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ABSTRACT

Physiological effects of Vitreoscilla hemoglobin (VHb) expression in
recombinant Escherichia coli were investigated to expand the understanding of the
means by which VHb enhances oxygen-limited cell growth and recombinant protein
production. The proton pumping efficiency (protons extruded per oxygen reduced) of
VHb-synthesizing E. coli (VHbT) grown under microaerobic conditions (dissolved
oxygen concentration less than 2% air saturation) was 1.5 times the respective value
of a control strain not expressing VHb (VHb™). Deconvolution of VHb, cytochrome o
and d bands from absorption spectra revealed a 5-fold increase in cytochrome o
content and a 1.5—fold increase in cytochrome d content of the VHb™ strain relative to
the VHb~ parent. Substrate—utilization kinetic measurements of E. coli mutants
lacking one of the two terminal oxidases disclosed enhancement by VHb of the
specific activity of cytochrome o but not that of cytochrome d. These results are
consistent with a proposed model of VHb action in E. coli hypothesizing that VHb
increases the effective dissolved oxygen concentration, resulting in an increase of

cytochrome o activity and energy synthesis efficiency.

On-line NAD(P)H fluorescence measurement of VHb* and VHb™~ cultures
subjected to several high/low oxygen transients showed that microaerobic E. coli
expressing VHb maintained a more oxidized state by affording a 2.4—fold smaller
NAD(P)H utilization rate under decreasing oxygen tensions and a steady NAD(P)H
level of 1.8—fold less under non—aeration than those of the isogenic controls. A
rudimentary simulation of oxygen oscillations typical of large—scale bioreactors
showed dampened fluorescence response by VHb-containing E. coli to sudden

changes of oxygen tension. The oxygen uptake rate, estimated from culture redox
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potential of cells under submicromolar oxygen tension, was 25% higher for VHb*

cells relative to the VHb™ controls.

The possible involvement of the E. coli global oxygen—sensing regulators, Fnr
and the Arc system, in modulating the activity of the vhb promoter, Pypp, were
explored using E. coli fnr and arc mutants. Expression of VHb and the activity of
Pynb were activated by Fnr but relatively unaffected by the Arc system. The presence
of VHb increased the activity of 8-galactosidase from a cytochrome d promoter-lacZ

fusion by 1.5-fold relative to the wild-type control.

VHD expression was modulated over a broad range to study the response of E.
coli physiology to VHb dosage. Final cell density increased stepwise with increasing
VHD concentration until saturation of cell density at a 2.7—fold increase over the cell
density of the VHb~ culture was observed. The presence of VHb reduced CO7
evolution, by—product excretions, and enhanced growth rate, growth yield and
respiration rate. Metabolic flux distribution analysis revealed increased and decreased
carbon fluxes to the pentose phosphate pathway and tricarboxylic acid cycle,
respectively, of VHb* E. coli under oxygen—limited conditions. This analysis also

predicted higher overall NAD* and ATP fluxes for the VHb™ cells.
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CHAPTER 1:

Introduction



1.1 VHb Technology in Oxygen-Limited Bioprocesses

Limitation of growth, and consequently productivity, by oxygen in aerobic
bioprocesses involving high—density microbial cultivations is a primary concern for
pharmaceutical and biotechnology industries. Oxygen limitation occurs when cellular
oxygen demand exceeds supply capacity. Inadequate oxygenation not only impedes
an efficient oxidative energy generation pathway but also results in excretion of
undesirable by-products. By-product formation, an alternative energy synthesis
pathway in the absence of oxygen, provides some additional energy and equilibrates
internal redox balance. Hence, cell growth and product yield diminish with increasing

oxygen starvation.

Two types of approaches have been applied to address oxygen limitation in
bioprocesses. One approach focuses on manipulation of environmental parameters to
improve oxygen transfer property. Implementing agitation devices with improved
hydrodynamics for higher oxygen transfer to the cells (Nienow et al., 1994) is one
such example. Mathematical modeling of microbial behavior under hypoxic
environments (Kalina, 1993) can also benefit oxygen-limited productivity by guiding
programmed aeration and refined nutrient feeding strategy. In recent years, with
increasing sophistication in on-line instrumentation and feedback controls, cell
activity and production pattern can be studied in situ, and an optimal oxygen feeding
program can be implemented to minimize oxygen starvation or to maximize

productivity under low oxygen tensions (Liden et al., 1994; Franzen et al., 1994).

The other approach, which centers on the principle of metabolic engineering

(Bailey, 1991) in achieving desirable enzymatic rates or cellular functions through
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genetic manipulation, has attracted increasing attention with the progression of
recombinant DNA technology. Consideration of oxygen—limitation in metabolic
engineering includes identification and modification of key oxygen—affected enzymes
(or pathways) either through alteration of existing enzymes or integration of new
functions from heterologous hosts. The initial demonstration of the second approach
for alleviating oxygen limitation was the introduction of a bacterial hemoglobin from
the aerobic microorganism Vitreoscilla in engineered Escherichia coli (Khosla and

Bailey, 1988a).

The gram-negative bacterium, Vitreoscilla, which is usually found in poorly
aerated environments such as decaying vegetable matter and stagnant ponds
(Pringsheim, 1951), synthesizes a large quantity of a homodimeric, oxygen-binding
hemoprotein (VHD) in response to oxygen starvation (Wakabayashi et al., 1986).
Although there is no data to indicate a functional role of VHbD in its natural host,
sequence and predicted structure similarities between VHb and other globins
(Webster, 1988) have lead to a presumed participation of VHb’s oxygen-binding
activity in supporting hypoxic cell survival. Prompted by the supposition that VHb
may exert its beneficial effect in other industrial organisms, the gene encoding VHb,
vhb, was transferred to E. coli in which its protein was functionally expressed in its
native form (Khosla and Bailey, 1988b). Transcription of vib in E. coli is activated
when culture dissolved oxygen becomes low but not anoxia, and is maximally
induced under microaerobic conditions (dissolved oxygen less than 2% of air-
saturation; [Khosla and Bailey, 1989]). When grown under microaerobic conditions
in bioreactors, VHb—expressing E. coli attains higher cell density and recombinant
protein production relative to VHb-negative control (Khosla and Bailey, 1988a;

Khosla et al. 1990; Khosravi et al., 1990).



1.2 Motivation for This Work

The example of VHb in E. coli has sparked cloning of VHb in other
industrially important organisms. Such efforts resulted in increased antibiotic
production from Streptomyces coelicolor and Acremonium chrysogenum (Magnolo et
al., 1991; DeModena et al., 1993), and enhanced titer and yield on glucose of L—
lysine from Corynebacterium glutamicum (Sander et al., 1993). Cloning of VHb in
recombinant Chinese hamster ovary cells expressing human tissue plasminogen
activator (tPA) also increases the specific production of tPA by 40-100% (Pendse and
Bailey, 1994). In Saccharomyces cerevisiae, VHb expression alters the respiration—
specific ethanol synthesis pathway (Chen et al., 1994). Furthermore, the oxygen—
regulated promoter of vhb, because of its strength, inducibility, and economy of use,
finds a different class of applications. Induced upon cessation of aeration or low
oxygenation, the vhb promoter has been employed to direct high level expression of
recombinant proteins in two-stage fed—batch fermentations (Khosla et al., 1990). The
success of cloned VHb in heterologous hosts has substantiated the genetic approach

to overcome process limitations.

Although the goal of this metabolic engineered example has been achieved,
challenge remains ahead in further advancements of the VHb technology. While the
presence of VHDb elicits metabolic changes in several organisms, there is no data to
support a mechanistic role of VHb nor data on the possible interactions between VHb
and host cellular components that might contribute to the altered physiology.
Furthermore, little is known about the trans-acting regulatory molecules that

determine the activity of the vhb promoter in various host organisms. Clearly,
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understand these mechanisms is important in providing guidance for further
expansion and optimization of VHb applications to aerobic bioprocesses. Knowledge
of the consequence of VHb expression on central (carbon and energy) metabolism
and flux distributions may assist further rational design of pathways leading to
formation of products of interest. Identification of possible regulators of vib may
allow additional controlled expression of VHb and increase the effectiveness of VHb
in bioprocesses. It has been well established that the introduction of VHb in several
organisms enhances microaerobic cell growth and product synthesis. However,
further improvements on these qualities is limited by our current knowledge on the
mechanism of VHb action. Without information on VHb-altered physiology,
refinements on the VHb protein and the optimization of interactions between VHb
and its effectors will not be possible, and the applicability of VHb technology to other

bioprocesses cannot be extended beyond the present random cloning.

1.3 Scope of Thesis

Advancing knowledge of intracellular and extracellular perturbations caused
by the presence of VHb in E. coli is the aim of this research. As a first step toward the
goal, the consequence of VHb expression on the energetic efficiency of the
microaerobic electron transport chain is assessed by measuring the number of protons
extruded across the cytoplasmic membrane in response to oxygen consumption.
Details of the experiment are summarized in Chapter 2. Chapter 2 also presents a
proposed hypothesis of VHb mechanism of action based on the available biophysical

data of VHb (Tyree and Webster, 1978), its previously reported physiological effects



6

(Khosla et al., 1990), and the observed modifications of respiratory efficiency by

VHb.

The hypothesized function of VHb anticipates enhanced activity for the
aerobic terminal oxidase, cytochrome o, in VHb-expressing E. coli under
microaerobic conditions. Therefore, Chapter 3 examines the effects of VHb on the
amount and specific activity of cytochrome o and cytochrome d of E. coli.
Mathematical deconvolution analyses are employed to estimate concentrations of
VHDb, cytochrome o and d from their absorbance spectra. An E. coli strain lacking
both functional cytochromes is also used to study the possibility of VHb acting as an

additional terminal oxidase.

Results from the previous chapters suggest possible involvement of VHb in
influencing the oxidation-reduction state of cells under hypoxic conditions. By
monitoring culture fluorescence, the response of NAD(P)H utilization to diminishing
oxygen transients of E. coli synthesizing VHb is investigated and presented in
Chapter 4. The oxygen uptake rate of cells respiring under submicromolar oxygen
tensions is also estimated from the culture redox potential profiles. In addition,
behavior of VHb—expressing E. coli subjected to oxygen fluctuations that are typical

of large—scale bioreactors is reported.

Chapter 5 examines the possibility of the global oxygen-—sensing
transcriptional regulators of E. coli, Fnr and Arc system, modulating vhb promoter
activity. Effects of VHb and the vhb promoter on transcriptional activity of other
cellular genes are also investigated. Chapter 6 summarizes a study on VHb dosage—
physiological response of microaerobic E. coli synthesizing different amounts of

VHb. Several growth parameters (specific growth rate, glucose consumption rate,
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oxygen uptake rate, and carbon dioxide production rate) and by—product excretions
are measured. A stoichiometric balancing method based on the observed metabolism
is applied to model intracellular carbon and energy flux distribution of VHb-

producing E. coli.

The conjectured role of VHb (Chapter 2) in binding and releasing additional
oxygen molecules to terminal oxidases raises the question whether the consequent
oxygen—limited growth improvement is a unique attribute of VHb or is generic and
can be achieved using other oxygen—binding hemoproteins. Appendix A describes the
cloning and expression of horse heart myoglobin and yeast flavohemoglobin in E.
coli, as well as mutagenesis to obtain single amino acid—substituted VHb. Effects of

these globins and VHb mutants on microaerobic cell growth are investigated.
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CHAPTER 2:

Enhanced Energetic Efficiency by Vitreoscilla Hemoglobin
(VHDb) and A Proposed Functional Role of VHb

Source: Partially from Kallio, P. T.; Kim, D. J.; Tsai, P. S.; Bailey, J. E. Intracellular
expression of Vitreoscilla hemoglobin alters Escherichia coli energy

metabolism under oxygen-limited conditions. Eur. J. Biochem. 1994, 219,

201-208.
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2.1 Abstract

An earlier stoichiometric analysis of oxygen-limited metabolism of
Escherichia coli expressing cloned Vitreoscilla hemoglobin (VHb) suggested
improved efficiency of ATP production relative to wild—type controls [Khosla et al.,
(1990) Bio/Technol. 8: 849-853]. This hypothesis has been further examined by
comparing the respiratory efficiency (protons extruded per oxygen reduced) of a
VHb-expressing E. coli (VHb") relative to a control not expressing VHb (VHb™).
The H*/O ratio of the VHb* cells grown under microaerobic conditions was 1.5
times the respective value of the VHb™ controls. Data from this experiment and other
energetic parameter measurements of VHb-expressing cells are consistent with a
model of VHDb action that hypothesizes enhancement by VHb of the activity of the
lower oxygen-affinity, higher proton-pumping-efficiency terminal oxidase

cytochrome o under oxygen-limited growth conditions.
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2.2 Introduction

Proteins which bind heme, exhibit Soret bands characteristic of hemoglobins,
and which exhibit substantial primary sequence homology to. leghemoglobins have
been isolated from Rhizobium meliloti (David et al., 1988; Gilles-Gonzales et al.,
1991), Vitreoscilla (Khosla and Bailey, 1988b), Escherichia coli (Vasudevan et al.,
1991), and Saccharomyces cerevisiae (Iwaasa et al., 1992; Zhu & Riggs, 1992).
However, the physiological significance of these microbial globins is unknown. The
most thoroughly studied one, Vitreoscilla hemoglobin (VHD), is expressed at elevated
levels in Vitreoscilla under oxygen-limited cultivation conditions. While this pattern
of regulation and the oxygen-binding properties of the molecule portend
physiological function, there is no data to suggest a metabolic role for VHb in
Vitreoscilla. However, cloning and expression of the gene (vAb) for VHD has enabled
demonstration of a significant metabolic effect of VHb in several heterologous
organisms (DeModena et al., 1992; Dikshit & Webster, 1988; Khosla & Bailey,
1988a; Khosravi et al., 1990; Magnolo et al., 1991).

