ligand binding behavior was noted, which may be indicative of a
unique distal pocket, including the possibility that cyanoglobin may possess a glutamine as
the distal residue (Thorsteinsson, et al., 1996 and Kapp, et al., 1995). The distal residue
is known to influence ligand binding behavior in hemoglobins.
Interestingly, the
protozoan hemoglobins and the hemoglobin of Chlamydomonas sp. also have a glutamine
that has been putatively assigned as the distal residue by sequence alignments, although no
oxygen equilibria has been reported for these proteins (Tsubomoto, et al., 1990, Iwassa, et
al., 1990, and Moens, et al., 1996).
Cyanoglobin was also shown to be synthesized in vivo when the capacity to fix
nitrogen was maximal (Hill, et al., 1996). In addition, it was found that cyanoglobin was
not absolutely required for active nitrogenase (Hill, et al., 1996). Interestingly, immunogold labelling experiments of Nostoc 584 cells, grown under conditions of cyanoglobin
synthesis, contained moderate amounts of the label, localized conspicuously at the
periphery of the membrane, in both vegetative cells and heterocysts (Hill, et al., 1996).
These data may indicate that cyanoglobin is an inner membrane protein that scavenges
oxygen, and presents that oxygen to, or is a component of, a micro-aerobically induced
terminal cytochrome oxidase in Nostoc 584 (Hill, et al., 1996). The occurrence of
"alternative" terminal oxidase complexes have been inferred in Synechocystis sp. strain
PCC 6803 based on deletion mutants of cytochrome c (cytochrome aa3 ) type terminal
oxidase genes (Schmetterer, et al., 1994).
glbN was also been detected in Nostoc sp. strain MUN 8820 (Nostoc 8820) (Hill, et
al., 1996). Southern analysis of genomic DNA from Nostoc 8820 confirms that
cyanoglobin is present in a single copy in this organism. Sequence analysis revealed glbN
from Nostoc 8820 is 98% identical to glbN from Nostoc 584. DNA from both Nostoc
584 and Nostoc 8820 possess extensive predicted secondary structure at the nifU-glbN
intergenic region(Hill, et al., 1996). Other organisms that gave rise to signals from
Southern blots using a Nostoc 8820 probe were: Nostoc sp. strain 840215, Nostoc sp.
strain UCD 7801, and Nostoc sp. strain ATCC 27897 (Hill, et al., 1996). Such a
restricted distribution of glbN to a certain sub-set of Nostoc spp. suggests that the gene
may provide a useful genotypic marker for taxonomic purposes (Hill, et al., 1996).
Other cytoplasmic hemoglobins that have generated interest have been detected in two
closely related protozoa, Paramecium caudatum and Tetrahymena pyriformis
(Tsubamoto, et al., 1990 and Iwaasa, et al., 1990). The protozoan hemoglobins share
little amino acid sequence similarity with the cytoplasmic hemoglobins isolated from other
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organisms, but share significant amino acid sequence similarity with each other and with
cyanoglobin. The protozoan hemoglobins are monomeric and are similar in size to
cyanoglobin (Potts, et al., 1992). Although shown to bind oxygen reversibly, the spectral
characteristics of the oxygenated protozoan hemoglobins in the visible region are unusual.
The a/B peak ratio of the oxygenated forms of sperm whale myoglobin and the
leghemoglobins are close to unity, whereas the a/B peak ratios of the oxygenated forms of
the protozoan hemoglobins and cyanoglobin are approximately 0.6. The met-form of the
Paramecium hemoglobin is believed to be low-spin. Cyanoglobin has also been
implicated to possess a low-spin ferric heme (Thorsteinsson, et al, 1996). Oxycyanoglobin
has been observed, qualitatively, to possess a relatively fast rate of autoxidation to the metform (Thorsteinsson, et al.,1996). Similarly, Paramecium hemoglobin has been shown to
possess an autoxidation rate nearly 10- fold faster than sperm whale myoglobin
(Tsubamoto, et al.,1990). Interestingly, the Tetrahymena hemoglobin has a rate of
autoxidation nearly equivalent to sperm whale myoglobin (Korenaga, et al., 1996). The
chloroplastic hemoglobin of the unicellular algae Chlamydomonas sp. also shares
significant amino acid sequence similarity to cyanoglobin and the protozoan hemoglobins
(Couture, et al., 1996).
With respect to the oxygen binding hemoproteins, the stabilization of the bound oxygenheme complex is believed to occur at the distal side of heme iron. Interestingly, the
protozoan hemoglobins and cyanoglobin have invariant glutamines at a position close to the
putative distal heme binding site when the sequences are aligned, and at least in the
Tetrahymena hemoglobin, the glutamine has been postulated to act in place of the usual
distal histidine found in sperm whale myoglobin and the leghemoglobins (Iwaasa, et
al.,1990). To date, no definitive function has been assigned to the protozoan hemoglobins,
the chloroplastic hemoglobin of Chlamydomonas sp, or cyanoglobin.
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Part II: Bacterial Hemoglobins
Hemoglobins have also been reported in other prokaryotic organisms (reviewed in
Poole, 1994a, Poole, et al., 1994b, and Takagi, 1993). Rhizobium meliloti contains a
hemoprotein that is expressed under microaerobic growth conditions. Known as FixL, this
hemoprotein was determined to bind molecular oxygen (Gilles-Gonzales, et al., 1991).
This protein is expressed from within the same operon as a protein known as FixJ. FixL
has been shown to possess kinase activity and is believed to act as an effector in a signal
transduction pathway (Gilles-Gonzales, et al., 1991). These two proteins are believed to
act in concert to cause cellular changes via signal transduction when cells are grow under
microaerobic conditions. No evidence has been presented that would suggest a nitrogenase
protection function for FixL. However, both of these proteins have been shown to regulate
the expression of nif genes of Rhizobium meliloti in response to free oxygen (GillesGonzales, et al., 1991). Recent evidence suggests that under microaerobic conditions,
FixL will phosphorylate FixJ, which then subsequently binds to, and activates, a variety of
cognate promoters of genes involved in symbiotic nitrogen fixation (Fischer, 1994).
The most intensively studied prokaryotic hemoglobin is that of the Gram-negative
Vitreoscilla sp. Initially, this dimeric hemoprotein was thought to function as a terminal
oxidase (Webster, 1988). Further studies demonstrated a reversible binding of molecular
oxygen by this protein, which is characteristic of a true hemoglobin. Vitreoscilla
hemoglobin shares significant amino acid sequence similarity with all of the
leghemoglobins and is thought to function as an oxygen storage protein because of the
oxygen poor environments where Vitreoscilla spp. typically are found. Even though high
amino acid sequence similarity exists with the leghemoglobins, Vitreoscilla hemoglobin
possesses an extremely fast rate constant of oxygen dissociation (1000-fold higher than the
leghemoglobins; Orri and Webster, 1986). Interestingly, the transcription from the
promoter of the Vitreoscilla hemoglobin gene (vhb) is oxygen dependent and controlled by
FNR (Khosla, et al.,1989 and Joshi, et al., 1994). Increased levels of vhb mRNA
transcripts are detected when Vitreoscilla spp. are grown under hypoxic conditions
(Dikshit, et al., 1989). In addition, vhb mRNA transcripts are virtually undetectable when
Vitreoscilla spp. are grown under high oxygen tension (Dikshit, et al., 1989). cyd
mutants of E. coli, transformed with a plasmid that contains the vhb insert, show enhanced
growth characteristics under microaerobic conditions when compared to a cyd mutant
without the plasmid (Kallio, et al., 1994). These results suggest that the expression of vhb
in E. coli increases the effective intracellular dissolved oxygen levels under microaerobic
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conditions, and therefore increases the relative activities of the terminal oxidase (Kallio, et
al., 1994). The result is a more efficient proton-pumping mechanism, leading to an
increase in efficiency of ATP production.
The crystal structure of Vitreoscilla hemoglobin was recently published and represents
the first bacterial hemoglobin to have its three dimensional structure solved (Tarricone, et
al., 1997). Surprisingly, the glutamine, believed to be the distal residue in this protein, is
exposed to solvent (Tarricone, et al., 1997). The E-helix (see next section) was shown to
possess little alpha helical structure, which is in direct variance with other hemoglobins.
Perhaps this lack of structure in vicinity of the distal pocket in Vitreoscilla hemoglobin
may impart the unique oxygen binding properties to the protein.
A hemoglobin-like protein, Hmp, was detected in E. coli K-12 (Vasudevan, et al.
1991). Although it was not shown to be a true hemoglobin (defined as a protein that can
reversibly bind oxygen), these workers demonstrated that Hmp could bind carbon
monoxide. Hmp also has a dihydropteridine reductase activity. The reductase and putative
oxygen binding functions of Hmp are located on two different domains. The expression of
hmp in E. coli is believed to be oxygen dependent because, like Vitreoscilla hemoglobin,
FNR is required for expression (Poole, et al., 1996). Hmp has also been detected in
Alcaligenes eutrophus (Cramm, et al., 1994) and in Bacillus subtilis (LaCelle, et al.,
1996). The N-terminal domain of Hmp that putatively binds oxygen has significant amino
acid sequence similarity to the Vitreoscilla hemoglobin. At present, no specific function
has been assigned to the E. coli K- 12 Hmp or other flavohemoglobins.
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Part III: The Electronic and Structural Basis for Ligand Binding to
Hemoglobins
Hemoglobins are defined as proteins that possess the ability to bind oxygen reversibly.
This definition does not consider quaternary structure of the protein in question.
Therefore, only hemoglobins that are localized in muscle tissue should be referred to as
"myoglobin". Additionally, human hemoglobin is more accurately termed human
erythrocyte hemoglobin.
Hemoglobins and myoglobins are the most extensively studied proteins to date. The
first proteins to have their three-dimensional structure solved by X-ray crystallography
were those of hemoglobin and myoglobin (Voet and Voet, 1995). Myoglobin is a
relatively small protein (~18 kD) consisting of 8 helices (A-H) that are linked by short
polypeptide fragments to form an ellipsoidal molecule of approximate dimensions 44 x 44 x
25 $ (Voet and Voet, 1995) (Fig 1). The eight helices are generally arranged in a three-onthree helical bundle that encapsulates the heme moiety. The architecture of the protein that
comprises the heme-binding pocket is termed the "globin-fold", which can be viewed as a
three-on-three helical "sandwich" surrounding the heme.
Collectively, there are
approximately ninety van der Waals contacts between the protein and the heme moiety
(Antonini and Brunori, 1971). The convention of nomenclature of the specific amino acid
residues in hemoglobin and myoglobin are unique to these proteins. Essentially, a specific
amino acid is named according what number in the particular helix that residue is found.
For example, residue B10 (which is normally Leu; or Leu 29 (B10)) is the tenth amino
acid from the N-terminus of the beginning of the B-helix and the 29th residue from the Nterminus of the protein.
Rational and random combonatorial site-directed mutagenesis, and its subsequent
consequences on hemoglobin structure and function, has emerged as a powerful technique
to study the molecular basis for ligand discrimination in these proteins. Intriguingly, there
is a doubly substituted sperm whale myoglobin protein (L29F, H64Q) that mimics the
structure and function of elephant myoglobin (Zhao, et al., 1995). This observation
underscores that subtle changes in the distal pocket by acceptable amino acid substitutions
lead to unique oxygen binding properties that are designed to support the needs of the
organism in its particular habitat.
The need for a suitable globin-based blood substitute is of considerable biotechnological
and pharmaceutical interest. Essentially, a suitable blood substitute should possess: (1)
moderate oxygen affinity, (2) discrimination against carbon monoxide binding, (3) large
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rate constants, (4) resistance to autoxidation and reaction with nitric oxide and hydrogen
peroxide, (5) resistance to heme loss, and (6) stability to globin denaturation (Olson, et al.,
1997a). Kinetic studies of site-directed mutants, combined with X-ray crystal structures of
these altered proteins, has provided the structural basis for ligand discrimination and
recognition in hemoglobins.
The equilibrium affinity of hemoglobins for ligands is directed by how fast the ligand
can bind to the heme-iron (association rate) compared to how fast the ligand can exit back
to the solvent (dissociation rate). There are numerous factors that govern both of these
rates on a millisecond time scale. However, using very short (9 nsec) laser pulses, Gibson
et al., detected direct recombination events on a nanosecond (~100 nsec) time scale. In
other words, when a ligand leaves the heme-iron, it will first rapidly recombine with the
heme-iron many times before leaving to solvent. Under certain conditions (depending on
the distal pocket architecture) this "geminate" recombination phase is significant, leading to
multiphasic behavior of ligand binding (Gibson, et al., 1992 and Carlson, et al., 1996).
Mammalian hemoglobins and myoglobins invariably have the heme moiety ligated to the
protein through a covalent bond with the nitrogen of the F8 His (His 93 in sperm whale
myoglobin). This histidine is termed the near or proximal histidine. On the other side of
the heme is the E helix. At least for hemoglobin and myoglobin, there is also a histidine
residue that can interact with ligands bound to the heme-iron. This residue is termed the
distal histidine (E7, His 64). As mentioned earlier, the interaction of this histidine with
bound ligands is believed to stabilize the ligand-heme-iron bond. Other residues that occur
on the E-helix have also been implicated in participating in ligand stabilization (see later).
Collectively, those residues that comprise the architecture of the distal pocket in these
proteins markedly influence the binding and stability of exogenous ligands. The evolution
of subtle changes in the distal pocket architecture has created a variety of different
hemoglobins that are particularly suited for the organism's ecological habitat.
Steps to ligand formation in sperm whale myoglobin include the displacement of a noncoordinated water molecule in the distal pocket, in plane movement of the iron atom to form
a hexacoordinate complex, and a hydrogen bond between the epsilon nitrogen of the distal
histidine (Olson and Phillips, 1996). The distal histidine stabilizes the oxygen heme-iron
bond by hydrogen bonding with the oxygen through the nitrogen of the histidine.
Although most hemoglobins have distal histidines, many exceptions exist. For example,
the hemoglobin of Glycera dibranchiata (an annelid) possesses a distal leucine (Parkhurst,
et al., 1980) and the myoglobin of Aplysia limacina (a mollusk) possesses a distal valine
(Bellelli, et al., 1990). In addition, many hemoglobins, as well as the flavohemoglobins
and cyanoglobin, are believed to have glutamine as the putative residue assigned to the
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distal position. These observations would suggest that other residues comprising the distal
heme pocket also influence ligand binding (see later).
A series of site-directed mutants of the distal residue (His) in sperm whale myoglobin
were studied by Olson, et al. These investigators found that the association rate constant
for gaseous ligand binding was independent of the size of the distal residue when polar
substitutions were made for the distal histidine (Rohlfs, et al., 1990). However, these
workers found that apolar distal residues revealed higher gaseous ligand association rates
(Rohlfs, et al., 1990). This result would imply that one of kinetic barriers of ligand
binding to hemoglobins is the disruption of polar interactions between the distal residue and
water molecules occupying the distal pocket in deoxyhemoglobins (Rohlfs, et al., 1990).
In sperm whale myoglobin, valine occupies position 68 (E11). This residue is also
known from X-ray crystallography to be in close proximity to the heme-iron, and thus may
influence ligand binding. Site-directed mutagenesis experiments, in which the distal valine
was substituted with other hydrophobic amino acids (Ala, Ile, Phe) to probe the effects of
side chain volume, revealed that when the volume of the E11 residue is decreased, the
oxygen association rates increased, indicating that position E11 is part of the kinetic barrier
of ligand binding (Egeberg, et al., 1990). The affinities for oxygen (i.e., the ratio of
association and dissociation rate constants) of the distal valine-altered proteins were
variable. High-resolution crystal structures of all of these altered proteins have revealed
details concerning this variability. Essentially, the Ala mutation has only slight effects on
ligand binding when compared to wild-type, where a water molecule dominates as the main
kinetic barrier to ligand binding (Quillin, et al., 1995). When Ile is substituted for Val
(WT), there is no longer a water molecule occupying the distal pocket, yet the steric
crowding resulting from larger side chain volume offset the favorable effect of water
displacement (Quillin, et al., 1995). The steric crowding of the benzyl side chain of Phe
prevented ligand movement into and out of the protein, exhibited by very rapid ligand
recombination phases (Quillin, et al., 1995).
In a separate study, an isostructural threonine was substituted for the wild-type valine
(Smerdon et al., 1991). Under these circumstances, the oxygen association rates to the
altered protein were lower than wild-type. This observation was explained by the fact that
the T68V substitution increases the polarity of the distal pocket, and thus prevents water
displacement from the deoxy form (Smerdon et al., 1991). Crystal structures of this
altered protein revealed that T68V substitution dominates the oxygen affinity by hydrogen
bonding with the distal histidine, thus preventing the participation of the distal histidine in
effective ligand hydrogen bonding (Smerdon et al., 1991). In general, these workers
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concluded that distal pocket polarity is the dominant kinetic barrier to ligand binding in
sperm whale myoglobin.
The Phe 46 (CD4) is also implied to be involved in ligand interactions with the heme
iron. This highly conserved residue (which is presumably absent in cyanoglobin) makes
nearly direct contact with the distal histidine in sperm whale myoglobin, and therefore has
been implied to effect ligand binding indirectly (Lai, et al., 1995). Lai et al. found that the
ligand association rates were little effected by changing the size of Phe CD4 residue in
sperm whale myoglobin. However, the same substitutions caused a general increase in the
ligand dissociation rates with decreasing CD4 size (Lai, et al., 1995). High resolution
crystal structures of a series of altered proteins at position 46 revealed that there was a
general decrease in the internal packing volume of the distal pocket when smaller residues
were substituted for Phe(Lai, et al., 1995). These changes were compensated by
rearrangement of the helices to create a more solvent exposed heme-iron. These
observations were corroborated by the fact that these altered proteins possessed larger rates
of autoxidation (see later). In essence, the function of Phe CD4 is to orient the distal
histidine into the correct position to allow proper hydrogen bonding with bound oxygen in
sperm whale myoglobin.
The Arg 45 (CD3) residue in sperm whale myoglobin, which forms a salt bridge to the
solvent-exposed heme-6-propionate, was postulated to form an outer kinetic barrier for
ligand entrance into the distal pocket, although recent site-directed mutagenesis studies have
demonstrated no effect on the association rate constants when this residue is altered
(Carver, et al., 1991). However, the rate of picosecond ligand recombination was
somewhat affected. Since a basic residue in this position (e.g., Lys or Arg) is highly
conserved in nearly all species (though is presumably absent in cyanoglobin), then it has
been thought that the CD3 residue has important structural or physiological function.
Presumably, this residue may be involved with binding of heme to apomyoglobin (Carver,
et al., 1991).
Leu 29 (B10) is also implied to modulate ligand affinity by affecting the size of the distal
pocket. Surprisingly, high-resolution crystal structures of these proteins, in which the Leu
B10 was replaced with larger (Phe) and smaller (Val and Ala) amino acid residues, were
generally isomorphous (Carver, et al., 1992). However, the L29F substitution caused a
very large increase in the oxygen affinity, due primarily to a large decrease in the oxygen
dissociation rate. This observation was presumably the result of stabilizing interactions
between negative portion of the bound oxygen dipole and the partially positive edge of the
phenyl ring (Carver, et al., 1992). Even more surprising was the fact that the L29F
substitution possessed a substantially decreased rate of autoxidation. The selective
12

pressure to retain the Leu at position 29 probably represents a compromise between
keeping the rate of autoxidation low and allowing a high enough oxygen dissociation rate
for rapid release of bound oxygen during respiration (Carver, et al., 1992).
Studies concerning sperm whale myoglobin, involving combonatorial site-directed
mutagenesis in an attempt simulate the ligand binding properties of another hemoglobin,
have been reported. In the case of Aplysia myoglobin. sperm whale myoglobin was
mutated at position 64 (His E7) to valine, position 67 (Tyr E10) to arginine, and position
68 (Val E11) to isoleucine. When the Y67R and V68I mutations are introduced singly,
there is little effect on the oxygen binding properties of the altered proteins (Smerdon, et
al., 1995). When the H64V mutation was introduced singly, there was a decrease in the
oxygen affinity, which also observed in the Aplysia myoglobin (Smerdon, et al., 1995).
However, when mutations were introduced in both positions there was a general increase
in both association and dissociation rates, although not to the extent to parallel the binding
properties of the Aplysia myoglobin (Smerdon, et al., 1995). The general conclusion was
that attempts at protein engineering must take into account multiple protein contributions to
overall ligand binding behavior (Smerdon, et al., 1995).
These observations of functional and structural consequences of site-directed
mutagenesis on sperm whale myoglobin underscore the fact that, collectively, the driving
forces of ligand binding are distal pocket packing volume, potential for hydrogen bonding,
and, most importantly, distal pocket polarity (Springer, et al.,1994). However, more
detailed analyses are required to investigate how sperm whale myoglobin discriminates
between ligands. Since both CO and oxygen are roughly the same size and apolar, then
ligand discrimination must occur after the ligand has entered the distal pocket (Olson and
Phillips, 1997). Since no obvious or apparent routes of ligand entry and exit are observed,
even in high resolution crystal structures of sperm whale myoglobin, it is presumed that
transient protein motions allow ligand entry and exit (Olson and Phillips, 1997). A current
mechanism includes an outward displacement of the E7 His, providing a direct access to
solvent (Olson and Phillips, 1997). Supporting evidence is the outward displacement of
E7 His in crystal structures of alkylisonitrile derivatives and an increase in association rates
with lowering pH (protonated His extends toward solvent) and mutations that increase the
disorder of the distal pocket (Olson and Phillips, 1996).
High resolution structural data has yet to provide an explanation of ligand geometry
(Olson and Phillips, 1996). For example, from other considerations, the bond between
carbon monoxide (CO) and Fe would be expected to be linear in its most stable form.
However, every crystal structure of altered sperm whale myoglobin with distal histidine
mutations studied thus far shows CO in a bent conformation relative to the heme iron,
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although a variety of "distorted" configurations have been reported using NMR and neutron
diffraction studies (Olson and Phillips, 1996). The precise reason why this seemingly
unstable conformation exists may be due to steric hindrance within the distal pocket, which
was generally the paradigm up until 1988-90 (Olson and Phillips, 1996). However, the
affinity of CO is little affected by substitutions of the E7 distal His with larger or smaller
ligands (Olson and Phillips, 1996). In essence, providing a more sterically free ligand
binding environment has no effect on CO affinity and no correlation has been observed for
CO affinity and Fe-C-O geometry (Olson and Phillips, 1996). Only when the B10 Leu is
replaced by a Trp residue is there a significant decrease in CO affinity. Preliminary crystal
structures of this altered protein show an extremely distorted bound CO(Olson and Phillips,
1996).
These observations would seem to indicate that instead of a steric hindrance
considerations, electrostatic interactions may be the driving force between gaseous ligand
discrimination in sperm whale myoglobin, although steric hindrance is important in
alkylisonitrile binding. Sperm whale myoglobin with apolar mutations in the distal
histidine show markedly decreased oxygen affinities. However, since there is no
coordinated water (as is the case when E7 = His) in the distal pocket, these proteins
exhibited large increases in oxygen association rates. The primary kinetic barrier,
displacement of the water molecule in the distal pocket, was absent in these altered
proteins. The concomitant increase in oxygen dissociation rates in these mutants was the
key factor in the general decrease in affinity (affinity = kon /koff). However, there was little
to no effect in the CO affinity (or NO affinity) of altered proteins with the same
substitutions at E7.
The presence of the distal histidine at E7 is actually discriminating against CO by
electrostatic interactions. The hydrogen bond that forms between E7 His and the bound
oxygen is much stronger than the hydrogen bond formed to CO, which still has
considerable triple bond character on the oxygen atom. As a result, the kinetic barrier of
distal pocket water displacement is greater for CO binding. The mobility of the distal His
also plays an important role in bound ligand stability and discrimination. According to the
old model, relieving orientational constraints (as in F46A substitutions) should allow linear
CO bonding and an increase in CO affinity. The opposite effect is observed. According to
the electrostatic model, this new orientational flexibility decreases the net electrostatic
stabilization conferred to the Fe-C-O by the distal His.
Other important contributions to the electrostatic stabilization of ligands is also seen on
the proximal side of the heme iron. Leghemoglobins possess an oxygen affinity twenty
fold higher than that observed sperm whale myoglobin. The high oxygen affinity, which is
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critical for the biological function of the
leghemoglobins, is the consequence of an
extraordinarily fast oxygen combination rate
constant and a moderately slow oxygen
dissociation rate constant (Appleby, 1984). The proximal His of these proteins was shown
to be highly flexible, facilitating in-plane movement of the heme-iron and formation of
strong hexacoordinate complexes (Olson and Phillips, 1997).
Hargrove et al. have produced a set of altered leghemoglobin proteins with substitutions
at the His E7 (Hargrove, et al., 1997). Replacement of the distal His with apolar amino
acids (Ala, Leu, or Val) has no effect on the oxygen affinity of the altered proteins, in
contrast to sperm whale myoglobin, which exhibits 50-100 fold decreases in oxygen
affinities with these substitutions (Hargrove, et al., 1997). Although leghemoglobin is
known to possess a highly mobile distal histidine, there were no strong hydrogen bonding
patterns with the FeO2 complex observed in high resolution crystal structures at neutral pH
(Hargrove, et al., 1997).
X-ray crystallography analyses of leghemoglobin a from
soybean root nodules revealed that the oxygen binding pocket is more "open" than in other
monomeric hemoglobins (Appleby, 1984). Circular dichroism studies suggest that the
reorientations of amino acid side chains of leghemoglobin that occur in response to the
binding of oxygen are significantly less than those experienced by sperm whale myoglobin
(Nicola, et al., 1975). Collectively, these data have been used to provide an explanation
for the particularly high oxygen affinity of the leghemoglobins based on solvent
accessibility and heme reactivity.
The structure of hemoglobins and myoglobins not only regulates oxygen affinity, but
also maintains the heme-iron in a reduced (Fe2+ ) state (Brantley, et al., 1993). Free heme
in solution autoxidizes very rapidly (seconds), whereas it has long been observed that
oxyhemoglobin solutions will spontaneously autoxidize in hours (ibid). The oxidized
ferric or met (Fe3+ ) state is incapable of binding oxygen, thus either a structural mechanism
must exist for maintaining the reduced state or accessory enzymes must be present in vivo
to continually reduce accumulated oxidized species, which is observed in leghemoglobins
(Appleby, 1984). Early mechanisms based on the release of a superoxide anion as a
product of autoxidation. Essentially, the reaction can be written as:

