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The dairy starter bacterium Lactococcus lactis is able to synthesize folate and accumulates >90% of the
produced folate intracellularly, predominantly in the polyglutamyl form. Approximately 10% of the produced
folate is released into the environment. Overexpression of folC in L. lactis led to an increase in the length of the
polyglutamyl tail from the predominant 4, 5, and 6 glutamate residues in wild-type cells to a maximum of 12
glutamate residues in the folate synthetase overproducer and resulted in a complete retention of folate in the
cells. Overexpression of folKE, encoding the bifunctional protein 2-amino-4-hydroxy-6-hydroxymethyldihy-
dropteridine pyrophosphokinase and GTP-cyclohydrolase I, resulted in reduction of the average polyglutamyl
tail length, leading to enhanced excretion of folate. By simultaneous overexpression of folKE and folC, encoding
the enzyme folate synthetase or polyglutamyl folate synthetase, the average polyglutamyl tail length was
increased, again resulting in normal wild-type distribution of folate. The production of bioavailable monoglu-
tamyl folate and almost complete release of folate from the bacterium was achieved by expressing the gene for
�-glutamyl hydrolase from human or rat origin. These engineering studies clearly establish the role of the
polyglutamyl tail length in intracellular retention of the folate produced. Also, the potential application of
engineered food microbes producing folates with different tail lengths is discussed.

Folate is a B vitamin and an essential nutrient in the human
diet. Folate deficiency is correlated with numerous physiolog-
ical disorders, such as neural-tube defects (24) and early spon-
taneous abortion (9). Moreover, altered folate homeostasis as
a consequence of poor nutrition and/or genetic variability is
associated with higher risks of cardiovascular diseases (3, 16),
several types of cancer (6, 15, 20), and mental disorders among
the elderly and decreased cognitive performance (5, 13). A
large proportion of natural folates are derived from the con-
sumption of fermented dairy products and other fermented
foods. The current recommended daily intake of folates for
adults is 400 �g (600 �g for pregnant woman).

“Folate” is a general term for a large number of folic acid
derivatives that differ in their states of oxidation, one-carbon
substitution of the pteridine ring, and the number of glutamate
residues. The in vivo function of reduced folate is that of a
cofactor that donates one-carbon units in a variety of reactions
involved in the de novo biosynthesis of purines and thymidylate
and for the methylation of homocysteine to methionine. In
most biological systems, folate is present in a conjugated form
containing a poly-�-glutamyl tail. Polyglutamyl folates are bet-
ter substrates for the enzymes of one-carbon metabolism than
the corresponding monoglutamyl folates (27). Moreover, this
charged tail may prevent the vitamin from leaking out of the
cell (23, 26, 33). Therefore, the polyglutamyl tail length is
assumed to be a dominant factor in the distribution of folate
over the cell membrane.

In earlier work, increased extracellular folate levels in Lac-

tococcus lactis that were achieved by metabolic engineering
were described (34). This lactic acid bacterium is widely ap-
plied in the dairy industry for the manufacture of fermented
dairy products, such as cheese, butter, and buttermilk. It was
also shown that the intracellular accumulation of folate was
changed by the overexpression of specific genes involved in
folate biosynthesis (34). Here, we describe the targeted engi-
neering of the folate polyglutamyl tail length by the controlled
expression of homologous genes involved in folate biosynthesis
and heterologous genes encoding glutamyl hydrolase. We de-
scribe the impact of these modulations on folate distribution
between the intra- and extracellular spaces. These strategies
could be applied to control the degree of accumulation of
folate or its release during fermentation in order to modulate
the bioaccessibility of folate in fermented foods. Finally, we
discuss how L. lactis could be used as a vehicle for delivering
extra activity of polyglutamate hydrolase in the intestine.

MATERIALS AND METHODS

Bacterial strains and media. L. lactis strain NZ9000 (19) and its derivatives
were grown at 30°C in M17 medium (Merck, Darmstadt, Germany) (37) sup-
plemented with 0.5% glucose (GM17) or in chemically defined SA medium (14).
When appropriate, chloramphenicol was used at 10 �g/ml. Nisin induction was
performed as described previously (34).

