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Summary

Summary

Vitreoscilla hemoglobin (VHb) has been successfully expressed in various
biotechnological relevant organisms, which resulted in the enhanced growth and
productivity of these heterologous hosts from prokaryotic and eukaryotic origin.
However, it has been argued that the properties of this protein are not ideally
suited to relieve growth limitation from all host cells. Therefore, novel proteins
were screened to test their ability to promote growth under oxygen limited

conditions as encountered in large-scale production bioprocesses.

Flavohemoglobin protein of Ralstonia eutropha (Alcaligenes eutrophus) consists of an
N-terminal hemoglobin and a C-terminal reductase domain. The redox-active
protein tail can be divided into two functionally separate protein modules: a FAD-
binding (FAD) and NAD(P)H binding (NAD) domain. In contrast to
flavohemoglobins, VHD is lacking an intramolecular reductase domain. However,
such a non-linked NADH-dependent methemoglobin reductase has been identified
in its native host Vitreoscilla. VHb is highly homologous to the hemoglobin domain
of FHP (FHPg). Therefore, several chimeric protein fusions of VHb and the
reductase domain of FHP and truncated protein structures of FHP were engineered.
Expression of either the artificial flavohemoglobin VHb-Red or of FHP resulted in
significant growth improvements relative to the native VHb protein in microaerobic
growing Escherichia coli cells. Furthermore, production of a recombinant reporter

protein was increased.

To understand the physiological basis of the observed effects we have performed
an in-depth analysis of the metabolism of E. coli cells expressing VHb, VHb-Red,
FHPg and FHP using fractional *C-labeling and a 2-dimensional NMR technique.
Interestingly, cells expressing VHb or VHb-Red revealed a metabolic configuration
typical for anaerobiosis, showing a branched TCA cycle. In contrast, FHP or FHPg
expressing cells had a functional TCA cycle. Furthermore, glucose consumption

was lower in these cells indicative of more efficient carbon utilization. All studied
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strains showed a higher ATP content and an increase ATP/ADP ratio relative to

control cells.

Due to the findings that flavohemoglobins are key players in the detoxification of
NO' and their expression results in the protection of cells from nitrosative stress, we
have analyzed the possibility if hemoglobins and flavohemoglobins in general are
also able to mediate this stress relieving effect. Interestingly, hemoglobins, such as
VHDb, were also able to retain normal cell growth under nitrosative stress
conditions. However, in vitro assays revealed that the NO® degrading capacity of
hemoglobins is limited. By engineering a reductase to the C-terminus of
hemoglobins the NO* degrading activity was significantly enhanced, showing the

importance of this protein domain in NO* detoxification.

Furthermore, VHb-expressing hybrid aspen trees have been generated to analyze
the effect of VHb-expression on a complex, perennial plant species. Growth of these
trees was followed under various growth conditions, such as different temperature
and UV-B illumination. However, the effect of VHb-expression on growth was
dependent on the genetic background of plant material as well as on the line. Only
few statistically significant differences in growth and other phenotypical
characteristics were observed. However, ultrastructural analysis of cells revealed
that VHDb expressing cells contain a higher amount of starch, demonstrating that
these lines are indeed able to either photosynthesize more efficiently or to utilize

the carbon more efficiently.
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Zusammenfassung

Vitreoscilla Himoglobin (VHb) wurde in verschiedenen biotechnologisch wichtigen
Organismen exprimiert. Die  Expression resultierte in  verbesserten
Wachstumscharakteristika und erhohter Produktivitit in prokaryotischen und
eukaryotischen Zellen. Es ist jedoch nicht bekannt ob die biochemischen
Eigenschaften von VHb in allen heterologen Organismen geeignet sind, um
Wachstumslimitierungen aufzuheben. Daher wurden neue Proteine evaluiert um
ihre Fahigkeit, Wachstum unter Sauerstoff limitierten Bedingungen zu férdern, zu

testen.

Das Flavohdmoglobinprotein aus Ralstonia eutropha (Alcaligenes eutrophus) besteht
aus einem N-terminalen Hamoglobin und einer C-terminalen Reduktase. Die
Reduktasedoméne besteht aus zwei funktionell unabhédngigen Modulen: ein FAD
bindendes (FAD) und ein NAD(P)H bindendes (NAD) Modul. Im Gegensatz zu
den Flavohdmoglobinen, fehlt VHb eine intramolekulare redox-aktive
Proteindomine. Eine dazugehorende Methdmoglobin Reduktase wurde jedoch in
Vitreoscilla identifiziert. VHb and die Hamoglobindoméne von FHP (FHPg) sind
strukturell stark verwandt. Daher wurden verschiedene Proteinfusionen zwischen
VHb und den Komponenten der Reduktase von FHP als auch verkleinerte Formen
von FHP hergestellt. Das kiinstliche Flavohdmoglobin VHb-Red und FHP konnten
im Vergleich zu VHb das Wachstum von Escherichia coli am stirksten stimulieren.
Zusétzlich wurde die Produktion eines rekombinanten Reporterproteins in diesen

Zellen stark erhoht.

Um die beobachteten Effekte besser verstehen zu konnen, wurde der Stoffwechsel
von E. coli Zellen, die entweder VHb, VHb-Red, FHP oder FHPg exprimierten,
mittels 13C-Markierung und einer 2-dimensionalen NMR Methode genauer
analysiert. In Zellen, die VHb oder VHb-Red exprimieren, konnten festgestellt
werden, dass der Zitronensdurezyklus unterbrochen ist, d.h. eine fiir anaerobe
Bedingungen typische Konstellation auftritt. Im Gegensatz dazu war der

Zitronensdurezyklus aktiv in FHP oder FHPg exprimierenden Zellen. Zusitzlich
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war die Glukoseaufnahme in diesen Zellen tiefer, was auf einen effizienteren
Stoffwechsel hindeutet. Alle rekombinante Hamoproteine exprimierenden Zellen
wiesen im Vergleich zu Kontrollen einen héheren ATP Gehalt und ein besseres

ATP/ ADP Verhéltnis auf.

Flavohdmoglobine sind sehr wichtig fiir den Abbau von NO" und ihre Expression
schiitzt Zellen vor der schiddlichen Wirkung nitrosativen Stresses. Wir haben
untersucht, ob Flavohdmoglobine im generellen und auch Hamoglobine diese
schiitzende Eigenschaften besitzen. VHb und andere Hamoglobine konnten ein
normales Zellwachstum unter nitrosativem Stress erhalten. In vitro Experimente
hingegen zeigten, dass die Fahigkeit NO® abzubauen bei Hamoglobinen
eingeschrankt ist. Durch das Anfiigen einer Reduktase an den C-Terminus eines
Hamoglobins kann der NO'-Abbau jedoch signifikant erhoht werden, was die

Wichtigkeit dieser Proteindomaéne fiir die Entgiftung von NO* demonstriert.

VHb exprimierende Pappeln wurden generiert, um den Effekt von VHD in einer
komplexen, mehrjihrigen Pflanze zu analysieren. Das Wachstum dieser Baume
wurde unter verschiedenen Wachstumsbedingungen, d.h. bei verschiedenen
Temperaturen, normaler und erhshter UV-B Strahlung, verfolgt. Der Effekt der
VHb-Expression auf das Wachstum war vom genetischen Hintergrund als auch
von der Zellline abhingig. Nur wenige signifikante Unterschiede im Wachstum
und in anderen phédnotypischen Eigenschaften konnten festgestellt werden. Die
Analyse der Zellstruktur zeigte hingegen, dass VHb exprimierende Zellen einen
hoheren Stirkegehalt besitzen als nichttransformierte Zellen. Dies ist ein Hinweis,
dass die transgenen Pappeln in der Lage sind, Kohlenstoff effizienter zu fixieren

oder den Kohlenstoff effizienter zu benutzen.
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Significance of oxygen for life

The importance of oxygen relates to both its primary use as a substrate and its
secondary effects on metabolism and physiology. Its use as a substrate offers the
cellular metabolism to work at its optimal level regarding substrate utilization and
to gain energy at its optimal yield. The latter effect of oxygen includes the
regulation of a variety of cellular functions, which are expressed in response to the
availability or absence of oxygen or the presence of toxic by-products, which are
obligate consequences of aerobic lifestyle. Oxygen or free radicals produced from it
can directly or indirectly affect bacterial cells in at least two ways. First, they can
affect the biosynthesis of specific sets of proteins. Second, they can affect protein

function.

In Escherichia coli, two groups of global regulatory proteins are generally involved
in these two different set of physiological conditions: switches from aerobic to
anaerobic conditions or vice versa are regulated by FNR and ArcAB, whereas SoxRS
and OxyR are involved in the global regulation of genes, expressed in the response

to oxidative stress conditions.

The molecule most intensely associated with utilization of oxygen by mankind is
hemoglobin. Hemoglobin is the most studied and best characterized oxygen-
binding protein, both at functional and molecular level. The presence of this
oxygen-binding molecule has for long been thought to be restricted to mammals.
But recent findings prove the all most ubiquitous existence in mammals,
nonvertebrates, plants, and bacteria. The state of knowledge on bacterial

hemoglobins and its implications on cellular metabolism is discussed below.

Oxvgen sensing and molecular adaptation to hypoxia in E. coli

Oxygen is the electron acceptor of choice when E. coli cells are grown in the

presence of oxygen. The use of oxygen allows the cellular metabolism to generate
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energy in the most efficient way. During respiratory growth on oxygen, energy is
produced by coupling substrate oxidation to the reduction of oxygen. Although E.
coli possess several types of respiratory chains, in the presence of non-limiting
amounts of oxygen it uses exclusively one of two aerobic respiratory chains, namely
cytochrome o, to oxidize reduced foodstuffs. Substrates, such as glucose, pyruvate,
lactate and succinate, are completely oxidized via tricarboxylic acid (TCA) cycle
with concomitant transfer of electrons to the cellular quinone pool (43). The
electrons are transferred further via cytochrome b to one of the two terminal
oxidases (cytochrome o or cytochrome d). These two oxidases differ in their affinity
for oxygen and in their turnover rates. Cytochrome o has a low affinity for oxygen
(Km = 0.35 uM) but a rather high Vmax. In contrast, cytochrome 4 has a high oxygen
affinity (Km = 3-5 nM), but shows a substantially lower Vmax relative to cytochrome
0, resulting in the generation of a smaller proton motive force. Cytochrome o is the
terminal oxidase of choice at atmospheric oxygen levels, whereas cytochrome d is

active under microaerobic growth (119, 120, 123).

In the absence of oxygen but in the presence of an appropriate alternative electron
acceptor, E. coli cells can produce a set of alternative respiratory oxidoreductases,
which can catalyze the transfer of electrons to fumarate, nitrate, dimethyl sulfoxide

and trimethylamine-N-oxide (87, 133).

In the complete lack of oxygen and in the absence of alternative electron acceptors
the cellular metabolism of E. coli is switched to utilize fermentative pathways (17).
These metabolic changes involve redox-balanced dismutation of the carbon source,
substrate level phosphorylation and the formation of fermentation products:

acetate, formate (H2 and CO), ethanol, lactate, and succinate (17).

The switch between different metabolic modes is accompanied by fairly dramatic
changes at the enzyme synthesis levels. These regulatory mechanisms ensure that
the most energetically favorable metabolic pathway is used. Thus, oxygen is used in
preference to nitrate, nitrate to fumarate, and fumarate to the endogenously

generated electron acceptors, which are produced in the fermentative pathways
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(145). Two sets of global transcriptional regulatory proteins ensure the expression
of the appropriate enzymatic equipment: FNR and ArcAB, which can function both
synergistically and antagonistically on the expression of certain genes, are involved
in the cellular adaptation to the specific growth conditions. Furthermore, the
regulatory action of FNR and ArcAB on adaptation to changing oxygen levels is

assisted by other regulatory molecules, such as NarLP (Figure 1) (43).

0,
POq
ArcB
+ NOs3
NarX —_—

Figure 1. Network of overlapping oxygen related transcriptional regulators. Regulators are given in
capitals and their respective modulons are given as ovals with the name of the regulatory protein in

italics. All regulators are able to mediate induction and repression of gene expression.
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The global transcriptional regulator FNR

The fnr gene was initially characterized by the isolation of some pleiotropic E. coli
mutants, which characteristically lack the ability to use fumarate and nitrate as
terminal electron acceptors for supporting anaerobic growth, thus FNR is

designating defects in fumarate and nitrate reduction (125-127).

FNR is a global regulator of a wide variety of E. coli genes. These include genes that
are involved in respiration as well as in carbon metabolism. FNR elicits its
regulatory function under anaerobic conditions and may act either as a
transcriptional activator or as a repressor. FNR activates transcription of various
operons such as narGH]JI, frdABCD, dmsABC and cyd AB and represses transcription
of cyoABCDE, and its own expression (131). Coding sequences of FNR activated
operons include genes encoding the expression of enzymes for alternative
respiratory pathways and the microaerobic terminal oxidase cytochrome d.
Repressed operons comprise the enzymes for cytochrome o complexes (Table 1). It
is worth to notice that FNR and ArcAB are able to modulate gene expression in

response to changes in oxygen levels either synergistically or antagonistically.

FNR accounts normally for 0.003 - 0.01% of the total bacterial protein,
corresponding to approximately 1000 molecules per cell. Interestingly, FNR content

is approximately at the same level in aerobically and anaerobically grown E. coli

cells (146).

Structurally, FNR, a protein of 28 kDa, is similar to a different global regulatory
protein, the catabolite repressor protein (CRP) of E. coli (128). Major differences
between FNR and CRP include the lack of amino acids, which are involved in
liganding of cAMP in CRP, an additional cysteine-rich N-terminal domain in FNR,
which includes an [Fe-S] center and a slightly altered specificity for DNA binding,
allowing the protein to discriminate between FNR and CRP binding sites within
their cognate DNA binding motifs in the regulatory sequences (128). The FNR
protein consists of a regulatory and a DNA binding domain, which is composed of

a typical helix-turn-helix motif, and in which helix E is thought to lie across the
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major groove of the DNA locking helix F in the major groove, where some amino
acid side-chains specifically interact with bases in the DNA. Using site directed
mutagenesis two residues have been shown to be essential for FNR-DNA
interaction, E209 and S212 (130). The DNA binding site includes two inverted
repeats TTGAT-N4-ATCAA, forming the core element and differs from the CRP
binding site by a single base in each repeat only, which allows the simple
conversion of a FNR into a CRP binding site (7, 160) Where studied, promoters of
various genes that are activated by FNR have no -35 sequence but have an FNR
binding site centered at -39 to -49 relative to the transcriptional initiation point.
Contrastingly, the genes that are repressed by FNR have a site, which either
overlaps the -10 sequence and the transcriptional startpoint (+1) or is just upstream

of the -35 sequence (50).

The regulatory domain of FNR as mentioned above comprises one Fe-S center.
Active FNR, which is in a dimeric form, possess two [4Fe-4S] centers. These [4Fe-
4S] centers are essential for sensing changes in oxygen level. Upon exposure to
oxygen, the [4Fe-4S] center is converted to a [2Fe-2S] leading to the dissociation of
the FNR dimer and to the concomitant inactivation of FNR (49, 73, 81).

