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Summary. Vitreoscilla hemoglobin is involved in oxygen
metabolism of this bacterium, possibly in an unusual role
for a microbe. We have isolated the Vitreoscilla hemoglobin
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
Escherichia coli from its natural promoter as a major cellu-
lar protein. The nucleotide sequence, which is in complete
agreement with the known amino acid sequence of the pro-
tein, suggests the existence of promoter and ribosome bind-
ing 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 pattern in E. coli. The down-
stream sequence exhibits homology with the 3’ end se-
quences of several plant leghemoglobin genes. E. coli cells
expressing the gene contain greater than fivefold more heme
than controls.
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Introduction

The filamentous bacterium, Vitreoscilla, a member of the
Beggiatoa family, is a strict aerobe that is found in oxygen-
poor environments such as stagnant ponds and decaying
vegetable matter. Growth of this bacterium under hypoxic
conditions results in severalfold induction of the synthesis
of a homodimeric soluble heme protein (subunit mol. wt.
15775) (Tyree and Webster 1978; Boerman and Webster
1982) which has a remarkable spectral (Webster and Liu
1974), structural (Wakabayashi et al. 1986), and kinetic
(Orii and Webster 1986) homology with eucaryotic hemo-
globins. The conservation of most features characteristic
for eucaryotic hemoglobins as well as its possible role in
oxygen utilization in Vitreoscilla strongly suggest that this
protein is indeed a bacterial hemoglobin.

We report here the molecular cloning and nucleotide
sequence of the Vitreoscilla hemoglobin gene and some of
its flanking regions. Interestingly, functional expression of
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this gene improves the aerobic growth properties of recom-
binant Escherichia coli, as determined by fed-batch fermen-
tations and respirometer measurements on whole cells
(Khosla and Bailey 1988).

Materials and methods

Media and growth conditions. E. coli cells were grown at
37° Cin 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 incu-
bator set at 250 rpm.

DNA manipulations. Vitreoscilla 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). For all other DNA manipulations, routine methods
were used (Maniatis et al. 1982), unless otherwise stated
below.

DNA sequencing. The HindIII-Sphl fragment from plasmid
pRED?2 (Fig. 2), which contains the entire structural gene
(see Results and discussion), was subcloned in plasmid
pUCI19 in the same orientation as in pRED2. After digest-
ing this new plasmid (pRED4) at the unique HindIIl and
Mlul sites, the ends were 5’ labeled and 3’ labeled. Purified
HindIII-Mul and M{ul-Sphl fragments were then subjected
to G-specific (Maxam and Gilbert 1980) and A-specific
(Iverson and Dervan 1987) cleavage reactions. Samples
were run on 8% and 20% polyacrylamide gels. The nucleo-
tide sequence was read in the directions indicated by dashed
arrows in Fig. 2.

Heme assay. Heme extracts were prepared and assayed ac-
cording to the method of Lamba and Webster (1980). In
each case 0.1 g cells (wet weight basis) were used. The heme
concentration was estimated on a Shimadzu UV160 spec-
trophotometer using the extinction coefficient Fssg_s4; =
20.7 per mM per cm for reduced minus oxidized spectra.
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Fig. 1. Nucleotide sequence of the Vitreoscilla hemoglobin gene.
The nucleotide sequence, a scheme of the sets of mixed oligonucleo-
tides used to isolate the gene, and 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,),
broad bean, and kidney bean (LbA). Three sets of mixed oligonuc-
leotide probes (numbered 1, 2, and 3) are indicated by their JUB
nomenclature below their respective target sequences. The align-
ment of the 3’ ends of the Lb genes is essentially 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 two or more adjacent bases
which are conserved in at least four out of five species are boxed.
Dots are used to indicate base similarity between the Vitreoscilla
and soybean LbA sequences (see text). The putative ribosome bind-
ing site, Pribnow box and the -35 box are underlined in the upstream
region of the structural gene
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Results and discussion
Cloning the Vitreoscilla hemoglobin gene

