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Streptomyces davawensis synthesizes the antibiotic roseoflavin, one of the few known natural riboflavin
analogs, and is roseoflavin resistant. It is thought that the endogenous flavokinase (EC 2.7.1.26)/flavin adenine
dinucleotide (FAD) synthetase (EC 2.7.7.2) activities of roseoflavin-sensitive organisms are responsible for the
antibiotic effect of roseoflavin, producing the inactive cofactors roseoflavin-5’-monophosphate (RoFMN) and
roseoflavin adenine dinucleotide (RoFAD) from roseoflavin. To confirm this, the FAD-dependent Sus scrofa
p-amino acid oxidase (EC 1.4.3.3) was tested with RoFAD as a cofactor and found to be inactive. It was
hypothesized that a flavokinase/FAD synthetase (RibC) highly specific for riboflavin may be present in S.
davawensis, which would not allow the formation of toxic ROFMN/RoFAD. The gene ribC from S. davawensis was
cloned. RibC from S. davawensis was overproduced in Escherichia coli and purified. Analysis of the flavokinase
activity of RibC revealed that the S. davawensis enzyme is not riboflavin specific (roseoflavin, k_ /K,, = 1.7 10~
pM ™! s7; riboflavin, k /K, = 7.5 10~ pM ™" s™1). Similar results were obtained for RibC from the roseoflavin-
sensitive bacterium Bacillus subtilis (roseoflavin, k /K, = 1.3 1072 pM~" s%; riboflavin, k_,/K,, = 1.3107 pM ™!
s~ 1. Both RibC enzymes synthesized RoFAD and RoFMN. The functional expression of S. davawensis ribC did not
confer roseoflavin resistance to a ribC-defective B. subtilis strain.

Riboflavin (vitamin B,) analogs have the potential to serve
as basic structures for the development of novel anti-infectives
(3). Consequently, both the mode of action of riboflavin ana-
logs and the mechanism of resistance to these compounds are
of substantial interest. Only very few natural riboflavin analogs
are known (24). Moreover, the only known organism to pro-
duce a riboflavin analog with antibiotic activity is the gram-
positive bacterium Streptomyces davawensis (32).

S. davawensis synthesizes the anti-vitamin 8-dimethyl-amino-
8-demethyl-p-riboflavin, or roseoflavin (Fig. 1), from riboflavin
(27) via 8-amino- and 8-methylamino-8-demethyl-p-riboflavin
(22). Roseoflavin is toxic to gram-positive but also to gram-
negative bacteria if the compound is able to enter the cell (16).
The molecular basis for roseoflavin toxicity is not clear. In all
organisms, riboflavin serves as the direct precursor for the
cofactors (ribo)flavin-5’-monophosphate (FMN) and flavin ad-
enine dinucleotide (FAD) (12). FAD and (to a lesser extent)
FMN are active components of flavoproteins, being involved in
a wide range of redox and other reactions (15). FMN is syn-
thesized from riboflavin by flavokinase (EC 2.7.1.26), and FAD
is produced from FMN by FAD synthetase (EC 2.7.7.2) (2). In
microorganisms, both enzymatic activities seem to be present
in sufficient amounts, since only traces of free riboflavin are
detectable in the cytoplasm (11). Accordingly, cytoplasmic ro-
seoflavin may quickly be converted to the corresponding FMN/
FAD analogs roseoflavin-5'-monophosphate (RoFMN) and
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roseoflavin adenine dinucleotide (RoFAD). The synthesis
of these inactive cofactors may explain the antibiotic activity of
roseoflavin (Fig. 1) (31, 36).

S. davawensis is roseoflavin resistant, and the mechanism of
self-resistance could involve a flavokinase/FAD synthetase
with a high substrate specificity for riboflavin. Such an enzyme
would not accept roseoflavin as a substrate and thus would not
produce toxic ROFMN and RoFAD. In order to test this hy-
pothesis, the S. davawensis flavokinase/FAD synthetase was
identified, purified, kinetically characterized, and compared to
the enzyme of the roseoflavin-sensitive organism Bacillus sub-
tilis. The present study demonstrates that flavokinases/FAD
synthetases in general are responsible for the production of
inactive/inhibitory ROFMN and RoFAD and that the S. dava-
wensis flavokinase/FAD synthetase RibC is not involved in
roseoflavin resistance.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. S. davawensis (Streptomy-
ces strain 768) was aerobically grown at 37°C in a nutrient broth (YS) containing
yeast extract (2 g/liter) and soluble potato starch (10 g/liter). For growth, a
250-ml Erlenmeyer flask containing 50 ml YS medium and a coiled stainless steel
spring for good aeration and cell dispersion was used. The cultures were agitated
at 260 rpm in an orbital shaker. For susceptibility testing, roseoflavin (50 pg/ml)
was added to YS agar plates. Escherichia coli and B. subtilis were cultivated on
LB agar (33). The plasmids used in this study are described in Table 1.