It has been hypothesized before that oxygen per se is not the key regulator but a
change in cellular redox state might be the effector in controlling the activity state
of FNR in E. coli. Thus, the cysteine rich N-terminus forms part of a redox-sensing
domain, the iron of which is in ferrous state under active anaerobic conditions
(147). However, most recent results suggest a direct regulation of FNR activity by
oxygen (6, 67).

FNR-like proteins have been identified both in gram- and gram* bacteria, where
they have been implicated in the regulation of diverse anaerobic processes, such as

nitrogen fixation, photosynthesis, and denitrification (129).

10
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Table 1. Oxygen dependent gene expression mediated by FNR and Arc

Enzyme Gene FNR Arc
TCA cycle related enzymes
Aconitase (Stat.) acnA -3 -
Aconitase acnB -
FumaraseA SfumA - -
FumaraseB fumB +2) +
FumaraseC fumC -
Citrate synthase gltA -
Isocitrate DH icd -
Malate DH mdh -
Succinate DH sdhCDAB - -
a-ketoglutarate DH sucAB - -
Succinyl CoA synthetase sucCD - -
Respiratory chain dehydrogenases
Formate DH fdnGHI + -
Glycerol-3-phosphate DH (anaerobic) glpACB
Glycerol-3-phosphate DH (aerbic) glpD -
Hydrogenase I hyaA-F +
L-lactate DH ild -
NADHDH 1 nuo - -
NADHDHII ndh -
Cytochrome d oxides cyd - +
Terminal oxidases
Cytochrome o oxidase cyoABCDE - -
Cytochrome d oxidase cydAB -
DMSO reductase dmsABC +
Fumarate reductase SfrdABCD +
Nitrate reductase narGH]JI +
Nitrate reductase (periplasmic) anpF +
NADH-dependent nitrate reductase nirBDC +
Formate linked nitrate reductase nrfA-G +
Others
Formate transport and pyruvate-formate lyase focA-pfl + +
Pyruvate DH complex and regulator pdhR-aceEF-Ipd - -
VHb vhb +
FHP fhp +

2 + denotes transcriptional activation, whereas - denotes repression of the respective genes.

The expression of various bacterial hemoglobin and flavohemoglobin genes, such

as the hmp genes from Ralstonia eutropha, E. coli, Vitreoscilla and Bacillus subtilis have

11
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been shown to be controlled by changes in oxygen levels via FNR mediated
regulation, although other regulatory proteins are involved in the regulation of

expression of these diversely regulated genes (18, 74, 85, 111).

ArcAB modulon

The ArcAB system was characterized by Lin and coworkers (64, 66, 86). They
isolated E. coli mutants, which were unable to repress a whole set of aerobic
functions, including TCA cycle, the glyoxylate cycle, fatty acid oxidation enzymes
and cytochrome o. The corresponding mutant genes were named arcA and arcB,

designating their lack of aerobic respiration control.

The DNA binding site of ArcA has been defined from multiple alignments of
promoter sequences that are regulated by ArcA and by DNA footprinting assays.
The consensus sequence for ArcA binding includes 10 base pairs (5'-

[A/TIGTTAAGGA[A/T]-3') (91).

ArcAB is a two component regulatory system, which consists of a membrane bound
sensor ArcB, detecting a switch from aerobic to anaerobic metabolism and the
cognate regulatory protein ArcA. ArcB has both kinase and phosphatase activities.
The kinase activity is able to auto-phosphorylate ArcB as well as ArcA. When
stimulated, ArcB undergoes auto-phosphorylation at His292. The phosphoryl
group is concomitantly and intramolecularly transferred to Asp576, causing
probably a conformational change. This change allows ArcB to transfer the
phosphoryl group from His292 to ArcA instead to the already phosphorylated
Asp576 residue during the next round of auto-phosphorylation. When
phosphorylated ArcA may function either as a transcriptional activator or repressor

(62, 65).

The stimulus for ArcB phosphorylation does not appear to be oxygen itself but
instead it has been suggested that either the state of respiration or the redox state of

the cytosol regulate the rate of phoshorylation (63, 86). It has been suggested that

12
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the phosphatase activity of ArcB is a key player in the regulation of the ArcAB
activity. Metabolites, such as lactate, pyruvate, acetate and NADH, which
accumulate during anaerobic growth, inhibit the intrinsic phosphatase activity of
ArcB. The lack of the phosphatase activity leads to the irreversible phosphorylation
of Asp576 of AcrB and therefore, to the intermolecular transfer of phosphoryl
groups to ArcA (62).

ArcB has been proposed to be member of the PAS domain superfamily. PAS
domains are signaling domains that are widely distributed in sensory proteins from
prokaryotes and eukaryotes, where they monitor changes in light, redox state and
oxygen (139). This suggests that the PAS domain of ArcB might respond to a
reduced intermediate that accumulates when electron flow to Oz is interrupted
following a decrease in Oz tension. It is therefore likely that ArcB may monitor the

electron flux trough the respiratory chain rather than sensing oxygen itself (91).

Oxidative and nitrosative stress in E. coli

Oxidative and nitrosative stress are a common phenomenon and are caused by the
exposure of the cell to reactive oxygen and nitrogen intermediates, which can both
damage biomolecules such as proteins, nucleic acids and cell membranes.
Organisms face both endogenously and exogenously produced stress during their
lifetime. Endogenously, common metabolic processes, such as respiratory activity
or denitrifying processes, produce these stress factors; exogenous sources include
mechanisms such as attack of the immune system or plant pathogen response

against invading cells.

It is now well established that the radical nitrogen monoxide (NO) is generated
endogenously as an obligate intermediate in the reduction of nitrate to dinitrogen
in the denitrifying bacteria. The concentration of NO is estimated to vary between

10° M and 107 M (47). The formation of NO is catalyzed by nitrite reductases, such

13
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as copper, cytochrome cdl reductases, where nitrite is reduced to NO; the produced

NO is subsequently reduced to nitrous oxide by nitric oxide reductase (47).

In exponentially growing bacteria both H2O2 and superoxide are generated by the
autooxidation of components of the respiratory chain (46, 59). The flavin of NADH
dehydrogenase II is the primary site of electron transfer to oxygen in the aerobic
respiratory chain. Steady-state concentration of O and H>Oz are 101° M and 107-

106 M, respectively (46, 48, 59). Both levels are still below the level of toxicity (134).

The constitutive defense mechanisms are inadequate, if the rates of intracellular
formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
enhanced. For example, pathogenic bacteria are bombarded by a collection of
various ROS and RNS when they are captured by the phagocytes. The arsenal of
toxic products utilized by phagocytes to disarm invading bacteria include Oz , NO,
HOCI, H20,, HO, HOONO and RSNO (27). Each of these reactive species is
bacteriostatic or even bacteriocidal, but their impact is strongly dependent on their

ultimate concentrations inside of the bacteria (134).

To overcome these threatening radicals bacterial cells possess constitutively
expressed enzyme machinery that detoxifies the reactive species and repairs the
damage. Under normal growth conditions a balance between the amount of
produced radicals and the cellular defense mechanisms exists. In addition,
exposure of cells to a boost of radicals results in the rapid induction of adaptive
defense enzymes, which are under the common global control of SoxRS and OxyR

regulatory proteins in E. coli.

SoxRS modulon

The SoxRS regulon comprises a variety of defense related enzymes, which have in
common the induction by superoxide radicals and NO. SoxRS is a two-component
regulatory system. SoxR is a latent transcription factor, which controls the activity

of SoxS. SoxR is a homodimer of 17 kDa per polypeptide, which contain a helix-

14
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turn-helix DNA binding motif in the N-terminal domain. At its C-terminus, a
redox-sensitive [2Fe-2S]'* cluster is located (55, 159), which controls the activity of
the protein. It is not yet clear if the SoxR protein directly or indirectly responds to
superoxide and NO. Indirect means of activation include depletion of the cellular
NADPH pool; the size of it in turn would be regulated by the SoxS responsive zwf
(glucose-6-phophate dehydrogenase). The latter mechanism would represent an

attractive auto-regulation mechanism of SoxRS activity (162).

Upon oxidation of the cluster to [2Fe-2S]?*, the SoxR protein undergoes a
conformational change, which enables the protein to activate the regulatory
sequence of soxS gene. The up to 100-fold increase in SoxS level in turn mediates
thereafter the expression of the various defense proteins, such as manganese
superoxide dismutase (sodA), the DNA repair enzyme endonuclease IV (nfo), and
the superoxide radical resistant isoenzymes of fumarase (fumC) and aconitase
(acnA) in E. coli. SoxS also activates glucose-6-phosphate dehydrogenase (zwf),
which increases the reducing power of the cell. SoxRS regulon has been found to
confer resistance against many different drugs as well as organic solvents and

reactive nitrogen species (99, 104).

The oxyR modulon

The expression of many H>O: inducible activities is regulated by the OxyR
transcription factor in E. coli. OxyR-mutants are hypersensitive to hydrogen
peroxide (15). Active OxyR forms a tetramer in vivo with subunits of 34 kDa. The
helix-turn-helix DNA binding motif is located at the N-terminus. The binding
sequence includes four sets of 4 base pair sequences, which are separated by 7 non-
conserved bases. The binding sequence of OxyR is spanning between -35 and -80

region of various E. coli promoters (140).

OxyR is activated by H20: through oxidation. Upon oxidation of OxyR, disulfide

bridges are formed and the protein is in its active conformation. Mutation of either

15
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of the two conserved cysteine residues involved in disulfide bond formation
abolishes the ability to sense hydrogen peroxide. OxyR remains oxidized and
activated only for a finite period of time in vivo. It has been proposed that the
inactivation of OxyR occurs after the reduction of the disulfide bridges by
glutaredoxin 1 that is itself part of the OxyR response regulon (117, 161). Thus, the
inactivation of OxyR is auto-mediated. The minimal hydrogen peroxide

concentration required to completely oxidize OxyR in vivo is 5 pM (4).

Furthermore, OxyR is activated by nitrosative stress (53). Activation of OxyR by
nitrosative stress occurs by S-nitrosylation of cysteine residue and not by oxidation
(53). Hausladen et al. (53) suggest that the activation of OxyR by nitrosative stress
effects is reasonable inasmuch as the effects of ROS and RNS are synergistic and the
effects of ROS and RNS exposure are similar on the cellular metabolism, for

example the depletion of the cellular GSH pool.

The members of OxyR regulon include catalase (katG), glutaredoxin 1 (grxA), and
glutathione reductase (gorA). In oxyR strains 20 to 30 proteins are still inducible by

hydrogen peroxide, but theses strains have increased spontaneous mutation rates.

OxyR regulated activities mediate resistance against HOCI, organic solvents and

reactive nitrogen species (134).

OxvR and SoxRS independent functions against nitrosative and

oxidative stress

Besides genes that are regulated in response to nitrosative and oxidative stress by
the above-described transcriptional regulatory proteins, there exists accumulated
evidence that other cellular components are also involved in the defense response

towards ROS and RNS, which are regulated independently of SoxRS and OxyR.

16
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Role of microbial flavohemoglobins in the defense against nitrosative and

oxidative stress

Flavohemoglobin proteins from several bacteria and yeasts have been shown to be
major contributors to the detoxification of NO under aerobic conditions and to be
essential for resistance against nitrosative stress (20, 40, 112). The expression of
flavohemoglobin of E. coli has been shown to be independent of SoxRS regulation
but to be controlled by MetR (95, 111). The role of flavohemoglobins in the

resistance to nitrosative stress is discussed below.

The knowledge on the interaction of flavohemoglobins and oxidative stress is still
in its infancy. Although the involvement of these proteins in response to oxidative
stress has been reported, it is not yet clear what role these proteins play in bacteria.
A potential role as amplifier of oxidative stress has been proposed for the

flavohemoglobin of E. coli (112).

NO reduction by norRVW modulon

Recent findings by Gardner and coworkers (36, 37) showed the existence of an
additional NO* detoxification pathway in E. coli, which is active under anaerobic
conditions. The operon includes three genes ygaAKD. YgaA encodes a transcription
regulator; ygaK and ygaD encode a flavorubredoxin (RB) and a NADH:flavoRB
oxidoreductase, respectively (36, 37). Gardner et al. (37) proposed to designate the
ygaAKD gene cluster as the norRVW modulon for NO reduction and detoxification.
YgaA encodes a protein bearing 42% identity with the NO-modulated Ralstonia
euthropha transcription regulators NorR1 and NorR2 (110). NorR homologous are

also encountered in Vibrio cholera and Pseudomonas aeruginosa (54, 135).

17
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Hemoglobins: an overview

Hemoglobins are encountered in all five kingdoms of organisms. Generally, Hb's
are classified into vertebrate and nonvertebrate Hb's. The latter group also includes
hemoglobins encountered in plants, fungi, and protozoa. The common
characteristic of all hemoglobins is their ability to reversibly bind oxygen. Although
the alignment of the protein sequences of hemoglobins from various sources reveals
a highly variable or even almost random primary amino acid sequence, two key
residues are conserved among all proteins encountered so far: Phe at position CD1
and His at position F8. Analysis of protein structures of hemoglobins reveals a
typical tertiary structure, the classical Hb fold. This highly conserved structure
consists of six to eight a-helical structures, which are connected by short
intervening loops. The 3-on-3 helix structure forms a sandwich-like assembly,
which is able to bind the heme moiety within a cavity surrounded by hydrophobic

residues.

Phylogenetic trees based on the known present-day globin sequences point to a
common and quite ancient globin ancestor, which possibly is a primitive

archaebacterium that developed approximately 3.5 x 10° years ago.

Vertebrate hemoglobins are encountered circulating in body fluids, where they
serve to deliver oxygen or are expressed in muscles tissues (myoglobin) where they
donate oxygen to the respiring cells. Very recently, an alternative Hb has been
discovered in nerve tissues of man and mouse. This neuroglobin has been proposed
to deliver oxygen to brain tissue. Neuroglobin has a unique exon-intron structure

and therefore it is proposed to represent a distinct protein family (13).

Nonvertebrate Hb’s occur from monomeric to multisubunit structures and are
encountered in widely different anatomical sites either in cytoplasm of specific
tissues or freely dissolved in various body fluids. Nonvertebrate Hb’s display a
much higher variation in their primary and tertiary structures. This high degree of

variability may indicate their much broader defined adaptations to specific
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functions compared to their vertebrate homologs. The knowledge about non-

vertebrate Hb is not as complete as in the case of vertebrate Hb.

Over the last dozen years, monomeric single domain globins have been found in
symbiont-containing leguminous and nonleguminous plants, algae, and a number
of prokaryotes, ranging from bacteria to cyanobacteria. Chimeric Hb’s consisting of
an N-terminal globin domain and an adjacent C-terminal redox-active protein
domain (collectively called flavohemoglobins) have been found in bacteria and
yeast. Furthermore, truncated Hb’s have been identified in plants, bacteria and

cyanobacteria (98, 116, 150).