When introduced in E. coli the promoter of the vhb gene is transcribed, the
expression of vhb-specific mRNA is elevated, and dimeric protein (the MW of the
aposubunit is 15,775) containing heme and exhibiting Soret bands is produced during
growth at low oxygen concentrations (Khosla & Bailey, 1988a; Dikshit et al., 1989).
The maximal VHb expression level is achieved when the dissolved oxygen
concentration decreases below 2% of air saturation in the culture medium (Khosla &
Bailey, 1988b; Dikshit et al., 1990). Under oxygen-limited growth conditions, cells
producing VHb protein grow to higher cell densities and synthesized more protein

(Khosla & Bailey, 1988b; Khosla et al., 1990). Although the presence of VHb causes
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significant metabolic changes during aerobic growth in E. coli, the mechanism of
VHD action is still unknown. Measurements of net synthesis of total cellular protein,
uptake of glucose and ammonia, and production of acid in fed-batch grown E. coli,
analyzed using a stoichiometric model of oxygen-limited growth, suggest that the
introduction of VHb into E. coli improves the efficiency rather than the rate of
respiration under microaerobic conditions (Khosla et al., 1990). The simplified
stoichiometric representation of the major oxygen-limited metabolic functions
formulated in that work suggests that VHb may either enhance production of ATP or

decrease maintenance energy consumption (Khosla et al., 1990).

The branched respiratory pathway of E. coli contains two different terminal
oxidases, cytochrome o and cytochrome d [reviewed in (Anraku, 1988; Anraku &
Gennis, 1987; Babcock & Wikstrom, 1992)]. The expression of these two terminal
oxidases depends differently on the availability of oxygen, with cytochrome o being
dominant under high oxygen tension and cytochrome d maximally expressed under
microaerobic conditions. The biochemical properties of VHb [reviewed in (Webster,
1987)] combined with present knowledge of the respiratory pathways of E. coli led
Khosla et al. (1990) to propose a hypothesis for the mechanism of VHb action which
proposes that the presence of VHb increases the activity of one or both terminal

oxidases.

This hypothesis and its inferred effect of VHb on energy metabolism
prompted a collaboration with Dr. P. T. Kallio and Dr. D. J. Kim to investigate the
influence of VHD on energetic parameters and growth of terminal oxidase mutants.
This chapter describes the result of a proton pumping experiment from such effort
(Kallio et al., 1994) which also includes a 31P NMR spectroscopic measurement and

bioreactor experiments using E. coli cytochrome mutants. Results from the 3P NMR
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study indicated that the transmembrane ApH and ATP content of VHb™ constructs are
1.6 and 2 times, respectively, the corresponding values of VHb™ constructs.
Bioreactor cultivation of terminal oxidase mutants showed significant growth
enhancement by VHb only in the strain having functional cytochrome o lacking
cytochrome d.. A plausible model for the function of VHb in E. coli based on enzyme

kinetics of E. coli terminal oxidases and VHb was proposed and discussed.

2.3 Materials and Methods
2.3.1 Strains and Cultivation Conditions

E. coli MC4100 [F~ araD139 A(argF-lac), U169, rpsL150, relAl, flb-5301,
deoCl, ptsF25 ,rbsR] (a generous gift of Dr. R. P. Gunsalus of UCLA) was used to
study the effect of valinomycin and KSCN concentrations on respiratory
stoichiometry measurement. E. coli JM101 [F', traD36, lacl4, A(lacZ)MI5,
proAB/supE, thi, A(lac-proAB)] harboring either pPRED2 or pUC9 was used to study
the effect of VHb on proton translocation efficiency. Construction of the VHb-
expressing plasmid, pRED2, and its vhb— parent, pUC9, have been described
elsewhere (Khosla and Bailey, 1988a; Yanisch-Perron et al., 1985) Seed culture was
grown overnight in phosphate buffered LB medium (10g/L Bacto-tryptone, 5 g/L
Bacto-yeast extract, 10 g/LL NaCl, 3 g/LL KoHPO4, 1 g/LL KH2PO4, adjusted to pH 7)
in a New Brunswick Scientific InnOva 4000 shaker at 37°C, 275 rpm. 50 mL of the
starter culture was used to inoculate a Bioflo III fermentor containing 2.5 L LB
medium. The bioreactor conditions were controlled at 37°C, 300 rpm, and 0.16 vvm

of air flow. The pH of the culture was maintained at 7 £ 0.1 by adding either 4M
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NaOH or 4M HCIl. Ampicillin (100 mg/l) was added to JM101:pRED2 culture for

selection.
2.3.2 Western Blotting

15% SDS-PAGE was performed according to the method of Laemmli (1970)
and the production of VHb protein was assayed using the standard Western protocol
(Winston et al., 1987). The rabbit anti-VHb antiserum was obtained from Cocalico
Biologicals and horseradish peroxidase-conjugated sheep IgG fraction to rabbit IgG

from Cappel T™,
2.3.3 Respiratory Stoichiometric Measurement

Samples for respiratory stoichiometry assay were taken during the late
exponential phase of batch cultivations. Cells were cooled on ice immediately and
harvested by centrifugation using a Beckman J2-21 centrifuge at 4°C, 7,000 x g for 7
minutes. Cell pellets were washed 3 times with ice cold phosphate buffer saline (PBS;
8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L. NapHPOg4, 0.24 g/ KH2PO4, at pH 7.3) then
resuspended to a final concentration of 7 g wet weight/L in a testing buffer which
consisted of 50 mM K3S0O4, 10 mM MgSO4, 0.25 mM 3-[N-morpholino]-
propanesulfonic acid (MOPS), 75 mM KSCN, and 0.50 pg/mL valinomycin. 40 mL
of the cell suspension was transferred to a double-wall glass dewar where the
temperature was maintained at 30°C with a circulating water bath. Cell suspension
was agitated with a magnetic stirrer and the dissolved oxygen tension was measured
by a microelectrode (Microelectrodes Inc., MI-730). The extracellular pH was
monitored with a Fisher pH electrode (Fisher Co., 13-620-293) and a Fisher Accumet

925 Microcoprocessor pH meter with sensitivity of 0.001 pH unit, and recorded by a
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Kipp & Zonen BD 401 recorder. The cell suspension was purged with nitrogen gas to
establish anaerobic background conditions. After oxygen depletion, the head space of
the vessel was continuously flushed with nitrogen gas for the duration of the assay.
After the pH of the cell suspension stabilized, pulses ranging from 50 pl to 150 pl of
30°C, air-saturated 100 mM KClI solution were injected into the nitrogen-saturated
cell suspension and acidification (ApH) of the suspension medium as the result of
proton expulsion from cells was recorded. Pulses of nitrogen-saturated 100 mM KCl
solution at 30°C were then added as control. At the end of the assay, a pulse of
nitrogen-saturated 25 mM NaOH in 100 mM KCl was injected to the suspension for
calibration. Decay curves were extrapolated to zero time for accurate calculation of
H*/O ratios (Kawahare et al., 1988). The H+/O ratio was obtained by evaluating the

slope of the ApH vs. O atom added data.

2.4 Results
2.4.1 Factors Influencing Respiratory Stoichiometry Measurement

Respiratory stoichiometry assay measures the extracellular pH change as a
consequence of small oxygen additions to an anaerobic cell suspension (Kawahara et
al., 1988; Meyer and Jones, 1973; Mitchell, 1961; Mitchell and Moyle, 1967). Based
on multiple measurements of this type, one can estimate the number of protons
expelled outside the cell per oxygen atom consumed. To ensure that the observed pH
difference was a direct consequence of respiration and not activities from membrane
movements such as ion transport and/or proton leakage, ionophores and membrane
permeant ions were added to cell suspension to equilibrate ions across the membrane.

However, ionophores and membrane permeant ions, such as valinomycin and KSCN
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used in this study, are detrimental to the cell as they abolish membrane potential.
Therefore, the concentration of these molecules was optimized and the time of which

cells were subjected to assay conditions was minimized.

An overnight culture of E. coli MC4100 was used to study the effect of KSCN
and valinomycin concentrations on respiratory stoichiometry (H*/O). Sample
preparation and assay conditions are described in Materials and Methods. Result
indicated that H*/O ratios did not vary significantly with the different valinomycin
concentrations tested (0.75 pg/mL to 20 pg/mL; data not shown). The concentration
of KSCN, however, affected the observed proton translocation efficiency (Fig. 1).
Among the KSCN concentrations tested, cells achieved the highest H+/O ratio of 2.8
at 75 mM KSCN. Based on these results, the subsequent respiratory stoichiometry

experiment was performed with 0.5 pg/mL valinomycin and 75 mM KSCN.
2.4.2 Effect of VHb on Microaerobic E coli Proton Translocation Efficiency

The effect of VHb on the respiratory efficiency was examined using cells
cultivated in a bioreactor under microaerobic conditions. Dissolved oxygen tension of
both JM101:pRED2 and JM101:pUC9 cultures dropped below 20% of air saturation
within the first two hours of fermentation. JM101:pRED2 culture had a higher
specific growth rate than the control JM101:pUC9 and attained a higher cell density
at the end of cultivation (Fig. 2). During the exponential growth phase the specific
growth rate was 1.3 h~1 for JIM101:pRED2 and 0.8 h-1 for IM101:pUC9. The final
A600 obtained after 9 hr of cultivations were 2.7 and 1.4 for IM101:pRED2 and
JM101:pUCY, respectively. Production of VHb in JIM101:pRED2 was verified by

Western blotting as described in Materials and Methods (data not shown).
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Two samples for respiratory stoichiometry measurement were taken toward
the end of exponential growth phase where dissolved oxygen tension was less than
2% of air saturation. Samples were prepared as described in Materials and Methods:
small pulses of air-saturated solution were injected into the cell suspension, and
acidification (= ApH) of the suspension medium as the result of proton expulsion
from cells were measured. The number of protons translocated outside the cell per
oxygen atom consumed (H*/0) was 3.0 + 0.1 for the VHb-expressing strain and 2.0 +
0.1 for the control (Fig. 3). Results indicated that the presence of VHb improves the
proton translocation efficiency of microaerobic E. coli. Similar values of Ht/O from

duplicate samples confirmed the reproducibility of this measurement (Fig. 3).

2.5 Discussion

Khosla and co-workers (1990) proposed, based on a stoichiometric metabolic
model and extracellular measurements, that expression of VHb in E. coli increases the
efficiency of ATP production in oxygen-limited growth. We outline next a
biochemical hypothesis for such an effect, followed by examination of this hypothesis

based on the data obtained from this study.

The respiratory chain of aerobically grown E. coli contains two terminal
oxidases, cytochrome o and cytochrome d complexes, which catalyze oxidation of
quinol and reduction of molecular oxygen to water. Biosynthesis of cytochrome o is
maximal under well-aerated conditions and is repressed at low dissolved oxygen
levels. Under the latter conditions, cytochrome d, which has a much higher affinity
towards oxygen, is induced (Kita et al., 1984). Cultures in the present experiments

undergo a transition from well aerated to oxygen-limited growth, and therefore the
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presence of both terminal oxidases late in such cultivations is expected. This has been
confirmed in recent experiments showing both cytochrome d and cytochrome o
signatures in absorption spectra (P.S. Tsai and M. Naegeli, unpublished results). A
study of the E. coli respiratory chain in membrane vesicles showed that twice as many
protons are extruded through the cytoplasmic membrane when it contains cytochrome

o instead of cytochrome d as its sole terminal oxidase (Puustinen et al., 1991).

Based on previous studies on the effect of VHb on overall oxygen—limited
metabolism (Khosla et al., 1990) and the data reported here, we hypothesize that
Vitreoscilla hemoglobin increases the intracellular effective dissolved oxygen
concentration under microaerobic condition and thereby shifts the relative activities of
the terminal oxidases. As elaborated below, such an effect would cause an increase in
proton pumping efficiency and, as a result, an increase in the efficiency of ATP
production. Protein studies have shown that Vitreoscilla hemoglobin is a dimeric
hemoprotein which exists intracellularly and in cell extracts primarily in a stable
reversibly oxygenated form, similar to that of oxymyoglobin and oxyhemoglobin
(Dikshit et al., 1989). A simple relationship can be written for the reversible binding

of oxygen with VHb:

VHD + Oy ¢z VHb-0, (K from Khosla & Bailey, 1989) (1)

The concentration of the oxygenated hemoglobin can be calculated if the

concentrations of intracellular oxygen and cytoplasmic hemoglobin are known:

[VHb] =[VHb]+[VHb - 0,] 2)

cytoplasm

[VHD - 0,1= [VHD],.y10p1asm[ O, /(K p +[0,]) (3)



21
We hypothesize that the oxygenated VHb may act as an additional oxygen
source for the terminal oxidases. Accordingly, we define an effective dissolved
oxygen in the presence of VHb as the sum of dissolved oxygen (DO) and the

oxygenated hemoglobin concentrations:

DO,z = DO+[VHb-0,] )

The effect of VHb on DOeff can be clearly seen from the plot of DOef/DO vs. DO
(Fig. 4). Under a typical oxygen-limited condition (say, 1 pM dissolved oxygen
concentration), with 20 uM of cytoplasmic VHb (the estimated cytoplasmic
concentration in a single copy VHb-expressing construct; Khosla & Bailey, 1989), the

effective dissolved oxygen is 17 uM, a 17-fold increase.