Isolation of total DNA and other molecular biology techniques. For the iso-
lation of total DNA from S. davawensis, the Kirby mix procedure was used (23).
Other molecular biology techniques were carried out according to standard
procedures (33).

Library construction and preparation of a DNA colony array. Total DNA (44
ng) of S. davawensis was partially digested with Sau3Al to fragments with
approximate sizes of 5 kb. The resulting DNA fragments were separated by
agarose gel electrophoresis. The 5-kb fragments were extracted from the agarose
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FIG. 1. Enzymatic conversion of riboflavin (top) into FMN/FAD and of roseoflavin (bottom) into ROFMN and RoFAD.

gel and ligated to 1.5 pg BamHI-treated, dephosphorylated plasmid vector
pTZ18 cm— (Trenzyme, Konstanz, Germany). The ligation reaction was used to
transform E. coli TZ102«a (Trenzyme). For the preparation of the DNA colony
array, 9,216 single, white colonies were transferred into 24 384-well plates, with
each well containing 30 pl 2X YT-glycerol broth (0.5% yeast extract, 1.6%
tryptone, 1% NaCl, and 15% glycerol). Cells were grown at 37°C for 72 h, and
aliquots of the cultures were spotted onto a nylon membrane as described
previously (41). The colonies were grown on the nylon membrane by incubation
on LB agar. The colonies were lysed with alkali, and the DNA was fixed to the
nylon membrane by UV cross-linking.

Screening of an S. davawensis DNA colony array with a heterologous probe. An
internal 500-bp fragment of the hypothetical gene ribC of Streptomyces coelicolor
(SCO5711) was amplified by PCR using the modifying oligonucleotides
SCO5711 fw (5'-AAAAGCTTAGGAGGTGTCACAGTGCAGCGCTGGCGT
G-3") and SCO5711 rev (5'-ATGAATTCGCGCGCTAGAAGGCAGCCGGC
CGCCCTTT-3') (sites for restriction endonucleases are underlined). Chromo-
somal DNA of S. coelicolor was used as a template and prepared using the Kirby

mix procedure (see above). The PCR product was ligated to pCR2.1 (Invitrogen
GmbH, Karlsruhe, Germany) and cloned using E. coli TOP10F’ (Invitrogen).
The resulting plasmid, pSGOS, was isolated, 2 pg was digested with HindIII/
EcoRlI, and the ribC insert was purified from contaminating DNA molecules
using agarose gel electrophoresis. The insert DNA of pSGO05 (200 ng) was used
as a template for random hexanucleotide-primed labeling with [«->*P]dCTP (50
wCi; 3,000 Ci/mmol) and Klenow enzyme. The probe was diluted to 0.5 X 10°
cpm/ml in hybridization buffer (250 mM sodium phosphate, pH 7.2; 1 mM
EDTA; 7% sodium dodecyl sulfate [SDS]) and hybridized to the DNA array for
20 h at 65°C. Washing was performed twice for 15 min each at 30°C in 2X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS and once for
30 min at 65°C in 0.5 X SSC-0.1% SDS (33).

Heterologous expression of S. davawensis ribC in E. coli. For integration of S.
davawensis ribC into Ncol/HindIII-treated pNCO113 (40), the modifying oligo-
nucleotides ribCfw (5'-AACCATGGAGGAGGTGTCACAGTGCAGCGCTG
GCGTG-3') and ribCrev (5'-ATAAGCTTGCGCGCTAGAAGGCAGCCGGC
CGCCCTTT-3") were used. E. coli DH5a was transformed with pNCO113ribC

