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The flavodoxins constitute a highly conserved family of small, acidic electron transfer proteins with flavin
mononucleotide prosthetic groups. They are found in prokaryotes and in red and green algae, where they
provide electrons at low potentials for the reduction of nitrogen by nitrogenase, for the light-dependent
reduction of NADP* in photosynthesis, and for the reduction of sulfite. Proteins with the physical
characteristics of flavodoxins have been implicated in the reductive activation of pyruvate formate-lyase and
cobalamin-dependent methionine synthase in Escherichia coli. We have purified flavodoxin to homogeneity
from E. coli, determined its N-terminal amino acid sequence, and used this sequence to construct a 64-fold
degenerate oligonucleotide probe for the flavodoxin gene. Because the phenotype of a flavodoxin mutant is not
known, we used this degenerate probe to screen the phages of the Kohara library and identified two phages,
with inserts mapping at ~16 min, that hybridized to the probe. The flavodoxin gene, designated fldA, was
subcloned from the DNA in the overlap region of these two clones. The deduced amino acid sequence,
determined by nucleotide sequencing of the flavodoxin gene, shows strong homology with flavodoxins from
nitrogen-fixing bacteria and cyanobacteria. The fldA gene maps at 15.9 min on the E. coli chromosome and is

transcribed in a counterclockwise direction.

Flavodoxins are a family of small, acidic electron transfer
proteins with flavin mononucleotide (FMN) prosthetic
groups. They differ from the majority of other flavoproteins
in that they are unable to be reduced by hydride transfer, and
hence they do not react directly with pyridine nucleotides or
carbohydrate substrates but are only able to accept and
donate electrons. Thus, they are classified as obligate elec-
tron transferases (19). Flavodoxins have been identified in
prokaryotes and in red and green algae but not in higher
plants or animals. In nitrogen-fixing bacteria such as Azoto-
bacter vinelandii and Klebsiella pneumoniae, flavodoxin
provides the electrons needed for the reduction of dinitrogen
to ammonia by nitrogenase, serving as an electron donor to
the Fe protein of nitrogenase (18; reference 4 and references
cited therein). In cyanobacteria, flavodoxin sometimes
serves as the electron donor for the ferredoxin-NADP™*
oxidoreductase, providing reducing equivalents for the light-
dependent reduction of NADP* associated with photosyn-
thesis. During growth in the presence of adequate iron in the
medium, reduction of ferredoxin-NADP* oxidoreductase is
normally accomplished by the 2Fe-2S electron transfer pro-
tein ferredoxin, but on growth in iron-deficient media, fla-
vodoxin synthesis is induced and flavodoxin substitutes for
ferredoxin (20). The flavodoxin gene from Anacystis nidu-
lans has been cloned and sequenced and shown to be
regulated at the transcriptional level by the level of iron in
the medium (16). In anaerobic bacteria such as Clostridium
pasteurianum, flavodoxins can substitute for 8Fe-8S ferre-
doxins in the phosphoroclastic oxidation of pyruvate as
follows: H* + CH,COCOO~ + HPOS2? ——>
CH,COOPO,*~ + CO, + H,. The clastic system includes
the enzymes pyruvate ferredoxin-oxidoreductase, phos-
photransacetylase, and hydrogenase and requires coenzyme
A as a cofactor; ferredoxin or flavodoxin is required to
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mediate electron transfer between pyruvate-ferredoxin oxi-
doreductase and hydrogenase (20). Flavodoxin or ferredoxin
plays an analogous role in dissimilatory sulfate reduction,
mediating the transfer of electrons between hydrogen and
sulfite (20).

In Escherichia coli, flavodoxin is constitutively synthe-
sized (31). It has been shown to participate in the activation
of pyruvate formate-lyase associated with the shift from
aerobic to anaerobic conditions during growth on glucose.
Ferredoxin cannot substitute for flavodoxin in this reaction
(14). The activation of pyruvate formate-lyase is accom-
plished by an iron-dependent activator protein (enzyme II),
reduced flavodoxin, adenosylmethionine (AdoMet), and the
effector pyruvate. During this reaction, AdoMet is reduc-
tively processed to yield methionine, adenine, and 5'-deoxy-
ribose, and it has been suggested that transient adenosyla-
tion of enzyme II is required for its function in the activation
of pyruvate formate-lyase (13). According to this hypothesis,
flavodoxin mediates electron transfer to the iron of enzyme
II and the reaction is coupled to an adenosyl transfer from
AdoMet to the iron center. The adenosyl-enzyme II complex
may function in a manner similar to that of adenosylcobal-
amin, abstracting a hydrogen atom from an amino acid side
chain to generate the protein radical associated with the
active form of pyruvate formate-lyase, with concomitant
formation of 5’-deoxyadenosine and a reduced metal center
(12).

