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Abstract

The dairy starter bacterium Lactococcus lactis has the potential to synthesize both folate (vitamin B11) and riboflavin (vitamin

B2). By directed mutagenesis followed by selection and metabolic engineering we have modified two complicated biosynthetic

pathways in L. lactis resulting in simultaneous overproduction of both folate and riboflavin: Following exposure to the riboflavin

analogue roseoflavin we have isolated a spontaneous mutant of L. lactis strain NZ9000 that was changed from a riboflavin

consumer into a riboflavin producer. This mutant contained a single base change in the regulatory region upstream of the

riboflavin biosynthetic genes. By the constitutive overproduction of GTP cyclohydrolase I in this riboflavin-producing strain, the

production of folate was increased as well. Novel foods, enriched through fermentation using these multivitamin-producing starters,

could compensate the B-vitamin-deficiencies that are common even in highly developed countries and could specifically be used in

dietary foods for the large fraction of the Caucasian people (10–15%) with mutations in the methylene tetrahydrofolate reductase

(MTHFR).

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Folate (vitamin B11) and riboflavin (vitamin B2) are
essential nutrients in the human diet. Folate is a general
term for a large number of folic acid derivatives that
differ by their state of oxidation, one-carbon substitu-
tion of the pteridine ring, and by the length of the
polyglutamate tail. These differences are associated with
different physicochemical properties, which may influ-
ence folate bioavailability through variable absorption
abilities in the gastro-intestinal tract. Folate serves as an
enzymatic co-factor in a variety of one-carbon transfer
reactions involved in the de novo biosynthesis of
nucleotides and in remethylation of homocysteine to
methionine. Folate deficiency is correlated with numer-
ous physiological disorders, such as neural tube defects
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(Lucock, 2000) and early spontaneous abortion (George
et al., 2002). Moreover, low folate homeostasis is
associated with a higher risk of cardiovascular diseases
(Boushey et al., 1995; Klerk et al., 2002), several types of
cancer (La Vecchia et al., 2002; Kim, 1999; Choi and
Mason, 2002), and mental disorders, such as psychiatric
syndromes among elderly and decreased cognitive
performance (Calvaresi and Bryan, 2001; Hultberg
et al., 2001). The daily recommended intake of dietary
folate for an adult is 400 mg, while for pregnant women it
is 600 mg.

Riboflavin is a precursor of the coenzymes flavin
adenine dinucleotide (FAD) and flavin mononucleotide
(FMN), that are required in reactions such as the
enzymatic oxidation of carbohydrates. Riboflavin defi-
ciency in humans is correlated with loss of hair,
inflammation of the skin, vision deterioration, and
growth failure. This vitamin has also been found to be
successful in the treatment of migraine (Krymchantowski
et al., 2002) and malaria (Akompong et al., 2000). The
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daily recommended intake of dietary riboflavin for an
adult is 1.6mg. Riboflavin was traditionally manufac-
tured using chemical processes, but in recent years
biotechnological processes have become more popular
using organisms such as Bacillus subtilis, Ashbya

gossypii and Candida famata (Stahmann et al., 2000).
Folate and riboflavin are commonly obtained in the diet
from meat (liver), vegetables, milk and fermented (dairy)
products, eggs, and fortified foods such as bread and
cereal products. Annually, thousands of tonnes of both
folate and riboflavin are produced commercially for
fortification of both food and feed. Recent reports from
studies done in The Netherlands and Ireland have
indicated that folate and riboflavin deficiency (Konings
et al., 2001; O’Brien et al., 2001) is common among
various population groups including women of child-
bearing age in these highly developed countries.
Fig. 1. Riboflavin and folate biosynthesis pathway. Indicated are the genes a