TABLE 1. Plasmids used in this study

Plasmid Relevant feature(s)” Reference or source
pTZ18cm— High-copy-no. cloning vector, cm Trenzyme
pCR2.1 High-copy-no. cloning vector, amp Invitrogen
pNCO113 High-copy-no. expression vector, amp 40
pTrcHisA High-copy-no. expression vector, amp Invitrogen
pXI12 pBR322 sacB5" ermAM cryT RBS P, sacB3' amp, B. subtilis integration/expression vector 18
pBEST501 B. subtilis integration vector, neo amp 21
pBluescriptIl SK— High-copy-no. cloning vector, amp Stratagene
pSGO1 pTrcHisA containing a 0.960-kbp BamHI/Pstl fragment carrying S. davawensis ribC°?* This study
pSG02 pNCO113 containing a 0.960-kbp Ncol/HindIII fragment carrying S. davawensis ribC This study
pSGO3 pTrcHisA containing a 0.948-kbp BamHI/PstI fragment carrying B. subtilis ribC This study
pSGO5 pCR2.1 containing an internal 0.5-kbp S. coelicolor ribC (SCO5711) fragment This study
pSGO06 pTZ18cm— containing a 5,837-bp S. davawensis genomic fragment (ribC locus) This study
pSG10 pIXI12 containing a 0.960-kbp Ndel/Xmal fragment carrying S. davawensis ribC°P* This study
pSG60 pBluescript SK— containing a 2.609-kbp Xhol/Spel fragment carrying the B. subtilis ribC This study

locus; ribC of this locus was replaced by neo from pBESTS501

“ Abbreviations: cm, chloramphenicol resistance cassette; amp, ampicillin resistance cassette; sacB, integration of genes by homologous double-crossover recombi-

nation at B. subtilis sacB; ermAM, erythromycin resistance cassette; neo, neomycin resistance cassette; Pyqp
synthetase gene.

medium-strength vegl promoter; ribC, flavokinase/FAD
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FIG. 2. RibC loci in Streptomyces davawensis (SD), Streptomyces avermitilis (SA), and Streptomyces coelicolor (SC). Genes related to flavin
biosynthesis are shown in gray. The gene ribC from S. coelicolor (SCO5711), coding for a putative bifunctional flavokinase/FAD synthetase, was
used as a template to generate a heterologous nucleic acid probe which hybridized to a 5,837-bp Sau3AlI subgenomic fragment of S. davawensis
(arrow shaded in gray at the top). Upon BLAST analysis, open reading frames were identified and compared to the respective sequences of S.
coelicolor and S. avermitilis (below the dotted line). The putative ribC gene products share an overall similarity of between 80% and 90% on the
amino acid level. The other open reading frames are annotated as follows (6, 20): SAV2544, unknown; SAV2545, unknown; SAV2547, putative
large Pro/Ala/Gly-rich protein; SCO5713/SCO5712, putative peptide transport ATP-binding proteins; SCO5710, putative large Pro/Ala/Gly-rich

protein.

(pSGO02). For ribC expression, the resulting strain was aerobically cultivated at
37°C on LB medium. Expression of ribC was induced by adding 1 mM isopro-
pylthiogalactopyranoside (IPTG) after the culture had reached an optical density
at 600 nm of 0.6. After 1 h of further aerobic incubation, cells were harvested by
centrifugation. The ribC gene from S. davawensis has a relatively high G+C
content (72%) and was optimized with respect to the codon usage of E. coli. The
optimized ribC gene (ribC°P") was synthesized using overlapping oligonucleotides
and ligase and PCR techniques. The produced PCR fragment was ligated to the
vector pTrcHisA (Invitrogen). The resulting plasmid (pSGO01) was introduced
into E. coli DH5a, and gene expression was carried out as described above.

Heterologous expression of B. subtilis ribC in E. coli. The bifunctional flavoki-
nase/FAD synthetase RibC from B. subtilis (25) served as a positive control
throughout this study and was compared to the corresponding enzyme (RibC)
from S. davawensis. For integration of B. subtilis ribC into BamHI/PstI-treated
pTrcHisA, the modifying oligonucleotides ribBSCfw (5'-AAGGATCCATGAA
GACGATACATATTACA-3") and ribBSCrev (5'-AACTGCAGTTATTTCCG
CAAATTGCTCAA-3") were used. E. coli DHS5a was transformed with the
resulting plasmid (pSG03). As a template for PCR amplification of wild-type B.
subtilis ribC, the plasmid pMMO1 (25) was used. For purification of the plasmid
DNA, a standard protocol (33) was employed. For expression of B. subtilis ribC,
the recombinant strain was aerobically cultivated at 37°C on LB medium. Gene
expression was carried out as described above.