A protein with the physical properties of a flavodoxin,
designated the F protein, was shown to provide electrons for
the reductive activation of cobalamin-dependent methionine
synthase in E. coli (8). In this article, we demonstrate by
nucleotide sequence analysis that this protein is a member of
the flavodoxin family. Reductive activation of cobalamin-
dependent methionine synthase also requires AdoMet (17)
and is coupled to the transfer of the methyl group from
AdoMet to the reduced cobalamin cofactor (2, 8, 30). Thus,
the two reactions involving flavodoxin in E. coli both appear
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to involve reduction of a protein-AdoMet complex with
concomitant heterolytic cleavage of a C-S bond of AdoMet.

It would be interesting to study the role of flavodoxin in in
vivo metabolism in E. coli and to ascertain whether this
protein plays an essential role in the activation of pyruvate
formate-lyase and methionine synthase in vivo. It is possible
that flavodoxin is also involved in other reactions that
require the generation of an enzyme-bound radical such as
the radicals of the aerobic iron-containing ribonucleotide
reductase (27) or the anaerobic AdoMet-linked ribonucle-
otide reductase (6). Such studies have been hampered by the
fact that the gene encoding flavodoxin in E. coli had not been
identified and no mutants lacking flavodoxin are known.
Furthermore, the phenotype of a mutant lacking flavodoxin

remains to be characterized, so that phenotypic selection of.

mutant species is not possible at present.

In the present study, we have purified flavodoxin from E.
coli, monitoring its purification by its ability to provide
electrons for the reductive activation of methionine syn-
thase. We have determined the amino acid sequence at the N
terminus of the protein by Edman degradation and used this
information to construct an oligonucleotide probe for the
flavodoxin gene. The flavodoxin gene was located in two
phages from the Kohara library of genomic DNA from E.
coli K-12 (28) by Southern blotting and subcloned from a
region of DNA that was present in the inserts of both these
phages. The fld gene encodes a protein with significant
homologies to flavodoxins from other prokaryotes and maps
at 15.9 min on the E. coli chromosome.

MATERIALS AND METHODS

Materials. The phagemid vector Bluescript II SK™*
(pBS2SK ™) was purchased from Stratagene (La Jolla, Cal-
if.), and the vectors pTZ18 and pTZ19 were from Bio-Rad.

Media and buffer solutions. Luria broth-agarose for plates
was prepared as described by Sambrook et al. (23). Where
indicated, the Luria broth medium was supplemented with
ampicillin (40 pg/ml) and/or X-Gal (5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside; 0.8 mg per plate) with IPTG
(isopropyl-B-D-galactopyranoside; 0.8 mg per plate). KPB is
potassium phosphate buffer, pH 7.2. Prehybridization and
hybridization buffers were prepared for plaque hybridization
as described by Sambrook et al. (23).

Assay of flavodoxin. Flavodoxin can be assayed for its
ability to transfer electrons to cobalamin-dependent methio-
nine synthase in the presence of NADPH, AdoMet, and
NADPH-flavodoxin oxidoreductase (8). The assays con-
tained 100 mM KPB, 1 mM homocysteine, 250 pM (6R,S)-
[methyl-**CICH,-H ,folate (2,000 dpm/nmol), 38 pM AdoMet,
80 pM methionine synthase, 100 pM NADPH-flavodoxin
oxidoreductase, and 0.4 to 4 pM flavodoxin in a total volume
of 1 ml. The concentration of flavodoxin was estimated from
the A, by using an extinction coefficient of 8,420 M~ cm ™"
(8). Cobalamin-dependent methionine synthase was purified
as described by Frasca et al. (7), and NADPH flavodoxin
oxidoreductase was purified from a fraction of the flavodoxin
preparation (see below) by adaptation of the method of Fujii
and Huennekens (8).

Tubes containing all the components of the assay mixture
except NADPH were equilibrated in a 37°C bath. NADPH
was added to initiate the assay, and the assay solutions were
incubated for 10 min and then quenched by heating to 98°C
for 2 min. After cooling the tubes on ice, the contents of each
tube were passed over AG1x8 chloride minicolumns (a
13-cm pasteur pipette with a glass wool plug, filled to a 5-cm
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height with resin). After the columns were loaded, they were
rinsed with 2 ml of glass-distilled water. The eluate from
loading and rinsing was collected in a scintillation vial, 10 ml
of aqueous scintillation fluid was added, and the contents
were mixed and counted. Radiolabeled CH,-H,folate is
retained on the column, while the labeled methionine prod-
uct of the transmethylation catalyzed by active methionine
synthase is eluted.