Bacterial hemoglobins and flavohemoglobins

Identification of hemoglobins and flavohemoglobins and their

primary sequences

Bacterial hemoglobins and flavohemoglobin proteins have been identified in a
variety of microorganisms. A summary of hemoglobins and flavohemoglobins
genes that are isolated and characterized or of genes whose existence is predicted
due to high amino acid homologies to known proteins is given in Table 2. Besides
these two groups of proteins, a third group, designated as truncated hemoglobins
exists, and it is characterized by a shortened protein sequence of approximately
110-120 amino acids. Truncated hemoglobins are suggested not to originate from
ancestral hemoglobin but to have evolved from a different gene, namely an

indoleamine 2,3-dioxygenase (136).

Vitreoscilla hemoglobin (VHD) is the best-characterized member of the group of
bacterial Hb proteins. VHb is expressed under oxygen-limited conditions in
Vitreoscilla, which lives in stagnant ponds and decaying plant material (153). The
primary protein sequence and the DNA sequence of VHb have been reported (25,
77, 149). The gene encoding VHb is 441 bp long, which results in a protein of a
molecular weight of 15.7 kDa as determined experimentally and calculated from

the amino acid composition (149). Initially called cytochrome o, VHb was believed
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to be a soluble terminal oxidase in Vitreoscilla (153, 154). Interestingly, when

purifying VHb, an NADH metHb reductase was also copurified (45, 154).

Table 2. Compilation of bacterial hemoglobin and flavohemoglobin genes, which are currently

deposited at the Gene bank, or of genomic sequences which allow the identification of potential

globin genes

Organism Gene Gene bank L((etr’lg)t h Reference
Campylobacter jejuni NCTC11168 chb AL139079 423 (8)
Clostridium perfringens hyp27 Cp-hb AB028630 435 (33)
Vitreoscilla sp. vhb M30794 441 (25, 77)
Aquifex aeolicus I\/I\ (}??(?Sggf 811 420
Bacillus halodurans C-125 hmpBh AB024563 1236 (33)
Bacillus subtilis 168trpC2 hmpBs D78189 1200 (85)
Deinococcus. radiodurans hmpDr AE001863 1212 8)
Escherichia coli MG1655 hmp X58872 1191 (148)
Erwinia chrysanthemi hmpX X75893 1188 (84)
Pseudomonas. aeruginosa PAO1 hmpPa AE004695 1182 (8)
Ralstonia eutropha fhp X74334 1212 (18)
Staphylococcus. aureus MUS0 NC_002758.1 1146
Staphylococcus aureus N315 AP003129.2 1146
Streptomyces coelicolor A3 hmpA2 AL354616.1 1212 (33)
Streptomyces coelicolor A3 hmpA AL158061 1197 (33)
Streptomyces coelicolor A3 cosmid J11 AL109949.1 1308
Salmonella enterica subsp. Typhi hmpSt AL627275 1191 ®)
Salmonella typhinurium hmpStm AF020388 1191 (19, 20)
Salmonella typhimurium LT2 AE008816.1 1191 (19, 20)
Sinorhizobium meliloti hmpSm NC_003037 1212 (33)
Vibrio cholerae AE004358.1 1185
Vibrio parahémolyticus U09005.1 1185
Xylella fastidiosa 9a5¢ 1\'? CE—Ogggjggll 1194
Yersinia pestis OC92 AJ414154.1 1191

VHD is encountered in vivo as a dimer, but it is not known if other hemoglobins

share this property of VHb. Early work on VHb has been reviewed and is not

summarized in this work (152). Further hemoglobin proteins, which include
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hemoglobins from Campylobacter jejuni and Clostridium perfringens, have been

isolated and characterized in our laboratory (8, 33).

The strictly respiratory, denitrifying, Gram-negative bacterium R. eutropha,
formerly Alcaligenes eutrophus, synthesizes an alternative form of bacterial
hemoglobins - a flavohemoprotein or flavohemoglobin called FHP (118). The
coding sequence of this protein is plasmid determined (158) and was isolated from
a megaplasmid library by using FHP-specific antibodies and oligonucleotide probes
based on the amino-terminal polypeptide sequence of a yeast flavohemoglobin,
determined previously by Zhu and Riggs (163). The fhp gene encodes a soluble
monomeric polypeptide of 403 amino acids having a molecular weight of 44 kDa

(18).

FHP M- - - -LTQKTKDIVKATAPVLAEHGYDIIKCFYQRMFEAHPELK - NVFNMAHQEQGQQQQOALARAVYAYAENIEDPNSLM 75
HmpEc M- -~ -LDAQTIATVKATIPLLVETGPKLTAHFYDRMFTHNPELK - EIFNMSNQRNGDQREALFNATAAYASNIENLPALL 75
HmpStm M----LDAQTIATVKATIPLLVETGPKLTAHFYDRMFTHNPELK-EIFNMSNORNGDQREALFNAIAAYASNIENLPALL 75
HmpSt M- - - -LDAQTIATVKATIPLLVETGPKLTAHFYDRMFTHNPELK - EIFNMSNQRNGDQREALFNAIAAYASNIENLPALL 75
HmpX M----LDQQOTIATIKSTIPLLAETGPALTAHFYQRMFHHNPELK-DIFNMSNQRNGDQREALFNAICAYATHIENLPALL 75
HmpBs M----LDNKTIEIIKSTVPVLQQHGETITGRFYDRMFQDHPELL-NIFNQTNQKKKTQRTALANAVIAAAANIDQLGNII 75
HmpBh MSTATLSQETKQIVKATVPILAEHGEAITKHFYKRMFSHHPELL-NIFNQTHQKQGRQPQALANSIYAAAEHIDNLEAIL 79
HmpDr M----LTPEQKAIVKATVPALEAHGETITRTFYASMFAAHPELL-NIFNPANQQTGKQARSLAASVLAYAAHIDHPEALG 75

HmpPa M- ---LSNAQRALIKATVPLLETGGEALITHFYRTMLGEYPEVR - PLFNQAHQASGDQPRALANGVLMYARHIDQLQELG 75
HmpSc M----LSSQSAQIVRDTLPTVGASLGTITDLFYRRMFEERPELLRDLFNRANQASGVQREALAGAVAAFATALVKHPDER 76
CHb M----- TKEQIQITIKDCVPILQKNGEDLTNEEYKIMFNDYPEVK-PMFNMEKQISGEQPKALAMAILMAAKNIENLENMR 74
Cp-Hb M- ---LDQKTIDIIKSTVPVLKSNGLEITKTFYKNMFEQNPEVK - PLENMNKQESEEQPKALAMAILAVAQNIDNLEAIK 75
VHb M- ---LDQQTINIIKATVPVLKEHGVTITTTFYKNLFAKHPEVR - PLFDMGRQESLEQPKALAMTVLAAAQNIENLPAIL 75
FHP A--VLKNIANKHASLGVKPEQYPIVGEHLLAAIKEVLGN-AATDDIISAWAQAYGNLADVLMGMESELYERSAEQPGGWK 152

HmpEcC P~ -AVEKIAQKHTSFQIKPEQYNIVGEHLLATLDEMFSP - - -GQEVLDAWGKAYGVLANVFINREAEIYNENASKAGGWE 150
HmpStm P--AVEKIAQKHTSFQIKPEQYNIVGTHLLATLDEMFNP- - -GQEVLDAWGKAYGVLANVFIHREAEIYHENASKDGGWE 150
HmpSt P- -AVEKTAQKHTSFQIKPEQYNIVGTHLLATLDEMFNP - - ~-GQEVLDAWGKAYGVLANVFIHREAEIYHENASKDGGWE 150
HmpX P--AVERIAQKHASFNIQPEQYQIVGTHLLATLEEMFQP - - -GQAVLDAWGKRYGVLANVFIQRESDIYQQSAGONGGWH 150
HmpBs P--VVKQIGHKHRSIGIKPEHYPIVGKYLLIAIKDVLGD -AATPDIMQAWEKAYGVIADAFIGIEKDMYEQAEEQAGGWK 152
HmpBh P--VVSRIAHKHRSLNIKPEQYPIVGENLLAAMREVLGD-AASDDVLEAWREAYELIADVFIQVEKKMYEEASQAPGGWR 156
HmpDr G--MVGRIAHKHVSLEVLPEHYPIVGQYLLGAIAGVLGD -AAKPEILDAWAAAYGELADLMIGIEKGMYDAGAGQPGGWR 152
HmpPa P—-LVAKVVNKHVSLQVLPEHYPIVGTCLLRAIREVLGEQIATDEVLEAWGAAYQQLADLLIEAEESVYAASAQADGGWR 153
HmpSc PDAVLGRIANKHASLGITSDQYTLVGRHLLAAVAEVLGD-AVTPAVAAAWDEVYWLMANALIAMEARLYARSDVEDG-~-S 153

CHb S--FVDKVAITHVNLGVKEEHYPIVGACLLKAIKNLLN- - - PDEATLKAWEVAYGKIAKFYIDIEKKLYDK 140
Cp-Hb P--VVNRIGVIHCNAKVQPEHYPIVGKHLLGAIKEVLGD-GATEDIINAWAKTYGVIAEVFINNEKEMYASR 144
VHb P--AVKKIAVKHCQAGVAAAHYPIVGQELLGAIKEVLGD-AATDDILDAWGKAYGVIADVFIQVEADLYAQAVE 146
FHP GWRTFVIREKRPESDVITSFILEPADGGPVVNFEPGQYTSVAIDVPALGLQQIRQYSLSDMPNGRTYRISVKREGG-G-P 230
HmpEcC GTRDFRIVAKTPRSALITSFELEPVDGGAVAEYRPGQYLGVWLKPEGFPHQEIRQYSLTRKPDGKGYRIAVKREEG---- 226
HmpStm GTRPFRIVAKTPRSALITSFEFEPVDGGTVAEYRPGQYLGVWLKPEGFAHQVFRQYSLTRKPDGKGYRIAVKREDG---- 226
HmpSt GTRPFRIVAKTPRSALITSFEFEPVDGGTVAEYRPGQYLGVWLKPEGFAHQEIRQYSLTRKPDGKGYRIAVKREDG---- 226
HmpX GIRPFRIVAKQPQSSLITSFTLEPVDGGPIAAFRPGQYLAVYIRDKRFEYQEIRQYSLTNEPNGRYYRIAVKRETM---- 226
HmpBs EYKPFVIAKKERESKEITSFYLKPEDSKPLPEFQAGQYISIKVRIPDSEYTHIRQYSLSDMPGKDYYRISVKKD------ 226
HmpBh EFRSFVVEKKQRESATITSFYLKPEDGKALASYKPGQYITVKVTIPGHEHTHMRQYSLSDAPEKGYYRITVKREEGDG-D 235
HmpDr DFRPFRVARKVAESRVITSFVLEPVGGGALPAYQPGQYLSLKVKVPGQERWQIRQYSLSDAPSPDHYRISVKREGG--~- 228
HmpPa GVRRFRVARKQAESEEITSFYLEPVDGQPLLAFQPGQYIGLRLDIDGEE - -VRRNYSLSAASNGREYRISVKREAG---~ 227

HmpSc VWQSMEIVERHEETPDTASFVLRPADGSPTRPFVPGQYVSVRAELPDGAH-QIRQYSLSSAPGGGTWRFTVKRERSLDGQ 232
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FHP QPPGYVSNLLHDHVNVGDQVKLAAPYGSFHIDVDAKTPIVLISGGVGLTPMVSMLK - VALQAPPRQVVFVHGARNSAVHA 309
HmpEc - - -GQVSNWLHNHANVGDVVKLVAPAGDFFMAVADDTPVTLI SAGVGQTPMLAMLDTLAKAGHTAQVNWFHAAENGDVHA 303
HmpStm - --GQVSNWLHHHASVGDVVHLAAPAGDFFMNVAADTPVSLISAGVGQTPMLAMLDTLAKEQHTAQVNWFHAAENGDVHA 303
HmpSt - - -GQVSNWLHHHANVGDVVHLAAPAGDFFMNVAADTPVSLI SAGVGQT PMLAMLDTLAKEQHTAQVNWFHAAENGDVHA 303
HmpX - - -GSVSGYLHDVAREGDVIELAAPHGDFYLEVTPETPVALISAGVGQTPMLSMLHSLKNQQHQADIFWLHAAENTEVHA 303
HmpBs - --GVVSSYLHDGLQEGDSIEISAPAGDFVLDHASQKDLVLISAGVGITPMI SMLKTSVSKQPERQILFIHAAKNSEYHA 303
HmpBh LPPGIVSNYLHQHIHEGDVLEITAPAGDFTLQEEGERPIVFISGGVGITPLMSMFNTLMQRGVKREVIFIHAAINGFYHA 315
HmpDr - - -GLVSEYLHGAVQEGDELLVHVPAGDFVLQQ-SERPVVLISAGVGITPMLAMVQTLAQAGSQRPVTFIHAAQNGSVHA 304
HmpPa - --GRVSNYLHDRVAEGDELDLFPPAGDFVLRD - SDKPLVLITAGVGITPALAMLQEALPQA- -RPIRFIHCARHGGVHA 301

HmpSc VPDGEVSTWLHTHARPGDVLRVSLPFGDLLLPE-GDGPLLLASAGIGVTPMLAMLEHLATAAPDRPVTVVHADRSPALHA 311

FHP MRDRLREAAKTYENLDLFVFYDQPL- PEDVQGRDYDYPGLVDVKQIEKSILLP-DADYYICGPIPFMRMQHDALKNLGIH 387
HmpEc FADEVKELGQSLPRFTAHTWYRQPS - EADRAKGQFDSEGLMDLSKLEGAFSDP - TMQFYLCGPVGFMQFTAKQLVDLGVK 381
HmpStm FADEVSELGRTLPRFTAHTWYREPT- EADRAQRLFDSEGLMDLSKLEAAISDP-AMQFYLCGPVGFMQFAAKQLVSLGVN 381
HmpSt FADEVSELGRTLPRFTAHTWYREPT - EADRAQRVFDSEGLMDLSKLEAAISDP - AMQFYLCGPVGFMQFAAKQLVSLGVN 381
HmpX FADEIADVAATLPQLQSYVWYREASSEAARSAHAFH- -GLMALKDLPTPLPMT -NLHCYLCGPVAFMQFAARQLLELGIT 380
HmpBs LRHEVEEAAKHS -AVKTAFVYREPT - EEDRAGDLHFHEGQIDQQFLKELIANT-DADYYICGSPSFITAMHKLVSELGSA 380
HmpBh MHDHLAQTASQQENVHYAVCYERPT- PGDRMNPFMKKEGFIDESFLRSILHDR~EADFYFCGPVPFMKTIAQILKDWDVP 393
HmpDr FRDDVARLTHEYPHFRKVVFYDEAG- PDDQLGTHHDVAGRLSLDAVRGALPAG-EAEFYYCGPAGFAGAVEAILDDLQVP 382
HmpPa FRDWIEDVSAQHEQVEHFFCYSEP----- RAGDSADAEGLLSREKLADWLPQERDLDAYFLGPRPFMAQVKRHLADLGVP 376
HmpSc HRLELTALVERLPHASLHLWYEDTADHPDASADHVN - EGWADLTGLSPVPGTT- - - -AFLCGPLSFMKAVRTDLLAHGLS 386

FHP EARIHYEVFGPDLFAE- -~ -~ 403
HmpEC QENIHYECFGPHKVL------ 396
HmpStm NENIHYECFGPHKVL------ 396
HmpSt NENIHYECFGPHKVL------ 396
HmpX ESQIHYECFGPHKVI------ 395

HmpBs PESIHYELFGPQLSLAQSV-- 399
HmpBh  EQQVHYEFFGPAGTLASS--- 411
HupDr  AERRFTETFGPSQSFAPVILG 403
HmpPa  SQQCHYEFFGPAAALDA---- 393
HupSc  PRATHYEVFGPDLWLSK---- 403

Figure 2. Multiple amino acid alignment of flavohemoproteins and hemoglobins, which have
recently been studied. VHb (Vitreoscilla, (25, 77), HmpEc (E. coli, (148), FHP (R. eutropha, (18)), HmpX
(E. chrysanthemi, (35)), HmpBs (B. subtilis, (85)), HmpStm (S. typhimurium, (19, 20)) CHb, HmpPa,
HmpDr and HmpSt (C. jejuni, D. radiodurans, S. typhi, (8)), HmpSc, HmpBh, and Cp-Hb (S.
coeolicolor, B. halodurans, C. perfringens, (33)). Throughout all sequences conserved amino acids are

highlighted.