kdiss
Mb(Fe2+)O2

Mb(Fe3+) + O2-

15

Where k diss is equal to the first order rate constant of superoxide release (Brantley, et al.,
1993). Autoxidation was known to increase markedly with increasing pH and Shikama
proposed that protonation of the Fe(II)-O2 complex was required for initial HO2
dissociation, since it seemed reasonable for the superoxide anion to immediately rebind
(Shikama and Matsuoka, 1986).
According to the mechanism proposed above, the rate of autoxidation should increase
with increasing fractional saturation of oxygen. However, the opposite effect is observed;
autoxidation decreases asymtopically to a constant value with increasing dissolved oxygen
concentration. Later mechanisms included a ligand-mediated electron-transfer step in
which a nucleophile facilitates the electron transfer from heme-iron to bound oxygen
according to the scheme:
Kd

MbO2

Mb + O2
k1

Mb + N

MbN
k-1

k2
MbN + O2

Mb+N + O2-

where Kd is the equilibrium dissociation constant; k1 and k-1 the bimolecular rate constants
of association and dissociation of the nucleophile (N) to deoxymyoglobin, respectively; and
k2 is the bimolecular rate constant of the reaction of oxygen with the six-coordinate ferrous
heme-iron (Brantley, et al., 1993). This mechanism can account for the fact that
autoxidation increases linearly with oxygen concentrations at low [O2 ] and decreases
inversely at high [O2 ] (Brantley, et al., 1993).
Olson et. al. commenced a study of site-directed mutants of sperm whale myoglobin to
investigate which residues in the distal pocket influence the autoxidation process, in
addition to re-investigating the oxygen dependence. These workers found both
unimolecular and bimolecular mechanisms are responsible for the autoxidation behavior in
sperm whale myoglobin. At low oxygen concentrations, when the unimolecular
mechanisms predominates, the presence of the stabilizing distal histidine residue prevents
dissociation of bound oxygen and the attack of oxygen by solvent protons (Brantley, et al.,
1993). Under high oxygen concentrations, the bimolecular mechanism predominates. A
surprising conclusion from the work of site-directed mutagenesis experiments was that it is
very difficult to engineer a hemoglobin with high oxygen affinity and low
autoxidation(Brantley, et al., 1993). In order to raise the P50 of sperm whale myoglobin,

16

the hydrogen bonding by the distal residue should be increased or steric hinderance of the
bound ligand enhanced (Brantley, et al., 1993). However, in distal pocket substitutions in
sperm whale myoglobin, known to impart either of these properties, substantial increases
in autoxidation were observed.
The importance of the distal histidine, in preventing solvent protons from access to the
distal pocket in sperm whale myoglobin, is not observed in leghemoglobins. Mutagenesis
of the distal His to apolar residues showed no effect on the rate of autoxidation (Hargove,
et al., 1997). This result would appear to invalidate the distal His-proton mediated transfer
mechanisms proposed by Shikama to explain the pH dependence of autoxidation in other
hemoglobins (Shikama, et al., 1986 and Tsubamoto, et al., 1990). Apparently that the key
factor for the propensity to autoxidation of leghemoglobin (and presumably, in cyanoglobin
and protozoan myoglobins) is a relatively solvent accessible heme-iron (Hargrove, et al.,
1997 and Thorsteinsson, et al., 1996).
Most globins consist of eight helices that are interconnected with loops. Heme
association to globin is very rapid (Kd ~ 10 13 M-1 ). However, the association of heme to
apoglobin is independent of protein structure with non-specific protein-heme hydrophobic
interactions dominating as the rate-limiting step (Hargrove, et al., 1996a). Hargrove, et
al., have also determined that the stability of hemoglobins to hemin loss is governed by the
affinity for heme, with no globin stability influences observed (Hargrove, et al., 1996b).
In addition, Hargove, et al., commenced a study of approximately 100 mutants of sperm
whale myoglobin and found that the key structural factors stabilizing bound hemin are: (1)
hydrophobic interactions of distal pocket residues and bound heme, (2) covalent bonding
strength of the proximal histidine (F8) to the Fe3+ , and (3) hydrogen bonding between
distal residues and coordinated water (Hargrove, et al., 1996c).
Side chain residues in sperm whale myoglobin contribute to heme stability via
approximately ninety van der Waals contacts between the protein and the heme (Antonini
and Brunori, 1971). Primary modes of heme stability involve Phe 41 (CD1), which lies
parallel to the heme plane (Antonini and Brunori, 1971) and Ser 92 (F7), known to
hydrogen bond with the non-solvent exposed heme-7-propionate function (Smerdon, et al.,
1993).
The beta chain of human hemoglobin contains 5 additional amino acids in the D-helix
region when compared to the alpha chain (Whittaker, et al., 1995). Deletions the D-helix
from the beta-subunit reveal no marked effects in the gaseous ligand affinities of the altered
protein (Whittaker, et al., 1995). This raised obvious questions as to why any selective
pressure would be exerted to retain the D-helix in globins. However, Whittaker et al.,
found the rate of hemin loss from met sperm whale myoglobin and the beta-subunit of
17

human met hemoglobin to be markedly increased upon deletion of the D-helix (Whittaker,
et al., 1995). These workers also suggested that Met55 (D5) was the key residue to
stabilize the heme via the D-helix (Whittaker, et al., 1995). Surprisingly, cyanoglobin
and the protozoan myoglobins, and the hemoglobin of Glycera dibranchiata do not a
possess a D-helix when compared to amino acid sequence alignments with sperm whale
myoglobin (Moens, et al., 1996). The overall stability of hemoglobins may shed light on
function. Sperm whale myoglobin is relatively resistant to denaturation compared to most
proteins, considering that long, sustained oxygen release is required for diving for long
periods under the conditions found in muscle cells (e.g., accumulating lactic acid).
Denaturation of the apo-globin, however, is facile upon hemin loss. Hemoglobins with
inherently high rates of hemin loss imply high rates of hemoglobin turnover in vivo. Such
hemoglobins may in fact function in sensing oxygen, rather than scavenging oxygen.
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IV. Nitrogen Control in Bacteria
The stringent control of nitrogen flux in bacteria is of critical importance to the survival
of the organism. In most bacteria, the presence or absence of a reduced nitrogen source
(e.g., an ammonium ion, which is the preferential nitrogen source) produces marked
genetic changes in response to the nitrogen availability in the environment, and within the
cell. The central regulatory point of nitrogen metabolism in bacteria is the interconversion
of - ketoglutarate and glutamate by incorporation of both endogenous nitrogen (from
catabolism) or exogenous nitrogen via the glutamine synthetase-L-glutamine:2-oxoglutarate
aminotransferase pathway. This control point represents, in general terms, the bridge
between nitrogen and carbon status of the cell.
Glutamine synthase is a dodecameric enzyme that, at least in enterobacteria, can be
reversibly modified by progressive adenylation of the each subunit, causing a decrease in
activity when the nitrogen status of the cell becomes sufficient (Merrick and Edwards,
1995). A complex two-component regulatory system, known as NtrB/NtrC is responsible
for the control of the glutamine synthase modifying enzymes and glutamine synthase itself.
Under nitrogen limiting conditions, NtrB catalyses the phosphorylation of NtrC, which can
now act as a response regulator by binding to cognate DNA elements of a variety of genes
involved in nitrogen metabolism (Merrick and Edwards, 1995). Under nitrogen-sufficient
conditions, another protein, PII acts upon NtrB so that NtrB now acts as a phosphatase,
with subsequent inactivation of NtrC.
In cyanobacteria, ammonium ion represses expression of the nitrate/nitrite transport
system, nitrate reductase, nitrite reductase, glutamine synthase, nitrogen fixation and
heterocyst development (Luque, et al., 1994). When Anabaena sp. strain PCC 7120
undergoes nitrogen deprivation, there is a cascade-like sequence of transcriptional
activations, which ultimately leads to the formation of heterocysts, which compartmentalize
nitrogen fixation within the organism (Cai and Wolk, 1997). Genetic rearrangements occur
during this process, one of which is the excision of an 11 kb DNA element from the nifD
gene to form the complete coding sequence of the gene (Ramasubramanian, et al., 1994
and Wei, et al., 1994). XisA, a site-specific recombinase, is required for the excision and
xisA is located downstream from the nifD gene. A DNA binding factor, BifA (binding
factor A, formerly VF1) was shown to interact with upstream sites on the xisA gene. BifA
was later positively identified as NtcA, the global nitrogen regulatory protein in
cyanobacteria (Merrick and Edwards, 1995). NtcA belongs to the CRP/FNR type family
of transcriptional regulatory proteins and exhibits high sequence similarity to both CRP and
FNR.
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NtcA activates the expression of nitrogen assimilation genes in cyanobacteria during
ammonium ion deplete conditions. NtcA was shown to be required for the expression of
nir (nitrate reductase) and nif (nitrogen fixation) operons, and glnA (glutamine synthase) in
Anabaena 7120 (Frias, et al., 1994). Interestingly, the expression of the NADP+-isocitrate
dehydrogenase gene (icd) from both Synechocystis 6803 and Anabaena 7120 is regulated
under nitrogen deplete conditions by NtcA (Muro-Pastor, et al., 1996). Since ketoglutarate is funneled directly into the GS-GOGAT system in cyanobacteria, it clearly
has a biosynthetic role in nitrogen assimilation (Muro-Pastor, et al., 1996). It is also
interesting to note that the expression of NtcA is autoregulated, thus ntcA expression is
repressed in the presence of ammonium ion (Ramasubramanian, et al., 1996). The precise
mechanism of down-regulating repression of the ntcA gene during ammonium ion
depletion is currently not understood.
The occurrence of NtcA is presumably widespread amongst all classes of cyanobacteria
(Frias, et al., 1993). Evidence has been presented, however, that suggests that glnN, a
glutamine synthase homolog in Syncheocystis 6803, is not under the control of NtcA,
although the glnA (encoding the "classical" glutamine synthase) is regulated by NtcA in this
organism (Reyes, et al., 1997). This finding implies that there could be alternative
regulatory mechanisms for nitrogen assimilation in cyanobacteria.
The expression of cyanoglobin in vivo was demonstrated to occur under oxygen and
combined nitrogen deplete conditions (Potts, et al.,1992). Examination of the nifU-glbN
intergenic region of Nostoc 584 revealed a palindromic sequence motif (GTAN8 TAC) that
potentially could bind NtcA (Angeloni and Potts, 1992). This implies that the expression
of glbN, in response to nitrogen deprivation, may be regulated by NtcA.
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V. Specific Aims and Significance
Cyanoglobin was purified to apparent homogeneity and partially characterized in
previous work (Thorsteinsson et al., 1996). Cyanoglobin binds oxygen reversibly and
with high affinity (Thorsteinsson et al., 1996). The ligand binding characteristics of
isolated cyanoglobin were very unusual in the sense that even cyanide failed to bind to metcyanoglobin at neutral pH (Thorsteinsson et al., 1996). The unusual ligand binding
characteristics of cyanoglobin were attributed to hemichrome formation (partial
denaturation?), believed to be caused by autoxidation of the sample during purification.
Autoxidized samples of sperm whale myoglobin are more suspectable to denaturation
events than oxygenated samples (Brantley, et al.,1993).
Cyanoglobin was found to be located, in vivo, at the inner aspect of the cytoplasmic
membrane (Hill, et al., 1996). Cyanoglobin partitions to the soluble phase during cell
disruption, and thus appears to be an peripherally bound, inner membrane protein.
Cyanoglobin is not absolutely required for nitrogen fixation (Hill, et al., 1996). However,
the relatively unique conditions under which glbN is expressed, that is, under both nitrogen
and oxygen deplete conditions, would suggest some relevant function in this organism and
other Nostocean sp. in which glbN is found (Hill, et al., 1996). Collectively, data
gathered on cyanoglobin thus far would imply a oxygen scavenging role. Cyanoglobin is
located peripherally to the membrane, which implies an oxygen presentation role to a
microaerobically induced terminal cytochrome oxidase.
The specific aim of this study was to understand the function of cyanoglobin in terms of
its relation to nitrogen fixation in Nostoc 584. Oxygen relations to nitrogen fixation is of
considerable biochemical interest, especially in the cyanobacteria, which are crucial, in a
variety of ecosystems, to the nitrogen balance of the Earth. In addition, the study of
cyanoglobin may provide supporting information for current model systems concerning
ligand recognition, discrimination, and stabilization in hemoglobin and myoglobin.
To that end, this study encompassed the following: (1) Purification of large scale
quantities of purified oxycyanoglobin, (2) Characterization of the heme environment of
cyanoglobin using ligand probes, (3) Determining the kinetic basis of the high oxygen
affinity of cyanoglobin, (4) Homology modelling the cyanoglobin primary amino acid
sequence using computer programs developed for an IRIS-based computer station, (5)
Determining if the nifU-glbN intergenic region interacts with NtcA, and (6) Identification of
the 18 kD cyanoglobin immuno-reactive protein from Anabaena 7120. The described
study will focus primarily on the kinetic and structural basis for ligand binding in this
hemoglobin.
Large scale isolation and purification of cyanoglobin, in the purely
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oxygenated form, will be presented. The importance of purifying cyanoglobin in the pure
oxy-form is that the identity of the ligand, oxygen, is known with certainty. General ligand
binding characteristics, monitored by UV-Vis spectroscopy, are presented in terms of
ligand access to cyanoglobin and implied affinities of the ligands tested. Kinetic rate
constants of association and dissociation for selected ligands, using both stopped flowspectrophotometry and flash photolysis techniques, will be presented in terms of ligand
access and heme reactivity in cyanoglobin, and compared to other reference hemoglobins
and site directed mutants of sperm whale myoglobin. Collectively, these data will
determine a kinetic basis, and infer a structural basis, for the observed high oxygen affinity
in cyanoglobin. The stability of cyanoglobin, in terms of rate of autoxidation and rate of
heme loss, will also be explored in this study and compared to reference hemoglobins to
determine if protein stability may infer high turnover of cyanoglobin in vivo, which would
imply an oxygen sensing function for cyanoglobin.
Homology modelling has emerged a powerful tool to study proteins that have yet to be
characterized by NMR spectroscopy or X-ray crystallography (Feaster, et al.,1997).
Essentially, aligned amino acid sequences of an unknown protein and a protein of known
three dimensional structure are used as input for a computer program. The computer
devises a template and then attempts to "model" the unknown to the template. A variety of
other programs exist that can aid in verification and molecular dynamics simulation of the
modelled structure. Programs such a MODELLER have been used with good success in
modelling known crystal structures, based on amino acid similarity alone, providing
models very similar to the PDB coordinates (Sali, et al., 1995). The amino acid sequence
alignment of cyanoglobin to reference hemoglobins, published by Kapp and Moens, et al.,
(Kapp, et al., 1995 and Moens, et al., 1996) will be used as data input into the
MODELLER program. The resultant model will be used to interpret possible structural
pathways of ligand entry and exit in cyanoglobin, as well as any residues that can be
inferred to comprise the distal pocket.
The fact that the nifU-glbN intergenic region of Nostoc 584 possesses an NtcA
recognition motif infers that NtcA may interact with this sequence of DNA. Molecular
cloning and radioactive end-labelling of a suitable fragment that contains the nifU-glbN
intergenic region, will be described. Binding of the labelled fragment to a cell free lysate of
E. coli, enriched in NtcA, and subsequent gel retardation assay, will determine if NtcA
interacts with the nifU- glbN intergenic region, which may indicate the regulatory
mechanism of glbN expression under nitrogen deplete conditions.
Previous studies suggest that the 18-kD polypeptide, immuno-reactive with anticyanoglobin antibodies, from Anabaena 7120 cell free lysates, may be a potential GlbN
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homolog in this organism (Hill, et al., 1996). The isolation and N-terminal sequencing of
the native polypeptide, and cathepsin C digested fragments, are presented in attempts to
identify this polypeptide. Previous work verified that the Anabaena 7120 cell free lysates
can titrate anti-cyanoglobin antibodies in a competitive manner, so the interaction is specific
(Hill, et al., 1996). The identity of this polypeptide may reveal aspects of cyanoglobin
function or may just be a polypeptide with a highly reactive epitope towards the anticyanoglobin antibodies used in the analysis.
Collectively, these studies will provide a greater understanding of the structure and
function of cyanoglobin, which is a prokaryotic globin presumably involved in nitrogen
fixation in Nostoc 584. The discovery of hemoglobins in prokaryotes has caused a
reexamination of the potential origins of the globin gene, which previously was believed to
be restricted to eukaryotic organisms.
Since cyanobacteria are known to be ancient
organisms, cyanoglobin may be the prototype globin, form which all other globins have
evolved. In addition, these studies could lead to a greater understanding of heme-reactivity
and protein structural effects that govern ligand discrimination and stability in
hemoglobins.
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MATERIALS AND METHODS

Bacterial Strains and Plasmids
All bacterial strains of E. coli and cyanobacteria used in this study are listed in Table 1.
All cyanobacterial strains were used with their original taxonomic designations as received.
Growth Conditions for Bacteria
E. coli
Specific volumes and protocols for the growth of E. coli strains are described in detail
as appropriate for each section. Lauria-Bertani (LB) broth (10 g/l Bacto-tryptone, 10 g/l
NaCl, and 5 g/l yeast extract) (Fisher) was used as a "rich" medium and modified M9 salts
(see later) was used as a "minimal" medium (Sambrook, et al., 1992). LB-agar plates were
made by supplementing LB broth with Bacto-Agar (Fisher) to 15 g/l media. Unless
otherwise stated, all strains of E. coli were grown at 370 C with vigorous aeration. Where
appropriate, plasmid viability tests, for E. coli (pGlbN), were performed according to
suggestions of Studier (Studier, et al., 1990) Briefly, recombinant bacteria were plated
onto LB agar with the following additions: no additions, 0.2 mg/ml ampicillin, 1 mM
IPTG, and 0.2 mg/ml ampicillin/1 mM IPTG, and grown overnight, at 370 C. Cultures that
contain a high population of viable plasmid containing cells will not exhibit a difference in
colony counts from the no additions culture and a culture with ampicillin additions. The
selective pressure should not make a difference, if all cells contain the plasmid. In
addition, cultures that contain bacteria with a high percentage of viable plasmid (i.e.,
subject to IPTG induction) should have a markedly decreased colony count, when grown
in the presence of IPTG, because of the demands of plasmid induction on cellular metabolic
energy.

Cyanobacteria
Anabaena sp. strain PCC 7120 (Anabaena 7120) was maintained in BG11o medium
(without nitrate salts, Ripka and Stanier, 1978) in 250 ml shaker flasks (50 ml media), at
room temperature, under constant lighting from a 25 cm fluorescent light bulb. Cultures
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were subcultured to fresh media in 250 ml shaker flasks (2% v/v inoculum) approximately
every 2 months.
For larger scale growth, a 1 liter airlift fermentor containing 250 ml of BG11o was
inoculated with an entire shaker flask (~50 ml) of Anabaena 7120 and allowed to incubate
under a bank of four 25 cm fluorescent light bulbs (incident light ~ 80 mol photons m -2 s 1
), at 270 C, with continual sparging of sterile air for about 5-7 days. The culture would
typically be near saturation (determined qualitatively by the amount of green color) in about
5-7 days under the conditions described. This culture was then used as an inoculum for a
2-l airlift fermentor.
The 2-l airlift fermentor (containing BG11o ) was then inoculated with the entire culture
(~250 ml) from the 1 liter airlift fermentor and then placed within a temperature controlled
(270 C) light box, equipped with a bank of four (~150 cm each) fluorescent light bulbs
(photon intensity ~ 150 umol photons m-2 s -1 ), and spared continuously with sterile air.
The culture would typically reach saturation (as judged by the green color) in about 5-7
days under these conditions. At this time 90% (~1800 ml) of the culture was harvested.
The remaining culture (~200 ml) was resuspended in fresh, sterile, BG11o, to 2 l, and then
returned to the growth conditions stated above. The harvested culture was centrifuged in
250 ml bottles, at 5000 rpm, at 40 C, in a GSA rotor, for 5 minutes. The cells were then
washed in ~ 40 ml of 50 mM Tris.HCl pH 7.5 and then centrifuged in 50 ml screw-cap
centrifuge tubes in a IEC Centra 7-R table top centrifuge at 3500 rpm, at room temperature,
for 10 minutes. Typical yields for the 1800 ml of saturated Anabaena 7120 culture were
between 3-6 g wet cell mass.

