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Two roads diverged in a yellow wood,
| And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could

To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,

I doubted if I should ever come back.

[ shall be telling this with a sigh
Somewhei'e ages and ages hence:
Two roads diverged in a wood, and I-
I took the one less traveled by,

And that has made all the difference.

Robert Frost,

The Road Not Taken
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ABSTRACT

Vitreoseslla sp. is a Gram-negative obligately aerobic bacterium, which is
capable of synthesizing a soluble, homodimeric hemoglobin-like molecule (VHb)
in response to hypoxic environments. Although the mechanism of action of VHb
is not understood, it has been hypothesized that the heme-protein enables the
bacterium to survive in oxygen-limited environments. The functional role of
this bacterial globin has been studied with the aim of exploiting such a nat-
urally evolved strategy to improve oxygen-limited bioprocesses. Furthermore,
the regulation of expression of the VHb gene in response to changes in environ-
mental conditions has also been investigated. This has provided insights into
mechanisms of microaerobic gene regulation, and has enabled the development

of oxygen-dependent expression systems for high-level synthesis of recombinant

proteins.

The gene encoding the VHb polypeptide was isolated from a Vitreoscilla
genomic library. The nucleotide sequence of the gene and its flanking regions
was determined and analyzed. Synthesis of active VHb was shown to occur in

E. cols from the natural expression signals of the VHb gene.

Studies in fed-batch fermentations demonstrated that under oxygen limita-
tion, the presence of the VHb gene on a multicopy plasmid enhanced the growth
and respiratory characteristics of a recombinant E. colt host as compared to

equivalent plasmid-carrying and plasmid-free cells. These results illustrated the
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possibilit},; of studying the mechanism of VHb action in E. coli as a surrogate
host, and were also indicative of the potential applicability of such a genetic
strategy in'orga.nisms 6ther than Vitreoscilla. Furthermore, it was observed
that VHb expression is under oxygen-dependent control in E. colf, suggesting

that the mechanism of regulation of the gene in Vitreoseilla is also functional in

E. cols.

Biochemical studies revealed that a considerable fraction, but not all, of the
intracellular VHb is localized in the periplasm of E. coli and Vitreoscilla. The
activity of the two fractions was identical, as judged by visible spectroscopy.
Genetic evidence for the role of the N-terminal domain of the VHb polypeptide
in protein translocation was also obtained; however no cleavage was detected
at this end as a result of translocation. Based on available biochemical and
biophysical data, it was suggested on theoretical grounds that periplasmic VHb
is capable of supporting an additional oxygen flux to the respiratory chain, which

may be physiologically significant (the facilitated diffusion hypothesis).

In E. coli strains containing VHb integrated into the chromosome in single
copy, the presence of VHb improved cellular energetics under oxygen-limiting,
but not oxygen-excess conditions. Indirect evidence was obtained, suggesting
that the net effect of VHb in E. coli is to improve the efficiency, rather than the
kinetics of oxygen-limited aerobic metabolism. Although the facilitated diffusion
hypothesis could not be confirmed or ruled out, an alternative hypothesis (the
intracellular redox effector hypothesis) was also proposed. This implies that
oxygenated VHDb influences the activity of a key redox-sensitive cell function,

which is affected under hypoxic conditions.
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Gen;etic studies demonstrated the presence of an oxygen-responsive element

. (ORE) upstream of the VHb gene. Gene expression is maximal under microaer-
obic conditions, and ié also influenced by catabolite repression. Mechanisms
responsible for oxygen-dependent regulation act at the level of transcription ini-
tiation from two overlapping promoters within the region upstream of the VHb
gene.

Protocols were developed for the use of ORE-based expression systems for
regulated, high-level synthesis of recombinant proteins in high cell density fer-
mentations. A 30-fold modulation of promoter activity could be achieved in
these experiments. By simply decreasing the air supply to cells carrying a VHb-
lacZ fusion, - galactosidase was expressed to a level of about 10% of total

cellular protein in a culture containing 20 g dry cell weight /L.
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INTRODUCTION
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.1.1 Genetic Manipulation of .Cellular Metabolism: A Background
Within less than a decade following the emergence of recombinant DNA

technology it became clear that the in vivo catalytic activity of a given protein

was not necessarily restricted to its natural host organism. For example, muta-

tionally inactivated metabolic functions in E. coli could be complemented with

corresponding structural genes from diverse organisms including other bacteria

(1), yeasts (2,3), other fungi (4) and mammals (5). Inter-species complementa-

tion is not limited to procaryotic hosts (6).

These results suggested the possibility of using genetic tools to transfer any
metabolic activity from one species to another which lacks its homolog. In re-
cent years a few such attempts have been reported (7-12). For example, the
conversion efficiency of ammonia and methanol to single cell protein by the bac-
terium Methylophilus methylotropus was improved by transforming it with the
E. coli glutamate dehydrogenase gene, which has no counterpart in wild-type M.
methylotropus (7). More recently, the combination of several enzymes from three
distinct bacterial species has led to the development of a bacterial strain capable
of degrading a complex mixture of aromatics (12). The eventual goal of most of
these examples was to bring together a set of enzymes, each retaining its origi-
nal substfate specificity, that were capable of providing a ‘patchwork’ metabolic
pathway when put together. However, in at least one case the combination of
two sets of genes resulted in the synthesis of novel ‘hybrid’ compounds, since the
enzymes apparently have affinities for each other’s reaction intermediates (10).
Again, such exercises have also found applications with both procaryotic (7-10,

12) and eucaryotic (11) cells.
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The scope of genetic manipulation of metabolism is not necessarily re-
stricted to the introduction of new enzymatic activities. By selectively inactivat-
ing, attenuating, or amplifying existing enzymes, or modifying their regulatory
mechanisms, one can perturb the kinetics, stoichiometry, product distribution,

and even product structures produced by biosynthetic and catabolic pathways

(13-15).

1.2 Motivation for this work.

A careful study of the above examples, as well as several others, reveals
a correlation between the depth of knowledge about a metabolic function and
one’s ability to manipulate it genetically. Typically, the minimum prerequisite
information is a knowledge of all the individual steps in an existing pathway.
Furthermore, if the exercise requires cross-cloning of enzymatic activities, these
activities (and their genes) must be identified in a potential donor organism,
and their functional role in the recipient organism must be qualitatively pre-
dicted a priors. The availability of additional information, such as bottlenecks
in the pathway of interest and mechanisms of regulation, is also needed to re-
duce trial-and-error efforts. Interest in the development of new theoretical and
experimeiltal tools to obtain such information is illustrative of its importance
(16,17).

An alternative approach, based on an evolutionary argument, is suggested
here. This approach may be particularly useful in guiding genetic manipulation
of imperfectly understood metabolic functions. The motivation for such an

approach is based on two tenets. First, there exists enormous genetic diversity in
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nature. In other words, the strategies that have evolved in different organisms to
cope with diverse environmental niches appears to be almost limitless. Second,
in most biocatalytic processes cells are grown and/or utilized in environments
that are quite different from their natural habitats. Hence, it could be argued
that these cells are not necessarily ‘evolutionarily optimized’ for the processes in
which they_a.re used. In themselves these two points may appear to be somewhat
trivial; however, when taken together, they provide a fairly compelling reason to
seek and exploit naturally evolved strategies in the hope of ameliorating potential

bottlenecks in important, but imperfectly understood metabolic functions.

The specific question addressed here is the adequate supply of oxygen to
aerobically growing cells. The problem, which is central to a variety of aerobic
bioprocesses, was first highlighted by Louis Pasteur around the middle of the
19th century. Since then, numerous solutions have been proposed, all having a
common theme: The aim has been to improve the oxygen transfer properties
of the environment in which the cells are grown. An alternative approach is
genetic manipulation to improve the oxygen utilization properties of t.he cells
themselves. It should be remembered, however, that the mechanisms of aerobic
respiration and its regulation are not entirely clear, even in well-studied model
systems such as E. coli. Such a problem is therefore well suited to exploring the

applicability of naturally evolved strategies.

A few years ago a potential genetic solution to this problem suggested itself.
The bacterium, Vitreoscilla sp., is a Gram-negative obligate aerobe. Species of
this genus live in oxygen-poor environments such as stagnant ponds and de-

caying vegetable matter. The bacterium Vitreoscilla sp. synthesizes a soluble
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hemogldbin- like molecule (VHb) in response t6 hypoxic environments (18). Bio-
~ chemical studies have revealed a striking similarity between VHb and eucaryotic
globins. For example, .at the level of its primary amino acid sequence, the pro-
tein. contains conserved residues at almost all positions that are important to
the structure of eucaryotic globins (18,19). VHb has been isolated in a homo-
dimeric form, and its CO-binding property shows cooperativity (20). It is stable
in an oxygenated (reduced) state (21), and is spectroscopically similar (as judged
by visible and IR spectroscopy) to other globins (22,23). Hence, although the
mechanism of action of VHb remains unknown, it has been hypothesized that
VHb enables the bacterium to survive in oxygen-limited environments (18,19).
The principal motivation of this work was to explore the applicability of this

solution to the improvement of oxygen-limited growth of other organisms.

1.3 Scope of this work.

Chapter 2 describes the cloning and nucleotide sequencing of the VHb gene.
When cloned on a multicopy plasmid, the VHbD gene is expressed from its natural
promoter as a major polypeptide in E. cols.

Two.reasons dictated the selection of E. coli as a surrogate host of choice in
these, as well as further studies. First, as a necessary prerequisite, it was shown
that VHb is expressed in E. coli in its active form. Second, studies have shown
that the cytochrome composition of Vitreoscilla is remarkably similar to that in

E. coli (24). In Chapter 3, the effect of VHb on oxygen-limited growth of E. coli

is investigated via fed-batch fermentations.



.
Chapter 4 describes the results of various biochemical and genetic experi-
ments aimed at detefmining the sub-cellular location of VHb. Such information
is important in understanding the mechanism of action of this heme-protein.
Using available biophysical and biochemical data, a quantitative analysis is pre-
sented to explore the validity of the facilitated diffusion hypothesis in explaining

the in vivo physiological role of VHb.

'Using E. coli strains carrying the VHb gene integrated into the chromosome
in a single copy, a detailed investigation on the physiological influence of VHb in
E. coli is presented in Chapter 5. This has led to the proposal and evaluation of
two alternative classes of models for the mechanism of VHb action. These results

also provide a basis for projecting the applicability of this genetic strategy to

other aerobic bioprocesses.
During the course of studies presented in Chapter 3 it was observed that
expression of the VHb gene from its natural promoter is regulated in E. coli in

response to oxygen availability. In Chapter 6 a genetic analysis of the oxygen-

responsive promoter element (ORE) is presented.

The insights obtained through the results of Chapter 6 provide a basis for
the development of protocols for the use of ORE-based expression systems for
regulated, high-level sj}nthesis of heterologous proteins in E. cols. Efforts in this

direction are reported in Chapter 7.
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CHAPTER 2

THE VITREOSCILLA HEMOGLOBIN GENE:
MOLECULAR CLONING, NUCLEOTIDE SEQUENCE
AND GENETIC EXPRESSION IN ESCHERICHIA COLI

Source: Khosla, C. and Bailey, J.E. (1988) Mol. Gen. Genet. 214:158-161.
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2.1 Summary.

Vitreoscilla hemoglobin is involved in oxygen metabolism of this bac-
terium, possibly in an unusual role for a microbe. We have isolated the Vit-
reoscilla hemogiobin structural gene from a pUC19 genomic library using mixed
oligodeoxy-nucleotide probes based on the reported amino acid sequence of the
protein. The gene is expressed in E. coli from its natural promoter as a major
cellular protein. The nucleotide sequence, which is in complete agreement with
the known amino acid sequence of the protein, suggests the existence of pro-
moter and ribosome binding sites with a high degree of homology to consensus
E. coli upstream sequences. In the case of at least some amino acids, a codon
usage bias can be detected which is different from the biased codon usage pat-
tern in E. colt. The downstream sequence exhibits homology with the 3’ end
sequences of several plant leghemoglobin genes. E. coli cells expressing the gene

contain greater than fivefold more heme than controls.

2.2 Introduction.

The filamentous bacterium, Vitreoseslla, a member of the Beggiatoa family,
is a strict aerobe that is found in oxygen-poor environments such as stagnant
ponds a.nd decaying vegetable matter. Growth of this bacterium under hypoxic
conditions results in severalfold induction of the synthesis of a homodimeric sol-
uble heme protein (subunit MW 15,775) (Tyree and Webster 1978, Boerman and
Webster 1982) which has a remarkable spectral (Webster and Liu 1974), struc-
tural (Wakabayashi et al. 1986), and kinetic {Orii and Webster 1986) homology

with eucaryotic hemoglobins. The conservation of most features characteristic



-13-
for eucaryotic hemoglobins as well as its possible role in oxygen utilization in

Vitreoseslla strongly suggest that this protein is indeed a bacterial hemoglobin.

We report here the molecular cloning and nucleotide sequence of the Vit-
reoscilla hémogiobin gene and some of its flanking regions. Interestingly, func-
tional expression of this gene improves the aerobic growth properties of recom-
binant E. cols, as determined by fed-batch fermentations and respirometer mea-

surements on whole cells (Khosla and Bailey 1988).

2.3 Materials and Methods.

Media and growth conditions: E. cols cells were grown at 37°C in L broth
(Maniatis et al. 1982). Vitreoscilla sp. was grown in a medium containing 1.5%
yeast extract, 1.5% peptone, and 0.02% sodium acetate (pH 8.0 with NaOH)
at 30°C. Plasmid-containing cells were grown in medium supplemented with
100 mg/l ampicillin. All cells were grown in culture tubes or flasks in a New

Brunswick shaker incubator set at 250 rpm.

DNA Manipulations: Vitreoscslla genomic DNA was isolated according to
the protocol of Silhavy et al. (1984). Agt10 and pUC19 genomic DNA libraries
were made according to standard protocols (Huynh et al. 1985, Maniatis et al.
1982). Fér all other DNA manipulations, routine methods were used (Maniatis

et al. 1982), unless otherwise stated below.

DNA Sequencing: The HindIII - Sphl fragment from plasmid pRED2 (Fig-
ure 2), which contains the entire structural gene (see results), was subcloned in
plasmid pUC19 in the same orientation as in pRED2. After digesting this new

plasmid (pRED4) at the unique HindIIl and Miul sites, the ends were 5’-labeled
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aﬁd 3’-1a5eled. Purified HindIIl - Mlul and Mlul - Sphl fragments were then
subjected to G-specific (Maxam and Gilbert 1980) and A-specific (Iverson and
Dervan 198'8) cl.eavage i‘ea.ctions. Sa.mples were run on 8% and 20% polyacry-
lamide gels; The nucleotide sequence was read in the directions indicated by

dashed arrows in Figure 2.

Heme .assay: Heme extracts were prepared and assayed according to the
method of Lamba and Websfer (1980). In each case 0.1g cells (wet weight
basis) were used. The heme concentration was estimated on a Shimadzu UV160
spectrophotometer using the extinction coefficient Esg6_54; = 20.7 mM~'cm~?!

for reduced minus oxidized spectra.

2.4 Results and Discussion.

Cloning the Vitreoscilla hemoglobin gene: Three sets of mixed oligonu-
cleotide probes were synthesized which had a predicted homology to one 5’
and one 3’ domain in the hemoglobin gene (Fig. 1). Southern blot hybridiza-
tion to FcoRI-digested genomic DNA established that the structural gene was
present in a single fragment of around 7.24 kb and also enabled the discrimi-
nation between probe sets 1 and 2 (Fig. 1). Probe set 1 was identified as the
correct set. Further, the minimum selective wash temperatures for probe sets
1 and 3 were also determined to be 50°C and 46°C respectively. We were un-
able to isolate the gene from a Agti0-EecoRI library, probably due to the sharp
reduction in packaging efficiency of this vector for inserts bigger than 7.6 kb
(Huynh et al. 1985). Hence, Southern blot hybridizations to genomic DNA

digested with BamHI, HindIII and various combinations of these three enzymes
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‘were performed. The smallest gehe—containing fragment was a HindIII fragment
that was 2.2 kb. A plUClg-HindIII library of Vitreoscille DNA was test-plated
“on rich media containing ampicillin (100 mg/L), X-gal (40 mg/L) and IPTG (1
mM). More than 70% of the colonies were probable recombinants, as estimated
by visual inspection. About 10,000 colonies were then screened. Three positive
clones were identified and restreaked for single colonies. The plasmids from a
small number of clones from each group were examined by HindIII digestion.
One of these, pRED1, carried three HindIIl inserts including one of 2.2 kb.
This 2.2 kb fragment was purified and cloned into pUC19 in both orientations
(pPRED2 and pRED3). Digestion of pRED2 with various enzymes and Southern
blot analysis confirmed that the entire hemoglobin structural gene is present
on a HindIII -Sphl fragment (approx. 1.1 kb). The restriction map of plasmid
pRED?2 is shown in Fig. 2.

Interestingly, the Vitreoseilla genome had a statistically small number of
restriction sites for BamHI. There were only 9 observable distinct bands smaller
than 5.5 kb and 4 such bands smaller than 4 kb. A similar obsewa£ion has
also been made in the case of the genome of Methanococcus voltae which has an
unusually small number of sites for_ the 4-base pair recognizing enzyme, Sau3Al,

which is an isoschizomer of BamHI (Jarrell et al. 1987).

Transformation of Vitreoscilla: Attempts to transform Vitreoscslla with
plasmid pRED2 using both the CaCl; (Silhavy et al. 1984) and the Hanahan
(1983) protocols were unsuccessful. However, neither of the competent cell-
making and transformation processes had resulted in a noticeable decrease in the

viability of the cells. Since the existence of a natural plasmid in this Vitreoseslla
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strain has recently been reported (Dikshit and Webster 1987), this difficulty may

“have resulted from plasmid incompatibility.

Genetic ea;pressioﬁ of the hemoglobin gene in E. coli: E. cols cells contain-
ing plasmids pRED1, pRED2, pRED3 and pUC9 as well as Vitreoscilla cells
were grown to stationary phase and cell extracts were examined on an SDS-
polyacrylamide gel for the existence of the hemoglobin polypeptide. As can be
seen in Fig. 3 (lanes 2-5), hemoglobin is expressed as a major cellular protein
in all the recombinant cells. Since both plasmids pRED2 and pRED3 express
about equal amounts of this polypeptide and since the level of expression from
PRED2 is about the same with and without IPTG, the gene is probably ex-
pressed from its natural promoter in E. coli. This conclusion is reinforced by an
examination of the upstream sequences of the gene (see below). Such high level
expression of the gene product in E. cols contrasts to the low level of expression
obtained under better oxygenated growth conditions (Khosla and Bailey 1988)
and suggests that the oxygen-dependent regulatory mechanism of this gene is

functional in E. coli. We are presently studying this regulatory system.

Effect of the cloned gene on heme metabolism: Recombinant cells contain-
ing the hemoglobin gene were all observed to be red in color compared to JM101
or JM101/pUC9. Spectrophotometric assays for the heme content of these
cells showed elevated heme concentrations in cells containing the Vitreoseilla
hemoglobin gene. The heme content of JM101/pRED2 was 21 nanomoles/g cells
compared to 3.8 nanomoles heme/g cells for JM101/pUC9. Correspondingly, the
hemoglobin activity of JM101/pRED2 was fivefold higher than JM101/pUC9
(Khosla and Bailey 1988).
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Nucleotide sequence of the structural hemoglobin gene and flanking regions:
The complete nucleot'ide-sequence of the structural hemoglobin gene along with
'its amino acid t;'ansla.t,ion is shown in Figure 1. The deduced amino acid se-
quence is in perfect agreement with the sequence reported by Wakabayashi et
al. (1986). The region downstream of the structural gene has been computer-
aligned with the untranslated 3’ ends of four leghemoglobin genes which are

known to have conserved sequence motifs (Kuhse and Puehler 1987).

Several interesting observations can be made from the nucleotide sequence
shown in Figure 1. Firstly, a significant homology can be observed between the
3’ end sequence of this gene and other plant globin genes. Asshown in the figure,
regions 1,2 and 3 represent highly conserved sequence motifs in several plant Lb
genes (Kuhse and Puehler 1987) which are also fairly conserved in Vitreoseslla.
This suggests common evolutionary ancestry between this gene and plant leghe-
moglobin genes. It should be noted, however, that no functional significance
has been assigned to this region in the case of the plant genes (Stougaard et al.
1987). Earlier, Wakabayashi et al (1986) have indicated that a.mongsf several
animal and plant globin amino acid sequences, the Vitreoseslla hemoglobin shows
the maximum sequence homology (24%) with lupin leghemoglobin. Within the
3’ region indicated in ‘Figure 1, the Vitreoscilla hemoglobin shows the great-
est homology (45%) with the soybean leghemoglobin A gene (indicated by dots
in Fig.1). Since the correspoﬁding figure between the soybean LbA gene and
the kidneybean LbA gene is 52%, this figure is indicative of significant ho-
mology. It could be noted that a putative procaryotic terminator, TTTTTA

(Glass 1982), exists within region 2 (Fig.1) with a possible stem-loop region,
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| ACCAtaaggTGGT, preceding it (corresponding to another conserved region in
the plant sequences). The Vitreoscilla and the soybean LbA sequences share a

' greater than 60% homology downstream of this putative terminator.

On examining the codon usage pattern within this structural gene, a distinct
bias.towards the usage of specific codons for some of the more abundant amino
acids in the protein can be observed. For example, cut of 14 leucine codons, 13
are UUG and one is UUA. Similarly, all phenylalanine codons are UUU and 5
out of 7 proline codons are CCU. In all three cases the preferred triplet for more

abundant proteins in E. coli is different (Gouy and Gautier 1982).

Expression of the hemoglobin polypeptide as a major cellular protein in E.
coli from its own promoter suggests a homology between the expression control
sequences of E. coli and Vitreoscilla. In Figure 1, putative Pribnow and -35
boxes as well as ribosome-binding sites have been underlined. These show near-
perfect homology to consensus E. coli sequences (Glass 1982). Comparison of
lanes 2-5 and lane 7 in Fig. 3 indicates that the amount of hemoglobin in E.
colt is much greater than that in Vitreoscslla grown under similar conditions. In
our experience, growth of Vitreoscilla to early stationary phase in culture tubes
placed in an air-circulated shaker incubator is usually not sufficient to induce
a detect#ble reddish tint to the cells; however such a tint is observed in cases
where the Vitreoscilla cells are grown under more oxygen-limited conditions.
Whether this difference in expression in E. colf and Vitreoscslla is a gene dosage
effect or due to a difference in regulation of gene expression in these two strains

is as yet unclear. Introducing this gene into Vitreosctlla on a plasmid would be

useful in this context.
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Sinde_ the protein is active in E. coli and confers growth enhancement to E.
~coli in oxygen-poor envifonments (Khosla and Bailey 1988), molecular cloning
and sequencing of this gene will facilitate a better understanding of its exact
in vivo metabolic role. Work in this direction is currently in progress in our

laboratory.
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2.7 Captions to Figures.

Figure 1: Nucleotide sequence of the Vitreoseilla hemoglobin gene: The
nucleotide sequence along with a scheme of the sets of mixed oligonucleotides
used to isolate the gene as well as the amino acid translation of the structural
gene are shown. Also shown is an alignment of the 3’ ends of leghemoglobin (Lb)

genes from soybean (LbA, LbC,), broadbean, and kidneybean (LbA). Three sets
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of mixed -oligonucleotide probes (numbered 1,2, and 3) are indicated by their
. IUB nomenclature below their respective target sequences. The alignment of
the 3’ ends of the Lb genes is esseﬂtially the same as that of Kuhse and Puehler
(1987) with a few changes to maximize base-for-base similarity. The Vitreoscilla
sequence was computer-aligned to these sequences to maximize similarity using
a standard difference-matrix algorithm. Regions of 2 or more adjacent bases
which are conserved in at least 4 out of 5 species are boxed. Dots are used
to indicate base similarity between the Vitreosecilla and soybean LbA sequences
(see text). The putative ribosome binding site, Pribnow box and the -35 box

have been underlined in the upstream region of the structural gene.

Figure 2: Restriction map of plasmid pRED®2. This plasmid is a derivative
of pUC19 (28). The position and orientation of the Vitreoseslla hemoglobin
structural gene is as shown. The symbols Aat, Hin, Mlu, Sal, and Sph indicate
approximately the recognition sites for the restriction enzymes Aatll, .Hz'ndIII,
Miul Sall, and Sphl, respectively. The HindIIl insert does not contain any
recognition sites for the enzymes BamHI, EcoRI, Haell, Ndel, Pstl, Pvul, Smal,
Sstl, or Xbal. The dashed arrows near the HindIIl and Mlul sites represent the

directions of sequencing of labeled fragments (see methods section).