We conjecture that the increase in the intracellular dissolved oxygen tension
raises the activities of both cytochrome o and cytochrome d but to different extents. If
we assume Michaelis-Menten kinetics for the two terminal oxidases of E. coli, we can
see that at 1 UM DO the specific activity of cytochrome d is much higher than that of
cytochrome o at low oxygen concentrations (Fig. 5; these rate functions are based on
presumed hyperbolic kinetics and the measured oxygen Ky, values of 2.9 uM and
0.38 pM for purified cytochrome o and d complexes, respectively (Kita et al., 1984).
If the dissolved oxygen concentration increased, the specific activity of cytochrome o
would increase more rapidly than that of cytochrome d. Thus, if VHD increases the
effective dissolved oxygen concentration as hypothesized, it would shift the
distribution of electron flow toward cytochrome o and thereby increase the overall
proton translocation efficiency since cytochrome o possesses a higher H*/e~ than

cytochrome d does (Puustinen et al., 1991).
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The respiration stoichiometric assay is a direct measurement of the cell's
energetic efficiency. Although this technique does not account for proton leakages
and slips in oxidative phosphorylation, and although questions still exist about the
exact mechanism of the electron transport chain of E. coli, we are mainly interested in
the comparative values of overall proton translocation efficiency between the control
strain and the VHb-producing strain. In this study we have demonstrated that E. coli
JM101 carrying the VHb-expression plasmid pRED2 extrudes one extra proton per
oxygen atom consumed (H*/O = 3) compared to the control strain JM101:pUC9
(H*/O = 2) harvested at the end of the exponential growth phase under microaerobic
conditions. This finding is consistent with the hypothesis presented above that VHb
production increases the overall proton translocation efficiency in E. coli under
microaerobic growth conditions. Also, as one major function of proton extrusion
under these conditions is to generate ATP when protons reenter the cytoplasm via
ATPase, the higher ATP levels observed by NMR in VHb-expressing wild type E.
coli cells are also consistent with the above hypothesis. Finally, the effect of a higher
intracellular effective DO in the context of extreme microaerobic conditions is
expected to have a much greater relative effect on the specific growth rate of a strain
which uses only cytochrome o than on a strain using only cytochrome d. This was the
observed result in bioreactor studies with the cytochrome mutants. A more detailed
study which further solidified the model described above on the effect of VHb on

terminal oxidases is described in the following chapter.

There are several reasons why our interpretation of these studies did not
consider a possible role of the hemoglobin-like domain (HMP) associated with
ferrisiderophore reductase activity in E. coli (Andrews et al., 1992). To date, there is

no report of any physiological effect due to globin activity of this protein similar to
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those observed when VHb is expressed in E. coli. It is unlikely that the HMP
interferes with our measurements since no measurable endogenous globin was
detected relative to VHDb in absorption spectra of control and VHb-expressing E. coli
strains. Furthermore, in each set of measurements reported here, a control experiment
without VHb was conducted for comparison. Presumably, any physiological effect of

the endogenous HMP is similar in the VHb-free and the VHb-containing constructs.
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2.8 Figures

Figure 1

Figure 2

Figure 3

Figure 4

Effect of KSCN concentration on H*/O ratio. Shake flask culture of E. coli
MC4100 was grown overnight in LB medium. After harvest, cells were

resuspended in a testing buffer which consisted of 50 mM K2S04, 10 mM
MgSOy4, 0.25 mM MOPS, 0.50 pg/mL valinomycin, and indicated
concentration of KSCN. Respiratory stoichiometry measurement was

performed as described in Materials and Methods.

Batch cultures of E. coli JM101 carrying either the VHb-expression vector,
pRED2 (®), or the parental vector, pUC9 (O). Dissolved oxygen profiles
of IM101:pRED2 (- —-) and JM101:pUC9 (—) are also shown. Culture

density is reported as the absorbance at 600 nm (Ag00). Time points at

which samples were taken for HY/O measurement are indicated by arrows.

Proton extrusion (ApH) vs. oxygen pulse plots of JM101:pRED2 at the
3.5th hr (O) and the 4.5th hr (@), and IM101:pUC9 at the 3td hr () and
the 4th hr (X) of bioreactor cultivations. The slopes (Ht/O) of these plots
are 3.0 and 3.1 for JM101:pRED2 at the 3.5th hr and the 4.5th hr,
respectively, and 2.0 and 2.1 for JIM101:pUC9 at the 3'd hr and the 4th hr,

respectively.

Hypothetical effects of Vitreoscilla hemoglobin protein on the dissolved
oxygen concentration in E. coli. The effect has been calculated according to

equations (2) and (3) as described in the Discussion. DOgff as defined in

Equation (4) is the hypothesized effective dissolved oxygen concentration
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equal to the sum of dissolved oxygen concentration and the concentration

of oxygenated VHb (DO, = DO+ [VHD - 0,]).

Figure 5 Michaelis-Menten kinetics of the two terminal oxidases at various oxygen

concentrations.
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Figure 4
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CHAPTER 3:

Elevated Concentration and Specific Activity of

Escherichia coli Cytochrome o by Vitreoscilla Hemoglobin

Source: Tsai, P. S.; Naegeli, M.; Bailey, J. E. Intracellular expression of Vitreoscilla
hemoglobin modifies microaerobic Escherichia coli metabolism through

elevated concentration and specific activity of cytochrome o. 1995.

Submitted to Biotechnology and Bioengineering.
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3.1 Summary

The function of the reversible oxygen-binding hemoprotein from Vitreoscilla
(VHb), which enhances oxygen-limited cell growth and recombinant protein
production when functionally expressed in Escherichia coli (E. coli), was investigated
in wild-type E. coli and in E. coli mutants lacking one of the two terminal oxidases,
cytochrome o complex (aerobic terminal oxidase) or cytochrome d complex
(microaerobic terminal oxidase). Deconvolution of VHb, cytochrome o, and
cytochrome d bands from in vivo absorption spectra revealed a 5-fold enhancement in
cytochrome o content and a 1.5-fold increment in cytochrome d by VHb under
microaerobic environments (dissolved oxygen less than 2% air-saturation). Based
upon oxygen-uptake kinetics measurements of these mutants, the apparent oxygen
affinity of the cytochrome o-only E. coli was increased in the presence of VHb but no
difference in the apparent Ky; was observed for the cytochrome d—only strain. Results
suggest that the expression of VHb in E. coli increases the level and activity of
terminal oxidases and thereby improves the efficiency of microaerobic respiration and

growth.

Key words: Cytochrome o, Globin function, Vitreoscilla hemoglobin, Oxygen

starvation.
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3.2 Introduction

In contrast to vertebrate hemoglobins and myoglobins, non-vertebrate globins
exhibit great diversity, not only in primary sequences but also in functions in their
respective hosts (48, 49). Leghemoglobin from symbiosis-independent, legume plants
such as soybean root has been suggested to function as an electron donor (6) and as
an oxygen sensor to switch on and off the oxidative and fermentative pathways of
root energy metabolism (5). A hemoglobin from protobranch bivalve molluscs'
bacterial symbionts which binds and releases sulfide to the bacterial symbiont and
oxygen to the gill was thought to act as a terminal oxidase (53). While hemoglobin in
non-vertebrates has been the subject of studies for many years, relatively few
bacterial and lower eucaryotic hemoglobins are isolated and characterized, and their

functions are still unknown.

The most well known bacterial hemoglobin, Vitreoscilla hemoglobin (VHb),
accumulates to high level in Vitreoscilla under hypoxic conditions (50). When VHb
was functionally expressed in Escherichia coli (22, 25, 26), Streptomyces coelicolor,
and Streptomyces lividans (30), significant growth, recombinant protein and antibiotic
production enhancements were observed. Although no detailed biochemical and
biophysical data are available, several possible roles of VHb action have been
suggested from physiological observations. Wittenberg and Wittenberg (52) have
proposed the possibility that VHb acts as a terminal oxidase which actively mediates
electron transfer and oxygen reduction in Vitreoscilla. Recently, another function of
VHD has been postulated (21): VHb may provide additional available oxygen to the
electron transport chain of E. coli, thereby modulating the terminal oxidase activity

and changing the oxidative phosphorylation efficiency. The E. coli -VHD system has
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now been developed to be perhaps the most well-characterized and well-defined
framework for study of the functions of invertebrate globins. In this work we
investigate the influence of VHb on the aerobic electron transport chain, especially

the terminal oxidases, of E. coli.

The electron transport chain of aerobically grown E. coli contains two
different quinol oxidases, cytochrome bo and cytochrome bd, that reduce oxygen to
water (3, 4, 17). Cytochrome bo (cytochrome o complex), which consists of b-type
and oxygen-binding o-type heme groups, is the predominant terminal oxidase during
fully aerobic conditions (43). Cytochrome bd (cytochrome d complex), which
consists of two b-type heme groups and an oxygen-binding heme d group, has a
higher oxygen affinity (cytochrome d Ky; = 0.38 uM) (28) than does cytochrome o
complex (cytochrome o Ky = 2.9 uM) (27) and is synthesized under low-oxygen
conditions. During aerobiosis a proton gradient which drives ATP synthesis by
ATPase is generated by concomitant coupling of proton translocation to the outside of
the cytoplasmic membrane with electron transfer from dehydrogenases via quinones
to the terminal oxidases. When electrons are channeled through the proton-pumping
cytochrome o complex, an Ht/e— ratio of 2 is achieved (41, 42). However, when the
electron pathway goes through cytochrome d complex, which is not a proton pump
but scalarly separates protons and electrons, a lower H*/e™ ratio of 1 is obtained (33,

41).

The reduced heme o in the cytochrome o complex of E. coli, when bound to
CO, exhibits a characteristic absorption peak at 416 nm and a trough at 430 nm (27).
The absorption spectrum of heme d of the E. coli cytochrome d complex depends on
pH, has a maximum around 628 nm and a minimum around 650 nm in a reduced

minus oxidized difference spectrum, and has a maximum at 637 nm in CO-reduced
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minus reduced spectrum (32). The reduced cytochrome d complex is also known to
absorb light and gives troughs and shoulders in the Soret region under a CO

atmosphere (12, 28).

Vitreoscilla hemoglobin contains protoheme IX, binds oxygen reversibly, and
has an oxygen affinity similar to those of cytochrome o and d of E. coli (VHb Kp =
0.25 uM) (39, 46). The CO-bound, reduced protoheme of VHb absorbs similarly to
cytochrome o in the Soret region except the peak occurs at 419 nm and the trough at
437 nm (51). Expression in E. coli of VHb from its associated promoter is maximally
induced under microaerobic conditions (dissolved oxygen level below 2% of air-
saturation), but transcription does not occur under anaerobic conditions (23). In
contrast to cytochrome o and d complexes which are transmembrane proteins (10,
36), VHD is a soluble protein and is located on both sides of the cytoplasmic

membrane in both E. coli and Vitreoscilla (24).

In this study, we investigated the possibilities of VHD as an effective dissolved
oxygen enhancer that affects the energetics of terminal oxidases and as an additional
terminal oxidase in microaerobic E. coli. To focus on the role of VHb in influencing
the terminal oxidases of E. coli, we determined the effects of VHb on the levels and
activities of terminal oxidases in E. coli mutants lacking either functional cytochrome
o or cytochrome d complexes. The amount of VHb, cytochrome o and d were
determined from intact-cell absorbance spectra at room temperature. Due to
overlapping absorption of VHb, cytochrome o, and cytochrome d complex in the
Soret region, deconvolution analyses were employed to decouple these spectra into
their respective components. An E. coli strain lacking both terminal oxidases but

synthesizing VHb enabled investigations on the possibility that VHb functions as a
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terminal oxidase. The oxygen reactivity and proton translocation capability of this

strain were assessed.

3.3 Materials and Methods
3.3.1 Strains and Plasmids

E. coli strains and plasmids used in this study are listed in Table 1. ECL
strains (a generous gift of Dr. E. C. C. Lin) are derivatives of ECL525 (F~, Afrd-101,
araD139A(argF-lac)U169, rpsL150, relA 1, deoCl, fIb-5301, ptsF25). Strains
ECL933, ECL936, and ECL937 were transformed with the control plasmid pMS421,
the vhb expression plasmid pMSV1, and pMSC1 which carries the Vitreoscilla
hemoglobin promoter Pypp—cat gene fusion. Plasmid pMSC1 was constructed by
inserting the 1 kb Hind III-BamH I fragment containing Pypp-cat from pOX2 (23)
into the corresponding sites in pMS421. Construction of pMSV1 was described
elsewhere (21). E. coli strain GK100, which contains deletions in both cyo and cyd, is
not able to synthesize functional cytochrome o and d complexes. GK100 cells were
transformed with either the control plasmid pBR322 or the vhb expression plasmid

pINT2 (24).
3.3.2 Media and Bioreactor Cultivations

Cultures were grown in buffered LB medium consisting of 10 g/L. Bacto-
tryptone, 5 g/L Bacto-yeast extract, 10 g/L NaCl, 3 g/L. K)HPOq4, 1 g/LL KH7PO4 and
adjusted to pH 7. Ampicillin (100 mg/L), spectinomycin (40 mg/L), and kanamycin
(25 mg/L) were added to all ECL strains harboring either plasmids pMS421 or

pMSV1 for plasmid maintenance except ECL933 to which only ampicillin and
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spectinomycin were added. E. coli strains GK100 carrying either plasmid pINT2 or
pBR322 were supplemented with 0.5% glucose, kanamycin (25 mg/L), and ampicillin
(100 mg/L).

For growth comparison and preliminary cytochrome measurement ECL 933,
ECL936, ECL937 containing either pMS421 or pMSV1 were grown in a 2.5 L MBR
bioreactor MCS11 with a 1.8 L working volume. 18 ml of an overnight seeding
culture was used to inoculate each fermentation. Process parameters of batch
cultivation (37°C, pH 7, 400 rpm, and 0.2 L/min air input) were maintained constant
for the duration of each 9-h cultivation. A 350 ml sample was taken for the whole-cell
spectroscopic assay when cells reached AgQQ 0.7. To study the effect of VHb on the
terminal oxidase time-trajectory, ECL933:pMS421, ECL933:pMSVI1, and
ECL933:pMSC1 were cultivated in an LH bioreactor 210 (Inceltech, Inc.) with 4 L
working volume. 50 ml of overnight—grown inoculum was used to initiate the 8-h
batch cultivation during which the process parameters were kept constant at 37°C, pH
7, 300 rpm, and 1 L/min of air flow. Four 300 ml samples were withdrawn from the

bioreactor during the course of cultivation for whole-cell spectroscopic assay.