Purification of flavodoxin from E. coli. Flavodoxin was
purified from packed, washed, and frozen cells of E. coli B
(ATCC 11303) obtained from Grain Processing (Muscatine,
Iowa). These cells had been grown aerobically in Kornberg
minimal medium, supplemented with 0.15 uM cyanocobala-
min, and harvested at three-quarters exponential phase. The
cells were disrupted by sonication in buffer containing
phenylmethanesulfonyl fluoride (400 mg/liter). Batch chro-
matography on DEAE-52 was used to separate fractions
containing flavodoxin, NADPH-flavodoxin oxidoreductase,
and methionine synthase. The fraction containing flavodoxin
was further purified by column chromatography on
DEAE-52 and hydroxylapatite and finally by fast protein
liquid chromatography on a MonoQ HR 16/10 column.
Details of the purification procedure are available on re-
quest. Flavodoxin fractions can be located by their orange
color and evaluated for purity by visible absorbance spec-
troscopy. Pure fractions of flavodoxin show maxima at 464
and 369 nm, with an A;¢/,6, Of 0.85 (8). Identification of the
purified flavodoxin was verified by enzymatic assay. Se-
lected fractions of flavodoxin were subjected to polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl
sulfate and staining with Coomassie blue dye to evaluate
their purity.

Determination of the N-terminal amino acid sequence of
flavodoxin. Amino acid sequence analysis on a homogeneous
sample of flavodoxin from E. coli was performed by using an
Applied Biosystems model 470A gas phase sequencer. A
1-nmol portion of reduced alkylated protein was precipitated
with cold acetonitrile and redissolved in 88% formic acid.
High-performance liquid chromatographic analysis of se-
quencer-derived phenylthiohydantoin-amino acids was per-
formed by using a Beckman model 332 gradient liquid
chromatograph equipped with a Hewlett-Packard 3390A
integrator, employing a modification of the procedure of Tarr
(29).

Identification of the flavodoxin gene in the Kohara library.
The Kohara phage library of E. coli genomic DNA was
screened by plaque hybridization by using a procedure
adapted from the protocol described by Silhavy et al. (24). A
500-pul volume of cells of strain MM294 suspended in 10 mM
MgSO, to an Ay, of 2 to 3 was mixed with 15 ml of 0.7% top
agarose prewarmed to 37°C, and the suspension was plated
onto 135-mm-diameter Luria broth plates. After the cells
were allowed to grow for 1 h at 37°C, 0.5-pl aliquots of each
Kohara lysate were spotted in a grid pattern. A total of 120
lysates from the 476-element Kohara library were spotted on
each 135-mm plate. Lysis was apparent after 4 h, when clear
plaques were seen. The plates were refrigerated for 1 h to
harden the top agarose before nitrocellulose lifts were pre-
pared. Plaque hybridization was performed overnight at
55°C by using 250 ng of a 5’ end-labeled 20-mer oligonucle-
otide with 64-fold degeneracy as the probe, and the filters
were washed five to six times with 6x SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate) at room temperature
and then for 30 min with 6x SSC at 44°C. The wet nitrocel-
lulose filters were wrapped in Saran Wrap, and fluorograms
were prepared by exposure of Kodak XARS film at —80°C.
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(Met) *Ala*Ile*ThreGly*Ile*Phe*Gly*Ser*Asp*ThreGly*AsneThr

(ATG) *GCT *ATC*ACC*GGT *ATC*TT
c T T C T
A
G
FIG. 1. E. coli flavodoxin N-terminal amino acid sequence and
oligonucleotide probe.

Purification of phage DNA, subcloning, and nucleotide
sequencing. A phage DNA was purified from Kohara clones
172 and 173 by using the protocol described by Chisholm (3).
Subcloning was accomplished by using standard protocols.
Double- or single-stranded plasmid DNA was isolated ac-
cording to protocols provided by Stratagene. DNA sequenc-
ing by the Sanger dideoxy chain termination method with
a-3*S-dATP was carried out with Sequenase from United
States Biochemicals (Cleveland, Ohio) according to the
manufacturer’s instructions.

Nucleotide sequence accession number. The sequence of
fldA and its flanking regions has been submitted to GenBank
and has been assigned accession number M59426.

RESULTS AND DISCUSSION

Purification and properties of flavodoxin and determination
of its N-terminal amino acid sequence. A homogeneous prep-
aration of flavodoxin was obtained by the procedures de-
scribed in Materials and Methods and subjected to N-termi-
nal amino acid analysis by Edman degradation. This
sequence and the oligonucleotide probe that was prepared
on the basis of this sequence are shown in Fig. 1. Because
alanine is frequently observed as the second amino acid in
proteins from E. coli (9) and because peptide bonds between
an N-terminal methionine and alanine are cleaved by methi-
onine aminopeptidase (21), we reasoned that the DNA
sequence encoding the flavodoxin gene would begin with an
N-terminal methionine and synthesized our probe accord-
ingly. Both threonine and glycine are encoded by four
different codons, ACN and GGN, respectively. However,
codon preferences in E. coli strongly favor C or U in the
third position of the codons for both of these amino acids
(15), and we reduced the degeneracy of our probe sequence
by guessing that the flavodoxin gene would conform to the
observed codon preferences. The isoleucine codon AUA is
also rarely used in E. coli (15), and we reduced the degen-
eracy of our probe still further by assuming that isoleucine
would be encoded only by AUU or AUC. The resulting
64-fold degenerate 20-mer oligonucleotide was called
ECF1-7.