Large Scale Growth of E. coli (pGlbN)
Glycerol stocks of E. coli (pGlbN) (containing the coding region of glbN in pT7-7)
were streaked onto LB agar plates, supplemented with 0.2 mg/ml ampicillin (final)
(Fisher), and allowed to incubate, at 370 C, overnight. A single colony was picked and
used as an inoculum for a fresh plate of LB agar, supplemented with 0.2 mg/ml ampicillin,
that was incubated as described. A single colony from this plate was then used to inoculate
3 ml of LB broth, supplemented with 0.4 mg/ml ampicillin, and allowed to grow
overnight, at 370 C, on a tube roller drum. The overnight 3 ml growth was then used to
inoculate a 250 ml LB broth culture, supplemented with 0.2 mg/ml ampicillin, which was
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incubated, with vigorous agitation, for exactly 2.5 hours, at 370 C. This culture was used
immediately as an inoculum for 24 l LB broth culture.
A 24 l airlift fermentor (New Brunswick) of LB broth, supplemented with 0.2 mg/ml
ampicillin, was inoculated with the entire contents of the 250 ml starter culture (~1% v/v
inoculum) and incubated, at 370 C, with 250 rpm agitation and continual sparging of sterile
air, at ~ 40 l/min. Aliquots of the culture were aseptically withdrawn every thirty minutes
and measured for optical density at 600 nm. Once the culture reached the mid-point of
logarithmic growth (typically 3 hours under the conditions stated; OD6 0 0 n m ~ 0.8), the
culture was harvested by tangential flow ultrafiltration, using a Pellicon harvester, with a
0.45 m cut-off limit cassette. The cells were concentrated to 4 l and then diluted to 12 l
with modified M9 medium (Sambrook, et al., 1992) The M9 medium used was modified
to contain no NH4 Cl and no glucose (see later). The culture was then concentrated again
to 2 l and then resuspended to a final volume of 12 l with fresh modified M9 medium. The
pH of the permeate (culture supernatant) was equal to pH 7.4, the pH of the M9 medium.
At this time, the culture was supplemented with the following at their respective final
concentrations: 0.1% (w/v) NH4 Cl, 20 mM glucose, 0.2 mg/ml ampicillin, 250 M FeCl3
(~50 M Fe3+ ) and 0.5 mM IPTG (all chemicals from Fisher). The incubation conditions
were then changed to the following: agitation (150 rpm), sterile air (5 l/min), and
temperature (300 C). The culture was allowed to incubate under these conditions for 15
hours. During this time, the cells adopted a scarlet-red color, indicative of cyanoglobin
synthesis. The color of the cells was used to judge that expression of cyanoglobin, under
the conditions described, was sufficient.
The culture was then concentrated by tangential-flow ultrafiltration, as described, to ~ 4
l, and then dispensed into 1-l centrifuge bottles. The concentrated culture was then
centrifuged, in a Beckman J6-B centrifuge, at 4000 rpm (~5000 x g), for 20 minutes, at
40 C. The scarlet-red pellets (4) were resuspended in 250 ml cold 50 mM Tris.HCl pH
7.5/1 mM EDTA and then centrifuged as described. The pellets were then resuspended in
~40 ml each of cold 50 mM Tris.HCl pH 7.5/1 mM EDTA. Protease inhibitors were then
added to the cell suspensions to the following respective concentrations: 5 mM EDTA, 0.5
mM DTT, 50 M benzamidine, and 1 g/ml leupeptin. The final volume of the cell
suspensions was ~ 200 ml. The suspensions were then frozen at -700 C until use. Cell
yields typically were ~ 50 g of wet cells per twenty four liter fermentor run.
Isolation and Purification of Cyanoglobin
Cell suspensions of E. coli (pGlbN) were thawed from -700 C to 40 C and then passed
through a pre-chilled French Press (80 MPa). Typically, 200 ml (~50 g wet cell weight;
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see previous) were lysed for each isolation run. The resultant brie was centrifuged, in
chilled Corex 30 tubes, in an SS-34 rotor, at 13,000 rpm (~20,000 x g), at 40 C, for 1
hour. The scarlet-red, viscous supernatant (~150 ml) was treated with streptomycin sulfate
(1% w/v final), with stirring, at 40 C, for 10 minutes. The material was centrifuged, as
described for the cell free lysate, for 10 minutes. The scarlet-red supernatant (~150 ml),
which exhibited a decreased viscosity, was then treated with solid ammonium sulfate to
45% saturation (258 grams added/l material), with stirring, at 40 C, overnight. The material
was centrifuged as described for 20 minutes. The pellet (straw to slight pink) was
discarded, and the scarlet-red supernatant was treated with solid ammonium sulfate to
100% saturation (383 grams added/l material), with stirring, at 40 C, for 5 hours. The
material was then centrifuged as described for 20 minutes. The colorless supernatant was
discarded and the scarlet-red pellets (a total of 6) were each resuspended in 4 ml of cold 50
mM Tris.HCl pH 7.5. The resuspended pellets were combined, and then dialyzed against
4 l of 50 mM Tris.HCl pH 7.5, at 4 0 C, for 5-10 hours, using 3 -kD cut-off cellulose
membranes (SpectroPor). The dialysis step was repeated, twice, under the same
conditions, with fresh changes of dialysis buffer.
The resultant post-dialysis ammonium sulfate fraction (~80 ml) was then passed over a
Q-sepharose (Fast Flow, Pharmacia) column (2.5 cm x 16 cm; ~ 80 ml), equilibrated in 50
mM Tris.HCl pH 7.5, at 40 C, at 2ml/min using a peristaltic pump. Under these conditions
cyanoglobin appears in the flow through fraction (Thorsteinsson, et al., 1996). The flowthrough fraction (beginning at ~80 ml effluent volume) was then collected to a final effluent
volume of 175 ml (~95 ml of flow-through fraction collected). A small amount of redmaterial still remained on the column when collection was stopped. The collected flowthrough effluent (~ 95 ml) was concentrated to 10 ml by ultrafiltration, under nitrogen
pressure, using YM3 (3 kD cut-off) membranes (Diaflo). The resulting scarlet-red Qsepharose fraction was then made to ~ 2 M NaCl by slow addition of the solid, with
stirring, at 40 C.
The Q-sepharose fraction, now containing 2 M NaCl, was then loaded onto a phenyl
sepharose (CL-4B, Pharmacia) column (1.5 cm x 28 cm; ~ 50 ml), equilibrated in 2 M
NaCl in 50 mM Tris.HCl pH 7.5. The step was performed using 7.5 ml load volumes of
post Q-sepharose fraction (15 ml) each time. The column was then developed,
isocratically, at 2 ml/min using a peristaltic pump. Cyanoglobin elutes isocratically under
these conditions in ~ 2 column volumes. However, mid-way through the isocratic elution
(at ~ 50 ml), there is a resolution of a faster-moving, red-colored fraction and a slowermoving, brown-colored fraction (see Results and figures therein). The red-colored
fraction, indicating oxygenated cyanoglobin, was collected from ~ 100-150 ml of total
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effluent volume. The brown colored fraction was collected between 200-250 ml effluent
volume, but was not processed further. The amount of brown material, indicating oxidized
species of cyanoglobin, varied with each preparation and sometimes accounted for up to
50% of the original material applied to the column (data not shown). The resultant scarletred fast moving fraction (~ 50 ml) was then concentrated to 5 ml by ultrafiltration as
described earlier.
The concentrated phenyl sepharose fraction (5 ml) was then passed through a S-300 gel
filtration resin (5 cm x 51 cm; 1000 ml; Vo = 350 ml) equilibrated with 0.2 M NaCl in 50
mM Tris.HCl pH 7.5. The applied material was then eluted isocratically, at 2.5 ml/min,
using a peristaltic pump. The scarlet-red material was collected, in 10 ml fractions, from
760-880 ml total effluent volume. Remarkably, there was no discernable change in red
color in the sample over the ~ 6 hour course of the procedure (see Results).
The resultant scarlet-red S-300 fractions were then subjected to SDS-PAGE analysis,
using 15% (w/v) slab gels (Hoefer) and a modification of the protocol of Laemmli
(Laemmli, 1979). Fractions judged to contain purified cyanoglobin, by Coomassie
Brilliant Blue R-250 staining, were pooled (~50 ml), and then concentrated to ~ 5ml by
ultrafiltration as described. The samples were then concentrated further to ~ 1ml by
ultrafiltration using Centricon 3000 ultrafiltration cartridges (Millipore). Under these
conditions, it is assumed that 100% of the cyanoglobin purified is in the oxygenated form
(see Results). Typically, UV-Vis scans were taken on purified oxycyanoglobin diluted into
0.1 M NaPi pH 7.0 buffer and had absorbance ratios at 415 nm/280 nm of approximately
4-5, indicative of negligible apo-cyanoglobin contamination (Hargrove, et al., 1996a).
Quantitation of Heme in Cyanoglobin
Heme content of cyanoglobin was determined using the reduced pyridine
hemochromogen method (DeDauve, 1948). A buffered solution of cyanoglobin (ABS415
nm ~ 1.0) is mixed with a denaturant (75 mM NaOH; final) and pyridine (27% (v/v); final).
The pyridine forms a stable complex with the heme and upon reduction of the pyridineheme complex with dithionite, there are specific UV-Vis spectral changes. For heme b
(iron-protoporphyrin IX), there is a diagnostic peak at 558 nm, with an extinction
coefficient = 32 mM-1 cm-1 (DeDauve, 1948). Values for heme quantitation for each
preparation were taken as the average of three replicate determinations. Cyanoglobin
concentrations, expressed on a "heme" basis, were judged to be a more relevant measure of
cyanoglobin content for subsequent analysis. Assays for total protein content of
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cyanoglobin preparations were performed, when appropriate, by use of the Bradford assay
(Pierce).
Exogenous Ligand Binding to Cyanoglobin
Optical spectra were obtained using a Hewlett-Packard photodiode array
spectrophotometer using 1 cm pathlength quartz cuvettes. An exception is the
alkylisocyanides (see later). There was no temperature control device in the cuvette in the
chamber. Therefore, the temperature during the data collection was assumed to be 250 C.
Absorbance readings (against a buffer blank) were taken at 2 nm intervals. The raw ASCII
data was then downloaded into a typical spreadsheet computer program (Quattro Pro) for
data manipulation, and then graphed using the SigmaPlot program.
Spectra of the oxygenated form of cyanoglobin were obtained using a diluted sample of
purified cyanoglobin in 0.1 M NaPi pH 7.0. The spectrum obtained was identical to that
obtained previously using anaerobic reduction of cyanoglobin, with subsequent removal of
dithionite and sample aeration (Thorsteinsson, et al., 1996). It was therefore assumed that
the cyanoglobin purified by the described methods provided a preparation essentially
devoid of oxidized species (i.e., there was no discernable met-species present by inspection
of the spectrum obtained by UV-Visible spectroscopy; see Results).
For ligand binding to met-cyanoglobin, the protein was manipulated as follows: A
concentrated sample (~ 1 mM in heme) of oxy-cyanoglobin was oxidized by adding no
more than a 10% mole excess of a freshly prepared stock solution of potassium
ferricyanide (Fisher) in water. The material was then passed through a G-50 (medium;
Pharmacia) gel filtration column (1.5 cm x 48 cm; ~ 85 ml) equilibrated with 20 mM NaPi
pH 7.0. The now brown colored material was eluted with the same buffer, and then
collected by visual inspection of the effluent to ~ 10 ml. The "tailing" region of the brown
colored fraction was not collected. Concentrations of the oxidized met-cyanoglobin (ABS
Soret ~ 1.0; ~8-10 uM) were determined by adding a 100 x molar excess of KCN to the
solution, and measuring the absorbance at 540 nm (e = 11.9 mM-1 cm-1 ; see Results).
Samples were also quantitated for heme using the reduced pyridine hemochromogen
method as described, and the values obtained were similar to the values using KCN method
within experimental error (data not shown). The concentration, in heme, of the metcyanoglobin was used as the concentration parameter when calculating the extinction
coefficients of the various cyanoglobin-ligand complexes examined in this study. The
analyses of the liganded complexes of cyanoglobin were performed on the same diluted
sample, on the same day. Two different preparations of cyanoglobin were examined, and
gave identical results among preparations. Ligand stock solutions (KCN (Fisher), sodium
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azide (Sigma), sodium fluoride (Sigma), imidazole.HCl (Fisher), and nicotinic acid
(Kodak)) were prepared fresh and adjusted to pH 7 with either concentrated HCl or 8 N
NaOH, as appropriate. For the pH profile analysis, 0.2 M stock buffers of the following
were prepared: pH 5, sodium acetate (Fisher); pH 5 and 6, MES (Sigma); pH 6 and 7,
NaPi (Fisher); pH 7 and 8, TES (Sigma), pH 8 and 9, Tris.HCl (Fisher); pH 9 and 10
glycine/NaOH (Fisher); and pH 10 CAPS (Sigma).
The optical spectra of the alkylisonitrile derivatives of deoxy-cyanoglobin were obtained
at Rice University, on a Shimadzu UV-Vis PC2100 spectrophotometer, interfaced with an
IBM PC. Collected data were exported as ASCII text and then manipulated for
presentation using the Sigma Plot program. Stock solutions of both methylisonitrile and
ethylisonitrile (synthesized by John Olson, Rice University) according to published
procedures) were anaerobically diluted with 0.1 M KPi pH 7.0/ 0.3 mM EDTA to a
concentration of 2 mM for each derivative. These solutions were then added, through a
gas-tight syringe, to a concentrated deoxycyanoglobin solution in an anaerobic 2 mm
pathlength cuvette, fitted with a septum.
Kinetics of Ligand Binding to Cyanoglobin
Stopped Flow Spectrophotometry
Association rates (k') for carbon monoxide (CO) and alkylisonitriles binding to
cyanoglobin were determined by rapid mixing in a Gibson-Dionex stopped flow apparatus
equipped with On-Line-Instruments System (OLIS) model 3820 data collection system at
Rice Univeristy. Stock solutions of hemoglobins were diluted into anaerobic 0.1 M KPi
pH 7.0/0.3 mM EDTA (~ 10 M final before mixing). A few grains of sodium dithionite
were then added to ensure that the hemoglobin was in the 100% reduced state. Anaerobic
stock solutions of CO or the appropriate alkylisonitrile, in 0.1 M KPi pH 7.0/0.3 mM
EDTA, were produced by either sparging the buffer with 1 atm of CO (~ 1 hour) or
anaerobically diluting a concentrated solution of the appropriate alkylisonitrile into the
buffer. Equal volumes of protein and ligand solutions were drawn into separate glass
plungers that were submerged in a circulating 200 C water bath. The plungers were fired,
simultaneously, via shots of high pressure N2 gas , causing the samples to be rapidly
mixed in the detection chamber. Changes in absorbance were measured at 423 nm (Soret
maxima for the CO derivative) or at 428 nm (Soret maxima for alkylisonitrile derivatives).
A minimum of five separate measurements was made at each concentration of ligand,
and the traces averaged. Under the conditions of the kinetic experiments, that is,
[protein]<<[ligand], the bimolecular kinetic reaction behaves like a pseudo-first order
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kinetic reaction. Therefore, averaged traces were fitted with a single exponential decay
function, by the computer, according to the condition, y = Ae -kt , where "A" equals the total
absorbance change, "t" is the reaction time, and "k" equals the observed rate constant. The
traces were then saved as ASCII output for later manipulation. The raw absorbance data
were then "normalized", essentially setting the highest absorbance equal to 1 and the lowest
absorbance equal to 0. In this way, it is easier to compare the relative absorbance changes,
versus time, of different hemoglobins under identical conditions. Typically three different
concentrations of ligand were used for each protein. However, because of sample
limitations, only two ligand concentrations (and sometimes only one) were used for
determining kinetic rates of ligand binding to cyanoglobin. Because of this fact,
association rates were taken as the average rate calculated at each concentration using the
equation k' = kobs /[X], where [X] is the concentration of ligand used in the stopped flow
experiment.
Azide association kinetics were also determined by stopped flow using the techniques
described above. However, met-hemoglobins were required. Concentrated solutions of
hemoglobins were mixed with a few grains of potassium ferricyanide and then desalted by
passing the material over G-25 (fine) resin equilibrated in 0.1 M KPi pH 7.0/0.3 mM
EDTA. The met-hemoglobins obtained were then further diluted into the same buffer to ~ 5
uM (before mixing). Because of the extremely fast rate of azide association observed in
cyanoglobin, only one concentration of azide was used, 0.1 mM azide before mixing.
Higher concentrations of azide proceeded to equilibrium too quickly to measure accurately.
However, using lower concentrations of azide approaches the situation were the pseudofirst order kinetics assumption no longer applies (i.e., the binding ligands are no longer in
large excess compared to protein). The wavelength of detection was 418 nm for metcyanoglobin (Soret maxima for azide complex) or at 409 nm for sperm whale myoglobin
(observing the met form "decaying" to azido-met)
Stopped flow rapid mixing techniques were also used to determine rates of dissociation
(k) of oxygen and the alkylisonitriles from cyanoglobin. Briefly, the technique of ligand
replacement by CO was used. Since CO has a higher affinity for hemoglobins than oxygen
or isonitriles, the rate at which CO binds to the hemoglobins by displacement can be used
as a measure of ligand (oxygen and isonitrile) dissociation according to scheme:
kX

kY

P + X + Y

PX
k’X

PY
k’Y

where P = protein, X = ligand of interest, and Y = the displacing ligand. In this case, X =
oxygen or alkylisonitriles and Y = CO. According to kinetic equations derived by Olson, et
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al., the observed rate (kobs ), under pseudo first-order kinetics ([P]<<[X] and [Y]), is equal
to:

kXk’Y [Y] + kYk’X [X] + kXKY
k’Y [Y] + k’X [X] + kY
Ensuring that kY << kX (i.e., ensuring the displacing ligand is of higher affinity), then the
equation can be reduced and subsequently rearranged to the following:

kX
kobs =
1+

k’X [X]
k’Y [Y]