phosphatase reaction, 3. dihydroneopterin aldolase (EC 4.1.2.25), 4. 2-amino

2.5.1.15), 5. dihydropteroate synthase (EC 2.7.6.3), 6. folate synthetase (E

cyclohydrolase II/3,4-dihydroxy-2-butanone 4-phosphate synthase (EC 3.5.4

amino-6-(5-phosphoribosylamino) uracil reductase (EC 3.5.4.26), 10. riboflav

(EC 2.5.1.9).
In previous work we reported on increased folate
production by metabolic engineering of the complicated
folate biosynthesis pathway in the lactic acid bacterium
Lactococcus lactis (Sybesma et al., 2003). In the present
work we combine the metabolic engineering approach in
the dairy starter bacterium L. lactis with a mutagenesis
approach aimed at deregulation of the riboflavin
biosynthetic pathway to develop a bacterium with
increased synthesis of both folate and riboflavin. The
enzymes and corresponding genes for folate and
riboflavin biosynthesis in L. lactis are known (Bolotin
et al., 2001; Sybesma et al., 2003). Both vitamins are
synthesized from the precursor GTP in the first step of
the folate and riboflavin biosynthesis pathway by GTP
cyclohydrolase I and GTP cyclohydrolase II, respec-
tively (Fig. 1). L. lactis is by far the most extensively
studied lactic acid bacterium and an ideal model
nd enzymatic reaction steps: 1. GTP cyclohydrolase I (EC 3.5.4.16), 2.

-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase (EC

C 6.3.2.12) , 7. dihydrofolate reductase (folA, EC 1.5.1.3), 8. GTP

.25), 9. diaminohydroxyphosphoribosylaminopyrimidine deaminase/5-

in synthase beta chain (EC 2.5.1.9), 11. riboflavin synthase alpha chain



ARTICLE IN PRESS
W. Sybesma et al. / Metabolic Engineering 6 (2004) 109–115 111
organism for metabolic engineering strategies that aim
at inactivation of undesired genes and/or (controlled)
overexpression of existing or novel ones (Hols et al.,
1999; Hugenholtz et al., 2000; Boels et al., 2003). Our
results describe an efficient approach to simultaneously
increase the production of two essential vitamins in
lactic acid bacteria.
2. Materials and methods

2.1. Bacterial strains, media, and culture conditions

All L. lactis NZ9000 derivatives (Kuipers et al., 1998)
were grown at 30�C in chemically defined medium
(CDM) as described previously (Otto et al., 1983;
Poolman and Konings, 1988) supplemented with 19 g/
L of b-glycerophosphate and 0.5% glucose and depleted
of folic acid, riboflavin and nucleotides. When appro-
priate the media contained chloramphenicol (10 mg/ml).
Plasmids were generated and transformed to L. lactis as
described below.

2.2. Isolation of roseoflavin resistant mutants

Spontaneous roseoflavin resistant L. lactis mutants
were isolated by plating an undiluted L. lactis NZ9000
culture on CDM-agar containing 100mg/L roseoflavin
(Toronto Research Chemicals, Toronto, Canada). Po-
tential roseoflavin resistant mutants were plated on
CDM-agar containing the same analogue to confirm the
stability of the resistant phenotype and a number of
these were chosen for further characterization. One of
the mutant strains, L. lactis CB010, was chosen for
further use in this study.

2.3. Sequence analysis of roseoflavin resistant mutants

Primers were designed to amplify ribC, a regulator of
the riboflavin biosynthesis operon, and the deduced
transcriptional control region immediately upstream of
the structural genes for riboflavin biosynthesis. The
PCR products obtained were purified using GIBCO
PCR purification kit (Invitrogen, Groningen, The
Netherlands) and were subjected to sequence analysis
(MWG Biotech AG Ebersberg, Germany).

2.4. DNA manipulations, construction of plasmids and

transformations

Standard recombinant DNA techniques were per-
formed as described by Sambrook et al. (1989). Isolation
of plasmid DNA from L. lactis and introduction of
plasmid DNA into L. lactis was performed as previously
described (De Vos et al., 1989). Restriction enzymes and
T4 DNA ligase were purchased at Life Technologies
BV, Breda, The Netherlands.

