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Commercial riboflavin production by recombinant Bacillus
subtilis : down-stream processing and comparison of the
composition of riboflavin produced by fermentation or chemical
synthesis

W Bretzel*2, W Schurter', B Ludwig?!, E Kupfer?, S Doswald*!, M Pfister* and APGM van Loon?

1F Hoffmann-La Roche Ltd, Grenzacherstrasse 124, CH-4070 Basel, Switzerland

A novel process for riboflavin production using a recombinant Bacillus subtilis  strain has been developed. Here we
describe a down-stream processing procedure to obtain riboflavin qualities having a minimal content of 96% (‘feed-
grade’) and 98% (‘food/pharma-grade’) riboflavin, respectively. Compared to riboflavin produced by chemical syn-
thesis, products with improved chemical purity were obtained. All compounds representing more than 0.1% of the

final products were identified. Feed-grade riboflavin material ex fermentation contained small amounts of amino

acids and amino sugars and the biosynthetic riboflavin precursor dimethyl-ribityl-lumazine. All other side products

found were derived from riboflavin, resulted from the purification procedure and were also found in riboflavin
obtained by chemical synthesis. The  Bacillus -produced riboflavin does not contain DNA. The data presented here
were used to obtain product approval for the commercial application in the USA, Japan and the UK.

Keywords: recombinant Bacillus subtilis; riboflavin produced by fermentation; down-stream processing; analytics; regis-
tration

Introduction which already produced high amounts of riboflavin prior to
Riboflavin (vitamin B) is currently produced for large- strain |mpr0\éement [9]ri Rlbboflaw_n produ%tlon by the asco-
. L . : mycetes and yeasts has been improved over many years
scale commercial applications by chemical synthesis or by 7 ) : :
a one-step fermenta?t?on process).l In the cherr):ical synthesigsmg a mutatlon-selnectlon and ferr_nentatlon development
the ribose used as a building block is mostly obtained b pproach.A._ gossypu(BA_SF, L_udW|gshafen, Germany)
andC. flaveri(Archer Daniels Midland, Decatur, IL, USA)

fermentation of aBacillus pumilisstrain lacking a func- . g
. ; . . are currently used for large-scale commercial production
tional transketolase. This chemical production process ha y 9 b

; . . . f riboflavin. The products produced with these organisms
been continuously improved in the last decades (reweweé}Clude an 80% riboflavin product containing 20%

in [8]). Two product qualities are currently produced by , . i

chemical synthesis: a riboflavin product with at least 96%3|0mass derived co
chemical purity for the animal feed market (‘feed-grade
riboflavin’) and a product with at least 98% chemical purity

for the human food and pharmaceutical = market B50::(pRF69)::(pRF93),, which has been developed in a

(‘food/pharmagrade riboflavin’). Development of biotech- : . .
. . . -~ collaboration between OmniGene Bioproducts Inc, Boston,
nological processes for the commercial production of ribo- SA and F Hoffmann-La Roche Ltd, Basel, Switzerland.

flavm'has been a focus for resear'ch for years. Sevgr This strain contains various classically introduced

organisms can be used to produce high levels of riboflavin; tati ffecti lati f th : th d

the ascomyceteBremothecium ashbyand Ashbya gossy- muta |ons|t_a ecting r_e?u ation ot te tﬂurm_g [?Ia \way aln
o e . one resulting in resistance against the riboflavin analog

pii, the yeastsSaccharomyces cerevisiamd Candida fla- : : : :

veri and recombinant3. subtilis and Corynebacterium roseoflavin. The latter mutation resides in fREBC gene.

: : RibC is the kinase involved in conversion of riboflavin to
ammoniagenestrains [1,2,6,8,12,13,16,17]. The funghis . ) .
goshypiiis a naturally occurring overproducer of riboflavin, the active co-factors FMN and FAD. The mutation results

in reduced activity of RibC and, thus, reduces the repressive
effects of FMN on riboflavin production [3,10]. In addition
to these mutations, the expression of tite genes ofB.