Where kobs is the observed rate constant, kx is the dissociation rate constant, k'x is the
association rate constant of the ligand of interest, and k'Y is the association rate constant of
the displacing ligand (Dou, et al., 1996).
For oxygen dissociation, two different concentrations of oxygen were used (1/4 atm;
65.75 M and in air; 263 M) with a constant concentration of CO (1 atm; 1000 uM). For
alkylisonitrile dissociation, only one concentration (0.2 mM) of each isonitrile was tested
using the same CO concentration as for oxygen dissociation experiments.
Flash Photolysis
The association rates (k') for oxygen, carbon monoxide, and the alkylisonitriles were
determined by flash photolysis at Rice University. Concentrated deoxy-hemoglobin stock
solutions were anaerobically diluted to ~ 10 uM into cuvettes (2 mm path length) fitted with
rubber septa containing a known concentration of the ligand of interest. The fully liganded
samples of ferrous hemoglobins were then subjected to a 0.5 msec laser-pulse from a
pulsed dye laser system (Phase-R Model 2100B) capable of measuring absorbance changes
with half-lives of 10-6 - 10-5 seconds. The ligands are photodissociated by the intense laser
pulse. Immediately after the pulse, there is 100% un-liganded (deoxy) hemoglobin
present. Data collection encompasses following the decay, spectrophotometrically (at 436
nm; Soret maxima for deoxyhemoglobins), back to the fully liganded form. A minimum of
five traces was collected and then averaged using the software written by Gibson and
Olson. Traces were then saved as ASCII files for future manipulation, as described.
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Kinetics of Autoxidation
A sample of purified oxycyanoglobin was diluted into 0.1 M KPi pH 7.0/0.3 mM
EDTA to a concentration of ~ 5 M. A spectrum obtained (Fig.26) verified the presence of
100% oxygenated cyanoglobin. The sample was allowed to stand in a Teflon stoppered
cuvette for two hours at room temperature. Another spectrum was taken and compared to
previous one (Fig. 26). A specific decrease at 576 nm was observed upon autoxidation,
therefore, this wavelength was chosen to follow autoxidation events over time.
Autoxidation rates were determined in duplicate by diluting a concentrated solution of
oxycyanoglobin (~0.8 mM) into the following, air equilibrated (263 uM O2 ), pre-warmed
(370 C) buffers: 0.1 M MES pH 5.0, 0.1M KPi pH 7.0, and 0.1 M Tris.HCl pH 9.0, to a
final concentration of ~ 20 M. Concentrated solutions of heme catalase and superoxide
dismutase (Sigma) were both added to the cuvette to a final concentration of 3 mmol
each/mol cyanoglobin to scavenge autoxidation products (O2 - and H2 O2 ) from the system.
Time courses were taken at 370 C, using a Shimadzu UV-Vis PC2100
spectrophotometer, equipped with a multi-cell chamber and thermostat, at 576 nm.
Absorbance traces were saved as ASCII files, then downloaded into a curve fitting program
(Igor) and fitted to a single exponential decay equation for determination of the final rate.
The reported rate is taken as the average of duplicate measurements at each pH. The data
were normalized to express the ABS576 nm = 1 at the start of the experiment for graphing
purposes.
Kinetics of Hemin Loss
Kinetics of hemin loss from cyanoglobin was performed at Rice University according to
the protocol developed by Hargrove (Hargrove, et al., 1994). To measure the rate of hemin
loss from met-hemoglobins, there must be an efficient hemin "trap". The hemin trap in
this case is the apo-form of an altered sperm whale myoglobin protein in which the distal
histidine (E7, H64) has been altered to tyrosine, and the distal valine (E11, V68) has been
altered to phenylalanine. This altered form of sperm whale myoglobin is designated
H64Y/V68F, denoting the amino acid substitutions. The binding of hemin to the apo-form
of this altered sperm whale myoglobin protein is essentially irreversible from the stability
imparted by V68F substitution (Hargrove, et al., 1994). The binding of hemin, lost from
the test protein to the apo-H64Y/V68F, also creates a situation where the distal tyrosine
coordinates the heme-iron as the sixth ligand in a hemichrome structure. The resulting
spectrum of this His-Fe-Tyr hemoglobin exhibits a strong charge transfer band at 600 nm,
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which is separate from absorbance bands typically observed in either apo or holohemoglobins (Hargrove, et al., 1994)
Rates of hemin loss from cyanoglobin were determined by first oxidizing a concentrated
solution (0.8 mM) of purified cyanoglobin with potassium ferricyanide as described for the
azide kinetic experiments (see previous) except that two different samples were eluted from
two different G-25 columns, equilibrated in either 0.1 M MES pH 5.0 or 0.1 M KPi pH
7.0, respectively. Met-cyanoglobin effluents were then added to a final concentration of ~
5 M to a solution containing 40M apo-H64Y/V68F altered SWMb, 0.45M sucrose, and
either 0.15 M MES pH 5.0 or 0.15 M KPi pH 7.0. Increase of the 600 nm charge transfer
peak was used to follow the reaction at 200 C. All equipment and data analysis procedures
used for the hemin loss experiments were exactly as described for the autoxidation
experiments.
Homology Modelling of Cyanoglobin
A model of the three dimensional structure of cyanoglobin was prepared based on the
known structures of sperm whale myoglobin (1mbn; PDB file name), lupine
leghemoglobin (1lh1), soybean leghemoglobin (1fs1), Glycera dibranchiata hemoglobin
(2hbg), and Aplysia myoglobin (1mba). Alignments of the globin sequences were taken
from Kapp, et al. (1995) and Moens, et al. (1996). The alignments were used as input for
the program MODELLER4 (Sali, 1995), implemented on a Silicon Graphics Octane
Workstation. The MODELLER program uses the known structures to generate a set of
distance constraints among regions of the proteins. This process can be thought of as
creating a template onto which the sequence of interest can be assembled into a threedimensional structure.
Because the sequence similarity between cyanoglobin and the sequences of known
structures is relatively low (~30%), the efficacy of the program was tested using the
sequence of Aplysia myoglobin and creating a model based on homology to a template.
Direct comparison between the modelled structure and crystal structure of Aplysia
myoglobin provides an assessment of the modeling procedures. Ramachandran analysis
and other analyses of structure validation were provided by the programs Procheck and 3Dprofiler.
Analysis of nifU-glbN Intergenic Region
Overexpression of NtcA
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Glycerol stocks of E.coli pCSI26 (which contains the coding region for a truncated
form of ntcA in pTrc99a) were streaked onto LB-agar containing 0.2 mg/ml final ampicillin
and grown overnight at 370 C. A single colony was picked and streaked onto LB-agar
containing ampicillin as described. A single colony from the subculture plate was picked
and inoculated into 3 ml LB broth containing 0.4 mg/ml ampicillin, and incubated
overnight, at 370 C, on a roller drum. A glycerol stock of E.coli pTrc99a was processed in
parallel as described above for pCSI26. The overnight cultures of pTrc99a and pCSI26
were used as inocula for 4-250 ml LB broth cultures (in 1-l flasks; 3-250ml cultures of
pCSI26, and 1-250 ml culture for pTrc99a) containing ampicillin. These cultures were
grown at 370 C, for 3 hours, with vigorous (240 rpm) shaking until the OD 600 nm was ~
0.7. The cultures were then centrifuged at 5000 rpm in a GSA rotor, at room temperature,
for 10 minutes. The pTrc99a cells were placed in the refrigerator and the pCSI26 cells
were resuspended in fresh LB broth containing ampicillin (250 ml each bottle) and made to
0.5 mM with IPTG (Fisher). The pCSI26 cultures were then returned to the incubation
conditions, as described, for an additional three hours.
The cultures were then centrifuged as described and washed, along with the pTrc99a
cells, with cold 50 mM Tris.HCl pH 7.5 (50 ml each pellet). The resuspended cells were
centrifuged as described and then resuspended in 5 ml (each pellet) of cold 50 mM
Tris.HCl pH 7.5 containing protease inhibitors at the following respective final
concentrations: 5 mM EDTA, 0.5 mM DTT, 50 M benzamidine, and 1 g/ml leupeptin.
Cells were lysed by sonication using a Fisher model 300 (35% power) sonicator and
allowing the material to cool on ice between each five second burst. Cell debris was
removed by centrifuging the lysed cell suspension in Corex 30 tubes, in an SS-34 rotor at
13000 rpm, for 1 hour, at 40 C. Clarified cell lysates were then subjected to SDS-PAGE
analysis as describe to determine the extent of recombinant protein synthesis (see Results).
Production of labelled-target DNA
All protocols for plasmid manipulation and cloning were performed essentially as
described by Sambrook et al. (1992) or in the Promega applications guide (Promega
Guide, 1991). An ideal fragment for gel retardation analysis is ~ 300-500 bp in size.
Initial inspection of the restriction map for pNDH1 (containing nifU-glbN-nifH) revealed
that production of such a fragment would be difficult. The only suitable restriction enzyme
that would give such a fragment was DpnI (~500 bp). Because DpnI is a four-base
"cutter", many fragments would be generated of a size similar to the fragment of interest,
and the band would be difficult to discern on a gel unambiguously. AluI was chosen as the
initial enzyme to digest pNDH1 because the largest fragment released (~780 bp) contained
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the nifU-glbN intergenic region and could be well separated from the remaining fragments
of the digestion.
pNDH1 was inoculated, directly from glycerol stocks, into 3 ml LB broth cultures
containing 0.2 mg/ml ampicillin, and incubated at 370 C overnight on a roller drum.
Saturated cultures were then processed for plasmid isolation using the Magic MiniPrep kit
(Promega) and following the manufacturer's instructions. A total of 6-3 ml cultures were
processed by the means described and the total plasmid DNA recovered (in 120 l sterile
water) was ~5 g as judged by 1% (w/v) agarose (Sigma) gel electrophoresis in TrisAcetate-EDTA (TAE) buffer and subsequent staining with 10 g/ml ethidium bromide.
Samples containing pNDH1 were digested with AluI (Gibco-BRL) according to the
manufacturer's instructions except that the digestion was performed overnight at room
temperature. The AluI digest was diluted with 6x gel-loading buffer, loaded onto a 1.5%
(w/v) agarose gel, and then developed with 75V constant voltage using the TAE system.
The gel was incubated in 10 g/ml ethidium bromide and then illuminated under UV light.
The 781 bp bands were quickly cut out of the gel with a sterile razor blade, placed into two
sterile microfuge tubes, and then cut into small pieces using a pair of small, sterile
scissors.
DNA extrusion from the agarose plugs was performed essentially as described by
Sambrook (Sambrook, et al., 1992). Briefly, the agar plug is frozen in the presence of
phenol. The agar plug will "collapse" under centrifugation at room temperature, forming a
tight pellet in the organic phase, while extruding DNA, which partitions to the aqueous
phase.
Phenol, equilibrated in Tris/EDTA buffer, was added (600 l/tube) and the tubes were
placed in a dry-ice/ethanol bath for 15 minutes. The tubes were then centrifuged in a table
top microfuge, at 12,000 rpm, at room temperature, for 15 minutes. The aqueous layer
was removed and saved. Additional TE buffer (300 l) was added to the organic phase,
vortexed for 30 seconds, placed in the dry-ice/ethanol bath for 15 minutes and then
centrifuged as described. The aqueous layer was removed and pooled with the aqueous
layer from the first extraction. The agar plug, now a small, compact white precipitate at the
bottom of tube was assured to be collapsed by this treatment.
The pooled aqueous layers were extracted with equal volumes
of
phenol:chloroform:isoamyl alcohol (25:24:1), and then with chloroform:isoamyl alcohol
(24:1) alone. The aqueous supernatants (~ 1.5 ml) were then precipitated in 1/10 volume 2
M NaCl and 2 volumes cold (-200 C) 100% ethanol, overnight, at -700 C. The material was
centrifuged at 40 C for 15 minutes in a microcentrifuge. The resulting translucent pellets
were washed in cold (-200 C) 100% ethanol and then dried by placing the tubes in a sterile
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hood towards the air flow. The pellets were resuspended in sterile water to a total volume
of 40 l. The purity of the isolated 781 bp band was verified by 1.0% (w/v) TAE agarose
gel electrophoresis (see Results).
E. coli DH10B (pGEM-4) was grown from glycerol stocks as described earlier for
pNDH1. Plasmid DNA from the cells was isolated by Magic MiniPrep (Promega) and then
digested with SmaI (Gibco BRL) overnight at room temperature. Calf intestinal alkaline
phosphatase (Sigma) was added (0.01 U/pmol ends) to dephosphorylate the 5' ends of the
cut plasmid. The 781 bp insert DNA was then ligated to the dephosphorylated plasmid
using T4 DNA ligase (Gibco-BRL), following the manufacturer's instructions. The mole
ratio of insert to plasmid used in the reaction was 3:1. The ligation products were then
used to transform E. coli DH10B cells, that were made competent by CaCl2 treatment.
Briefly, E. coli DH10B cells were grown in LB broth to an OD 600 nm ~ 0.6. The culture
was placed on ice for 2 hours, and then centrifuged in a GSA rotor, at 40 C, for 10 minutes.
The pellet was resuspended in a trituration buffer (100 mM CaCl2 , 70 mM MgSO4 , 40 mM
sodium acetate pH 5.5) and then placed on ice for an additional hour. The suspension was
centrifuged as described and pellets were resuspended in a minimal volume of trituration
buffer, aliquoted, and then frozen rapidly in a dry-ice/ethanol bath.
For transformations, an aliquot of competent E. coli DH10B cells (200 l) were thawed
on ice, and then supplemented with 1.5 % (v/v) DMSO. T4 DNA ligase reaction products
were added to the cells and the incubated on ice for 30 minutes. The reaction mixture was
subjected to heat shock at 420 C for one minute, placed immediately on ice for two minutes,
and then used as an inoculum for 3-ml LB broth cultures (containing no ampicillin). The
LB broth cultures were "outgrown" for 1 hour at 370 C on a roller drum and then diluted,
serially, with sterile LB broth, for plating on LB-agar plates containing 0.1 mg/ml
ampicillin. Plates were inoculated with 100 l of diluted culture by spreading the inoculum
with a sterile glass rod into the agar plate, and then incubated, at 370 C, overnight.
The presence of colonies on the plate indicates E. coli DH10B cells had incorporated the
ligation products. Single colonies from the transformation plate were picked and used as
inocula for 3-ml LB broth culture containing 0.1 mg/ml ampicillin. Plasmid DNA was
isolated from each culture (~70 colonies screened) by a the quick-screening lysis method
described
in a Promega applications guide (Promega Corp., 1991). Approximately ten candidate
plasmid preps were believed to contain a single 781 bp insert based on screening by
agarose gel electrophoresis. The effects of insert concatenation are discussed in Results.
These candidate plasmids were each digested with EcoRI and XbaI, enzymes with
recognition sites flanking the SmaI insertion site, to determine which plasmid contained the
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insert of interest. One plasmid preparation, that belonging to the 19th colony screened,
released a 810 bp fragment (781 bp plus flanking sequences). The LB broth culture from
the 19th colony was propagated on plates of LB agar containing 0.2 mg/ml ampicillin
through two subcultures, to ensure stability of the plasmid. The resulting clone was named
as pMVT1.
The 781 bp fragment cloned, from the AluI digestion of pNDH1, is not a suitable
fragment for gel retardation analysis. Fortunately, there is a DpnI site within the AluI
fragment that could result in a 445 bp fragment, containing the nifU-glbN intergenic region,
that would also be the largest fragment of the DpnI digestion. The isolated 781 bp
fragment (~1 g) was digested with DpnI (Gibco-BRL) overnight at room temperature.
The fragments resulting from the digestion were resolved by agarose gel electrophoresis,
and the 445 bp fragment purified from excised bands, as described. For ligation reactions,
the preparation of the vector was identical and the reactions conditions (3:1 molar
insert:vector ratio) were as described. The ligation products were transformed into
competent E. coli DH10B cells as described. Colonies on the transformation plate were
screened as described by EcoRI/XbaI digestion. The colony that exhibited the expected
release of the insert of interest, 477 bp, was subcultured onto LB agar containing 0.2
mg/ml ampicillin, twice, to ensure plasmid stability. The resulting clone was named
pMVT2.
A 445 bp DNA fragment isolated is ideal for use in the gel retardation assay. The
blunt-ended AluI/DpnI 445 bp fragment (0.7 g; 5 pmol 5'ends) was desphosphorylated as
described, and then 5' end-labelled with 32 P using 10 U T4 polynucleotide kinase (GibcoBRL) and [- 32 P]-ATP (~ 50 uCi total) (Amersham) and following the manufacturer's
instructions. The reaction products were extracted with phenol:chloroform and
precipitated with ethanol as described previously. The ethanol precipitation step was
effective in removing any free excess [- 32 P]-ATP from the preparation. This fact was
verified by placing 1 l of the preparation onto a PIE thin layer chromatography strip and
developing the strip in 0.1 M HCl. Any free [- 32 P]-ATP would resolve with the solvent
front, whereas radioactivity incorporated into the DNA, which precipitates, does not
migrate at all. Approximately 0.10% of the total counts appeared in the solvent front
portion when the strip was cut in half and counted on a scintillation counter (data not
shown). Assuming that all of the fragment was labelled, and any free radioactivity is
associated with [- 32 P]-ATP that was in excess, and 100% recovery of the fragment, then
the specific activity obtained for the final preparation was 5 x 105 cpm/l (3.57 x 107
cpm/g; 1 x 107 cpm/pmol). These values for specific activity of the labelled fragment
were consistent the with manufacturers claims for the efficacy T4 polynucleotide kinase.
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The preparation was then diluted in sterile ddH2 O to a final specific activity of 2 x103
cpm/l for the gel retardation assay.
Gel Retardation Assay
Gel retardation assays were performed essentially as described by Ausubel (Ausubel, et
al., 1987). Briefly, cell free lysates (1-12 g total protein) from either pTrc99a or pCSI26
were mixed with end-labelled target DNA (20,000 cpm each assay) in the following
"binding" buffer: 120 mM HEPES/NaOH, 40 mM Tris.HCl, 60 mM KCl, 1 mM EDTA,
10mM DTT pH 8.0 containing 100 ng/ml salmon sperm DNA, 250 ng/ml bovine serum
albumin, and 10% glycerol. The reaction mixture was incubated at 300 C for 30 minutes.
Samples were mixed with 6 x loading buffer and then loaded onto a pre-electrophoresed
4% Tris-glycine-EDTA polyacrylamide gel (20 cm x 20 cm x 1.5 mm) and developed for 3
hours at 100 V constant voltage. The electrophoresis was complete when the bromophenol
blue marker dye reached the bottom of the gel.
The gel was then fixed in 500 ml of 10% acetic acid:40% methanol solution for 30
minutes, transferred to a sheet of Whatman 3 paper, covered with Saran wrap, and then
exposed to radiography film, with the use of an intensifying screen, at -700 C, overnight.
The film was then developed with standard photographic developing solutions.
Characterization of the 18 kD Cyanoglobin Immunoreactive Prote in
Western Blotting
Isolated fractions were assayed for the presence of the 18 kD cyanoglobin immunoreactive protein by Western blotting using a modified procedure of Matsudaira (Matsudaira,
1987). A polyvinylidene difluoride (PVDF) membrane was pretreated before use by first
rinsing in methanol, then distilled deionized water, and then finally incubating in 10 mM
CAPS pH 10.5/10% methanol for a minimum of 10 minutes before use. Column fractions
were resolved in 15% (w/v) SDS-PAGE gels. The PVDF membrane and SDS-PAGE gel
were then assembled into a sandwich between blotting paper (Millipore) saturated with 10
mM CAPS pH 10.5/10% methanol. The gel-PVDF sandwich was placed in an
electroblotting apparatus (Hoefer) with the PVDF membrane oriented towards the anode.
The gel was electroblotted in 10 mM CAPS pH 10.5/10% methanol for 30 minutes at 500
V constant voltage, with continuous cooling by circulating cold tap water through the
transfer apparatus. After blotting, the membrane was incubated in 1% (w/v) bovine
serum albumin in 10 mM Tris.HCl buffered saline, pH 8.0 containing 0.1% Tween-20
(v/v) (TBST) for 30 minutes. The membrane was washed three times, for ten minutes
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each, in fresh changes of TBST. Rabbit anti-cyanoglobin antibodies were then added to a
dilution of 1:40,000 (12.5 l of 1:10 in 50 ml TBST). The membrane was then allowed to
incubate, overnight at room temperature. The membrane was then washed 4 times, for ten
minutes each, in fresh changes of TBST. Goat anti-rabbit IgG antibodies (Biorad) were
added to a dilution of 1:25,000 (2l in 50 ml TBST) to the membrane and allowed to
incubate under the same conditions for 30 minutes. The membrane was extensively
washed 4 times, for 15 minutes each, in fresh changes of TBST. The membrane was
washed in 3 changes of TBS (no Tween-20) for 10 minutes each. All incubations were
performed at room temperature with gentle agitation.
The membrane was then developed using the chemiluminescent detection system
(Pierce). The reaction of the secondary goat anti-rabbit horse radish peroxidase conjugate
with peroxide leads to the oxidation of Luminol, which results in the release of light as one
of the products. Equal volumes of Luminol substrate and stable peroxide solutions were
mixed immediately before use (~5 ml each; Pierce). The membrane was incubated for 5
minutes in the reagent mixture and then drained of excess liquid by blotting the edge against
a Kim-Wipe. The membrane was then placed in between two clear plastic sheets and then
exposed to radiographic film. Typically, exposures ranged from 10-30 seconds,
depending on the background signal. The films were then developed using standard
photographic developing reagents.
Two Dimensional SDS-PAGE Electrophoresis
Isolated fractions were analyzed by two-dimensional electrophoresis by first subjecting
the sample to isoelectric focusing using a modification of the ISO-DALT system (Hoefer).
Briefly, 3.3% T polyacrylamide tube gels (1.5 mm ID x 7.5 cm) containing 9M urea, 2%
(v/v) Noridet-40, and 2% ampholyte mixture (Biolyte 4/6; Biorad). The gels were "prefocused" at 250 V constant voltage for 30 minutes. The voltage was increased to 500 V
and the sample was allowed to focus for three hours with cold tap water circulating through
the electrophoresis chamber. The sample was considered to be focused when the current
was <1 mA (~3 hours). The gels were extruded from the tubes by pressure from a syringe
(the anodic/acidic end of the gel was cut with a scalpel for identification) into SDS-PAGE
sample buffer and allowed to incubate at room temperature for 10 minutes. The tube gel
was then placed onto a 1.5 mm thick, one well, Mighty-Small continuous denaturing slab
gel (15% T; Hoefer) and analyzed by SDS-PAGE in the second dimension by methods
described previously. On some occasions, the slab gel was analyzed by western blotting as
described previously. For Coomassie staining, the slab gel was first fixed in two changes
of 10% acetic acid/25% isopropanol at 370 C for at least 1 hour each. This step was
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necessary to remove resolved ampholytes from the slab gel. The slab gel was then stained
with Coomassie R-250.
Isolation and N-terminal Sequencing of the 18 kD Protein
Cells of Anabaena 7120 (see previous) were removed from -700 C and thawed to 40 C.
The wet cell mass (typically 30g) was resuspended in ~ 50 ml cold 50 mM Tris.HCl pH
7.5, supplemented with protease inhibitors at their following respective final
concentrations: 5 mM EDTA, 0.5 mM DTT, 50 M benzamidine, and 1 g/ml leupeptin.
The cell suspension was passed, twice, through a pre-chilled French pressure cell
(100MPa). The resulting brie was centrifuged at 5,000 rpm in a SS-34 rotor, at 40 C, for
10 minutes to remove any unbroken cells. The supernatant was then subjected to
ultracentrifugation in a Ty-35 rotor, at 35,000 rpm (~140,000 x g), for one hour, at 250 C.
The dark-blue supernatant (which fluoresced under UV light) was reserved and not
processed further.
The resultant pelleted cell debris from the ultracentrifugation step was resuspended in ~
25 ml of 50 mM Tris.HCl pH 7.5 and the ultracentrifuge step was repeated as described.
The supernatant (a lighter blue than the cell free lysate) was reserved and not processed
further. The resulting pelleted cell debris was then resuspended in 25 ml 1 M NaCl in 50
mM Tris.HCl pH 7.5 (containing protease inhibitors as described) and ground (fifty
strokes) in a hand-held ground-glass homogenizer with a ground glass pestle. The material
was incubated at room temperature, with occasional, gentle inversion, for 30 minutes.
The material was then subjected to ultracentrifugation as described earlier. The supernatant
(dark-blue; ~ 40 ml) was reserved and then dialyzed against 4 l of 50 mM Tris.HCl pH
7.5, at 40 C, for 8 hours. The dialysis step was repeated, with fresh buffer changes, three
times. This sample was saved as the pellet high-salt extract fraction.
On certain occasions, the pellet was subjected to a series of detergent extractions. The
material was homogenized in the presence of 1% (v/v) Triton-X-100 (Sigma), with a
ground-glass hand-held homogenizer with a ground-glass pestle (~50 strokes). The
material was subjected to ultracentrifugation as described. The resulting pellet was then
treated identically as described with 1 M NaCl, following the Triton X-100 treatment, and
then sequentially with 0.45% (w/v) N-lauroyl sarcosyl (Sigma) and 1 M NaCl. All steps
were performed at room temperature in the presence of 50 mM Tris.HCl pH 7.5.
The dialyzed, pellet high-salt extract fraction, in 20 ml aliquots, was then passed
through a Q-sepharose column (1.5 cm x 15 cm; ~25 ml) equilibrated in 50 mM Tris.HCl
pH 7.5, at room temperature. Under these conditions, the 18 kD protein and the
phycobiliprotein fraction (blue color) adsorbed to the resin. The column was then
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developed in a step gradient with 2 column volumes of (50 ml total; 25 ml per fraction) of
0.1 M NaCl in 50 mM Tris.HCl pH 7.5 during which time a pale yellow effluent was
collected. The column then developed in 2 column volumes of 0.3 M NaCl in 50 mM
Tris.HCl pH 7.5, in a step gradient. The higher salt caused about one-half of the
phycobiliprotein fraction to elute from the column. The column was then developed with 2
column volumes 0.5 M NaCl in 50 mM Tris.HCl pH 7.5 in a step gradient. The remaining
blue color eluted from the column. Fractions containing the 18 kD immuno-reactive protein
were identified by Western blotting. The second fraction of the 0.3 M NaCl in 50 mM
Tris.HCl pH 7.5 step gradient provided the greatest signal from western blotting and was
reserved for further isolation.
Pooled fractions from two runs of Q-sepharose (50 ml) were concentrated by
ultrafiltration under N2 pressure, using YM3 (Diaflo) membranes, to ~ 5 ml. This material
was then desalted by applying the sample to a G-50 gel filtration column (1.5 cm x 48 cm;
~ 85 ml) equilibrated in 50 mM Tris.HCl pH 7.5. The blue colored column effluent (~20
ml) was then reserved as the G-50 pool.
The 20 ml G-50 pool was then aliquoted to 2 ml samples. Each sample was passed
through a MonoQ column (Pharmacia) (1 ml) and equilibrated in 50 mM Tris.HCl pH 7.5.
The column was then developed with a linear gradient from 0-0.5 M NaCl in 50 mM
Tris.HCl pH 7.5. Typically, the 18 kD protein eluted at ~ 75% buffer B (~ 380 mM
NaCl). Fractions were verified for the presence of the 18 kD protein by western blotting as
described.
The pooled fractions from multiple Mono Q runs (~ 10 ml) were passed over a phenyl
sepharose column (CL4-B; Pharmacia) (0.5 cm x 8 cm) equilibrated in 1 M NaCl in 50 mM
Tris.HCl pH 7.5. There was a visible adsorption of blue material at the top of the of the
column and a straw colored fraction collected as flow-through that did not adsorb to the
resin. Under the conditions described, the straw colored material (~9 ml total) was found
to contain the 18 kD protein by Western analysis, and was concentrated by ultrafiltration in
Centricon 3000 cartridges to 200l.
The phenyl sepharose fraction, now completely devoid of blue color, was passed over
a Superose 12 gel filtration column (Vo = 8 ml, Pharmacia), equilibrated in 0.5 M NaCl in
50 mM Tris.HCl pH 7.5. Under these conditions, the yellow material appeared slightly
after the void volume. The 18 kD protein eluted from the column at 22 ml elution volume,
which is expected for an 18 kD protein. When subjected to SDS-PAGE analysis, fractions
22-24 were found to contain a large band at 18 kD, and three minor bands of higher
molecular weight. Estimates of 18 kD enrichment, by visual inspection of the Coomassie
stained gel, was judged to be >80%. There were no apparent co-migrating bands observed
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in the 10-30 kD range. Under these conditions, the 18 kD protein was resolved sufficiently
to allow the band to be cut out of a transferred PVDF blot. The fractions containing the 18
kD protein, as judged by Western analysis, were pooled (1.5 ml; 0.5 mg/ml) and not
subjected to further isolation.
Approximately 40 l (~10 g in 2x sample buffer) of material from the Superose 12 pool
was loaded onto a 15% SDS-PAGE gel and resolved at a lower current setting (~15
mA/gel). The gel was electroblotted to a PVDF membrane as described and then processed
as follows. The membrane was washed for 10 minutes in distilled water, and then stained
with 0.1% Coomassie Brilliant Blue R-250 in 50% methanol for 5 minutes. The
membrane was destained in two successive changes of 10% acetic acid/50% methanol
solution for 5 minutes each. The membrane was then washed extensively in 6 changes of
distilled water for 10 minutes each (1 hour total). Stained protein bands were cut out of the
membrane and placed into sterile microfuge tubes, and then brought to the Biology
department for sequencing, applying the automated Edman degradation technique (Applied
Biosystems Model 477A).
As judged from the preliminary N-terminal sequence (see Results), cathepsin C was
chosen as the protease to digest the enriched 18 kD preparation. Essentially, cathepsin C is
an endo-dipeptidase, cleaving dipeptides from the N-terminus of a polypeptide until either a
basic amino acid (e.g., arginine or lysine) is detected as the new N-terminus, or a proline
exists as the second amino acid in the sequence. Under these conditions, a digested
fragment could be analyzed to reveal amino acid sequences, internal to the 18 kD protein.
Briefly, 20 l of the Superose 12 pool (~ 10 g protein) was diluted with 5l of 0.5 M
sodium citrate buffer pH 5.5 containing 10 mM dithiothrietol (DTT) (0.1 M citrate pH
5.5/2 mM DTT final). One microgram of cathepsin C (Boreinger-Mannahiem) was added,
and the reaction was allowed to incubate at, 370 C, for 16 hours. The degradation products
were resolved and prepared for N-terminal sequencing analysis as described.
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RESULTS