Flavohemoprotein from E. coli (HMP) has been isolated in an attempt to identify
dihydropteridine activities and it is up to date the best characterized member of
flavohemoglobin protein family (148). The molecular weight of HMP is 44 kDa and
shows high amino acid similarity with FHP. Both HMP and FHP share the same
structural characteristics typically encountered in flavohemoproteins; a globin
domain at the N-terminus with a characteristic ability to abduct CO and a redox-
active domain at the C-terminus. Previously, flavohemoglobins from Erwinia
chrysanthemi, B. subtilis, Salmonella typhimurium and Mycobacterium tuberculosis have
been isolated and characterized at the level of DNA and protein (19, 20, 35, 57, 85).

Further flavohemoglobin proteins have been recently isolated from Deinococcus
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radiodurans, Pseudomonas aeruginosa, Klebsiella pneumoniae, Bacillus halodurans,
Streptomyces coelicolor, Salmonella typhi (Table 2) (8, 33). The length of the coding
sequences of flavohemoglobins is approximately 1200 basepairs long, resulting in
proteins of approximately 400 amino acids and a molecular weight of

approximately 44kDa.

The alignment of the protein sequences reveals the occurrence of several conserved
residues in both the hemoglobin domain and in the redox-active domain (Figure 2).

The role of these conserved residues is discussed below.

Structure and biochemical properties

Structure of VHb and FHP
The three dimensional (3-D) structures of FHP and VHb have been resolved by X-

ray crystallography (30, 31, 137, 138). The 3-D structures of the hemoglobin domain
of FHP and VHD conform to the well-known globin fold. The heme molecule is
embedded in a hydrophobic crevice formed by the helices B, C, E, F, G and H. A
rigid binding between the polypeptide chain and the porphyrin ring is provided
predominantly by hydrophobic side chains towards the proximal side. His85 binds
covalently the heme in both FHP and VHb. No protein-heme interactions are
detected at the distal side of the heme molecule. A clear difference of these two
structures relative to mammalian hemoglobins is the lack of helix D, i.e. the
residues connecting helices C and E do not adopt the usual a-helical conformation.
The observed disorder in the CE region might indicate a potential site of interaction
of the globin domain of FHP with the FAD of its reductase domain. In analogy, this
would provide a potential contact site of VHb with the NADH methemoglobin
reductase. (9, 30, 138). Overall the structures of VHb and the globin domain of FHP
are highly similar (9). A striking difference between VHb and the globin domain of
FHP is the displacement of helix E in FHP, opening the angle between helix E and

F. The heme-binding crevice is therefore enlarged thus providing more space at the
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ligand-binding site (30). Indeed, a phospholipid has been found to bind the
hydrophobic crevice, but the function of this ligand is not known (105).

The quaternary assembly of homodimeric VHb, which has not been observed
before within the globin family, is based on a molecular interface defined by helices
F and H of both subunits and essentially involves van der Waals contacts among

the two subunits. The two heme-iron atoms approach to a distance of 34 A (138).

In contrast to the classical hemoglobins, FHP contains a C-terminal-located redox-
active domain with potential binding sites for NAD(P)H and FAD, which adopts a
fold similar to ferredoxin NADP+ reductase (FNR)-like proteins (72). FNR-like
proteins form a group of structurally related proteins, which do not share any
functional and structural properties with the global regulatory protein FNR. The
reductase domain can be divided into a FAD binding (residues153-258) and a
NADH binding (266-403) domain. The former consists of a six-stranded antiparallel
B-barrel, whereas the latter is built up of a five-stranded parallel B-sheet flanked by
two respectively one helix on each side. The FAD group binds non-covalently in an
extended conformation to all three domains of FHP. The heme and FAD molecules
approach each other to a minimal distance of 6.3 A enabling electron transfer from
FAD to heme moiety in a predominantly polar environment provided by several
amino acid side chains (30). FHP displays a large interdomain cleft. The relative
spatial arrangement of FAD and NADH binding domains within FNR-like proteins
allows variance. A clear characterization of NADH binding to FHP has not been

shown.

In general, hemoglobins and flavohemoglobins share a number of residues, which
are invariant in all known sequences. The role of some of the conserved residues is
known for some characterized proteins or can be derived from the homologies of
the sequences (Figure 2). Around Phe43(CD1) (topological position according to the
standard globin fold) a hydrophobic cluster is formed. A further hydrophobic
cluster is centered around Trp122(H7). These two clusters are essential for folding

and stability. In all known globins Phe43(CD1) and His85(F8) are invariant.
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His85(F8), Tyr95(G5) and Glul37(H23) form a hydrogen bond network. The
interaction of Fe-His-Glu-Tyr can modulate the redox properties of the heme iron
atom and the structural arrangement resembles the catalytic triad observed in
cytochrome c peroxidase. These interesting structural differences around His85(F8)
may transform the bacterial hemoglobin and flavohemoglobin proteins form
oxygen storage and transport proteins to constituents of an electron-transferring
enzyme (30). Tyr29(B10) is thought to stabilize the Fe-O2 complex in the HMP

protein and is present in all known bacterial hemoproteins (38).

In the FAD binding domain of flavohemoglobin proteins several residues are
highly conserved: Tyr209, which contacts Lys84(F7) and Glu394 and the flavin ring
of FAD, GIn207, which stabilizes a water molecule, this water bridges FAD and
heme, GIn207 is replaced by Asn in HmpPa, Arg206, Tyr208 and Ser209, which side
chains contact the FMN moiety. In the NAD binding domain Glu384 is highly
conserved and its side chain contacts Lys84(F7) forming a salt bridge. Lys84(F7) and
GIn384 are part of a number of polar residues whose predominantly large side
chains originate from all three domains. These residues may influence the
electrochemical potential of the prosthetic heme and FAD groups. Lys84(F7) is
replaced by Thr and Ile in the Hb sequences of C. jejuni and C. perfringens,

respectively, but is conserved in VHb.

Biochemical properties of hemoglobins and flavohemoglobins

Hemoglobins are generally associated with oxygen binding and transport. Indeed
bacterial Hb and flavohemoglobin proteins are able to reversibly bind molecular
oxygen. However, due to their structural properties, ie. the occurrence of a
intermolecular redox-domain in flavohemoglobins and the presence of the catalytic
triade at the distal heme side in both hemoglobins and flavohemoglobins, Ermler et
al. (30) proposed an electron transferring rather than an oxygen delivering role for
FHP. Thus, this suggestion may question the role of bacterial hemoglobins and

flavohemoglobins in simple oxygen storage and delivery.
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Ligand binding of O, CO and NO

Bacterial hemoglobins and flavohemoglobins are able to bind various heme ligands,
such as O, CO, NO and CN, and the binding of those is dependent on the
oxidation state of the heme iron. The absorption spectra of bacterial hemoglobins
and flavohemoglobins with various ligands have been shown to be characteristic
for hemoglobins (11, 61, 106, 144, 149, 155). Whereas oxygen and CO binds only to
the Fe(Il), NO in contrary binds to Fe(Il) and Fe(III), although the reactivity and
binding kinetics are strongly dependent on the oxidation state of the heme. E. coli
HMP is isolated in its ferric form, and upon aerobic incubation with NAD(P)H, it is
reduced to the oxygenated ferrous state. This oxy-complex is not stable and on
exhaustion of NADH with residual oxygen decays into a form in which heme and
flavin are oxidized. The reversibility of the oxygen reaction and the rapid
reassociation kinetics after photodissociation confirm the hemoglobin-like features
of HMP protein (106). Addition of dithionite and nitrite to the ferric protein results

in the formation of a nitrosyl complex (61, 106).

An overview of known ligand binding kinetics and affinities of hemoglobins and
flavohemoglobins is given in Table 3. Interestingly, for VHb two different values
for oxygen release have been published. Orii and Webster (107) reported a very fast
release of oxygen from VHbD (kog = 5600 s1), which is several fold higher than the
value for any other known hemoglobin. More recent data, however, indicate a more
moderate rate of oxygen release from VHb (biphasic release with kot = 4.2 51 (fast
phase) and 0.15 s (slow phase)). The kinetic parameters for oxygen release from
VHD reported by Giangiacomo et al. (44) are in good agreement with data obtained
in our laboratory (33). The biphasic behavior in oxygen release may be due to

conformational changes with the presence or absence of hydrogen bonding of iron-

O2 to TyrB10 (44).

Replacement of distal GluE7 by HisE7 has deleterious effects on oxygen binding
properties of VHDb (24). Binding of Oz to the mutated protein is impaired, which
became obvious from the absence of a stable oxy-form, thus suggesting that the

distal His is liganding the heme iron itself. However, the mutation had little effect
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on CO binding properties of VHb. Interestingly, a change of GIuE7 to Leu had little
effect on oxygen binding characteristics, indicating that the distal glutamine does

not stabilize the bound oxygen with a hydrogen bond (24).

Table 3. Binding of oxygen and nitric oxide to various hemoglobin and flavohemoglobin proteins.

Ligand pair? Association [pM™ s1] Dissociation [s1] Reference
(0]
HMP 38 0.44 (38)
VHbD 78 5000 (107)
200 4.2(1.5) (44)
117 (33)
VHb-Red 70 0.24 (33)
FHP 12 0.53 (33)
50 0.2 (40)
FHPg 225 (33)
Cj-Hb 132 1 (33)
Cp-Hb 197 2 (33)
HmpBs 39 7 (33)
HmpSt 9 2 (33)
NO
HMP 26 0.0002 (38)
FHP 10-20 (40)
Cj-Hb 2 0.002 (33)
Cp-Hb 4 0.001 (33)
HmpBs 366 0.002 (33)
HmpSt 41 0.0003 (33)

3 Ligand binding to the protein in its ferrous form.

Enzymatic activities of flavohemoglobins and hemoglobins

HMP can mediate electron transfer either from the NADH via FAD to a heme
bound ligand such as oxygen or NO or in the absence of a ligand from NADH via
FAD to an external electron acceptor (115). In the presence of oxygen and NADH,
HMP has a NADH oxidase activity, which leads to the rapid consumption of
NADH and to the generation of superoxide and H>O: in vitro and in vivo (96, 100).
On exhaustion of oxygen, the oxygenated species disappear to generate the deoxy
Fe(II) heme, whereupon the flavin becomes reduced (113). Various external electron
acceptors are reduced by HMP in vitro, including dihydropteridine (148),
ferrisiderphores (2), ferric citrate (32), cytochrome ¢, and Fe(IlI)-hydroxamate (115).

However, it can be questioned, if these reactions are of biological significance in
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vivo; the dihydropteridine and ferric reductase activities have been regarded as
negligible since more potent enzymatic activities for these reactions exist in E. coli

(32, 148).

Despite of the lack of a reductase domain, VHb is also able to perform catalytic
reactions. Purified VHD is able to generate hydrogen peroxide in the presence of

NADH in a 1:1 stoichiometry (151).

Nitric oxide dioxygenase activity of flavohemoglobins

Gardner et al. (39) identified in E. coli an inducible, Oz dependent, cyanide sensitive
and protective enzymatic activity, which is able to shield the NO sensitive
aconitase. Exposure of aerobically growing cells to NO elevated this activity.
Gardner et al. (41) and Hausladen et al. (52) attributed the observed detoxification
mechanism to HMP expression, which was shown to play a central role in the
inducible response to nitrosative stress. The authors stated that NO detoxification is
consuming O2 and NADH and is converting NO and O2 in equistoichiometric

amounts to nitrate, designating the activity nitric oxide dioxygenase (NOD) (Figure
3).

The reaction kinetics and mechanism of HMP mediated NO degrading activity
have been analyzed in details and the results showed an NOD activity of 94 s
(20°C) and 240 s (37°C) at oxygen concentration of 200 pM and NO concentration
of 1 uM (38, 40). NOD activity of R. eutropha FHP was determined to be 7.4 s
(20°C) and 120 s (37°C), respectively, thus showing that NOD activity of FHP is
more temperature dependent than that of HMP (40). Substitution of Tyr29(B10), a
residue known to stabilize Fe2*-O complex, by Phe, Glu or His diminished NOD of
HMP activity approximately 15-35 fold. NOD activity is suggested to be hampered
by NO when the ratio of NO/Oz is exceeding 1:100 (38). Furthermore, Mills et al.
(100) reported that 35 - 100 uM of O are required for maximal oxygenase activity.
These two findings raise the question of whether HMP provides effective NO
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removal under microaerobic conditions, since the natural environment of most
pathogenic bacteria lacks or is low in oxygen. Furthermore, bacteriostatic NO
concentrations are in the high micromolar to millimolar range - concentrations,

which have previously been proposed to be highly inhibitory to HMP activity.

1) NAD(P)H + FAD + H* NAD(P)* + FADH,

) 2 Fe3 + FADH, 2 Fe2* + FAD + 2 H*

(3) 2Fe? +20, — 2 Fe¥*-0O;

(4) 2Fe3*-0; +2NO — 2 Fe** + 2NOs

overall: 2NO+20,+NADP)H =P 2NO; + NAD(P)* + H*

Figure 3. The reaction mechanism of HMP catalyzed NO detoxification as outlined by Gardner et al.
(41).

Anaerobic conversion of NO and denitrosylase activity of E. coli HMP

Under anaerobic conditions the reaction of NO with HMP leads to the generation of
nitrite under consumption of NAD(P)H. NO binds to the active site of HMP and is
reduced to the nitroxyl anion (NO). This species then reacts forming N>O via a
dimeric intermediate (82). This reaction proceeds at a rate of 0.14 s (1 uM NO,
37°C), which is several folds slower than the rate of the NOD activity determined
for HMP (40). Latest results showed a novel enzymatic activity, which was shown
to efficiently remove NO under anoxic conditions and which was identified to be a

rubredoxin reductase (36, 37).