DNA techniques, construction of plasmids, and transformations. The plas-
mids used in this study are listed in Table 1. The lactococcal plasmid pNZ8048
(19) is a vector that allows nisin-controlled expression of genes; it contains the
nisA promoter followed by a multiple cloning site. pNZ8048 and its derivatives
and lactococcal chromosomal DNA were isolated as described previously (21,
38). PCRs were performed with Pwo DNA polymerase (Boehringer, Mannheim,
Germany) in a Mastercycler PCR apparatus (Eppendorf, Hamburg, Germany)
with the following regime: denaturation at 94°C for 15 s (3 min in the first cycle),
annealing at 50°C for 30 s, and extension at 72°C for 1 min for a total of 30 cycles.

The gene folC encoding the biprotein folate synthetase-polyglutamyl folate
synthetase, was amplified from chromosomal DNA using the primers folC-F
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(5�-GGTCCATGGTTTCTATTGAACAAGCATTAGAATGG-3�) and folC-R
(5�-TCTCTAGACTACTTTTCTTTTTTCAAAAATTCACG-3). The forward
primer, folC-F, contains an NcoI restriction site (underlined), allowing transla-
tional fusion of the folC gene to the nisA promoter region in pNZ8048. This NcoI
site resulted in the introduction of an additional valine residue at position 2 of
the encoded FolC protein. The reverse primer, folC-R, introduces an XbaI
restriction site (underlined). The amplification product was digested with NcoI
and XbaI and cloned in similarly digested pNZ8048. The resulting plasmid was
designated pNZ7016 and put the folC gene under nisA promoter control, allow-
ing nisin-controlled human �-glutamyl hydrolase (HGH) expression in an ap-
propriate lactococcal nisin-controlled expression host like NZ9000 (19). This
strain contains the nisRK genes, required for nisin-mediated regulation, inte-
grated in the chromosomal pepN locus. The construction of pNZ7010, developed
for the overexpression of folKE, and pNZ7011, developed for the simultaneous
overexpression of folKE and folC, was described before (34).

The gene hgh, encoding the mature HGH protein, was amplified from the
corresponding full-length cDNA (41) cloned in vector pCR3, kindly provided by
the Laboratory of Molecular Diagnostics, Wadsworth Center, Albany, N.Y., by
using the sense primer HGH-f (5�-CATGCCATGGGACCCCACGGCGACAC
CGCCAAG-3�) and the antisense primer HGH-r (5�-GCTCTAGATCAATCA
AATATGTAACATTGCTG-3�). The PCR product was digested with NcoI and
XbaI (the sites are underlined) and cloned in similarly digested pNZ8048. The
introduction of an NcoI site resulted in the insertion of an additional methionine
at position 1 and a replacement of arginine by glycine at position 2 of the
encoded HGH protein, resulting in the synthesis of MG-HGH. The resulting
plasmid was designated pNZ7001 and contained the human glutamyl hydrolase
gene translationally fused to the nisA gene and under nisA promoter control.

The gene rgh, encoding the mature rat �-glutamyl hydrolase, was amplified
from the corresponding full-length cDNA (42) cloned in vector pCR2, kindly
provided by the Laboratory of Molecular Diagnostics, by using the sense primer
RGH-f (5�-CATGCCATGGGATCCTATGAGCGCGGCTCCAAG-3�) and the
antisense primer RGH-r (5�-GCTCTAGATCAGTTAAACATATAAGCTTGC
TG-3�). The PCR product was (partially) digested with NcoI and XbaI (the sites
are underlined) and cloned in similarly digested pNZ8048. The introduction of
an NcoI site resulted in the insertion of an additional methionine at position 1,
resulting in the synthesis of M-RGH. The new plasmid was designated pNZ7002
and contained the rat glutamyl hydrolase gene translationally fused to the nisA
gene and under nisA promoter control.

Restriction enzymes and T4 DNA ligase were purchased from Life Technol-
ogies BV (Breda, The Netherlands) and used according to the manufacturer’s
protocol. All other DNA manipulations were performed using established pro-
cedures (30). L. lactis was electroporated as described before (40).

Quantification of folate. Folate was quantified using a Lactobacillus casei
microbiological assay (12), including postsampling enzymatic deconjugation, as
described before (34). A 1% yeast extract medium solution (Difco, Becton
Dickinson Microbiology Systems, Sparks, Md.) containing almost exclusively
polyglutamyl folates, with a previously determined total folate content, was used
as a positive control for deconjugation.