E. coli strains GK100:pINT2 and GK100:pBR322 were cultivated in a Six-
fors bioreactor (Infors AG) with working volume of 350 ml. A 10% of total volume
seeding culture was used to inoculate the batch cultivation, and the reactor was
maintained at 37°C, pH 7, 300 rpm, and zero air-input. Nitrogen gas was temporarily
bubbled in the reactor 6.5 h after inoculation at the rate of 0.5 L/min to reduce the
dissolved oxygen concentration to 5% air saturation and was then stopped. A 50 ml
sample was taken 9 hours after inoculation for the respiratory stoichiometry

measurement.
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3.3.3 Protein Determination and CAT Assay

Samples for protein assay were prepared by resuspending cells 1:1 in a
sonication buffer (100 mM Tris, 50 mM NaCl, 1 mM EDTA) and sonicated on ice at
35 watts in 30 s intervals 5 times using a Sonifier B12 (Branson Co.). Cell debris was
removed by centrifuging at 4°C, 15,000 rpm for 15 minutes. Protein content of the
sample was determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories,

Inc.) which is based on the method of Bradford (7).

CAT contents in ECL933:pMSC1 samples were determined from a CAT
ELISA kit (5 Prime—>3 prime, Inc.). CAT activity was normalized with protein

content of each sample and is reported in ng CAT per mg total soluble protein.

3.3.4 Respiratory Stoichiometry Assay

The respiratory stoichiometry assay, which measures the acidification of a cell
suspension as a consequence of oxygen consumption by the cells, determines the ratio
of protons extruded outside the cell per oxygen atom consumed (H*/0) (34, 35). The
H*/O ratio was calculated by evaluating the slope of data from several experiments
on pH change vs. amount of oxygen consumed, and is reported as mol proton per mol
oxygen atom. A detailed description of this experimental method was provided

elsewhere (21).
3.3.5 Respiration and Oxidase Activity Measurements

Oxygen consumption rates of ECL strains were monitored in a closed, stirred
chamber of 0.6 ml with an Instech Model 125/05 platinum/silver microelectrode
(Instech Laboratories, PA) and a YSI Oxygen Monitor 5300 Micro System (Yellow

Springs Instrument, Co.) at 37°C. Cells were cultivated in 250 ml non-baffled shake
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flasks containing 50 ml LB at 250 rpm for the first three hours and 100 rpm for an
additional three hours before harvest. At harvest, 1 ml of culture sample was pelleted
at 14,000 rpm and resuspended in 15 pL of phosphate buffer saline (PBS) (8 g/L
NaCl, 0.2 g/L. KCl, 1.44 g/L. NagHPO4, 0.24 g/L. KH2PO4, adjusted to pH 7) at 37°C
and was immediately injected to the reaction chamber containing 0.6 ml air-saturated

PBS at 37°C to initiate the respiration measurement.

The kinetics of oxygen consumption as a function of oxygen concentration
were measured using a procedure similar to the method described by Rice and
Hempfling (44). Measurements were performed in a 45 ml glass vessel fitted with a
water jacket for constant temperature maintenance. Cells for kinetics measurement
were harvested from a 6-h old shake flask culture grown in 500 ml LB medium with
10% inoculum at 37°C and 250 rpm. After washing once with PBS, roughly 0.4 mg
(dry weight) of cells was resuspended in 1 ml of succinate-phosphate buffer (20 mM
succinate-sodium salt, 12.5 mM potassium phosphate, adjusted to pH 7.0) and added
to the reaction vessel containing 44 ml of succinate-phosphate buffer. The system was
stirred by a magnetic stirrer and maintained at 25°C by a circulating water bath. The
cell suspension was rendered anaerobic by flushing with nitrogen gas and by
respiration. The dissolved oxygen concentration time trajectory of the system was
monitored with an Instech model 125/05 platinum/silver microelectrode (Instech
Laboratories, PA) fitted with a 0.001-inch thick polyethylene membrane for rapid
oxygen diffusion, and the output signals were recorded by a chart recorder. Once a
stable anaerobic baseline was established, portions of 25°C air-saturated water were
injected to the suspension through a port on top of the vessel to give an initial oxygen
concentration inside the vessel of from 0.25 UM to 6 uM O2. The velocity of oxygen

uptake following each injection was calculated by drawing a tangent line through the
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oxygen time-profile. Kz; and Vmax of the cells were determined from Hofstee plots
(16). Vmax, which equals to K¢gr+[Enzyme]total, was normalized by the total
cytochrome o or d contents in the cells and reported as K¢qz. Cytochrome o and d
concentrations were determined from the membrane fraction (prepared from 400 ml
of the remaining cultures) using difference spectrophotometry. Methods of membrane
fraction preparation and spectroscopic determination of cytochrome o and d are

described in the following sections. Ky, and K¢qt of the cells are reported in UM and

sec1 , respectively.
3.3.6 E. coli Cell Membrane Preparation

Cell membrane fraction was prepared as previously described (37) with a few
modifications (Ma and Gennis, personal communication). After two passages through
a French press (SLM-Aminco), samples were centrifuged at 10,000 x g for 20 min at
4°C to remove unbroken cells. The supernatant was then centrifuged at 12,000 x g at
4°C for 30 min to remove outer membrane. Membrane fraction was obtained by
further centrifugation of the supernatant at 200,000 x g for 1 h at 4°C. The membrane
fraction pellet was homogenized in 30% ethylene glycol for spectroscopic

measurements.
3.3.7 Spectrophotometry

Room-temperature difference absorbance spectra were recorded using the
split-beam mode of a Hitachi-Perkin Elmer 557 dual-wavelength scanning
spectrophotometer at 300 nm/min with 2 nm slit width and 2 mm pathlength cuvettes.
Samples were harvested and washed once with ice cold PBS and then resuspended to
a final concentration of 100 mg (wet weight)/ml in 30% ethylene glycol. Cell

suspensions were reduced by addition of a few grains of sodium dithionite (Sigma
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Chemical Co.) and oxidized, if necessary, by addition of a few grains of ammonium
persulfate (Bio-Rad) and incubated for 5 min at room temperature. CO binding to
samples was achieved by bubbling CO through the suspension (one bubble per sec)
until maximal spectroscopic effect was obtained (~ 2 min). CO-reduced minus
reduced or reduced minus oxidized spectral data were collected by a PC via an A/D

converter at the rate of 18.2 values per second.
3.3.8 Spectra Deconvolution

Contributions from absorption of VHb, cytochrome o, and cytochrome d
complex in the Soret region give rise to a broad peak and a trough in the CO-reduced
difference spectrum. In order to estimate the concentration of each component in the
sample, multiple regression analysis (1) and a recursive least square FORTRAN
program based on the Kalman Filter (15, 40) were used to resolve overlapping bands
in the Soret region. Deconvolution standards of CO-reduced minus reduced spectra of
cytochrome o and d complexes were prepared from one litér of either ECL937
(lacking cytochrome d complex) or ECL936 (lacking cytochrome o complex) shake
flask cultures grown in LB medium to early stationary phase. At harvest, a portion of
sample was used for intact-cell spectroscopic assay and the remainder was used for
membrane fraction preparation. By using reported molar extinction coefficients for
the purified cytochromes, £416-430 of 135 mM-1-cm-1 for the reduced, CO-bound
cytochrome o (Ma and Gennis, personal communication) and £€628-607 of 7.4 mM-
Lem-1 for the reduced cytochrome d (29), cytochrome o and d contents in the
membrane fraction samples were estimated. The estimated cytochrome contents in the
membrane fraction samples were the basis for calculation of cytochrome contents in
the whole-cell samples, and thus for generating molar extinction coefficients of

cytochrome o and d complexes for the whole-cell difference spectra. The VHb
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deconvolution standard was generated in similar fashion from E. coli GK100 (cyo,
cyd™) carrying the vhb expression vector pINT2. The soluble fraction of cell extract
obtained from double passage of sample through a French Press was used for VHb
quantification. VHb concentration in the cell extract was estimated by using the
reported VHb extinction coefficient, £419-437 of 106.7 mM-1-cm-! for the reduced
CO-bound VHb (14). A control spectrum of an intact-cell sample of GK100
harboring the parental plasmid pMS421 was prepared in parallel to confirm the
phenotype (lacking both cytochrome o and d complexes) of the strain. The then-
calculated whole-cell €'s for each component between 405 and 450 nm (163 values)
were used as deconvolution standards in deconvolution analysis which is based on
Beer's law, A=eypp *l *cypp + Ecyo* | *ccyo + €cyd * *ccyd. Cytochrome d
concentration of a whole-cell sample was determined independently of cytochrome o
and VHb from ité absorbance characteristics in 600-650 nm. VHb and cytochrome o
concentrations were then determined from the 400-450 nm region of the sample

spectrum using deconvolution analysis.

3.4 Results
3.4.1 Spectra Deconvolution

Both multiple regression analysis (1) and a method based on the Kalman filter
principle (15, 40) were employed to decouple and compare the concentrations of
VHb, cytochrome o and cytochrome d from intact-cell spectra. A typical
deconvolution analysis of a CO-reduced minus reduced absorbance spectrum of the
VHb-synthesizing control strain (ECL933:pMSV1) is shown in Fig. 1. Cytochrome d

is the only species that absorbs in the region of 650-600 nm (Fig. 1B), and thus its
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concentration can be determined independently of both cytochrome o and VHb
concentrations. Contribution of absorptions from VHb, cytochrome o, and
cytochrome d complex in the Soret region (400-450 nm) resulted in a broad peak and
a trough at 417 and 437 nm, respectively (Fig. 1A). The differences in concentrations
deconvoluted by the two methods considered were less than 1% in all spectra
analyzed. The degree of fit (R) of the composite spectrum to the sample spectrum was
greater than 0.96 according to the index of determination (31), with R=1 being a
perfect fit. To examine the accuracy of these methods, spectra taken from various
mixtures of known concentrations of ECL936 (cyo~) which synthesizes only
cytochrome d complex, ECL937 (cyd—) which synthesizes only cytochrome o
complex, and ECL933:pMSV1 cell crude extract containing VHb were deconvoluted.
Analyses correctly recovered the concentrations of different species from various
mixtures with a 5% error. Furthermore, our deconvolution methods were sensitive in
all concentration ranges reported in this study. Since both Kalman filter and multiple
regression analysis gave very similar results, only concentrations deconvoluted by

multiple regression analysis are reported.
3.4.2 Effect of VHD on Terminal Oxidase Accumulation

A previous report (21) has shown that significant microaerobic growth
enhancement by VHb expression is observed in an E. coli mutant having functional
cytochrome o lacking cytochrome d but not in a mutant synthesizing cytochrome d
lacking cytochrome o. To examine whether the growth advantage for the cytochrome
d mutant is a result of VHb influence on cytochrome levels, we cultivated ECL933,
ECL936, and ECL937 (Table 1) carrying either the control plasmid pMS421 or the
VHb expression plasmid pMSV1 under microaerobic conditions in a controlled

bioreactor environment and assayed their cytochrome contents. In order to minimize
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artifacts which might arise from sampling cells at different physiological states,
cytochrome levels were deconvoluted from sample spectra taken when cultures
reached the same AgQQ of 0.7. Results showed a seven-fold increase in cytochrome o
content of the Cyo™, Cydt ECL933:pMSV1 (0.14 nmol/mg protein) when VHb was
synthesized compared with the control (ECL933:pMS421, 0.02 nmol cytochrome
o/mg protein). No significant difference in cytochrome d level was detected in these
same strains (0.19 and 0.20 nmol/mg protein for ECL933:pMSV1 and
ECL933:pMS421, respectively). The level of cytochrome d in ECL936:pMS421
(Cyd*), 0.17 nmol/mg protein, was similar to that in parental construct
(ECL936:pMSV1, 0.18 nmol cytochrome d/mg protein). The cytochrome o content in
ECL937:pMS421 (Cyo™) (0.07 nmol/mg protein) was 3.5 times larger than that in
ECL933:pMS421. VHb production increased the cytochrome o level in
ECL937:pMSV1 further to 0.16 nmol/mg protein, a concentration similar to that of

cytochrome o in ECL933:pMSV 1.

The finding of preferential enhancement in cytochrome o level in the mutants
by VHb prompted us to study in detail the effect of VHb on the time course of
cytochrome o and d accumulations in wild-type microaerobic cultures. The
concentration time-trajectories of VHb and the two terminal oxidases in ECL933
harboring either pMS421 or pMSV1 were monitored during a batch bioreactor
cultivation (see Materials and Methods). These batch cultures entered microaerobiosis
2 h after initiation of cultivation and remained microaerobic until the end of
cultivation. Concentrations of the oxidases and VHb at different times of cultivation
were normalized with total cellular protein and are shown in Fig. 2. VHb level
increased from 0.35 nmol/mg protein at the 4th h to 0.64 nmol/mg protein at the 7th h

post inoculation (Fig. 2A). Cytochrome o amount from ECL933:pMSV1 was on the



49

average 5-fold larger than that from ECL933:pMS421 at all time points (0.1 and 0.02
nmol/mg protein, respectively) (Fig. 2A). Cytochrome d amounts in
ECL933:pMS421 and in ECL933:pMSV1 were similar at the 4th and the 5th h of the
cultivations (Fig. 3B). The effect of VHb on cytochrome d level was significant only
toward the end of cultivation where a two-fold increase in cytochrome d was
observed in VHb-producing ECL933 (0.15 and 0.29 nmol cytochrome d/mg protein
for ECL933:pMS421 and ECL933:pMSV1, respectively, at the 7th b).

