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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)
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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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Figure 5
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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 Vitre<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>