Figure 3: Ezpression of hemoglobin in E. coli. The total cellular protein
content of cells containing various plasmid constructs was resolved on a 12.5%
SDS-polyacrylamide gel. Lane 1 shows the molecular weight standards. Lanes 2-
4 and 6 represent E. coli cells containing plasmids pRED1, pRED2, pRED3 and

pUC9 respectively. Lane 5 represents E. cols cells containing plasmid pRED?2
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{which has the hemoglobin gene cloned in the same orientation as the lac pro-
‘moter, see Fig. 3) grown in the presence of 1 mM IPTG. Lane 7 shows the
protein content of Vitreoscilla. Gels were run according to the standard proto-
col of Laemmli (1970). Protein in the gel was visualized by the silver staining

method of Merril et al. (1983).
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TGTGGATTAA GTT TAAGAG GCAATAAAGA TTATAATAAG TGCTGCTACA

CIATACTOAT GTATGGCAAA ACCATAATAA TGAACTTAAG GAAGACCCTC

Met Leu ASD Gin GIn Thr 1le Asn lle [le Lys Ala Thr Val Pro
ATG TTA GAC CAG CAA ACC ATT AAC ATC ATC AAA GCC ACT GTT CCT

| GAY CAP CAA ACN ATZ AAY AT
2 GAY CAP CAG ACN ATZ AAY AT

val Leu Lys Glu His Gly Val Thar ite Thr Thr Thr Phe Tyr Lys
GTA TTG AAG GAG CAT GOC GTT ACC ATT ACC ACO ACT TTT TAT AAA

Asn Leu Phe Ala Lys His Pro Glu Val Arg Pro Leu Phe Asp Met
AAC TTG TTT GCC AAA CAC CCT GAA GTA CGT CCT TTG TTT GAT ATG

Gly Arg Gin Gly Ser Leu Glu GIn Pro Lys Ala Leu Ala Met Tnr
GOT COC CAA GAA TCT TTG GAG CAG CCT AAG GCT TTG GCG ATG ACG

Val Leu Ala Ala Al3 GIn Asn Lie Glu AsSn Leu Pro Ald ile Leu
GTATTO GCG GCA GCG CAA AAC ATT GAA AAT TTG CCAGCT ATT TTG

Proc Ala val Lys Lys lie Ala Vval Lys s Cys Gin Ala Gly Val
CCT GCG GTC AAA AAA ATT GCA GTC AAA CAT TGT CAA GCA GGC GTG

Ala Ala Al3 s Tyr Pro 1le V3l Gly Gin Glu Leu Leu Gly Ala
GCA GCA GCO CAT TAT CCG ATT GTC GGT CAA GAA TTG TTG 66T GCO

ile Lys Glu Val Leu Gly Asp Ala Ala Thr ASD ASD !le Leu Asp
ATT AAA GAA GTA TTG GGC GAT GCC GCA ACC GAT GAC ATT TTG GAC

Ala Trp Gly Lys Ala Tyr Gly val [le Ala Asp Val Phe I1le GIn
GCG TGO GGC AAG GCT TAT GGC GTG ATT GCA GAT GTG TTT ATT CAA

3 GAYGTN TTY ATZ CAP

val Glu Ala AsD Leu Tyr Ala Gin Ala val Gl

GTG GAA GCA GAT TTG TAC GCT CAA GCG GTT GAA/ AGTT] vitreoscilla Hb
TTAGT Soybean Lba
GT TAAITTAGG Soybean LbC3

ITAG GATTG KigneyDean LDA
AAJATTCG Broadbean Lb

1
CAGGCLGCTTTCAGGACAT**wee Raaan A masacs CACC

A vitreosctia Mo
ATCTATTGCAGTAAAGTGTAAT® ARRTAAA eunt frTGT Soydean LDA
ATCTACTGCATTGCCGTAAAGTST IAATAAA TAAATQTTGT Soydbean LDC3
CCTTTATTTCTAATGR AR wnuRS | AATAAA|SeonT#ITTGT Kidneyoean LbA
GGATGAATCATAATCAT"'“'NAATMAV""M T6T Broadbean LD

2

A;AQ'GGTGET%‘E TTTAKGTCTGA ”;r'rgcg AGCA vitreoscilla Hd
TicAnCTAA(AAlTTG A Cnnannatl 11 AGAL AARS Soybean LDA
TTCAACTAAIAACTTGTTA #ennnnnnn TTIAAAAC AAR Soybean LDC3

TTAG®AAAG|AACTTGTT A/ nunnansas! TTIAAAACAA®S Kigneydean LDA
ATCASCTAAAACTTIGTTT ..;...... == JAAAAGASS Broaabean ib

ey

TTITGGC»=TG{TTGC AAAACT AC [AAATT [aT Vitreoscilla Ho
Z-- c-m Ah%A AaaTctHGeTTAlRRA } AA ?% Soybean LbA
 |GTT|nemCCCHT|ATAIT®(AAATGTT|GTTTA AAA|IT|AAGT Soydean LbC3

GTT[weuCCCCC|ATAT#{AAATGTT|TCTTA AAAIAITA Kidneybesn LDA
GTT|®nGTTomnlATA[ATIAAATGTG{ TAACC|AAN AG Broaddean Lb

S1

101

281
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548

579

616
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Figure 2.
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CHAPTER 3

HETEROLOGOUS EXPRESSION OF A BACTERIAL
HAEMOGLOBIN IMPROVES THE GROWTH PROPERTIES

OF RECOMBINANT ESCHERICHIA COLI

Source: Khosla, C. and Bailey, J.E. (1988) Nature 331:633-635.
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.3.1 Summary.

In poorly oxygenated environments, the aerobic bacterium Vitre-
oscilla synthesizes a haemoglobin-like molecule (1,2). We have isolated
the gene encoding this protein and expressed it in E. coli (3). En-
hanced haem content as well as active haemoglobin can be detected
in the recombinant cells. Anticipating the potential significance of
haemoglobin under oxygen limitation, which is a central problem in
dense cell cultures, we studied the metabolic effects of this protein in
fed-batch E. coli fermentations. Cells containing this gene grow faster
and to considerably greater cell densities than comparable plasmid-
containing cells which do not express haemoglobin. Respiratory stud-
ies indicate that this haemoglobin increases oxygen utilization rates,

especially when dissolved oxygen is less than 5% of air saturation.

3.2 Text.

Rational design of novel as well as improved cellular biocatalysts
by genetic manipulation of cellular metabolism has recently attracted
considerable interest. A wide range of bacteria have been genetically
modified by integrating hitherto non-existent enzymatic functions into
their metabolic network, thereby endowing them with new catalytic
abilities (4-9) or improving upon existing ones (10). A central prob-
lem in the aerobic growth of any cell culture is the maintainence of
dissolved oxygen (DO) concentrations above growth-limiting levels.
This problem becomes particularly acute in high cell density fermen-

tations which are usually of a fed-batch type. The optimal rate of
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nutrient' addition (and consequently the productivity) is ultimately
limited by the rate at which cells can aerobically catabolize the car-
bon source without generating growth-inhibitory metabolites such as
lactate and acetate (11,12). All approaches thus far have concentrated
on improving the oxygen mass transfer rates by manipulating vari-
ous environmental parameters such as the reactor configuration, inlet
oxygen concentrations, agitation rates, sparging rates and fermentor

back pressure. We describe here a fundamentally different approach

to this problem.

Recently, Wakabayashi, et al (1) reported the primary amino acid
sequence of a soluble dimeric haemoglobin found in the obligately aer-
obic bacterium, Vitreoseslla, and demonstrated significant homology of
this protein with known globin sequences. The synthesis of this pro-
tein increases severalfold in response to a drop in DO levels, as evi-
denced by a rise in intracellular haem content (2). Although the exact
molecular mechanism is unclear, several in vitro and in vivo biochem-
ical studies on this protein suggest that it plays a haemoglobin-like
role in the cell and is not a cytochrome as was initially suggested (for
review, see (1)).

Protohaem IX, the prosthetic group of all haemoglobins, is syn-
thesized by wild type E. colt as a component of its membrane-bound
aerobic respiratory chain proteins (13). Mutants which overproduce
this pigmént without any apparent haem or cytochrome deficiency

have been isolated (14), suggesting that protehaem IX biosynthesis
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@ay be 'under repressive control, and hence amenable to amplifica-
tion. Thus, bearing in mind the apparent in vivo role of the Vitreoscilla
haemoglobin as well. as the importance of E. coli hosts for high cell
density recombinant fermentations, we attempted functional expres-
sion of this gene in E. coli. Using mixed oligonucleotide probes, we
have isolated and cloned into pUC19 a HindIII fragment from a Vitre-
oscilla genomic library that codes for the haemoglobin gene (3). The
gene expressed a polypeptide of the correct molecular weight as a
major cellular protein in E. coli when grown under culture tube or
shake flask conditions (3). This expression is apparently regulated
by endogenous Vitreoseilla upstream sequences {3). More significantly,
greater than fivefold overproduction of intracellular haem was spec-
trophotometrically recorded (3). Such elevated haem levels impart
a distinct reddish tint to these recombinant cell pellets compared to
controls. The haemoglobin activity of these cells was correspondingly
fivefold higher than controls as measured by the carbon monoxide

difference spectrum method of Webster and Liu (15).

To determine whether the functional expression of this protein
had any metabolic effect(s) on the host, we compared the growth
properties of this recombinant strain (JM101:pRED2 (3)) to similar
plasmid-containing (JM101:pUC9) and plasmid-free (JM101) strains
under typical fed-batch fermentation conditions (Figure 1). In each
case the fed-batch phase of the experiment was conducted under

oxygen-limited conditions (12). The growth parameters correspond-
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ing to i‘.he data illust.rated in Figure 1 are summarized in Table 1.
In all cases, the corelation between the optical density and the dry
cell weight was lineér, as determined by intermittent dry cell weight
measurements, thus justifying the relevance of optical density as an
acceptable measure of growth. The JM101:pRED?2 strain significantly
outgrew the control recombinant strain JM101:pUC9 throughout the
experiment and also exhibited a higher specific growth rate than the
plasmid-free strain JM101 during the fed-batch phase. Figure 3 il-
lustrates important differences between haemoglobin-containing and
haemoglobin-free cells with respect to their oxygen utilization kinet-
ics, particularly at low DO concentrations. It should be pointed
out that though the measured DO levels in the fed-batch phases are
around 5% (Figure 2), spatial microheterogeneity in bioreactors can
result in pockets of considerably lower DO levels and poor mixing
(16,17); fhese effects are of greater significance at higher cell densities

and in larger reactors.

Haemoglobin activity of JM101:pRED2 samples withdrawn from
the fermentor could not be spectrophotometrically detected by the
above-mentioned method (15) using whole-cell suspensions; these
were considerably more dilute than recommended due to sample size
limitations. However, small quantities of the polypeptide were ob-
served relative to controls on a silver-stained SDS polyacrylamide gel.
(This analysis required considerable darkening of the gel such that it

is unpresentable. We are currently working on the development of a
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more sensitive assay for the active protein.) This led us to perform a
_ series of shake-flask experiments to study the oxygen-dependent reg-
ulation of this gene (Khosla, .C. and Bailey, J.E., manuscript in prepa-
ration). 'i‘he following two observations from those experiments are
relevant in this context: First, expression of the haemoglobin gene in
E. coli is under oxygen-dependent regulation in a manner similar to
that in Vitreoseilla. The major difference seems to be that in extreme
oxygen-poor conditions, such as those typically encountered in culture
tubes and flasks, the gene in recombinant E. coli i8 overexpressed to
form inclusion bodies. This is consistent with a larger median cell size
observed for the JM101:pRED2 inoculum (which came from station-
ary phase of a shake flask preculture) compared to those of growing
cells in the fermentor (Figure 2). Second, and perhaps more impor-
tantly, presence of the cloned haemoglobin gene has provided growth
enhancement in terms of dense culture growth rates as well as final
cell densities under all conditions studied so far. These experiments
suggest a possible utility for this haemoglobin or similar molecules
in any aérobically grown cell-lines in which the haemoglobin can be

functionally expressed and appropriately localized.

The exact mechanism underlying these phenomena is presently
unknown. The haemoglobin protein likely does not function only as an
oxygen storage trap; it is probably involved in enhancing the oxygen

uptake rate of the membrane-bound aerobic respiratory apparatus, a
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role which the haemoglobin might conceivably play even in low con-
centrations. Since the regulatory mechanism of this gene is functional

in E. coli, its genetic .dissectionv should be relatively straightforward.
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TABLE 1: Growth parameters of JM101,
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JM101pUC9 and JIM101:pRED2

(/L)

JM101 JM101:pUC9 JM101:pRED2

Batch log-phase 0.95 0.73 0.95
growth rate® (h~1)

Batch stat-phase® 2.6 1.6 2.8
dry cell mass® (g/L)
Fed-batch log-phase 0.056 0.033 0.064
growth rate® (h~!)
Final dry cell mass® 5.8 2.8 5.9

2As calculated from the data presented in Fig. 1.

®Corresponding to vertical arrow positions in Fig. la

°Dry cell mass was determined for 10mL aliquots taken directly from

the fermentor. Cells were centrifuged, washed once and resuspended

in deionized water, all below 4°C. Samples were dried overnight in a

100°C oven.
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3.6 Cap‘tions to Figures.

Figure 1: Comparison of growth dynamics of JM101 (=,
JMlOl:pUCQ_ (—=—=-=) and JM101:pRED2 ( ———— ) in fed-
batch fermentations. Time courses of cell densities in batch (Fig.

la, left) and fed-batch (Fig. 1b, right) modes of growth are shown.

Method. Cells were grown in a New Brunswick Microferm fermentor at
37+£0.5°C and a pH of 7+0.05 with an initial working volume of 2.5L.
A constant air flow rate of 4.5L/min and agitator speed of 300 rpm
were maintained throughout each run. Foam control was manually
achieved by intermittent addition of silicone AF60 antifoam emulsion
as required. The batch medium and feed medium 1 of Table 2 in ref.
(12) were used as batch and feed media compositions, respectively.
For plasmid-containing cells, 100mg/L ampicillin was added to the
batch medium. At t=0, the fermentor was inoculated with a 100mL
overnight LB culture grown in a shake flagsk in each case. Cells were
initially grown in batch mode till nutrient was exhausted, as indicated
by a sudden increase in DO (Fig. 2). Thereafter, feeding was com-
menced (as indicated by vertical arrows, Fig. 1la; this is the initial
point of each curve in Fig. 1b) at a constant rate of 10mL/h and
continued till the O.D. (optical density at 800 nm) reached a constant

value.

Figure 2: Dissolved oxygen and median cell size profiles for JM101

(—++—-, IM101:pUC9 (— —~— — ) and JM101:pRED?2 ( ) in

fed-batch fermentations.
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Method: Details of the fermentation experiments are described in the
caption to Fig. 1. DO was calibrated and recorded with reference
to air saturation The median cell size was determined for various
samples (éls indicated by the discrete points) on a Coulter counter, as

described in (18).
Figure 8: Respiratory behaviour of JM101 (—-——,

JM101:pUC9 (——=——"~ ) and JM101:pRED2 ( ).

Method. 1mL stationary phase cells (from samples indicated by vertical
arrows in Fig. 1la) were centrifuged and resuspended in 25xL 100mM
phosphate buffer (pH 7). This was then injected into fresh medium
prewarmed to 37°C in a Gilson respirometer (approx. 2mL). The
above curves represent the time course of DO recordings normalized

to a unit ODggo basis.
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Figure 1.
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Figure 2.
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CHAPTER 4

EVIDENCE FOR PARTIAL EXPORT
OF VITREOSCILLA HEMOGLOBIN INTO THE
PERIPLASMIC SPACE IN ESCHERICHIA COLL

IMPLICATIONS FOR PROTEIN FUNCTION

Source: Khosla, C. and Bailey, J.E. (1989) J. Mol. Biol.

210:79-



4.1 Summary.

The Vitreoscilla hemoglobin protein has been implicated in earlier
studigs to serve a globin-like function under oxygen-limited growth
conditions. Evidence is presented using fractionation as well as pro-
teinase K accessibility techniques to prove that a considerable amount
of this protein is localized in the periplasmic space of the cell. Ge-
netic evidence points towards the existence of information within the
N-terminal domain of the protein that plays a role in the process of
protein export. However, this sequence is not cleaved in the process of
translocation. Analysis of the primary structure of this region reveals
several unusual features. Instead of positively charged residues at its
amino terminus, it has a negative charge. The overall hydrophobicity
of the central region of this sequence is significantly lower than in
typical leader peptides due to the presence of a charged residue. In
keeping with the likelihood that such an export signal may not be
very efficient, a substantial fraction of the total cellular hemoglobin
can also be detected in the cytoplasm. Heme is incorporated in both
cytoplasmic and periplasmic globin as indicated by ability of protein
from both fractions to bind carbon monoxide. The secretion of this
protein into the periplasm raises questions concerning the physiolog-
ical significance of its localization. Dimensional analysis of a model
based on the facilitated diffusion hypothesis, which was initially pro-
posed to account for the the effects of eucaryotic globins on oxygen

transport, suggests that periplasmic globin can support an additional
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oxygen ﬁux to the respiratory apparatus that may be physiologically

‘significant.

4.2 Introduction:

The mechanisms involved in translocating proteins into and across
membrane barriers have been subjects of intensive investigation.
While several differences exist in the processes involved in protein
export in different model systems such as bacteria (reviewed in Ran-
dall & Hardy, 1984; Duffaud et al., 1985; Ferenci & Silhavy, 1987),
mitochondria (reviewed in Schatz & Butow, 1983; Eilers & Schatz,
1988), and the endoplasmic reticulum (reviewed in Wickner & Lodish,
1985), available information suggests common underlying mechanisms
(Wickner & Lodish, 1985). In Escherichia coli in particular, the devel-
opment of elegant genetic and biochemical techniques have led to the
elucidation of many features of the sequence information required for
brotein translocation, the cellular factors involved in the pathway(s),

as well as the events that occur in the translocation process.

Vitreoscilla is a gram-negative, obligately aerobic bacterium which
synthesizes a soluble heme-protein in response to hypoxic conditions
(Boerman & Webster, 1982). The amino acid sequence, when prop-
erly aligned, shows marked homology to eucaryotic globins (Wak-
abayashi et al., 1986). It was noted, however, that the first 11 residues
of the protein show no homology with the A helix of eucaryotic

globins. This helix is unimportant to globin activity (Perutz, 1988).
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The geﬁe coding for the VHD protein has been cloned and functionally
~expressed in E. coli (Khosla & Bailey, 1988a; Dikshit & Webster, 1988).
.Nucleotide sequenc'ing revealed a strong putative promoter upstream
of the structural gene (Khosla & Bailey, 1988a), which is responsible
for high-level expression of Vitreoscilla hemoglobin (Khosla & Bailey,
1988a), as well as other fusion products under oxygen-dependent reg-

ulation in E. coli (Khosla & Bailey, 1989).

Recently, it has also been shown that heterologous expression
of Vitreoscilla hemoglobin improves the growth properties of recombi-
nant E. coli under low-oxygen conditions (Khosla & Bailey, 1988b).
Although in vivo respirometric studies suggested that this property
may have been due to enhanced rates of oxygen consumption at rate-
limiting dissolved oxygen concentrations, the mechanism of such an
effect remains unknown. Several plausible hypotheses could be pro-
posed for the role of the protein. For one, the protein could serve
a storage function, although the rapid rate of bacterial respiration
would exhaust such an oxygen buffer in far less than a single genera-
tion time in cells starved for oxygen. Although such a storage function
could be useful during temporary oxygen starvation, it cannot explain
elevated respiration and specific growth rates over sustained periods
of oxygen deprivation as has been observed. A more likely expla-
nation invokes the facilitated diffusion hypothesis, proposed earlier
in the context of globin-mediated oxygen transport (for review, see

Wittenberg, 1970). Briefly stated, this hypothesis suggests how the



-45-

j)resence of globins can enhanée the steady-state rate of oxygen diffu-
sion, even though the diffusivity of the protein is substantially smaller
than that of free oxygen. Recent results have also provided evidence
for a direct flux of myoglobin-bound oxygen to mitochondria (Wit-
tenberg & Wittenberg, 1987) and suggest the presence of a terminal
oxidase that is capable of recognizing and interacting with oxymyo-
globin as a terminal electron acceptor in addition to free oxygen. A

similar mechanism could be envisaged for the bacterial globin.

The aerobic respiratory apparatus of E. cols is localized in the in-
ner (cytoplasmic) membrane of the cell, with the oxygen- binding site
oriented towards the cytoplasm (Anraku & Gennis, 1987). Hence, de-
termination of the sub-cellular localization of Vitreoseilla hemoglobin is
critical to the exploration of the in vivo mechanism of its function. In
this paper, we present biochemical as well as genetic evidence that a
sizeable fraction of the protein is exported into the periplasmic space
of E. cols. Qualitatively similar results were also obtained by protein
localization studies in Vitreoscilla. During the course of this study, sev-
eral interesting features of the translocation mechanism have emerged

which are discussed_ here.

Since secretion of this protein localizes it between the source (the
culture medium) and the sink {the terminal cytochromes) for oxygen,
it might be intuitively appealing to propose a mechanism for this sys-
tem that is analogous to its eucaryotic counterparts such as muscle

cells or root nodules of leguminous plants. However, the geometric
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dimensions as well as the kinetic and thermodynamic properties of
‘these different systems are very different; consequently, an extrapola-
tion of the same model in the absence of detailed measurements need
not be correct. In this particular situation, a rudimentary mathe-
matical description that incorporates the essential features of the the
hemoglobin function and localization can be useful. Given reasonable
estiinates of the magnitudes of a few biochemical and biophysical pa-
rameters, the mathematical model can be subjected to dimensional
analysis in order to assess the feasibility of the above mechanism. For
example, Wyman’s (1966) theoretical analysis of the facilitated diffu-
sion hypothesis (Wittenberg, 19668) was instrumental in rationalizing
its features. Equally important, such an approach enables the iden-
tification of potentially useful genetic modifications and biochemical

measurements that could test the model and its underlying assump-

tions.

4.3 Materials and Methods.

Bacterial strains, phages and plasmids: Strains JM101 (supE, thi, A(lac-
proAB), [F’, traD36, proAB, lacFZAM15]) (Yanisch-Perron et al, 1985)
and CC118 (araD189, A(ara, leu)7697, AlacX74, phoAA20, galE, galK, thi,
rpsE, rpoB, argE,,, recAl) (Manoil & Beckwith, 1985) were also used.
GRO21 and GRO22 are derivatives of E. coli K12 strain MG1655 (Cold
Spring Harbor Laboratory, NY) containing single copies of the Vit-

reoscilla hemoglobin ( VHb) gene integrated in the lac and zy! operons,
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respecti‘vely (Khosla & Bailey, 1989). The construction of ATnphoA
‘has been described elsewhere (Manoil & Beckwith, 1985). Vitreoscilla

sp is the Murray strain No. 389.

.Media and Growth Conditions: E. coli cells were grown in 1% bac-
totryptone, 0.5% yeast extract, 0.5% sodium chloride, 0.3% K,HPO,,
and 0.1% KH,;PO4 (pH 7). Vitreoscilla sp was grown in 1.5% pep-
toné, 1.5% yeast extract and 0.02% sodium acetate (pH 7.5). Wher-
ever needed, ampicillin was used at a concentration of 50 mg/L and
kanamycin at 40 mg/L. Growth of E. coli cells in experiments involv-
ing induction of the oxygen-regulated VHb promoter (discussed above)

are described elsewhere (Khosla & Bailey, 1989).

DNA manipulations and sequencing: All in vitro DNA manipulations
were done according to standard protocols (Maniatis et al, 1982).
Deletion endpoints and fusion junctions were determined by dideoxy
sequenciﬁg of the respective plasmids using the Sequenase kit (US
Biochemicals) and a modified protocol (Kraft et al, 1988). Universal
and reverse primers (US Biochemicals) for pUC19-derived plasmids

and the EcoRI primer for pBR322-derived plasmids (Promega) were

used.

Cell fractionation: Quantitative fractionation of cells into peri-
plasmic and cytoplasmic + membrane fractions was done according
to the osmotic shock method (Neu & Heppel, 1965). (-lactamase
(MW, 39.6 kd) and isocitrate dehydrogenase (NADP*) (MW, 46.9

kd) were assayed (described below) as periplasmic and cytoplasmic
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controf markers, respectively. Alternatively, the release of periplasmic
. proteins was effected by chloroform treatment of intact cells (Ames
et al, 198.4). SDS-PAGE on pfotein samples was done by the method

of Laemmli (1970).

Protesnase K accessibility ezperiments: Cultures of GRO22 were grown
to late lég phase (ODgoo = 0.65). 5 mL samples were taken at this
point with the aim of demonstrating translocation of VHDb across the
E. coli cytoplasmic membrane. The procedure used was identical to
that described by Rasmussen et al (1984). However, instead of im-
munoprecipitating the protein prior to analysis, samples were directly

solubilized in SDS sample buffer and assayed via Western blotting.