Isolation, Purification, and Quantitation of Cyanoglobin
Modifications were made to previous approaches that were used for expression and
purification of cyanoglobin (Thorsteinsson, 1996). Changes in the expression procedures
were made because on certain occasions, the amount of recombinant cyanoglobin was low
based on visual inspection of the pelleted cells. Expression was judged to be good when
all pellets were red on color. One possible problem is that starter cultures, that contained
little or no viable plasmid, which was investigated using the technique of Studier (Studier,
1990). The plates containing ampicillin and no additives were similar in the number of
colonies observed (~ 200). Plates with IPTG alone had a few colonies (~7), and the plate
with IPTG and ampicillin had only two colonies. These data support the notion that the
overnight culture contained a significant proportion of cells, containing the plasmid, and
that the plasmid was viable (i.e., subject to induction by IPTG).
Another possible problem with the expression system was the lack of some component
in the induction medium. Iron, in the form of ferric chloride, was prepared fresh and
added to 250 M (~ 50 M Fe) to the induction medium just before addition of IPTG to the
culture. The high iron concentrations apparently had no effect on the viability of the
bacteria because full expression by all cells was observed. After using the iron supplement
as 250 M FeCl3 , no further problems with sub-optimal expression were observed in
subsequent fermentor runs. It is apparent that the 8 g/ml ferric ammonium citrate (~ 5 M
in Fe, assuming 1:1:1 iron:ammonium:citrate) used in previous work was the limiting
factor in the optimal expression of cyanoglobin. The scarlet-red color of the cell free lysate
of E. coli (pGlbN) inidicates that cyanoglobin was expressed as the oxygenated form (Fig.
2).
The purification of cyanoglobin was modified from the previous protocol to include a
phenyl sepharose step and an S-300 gel filtration step, in place of the Superose 12 gel
filtration step. The phenyl sepharose step was essential for discriminating between
oxygenated cyanoglobin and autoxidized cyanoglobin. Under these conditions there was a
conspicuous adsorption of red material to the top of the column (~1-2 cm) although a small
portion of red color did not bind at all. Upon isocratic elution of the column, there was a
resolution of a faster-moving, red fraction and slower-moving, brown fraction
approximately half-way down the column (Fig. 3a). Further isocratic elution of the
material resolved completely the red (oxygenated) cyanoglobin from the brown
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(autoxidized) cyanoglobin (Fig. 3b). Apparently, the oxy and met forms of cyanoglobin
possess different hydropathic properties under the conditions of this chromatography step.
UV-Vis spectra of the effluent fractions demonstrated that a separation of the oxy and
met forms of cyanoglobin was accomplished (Fig. 4). The fast moving, red isocratic
effluent exhibits a Soret peak at 414 nm, and the beta and alpha peaks at 536 nm and 575
nm respectively, which are characteristic for oxycyanoglobin. (Thorsteinsson, et al.,
1996). The slow moving (brown) fraction exhibits a Soret peak at 408 nm and a beta peak
at 536 nm, indicative of met-cyanoglobin (Thorsteinsson, et al., 1996). There was no
discernable 632 peak in the brown fraction because the signal, if any, was masked by a
high baseline. The brown material, upon desalting by dialysis, did reveal a 632 nm peak
(data not shown), which is indicative of water coordination to the heme-iron (Antonini and
Brunori, 1971). Interestingly, the phenyl sepharose brown fraction coordinates cyanide at
neutral to basic pH (data not shown). These observations would seem to indicate that no
hemichrome forms of cyanoglobin were detectable in this fraction, which is at variance
with previous observations concerning the isolation of cyanoglobin (Thorsteinsson, et al.,
1996). Since hemichromes were not detectable, the purification procedure currently
employed demonstrates that cyanoglobin can be purified with more "normal" ligand
binding characteristics (see later). Only the fast moving (red) material from the phenyl
sepharose step was used in subsequent purification steps because the nature of the ligand,
i.e., oxygen, was known with certainty.
The S-300 gel filtration step was substituted for the Superose 12 step for two reasons.
Primarily, the S-300 column contained 1 liter of resin, allowing for one run of material in a
10 ml volume, avoiding multiple 200 l volumes required for the Superose 12. Secondly,
previous observations include a color change from red to brown (implying autoxidation) of
cyanoglobin when using the Superose 12 (Potts, et al., 1992 and Thorsteinsson, et al.,
1996). There was no observable color change in cyanoglobin during the S-300 run, which
typically takes ~ 6 hours at room temperature. The S-300 step would at first be believed to
create a sizable proportion of autoxidized species compared to the 36 minute run on the
Superose 12. However, the UV-Visible spectra of the S-300 effluents were identical to the
starting material (data not shown) and thus provided no evidence that would indicate an
apparent presence of met-cyanoglobin. Moreover, the S-300 pool was concentrated and
then subsequently passed over phenyl sepharose, exactly as described previously, and no
brown material could be observed eluting behind the major red fraction (data not shown).
The conditions of the new purification protocol yielded anywhere from 50-100 mg of
purified oxycyanoglobin (Fig. 5). The ratio of absorbances at 415 nm/280 nm of purified
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material was typically between 4-5, indicative of negligible apo-cyanoglobin contamination
(Hargrove, et al., 1996a).
The reduced pyridine derivatives of different heme types (a,b, c, and d) all possess
unique spectral signatures in the visible region (Antonini and Brunori, 1971). The reduced
pyridine derivative of cyanoglobin gives absorbance maxima in the visible region at 525 nm
and 558 nm, typical of reduced pyridine derivatives of b type hemes (iron-protoporphyrin
IX) (Fig. 6). Such a result is not unexpected since a large majority of hemoglobins contain
b type heme and the fact that cyanoglobin is drawing from the heme b pool of E. coli
pGlbN.
Analysis of the dynamic light scattering patterns of concentrated solutions provided
evidence that cyanoglobin exists as a monomer under the conditions studied (Table 2).
Essentially, the dispersion pattern was entirely monophasic, implying that only one species
of molecule was present in solution. This result demonstrates that concentrated solutions
of cyanoglobin can be produced without aggregation of the protein, which is paramount to
future structural studies involving X-ray crystallography and NMR solution spectroscopy,
which are currently underway in collaborative efforts (see Discussion).
Exogenous Ligand Binding to Cyanoglobin
Oxy-cyanoglobin and met-cyanoglobin
Cyanoglobin, purified in the oxy form, was quantitated for heme by the pyridinehemochromogen method and then analyzed spectrophotometrically. The spectrum of oxycyanoglobin is diagnostic of oxygenated hemoglobins (Fig. 7). Specifically, there is a
Soret band at 416 nm, and observable beta and alpha peaks, at 540 nm and 574 nm
respectively. The UV-Visible spectral characteristics of the oxycyanoglobin as isolated in
this study, and the oxy-cyanoglobin characterized previously (Thorsteinsson, et al., 1996)
by anaerobic reduction with dithionite and subsequent oxygenation of the purified protein,
are identical. The splitting of the deoxy peak in the visible region into two peaks, as seen
in all oxygenated hemoglobins, is also seen in oxy-cyanoglobin, but the alpha peak is
unusually low when compared to the beta peak (/ ratio ~ 0.8, contrast with other globins
which have / ratios ~ 1). This phenomenon is also seen in the protozoan hemoglobins,
as well as the hemoglobin of Chlamydomonas spp., all of which share high amino acid
sequence similarity with cyanoglobin.
Purified, oxygenated cyanoglobin was oxidized by potassium ferricyanide (10% mole
excess), which was subsequently removed by gel filtration. The spectrum that was
obtained of the met-cyanoglobin revealed a spectral profile not observed in past
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purifications. Specifically, there was a conspicuous peak at 632 nm (Fig. 7), which is
indicative of water occupying the sixth-coordination site in met-sperm whale myoglobin
(Antonini and Brunori, 1971). Spectra of met-cyanoglobin from previous purifications
lacked a peak at 632 nm, which is indicative of hemichrome formation. Absorbance
maxima for met-cyanoglobin are: (Soret, 408 nm, 123 mM-1 cm-1 ); beta (536 nm, 10.3 mM1
cm-1 ); shoulder (570 nm, 7.19 mM- 1 cm-1 ); and alpha (632 nm, 3.28 mM-1 cm-1 ) (Table 3).
The extinction coefficient of met- cyanoglobin (123 mM-1 cm-1 ) is markedly lower than that
of sperm whale myoglobin (157 mM- 1 cm-1 ) (Antonini and Brunori 1971) and
leghemoglobin (151 mM-1 cm-1 ) (Appleby, et al., 1973). The spectrum of met-cyanoglobin
has an appearance that suggests a low-spin ferric heme (Thorsteinsson, et al., 1996).
However, electron paramagnetic resonance (EPR) studies, in collaboration with Brian
Hales' lab at LSU, revealed that met-cyanoglobin, at pH 7.0, has an EPR signature that is
diagnostic of high-spin ferric hemes (data not shown).
Cyanide binding
The new purification scheme provided purified cyanoglobin that now binds cyanide at
neutral pH (Fig 8). The addition of 1 mM sodium cyanide caused a discrete red shift, and a
lowering of, the absorbance maximum of the Soret peak when compared to no additions to
the met-form. In addition the 632 nm peak was eliminated, suggesting a displacement of
water by cyanide. The spectrum is typical of a transition from high-spin to low-spin hemeiron after the addition of a high-field strength ligand (i.e., cyanide). Absorbance maxima
of the cyano-met-cyanoglobin were: Soret, 420 nm (114 mM-1 cm-1 ) and beta, 540 nm
(11.9 mM-1 cm-1 ) (Table 3). Interestingly, the hemoglobin of Paramecium caudatum,
which shares significant amino acid sequence similarity with cyanoglobin, has an extinction
coefficient for the cyanomet derivative at 540 nm that is identical to the cyano-met
derivative of cyanoglobin (Tsubamoto, et al., 1990). The spectrum obtained for the
cyanomet-cyanoglobin derivative was pH independent (data not shown), which is a
characteristic shared by all cyanomet-hemoglobins (Antonini and Brunori, 1971). The
amount of cyanide required to elicit a spectral change (~100x excess), is relatively low in
comparison to other ligands (see later), which suggests that met-cyanoglobin, like other
met-hemoglobins, has a relatively high affinity for cyanide, in comparison to other ligands.
Azide binding
Cyanoglobin binds the high-field strength ligand azide, which is at variance with
previous work (Thorsteinsson, et al., 1996). The presence of 5 mM azide (~500x excess)
was required to elicit a spectral change from met-cyanoglobin. Soret peaks were reduced
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and red-shifted, and there was an elimination of the 632 nm peak (Fig. 9). Absorbance
maxima for the azido-met-cyanoglobin derivative were: Soret, (418 nm, 116 mM-1 cm-1 ),
beta (540 nm, 11.1 mM - 1 cm-1 ), and a shoulder (570 nm, 8.75mM-1 cm-1 ) (Table 3). The
elimination of the 623 nm peak was not as pronounced when compared to the cyanomet
spectra.
Fluoride binding
Cyanoglobin was shown to coordinate fluoride, at variance with previous work,
although relatively high concentrations (~1000x excess) were required to elicit a spectral
change (Fig 10). Fluoride coordination was followed by the elimination of the 632 nm
peak and the detection of a 605 nm peak. Although it could be argued that the transitions
are caused by sample dilution, the 10 mM fluoride sample has a higher extinction at 605
nm, just before the isosbestic point. No change is observed in the Soret region, except for
a slight decrease in extinction. The absorbance maxima for fluoromet-cyanoglobin were:
Soret, (408 nm, 117 mM-1 cm-1 ), beta (536 nm, 9.88 mM -1 cm-1 ), and a shoulder (570 nm,
7.19 mM-1 cm-1 ) , and alpha (605 nm, 4.1mM -1 cm-1 ) (Table 3). The changes in Soret
extinction coefficients upon fluoride coordination in met-sperm whale myoglobin are
relatively higher when compared to cyanoglobin. In addition, much lower concentrations
of fluoride are required to elicit a spectral change in met-sperm whale myoglobin (data not
shown). It is apparent that cyanoglobin has a relatively low affinity for fluoride.
Imidazole binding
Cyanoglobin coordinates the relatively "bulky" ligand imidazole at relatively low
concentrations (~100 x excess) (Fig. 11). Spectral changes include a decrease in extinction
coefficient and a red-shift of the Soret peak, as well as total elimination of the 632 nm peak.
As seen in other high-field strength ligands, imidazole binding to met-cyanoglobin
provided a spectrum typical of low-spin heme-iron complexes. Absorbance maxima for the
imidazolemet-cyanoglobin derivative are: Soret (414 nm, 121 mM-1 cm-1 ); beta (533 nm,
12.1 mM-1 cm-1 ); and a shoulder (560 nm, 9.46 mM-1 cm-1 ) (Table 3).
Nicotinate binding
Similarly to leghemoglobins, cyanoglobin coordinates the relatively "bulky" ligand
nicotinate (Fig 12), although sperm whale myoglobin is unable to coordinate this ligand
(Appleby, et al., 1973). It is assumed that, as is seen in leghemoglobins, the pyridine
nitrogen of nicotinate is the atom coordinated in the sixth position on the ferric-heme
(Appleby, et al., 1973). Spectral changes included a slight red-shift and decrease in
absorbance in the Soret peak, an increase in the 536 peak, a 560 nm shoulder, and an
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elimination of 632 nm peak. These spectral signatures are very similar to imidazole binding
described previously and are indicative of high-spin to low-spin transitions. Absorbance
maxima for the nicotinomet cyanoglobin complex are: Soret (410 nm, 115 mM-1 cm-1 );
beta (536 nm, 11.6 mM-1 cm-1 ); and a shoulder (560 nm, 8.75 mM-1 cm-1 ) (Table 3). The
optical spectrum of the nicotinomet- cyanoglobin complex resembled that obtained from
leghemoglobins. Leghemoglobin also binds nicotinate (Appleby, et al., 1973) and exhibits
the following absorbance maxima for the nicotinomet complex: Soret (407 nm, 119 mM-1
cm-1 ); beta (528 nm, 11.9 mM-1 cm-1 ); and a shoulder (557 nm, 10.1 mM-1 cm-1 ) (Appleby,
et al., 1973). Leghemoglobin binds nicotinate with high affinity (Keq ~ 700 mM-1 ;
(Appleby, et al., 1973)) although high concentrations (~5 mM nicotinate; ~500x excess)
were required to elicit an observable spectral change in met-cyanoglobin.
Acetate binding
Spectral changes are observed upon coordination of acetate to cyanoglobin (Fig. 13).
High concentrations (~1000 x molar excess) were required to elicit a spectral change. The
fact that cyanoglobin may coordinate acetate was first observed in pH profile studies, in
which unusual spectra were identified from a sample of cyanoglobin in a pH 5.5 sodium
acetate buffer (data not shown). The spectra of met-cyanoglobin containing relatively low
concentrations of acetate (5-20 mM) were clearly different from 0.1 M MES pH 5.5 (Fig.
13). When greater (>50 mM) concentrations of acetate were used, there were dramatic
spectral shifts (Fig. 14) There is an increase and blue-shift of the Soret peak, a diminution
of the 536 nm peak, an appearance of a 572 nm peak, and a large increase, and blue-shift,
of the typical 632 nm water peak. Absorbance maxima for the acetomet-cyanoglobin
derivative (0.1 M sodium acetate pH 5.5) are: Soret (406 nm, 138 mM-1 cm-1 ), beta (536
nm, 7.81 mM -1 cm-1 ); beta2 (572 nm, 6.46 mM-1 cm-1 ), and alpha (620 nm, 5.8 mM-1 cm1
) (Table 3).

Alkylisonitrile binding
Ferro-cyanoglobin (Fe2+ ) binds the bulky ligands methylisonitrile (CH3 -NC:) and
ethylisonitrile (CH3 CH2 -NC:) (Fig 15). The spectrum obtained for each derivative is very
similar to those seen in the sperm whale myoglobin derivatives (Fig.16). Essentially, there
is a splitting of the normal one-banded deoxy spectrum in the visible region to a doublet
with beta and alpha absorbance maxima at 533 nm and 570 nm, respectively, for sperm
whale myoglobin. Cyanoglobin exhibits the same splitting phenomena as seen in sperm
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whale myoglobin alkylisonitrile derivatives but has slightly blue-shifted absorbance
maxima of 530 and 562 nm, for beta and alpha peaks, respectively.
pH Profile
The spectral characteristics, as a function of pH, of met-cyanoglobin are very unusual
when compared to met-sperm whale myoglobin (Fig. 17). The spectral profile of metcyanoglobin is pH dependent, as seen in other hemoglobins, but unusual in that specific
spectral transitions are not observed until somewhat basic pH (9-10). There is generally no
effect seen in the Soret absorbance maxima of met-cyanoglobin going from pH 6-8.
However, at pH 9, and then to pH 10, there is diminution and red-shift of the Soret
absorbance maximum, indicative of hydroxide ion (a high field strength ligand)
coordination and high-spin to low-spin transitions (Fig. 17a). The visible region of spectra
of met-cyanoglobin, as a function of pH, are similar except for the pH 9-10 transition (Fig
17 b) when compared to met-sperm whale myoglobin, which exhibits dramatic spectral
changes in the pH 8-9 range (Fig. 17c). The high-spin to low-spin transition of sperm
whale myoglobin is ~ 8.9 (Antonini and Brunori, 1971). The apparent high-spin to lowspin transition of met-cyanoglobin occurs between pH 9 and pH 10. These results indicate
that the heme environment of met-cyanoglobin is different than that of sperm whale
myoglobin.