Correspondence: APGM van Loon, Biotechnology, Vitamins and Fine i ; ; ; ; _
Chemicals Division, Building 93-331, F Hoffmann-La Roche Ltd, CH- subtilis was drastically increased by replacing tile pro

mpounds [8]. This product is then used
irectly in the animal feed market.

The novel fermentation process described here
12,13,18] uses the recombinanB. subtilis strain

4070 Basel, Switzerland moters by strong bacteriophage promoters and thereby cre-
Present address: Roche Vitamins Inc, 340 Kingsland St, Nutley, NAting the modifiedib opera in plasmids pRF69 and pRF93.
07110-1199, USA Subsequently, the copy numbers (n and m, respectively) of

SPresent address: PharmaPart AG, Weberstrasse 10, CH'SO’&&T,ZU pRF69 and pRF93 were |ncreased after |ntegrat|0n of the

Switzerland .. . o
“Present address: Byk Gulden, Byk-Guldenstrasse 2, D-78467 Konstan?,pt'mlzed operons Into th_B' SUbt'I'Sgenome' .
Germany Since a novel production procedure and particularly a
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latory authorities is required prior to commercial use of thepresent in riboflavin ex fermentation were identified by
riboflavin products produced. The key issues are: (a) subeomparing their retention times and UV spectra with those
stantial equivalence of the novel products compared withof the pure (co-injected) reference compound, obtained by
the already available riboflavin qualities; and (b) thechemical synthesis. Because of their instability, formyl-
absence of production strain DNA in the riboflavin ex fer- methyl-flavin acetal and ribityl-oxo-chinoxalic acid were
mentation. Riboflavin is mainly used in animal feeding, butidentified by comparison with the HPLC profiles and UV
also in human nutrition as vitamin or as colorant and inspectra of a synthetic riboflavin sample containing these
pharma applications. Each of these applications, evenompounds. For quantitation a highly purified riboflavin
within the same country, may require a different approvalstandard, obtained by chemical synthesis, was used, having
approach. an B, 1 cm Of 328 at 444 nm. The limit of detection was

In this paper, we show a down-stream processing pro8.05% of the total chromatographic peak area. The relative
cedure and chemical analysis of the riboflavin productstandard deviations were better than 1.5%& (11, o, equal
obtained using recombinaB. subtilis to or smaller than 1.3%) and 10% € 40, o equal to or

smaller than 5%) for riboflavin and the detected

Materials and methods impurities, respectively.
Production of riboflavin by fermentation Amino acid analysis
B. subtilisstrain RB50::(pRF69):(pRF93), (n and m rep- Amino acid analysis was done according to Spackrean
resent the copynumbers of each plasmid integrated into thal [15], using a Liquimat IIl Amino Acid Analyser (Biotech
B. subtilisRB50 genome) [12,13] was grown in a glucose- Kontron AG, Basel, Switzerland), with a 24 mm col-
limited fed-batch fermentation at a 35¢mmcale. After pas- umn packed with 7 mm CK10F resin cation-exchanged
teurisation of the fermentation broth, riboflavin crystals, (Mitsubishi Ltd, Tokyo, Japan) and a step gradient of 0.16—
which accumulate in the fermentation medium, were separ9.35 M sodium citrate, pH 3.21-4.24. The riboflavin sam-
ated from theB. subtiliscells by differential centrifugation. ple was incubated with 6 M hydrochloric acid at 2@0for
The next steps were washing of the crystals with 0.2 M ho4 h and dried in a dessicator for 5h over potassium
mineral acid, eg hydrochloric or sulphuric acid [7], fol- hydroxide. The residue was dissolved in sodium citrate
lowed by recrystallisation of riboflavin from hot concen- buffer pH 2.20 and centrifuged. Quantitation was done
trated acid, eg hydrochloric acid25%. All steps were per- using norleucin as internal standard.
formed under conditions representative for those to be used
at the final production scale. The material obtained fromDNA stability during product purification

three representative fermentations was analysed. Stability of B. subtilis RB50::(pRF69)s::(pPRF93), DNA
under conditions representative for purification of feed-
Analysis of riboflavin(-related) compounds grade riboflavin were determined. Purified production strain

