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Genetic engineering of Bacillus subtilis for the commercial
production of riboflavin

JB Perkins23 A Sloma?“, T Hermann?, K Theriault?, E Zachgo?, T Erdenberger?, N Hannett?,
NP Chatterjee!?, V Williams 112, GA Rufo Jr?, R Hatch? and J Pero*?

10OmniGene Bioproducts, 763D Concord Ave, Cambridge, MA 02138; ?BioTechnica International, Cambridge, MA, USA

Recombinant DNA engineering was combined with mutant selection and fermentation improvement to develop a

strain of Bacillus subtilis that produces commercially attractive levels of riboflavin. The B. subtilis riboflavin pro-
duction strain contains multiple copies of a modified B. subtilis riboflavin biosynthetic operon ( rib operon) integrated
at two different sites in the  B. subtilis chromosome. The modified rib operons are expressed constitutively from
strong phage promoters located at the 5 ' end and in an internal region of the operon. The engineered strain also
contains purine analog-resistant mutations designed to deregulate the purine pathway (GTP is the precursor for
riboflavin), and a riboflavin analog-resistant mutation in ribC that deregulates the riboflavin biosynthetic pathway.
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Introduction subtilis RNA polymerase [37,43,44]. Introduction of a

. o o . : lasmid containing theb operon into an appropriate strain
R'bOﬂ"’.‘V'n IS an essential vitamin that is required by a”gf B. subtilis resuglted in gnhanced rib01‘FI)£vinp production
tZJar%tsg'?Ia%?émﬂgn%rmgga&ﬁ’e't(EM?\I?rgﬁlérigvfg t:c?eﬁ(i)r?e%‘l]' Finally, B. subtiliswas the species of choice because
Y . : S : advanced molecular genetic and genetic engineering tech-
dinucleotide (FAD). Riboflavin is synthesized by plants andnology were available for use in this strain
microorganisms; it is not produced by higher animals, The overall strategy to develop a commercial riboflavin

\éVS(':ZZ ?g;tmiigrélrle ']:[OIr?jrsnetzglradlfg;'dR;ggﬂ?evéz Izdgrt?v eproduction strain ofB. subtiliswas to combine classical
Y enetic mutant selection and fermentation improvement

Both chemical synthesis, starting with ribose, and fungaa/. . . . . X . )
. I, ; - ith genetic engineering of the riboflavin biosynthetic
fermentations ofAshbya gossypiiEremothecium ashbyil genes that deregulated and increased their level of

Cil produstion of ibofiain. Fere we desoribe the geneticSPression. The expression of b genes was increased
| : . Tby mutating a regulatory geneilfC), by replacing or
bypassing two different promoter/regulatory sites with
strong, constitutive promoters, and by increasing the copy
a bacterial route to the commercial production of riboflavin?UMPer of the genes. To ensure a sufficient supply of GTP,
for a number of reasons. First, many products produced jpurine analog-resistant mutants were selectegl [41]._F|nally,

. . to develop a low-cost fermentative route to riboflavin pro-

Ezmg?ds e ds%; 'ng e‘;lrznac ;?:?Iﬁlgeg ei?e s%zoes b((a(ezr? nf srggyduction, fermentation conditions were developed for rapid
9 P rProduction of riboflavin from a glucose-based medium.

previously for fermentative synthesis of products used i
the food and feed industries [12]. Second, classical

mutagenesis had been used previously to develop straiMdaterials and methods
of variousBacillus species that were capable of producing
significant quantities of inosine or guanosine (20—40% L
[12,15,40,55,56]. Since GTP is a precursor of riboflavin
synthesis [3], this indicated th&@acillus species could be
engineered to direct the necessary high levels of carbon tg]o
the riboflavin pathway. Third, the riboflavin biosynthetic
genes ofBacillus subtilishave been sequenced and shown
to be organized in a single operaihyGBAH [3,38,44,52];
transcription of these genes is controlled by at least tw:
promoters recognized by the vegetative forof)( of B.

riboflavin in a short fermentation cycle.
Bacillus subtiliswas the organism of choice to develop

Bacterial strains, plasmids, and growth conditions

B. subtilisRB9 derived from GP205 [51] was used as the
starting strain for isolation of purine and analog-resistant
utants.B. subtilisstrains used to test integration vectors
r riboflavin production were 1S75 [16], 1A382 [29], and
62178 [14]; therib* host to testlacZ fusions was PY79
[59]. Plasmids pUC19 [58] and pIC20R [31] were used
Jor cloning intoE. coli. Plasmids pRF8, pRF34, and pRF36
are derivatives of pBR322 containing the wild-type ribo-
flavin operon and flanking sequences [44]. In pRF34 and
pRF36, a 1.7-kb cassette containing the chloramphenicol-
resistancedaf) gene from pC194 [21] and several unique
TCOf;zpofgzengiotomﬂfsmfgig? ?\}uft‘li: Pﬁ?%”;ligdﬁzg E%CAhe Vitamiggstriction sites were inserted between a paiNobl sites
42Crésen? add}ess: NO\?o Nordisi< Biotgc’h, 1445 Drew A’ve, Davis, CAuPStr?am of theib operon. Plasmid pNH202 contains the
95616, USA constitutive phage SPO1 promoter from tBedRI* frag-
Received 22 June 1998; accepted 6 November 1998 ment 15 P,5) [28]. E. coli strains were grown on Luria-




Commercial production of riboflavin using B. subtilis
JB Perkins et al

1

Bertani (LB) medium [7,49] prepared without glucose. perature, first in 1 x SSC, 0.1% SDS and then in
CompetentE.coli was prepared by the method of Inoee  0.25x SSC, 0.1% SDS. RNA markers, ranging from
al [24] or purchased from Gibco BRL, Rockville, MD, 0.36kb to 9.49kb (Promega), were used to estimate
USA. B. subtiliscells were grown on Tryptose Blood Agar mRNA size.