Kinetics of Ligand Binding to Cyanoglobin
Oxygen
Cyanoglobin binds oxygen reversibly and with high affinity (Thorsteinsson, et al.,
1996). To determine the nature of this high oxygen affinity, the oxygen association and
dissociation kinetics of cyanoglobin were examined. Kinetic constants determined in this
study and comparisons to selected hemoglobins are summarized in Tables 4-6. Oxygen
association rates for cyanoglobin were so fast that the trace had to be graphed separately
from sperm whale myoglobin and the altered forms of sperm whale myoglobin also studied
(Fig 18). The rebinding of oxygen (1 atm) to cyanoglobin, following flash photolysis, is
essentially over within ~ 10 microseconds, compared to ~ 100 microseconds for sperm
whale myoglobin wild type and its altered forms. The oxygen association rate constant for
cyanoglobin was determined to be 387 M -1 s-1 (Table 4). Although this value is clearly
different from the value determined by Eich and Olson (450 M -1 s-1 ; Eich and Olson,
unpublished data) from a different preparation of cyanoglobin, values for oxygen
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association rates are known to vary up to 20% from different preparations (Rohlfs, et al.,
1990). Oxygen association rate values determined for the native and altered forms of
sperm whale myoglobin were reproducible, within published error, from the literature or
unpublished data. Amazingly, the rate of oxygen association to cyanoglobin is higher than
any other native hemoglobin studied to date. The extraordinarily high association rate of
oxygen to cyanoglobin is presumably the result of a highly reactive, and accessible, hemeiron (see later). Similar to cyanoglobin, the leghemoglobins and the hemoglobin of
Glycera dibranchiata have very high oxygen association rates. Interestingly, the Glycera
dibranchiata hemoglobin does not possess a D- helix, and this may result in a relatively
accessible heme-iron. However, the altered sperm whale myoglobin with a deleted D-helix
actually has a lower oxygen association rate than wild type sperm whale myoglobin.
Oxygen dissociation rates were determined by first saturating a solution of
deoxycyanoglobin with oxygen and then rapidly mixing the sample with a saturated
solution of carbon monoxide. Since the affinity of cyanoglobin for CO is higher than for
O2 (see Table 4 and see below), the observed rate of displacement by CO can be used to
calculate oxygen dissociation rates. Cyanoglobin exhibits a very fast oxygen dissociation
rate (Fig 19). The rate of CO displacement of O2 in cyanoglobin was essentially over
before the t1/2 of the reaction in sperm whale myoglobin. The calculated values for oxygen
dissociation rates for the control hemoglobins were consistent with literature (or
unpublished data) values. For oxygen, cyanoglobin exhibits in moderately fast off rate, in
addition to a very fast on rate, when compared to most hemoglobins. Of particular note is
the very high oxygen dissociation rate of the Aplysia hemoglobin and the Glycera
hemoglobin. These proteins possess apolar distal residues, which are known to decrease
the stabilization of bound oxygen in sperm whale myoglobin (Rohlfs, et al., 1990).
Carbon monoxide (CO)
The kinetics of association of carbon monoxide (CO) with cyanoglobin was investigated
by two different methods, stopped-flow spectrophotometry and flash photolysis. The
values obtained for the CO association rates for all proteins were comparable by both
methods. The traces for CO association of cyanoglobin as determined by stopped-flow had
to be graphed on a 10x lower scale when compared to the reference hemoglobins (Fig 20).
The CO association rate for cyanoglobin is markedly higher than the native and altered
forms of sperm whale myoglobin used in this study. The half life of CO rebinding to
cyanoglobin is ~ 2 msec, compared to ~30-150 msec for sperm whale myoglobin and its
altered forms.
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CO can be photolyzed from hemoglobins by an intense laser pulse, and the kinetics of
rebinding after the initial flash can be monitored (Fig. 21). The values for the kinetic
constants of CO association to all hemoglobins used in this study by flash photolysis were
comparable to those values determined by stopped flow. The average value of rate
constants from both procedures are reported in Table 4. The half-life for CO rebinding to
cyanoglobin after the flash was ~ 20 sec compared to 300-1300 sec for the reference
hemoglobins. The shorter half-life reflects the higher concentration of CO used in the flash
photolysis experiments. There was a lower signal to noise ratio in the flash photolysis
experiments when compared to stopped flow (compare Fig 20 and 21). This is attributed
to the fact that there are lower changes in absorbance detected in the flash photolysis
experiments. For this reason, typically five traces were gathered for each flash photolysis
experiment, and then averaged to give the final trace of absorbance change over time.
Cyanoglobin also has an unusually high CO association rate. Again, the only other
hemoglobins that have comparable rates are the leghemoglobins and the Glycera
hemoglobin. There also seems to be a general trend of higher ligand association rates in the
H64Q/V68L altered sperm whale myoglobin when compared to H64Q and wild type
forms.
Although the CO dissociation rates of cyanoglobin were not determined in this study,
the values for cyanoglobin determined by Eich (Eich, 1996, unpublished data) are listed for
comparative purposes (Table 4). Cyanoglobin possesses a CO dissociation rate that is
comparable to nearly all hemoglobins. Such a low rate of dissociation governs the overall
affinity of CO for the hemoglobins. Because cyanoglobin has a very fast CO association
rate, and a typical slow CO dissociation rate, the overall affinity for CO is extremely high,
~ 20 times higher than the wild type sperm whale myoglobin. A high CO affinity is also
seen in the H64Q/V68L altered protein. Compared to the reference hemoglobins,
cyanoglobin also possesses an extremely high rate of NO association (~ 30x higher than
sperm whale myoglobin) (Eich, unpublished data; Table 4). Cyanoglobin also has a slow
rate of NO dissociation, which is typical of most all hemoglobins. Cyanoglobin has a
calculated affinity for NO equal to ~ 3 x 106 M -1 .
Isonitrile Kinetics
Alkyl isonitriles (alkylisocyanides) have the structure R-NC, and the methyl and ethyl
derivatives were used as probes of cyanoglobin distal pocket structure. Sample and time
limitations prevented the study of the H64Q and H64Q/V86L altered proteins. Published
values (when available) will be used for comparison. Both stopped flow, and flash
photolysis techniques were employed using wild type sperm whale myoglobin as a
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reference. The rates determined by each method were similar to each other, although in
general, the flash photolysis experiments provided slightly lower rates of association. The
rates of ligand association generally decrease as the size of the alkyl group increases
because of distal pocket crowding, however leghemoglobins are a general exception due to
solvent accessibility of ligands. The rates of methyl and ethyl isonitrile association to
cyanoglobin, determined by stopped-flow, are very much higher when compared to the
sperm whale myoglobin (Fig 22). The half-lives for alkylisonitrile association for the
methyl and ethyl isonitrile are ~6 and 18 msec, respectively. These values are an order of
magnitude higher than those observed for sperm whale myoglobin (200 and 700 msec for
the methyl and ethyl derivative, respectively).
The traces for association of
alkylisonitriles to hemoglobins, determined by flash photolysis, possessed low signal to
noise ratio (Fig. 23). The absorbance changes were smaller for the flash photolysis
experiments because the quantum yield of the isonitriles are, in general, much lower when
compared to gaseous ligands. The same general trend for association rates for the methyl
and ethyl derivatives to sperm whale myoglobin is also seen in flash photolysis
experiments. However, the traces for association of the methyl and ethyl derivatives to
cyanoglobin are nearly equivalent. Careful inspection of the very noisy trace shows that
the methyl derivative has a higher rate of association to cyanoglobin, the same trend
observed in the stopped flow experiments. The final association rates reported for the
alkylisonitriles, calculated for the two proteins, was the average of values obtained by both
methods (Table 5). The rates determined for sperm whale myoglobin are similar to the
literature, and are much lower than those calculated for cyanoglobin. As observed for the
gaseous ligands, cyanoglobin possesses extraordinarily high rates of alkylisonitrile
association (considerably "bulky" ligands), which would seem to indicate that there is little
or no kinetic barrier that prevents these ligands from gaining entrance to the distal pocket in
cyanoglobin.
The rates of alkylisonitrile dissociation from cyanoglobin were determined by stopped
flow rapid mixing techniques. CO is used to displace the alkylisonitrile from cyanoglobin
and the resulting rate of CO association is used as a measure of alkylisonitrile dissociation
rate. The rates of alkylisonitrile dissociation from cyanoglobin are very low (~10x slower)
when compared to sperm whale myoglobin and its altered forms (Fig. 24 and Table 5).
The same trend of lower rates for alkylisonitrile dissociation as the alkyl group is increased
is observed in both cyanoglobin and sperm whale myoglobin. This indicates a
hydrophobic stabilizing effect of the alkylisonitriles by hydrophobic residues that are
presumably close in proximity to the distal pocket in hemoglobins. This effect would
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appear to be magnified in cyanoglobin as the overall affinities for the alkylisonitriles are ~
500 times higher than the reference hemoglobins (Table 5).
Azide Kinetics
Azide represents a fairly "bulky" ligand and the rates of azide association with
hemoglobins can, in general, be correlated to the accessibility of the distal pocket. The
association rates must be measured by stopped flow because the azide cannot be photolyzed
from the heme-iron. Cyanoglobin, as seen with all ligands used in this study, possesses a
very high rate of azide association (Fig. 25 and Table 6). The cyanoglobin trace had to be
graphed on a different time-scale for comparison and possessed a very of signal to noise
ratio. In addition, 10 M azide was used in the cyanoglobin experiment and 250 M was
used in the sperm whale myoglobin experiment. Because such a low concentration of
ligand was used, the process of ligand association may not necessarily be following
pseudo-first order kinetics, and thus fitting the trace with a single exponential curve, as
was done here, may have introduced some inaccuracies in the final rate calculations. It is
not unreasonable, though, to state that cyanoglobin possesses a very high rate of azide
association when compared to sperm whale myoglobin.
Kinetics of Autoxidation
Oxygenated hemoglobins and myoglobins will autoxidize spontaneously to the metform upon standing. Past observations during the purification of cyanoglobin revealed that
cyanoglobin autoxidizes relatively quickly (t1/2 < 12 hrs.) (Thorsteinsson, et al., 1996).
Although this would seem to create problems with ensuring a single ligand population in
the purified oxygenated protein, the phenyl sepharose treatment described earlier provided a
separation of oxygenated cyanoglobin from autoxidized forms. A UV-Visible spectrum of
this material was taken and called "sample at time zero" (Fig. 26). The normal peaks of the
oxygenated form of cyanoglobin were observed in this sample with absorbance maxima at
416 nm, 536 nm, and 576 nm for Soret, beta, and alpha peaks respectively. After two
hours at room temperature, the same sample was scanned again and demonstrated general
peak shifts that are associated with a change to the met-form (Fig 26). These include a blue
shift and decrease in absorbance maximum of the Soret peak, a slight decrease in the
absorbance maximum of the beta peak, and a gradual elimination of the alpha peak. The
experiment was therefore designed to measure, as a function of time, absorbance decrease
at 576 nm, since this peak is associated primarily with the oxygenated form.
Autoxidation of oxy-hemoglobins is known to be influenced by pH. The rate of
autoxidation of cyanoglobin at all pH values examined were high when compared to sperm
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whale myoglobin, although almost identical to leghemoglobin and the altered forms of
sperm whale myoglobin, at pH 7 (Fig 27 and Table 6). In general there is a increase in the
autoxidation of cyanoglobin going from pH 7 to pH 9, which may be caused by instability
of cyanoglobin at basic pH. Curiously, sperm whale myoglobin is most stable at pH 9
(Brantley, et al., 1993). There is a very large increase in autoxidation going from pH 7 to
pH 5, a trend typically seen in all oxy-hemoglobins (ibid). The altered sperm whale
myoglobin protein, without the D-helix, has the largest rate of autoxidation seen in the
reference hemoglobins (Table 6) and may reflect a general increase in the solvent
accessibility of the heme-iron.
Kinetics of Hemin Loss
Retention of the heme iron is influenced by the number and types of contacts that the
heme moiety makes with the protein. Rates of hemin loss can provide an understanding of
the general stability of hemoglobins in vitro, which may be reflective of function. The
rates of hemin loss are in cyanoglobin are very high when compared to other hemoglobins
(Fig 28 and Table 6). Cyanoglobin appears to be very suspectable to hemin loss, even at
neutral pH, with rates ~ 10x higher than soybean leghemoglobin. At lower pH, rates of
hemin loss generally increase, which is also observed in cyanoglobin as well. The rate of
hemin loss of cyanoglobin at pH 5 is extraordinarily fast (237 hr-1 ; essentially the reaction
is half over in ~ 10 seconds). This value is ~ 5 x faster than that observed for the altered
sperm whale myoglobin protein in which the D helix had been removed. The fact that the
reaction proceeded so quickly may be the source of considerable error. The use of stopped
flow rapid mixing techniques would be required to verify the rate, but were not performed.
Homology Modelling of Cyanoglobin
The annotated sequence alignment of hemoglobins taken from Kapp et al. and Moens et
al. reveals that cyanoglobin may possess a "three-on three" helical "sandwich", which is
generally observed in all hemoglobins with known crystal structures (Fig. 29).
Surprisingly, the alignment suggests that cyanoglobin does not possess a CD corner or Dhelix residues in analogous positions when compared to sperm whale myoglobin. The
supposed absence of the CD corner in cyanoglobin may indicate a lack of a kinetic barrier
of ligand association in cyanoglobin.
The sequence alignment of cyanoglobin against the other hemoglobins chosen for
molecular modeling shows exact identities at His F8, which is the proximal histidine
residue to the heme iron in sperm whale myoglobin, and is seen in every native hemoglobin
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studied thus far. Other exact identities include the Phe CD1 and Ala H7. The Phe CD1
residue lies parallel to the heme plane, in sperm whale myoglobin, providing stabilization
of the heme moiety. The Ala H7 is not absolutely conserved in all hemoglobins, but is
commonly seen in most hemoglobins just before the hydrophobic H8 residue. Most other
identities and similarities between cyanoglobin and the other hemoglobins used for
comparison lie in those regions that are known, at least for sperm whale myoglobin, to be
excluded from solvent (bold letters in alignment) (Kapp, et al., 1995). In addition, these
identities and similarities are almost always observed in positions that are known to be
helical in sperm whale myoglobin. Other key identities and similarities observed for
cyanoglobin are those residues that are known to be involved in the distal pocket
architecture and ligand interactions in sperm whale myoglobin. For instance, identities
between cyanoglobin and sperm whale myoglobin include Leu B10, Phe CD1, Leu E15,
and His F8. Similarities between cyanoglobin residues (in parentheses) and the active site
residues of sperm whale myoglobin include: His E7 (Gln), Val E11 (Leu), Leu F4 (Met),
Ser F7 (Thr), and Leu G5 (Phe). Intriguingly, no corresponding residues in cyanoglobin
could be aligned in positions Arg CD3 and Lys FG1 (Kapp, et al., 1996). Out of the 11
residues that are known to comprise the distal pocket and affect ligand reactivity in sperm
whale myoglobin, cyanoglobin possesses 4 identical residues and 5 similar residues.
Before performing any homology modeling on cyanoglobin, the reliability of the data
generated from the MODELLER program was tested by first performing a homology model
on the Aplysia hemoglobin. If the program generated realistic models, then modelling the
Aplysia hemoglobin, based on sequence, to the template should give a modelled Aplysia
structure that is similar to the published crystal structure of that protein. The results of the
Aplysia modeling show that the MODELLER program can generate models that are
realistic and meaningful (Fig 30). The modelled Aplysia structure is very close to the
published crystal structure. Ramachandran analysis shows all of the no-glycine residues in
the model to be in most favored or acceptable regions of the phi-psi plot (Fig 33a).
The fact that MODELLER generated a model of the Aplysia hemoglobin that was very
close to the published crystal structure verified the soundness of the modelling procedure.
The sequence alignment of cyanoglobin was then compared to the template structure
generated previously and 5 different models were generated from this data input. The
average structure of the 5 models show a 3D structure very similar to the other proteins
with regard to the three-on-three helical sandwich tertiary structure (Fig. 31). In addition,
compared to the Aplysia model, cyanoglobin appears to have a relatively solvent exposed
heme moiety, as judged by the modelled positions of the solvent exposed heme-6propionate function (Fig. 32). The relatively solvent exposed heme of cyanoglobin is
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presumably due to the lack a CD corner and the D-helix in cyanoglobin. Ramachandran
analysis shows that most residues in the modelled structure of cyanoglobin occupy either
most favored (64%) or acceptable (26%) regions in the phi-psi plot (Fig 33b). Such a low
percentage of residues in less than the most favored region implies the presence of a
number of "bad contacts" among the atoms.
Analysis of the nifU-glbN Intergenic Region
Initial inspection of the nifU-glbN intergenic region revealed sequence similarity with the
promoter region of the Synechococcus sp. strain PCC 7942 glnA (glutamine synthase)
gene. Specifically, there is a palindromic NtcA recognition motif (5'GTAN8 TAC3') at ~
790 bp of pNDH1 sequence (Fig. 34). Interestingly, the NtcA recognition motif in the
putative glbN promoter region is 5'GTAN7 TAC3'. Areas of highest similarity amongst the
aligned sequences correspond to known NtcA site binding elements in glnA. There is also
a conspicuous identity of the 5'TAGG3' motif , 22 bp downstream to the 5'TAC3'
sequence, between the two sequences; very close (4-5 bp) to the transcriptional start site for
glnA.
The strategy for isolating a fragment of nifU-glbN intergenic region DNA, suitable for
gel retardation analysis, is depicted in Fig 34. Essentially, pNDH1 was digested
completely with AluI, and the largest resulting band (781 bp, corresponding to bases 2611042 from the sequence deposited into GenBank) was purified from the digestion mixture
(Fig. 35, lane 2). Typically, a suitable fragment of DNA for gel retardation analysis should
be approximately 300-500 bp. The initial isolation of the 781 bp AluI fragment (Fig. 35,
lane 3) was necessary in light of the fact that there was a lack of restriction sites, recognized
by commonly available enzymes, in the area of interest. In addition, the fragment of
interest was easily identified as the largest fragment of the digestion. This fragment was
cloned into E. coli DH10B pGEM-4 as pMVT1 (Fig. 35, lane 4).
Cloning of pMVT1 proved to be difficult in light of the fact that the blunt-ended AluI
fragment concatenated with itself during the ligation reaction. Some colonies had dimeric
inserts that ran at approximately 1.5 kb, that, upon isolation, were resistant to AluI
digestion, implying that the orientation of the fragments were such that the AluI sites were
lost (data not shown). Many colonies had to be screened for a clone that contained only
one 781 bp fragment. Out of the seventy colonies that had appeared on the transformation
plate, only one colony contained the proper size insert (data not shown). Upon digestion
of pMVT1 with EcoRI and XbaI, there was an appearance of an approximately 800 bp
band, slightly larger than the expected 781 bp band (Fig. 35, lane 5). This result is
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expected because the AluI blunt ended fragment was ligated into a SmaI site of pGEM-4.
Alternative restriction enzymes were needed to release the fragment because the SmaI site is
lost upon ligation of the blunt-ended insert. EcoRI and XbaI are commonly available and
were therefore used for verification of the 781 bp fragment. Cutting pMVT1 with these
two restriction enzymes would add 32 bp onto the 781 bp fragment, and therefore be
expected to migrate as 813 bp band.
Proceeding with gel retardation analysis using the 781 bp band presented some
problems, since the retardation of the fragment would be difficult to ascertain even on a 4%
polyacrylamide gel. However, the 781 bp fragment contained only one DpnI recognition
site that could give a 445 bp fragment; ideal for gel retardation assay (Fig. 34). The
isolated 781 bp was digested with DpnI and revealed a 445 bp fragment (corresponding to
bases 597- 1042) that was the largest fragment of the digestion and contained the nifUglbN intergenic region (Fig. 35, lane 6). The band was isolated and then cloned into E.
coli DH10B pGEM-4 as pMVT2 (Fig. 35, lane 7). The problems with concatenation of
the insert were not as troublesome, fortunately, as experienced with pMVT1. The presence
of the fragment in pMVT2 was verified in a fashion similar to pMVT1. The digestion of
pMVT2 with EcoRI and XbaI revealed a 477 bp band, corresponding to the 445 bp
fragment with additional DNA originating from the multiple cloning site (Fig. 35, lane 8).
The cloning of a suitable fragment for gel retardation analysis was successful by these
methods.
The production of NtcA was accomplished by overexpressing NtcA from E. coli
pCSI26 (Fig. 36). When compared to a pTrc99a cell free lysate control (Fig. 36, lane 2)
by SDS-PAGE analysis, there is apparent synthesis of NtcA, which migrates as a
monomer at ~28 kD, in the pCSI26 cell free lysate. (Fig. 36, lane 3) The amount of
overexpressed NtcA was considered sufficient and no further purification of the material
was attempted for gel retardation analysis.
Patterns of migration of end-labelled 445 bp fragment, when mixed with a cell free
lysate from pTrc99a according the binding reaction (see Materials and Methods), show a
smearing phenomenon that is presumably caused by non-specific protein-DNA interactions
(Fig. 37, lanes 1, 2, and 3). However, the migration patterns of fragments that were
mixed with cell free lysates of pCSI26, show a specific and marked retardation of the 445
bp end-labelled fragment (Fig 37, lanes 5, 6, and 7). Since doubling the protein
concentration in the binding reaction (from 6 to 12 g total protein of pCSI26) did not elicit
a further, sizable retardation in migration, the reaction was considered to be near saturation.
In these reactions there seems to be material that did not penetrate the gel at all as judged by
the signal at the well interface. This is presumably due to high total protein content of the
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samples. Enrichment of NtcA from pCSI26 would presumably alleviate this problem. The
migration pattern of the pCSI26 cell free lysate and the end-labelled 445 bp fragment could
be titrated by adding increasing amounts of un-labelled 445 bp fragment (Fig 37, lanes 8,
9, and 10). There was, however, not a large increase in mobility from adding un-labelled
445 bp fragment as a competitor.
Characterization of the 18-kD Cyanoglobin Immuno-reactive Protein
A highly specific 18 kD cyanoglobin immunoreactive polypeptide was observed in
cell extracts of Anabaena sp. strain PCC 7120 (Anabaena 7120) (Hill, et al., 1996).
Attempts to isolate the protein from cell extracts of Anabaena 7120 at first proved difficult.
Primarily, there was no assay for the protein except for Western blotting, and visualizing
the protein on Coomassie stained gels was impossible due to the abundant, and similarly
sized phycobiliprotein fractions, which exhibit a deep blue color and run as a smear from
15-21 kD (see below). It was apparent that Western blotting was the only means by which
to follow the enrichment of the 18 kD protein.
Initial attempts using cell free lysates to fractionate the 18 kD protein away from the
phycobiliprotein fraction by treatment with ammonium sulfate were unsuccessful because
only a small percentage of the whole phycobiliprotein fraction precipitated before the 18 kD
protein began to precipitate (see below). Attempts to remove phycobiliproteins by
adsorption to a phenyl sepharose resin equilibrated in 2 M NaCl in 50 mM Tris.HCl pH
7.5 were also unsuccessful because the 18 kD would only elute from the column with a
water step gradient. Under these conditions the phycobiliprotein fraction eluted as well, so
the enrichment was judged to be unacceptable (data not shown). The 18 kD protein did
absorb to Q-sepharose equilibrated in 50 mM Tris.HCl pH 7.5, and the enrichment was
encouraging, but the recovery of the sample devoid of phycobiliprotein contamination was
unacceptable for isolating enough protein for N-terminal amino acid sequence analysis.
A more detailed study of the cellular location of the 18 kD was warranted. Cell
debris from the initial cell disruption were resuspended in SDS-PAGE sample buffer and
extensively boiled. After centrifugation, the supernatant was analyzed by Western
analysis. A substantial signal was detected in lanes that contained the cell debris (Fig 38).
When compared to nearly equivalent protein loads from ammonium sulfate precipitation
fractions of the cell free lysate, it is apparent that the bulk of the 18 kD protein is contained
in the cell debris, although a small portion partitions to the soluble phase after initial cell
disruption. The amount of the 18 kD signal remaining after saturating the cell free lysate to
40% with ammonium sulfate (the fraction contained a slight blue color), is markedly low
59