It is quite feasible that the vib promoter could bind trans-acting transcriptional
regulators involved in an oxygen-sensing system, and this perturbation in the wild-
type distribution of such transcription factors could contribute to the observed
terminal oxidase responses. We therefore examined the cytochrome levels in ECL933
carrying a Pypp-cat fusion plasmid pMSC1. Results showed the presence of Pypp did
not significantly alter the level of cytochrome o compared with the same strain
harboring the parental plasmid pMS421 (Fig. 2A). The cytochrome d time-trajectory
of ECL933:pMSC1 gave values on the average 20% less than those observed for
ECL933:pMS421. This could possibly be attributed to the competition between the
vhb and cyd promoters for transcriptional activation by Fnr and the Arc system of E.
coli, resulting in low transcriptional activities (45). Nevertheless, findings from this
study indicate that the presence of VHb, and not the presence of Pypp, enhances the

level of cytochrome o0 much more than cytochrome d in microaerobic E. coli.
3.4.3 Effects of VHb on Cell Respiration and Terminal Oxidase Activity

It is not yet known how the location of VHb (24) influences the effect of VHb
on E. coli microaerobic metabolism (22). In order to preserve the

compartmentalization and spatial arrangement of VHb and cellular components with
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which VHb may interact, the influence of VHb on the oxygen reactivities of

cytochrome o and d was assayed in intact cells of ECL strains lacking one of these

terminal oxidases.

We asked first how VHb would affect the oxygen uptake rate (OUR) of cells if
only one terminal oxidase is active. The OUR was measured for each sample by
adding concentrated cell suspension to air-saturated PBS at 37°C in a respirometer
without addition of exogenous substrates and by monitoring the oxygen time-profile.
OUR of the wild-type control was increased in the presence of VHb (4.5 and 6.8 uM
02'min-1-460¢"! for ECL933:pMS421 and ECL933:pMSV1, respectively) (Table 2).
In mutants lacking one of the terminal oxidases, VHb has a larger effect on the
cytochrome o—only mutant. The OUR of ECL936:pMS421 (cyo™), 6.8 uM O2-min-
1.460071, was similar to that of ECL936:pMSV1, 6.7 UM O2-min-1-4600-1, but the
OUR of ECL937:pMS421 (cyd™), 4.2 uM O2-min-1-46001, was higher when VHb is
present (ECL937:pMSV1, 6.2 pM O2-min-1-Ag00-1). This respiration measurement
has an error margin of 5% and therefore the difference in the observed OURS was

significant.

It is possible that the increase in the OUR of the cytochrome d mutant by VHb
was a result of combined effects from an increase in the cytochrome o amount and an
increase in the specific activity of cytochrome o. To differentiate between these two
qualities we examined the oxygen uptake kinetics and measured the apparent Kz, and
Vmax of the mutants, the latter normalized by the oxidase contents. The Hofstee plots
of ECL936 (cyo™) and ECL937 (cyd—) for Km and Vmax determination yielded
straight lines with 0.95 or higher correlation coefficients (Table 2), consistent with the
characteristic of single-enzyme kinetics. The apparent Ky, of cytochrome o for

oxygen, which is independent of the oxidase concentration, was decreased in the
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presence of VHb from 4.1 to 2.6 pM O3 (Table 2). The apparent Ky, of cytochrome
d, however, was not significantly affected by the presence of VHb; the apparent
cytochrome d Kps were 0.19 and 0.21 uM O for ECL936:pMS421 and
ECL936:pMSV 1, respectively. These Ky, values were reproducible as similar results
were obtained from duplicate experiments. Consistent with our earlier observation,
cytochrome d content in the ECL936:pMS421 (cyo—) sample for oxidase activity
measurement was similar to that of the ECL936:pMSV1 sample (0.25 nmol/mg
protein), and cytochrome o content in ECL937:pMS421 (cyd—) was higher than that
in ECL937:pMSV1 (0.10 and 0.06 nmol/mg protein, respectively). After normalizing
the activity of each sample by its respective oxidase content, the K4y (calculated by
dividing Vimax by the total cytochrome content) was similar with or without VHb in
each genetic background: 4.6 sec—l and 5.0 sec—! for ECL936:pMS421 and
ECL936:pMSV1, respectively, and 33 sec=! and 28 sec—1 for ECL937:pMS421 and
ECL937:pMSV1, respectively (Table 2). Based on the findings that the apparent Ky,
of cytochrome o, but not that of cytochrome d, was decreased by VHb, and that the
apparent Kcqy of the oxidases was not significantly affected by VHb, we conclude
that the presence of VHb enhances the specific activity of cytochrome o under

microaerobic conditions in addition to increasing the oxidase concentration.
3.4.4 VHb as a Terminal Oxidase

Hemoglobins such as yeast hemoglobin and VHb which contain protoheme IX
and which are present at low intracellular concentration (less than 100 UM) have been
suggested to possess terminal oxidase activities (52). Ycas (54) demonstrated that
yeast synthesizes a hemoglobin and is able to grow aerobically without cytochrome
oxidases. Recently, VHb was also shown to support aerobic growth of E. coli lacking

both terminal oxidases (11). To further explore the possibility that VHb functions as a
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terminal oxidase and to estimate the importance of this function in E. coli
microaerobic growth, we examined the respiratory stoichiometry (H*/O ratio) and the
rate of HT gradient generation in response to oxygen addition in the cyo—, cyd~
mutant GK100. GK100, which was also used by Dikshit and co-workers (11) in their
report, was transformed with either the control plasmid (pBR322) or the VHb
expression plasmid (pINT2). Plasmids pMS421 and pMSV1 were not chosen for this
study because GK100 already contains the spectinomycin-resistant gene harbored by

pMS421 and pMSV1 (Table 1).

Samples for HT/O measurement were obtained from bioreactor cultivations
supplemented with 0.5% glucose as described in Materials and Methods. To simulate
cultivation conditions under which the physiological effects of VHb were the most
significant in wild-type E. coli, the dissolved oxygen tension (DO) was kept
microaerobic by addition of nitrogen gas. As expected from a cytochrome o and d
mutant, samples of GK100:pBR322 analyzed for H*/O ratio did not respond to
oxygen addition; no extracellular pH change was recorded upon oxygen injection. For
the samples containing GK100:pINT2, very small changes in extracellular pH were
detected when oxygen was injected to the testing medium, indicating a weak
respiratory activity. However, in contrast to the H¥/O measurement performed
previously on E. coli JM101 (21), the size of pH change (ApH) in response to oxygen
addition for GK100:pINT2 was small and was not linearly proportional to the size of
oxygen pulse, which made the estimation of H*/O ratio difficult. The response time
of GK100:pINT?2 to oxygen inputs (measured by monitoring the time duration of a
ApH transient after each oxygen pulse) was eight times longer than those recorded
with ECL936 and ECL937 with either pMS421 and pMSV1 (results not shown),

indicating the respiration rate of these cells was an order of magnitude lower than



53
those of ECL strains. More than 40 s were needed to complete a ApH transient after
each oxygen addition to GK100:pINT2 suspension. The long time required for a ApH
change to cease allows backflow of H* across the cytoplasmic membrane and would

result in an underestimation of H*/O ratio (35).

During the course of this study, mutants of GK100 were observed in
bioreactor cultures. Samples of GK100:pBR322 and GK100:pINT?2 from bioreactor
cultures were able to grow slowly on LB-agar plates without glucose. Intact-cell
spectra of the GK100 samples taken after H+/O measurements showed CO-binding
absorption characteristics (a peak at 417 nm and a trough at 432 nm) resembling those
of cytochrome o and VHb in the 400-450 region, but did not match either VHb or
cytochrome o spectra exactly (data not shown). The average intensity of absorption
from GK100:pBR322, AA417-432 of 0.08, was small compared with that of an ECL
strain (Fig. 1). Although difference spectra showed a faint CO-binding activity for
GK100:pBR322 samples tested, no ApH was observed when oxygen was injected

during H*/O measurement.

Compared with the control (GK100:pBR322), it is most reasonable to assign
the proton pumping activity of GK100:pINT2 to VHb. However, it is also possible
that the cytochrome o-like compound, or the combination of the cytochrome o-like
compound and VHb, contributed to the observed properties of GK100:pINT2.
Nevertheless, the oxygen reactivity of GK100:pINT2 was not significant compared

with those of strains expressing either cytochrome o or d.
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3.5 Discussion

The possibility of VHb accepting electrons and reducing oxygen to water has
previously been proposed (11, 52). Our study on the E. coli strain deficient in both
cytochrome complexes showed that the strain with VHb slowly generated a very
small proton gradient in response to oxygen while the control did not. This result
suggests that VHb is capable of mediating oxygen reduction and proton translocation.
Dikshit et al. (11) have also shown that the same E. coli strain was able to grow
aerobically with a non-fermentable substrate when VHb was synthesized. However,
VHD acting as a terminal oxidase alone cannot explain why the presence of VHb did
not affect the growth (21) nor the oxygen utilization kinetics of the cytochrome o
mutant (Cyd™), yet significant increases in those qualities were observed in both the
control strain (Cyot, Cyd*) and the cytochrome d mutant (Cyo+) producing VHb.
Whatever oxidase activity VHb exhibits is small compared to that of the native
cytochromes, so that VHb terminal oxidase activity can be significant only when

there are no native cytochromes available.

A physiological study has shown that VHb-producing E. coli generate a larger
intra- to extracellular pH difference and a larger H+/O compared with the isogenic
control (21). While a higher H*/O suggests a higher energetic efficiency, cells with a
low oxygen affinity, high energetic efficiency terminal oxidase (such as cytochrome
0) may not generate as much proton gradient under hypoxic conditions as cells with a
lower H*/O ratio but a higher oxygen affinity terminal oxidase (such as cytochrome
d). However, cells capable of coupling a higher H*/O ratio with a higher oxygen
affinity, such as E. coli expressing VHb, may produce a larger membrane potential

under hypoxic conditions. Previously we have proposed a plausible functional role of



55
VHD to explain the physiological perturbations caused by VHb expression (21). The
present study demonstrated that VHb improves E. coli microaerobic oxygen uptake
rate through an elevated cytochrome o activity. In the following section, by applying
the conjectured ability of VHb to bind and transfer oxygen to terminal oxidases in an

enzymatic kinetic analysis, we approximate the observed effect of VHb in raising

oxygen affinity, or decreasing K, , of cells reported in this study.

Assuming oxygen utilization of cells follows simple Michaelis—Menten

kinetics, the rate of oxygen uptake can be expressed as:

K, +10,1, ]
where [0, ], refers to the effective DO which is given by Kallio et al. (21)
(0,1 =101+ LvHb},,,[0,] o

K,+[0,]

Substitution and rearrangement of Equations [1] and [2] yield another Michaelis—

Menten expression with a VHb-affected X, K:: , in terms of the original K, the

dissociation constant of VHb, K, (0.25 uM) (46, 39), the total VHb concentration,

[VHD),, » and the DO, [0,],;:
Vmax[OZ]
_ Vol 3
K~ +[0,] Bl
where K = —~aKp +10) [4]
K, +[0,1+[VHD],

Under microaerobic conditions (say, DO in the range of 2 and 5 uM) with an apparent

K, of 4.1 uM and a VHb concentration of 2 uM for the cytochrome o—only E. coli

(2 pmol VHb/g DCW for the cyd— mutants estimated from the soluble fraction of the
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cell extracts with 1 g DCW/L cell density), the K:: calculated from Equation [4] is
between 2.2 and 2.9 uM for the VHb-synthesizing, cytochrome o-only mutant. A
similar calculation gives a VHb—influenced apparent K: of between 0.12 and 0.16
uM for the cytochrome d-only mutant with 0.2 uM K  and 1.5 uM VHb
concentration (1.5 pmol VHb/g DCW and 1 g DCW/L cell density). These values
deviate from the experimental data for the cyd— and cyo~ mutants by about 15% and

30%, respectively (Table 2).

Using the measured apparent K,, Vmax, and the reported H*/O values (41)
for cytochrome o and d, we constructed a theoretical model of the proton
translocation rate of E. coli when electrons are channeled through either cytochrome o
or d (Fig. 3). We incorporated into the calculation our experimentally determined
oxidase concentrations for E. coli cyo™ or cyd— mutants grown under microaerobic
conditions (below 5 uM): 38.5 nmol/g cells for cytochrome o and 93.5 nmol/g cells
for cytochrome d. The importance of the two terminal oxidases in different oxygen
concentrations can clearly be seen from this figure. Below 4 iM DO, a larger proton
gradient is generated when cells utilize cytochrome d rather than cytochrome o.
However, the rate of proton translocation by cytochrome o surpasses that of
cytochrome d when the oxygen tension is greater than 4 pM. We have shown that,
under microaerobic conditions, accumulation of VHb enhanced the specific activity
of cytochrome o but not cytochrome d. Thus, VHb will increase the rate of proton
translocation due to a more active cytochrome o, resulting in higher ATP generation
rate (9) and faster cell growth (22). Conversely, VHb will not have a notable effect on
the physiology of a cytochrome o mutant, since an increase in the effective dissolved

oxygen does not influence the activity of cytochrome d significantly.
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We have also shown a five-fold increase in cytochrome o level and a 1.5-fold
increase in cytochrome d level by VHb (Fig. 2). How may VHb affect the net
synthesis of the terminal oxidases under microaerobic conditions? It is well
documented that the expression of many oxygen-regulated genes is subject to the
control of the two pleiotropic modulons, Fnr and the Arc system, which sense the
changing dissolved oxygen level and activate or repress their effectors (13). In this
study we observed a substantial increase in the cytochrome o levels in constructs
expressing VHb. Working with the same proposed VHb function in raising effective
dissolved oxygen concentration, perhaps Fnr and the Arc system sense a higher
dissolved oxygen in the presence of VHb and derepress the expression of the
cytochrome o genes (19). It is possible that the presence of VHb might affect
expression of other oxygen-regulated genes. However, previous two-dimensional
protein gel electrophoresis analysis of VHb-expressing E. coli and a VHb-free control

showed changes in intensity of only 7 polypeptides detected on those gels (25).