Base (TBAB; Difco Laboratories, Detroit, MI, USA) plates,

in Veal Infusion/Yeast Extract (VY) broth [9], or in Spizi- Construction of lacZ transcriptional fusions

zen’s minimal salts (SS) medium containing 0.4% sodiumTranscriptional fusions were constructed usingABZ7
glutamate [53]. Competel. subtiliswas prepared, stored, [60], a derivative of pBR322 containing lacZ reporter
and transformed as described by Dubnau and Davidoffgene with a ribosome-binding site derived from 8pVG
Abelson [13]. Plasmid DNA fronk. coli was isolated by gene of B. subtilis Plasmid pRF36 was digested with
alkaline-SDS lysis [8] and further purified using CsCl-ethi- Hindlll to obtain a 2.0-kb fragment containirmipP,, the

dium bromide density gradients. regulatory regiorribO, and the 5 end ofribG, and a 1.3-
kb fragment containingibP, (embedded in thebB gene)

Isolation of purine and riboflavin-analog resistant and the 5end ofribA. Both fragments were ligated tdin-

mutants dlll-cut pZA327 to give pRF59 and pRF56, respectively.

Azaguanine (A2 and decoyinine (Dg-resistant mutants To construct a R,s-rib)-lacZ fusion, pRF50 (see below)
were isolated by subjecting cells to ethyl methyl sulfonatewas digested withEcoRI and BanHI to obtain a 0.45-kb
(EMS) mutagenesis using standard procedures [36], anfilagment containing theP,s promoter and the first 10
plating recovered colonies on SS agar containing @0 codons ofribG. This fragment was mixed withlindlll-cut
ml~t azaguanine or 10Qg mi™* decoyinine. Spontaneous pZA327 and both fragments were treated with the Klenow
methionine sulfoxide (M$-resistant and roseoflavin fragment of DNA polymerase to make flush ends;
(RoF)-resistant mutants were isolated by streaking coloniedigation of the fragments yielded pRF70. Each fusion was
on SS agar containing 10 mg thimethyl sulfoxide or integrated into the modified $P prophage
100 g mi roseoflavin. Mutants were streaked on mediumSPBc2del2:Tn917::pSK1@A6 to generate specialized trans-

containing the same analog to confirm resistance. ducing phage [61]. Plasmids pRF56, pRF59, and pRF70
were first transformed idcmdam E. colimutant GM119 to
Detection and measurement of riboflavin allow complete digestion witBall enzyme. The linearized

Riboflavin production of individual colonies was detectedplasmids were then transformed into ZB493 [61], selecting
by exposing the colonies to long-wave UV light (366 nm) for colonies resistant to g mi~ chloramphenicol. Specia-
and observing yellow fluorescence. Accumulation of ribo-lized transducing lysates containing each fusion were
flavin from shake-flask and fermentation cultures was meaebtained by heat induction at 8D. Infection ofB. subtilis
sured by reverse-phase HPLC. Shake-flask cultures wemdrains with the SPB transducing lysates were carried out
grown for approximately 24 h in 25 ml of SS medium at using standard procedures [11], and lysogens were selected
37°C; fermentation conditions are described below. Cell-at either 5ug ml™* chloramphenicol or ug mI? erythro-
free supernatants were fractionated over a 4.6-n#80-  mycin plus 25ug ml? lincomycin.

mm Vydac Gg column equilibrated with 1% ammonium

acetate (pH 6.0). The column was eluted with a linear gradi-<Construction of integration vectors containing wild-

ent of methanol and the riboflavin peak was monitored atype or P,s-modified rib operons

254 nm. Authentic riboflavin elutes at the mid-point of the An integration vector (pRF39) with the wild-typeb
gradient. Riboflavin concentrations were calculated byoperon, was first constructed by insertingila-containing
comparing the integrated peak of the sample to those d.5-kb Xba-EcoRI from pRF36 into pUC19. To integrate

riboflavin standards (Sigma, St Louis, MO, USA). and amplify this integration vector into th subtilischro-
mosome, a 1.7-kb cassette containing a chloramphenicol
RNA isolation and Northern blots resistance genedt) was inserted into a uniquecadrl site,