Purification of overproduced His-tagged S. davawensis RibC and His-tagged B.
subtilis RibC. All procedures were carried out at 0 to 4°C. Frozen cell paste (5 g)
of E. coli DH5« overproducing RibC was resuspended in 25 ml of lysis buffer (50
mM NaH,PO,, pH 8; 300 mM NaCl; 10 mM imidazole). Cells were disrupted in
a French press at 10® Pa. All subsequent centrifugation steps were performed at
10,000 X g and 4°C. Centrifugation for 45 min removed cell debris and unbroken
cells. The clear lysate was then incubated with 2 ml Ni-nitrilotriacetic acid-
agarose for 16 h. This suspension was applied to a 10-ml column and washed five
times with 10 ml washing solution (50 mM NaH,PO,, pH 8; 300 mM NaCl; 20
mM imidazole). Elution of protein bound to Ni-nitrilotriacetic acid was per-
formed by adding five 1-ml portions of elution buffer (50 mM NaH,PO,, pH 8;
300 mM NaCl; 250 mM imidazole). Aliquots of the fractions were analyzed by
SDS-polyacrylamide gel electrophoresis and staining with Coomassie brilliant
blue R-250. The apparently homogeneous fractions were tested directly for
flavokinase activity and stored at —20°C. The enzyme was stable for at least 2
weeks under these conditions.

Protein concentration determination and sequence analysis. The protein con-
centration was estimated by the method of Bradford (7). N-terminal sequencing
of RibC was done by the method of Hunkapiller et al. (19).

Flavokinase assay and HPLC analysis of flavins. Flavokinase activity was
measured in a final volume of 1 ml of 100 mM potassium phosphate (pH 7.5)
containing 50 uM riboflavin, 3 mM ATP, 15 mM MgCl,, and 10 mM Na,SOs;.

The mixture was preincubated at 37°C for 5 min, and the reaction was started by
addition of the enzyme. After appropriate time intervals, an aliquot was removed
and applied directly to a high-pressure liquid chromatography (HPLC) column
(Nucleosil 10 Cyg; 4.6 by 250 mm; Macherey & Nagel). The following solvent
system was used at a flow rate of 2.5 ml/min: 25% (vol/vol) methanol-100 mM
formic acid-100 mM ammonium formate (pH 3.7). Detection of riboflavin,
FMN, and FAD was carried out with a fluorescence detector (excitation, 470 nm;
emission, 530 nm) (Waters Associates, Inc.). Flavokinase activity is expressed as
nanomoles of FMN formed from riboflavin and ATP. For testing roseoflavin in
the flavokinase/FAD synthetase assay, a modified procedure was used. Since
roseoflavin is not fluorescent, roseoflavin, ROFMN, and RoFAD had to be
detected photometrically at 470 nm in the described HPLC method. The fla-
vokinase assay is not continuous. The reaction velocity v was determined sepa-
rately for each substrate concentration by linear regression using multiple data
points. Three (but not all) substrate concentrations were tested in triplicate, and
the data were found to be highly reproducible. The kinetic constants K,, and
Vmax Were evaluated with the Michaelis-Menten equation and Lineweaver-Burk
plots using the Microsoft Excel program. The turnover numbers, k., were
calculated with the subunit molecular masses of 36 kDa for B. subtilis RibC and
of 35 kDa for S. davawensis RibC.