when compared to lanes containing cell debris. Differential solubilizing techniques were
investigated to determine if the 18 kD protein could be preferentially released from the cell
debris.
Fresh Anabaena 7120 cells were thawed and disrupted as described in the
Materials and Methods. After ultracentrifugation, the insoluble material was washed, then
treated with different solubilizing agents. Even the relatively gentle washing step with 50
mM Tris.HCl pH 7.5 released some of the 18 kD protein (Fig. 39, lane 5). The greater
signal of this step when compared to the cell free lysate signal would seem to discount an
extensive contamination of the cell debris with soluble components (e.g.,
phycobiliproteins) as the color of the wash fraction not as intensely blue than the cell free
lysate. Homogenizing the cells in low salt buffer (0.1 M NaCl) also seemed to have a
solubilizing effect on the 18 kD protein (Fig,. 39, lane 6). Interestingly, the Triton X-100
treatment release only a small portion of the 18 kD protein, but the salt wash afterwards
caused extensive release of the protein to the soluble phase (Fig. 39, lanes 7 and 8,
respectively). Small quantities of 18kD protein were released from the debris after Nlauroyl sarcosyl treatment and no signals were detectable from the final salt wash (Fig. 39,
lanes 9 and 10, respectively). The treatments previous to the N-lauroyl sarcosyl step were
apparently effective in releasing most of the 18 kD protein from the cell debris. Such
solubilization behavior would seem to be indicate that the 18 kD protein is a peripherally
associated membrane protein. All future isolation protocols for the 18 kD protein included
extracting the cell debris in 1M NaCl in 50 mM Tris pH 7.5, and then dialyzing the
supernatant against 50 mM Tris.HCl pH 7.5 (Fig. 40, lane 4).
The dialyzed material was passed through a Q-sepharose column equilibrated with
50 mM Tris.HCl pH 7.5. The entire amount of blue material absorbed to the column. The
column was then developed with a series of step gradients. After the 0.1 M NaCl in 50
mM Tris.HCl pH 7.5 step gradient, a yellowish material eluted from the column was found
to be devoid of 18 protein by Western blotting (data not shown). Developing the column
with a 0.3 M NaCl in 50 mM Tris.HCl pH 7.5 step gradient, caused some, but not all of
the blue colored material to begin to elute from the column. After 2 column volumes, the
column was developed with 0.5 M NaCl in 50 mM Tris.HCl pH 7.5 step gradient and the
entire blue fraction eluted from the column.
The 0.3 M NaCl step gradient fraction
contained nearly all of the 18 kD signal by Western analysis (data not shown). Little signal
was seen in the higher salt step gradient, although a sizable amount of the phycobiliprotein
fraction appeared on Coomassie stained gels (data not shown). The recovery of the 18 kD
protein was substantial using this step, although only a partial enrichment from the
phycobiliprotein fraction was provided by this step. (Fig. 40, lane 5).
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The material was then passed over G-50 gel exclusion chromatography equilibrated
in 50 mM Tris.HCl pH 7.5 to desalt the sample and to determine if any larger protein could
be separated from the 18 kD protein. The fractionation was not very efficient when
compared to the starting material (data not shown). However, the step was deemed
necessary for desalting the sample in preparation for Mono-Q chromatography.
Mono-Q chromatography of the G-50 pool was performed by developing the
column with a linear gradient from 0-0.5 M NaCl in 50 mM Tris.HCl pH 7.5. Under
these conditions, there was little protein observed in the flow-through fractions (data not
shown). This was expected because the material had previously been developed on Qsepharose under similar conditions. The fractions that gave the highest signals from
Western analysis appeared to elute at approximately 50% buffer B (or ~ 0.25 M NaCl in 50
mM Tris.HCl pH 7.5) (data not shown). This result is also expected since all of the 18 kD
protein eluted from the Q- sepharose column during a 0.25 M NaCl in 50 mM Tris.HCl pH
7.5 step gradient. Moreover, a large majority of the blue color on the column eluted just
prior to 50% buffer B (data not shown). The pooled fractions containing the 18 kD protein
from the MonoQ runs contained only a slight amount of blue color and gave very large
signals upon Western analysis. (Fig 40, lane 6). MonoQ chromatography was the critical
step in removing the majority of the phycobiliprotein fraction from the preparation, which
is crucial for discerning, unambiguously, the 18 kD band for sequencing. Since there is a
significant enrichment of the 18 kD protein Western signal and a substantial loss of blue
color, upon MonoQ chromatography, then it seems unlikely that the 18 kD protein part of
the phycobiliprotein fraction in Anabaena 7120.
The pooled MonoQ fraction was passed over a phenyl sepharose resin, equilibrated
in 1 M NaCl in 50 mM Tris.HCl pH 7.5. The entire amount of the phycobiliprotein
fraction adsorbed tightly to the column under these conditions. A yellow-colored flowthrough fraction, that contained the 18 kD protein, was reserved for further purification
(Fig. 40, lane 7). These results were different from initial observations where the 18 kD
protein bound very tightly to the phenyl sepharose resin when cell free lysates were applied
(see previous). However, this current behavior was repeatable on each occasion, and
provided an isolation step that completely removed all contaminating phycobiliproteins
from the preparation.
The phenyl sepharose material was then applied to a Superose 12 column as
described. Under these conditions the yellow material appeared in the void volume and did
not contain the 18 kD protein (data not shown). The fractions that contained the 18 kD
protein eluted, as one fraction, after the phycobiliproteins, at approximately 17 ml (void
volume = 8 ml) (Fig. 40, lane 8). The fact that the 18 kD protein appears in one fraction,
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and elutes at a volume corresponding to 15-20 kD, indicates that the 18 kD protein exists as
a monomer under the conditions of this step.
Close inspection of the Coomassie stained gel of the Superose 12 pool revealed a
possible triplet, of which one could be the 18 kD band of interest. Although the signals
from western blotting experiments were relatively diffuse, no triplet banding pattern was
observed. To avoid confusion as to which band to cut out, the three bands were cut out of a
Coomassie stained gel and eluted into SDS-PAGE sample buffer by diffusion. All three
bands were run separately on an SDS-PAGE gel and the analyzed by western methods. All
three bands migrated the same distance under these conditions and revealed co-migratory
Western signals (Fig 41). The triplet banding is apparently a result of variations in
performing the SDS-PAGE protocol.
To determine if any isoforms of the 18 kD exist, which may have caused the
observed banding pattern, 2D SDS-PAGE was performed. Material from the Superose 12
fraction was first subjected to isoelectric focusing, then SDS-PAGE in the second
dimension, which was then processed for western analysis as described. Only one spot
was observed on the exposed film (Fig. 42). The isoelectric point of the 18 kD protein was
estimated to be approximately 5.
The sequence of the band cut out from the PVDF blot of the concentrated Superose
12 pool was determined in Dr. Rutherford's lab in the Department of Biology at Virginia
Tech. The first 15 N-terminal amino acids were determined and the results were judged to
be unambiguous. Calibration of the instrument with standards gave expected results (data
not shown). Peaks from the HPLC trace of PITC-labelled amino acids were well defined
and were absent in cycle traces immediately before and immediately after the trace in
question, which indicates that one single PITC derivative is being detected in each trace.
The N-terminal amino acid sequence that was deduced was Ser-Ala-Ala-Thr-AspGln-Ile-Leu-Asp-Gln-Leu-Lys-Ser-Leu-Ser (SAATDQILDQLKSLS). Of note is the fact
that the methionine in the 18 kD protein has been removed by post-translational events. In
addition, the N-terminus of the 18 kD protein was not blocked, at variance with previous
observations (Hill, et al., 1996). This sequence was input into a program called Biology
Workbench provided by the National Center for Supercomputing Applications at the
Univeristy of Illinois, Urbana-Champaign. This program is accessed on the World Wide
Web (http://www.ncsa.uiuc.edu) and serves as a tool for DNA and protein sequence
analysis. The 18 kD N-terminal sequence was used to search databases for similar
sequences within proteins at the SwissProtein Data Bank using the BLASTP program.
One protein, identified as protein L12, from the large ribosomal (50 S) subunit of
Synechocystis sp. strain PCC 6803 ( Synechocystis 6803), gave a 93% identity (100%
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similarity) of all 15 amino acids of the 18kD N-terminal sequence. The sequence for the
L12 protein was downloaded from the Internet and then used as input, along with the 18
kD protein, for the ALIGN program. The results show that the processed N-terminal
sequence of the 18 kD protein is nearly identical to the N-terminal sequence of the L12
protein from Synechocystis 6803 (Fig. 43).
The 18 kD preparation was subjected to cathepsin C proteolysis as described.
Resolution of the digestion products via SDS-PAGE revealed a 14 kD and a 12 kD protein
that cross-reacted with anti-cyanoglobin antibodies (Fig 44). The 14 kD band was blotted
to PVDF and sequenced as described. N-terminal sequence analysis of the fragment
revealed the following sequence (internal to the 18 kD protein): Ala-Ala-Pro-Gly-Ala-AlaAla-Ser-Ala-Ser-Pro (AAPGAAASASP). This result was not anticipated since the
specificity of the cathepsin C enzyme should have given Pro as the second amino acid in
the fragment (see Materials and Methods). When aligned with the L12 protein of
Synechocystis 6803, there was high similarity beginning at residue 35 (Fig. 43). The
results confirm the identity of the 18 kD protein as the L12 homolog in Anabaena 7120.
A discrepancy exists concerning the identity of the 18 kD protein as an L12
homolog in Anabaena 7120. The size of the cyanoglobin immunoreactive band, 18kD, is
clearly different from the L12 protein, 13 kD, in Synechocystis PCC 6803. If the 18 kD
protein is indeed L12 of the large ribosomal subunit, then it should be precipitated by
polyamines or other nucleic acid precipitating agents in the cell free lysate. Treatment of a
cell free lysate of Anabaena 7120 with streptomycin sulfate, a polyamine, the resultant
sample was devoid of signals at 18 kD upon Western analysis (data not shown). When the
resultant streptomycin sulfate pellet was resuspended and incubated in high salt buffer,
there was a specific release of the 18 kD protein from the pelleted material (data not
shown). These observations indicate that the 18 kD protein is associated with nucleic
acids.
There was concern that the reaction of the 18 kD protein was not specific to
Anabaena 7120, but merely a consequence of anti-E. coli BL21DE3/pT7-7 antibodies to
ribosomal proteins. Therefore, the 18 kD signal would result from E. coli anti-ribosomal
antibodies and not anti-cyanoglobin antibodies. Anti-cyanoglobin antibodies were crossadsorbed to treated cell debris of E. coli BL21DE3/pT7-7 (Hill, et al., 1996). The reaction
of the 18 kD protein from Anabaena 7120 is actually caused by specific anti-cyanoglobin18 kD associations because no titration of the 18 kD protein by E. coli BL21DE3/pT7-7,
was observed (data not shown). These results are corroborated by the 18 kD protein
titrating anti-cyanoglobin antibodies in previous work (Hill, et al., 1996).
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Please see Hargrove, et al., 1996b

Fig. 1.

(A) Three dimensional structure of met-sperm whale myoglobin shown in a
ribbon diagram. The heme group, shown in red, is ligated to the protein
through the proximal histidine, His 93 (F8), shown in pink. The helix
designations are shown as letters. (B) The key residues of the distal and
proximal pockets, which govern ligand binding in sperm whale myoglobin.
.
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Fig. 2.

Cyanoglobin is expressed in E. coli (pGlbN) as the oxygenated
form. Photograph of cell free lysates of E. coli (pGlbN). Note the deepscarlet red color, indicative of cyanoglobin being expressed as the oxygenated
form.
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Phenyl sepharose hydrophobic interaction chromatography
discriminates between oxygenated and autoxidized cyanoglobin.
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Fig 4.

Phenyl sepharose hydrophobic interaction chromatography
discriminates between oxygenated and autoxidized cyanoglobin.
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Cyanoglobin can be purified in the oxygenated form.
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Fig. 6.

Cyanoglobin is expressed in E. coli (pGlbN) as a b-type
containing protein.

69

140

20

416

536

15
100
574
536

-1

ε

80

(mM

cm

408

120

10
60

40

5

20
632

0
250

300

350

400

450

500
500

550

600

650

0
700

Wavelength (nm)

Fig. 7.

The Soret extinction coefficient of oxycyanoglobin, when
compared to that of met-cyanoglobin, is unusual.
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Cyanoglobin coordinates cyanide at pH 7
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Cyanoglobin coordinates azide at pH 7
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Cyanoglobin coordinates fluoride at pH 7
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Fig. 11.

Cyanoglobin coordinates the bulky ligand imidazole at pH 7.
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Fig. 12.

Cyanoglobin coordinates the bulky ligand nicotinate at pH 7.
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Cyanoglobin coordinates acetate at pH 7.
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Cyanoglobin coordinates acetate at pH 5.5
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Fig. 15.

Cyanoglobin coordinates the bulky ligands methylisonitrile and
ethylisonitrile at pH 7
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Fig. 16.

Sperm whale myoglobin coordinates the bulky ligands
methylisonitrile and ethylisonitrile at pH 7.
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Fig. 17. The high-spin to low-spin transition in met-cyanoglobin occurs
between pH 9 and pH 10.
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association
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Fig. 19

Cyanoglobin possesses an extremely fast rate of oxygen
dissociation.
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Fig. 20Cyanoglobin possesses an extremely fast rate of CO association.
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Cyanoglobin possesses an extremely fast rate of CO association.
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Fig. 22. Cyanoglobin possesses extremely fast rates of alkylisonitrile
association.
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Fig. 23. Cyanoglobin possesses extremely fast rates of alkylisonitrile
association.
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Fig. 24. Cyanoglobin possesses a relatively slow rates of alkylisonitrile
dissociation.
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association.
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Fig. 26. Oxycyanoglobin possesses a relatively fast rate of autoxidation to
the met-form.
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The fast rate of autoxidation of oxycyanoglobin is pH dependent.
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Cyanoglobin possesses an extremely fast rate of hemin loss.
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(Please see Moens, et al., 1996)
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fold).

Cyanoglobin possesses a three-on-three helical fold (globin
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Cyanoglobin possesses
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Cyanoglobin

Fig. 32.

Aplysia myoglobin

Cyanoglobin possesses a relatively solvent exposed heme moiety.
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Fig. 33.

B

The modelled structures of Aplysia myoglobin and cyanoglobin
contain phi-psi angles that are primarily in the most favored and
allowable regions.
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The nifU-glbN intergenic region contains extensive sequence
similarity with the promoter region of glnA (glutamine
synthase).
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Isolation and cloning of DNA fragments containing the nifUglbN intergenic region.
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The nifU-glbN intergenic region interacts with NtcA.
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Fig. 38

The 18 kD immuno-reactive protein is localized in the cell
membrane in Anabaena 7120.
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protein.

The 18 kD immuno-reactive protein is a peripheral membrane
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Fig. 40

The 18 kD immuno-reactive protein is not a phycobiliprotein.
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The 18 kD immuno-reactive protein migrates as a triplet
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The 18 kD immuno-reactive protein exists as only one isoform.
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Fig. 45.
by NtcA.

Models of genetic regulation of cyanoglobin gene expression
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Table 1. Listing of bacterial strains and plasmids used in this study.

Strain or plasmid

Description

pGEM-4

2.87 kb; Ampr, obtained from Promega Corp.,
Madison, WI.

pNDH1

2.4 kb EcoRI-HindIII fragment cloned in pBR322,
containing nifU-glbN-nifH of Nostoc commune UTEX
584 (GenBank # L23514); obtained from M. Potts.

pMVT1

781 bp AluI fragment of pNDH1 cloned in pGEM-4.

pMVT2

445 bp AluI-DpnI fragment of pMVT1 cloned in
pGEM-4 (containing nifU-glbN intergenic region).

pGlbN

357 bp NdeI-HindIII fragment containing coding region
of Nostoc commune UTEX 584 (glbN) in pT7-7, in
BL21(DE3); obtained from M. Potts.

pTrc99a

4.2 kb; Ampr lacIq Ptrc rrnBTIT2, obtained from
Pharmacia, Piscataway, N.J.

pCSI26

964 bp MscI-PvuII fragment containing truncated form of
Synchecoccus sp. strain PCC 7942 (ntcA) in pTrc99a;
obtained from Antonio Herrero.

Anabaena sp.
strain PCC 7120

Filamentous, heterocysts, aerobic N2 fixation
(= ATCC 27347 + ATCC 27893); obtained from J. Elhai.
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Table 2. Cyanoglobin exists as a monomer in solution even at high
concentrations.

Meas Time
#
(s)

Amp

Diff
Coeff

1
2
3
4
5
6
7

0.835
0.836
0.833
0.836
0.829
0.836
0.832

1449
1430
1437
1444
1333
1436
1457

0.834

1442

Mean:

0
15
32
62
78
94
110

Radius
(nm)

MW
(kD)

Polyd
(nm)

Temp
(C)

Count
Rate

Base
Line

SOS
Error

2.2
2.2
2.2
2.2
2.4
2.2
2.2

20
21
21
20
25
21
20

0.474
0.517
0.516
0.587
0.96
0.515
0.502

36.6
36.9
37
36.9
37
36.9
36.6

491347
494586
495986
497815
508403
499982
499507

1
1
1
1
1.033
1
1

0.318
0.639
0.639
0.814
10.52
0.437
0.437

2.2

21

0.519

37

496537

1

0.547
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Table 3. The absorbance maxima and extinction coefficients of
cyanoglobin derivatives.

Derivative

Conditions

Soret

Beta

pyridine-ferroheme

23% Py/75 mM NaOH

420

525

558 (32.0)1

oxy-GlbN

0.1 M NaPi pH 7.0

416 (131)

540 (14.8)

574 (11.7)

met-GlbN

0.1 M MES pH 5.5

408 (123)

536 (10.3)

632 (3.24)

met-GlbN

0.1 M NaPi pH 7.0

408 (123)

536 (10.3)

570 (7.19)

met-GlbN

0.1 M CAPS pH 10.0

412 (115)

536 (11.0)

574 (8.10)

cyanomet-GlbN

1 mM KCN2

420 (114)

540 (11.9)

azidomet-GlbN

5 mM azide2

418 (116)

540 (11.1)

575 (8.75)

fluoromet-GlbN

10 mM NaF2

408 (117)

536 (9.88)

570 (7.19)

imidiazolemet-GlbN

1 mM imidazole2

414 (121)

533 (12.1)

560 (9.46)

nicotinomet-GlbN

5 mM nicotinate2

410 (115)

536 (11.6)

560 (8.75)

acetomet-GlbN

0.1 M NaOAc pH 5.0

406 (138)

536 (7.81)

572 (6.46)

methyl-NC-GlbN

2 mM MeNC2

428 (nd)

530 (nd)

562 (nd)

ethyl-NC-GlbN

2 mM EtNC2

428 (nd)

530 (nd)

562 (nd)
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Shoulder Alpha

632 (3.24)

605 (4.1)

620 (5.80)

Table 4. Kinetic parameters of gaseous ligand binding to cyanoglobin and
selected hemoglobins and myoglobins

Protein

k’O2
(µM-1 s-1 )

kO2
( s-1)

KO2
(µM- 1)

SWMb wild type
SWMb H64Q
SWMb H64Q/V68L
GlbN
LgHba ( Glycine max)
Aplysia Mb (V)
Glycera Hgb (L)
SWMb (-D helix)

15 (17)
24 (24)
33 (29)
386 (460)
(130)
(15)
(190)
(13)

18 (15)
112 (130)
30 (37)
79 (65)
(5.6)
(70)
(1800)
(31)

0.83 (1.1)
0.19 (0.18)
1.2 (0.78)
4.8 (6.9)
(23)
(0.21)
(0.11)
(0.42)

Protein

k’CO
(µM-1 s-1 )

kCO
( s-1)

KCO
(µM-1 )

SWMb wild type
SWMb H64Q
SWMb H64Q/V68L
GlbN
LgHba (Glycine max)
Aplysia Mb (V)
Glycera Hgb (L)
SWMb (-D helix)

0.53 (0.51)
0.94 (1.0)
2.3 (2.0)
41 (64)
(17)
(0.5)
(27)
(0.45)

(0.019)
(0.012)
(0.008)
(0.010)
(0.0078)
(0.02)
(0.042)
(0.030)

27
78
290
4100
(2200)
(25)
(640)
(15)

Protein

k’NO
(µM-1 s-1 )

kNO
( s-1 )

KNO
(µM-1 )

SWMb wild type
SWMb H64Q
SWMb H64Q/V68L
GlbN
LgHba (Glycine max)
Aplysia Mb (V)
Glycera Hgb (L)

(22)
(43)
(90)
(600)
(170)
(20)
(150)

(0.000098)
(0.00013)
(0.00003)
(0.00022)
(0.00002)

(2.2 x 105)
(3.3 x 105)
(3.0 x 106)
(2.7 x 106)
(9.0 x 106)

(0.00015)

(1.0 x106)
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Table 5. Kinetic parameters of alkylisonitrile ligand binding to
cyanoglobin and
selected hemoglobins and myoglobins.

Protein

k’MeNC
(mM-1 s-1)

kMeNC
( s-1)

KMeNC
(mM-1)

SWMb wild type
SWMb H64Q
GlbN
Glycera Hgb
Aplysia Mb
LgHba

117 (120)
(200)
8400
(450)
(600)
(2300)

(4.3)
(5.6)
0.31
(0.65)
(72)
(0.95)

27
(36)
2.7 x 104
(690)
(8.3)
(2400)

Protein

k’EtNC
(mM-1 s-1 )

k EtNC
( s-1)

KEtNC
(mM-1)

SWMb wild type
SWMb H64Q
GlbN
Glycera Hgb
Aplysia Mb
LgHba

73 (69)
(71)
6900
(160)
(540)
(2000)

(0.3)
(0.15)
0.064
(0.035)
(15)
(0.026)

240
(470)
1.1 x105
(4500)
(36)
(7.7 X 104)
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Table 6. Kinetic parameters of azide ligand binding, autoxidation, and
hemin loss concerning cyanoglobin and selected hemoglobins
and myoglobins.

Protein

k’N3
(mM-1 s-1 )

SWMb wild type
SWMb H64Q
GlbN
Aplysia Mb

3.1 (2.9)
(62)
790
(1800)

Protein

kox (hr-1)

kloss (hr-1)

SWMb wild type pH 5.0
SWMb wild type pH 7.0
SWMb -D helix pH 5.0
SWMb H64Q
SWMb H64Q/V68L
GlbN pH 5.0
GlbN pH 7.0
GlbN pH 9.0
LgHba pH 5.0
LgHba pH 7.0
Aplysia Mb pH 7.0

(3.2)
(0.05)
(6.0)
(0.22)
(0.21)
1.5
0.19 (0.20)
0.35
(1.6)
(0.2)
(0.1)

(1.0)
(0.01)
(46)
(0.12)
(0.4)
237
20
nd
(1.3)
(0.7)
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DISCUSSION
Isolation and Purification of Cyanoglobin
Cyanoglobin was expressed from E. coli (pGlbN) as a b type heme containing protein
and purified using a new purification method. The new preparation essentially contains all
oxycyanoglobin and provides purified material that has a known ligand (i.e., oxygen) and
behaves more "normally" concerning ligand binding. Clearly, the hydropathic properties
of the oxycyanoglobin and autoxidized cyanoglobin are different. The autoxidized material
interacted with the hydrophobic interaction resin more so than the oxygenated material (see
Fig. 3a). This may be the result of exposure of otherwise hidden hydrophobic patches of
amino acids in the autoxidized material because the first step in hemoglobin denaturation is
the autoxidation to the met-form (Hargrove, et al., 1996b and Brantley, et al., 1993).
Intriguingly, the autoxidized form of cyanoglobin bound the exogenous ligand cyanide at
neutral to basic pH, which is at variance with previous work. It would appear that the
autoxidation of cyanoglobin does not necessarily result in the formation of hemichrome
species (Rachmilewitz, et al., 1971), which was used to explain the lack of general ligand
binding behavior in cyanoglobin in previous work (Thorsteinsson, et al., 1996).
Hemichromes have also been detected as an autoxidation product in Paramecium
hemoglobin, known to share high amino acid sequence similarity with cyanoglobin
(Tsubamoto, et al., 1990). The material purified, using the methods described, could be
concentrated to approximately 36 mg/ml (~ 3 mM) without any detectable aggregation of
the protein. This feature of the purified cyanoglobin is critical for the success of
collaborative efforts concerning X-ray crystallography and NMR spectroscopy that are
currently underway.
Exogenous Ligand Binding to Cyanoglobin
Cyanoglobin purified by the described methods provided a protein with more "normal"
ligand binding behavior. The oxygenated form of cyanoglobin, spectrophotometrically,
was identical to the material that had been anaerobically reduced and then sparged with air.
Cyanoglobin treated with ferricyanide, which was subsequently removed from the protein
via gel filtration, exhibited a peak at 632 nm, indicative of water occupying the sixthcoordination position. This is at variance with previous work, where no "water" peak was
observed (Thorsteinsson, et al., 1996). Both the new preparation of met-cyanoglobin and
115