Purified homogeneous flavodoxin was shown to mediate
the transfer of reducing equivalents from NADPH-flavo-
doxin oxidoreductase to methionine synthase in vitro, in
agreement with earlier observations of Fujii and Huennek-
ens (8). The purified protein was located on the gene-protein
index of Neidhardt as described by Phillips et al. (22), on
which it was assigned the a-numeric A19.0 and migrated at
121 X 45 mm. The isoelectric point of 4.64 determined by
isoelectric focusing of the denatured protein indicates that
flavodoxin is one of the most acidic proteins in E. coli. The
estimated molecular weight of the protein from its mobility
during polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate was 19,000, in good agreement with
the molecular weight of 19,400 reported by Fujii and Huen-
nekens (8) for flavodoxin.

Identification of the flavodoxin gene in the Kohara library.

A GENE ENCODING FLAVODOXIN IN ESCHERICHIA COLI 1731

To our knowledge, degenerate probes have not previously
been used to identify genes in the Kohara library. The more
commonly used procedure (see, for example, the work of
Baird and Georgopoulos [1]) is to clone the gene using the
mini-Mu plasmid in vivo cloning technique (10) and then to
map the gene using DNA hybridization to identify the gene
in the Kohara library. This method requires the availability
of mutant strains with a phenotype that can be comple-
mented by a gene on the mini-Mu plasmid. When mutants
are not available, a reverse genetics approach in which the
gene is identified by DNA hybridization in an appropriate
library is required. Use of the Kohara library for this
purpose is ideal because identification of a transducing phage
from the Kohara library containing the desired gene simul-
taneously maps and clones the gene. Furthermore, since an
extensive restriction map of each phage insert is available, a
subcloning strategy is immediately suggested.

Plaque hybridizations were performed with the 476 cosmid
clones of the Kohara library by using the 5’-end-labeled
oligonucleotide probe ECF1-7. Only two clones, 172 and
173, hybridized with the radiolabeled oligonucleotide probe.
These two clones contain inserts of DNA mapping at about
16 min on the E. coli chromosome, and the left end of the
insert in 173 overlaps with the right end of the insert in 172.
We presumed that the flavodoxin gene was located in the
region of the overlap. Southern blotting of an EcoRI digest of
the DNA from Kohara clone 173 established that a 5.8-kb
EcoRI fragment contained sequence complementary to the
labeled oligonucleotide probe ECF1-7.

Subcloning and sequencing of the flavodoxin gene. DNA of
~5.8 kb was prepared by EcoRI digestion of DNA from
Kohara clone 173 and ligated into the EcoRI site of the
phagemid vector pBS2SK*. E. coli DH5aF' was trans-
formed with the ligation mixture, and white colonies were
selected on Luria broth plates containing ampicillin, X-Gal,
and IPTG. Plasmid DNA was isolated from cells grown from
18 of the resultant colonies and subjected to Southern
blotting with the 5’-end-labeled oligonucleotide ECF1-7.
Figure 2A shows the results of electrophoretic analysis of
the minipreps of plasmid DNA. It can be seen that signifi-
cantly less DNA was obtained from colonies 1, 2, 5, 8, 9, 10,
11, and 18 than from the other colonies, even though the cell
density of the inoculates from which DNA was isolated was
approximately the same for all minipreps. In Fig. 2B, a
radioautogram of the Southern blot is shown, and it can be
seen that the N terminus of the flavodoxin gene is present
only in those colonies that produced reduced amounts of
plasmid DNA. There are two EcoRI fragments of the same
5.8-kb size in clone 173 from the Kohara library, and these
were introduced into DHSaF’ with approximately equal
frequency. Only one of the two fragments, that encoding the
flavodoxin gene, led to restricted production of plasmid
DNA. Analysis of the orientations of the inserts in pBS2SK™*
established that the fragment which does not encode flavo-
doxin was inserted into the phagemid vector in random
orientations, while all eight clones that encode the N termi-
nus of flavodoxin contained inserts in the same orientation.
As will be shown, this orientation places the flavodoxin gene
so that it is oriented in the direction opposite to the orienta-
tion of the lac promoter, and induction of synthesis of
single-stranded DNA by infection with helper phage leads to
production of the DNA strand with a sequence complemen-
tary to that of the mRNA encoding flavodoxin (the sense
strand).