N-terminal sequence analysis: Periplasmic and cytoplasmic fractions
of JM101/pINT2 were prepared by the osmotic shock method de-
scribed above (see Fig. 1). Samples were electrophoresed in a 12.5%
SDS polyacrylamide gel and blotted on PVDF membranes (Immo-
bilon P, Millipore) using the protocol referenced below. The PVDF
membrane was rinsed in distilled water several times, stained with
0.1% Coomassie Blue R-250 in 50% methanol for 5 min, and then
destained in 50% methanol, 10% acetic acid for 10 min. After a final
rinse in distilled water, the membrane was air dried and the VHb
bands (periplasmic and cytoplasmic) were cut with a clean scalpel.
For each strip the sequence of the first 15 residues of the membrane-

bound protein (approx. 300-500 pmol) was determined on an Applied
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Biosystems sequenator. Note that this procedure is essentially the

same as that originally described by Matsudaira (1987).

Construction of VHb-phoA fustons: The method of constructing phoA
fusions on plasmid- encoded genes using ATnphoA has been described
elsewhere (Manoil & Beckwith, 1985). The plasmid used for this pur-
pose was pOX1, which was constructed by inserting the HindIII-BamHI
fragment containing the entire hemoglobin gene from pRED4 into the
corresponding sites of pBR322 (Khosla & Bailey, 1989). Purity of
clones that expressed active phoA (as indicated by blue colonies) was
checked by restriction mapping of the resulting plasmid, as well as
transforming CC118 to obtain all blue colonies on 5-bromo-4-chloro-

3-indolyl phosphate (Sigma) plates.

Assays: Hemoglobin activity was determined by the following
method: Cells were centrifuged, resuspended in assay buffer (100 mM
Tirs-Cl pH 7.5, 50 mM NaCl), and sonicated. The soluble fraction
was assaued for hemoglobin content using the CO difference spectrum
method (Webster & Liu, 1974). §-lactamase assays were as per Sawali
et al (1978). For isocitrate dehydrogenase assays, a Sigma kit was
used. phoA activit)ﬂr was quantitated by a kinetic assay which mea-
sured the rate of hydrolysié of p-nitrophenyl phosphate (AA 420 /min)

at 30°C (performed on a Shimadzu UV260 Spectrophotometer).

Western blotting of VHb protesn: Hemoglobin expressed in E. coli was

purified from cell extracts (R. Hart and J.E. Bailey, manuscript in
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preparétion). This preparation was used to generate rabbit anti-
. globin antiserum (Cocalico Biologicals). Western blotting was done
according to standérd protocols (Winston et al, 1987). Using both
purified hemoglobin as well as cell extracts from several E. coli strains

that do not express VHb, the antiserum was found to predominantly

cross-react with VHb.

4.4 Results.

Construction of a Ptac- hemoglobin fuston: The nucleotide sequence of
the structural gene (Khosla & Bailey, 1988a) is in perfect agreement
with the protein sequence determined independently (Wakabayashi et
al, 1986). However, in order to rule out the possibility of an upstream
codon initiating translation, or any other upstream signal affecting
the localization of the protein, pRED4 was digested with HindIIT (140
nt upstream of the start codon; Khosla & Bailey, 1989) and treated
with exonuclease Bal3l. The resulting mixture was digested with
Sphl (downstream of the native translation and transcription termi-
nation signals). The gene- containing fragments were gel- purified
and cloned into the HincI- Sphl sites of pUC19. A deletion fragment
that mapped 2 bp upstream of the start codon was identified. A
synthetic ribosome binding site (AGAGGA located 6 nt upstream of
the start codon; synthesized at the Caltech Microchemical facility)
with an upstream BamHI site was inserted gt an appropriate spacing

from the start codon. The resulting BamHI- Sphl fragment was ligated
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with a HindI[E BamHI Ptac fragment (Pharmacia Inc) and HindlIL
SphlI digested pBR322 to create a Ptac- hemoglobin fusion plasmid,
pINTI1. The plasmid was characterized by restriction mapping and a
resulting clone, JM101/pINT1, was assayed for the ability to produce
active hemoglobin in response to IPTG addition. An isogenic strain,
JM101/pINT2, was constructed by subcloning the HindIII- Sphl frag-
menf from pRED4 into corresponding sites in pBR322. This strain

expresses hemoglobin under the regulation of its native oxygen- reg-

ulated promoter.

Evidence of hemoglobin ezport to the periplasm: In order to quantify
the relative distribution of VHD in the periplasm and the cytoplasm,
cells expressing the protein were fractionated by the osmotic shock
method. Since both hemoglobin activity as well as SDS-PAGE are
relatively insensitive assays for the presence of the protein, in either
case the protein had to be expressed to measurably high levels to be
detected by either method. However, in case of the construct contain-
ing the native fragment (JM101/pINT2), care was taken to harvest
the cells sufficiently before the stage when hemoglobin is prbduced
as inclusion bodies, which are .detectable under a light microscope.
(Extreme oxygen limitation, typically encountered in early station-
ary phase, results in very high level induction of the native oxygen
regulated promoter; discussed in Khosla & Bailey, 1989). This com-
plication of inclusion body formation is not encountered in the case

of the Ptac- hemoglobin fusion, even under maximal induction. The
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“absence of inclusion bodies in the samples used for fractionation was
verified by sonication, followed by centrifugation at 16,000g for 20
min (Figure 1, lanes 2 and 8). Table 1 shows the relative hemoglobin
activities in different fractions for each strain, as well as the relative
activity of the control enzymes. The samples were also analyzed by
SDS-PAGE (Figure 1). It can be seen that, at these expression levels,
approximately one-third to one-half the active protein is exported to
the periplasm in either strain. This suggests that localization signals

are absent upstream of the presumed start codon.

N-terminal sequence of periplasmic and cytoplasmic VHb: An important
result that was obtained from the fractionation experiments described
above is that the molecular weights of cytoplasmic and the periplas-
mic hemoglobin appear to be identical as determined by SDS-PAGE.
( The slight difference in VHb band positions in Fig. 1 may be an
artifact of loading large amounts of protein which is requiredl to ver-
ify the validity of the fractionation technique. The same VHbD bands
migrate at identical positions when more sensitive staining techniques
such as silver staining are used (data not shown). This can also be
verified from Western blots such as in Fig. 2.) The observed molec-
ular weights also agree with the predicted value (MW 15,775). This
suggests that VHDb may lack a signal sequence that is cleaved during
export of the protein. To verify this unambiguously, the N-terminal
regioné of periplasmic and cytoplasmic VHb from JM101/pINT2 were

sequenced. The first 15 amino acids of both fractions were found to
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be identical and were in agreement with the amino acid sequence de-
termined previously (Wakabayashi et al, 1986) and the corresponding
nucleotide sequence {Khosla & Bailey, 1988). This sequence is shown |

in Fig. 5.

Estimating periplasmic and cytoplasmsc VHb levels at different gene doses:
It could be argued that the inefficiency of VHb export as suggested
above is an artifact of overexpression due to a multicopy plasmid. Fur-
thermore, in an analysis of the possible in uivo role of globin (see be-
low), an important parameter is the intracellular protein level and the
distribution thereof in various cell fractions. An earlier study (Khosla
& Bailey, 1988b) as well as subsequent investigations (unpublished re-
sults) on the effect of this protein on oxygen- limited aerobic growth
and respiration in E. colt have been conducted with the gene on a mul-
ticopy plasmid. However, the extent to which the concentration and
localization of active globin in such experiments are a consequence of
gene dosage should be examined, since presumably the gene is present
in the Vitreoscilla genome in a single copy. For this purpose two E. cols
strains, GRO21 and GRO22, were also studied. Two independent
integranf.s were used to eliminate the possibility of positional effects.
These studies were facilitated due to the availability of anti-VHD an-
tiserum. The results shown in Fig. 2 indicate that a considerable
fraction, but not all, of the globin synthesized in these strains is ex-
ported to the periplasm. (The absence of any detectable cytoplasmic

antigens other than VHb in the periplasmic fractions qualitatively
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validates the fractionation technique.) Quantitation of globin activ-
ity by the CO- binding method revealed that the periplasmic fractions
contain 35-45 % of total cellular globin activity. Furthermore, it was
calculated that these single copy integrant strains produce roughly
one-tenth the active globin synthesized by strains containing the VHb
gene on a multicopy plasmid, when grown under identical conditions.
Using typical dimensions of an E. coli cell (Glass, 1982), based on the
molar quantities of globin that were determined from microsequenc-
ing of the periplasmic fraction, it was calculated that the periplasmic

hemoglobin concentration is approximately 0.2 mM in the single copy

case.

Evidence of protesn export from proteinase K accessibility ezperiments: Ad-
ditional biochemical evidence for the results of the fractionation ex-
periments described above was obtained by the proteinase K accessi-
bility technique. In this experiment GRO22 cells were spheroplasted
by the lysozyme-EDTA method and aliquoted into two equal samples,
one of which was lysed by sonication. Each sample was further split
into two samples, one of which was treated with proteinase K (for 30
min on ice) and th;a other with an equal volume of distilled water.
A whole cell control was also used. As can be seen in Fig. 3, the
extent of degradation of VHD in the intact spheroplast sample (lanes
2,3) is comparable to that in the lysed spheroplast sample (lanes 4,5).

This confirms that a significant fraction of synthesized VHbD crosses
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the innér membrane into the periplasm. In both lanes 2 and 4, no

degradation product was detected.

Localization stud:’eé in Vitreoscilla: Osmotic shock techniques for frac-
tionating E. cols could not be easily extended to Vitreoscilla. Limited
success was achieved with the chloroform treatment method. Even
though it was not possible to identify control periplasmic and cyto-
plasinic enzymes that could be assayed for with acceptable sensitiv-
ity, the absence of detectable cytoplasmic antigens in the periplasmic
fraction can be considered qualitatively indicative of the purity of the
fractions. The results of Fig. 4 demonstrate that approximately the
same fraction of total cellular globin is exported into the periplasm

in Vitreoseslla as is the case in GR0O22.

Genetic evidence for protein erxport: Although some inner membrane
proteins (Wolfe et al, 1983; Yazyu et al, 1984) and at least one outer
membrane protein (de Geus et al, 1984) also lack a leader peptide that
is cleaved during translocation, this is unusual for naturally occuring
periplasmic proteins in Gram-negative bacteria. Hence, we under-
took a genetic analysis, based on well-developed techniques of gene
fusions (reviewed in Michaelis & Beckwith, 1982; Beckwith & Silhavy,
1983) to identify the location of the signal(s) within the protein that
direct its export. Hoffman and Wright (1985) have demonstrated the
utility of the phoA gene of E. coli for creating protein fusions in order
to study the signals required for protein secretion. The screen for

detecting a chimeric polypeptide that is capable of being exported
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.relies on two central properties of the phoA gene product, alkaline
phosphatase: the >N.-terminal region of the enzyme is not essential
.for activity, and enzymatic activity is absent unless the protein is
exported across the membrane barrier. This concept has been ex-
ploited by Manoil and Beckwith (1985) with the construction of a
transposon-derived probe, TnphoA, which can conveniently be used
to generate in vivo fusion products with plasmid-encoded genes. Us-
ing this tool, a few hundred kanamycin hyperresistant colonies were
screened. Two hemoglobin-phoA fusions were isolated as blue colonies
that were capable of exporting the hybrid protein into the periplasm.
Restriction mapping of these plasmids, pHbP1 and pHbP2, revealed
that both fusion junctions mapped within the first 30 amino acids of
the hemoglobin polypeptide, suggesting that the N-terminal domain
of the protein contained at least one important determinant of the
export process. Results from osmotic shock treatment of these cells
(Table 2) are in qualitative agreement with this idea, even though the
relative inefficiency of secretion of the fusion proteins may suggest a
role for other regions of the globin polypeptide. (Periplasmic activ-
ity of exported f-lactamase- phoA fusion proteins produced from a
PBR322- derived plasmid using TnphoA in CC118 is typically about
150-200 fold higher than that in similar systems containing defective
fusions (Manoil & Beckwith, 1985).) The purity of the fractions ob-
tained were also checked by SDS-PAGE (data not shown). The loca-

tions of the fusion junctions are shown in Fig. 5. It should be pointed
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out thaf while the above analysis, which relies on results from a lim-
~ited number of fusions, does not exactly define the domain(s) that
contain information for VHD export, it does provide strong evidence

that the N-terminal region of the polypeptide is important in this

process.

Analysis of the N-terminal signal sequence: Several unusual features
of t.his localization signal. were observed. First, the export signal is
contained within the first 16 (or less) amino acids. This is somewhat
smaller than naturally occurrng leader peptides so far identified in E.
colt (compiled in Sjostrom et al., 1987), which are 18-30 amino acids
long. Secondly, although there is no homology between procaryotic
signal sequences at the level of primary structure, all of them pos-
sess a characteristic positively charged N terminus, followed by a
central stretch of hydrophobic residues (Duffaud et al., 1985). The
importance of both these motifs has been demonstrated through mu-
tation/mutagenesis (Inouye et al, 1982; Vlasuk et al, 1983; Bedouelle
et al, 1980). The hemoglobin signal sequence has a negative charge
at its N-terminal end, although the first 16 amino acids as a whole
have a net charge of zero. Hydrophobicity analysis of the sequence
using the Kyte and Doolittle (1982) scale shows that the presence

of the lysine residue at position 11 substantially reduces the overall

hydrophobicity of the core domain.

It could be recalled that the N-terminal region of Vitreoscilla hemo-

globin appears to have diverged the most from known eucaryotic
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globin s;tructures. ‘Using empirical rules for secondary structure pre-
-diction (Chou & Fasman, 1974), the first 11 amino acids (i.e. the
region before the pufative B-helix) appear to have a strong likelihood
to fold into a - sheet. Again, this contrasts with previous observa-
tions that implicate the requirement for a- helical structure within a

signal sequence (Emr & Silhavy, 1983).

An analytical snvestigation of globin funetion: In view of the above ex-
perimental results, it could be asked whether the ability of the cell to
synthesize and export hemoglobin could increase the effective oxygen
supply to the aerobic respiratory apparatus under oxygen-limiting
conditions. This question is similar in spirit to the one addressed by
the facilitated diffusion hypothesis, initially proposed by Wittenberg
(1966), based on his experimental results which convincingly demon-
strated for the ﬁrst time that globins were capable of facilitating oxy-
gen diffusion by reversible association with free oxygen and transla-
tional diffusion of the oxyglobin species. The molecular mechanism
was rationalized by Wyman’s (1968) mathematical formulation and
analysis of the problem. Wyman’s theoretical predictions agreed rea-
sonably well with Wittenberg’s data. In the bacterial case (schemati-
cally illustrated in Figure 6), the diffusion-reaction problem of aerobic
respiration in the presence of hemoglobin can be viewed as a surface
reaction on the inner face of the plasma membrane, bounded on one
side by the plasma membrane, periplasmic space, outer membrane,

and growth medium, and in the other direction by a semi-infinite
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cytoplasmic domain. The bulk concentration of oxygen (O;) in the
growth medium can be assumed to be time-invariant. Under steady-
state conditions, the equations and boundary conditions describing
the model are listed in Table 3, where O denotes free oxygen, Hb
denotes (deoxy)hemoglobin and HbO denotes oxyhemoglobin. k; and

k-, are the kinetic constants for the forward and reverse reaction in
- Hb+ O = HbHO

Making the simplifying assumption that free oxygen is the only species
that can diffuse across the inner membrane (i.e., there is no net
translocation of Hb and HbO across the membrane at steady state),
equation (4) in Table 4 implies that the flux of O at steady state at
any point within the membrane is constant. Under this condition
an order of magnitude analysis can be accomplished without specify-
ing any transport-related biophysical parameters of the plasma mem-
brane. This information would be necessary to solve (numerically) for
the exact concentration profiles in the periplasm and cytoplasm; how-
ever, the objective here is assessment of the possibility that facilitated
oxygen transport in the periplasm might increase the respiration rate.

The order of magnitude analysis suffices for this purpose.

From equations 1 and 3 in Table 3 it follows that

do, dHbO, _
DWT.’B- + Dapp e constant = —F,
Similarly, equations 5 and 7 give
Do 40, + Dgpe dH%0, = constant = —F,
dz dz
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Here, the symbol D represents diffusivity. Subscripts p and ¢ denote
periplasm and cytoplasm, respectively. F, and F, represent total
diffusive fluxes of free and bound oxygen. From boundary condition

8, F.=0.

The assumption of instantaneous equilibrium of the reaction
Hb+ O = HbO

at all points (Kp = k_;/k;) simplifies the problem greatly. Limita-
tions of this assumption are discussed elsewhere (Wittenberg, 1970),
although for an order of magnitude analysis such as this, they are
not likely to be serious. The order of magnitude analysis begins by

choosing appropriate scaling parameters:

O, =0,/04
O, = Oc/ob
X =z/z,
e

Y, = Hb0,/H, = z—2—
o T
Y, = HbO,/H, = st —
—O‘:' + O,

where H, and H, denote the total hemoglobin concentrations (in both
forms) in the periplasm and cytoplasm, respectively. Here, Y repre-
sents the fractional saturation of hemoglobin. The above differential

equations finally reduce to

do,
dx

=0
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and
] Dyy H,Kp 1 2,40, _ -R
[1+( Dop Ol? )(%‘:'+9P) ]dX - D.;!Ob
. P

where O, =1 at X = 0. The motivation for a non-dimensional formu-
lation is to identify combinations of parameters which determine the

nature of the solution.

Two features become. immediately obvious from the preceding
two equations. First, there are no gradients of free or bound oxygen
in the cytoplasm. Although this might be intuitively obvious given
the above formulation of the problem, it must be emphasized that
this result is a direct consequence of the assumption of instantaneous .

equilibrium everywhere, and need not be true if this is not the case.

Second and more importantly, we now have a relationship which
directly equates the (non-dimensionalized) respiration rate with the
(non-diménsionalized) total diffusive flux of free and bound oxygen
through the periplasm. This allows us to address the question we
had initially posed, namely, can the presence of hemoglobin in the
periplasm significantly increase the observed respiratory rate of the
bacterium which depends on transport of oxygen to the electron ter-
minus? Under oxygen limitation, the rate of respiration may be ap-
proximated by a first order expression (R = k(O;)z=,,). Using this,

the last equation can be rewritten as follows

A9,  kzp
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, Doy H K
where D.s; = Dyp[l + (ﬁz%gp)(%ﬁie,)gl

Here, D.;; represents the effective diffusivity of oxygen in the
periplasm, and it bbecomes immediately apparent that it increases in
the presence of hemoglobin. Using experimental data obtained here
as well as elsewhere, we can estimate the magnitude of this increase.
The Kjs value for oxygen consumption by cytochrome d in E. coli (i.e
the higher affinity terminal electron acceptor) is 0.38 uM (Kita et al,
1984). This is in very good agreement with half- saturation constant
for specific growth rates under oxygen- limited conditions (Chen et al,
1985), suggesting that respiration is indeed the growth rate-limiting
reaction. Equilibrium binding studies indicate that the psy for this
globin is 0.18 mm Hg (Tyree & Webster, 1978; Orii & Webster, 1988),
which corresponds to a Kp of approximately 0.25 uM. The diffusivity
of globins in water is about 20- fold smaller than that of free oxy-
gen (Wittenberg, 1970). Although the absolute magnitudes of the
‘diﬂ'usivities in the periplasm are likely to be significantly lower, since
diffusivity scales inversely with viscosity (Cantor & Schimmel), their
ratio is unaffected. Since our interest is in oxygen limited growth, it
follows that, under such conditions (say, O, = 0.5 uM and a periplas-
mic hemoglobin concentration of 0.2 mM; see section d), the dimen-
sionless term which represents the contribution of facilitated diffu-
sion is significant (=~ 10) compared to the free oxygen diffusion term
(= 1). The actual extent of enhancement of respiratory activity in the

presence of facilitated diffusion through the periplasm will also be
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dependent on the permeability of the inner membrane to oxygen, as
well as the maximal rate of respiration. This dependency is quantified
by the (dimensionless) terms, T’;— and %"ﬁ, where P is the membrane
permeability. The marginal utility of hemoglobin in the periplasm
will decrease as f.,—“: becomes substantially smaller than % or unity,
whichever is greater. Physically, this stipulation can be interpreted as
a reduirement that the ongen diffusion rate in the periplasm should
not greatly exceed the transport rate through the membrane or the
rate of respiration. The former is a reasonable assumption since the
permeability of small molecules through membranes correlates with
their solubility in a non-polar solvent (Stryer, 1981), and oxygen is
more soluble in non-polar solvents than in water. Predicting an ac-
curate value for —;—z;f, however, is not easy, since D,, is unknown in
the periplasm, where the high macromolecular concentration is likely
to affect viscosity, and consequently diffusivity (Richards, 1980). Us-
ing available data on respiratory rates in E. coli (Andersen & von
Meyenberg, 1980), we estimate the magnitude of this dimensionless
term to be of order 0.1. Using this value the presence of periplas-
mic globin will incréase oxygen- limited respiratory rates in E. colt by
about 10% according to this model. This analysis also implies that
globin presence in the periplasm will have an even greater effect in

gram-negative bacteria with higher intrinsic respiratory rates as are

typically observed for many obligate aerobes. Perhaps Vitreoseilla is
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one such bacterium. (A more detailed explanation of many steps in

- the above analysis can be found elsewhere (Carberry, 1978)).

4.5 Discussion.

Eucaryotic globins are well known as oxygen transporting mole-
cules. Their extraordinary ability to do so is the result of two central
properties. First, these heme proteins are localized so as to connect
regions of oxygen availability with those where oxygen is utilized. In
multicellular organisms, this property is due to an elaborate regula-
tory program which directs tissue-specific expression of these proteins
during development. The equivalent property in a procaryote would
involve environment- dependent synthesis and appropriate subcellular
localization. Secondly, each globin has optimized its binding affinity
(Kp) for oxygen so as to be most effective in its local environment. It
could be argued that, despite their significant similarities at the sec-
ondary and tertiary structure level, at least some of the differences

in primary structure of globins are the result of these evolutionary

pressures.

The information within the Vitreoscilla hemoglobin gene appears
to be in accordance with these ideas. Expression of the gene is in-
duced only under conditions where oxygen availability is limiting to
growth. The gene is expressed from a strong promoter, resulting in
the synthesis of sufficiently high levels of the protein to engender phys-

iological effects. The protein contains within it the necessary signal(s)
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to be exported to the periplasm. These signals are localized in the N-
terminal domain of ‘th.e protein, which is not a crucial domain from the
iriewpoint_ of h;sme-binding, and hence could perhaps afford a greater
degree of divergence from typical globin structures than the rest of
the protein. It should also be noted that the dissociation constant
(Kp) of this globin is reasonably close to the K, value for oxygen
consumption in E. coli. Qualitatively, this proximity is a measure of
how well-tailored the globin is to the needs of cell respiration. If Kp
is too large, then thé relative contribution of the globin-mediated oxy-
gen flux becomes insignificant. (If Kp >> K, then the magnitude
of the diffusive flux is inversely proportional to Kp; see Results, sec-
tion i). On the other hand, if Kp is too small, then, even at limiting
oxygen concentrations, the protein remains largely saturated, and is
less useful. (If Kp << K, then the magnitude of the diffusive flux is

directly proportional to Kp; see Results; section i).

The absence of a cleaved leader peptide, and utilization instead
of a signal sequence that is significantly different from typical pro-
caryotic export signals may be due to several reasons. It could reflect
some differences in properties of signal sequences between E. coli and
Vitreoscilla, although the results of Figure 4 argue against this interpre-
tation. Then again, it might have evolved in response to the specific
requirements and constraints of the hemoglobin molecule. For one,
the profein appears in both the soluble fractions of the cell. An inher-

ently weak export signal might account for this. Also, the apoprotein
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.portion's of other heme proteins such as cytochromes in E. coli as well
~as mitochondria are translocated prior to heme incorporation (Had-
dock, 1973; Zimmerman et al, 1979). Hence, if the generally accepted
notion that -protein translocation requires maintaining the nascent
polypeptide transiently in an unfolded state holds in this case, then
it would appear that folding of hemoglobin in the cytoplasm is kinet-
ically competitive with translocation. Perhaps this unusual property
of the signal sequence evolved specifically in order to enable it to
be physiologically useful in the periplasm as well as the cytoplasm
(see below). Then again, it could reflect an evolutionary constraint
between correct folding and correct localization. In any event it is
interesting to note a resemblance between the structure of this signal
sequence and that of a mutant leader peptide of the maltose binding
protein (Bedouelle et al, 1980). Mutant 16-1 has a Thr -»Lys change
in the middle of the hydrophobic core, which considerably reduces its
hydrophobicity. The mutant protein was exported at approximately

half the efficiency of the wild type.