The folKE gene, encoding amino-4-hydroxy-6-hydro-
xymethyldihydropteridine pyrophosphokinase and GTP
cyclohydrolase I, was amplified from L. lactis chromo-
somal DNA by PCR using 25 ng of template DNA in a
final volume of 50 ml containing deoxyribonucleoside
triphosphates (0.25 –0.5mM each), oligo nucleotides
(50 pM) (FolKE2-F, 50- ATACATGCATGCAAA-
CAACTTATTTAAGCATGGG-30; FolKE2-R, 50-
ATACATGCATGCGATTCTTGATTAAGTTCTAAG-
30) and 1U of Pfx polymerase (Invitrogen, Paisley,
Great Britain). Amplification was performed on an
Eppendorf Mastercycler (Eppendorf, Hamburg, Ger-
many) with the following regime: 30 cycles denaturation
at 95�C for 30 s (3min in first cycle), annealing at 50�C
for 30 s and elongation at 68�C for 1min. The folKE

gene was cloned in pNZ8161 under the control of the
constitutive promoter of pepN as described previously
(Sybesma et al., 2003) to generate the plasmid pNZ7017.
L. lactis CB010 was used as a host for pNZ7017.

2.5. Analysis of intra- and extracellular vitamin

concentration

Folate was quantified using a Lactobacillus casei

microbiological assay (Horne and Patterson, 1988)
including post sampling enzymatic deconjugation as
described previously (Sybesma et al., 2003). For analysis
of folate and riboflavin concentrations by HPLC cells
were separated from the fermentation broth as follows:
L. lactis CB010 cells harboring pNZ7017 were grown in
50ml CDM. Cells were harvested at early stationary
phase (OD600 nm approximately 2.5) by centrifugation
(12,000g, 10min, 4�C) and washed with 20ml of 50mM
NaPO4 buffer, 1% ascorbic acid, pH 2.3. The cell
suspension was resuspended in 1ml of the same buffer.
A cell extract was obtained by adding 1 g of silica beads
to the cell suspension followed by disruption of the cells
in an FP120 FastprepTM cell disrupter (Savant Instru-
ments Inc., Holbrook, NY, USA). Release of folate
from folate binding proteins and precipitation of
proteins was achieved by heating the cells at 100�C for
3min. After centrifugation (two times at 12,000g, 3min,
4�C) 100 ml of cell-free extract was injected onto the
column as soon as possible after extraction. For analysis
of extracellular folate and riboflavin concentrations by
HPLC, cells were grown and harvested as described
above and 100 ml of undiluted culture supernatant was
injected onto the column immediately after extraction.

Folate derivatives were purchased from Schircks
(Jona, Switzerland). Riboflavin, was purchased from
Sigma (Zwijndrecht, The Netherlands). Small volumes
of folate stock solutions were prepared at a concentra-
tion of 1mg/ml and frozen. Working solutions were
prepared by thawing microliter volumes and diluting to
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Fig. 2. Growth and extracellular riboflavin levels detected in growing