Phagemids with the EcoRI fragment in the opposite orien-
tation were obtained by cutting out the insert by digestion
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FIG. 2. The DNA from the region of the flavodoxin gene leads to
apparent copy restriction of the plasmid on which it is located. DNA
from Kohara phage 173 was isolated and cleaved with EcoRI, and
the fragments were separated on an agarose gel. Fragments with an
apparent size of 6 kb were isolated from the gel by electroelution and
ligated into a pBS2SK™ vector that had been cleaved with EcoRI.
The restriction map published by Tabata et al. (28) indicates that two
~6-kb fragments of DNA are generated by EcoRI cleavage of DNA
from this phage. Cells of strain DH5aF’ were transformed with the
ligated DNA and selected for resistance to ampicillin. DNA mini-
preps were prepared from approximately equal numbers of cells
derived from ampicillin-resistant colonies. (A) High-contrast photo-
graph of an agarose gel loaded with samples of 18 DNA minipreps
and visualized under UV light after staining with ethidium bromide.
The miniprep in lane 14 was from cells transformed with the vector
lacking an insert. (B) Southern blots of a nitrocellulose lift from the
gel shown in panel A. 5’-end-labeled oligonucleotide probe ECF1-7
was used to probe the DNA. The probe hybridized to those colonies
that displayed apparent copy restriction in panel A.

with EcoRI and then religating. Of seven daughter plasmids
analyzed, two contained the EcoRI insert in the opposite
orientation. All daughter plasmids showed marked copy
restriction as judged by the yield of plasmid DNA isolated
from transformed cells. When single-stranded DNA produc-
tion was initiated in the phagemids containing reverse inserts
by the addition of helper phage, the cells lysed and no
single-stranded DNA was obtained.

Protein extracts from colonies 8 (flavodoxin insert), 14 (no
insert), and 3 (insert with no flavodoxin) were subjected to
analysis by polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfate and were compared with a
sample of purified flavodoxin from E. coli. The extract from
colony 8, but not those from colonies 3 or 14, showed
increased concentrations of a protein with the same mobility
as purified flavodoxin (Fig. 3).

The plasmid pRMEcoRI was isolated from cells derived
from colony 8 and was digested with EcoRV and then
religated. The ligation mixture was used to transform strain
DHSaF’, and transformants were selected on Luria broth
plates supplemented with ampicillin, X-Gal, and IPTG.
White colonies were isolated and subjected to restriction
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FIG. 3. Photograph of an analysis of total cellular proteins of E.
coli by one-dimensional polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate. The proteins were visualized by
staining with Coomassie blue dye. Lane 1, ~2 ug of purified
flavodoxin from E. coli; lane 2, low-molecular-weight markers with
the weights (10%) indicated on the vertical axis; lanes 3 through 5,
protein extracts from cells of strain DH5aF’ transformed with
plasmids 3, 8, and 14, respectively, from Fig. 2. As demonstrated by
Southern blotting and gel electrophoresis, plasmid 3 consists of
pBS2SK™* with an insert that does not contain the flavodoxin gene,
plasmid 8 contains an insert encoding the flavodoxin gene, and
plasmid 14 does not contain an insert. The two major bands at about
21,000 associated with the purified flavodoxin in lane 2 represent
holoenzyme (containing noncovalently bound FMN even under
denaturing conditions) and apoenzyme (lacking noncovalently
bound FMN), with the apoenzyme migrating with an apparently
lower molecular weight. The band at 31,000 is an impurity in this
sample of flavodoxin.

analysis. A typical plasmid was designated pRMEcoRV3 and
is shown in Fig. 4. Southern blotting established that the
ECF1-7 oligonucleotide hybridized to pRMEcoRV3.
Because very low yields of plasmid DNA were obtained
from both the phagemids containing the EcoRI and EcoRV3
fragments, it was difficult to obtain enough DNA for double-
stranded sequencing. Adequate quantities of single-stranded
DNA could be obtained from pRMEcoRI, but only one of
the two strands was synthesized, as noted above. By pooling
several minipreps of pPRMEcoRV3 DNA, and by using the
M13 —-20 primer, we were able to obtain sequence data from
the 5’ end of the EcoRV3 fragment, and we used this to
synthesize a nondegenerate 17-mer oligonucleotide sequenc-
ing primer. This in turn was used to sequence the single-
stranded DNA from pRMEcoRI by primer extension. The
sequencing strategy for the sense strand is outlined in Fig. 5.
Sequencing the antisense strand required an alternate
approach. The pRMEcoRV3 phagemid was digested with
HindIII and then religated, as shown in Fig. 4. This proce-
dure results in the excision of the upstream portion of the
flavodoxin gene. The resulting phagemid was designated
pRM33'FLD. Yields of plasmid DNA from strain DHSaF’
transformed with this vector were approximately equal to
the yields from cells transformed with pBS2SK* lacking an
insert. A phagemid containing the upstream portion of the
flavodoxin gene was prepared by subjecting DNA from
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FIG. 5. Sequencing strategy for the flavodoxin gene and surrounding DNA. The entire ~2.5-kb EcoRV-EcoRI insert of pPRMEcoRV3 is
shown, as well as 228 nucleotides from the 3’ end of EcoRV1 that are contiguous to the EcoRYV site. The lengths of the arrows are drawn to
scale. The large arrow indicates the direction of transcription of the fid gene. For details, refer to Materials and Methods.