An important issue that remains to be understood is the role of
the cytoplasmic fraction of the protein. Although the analysis pre-
sented does not suggest any role for this fraction, this may be due to
its oversimplification. For example, if the instantaneous equilibrium
condition is not invoked, depending on the exact forms of the kinetics
of binding and releasing 6xygen, cytoplasmic gradients of free and

bound oxygen might exist, and these could play some physiological
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role. More importantly, if oxyhemoglobin can serve as an equivalent
electron acceptor at some terminal oxidase, then the kinetics of res-
.piration would be qualitatively altered (i.e. the reaction rate would
be a function of the cytoplasmic hemoglobin concentration). As men-
tioned earlier, some evidence of such a possibility has been demon-
strated in the case of myoglobin in cardiac myocytes (Wittenberg
& Wittenberg, 1987). Since the osmotic shock method used in this
work requires sonicating the spheroplasts, the possibility that part of
the globin detected in the cytoplasmic fraction may be membrane-
associated in vivo cannot be excluded. In fact, human hemoglobin has
been shown to possess ability to associate reversibly with the ery-
throcyte membrane with a Kp of potential physiological significance
(Fung, 1981). Since the aerobic respiratory chain of Gram-negative
bacteria is bound to the inner membrane, a similar property in VHb
might be consistent with the above function. Finally, the possibility
that oxyhemoglobin interacts with an oxidoreductase, with effects on

cytoplasmic chemistry, cannot be excluded.

The above experimental and theoretical results provide a basis
to make important verificable predictions regarding the in vivo func-
tion of the protein and the role of its signal sequence. Since growth
rate correlates with respirometric activity under oxygen-limiting con-
ditions, comparative studies of the wild-type protein versus export
mutants under conditons that vary total globin levels will be useful

in evaluating the proposed model or alternative hypotheses.
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TABLE 1: Determination of hemoglobin conf.ent in different cell

fractions: Plasmids pINT1 and pINT2 carry the globin gene under the

control of the tac promoter and its native oxygen- regulated promoter,

respectively. Isocitrate dehydrogenase was assayed as a cytoplasmic

control enzyme, whereas beta-lactamase was assayed as a periplasmic

control enzyme. The tac promoter was induced from the time of inoc-

ulation with 0.5 mM IPTG. The oxygen- regulated promoter induces

in response to microaerobic conditions, which are typically reached

around an ODggq of 0.4-0.5 under the conditions grown. Cells were

harvested at an ODggo of 0.75-0.8 and fractionated by osmotic shock-

ing. Methods for activity assays are described in the Materials and

Methods section.

VHb concentration
(A(419-436)/ mL
cell sample)

beta- lactamase
concentration
(units/ mL cell sample)

isocitrate dehydrogenase
(units/ mL cell sample
X 1000)

JM101/pINT JM101/pINT2
peripiasm |cytoplasm [periplasm gytopiasm
’ +membrane F-membrane

1.5 3.3 2.6 2.7
674 84 670 75
<0.001 2.4 <0.001 2.3
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TABLE 2: Periplasmic export of VHb-phoA fusion proteins:

CC118 contains a deletion in phoA. Plasmid pOX1 carries the VHb

gene under the control of its oxygen- regulated promoter, whereas

pPHDLP1 and pHbP2 are derivatives of this plasmid carrying VHb-phoA

in-frame fusions generated as described in the text. Other experimen-

tal conditions were similar to those described in the legend to Table 1.

Activity measurements reported here were done as described in the

Materials and Methods section. P represents the periplasmic fraction

and C+M represents the cytoplasmic + membrane fraction.

alkaline phosphatase
concentration
(A420/min. mL sample)

beta-lactamase
concentration
(units/ mL sample)

isocitrate dehydro-
genase concentration
(units/ mL sample)

CC118/p0OX1 | CC118/pHbP 1| CC118/pHbP2
P C+M P C+M P C+M
0.02 k0.001] 153 ]| 8.60 0.52 5.02
235 17 298 9 235 17
<0.001] 0.50 |<0.001 0.62 | <0.00t} 0.22
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TABLE 3: Steady state model for hemoglobin- facilitated
oiygen diﬂ‘ﬁsion and oxygen-limited bacterial respiration

(subscripts p, m, and ¢ denote periplasm, inner membrane,

and cytoplasm, respectively)

Doy T2 = iy (H5,)(0,) - k-1 (00,) (1)
Ditng %8 — k,(Hb,)(0,) — k-1(E0,) )
Doy T E%0p — _k,(Hb,)(0,) + k-1(EO,) ©
“
Dw% = ky(Hb,)(0.) — k_1(HbO,) (5)
Dﬂw%b—c = k1(Hb:)(O) — k-1 (HbO,) (6)
DHe 422?20,, = —k; (Hb:)(0,) + k-1 (HbO,) (7)
Boundary Conditions:
.at z=0, 0, = O,
. at z=0, 22 = 4O, _
at z =1z, dg:’ = del;o’ =0
at z=zc,%'!¢=§-§d%=o
. (~Dop*22)sna, - (~Doc 2t )a=a, + R(Oa=s,), Where R(O.=,) de-

notes the rate of reaction at the membrane-bound terminal oxi-

dase.

. O;, Hb,, HbO, are bounded and position invariant far from the

cytoplasmic membrane (z -»o0).
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4.9 Captions to Figures.

Figure 1: Cell fractionation of hemoglobin- ezpressing E. coli: Lane 1 con-
tains molécular weight sta_ndafds. Osmotic shock fractionation results
for strains JM101/pINT1 (lanes 6-9) and JM101/pINT2 (lanes 2-5)
are presented. Lanes 2 and 6 contain samples obtained by centrifug-
ing cell sonicates for 30 min at 16,000 g. Absence of any detectable
VHb in these lanes is indicative of the absence of inclusion bodies
in the cells. The cytoplasmic + membrane fractions (lanes 3 and 7),
periplasmic fractions (lanes 4 and 8), and total cellular protein sam-
ples (lanes 5 and 9) contain protein from equal numbers of cells. Lane
10 contains protein from JM101 as a control. Samples were run on

an 12.5% SDS-polyacrylamide gel and stained with Coomassie blue.

Figure 2: Western blotting of persplasmic protein from GRO21 and GRO22:
Periplasmic proteins of harvested cells were released by chloroform
treatment. Lanes 1 and 2 are samples from GRO21, and lanes 3 and
4 are samples from GRO22. Lanes 1 and 3 show the total cellular
protein, whereas lanes 2 and 4 contain periplasmic proteins only. The
indicated band was identified as VHD using appropriate controls (data

not shown).

Figure 3: Proteinase K accessibility ezperiments in intact and lysed sphero-
plasts of GRO22 cells: 5 mL culture was harvested and treated accord-
ing to the protocol referenced in the text. Each lane contains protein
sample from an equal number of cells and reveals the amount of in-

tact VHDb present after the designated treatment; (1) whole cells,
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no prote;inase K treatment; (2) intact spheroplasts treated with pro-
teinase K; (3) intact spheroplasts, no proteinase K treatment; (4)
lysed sphéroplasts treated with proteinase K; (5) lysed spheroplasts,

no proteinase K treatment. Only the relevant portion of the Western

blot is shown.

Figure 4: Fractionation of Vitreoscilla cells: Both GRO22 (lanes 1 and
2) and Vitreoscilla (lanes 3 and 4) were treated treated with chloroform
to liberate periplasmic protein. In both cases, the same volume of a
late log culture (ODgoo = 0.7) was treated according to the same
protocol. Lanes 1 and 3 contain periplasmic protein only, whereas
lanes 2 and 4 contain total cellular protein. Samples were run on a

12.5% gel prior to Western blotting.

Figure 5: Primary structure of the N- terminal region of the Vitreoscilla
hemoglobin protein: The nucleotide sequence as well as the amino acid
translation of the N-terminal region of the protein is shown. The
arrows indicate the junction points between VHb and the truncated

phoA gene on plasmids pHbP1 and pHbP2 (see text).

Figure 6: Schematic representation of the E. coli cell envelope in the pres-
ence of hemoglobin: The cell wall and the outer membrane, being rel-
atively more permeable, are not represented as diffusion barriers in
the ﬁgure. The solid dot represents the terminal electron acceptor
of the membrane-bound respiratory apharatus, which catalyzes the
reduction of oxygen to water. The remaining symbols are explained

in the text (see Results, section i).
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~ CHAPTER 5

PHYSIOLOGICAL AND BIOCHEMICAL INVESTIGATIONS OF THE
FUNCTIONAL ROLE OF A BACTERIAL HEMOGLOBIN

Source: Khosla, C., Curtis, J.E., DeModena, J., Rinas, U., and

Bailey, J.E. (1989) Bio/Technology. submitted.
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5.1 Summary.

The Vitreoscilla hemoglobin gene ( VHb) has been cloned and the
protein has been expressed in E. coli in its active form. Using E.
coli strains containing VHb integrated into the chromosome in single
copy, we have investigated the role of VHb on aerobic metabolism.
Based upon protein synthesis as an important indicator of the ener-
getié state of cells, the presence of VHb improves energy generation
properties under oxygen- limiting conditions. Such effects are not ob-
served under conditions of excess oxygen. Measurements of nitrogen
utilization rates corroborate the observation of enhanced protein syn-
thesis; however, the rates of carbon consumption and acid synthesis
remain unchanged in strains expressing VHb. This suggests that the
net effect of VHD in E. coli is to improve the efficiency, rather than the
kinetics, of oxygen-limited aerobic metabolism. Given available infor-
mation oh the mechanisms of electron transfer to oxygen in E. coli,
two broad classes of hypotheses could account for the mechanism of
action of VHb. The facilitated diffusion hypothesis implies that VHb
increases the net flux of oxygen to one or both of the terminal oxi-
dases in the branched electron transfer chain. The intracellular redox
effector hypothesis suggests that oxyVHb influences the activity of a
key redox-sensitive molecule, which is capable of affecting the overall
proton translocation efficiency of the cell in response to oxygen limi-
tation. Using two dimensional gel electrophoresis it is shown that the

intracellular concentrations of almost all proteins remains the same
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in the presence of VHb under oxygen-limiting cbnditions. However,
at least one protein is present in greater amounts in response to VHb
expression. The presence of the VHb) gene on a multicopy plasmid is
also shown tb enhance the protein synthesis rates in both cyd and cyo

mutants.

5.2 Introduction.

Maintaining an adequate supply of oxygen to aerobically growing
cell cultures is a central problem in a wide variety of bioprocesses.
The problem becomes particularly acute at larger scales of operation,
or under conditions employing high cell densities such as fed-batch fer-
mentations and immobilized cell systems. Traditional approaches to
this problem have focussed on improving the oxygen transfer properties
of the environment in which cells are grown. Examples of this include
optimization of aeration/ agitation configurations and improving the
solubility of oxygen in the liquid phase by addition of chemicals such
as perfluorocarbons. An alternative approach is genetic manipula-
tion to improve the oxygen utilization properties of the cells themselves.
Two possible strategies could be used to guide such an approach. On
one hand the availability of adequate information on the genetics, en-
zymology, and in vivo kinetics of aerobic respiration, and how it is
coupled to cell metabolism, could guide attempts at genetic manip-
ulation by revealing the rate-limiting steps and mechanisms of their
control. In a small number of model systems, such as the enteric bac-

terium, Eschcrichid coli, considerable knowledge along these lines has
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accumulated over the past two decades (for review, see (1-3)); how-
ever, it may be optimistic to eicpect these results to provide a basis
| for anything beyond trial and error attempts at manipulating aerobic
metabolism. As an alternative strategy it may be worth exploring
appropriately chosen niches in our natural environment for potential

solutions that have evolved in nature to this as well as other similar

problems.

Recently we illustrated the potential applicability of one such so-
lution to the problem of oxygen-limited growth (4). The bacterium
Vitreoscilla sp. is a gram negative obligate aerobe. Species of this
genus live in oxygen-poor environments such as stagnant ponds and
decaying vegetable matter. The above species synthesizes a soluble,
hemoglobin-like molecule (VHb) in response to hypoxic environents
(5). Although the mechanism of action of VHb is not known, its
marked structural homology to eucaryotic globins has led to the hy-
pothesis that VHD enables the bacterium to survive in oxygen-limited
environments (5). Studies on the cytochrome composition of the res-
piratory chain in Vitreoscilla have revealed the presence of two types
of terminal oxidases, cytochrome o and cytochrome d (8). Such a
branched arrangement of two Class II terminal oxidases is very simi-
lar to the respiratory chain of E. coli (1-3), and raises the possibility
of studying the influence of VHb on aerobic respiration using E. coli
as a surrogate host. Equally important, it was argued that this ex-

ample tests the feasibility of exploiting naturally evolved strategies
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to ameliorate potential bottlenecks in an important but imperfectly

‘understood metabolic function.

The VH) gene hés been clbned from a Vitreoscilla genomic library
(7,8) and its nucleotide sequence has been determined (8). The pro-
tein can be expressed in in E. coli in a form that is identical to
VHb .from Vitrebscilla, as judged by visible spectroscopy (7; C.K.
and.J .E.B., unpublished oBservations) and N-terminal sequencing (9).
The upstream sequence adjacent to the VHb gene includes an oxygen-
regulated promoter element (ORE) that is induced in E. coli under
microaerobic conditions by a mechanism that does not involve au-
toregulation by the VHb gene product (10). This suggests that VHb
may function in Vitreoseslla under conditions which have a close paral-
lel in E. coli. Early studies demonstrated that the presence of the VHb
gene under the control of its native promoter on a multicopy plasmid
in E. coli enhances the growth characteristics of the host in oxygen

limited fed-batch fermentations (4).

Two main hypotheses have been proposed to account for the func-
tional role of a molecule such as VHD in a bacterium. On one hand,
it has been suggested that VHDb plays the role of an oxygen storage
trap under conditions of oxygen starvation (5) (hereafter referred to
as the ozygen buffer hypothesis}. However, given typical intracellular
VHbD concéntrations in Vitreoscilla and the rapid kinetics of bacterial
respiration, the oxygen buffering capacity of oxyVHb would likely be

limited to no more than a few seconds. While this argues against a
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.role for- VHb under prolonged oxygen-limited conditions, the oxygen
buffer hypothesis cannot be ruled out. For example, it may be that
in its natural habitat the characteristic residence time for this bac-
terium in pockets of oxygen starvation is comparable to the time scale
for which intracellular VHb can act as an oxygen buffer. The second
hypothesis (5), called the facilitated diffusion hypothesis, was originally
proposed by Wittenberg (11) to show that, at physiologically rele-
vant concentrations of globin and oxygen, the diffusion of oxygenated
globins can contribute significantly to the net oxygen flux that occurs
in response to gradients in oxygen concentration. The hypothesis has
been used with some success to explain the mechanism of action of
myoglobin in muscle cells (11) and leghemoglobin in rhizobial-plant
symbiotic systems (12); however not all properties of such globin-
containing systems can be explained by this hypothesis (for example,
see (13)). Since the respiratory chain of gram negative bacteria is lo-
calized in the inner membrane of the cell, important evidence for the
validity of this hypothesis in the case of VHbD could be obtained by de-
termining the sub-cellular localization of the protein. Recently it has
been shown using biochemical and genetic means that a significant
fraction of the intracellular VHb content is indeed localized in the
periplasmic space of E. coli and in Vitreoseslla (9). Furthermore, given
available biochemical data, it was suggested on theoretical grounds
that the facilitated diffusion hypothesis is a plausible mechanism of

action of VHbD.
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We report here our results concerning the effects of VHbD on E. cols
| meta-bolism. Specifically, using the assumption that net protein syn-
thesis in growing cells is an important indicator of the energetic state
of the cells, We have studied the influence of VHb on the generation
of energy via aerobic catabolism of glucose under oxygen-limiting and
oxygen-excess conditions. We also present an analysis of the overall
protein composition under oxygen-excess and oxygen-limiting condi-
tions, obtained via two-dimensional gel electrophoresis. The role of
VHD in cytochrome d (cyd) and cytochrome o (¢yo) mutants has been

investigated. Based on an analysis of our results, we evaluate possible

functions of VHb.

5.3 Results.

Although it has not been explicitly demonstrated, it is reasonable
to assume that the VHb) gene is present in a single or low copy number
in the Vitreoseilla genome. Two lines of evidence support this assump-
tion. First, in low stringency Southern blots the relative intensity
of the band corresponding to the VHb gene is approximately similar
to that of certain non-specific bands (C.K. and J.E.B., unpublished
observations). Second, under microaerobic (i.e. induced) conditions
the intracellular concentration of VHb in Vitreoscilla is approximately
similar to that when the VHb gene is present in a single copy in the E.
coli genome (9). For this reason we have focussed our in vivo studies on
E. cols strains in which the VHb gene has been introduced in a single

copy..
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In the fed-batch fermenﬁations reported here, both ODgy; and
total protein concentrations were monitored over the course of each
.fermentation. However, for several reasons the total protein concen-
tration has been used as the most sensitive and reliable indicator of
growth. First, anomalous correlations have been obtained under cer-
tain conditions in shake-flask cultivations between absorbance values
(at several wavelengths) and biomass concentration (dry cell weight)
when VHD is expressed in E. cols cells (C.K. and J.E.B., unpublished
observations). Second, it has been observed that, amongst the ma-
jor macromolecular constituents (DNA, RNA, protein) of an E. cols
cell, the ratio of protein concentration to biomass remains relatively
invariant over the range of growth rates considered here (14). Third,
based on stoichiometric calculations it can be shown that more than
half the ATP consumed by E. coli for growth-related functions is di-
rected towards protein synthesis (15). Thus it can be argued that the
net rate of protein synthesis in a growing culture is indicative of the
energetic state of the cells. Since VHb has been hypothesized to en-
hance aerobic metabolism under oxygen-limiting conditions, protein
synthesis rates can be used as a qualitative indicator of the role of
VHbD under hypoxia. Finally, protein synthesis may be considered as
a model for a variety of energy- requiring biocatalytic functions which
may be enhanced due to the presence of VHb. In this work net pro-
tein synthesis was monitored in two independent ways. On one hand,

the total protein concentration in culture samples was monitored by
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the Bradford assay. On the other hand, pBR322-based plasmids con-
taining a reporter chloramphenicol acetyltransferase (cat) gene under
the control of the tac promoter, or a lacZ gene under the control of
the recA promoter, were transformed into different strains. As a re-
sult CAT or (-galactosidase is expressed constitutively in these cells
at moderate levels (data not shown, but, for example, see data in Fig-
ure 1(f)). Due to the sensitivity and accuracy of the activity assays
for these enzymes, this is taken as an independent measure of the rel-
ative protein synthetic capabilities of different cultures grown under
identical conditions. These data also indicate the influence of globin

on cloned protein synthesis under the conditions considered here.

VHb-medsated enhancement of ozygen-limited growth properties: E. coli
strain GROZ21 was constructed by integrating the VHb gene under the
control of its native oxygen-regulated promoter into the lac operon
of MG1655 (an unmutagenized K12 strain) in a single copy. Both
MG16855 and GRO21 were transformed with plasmid pTCAT con-
taining a tac-cat fusion. Figure 1 shows the results of fed-batch fer-
mentations with the two strains under fixed aeration/ agitation con-
ditions. Cells were grown in minimal medium with glucose as the
carbon source and ammonium sulfate as the nitrogen source. The
dissolved oxygen concentration dropped below detectable limits dur-
ing the batch phase of growth (indicative of oxygen limitation) and
did ndt increase thereafter. The synthesis of VHb in GRO21 is in-

duced in response to oxygen limitation (Figure le). As can be seen
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in Figui'es 1a, b, ¢, and d, the growth properties of the two strains
are identical by a variety of criteria in the absence of oxygen limita-
tion. However, undér oxygen-limiting conditions GRO21 grows more
rapidly, as indicated by total protein synthesis (Fig. 1b), CAT activ-
ity (Fig. 1b), and nitrogen utilization rates (Fig. 1c). Surprisingly,
no differences are observed between the two strains with respect to
carbon consumption or acetate synthesis (Fig. 1d). The values of
net acid-base balance calculated over the course of the fermentations
(data not shown) were in excellent agreement with the acetate pro-
files, suggesting that acetate synthesis is a reasonable measure of the
kinetics of carbon fermentation. The protein composition of samples

from the two fermentations are compared in Figure 1f.

In order to eliminate the possible influence of the position of in-
tegrationl of the VHb gene on the above results, a similar experiment
was repeated with GRO22 as the VHb-expressing host. GR0O22 was
constructed in the same way as GRO21, except that the locus of in-
tegration is the zyl operon instead of the lac operon. In terms of
both VHD expression levels and oxygen-dependent regulatory char-
acteristics the two strains are comparable (10). Results comparing
the growth properties of MG1655/pTCAT and GRO22/pTCAT are
shown in Figure 2. Since here too the two strains grew identically in
the presence of excess oxygen, only the results of the oxygen-limited
regime of the éxperiment are shown. Again, GRO22 grows better in

terms of total protein synthesis as well as CAT activity.
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To investigate whether the above results could be an artifact of
specific features of the tac-cat fusion construct, a different promoter/
reporter gene construct was tested in a similar manner. Plasmid
PGE245 contains a recA-lacZ protein fusion under the control of the
E. coli recA promoter. Although the lac operon is intact in MG1655,
and the exact position of integration of the VH) gene in GRO21 is
not - known (integration could have occured anywhere in the lacPOZY
region), it is assumed that, in a medium containing glucose with-
out any inducer of the lac operon, the contribution of #-galactosidase
expressed from the chromosomal lac operon is a negligible fraction
of that expressed from a strong promoter such as recA on a multi-
copy plasmid. This appears to be a reasonable assumption since the
specific §- galactosidase activity in strains containing pGE245 is ap-
proximately 2000 Miller units, compared to approximately 1 Miller
unit that is typically produced in an uninduced E. colf culture grown
in the presence of glucose (16). Figure 3 compares the growth proper-
ties of MG1655/pGE245 and GRO21/pGE245 under oxygen-limited
conditions. Again, expression of VHb enhances total protein and g-

galactosidase synthesis properties of the cells.

Effect of VHb expression on cell growth and respiration in the absence of
ozygen limitation: Synthesis of heme b in Vitreoscilla is strongly induced
by the onset of oxygen limitation (17). This suggests that VHb (which
is the major heme b - containing protein in Vitreoscilla) is beneficial to

Vitreoscilla only in hypoxic environments, but not under conditions of
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excess oxygen. The results presented above indicate that the presence
of VHbD in E. cph’ béneﬁts the cells under oxygen-limiting conditions.
Hence, it may be appropriate to investigate the effect of VHb on E.
coli under conditions of excess oxygen. This would also serve as a
test of the validity of studying the mechanism of VHb function in
E. coli. For this purpose a fusion between the tac promoter and the
VHb structural gene was integrated into the lac operon. The resulting
strain, GRO13, was transformed with plasmid pTCAT. The growth
properties of MG1655/pTCAT were compared with GRO13/pTCAT
in fed-batch fermentations similar to the ones described above except
that (i) IPTG was added to both fermentors to induce VHb synthe-
sis, and (ii) the dissolved oxygen concentration was maintained above
50% air saturation throughout the course of the experiment. As can
be seen in Figure 4a, expression of VHb in the absence of oxygen
limitation does not enhance total protein or CAT synthesis. Further-
more, this negative result cannot be attributed to extremely low VHb

concentrations (compare Figure 4b to Figure le).

Support for the above result also comes from in vitro experiments
in which fhe effect of VHbD on the rate of membrane- catalyzed aerobic
oxidation of NADH was studied. VHbD purified from an overproduc-
ing E. cols strain, which was determined to be identical to Vitreoscslia
VHD as judged by visible spectroscopy, has no significant NADH oxi-
dase activity (data not shown). However, on purification the protein

is stable only in its oxidized, but not oxygenated, state. Upon re-
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.dUCtiOIfl with dithionite, followed by exposure to air, purified VHbD
~ tends to auto-oxidize fairly rapidly. (A similar observation has also
been made with VHb purified from Vitreoscilla (18), suggesting that
this is an intrinsic property of VHb.) In contrast VHb in crude E.
coli lysates is indefinitely stable in the oxyVHD state. The result in-
dicates that, as is the case in Vitreoseilla, E. coli also possesses certain
red'uctase(s) that can stably maintain VHD in its reduced form within
the cell (7). Subsequent investigations have localized this reductase
activity to the soluble fraction (i.e. cytoplasm 4+ periplasm) of the E.
coli cell (C.K. and J.E.B., unpublished observations). Hence, in or-
der to investigate the effect of purified VHb on the NADH oxidation
activity of the membrane fraction, it was necessary to add a mini-
mum volume of membrane-free soluble fraction to an (air-saturated)
reaction mixture containing membrane fraction and 0.5 mM NADH.
Results bf these experiments showed that the presence of physiologi-
cally relevant (and even excess) quantities of oxyVHb does not affect
the kinetics of NADH oxidation in vitro under conditions of excess

oxygen (data not shown).