Recently it was demonstrated that aerobic E. coli partitions substantially its
electron flux to the proton motive force coupled NDH-1 NADH dehydrogenase and,
to a lesser extent, to the uncoupled NDH-2 NADH dehydrogenase (8). In a mutant
lacking NDH-2, the requirement for oxygen per g biomass synthesis decreases and
the bioenergetic efficiency increases because all electrons are channeled through the
energy yielding NDH-1 (8). We cannot exclude the possibility of VHb shifting the
electron flux distribution through NDH-1/NDH-2 toward NDH-1, although we cannot
discern any plausible genetic or biochemical basis for such an effect based on current
knowledge of this dehydrogenase system. Furthermore, our cytochrome mutant
studies showed preferential effects of VHb on the cytochrome d mutant. If VHb

perturbs the electron flux ratio of NDH-1/NDH-2, we would expect enhancements in
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energetic parameters from both cyo— and cyd— mutants, unless VHb shifts the NDH-

1/NDH-2 electron flux only in the wild-type and in cyd— mutant backgrounds.

Toannidis et al. (18) have reported the spectroscopic properties of hemoglobin-
like flavohemoprotein (HMP) in E. coli to be similar to those of VHb. This raises the
question whether the presence of HMP interferes with our spectroscopic
deconvolution and interpretation thereafter. We believe this not to be the case under
our experimental conditions. There are no reports to date on the spectroscopic
detection of wild-type level HMP in E. coli; all reported absorbencies are from
amplified expression and subsequent concentration of HMP (2, 18, 47). Second and
more importantly, our whole-cell spectra of cytochrome o and d mutants, as well as
cytochrome o, d double mutant, did not show any sign of endogenous HMP activity
(spectra not shown). Therefore, our quantification method for cytochromes and VHb
is valid and unlikely affected by HMP interference. Whether the presence of VHb

affects the synthesis of HMP is beyond the scope of this study.
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3.8 Tables

Table 1. Escherichia coli strains and plasmids used in this work

Strain and Phenotype Genotype Reference
plasmid or source
Bacteria

ECL933 Cyot, Cyd* ®@(Pcyp-lac) bla*, cyot, cyd*, Amp* 20

ECL936 Cyo—, Cyd*  ®(Pcyo-lac) bla*, cyd*, Acyo::kan, AmpT 20

ECL937 Cyo*,Cyd~  ®(Pcyo-lac) bla*™ cyo™ Acyd::kan, Ampt 20

GK100 Cyo™,Cyd™  F~, thi, rpsL, gal, Acyo::kan, Acyd::cam, SpcT 38
Plasmids

pMS421 pSC101 Spc! lacl9 Cold Spring Harbor

Laboratory
pMSV1 pSC101 Spc! lact?t vhpt 21
pMSC1 pSC101 Spe® lacl?t ®@ypp-car) P. T. Kallio

pINT2 pBR322 Amp! vhb* 21
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Table 2. Respiration kinetics of cytochrome mutants and the effect of VHb

Strain OUR? Km® Keai R4
(Phenotype?)
...“’L “‘M sec—l
min- Agog
ECL933:pMS421 4.5
(Cyot, Cyd™")
ECL933:pMSV1 6.8
(Cyot, Cydt> VHbY)
ECL936:pMS421 6.8 0.19 4.6 0.99
(Cyo~, Cyd™")
ECL936:pMSV1 6.7 0.21 5.0 0.98
(Cyo—, Cyd*, VHb™)
ECL937:pMS421 4.2 4.1 33 0.99
(Cyot, Cyd")
ECL937:pMSV1 6.2 2.6 28 0.95

(Cyo™, Cyd—, VHb)

@ Cyo denotes cytochrome o complex, Cyd cytochrome d complex, and VHb
Vitreoscilla hemoglobin.

b Oxygen uptake rate (OUR) was determined from the time required for dissolved
oxygen tension in the chamber to drop from 70% to 10% air saturation. No exogenous
substrate was added. Experimental error was estimated to be 5% of the listed values.

¢ Variation between duplicate measurements was around 10% for Ky and Keqgt.

d  Linear regression correlation coefficient (R) of Hofstee plot for Ky, and Viax

determination.
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3.9 Figures

Figure 1

Figure 2

CO-reduced minus reduced intact-cell absorbance spectrum of ECL933
harboring plasmid pMSV1 and its decoupled absorptions. (A) From
multiple regression analysis the concentration of each component was
determined to be 3.8 uM for VHb (1), 1.8 uM for cytochrome o (2), and
2.11 puM for cytochrome d (3). A composite spectrum (— — —) consisting of
the weighted sum of spectra of individual species is also shown for
comparison with the sample spectrum (4).

(B) Absorption of cytochrome d (5) from ECL933:pMSV1 in 600-650 nm

region is shown.

Effect of VHb and the vhb promoter activity on the net synthesis of
cytochrome o and d. Levels of terminal oxidases at different times of
bioreactor cultures of ECL933:pMS421, ECL933:pMSV1 and
ECL933:pMSC1 were determined from spectral deconvolution analysis.
(A) Cytochrome o (Cyo) levels (nmol/mg protein) of ECL933:pMS421
(®), ECL933:pMSV1 (o), and ECL933:pMSC1 (x) are shown. VHb
production from ECL933:pMSV1 (A) is also shown.

(B) Cytochrome d (Cyd) levels (nmol/mg protein) from ECL933:pMS421
(®), ECL933:pMSV1 (o), and ECL933;pMSC1 (x) are shown. CAT
production from ECL933:pMSC1 (A) is also shown. Error bars were
estimated from both deconvolution uncertainty and sonication efficiency

(for total cellular protein preparation).
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Figure 3 Theoretical proton translocation rate of microaerobic E. coli utilizing
either cytochrome o or d complex. Theoretical proton translocation rate
was calculated from simple Michaelis-Menten kinetics of the oxidases

using experimentally determined parameters:
_nH' V' max (0] [oxidase]
H' O K, +10,] g cells

where K, is 4.1 pM O2 for Cyo

and 0.19 uM O2 for Cyd; [0O,] is the oxygen concentration in uM; V m

ax
is 20.5 uM 02-min-1-nmol cytochrome o~1 for Cyot cells and 6.0 uM
02-min-1-nmol cytochrome d-1 for Cyd+ cells. Cytochrome o and d
concentrations of 38.5 nmol Cyo/g cells and 93.5 nmol Cyd/g cells in cyd—
and cyo— mutants, respectively, grown under microaerobic conditions
were used to calculate V.. Reduction of each oxygen atom via Cyo
couples 4 proton translocations and the reduction of an oxygen atom via

Cyd couples 2 protons; therefore, 7 is taken to be 4 for Cyo and 2 for Cyd.
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CHAPTER 4:

Altered NAD(P)H Fluorescence and Redox Potential of
Microaerobic Escherichia coli Synthesizing Vitreoscilla

Hemoglobin

Source: Tsai, P. S.; Rao, G.; Bailey, J. E. Improvement of Escherichia coli
microaerobic oxygen metabolism by Vitreoscilla hemoglobin: New insights
from NAD(P)H fluorescence and culture redox potential. 1995. Accepted for

publication in Biotechnology and Bioengineering.
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4.1 Abstract

On-line NAD(P)H fluorescence and culture redox potential (CRP)
measurements were utilized to investigate the role of Vitreoscilla hemoglobin (VHb)
in perturbing oxygen metabolism of microaerobic Escherichia coli. Batch cultures of
a VHb-synthesizing E. coli strain and the isogenic control under fully aerated
conditions were subject to several high/low oxygen transitions, and the NAD(P)H
fluorescence and CRP were monitored during these passages. The presence of VHb
decreased the rate of net NAD(P)H generation by 2.4—fold under diminishing oxygen
tension. In the absence of aeration, the strain producing VHb maintained a steady
NAD(P)H level 1.8—fold less than that of the control, indicating that the presence of
VHb keeps E. coli in a more oxidized state under oxygen-limited conditions.
Estimated from CRP, the oxygen uptake rates near anoxia were 25% higher for cells
with VHDb than those without. These results suggest that VHb-expressing cells have a
higher microaerobic electron transport chain turnover rate. To examine how
NAD(P)H utilization of VHb-expressing cells responds to rapidly changing oxygen
tension which is common in large-scale fermentations, we pulsed air intermittently
into a cell suspension and recorded the fluorescence response to the imposed
dissolved oxygen (DO) fluctuation. Relative to the control, cells containing VHb had
a sluggish fluorescence response to sudden changes of oxygen tension, suggesting
that VHb buffers intracellular redox perturbations caused by extracellular DO

fluctuations.

Key words: NADH fluorescence, Culture redox potential, Vitreoscilla hemoglobin,

Oxygen fluctuation.
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4.2 Introduction

Recently, a genetic engineering technology designed to compensate for
oxygen limitation in aerobic bioprocesses has been described based on intracellular
expression of Vitreoscilla hemoglobin (VHb). VHb expression in Escherichia coli
improves microaerobic cell growth and overall recombinant protein production (16,
18, 19). Product yield enhancements by VHb have been achieved in several different
processes in which oxygen plays a direct or indirect role in the product formation
pathway. For example, production of the antibiotics actinorhodin from Streptomyces
coelicolor and cephalosporin C from Acremonium chrysogenum, both of which
involve oxygen in precursor formation, are increased 10-fold and 4-fold, respectively,

when VHD is expressed (8, 30).

Few biochemical and physiological details are known about VHb-engineered
strains relative to their unmodified parents. Improved understanding of the
intracellular consequences of VHb expression in various hosts is important to guide
future applications and refinement of VHb technology. Most detailed information
about VHb effects are available for engineered E. coli. Analysis of 3P NMR spectra
indicates that E. coli synthesizing VHb have higher ATP content than the control
strain (15). An on-line 3IP NMR and saturation transfer study demonstrated that the
net ATP accumulation rate and ATPase—catalyzed Pj-ATP flux are 65% and 30%,
respectively, higher in VHb—expressing cells relative to the control (5). In addition,
the number of protons extruded from cells per oxygen consumed was 50% higher in
cells with VHb (15). It is likely that VHb increases the efficiency and/or the activity

of the E. coli aerobic electron transport chain under low oxygen tensions.
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The nicotinamide adenine dinucleotide couple (NAD+/NADH), which serves
as an electron carrier in many biological redox systems, has important functions in
energy metabolism. In fueling pathways, NAD* is reduced to NADH with
concomitant substrate degradation. Oxidation of NADH is coupled to electron
transfer to oxygen and proton translocation through the cytoplasmic membrane which
generates a membrane electrochemical gradient which drives many cellular activities
such as ATP synthesis through ATPase. During anaerobiosis, NADH couples electron
transfer to reducible intermediates leading to formation of end metabolites such as
lactate and ethanol. Therefore, NADH content is expected to decrease with substrate
exhaustion and increase with oxygen depletion. This connection is consistent with the
findings of Harrison and Chance (12) that cells are in a more reduced state when
oxygen supply is reduced. Based on previous research, it is plausible that the presence
of VHDb in E. coli will increase electron flux through the respiratory chain under low
oxygen tension. Therefore, valuable information on the physiological consequences
of VHb expression might be gained by measuring changes in the NAD+/NADH ratio

in response to external stimuli.

Utilization of fluorescence measurement in monitoring intracellular N AD(P)H
content to understand cell metabolism has become a valuable tool. Here the notation
NAD(P)H refers to the sum of NADH and NADPH. Harrison and Chance (12) have
shown that the observed culture fluorescence is based on the reduced form of
nicotinamide pyridine dinucleotides [NAD(P)H]. NADH concentration in E. coli is
about ten times higher than NADPH (29) and so the majority of culture fluorescence
can typically be assigned to NADH. In addition, London and Knight (29) have
shown that the total NAD(P) pool [NAD(P)H + NAD(P)*] in E. coli stays relatively

constant with respect to biomass. This allows attribution of an increase in the culture
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fluorescence signal to a decrease in the turnover rate of NADH to NADY. Since the
advent of on-line fluorescence probes (12), applications of fluorescence measurement
in bioreactors have included biomass estimation (32), reactor mixing characterization
(11), and analyses of substrate uptake kinetics ( 10), substrate exhaustion (24), and

acidogenic/solventogenic pathway switchover (37, 38).

Culture redox potential (CRP) measurement is based on the assumption that
extracellular redox potential is a function of intracellular redox potential. Therefore, a
change in a major redox couple such as the respiration-linked (oxygen/water) NAD
redox system during aerobiosis should be reflected in the CRP measurement [for
review of redox potentiometry, see Dutton and Wilson (9)]. Because of a strong
contribution from the respiratory redox couple, CRP has been used to estimate
oxygen tension (22, 45) and oxygen transfer rate (1) near anoxia. Like fluorescence
measurement, CRP has gained increasing importance as an on-line monitoring
technique in detecting subtle changes in metabolic state such as substrate exhaustion
in amino acid-producing Corynebacterium glutamicum fermentations (23, 25).
Controlling CRP by varying agitation (36) or by adding reducing agents (26) have

also been employed in efforts to regulate cell physiology.