Integration of S. davawensis ribC°?" in B. subtilis and subsequent deletion of the
ribC gene from the chromosome of B. subtilis. The ribC gene from B. subtilis is
essential and cannot be deleted from the genome without compensation (25).
Thus, prior to deletion of this gene, ribC°P* from S. davawensis was introduced
into the genome of B. subtilis (at the sacB locus) under control of the constitutive
P, promoter present in the integration/expression vector pXI12 (18). Subse-
quently, endogenous B. subtilis ribC could be inactivated by insertional mutagen-
esis using a neomycin cassette. For gene integration of ribC°P' into the sacB locus
of B. subtilis, pSG10 was constructed. The gene ribC°P' was amplified by PCR
using the modifying oligonucleotides NdeISG10 (5'-CATATGCAACGTTGGC
GTGGCC-3") and XmalSG11 (5'-TTCCCGGGTCAGCGATCCCCAGCTTC-
3") and pSGO1 (containing ribC°P") as a template. The oligonucleotides con-
tained heterologous Ndel/Xmal restriction sites to allow ligation of the digested
PCR fragment to the expression/integration vector pXI12 (erythromycin resis-
tant), producing pSG10. B. subtilis 168 (a wild-type strain) was transformed with
PstI-linearized pSG10 (5 pg), and erythromycin-resistant transformant B. subtilis
strains were selected. In the resulting B. subtilis strain (B. subtilis 168 P,,q; ribCP*
ermAM@ sacB) having the additional ribC°P* gene, endogenous ribC was re-
placed by a neomycin cassette. The neomycin cassette was introduced by homol-
ogous recombination as well. The plasmid pSG60 was constructed for this pur-
pose. Adjacent regions homologous to ribC within the ribC locus of the B. subtilis
chromosome were truB (5') and rpsO (3"). The gene fragment truB was amplified
by PCR from B. subtilis 168 chromosomal DNA using the modifying oligonucle-
otides XhoISG20 (5'-CCGCTCGAGCTCAAAAGAAGGAGTG-3') and
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FIG. 3. Flavokinase/FAD synthetase assays. Assay mixtures containing 50 wM roseoflavin, 3 mM ATP, 15 mM MgCl,, and 10 mM sodium
sulfite (Na,SO;) were preincubated at 37°C for 5 min. Purified RibC from Streptomyces davawensis (A and C) or Bacillus subtilis (B and D) (3 pg
of each) was added, and the mixtures were incubated for 0 (A and B) or 10 (C and D) min. An aliquot was removed, and the compounds were
separated on an HPLC column (Nucleosil 10 Cg; 4.6 by 250 mm; Macherey & Nagel). The following solvent system was used at a flow rate of 2.5
ml/min: 25% (vol/vol) methanol, 100 mM formic acid, and 100 mM ammonium formate (pH 3.7). Peak intensity is given in arbitrary absorbance
units. The chromatograms show three resolved peaks of roseoflavin, ROFMN, and/or RoFAD. The retention times in panels A and C are shifted
toward shorter times (compared to those in B and D) because of use of a new column for separation.

EcoRI/SpelSG21 (5'-ACTAGTACGACGCGGAATTCCACAGAACGGTCA CCATACAATTACGAACTCCTC-3'). The neomycin cassette was amplified by
CC-3"). The gene rpsO was amplified by PCR from B. subtilis 168 chromosomal PCR using pBEST501 (21) as a template and the modifying oligonucleotides
DNA using the modifying oligonucleotides BcuISG22 (5'-AATCTGCAGCAGG EcoRISG24  (5'-CGGAATTCGCTTGGGCAGCAGGTCG-3') and  Pstl/
AAGCCATCCGTTATTTCAG-3") and PstISG23 (5'-AATACTAGTTTCTTGTC SpelSG25  (5'-ACTAGTACGACGAAACTGCAGTTCAAAATGGTATGCG-
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3"). The plasmid pSG60 was assembled by ligation of endonuclease-treated PCR
fragments of truB, neo, and rpsO (in that order) into Xhol/Spel-digested pBlue-
script 11 SK—. B. subtilis 168 QribC°P* was transformed with Pstl-linearized
pSG60 (5 pg), and erythromycin/neomycin-resistant transformant B. subtilis
strains (B. subtilis 168 AribCQneo P,.q; ribC?" ermAM@sacB) obtained by ho-
mologous double-crossover recombination into the B. subtilis ribC locus were
selected.

Experiments with DAAO. p-Amino acid oxidase (DAAO) (EC 1.4.3.3) from
porcine kidney was purchased from Fluka (Germany). The enzyme contains
noncovalently bound FAD. FAD was removed from this enzyme by dialysis (24
h) against 1 M KBr in 100 mM Na,HPO, (pH 8.5). Subsequently, KBr was
removed by dialysis (24 h) against 100 mM Na,HPO, (pH 8.5). DAAO activity
was measured in a final volume of 1 ml of 65 mM Na,HPO, (pH 8.5) containing
4 mM phenylglycine, 40 uM FAD (or 40 uM RoFAD), and 25 ng DAAO.
FAD was from Sigma-Aldrich or prepared from riboflavin using S. davawensis
RibC. RoFAD was prepared from roseoflavin using S. davawensis RibC. The
samples were incubated at 25°C, and absorbance at 252 nm was recorded. The
concentration of the product benzoylformic acid was estimated photometri-
cally using an absorption coefficient at 252 nm of 11,810 mM " ecm ™. Activity
is expressed as nanomoles of benzoylformic acid produced per minute per
milligram of protein.