Two-dimensional gel electrophbretic analysis of protein composition: Two-
dimensional electrophoresis has been used previously to identify pro-
teins induced in E. coli in response to aerobiosis (19) as well as anaer-
obiosis (20). In a more recent study (21), while the number of aerobi-
cally inducible proteins was in close agreement with the earlier work,

the number of anaerobically induced polypeptides was greater, sug-
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gesting that the exact growth conditions used for generating anaerobic
samples may be important. In this work the protein patterns of sam-
‘ples from the fermentations described in Figure 1 were analyzed via
two—dimensidnal gel electrophoresis. From each fermentation three
samples were analyzed corresponding to conditions of excess oxygen
(DO > 40% air saturation; sample collected 8h post-inoculation),
shortly after onset of oxygen limitation (DO < 2% air saturation;
sample collected 8h post-inoculation), and at the end of the run (DO
< 2% air saturation; sample collected 26h post-inoculation). Only

the data corresponding to the final time points is explicitly shown in

Figure 5.

Several observations have been made from an analysis of these
gels. First, under all conditions studied here the overall protein pat-
terns of the two strains are similar. In particular this is true for
most of the proteins whose levels increase or decrease in response
to a change from well aerated to microaerobic conditions (indicated
with circles or squares, respectively, in Figure 5). The most notable
among these proteins is one that migrates with an apparent molecular
weight of 31 kDa. This protein is virtually absent under well aerated
conditions, but is a major component in oxygen-limited cells. The
overall similarity in the patterns observed for the two strains sug-
gests that the VHb- mediated enhancement is most likely assignable

to the presence of VHb, and not to a secondary response of E. coli.
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De;pite the apparent similarity in the protein patterns over the
. course of the two fermentations, a significant difference is observed in
the intracellular coﬁcentratioh of at least one polypeptide between the
two strains (indicated by a triangle). This polypeptide, which is not
visible in any of the earlier samples, has an apparent molecular weight
of 48 kDa. Majoi- changes have been observed in this spot in samples
from various E. coli strains (including several VHb™ strains) (U.R.,
unpublished observations). Such increases are coincidental with a
reduction in growth rate under typical batch cultivation conditions

with a complex medium.

VHb-mediated enhancement of growth properties of cyd and cyo mutants:
A candidate mechanism of VHb action is that it specifically interacts
with one of the two terminal oxidases present in E. coli (as well as in
Vitreoscilla). A preliminary investigation into this possibility was con-
ducted with E. coli strains carrying Tn5 transposon insertions into the
cyd and the cyo loci (gifts of Dr. R.B. Gennis). Earlier studies have
shown that strains mutated in either of the two terminal oxidase func-
tions have similar growth properties to an unmutated isogenic strain;
however cells lacking both funcfions are unable to grow aerobically on
non-fermentable substrates (21, 23). For the purpose of these exper-
iments, both ¢yd™ and cyo~ strains were transformed with pBR322
and pINT2 (a pBR322-based plasmid carrying the VHb gene under
the control of its own promoter). The results of shake-flask experi-

ments in complex medium with the above strains are shown in Figure
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6. In Both backgrounds the degree of enhancement of the rate of
_protein synthesis under oxygen limitation is approximately the same.
The oxygen-dependént regulatory characteristics of the VHb promoter
also remain unaffected in the two hosts compared to strains capable
of expressing both cytochrome oxidases (data not shown). This sug-
gests that the beneficial role of VHb is not restricted to the presence

of a specific terminal oxidase activity.

5.4 Discussion.

A physiological analysis of the globin effect: The following argument at-
tempts to identify the physiological function that is influenced by the
presence of the VHb gene under oxygen- limiting conditions in E. cols.
Table I shows a simplified representation of the major cellular func-
tions that are involved in synthesis and utilization of energy. Here the
reaction with the rate R; represents the maintenance energy require-
ments of the cell (24). Based on available data, one could ask which
numerical values listed in Table I remain unchanged due to the pres-
ence of the VHb gene. The results of Figure 1d indicate that R; and
R; do not change. One could also argue that, whatever be the mecha-
nism of action of VHb, it is likely to be a result of the oxygen-binding
properties of the hemeprotein. Hence, the stoichiometries of all the
oxygen-independent reactions in Table I are unlikely to change (i.e. a,
b, c, f, g, and n should remain constant). Furthermore, the necessicity
of balancing the oxidation and reduction halves of the reaction involv-

ing oxygen consumption dictates that d remains unchanged. Lastly,
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physiological studies with E. coli have demonstrated that the rate of
acid synthesig (i.e; fermentation) is inversely related to the oxygen
| availability under carbon limitation (Pasteur effect, see ref 25). This
is precisely the situation in our experiments during the latter period
of the experiments described here (i.e. when the greatest difference
is observed; for example, see Figures 1b-d). Thus, although we have
not explicitly measured oxygen consumption rates in any experiment,
independence of the rate of acid synthesis (R;) to the presence of
VHD indicates thaf. the total rate of oxygen consumption (Rj) also
does not change due to VHD presence. (It should, however, be re-
membered that Rj is the sum of the rates of two parallel reactions at

distinct terminal oxidases (see discussion later).)

Given this background we can identify which values listed in Table

I change due to VHb expression. By definition,

R _ _1dNHs 1dP
T 7 4t  gadt

where the concentrations of ammonia and total cell protein (NH; and

P, respectively) are expressed on a culture volume basis. From the

data in .Figures 1-3 it is clear that R, increases in the presence of

VHb. The representation of protein synthesis in reaction 4 (Table I)
incorporates the reasonable assumption that, under oxygen-limited
growth, the rate of protein synthesis is proportional to the rate at
which ATP is utilized for protein synthesis (the proportionality con-

stant being é) Given an overall ATP balance, this rate is equal to the
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net rate of ATP generation by reactions 1,3, and 5. This implies that
the quantity (bR, + eR3 — Rs) increases due to VHbD presence. All the
terms in this expression, save for ¢ and R;s, have been argued to re-
main unaffecfed by VHb. Thus, it follows that, under oxygen-limiting
conditions, expression of VHDb either increases the net stoichiometry
of protons translocated (or ATP synthesized) from NADH oxidation,
or reduces the net rate of proton leakage (or ATP consumed) for

maintenance. Some hypotheses as to the mechanism of VHb action

are discussed below.

It should be pointed out that true steady-state metabolic con-
ditions are only approximated during certain sub-intervals in a fed-
batch fermentation. For more quantitative analysis of the globin ef-
fect, analogous experiments in oxygen-limited chemostats would be
required. However, fed-batch operations were the method of choice
for this work for several reasons. These include the difficulty of .attain-
ing and monitoring microaerobic (oxygen-limited) steady-state con-
ditions in chemostats, the problems of assuring genetic stability of
(plasmid-carrying) strains over prolonged experiments in chemostats,
the relative convenience of operating in a fed-batch mode, and the

predominant role of fed-batch operations in most microbial biopro-

cesses.

Biochemical smplications of the globin effect: In E. coli the rate of oxy-

gen consumption does not seem to change. due to VHDb expression;
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yet thef efficiency of carbon utilization increases. The aerobic respi-
. ratory chain in E. colt includes several activities that are regulated in
response' to enviroﬁmental changes. For example, cytochrome o (the
low affinity terminal oxidase) is replaced by cytochrome d (the high
affinity terminal oxidase) under oxygen limitation (26). Furthermore,
although two distinct species of NADH dehydrogenases have been
idehtiﬁed in E. cols membi'anes, only one of them can function as an
energy coupling site (27). It has also been suggested that the number
of protons translocated per ATP synthesized may differ under differ-
ent growth conditions (28). Should the energy conversion efficiency of
any of these (or other) activities be affected under oxygen limitation,

VHDb might ameliorate this effect.

Given available information on aerobic respiration in E. coli, as
well as p;'operties of VHD and the regulation of its gene, two general
categories of hypotheses could be proposed to account for the mecha-
nism of VHD action. The first one, called the facilitated diffusion hy-
pothesis, implies that the presence of VHb enhances the oxygen flux
to one or both terminal oxidases under hypoxic conditions. Should
this be the case, the results pi'esented here suggest that such an ef-
fect is not necessarily restricted to a specific type of terminal oxidase.
Nevertheless, since the exact differences (if any) between the physi-
ological roles of the two cytochrome oxidases in E. colt are not clear,
it cannot be said whether>the influence of VHb is limited to a single

oxidase in a host that expresses both oxidases. In this context it may
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be worth noting that the conditions under which the VHb promoter is
induced (10) are reﬁérhbly similar to those under which cytochrome
d is induced (éB) in -Escherichia coli. Furthermore, a significant degree
of homology has been detected between the upstream regions of the
two genes (10, 29, C.K. and J.E.B., unpublished observations). This is
indicative of a common mode of regulation and may imply that VHb
enhances the activity of cytochrome o and/or cytochrome d. Should
the proton translocation efficiency of the two cytochromes differ un-
der hypoxic condit.ions, such a mechanism could be consistent with

the above suggestion of a net stoichiometric effect of VHb.

An alternative explanation of the mechanism of action of VHb,
called the intracellular redox effector hypothesis, suggests that
oxy VHD influences the activity of some key redox- sensitive molecule
in the cell. This could be a sensor, ﬁ regulator, or even an allosteric
site of a respiratory enzyme. Such an influence could in turn be
transduced into an increase in the efficiency of energy conservation.
Results obtained from two- dimensional gel electrophoresis have re-
vealed a significant difference in the intracellular level of at least one
E. cols prdtein in response to VHD synthesis. Whether this is a cause

or an effect of VHb-mediated enhancement cannot be said.

An earlier observation may be relevant to either of the above hy-
potheses. From results of biochemical experiments we have estimated
the VHD concentration in the integrant E. colt strains used here to be

approximately 100 uM in the periplasm and 20 uM in the cytoplasm
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(9). This is significantly higher than typical oxygen concentrations
under microaerobic conditions (< 2 4uM). In such a situation, should
even a fraction of the intracellular VHb be oxygenated, it might pro-
vide # sourcé of ‘available oxygen’ to one (or more) of the above
oxygen-dependent reactions by an (as yet unknown) mechanism. The
relatively high k.,;; values for this globin, calculated from flash pho-
tolysis experiments (30), support this argument. Further evidence for
this hypothesis could perhaps be obtained by studying the effect of
VHD on the conformation of a reporter molecule that is sensitive to
the oxidative state of the intracellular environment (e.g., a molecule
containing sulfhydryl groups).

Implications of these results on the role of VHb in Vitreoscilla. It might
be appropriate to ask whether the limited increase observed in car-
bon consumption efficiencies (Yp/s) in E. cols is sufficient to account
for a selective advantage to Vitreoseilla due to the presence of VHb.
In this context it is important to remember that E. coli is a faculta-
tive aerobe, whereas Vitreoscilla is an obligate aerobe. In other words,
while carbon utilization and energy generation is exclusively depen-
dent on aerobic respiration in Vitreoseilla, E. coli can consume carbon
and synthesize ATP via fermentative catabolism under oxygen limi-
tation. Thus, while the growth rate of an obligate aerobe is directly
dependent on the available oxygen concentration, the same is not
necessarily true of a facultative aerobe, and is further complicated

by the eventual inhibition of growth by acidic byproducts of oxygen-
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indepex;dent energy generation. Hence it may be that the same mech-
anism by which VHb produces a limited enhancement of microaerobic
growth in E._coli coﬁld result in a far greater selective advantage to
V:'tréoacz'lla (and possibly other obligate aerobes which encounter a sim-
ilar bottleneck in respiration). Then again, while the mechanism of
action of VHb has been exquisitely tuned to the demands of respi-
ratory function in Vitreoscilla by natural selection, minor differences

between the two bacteria could result in a decrease in the magnitude

of the VHD effect in E. coli.

5.5 Materials and Methods.

Bacterial strains and plasmids: MG1655 (A=, F~) is an unmutage-
nized E. coli K12 strain obtained from Cold Spring Harbor Laboratory.
The construction of strains, GRO21 and GRO22 (10), and of plasmids
pTCAT (31) and pGE245 (32) has been described elsewhere. Strain,
GRO13, was constructed in a manner identical to the construétion of
GRO21, except that a tac- VHb promoter fusion (9) was used instead
of the VHb gene under the control of its native promoter. GO103 (F~,
thi, gal, rpsL, cyd::kan) and GO104 (F~, thi, gal, rpsL, cyo::kan) were gifts
from Dr. R.B. Gennis. The construction of plasmid pINT2 has been
described elsewhere (9).

Fermeniation and shake-flask conditions: Fermentations were carried
out in a Bioflo ITI fermentor (New Brunswick Scientific) with a work-
ing volume of 2.5L. Cells were grown at 37°C and pH 7 under aer-

ation/agitation conditions specified in the captions to the figures.
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In all cases, the batch medium consisted of 4 g/L glucose, 0.4 g/L
(NH,),SO,, 4.35 g/L K,HPO,, 1.5 g/L KH,PO,, 1 mL/L trace metal
" mix (8.3 mM Na;MoO,, 7.6 mM CuSO,, 8 mM H,;BO3), 1 mL/L vi-
tamin mix (0.042% riboflavin, 0.54% pantothenic acid, 0.86% niacin,
0.14% pyridoxine, 0.006% biotin, 0.004% folic acid), 1 mM MgSO,,
0.05 mM CaCl,;, 0.2 mM FeCls, and 50 mg/L ampicillin. The feed
medium consisted of 430 g/L glucose, 110 g/L (NH,).SO4, 8 g/L
MgSO4, 1 mL/L vitamin mix, 1 mL/L trace metal mix, 0.2 mM FeClj,
0.05 mM CacCl,, and 100 mg/L ampicillin. Details of feeding protocols

are described in the captions to figures.

Shake-flask cultivations were carried out at 37°C in a New
Brunswick Scientific G24 gyratory shaker operating at medium set-
ting. The broth contained 10 g/L bactotryptone, 5 g/L yeast extract,
5 g/L NaCl, 3 g/L K;HPO,, 1 g/L KH,PO,, 100 mg/L ampicillin
(wherever required), and 30 mg/L kanamycin (pH 7).

Enzyme assays: Cell extracts used for assaying both #-galactosidase
and CAT specific activity were obtained by sonication of fermentation
samples. (3-galactosidase was assayed at 30°C using o-nitrophenyl-g-
D- galactopyranosi&e as the substrate. Change in A ;o was monitored
by a rate assay in a thermostatted spectrophotometer (Shimadzu
UV260). Specific activity is expressed as Miller units (18). CAT activ-
ity was assayed with '4C-labeled butyryl coenzyme A (New England

Nuclear) according to recommended protocols (33). Specific activity
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is expréssed in units CAT / ODsgo-mL. Standard CAT (Sigma) was

‘used to calibrate the assay.

Gel electro_phorcsié and Western blotting: One dimensional gel elec-
trophoresis of proteins was according to standard protocols (34). VHb
was detected via Western blotting as described elsewhere (10). Two-
dimgnsiona] gel electrophoresis was performed by a modification of
the O’Farrell technique (35), as described elsewhere (36). Immedi-
ately prior to electrophoresis, samples were lysed in 2% sodium dode-
cyl sulfate and 30 mM dithiothreitol, sonicated for a few seconds, and
boiled for 10 min. Isoelectric focussing was performed to equilibrium:
4h 200V, 4h 500V, and 8h 2000V. For this a model 175 chamber (Bio-
Rad) was used. The ampholines used were 2% pH 3-10 (Serva), 2%
pH 3-10 (Bio-Rad), and 1% pH 5-7 (Bio-Rad). The second dimen-
sion was run on a 9-16% SDS-polyacrylamide gradient gel at constant
current (40 mA, 160 X 200 X 1.5 mm) in the Protean II Multi-Cell

apparatus (Bio-Rad). Subsequently, the gels were stained according

to the protocol of (36).

In witro studies: VHDb was purified from E. coli according to the
method of Hart and Bailey (manuscript in preparation). E. coli mem-
brane fractions and soluble fractions were obtained from sonicated
cell samples by differential centrifugation (37). The kinetics of NADH
oxidation were followed on a Shimadzu UV260 thermostatted spec-

trophotometer at a wavelength of 340 nm and a temperature of 30°C.
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Table 1:

A simplified representation of carbon
metabolism and its coupling to energy
synthesis and consumption

METABOLIC ACTIVITY RATE
Glucose aAcid + b ATP R
Glucose ¢ NADH R:
NADH + dO2 — e ATP Rs
ATP + fNHs — g Protein Rs

nH(in) + ATP — nH(out) + ADP Rs
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5.9 Captions to Figures.

Figure 1: Comparison of growth properties of MG1655/ pTCAT and
.GR021/ pTCAT. Results of fed-batch fermentations with MG1655/
PTCAT ( © ) and GRO21/ pTCAT ( ® ) are presented. In both
cases the cells were grown under constant conditions of 0.2 L/min air
supply and 300 rpm. The batch phase of growth lasted till an OD;,,
of 1.2. Thereafter the cells were fed with feed medium at 1.4 mL/h
till the ODsgo reached 2.5, following which the feed rate was kept
constant at 2.8 mL/h. (a) The growth curves, as measured in terms
of ODsg0, are shown here for the two strains. The time correspond-
ing to the onset of oxygen limitation (DO < 2%, 7h post-inoculation)

is indicated by a vertical arrow. (b) The total protein concentra-

tion (~---) and CAT activity ( ) profiles from the oxygen-limited
phases of the two fermentations (beyond 7h post-inoculation) are pre-
sented. (c) The time course of the nitrogen source concentration in

the two fermentors is shown. (d) Likewise, the time courses of the

glucose concentrations (-~-~-) and acetate concentrations (

) are
also shown. (e) Relative intracellular VHb levels in GRO21/pTCAT,
as analyzed by Western blotting with anti-VHDb antiserum, are shown
over the time course of the fermentation. Each lane contains protein
from approximately the s#me number of cells (10 uL of 5 OD5sg0).
- The samples are as follows (the numbers in parentheses represent the
post-inoculation time of sampling): Lane 1, MG1655/pTCAT con-

trol (7h); lane 2, GRO21/pTCAT (5h); lane 3, GRO21/pTCAT (Th);
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lane 4, GRO21/pTCAT (9h); lane 5, GRO21/pTCAT (18h); lane 6,
'GRO21/pTCAT (24h). (f) Samples over the course of both fermen-
tations are analyzed by one-dimensional gel electrophoresis, followed
by Coomassié blue staining. Again, each lane contains protein from
approximately the same number of cells (15 L of 10 ODsy,). Lane
1 contains molecular weight standards (14.4, 20, 30, 43, 67, and 94
kDa). Lane 2 contains an MG1655 control sample grown in the same
medium. Lanes 3-12 are (alternate) samples from MG1655/pTCAT
and GRO21/pTCAT, respectively. They represent the following post-
inoculation times: 7h (3,4), 9h (5,6), 12h (7,8), 16h (9,10), and 24h
(11,12).

Figure 2: Comparison of protein synthesis in MG1655/pTCAT and
GRO22/pTCAT under ozygen limitation. The time course of total

)
in fed-batch fermentations with MG1655/pTCAT ( © ) and

protein concentrations (— ——~— ) and CAT activities (

GRO22/pTCAT ( @ ) are plotted. Experimental conditions were
identical to those described in Figure 1. Again, since the protein con-
centrations in the two cases were similar under oxygen- excess condi-
tions, only the data from the oxygen limited phase of the experiment

is shown,

Figure 8: Comparison of protein synthesis in MG1655/pGE245 and
GRO21/pGE245 under ozygen limitation. The time course of total protein
concentrations (— — —) and (-galactosidase activity (——) in fed-batch

fermentations with MG1655/ pGE245 ( © ) and GRO21/ pGE245



-117-
( ® ) are plotted. Experimental conditions were identical to those
described in Figure 1. Again, since the protein concentrations in the
two cases were similar under oxygen-excess conditions, only the data

from the oxygen- limited phase of the experiment is shown.

Figure 4: Comparison of protein synthesis in MG1655/pTCAT and
GRO13/pTCAT under conditions of ezcess ozygen. (a) The time
course of total protein concentrations (~——) and CAT activities
(——) in fed-batch fermentations with MG1655/pTCAT ( © ) and
GRO13/pTCAT ( @ ) are plotted. Cells were grown under con-
ditions similar to those described in Figure 1, except that the DO
was controlled above 50% air saturation throughout the course of the
fermentations. IPTG was also added to both cultures to a final con-
centration of 0.5 mM. (b) Samples from the GRO13/pTCAT fermen-
tation were checked for constitutive expression of VHb via Western
blotting. Lane 1 contains a control sample from the MG1655/ pTCAT
fermgntation. Lanes 2-5 contain samples spanning the entire period

of the GRO13/pTCAT fermentation.

Figure 5: Protein compositional analysis of MG1655/pTCAT and
GR021/p TCAT. Samples of GRO21/pTCAT (A) and MG1655/pTCAT
(B), taken over the course of the fermentations described in Figure
1 (see Results section), were analyzed by two-dimensional gel elec-
trophoresis. Only the samples corresponding to the end of the fermen-

tations (26h) are explicitly shown. Proteins that increase under mi-
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croaerobiosis are marked with squares, while those that decrease are
circled. A spot that is significantly more intense in GRO21/pTCAT
is marked with a triangle. To provide a reference for comparing
these patterﬁs with kndwn databases (38), the following spots are
also marked: (1) elongation factor Tu, (2) elongation factor G, (3)
elongation factor Ts, and (4) outer membrane protein OmpA. The

right side of the gel corresponds to lower pH values.

Figure 6: Comparison of protein synthesis in cyd and cyo mutants. Cells
were grown in 100 mL complex medium (see Materials and Methods)
in a 250 mL shake-flask. (a) The time course of total protein con-
centrations in GO103 ( x ), GO103/ pBR322 (© ), and GO103/
PINT2 ( @ ) are shown. (b) The time course of total protein con-
centrations in GO104 ( X ), GO104/ pBR322( O ), and GO104/

PINT2 ( @ ) are shown.
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Figure 6a.
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CHAPTER 6

CHARACTERIZATION OF THE OXYGEN-DEPENDENT PROMOTER
OF THE VITREOSCILLA HEMOGLOBIN GENE

IN ESCHERICHIA COLI

Source: Khosla, C. and Bailey, J.E. (1989) J. Bacteriol. 171:5905-
6004.
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6.1 Summary.

The gene coding for the Vitreoscilla hemoglobin (VHb) molecule
has been cloned and functionally expressed in E. coli. Using a plasmid-
encoded gené as well as single copy integrants, the oxygen-dependent
VHb promoter has been shown to be functional in E. coli. The promoter
is maximally induced under microaerobic conditions (dissolved oxygen
levels less than 2% air saturation). Direct analysis of mRNA levels as
well as the use of gene fusions with lacZ has shown oxygen- dependent
regulation occurs at the level of transcription. Transcriptional activ-
ity decreases substantially under anaerobic conditions, suggesting the
presence of a regulatory mechanism that is maximally induced under
hypoxic, but not completely anaerobic, conditions in E. ¢oli. Primer
extension analysis has been used to identify the existence of two over-
lapping promoters within a 150 bp region upstream of the structural
VHb gene. The oxygen- dependent activity of both promoters is qual-
itatively similar, suggesting the existence of a common mechanism by
which available oxygen concentrations influence expression from the
two promoters. Analysis of promoter activity in ¢rp and cye mutants
has shown that both CAP and cAMP are required for full activity
of the promoter. ’1-‘-he VHb promoter contains a region of significant

homology to the CAP- bihding site near the E. colf lac promoter.

6.2 Introduction.

The response of bacteria at the level of gene regulation to pro-

found environmental changes is a well-observed phenomenon. In some
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of the better understood examples such as changes in temperature,
osmolarity and nifrdgen availability, this response involves sensing of
the change by the cell and transmission of this information to a reg-
ulatory protein which, in turn, affects the expression of a multigene
system (38). Another important environmental parameter for both
obligate and facultative aerobes is oxygen availability. In Escherichia
coli and Salmonella typhimurium, several genes have been shown to be
differentially regulated by varying dissolved oxygen (DO) levels and,
in the extreme case, by switching from aerobic to anaerobic condi-
tions or vice versa (8,14,19,21,22,24,31,46). Multiple loci have been
implicated in the regulation of these genes (1,10,19,20,22,40,46,52).
As would be expected, mutants in many of these regulatory loci are
pleiotropic (1,19,22,40). Likewise, the expression of some oxygen-
dependent genes appears to be affected in more than one of these
mutants (20,22,46), suggesting that these regulatory loci may func-
tion as components in one (or more) control cascades. Interestingly,
many genes that are influenced by oxygen availability, such as those
coding for some respiratory enzymes, are also influenced by other
effectors. This has. led to the proposal of the term "modulon” to
describe a set of regulons that are subject to a common control rﬁech-
anism (19). Oxygen-dependent control mechanisms revealed in some
of the above studies include positive regulation by an activator pro-

tein (24), negative regulation by a repressor (20) and modulation of

DNA superhelicity (10,52).
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Recently, we reported the discovery of an unusual oxygen-
regulated genetic switch that appears to be controlled by a well-
conserved mechanism in obligate as well as facultative gram-negative
aerobic bacteria. The bacferium Vitreoscilla is an obligate aerobe from
the Beggiatoa family that synthesizes a hemoglobin-like molecule in
response to growth in oxygen-poor environments (4,47). We have
cloned and sequenced the gene coding for this protein and demon-
strated functional expression of the protein in E. colf from its native
promoter (25). Using this expression system on a multicopy vector,
hemoglobin polypeptide levels as high as 15% total cellular protein are
readily obtainable in E. coli under low oxygen conditions (25, Khosla
and Bailey, unpublished observations). Under well-sparged condi-
tions, however, hemoglobin levels were observed to decline sharply,
leading to the hypothesis that the oxygen-dependent regulatory ele-
ment(s) that control expression in Vitreoscilla are also recognized in E.
coli (28).