HPLC analysis was done using a Hewlett-Packard modeDNA or intact cells were incubated at the indicated con-
1090 equipped with diode array detector. The separatioditions. Incubation was stopped by neutralisation and rapid
was achieved using a 2504.6 mm column with Superco- cooling of the samples. Prior to PCR analysis, DNA was
sil™ LC8DB, 5-um reverse-phase material (pore size 100passed through Chroma Spin-10 TE columns (Clontech
A). For elution, a gradient elution was formed using, asLaboratories Inc, Palo Alto, CA, USA). PCR was perfor-
mobile phase A, 0.05M potassium dihydrogenphosphatened at 48C with 10 pmol of each 20 mer oligonucleotide
pH 6, as mobile phase B, acetonitrile and as mobile phasesing standard protocols [14]. The primers used wéfe 5
C, methanol: water in a 1:1 ratio. The starting compositionATTGGAAGAGAAAAGAGATA-3' and 3-TAAGA-
A:B:C was 92:0:8. Between 0 and 12 min after injection, CAAACACTACCAATA-5'. The B-positions of the pri-

the eluent composition changed to A:B£71:21:8. At mers correspond to positions 1288 and 1845 respectively
20 min the ratio was A:B:G51:41:8 and at 30 min A:B:C of the CAT gene of pC194 [5]. These are specific for the
was 11:81:8. The flow rate was 1.5 ml mirand column chloramphenicol resistance gene present on plasmid
temperature 38. UV detection was done at 240 nm pRF69, resulting in amplification of a 557-bp DNA frag-
enabling the detection of molecules with low-absorbingment. For functional analysis of DNAB. subtilis strain
chromophores. This procedure, in which the eluents werd012 was transformed as described [5] and transformants
polar at the beginning of the separation and apolar at theesistant to ug chloramphenicol per ml were selected.
end, allows simultaneous separation of polar, water-soluble

impurities and also of lipophilic compounds. Known Analysis of DNA in riboflavin samples

amounts of dry riboflavin samples were obtained by weighiRiboflavin samples were dissolved in 1% deoxycholate in
determination. All standards and samples were prepareti0 mM Tris-HCI (pH 8.0), 1 mM EDTA (1 ml per 50 mg
under subdued light to avoid degradation and were disef riboflavin). Riboflavin was then extracted by addition of
solved in dimethyl sulfoxide (DMSO) by heating at°8®  five volumes of buffer-saturated phenol. After centrifug-
for 10 min. When appropriate, 2 mg 1,3-dinitrobenzeneation, the aqueous phase was collected and passed through
ml~* was used as internal standard. The by-products preseftthroma Spin-10 TE columns prior to PCR analysis (see
in chemically-synthesized riboflavin have all been chemi-above). In control experiments, known amounts of pro-
cally characterised (J-L Meinrad and Ch Gerber, Fduction strain DNA were added to riboflavin samples and
Hoffmann-La Roche AG, Basel, Switzerland, unpublished)dried in vacuoprior to addition of deoxychlorate-contain-
Riboflavin, 8-hydroxymethylriboflavin and lumichrome ing buffer.
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Figure 1 Riboflavin purification from fermentation broth. (a) Needle-like riboflavin crystals (brownish-yellow) accumulate in the fermentation medium.

TheB. subtiliscells are seen as small rods in the background. Bar markan®2Qb) The procedure used for purification of riboflavin [7] is summarised
(for details, see Materials and Methods). The % values given refer to the minimal guaranteed riboflavin content of the product.