Folate measurement by HPLC. Intracellular folate levels were measured by
high-performance liquid chromatography (HPLC) as described previously (35).
HPLC columns, pumps, and chromatographic conditions were as described pre-
viously (35). The freshly prepared mobile phase consisted of 20% methanol and
1.5% formic acid, pH 3.0 (A), and 1.5% formic acid, pH 3.0 (B). Elution
conditions were 25% A and 75% B for 30 min, followed by 75% A and 25% B
from 32 to 100 min. Prior to analysis, the column was washed with 60% aceto-

nitrile. Fluorimetric detection using a Waters 470 fluorescence detector was done
at an excitation wavelength of 310 nm and an emission setting of 352 nm. The
optimal signal-to-noise ratio for sensitive detection was an attenuation of 512 or
32 for detection of intra- and extracellular folate, respectively, and a gain value
of 100 with a filter value of 4 s. UV detection was performed using a Shimadzu
SPD-M10A photodiode array detector. Photodiode array detector data were
collected between 220 and 500 nm at 2-nm optical resolution in order to dis-
criminate fine structural details of the mono- and polyglutamyl folate spectra.
Postanalysis routines were achieved using Shimadzu Class VP 5.0 software. UV
absorption at 360 nm enables the discrimination of 5,10-methenyl tetrahydrofo-
lates (25), while 5-formyl tetrahydrofolate derivatives are clearly discriminated
by fluorimetric detection.

Extracellular folate levels were analyzed by HPLC after purification and con-
centration by solid-phase extraction using C18 columns (500 �g; 3 ml; Sopachem
BV, Wageningen, The Netherlands). For this purpose, cells were grown in
chemically defined SA medium (14), and 50 ml of fermentation broth was
acidified with formic acid to pH 2.8 and loaded on the column, which was
equilibrated with 5 ml of methanol, 5 ml of H2O, and 5 ml of 20 mM NaPO4 (pH
2.8). After passage of the sample by gravity, the column was washed with 10 ml
of 20 mM NaPO4 (pH 2.8). Finally, the folates were eluted with 5 ml of 10 mM
acetic acid– 25% methanol (pH 7.0), and 100 �l of the eluate was analyzed by
HPLC as described above.

Folate derivatives used as standards—(6R,S)-5-formyl-5,6,7,8-tetrahydro-
pteroyl mono-, di-, tri-, tetra-, and penta-�-L-glutamic acid (lithium salt) and
(6R,S)-5,10-methylene-5,6,7,8-tetrahydrofolic acid (magnesium salt)—were pur-
chased from Schircks (Jona, Switzerland). Small volumes of folate stock solutions
were prepared at a concentration of 1 mg/ml and stored at �20°C. Working
solutions were prepared by dilution to a concentration within the range of 1 to
100 ng/ml. The tail lengths of the concentrated 5-formyl polyglutamyl folate
samples were analyzed by mass spectrometry using a VG Quattro II mass spec-
trometer (Micromass UK Ltd., Manchester, United Kingdom). All chromato-
graphic separations performed in this study were largely reproducible without
influencing the results and conclusions.

Functional expression of �-glutamyl hydrolase monitored in vitro. An over-
night culture of L. lactis harboring pNZ7001 or pNZ8048 was diluted (1:100) in
20 ml of GM17 supplemented with 10 �g of chloramphenicol/ml and grown to an
optical density at 600 nm (OD600) of 0.5. The cells were induced with nisin (1
ng/ml) and incubated to an OD600 of 2.5, at which point cells were harvested for
extraction. A cell extract was made as described above. Five hundred microliters
of concentrated cell extract was added to 20 ml of 0.5-g/liter yeast extract (Difco
Laboratories, Detroit, Mich.), as a source of polyglutamyl folate, dissolved in 0.1
M Na-PO4 buffer, pH 7.0–1% ascorbic acid. Incubation continued for 4 h at
37°C, and samples were taken periodically. The reaction was stopped by heating
the samples for 5 min at 100°C, followed by determination of the folate concen-
tration.

RESULTS

The folate distribution and the nature of the polyglutamyl
folates produced were studied in the different engineered L.
lactis strains. Analysis by HPLC of the intracellular folate pool
in late-exponential-phase cells of L. lactis strain NZ9000 har-
boring pNZ8048 (empty vector) showed the presence of

TABLE 1. Plasmids used in this study and their characteristics

Plasmid Relevant characteristics Reference

pNZ8048 Cmr; inducible expression vector carrying the nisA promoter 19
pNZ7001 Cmr; pNZ8048 derivative containing a functional mature HGH gene under control of the

nisA promoter
This study

pNZ7002 Cmr; pNZ8048 derivative containing a functional mature rat �-glutamyl hydrolase gene
under control of the nisA promoter