The purposes of the present study were to characterize the re-
sponse of the promoter to changes in oxygen availability in the en-
vironment, as well-as to obtain initial insights with regard to the

mechanism(s) by which the promoter is controlled.

6.3 Materials and Methods.

Bacteria, bacteriophages, and plasmids: Bacteria, bacteriophages, and

plasmids used in this work are listed in Table 1.
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Media and Growth Conditions: A buffered complex medium con-

taining 10g/L Bactotryptone, 5g/L yeast extract, 5g/L NacCl, 3g/L
K;HPO,, 1g/L KH,PO, (pH 7) was used to grow cells. Culture
tube and shake-flask grdwth were conducted in a New Brunswick
G24 shaker incubator operating at medium setting. Batch fermenta-
tions were performed in a New Brunswick Bioflo II 2.5L fermentor
under pH and temperature control. All growth was at 37°C. Plasmid-
containing cells were grown in the presence of 100mg/L ampicillin,

except in the fermentor (to minimize foaming problems).

Construction of single copy integrants of the VHb gene and its native pro-
moter in E. coli: Plasmid pINT2 was constructed by subcloning the
HindIII- BamHI fragment containing the VHb gene into corresponding
sites in pBR322. With the intention of constructing a transposable
element, a kanamycin resistance gene cartridge (Pharmacia) was in-
serted ilito the Sall site downstream of the VHb gene on pINT2 to
create pINT4. An EcoRI fragment containing both genes was inserted
between the Tn10 inverted repeats on pMM12, replacing the origi-
nal CamR gene. The resulting plasmid, pINT8, was transformed into
MG1655/ pMS421. This strain was grown in the presence of 0.5 mM
IPTG to induce transposition. Cells were plated on lactose- Mac-
Conkey and xylose- MacConkey plates to select for events that had
inactivated the lac and zyl operons, respectively. The resulting muta-
tions were transduced into MG1855 using P1 phage. Two mutants,

GROZ21 and GRO22, were checked for the following phenotypes: lac—,
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xylt, kan", amp?, 'spc‘ and lact, xyl~, kan", amp®, spc®, respectively
(amp and spc are the plasmid markers). Although the assumption
| that the two strains contain single copies of the VHb gene was not
confirmed by Southern hybridization, it is unlikely that both strains
would contain more than one defective transposon, Tn10d( VHb-Kan).
Parallel investigations on two such independent strains eliminate the

possibility of positional effects of chromosomal integration.

DNA manipulations: In vitro deletions were constructed using the
exonuclease Bal31 (36) as well as exonuclease ITI and S1 nuclease (18).

For all other DNA manipulations, standard protocols were used (36).

DNA Sequencing: The endpoints of the deletions constructed as
described above were determined by dideoxy sequencing of pUC19-
derived plasmids into which the deletions were cloned. For this pur-
pose, the Sequenase kit (US Biochemicals) and a modified protocol
(29) were used. Both the universal and the reverse primers for pUC
vectors were used (US Biochemicals). The standard sequencing reac-
tions used in primer extension assays were performed with a custom-

made oligonucleotide primer (see Results section).

Preparation and Analysis of RNA: 1.5 mL cells to be analysed for
mRNA content were centrifuged for 1 min. in an Eppendorf cen-
trifuge and resuspended in 0.3 mL 1.4% SDS, 4 mM EDTA pre-
heated to 85°C. Following further incubation at 65° for 5-10 min.,
the samples were chilled and 0.15 mL saturated NaCl was added.

The cell debris was spun out and nucleic acids were precipitated from
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.the supernatant using ethaﬁol, and resuspended in dH,O contain-
ing Inhibit-ACE (5 prime- 3 prime Inc.). The integrity of the RNA
'preparati_on was checked by observing intact ribosomal RNA bands
in a 1% formaldehyde-agarose gel that was stained with ethidium

bromide. All aqueous solutions involved were pretreated with diethyl

pyrocarbonate.

‘Quantitation of hemoglobin mRNA content: Northern blot analysis
of hemoglobin mRNA was done according to recommended proto-
cols (12). Plasmid pRED4, labeled by the random hexanucleotide
priming technique (New England Nuclear), was used as probe DNA.
Hemoglobin mRNA content was quantitated by the method of Korn-
blum, et al (28). Counts thus obtained were normalized with plasmid

DNA counts in order to obtain a measure of gene activity.

Primer extension analysis: Primer extension assays were done ac-
cording to the protocol of Kingston (27). Total cellular RNA, pre-
pared by the method described above, was used for this purpose. In
each case the position of the transcription start point was determined

by running sequencing reactions that used the same oligonucleotide

as the sequencing primer.

Construction of laeZ operon and protein fusions: In order to construct
lacZ fusions with the VHb promoter which would be useful for fur-
ther genetic studies, derivatives of pMLB1010 and pMLB1034 which
contained the IG region from the phage M13 were created. pGE245

is an example of such a plasmid which contains a recA- lacZ protein
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fusion. . The entire recA ﬁ'agment was deleted from this vector by
digestion with BdeI followed by religation and identification of a
“white colony on indicator X-Gal plates. This result in plasmid pCO1
which contains the IG region and is suitable for making protein fu-
sions with lacZ. An analogous vector, pCO2, for making operon fu-
sions was constructed by replacing the BamHI- SstI fragment in pCO1,
which contains most of the truncated lacZ gene, with the correspond-
ing fragment from pMLB1010, which includes a trpA- lacZ fusion. To
construct VHb-lacZ fusions two characterized deletions, pRED503 and
PREDS509 (see above as well as the Results section), were used. The
protein fusion plasmid, pOX11, was created by BamHI digestion and
mung bean nuclease treatment of pCOl, followed by ligation with
PREDS03 that had been digested with HindIIl and Xbal and treated
with mung bean nuclease. This resulted in an in- frame fusion which
was identified by transforming MC1061 with the ligation mixture and
picking blue colonies. The recombinant plasmid was checked by re-
striction mapping. To construct an operon fusion plasmid, pOX21,
plasmid pCO2 was digested with Smal and BamHI, gel purified, and
ligated with a mixt}ure of two fragments produced by digestion of
PREDS509 with HindIII (end-filled with Klenow) and BamHI. Resulting
transformants in MC1061 were screened for the presence of a correctly

oriented insert by restriction mapping.

Construction of @ VHb- CAT fusion: The vector pYEJ001 contains

a promoterless CAT gene fragment flanked by HindIII sites. Plasmid
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pRED569 was digested at the unique Xbal site downstream of the VHb
promoter. The resulting ends were converted into HindIII cohesive
ends with adaptor DNA _(New England Biolabs). The vector was
then ligated with the CAT insert, resulting in a loss of both HindIII
and Xbal sites. However, a new Xmnl site was introduced between the
VHb promoter and the structural CAT gene. The entire fusion was
then isolated by digestion with HindIIl and BamHI, and cloned into the

corresponding sites of pBR322, giving rise to plasmid pOX2.

Hemoglobin activity determination: Hemoglobin activity was deter-
mined by the following method: Approximately 20 mL cells were
added to 10 mL ice-cold 1% NacCl containing 400 ug/mL chloram-
phenicol in order to inhibit further translation. Later, the cells were
centrifuged, resuspended in assay buffer (100 mM Tris-Cl pH 7.5,
50 mM NaCl) and sonicated. The soluble fraction was assayed for
hemoglobin content using the CO difference spectrum method (48).
Total soluble protein content was assayed by the Bradford method
(BioRad). Intracellular hemoglobin concentrations are reported as

AAbsgs-43¢/mg total soluble protein.

Western blotting of hemoglobin jzrotc:'n: Hemoglobin expressed in E. cols
was purified from cell extracts (R. Hart and J.E. Bailey, manuscript
in preparation). This preparation was used to generate rabbit anti-
globin antiserum (Cocalico Biologicals). The globin content in sam-

ples of total cell protein was assayed according to standard protocols

(51). -
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Enzyme assays: ﬂ-galactosidase assays were done by a slight mod-
ification of the Miiler protocol (37). An appropriate volume of cells
‘was diluted into 2 mL of Z-buffer plus §- mercaptol. Cells were lysed
by adding 100 yL chloroform and 50 uL 0.1% SDS and vortexing well.
The cgll debris was removed by microfuging, and 1.5 mL supernatant
was equilibrated at 30°C prior to the assay. For the assay 0.15 mL 4
mg/mL ONPG (pre- equilibrated at 30°C) was added as substrate and
the change in A4 was followed by a rate assay in a thermostatted
spectrophotometer (Shimadzu UV 260). It has been observed that
following the time course of the change in absorbance improves the
accuracy of the assay and also increases the dynamic range. Since the
cell debris was spun down prior to the assay, measurement of Az
was unnecessary (37). Specific activity is expressed in Miller units
(37).

Cells analysed for chloramphenicol acetyltransferase (CAT) ac-
tivity were disrupted by sonication. The soluble fraction was assayed
using '*C labeled butyryl CoA (New England Nuclear) according
to recommended protocols (39). CAT activity is expressed in units

CAT/mg total soluble protein. Standard CAT (Sigma) was used to

calibrate the assay.

8.3 Results_.

Primary structure of the Vitreoscslla hemoglobin upstream region: The nu-

cleotide sequence of the promoter region of the hemoglobin gene is
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shown in Figure 1. Deletion analysis of the region 3’ to the structural
‘gene showed that the sequences downstream of the putative transcrip-
tional terminator (25) were unessential for oxygen-dependent regula-
tion (data not shown). Thi is corroborated by the results of the
gene fusion experiments discussed below. Analysis of the sequence of
the upstream region reveals a consensus Pribnow box and a ribosome
binding site (25), as well as a perfect inverted repeat element down-
stream of the Pribnow box (Figure 1). Interestingly, despite the high
strength of this promoter, it apparently lacks a consensus -35 region.
However, approximately 20 bp upstream of the Pribnow box, there
exists a region of strong homology with the CAP binding site near
the lac promoter (15) (Figure 1). This led to the hypothesis that a
functional cAMP-CAP complex is required to induce the promoter to

its normal level of activity. This hypothesis is investigated below.

Ozygén dependent synthesis of hemoglobin mRNA and protein: Plasmid
pOX1 was constructed by inserting the HindIII-Sphl fragment contain-
ing the hemoglobin gene from pRED4 into corresponding restriction
sites in pBR322. In order to determine the response of the promoter
to varying DO levels, strain HB101/pOX1 was grown to mid-log phase
under well aerated conditions (DO greater than 60% air-saturation)
and then subjected to a transient (initially approximately linear) de-
crease .in DO level. The duration of this transient (ca. 40 minutes) is
greater than the characteristic time (ca. 5 minutes) for response of

mRNA levels in E. coli. During such a relatively slow change in DO,



-144-
‘one will observe at each time a VHb mRNA level which corresponds
approximately to the steady state value for that instantaneous DO
concentration. Thus, by using a slow ramp-shaped transient instead
of a step change, the DO level at which induction occurs can be ob-
s_erved. More importantly, one can determine approximately the DO

value at which induction is maximum.

- As can be seen in Figure 2, regulation of the hemoglobin gene
is transcriptional. When present on a multicopy plasmid, the gene
appears to be induced when the DO falls below 40% air saturation;
however this value may be different when only a single gene copy is
present. Nevertheless, maximal gene expression occurs at DO levels
around or below 2% air saturation (i.e. below the lower limit of sen-
sitivity of the galvanic DO probe used to make these measurements).
An interesting and potentially important observation is that the level
of transcription decreases as the oxygen availability reduces still fur-
ther and drops to almost the uninduced level when strict anaerobic
conditions are obtained by sparging nitrogen into the fermentor. This
result was checked by growing the cells in sealed bottles in deaer-
ated médium that was pre-equilibrated with nitrogen. Cells thus
grown were neither red in color (indicating the presence of functional
hemoglobin) nor did they contain inclusion bodies. Reddish cells con-
taining inclusion bodies are characteristic of cells grown under hy-

poxic, but not quite anaerobic conditions, such as in a culture tube

(26).
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Figure 2 illustrates a lag in active hemoglobin synthesis relative to
message synthesis; This could be due to the requirement of elevated
heme biosynthesis or it could indicate the presence of additional reg-

ulatory mechanism(s) operating at the post-transcriptional level (see

below).

Two potential sources of artifacts may have contributed to the
above results. First, the experiment was conducted with the gene
present on a multicopy plasmid. This was necessary to obtain globin
activity that could be quantitated with reasonable accuracy in a mod-
erately sized sample. However, possible effects due to changes in copy
number or plasmid DNA superhelicity cannot be ignored. Second, the
relatively short time scale of the transient may have precluded some
physiologically relevant event from occurring in the cell that could
affect promoter response (e.g. de novo synthesis of a cascade of reg-
ulatory proteins). Both these issues were qualitatively addressed by
constructing two single-copy integrant E. coli strains containing the
globin gene under the regulation of its native promoter. The con-
struction of two such strains, GRO21 and GRO22, is described in
the Materials and Methods section. Examination of two such inde-
pendent strains helped eliminate the possibility of positional effects
of chromosome integratioﬁ of a foreign gene in E. coli. GRO21 and
GRO22 were grown in shake flask cultures, wherein the available oxy-
gen concentration would be expected to decline monotonically with

time (as the cell density increases) throughout the growth phase of
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the experiment. Figure 3 shows the specific VHb concentration of
cell samples as a fﬁnétion of increasing cell density (i.e. decreasing
dissolved oxygen). As can be seen, VHb is virtually absent from
early exponential cells that are well- aerated. In both cases intracel-
lular VHb concentrations increase in response to oxygen limitation
(as evidenced by a decrease in specific growth rate), and eventually
decrease as the cell density increases beyond a certain point. Hence,
even though the results in Fig. 3 do not provide any evidence for the
level at which oxygen- dependent control occurs, they corroborate
the conclusions drawn from the experiment with the VHb gene on a

multicopy plasmid.

Mapping the transcriptional start site(s) of the promoter: Nucleotide se-
quencing of the promoter element revealed a putative Pribnow box
that matched the consensus sequence (see above). However, the
Northern blot in Figure 2a suggested a possible existence of a sec-
ond (weaker) promoter located somewhere upstream of the major
promoter element. To identify the promoter element(s) that are em-
ployed in vivo the 5’ end(s) of VHb mRNA was mapped by primer
extensioﬁ analysis. For this purpose, a few representative samples of
total mRNA from the experiment described in Figure 2 and the previ-
ous section were used. These corresponded to different oxygen concen-
trations. A 30-mer oligonucleotide probe corresponding to bases 142
to 171 (Fig. 1) was hybridized to the RNA preparations. The same

oligonucleotide was used as a primer in standard sequencing reactions
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with pOX1 as the template (Fig. 4). The products of the primer ex-
tension reaction are shown in Figure 4 (lanes 1-4). The major prod-
uct was a polynucleotide that terminates at position 86 (Figure 1).
A second less intense band corresponding to position 33 (Figure 1)
was also observed. Some minor products were also observed which
may be the result of premature termination of transcription by re-
verse transcriptase caused by secondary structure of mRNA in this
region. Since DNA-RNA hybridization in primer extension analysis is
carried out under conditions of excess oligonucleotide, the amount of
extended product observed is indicative of the amount of VA mRNA
in the sample. Thus it can be seen that both the promoters are in-
duced similarly in response to oxygen limitation. This also agrees
with the coarse resolution that is obtained from the Northern blot
(Fig. 2a) and therefore suggests that oxygen- dependent expression
from the two promoters is controlled by the same mechanism. The
major (downstream) transcriptional start site is located at the ex-
pected position relative to the consensus Pribnow box; this promoter
is designated P1 (Fig. 1) and its structure is discussed in an earlier
section. Located 6 bp upstream of the weaker promoter (designated
P2, Fig. 1) is the sequence TTAAAA which may serve as a -10 re-
gion. However, since this hexamer is located only 20 bp downstream
of the HindIII site, which corresponds to the 5’ end of the globin gene
fragment isolated from a Vitreoscilla genomic library (25) (numbered

1 in Figure 1), the physiological significance of this promoter may be
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quetior;able. To address this issue the primer extension assay was
repeated with- total mRNA samples from MC1081/pOX11 and the
same oligonucleotide primer. Plasmid pOX11 contains a translational
fusion between the VHb gene and lacZ (see Materials and Methods sec-
tion and also below). As shown in Figure 1 the nucleotide sequence
upstr'éam of the TTAAAA site is significantly different in this plasmid.
The results of Figure 4 (lanes 5-6) indicate that not only is activity
of P2 retained, but the strength of P2 relative to P1 remains simi-
lar. This suggests that the relevant domains involved in recognition
of P2 by RNA polymerase are likely to be present on the Vitreoscilla
genomic fragment. However, conclusive evidence with regard to this
must await further genetic and biochemical experiments. Further-
more, the possibility that additional regulatory loci exist within the

flanking sequence in the Vitreoscilla genome remains to be investigated.

Characterization of promoter function using lacZ fusions: In order to
identify the regions in the upstream sequence that are important for
oxygen-dependent regulatory activity and to study the promoter func-
tion via gene fusions, 5’ and 3’ deletion mapping experiments were
conducted. The unique HindIII site at the 5’ end and a unique Bsu361
site approximately 150 bp into the structural gene were used to gener-
ate 5’ and 3’ deletions, respectively. Several 3’ deletions were isolated;
however, the promoter region was extremely resistant to generating
viable 5’ deletions by both of the in uitro tet_:hniques that were tried.

The smallest deletion that was isolated mapped 2 bp upstream of the
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start codon. Whether this is an artifact of the deletion techniques
~used or is due to the potential lethality of an improperly regulated
strong promoter is as yet unknown. The deletion endpoints of two 3’
delétions, PREDS503 and pRED509, are shown in Figure 1. These were
used to create translational and transcriptional fusions, respectively,

for further genetic analysis.

.To facilitate further genetic analysis of the promoter function a
lacZ protein fusion, pOX11, and a lac operon fusion, pOX21, were
constructed using the promoter deletions in pPRED503 and pRED509,
respectively. The construction of these plasmids is described in the
Materials and Methods section. The plasmids were transformed into
MC1061. To test for oxygen-dependence of VHb-lacZ expression in the
two strains, the specific activity of S-galactosidase was monitored over
the time course of shake-flagsk cultivations. These results are shown
in Figure 5 a and b. Since oxygen levels can be assumed to decrease
monotonically over the course of growth, the specific activity can be
alternatively plotted as a function of cell density for the two strains
grown under identical conditions (Figure 5c¢). This provides a basis
for evaluating the oxygen dependence of the promoter in a qualita-
tive sense without making dissolved oxygen measurements. As can
be seen in Fig. 5c, both the deletions retain the central features of
oxygen-dependent expression: the promoter is induced in response to
oxygen limitation, and there exists an optimum level of oxygen con-

centration (somewhere in the microaerobic regime) beyond which the
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B-galactosidase activity falls. Furthermore, since the response of both
the fusions to oxygen availability is similar, one can rule out the pos-

sibility of any oxygen-dependent control at the post-transcriptional

level.

Effect of catabolite repression on promoter activity: Sequence homol-
ogy had implicated a possible involvement of the catabolite activator
protein (CAP) in the overall control of this promoter (see above).
This is consistent with other observations that the presence of glu-
cose reduced the amount of globin activity in E. colt cells. To address
this question, plasmid pOX11 was transformed into MC4100, GE1050
(erp~), and GE1051 (cya~). As can be seen in Figure 6, promoter
activity is substantially reduced in strains that are unable to synthe-
size CAP or cAMP. Furthermore, at comparable cell densities in a
culture tube specific f-galactosidase activity in GE1051 was ten-fold
higher in'the presence of cAMP. (At an ODgqq of 0.8-0.85, the specific
activity of f-galactosidase in GE1051/pOX11 was 500 Millei' units
in the presence of 4 mM cAMP and 50 Miller units in the absence
of cAMP). Taken togef.her these results suggest that the cAMP-CAP
complex'is involved in modulating the activity of this promoter either

directly or indirectly.

A sirategy for ozygen-dependent induction of gene expression: The VHb
promoter offers a convenient (and economical) method for the het-
erologous expression of foreign genes in E. coli, particularly at larger

scales of growth. Figure 7 illustrates that high levels of expression of
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the CAT gene product from plasmid pOX2 (described in the Materi-
als and Methpds section) can be induced in a well sparged fermentor
.by merely reducing the oxygen supply to the fermentor at the time
of induction. These results are in agreement with the above obser-
vations which suggest that microaerobic conditions are required to
achieve maximum activity of the promoter. In a log phase culture

this state is achieved merely by allowing surface aeration.

6.5 Discussion.

Studies on regulatory responses to varying oxygen availability in
diverse systems raise two key questions. First, what are the mecha-
nisms that are responsible for sensing changes in oxygen availability
in the environment, and how is this information transduced to the
regulatory elements that control gene expression? For example, the
presence of abundant oxygen in the environment prevents the expres-
sion of nitrogen fixation genes in Klebssella pneumoniae (a facultative
aerobe) (2), Rhizobium meliloti (an obligate aerobe) (11), and Bradyrhi-
zobtum japonicum (an obligate aerobe) (13). However the mechanism
of oxygeh influence is different in these bacteria. In K. pneumoniae the
oxygen status affects the supercoiling of the nifLA promoter (10), and
also causes nifl. to modulate the activity of the nifA activator pro-
tein (2). In R. meliloti microaerobicity induces the expression of nifA
(11), probably by influencing the activity of a transmembrane sen-

sor/ transcriptional activator couple (9). In B. japonicum the presence
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of oxygen irreversibly inactivates the nifA activator protein, which
- contains a potential redox sensitive/ metal binding center (30). In
the yeast Saccharomyces cerevisiae at least two loci have been identified
that are involved in the regulation of oxygen-dependent genes. Heme
functions as an effector molecule in both these regulatory systems
(34,50). In the case of HAP1, which activates the expression of the
CYC1 and CYC?7 genes, heme mediates induction by counteracting
the masking of the DNA binding domain of the protein (41). Indirect
evidence has also suggested that heme or a heme protein is involved
in activation of erythropoetin in a hepatoma cell line in response to

hypoxic conditions (16).

The second area of central questions concerns whether all these
regulatory circuits respond in a monotonic fashion to increasing or
decreasing DO levels. Do there exist mechanisms that, for example,
are maximally induced under microaerobic conditions as compared to
anaerobic or highly aerobic conditions? On biochemical grounds the
presence of different oxygen-sensitive sensors as discussed above might
argue for the existence of a variety of induction patterns. For example,
optimal induction of gene expression under microaerobic conditions
has been demonstrated in the case of nifA mediated activation of the

nitrogenase promoter in R. melilots (11).

The main conclusion that can be drawn from this study is that the
regulation of the Vitreoscilla hemoglobin promoter in E. coli is transcrip-

tional. Gene expression attains a maximum under microaerobic con-
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ditions (DO less than 2% air saturation) and is substantially reduced
under strict anaerébic conditions. This suggests that facultative aer-
Aobes like E. coli may possess multiple regulatory mechanisms which re-
spond to changes in oxygen availability and that different mechanisms
may have different maxima. For example, enzymes such as superox-
ide dismutase are required under high oxygen concentrations (23),
whereas several proteins are expressed as part of the fnr-activated
regulon under strictly anaerobic conditions (8,24). In addition, there
also exist mechanisms that activate proteins such as cytochrome d in
response to decreasing oxygen concentrations (14). Whether these
regulatory circuits share any common intracellular sensor or trans-

ducer molecules remains unknown.