Recently, Hausladen et al. (51) reported a third reaction of HMP with NO, a
denitrosylase activity (O2 nitroxylase). They pointed out that, due to the higher
affinity of ferrous HMP to NO relative to Oz2and the inability to bind O2 in the ferric
form, HMP preferentially binds NO at biologically relevant O, concentrations (38).
During steady-state turnover, the enzyme can be found in the ferric (Fe(Ill)) state.
The formation of a heme-bound nitroxyl equivalent and its subsequent oxidation is
possibly a novel enzymatic function of HMP. Despite of the recently suggested NO
inhibition of HMP activity (38), the denitrosylase reaction proceeds at a rate (at 40
uM NO and 10 pM Oz), which is approximately 50% slower than the rate of the
NOD activity of HMP.
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Intracellular localization of VHb and HMP

Studies on the localization of VHD in transgenic E. coli showed first an allocation of
the protein into cytoplasmic and periplasmic space, and up to 30% of the protein is
exported into the periplasm. The export of VHb into the periplasmic space is
explained by the presence of a 16 amino acids long sequence at the N-terminus of
VHDb, which may direct the protein partially into the periplasmic space. This
sequence is not cleaved during or after the translocation process and is an intrinsic

part of the hemoglobin protein (75).

Analysis of the primary structure of this sequence reveals several unusual features,
which are not typically found in bacterial signal sequences. Instead of having
positively charged residues at its amino terminus, it has a negative charge. The
overall hydrophobicity of the central region of this putative signal sequence is
significantly lower than in typical leader peptides due to the presence of a charged
residue (60, 75). Soluble fractions from periplasm and cytoplasm were found to
contain functional VHb, as they were able to abduct carbon monoxide in vitro.
Furthermore, similar results were obtained in Vitreoscilla using Western blotting. In
addition, fusions of the N-terminal sequence of VHb (16-23 amino acids) to phoA
allowed the export of alkaline phosphatase into the periplasm of E. coli (75).

E. coli HMP has been found to also allocate into periplasmic and cytoplasmic space,
and approximately 30% of HMP were recovered from the periplasmic fraction of E.
coli. The allocation in both cytoplasm and periplasm were found in a HMP
overproducing strain as well as in strain bearing only a single chromosomal copy of
hmp using Western blotting. However, spectral analysis of both fractions revealed
that the CO-binding hemoproteins are exclusively found in the cytoplasmic
fraction. The N-terminal sequence of HMP has been shown to be highly similar to

that of VHDb (148).

Recently, Webster and coworkers (121) analyzed VHb localization using
immunogold labeling both in Vitreoscilla and recombinant E. coli expressing VHb.

The results clearly indicate that VHb has mainly a cytoplasmic and not periplasmic
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localization in both organisms (121). The authors suggest that the observed VHb
export by Khosla and Bailey (75) may be due to the overexpression and extrusion of
VHDb. In addition, it cannot be ruled out that the osmotic shock procedure used for

the periplasmic sample preparation generated these putatively false results.

Regulation and function of bacterial flavohemoglobins and

hemoglobins

Vitreoscilla hemoglobin VHb

The oxygen-dependent promoter of vhb (Pvw), which is induced under oxygen-
limited conditions in Vitreoscilla (153), controls the expression of the vhb gene. The
Pynb has been characterized in E. coli (74), and has also been shown to be completely
functional in various heterologous hosts, such as E. coli (74), Pseudomonas,
Azotobacter and Rhizobium (23), Streptomyces sp. (92), Serratia marcescens (156, 157),
Rhizobium etli (122) Burkholderia sp., (108). Pyn, is maximally induced under
microaerobic conditions, when dissolved oxygen level is less than 2% of air
saturation in both Vitreoscilla and E. coli (74, 76). Activity of Pub in E. coli has been
shown to be positively modulated by CRP and FNR, i. e. expression from Pyn, was
activated by FNR and by CRP. In the promoter sequence a DNA motif is
encountered, which reveals high similarities to the consensus sequences of either E.
coli FNR or E. coli CRP (74, 141). Expression from Pyn, was substantially reduced in
strains that were unable to synthesize CRP or cAMP (74). Despite the influence of
catabolite repression, glucose and glycerol-containing media gave comparable
expression levels of reporter enzymes from Pynp under carbon-limited conditions
such as those encountered in typical fed-batch fermentations (78). In an fnr negative
E. coli strain the expression from Pyn, was reduced 2-fold under microaerobic
conditions (141). The DNA binding sequences of these two global E. coli regulatory
molecules are highly identical and differ only in 1 base pairing. It has been shown
that switching of the noncongruent base pair in the half-site motifs of target

promoters can result in their in vivo regulation by the corresponding noncognate
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regulator (130). Thus it would seem possible that E. coli FNR and CRP are able to
bind to the identical site in Pvib. The FNR binding site within the promoter
structure has been divergently allocated, Tsai et al. (141) located this binding site
around position -41.5, whereas Joshi and Dikshit (68) located it around -23.5. The
latter binding site is not sharing any sequence homology to the known E. coli and
non-E. coli FNR consensus sequences (129). Repression of Pvhb is achieved by the
addition of a complex nitrogen source such as yeast extract to the medium,

resulting in a third level of regulation of Py (78).

In bioreactor cultivations under conditions of full induction, the level of expressed
reporter protein accounted up to 10% of total cellular protein. High level expression
as well as the manifold regulatory mechanisms have rendered Pvnb extremely
interesting for applications in biotechnological production processes since the
induction is readily achieved by lowering dissolved oxygen concentrations in the

bioreactor. Thus, expensive chemical inducers can be omitted (78).

Upon expression of VHb in E. coli, recombinant cells grew to higher final cell
densities relative to plasmid bearing controls under oxygen limited conditions (76).
Further experiments showed that the effect of VHb was not restricted to growth
improvements but also resulted in enhanced protein synthesis (78). Therefore, it has
been proposed by Khosla et al. (78) that VHb expression could facilitate oxygen

diffusion and improve aerobic metabolism in E. coli.

Based on a mathematical model, Kallio et al. (70) formulated a hypothesis stating
that the expression of VHDb increases the intracellular effective oxygen
concentration under microaerobic conditions. This increase thereby would shift the
relative activity of terminal oxidases and the energetically more favorable
cytochrome o will predominantly be used in microaerobic E. coli. Cytochrome o
complex (aerobic terminal oxidase) has higher proton translocation activity, H/O*
ratio, and is able to generate a larger proton gradient across the cell membrane

relative to cytochrome d complexes (microaerobic terminal oxidase) (119, 120).
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This hypothesis has been studied in details and expression of VHb in cells lacking
either cytochrome o or cytochrome d complexes revealed a 5-fold increase in
cytochrome o and a 1.5-fold increase in cytochrome d complexes in VHb-positive E.
coli relative to hemoglobin-free controls (142). VHb-expressing cells are indeed able
to generate a 50% higher proton flux per reduced oxygen molecule relative to a
VHb-negative control. The higher proton flux thereby leads to a 30% higher ATP
synthase activity and a 65% higher ATP turnover rate, thus supporting the model of
Kallio et al. (14, 70, 142). Furthermore, Dikshit et al. (26) showed that an E. coli
mutant lacking both terminal oxidases could grow on the aerobic substrate
succinate and lactate when the cells were engineered to express VHb. These results
suggest therefore that VHb itself may contain a terminal oxidase function.
However, this potential function of VHb has not been investigated further and we
have not been able to verify these results using a different E. coli strain lacking the

terminal oxidases (Kallio P., personal communication).

Additionally, the steady state level of cellular NAD(P)H is 1.8-fold lower in VHb-
expressing strains relative to control cells near anoxic conditions (143). Anoxia is
known to reduce electron flow through the respiratory chain, so that NAD(P)H is
consumed more slowly. Therefore, one may hypothesize that under low oxygen
tension the expression of the oxygen delivering VHb may increase the electron flux

through the respiratory chain in E. coli, thus reducing the level of cellular

NAD(P)H.

Furthermore, VHb-positive cells display increased amounts of both tRNA’s and
active 70S ribosome complexes under microaerobic conditions in E. coli. This was
also accompanied by a corresponding increase of a marker enzyme activity (103).
Thus, the upregulation of VHb expression and the observed positive effects of VHb
expression in cells grown under oxygen limited conditions clearly indicate that
VHD is able to stimulate the energy production and thereby increase the metabolic

efficiency of VHb expressing cells.
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R. eutropha FHP

FHP expression is 20-fold upregulated under oxygen-limited conditions in R.
eutropha (118). Two potential binding motifs for NarL and FNR in the upstream
noncoding region of fip have been identified and the regulation of FHP by these
two global regulatory molecules suggests a role of FHP in the anaerobic metabolism
of R. eutropha. However, isogenic fhip mutants show no significant differences in
aerobic or anaerobic growth. Compared with the wild type, however, the mutant
did not accumulate nitrous oxide during denitrification with nitrite as electron
acceptor. Recently, the NOD activity of FHP has been demonstrated (40).
Altogether, these results suggest that FHP interacts directly or indirectly with the

gas metabolism during denitrification in R. eutropha as proposed earlier by Cramm

et al. (18).

E. coli flavohemoglobin HMP

To elucidate the possible roles of E. coli HMP protein Poole et al. (111) studied the
response of the hmp promoter (Pump) under various growth conditions. Prmp was
found to be responsive to iron depletion. Anaerobic expression is enhanced in an
frnr mutant and a putative FNR-binding site occurs at positions -2 to +11 in Phmp
region (93). In addition, HMP expression is stimulated directly by the presence of
nitrate and nitrite; nitric oxide is also an inducer under aerobic conditions. The
effects of these nitrogen compounds were independent of NarLP and SoxRS
regulatory proteins (111). Furthermore, a growth state dependent induction of
HMP expression was observed when cells were entering the stationary growth
phase. This induction is mediated by the stationary phase-specific sigma subunit

(c%) of RNA polymerase (93).

The upregulation of hmp expression by NO was studied in more details and shown
to be dependent on the MetR, which is the global regulator of the methionine
biosynthetic pathway in E. coli. Interestingly, two MetR binding sites are located in
the intergenic region between hmp and glyA, which are divergently transcribed (95).
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Homocysteine is a co-regulator for MetR and mutations in the methionine pathway
(metL), the function of which is also needed for homocysteine synthesis, made these
mutants sensitive to various NO-compounds. Upon feeding of homocysteine to the
growing cultures resistance against nitrosative stress was restored (21). MetR has
been shown to be necessary for induction of hmp-lacZ by SNP and GSNO but only
the downstream MetR binding site is essential for hmp induction (95). Induction
occurs upon depletion of homocysteine, which allows MetR to bind to the promoter

region. Inactivation of homocysteine may occur via a nitrosation reaction (95).

Membrillo-Hernandez et al. (97) also reported the induction of an hmp-lacZ fusion
in the presence of paraquat. The induction of sodA-lacZ followed a subtler pattern,
as did the hmp-lacZ, the expression of which was induced only by paraquat
concentrations above 200 mM. The independence of HMP upregulation by SoxRS
was shown using E. coli mutants of these two transcriptional activators.
Furthermore, hmp regulation by paraquat is dependent on ¢* (97). Anjum et al. (3)
showed even a 28-fold induction of an hmp-lacZ fusion after a prolonged incubation
in the presence of paraquat, a treatment that induced HMP expression to spectrally

detectable levels.

The observation that HMP is a NADH oxidase and is thereby able to generate
superoxide radicals and H2O: led to the hypothesis that HMP might be involved in
the oxidative stress response in E. coli. Interestingly, HMP is not only generating
ROS, but is also needed for full expression of SodA and SoxS. Furthermore, a hmp
mutant was markedly more sensitive towards paraquat, particularly at lower
paraquat concentrations, as shown by a viability assay (94) Therefore, Poole and
Hughes (112) suggested that HMP might act as an amplifier of superoxide stress

leading to the full expression of SoxRS stress response.

Several lines of evidence clearly prove the implications of HMP in the response to
and resistance against nitrosative stress. First, it is well established that HMP is able
to degrade NO under aerobic conditions, although it has to be analyzed in details,

which catalytic activity, dioxygenase or denitrosylase, is more relevant in vivo.
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Second, in vivo experiments revealed the important role of HMP in the resistance
against various agents producing nitrosative stress. Various experiments showed
that hmp cells are more sensitive towards the thread provided by these

compounds. Third, the expression of HMP is induced by NO in E. coli.

Various classes of proteins are considered to be targets of nitrosative stress, such as
Fe-S containing proteins, heme-containing proteins, and various Cu/Fe proteins.
The protective activity of HMP was already demonstrated for the Fe-S containing
enzyme aconitase (39), whereas the protection of heme and Cu containing proteins
was revealed very recently. Terminal oxidases are main targets of NO inhibition.
These proteins contain both heme and Cu. Stevanin et al. (132) reported a protective
effect of HMP on both terminal oxidases (cytochrome o and d) in a mutant strain
lacking either terminal oxidase. Additionally, respiration of an hmp mutant was
extremely sensitive to NO. However, they had to admit that due to the reduced
activity of HMP under microaerobic conditions an enhanced NO" toxicity is to be

expected.

Alternatively, Poole et al. (114) proposed that HMP could act as an oxygen sensor in
E. coli, since the binding of oxygen modulates the reduction level of FAD, thus
limiting flavin reduction in the aerobic steady state. Lowering of the oxygen
concentration causes dissociation of the oxygenated HMP species and sustained
flavin reduction. Due to the ability of HMP to reduce Fe(IIl) in a flavin mediated
fashion, such a mechanism might control Fe(Ill) reduction, which is required for

activation of the anaerobic gene regulator FNR in E. coli.

Flavohemoglobins from various bacterial organisms

The expression of many hemoproteins is induced by environmental stress
conditions such as oxygen deprivation or oxidative and nitrosative stress. Several
regulatory proteins have been implicated in the control of hemoprotein gene

expression in various bacteria, such as the global anaerobic response regulator
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FNR, RedD/E, Fur, NAR, MetR and stationary phase responsive o5 (19, 57, 85).
Furthermore, expression of these genes is increased in the presence of RNS and
expression levels are either positively or negatively modulated by ROS.
Interestingly, in general, induction of hmp expression by ROS and RNS was mainly
independently mediated by of the oxidative stress responsive SoxRS and OxyR
transcription factors (19, 57, 85).

Early support to the hypothesis that flavohemoproteins function as an integral
component of a stress response was reported by Favey et al. (35). They showed that
upon inactivation of hmpX gene in the plant pathogen E. chrysanthems, the bacteria
became unable to infect plant species. This behavior could be attributed to the
reduction in the synthesis of pectate lyases (PL), which are pathogenicity
determinants of E. chrysanthemi in conditions of low oxygen tension. The synthesis
of PL was abolished in the hmpX mutant when infecting plants. The regulation of
hmpX was shown to be dependent on plant host factors as shown by the
upregulation of an hmpX-gus fusion by cocultivation of E. chrysanthemi in the
presence of a tobacco suspension culture. Microaerobic conditions per se, as
encountered upon infection, were not sufficient to start transcription of hmpX-gus
fusion (35). In the meantime the involvement of NO* -compounds in the plant
defense has been shown (10); and therefore it is very likely that hmpX expression

contributes to the resistance against those radicals.