In this study, both culture fluorescence and CRP measurements were
employed in order to expand understanding of the consequences of VHb expression
in E. coli. We examined whether the presence of VHb increases the activity of the
respiration-coupled redox system by comparing the NAD(P)*/NAD(P)H turnover
rate and ratio for cells synthesizing VHb with these properties for a VHb-free control

strain under several oxygen transients. In addition, we estimated the oxygen uptake
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rate of both types of cells from their CRP time trajectories under non-aerated

conditions.

It has been shown that nonideal mixing in large-scale bioreactors leads to
dissolved oxygen (DO) fluctuations as cells circulate among oxygen-rich and oxygen-
poor microenvironments within the fermentor (31, 35). This DO heterogeneity can
have profound effects on microorganism growth and metabolism (34, 35, 43). Given
the oxygen-binding characteristics of VHb, it would be interesting to see how VHb-
engineered cells behave when subjected to dissolved oxygen oscillations. We
therefore devised a simple scale-down scheme for simulating in a laboratory
bioreactor oxygen fluctuations with a time-scale comparable to those expected in a
large-scale aerobic process, and we compared NAD(P)H fluorescence signals of

VHbT cells with those of the control under these conditions.

4.3 Materials and Methods
4.3.1 Microorganism, Plasmid Construction, and Cultivation Conditions

Escherichia coli K-12, strain W3110 (2) harboring either the Vitreoscilla
hemoglobin expression plasmid, pKTV1 or the control plasmid, pKT1, was used to
study the effects of VHb expression on culture fluorescence and redox potential.
Plasmid pKT1 was constructed by digesting pBR322 (3) with EcoRI and Sspl, and
ligating with the 1.1 kb EcoRI-HindIIl fragment [Hindlll-digested fragment post-
treated with DNA polymerase I large (Klenow) fragment (Promega Inc.)] containing
the lac repressor gene, lacl?, from pMJR1560 (Amersham International). Plasmid

pKTV1 was constructed by subcloning the 1.2 kb HindIII-Sall fragment containing
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the fac promoter-vib gene fusion from pINT1 (17) into the corresponding sites in
PKT1. E. coli strain W3110 was transformed with either pKTV1 or pKT1 according

to the calcium chloride method (39).

Cells were cultivated overnight in one-liter shake flasks containing 300 mL of
buffered LB medium (10 g/L Bacto-tryptone, 5 g/L Bacto-yeast extract, 10 g/L NaCl,
3 g/L KoHPO4, 1 g/L KH2PO4, adjusted to pH 7) at 37°C and 250 rpm in a New
Brunswick Scientific Innova 4000 shaker. Ampicillin (100 mg/L) was added to both
W3110:pKTV1 and W3110:pKT1 for plasmid maintenance. Prior to fluorescence and
redox measurements, 100 mL of the overnight culture was mixed with 100 mL of
fresh LB medium and incubated for 4 hr at 37°C, and 250 rpm. VHb expression was
achieved by inducing W3110:pKTV1 with 0.5 mM IPTG at the beginning of the
cultivation and again when fresh LB medium was added. For comparison, 0.5 mM

IPTG was also added to the W3110:pKT1 culture.
4.3.2 Fluorescence and CRP Measurements

Fluorescence and redox potential measurements were performed in a 200 mL
working volume glass vessel fitted with a water jacket. Cells were withdrawn from
the vessel by a peristaltic pump and circulated through a flow cell attached to an
Ingold Type 25 101 300 Fluorosensor which has excitation and emission wavelengths
at 360 and 450 nm, respectively. The distance between the vessel and the flow cell
was minimized (8 cm) and the pump speed was set to maximum to minimize the
recycle loop residence time, which was 5 sec under these conditions. This is much
shorter than the time scale of culture fluorescence transients which is in the range of
2-3 minutes. The use of a recycle loop/flow cell to measure NAD(P)H transients was

validated in another study (6) in which the advantage of using a flow cell to reduce
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fluorescence artifacts caused by foaming, aeration and agitation was also described.
No significant differences in culture physiology, including intracellular redox state,
are expected in the sampling loop. In a closed environment for 5 seconds, the
maximum estimated oxygen depletion (the most potential limiting factor) is 10% of
the entering dissolved oxygen, assuming a specific oxygen uptake rate of 5 mmol/g

DCW/hr and a cell density of 1 g DCW/L.

After additions of glucose (to a final concentration of 0.15%) and 2 drops of
antifoam, cells were aerated with 0.6 L/min of air and agitated by a magnetic stirrer.
Before data logging, culture pH was adjusted to pH 7 with either 1 M NaOH or 1 M
HCI solution. During measurement, the temperature of the vessel was maintained at
25°C by a circulating water bath. Dissolved oxygen tension and redox potential were
monitored by a pO2 electrode (Ingold Electrodes Inc.) and a redox electrode
(Amagruss Electrodes Limited), respectively. Process parameter data were recorded
every minute via an LH bioreactor system (Inceltech Inc.). Culture DO and
fluorescence were also monitored with a chart recorder to capture details missed by
intermittent data acquisition. Fluorescence intensity was normalized by dry cell
weight (DCW) for each experiment and is reported as Specific Fluorescence Units

(SFU).

To rule out inner filter effect artifacts (see Results section) stemming from the
presence of VHDb, fluorescence and redox potential under transient oxygenation
conditions of broken cells extracts from W3110:pKTV1 and W3110:pKT1 were
examined. Cells were cultivated under the same conditions as those for the in vivo
assay. At harvest, 200 mL of cells was resuspended in 10 mL sonication buffer (100
mM Tris-HCI, 50 mM NaCl, 1 mM EDTA) and disrupted by passage twice through a

French press (SLM-Aminco). Following removal of cell debris by centrifugation, the
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soluble fraction was added back to 190 mL of the used LB medium without cells.
Two drops of antifoam and glucose (to 0.15% of final concentration) were added to
the suspension before fluorescence and redox potential measurements commenced.

The vessel temperature and the air flow were maintained at 25°C and 0.6 L/min,

respectively, as in the in vivo assay.
4.3.3 Analytical Procedure

For DCW measurement, 10 mL samples were centrifuged at 3000 x g and
washed once with phosphate buffer saline (8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L
NapHPO4, 0.24 g/L KH2PO4, adjusted to pH 7). Wet pellets were dried in a 80°C
oven for three days and then their weights were measured. VHb concentration was
assayed by CO-reduced minus reduced difference absorption spectrophotometry
using the monomer extinction coefficient (€419 pm — €437 nm) of 1.067 x 105 (Mcm)—
1 for VHb (14). Total protein was determined by Bradford dye binding assay with a

Protein Assay kit from Bio-Rad.

For total cellular NAD(P)H quantification, cells were grown in LB medium
under the same conditions as those for fluorescence and redox measurement. Glucose
(0.15% of final concentration) was added to the culture 30 min prior to harvest. In
order to minimize intracellular metabolite loss during typical sampling procedures,
samples were fast quenched in —-40°C methanol according to the method described by
de Koning and van Dam (7) with a slight modification. Briefly, 10 mL of cells was
mixed with 40 mL of 60% methanol at —40°C immediately after withdrawn from the
shake flask. The subsequent steps of chloroform extraction were performed in a
—30°C glycerol/methanol/water shaking bath (Hetofrig Model CB60VS, Heto Lab
Equipment) instead of —40°C as previously described (7). NAD* and [NADH +
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NADPH] concentrations were determined using an enzymatic assay described by de
Koning and van Dam (7) and a bioluminescence kit from Boehringer Mannheim
Biochemical, respectively, and normalized by DCW estimated from total protein

[total protein content = 55% DCW (33)].

4.4 Results
4.4.1 NAD(P)H Fluorescence and Effect of VHb

The NAD(P)H fluorescence time profiles of the VHb—synthesizing E. coli
strain W3110:pKTV1, and the control W3110:pKTI, in response to changing
dissolved oxygen (DO) were examined in an environment with controlled pH and
temperature (pH 7, 25°C). Overnight grown cells were mixed 1:1 with fresh LB
medium and cultivated for four additional hours before measurement. Prior to
fluorescence measurement, concentrated glucose solution was introduced into the
vessel to obtain a starting glucose concentration of 0.15 weight %, and cell
suspension was aerated with 0.6 L/min of air for 15 minutes to allow the cells to
metabolize glucose. Addition of glucose to the cell suspension increased fluorescence
intensity and improved reproducibility (result not shown). Glucose levels before and
after the transient experiment were measured to verify glucose uptake. During
measurement, air flow was interrupted, and the resulting culture DO and fluorescence
signals were traced. Air flow was resumed after a period of 20 minutes, and the cycle

(air on/air off) was repeated.

Figure 1A and 1B show the DO and normalized NAD(P)H fluorescence
signals of W3110:pKT1 and W3110:pKTV1 in response to a step cessation of
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aeration. Culture DO plunged instantaneously after aeration was stopped, indicating
that the aerobic respiratory pathway of both strains was active and cells were
consuming oxygen. The fluorescence signals of both strains rose sharply as DO
decreased, but the increase was noticeably reduced after the DO reading reached 0%
(all DO values are as a percent of air saturation). The upward shift in fluorescence
baselines for both strains was most likely due to increases in cell densities during
measurements. The initial and final DCW measured prior to and after oxygen
transitions were 1.24 g/L and 1.66 g/L, respectively, for W3110:pKT1 and 1.43 g/l
and 1.62 g/L, respectively, for W3110:pKTV1. The presence of VHb in
W3110:pKTV1 culture was verified by CO-reduced minus reduced spectroscopic
assay (spectrum not shown), and the amount of VHb detected at the end of
experiment was 1 nmole/mg protein. Comparing Figure 1A and 1B, it is apparent

that the difference in the NAD(P)H fluorescence signals between aeration and non-

aeration [ANAD(P)Hyjr off_ajr on] of the control strain W3110:pKT1 was larger than
that of the VHb strain W3110:pKTV1. The magnitude of ANAD(P)Hgjr off—air on
during each oxygen transition (air on/off) of W3110:pKT1 was on the average 1.8-
fold larger than that of W3110:pKTV1 (45 SFU for W3110:pKT1 and 25 SFU for

W3110:pKTV1). Similar results were obtained in replicate experiments.

Li and Humphrey (28) showed that cellular fluorophors such as riboflavin can
interfere with NAD(P)H measurement. Since VHb absorbs in a range 400-450 nm
overlapping the emission characteristics of NAD(P)H, it is possible that a change in
the redox status of VHb, which is influenced by changes in oxygen tension, may
affect the overall fluorescence and lead to faulty conclusions. Therefore, to see
whether the observed difference in fluorescence magnitude between VHb— and VHb+

cells was caused by an inner filter effect artifact from VHb, we repeated the
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experiment using extracts of W3110:pKTV1, which contains VHb, and
W3110:pKT1, which does not contain VHb. In such extracts, effects of VHb on
cytochrome amounts and activities observed in intact cells (unpublished results) will
not be coupled to NADH oxidation. Therefore, any differences in NAD(P)H
fluorescence between these extracts should be primarily due to a VHb inner filter

effect.

Cells were cultivated to similar concentrations under the same conditions as
used for the in vivo experiment. Extracts of these cells were then prepared, and the
NAD(P)H fluorescence of these extracts under aerated and non-aerated conditions
were monitored; the normalized signals are displayed in Figure 2. A small increase
and a decrease in the fluorescence intensity and DO, respectively, were detected for
both cell extracts when the air supply was interrupted. This is presumably due to
nonspecific couplings of NAD(P)*/NAD(P)H systems that are still active in cell
extract. The fluorescence signals of both strains fluctuated during the oxygen
transient. Nevertheless, the NAD(P)H fluorescence profiles of the control cell extract

and the VHb* cell extract appeared similar. The sizes of ANAD(P)Hyjr off-air on

were on the average 10 SFU for W3110:pKT1 cell extract and 9 SFU for
W3110:pKTV1 cell extract. The difference in ANAD(P)Hyjr off-air on between the

control and the VHb* strain extract was not significant compared with the

magnitudes of ANAD(P)Hgir off-air on Observed for the in vivo system. Thus, result

suggests that our in vivo fluorescence measurement indicates the physiological effects

of VHb on NAD(P)H utilization.

Our finding of a smaller in vivo ANAD(P)Hajr off_air on for the VHb-

containing strain also raised the question of whether VHb changes the overall

NAD(P) pool size in E. coli. Therefore, NAD* and NAD(P)H concentrations of
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W3110:pKT1 and W3110:pKTV1 were measured from overnight cultures pre-
incubated 30 min with 0.15% glucose before —40°C methanol quenching (Materials
and Methods). NADP* concentration was not measured in this study because
intracellular NADP* concentration in E. coli is on the order of 10-fold less than that
of NAD* (29), and VHD is not likely to perturb the NADP pool to a level which
would significantly affect the total NAD(P) pool. Our enzymatic analyses showed
that the total [NAD* and NAD(P)H] contents for W31 10:pKT1 and W3110:pKTV1

were the same within the experimental error (3.3 £ 0.3 pmole/g DCW). These values

are in good agreement with those previously reported for E. coli (29).

With the assumption that the intracellular nicotinamide dinucleotide
concentration of E. coli remains constant with respect to cell mass during cultivation
(29), a decrease in fluorescence signal can be interpreted as a decrease in
NAD(P)H/NAD(P)* ratio. Based on the findings that VHb did not interfere with our
measurement nor alter the total nicotinamide dinucleotide pool of W3110, we
concluded that, with VHb present, cells maintain approximately half of the NAD(P)H
level of the control cells, and hence are in a greater oxidized state under very low

oxygen tensions.