Three sets of mixed oligonucleotide probes were synthesized
which had a predicted homology to one 5" and one 3’ do-
main in the hemoglobin gene (Fig. 1). Southern blot hybrid-
ization to EcoRI-digested genomic DNA established that
the structural gene was present in a single fragment of a-
round 7.24 kb and also enabled the discrimination between
probe sets 1 and 2 (Fig. 1). Probe set 1 was identified as
the correct set. Further, the minimum selective wash tem-
peratures for probe sets 1 and 3 were also determined to
be 50° and 46° C respectively. We were unable to isolate
the gene from a Agt10-EcoRI library, probably due to the
sharp reduction in packaging efficiency of this vector for
inserts bigger than 7.6 kb (Huynh etal. 1985). Hence,
Southern blot hybridizations to genomic DNA digested
with BamH]I, HindIll, EcoRI and various combinations of
these three enzymes were performed. The smallest gene-
containing fragment was a HindIIl fragment of 2.2 kb. A
pUC19-Hindlll library of Vitreoscilla DNA was test-plated
on rich media containing ampicillin (100 mg/1), 5-bromo-4-
chloro-3-indolyl-f-p-galactopyranoside (X-gal) (40 mg/l)
and isopropyl-1-thio-f-p-galactopyranoside (PTG)
(1 mM). More than 70% of the colonies were probable
recombinants, as estimated by visual inspection. About
40000 colonies were then screened. Three positive clones
were identified and restreaked for single colonies. The plas-
mids from a small number of clones from each group were
examined by HindIII digestion. One of these, pRED1, car-
ried three HindIIl inserts including one of 2.2 kb. This
2.2 kb fragment was purified and cloned into pUC19 in
both orientations (pRED2 and pRED3). Digestion of
pRED?2 with various enzymes and Southern blot analysis
confirmed that the entire hemoglobin structural gene in
present on a HindIII-Sphl fragment (approx. 1.1 kb). The
restriction map of plasmid pRED2 is shown in Fig. 2.

Interestingly, the Vitreoscilla genome had a statistically
small number of restriction sites for BamHI. There were
only nine observable distinct bands smaller than 5.5 kb and
four such bands smaller than 4 kb. A similar observation
has also been made in the case of the genome of Methano-
coccus voltae which has an unusually small number of sites
for the 4 bp recognizing enzyme, Sau3Al, which is an isos-
chizomer of BamHI (Jarrell et al. 1987).

Transformation of Vitreoscilla

Attempts to transform Vitreoscilla with plasmid pRED2
using both the CaCl, (Shilhavy et al. 1984) and the Hana-
han (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 Vitreos-
cilla strain has recently been reported (Dikshit and Webster
1987), this difficulty may have resulted from plasmid incom-
patibility.

Genetic expression of the hemoglobin gene in E. coli

E. coli cells containing plasmids pRED1, pRED2, pRED3
and pUC9 as well as Vitreoscilla cells were grown to station-
ary phase and cell extracts were examined on an SDS-poly-
acrylamide gel for the existence of the hemoglobin polypep-
tide. As can be seen in Fig. 3 (lanes 2-5), hemoglobin is
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Fig. 2. Restriction map of plasmid pRED2. This plasmid is a deriv-
ative of pUC19. The position and orientation of the Vitreoscilla
hemoglobin structural gene is as shown. The symbols Aat, Hin,
Mlu, Sal, and Sph indicate approximately the recognition sites
for the restriction enzymes Aatll, HindIll, Mlul Sall, and Sphl,
respectively. The HindIIl insert does not contain any recognition
sites for the enzymes BamHI, EcoRl, Haell, Ndel, Pstl, Poul,
Smal, Sstl, or Xbal. The dashed arrows near the HindIIl and Miul
sites represent the directions of sequencing of labeled fragments
(see Materials and methods)
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Fig, 3. Expression of hemoglobin in Escherichia coli. The total cel-
lular protein content of cells containing various plasmid constructs
was resolved on a 12.5% SDS-polyacrylamide gel. Lane 1, molecu-
lar weight standards. Lanes 2-4 and 6, E. coli cells containing
plasmids pRED1, pRED2, pRED3 and pUC9 respectively. Lane
5, E. coli cells containing plasmid pRED2 (which has the hemoglo-
bin gene cloned in the same orientation as the /ac promoter, see
Fig. 2) grown in the presence of 1 mM IPTG. Lane 7, the protein
content of Vitreoscilla. Gels were run according to the standard
protocol of Laemmli (1970). Protein was visualized by the silver
staining method of Merril et al. (1983)