This study

pNZ7010 Cmr; pNZ8048 derivative containing a functional lactococcal folKE gene under control of
the nisA promoter

34

pNZ7011 Cmr; pNZ8048 derivative containing functional lactococcal folKE and folC genes under
control of the nisA promoter

34

pNZ7016 Cmr; pNZ8048 derivative containing a functional lactococcal folC gene under control of the
nisA promoter

This study
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5-formyl tetrahydrofolate with two, three, four, five, and six
glutamate residues (Fig. 1B). The total folate production levels
were found to be �50 ng/ml/OD600 unit, as determined by the
folate microbiological assay, including deconjugase treatment
of long-tailed polyglutamyl folates. This assay has nearly equal
responses to mono-, di-, and triglutamyl folates, while the
response to folates with longer polyglutamyl tails (�3 glutamyl
residues) decreases markedly in proportion to the chain length
(36). Approximately 90% of the total folate pool was accumu-
lated inside the L. lactis cell. The intracellular folate concen-
tration, as measured by the microbiological assay, increased
after enzymatic deconjugation, confirming the presence of
polyglutamyl folates. Approximately 10% of the total folate
pool was excreted into the environment. Further analysis of
folate distribution and polyglutamyl tail length was done in
strain NZ9000 harboring pNZ7016, overexpressing folC, which
encodes the bifunctional enzyme folate synthetase-polyglu-
tamyl folate synthetase. The extracellular folate levels in this
engineered strain were decreased, and the relative accumula-
tion of folate was increased, upon induction with nisin, result-
ing in overexpression of FolC (results not shown). The growth
rate and total folate production decreased a maximum of 20%
upon gradual overexpression of folC using nisin concentrations
ranging from 0 to 2 ng/ml. Moreover, upon high-level overex-
pression of folC, intracellular folate could no longer be mea-
sured without enzymatic deconjugation, suggesting that all fo-
late molecules present had extended polyglutamyl tails. HPLC
analysis of the intracellular folate pool of cells overexpressing
folC confirmed this elongation of the folate polyglutamyl tail. It
could be shown that glutamyl tail length increased stepwise
with the increase of the nisin concentration used for folC in-
duction. Under maximal induction conditions (2 ng of nisin/
ml), folates with polyglutamyl tails containing up to 12 glu-
tamyl residues could be detected, while in these cells
polyglutamyl folates with �5 glutamate residues could hardly
be visualized (Fig. 2). Based upon the specific UV absorption

spectra of these polyglutamyl folates, characterized by a max-
imum at 360 nm, and the retention time of 5,10-methenyl
tetrahydromonoglutamyl folate, we identified these folates as
5,10-methenyl tetrahydrofolate derivatives. Moreover, after
enzymatic deconjugation and subsequent chromatographic
separation, only 5,10-methenyl tetrahydromonoglutamyl folate
could be detected. No extracellular folate could be detected,
even when the culture supernatant was concentrated (results
not shown).

In earlier work, an almost 10-fold increase in extracellular
and total folate production was reported upon the overexpres-
sion of folKE, encoding the biprotein 2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine pyrophosphokinase and GTP-
cyclohydrolase I (34). We have now shown through
chromatographic analysis of the intracellular folate pool that
this is the result of a decrease in the levels of 5-formyl tetra-
hydrofolate with four, five, and six glutamate residues and an
increase in the levels of 5-formyl tetrahydrofolate with one,
two, and three glutamate residues in comparison to the control
strain (Fig. 1). Similar analysis of the purified and concentrated
extracellular folate pool produced by cells overexpressing
folKE showed the presence of predominantly 5-formyl mono-
glutamyl folate and, to a lesser extent, 5-formyl diglutamyl
folate (results not shown). In the present work, we have now
also shown that upon the combined overexpression of folC and
folKE in strain NZ9000 harboring pNZ7011, the average poly-
glutamyl tail length is increased in relation to the FolKE-
overproducing strain but is still smaller than that of the wild-
type. Chromatographic separation of the intracellular folate
pool revealed decreased levels of 5-formyl tetrahydrofolate
with five and six glutamate residues and increased levels of
5-formyl tetrahydrofolate with two, three, and four glutamate
residues compared to the wild type (Fig. 1). The higher intra-
cellular folate concentration in cells overexpressing folKE and
folC compared to the FolKE-overproducing cells reported ear-
lier, using the microbiological assay (12), were confirmed by
the chromatograms representing the intracellular accumulated
folates (Fig. 1).