Total RNA was extracted from cells grown in 25 ml SS yielding pRF40 (Figure 1).
medium to early logarithmic stage as described by Igo and A brief description of the construction of vectors with
Losick [23]. Contaminating chromosomal DNA was P,smodifiedrib operons is given below; details of the con-
removed with RQ1 RNA-free DNAse (Promega, Madison,structions including the sequences of the oligonucleotides
WI, USA). The RNA was stored in RNAsin (Promega) at used are described elsewhere [44]. To replace the wild-
—80°C to prevent degradation of the RNA. typeribP, promoter andibO regulatory site withP,s, two
Total cellular RNA was separated on 1.2% agaroseoligonucleotides were synthesized that recreated the DNA
formaldehyde gels and transferred to nitrocellulose memsequence from th8glll site within the 3 end ofribG up
brane filters using standard procedures [49]. Short DNAo a position just before theho-independent transcription
probes (17-18 oligonucleotides) homologousritoG or  terminator within the leader region. Ligation of the
ribA were end-labeled witl-*2P-ATP using T4 polynucle- annealed oligonucleotides to a fragment containing the
otide kinase (New England Biolabs, Beverly, MA, USA) remainder ofribG and the 5end ofribB yielded pRF46.
as described by the manufacturer. Hybridization was doné 0.4-kb fragment containing,s from pNH202 was then
overnight at 42C in 5x SSC (1x SSC, 0.15M NaCl, placed just upstream from the RBS G, to generate a
0.015M sodium citrate, pH 7.0), 50% formamide, plasmid (pRF48) withP,5 directing the transcription of the
1 x Denhardt's solution, 10p.g mi* denatured salmon entire ribG gene, and the'5end of ribB. The remainder
sperm DNA [49]. Blots were washed twice at room tem-of the riboflavin operon was then added, yielding pRF49.
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Figure 1 The B. subtilisriboflavin operon and integration cassettes containing either the wild-tyasqeromoter-modified riboflavin operons. (a)
The location of the structural gene®hG, ribB, ribA andribH, ¢ promoter regionstibP, andribP, andribP,, and theribO regulatory siteorfl, orf2,
andorf6 appear not to be involved in riboflavin synthesis [44,46]. (b) Tihespecific polycistronic RNA transcripts detected by Northern hybridization.
(c) Replacement or bypass of the natiie promoters andibC/RoF-dependent regulatory sites with a constitutRg promoter (see also Materials
and Methods). EacP,s modifiedrib operon was derived from pRF40 containing the wild-type operon on a 6XbkbBanH| fragment. At the end

of each modifiedrib operon is a selectable chloramphenicol-resistance geate dr tetracycline-resistance gentet) that allows for integration and
amplification of the cassette into the chromosomeBokubtilis Symbols:m, Bacillus ribosome binding sites (RBS}, start sites of transcription for
o”-recognized promotersibP, andribP,; @, putativerho-independent transcription termination sites (fhiocated withinribO is postulated to be part
of a transcriptional termination/anti-termination regulatory mechanism). Not all restriction enzyme sites are shown.

Supernatants d&. coli cultures containing pRF49 were yel- placedBanHI and Ecarl sites into the small intercistronic

low indicating the production of riboflavin. A 1.7-kbat
cassette was then inserted into the unided site of
pRF49, yielding pRF50 (Figure 1).

To place theP,5 promoter fragment aftaibP,, two pairs

region betweenribB and ribA. One pair recreated the
sequence from ®ral site within the 5 end ofribA, past
the start codon ofibA, and placed 8anHl| site within the

3' portion of the intercistronic region just before the begin-

of complementing oligonucleotides were prepared thahing of ribA. The other pair recreated the sequence from a
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Clal site within the 3 end ofribB, past the stop codon of onies that grew on TBAB medium containingu ml—=
ribB, and placed d&cadRl site within the 5 portion of the  chloramphenicol. Cfrcolonies were screened for riboflavin
intercistronic region just after the end obB. The 3 por-  auxotrophy and one RibCm' colony, RB55, was reco-
tion of the engineered intercistronic region was connectedered. Southern blots confirmed the deletion of tite
first with the last three genes of the riboflavin operon, yield-operon and the insertion @&t into bpr.
ing pRF64 in which theBanHl site is placed immediately RB55 was used as a recipient host to integtateon-
upstream of the RBS afibA. taining integration vectors witt,s-modified rib operons

The B portion of the intercistronic region plus théénd  (eg pRF93) into thépr::tet locus. This was done by trans-
of ribB was then connected to thé énd of the 0.4-kkP,s;  forming RB55 with plasmid DNA and selecting for Rib
promoter fragment yielding pRF63. This 470-bp fragmenttransformants on minimal medium. All Riliransformants
containing theP,s promoter with the 3end of ribB was  produced a bright yellow pigment, indicating the pro-
connected to thBanHI-containing fragment containing the duction of riboflavin; Southern blots also confirmed the
last three genes of the operon described above to reconspiresence of these vectors lappr. PBS1 transduction was
tute pUC19 plasmids with two different riboflavin operons.then used to transfer the integratd®is-modified rib
One plasmid contained the riboflavin operon with the wild-operons to RB50 containing pRF69 at thbk locus, sel-
typeribP, promoter and regulatory region and tRg pro-  ecting for tetracycline-resistant colonies.
moter upstream ofibA. Another plasmid contained the
riboflavin operon with twdP;s promoters, one at the begin- Fermentation conditions
ning of the operon and a second upstreamitmA. Cassettes Two shake-flask seed cultures were prepared prior to fer-
containing thecat genes were then inserted into the uniguementation. The first seed culture consisted of 25 ml of ribo-
Xba sites of both plasmids to yield integration vectors flavin minimal medium (RMM; SS medium supplemented
pRF69 and pRF71 (Figure 1). with 0.2 g L! each of casamino acids and yeast extract