expressed as a major cellular protein in all the recombinant
cells. Since both pRED2 and pRED?3 express about equal
amounts of this polypeptide and since the level of expres-
sion from pRED?2 is about the same with and without
IPTG, the gene is probably expressed from its natural pro-
moter in E. coli. This conclusion is reinforced by an exami-
nation of the upstream sequences of the gene (see below).
Such high level expression of the gene product in E. coli
contrasts with 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 containing the hemoglobin gene were
all observed to be red in color compared with JM101 or
IM101/pUC9. Spectrophotometric assays for the heme con-
tent of these cells showed elevated heme concentrations in
cells containing the Vitreoscilla hemoglobin gene. The heme
content of JM101/pRED2 was 21 nmol/g cells compared
with 3.8 nmol/g cells for IM101/pUC9. Correspondingly,
the hemoglobin activity of JM101/pRED2 was fivefold
higher than JM101/pUC9 (Khosla and Bailey 1988).

Nucleotide sequence of the structural hemoglobin gene and
Sflanking regions

The complete nucleotide sequence of the structural hemo-
globin gene along with its amino acid translation is shown
in Fig. 1. The deduced amino acid sequence 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 (Lb) 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 Fig. 1. Firstly, a significant
homology can be observed between the 3’ end sequence
of this gene and other plant globin genes. As shown in
the figure, regions 1, 2 and 3 represent highly conserved
sequence motifs in several plant leghemoglobin genes
(Kuhse and Puechler 1987) which are also fairly conserved
in Vitreoscilla. This suggests common evolutionary ancestry
for this gene and plant leghemoglobin genes. It should be
noted, however, that no functional significance has been
assigned to this region in the case of the plant genes (Stou-
gaard et al. 1987). Earlier, Wakabayashi et al. (1986) indi-
cated that amongst several animal and plant globin amino
acid sequences, the Vitreoscilla hemoglobin shows the maxi-
mum sequence homology (24%) with lupin leghemoglobin.
Within the 3’ region indicated in Fig. 1, the Vitreoscilla
hemoglobin shows the greatest homology (45%) with the
soybean leghemoglobin A gene (indicated by dots in Fig. 1).
Since the corresponding figure for the soybean LbA gene
and the kidney bean LbA gene is 52%, this figure is indica-
tive of significant homology. It should be noted that a puta-
tive procaryotic terminator, TTTTTA (Glass 1982), exists
within region 2 (Fig. 1) with a possible stem-loop region.
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 struc-
tural gene, a distinct bias toward the usage of specific co-
dons for some of the more abundant amino acids in the
protein can be observed. For example, out of 14 leucine
codons, 13 are UUG and 1 is UUA. Similarly, all phenylal-
anine codons are UUU and 5 out of 7 proline codons are
CCU. In all 3 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



an homology between the expression control sequences of
E. coli and Vitreoscilla. In Fig. 1, putative Pribnow and
-35 boxes as well as ribosome-binding sites have been under-
lined. 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. coli is much greater than that in Vitreoscilla grown
under similar conditions. In our experience, growth of Vi-
treoscilla to early stationary phase in culture tubes placed
in an air-circulated shaker incubator is usually not sufficient
to induce a detectable 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. coli and Vitreoscilla 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 Vitreoscilla on a plasmid would
be useful in this context.

Since the protein is active in E. coli and confers growth
enhancement to E. coli in oxygen-poor environments
(Khosla and Bailey 1988), molecular cloning and sequenc-
ing 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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