strains of L. lactis NZ9000 harboring pNZ8048 (negative control), or

strain CB010 harboring pNZ7017 (deregulated in riboflavin biosynth-

esis and overexpressing folKE). The spheres indicate strain NZ9000

and the squares indicate strain CB0110. The dashed lines follow

growth of the strains. The solid lines follow riboflavin levels in the

medium (as measured by HPLC). The open symbols indicate riboflavin

production in CDM and the solid symbols indicate riboflavin

production in CDM containing 5 mM riboflavin. (Inset) Chromato-

grams of riboflavin standard (A) and extracellular riboflavin levels by

L. lactis NZ9000 harboring pNZ8048 ((B), negative control) or strain

CB010 harboring pNZ7017 ((C), deregulated in riboflavin biosynthesis

and overexpressing folKE). 1, Riboflavin peak at 17.5min.
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a concentration within the range 10–1000 ng/ml accord-
ing to need. The concentrated polyglutamyl folate
samples were analyzed by masspectrometry using a
VG Quattro II mass spectrometer (Micromass UK Ltd.,
Manchester, UK). The high performance liquid chro-
matograph consisted of a Waters 600E pump (Waters
Assoc., Watford, UK), Waters 767 plus autosampler
injector, and on line a Waters 470 fluorescence detector
and a SpectroPhysics FL2000 fluorescence detector
(Spectro Physics, San Jose, CA). Different mono- and
polyglutamyl folates and riboflavin derivatives were
discriminated with the aid of a betasil phenyl column
(250� 3mm ID, 3 mm) (Keystone Scientific Inc. Belle-
fonte, PA) protected with a betasil phenyl guard
column. Freshly prepared mobile phase consisting of
9% methanol and 1.5% formic acid, pH 3.0, was filtered
through a 0.45 mm millipore filter (type durapore) and
degassed. Chromatography was performed at 50�C
using a flow rate of 0.5ml/min which produced a back
pressure of 1200 psi. Detection was performed by
fluorescence with an excitation wavelength of 310 nm
and emission setting of 352 nm for detection of folate
derivatives and 440 and 520 nm for detection of
riboflavin derivatives. The optimal signal to noise ratio
for sensitive detection varied between 4 and 256 and was
dependent on measurement of intra- or extracellular
vitamins. The gain value was 100 with a filter value of
4 s.
3. Results

It has been shown previously in Bacillus subtilis that
resistance to the riboflavin analogue, roseoflavin, results
in riboflavin overproduction (Pero et al., 1991). With the
aim to obtain similar results with the food-grade lactic
acid bacterium L. lactis mutants, L. lactis strain NZ9000
was exposed to roseoflavin. Next, spontaneous roseo-
flavin resistant variants were analyzed for riboflavin
production (data not shown). L. lactis CB010 was
chosen for further use in this study as the highest
riboflavin-producing variant and this strain was trans-
formed with pNZ7017 overexpressing the gene folKE

that codes for the bifunctional protein 2-amino-4-
hydroxy-6-hydroxymethyldihydropteridine pyropho-
sphokinase and GTP cyclohydrolase I (Sybesma et al.,
2003).

Folate and riboflavin were analyzed in a growing
culture of L. lactis CB010 harboring pNZ7017. The
extracellular riboflavin levels were greater than 1200 mg/
L as determined by HPLC, while in the wild type
cultures no riboflavin could be detected, extracellularly
(Fig. 2). Moreover, further analysis of riboflavin
concentrations in cultures growing in medium contain-
ing riboflavin showed that NZ9000 acts as a riboflavin
consumer while CB010 acts as a riboflavin producer
(Fig. 2). The inset of Fig. 2 shows the chromatographic
separation of riboflavin of the culture supernatant of
strain CB010 harboring pNZ7017 (C) or of the control
strain (B).

In B. subtilis, roseoflavin-resistant mutants were
shown to contain mutations in regulatory genes and/or
in the up-stream regions of the rib operon. In order to
see if the same is true for L. lactis these regions were
sequenced in strain CB010. No mutations were found in
ribC, but in the RFN element, a putative regulatory
region upstream of the riboflavin biosynthesis operon
(Gelfand et al., 1999), a guanine to cytosine substitution
was detected (Fig. 3). This position is part of the first
stem in the predicted RNA stem loop regulatory element
and is denoted a conserved base between various species
(Vitreschak et al., 2002).

Analysis of extracellular folate levels in L. lactis

CB010 harboring pNZ7017 during growth using the
microbiological assay showed a strong increase from
approximately 10 to 100 ng/ml, while the extracellular
folate levels in a control strain, CB010 harboring
pNZ8048, remained at a constant value of approxi-
mately 10 ng/ml (Fig. 4). The intracellular folate levels in
both L. lactis strains showed a similar pattern. During
growth folate was accumulated in the cells reaching a
level of 80 ng/ml (results not shown). Overproduction of
FolKE in CB010 resulted in more than two-fold increase
in total folate levels (Fig. 4). Analysis of the intracellular
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Fig. 3. L. Lactis NZ9000 RFN element. The capital letters indicate

conserved bases between species and the dots illustrate base pairing.