Results riboflavin in the fermentation medium, the product accumu-
lated as needle-like crystals (Figure 1), which could easily

Riboflavin crystals accumulate in the culture be separated from the biomass by differential centrifug-

supernatant ation. After centrifugation, the riboflavin content of the

A glucose-limited fed-batch fermentation was used foreffluent was about 90%. By washing with hot dilute acid

large-scale riboflavin production. Riboflavin was excreteda product was obtained with a riboflavin content of about
into the culture medium, no accumulation was observe®8% (Table 1). Subsequent recrystallisation from hot, con-
within the B. subtilis cells. Due to the low solubility of centrated acid then provided a product with more than 99%
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Table 1 Analysis of riboflavin produced by fermentation Bf subtilisor by chemical synthesis. The contents (expressed in % weighed samples) of
the riboflavin(-related) compounds was determined after HPLC separation (see Figures 2 and 3). Amino acids were quantified by direct analysis, w
analysis of DNA was done using PCR (see Figure 4)

Substance Acid-washed riboflavin ex Recrystallised riboflavin ex ‘Food/pharma-grade riboflavin’
fermentation, determined fermentation, determined ex chemical synthesis,
contents (%) contents (%5) determined contents (%)

Riboflavin 98.4 99.7 98.8

Lumichrome 0.12 0.15 0.2

HR trace8 0.2 0.2

Lumiflavin not detected not detected 0.5

DMRL 0.4 not detected not detected

FMFA trace$ trace$ trace$

ROC not detected not detected tréces

Amino acids 0.9 0.06 -

DNA not detected not detected -

Sum of measured
products 99.82 100.11 99.7

HR, 8-hydroxymethyl-riboflavin; DMRL, dimethyl-ribityl-lumazine; FMFA, formylmethyl-flavin acetal; ROC, ribityl-oxo-chinoxalic acid.
“Average of the values obtained for three representative fermentations.
PDetected, but below limit for quantitative determination of 0.1%.

riboflavin content (Table 1). Importantly, the recrystallis- was generated from chemically-produced riboflavin upon
ation step used here is identical to the last down-strearincubation at basic pH. In contrast to the chemical syn-
processing step currently used to purify the chemically-prothesis, such incubation is not part of the downstream pro-

duced ‘food/pharma-grade riboflavin’ (Figure 1). cessing of riboflavin ex fermentation.

Quantitative analysis of the individual compounds ident-
Comparison of riboflavin produced by chemical ified here (Table 1) suggests that all material in both ribo-
synthesis and fermentation flavin qualities could be accounted for by riboflavin and

The chemical purity of the riboflavin samples obtained bythe identified compounds (Table 1).
fermentation was determined using three 35gifot scale
production batches. Both the acid-washed and recrystalliseBroduction strain DNA was not detected in acid-
riboflavin samples obtained by fermentation containedwashed or recrystallised riboflavin ex fermentation
fewer riboflavin-related contaminants than the 98%The presence or absence of DNA in the final products is
‘food/pharma-grade riboflavin’ obtained by chemical syn-an issue in product registration procedures in various coun-
thesis (Figure 2). The acid-washed riboflavin containedries (see Discussion). Direct analysis by PCR, for the pres-
0.9% amino acids including small amounts of the aminoence of DNA of the production strainB. subtilis
sugars glucosamine and galactosamine (Table 1). The$B50::(pRF69)s:(pRF93), in the acid-washed or recrys-
compounds were virtually absent in the recrystallised ribo+allised riboflavin samples from pilot-scale production, was
flavin and are not present in the chemically-produced riboperformed. DNA was not detected in any of the riboflavin
flavin. production samples (Figure 4b, lanes 1 and 3). In model
All impurities seen in the HPLC profiles could be unam- experiments known amounts of production strain DNA
biguously identified by comparing the retention times andwere subjected to the acid treatment used in riboflavin puri-
UV spectra to those of co-injected reference compound§cation. Survival of DNA was tested by PCR and by trans-
(Figure 3). All impurities except dimethyl-ribityl-lumazine formation of wildtype B. subtilis cells. No DNA was
and the amino acids were also detected in the chemicallydetected after acid treatment for less than 5 min 4Co@r
produced riboflavin (Figure 2 and Table 1). Dimethyl-ribi- for 1 h at 25C, showing an at least 1dold reduction in
tyl-lumazine is a naturally-occurring precursor in riboflavin the amount of DNA amplifiable with PCR (data not
biosynthesis, which was present in the acid-washed ribashown). In line with the PCR results, a short treatment with
flavin ex fermentation, but was almost completely removechot acid also rendered DNA incompetent fBr subtilis
upon recrystallisation. In contrast, 8-hydroxymethyl-ribo-transformation (data not shown). Similar results were
flavin and lumichrome were present in increased concenebtained when intadB. subtiliscells were used: DNA was
trations in the recrystallised riboflavin compared to acid-also rapidly degraded and did not survive the acid treatment
washed material. The presence of 8-hydroxymethyl-ribo{data not shown). Thus, no DNA is present in any of the
flavin and formylmethyl-flavin acetal in both the recrystal- fermentative riboflavin samples.
lised riboflavin materials ex fermentation and ex chemical
synthesis was not surprising since these products exclu1°5iscussion
ively result from acid degradation of riboflavin (J-L Mein-
rad and Ch Gerber, F Hoffman-La Roche AG, Basel, Switz-Chemical analysis of riboflavin products
erland, unpublished). Lumiflavin was not detected inThe novel fermentation process for riboflavin production
riboflavin ex fermentation as expected, since this productises a recombinam. subtilisstrain. Chemical analyses of
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Figure 2 Analysis by HPLC of riboflavin products obtained by fermentation or chemical synthesis. Top panel, ‘feed-grade riboflavin’ ex fermentation;
middle panel, ‘food/pharma-grade riboflavin’ ex fermentation; bottom panel, ‘food/pharma-grade riboflavin’ ex chemical synthesis. B2,;rDbf@in
dimethyl sulfoxide; HR, 8-hydroxymethyl-riboflavin; DMRL, dimethyl-ribityl-lumazine; ISTD, internal standard.
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Figure 3 The UV spectra and chemical formula of side-products in riboflavin ex fermentation. DMRL, dimethyl-ribityl-lumazine, top panel; 8-hydroxy-
methyl-riboflavin, middle panel; lumichrome, bottom panel. The spectra shown are those obtained for the compounds present in the riboflavin samy
ex fermentation. They are identical to those of the reference compounds (not shown).