Nucleotide e accessi ber. The sequence reported here has been

4

deposited in the GenBank database under accession number EF397307.

RESULTS

Identification of the flavokinase/FAD synthetase gene (ribC)
in S. davawensis. The open reading frame SCO5711, predicted
to encode the bifunctional S. coelicolor flavokinase/FAD syn-
thetase (RibC) (6), was used to produce a heterologous nucleic
acid ribC probe. This probe from S. coelicolor was hybridized
under stringent conditions to a DNA colony array representing
the complete genome of S. davawensis in threefold coverage.
Three independent colony doublets (out of 9,216) produced a
strong hybridization signal. The plasmids of the corresponding
E. coli strains were isolated and subjected to restriction anal-
ysis. From the restriction pattern it was concluded that the
three plasmids contained identical genomic fragments. The
insert of the largest plasmid (pSG06) (Table 1) was completely
sequenced and analyzed by BLAST (1). Within the 5,837-bp
fragment a putative ribC gene was detected, in addition to
other putative genes (Fig. 2).

Overproduction and purification of recombinant RibC from
S. davawensis and B. subtilis. A sequence comparison between
putative RibC from S. davawensis and bifunctional bacterial
flavokinases/FAD synthetases with confirmed enzymatic activ-
ity revealed an identity of >37% on the amino acid sequence
level. The newly identified open reading frame 7ibC from S.
davawensis was introduced into E. coli using the expression
vector pNCO113 (pSGO02). The corresponding recombinant
strain, however, did not overproduce RibC from S. davawensis.
The nucleotide sequence of ribC from S. davawensis has a
relatively high G+C content (72%), and the codon usage
within this gene is significantly different from the preferred
codon usage that was reported for E. coli (35). Therefore, an
artificial ribC gene (ribC°P") with an optimized codon usage for
E. coli was constructed. The artificial gene was proof se-
quenced, the obtained DNA sequence was translated, and,
besides an N-terminal His, tag, no amino acid alterations were
detected compared to the translated wild-type ribC gene. The
ribC°P* gene was introduced into E. coli, and the corresponding
recombinant strain overproduced a His-tagged protein with an
approximate mass of 34 kDa, corresponding to RibC from S.
davawensis. This protein was subsequently purified to apparent
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TABLE 2. Kinetic constants for the flavokinase activities of RibC
from Streptomyces davawensis and Bacillus subtilis

: o K, Vinax keat keailKin
RibC Substrate M) (Umg ) (s @M s
S. davawensis  Riboflavin 40 500 03 75x10°3
Roseoflavin 30 900 0.5 1.7x1072
B. subtilis Riboflavin 55 1,200 0.7 13x10°7?
Roseoflavin 30 600 04 13x10°7?

“ Specific activities (U mg™') are in nmol min~' mg ™! protein.

homogeneity (as judged by SDS-polyacrylamide gel electro-
phoresis and Coomassie blue staining). Edman degradation
revealed a single sequence matching the tentative S. davawen-
sis RibC N terminus, which was deduced from the DNA se-
quence data. Similarly, RibC from B. subtilis (25) was purified
as a His-tagged recombinant enzyme from a cell extract of an
overproducing E. coli strain.

Kinetic characterization of the flavokinase activity of S.
davawensis RibC in comparison to B. subtilis RibC. The pure
RibC proteins of S. davawensis and B. subtilis were kinetically
characterized using the substrates riboflavin and roseoflavin.
Both enzymes produced the toxic FMN analog RoOFMN and
also the toxic FAD analog RoFAD (Fig. 3). In Table 2 the
kinetic parameters for the flavokinase activity of the enzymes
are summarized. For the S. davawensis enzyme, roseoflavin
(keat/K,, = 1.7 1072 pM~* s71) apparently is a somewhat
better substrate (by a factor of 2.3) than riboflavin (k.,/K,,, =
751072 pM ! s7"). The B. subtilis enzyme accepts both sub-
strates equally well (roseoflavin, k., /K, = 1.31072 uM~'s™%;
riboflavin, k_, /K, = 1.3 1072 pM ' s ).