The Pys promoter was also introduced within the ribo- (Difco)) in a 300-ml baffled flask. After growth at 3¢ for
flavin operon without removing the nativid promoter and 8 h, 6 ml of the growing culture were used to inoculate
regulatory region. A synthetic 55-bp DNA oligomer con- 300 ml of fermentation medium supplemented with
taining Ecarl, Smd, and BanHI restriction sites was first approximately 3.5% glucose and 7% maltose in a 2-liter
introduced into a 30-bp non-essential region between th#ask [44]. After incubation for 12 h at 3T, the contents
ribP, promoter and an upstream putative rho-independenivere transferred to 7 L of fermentation medium in a 14-liter
transcription site (Figure 1) using site-directed mutagenesisChemap bench scale fermentor. Both seed culture media
After rejoining the modifiedib promoter region to theilb  contained either chloramphenicol or a combination of
structural genes of the operon, a 0.4-kb fragment containinghloramphenicol and tetracycline.
P,s from pNH202 was inserted between tEeoRl and All fermentations were grown using carbon-limited fed-
BanHl restriction sites upstream of thebP, promoter.  batch growth conditions with computer control of dissolved
This engineeredib operon was further modified to contain oxygen concentrations as previously described [44]. The
a second copy of thebP, promoter upstream afbA. This  initial carbohydrate was exhausted between 4-8h of
was done by replacing the 2.0-Bglll fragment containing growth, at which time the carbohydrate feeding was
the nativeribB-ribA region with a 2.4-kbBglll fragment initiated. The rate of carbohydrate feeding was computer-
containing theribP, promoter upstream aibA (described controlled to maintain the dissolved oxygen at#15% of
above). The 1.7-klzat cassette was then inserted into the saturation throughout the remaining fermentation. Typi-
unique Xbd site yielding pRF89. Plasmid pRF93 (Figure cally, fermentation was completed after 48 h.
1) was constructed by replacing the 1.7>Xdba catcassette
with a 2.4-kb cassette containing ttet gene derived from Results
the Bacillus plasmid pBC16 [6].

Isolation of strains containing multiple purine analog-

Integration of P;s-engineered rib operons at bpr resistant mutations
The tet cassette was first inserted inbpr, a non-essential Purine analogs, 8-azaguanine and decoyinine, and the gluta-
gene ofB. subtilis encoding bacillopeptidase F [51], to mine antagonist methionine sulfoxide were used to generate
provide a site of homology for integration & s-modified  mutations in the purine biosynthetic pathwayRfsubtilis
rib operonsEcoRV-digested pKT2 containing tHgpr gene  to maximize the metabolic flow of carbon to GTP. A
was ligated to a 2.4-kket cassette, yielding pKT8t This  purA60 mutation was used to block the flow of IMP to
gene disruption was inserted into tBe subtilischromo- ~ AMP and related purine compounds. Strains containing dif-
some by transforming a riboflavin-deregulated strain withferent combinations of these mutations were obtained as
linearized pKT2tet, and selecting for colonies on TBAB diagrammed in the flow chart in Figure 2.
medium with 10-15.g ml™? tetracycline. Theib operon Azaguanine-resistant mutants that contained defects in
was then deleted from one of thes€ Tolonies, RB54, to purine regulation were first isolated from an EMS-
ensure that the integration vectors would inserbat. A mutagenized. subtilis168 strain using a strategy similar
7.2-kb Xba fragment containing theib operon and flank- to that described by Ishii and Shiio [25,26]. 'Anutants
ing regions was removed from plasmid pRF34 by digestingappeared at a frequency o&xa0. Az" mutants were also
the plasmid withXba and ligating the cut DNA under resistant to 8-azaxanthine and were found to grow on
dilute DNA concentrations. The resulting plasmid pRF82hypoxanthine suggesting that resistance to azaguanine was
was linearized and transformed into RB54 selecting for colthe result of increased expression of the purine biosynthetic
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B. subtilis 168 derivative

EMS mutagenesis;
Az" selection

RB11
(AzZI-11)
EMS mutagenesis;
Dc" selection
1A382 < transformation RB15
(trpC2, hisH2, purA60) (Az'-11, Dc'-15)
RB36 RB40
(hisH2, purA60, Dcr-15) (hisH2, purA60, Az'-11)
Y
RoF" selection
RB39 > RB51
(purA60, Az'-11, Dc™-15) (purA60, Az'~11, Dc'™-15, RoF™-51)
MS" selection l
RoF" selection
RB46 > RB46Y
(purA60, Az'-11, Dcf-15, MST—46) (purAé60, Az'-11, Dc-15, MST-46, RoF'—46)
RoF" selection l
RB50

(purA60, Az*-11, Dc™15, MST-46, RoF'-50)

Figure 2 Flow chart diagramming the isolation d. subtilis 168 strains with different combinations of relevant purine and riboflavin analog-
resistant mutations.

genes and not in a block in the purine transport systenikRB39 were next isolated, of which RB4fUrA60, spoOA
[50]. One such mutant, RB11soOA Az-11) was Az'-11, D¢-15, MS-46) was saved for further study. Meth-
mutagenized again with EMS and decoyinine-resistantonine sulfoxide-resistant mutations are speculated to
mutants were obtained at a frequency of 10°°. Resist- improve the metabolic flow from IMP to XMP by increas-
ance to decoyinine is reported to result from changes inng IMP dehydrogenase activity, and to limit degradation of
GMP synthetase (thguaAgene product) that enhance con- IMP to inosine by decreasing-Bucleotidase activity [32].
version of XMP to GMP [33,34]. Enzymatic tests to deter- Riboflavin was not detected when colonies of RB9, RB11,
mine the alterations in the purine pathway were not perforRB15, RB39, and RB46 were exposed to long-wave UV
med. light.