Several studies of gene activation (and chemotaxis) in procary-
otes in response to environmental changes have led to the emergence
of a common theme (9,43). Typically, a transmembrane protein de-
tects an environmental change and transduces the signal to modulate
the activity of a transcriptional activator. In the case of gene acti-
vation in response to decreasing oxygen availability, the inability of
the cell xhembrane to function as an effective barrier against oxygen
diffusion obviates the need for the sensing protein or metabolite to
be membrane- anchored. It might be noteworthy, however, that the
receptor for aerotaxis in Salmonella typhimurium is cytochrome o (32).
It is not known whether the same protein is involved, directly or indi-

rectly, in gene regulation. More recently two loci have been identified
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that médiate repression of enzymes of aerobic pathways (eg. certain
- TCA cycle and aerobic respiratory enzymes)in E. coli (19,20). It has
been suggested thaf the products of these two genes form a sensor-
regulator‘couple. Should this be the case, it is conceivable that one
or both of these products are also involved in controlling genes that

are expressed in the opposite way.

.Functiona.l regulatoryvactivity of the VHD promoter in E. coli sug-
gest§ that this mechanism of regulation is fairly well conserved among
both obligate and facultative aerobes. In another study, constitutive
expression of the Bradyrhizobium japonicum nifA regulatory gene in E. col
activated a nifA dependent B. japonicum promoter under microaerobic
conditions (12). Among other possibilities, this suggested that both
B. japonicum and E. coli may possess a well-conserved mechanism for
sensing oxygen changes in the environment and in turn altering the
activity of regulatory proteins. The results of this study imply that
both the sensing and regulatory mechanisms involved in this control
circuit are conserved in a variety of gram-negative bacteria. Hence,
genetic dissection of this promoter in E. coli might facilitate a simi-
lar investigation in other bacteria in which a homologous mechanism
exists, particularly those in which genetic techniques are not as well

developed (e.g., bacteria of the Beggiatoa family).

The pfesence of two promoters upstream of the VHb gene may
have interesting implications. It suggests that multiple factors may

be involved in controlling the overall level of globin expression. For
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éxamplé, P1, which is the stronger promoter, may be influenced by
‘catabolite repression. Thus, in the presence of a preferred carbon
source, oxygen limiting conditions could lead to globin expression
primarily frdm P2. It could also be possible that P2 is activated un-
der conditions which lead to the presence of a different form of RNA
polymerase holoenzyme. Isolation of ¢is and irans mutants that af-
fect promoter function in E. coli may be helpful in addressing such
questions. Since both P1 and P2 respond to oxygen changes simi-
larly, they are likely to be under the control of a common mechanism.
Given the arrangement of the two promoters, a negative regulatory

mechanism is a likely candidate.

The observation of a lag in the synthesis of active VHD protein
suggests that the availability of free heme may be a limiting factor.
Feedback regulation of heme biosynthesis by an intermediate metabo-
lite has récently been suggested (33). In this case, the lag could imply
the presence of a regulatory mechanism preventing translation in the
absence of heme or improper folding of the nascent polypeptide, lead-
ing to eyentua.l degradation. It could also indicate the existence of a
metastable folded state of the protein that is capable of incorporating

heme, when available, to form active VHbD.

The regulatory role of the cAMP-CAP complex has been well
studied in the context of catabolism of preferred carbon sources (35).
Addition of cAMP to cells growing in the presence of glucose has

also been shown to elevate the synthesis of some TCA enzymes (19)
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and cytochromes (5), as well as increase the efficiency of oxidative
phosphorylation (17) Furthermore heme biosynthesis is also under
‘the control of this mechanism (42). Hence, although it is shown in
this work that both CAP and cAMP are required for the activity of
the VHb promoter, it is not clear whether this is a direct or indirect
eﬁ'ect. The presence of a region homologous to the CAP binding site
of the lac promoter located around the -35 region of the major pro-
moter argues for direct interaction between CAP and the promoter.
However, alternative possibilities cannot be ruled out. For example,
heme may be a component of an activator molecule in the overall reg-
ulatory circuit. If this is the case, heme levels decreased by absence
of active CAP could account for lower activity of the VHb promoter.
However, should E. coli CAP interact directly with the VHb promoter,

investigation of an analogous activity in Vitreoscilla may be of interest.

The isolated promoter can be used to express high levels of a
cloned gene product in an oxygen-dependent manner. Since high cell
density batch cultures naturally progress towards an oxygen-limited
regime of growth, this promoter provides an attractive alternative for
heterologous expression of genes in E. coli without the requirement of
a gratuitous inducer or temperature shifts which may have deleterious

side-effects (44).
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Table I: Bacte;-ia, bacteriophages, plasmids

Name

Bactersa

MG1655
JM101
HB101

GRO21
GRO22

MC1061
MC4100

GE1050

GE1051

Bacteriophages

Plvir

Plasmids
PRED4

pOX1

Description

E. coli K12

supE thi A(lac-proAB)

[F’ traD36 proAB lacP ZAM15]
F~ hsdS20 recA18 aralf proA2 lacY1
galK2 rpsL20 zyl5 mtll supE44 A~
MG18655 lac::Tn10(dVHb-kan)
MG1655 zyl::Tn10(dVHb-kan)
araD139 A (ara-lev)7697 AlacX74
galU galK r~mt strA

araD1389 A (argF-lac)U169 rpsL150
relAl1 fliB5301 ptsF25 deoC1
MC4100 Acrp cam

MC4100 Acya854 tlv::Tnl0

Plvir

pUC19 VHb

pBR322 Atet VHb

Origin

(reference)

Cold Spring
Harbor Lab.

53

36

This work

This work

7

G.E. Weinsto:

G.E. Weinsto:

45

25

This work



PINT2
pINT4

pMM12

pINT®6

pMS421

pRED503
pRED509
PYEJOO1
pOX32
pMLB1034
pMLB1010
pGE245

pCO1

p002_

pOX11
pOX21
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pBR322 Atet VHb

pPBR322 Atet VHb kan

' pBR322 Atet Tn10d(cam)

tac’-’IS10Rtnp
pPBR322 Atet Tn10d(VHb kan)
tac’-’IS10Rtnp

PSC101 spc” laet?

pUC19 VHb’

pUC19 VHb’

PBR322 Atet cam

PBR322 Atet VHb -cam

PBR322 Atet lacZ lacY’

pBR322 Atet ¢(trpA-lacZ)(Hyb) lacY’
p(recA-lacZ)(Hyb) M18 1IG region
PBR322 Atet lacZ lacY’

M13 IG region

pBR322 Atet ¢(trpA-lacZ)(Hybd)

: laeY’ M13 1IG region

pCO1 ¢(VHb-lacZ)(Hyb)
pCO2 ¢(VHb-lacZ)

This work
This work
Cold Spring
Harbor Lab.

This work

Cold Spring
Harbor Lab.
This work
This work
Pharmacia
This work

3

3

49

This work

This work

This work

This work
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6.9 Captions to Figures.

Figure 1: Primary structure of the ozygen-regulated promoter element: The
nucleotide sequence of the upstream region required for regulated ex-
pression of the VHb gene in E. coli is shown. The start codon of the
structural gene is underlined. An inverted repeat element is shown
with arrows. Bases marked as 503 and 509 correspond to the 3’ ends
of the truncated promoter in plasmid pRED503 and pRED509, re-
spectively. The nucleotide designated 1 corresponds to the 5’ end of
the VH) gene containing fragment isolated from a Vitreoscilla genomic
library (25). The sequence upstream of this base represents adja-
cent pBR322 DNA on plasmid pOX1. The sequence of the junction
between the 5’ end of the promoter fragment and vector DNA in plas-
mid pOX11 is shown immediately below this region. The origins of
arrows designated P1 and P2 correspond to the transcriptional start
sites of the two promoters. The putative Pribnow boxes of P1 and
P2 are indicated with a double line and a dashed line, respéctively.
The sequence indicated below nucleotides 41-50 is a portion of the
CAP binding site upstream of the lac promoter, which has previously

been identified by footprinting studies (15). For details, see Results

section.

Figure 2: Ozygen dependent regulation of the Vitreoscilla hemoglobin gene
in E. coli: HB101/pOX1, grown in a fermentor (see materials and
methods), was subjected to a transient decrease in dissolved oxygen

(DO) concentration (see results), and hemoglobin mRNA and protein
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activity were monitored. (a) Northern blot analysis of hemoglobin
mRNA content. The numbers above the lanes indicate the times at
which the sarl;lples were taken. The initial point corresponds to the
sample taken before commencing the transient in DO. RNA from
HB101/pBR322 was included as a control in the blot. The higher
molecular weight bands correspond to plasmid DNA. (b) Normalized
intracellular RNA content and protein activity (see materials and
methods) are plotted against time. The DO trajectory is also shown.
The vertical arrow on this curve corresponds to the point at which
anaerobic conditions were introduced by sparging nitrogen into the
fermentor. Since the experiment was not followed beyond 100 min,
the significance of the decrease in VHb mRNA level at 90 min (see

Fig. 2a) is unclear.

Figure 3: Ozygen dependent synthesis of globin in E. coli cells containing a
single copy of the VHb gene: Western blot analysis of total cellular protein
is shown. E. coli strains MG1655 (control), GRO21 (A), and GRO22
(B) were grown in 250 mL shake flasks containing 100 mL medium.
Samples were taken at different points along the growth curve. The
number ébove each lane represents the ODgoo of the sample. Each
lane contains total cell protein that corresponds to 5 ODgpo-uL cells.
Thus the relative intensities of the globin bands are indicative of the
specific globin concentration in the samples. The faint bands that
appear above the major band (VHb) are the result of cross-reaction

of the antiserum with other antigens. This is probably due to the
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presence of trace quantities of contaminant proteins in the purified

VHbD sample that was used to raise the antiserum.

Figure 4: Mapping the transcriptional start sites within the ozygen- depen-
dent promoter element: The 'sequence ladders labeled pOX1 and pOX11
were generated by running the sequencing reaction products of the
two plasmids using the same 30mer oligonucleotide primer (see text).
Lanes 1-4 contain the primer extension products from RNA templates
in the 21, 38, 70, and 100 min samples in Fig. 2a, respectively. Lanes
5 and 6 contain products from RNA templates of MC1061/pOX11
and MC1081/pCO1 (control), respectively. These total RNA sam-
ples were prepared from cells grown in culture tubes (5 mL) upto
ODgoo= 0.8. The two main reaction products in the above samples

are indicated by arrows.

Figure 5: Ozygen- dependent expression of 3-galactosidase from VHb-lacZ
fusions: 250 mL shake flasks containing 100 mL liquid volume were
inoculated with 0.1% overnight cultures and the specific activity of
B-galactosidase was monitored through the growth phase. Cell den-
sity and specific activity are shown as a function of time for (a)
MC1061/pOX11 (X) and (b) MC1061/pOX21 (O). The data from
(a) and (b) is represented in (c) with the specific activity shown di-
rectly as a function of cell density. In this figure, the specific activity

of MC1061/pOX21 is shown on double scale.

Figure 6: Effect of cAMP-CAP on the activity of the VHb promoter: 250

mL shake flasks containing 100 mL liquid volume were inoculated with
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b.l% overnight cultures of MC4100/p0X11 (O), GE1050/pOX11 (A),
and GE1051/pOX11 (X). The specific activity of -galactosidase was
.monitored along 1’:he' growth phase. Similar to Figure 5(c), specific

activity is directly plotted as a function of cell density.

Figure 7: Ozygen dependent ezpression of CAT: HB101/pOX2 was
grown in a fermentor under conditions described in the materials and
methods section. At t=0, the air flow rate was decreased in order to
reduce the DO level to the range 2-5% air saturation very rapidly.
This condition was maintained until steady state was reached with
respect to CAT activity. Thereafter, the sparging system was com-
pletely turned off (indicated by the vertical arrow), allowing oxygen
uptake to occur only at the liquid surface. Another assay was con-
ducted after allowing sufficient time for attaining a new steady state

with greater CAT activity.
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Figure 1.
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Figure 2b.
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Figure 3.
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Figure 5a.
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Figure 5b.
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Figure 5c.
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Figure 6.
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CHAPTER 7

EXPRESSION OF RECOMBINANT PROTEINS IN E. COLI

USING AN OXYGEN-RESPONSIVE PROMOTER

Source: Khosla, C., Curtis, J.E., and Bailey, J.E. (1989)

Bio/Technology submitted
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7.1 Surﬁmary.

The oxygen-dependent promoter of the Vitreoscilla hemoglobin
( VHb) gene has beeﬁ shown pfeviously to be functional in E. coli. Ear-
lier studies established that the promoter is maximally induced under
microaerobic conditions and that its activity is also influenced by the
cAMP-CAP complex. We demonstrate here that the promoter can
be used for regulated, high-level expression of recombinant proteins
in two-stage fed-batch fermentations. The promoter is maximally in-
duced at dissolved oxygen levels lower than 5% air saturation. Despite
the influence of catabolite repression, glucose and glycerol- contain-
ing media give comparable product levels under carbon-limited con-
ditions such as those encountered in typical fed-batch fermentations.
The possibility of a third level of control of promoter activity is also
indicated. This mode of induction can be repressed by addition of a
complex nitrogen source such as yeast extract to the medium. The
observed promoter activity can be modulated at least 30-fold over
the course of high-cell density fermentations producing either cloned
p-galactosidase or cloned chloramphenicol acetyltransferase (CAT).
Densitoineter scanning of SDS-polyacrylamide gels revealed that g-

galactosidase was expressed to a level of approximately 10% of total

cellular protein.

7.2 Introduction.

Use of E. coli as a host of choice for high-level expression of re-

combinant proteins is widespread in modern biotechnological prac-
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tice. Large-scale productioh of useful proteins is typically achieved
via two-stage fed—‘batch fermentations. In the first stage of such a pro-
| cess, cells are Ngrown to a high cell density under reasonably balanced
growth conditions. This requires that the synthesis of the heterolo-
gous protein be minimized. In the second stage, high-level expression
of the recombinant protein is activated. The properties of the pro-
moter which regulates the expression of the recombinant protein are

therefore crucial determinants of process productivity.

Several expression systems have been developed over the past
decade for this purpose. The list of useful promoters includes lac (1),
trp (2), tac (3), pL from bacteriophage lambda under the control of a
thermosensitive ¢/ repressor allele (4), recA (5), phoA (8), a promoter
recognized by bacteriophage T7 RNA polymerase (7), and several
others. The choice of a suitable promoter is usually based on the

following three criteria:

‘1. The strength of the promoter, defined as the maximum attainable
gpecific activity of the promoter (rp). Operationally this can be
defined as the specific rate of accurmulation of a relatively sta-
ble i-eporter protein such as (-galactosidase or chloramphenicol
acetyltransferase (CAT). Thus, rp = 315%, where E and X rep-
resent the volumetric reporter enzyme activity and cell density,
respectively.

2. The inductbility of the promoter, defined as the ratio of the maxi-

mum to the minimum specific activity of the promoter.
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3. The economy and the ease of utilization of the promoter.

It is also recognized that the relative performance of different pro-
moters varies from protein to protein. This often prompts researchers

to-attempt heterologous expression of proteins of interest using more

than one promoter.

During the course of molecular cloning of the Vitreoseilla
hemoglobin gene ( VHb), the native promoter of this gene was iden-
tifled as a strong promoter in E. coli since VHb was expressed to a
high level in the recombinant cells (8). Growth of the same cells
under well-aerated conditions, however, resulted in a significant re-
duction of VHb concentration, leading to the hypothesis that cloned
Vitreoscilla sequences upstream of the VHb gene served as an oxygen-
regulated promoter in E. coli (9). More recently, genetic analysis has
demonstrated that VHb expression in E. coli is regulated at the tran-
scriptional level by a molecular mechanism involving recognitidn of an
upstream oxygen-regulated promoter element (ORE) from Vitreoscilla
by as yet unknown trans-acting factors (10). Furthermore, the pro-
moter is maximally induced under microaerobic conditions, and also
requires cAMP and the catabolite activator protein (CAP) for full
activity (10). Results reported here show that the VHb promoter pro-
vides a convenient and economical method for regulated, high-level

expression of recombinant proteins.

7.3 Results.
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In i)revious shake-flask studies it was shown using lacZ fusions
.that the VHb promoter is induced when the cells encounter oxygen
limitation over the éourse of batch growth (10). This results in con-
siderable product accumulation by the time cells approach stationary
phase. However, since promoter activity drops considerably as one
approaches anaei-obicity and since reliable on-line methods for mea-
suri.ng' oxygen concentrations in the microaerobic regime do not exist,
more quantitative information was required to scale up the perfor-
mance of this promoter to a high-cell density fermentation process.
In most of these studies a plasmid-borne gene fusion between the
first 12 codons of VHb and a truncated lacZ gene under the control of
ORE was used as a reporter system. However, to address questions
that required a second reporter system, ORE fused to a promoterless
cat cartridge was also used. The maps of the plasmids are shown in
Figure 1.

Quantitation of ozygen-dependent induction during batch growth: Figure
2a shows how the activity of the promoter varies over the course of
batch growth under different aeration conditions. From the profiles
for growth and specific ﬁ-galaétosidase activity at a constant aera-
tion rate of 0.08 vvim it can be seen that promoter is activated when
the dissolved oxygen level (DO) falls below 5% air saturation. (In
our experience 5% can be regarded as the lower limit of accuracy of
a standard polarographic probe under the _above conditions of use.)

However, the specific activity of the promoter is significantly reduced
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under conditions of extreme oxygen starvation, which is the case when
late log-phase cuitures are grown in the absence of any sparging.
Hence, although a mechanistic interpretation of these observations
is not yet available, the results illustrate a need for development of
an induction protocol for fed-batch fermentations which allows for
aerated growth at dissolved oxygen levels below the detectable limit
of standard DO probes. Figure 2b shows the results from one such

protocol, developed using the following two guiding principles:

1. The promoter is maximally induced at DO equal to or below

1% air saturation (i.e., the approximate K,, value of E. coli cy-

tochrome o (11).)

2. The 5152 ratio corresponding to maximum promoter activity is
an appropriate scaling parameter for ORE-based expression sys-
tems. This ratio is chosen because it should be proportional to the

dissolved oxygen concentration under oxygen- limited conditions.

The results of Figure 2 also suggest that the activity of the pro-
moter is not always fully repressed at high DO and is apparently reg-
ulated by some mechanism that is independent of DO. Since previous
studies have indicat;ad that catabolite repression affects promoter ac-
tivity (10)‘, the effect of the type and level of carbon source on this
oxygen-independent activity was investigated. Furthermore, the ef-
fect of the concentration of the complex nitrogen source on promoter

activity was also studied.
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Effect of the carbon source on promoter activity: Glycerol was used as
the carbon source‘in the batch experiments described above since it is
not transported via the PTS uptake system and hence should allow for
elevated cAMP levels compared to an equivalent glucose-containing
medium (12). Results in Figure 3a corroborate this expectation: the
specific promoter activity, represented in relative terms by the slopes
of the profiles at a given cell density (see definition of specific promoter
activity in the Introduction section), is lower in the presence of glucose
than the activity in the presence of glycerol. (To allow cells to grow to
a density comparable to that achieved at stationary phase in Figure
2 without encountering nutrient starvation, these experiments were
conducted in a fed-batch mode.) This suggests that the use of glucose
as the carbon source in two stage fed-batch fermentations is likely

to reduce promoter activity during the growth phase prior to oxygen

dependent induction.

Effect of the complez nitrogen source on promoter activity: Since yeast
extract is also present in the batch medium used for the experiments
of Figure 2, the influence of the concentration of yeast extract on the
oxygen—independen_t_ activity of the promoter was also investigated.
The results of Figure 3b show that increasing the concentration of
yeast extract in the batch medium leads to a decrease in the specific
activity of the promoter. This suggests that maintaining relatively
high levels of yeast extract during the growth phase of a fed-batch

operation may be useful in minimizing promoter activity.
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In order to investigate the possibility that the observed oxygen-
independent activity is peculiar to the host cell or the specific fusion
used in the aﬁbve experiments, similar investigations were conducted
in which chloramphenicol acetyltransferase (CAT) was expressed from
the VHb ORE in a pBR322-based plasmid (pOX2) contained in an
unmutagenized E. coli K12 host (MG1655). The results of Figure 3c
corroborate the presence of oxygen-independent activity, which can
be modulated by the concentration of yeast extract. To determine
whether the presence of excess yeast extract would adversely affect
the oxygen-dependent activity of ORE under microaerobic conditions,
these cultures were subjected to oxygen limitation in a manner similar
to that described in Figure 2b. The resulting profiles of CAT specific
activities showed that, under oxygen-limiting conditions, both the
strength and the kinetics of induction of ORE are superior in the

presence of higher concentrations of yeast extract (data not shown).

Regulated exzpression of f3-galactosidase and CAT in fed-batch fermenta-
tions: The above results provide a basis for the development of a con-
venient protocol to use ORE-based expression systems in two-stage
fed-batch fermentations. Figures 4 and § illustrate such processes
using cloned CAT and f-galactosidase, respectively, as model prod-
ucts. In the absence of any nutrient limitation, the intrinsic mass
transfer properties of the fermentors set limits on the maximum cell
density that can be achieved prior to induction. The oxygen trans-

fer capacity of the fermentor interacts with the feeding protocol to
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dictate the achievable cell density at the end of the fermentations
(12). In each casé c.onsidered here, the final cell density achieved was
| approximately 20 g dry cell weight/L. The use of batch and feed me-
dia containing yeast extract successfully controls promoter activity
during the growth phase of the cultivation, and also allows for rapid
growth of cells. In both cases, the specific activity of the reporter
enzyme increased at least 30-fold over the course of these fermenta-
tions, with at least 12-fold increase achieved by subjecting the culture
to oxygen limitation. With both expression constructs, the inducibil-
ity of the promoter was better using glucose as the carbon source.
Densitometry measurements indicate that g-galactosidase constitutes

approximately 10% of the total cellular protein at the end of the fer-

mentation (Figure 5b).

Two observations can be made from the above results. First,
sparging with air alone limited the final cell density that could be
achieved in these experiments. This maximum cell density can likely
be increased through the use of pure oxygen and/or a reduction in the
carbon source feeding rate. Second, both glucose and glycerol were
used as. carbon sources in these experiments. Surprisingly, despite
the influence of catabolite repression on ORE, the use of glucose as a
carbon source does not appear to adversely affect promoter strength
under induction conditions. This could be due to the fact that, in
glucose-limited protocols such as the one used here, the extracellu-

lar concentration of glucose is low enough to prevent inhibition of
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adenylate cyclase activity (13).

7.4 Discussion.

‘Useful promoters for heterologous gene expression in E. coli are
typically induced by addition of a gratuitous inducer molecule or by
shifting an environmental parameter such as temperature. Each tech-
nique has advantages and disadvantages. Whereas the former ap-
proach tends to interfere less with host cell metabolism, gratuitous
inducers are generally expensive and hence affect the economics of
scale-up. On the other hand, environmental manipulation is more
amenable to large scale application, but can have deleterious side-
effects. For example, high temperatures are known to favor protein
insolubilization and may lead to a lower yield of correctly folded prod-
uct (14).

The ’microaerobic VHb promoter can be manipulated simply
through process conditions. In addition to its strength and regulatory
characteristics, the chief advantage of the VHb promoter is its strong
induction at the onset of oxygen limitation, which is a regime of oper-
ation eventually approached by most aerobic bioprocesses. Hence the
VHb promoter provides a convenient system for induction of product
formation towards the end of the growth phase. Also, application
of this promoter does not appear to be restricted to a specific host
genotype. Based on high expression levels noted here and observed

for other proteins expressed from the VHb promoter (data not shown),
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microaerobic conditions are compatible with substantial accumulation

~ of cloned gene product.

The 'pres_ence of oxyg_en-ihdependent modes of regulating the ac-
tivity of the VHb promoter provides additional levels of control. For
example, by growing cells in non-limiting concentrations of glucose,
ORE activity can be reduced. Likewise, addition of yeast extract
dufing the growth phase also decreases ORE activity. It should be
pointed out, however, that the observed effects of yeast extract may
not be attributable to a regulatory mechanism that involves a single
component in yeast extract. The increase in curvature of the pro-
files in Figure 3b (which is indicative of increasing specific promoter
activity) in response to decreasing yeast extract concentrations is sug-
gestive of influence by multiple components, which get exhausted at
different cell densities. Then again, yeast extract may merely increase
the growth rate, which in turn alters the copy number and/or the su-
perhelicity of the expression plasmid. Plasmid copy number is known
to correlate inversely with growth rate (15), and oxygen-regulated

gene expression can be influenced by DNA superhelicity (16).