A growing body of evidence has accumulated in the last few years that showed a
role of flavohemoglobins in the response to the thread with NO radicals and
nitrosative stress in general. This general role of flavohemoprotein in NO defense
might be of great interest for the clinical microbiology. As shown above
flavohemoproteins of clinically relevant microorganisms, such as M. tuberculosis
and S. typhimurium take the advantage of this resistance mechanism upon infection
of a potential host. Bearing in mind the steadily increasing number of antibiotics

resistant pathogens, flavohemoproteins would offer a novel drug target for therapy.
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Hemoglobins and flavohemoglobins in biotechnology

The commercial production of a variety of desirable metabolites and important
pharmaceuticals employ the overexpression capacity of oxygen-requiring bacteria,
fungi and mammalian cells. Oxygen has very low solubility in water and various
microorganisms and cultured cell types have high nutritional demand for oxygen
especially during large-scale and high cell density production processes. The high
demand for oxygen can be partially satisfied by improving process parameters and
bioreactor configurations, e.g. improved mixing rates, high-efficiency dispersion

systems and modifications of the medium (83).

Use of VHD to improve cell growth and productivity

The metabolic engineering approach seeks genetic strategies to alleviate adverse
effects of oxygen limitation in microorganisms, higher cells, and plants. The
approach was based on previous observation that under oxygen deprivation
Vitreoscilla expresses hemoglobin. This gene was successfully transferred to E. coli
and upon expression of the bacterial hemoglobin VHb, growth and protein
production of recombinant E. coli was enhanced under microaerobic conditions (76,
79). The positive effects of VHb-expression on promoting the efficiency of oxygen-
limited growth and protein production in numerous organisms are well
documented (Table 4). The use of VHb expression technology has successfully
extended in collaboration with biotechnological industry to an industrially
significant Saccharopolyspora erythraea strain. This strain has been optimized before
for erythromycin production. However, since the mycelium-forming bacterium is
growing a highly viscous media, it has been argued that oxygen transfer to the
mycelial pellets will be limited. The vhb gene was therefore stably integrated into
the chromosome (12). VHb expression significantly increased erythromycin
production resulting in an enhanced space-time yield of approximately 100%

relative to the original strain (101).
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Furthermore, the beneficial effects of VHb expression technology were shown not
to be restricted to bacterial organisms. The use of plants and plants cells for the
production of natural or recombinant compounds has gained momentum (28).
Oxygen supply to plant cells is known to affect both cell growth and the production
of metabolites (58). Therefore, Farrés and Kallio (34) have expressed VHb in
suspension cultured tobacco cells. VHb expression resulted in a shortened lag-

phase and increased final cell densities in batch cultures relative to control cultures.

Table 4. Summary of beneficial effects of VHb expression in various organisms

Organism Effects References
Acremonium chrysogenum 3.2-fold increase of cephalosporin C production (22)
Bacillus subtilis 30% increase of neutral protease, 7-15% increase of a- (69)

amylase activity, and 1.5-fold increase of protein secretion
4 15% increase of biomass, and 2-fold strain DNT increase in
Burkholderia sp the rate of DNT degradation (102,108)
Chinese hamster ovary 40%-100% increase of tissue plasminogen activator (109)
cells production
Corynebacterium 30% increase of L-lysine titer, and 24% increase of L-lysine (124)
glutamicum yield
Escherichia coli 2.1-fold increase of total cell protein (76)
Escherichia coli 2.2-fold increase of total cell protein (141)
Escherichia coli 30% increase of total cell protein (79)
Escherichia coli 80% increase of CAT activity (79)
Escherichia coli 40% increase of B-galactosidase activity 79
Escherichia coli 61% increase of B-lactamase activity (103)
Escherichia coli 3.3-fold increase of a-amylase activity (29, 80, 88)
Escherichia coli 1.8-fold increase in ferritin production (16)
50% faster germination rate, enhanced growth , 80-100%
Nicotiana tabaccum more dry weight, 30-40% more chlorophyll, 34% more (56)
nicotine
Nicotiana tabaccum, Enhanced growth, shortened lag phase (34)
suspension culture & ’ 2
Pseudomonas aeruginosa 1111:2 li(x;crease of viable cell number, increased oxygen (42, 89)
o ; 68% higher nitrogenase activity in nodules of bean plants,
Rhizobium etli and 53§Aa higher t%)tal niﬂogentZontent F (122)
Saccharomyces cerevisiae 3-fold increase of final cell density (14)
Saccharopolyspora erythraea  70% increase of final erythromycin titer (12,101)
Serratia marcescens Enhancex.nent oancetoin, and 2,3-butanediol production, (156, 157)
increase in cell size
Streptomyces coelicolor 10-fold increase of actinorhodin production 92)
Streptomyces lividans 50% increase of final cell density 92)
Streptomyces rimosus 2.2-fold increase of oxytetracycline production )
X, . 15% increase of viable cell number, enhanced degradation
antomonas maltophila (90)

of benzoic acid

The above-cited results show that heterologous VHb expression is able to cure

oxygen limitation in a wide range of distinct organisms. Thus, the inverse metabolic
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engineering approach, i. e. the genetic transfer of useful phenotypes to heterologous
organisms, represents a fast means to alleviate the adverse effects of oxygen

limitation (5).

Novel hemoglobin proteins for improved performance in

heterologous hosts

It has been hypothesized that the properties of VHb are not optimized for foreign
hosts cells, screening of novel globin genes and generation of VHb mutants with
improved properties have been performed to ameliorate the VHb-technology for
biotechnological applications. Andersson et al. (1) used error-prone PCR to
generate a number of randomly mutated vhb genes. VHb mutants were screened for
improved growth properties under microaerobic conditions and several clones
were analyzed to elucidate the physiological effects of novel VHb proteins The
expression of four VHDb mutants, carried by pVM20, pVM50, pVM104, and
pVM134, were able to enhance microaerobic growth of E. coli by approximately 22%
(mutations: Glul9(A17) and Glul37(H23) to Gly), 155% (His36(C1) to Arg36 and
GIn66(E20) to Argb66), 50% (Ala56(E10) to Gly), and 90% (Ile24(B5) to Thr),
respectively, with a concomitant decrease of acetate excretion into the culture
medium. Due to the cloning strategy the mutated VHD proteins also contained an
extension of eight residues (MTMITPSF) at their N-termini. The experiments also
indicate that the positive effects elicited by mutant VHb-expression from pVM20
and pVMS50 are linked to the N-terminal peptide tail. Removal of the N-terminal
sequence reduced cell growth approximately 23% and 53%, respectively, relative to

native VHb controls (1).

Bollinger et al. (8) screened various microbial genomes for the existence of
uncharacterized and unidentified hemoglobins and flavohemoglobins, which could
be used in biotechnological production processes and to enhance cell growth under
oxygen-limited conditions. Growth behavior and byproduct formation of E. coli

cells expressing various hemoproteins were analyzed in microaerobic fed-batch
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cultivations. E. coli cells expressing flavohemoglobins from P. aeruginosa, S. typhi,
and D. radiodurans grew to similar final cell densities, as did the strain expressing
VHDb. Although, the clones expressing flavohemoglobins from E. coli, B. subtilis, and
K. pneumoniae or the hemoglobin from C. jejuni, outperformed the plasmid bearing
control strain, these clones did not reach the final cell densities measured for VHD.
Additionally, increased yield of biomass on glucose was measured for all
recombinant strains, and an approximately 2-fold yield enhancement was obtained
with D. radiodurans flavohemoglobin-expressing E. coli relative to the E. coli control
carrying the parental plasmid only. Thus, showing that these recombinant
hemoprotein expressing strains are able to utilize the carbon substrate more
efficiently (8). The expression of horse heart myoglobin did not result in any growth
improvements during microaerobic growth. Interestingly, an E. coli strain
engineered to express yeast flavohemoglobin (Yfb) was not able to reach similar

final cell densities as the plasmid bearing control strain (71).
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Abstract

Expression of the vhb gene encoding hemoglobin (VHb) from Vitreoscilla sp. in
several organisms has been shown to improve microaerobic cell growth and
enhance oxygen-dependent product formation. The amino terminal-hemoglobin
domain of the flavohemoprotein (FHP) of the gram-negative hydrogen-oxidizing
bacterium Alcaligenes eutrophus has 51% sequence homology with VHb. However,
like other flavohemoglobins and unlike VHb, FHP possesses a second (carboxy-
terminal) domain with NAD(P)H and flavin adenine dinucleotide (FAD) reductase
activities. To examine whether the carboxy-terminal redox active site of
flavohemoproteins can be used to improve the positive effects which VHb exerts in
microaerobic Escherichia coli cells, we fused sequences encoding NAD(P)H, FAD, or
NAD(P)H-FAD reductase activities of A. eutrophus in frame after the vhb gene.
Similarly, the gene for FHP was modified and expression cassettes were
constructed encoding the amino terminal hemoglobin (FHPg), FHPg-FAD, FHPg-
NAD or FHP activities. Biochemically active hemeproteins were produced from all
these constructions in E. coli as indicated by their ability to abduct carbon
monoxide. The presence of FHP or of VHb-FAD-NAD-reductase increased the final
cell density of transformed wild-type E. coli cells approximately 50% and 75%,
respectively, for hypoxic fed-batch culture relative to the control synthesizing VHb.
Approximately the same final optical densities were achieved with the E. coli strains
expressing FHPg and VHb. The presence of VHb-FAD or FHPg-FAD increased the
final cell density slightly relative to the VHb-expressing control under the same
cultivation conditions. The expression of VHb-NAD or FHPg-NAD fusion proteins
reduced the final cell densities approximately 20% relative to the VHb-expressing
control. The VHb-FAD-NAD-reductase expressing strain was also able to
synthesize 2.3-fold more recombinant p-lactamase relative to the VHb-expressing

control.
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Introduction

One of the foremost examples of inverse metabolic engineering (the genetic transfer
of useful phenotypes to heterologous organisms) is expression of Vitreoscilla
hemoglobin (VHb) in aerobic bacteria, yeast, fungi and plants to enhance their
growth and productivity (See articles 2, 6, 14, 25 summarizing the results).
Although the exact mechanism by which VHb causes these effects is unknown, it
has been hypothesized that, due to its unusual kinetic parameters for oxygen
binding and release (Kp = 72 nM) (45), VHD is able to scavenge oxygen molecules
from solution and provide them for cellular activities in heterologous organisms
(18, 45, 49). More detailed observations of biochemical and physiological changes
accompanying VHb-expression in Escherichia coli indicate increased overall ATP
production and turnover rates, increase in cytochrome o expression and specific
activity, decreased levels of reduced pyridine nucleotides and changes in central
carbon metabolism (7, 18, 27, 38-40). Experiments were conducted using engineered
E. coli to determine if globins besides VHb can be applied to enhance hypoxic
growth and protein production levels. E. coli cells expressing either of two different
hemoglobin-like proteins, horse heart myoglobin and yeast flavohemoglobin, each
having some sequence homology with VHb, grew to lower final cell densities than

did VHb-expressing E. coli in oxygen-limited fed-batch cultivations (19).

Recently, a family of two-domain globins containing N-terminal oxygen binding
and C-terminal reductase activities, termed flavohemoproteins have been identified
both in prokaryotic and eukaryotic organisms such as E. coli (43), Erwinia
chrysanthemi (12), Bacillus subtilis (23), Candida norvegensis (15), Fusarium oxysporum
(37) and Saccharomyces cerevisiae (51). One such protein, a megaplasmid encoded
cytoplasmic flavohemoglobin (FHP), was also identified from a facultatively
lithoautotrophic, hydrogen oxidizing, gram-negative bacteria Alcaligenes eutrophus
(4, 30, 48). A. eutrophus grows, like Vitreoscilla, in oxygen-scarce environments and
has respiratory type of metabolism, but A. eutrophus is also able to grow without
oxygen, if either nitrate or nitrite are present as terminal electron acceptors (4, 30).

Limited oxygen supply causes approximately 20-fold increase in FHP content,
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suggesting that expression of FHP in A. eutrophus, like VHb in Vitreoscilla is
regulated by oxygen (3, 31).

The N-terminal hemoglobin domain of FHP (termed FHPg in this publication)
shares high sequence homology (51%) with VHb (8, 44). FHP is a monomeric
polypeptide of 403 amino acids (44.8 kDa) consisting of two different protein
modules: a N-terminal hemoglobin- (FHPg; residues 1 - 147), and a C-terminal
redox active domain with binding sites for FAD (residues 153 - 258) and for NAD*
(residues 266 - 403), which share high sequence homology to the FNR-like
(Ferredoxin NADP* Reductase) protein family. The FNR-like proteins are not
identical with the well-characterized global transcriptional regulator FNR
(Fumarate Nitrate Reduction), which controls the expression of genes required for
anaerobic metabolism in E. coli (42). proteins. The reductase domain is able to
reduce several artificial electron acceptors as well as cytochrome c. Furthermore, the
b-type heme-iron complex of the FHPg domain is capable of reversibly binding
oxygen in its reduced state (30, 31). The different domains of the FHP polypeptide
are connected by short sequences of 5-7 amino acids Pro148-Gly-Gly-Trp-Lys152
and Phe259-His-Ile-Asp-Val-Asp-Ala265 between FHPg-FAD and FAD-NAD
domains, respectively (8). The three-dimensional structure of the FHP has also been

resolved by X-ray crystallography (10).

The goal of this research was to study potential biotechnological applications of the
expression of FHPg, FHP and fusion parts thereof (NAD*/FAD domains) in E. coli
under microaerobic culture conditions in a bioreactor. In addition, the vhb gene was
fused with sequences encoding NAD*, FAD and FAD-NAD activities of the C-
terminal domain of FHP. Hypoxic growth of different E. coli constructs expressing
these different heterologous and fusion proteins was compared with growth of
VHb- expressing E. coli, reaching higher final cell densities relative to plasmid

carrying VHb-negative E. coli (21), in a controlled hypoxic bioreactor.
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Materials and Methods

E. coli strains and plasmids.

E. coli DH50. [F~ endAl hsdR17 (rk~ mk™) supE44 thi-1 X~ recAl gryA96 relAl
(680dlacZAM15) (lacZYA-argF) U169; Gibco BRL Life Technologies] was used as a

host during the subcloning steps. E. coli MG1655 [A, F; Cold Spring Harbor
Laboratory] was used to analyze the effect of VHb or of other globin and globin-
reductase constructions on growth of cells in a microaerobic bioreactor. pRED2
carrying the Vitreoscilla vhb gene has been described elsewhere (21, 22). pUC19 (50)
was used for subcloning and pKQV4 (36) employed as an IPTG-inducible
expression vector. pPPC1, a derivative of pKQV4 and containing the vhb gene, has
been described by Kallio et al. (19). pGE276 (8) contains the fip gene of A. eutrophus
and was a generous gift from Dr. B. Friedrich (Humboldt-University of Berlin,

Berlin, Germany).