The AZ and D¢ mutations from one mutant, RB15
(spoOA Az'-11, Dc-15), were transferred int®. subtilis  Isolation of riboflavin analog-resistant mutants
1A383 (rpC2, hisH2, purA6Dby DNA congression to sep- Several strains containing multiple purine analog-resistant
arate the purine analog-resistant mutations from anynutations were selected for resistance to the riboflavin ana-
unwanted EMS-induced mutations. In additiopyrA60  log roseoflavin in order to deregulate expression of the ribo-
mutants are defective in adenylsuccinate synthetaskavin biosynthetic genes [4,35]. Spontaneous 'RoF
activity, causing a block in synthesis of AMP from IMP mutants were recovered at a frequency of B3°. RoF
[29]. Consequently, we anticipated that combining the twomutants from RB36 and RB40 (Figure 2), all showed a low
purine analog-resistant mutations with fheA60mutation  level of fluorescence on minimal media agar plates when
should further increase the metabolic flow from IMP to exposed to long-wave UV light (366 nm), indicating some
GTP. Among Trp transformants, 3.3% were also Dleg riboflavin production. This level of fluorescence was simi-
RB36), 2.3% were Az(eg RB40), and 0.3% were both Dc lar to RoF mutants of 1A382 containing only thaurA60
and AZ. A Trp* Dc" Az" transformant, RB39, was found mutation. Interestingly, ROFnutants from RB39 and RB46
to be His and Spo, indicating that thehis* and spoOA  produced a different phenotype with respect to riboflavin
alleles from RB15 were also introduced into 1A383 by con-production. Among the RdFeolonies that produced some
gression. RB39 failed to grow on either guanine or hypox-evel of fluorescence, approximately 0.5-1% of the colonies
anthine confirming the presence of ghierA mutation. Sev-  produced an intensely fluorescent yellow colony. This flu-
eral spontaneous methionine sulfoxide-resistant mutants afrescent-yellow colony phenotype was stable and corre-
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lated with a higher level of riboflavin production. Minimal without the presence of riboflavin, so it was not possible to
medium shake flask cultures of two such examples, RB5Hetermine whether riboflavin levels regulatéaP, activity.
arising from RB39 and RB50 from RB46, contained aboutHowever, g-galactosidase activity of the fusion was
40 mg L and 30 mg L* of riboflavin, respectively. By induced 5 to 7-fold in RB50. These results indicated that
comparison, RB46 and one of the low level fluorescenthe RoF mutation deregulates expression of tiite genes
RoF mutants obtained from RB46, produced 7 and 14 mgyy increasing the level of transcription from both thieP,
L1 of riboflavin, respectively, when grown in minimal gnd ribP, promoters.
medium shake flask cultures. The RoRutation of RB50
has been recently mapped to ttiteC locus which has been
shown to encode riboflavin kinase [10,17,30]. Increasing the gene dosage of wild-type riboflavin

Based on these results, both theA2 and D&15  pjosynthetic genes increases riboflavin production
mutations in RB39 appeared to be necessary for producingjasmid pRF8 containing the entire wild-type riboflavin
higher levels of riboflavin (presumably by overproduction gperon on a 10-kiEcoRI fragment in theE. coli vector
of GTP), since no intensely fluorescent Roblonies were  ,g8R32> Wwith acat (chloramphenicol acetyltransferase)

found in strains containing only the Al or DC-15  gone selectable iB. subtiliswas transformed into four dif-
mutation. The MS46 mutation did not appear to contribute terenig. subtilisstrains: the riboflavin overproducer RB50,
significantly to higher riboflavin production because colon-i» rRe50 parents RB46 and 1A382, and IS76e(B5

iebst Witg an intﬁﬂnssetly _quoresr::ent RthSelnotype could bgg a8, hisAl a commonB. subtilis 168 laboratory strain.

° Tac;ngetér;nqicr)g whse'[ﬁlenrstzléc Rg;nutatio.n deregulates Since pRF8 cannot replicate i. subtills chloram-
transcription of therib operon, restriction fragmer?ts con- phenicol-resistant cells arose by integration of the entire
i ’ -~ plasmid into the nativeib locus. The copy number of the
taining the twoo™ promoters that control transcription of integrated pRF8 cassette was increased by selecting for col-

the riboflavin operontibP, andribP, [43], were fused to onies that grew at higher chloramphenicol concentrations
a reportefacZ gene as described in Materials and Methods. 9 ; gne P
[27]. In each strain, colonies were able to grow up tqup

SPB specialized transducing phage carrying eithieP;- ~ ) X
lacZ or ribP,-lacZ were constructed and used to insert theM " Of chloramphenicol. Neither RB46, 1A382, or IS75

; ; i f which contain the RéFmutation) containing
fusions into aB. subtilisprototroph (PY79) and RB50 car- (On€ 0 : { : :
rying the RoF mutation as described in Materials and @MPplified pRF8 (having the wild-typeibP, and ribP,