More information could be gained from monitoring the rate of change of
fluorescence following an interruption of aeration because this rate approximates the
turnover rate of NAD(P)* to NAD(P)H. The fluorescence profiles (Figure 1) from the
beginning of the second interruption of aeration for the control and the VHb* strains
were used to calculate the rate of fluorescence change. Upon cessation of aeration, the
fluorescence intensity increased rapidly for W31 10:pKT1 and reached 82 SFU while
the fluorescence of W3110:pKTV1 ascended slower and reached only 61 SFU before
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stabilizing. The rate of SFU change, approximated from the time required for the
signal to reach its peak value, was 18 SFU/min for W3110:pKT1 and 7.5 SFU/min
for W3110:pKTV1. This indicates that the control strain has a 2.4-fold higher net
turnover rate of NAD(P)* to NAD(P)H than the VHb synthesizing strain. Based on
the assumption that the dynamics of NAD(P)H are primarily due to changes in
NADH level, our results suggest that VHb enhances the conversion rate of NADH to
NAD*, thereby causing a smaller net synthesis rate of NADH during diminishing

oxygen transients.
4.4.2 Culture Redox Potential and Effect of VHb

Figure 3A and 3B show the typical redox profiles of W3110:pKT1 and
W3110:pKTV1 under different oxygenation conditions. The CRPs of both strains
during aeration were similar (~40 mV) and decreased immediately after termination
of aeration, indicating an increase in the reduction state of the culture. Upon
reaeration, CRPs of both strains ascended immediately along with DO and reached a
plateau of 40 mV after DO returned to its original steady-state value of ~95% air
saturation. Based on Figure 3, it appeared that cells with or without VHb have similar
CRP characteristics under our experimental scheme. However, a closer examination

of CRP near zero DO revealed useful information on the effect of VHb.

It is not possible to determine the oxygen uptake rate of cells directly from DO
electrode readings under microaerobic conditions due to the insensitivity of the probe
in this region. However, CRP data can possibly reveal subtle differences in the
oxygen uptake rate of different cells. According to the Nernst equation, CRP is linear
with respect to logarithmic DO at constant temperature and pH under extremely low

oxygen tensions (36)
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log(DO) = a(CRP)+ b [1]

where a and b are constants dictated by medium composition and different species in
the cells. Constants a and b were determined for each strain independently using CRP
and DO signals from the redox and DO probes, respectively, between 1-2% air

saturation.

The CRP profiles near anoxia (below DO 1% based on readings from the DO
probe) from Figure 3 were used to calculate oxygen concentration using the above
relationship. The calculated DO time trajectories are shown in Figure 4. Cells
synthesizing VHb have a faster oxygen uptake rate than the control strain. The
oxygen uptake rates of W3110:pKTV1 and W3110:pKT1 during the first two minutes
shown in Figure 4 were 60 nmole/min‘g DCW and 45 nmole/min-g DCW,
respectively. Four additional experiments were performed under the same conditions
and oxygen uptake rates of the two strains were compared. Unfortunately, the
absolute values varied from a low 45 to a high 98 nmole/min-g DCW between
experiments (data not shown). However, VHb—containing cells have higher oxygen
uptake rates, although by different magnitudes (15%-30% higher in VHb cells),

than the control cells in four out of five experiments.
4.4.3 DO, CRP Fluctuations and Effect of VHb

During the course of optimizing conditions for NAD(P)H fluorescence and
redox measurements, we occasionally observed an unusual “biphasic” behavior of
DO and CRP profiles of cells (both W3110:pKT1 and W31 10:pKTV1) when aeration
was resumed after a period of interruption. Such biphasic DO and CRP responses are

shown in Figure 5. As air supply was re-introduced to the working vessel, DO and
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CRP increased immediately until DO reached 5% air saturation, then both DO and
CRP signals dropped for a period of 3-5 min before they rose again to their original
steady-state values. Harrison and co-workers (12, 13) have also observed similar
behavior for a Klebsiella aerogenes culture. Upon reaeration, the culture DO
increased but then maintained a DO level of 10% for a period of time before it
ascended slowly back to its original value. Two distinct respiration rates and
ATP/ADP ratios were detected in that study accompanying this biphasic behavior
during the oxygen transient. A higher respiration rate and a lower ATP/ADP ratio
were found to be characteristics of cells in this low-DO, quasi steady-state (12, 13). It
is likely that cells might have utilized different terminal oxidases with different
oxygen affinities and energetic efficiencies in these two oxygenation regimes. E. coli
synthesizes a low oxygen affinity, high energetic efficiency terminal oxidase,
cytochrome o, during fully aerobic conditions and the lower energy efficient but
higher oxygen affinity cytochrome d under low oxygen tensions. In our experiment,
perhaps the oxygen-scavenging cytochrome d dominated the respiratory activity when
air was first re-introduced to the vessel, thereby causing an increase in respiration rate
which corresponds to a drop in DO. When aeration continued and oxygen
concentration reached a point above the K, value of cytochrome o, cytochrome o
activity becomes significant, resulting in a decrease in respiration rate (observed
earlier when E. coli switches from cytochrome d to cytochrome o utilization [4]) and
an increase in DO. Indeed, Swartz (40) has observed DO instability in a large-scale
E. coli fermentation in which DO fluctuated under a steady aeration rate. The
instability was eliminated when E. coli mutants lacking either cytochrome o or d were

cultivated under the same conditions (40).
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4.5 Discussion

The observation of VHb improving cellular NAD(P)H utilization suggests a
functional role of VHb in microaerobic E. coli. Biophysical studies showed that
Vitreoscilla hemoglobin possess an oxygen affinity similar to those of E. coli
cytochrome o and d [VHb Kj;;=0.25 uM (42); cytochrome o K;;=2.9 uM (20);
cytochrome d K;;=0.38 uM (21)] and that VHb has an unusually high dissociation
constant in comparison with most of other hemoglobins (44). Oxygenated VHb was
previously conjectured to increase the effective DO and preferentially raise the
activity of cytochrome o over cytochrome d due to the differences in the affinities for
oxygen of the two cytochromes (15). An intact-cell spectroscopic analysis also
revealed that the expression of VHb increases the amount of cytochrome o and, to a
lesser extent, the amount of cytochrome d (unpublished result). Although this study
was not designed to determine the effect of VHb on cytochrome activity, the present
findings are in good agreement with the earlier hypothesis. An increase in cytochrome
activity due to a higher oxygen availability through VHb would likely accelerate the
turnover rate of the electron transport chain which, through its coupling with NADH
dehydrogenase, would increase the NADH consumption rate, just as we have

observed in this study.

An important, although preliminary, discovery that also emanated from this
study is the buffering effect of VHb on NAD(P)H responses during oxygen
fluctuations. From our hypothesis on the role of VHb, it can be envisioned that,
following a sudden shift from oxygen-rich to oxygen-scarce surroundings in a poorly

mixed fermentor, oxygenated VHb molecules would release their oxygen to the
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respiratory machinery during the oxygen-depleted period. Taking Michaelis-Menten
rate parameters for microaerobic E. coli respiration rate of 0.27 uM for Ky, and 18.9
uM/mg DCW/min for Vimax from prior investigations (21), the time required for the
initial supply of VHb-stored oxygen to be depleted to a point giving 20% of the
original rate is approximately 4 seconds. Thus, when encountering oscillating fields
of DO in a large-scale bioreactor with cycle times of the same order of magnitude,

VHb-expressing cells may not experience major fluctuations in respiratory activity.

The finding that VHb decreases NADH levels in E. coli respiring under
microaerobic conditions may have implication for fluxes through other pathways.
NADH and NAD* are co-substrates in reactions at the beginning and ends of central
carbon metabolism, and a shift in the oxidation state of this couple could well have
effects on rates of key reactions which determine total carbon flux and flux
distribution. The observations reported here suggest that VHb does not exert its
effects on metabolism only through previously reported changes in respiratory
metabolism and effective intracellular dissolved oxygen level, but also through
changed concentrations of NAD+ and NADH which directly perturb rates of key

metabolic reactions.

4.6 Acknowledgments

This research was supported by the Swiss Priority Program in Biotechnology.
GR acknowledges support from the National Science Foundation (BCS-9157852) and
the hospitality provided by the ETH.



93

4.7 References

1. Akashi, K., Ikeda, S., Shibai, H., Kobayashi, K., Hirose, Y. 1978.
Determination of redox potential levels critical for cell respiration and

suitable for L-leucine production. Biotechnol. Bioeng. 20: 27-41.

2. Bachmann, B. J. 1987. Derivations and genotypes of some mutant derivatives of
Escherichia coli K-12. p. 1191-1219, In: J. L. Ingraham, K. B. Low, B.
Magasanik, M. Schaechter, and H. E. Umbarger (eds.), Escherichia coli and
Salmonella typhimurium: cellular and molecular biology. American Society

for Microbiology, Washington, D.C.

3. Bolivar, F., Rodriguez, R. L., Greene, P. J., Betlach, M. C., Heyneker, H. L.,
Boyer, H. W., Crosa, J. H., Falkow, S. 1977. Construction and
characterization of new cloning vehicles. II. A multipurpose cloning system.

Gene 2: 95-113.

4. Calhoun, M. W., Oden, K., Gennis, R. B., de Mattos, M. J. T., Neijssel, O. M.
1993. Energetic efficiency of Escherichia coli: Effects of mutants in

components of the aerobic respiratory chain. J. Bacteriol. 175: 3020-3025.

5. Chen, R., Bailey, J. E. 1994. Energetic effect of Vitreoscilla hemoglobin
expression in Escherichia coli: An on-line 3P NMR and saturation transfer

study. Biotechnol. Prog. 10: 360-364.

6. Coppela, S. J., Rao, G. 1990. Practical considerations in the measurement of

culture fluorescence. Biotechnol. Prog. 6: 398-401.



10.

11.

12.

13.

14.

94
de Koning, W., van Dam, K. 1992. A method for the determination of changes
of glycolytic metabolites in yeast on a subsecond time scale using extraction

at neutral pH. Anal. Biochem. 204: 118-123.

DeModena, J. A., Gutierrez, S., Velasco, J., Fernandez, F. J., Fachini, R. A.,
Galazzo, J. L., Hughes, D. E., Martin, J. F. 1993. The production of
cephalosporin C by Acremonium chrysogenum is improved by the

intracellular expression of a bacterial hemoglobin. Bio/Technol. 11: 926-929.

Dutton, P. L., Wilson, D. F. 1974. Redox potentiometry in mitochondrial and

photosynthetic bioenergetics. Biochim. Biophys. Acta 346: 165-212.

Einsele, A., Ristroph, D. L., Humphrey, A. E. 1978. Mixing times and glucose

uptake measured with a fluorometer. Biotechnol. Bioeng. 20: 1487-1492.

Gschwend, K., Beyeler, W., Fiechter, A. 1983. Detection of reactor
nonhomogeneities by measuring culture fluorescence. Biotechnol. Bioeng.

25: 2789-2793.

Harrison, D. E. F., Chance, B. 1970. Fluoremetric technique for monitoring
changes in the level of reduced nicotinamide nucleotides in continuous

cultures of microorganisms. Appl. Microbiol. 19: 446-450.

Harrison, D. E. F., Maitra, P. K. 1969. Control of respiration and metabolism in

growing Klebsiella aerogenes. Biochem. J. 112: 647-656.

Hart, R. A., Bailey, J. E. 1991. Purification and aqueous 2-phase partitioning
properties of recombinant Vitreoscilla hemoglobin. Enz. Microb. Technol.

13: 788-795.



15.

16.

17.

18.

19.

20.

21.

22.

95
Kallio, P. T., Kim, D. J., Tsai, P. S., Bailey, J. E. 1994. Intracellular expression
of Vitreoscilla hemoglobin alters Escherichia coli energy metabolism under

oxygen-limited conditions. Eur. J. Biochem. 219: 201-208.

Khosla, C., Bailey, J. E. 1988. Heterologous expression of a bacterial
haemoglobin improves the growth properties of recombinant Escherichia

coli. Nature 331: 633-635.

Khosla, C., Bailey, J. E. 1989. Evidence for partial export of Vitreoscilla
hemoglobin into the periplasmic space in Escherichia coli. J. Mol. Biol. 210:

79-90.

Khosla, C., Curtis, J. E., DeModena, J., Rinas, U., Bailey, J. E. 1990.
Expression of intracellular hemoglobin improves protein synthesis in

oxygen-limited Escherichia coli. Bio/Technol. 8: 849-853.

Khosravi, M., Webster, D. A., Stark, B. C. 1990. Presence of bacterial

hemoglobin gene improves a-amylase production of a recombinant

Escherichia coli strain. Plasmid 24: 190-194.

Kita, K., Konishi, K., Anraku, Y. 1984. Terminal oxidases of Escherichia coli
aerobic respiratory chain, I. J. Biol. Chem. 259: 3368-3374.

Kita, K., Konishi, K., Anraku, Y. 1984. Terminal oxidases of Escherichia coli
aerobic respiratory chain, II. J. Biol. Chem. 259: 3375-3381.

Kjaergaard, L. 1976. The redox potential: Its use and control in biotechnology.
p. 131-149, In: T. K. Ghose, A. Fiechter, and N. Backebrough (eds.),

Advances in biochemical engineering, Springer Verlag, N.Y.



23.

24.

25.

26.

27.

28.

29.

30.

96
Kwong, S. C., Randers, L., Rao, G. 1992. On-line assessment of metabolic
activities based on culture redox potential and dissolved oxygen profiles

during aerobic fermentation. Biotechnol. Prog. 8: 576-579.

Kwong, S. C., Randers, L., Rao, G. 1993. On-line detection of substrate
exhaustion by using NAD(P)H fluorescence. Appl. Environ. Microbiol. 59:
604-606.

Kwong, S. C., Rao, G. 1991. Utility of culture redox potential for identifying
metabolic state changes in amino acid fermentation. Biotechnol. Bioeng. 38:

1034-1040.

Kwong, S. C., Rao, G. 1992. Effect of a reducing environment in an aerobic

amino acid fermentation. Biotechnol. Bioeng. 40: 851-857.

Larsson, G., Enfo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>