RoFAD is not an active cofactor with DAAO. The FAD-
containing pig kidney DAAO (EC 1.4.3.3) catalyzes the oxida-
tive deamination of p-amino acids, giving the corresponding
a-ketoacids, ammonia, and hydrogen peroxide. The ease of
removal of FAD from DAAO and the stability of the resulting
apoenzyme have encouraged many researchers to use this
enzyme to study flavin-protein interactions (13, 14). Exten-
sive dialysis of a DAAO solution removed FAD and pro-
duced inactive DAAO. RibC from S. davawensis was used to
synthesize FAD and also RoFAD. Subsequently, these co-
factors were tested for reactivation of DAAO (Table 3). It
was possible to reactivate DAAO using FAD. Incubation of
DAAO with RoFAD, however, did not produce an active
enzyme, indicating that roseoflavin-derived cofactors are
not functional.

The ribC gene from S. davawensis is able to complement a
ribC-defective B. subtilis strain and does not confer roseoflavin
resistance to B. subtilis. The successful deletion of B. subtilis
ribC was confirmed by Southern blotting experiments using a
ribC-specific probe. The presence of S. davawensis ribC°P* un-
der control of the constitutive P,,,, promoter was confirmed in
a similar experiment using a ribC°P'-specific probe. The strain
B. subtilis 168 AribCQneo P, ribCP* ermAM@sacB was able
to grow in a minimal medium with a growth rate comparable to
that of the wild-type strain, which showed that the S. davawen-
sis ribC gene is capable of complementing the flavokinase/FAD
synthetase function of the B. subtilis ribC gene (Fig. 4). In an
additional experiment, the B. subtilis ribC deletion strain was
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TABLE 3. Reactivation experiments with DAAO (EC 1.4.3.3)

Cofactor” DAAO activity?
FAD (Sigma-Aldrich) ......cccoociviiininiiniciiiciicecieinns 4.62
FAD (S. davawensis RibC).... .. 455
ROFAD (8. davawensis RibC) .......ccovceurnecenenecrrinecerneneenes 0
FAD, without enzyme 0
None, without enzyme ... 0
Nondialyzed enzyme 45.5

“ FAD and RoFAD were used at 40 pM.
b Activity is expressed as nanomoles of benzoylformic acid produced per
minute per milligram of protein.

grown in a minimal medium containing roseoflavin (Fig. 4).
The strain did not grow in this medium, indicating that the
presence of S. davawensis RibC was not able to reduce the
antibiotic effect of roseoflavin. Similar results were obtained in
an agar diffusion assay (data not shown).

DISCUSSION

The ribC gene from S. davawensis encodes a bifunctional
flavokinase/FAD synthetase. This was shown in vitro by ana-
lyzing the enzymatic activity of the purified gene product RibC
and also in vivo by complementation experiments using a ribC-
defective B. subtilis strain. Flavokinases/FAD synthetases have
been purified from several sources (2, 26, 30, 37). In Coryne-
bacterium ammoniagenes (RibF), B. subtilis (RibC), and E. coli
(RibF), the flavokinase/FAD synthetase activities are provided
by a single, bifunctional polypeptide chain (25, 26; K. Kitatsuji,
S. Ishino, S. Teshiba, and M. Arimoto, Process for producing
flavine mononucleotides. European patent application 0 542
240 A2, 1993). In contrast, both enzymatic activities were pu-
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rified separately from eukaryotic organisms (2, 34). B. subtilis is
the only known organism containing a second cryptic mono-
functional flavokinase (RibR) (17, 38, 39). There is evidence
that RibR may be involved in regulation of the rib biosynthetic
operon (17).

Our data show that RibC from S. davawensis and RibC from
B. subtilis both accept the antibiotic roseoflavin as a substrate
and produce the toxic FMN/FAD derivatives RoOFMN and
RoFAD (Fig. 3). Riboflavin analogs with electron-donating
substituents at position 8 (e.g., roseoflavin) were described
earlier to be inert to several biological reductants and conse-
quently were thought not to function as redox-active compo-
nents (roseoflavin E,’ = —222 mV; riboflavin E,’ = —208
mV). It was discussed that these analogs may be good steric
replacements for riboflavin but not catalytic substitutes (42).
Our experiments with RoFAD-reconstituted porcine DAAO
apoenzyme (10) showed that RoFAD indeed is not functional.
In the case of ROFAD-DAAO, we speculate that it is not the
altered redox potential of RoOFAD that is primarily responsible
for inactive DAAO but rather the fact that RoFAD is not
properly positioned in the enzyme. The exact position of FAD
in the active site of DAAO is known (29). In the case of
FAD-DAAO (Fig. 1), the flavin 8a-methyl group is in close
contact to the atoms of various amino acids of the polypeptide
chain. It seems that the dimethyl-amino group of RoFAD (Fig. 1)
cannot be easily accommodated unless conformational changes
are assumed. These changes probably alter the geometry of the
whole substrate binding site and consequently may reduce en-
zyme activity. The addition of roseoflavin does not inactivate
FAD-containing DAAO (data not shown). Thus, at least to some
extent, unspecific flavokinases/FAD synthetases are responsible
for the antibiotic action of flavin analogs in vivo.