Methods. As shown in Table 1, the overall expression ofPromoters) displayed the riboflavin overproduction pheno-
ribP,-lacZ in wild-type cells was low, but nevertheless YPe (ie yellow, fluorescent colonies). Conversely
showed riboflavin-specific regulatiof-galactosidase was RB50:[pRF8] which contains the RoFmutation yielded
repressed in the presence of riboflavinu@ mi™* final ~ colonies that were more fluorescent yellow than RBS0
concentration) and induced 1.5 to 2.5-fold in its absenceWwithout the amplifiedib genes. This finding indicated that
However, in the presence of the RaRutation, 8-galacto- amplification of therib genes alone was not sufficient to
sidase activity was induced 10 to 15-fold. Similar resultsoverproduce riboflavin; overproduction also required the
were obtained when thebP;-lacZ fusion was introduced ribC mutation, which deregulates expression of the ribo-
by integration of a circular plasmid by Campbell-like flavin biosynthetic genes. In minimal medium shake-flask
recombination at thab locus (data not shown). In addition, cultures supplemented with adenine, RB50::[pRF8kist-
comparison of RB50 and RB46 containing the Campbell-ant to 60ug mi~ chloramphenicol produced approximately
integrated fusion showed that higher constitutisgalacto-  10-fold more riboflavin (0.4-0.7 g £) than RB50 (0.02—
sidase levels were caused by the Rofatation and not by 0.05g L?%). Similar levels of riboflavin were produced
the purine-analog resistant mutations (data not shown). when the size of the amplifiedb cassette was reduced
The RoF mutation also appeared to deregulatefrom 10 kb in RB50::[pRF8§]to 6.5 kb in RB50::[pRF4Q]
expression of theibP,-lacZ fusion (Table 1). Expression (Figure 1; data not shown).
of ribP,-lacZ in wild-type cells was extremely low with or

Table 1 Expression of SB::rib-lacZ transcriptional fusions in wild-type andré&bC mutant ofB. subtilis

Expt Strain Relevant genotype B-galactosidase specific activity
+ Riboflavin - Riboflavin
(2 pgmi™)
1 PY79tibP;-lacZ rib* 18 31
RB50¢tibP;-lacZ ribribC 280 280
PY79tibP,-lacz rib* 0.4 0.4
RB50¢tibP,-lacZ ribribC 21 2.9
2 PY79/@,srib)-lacZ rib* 1690 2040
RB50/P,s-rib)-lacZ rib* ribC 1540 1800

aCalculated according to Miller [36].
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Replacement of rib promoters with SPO1 phage
promoters
We attempted to further increase transcription of the
genes by either replacing or bypassing the natilsepro-
moters and ribC/RoF-dependent regulatory sites with
constitutiveP,5 promoters derived from thBacillus bac-
teriophage SPO1.

To introduce strong constitutive promoters into ttie

results are as expected for a strong constitusfy@romoter
of B. subtilis

Northern hybridization experiments were also used to
examine the level and size &f,s-specificrib transcripts.
Total cellular RNA isolated from RB50::[pRF50Ade*
(Figure 3, lane 3) was isolated and hybridized to a probe
that corresponds to the &nd of ribG. Surprisingly, full-
length transcripts*$4.0 kb) were not observed. Instead, the

operon, short synthetic DNA linkers containing unique probe strongly annealed to a series of smaller transcripts
EcoRl and BarHI restriction sites were placed either 14 with molecular weights of 0.6, 0.9, 1.1, 1.3 and 2.1 kb,

base pairs upstream from the ribosome-binding sitéb&3,

which decreased in intensity as they got larger. These

the first gene of the operon, or within the polycistronic MRNA species were not detected with a probe correspond-

region betweernribB and ribA, as described in Materials
and Methods. It was not possible to remail@P, since this
promoter was embedded within thi®B gene. Ligation of

ing to the 5 end ofribA (data not shown), indicating that
these transcripts only encompassed all or part of the first
two structural genesibG andribB. These transcripts were

restriction fragments containing the bacteriophage SPomot artifacts of the RNA isolation procedure because

early gene promotd?,s [28] to these sites resulted in inte-

hybridization of the probes to total RNA from

gration vectors with three different promoter-modified RB50::[pRF8}, containing amplified, wild-typeib operons

operons (Figure 1): a riboflavin operon wikhs replacing

the nativeribP, promoter and regulatory region (pRF50),

an operon with the nativeibP, promoter and regulatory
region andP,s upstream ofribA (pRF71), and an operon
with two P,5 promoters, one upstream obG and another

upstream ofribA (pRF69). Transformation of these plas-

mids into E. coli DH5« cells resulted in colonies that pro-

duced a bright yellow pigment, which was subsequentl)p

shown to be secreted riboflavin. Conversdty,coli cells
harboring pRF8, which contained just the wild-typie

operon, did not secrete significant levels of riboflavin (ie

white colonies). These results indicate thathepromoter

was functioning to promote constitutive production of ribo-

flavin biosynthetic enzymes.

To assess the ability of the,s-driven riboflavin operons
to produce riboflavin inB. subtilis pRF50, pRF69 and
pRF71 were integrated and amplified into four differ8nt

subtilis strains: the riboflavin overproducer RB50, the

RB50 parents RB36 and RB46, and 62178 containing
defective GMP reductasegaQ that reduces conversion
of GMP to IMP [41]. Only the modifiedib operon with

produced transcripts of the expected size [2]: a full-length
transcript of 4.2 kb originating fromibP, (lane 1) and a
2.5-kb transcript originating fromibP, encompassing the
last three genes of the operon (lane 2). Analysis of similar
P.s-driven rib operons constructed using PCR-synthesized
fragments produced a similar pattern of transcripts [20].
Conversely, the expected full length transcript (2.3 kb)
riginating from the second internd,s promoter was
observed when mRNA isolated from RB50::[pRF/1]
(Figure 3, lane 4) or RB50::[pRF69]Ade" (data not
shown) was probed with theibA-specific probe, con-
firming that the last threeib genes were under transcrip-
tional control of the internaP,s promoter.