All folate chromatograms obtained were also analyzed by
UV detection to evaluate the effects of metabolic engineering

FIG. 1. Folate chromatograms of 5-formyl tetrahydrofolate stan-
dards (A) and cell extracts of L. lactis NZ9000 harboring pNZ8048
(control strain with empty vector) (B), pNZ7010 (overexpressing
folKE) (C), or pNZ7011 (overexpressing folKE and folC) (D) moni-
tored by fluorescent detection. Cells were induced with 2 ng of nisin/ml
as described in Materials and Methods. The numbers correspond to
the polyglutamyl tail lengths of 5-formyl tetrahydrofolate derivatives.
For 5-formyl tetrahydromonoglutamyl folate, both the S and R diaste-
reoisomeres can be distinguished.

FIG. 2. Folate chromatograms of cell extracts of L. lactis NZ9000,
harboring pNZ7016 with increased overexpression of folC, induced
with 0 (A), 0.01 (B), 0.1 (C), and 1 (D) ng of nisin/ml and monitored
at 360 nm. The numbers correspond to the polyglutamyl tail lengths of
5,10-methenyl tetrahydrofolate derivatives. mAU, milliabsorbance
units.
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on 5,10-methenyl tetrahydrofolate derivatives in addition to
5-formyl tetrahydrofolate derivatives. These analyses showed
that the polyglutamyl tail length of this folate molecule re-
sponded similarly to the engineering approaches employed for
the 5-formyl tetrahydrofolates. Quantitative analysis by micro-
biological assay of fractions collected from the chromato-
graphic separation of the fermentation broth revealed that the
5-formyl monoglutamyl folate and 5,10-methenyl monoglu-
tamyl folate detected represented �90% of the total extracel-
lular folate pool that was injected on the column (results not
shown).

The level of polyglutamylation of folate in L. lactis was
further controlled by the cloning and expression of �-glutamyl
hydrolase from human or rat origin in L. lactis (NZ9000 har-
boring pNZ7001 or pNZ7002, respectively). The production of
HGH could be visualized on a Western blot using polyclonal
anti-�-glutamyl hydrolase antibody (results not shown). The
HGH expression and activity in L. lactis was tested on yeast
extract containing mostly heptaglutamyl folate (1). Figure 3
shows the progressive deconjugation of polyglutamyl folate in
yeast extract by a cell extract of L. lactis NZ9000 harboring
pNZ7001 induced with 1 ng of nisin/ml. The optimal enzyme
activity was found at pH 7.0. In the cell extract of the control
strain NZ9000 harboring pNZ8048, no deconjugase activity
was found after the addition of nisin. Moreover, in a separate
in vitro experiment, the strains expressing �-glutamyl hydrolase
were analyzed for the capacity to deconjugate polyglutamyl
folates from different sources with different polyglutamyl tail
lengths. An extract of cells expressing �-glutamyl hydrolase
from rat or human origin was mixed with a cell extract of
wild-type L. lactis or strain NZ9000 harboring pNZ7016, which
produces polyglutamyl folates. After incubation at 37°C for 3 h,
chromatographic separation of the mixed cell extracts showed
the conversion of polyglutamyl folate into monoglutamyl folate
(results not shown). The functional expression of the strains
expressing �-glutamyl hydrolase was also analyzed in vivo. The
fermentation broth and the intracellular folate pool of growing
cells expressing HGH showed an increase in the extracellular

folate concentration from �10 to 60 ng/ml, while the extracel-
lular folate concentration of the control strain remained at a
constant level of �10 ng/ml (Fig. 4). Detailed chromatographic
analysis of 5-formyl polyglutamyl folate standards (Fig. 5A)
and of the fermentation broth from cells producing MG-HGH
showed an increase in 5-formyl monoglutamyl folate compared
to cells not producing MG-HGH (Fig. 5B and C). The intra-
cellular folate pool in cells producing MG-HGH changed from
polyglutamyl folates with four, five, and six glutamyl residues to
monoglutamyl folate that was partially excreted by the cells
(Fig. 5D and E). It can be concluded that by the expression of

FIG. 3. Functional expression of the gene coding for MG-HGH in
a cell extract of L. lactis pNZ9000 harboring pNZ7001 (■ ) or pNZ8048
(negative control) (Œ) monitored in vitro using yeast extract as a
source of polyglutamyl folate at pH 7.0. Folate concentrations were
measured by a microbiological assay and corrected for the production
of folate by the L. lactis strain. The error bars indicate the standard
deviation of the microbiological assay (measurements were done in
duplicate).