pRMECcoRYV to digestion with HindIII and Sall and ligating
the restricted DNA into the vector pTZ18U that had previ-
ously been cut with HindIIl and Sall. The resulting phage-
mid was designated pTZ18USS5'FLD. Yields of plasmid
DNA from cells transformed with this vector were also
approximately equal to yields from cells transformed with
the vector lacking an insert. Minipreps of double-stranded
DNA were prepared from the phagemids containing the
upstream and downstream portions of the flavodoxin gene
and were sequenced on the antisense strand by primer
extension. The strategy is indicated in Fig. S.

The observation of copy restriction in plasmids containing

- - - - - -
TCGACCGGGACGACCGAAAACTAATCCGCTTTCGCGCGATGAACAGCTGCGTATTAATAA

100
* * - * . -
ACGCAACCAGCTAAAACGCGACAAAGTACGTGGCCTTAAGCGTGTCGAACTGAAGCTGAA

- - * - - -

CGCGGAAGCTGTCGAGGCGCTGAACGAGCTGGCGGAGTCGCGCAATATGAGCCGTAGCGA

200

- * - * « -

ACTGATCGAAGAGATGTTAATGCAGCAACTGGCGGCGCTGC ATCGTTTA
300
* * * - - -
ATTTCCACTTTC “AC “GAGTCCTGCTCGTTTGCTGATTCCGCAAGACTG
* * . « * *
CCTGTTCTGC TGCCTT C AATTTTCCACCCCCATTTCAATAAGTT
400
* . . * *

TCAAGAGGTTATTTCACTC ATG GCT ATC ACT GGC ATC TTT TTC GGC AGC GAC ACC
Met Ala Ile Thr Gly Ile Phe Phe Gly Ser Asp Thr

- - * - *

GGT AAT ACC GAA AAT ATC GCA AAA ATG ATT CAA AAA CAG CTT GGT AAA GAC
Gly Asn Thr Glu Asn Ile Ala Lys Met Ile Gln Lys Gln Leu Gly Lys Asp

500
- - - - -
GTT GCC GAT GTC CAT GAC ATT GCA AAA AGC AGC AAA GAA GAT CTG GAA GCT
Val Ala Asp Val His Asp Ile Ala Lys Ser Ser Lys Glu Asp Leu Glu Ala

* * - - »

TAT GAC ATT CTG CTG CTG GGC ATC CCA ACC TGG TAT TAC GGC GAA GCG CAG
Tyr Asp Ile Leu Leu Leu Gly Ile Pro Thr Trp Tyr Tyr Gly Glu Ala Gln

600
* * * - -
TGT GAC TGG GAT GAC TTC TTC CCG ACT CTC GAA GAG ATT GAT TTC AAC GGC
Cys Asp Trp Asp Asp Phe Phe Pro Thr Leu Glu Glu Ile Asp Phe Asn Gly

the intact flavodoxin gene on a Sall-EcoRlI insert, but not in
plasmids containing the Sall-HindIII half of the same insert
or the HindIII-EcoRI half, strongly suggests that the ob-
served reduction in plasmid DNA content per cell is not a
property of the cloned DNA per se but rather results from
expression of the flavodoxin gene. These observations sug-
gest that the E. coli flavodoxin gene is a ‘‘toxic gene’’ and
were particularly surprising because expression of the flavo-
doxin gene from A. nidulans in strain DH5aF’ did not lead to
copy restriction of the pBS2SK™* plasmid containing this
flavodoxin insert (data not shown), even though high levels
of expression of the A. nidulans flavodoxin were observed.

. . N
TGT GGT GAC CAG GAA GAT TAC GCC GAA TAT
Cys Gly Asp Gln Glu Asp Tyr Ala Glu Tyr

TIT
Phe

E'
¥
£3
E8-
£
£§.