Production of riboflavin by fermentation

Riboflavin overproducers were analyzed for riboflavin pro-
duction in 14-liter Chemap bench scale fermentors using
carbon-limited fed-batch growth conditions with computer
control of dissolved oxygen concentrations as described in

Materials and Methods. Medium composition was optim-

ized during the course of these experiments so that
increases in riboflavin production described below resulted

both the 5 and internalP,s promoters (pRF69) produced f5m poth media and genetic improvements.

bright fluorescent yellow colonies indicative of riboflavin

Since all the engineerds. subtilisriboflavin production

in B. subtilis strains containing one oOr more purine girains contained thpurA60 mutation, initial studies were

mutations. The Del5 mutation appeared to contribute sig-

nificantly to riboflavin production whereas the 'Al

mutation did not. Interestingly, colonies with the most yel-

conducted to optimize the amount of adenosine required
for fermentation. The strains were unstable in their require-
ment for adenosine, and Atleevertants were recovered at

low fluorescence were observed when any of the three veg; frequency of between 0.1 and 1%. Adevertants were
tors were introduced into RB50 Containing the roseoﬂaVinnot iso|ated from RB50 a|one, Suggesting that appearance
and purine analog-resistant mutations. These results indpf these revertants was enriched in strains producing high

cated that theibC mutation was still required for maximum
riboflavin production.

To measure the transcription level of tRes promoter,
a SPB transducing phage carryirigcZ fused to the 5end

levels of riboflavin. More important, Aderevertants grew
faster and produced 25% more riboflavin than their Ade
parent. Fermentation of Adeevertants of RB50::[pRF8]
produced 6.3 g t? riboflavin in 49 h (Table 2). Slightly

of the P,s-modifiedrib operon from pRF50 was constructed higher levels of riboflavin (7.4 g 1 in 48 h) were produced
and introduced into PY79rip*) and RB50 carrying the when the size of theib-containing fragment was reduced
ribC mutation as described in Materials and Methods. Asfrom 10 kb (pRF8) to 6.5 kb (pRF40).

shown in Table 1, the Risrib)-lacZ fusion generated
extremely high levels of3-galactosidase activity in both

The highest levels of riboflavin production were
observed with RB50 strains containifys-engineeredib

wild-type andribC deregulated strains (1500-2100 Miller operons. Amplified strains of RB50::[pRF50]Ade",
units), which were approximately 4-8 fold higher than lev-RB50::[pRF71] Ade", and RB50::[pRF69] Ade*, pro-

els from theribC-deregulatedribP,-lacZ fusion. These

duced 11.0g t!, 10.5g Lt and 14 g L* riboflavin,
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Figure 3 Northern blots showingib-specific mMRNAs transcribed from either wild-type Bys promoters. Total RNA was isolated from strains grown

in minimal medium in the absence of riboflavin as described in Materials and Methods. Seven micrograms of RNA were separated on 1.2% agarose-
formaldehyde gels and transferred to nitrocellulose membrane filters; the filters were incubated with synthetic oligonucleotides specifiali@ either
(lanes 1 and 3) oribA (lanes 2 and 4). Lanes: 1 and 2, RB50::[pRRF4G] RB50::[pRF50]; 4, RB50::[pRF71]. Unlabeled RNA markers, ranging

from 0.36 to 9.49 kb, were used to estimate mRNA size.

Table 2 Production of riboflavin by fermentation of RB50 containing described above. Riboflavin yields were significantly higher
integrated copies of wild-type arf,-engineeredib operons than titers obtained with RB50::[pRF69de* under simi-
lar fermentation conditions.

Strain Media Riboflavin (g )

RB50::[pRF8}, Ade* RBF-42 6.3 Discussion

RB50::[pRF40} Ade* RBF-42 7.4 . _— . .
RB50::[pRF50] Ade* RBF-42 9.0 The enzymatic activities required to catalyze the biosyn-
RB50::[pRF50} Ade* RBF-150 11.0 thesis of riboflavin from GTP and ribulose-5-phosphate are
RBS50::[pPRF71] Ade’ RBF-150 10.5 encoded by four genesil§G, ribB, ribA, andribH) in B.
RB50::[pRF69} Ade* RBF-150 14.0

subtilis (Figure 4). These genes are located in an operon
the gene order of which differs from the order of enzymatic
reactions. GTP cyclohydrolase Il activity which catalyzes
the first step in riboflavin biosynthesis, synthesis of struc-
respectively (Table 2). Under light microscopy, yellow ture 2 from GTP, is encoded by the third gene in the
crystals were visible in the fermentation broth; subsequenbperon, ribA. The RibA protein also contains a second
analysis confirmed that these crystals were pure riboflavirnzymatic function which synthesizes a four-carbon unit
[57]. Riboflavin titers increased with increased expressior(structure7) from ribulose-5-phosphate [47,48] that is util-
of the rib genes suggesting that expression of tite  ized in alater step (lumazine synthase reaction). The second
biosynthetic genes was limiting for riboflavin production. and third enzymatic steps, deamination of the pyrimidine
Consequently, we speculated that higher riboflavin titerging of structure2 and the subsequent reduction of the
were possible if additional copies of the,s-driven rib ribosyl side chain to form structuré, are controlled by
operons could be introduced into tiBe subtilischromo-  another bi-functional enzyme encoded by the first gene of
some. the operonribG [46]. The penultimate step in riboflavin
biosynthesis, condensation of the four-carbon unit with
Introduction of a second P,s-driven rib operon at the structureb, is catalyzed by lumazine synthase, the product
bpr locus of the lastrib gene,ribH. Riboflavin synthase which con-
Using the method described in Materials and Methodstrols the last step of the pathway, conversion of structure
plasmid pRF93 was integrated into thspr locus of 8 to riboflavin, is encoded by the second gene of the
RB50::[pRF69], generating a strain containing two chromo-operon,ribB. The dephosphorylation step of structurés
somal loci with amplifiabld?,s-modifiedrib operons. Plas- hypothetical. Evidence for a specific phosphatase has not
mid pRF93 is a derivative of pRF69 in which thé B,s  been obtained; however it is possible that a phosphatase
promoter was positioned upstream ribP, and theribO of broad substrate specificity may catalyze this step [3].
regulatory region, and theat gene was replaced by thet  Transcription of the four riboflavin genes is primarily con-
gene (Figure 1). Integration of pRF93 into ther locus  trolled by theribP, promoter and regulatory region located
occurs by Campbell-like recombination betwedet at the 5 end of the operon. In addition, the last twib
sequences on the plasmid and the chromosome. The copgenes in the operonjbA and ribH, are also transcribed
number of both pRF69 and pRF93 cassettes was increasém a second promoteribP,) and regulatory region. It
by selecting for colonies that grew at higher levels of bothis probably not accidental thaitbG and ribA encode bi-
chloramphenicol and tetracycline. An Adevertant of the functional enzymes. This may represent a mechanism by
resulting strain RB50::[pRF6Q}[pRF93],, was then tested which B. subtiliscoordinates the synthesis of these biosyn-
for riboflavin production in bench scale fermentors asthetic activities. FinallyyibH is followed by an open read-