DNA manipulations.

All restriction endonucleases were purchased from commercial suppliers and used
according to the recommended protocols. DNA manipulations were performed

according to standard protocols (33).

PCR technique (32) was used to amplify the genes encoding VHb (GeneBank
accession no. X13516) (22) or FHP (GeneBank accession no. X74334) (8) and open
reading frames coding for FHPg, NAD, and FAD protein domains of FHP or their
combinations. PCR amplifications were performed using a Perkin Elmer Gene Amp
9600 PCR System and Pwo Polymerase (Boehringer Mannheim). Oligonucleotides
for PCR reactions were synthesized by Microsynth (Balgach, Switzerland) and are
shown in Table 1. Translational stop codons (CTA, TTA) were also inserted into the
gene structures encoding new fusion proteins if necessary (Table 1). The
oligonucleotides were designed in a way that the hinge sequences between the
various domains of fusion proteins (globin-reductase) remained highly conserved

and that amino acid sequences relative to the original sequence of FHP were
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minimally altered (summarized in Figure 1). The amino acid sequence of either
FHPg or VHb domain contains 147 and 146 residues, respectively. Thus, Gly150
within the FHP protein sequence was changed to Thr149 in VHb-FAD and VHb-
FAD-NAD fusion proteins. This change generates a new restriction site for Kpnl.
The linkage of NAD domain (LHIDVDA) either with VHb or FHPg domains
changed Leu to Phe (F) and Pro (P), respectively (Figure 1 B). PCR amplified gene
fragments were purified using QIAquick PCR Purification Kit (Qiagen, Basel,
Switzerland). DNA fragments were separated by agarose gel electrophoresis and

recovered using QIAquick Gel Extraction Kit.

Table 1. Oligonucleotides used for PCR amplifications of the vhb, fip, and the open reading frames
of fip encoding FHPg, NAD and FAD subunits”

Oligo 1: CGGAATTCCGATGCTGACCCAGAAAACAAAAG
EcoRI start fhp

Oligo 22 TGCACTGCAGTGCACTATTATTGTTCCGCAGAGCGCTC
Pstl stop 2x fhp

Oligo 3: TGCACTGCAGTGCATTACTACTCAGCAAACAGGTCG
Pstl stop 2x nad

Oligo 4: CGGAATTCCGATGTTAGACCAGCAAACCATT
EcoRI start vhb

Oligo 5: GGGGTACCGGGTTCAACCGCTTGAGCGTAC
Kpnl vhb

Oligo 6: GGGGTACCTGGAAGGGGTGGCGCACCTTTGTG
Kpnl fad

Oligo 7: ACGTTGACGCCAAGACACCCATTGTnCCTGATC
Hincll nad

Oligo 8: GCGTCAACGTCGATATGGAATTCAACCGCTTGAGCGTAC
Hincll vhb

Oligo 9: CGTCAACGTCGATATGGGGTTGTTCCGCAGAGCGCTC
Hincll fhp

Oligo 10:TGCACTGCAGTGCACTATTAGCTTCCATAGGGCGCAG
Pstl stop 2x fad

a) Restriction sites, translational start (ATG) and stop codons (CTA/TTA) are written in bold letters
and the coding sequence of the genes are given in italics. All oligonucleotides are written in 5'-> 3'
direction.
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A PCR screening method was used to identify E. coli DH5a transformants carrying
the correct gene inserts either in pUC19 or in pKQV4. The reaction mixture for one
sample contained 0.4 pl DMSO, 1.0 ul 10X Tag-Buffer, 0.1 pl Tag-Polymerase (5U/ pl;
Boehringer Mannheim, Germany), 1 ul of each primer (final concentration of each

primer 100 pmol/ul), ANTP's were added to final concentration of 10 mM and H2O

to give total volume of 10 ul in a well of a PCR plate containing 96 wells (Axon Lab,
Baden-Dittwil, Switzerland). A single, ampicillin resistant colony was picked
aseptically from overnight-incubated LB agar plates (33) supplemented with
ampicillin (100 pg/ml) and transferred into a well of the PCR plate. Standard PCR
techniques were used for DNA amplification (32). Reaction mixtures were analyzed
for amplified gene fragments of expected molecular size by agarose gel
electrophoresis (33) and the correct recombinant plasmid was used for further

characterization.

Plasmid DNA for DNA sequencing were isolated and purified from overnight
grown bacteria cultures using a QIAprep Spin MiniPrep Kit (Qiagen, Switzerland).
The Thermo Sequenase fluorescent-labelled primer cycle sequencing kit
(Amersham International) was used for DNA sequencing reactions (34) and cycle
sequencing was performed according to the recommended protocol of the
manufacturer. The infrared (IRD-41) labelled sequencing primers pKKsor (5' CTC
AAG GCG CAC TCC CGT TCT) or pKKrev (5' GAG TTC GGC ATG GGG TCA GGT
G) and -40 forward or -40 reverse universal primers for DNA sequencing of pKQV4
and of pUC19 derivatives, respectively, were obtained from MWG-Biotech
(Ebersberg, Germany). The sequencing reactions were separated in a LI-COR 4000 L
automated DNA sequencer (LI-COR, Inc., Lincoln, Nebraska). IRD-41 labelled
DNA fragments were visualized by using a scanning laser microscope assembly.
DNA sequence data were collected and analyzed by using the Base ImagIR™

software of LI-COR.
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Construction of VHb-reductase, FHP and FHPg-reductase expression vectors.

Plasmids pRED2 and pGE276 were used as templates for vhb and fhp gene
amplifications, respectively. The oligonucleotides were designed so that they
changed only one amino acid within the proposed linker region between the
protein domains (Figure 1). The gene fragments encoding FHP, or FHPg and FHPg-
FAD domains of FHP were PCR amplified using oligonucleotides 1 and 3, 1 and 2,
and 1 and 10, respectively (Table 1). Purified DNA fragments were digested with
EcoRI and Pstl and subcloned directly into pKQV4 digested with the same
enzymes. Correct plasmids were identified using the PCR screening method and
authenticity of reading frames of the expression cassettes in pAX1 (FHPg), pAX5
(FHP), and pAX6 (FHPg-FAD) were verified by DNA sequencing.

Construction of the plasmids pAX4 (VHb-FAD-NAD), pAX9 (VHb-FAD), pAX12
(VHb-NAD) and pAX14 (FHPg-NAD) is summarized below (Figure 1 B). In all
cases two subcloning steps using pUC19 were necessary for the construction of the
expression cassettes. The gene fragment encoding FHPg subunit of FHP was PCR
amplified using oligonucleotides 1 and 9 (Table 1) and a purified 6.5 kb Sall-Xhol
fragment of pGE276 as a template. The PCR fragments were isolated and digested
with EcoRI and Hincll. The fragments were subcloned into pUC19 digested with the
same enzymes and the new plasmid was named pAX13. The gene fragment
encoding NAD-domain was amplified using oligonucleotides 3 and 7 (Table 1) and
the same template as mentioned above. The purified PCR fragments were Hincll-
PstI digested and subcloned into pAX13 to generate pAX2. The expression cassette
synthesizing FHPg-NAD was removed with EcoRI-Pst] digestion and subcloned
into EcoRI-PstI digested pKQV4 to generate pAX14. An identical cloning strategy
was used to construct the expression cassette synthesizing VHb-NAD using
oligonucleotides 4 and 8, and 3 and 7 (Table 1) for the vhb and the open reading
frame encoding NAD domain of FHP, respectively. The expression vector

producing VHb-NAD was named pAX12.
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146
A)  pPPCI
403
pAX5 GGWK FAD |LHIDVDA| NAD
B) 147
o G
402
pAX4 PGTWK FAD |LHIDVDA| NAD
258
PAX6 @PGGWK FAD
257
pAX9 PGTWK FAD
290

paxiz  CVHb DFHDVDA NAD
paxi4  (GHPg OPHIDVDA NAD

Figure 1. (A) Protein domains of native Vitreoscilla hemoglobin (VHb) and R. eutropha

291

flavohemoprotein (FHP). Alignment of VHb (1-146) and FHP (1-403) amino acid sequence reveals
three different modules in FHP: hemoglobin domain FHPg (1-147), FAD binding domain (153-258)
and NAD(P)H binding domain (266-403). The linker regions between the FHPg-FAD (PGGWK) and
the FAD-NAD (LHIDVDA) domains are shown. The gene bank accession number for vhb and fhp is
X13516 and X74334, respectively. (B) The protein modules of chimeric proteins are shown with the
hinge sequences. Gly150 was changed to Thr149 in pAX4 and pAX9 expressing VHb-FAD-NAD (1-
402) or VHb-FAD (1-257) proteins, respectively, and written in bold italics. VHb is one residue
shorter (146) relative to FHPg (147) and thus, the renumbering of amino acid residues in VHDb fusion
proteins was necessary. LHIDVDA linker sequence has changed to FHIDVDA and PHIDVDA
sequences in pAX12 (VHb-NAD) and pAX14 (FHPg-NAD), respectively, and the changed amino

acid residue is shown in bold italics.

Expression cassettes for VHb-FAD and VHb-FAD-NAD production (Figure 1 B)
were constructed using a slightly modified protocol as outlined above. The vhb
gene was amplified using oligonucleotides 4 and 5 (Table 1). The vhb PCR fragment
was double digested with EcoRI and Kpnl and inserted into pUC19 also digested

with the same enzymes. The plasmid was named pAX7. The open reading frame of
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the fip gene encoding FAD module was amplified using oligonucleotides 6 and 10
(Table 1), double digested with Kpnl and Pstl and ligated with pAX?7, resulting in
pAX16. The complete expression cassette for VHb-FAD-expression was excised
from pAX16 using EcoRI and Pst] and ligated with EcoRI-Pst] digested pKQV4 to
form pAX9. An identical cloning strategy was applied for VHb-FAD-NAD-
expression cassette. The vhb and the fhp gene fragment encoding FAD-NAD were
amplified using oligonucleotides 4 and 5 and 3 and 6, respectively (Table 1). The
final expression plasmid producing VHb-FAD-NAD was named pAX4. The
amplified expression cassettes in vectors pAX4 (VHb-FAD-NAD), pAX9 (VHb-
FAD), pAX12 (VHb-NAD) and pAX14 (FHPg-NAD) were subjected to DNA

sequencing and the sequences of the reading frames verified.

Bioreactor cultivations.

Cultures for both plasmid DNA isolations and for bioreactor inoculations were
grown at 37°C, 250 rpm for approximately 14 hours in 50 ml shake flasks containing
10 ml of LB medium (33) supplemented with ampicillin (100 ug/ml).

Fed-batch cultivations of E. coli MG1655, carrying various VHb, VHb-reductase,
FHPg or FHPg-reductase expression vectors, were performed in a defined glucose
batch medium supplemented with 150 mg/1 casamino acids (Difco), 30 mg/1 yeast
extract (Difco) and 100 mg/1 ampicillin (19) and using a Sixfors bioreactor unit
(Infors, Bottmingen, Switzerland) allowing six controlled cultivations at the same
time. To start Sixfors bioreactor fed-batch cultivations, 3.0 ml of seeding culture was
used to inoculate 300 ml of glucose batch medium, and process parameters were
maintained at 37°C, pH 7 * 0.2 (adjusted either with 2 M NaOH or with 2 M
H3POs), 300 rpm, and 120 ml/min of air. The composition of feed medium has been
described previously (19). Expression of hemoglobins and hemoglobin-reductase
constructions were induced by IPTG-addition (final concentration of 100 uM) when

the optical densities (A,,,) of cultures were approximately 1. Fed-batch mode was

600)

commenced with 1 ml/h of feed medium when the culture reached an A_,, of

600
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approximately 2, and the feeding rate was increased to 2 ml/h when A, was

approximately 4. Thereafter, the feeding rate was maintained constant at 2 ml/h

until the end of 30 hours microaerobic fed-batch cultivations.

Dissolved oxygen concentration and exhaust gases (CO2 and O3) from bioreactors

were monitored as described previously (17, 19).

Analytical techniques

The soluble fractions of both non-globin-producing and globin-expressing E. coli
MG1655 cells (for VHb, FHPg, FHPg-FAD-NAD, FHPg-FAD, FHPg-NAD, VHb-
FAD-NAD, VHb-FAD, and VHb-NAD constructions) were prepared by harvesting
100 ml of bioreactor cultivated cells followed by centrifugation using a Beckman J2-
21M centrifuge with rotor JLA 10.500, at 4°C for 10 min and 7.000 g. Supernatants
were discarded and cell pellets resuspended in 10 ml lysis buffer (100 mM Tris-HCl,
pH 7.5, 50 mM NaCl, 1 mM EDTA). Cells were disrupted using a French press
(SLM-Aminco) at 1200 psi. The cell debris were removed by centrifugation using
Beckman GS-6R at 4°C for 15 min, and 3200 g. The supernatants were poured in
new tubes and clear soluble fractions were recovered by centrifugation 15 min,
14000 rpm at 4°C in an Eppendorf centrifuge. Globin activities were assayed using

reduced + CO minus reduced difference spectroscopy as described previously (13).

Acetate concentrations of bioreactor samples were determined by a Beckman
SYNCHRON CX5CE autoanalyzer. Boehringer Mannheim Acetate Kit (#148261)
was adapted for the Beckman autoanalyzer system and was used to measure
acetate concentrations from the bioreactor samples. Ethanol concentrations were
measured enzymatically with a Beckman autoanalyzer and using the alcohol kit of
Beckman. The measured concentrations were normalized to the final Aeo values of

the cultures.
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B-lactamase activities encoded by the plasmids pKQV4 (control), pAX1 (FHPg),
pAX4 (VHb-FAD-NAD), pAX5 (FHP), pAX6 (FHPg-FAD), pAX9 (VHb-FAD),
pAX12 (VHb-NAD), pAX14 (FHPg-NAD) and pPPC1 (VHDb) were determined
using the chromogenic cephalosporin nitrocefin (Becton & Dickinson) as a substrate
(28). The samples were withdrawn at the end of hypoxic bioreactor cultivations,
cells were disrupted using a French press and the change of absorbance at 482 nm
was recorded at room temperature (27). The total soluble protein of each sample
was determined using a Protein Assay Kit (Bio-Rad) based on the method of

Bradford (5). Activity of B-lactamase is reported in U/mg of soluble protein.