The gray box indicates where a guanine to cytosine substitution occurs

in the roseoflavin resistant L. lactis CB010. The RNA secondary

structure was predicted using Zuker’s algorithm of free energy

minimization (Lyngso et al., 1999) which is utilized in the Mfold

program (http://bioinfo.math.rpi.edu/Bmfold/rna).

Fig. 4. Growth, intra-, and extracellular folate levels detected in

growing strains of L. lactis NZ9000 harboring pNZ8048 (negative

control), or strain CB010 harboring pNZ7017 (deregulated in

riboflavin biosynthesis and overexpressing folKE). The spheres indicate

L. lactis strain NZ9000 and the squares indicate L. lactis strain

CB0110. The dashed lines follow growth of the strains. The solid lines

with the solid symbols follow total folate levels and the solid lines with

open symbols follow extracellular folate levels. Measurement was done

by using a microbiological assay. Error bars indicate standard

deviations.
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folate pool using HPLC confirmed a decrease in the
average polyglutamyl tail length in strain CB010
harboring pNZ7017 compared to the control strain.
The levels of 5 formyl tetrahydrofolate with 4, 5, and 6
glutamate residues shifted towards the synthesis of
5-formyl tetrahydrofolate with 1, 2, and 3 glutamate
residues, in analogy to the overexpression of folKE in L.

lactis strain NZ9000 as was described previously
(Sybesma et al., 2003). Likewise, the chromatographic
separation of the same culture supernatant as shown in
Fig. 3 of the strain CB010 overexpressing folKE showed
an increase of levels of 5-formyl tetrahydrofolate with 1
glutamate (Sybesma et al., 2003). The overproduction of
riboflavin and folate did not change the growth
characteristics of the engineered L. lactis strains. More-
over, increased folate production did not affect ribo-
flavin production and increased riboflavin production
did not affect the folate production, although both
vitamins use GTP as a substrate (results not shown).
4. Discussion

As far as we know, this work describes the first
successful combination of directed mutagenesis and
metabolic engineering in two different biosynthetic
pathways. This strategy has resulted in simultaneous
overproduction, by the dairy lactic acid bacterium L.

lactis, of two metabolic end products, riboflavin and
folate, which add to the health benefit of fermented
foods. The L. lactis MG1363 derivative NZ9000 was
exposed to the riboflavin analogue roseoflavin. The
resistant strain, CB010, that was isolated had a
deregulated riboflavin biosynthesis resulting in ribofla-
vin production instead of consumption, as was seen in
the original L. lactis MG1363 derivative strain NZ9000.
Molecular analysis of the riboflavin biosynthesis genes
of the roseoflavin resistant strain revealed a DNA
polymorphism in the RFN element, a putative regula-
tory region upstream of the riboflavin biosynthesis
operon (Gelfand et al., 1999). The mutation found is
present in a highly conserved position of the regulatory
element that is part of the first of the five stems of the
stem-loop structure (Vitreschak et al., 2002). This may
be a contributing or main factor in the altered riboflavin
biosynthesis phenotype in CB010, because the binding
of flavin mononucleotide to the native RFN element
terminates transcription and consequently controls
riboflavin biosynthesis (Mack et al., 1998; Winkler
et al., 2002). In similar work using B. subtilis strains
with resistance to roseoflavin and increased production
levels of riboflavin, mutations were found at different
positions on the RFN (Kil et al., 1992; Coquard et al.,
1997).