7.5 Materials and Methods.

Bacterial strains and plasmids: MG1655 (A~, F~) is an unmutage-
nized E. coli K12 strain obtained from Cold Spring Harbor Labora-
tory. 7C1 ( IN(rrmD-rrnE), A~, F~, tonA, phoA, lacU169) is a derivative
of W3110. The construction of plasmids pOX11 and pOX2 is sum-

marized in Figure 1 and described in detail elsewhere (10).
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Fermentation conditions: Fermentations were carried out in a Bioflo
IIT fermentor (Neﬁr Brunswick Scientific) with a working volume of
.2.5L. The inoculum was grown in 25 mL LB broth in a 250 mL flask
for approximately 12 h. 4 mL of this culture was added to each fer-
mentor. Cells were grown at 37°C and pH 7 under aeration/agitation
conditions specified in the captions to the figures. In all cases, the
batch medium consisted of 0.5% yeast extract, 0.5% carbon source,
0.4% (NH,);SO4, 0.15% K;HPO,, 0.05% KH,PO,, 0.1 (vol)% trace
metal mix (8.3 mM Na;MoO,, 7.6 mM CuSO,, 8 mM H3BO,), 0.1
(vol)% vitamin mix (0.042% riboflavin, 0.54% pantothenic acid, 0.6%
niacin, 0.14% pyridoxine, 0.006% biotin, 0.004% folic acid), 1 mM
MgSOy4, 0.05 mM CaCl;, 0.2 mM FeCls, and 50 mg/L ampicillin,
unless specified otherwise. The feed medium consisted of 43% car-
bon source, 11% (NH,).SO,, 0.8% MgSO,, 1 (vol)% vitamin mix, 1
(vol)% trace metal mix, 0.2 mM FeClg, 0.05 mM CaCl,, and 100 mg/L
ampicillin, unless mentioned otherwise. Details of feeding protocols

are described in the captions to figures.

Enzyme assays: Cell extracts used for assaying both §-galactosidase
and CAT specific activity were obtained by sonication of fermentation
samples. S-galactosidase was assayed at 30°C using o-nitrophenyl-j3-
D- galactopyranoside as the substrate. Change in A 3, was monitored
by a rate assay in a thermostatted spectrophotometer (Shimadzu
UV280). Specific activity is expressed as Miller units (17). CAT activ-

ity was assayed with *C-labeled butyryl coenzyme A (New England
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Nuclear) according to recommended protocols (18). Specific activity

-is expressed in units CAT / ODgoo-mL. Standard CAT (Sigma) was

used to calibrate the assay.
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Figure 1: Construction of plasmids pOX2 and pOX11. The relevant
features of the tw§ blasmids are summarized in this figure. Plasmid
pPOX2 carries a promoter fusion between the VHb oxygen-regulated
promoter element (ORE) and the cat gene. Plasmid pOX11 carries
a protein fusion between the 5°end of the VHb gene and a truncated
lacZ gene. Both are pBR322-based plasmids and confer ampicillin

resistance on the host.

Figure 2: ORE activity in 7C1/pOX11 under ozygen-ezcess and ozygen-
limited condstions. (a) Cell densities (—————) and specific g-
galactosidase activities (- — — — - ) are shown over the course of batch
growth with glycerol as the carbon source under different aeration
conditions. In one case (O ) the DO was controlled above 50% air
saturation. In the second case (®) constant conditions of 400 RPM
and 0.2 L/min (0.08 vvm) air supply were maintained throughout the
course of the experiment. As a result, the activity of the promoter
could be studied over wide ranges of DO and cell density. The single
arrow denotes the point at which the DO falls below 5% air satura-
tion. In the third case (x ) growth conditions were identical to those
in the sécond case, except that at the point indicated by the double
arrow the air supply to the fermentor was turned off. (b) Cell den-
sity ( ——— ) and specific §-galactosidase activity (— — — —) are
shown over the course of a fed-batch fermentation with glycerol as the
carbon source. Feeding was commenced at 2.5 mL/h at an OD of 2.5.

It was increased to 4 mL/h at an OD of 8. The DO was controlled
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above 56% air saturation until the point indicated by the arrow, after
-which constant conditions of 400 RPM and 3 L/min air flow (which
resulted in DO falliﬁg below fhe detectable limit within less than 5

minutes) were maintained.

Fi'gure 3: Effect of the carbon source and yeast extract on ORE activity.
Volumetric enzyme activities are plotted as a function of increasing
cell density under fed-batéh growth conditions. In all cases the DO
was controlled above 50% air saturation throughout the experiment.
Feeding was commenced at 2.5 mL/h at an OD of 2.5 in each case. (a)
The effects of the type and amount of carbon source on §-galactosidase
expression in 7C1/pOX11 were studied. In two cases cells were grown
under carbon limitation with glucose (O ) and glycerol (@ ) as carbon
sources. In the third case ( X) excess glycerol was maintained in the
fermentor at all times by adding 5 g pulses of glycerol per OD increase
in cell density. (b) The effect of the concentration of yeast extract
on ORE activity in 7C1/pOX11 was studied. The concentrations of
yeast extract in the batch medium were 1 g/L (©O), 5 g/L (@) and
20 g/L ( X ). (c) In a similar experiment the specific CAT activity in
MG1655/pOX2 is shown. Heré the yeast extract concentrations were
5 g/L (®) and 20 g/L (Xx).

Figure 4: Ozygen-regulated expression of CAT in high cell density fermenta-
tions of MG1655/pOX2. Cell densities (————— ) and specific activities
(= —— — ) are plotted along the course of typical fed-batch fermen-

tations using glucose (©) and glycerol (@) as carbon sources. In
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both cases cells were grown under carbon limited conditions with the
| DO controlled above 50% air saturation until the points indicated by
vertical arrows (i.e. until the oxygen utilization rate exceeded the
oxygen transfer rate limit of the fermentor, using air as the oxygen
source). Thereafter the DO was rapidly dropped to a value below the
detectable limit of the probe by maintaining constant conditions of
500 RPM and 3 L/min air flow rate. A dual port pump was used to
provide an additional feed of 25% yeast extract at twice the flow rate
as the nutrient feed. The following feeding rates were maintained: 3
mL/h between OD 2.5 and 5, 4.5 mL/h until OD 8, 7.5 mL/h until

OD 10, and 12 mL/h thereafter.

Figure 5: Ozygen-regulated expression of 3-galactosidase in high cell density
fermentations of 7C1/pOX11. (a) The growth and induction conditions
used in these experiments are identical to those described in the cap-

tion to Figure 4. Both glucose ( ©) and glycerol (@) were used as

carbon sources. Cell densities (

) and specific activities (—- )
are plotted as a function of time over the course of the fermentations.
(b) SDS-PAGE analysis (19) of samples from different stages of the
fermentation described in (a) with glucose as the carbon source. To-
tal cellular protein from the same cell mass was loaded in lanes 1-3.
Lanes 1-3 are samples corresponding to 210 min (early log phase),
300 min (pre-induction), and 730 min (end of fermentation) cells (see
Figure 5a). Lane 4 shows the total cellular protein from 7C1 cul-

tures. Samples were run on a 7-15% gradient gel and stained with
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Coomassie blue.
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Figure 2b.
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Figure 3a.
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Figure 3b.
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Figure 4.
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Figﬁre 5a.
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Figure 5b.
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CHAPTER 8

CONCLUSIONS
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8.1 Tinkering with metabolism: what have we learned?

This work illustrates the use of genetic manipulation to transfer a
metabolic function from an appropriately chosen environmental niche
in order to address a prdblem of significance in bioprocesses. As ex-
plained in Chapter 1, it differs from earlier examples in that not only
is the function of the cloned gene product unknown a priori, but the
likely site(s) of influence in the recipient organism are also imperfectly
understood. In that sense the success of such efforts depends heavily
on the validity of the anthropomorphic argument which motivates the
work. Nevertheless, a few important lessons can be learned from the

studies presented here.

First, these results highlight the importance of studying microaer-
obic phenomena in aerobic cells. A lot of information is available in
the literature on intracellular events that occur specifically in response
to aerobiasis as well as anaerobiasis. (Operationally, aerobiasis can
‘be defined as conditions where the oxygen concentration is sufficiently
above the K, for the lowest affinity terminal oxidase in the electron
transport chain, whereas anaerobiasis can be defined as conditions
where the oxygen concentration is sufficiently below the K,s for the
highest affinity terminal oxidase.) However, the transition between
the two regimes is by no means monotonic. It is likely that some
regulatory events, which occur in response to changing oxygen avail-
ability, are specifically responsible for sustaining metabolism under

microaerobic conditions, but may have limited utility under aerobic
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or anaerobic conditions. A large number of bioprocesses operate in
this regime, and the number increases as we progress towards larger
| scales of operation or systems employing dense cell cultures. Conse-
quently, understanding mechanisms for regulating metabolism in re-
sponse to microaerobiasis should be important for the improvement

of such processes.

‘Second, with respect to genetic manipulation of metabolism, in
a sense this example joins a growing list of examples in the litera-
ture, all of which indicate that it is very hard to predict a priors the
complete ramifications of genetically perturbing metabolism. Conse-
quently, in order to fully realize the potential of this approach, one
invariably iterates through multiple attempts involving successive ge-
netic changes, each of which sheds new light on the exact mechanisms

of the metabolic processes of interest.

Third, these studies demonstrate the relative lack of information
regarding physiological aspects of metabolism, as compared to the bio-
chemistry of metabolism. For example, much data is available (and
more is rapidly accumulating) from in vitro studies on the structure
and function of various components involved in aerobic respiration
in E. coli. However, apart from a few studies in the 1970’s, in vivo
stoichiometric and kinetic information on the individual enzymes, the
pathway as a whole, its coupling to other metabolic functions, and
above all, the effect of changing oxygen availability on these param-

eters, is sorely lacking. Two approaches are likely to be particularly
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friutful .in this regard. On one hand the development of new tech-
niques and tools fbr on-line measurement could provide useful data
'non-invas_ivélly. On the other hand, modern molecular genetics could
facilitate the generation of new mutants and analysis of existing mu-
tants with the eventual aims of understanding in vivo phenomena, and

setting the stage for further attempts at genetic manipulation.

Fourth, such attempts at cross-cloning metabolic functions under-
score the need for versatile systems for gene transfer and manipulation
that can be used to study phenomena in poorly understood bacteria.
In their absence, while modern ‘brute-force’ genetic techniques can
help us work around some disadvantages, a complete understanding

of interesting metabolic phenomena in ‘funny bugs’ is not possible.

Finally, a comment could be made that is also relevant to many
other areas of biological research. It appears that the most rapid suc-
cess in borrowing poorly understood metabolic ideas from nature is
likely to be achieved in those cases where another evolutionai'y con-
cept can be exploited in the recipient organism: the power of genetic
selection/ screening to maximize the benefits of perturbing cellular
metabolism, and minimize its deleterious effects. This, together with
biochemical and physiological investigations, will enhance our under-
standing of metabolism, as well as our ability to manipulate it in

order to improve existing bioprocesses and develop new ones.

8.2 Suggestions for future work involving VHb and its relevance

to aerobic bioprocesses.
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The results presented here demonstrate the utility of E. coli as a
surrogat‘e host to Qtudy the mechanism of influence of VHb on oxygen
| metabolism. Se_veral aspects of this work need to be pursued further
in order to obtain a better understanding, that in turn would be
helpful to identify future applications of VHb to bioprocesses. The
most imperative question concerns the development of steady-state
in vivo techniques (such as chemostats) to quantify the influence of
VHbD on growth and respiratory parameters under oxygen-excess and
oxygen-limiting conditions. This may require the use of indirect mea-
surement“s, such as the culture redox potential, to monitor oxygen
availability at concentrations below the detectable limit of standard
dissolved oxygen probes. Quantitative knowledge of parameters such
as Yx/s, Yx/os YH+/0s TXs TSy Y0,y TCO,, and rp will be needed to
unequivocally identify the locus (loci) of VHbD influence. In addition,
the ability to estimate intracellular concentrations of NADH and ATP
(i.e. the substrate and product of aerobic respiration, respectively)
will be desirable. These physiological studies could then provide a
basis for similar investigations with new and existing mutants that
are defective in aerqbic respiration. Likewise, parallel development of
analogous in vitro techniques for making steady-state kinetic measure-
ments with isolated cellular components is also likely to yield useful
results. An important consequence of the above investigations will be
the realization of important new knowledge on aerobic metabolism

(in particular microaerobic metabolism) and its regulation in E. coli.
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As mentioned earlier, the development of genetic tools to study
- VHb function in Vitreoseslla could also yield fruitful results. Some initial
(unsuccessful) attempts in this direction are summarized in Appendix
A. It should i)e pointed out that a native plasmid has been identified in
Vitreoseilla (for reference, see Chapter 2). This could provide a useful
replicon, and perhaps even a mobilization element for gene transfer
into Vitreoscilla. Plasmids of other known incompatibility groups could
also be tried. Finally, attempts to identify temperate phages in this

species may be worthwhile.

Together with standard genetic methodologies that are available
in E. coli, development of the techniques outlined above will also
be useful for analyzing the mechanisms of regulation of the oxygen-
responsive promoter element (ORE) of the VHb gene. In connection
with oxygen-dependent regulation, two main questions need to be ad-
dressed.’ First, the trans-acting factor(s) responsible for sensing oxy-
gen availability and accordingly influencing ORE activity are as yet
unknown. (Based on available information these are likely to be con-
served between E. coli and Vitreoscilla.) In this context, further knowl-
edge on the mechanisms of regulation of the cytochrome d gene in E.
coli may be helpful on account of the existence of homologous regions
upstream of the two genes. Second, the exact biochemical mechanism
by which ORE is maximally responsive to microaerobic environments
needs to be identified. In addition, the versatility of ORE-based ex-

pression systems could be increased by developing genetic/ fermen-
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tation strategies to further reduce the oxygen-independent promoter

activity, particularly at high cell densities.

As more information on the mechanism of VHb action, as well
as aerobic métabolism in general, accumulates, it may be possible to
rationally predict the scope of VHb-mediated enhancement of bio-
processes involving other organisms. Some very significant potential
applications are worth mentioning in this regard. For example, on
account of their rapid kinetics of respiration and their mycelial mor-
phology, the productivity of fermentations involving bacteria of the
Streptomyces genus is seriously limited by oxygen availability. Since
these bacteria are obligate aerobes, an enhancement in their res-
piratory properties could translate in improvement of productivity
of many natural products of interest. In another case, it has been
demonstrated that the productivity of amino acids by coryneform
bacteria is optimal under microaerobic conditions. Citric acid syn-
thesis by Gluconobacter is yet another example of a bioprocess whose
productivity is sensitive to the redox state of the environment. While
it may be somewhat early to predict the utility (if any) of VHbD in
these and other systems, initial investigations along these lines could
perhaps be rationalized yet again with an anthropomorphic argument

analogous to the one that started the work reported here.
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APPENDIX A

ATTEMPTS AT DEVELOPING GENETIC TOOLS
IN VITREOSCILLA
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A.l1 Introduction.

It is evident from earlier chapters that the availability of a variety
of extremeiy versatile genetic tdols in E. cols has greatly facilitated an
analysis of the mechanisms of function of both VHb and ORE using E.
coli as a surrogate host. In fact, the very premise with which this work
was started (i.e. it may be possible to borrow genetic strategies from
nature to manipulate metabolic functions of interest to bioprocesses)
relied heavily on the availability of a number of genetic techniques in
E. coli, which we now take for granted. While significant advances have
been made, even at a fundamental level, with the above approach, it
must be recognized that an ultimate appreciation of the evolutionary
elegance of VHb and ORE will require an understanding of the role
they play in their natural host, i.e. Vitreoscilla. To this end our ability
to develop rudimentary genetic tools to manipulate this relatively

unknown bacterium may prove invaluable.

Two minimum requirements must be satisfled to facilitate in vivo

genetic studies with any organism.

1. A technique for introducing DNA into the cell (gene transfer mech-
anism) must be available. Since successful transfer events are rel-
atively rare, they are selected for by virtue of enhanced survival
(e.g. drug resistance). Consequently the gene transfer technique
should have a transfer frequency that is at least an order of mag-
nitude (preferably more) higher than the spontaneous reversion

frequency of the organism to the screen.
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2. A vehicle for delivering DNA into the organism (cloning vector).
This permits the in vivo exchange as well as the in vitro analysis

and manipulation of genetic loci of interest.

A central prdblem with the ab initio development of genetic techniques
in new systems is that the diagnosis of failed attempts becomes a
‘chicken-and-egg’ situation. One cannot ascertain whether the gene-
transfer mechanism, or the cloning vector (i.e., the replicon or the

gene providing a selective advantage), or both are inappropriate.

In addition to the above two tools, the availability of mobile ge-
netic elements (e.g. insertion elements, transposons, retroviruses),
that can function in the organism of interest, is highly desirable. In
summary, in the absence of limitations on the population size avail-
able for experimentation (which is not an issue in the case of most
microbes), the versatility of the above tools directly influences the

scope of questions that can be addressed in an organism using genetic

approaches.

Over the course of this work, several attempts were made at de-
veloping the minimal tools required to conduct a genetic investigation
on the mechanism of action of VHb and ORE in Vitreosecilla. The main

results are summarized below.

A.2 Transformation.

The simplest approach attempted for gene transfer into Vitreoscilla

was that of chemical transformation. The vector used was pRED2 (for
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descript‘ion, gsee Chapter 2). The aim was to isolate a recombinant Vit-
_reoscilla colony that either permitted replication of this plasmid (colE1
replicon),. or at the i'ery least had integrated pRED2 into its chromo-
some via homologous recombination. A necessary prerequisite for
success was that the g-lactamase gene should be expressed in Vitre-
oscilla. Vitreoscilla was grown at 30°C in PYA broth (1.5% peptone,
1.5% yeast extract, 0.02% sodium acetate, pH 8.0). For selection pur-
poses 25 mg/L ampicillin was added to plates. Both the CaCl, (1)
and the Hanahan (2) protocols were used. No decrease in viability

was observed in either case; however no transformants were obtained

either.
A.3 Conjugal mobilization.

Recent successes with this technique in a variety of Gram-negative
bacteria (particularly purple bacteria, of which Vitreoscilla is a mem-
ber) (3) motivated the studies described in this section. The experi-
mental design used here was based on the following premise: through
three-way crosses it may be possible to mobilize a plasmid (carrying
the DNA of interest), which is hormally not self-transmissible, from E.
coli into Vitreoseslla, with the assistance of a helper plasmid possessing

appropriate tra functions. The steps followed are outlined below.

1. A test.plasmid pHC1, carrying a locus of interest, was constructed
by inserting a (blunt-ended) 1.4 kb BamHI fragment carrying a cat

gene (gift from Dr. P. Berget, Carnegie Mellon University) into
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the (blunt-ended) Miul .site in the VHb gene on plasmid pOX1
(Chapter 6). Successful transfer of pHC1 into Vitreoseilla could

provide a vehicle for marker rescue mutagenesis of the VHb gene.

. Two honiologous plaémids, pRK2013 (4) and pRK2073 (5), of the

IncP1l incompatibility group were selected as mobilizing plasmids.

PRK2013 provides resistance to kanamycin, while pRK2073 pro-

‘vides resistance to streptomycin. The presence of tra genes on

these plasmids could permit transfer of pHC1 via 3-way crosses.

. In order to select against E. colt hosts in 3-way crosses, sponta-

neous revertants of VIT1 (the parent Vitreoscilla strain), which
were resistant to rifamycin, kanamycin, or streptomycin were
sought. Only 7 Rif” mutants were isolated. Two of them, desig-

nated VIT11 and VIT12, were purified and used in further stud-

ies.

Prior to attempting 3-way crosses, the resistance of different
strains to various drugs was checked. Since the presence of high
concentrations of complex nitrogen sources was observed to in-
crease the level of resistance of Vitreoscilla, as well as several E.
colt strains, to rifamycin, modified PYA plates containing 0.5%
peptone and 0.5% yeast extract were used hereafter. (A defined
medium described earlier (8) was also tried; however, growth of
Vitreoscilla on these plates was very poor.) On plates containing 80
mg/L rifamycin this resulted in an observed reversion frequency

of approximately 1 in 10! with all the E. coli strains.
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5. 3-way crosses were conducted according to standard protocols
(4,5) with acceptor:donor:mobilizer ratios ranging from 5:1:1 to
100:1:1. Cells grown on plates, as well as liquid cultures, were
used for rhatings. Several hundred colonies that grew on selective
plates were further screened for various drug resistance pheno-
types. All of them appeared to be Rif™ revertant E. coli colonies.
For 12 colonies from different crosses this was confirmed by SDS-

PAGE (data not shown).

Taken together, these results suggested that the frequency of ob-
taining a marker-rescue mutant Vitreoscilla strain was lower than the

background frequency of reversion in the experimental design de-

scribed above.
A .4 Electroporation.

Recent development of high-voltage, low pulse-time instruments
has led to dramatic breakthroughs with several procaryotes using this
relatively new gene transfer technique (7). In order to test the fea-
sibility éf electropo_rating DNA into Vitreoscilla, two plasmids were
chosen for these studies. Plasmid pRK310 is a relatively small (19
kb) broad host-range vector belonging to the IncP1 incompatibility
group, which carries the tet gene (gift from Dr. M. Lidstrom, Cali-
fornia Institute of Technology). Plasmid pHC1 (as well as the moti-

vation for constructing it) has been described above. Both plasmids
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were purified from two successive CsCl gradients and resuspended to
a final concentration greater than 1 mg /mL. VIT1 cells were prepared
for electroporation by growing to mid-log phase (ODgoo = 0.5-0.8),
followed by two washes with (equal volume) distilled, deionized wa-
ter and finally two washes (1/50th volume) 272 mM sucrose. Cells
were resuspended to a final volume of 1 mL in 272 mM sucrose and
chilléd on ice. 50 uL éells were used for each attempt at electropora-
tion. Electroporation was performed on a Gene Pulser unit (Bio-Rad)
(max output voltage 2.5 kV /cm) at a capacitance of 25 uF, using 0.2
cm cuvettes (Bio-Rad). Following this, the cells were immediately
transferred into 1 mL PYA medium and incubated at 30°C for 4h.
0.25 mL of this culture was plated on selective plates (15 mg/L tetra-
cycline, 20 mg/L chloramphenicol, 25 mg/L ampicillin); samples were

also serially diluted to obtain viability counts.

Results obtained for both plasmids are summarized in 'i‘able I.
The data for the two plasmids was obtained from two independent
sample preparations. It is usually assumed that the window of maxi-
mum tr@sformatiqn efficiency via electroporation lies somewhere in
the parameter range that leads to reduced viability. Results shown
here suggest that this range corresponds to the upper limit of electric

field strength with VIT1 under the conditions described above.

A.5 Suggestions for further work.
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Tht; above data provides a useful starting point for further re-
search towards the development of useful genetic tools in Vitreoscilla.
In particillar, the téchniques of conjugal mobilization and electropo-
rati.on need to be explored further. With regard to mobilization, the
primary problem appears to be the high reversion frequency of donor
and mobilizer E. coli strains to rifamycin resistance. Consequently,
the next logical step wouid be to attempt generating a spontaneous
revertant of VIT1 that is resistant to a drug for which E. cols possesses
a lower reversion frequency. Unfortunately, spontaneous reversion of
VIT1 to streptomycin resistance (which satisfies the above require-
ment) appears to be a very rare event (< 1 in 10'!). Nevertheless,
it may be useful to note that 10 Amp” mutants of VIT1 were iden-
tified on one occasion (C.K. and J.E.B., unpublished results). The
wide prevalance of bla genes as resistance markers on commonly used
plasmids prevented further pursuit of these mutants as likelyl recepi-
ent candidates; however, in view of the above results this may be
a promising alternative. Another option would be to attempt mild

mutagenesis with the aim of isolating a Str" mutant of VIT1.

A further possibility in connection with the development of con-
jugal transfer techniques concerns the use of broad host-range mob™*
plasmids of various incompatibility groups (3). The advantage here
would be the improved likelihood of identifying a transfer event, with-

out the need for homologous recombination.
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With regard to electropbration, further investigations designed
to identify the window of high-frequency transformation by manipu-
lation of various parameters may prove fruitful. An examination of
available literature suggests that the type of plasmid used may also
have some influence on the frequency of successful transfers. Hence,

again, the use of other plasmids (and drug resistance markers) would

be desirable.

Finally, it should be noted that a native plasmid has been iden-
tified in VIT1 (8). Further studies on this plasmid could prove ex-
tremely useful. In particular, this plasmid, or derivative shuttle vec-
tors, would serve as prime candidates for use in chemical transforma-
tion, conjugal mobilization, and electroporation experiments, since

they could overcome the ‘chicken-and-egg’ problem outlined in A.1.
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Table 1:

TABLE |

Results from electroporation

Plasmid DNA(ul) kY ohms time const(ms) #survivors/ml # transformants/mL

control - - - - 32X 10q 0
pRK310 1.1 1.25 200 4.7 28X 107 0
PRK310 1.1 1.75 200 46 2.7X10° 0
pRK310 1.1 2.50 200 45 1.2X10° 0
pRK310 25 1.25 400 8.8 2.3X10° 0
PRK310 25  1.25 200 4.4 32X 100 0
control . - - . 1.0X10° 0
pHC1 20 250 200 4.6 40X 10° 0
pHCA 3.0 250 200 45 4.0X10" 0
pHC1 2.0 2.50 400 8.9 2.5X10° 0