Results

Construction of hemoglobin (VHb and FHPg) and hemoglobin-reductase

expression vectors

Most of the known bacterial hemoglobin proteins, such as FHP and HMP, show
two different activities, an oxygen-binding and a reductase activity (8, 43). These
two different biochemical properties are linked in a single two-domain protein
containing N-terminal hemoglobin and C-terminal reductase modules (Figure 1A).
VHDb and the recently identified new globin of Vitreoscilla stercoraria do not have
reductase activity in the same polypeptide (16, 22, 44). However, it is well
documented that VHb requires reductase activity for physiological function and
such an unlinked NADH-methemoglobin reductase has been identified in
Vitreoscilla. E. coli also contains an unidentified reductase system capable of
catalyzing the reduction of VHDb in vivo (9, 46). However, maintenance of the redox
state of heme iron of VHb, catalyzed by a heterologous reductase, may be an
activity-limiting factor in a heterologous host and decrease the beneficial effects of
VHb-expression such as relieving oxygen stress under hypoxic conditions. In order
to study if fusion of a heterologous reductase domain to VHb provides improved
benefits, the following three expression vectors were constructed: pAX4 (VHb-

FAD-NAD), pAX9 (VHb-FAD), pAX12 (VHb-NAD). The N-terminal domain of
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FHP is highly homologous with VHD (8). Thus, it may also be possible that FHP is
able to expedite growth of E. coli cells under hypoxic conditions. To study this
hypothesis we also constructed four new expression vectors: pAX1 (FHPg), pAX5
(FHP), pAX6 (FHPg-FAD), and pAX14 (FHPg-NAD). The constructions of these
plasmids are described in Materials and Methods. The VHb-expression plasmid
pPPC1 has been described previously (19). The structures of the novel expression
modules with hinge sequences, relative to the wild type structures, are summarized

in Figure 1B.

Microaerobic bioreactor cultivations
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Figure 2. Optical density trajectories of E. coli MG1655 expressing proteins showing FHPg
hemoglobin domain activity: pAX1 (FHPg;e), pAX5 (FHP; A), pAX6 (FHPg-FAD;m), pAX14 (FHPg-
NAD;#) and the control plasmid pKQV4 (V). The cells were cultivated under hypoxic conditions in

a SixFors bioreactor as described in Materials and Methods.

VHb-expressing wild-type E. coli MG1655 cells showed improved growth behavior
relative to a common VHb-positive cloning host E. coli DH5a under oxygen-limited

culture conditions (19). Thus, E. coli MG1655 cells expressing VHb (pPPC1), FHPg
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(pAX1), or separate globin-reductase fusions (pAX5, pAX6, pAX4, pAX9, pAX12
and pAX14) were cultivated at least twice in a microaerobic SixFors bioreactor. The
dissolved oxygen concentration readings by polarographic electrodes were zero
after approximately 6 hours of various cultivations and remained there until the
end of fed-batch processes. Differences in growth behavior between various
constructions became apparent after approximately 8 - 9 hours of cultivation, where
Aso was approximately 3, and the growth of non-VHb-expressing control
MG1655:pKQV4 ceased rapidly. Obviously, the supply of oxygen was not sufficient

to support effective growth of nonglobin-expressing E. coli cells beyond this point

(Figure 2).
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Figure 3. Time course of optical densities of E. coli MG1655 with the various VHb hemoglobin
constructs: pPPC1 (VHD; o), pAX4 (VHb-FAD-NAD; 4), pAX9 (VHb-FAD; ¢), and pAX14 (VHb-

NAD; m). Data for cultivations of MG1655 cells carrying the control plasmid pKQV4 are marked
with (V).

The growth curves of MGI1655:;pAX1, MG1655:pAX5, MG1655:pAX6 and
MG1655:pAX14 expressing FHPg or FHP-reductase derivatives of A. eutrophus are

shown in Figure 2. The growth curves of VHb- (pPPC1) or VHb-reductase-
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expressing (pAX4, pAX9, and pAX12) E. coli MG1655 cells are shown in Figure 3.
Non-globin-expressing MG1655:pKQV4 was used as an internal control between
various cultivations and the final Asoo of the control was 5.5 + 0.5 at the end of 30
hours cultivation. E. coli MG1655:pAX1 (FHPg) expressing cells reached a final Ao
of 83 * 0.9 which is similar to the final Aewo of 7.9 + 0.5 for Vitreoscilla VHb-
expressing MG1655:pPPC1 cells (Figures 2 and 3).

Coexpression of the NAD part of the reductase together with VHb
(MG1655:pAX12) or FHPg (MG1655:pAX14) domains reduced the final Aeoo values
of E. coli approximately 20 % relative to either MG1655:pPPC1 (VHb) or
MG1655:pAX1 (FHPg), but these constructions did eventually attain slightly higher
final optical density than the cultures carrying the control plasmid pKQV4. The
final A¢oo for MG1655:pAX12 was 6.4 + 1.0 and for MG1655:pAX14 6.4 + 0.9.
MG1655:pAX6 (FHPg-FAD) and MG1655:pAX9 (VHDb-FAD) showed slightly
improved final optical densities, 9.0 + 1.0 and 9.9 + 0.9, respectively, relative to
VHb- or FHPg-expressing cells (Figures 2 and 3). E. coli MG1655:pAX5 (12.0 £ 1.5)
cells expressing full length A. eutrophus FHP flavohemoprotein reached
approximately 2.2-fold and 50 % higher final cell densities relative to the control
MG1655:pKQV4 (5.5 + 0.5) and VHb-expressing MG1655:pPPC1 (7.9 = 0.5),
respectively. MG1655:pAX4 (VHb-FAD-NAD) cells reached the highest final optical
densities, an Ay, of 13.9 + 1.4 at the end of 30 hours hypoxic fed-batch cultivations

(Figure 3). This value was on the average approximately 75% and 15% higher
relative to the original VHb-expressing clone MG1655:pPPC1 (7.9 + 0.5) and the
FHP-expressing construct MG1655:pAX5 (12.0 + 1.5), respectively (Figure 2 and 3).
These results clearly show that the beneficial effect of VHb can be improved
substantially by using protein engineering to combine directly its advantageous

oxygen-binding properties with a fused reductase activity.

All expression vectors were also analyzed for insert maintenance by a PCR

screening method. The results obtained using different oligonucleotide primer
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combinations showed that the expression cassettes were stably maintained during

prolonged hypoxic bioreactor cultivations (data not shown).

Byproduct accumulation during hypoxic bioreactor cultivations

The excretion of side products, such as acetate and ethanol, allows E. coli cells to
relieve a surplus of reduction equivalents, regenerating NAD* and NADP*, which
are needed to metabolize glucose. Final concentrations of acetate and ethanol were
assayed using a Beckman autoanalyzer from samples withdrawn from bioreactors

at the end of 30 hours cultivation and normalized to one unit of Ay Our results

show reduced excretion of acetate from strains expressing various VHb, FHPg and
hemoglobin-reductase constructions relative to the control MG1655:pKQV4. For
MG1655:pAX4 (VHb-FAD-NAD) and MG1655:pAX5 (FHP), the smallest specific

acetate levels were measured: 49 + 0.3 mM/A_,, and 46 = 0.1 mM/A

600 600/
respectively. These values were approximately 40 % lower relative to specific
acetate accumulation of the vector control MG1655:pKQV4 cultivation (8.2 + 0.7
mM/Agog). The expression of the hemoglobin domain alone, either in
MG1655:pAX1 (FHPg; 6.4 + 0.3 mM/A,) or in MG1655:pPPC1 (VHb; 5.9 + 0.7

mM/A,,) resulted in a smaller decrease (approximately 22% and 28%,

respectively) in the production of acetate relative to the control (Table 2).

The excretion of ethanol was also measured from the samples at the end of
cultivations. The results indicate that FHPg-expressing cells produced 40% less
ethanol (1.4 £ 0.4 mM/Agq) relative to MG1655:pKQV4 (2.3 + 1.5 mM/ Agqp)-
Surprisingly, VHb-expressing MG1655:pPPC1 cells produced 2.9 times more
ethanol (4.0 £ 0.1 mM/Agp) relative to FHPg-producing strain MG1655:pAX1
under similar culture conditions. In addition, accumulation of ethanol was also
reduced in MG1655:pAX6 and MG1655:pAX4, approximately 25% and 38%,
respectively, relative to the control MG1655:pKQV4. These results show that
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ethanol accumulation is not always decreased in hemoglobin-expressing cells

relative to the hemoglobin-negative control.

Table 2. Final acetate concentrations of E. coli MG1655 expressing various hemoglobin constructions

cultivated in a hypoxic bioreactor?

Plasmid Hemoglobin Acetate mM/A P
pPPC1 VHDb 594 +0.69
pAX1 FHPg 6.43 +£0.31
pAX4 VHb-FAD-NAD 4.89+0.31
pAX5 FHP 4.63+0.11
pPAX9 VHb-FAD 5.63 +1.02
pAX6 FHPg-FAD 6.04 £ 0.96
pAX12 VHb-NAD 7.78+141
pAX14 FHPg-NAD 6.38 +0.30
pQKV4 control 8.20 £ 0.69

a) Acetate concentrations were determined at the end of 30 hours of microaerobic cultivation and

normalized to Asoo'

b) Mean * standard error of the mean.

Analysis of biological activities of VHb-, FHPg- and globin-reductase

hemoproteins by CO-binding assay

Cells were harvested at the end of hypoxic fed-batch cultivations and samples for
CO-binding assays were prepared following the protocol described in Materials
and Methods. The biochemical activity of the globins in all constructions can be
determined using a standard technique (13). The maximum and minimum values of
the recorded spectra of the different constructions are given in Table 3. Due to lack
of a reported extinction coefficient either for FHP or for FHPg and to the novel
nature of the heme-reductase-fusion proteins, it is impossible to predict the effects
of the reductase tails on the extinction coefficients. Thus, it is not possible to
compare the specific activities of the different heme domains. Our results are only
qualitative, giving no information about the specific activity of globins per mg of
soluble protein. However, the results clearly show that biologically active
hemoproteins were produced in all E. coli strains expressing various recombinant

globins (Table 3).

66




Chapter 2: Heterologous hemoglobin expression to alleviate hypoxic cell growth

Table 3. CO-binding assay of various E. coli MG1655 expressed hemoglobin proteins®

Plasmid Hemoglobin minimum [nm] maximum [nm]
pPPC1 VHDb 419 437
pAX1 FHPg 422 437
pAX4 VHb-FAD-NAD 422 443
pAX5 FHP 422 439
pPAX9 VHb-FAD 419 436
pAX6 FHPg-FAD 421 438
pAX12 VHb-NAD 416 442
pAX14 FHPg-NAD 419 436

2 CO-binding assay performed according to (13).

The CO-difference visible absorption spectrum of MG1655:pKQV4 revealed no
hemoglobin activity, as shown previously (19) indicating that the recorded curves
represent the activity of overexpressed heterologous hemoproteins and are not

artifacts of E. coli HMP-expression (data not shown).

The hemoglobin domain (FHPg) of A. eutrophus flavohemoprotein has maximal
absorption at a slightly longer wavelength (422 nm) relative to the y-band of VHb
(419 nm; Table 3). A similar maximal absorption value is observed in strains
expressing FHPg protein fused either with FAD-NAD or FAD domain. A slight
shift of the absorption maximum (419 nm) for the FHPg-NAD expressing strain was
recorded. In addition, the absorption maximum has changed in VHb-FAD-NAD-
(422 nm) and VHb-NAD-expressing (416 nm) strains relative to VHb producing
strain (419 nm) (Table 3). This variation may result from a slightly varying three-
dimensional structure of the hemoglobin domains of the fusion proteins. These
results also verify that FHP contains a CO-binding b-type heme cofactor such as

VHb and also HMP of E. coli (30, 41, 43).

Analysis of B-lactamase activity at the end of hypoxic cultivations.

Production of a model recombinant protein, B-lactamase, was also assayed from

samples withdrawn from a microaerobic bioreactor (Table 4). The results showed
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that MG1655:pAX1 (FHPg; 109 + 3 U/mg), MG1655:pAX5 (FHP; 113 + 10 U/mg),
MG1655:pAX9 (VHDb-FAD; 106 £ 5 U/mg) and MG1655:pPPC1 (VHb; 119 + 13
U/mg) produced 24%, 28%, 20% and 35% more B-lactamase, respectively, relative
to MG1655:pKQV4 (88 + 3 U/mg). The production of p-lactamase was 3.1-fold and
2.3-fold higher in the fastest growing strain MG1655:pAX4 (VHb-FAD-NAD; 271 +
3 U/mg) relative to either MG1655:pKQV4 (control) or MG1655:pPPC1 (VHb; 119 £
13 U/mg), respectively, at the end of 30 hours hypoxic fed-batch cultivations. The
production of B-lactamase was reduced in MG1655:pAX6 (FHPg-FAD; 40 + 1
U/mg), MG1655:pAX12 (VHb-NAD; 62 + 15 U/mg), and MG1655:pAX14 (FHPg-
NAD; 36 £ 3 U/mg) relative to the control MG1655:pKQV4 (Table 4). This
observation was suprising because recombinant E. coli MG1655 strains expressing
various hemoprotein gene constructions were always able to reach higher final

optical densities relative to the non-VHb-expressing control.

Table 4. Final $-lactamase activities of microaerobically grown E. coli MG1655 expressing various

hemoglobins

Plasmid Hemoglobin B-lactamase activity [U/mg]?
pPPC1 VHb 119+£13
pAX1 FHPg 109+3
pAX4 VHb-FAD-NAD 271+3
PAX5 FHP 113+ 10
PAX9 VHb-FAD 106 £5
pAX6 FHPg-FAD 40+1
pAX12 VHb-NAD 62+15
pAX14 FHPg-NAD 36+3
pQKV4 control 88+3

3 Final B-lactamase activity expressed as Units/ mg soluble protein is shown. The average and the
standard deviation are given.

B-lactamase results reported here do not take into account the various problems
and limitations encountered with the optimization of heterologous protein
production in E. coli (47). However, each type of experiment conducted here
included the same genetical background of the E. coli MG1655 strain and plasmid
constructions were derived from the same parental plasmids with the pBR322
origin of replication. Thus, the above results are indicative and suggest that VHb-
reductase-expressing cells are able to redirect cellular resources more efficiently

towards recombinant protein production relative to FHP-expressing cells.
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Discussion

Our results show that the beneficial effect of VHb-expression on microaerobic
bacterial growth can be improved substantially by expressing instead a fusion
protein (VHb-FAD-NAD) containing the vhb and the reductase gene module of fhp.
The positive effect of fused reductase expression was also observed when FHP
protein was expressed in microaerobic E. coli. The expression of these two proteins
resulted in a 2.2-fold (FHP) and a 2.5-fold (VHb-FAD-NAD) increase in final cell
densities relative to the VHb-expressing strain. VHb-expression has been shown to
modulate cellular metabolism of E. coli (7, 18, 27, 38-40). VHDb influences the energy
household by interacting with the respiratory chain; thus, leading to increased
proton pumping, ATP production rates and to a less reduced contingent of pyridine
nucleotide cofactors (7, 18, 38, 39). Recently, it has been shown that HMP-
expression elicits different physiological effects relative to VHb in E. coli. HMP is
able to protect E. coli cells against nitrosating agents, NO-related species and
oxidative stress (24). The detailed physiological functions of FHP of A. eutrophus
remain to be investigated in E. coli and in other heterologous hosts. No significant
changes either in aerobic or anaerobic growth