The constitutive overexpression of folKE encoding the
biprotein amino-4-hydroxy-6-hydroxymethyldihydrop-
teridine pyrophosphokinase and GTP cyclohydrolase I
in the stain deregulated in riboflavin biosynthesis
resulted in more than ten-fold increase of extracellular
folate levels and more than two-fold increase in total
folate levels. The HPLC data show that the over-
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expression of folKE leads to a reduction of the
polyglutamyl tail length. As a consequence the retention
of the intracellular folate is decreased. We assume that
the capacity of folC, encoding the biprotein folate
synthetase and polyglutamyl folate synthetase, to
elongate the polyglutamyl tail of the extra produced
folate generated by overexpression of folKE is limited.
Besides the increase in folate production, the formation
of folate with decreased polyglutamyl tail length could
improve the folate bioavailability of folate, because in
humans only monoglutamyl folate derivatives can be
directly absorbed in the human gut. Polyglutamyl
folates are available for absorption and metabolic
utilization only after enzymatic deconjugation in the
small intestine by a mammalian deconjugase enzyme. In
animal and human trials (Clifford et al., 1991; Melse-
Boonstra et al., 2003), it has been reported that the
bioavailability of monoglutamyl folate is higher than
that of polyglutamyl folate.

During the biosynthesis of both folate and riboflavin,
GTP is used as an initial precursor by GTP cyclohy-
drolase I and II, respectively. The increased production
levels of either riboflavin or folate did not affect growth.
Moreover, despite the increased demand for GTP, the
overproduction of one of the two vitamins did not
influence the induced production of the other vitamin.
Therefore, we conclude that the synthesis of the two
pterins, riboflavin and folate, is not limited in strain
CB010 by the GTP-supply.

It was already known that folate and riboflavin
contribute both to the prevention of diseases like
megaloblastic anemia (Fishman et al., 2000). Recent
studies established a further important link between
folate and riboflavin in individuals with a mutation in
methylenetetrahydrofolate reductase (MTHFR)
(McNulty et al., 2002; Jacques et al., 2002; Hustad
et al., 2000). Between 10% and 15% of the Caucasian
race are homozygous for the C6777T transition in the
MTHFR gene and may suffer from high plasma
homocysteine levels. Hyperhomocysteinemia is consid-
ered a potential risk factor for cardiovascular disease. It
has also been associated with birth effects, pregnancy
complications and Alzheimer’s disease. Both folate and
FAD appear to protect the thermolabile MTHFR from
destabilization (Yamada et al., 2001; Guenther et al.,
1999). The importance of higher vitamin requirement
due to genetic polymorphisms was already reported
previously. Persons with vitamin-D resistant rickets
(Abrams, 2002) or with homocystinuria due to cy-
stathionine b-synthase (Walter et al., 1998; Van
Guldener and Stehouwer, 2001) deficiency need supple-
mentation with vitamin D or vitamin B-6, respectively.

This study has demonstrated that directed mutagen-
esis followed by selection and metabolic engineering can
be used for controlling, simultaneously, secondary
metabolic pathways, such as the folate and riboflavin
biosynthetic pathways. The industrial application of the
described multivitamin producing strain, L. lactis

CB010 harboring pNZ7017, during the production of
fermented foods could significantly contribute to the
daily recommended intake for humans of 1.6mg and
400 mg for riboflavin and folate, respectively. This seems
especially relevant for the health status of humans all
over the world since vitamin deficiency is common
among a large part of the Western population (Konings
et al., 2001; O’Brien et al., 2001) or for sub-populations
diagnosed with altered genotypes (Guenther et al.,
1999). Natural fortification of foods, through fermenta-
tion, has major advantages over food fortification by the
addition of chemically synthesized vitamins. The use of
these fortified fermented foods is not limited by
legislation, which sometimes prohibits the addition of
(health) ingredients to foods, and (the vitamins in) the
fermented foods should be more accessible to people in
underdeveloped countries. However, in all cases of food
fortification, one should keep an eye on possible adverse
effects of over-intake of vitamins such as reported for
folate by Stover and Garza (2002).
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