-o-plX12<>
-A-+S.d ribC -B.s ribC
- wild type 168

-o-plX12<> +250 uM RoF
-A-+S.d ribC -B.s ribC +250 uM RoF
-5~ wild type 168 + 250 pM RoF

10 -
)
g 17
(7]
(=2}
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FIG. 4. Growth of a flavokinase/FAD synthetase ribC-defective Bacillus subtilis strain containing Streptomyces davawensis ribC°" at sacB under
control of the constitutive P, promoter (+8S.d ribC —B.s 1ibC) (B. subtilis 168 AribCQneo P,,; ribC°P ermAM@sacB). This strain grows at a rate
similar to that of the wild-type B. subtilis 168 strain. It does not grow in the presence of 250 wM roseoflavin (+S.d ribC —B.s ribC + 250 uM RoF),
indicating that ribC does not confer roseoflavin resistance. The wild-type B. subtilis strain 168 grows in the absence (wild-type 168) but not in the
presence (wild-type 168 + 250 wM RoF) of roseoflavin. The control strains (pXI12 and pXI12 + 250 wM RoF) contain the empty integration/

expression plasmid pXI12 at sacB.
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The mechanism of resistance to roseoflavin and riboflavin
analogs in general is less clear. Roseoflavin was reported to
exhibit antibiotic activity against gram-positive bacteria only
(32). E. coli and other members of the Enterobacteriaceae were
not affected by this compound. However, these cells are devoid
of a transport system for riboflavin, and their resistance is due
to a limited uptake of roseoflavin (4, 16). S. davawensis is able
to grow in the presence of 250 wM roseoflavin, a concentration
which is toxic to many gram-positive organisms tested and also
to S. coelicolor and Streptomyces avermitilis (data not shown).
Therefore, the presence of a highly riboflavin-specific S. dava-
wensis RibC not producing toxic ROFMN and RoFAD was
anticipated. The kinetic parameters, however, now show that S.
davawensis RibC is even less discriminative in respect to ro-
seoflavin phosphorylation than RibC of the roseoflavin-sensi-
tive bacterium B. subtilis. Also, the functional introduction of
S. davawensis RibC did not confer roseoflavin resistance to a
ribC-defective B. subtilis strain. From these results, it is con-
cluded that RibC from S. davawensis is not involved in ro-
seoflavin resistance. Interestingly, it was reported that the mac-
rolide resistance gene mreA of Streptococcus agalactiae encodes
a monofunctional flavokinase (8, 9). The mechanism by which
the enzyme conferred macrolide resistance, however, re-
mained unclear.

In B. subtilis some roseoflavin-resistant strains were found to
overproduce riboflavin (28). In these strains, accumulating ri-
boflavin dilutes roseoflavin and prevents the formation of toxic
levels of ROFMN and RoFAD. However, when grown under
laboratory conditions, S. davawensis clearly was found not to
be a natural riboflavin overproducer (data not shown), such as
Ashbya gossypii (11).

We suggest that most FMN/FAD-dependent flavoproteins
are not active with RoFMN or RoFAD. For E. coli, the
BRENDA database lists 11 different FMN-dependent proteins
and 43 FAD-dependent proteins (5). S. davawensis certainly
contains a similar (high) number of flavoproteins. It is not
likely that in S. davawensis this many proteins all evolved not to
bind RoFMN or RoFAD.

Another flavokinase/FAD synthetase which does not show
sequence similarity to known enzymes and thus escaped our
screening approach may be present in S. davawensis. Alterna-
tively, a membrane-bound roseoflavin-exporting protein may
account for the roseoflavin resistance of S. davawensis. Since
the flavokinase/FAD synthetase activity of S. davawensis RibC
accepts both flavins as a substrate, the transporter would have
to eliminate roseoflavin efficiently and specifically from the
cytoplasm.
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