the riboflavin obtained were done using material from 35-98.4% and for the recrystallised material 99.7%. In
m? pilot scale fermentations. The riboflavin contents of theaddition, fewer contaminating compounds are present.
riboflavin products ex fermentation exceed the 98% chemiChemical characterisation of all compounds present in
cal purity of the highest grade riboflavin available from more than 0.1% of the final product showed that they are
chemical synthesis. The analytical results show that theither biomass derived (the amino acids and amino sugars),
actual measured values in the riboflavin products obtained biosynthetic precursor of riboflavin (DMRL) or degra-
by B. subtilisfermentation for the acid-washed material is dation products of riboflavin which are also present in the
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Figure 4 DNA was not detected in riboflavin ex fermentation. Panel (a): Recovery of DNA added to riboflavin samples and sensitivity of the PCR
assay used. Control DNA of the riboflavin-produciBg subitilis strain RB50::(pRF69);:(pRF93), (50 pg mg* riboflavin) was added to ‘feed-grade
riboflavin’ (lanes 1-4) or ‘food/pharma-grade riboflavin’ samples (lanes 5-8). After re-extraction of the riboflavin, PCR was performed using either
undiluted or diluted samples to detect a 557-bp fragment of the chloramphenicol resistance gene residing on plasmid pRF69. The detection limit of
500 fg of DNA corresponds to about 100 molecules of Bhesubtilis RB50::(pRF69)s::(pRF93), genome, each containing 25 copies of pRF69. Lanes
1 and 5: 50 pg DNA,; lanes 2 and 6: 5 pg DNA; lanes 3 and 7: 500 fg DNA; lanes 4 and 8: 50 fg DNA, lane 9: blank, no DNA. Panel (b): Assay for
absence or presence of DNA in riboflavin samples ex fermentation. Riboflavin samples obtained from the pilot scale production (‘feed-grade riboflavin

lanes 1 and 2; ‘food/pharma-grade riboflavin’, lanes 3 and 4) were directly tested by PCR. Lanes 1 and 3, no control DNA added; lanes 2 and 4, 500 fg
control DNA added per mg riboflavin; lane 5, blank, no DNA used; lane 6, direct PCR assay using 500 fg DNA.
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chemically-produced riboflavin and result from the acid262’ [4]. For feed application in the USA no production
treatments in the purification procedure. The procedureprocedure has been specified in regulations. Thus, for feed
presented here are directly relevant for the commercial feruse only the product quality of the new product was con-
mentation production process used for riboflavin pro-sidered in the evaluation.
duction.