aSee Reference [44] for fermentation media composition.
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Figure 4 The riboflavin biosynthetic pathway d. subtilis The corresponding intermediates shown are those producdsl byli and B. subtilis
structure 1, guanosine triphosphate (GTP); structu2e 2,5-diamino-6-(ribosylamino)-4 (3H)-pyrimidinoné-ghosphate; structurg, 5-amino-6-
ribosylamino)-2,4 (1H, 3H)-pyrimidinedioné-phosphate; structuré, 5-amino-6-(ribitylamino)-2,4(1H, 3H)-pyrimidinedioné-phosphate; structurg,
5-amino-6-(ribitylamino)-2,4 (1H, 3H)-pyrimidinedione; structGeribulose-5-phosphate; structurg, 3,4-dihydroxy-2-butanone 4-phosphate; structure
8, 6,7-dimethyl-8-ribityllumazine; structur®, riboflavin. Structures are adapted from Bacher [5].

ing frame,orf2, previously referred to asbTD. The func- In the engineeredb vector pRF50, the entirébP, pro-
tion of this open-reading frame is not known and its genemoter and putative regulatory region were deleted and
product is not required for riboflavin synthesis [44,46]. replaced with a constitutive phage SPO1 promog,

The expression afb genes is regulated by tm#&C gene  Surprisingly, pRF50, did not yield a bright, yellow fluor-
whose product has recently been shown to be flavin kinasescent colony when integrated in the genome of wild-type
[10,17,30]. Missense mutations ibC (such as RoF50)  B. subtilis We found that theibP, promoter and regulatory
that alter the activity of flavin kinase, greatly enhance theregion also needed to be bypassed with a second constitut-
expression of genes from both thdP, and ribP, pro-  ive promoter to yield significant riboflavin overproduction
moters as shown here with thecZ transcriptional fusions. in a wild-type cell. Northern blots confirmed the need for
Exactly howribC mutations affect the transcription of the replacing or bypassing both promoters to achieve enhanced
rib operon is not known. However, there is a strahg- transcription of all fourrib genes. Unlike wild-typd. sub-
independent transcription terminator betweiaf, and the tilis which accumulated small amounts of an RNA tran-
first gene in the operomibG, suggesting a termination/anti- script that covered the entiré operon, cells with pRF50
termination mode of control that is indirectly affected by accumulated large amounts of shorter transcripts that
the ribC gene product [30,39,44]. Furthermore, a numbercovered primarily the first two genes of the operon. The
of cis-acting constitutive mutations have been mapped tsecond P,s promoter engineered upstream obA was
the leader region between the promoter and terminatorequired to obtain significant accumulation of RNA tran-
[39]. The 3 end of the leader region also contains a smallscripts that covered the last twib genes in the operon.
open reading frame (50 amino acids) of unknown function Even in the presence of a strain with multiple, integrated
that overlaps the terminator [39,44,52]. copies of the pRF69 vector with twB,s promoters, the
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ribC mutation was still required for maximum production 9 Bower S, J Perkins, RR Yocum, P Serror, A Sorokin, P Rahaim, CL

of riboflavin. This probably resulted in part from the reten- Howitt, N Prasad, SD Ehrlich and J Pero. 1995. Cloning and charac-
terization of theBacillus subtilis birAgene encoding a repressor of

tlpn qf the wild-typeribP, andribP, prqmoters after recom- the biotin operon. J Bacteriol 177: 2572-2575.
bination between the chromosomeb operon and the 10 Coquard D, H Huecas, M Ott, M van Dijl, APGM van Loon and H-
pRF69 integration vector containing the engineeréyd P Hohmann. 1997. Molecular cloning and characterisation ofii@

operon. Depending on the site of recombination, the ampli- gene fromBacillus subtilis:a point mutation inribC results in ribo-
fied rib cassette would contain multiple copies of either_ flavin overproduction. Mol Gen Genet 254: 81-84.

th ild-t ibP t | f the t 11 Cutting S and PB Vander Horn. 1990. Genetic analysis. In: Molecular
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