met-cyanoglobin examined previously have a spectral signature that is different from sperm
whale myoglobin. The spectral signatures imply a low spin ferric iron (Thorsteinsson, et
al., 1996). However, EPR studies confirm that at pH 7, cyanoglobin exhibits a classic
high-spin signature (Thorsteinsson and Hales, unpublished data). The temperature of the
EPR experiments could have an influence on the data collected because phosphate buffer is
known to have a fluctuating pK with temperature. However, all current evidence indicates
that cyanoglobin exists in the met-form as a high-spin ferric iron. Specific high-spin to low
spin transitions were detected going from pH 9 to pH 10 in met-cyanoglobin, although
these transitions are very different from those seen in sperm whale myoglobin, which is
known to possess a distal histidine. This behavior implies that the heme environment in
cyanoglobin is much different. The heme environments of cyanoglobin and sperm whale
myoglobin have been demonstrated to be different by previous experiments using circular
dichroism (Thorsteinsson, et al., 1996).
The optical spectrum of met-cyanoglobin is
unusual in that the extinction coefficient for the met form, at pH 7, is comparatively low to
sperm whale myoglobin and leghemoglobin under the same conditions. Moreover, the
extinction coefficient for oxycyanoglobin is slightly higher than that calculated for the met
form. This result is not observed in sperm whale myoglobin and leghemoglobin, which
exhibit much higher extinction coefficients for the met form when compared to the
oxygenated form. According to the criteria of Shikama, the spectral characteristics of metcyanoglobin, when compared to that obtained of oxycyanoglobin, are indicative of
hemoglobins that possess non-histidyl distal residues (Shikama and Matsouka, 1989).
Cyanoglobin can coordinate cyanide at neutral to basic pH, a result at variance with
previous work (Thorsteinsson, et al., 1996). The transition from a high-spin heme iron, to
a low-spin heme-iron upon cyanide coordination, implies that met-cyanoglobin possesses a
water molecule at pH 7. The extinction coefficient of cyanomet-cyanoglobin was calculated
to be 11.9 mM-1 cm-1 , a value similar to other hemoglobins and identical to that of
Paramecium hemoglobin. Since cyanide binds to nearly all hemoglobins with very high
affinity (Dou, et al., 1996) and is very stable (Antonini and Brunori, 1971), then the
cyanomet form of cyanoglobin was used as an assay of heme content in all future work.
Met-cyanoglobin also coordinates the high-field strength ligand azide and the low-field
strength ligand fluoride, again, at variance with previous work. The amount of exogenous
ligands that were required to elicit spectral changes in cyanoglobin were relatively high for
both fluoride and azide. Therefore, it is assumed that the affinity of cyanoglobin for these
ligands, is comparatively low compared to other ligands. Cyanoglobin was shown to bind
acetate, which is also observed in both sperm whale myoglobin and leghemoglobin,
although relatively high concentrations of acetate continued to elicit spectral changes. It is
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presumed that the affinity of cyanoglobin for acetate is also comparatively low. The UVVisible spectral signatures of the fluoromet, azidomet, and acetomet forms of cyanoglobin
were not identical to sperm whale myoglobin, although the same general trend was
observed. That is, upon coordination of high-field strength ligands, there is a general highspin to low-spin transition, visualized by a diminution of the 632 nm peak (indicative of
water coordination), and a general decrease and red-shift of the extinction coefficient. With
the addition of low-field strength ligands (e.g. fluoride), there is still a diminution of the
632 nm peak, but the extinction coefficient does not decrease significantly. This
observation is different from studies on sperm whale myoglobin, which exhibits large
decreases in extinction coefficient, upon addition of fluoride, when compared to the all metform (Antonini and Brunori, 1971).
The fact that cyanoglobin bound these ligands under the conditions described implies that
no hemichrome forms of cyanoglobin were produced using the described purification
protocol. Previous attempts to bind these ligands to cyanoglobin were unsuccessful
(Thorsteinsson, et al., 1996). Since the autoxidized fraction from the phenyl sepharose
step possessed the ability to bind cyanide, it would appear that the material studied
previously (Thorsteinsson, et al., 1996) may have contained Class "B" type hemichromes,
which are partially denatured hemoglobins, which may explain the lack of general ligand
binding observed previously. "A" type hemichromes are proteins that have an internal
amino acid residue that occupies the sixth position. The internal amino acid is easily
dissociated from the heme-iron upon entrance of ligands (Rifkind, et al., 1994). This
behavior is also believed to occur in non-symbiotic hemoglobins (see Andersson, et al.,
1996) in rice, which exists as hemichromes in the deoxy state, yet allow ligands to enter
and displace internal amino acid residues from the sixth position (Hargrove, unpublished
data).
Met-cyanoglobin also binds the relatively bulky ligands nicotinate and imidazole. Both
sperm whale myoglobin and leghemoglobin bind imidazole, with both proteins having a
high affinity for the ligand. This is surprising since high-resolution crystal structures of
sperm whale myoglobin provide no observable entrance or exit for small ligands like
oxygen and carbon monoxide (Springer, et al., 1994). It is assumed that transient protein
motions allow entrance of even relatively bulky ligands, such as imidazole. Another
possibility is that, like leghemoglobins, cyanoglobin possesses a relatively solvent
accessible heme-iron (see later). Interestingly, the imidazolemet-cyanoglobin derivative
possesses a UV-Visible spectrum that is very similar to the material purified previously,
which, presumably, was a hemichrome (Thorsteinsson, et al., 1996). A histidine residue
exits in cyanoglobin 2 residues to the C-terminus away from the putative distal glutamine.
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There is also a histidine in an analogous position in the Paramecium hemoglobin. This
histidine residue was implied to be the sixth ligand in the autoxidation product (i.e., a
hemichrome) of Paramecium hemoglobin (Tsubamoto, et al., 1990). It is a possibility
that the hemichrome species observed in previous work may have resulted from the
analogous histidine in cyanoglobin acting as the sixth ligand, judged by the similarity of the
hemichrome spectrum (Thorsteinsson, et al., 1996) and the spectrum of imidazolemetcyanoglobin observed in this study.
Met-cyanoglobin also coordinates nicotinic acid, which is observed in the
leghemoglobins, but not observed in sperm whale myoglobin. Nicotinic acid preferentially
binds to the iron, in leghemoglobins, though the pyridine nitrogen (Appleby, et al., 1973).
The placement of the acid moiety in nicotinic acid was determined to be critical for the
stable binding of this molecule to leghemoglobin (Appleby, et al., 1973). Nicotinic acid
may bind in a similar manner to cyanoglobin. This would imply that the heme
environments of leghemoglobin and cyanoglobin, are similar, a result that is corroborated
with circular dichroism data (Thorsteinsson, et al., 1996). However, it is not clear if
nicotinic acid is of any functional relevance to cyanobacterial physiology concerning
modulation of oxygen affinity by specific ligand effectors, as is observed in the
leghemoglobins(Appleby, et al., 1973). Nevertheless, nicotinic acid may bind fortuitously
to met-cyanoglobin because the heme-iron may be highly accessible to solvent, and
ligands, in general.
Ferro-cyanoglobin (Fe2+ ) binds the considerably bulky ligands methylisonitrile and
ethylisonitrile (R-NC). The spectral signatures are indicative of coordination by these
ligands by similar spectra obtained from sperm whale myoglobin. Sperm whale myoglobin
has a higher affinity for the bulkier ethyl derivative because of non-specific hydrophobic
interactions that occur between residues surrounding the outer distal pocket and the alkyl
group of the ligand. This phenomena is also seen in cyanoglobin (see kinetic data), but is
less pronounced.
Kinetics of Ligand Binding to Cyanoglobin
Cyanoglobin binds molecular oxygen with a very fast association rate and a somewhat
fast dissociation rate. This provides the kinetic basis for the high oxygen affinity of
cyanoglobin. The altered forms of sperm whale myoglobin, that have residues in
analogous positions to cyanoglobin based on amino acid sequence alignment, could not be
correlated to the oxygen binding behavior of cyanoglobin. Combined with previous
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observations, this confirms that cyanoglobin possesses a distal pocket different from sperm
whale myoglobin.
The calculated oxygen affinity of cyanoglobin (~5 M -1 ; ~ 0.12 mm Hg) is intermediate
between sperm whale myoglobin and leghemoglobin. The P50 value calculated here is ~ 4
times lower than that determined by equilibrium measurements (Thorsteinsson, et al.,
1996). This may be due to inaccuracies introduced into the equilibrium experiments based
solely on the kinetic behavior of cyanoglobin (i.e., the association rate is too fast to
measure the P50 accurately). Leghemoglobins are known to sequester oxygen and provide
that oxygen to a terminal cytochrome oxidase (Appleby, 1984). The oxygen affinity of
cyanoglobin is ~5 times lower when compared to leghemoglobins. Since cyanoglobin has
an oxygen affinity ~ 5 times higher than sperm whale myoglobin, then a mechanism of
oxygen sequestering and presentation, similar to leghemoglobins, for cyanoglobin is
possible. Because cyanoglobin is localized, in vivo, at the inner aspect of the membrane in
Nostoc 584, then it would seem likely that cyanoglobin sequesters oxygen, and presents
that oxygen to, or is a part of, a terminal cytochrome oxidase in this organism.
Cyanoglobin does not possess a D-helix, according the alignments of Moens, et. al.
(Moens, et al., 1996). However, oxygen binding data concerning an altered sperm whale
myoglobin protein, without the D-helix, reveal that oxygen association and dissociation
rates, and subsequently affinity, are not significantly affected by this mutation (see Table
4). Therefore, it would seem unlikely that since cyanoglobin does not possess a D-helix,
this would lead to a general increase in oxygen binding parameters as observed in this
study.
The oxygen binding parameters of hemoglobins known to contain non-histidyl residues
are markedly different when compared to cyanoglobin. The distal valine of the Aplysia
myoglobin and the distal leucine of the Glycera hemoglobin have markedly reduced oxygen
affinities when compared to cyanoglobin (Table 4). Cyanoglobin is also believed to
possess a glutamine as the distal residue, and when compared to the H64Q altered sperm
whale myoglobin protein, there is a general trend of higher rates of dissociation. However,
the rate of association is essentially unchanged in H64Q sperm whale myoglobin. The
rates of oxygen association to cyanoglobin are greater than any wild type protein studied to
date. It would seem apparent that, similar to leghemoglobins, cyanoglobin binds oxygen
based on solvent accessibility and heme-reactivity (Hargrove, et al., 1997).
Cyanoglobin possess a very fast association rate of CO binding. Like oxygen, the rate of
association of CO to cyanoglobin is higher than any other native hemoglobin studied to
date. The dissociation rates of CO from cyanoglobin were very similar to other
characterized hemoglobins (Table 4). It would seem apparent that the dissociation rate
119

governs the ligand affinity of hemoglobins to CO. The ratio of affinities of CO, when
compared to oxygen, is ~ 25 in sperm whale myoglobin. Compared to model heme
compounds (ratio of KCO/KO2 ~20,000) sperm whale myoglobin discriminates between CO
and oxygen (Springer, et al., 1994). The KCO/KO2 of the altered forms of sperm whale
myoglobin, with mutations in the distal histidine and valine residues tested in this study are
~350-400, indicating a decrease in discrimination of CO compared to oxygen. The
KCO/KO2 for cyanoglobin however, is ~ 1000. This result implies that there is even less
discrimination between CO binding and oxygen binding in cyanoglobin. The KCO/KO2 for
leghemoglobins is ~ 100. The fact that leghemoglobins does not discriminate CO from
oxygen, when compared to sperm whale myoglobin, is attributed to a highly reactive,
solvent exposed, heme-iron (Hargrove, et al., 1997). It would seem apparent that
cyanoglobin may behave in a similar manner.
The rate of nitric oxide association to cyanoglobin is also higher than any native
hemoglobin studied to date The association rate for NO to cyanoglobin is ~ 30 times
greater than that observed for sperm whale myoglobin. The high rate of nitric oxide (NO)
association to cyanoglobin is attributed to a highly reactive heme-iron. Cyanoglobin has
been found to possess a very low rate of geminate recombination (Gibson, 1996,
unpublished data). This can be interpreted to mean that cyanoglobin possesses a distal
pocket that may be relatively shallow and solvent exposed. That is, once the ligand leaves
the heme-iron, there are presumably no areas in the distal pocket for the ligand to interact
with, and thus the ligand preferentially leaves to solvent instead of rebinding to the protein
(Gibson, et al., 1992).
Cyanoglobin also possesses very high affinities for the alkylisonitrile derivatives, which
are, in general 27,000 and 500 times greater than those calculated for sperm whale
myoglobin, for the methyl and ethyl derivative respectively. Only leghemoglobin
possesses somewhat similar values for the alkylisonitrile affinities (see table 5), although
the affinities for cyanoglobin are, in general, an order of magnitude greater. A general
trend of lower rates of ethylisonitrile dissociation in cyanoglobin is observed when
compared to the methyl derivative. In sperm whale myoglobin and leghemoglobin, this is
due to non-specific hydrophobic interactions between the alkyl side chain and residues
directly surrounding the distal pocket. Because of this, ethylisonitrile derivatives generally
give higher affinities, which are determined, typically, by the dissociation rate constant.
There is also an expected difference in the rate of alkylisonitrile association rates to sperm
whale myoglobin. Essentially, the bulk of the ligands allows for slightly higher association
rates of the methyl derivative. Because leghemoglobin have a more open, solvent exposed
heme-iron, the rates of methyl and ethyl alkylisonitrile association are roughly equivalent
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(see Table 5). In cyanoglobin, the rate of methylisonitrile association is slightly higher
(8400 mM-1 s-1 ) than the ethylisonitrile derivative (6900 mM-1 s-1 ). This rate of association
is so fast (faster than any other hemoglobin studied to date) that it would generally be
assumed that, like leghemoglobins, there is little to no kinetic barrier for alkylisonitrile
binding for either of the derivatives. The alkylisonitrile derivatives represent a class of
ligands that bind to hemoglobins strictly on the basis of steric hinderance (Springer, et al.,
1994). That is, unlike gaseous ligands, electrostatic interactions to the heme-iron do not
govern the binding of alkylisonitriles to hemoglobins. It would appear, therefore, that like
leghemoglobins, no steric hinderance exists for alkylisonitrile association to cyanoglobin.
The association rate of azide to hemoglobins is a general measure of heme-iron
accessibility (Smerdon, et al., 1995). In sperm whale myoglobin, the dominant factor is
the presence of the distal histidine, which must "swing" away from the heme-iron to allow
entrance of azide for binding (His is oriented towards the solvent in azidomet crystal
structures) (Smerdon, et al., 1995). In sperm whale myoglobin, the azide ion must first
displace the coordinated water molecule from the heme-iron. Because the Aplysia
myoglobin does not possesses a water molecule, in the met-form, coordinated to the hemeiron, the rates of azide association are very high (Table 6). This is due to the fact that the
kinetic barrier of displacing bound water does not exist for the Aplysia myoglobin.
Because met-cyanoglobin is believed to have coordinated water at the sixth position to the
heme-iron (632 nm peak), the high rates of azide association are presumably due to a
highly solvent exposed, and highly reactive, heme-iron.
Autoxidation of oxycyanoglobin to the met-form proceeds very quickly in comparison to
other hemoglobins (Table 6). The general increase in autoxidation at pH 5, when
compared to pH 7, may be due to protein instability instead of a true dependence on pH
(see hemin loss; next section). A general increase in autoxidation in cyanoglobin is also
observed going from pH 7 to pH 9, which is different from sperm whale myoglobin, and
the protozoan hemoglobins, which are most stable at pH 9. Again, this may be due to an
increase in the instability of oxycyanoglobin. Increases above pH 9, for long periods of
time, have been attributed to heme-loss from cyanoglobin (data not shown). There is also a
general trend between high rates of autoxidation, and high oxygen affinity between
cyanoglobin and leghemoglobin, although this trend is only observed for the association
rates of the altered forms of sperm whale myoglobin (see Table 6). The values for
autoxidation in cyanoglobin are closely paralleled to those of leghemoglobins. The high
rates of autoxidation in leghemoglobins have been attributed to a highly exposed, solvent
accessible heme-iron (Hargrove, et al., 1997). It would seem apparent, based on kinetic
evidence of other ligands in this study, that the autoxidation of oxycyanoglobin to the met121

form could be governed by this phenomena as well. Interestingly, the rate of autoxidation
of the altered sperm whale myoglobin, without a D-helix, is ~30 times that of cyanoglobin,
which may be indicative of increased solvent exposure of the heme iron. However, this is
not reflective of association kinetics of gaseous ligands to this protein (see Table 4), which
is explained by the fact that a water molecule still occupies the distal pocket in the deoxy
form of the sperm whale myoglobin that has had the D-helix removed (Whittaker, et al.,
1995), so a kinetic barrier still exists for gaseous ligand association.
Cyanoglobin possesses a very high rate of hemin loss and is considered to be relatively
unstable when compared to sperm whale myoglobin. This instability is greatly increased
going from pH 7 to pH 5 (see Table 6), which may be reflective of values obtained for the
autoxidation experiments. The only other protein that has a high rate of hemin loss is the
altered sperm whale myoglobin that does not possess a D-helix, which is required for the
retention of the heme moiety in sperm whale myoglobin. The general lack of stability in
cyanoglobin may be reflective of function. If cyanoglobin is unstable in vivo, this may
imply and high turnover rate of the protein. In this case, cyanoglobin would presumably
be acting as an oxygen sensor. Sperm whale myoglobin acts as an oxygen storage protein
and is therefore a relatively stable molecule considering the conditions of the muscle cell
under physiological conditions (e.g., accumulating lactic acid). Although this situation is
not observed in Nostoc 584, an oxygen binding and presentation role for cyanoglobin
would presumably require a relatively stable molecule for proper function. Site-directed
mutagenesis studies of the sperm whale myoglobin gene demonstrates that the D-helix
residues are critical for the retention of heme. The high rate of hemin loss from
cyanoglobin may in fact be a result of the lack of D-helix residues. In addition, the CD
corner represents a kinetic barrier for ligand entrance into the distal pocket of sperm whale
myoglobin (Hargrove, et al., 1996b). According to amino acid sequence alignments,
cyanoglobin does not possess a CD corner, which may be indicative of the general lack of
kinetic barriers to ligand association in cyanoglobin, in general.
In summary, cyanoglobin binds ligands with very high rates of association. Combined
with other data collected in this study, cyanoglobin would presumably possess a very
reactive heme-iron. Leghemoglobins are known to possess a highly reactive heme-iron
based on solvent accessibility and proximal effects of protein structure on the heme-iron.
Low-field NMR spectroscopy of cyanoglobin, currently underway through collaborative
efforts, may shed light on the protein's influence on the heme-iron, which may in turn
influence the heme-reactivity and explain the extraordinarily high rates of ligand binding.
Cyanoglobin, concerning ligand binding and ligand stability, behaves much more similarly
to leghemoglobin than sperm whale myoglobin. These observations support the model of
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cyanoglobin functioning in an analogous fashion to leghemoglobin; that is, scavenging
oxygen, and presenting that oxygen to a terminal cytochrome oxidase.
Homology Modelling of Cyanoglobin
Cyanoglobin has been successfully modelled according the methods described. In
general, cyanoglobin possesses the often seen three-on-three helical bundle (the "globin
fold"), which is a conclusion also reached by Kapp, et al. (Kapp, et al., 1995). The areas
in the sequence alignment, generally, had either identities or similarities to those residues in
sperm whale myoglobin that are known to be buried from solvent.
The MODELLER4 program produced good models based on comparisons between the
crystal structure and modelled structure of the Aplysia myoglobin. The modelled structure
of cyanoglobin, however, did possess many residues that were not in the most favored
region of the phi-psi plot (35%). As a result, there were presumably many "bad contacts"
among atoms. This model could potentially be improved upon by the use of additional
distance constraints provided by low-field NMR analyses of cyanoglobin, which are
currently underway in collaboration with Gerd LaMar's lab at UC Davis.
The exposure of the heme moiety of the modelled structure of cyanoglobin to solvent is
apparently greater than that observed in the modelled Aplysia myoglobin. This is
presumably due to the lack of a CD corner and D-helix in cyanoglobin when compared to
other hemoglobins and myoglobins. The extremely rapid rate of hemin loss and
autoxidation in cyanoglobin corroborates the supposition that cyanoglobin does not possess
these helical segments. Crystallization of cyanoglobin is currently underway to substantiate
these findings.
Analysis of the nifU-glbN Intergenic Region
The putative promoter area of glbN was found to interact with NtcA, the global regulator
of nitrogen metabolism in cyanobacteria. Intriguingly, glbN from Nostoc 8820 does not
possess an NtcA binding motif. The pattern of expression of glbN in Nostoc 8820 has not
been explored, but would presumably be expressed in vivo under combined nitrogen and
oxygen deplete conditions, although the mechanism of control between Nostoc 584 and
Nostoc 8820 may be drastically different. This underscores, in general, the complex
mechanisms of regulation of gene expression in cyanobacteria.
Genes that are known to be regulated by NtcA in cyanobacteria (e.g., heterocyst
development) are expressed under conditions in which cyanoglobin is not observed in
vivo. This would indicate that the control of glbN expression in Nostoc 584 is a
123

combination of nitrogen and oxygen deprivation signals. There is extensive secondary
structure in the nifU- glbN intergenic regions of both Nostoc 584 and Nostoc 8820 (Hill,
et al., 1996). At least for glbN in Nostoc 584, NtcA could bind to the nifU-glbN intergenic
region under conditions of nitrogen deprivation, although not activate transcription because
of the extensive secondary structure in the region (Fig 45). However, since the nitrogen
fixing genes are maximally expressed during oxygen deprivation in Nostoc 584 (Hill, et
al., 1996), there could be a read- through situation, with the presence of NtcA acting as an
anti-termination protein to disrupt any secondary structure (Fig. 45). Primer extension
experiments could verify this assertion. Essentially, if nifU and glbN are expressed as a
polycistronic transcript, then the model concerning RNA polymerase read-through would
be supported. If glbN is expressed in a monocistronic transcript, then additional factors,
perhaps FNR or some other signalling mechanism, involved in anaerobic metabolism,
would be required for the functional expression of glbN in Nostoc 584.
Characterization of the 18 kD Immuno-Reactive Protein
The 18 kD immuno-reactive protein from Anabaena 7120 was enriched to the point
where a band could be unambiguously excised from a PVDF blot and sequenced. The 18
kD protein was determined to migrate, on SDS-PAGE gels, as a triplet. However, bands
from the triplet, isolated by methods described, revealed co-migratory bands on Coomassie
stained gels and western blots. Previous analysis of the 18 kD protein suggested a doublet
on western blotting (Hill, et al. 1996). However, no multiple bands, at ~ 18 kD, could be
observed in all preparations using the western blotting development system used in this
study. If multiple signals exist, as would be expected from a triplet banding pattern, then it
is presumed that the signals are too close in molecular mass to discern by the methods
described. Two dimensional SDS-PAGE electrophoresis of preparations enriched in the 18
kD protein show only a single spot on western analysis. This would indicate that the 18
kD protein does not possess any isoforms and the triplet migration pattern, seen in SDSPAGE gels, was merely a result of characteristics of the protein that prevented
homogeneous migration under the conditions used in this study.
The 18 kD immuno-reactive protein was isolated and sequenced for the first 15 amino
acids. In contrast to previous studies (Hill, et al. 1996) the 18 kD protein N-terminus was
unblocked by the isolation methods described in this study. The N-terminal sequence was
determined to be nearly identical to the large ribosomal subunit L12 protein from
Synechocystis sp. strain PCC 6803.
Specific proteolysis of the 18 kD protein, by
cathepsin C, to a 14 kD fragment, which was subsequently sequenced, revealed that these
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fragments matched internal sequences to the large ribosomal (50S) subunit L12 protein
from Synechocystis sp. strain PCC 6803. Clearly, the 18 kD protein isolated from
Anabaena 7120, is the homolog of the L12 protein found in Synechocystis sp. strain PCC
6803. The validity of this assertion is supported by the fact that the 18 kD protein coprecipitated with nucleic acids with streptomycin sulfate treatment, combined with the fact
that the 18 kD protein could be released with high salt treatment of the pelleted nucleic acid
fraction (data not shown). Because degradation of the first 30 amino acids of the 18 kD
protein was still antigenic, it could be assumed that the epitopic specificity of the anticyanoglobin antibodies are directed at residues toward the C-terminus of the 18 kD protein,
so it is presently unclear what stretch of amino acid residues creates the epitopic specificity
towards anti-cyanoglobin antibodies.
The specificity of anti-cyanoglobin antibodies towards the 18 kD protein has been
demonstrated in previous work, judging by the fact that, cross-adsorption of anticyanoglobin antibodies to cell free lysates of Anabaena 7120, produced decreased signals
in cyanoglobin content in immuno-gold labelling experiments (Hill, et al. 1996). It would
therefore seem apparent that the binding of anti-cyanoglobin antibodies to the 18 kD protein
is fortuitous and may be the result of a localized conformational identity between the two
proteins.
The L12 protein is part of the large ribosomal (50S) subunit in bacteria. Essentially, this
portion of the large ribosomal subunit, in E. coli, participates in the various GTPase
activities that occur during translation of messenger RNA (Voet and Voet, 1995). If the
L12 protein, which is also found in Nostoc 584 (Hill, et al. 1996), is involved in the
function of cyanoglobin through protein-protein interactions, then it is not unreasonable to
entertain the possibility that cyanoglobin may interact with the L12 protein in vivo.
Cyanoglobin may, in fact, behave as an oxygen sensor, and effect protein synthesis as a
result of oxygen deprivation, although which systems could be effected, are currently
unknown.
The Structure and Function of Cyanoglobin
Cyanoglobin represents a hemoglobin with very unusual ligand binding characteristics.
Cyanoglobin behaves more like leghemoglobin than sperm whale myoglobin. Collectively,
the ligand binding properties of cyanoglobin would imply that cyanoglobin possesses a
highly reactive, and solvent exposed, heme-iron. Because the oxygen affinity of
cyanoglobin is relatively high, the function of cyanoglobin may be the sequestering and
presentation of oxygen to terminal oxidase complexes, when the capacity to fix nitrogen,
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and thus the demand for ATP, is maximal. This function parallels the function determined
for leghemoglobin. Since the ligand binding properties of cyanoglobin are similar to
leghemoglobin, then cyanoglobin may function similarly. Crystallization of cyanoglobin
is currently underway to determine if any three dimensional structural parallels to
leghemoglobin exist in the heme-binding site. The unique ligand binding behavior of
cyanoglobin may be reflective of the unique environments in which cyanobacteria are
found.
Because cyanoglobin is not produced as a high fraction of the total cell protein, as is the
case in leghemoglobins, then cyanoglobin may behave as an oxygen sensor. The stability
of cyanoglobin, in vitro, was determined to be relatively low when compared to sperm
whale myoglobin and leghemoglobin. If cyanoglobin is behaving as an oxygen sensor,
then there should be proteins that cyanoglobin interacts with to relay the signal. Since
cyanoglobin is a peripherally bound membrane protein, then some other membrane protein
may, in fact, receive this signal.
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