£
[

700
- - - -

TIC
Phe

GGC ACC ATC CGC GAC ATC ATT GAA CCG CGC GGT GCA
Gly Thr Ile Arg Asp Ile Ile Glu Pro Arg Gly Ala

24
£g
1
£

* ] - - -
ACC ATC GTT GGT CAC TGG CCA ACT GCG GGC TAT CAT TTC GAA GCA TCA AAA
Thr Ile Val Gly His Trp Pro Thr Ala Gly Tyr His Phe Glu Ala Ser Lys

800

* i - - -
GGT CTG GCA GAT GAC GAC CAC TTT GTC GGT CTG GCT ATC GAC GAA GAC CGT
Gly Leu Ala Asp Asp Asp His Phe Val Gly Leu Ala Ile Asp Glu Asp Arg

* - * - *
CAG CCG GAA CTG ACC GCT GAA CGT GTA GAA AAA TGG GTT AAA CAG ATT TCT
Gln Pro Glu Leu Thr Ala Glu Arg Val Glu Lys Trp Val Lys Gln Ile Ser

900
- - * - -

GAA GAG TTG CAT CTC GAC GAA ATT CTC AAT GCC TGA TGT GATGCGGCGTAGACT
Glu Glu Leu His Leu Asp Glu Ile Leu Asn Ala ~° .

- - - - * -

CATGTCTACGCCGTATTAATAGATAATGCCAATCAAAATAATTGCTACAAATTTGTAACTT

FIG. 6. Sequence of the fld gene and the predicted amino acid sequence. The nucleotide sequence is numbered from the Sall site
immediately upstream of the flavodoxin gene (Fig. 5). The deduced amino acid sequence is numbered with alanine as the first residue; this
residue is N terminal in the mature protein. The first 14 residues from the N terminus were confirmed by Edman degradation of the purified
flavodoxin protein. A putative Shine-Dalgarno sequence upstream of the flavodoxin gene is underlined.
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FIG. 7. Comparison of the sequences of five long flavodoxins from various prokaryotes. Identities in the sequences of three or more
flavodoxins are highlighted on a black background. Asterisks indicate the residues that are known to flank the flavin in the X-ray structure
of the Anacystis nidulans flavodoxin. Residues composing the FMN-binding site in the A. nidulans structure have been underlined. The
numbering system is shown for the mature E. co!i flavodoxin, in which alanine is the N-terminal residue.

We are currently attempting to construct an E. coli strain
that lacks a flavodoxin gene in order to determine whether
this protein plays a previously unrecognized essential func-
tion that might account for the intolerance of cells to even
low levels of overexpression of the flavodoxin gene from E.
coli. For this construction, we will use the method devel-
oped in S. R. Kushner’s laboratory for the construction of
strains with chromosomal mutations in essential genes (11).

The sequence of the EcoRV3 fragment 3’ to the Sall site is
shown in Fig. 6. An open reading frame with a deduced
amino acid sequence showing strong homology to that of
other flavodoxin genes was found between bp 380 and 907.
All of the DNA encoding this open reading frame has been
sequenced on both strands. The deduced amino acid se-
quence at the 5’ end of this open reading frame begins with
a methionyl residue, and the next 14 residues are identical to
those obtained by Edman degradation of the purified flavo-
doxin from E. coli. The HindIII site in the flavodoxin gene is
located at bp 511. )

Inspection of the nucleotide sequence immediately up-
stream of the flavodoxin gene in E. coli suggests the pres-
ence of a Shine-Dalgarno sequence, GAGG, 15 residues
upstream of the start site of translation. Starting at position
311, the sequence TATGAT shows moderately good agree-
ment with the consensus sequence for the —10 promoter,
TATAAT. Twenty-one residues upstream from this se-
quence, at position 290, is the sequence CCGCAA, with only
rather poor agreement with the consensus sequence
TTGACA. There is an open reading frame upstream of the
flavodoxin gene and in the same reading frame. This open
reading frame extends from the Sall site to bp 238. No
significant homologies were found for this sequence in
GenBank.

The deduced molecular weight of E. coli flavodoxin is
19,736, and after removal of the N-terminal methionine, this
weight would be reduced to 19,606, in excellent agreement
with the molecular weight of 19,000 determined by two-
dimensional gel electrophoresis of the purified protein. The
calculated isoelectric point of 4.02 is even more acidic than

the isoelectric point of 4.64 estimated from the position of
the denatured protein after isoelectric focusing and may
indicate that the estimated isoelectric point is somewhat
unreliable for very acidic proteins. The calculated amino
acid composition is in excellent agreement with the compo-
sition determined by amino acid analysis of the purified
protein (data not shown).