Importantly, the recrystallisation step leading to highestSafety evaluation: the concept of ‘substantial
quality material ex fermentation was kept identical to theequivalence’
last process step currently used to purify the ‘food/pharmafFood and food ingredients require a formal premarket
grade riboflavin’ quality from chemically-produced ‘feed- approval. This is primarily to ensure the safety of the pro-
grade riboflavin’. Using the same last step in product puri-ducts produced and to assess any possible public health
fication allows optimal identity between the ‘food/pharma- effects. Concepts and guidelines for the safety evaluation
grade riboflavin’ qualities obtained by chemical synthesisof novel food products have been elaborated by various
and fermentation. This process step identity allows optimiznational and international organisations. The common idea
ing product safety, since it drastically reduces the chancesf all these assessment concepts focuses on the principle
to introduce novel unknown and potentially toxic com- of ‘substantial equivalence’, a term originally elaborated by
pounds in the final ‘food/pharma-grade riboflavin’ product.the OECD [11]. For a complex food or food ingredient,
Also direct analysis of both riboflavin qualities obtained by substantial equivalence means identity to or sufficient simi-
fermentation in rats in standard sub-chronical (12 weekslarity with a traditional food or ingredient with regards to
toxicology studies gave no indication of any toxicological composition, nutritional value, metabolism, intended use

effects (not shown). and the level of undesirable substances contained therein.
Therefore, the safety evaluation and hence the premarket

Product and production process approval by approval of a novel product will depend and rely on a suf-

regulatory authorities ficient demonstration of the substantial equivalence. For

National regulations in many countries, eg all Europearriboflavin, ‘substantial equivalence’ relates to comparison
countries, require extensive review of production processewith the currently available commercial products.

which use recombinant organisms: the product approval The regulatory situation for animal feed differs some-
procedures focus on the production process. Interestinglywyhat from that for the food in the way that at national levels
no similarly strict approval process is required nor used fothere are no clearly defined regulations in place. However,
novel production processes using non-recombinant orgarthe safety principle also applies for products to be used in
isms. In the USA, recombinant and non-recombinant organanimal feeding. Therefore, also for feed applications the
isms are treated similarly, since regulations focus on prosafety assessment focussed on the establishment of the sub-
duct quality rather than on the production process as is thetantial equivalence principle. In this paper, we showed that
case in Europe. According to FDA guidelines for humanriboflavin ex fermentation fullfilled the criteria for ‘substan-
use [4], riboflavin ‘may be prepared by chemical synthesistial equivalence’.

biosynthetically by the organisf&remothecium ashbyior

isolated from natural sources’. Since our novel process doedbsence of DNA and its relevance to safety and

not meet this requirement, evaluation®f subtilisas pro-  /labelling

duction organism and of the riboflavin produced waslin those countries in which the recombinant nature of the
required. The products produced should meet ‘the specifiproduction organism is a key issue, eg in European coun-
cations of the Food Chemicals Codex, 3rd edn, (1981) gries, impurities derived from the production organism itself
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7 7 H INn Saccharomyces cerevisiageast 9. — .

risk evaluation of these products therefore also requires, ¢ =y M Huzoas, M Ott, I van Diil, APGM van Loon and H-
'nfor_mat'(_)n regarding 'mp_u”t'es _related to the genetic P Hohmann. 1997. Molecular cloning of théC gene fromBacillus
modification of the production strain. Furthermore, the use subtilis a point mutation imibC results in riboflavin overproduction.
of genetic engineering in food production may generate Mol Gen Genet 254: 81-84. _ _

moral and ethical concerns for some consumers. To addres$ FDA Federal Register. 21 CFR, §184.1697 Riboflavin: 491.

T - . . 5 Horinouchi S and B Weisblum. 1982. Nucleotide sequence and func-
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