A comparison of the sequence of flavodoxin from E. coli
with the sequences of flavodoxins from other prokaryotic
organisms is shown in Fig. 7. Two types of flavodoxins have
been isolated and sequenced in prokaryotes—the so-called
short and long flavodoxins (20). Short flavodoxins are found
in Clostridium beijerinckii, in Megasphaera elsdenii, and in
Desulfovibrio vulgaris and typically have molecular weights
of 14,500 to 16,300. Long flavodoxins have been found in
Anabaena variabilis, A. vinelandii, Chondrus crispus, and
K. pneumoniae and have molecular weights between 19,000
and 23,000. The flavodoxin from E. coli is a long flavodoxin,
as judged both by its deduced molecular weight of 19,736 and
by its close homology with other long flavodoxins. The
homologies with other long flavodoxins include conservation
of residues that form the flavin-binding site; these residues
are underlined in Fig. 7. One of these conserved residues,
tyrosine 93 in the E. coli deduced amino acid sequence, has
been shown to flank the isoalloxazine ring system of the
FMN prosthetic group in the A. nidulans enzyme (26). This
residue is conserved in all five of the long-flavodoxin se-
quences shown in Fig. 7. The other residue flanking the
isoalloxazine ring system in the A. nidulans flavodoxin is a
tryptophan, and this residue is conserved in the A. variabilis
and E. coli sequences (it is W56 in the deduced E. coli
sequence) and is replaced by leucine in the K. pneumoniae
and A. vinelandii sequences. Of particular interest is the
presence of two consecutive tyrosine residues in positions 57
and 58 of the E. coli sequence. Position 57 is immediately
adjacent to W56, which is one of the residues flanking the
flavin, and in all other species, the homologous position is
occupied by a glycine or an asparagine. The presence of two
bulky aromatic residues in this part of the protein may affect
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FIG. 8. Location of the flavodoxin gene in the Kohara E. coli genomic library. Location of the gene in the inserts common to phage 172
and 173 was established by Southern blotting with a probe to the N terminus of the flavodoxin gene. Location of the gene within that overlap
region was established by restriction mapping and confirmation of the restriction sites by sequencing.

the ease with which the loop surrounding the flavin is able to
rotate to provide hydrogen bonding stabilization of the flavin
semiquinone (25) and may be responsible for the rather low
potential for the oxidized flavin/flavin semiquinone couple in
the E. coli enzyme (31).

From a comparison of the sequences of the E. coli, A.
variabilis, and A. vinelandii flavodoxins, we observe differ-
ences in the distribution of charged residues that are ex-
pected to affect the charge distribution of the protein and
hence to influence the recognition of flavodoxin by the
proteins with which it interacts. As noted by Drummond (5),
the nitrogen-fixing bacteria contain a cluster of basically
charged residues in helix 1 of the prog€in, immediately
adjacent to and overlapping with the conserved sequence
GXXTGXT that forms the binding site for the phosphate
residue of the FMN prosthetic group. The residues compos-
ing helix 1 of the A. nidulans flavodoxin correspond to
residues 12 through 29 in the sequence of the mature E. coli
protein. In the A. nidulans protein, this helix lies on the
surface of the molecule, with its N terminus lying closest to
the edge of the flavin that is exposed to solvent. In the
residues corresponding to this helix in the flavodoxins of K.
pneumoniae and A. vinelandii, there is a net charge of +4,
whereas the net charge of the same region in the E. coli
protein is +1. The net charge of this region is —3 in the A.
nidulans protein and —2 in the A. variabilis protein. Imme-
diately adjacent to tyrosine 93, one of the residues that flanks
the isoalloxazine ring system in the long flavodoxins, are two
negatively charged residues in positions 91 and 92 of the E.
coli deduced sequence. These two negative charges are
unique to the E. coli sequence and might be expected to alter
the electrostatic potential at the flavin edge significantly. In
the A. nidulans flavodoxin three-dimensional structure, the
a-carbon of G93, which is homologous to D92 in the E. coli
sequence, is only 0.87 nm from the 8-methyl group of the
flavin. Two other residues, E145 and R147, are predicted to
lie close to the flavin edge by comparison with the A.
nidulans structure and differ in charge from the homologous
residues of other long flavodoxins. Such differences in the
pattern of charge distribution on the surface of the protein
adjacent to the flavin edge may be responsible for the
different specificities of these flavodoxins for their donor and
acceptor partners that underlie their different physiological
roles in their respective organisms.

Our data can be used to locate the gene encoding flavo-

doxin within the restriction map of the E. coli chromosome
published by Tabata et al. (28). We have designated the gene
encoding flavodoxin fIdA. The fldA gene is present within the
overlap region between Kohara transducing phages 172 and
173 and is located astride the leftmost HindlIlII site in phage
173, as shown in Fig. 8. We have confirmed the location of
this gene in an EcoRI fragment derived from phage 173 that
is ~5.8 kb in length and contains two EcoRYV sites.
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