FIG. 4. (A) Growth curves (dashed lines) and functional expres-
sion of the MG-HGH gene by monitoring the extracellular concentra-
tions of folate (solid lines) in growing cells of L. lactis NZ9000 har-
boring pNZ7001 (■ ) or pNZ8048 (negative control) (F). (B) Growth
curves (dashed lines) and functional expression of the MG-HGH gene
by monitoring the intracellular concentrations of folate (solid lines) in
growing cells of L. lactis NZ9000 harboring pNZ7001 (■ ) or pNZ8048
(�). Higher intracellular folate levels were detected in the control
strain after the deconjugation of polyglutamyl folate (F). The cells
were induced with nisin at an OD600 of 0.5. Folate concentrations were
measured by a microbiological assay. The error bars indicate the stan-
dard deviation of the microbiological assay (measurements were done
in duplicate). Open symbols indicate cell mass.
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the gene encoding MG-HGH in L. lactis, polyglutamyl folate is
deconjugated, retention of folate is decreased, and the mono-
glutamyl folates formed are excreted into the environment.
The efflux of folate does not lead to an altered growth rate or
to increased folate production, so the remaining intracellular
folate levels are sufficient for normal growth of the bacteria.
The expression of the gene coding for rat �-glutamyl hydrolase
(34) in L. lactis (NZ9000 harboring pNZ7002) gave results
similar to those described for MG-HGH, except for the in-
creased rate of deconjugation (data not shown).

Table 2 shows the correlation between the polyglutamyl tail
length, as determined by HPLC, and the intra- and extracel-
lular distribution of folate, as determined by the microbiolog-
ical assay.

DISCUSSION

All living cells contain folate, mostly in the polyglutamyl
form. Many folate-dependent enzymes have a higher affinity
for polyglutamyl folates than for the corresponding monoglu-
tamyl folates (27). The enzyme responsible for polyglutamyl
folate synthesis and the corresponding chain length elongation
is polyglutamyl folate synthetase (EC 6.3.2.17), encoded by
folC. So far, all organisms for which the entire genome se-
quence has been determined appear to have a homologue of
folC. Nevertheless, different species are known to contain a
large variety of actual folate polyglutamyl chain lengths, rang-
ing from 1 to 10 glutamate residues (32). It is generally as-
sumed that polyglutamyl folates determine the retention of
folate molecules inside the cells. However, in bacteria, this
assumption is based on observations that the polyglutamyl tail
lengths of folates found externally in the growth medium are
shorter than the tail lengths found intracellularly (4). Here, by
engineering this property in a directed manner, we provide
experimental evidence for a correlation between the polyglu-
tamyl tail length and intracellular accumulation or extracellu-
lar release of folate in bacterial cells. The overexpression of
folC increases the polyglutamylation of folate enormously, and
polyglutamyl folates with up to 12 glutamyl residues could be
detected. As a consequence, retention of folate in the cells was
increased and release of folate into the environment was below
detection limits. The elongation of the intracellular polyglu-
tamyl tail affected the growth rate and total folate production
slightly, which could be caused by a reduced affinity of the
folate-dependent enzymes for folates with longer polyglutamyl
tails. Shortening of the polyglutamyl tail length is possible by
the overexpression of folKE, which resulted in conversion of
intracellular polyglutamyl folates with predominantly four,
five, and six glutamate residues in the wild type to folates with
predominantly one, two, and three glutamyl folates. Concom-
itantly, increased levels of 5-formyl monoglutamyl folate could
be measured in the culture supernatants of these folKE-over-
expressing strains. Simultaneous overexpression of folC and
folKE can partially counteract the folKE overexpression effect,
generating a partial recovery of the polyglutamyl tail length
and spatial folate distribution toward the wild-type situation.
We conclude that the capacity of folate synthetase and poly-
glutamyl folate synthetase to add glutamate residues to the
folate precursor dihydropteroate and subsequent mono- and
polyglutamyl folates is limited when the flux through the folate
biosynthesis pathway is increased, for instance, by overproduc-
tion of the first enzyme of the pathway, GTP cyclohydrolase I.
As a consequence, production of short-tailed polyglutamyl fo-
lates is favored over the synthesis of long-tailed polyglutamyl
folates. Further reduction of the polyglutamyl tail length is
possible by the expression of heterologous �-glutamyl hydro-
lase in L. lactis, which results in the deconjugation of polyglu-
tamyl folate and subsequent decreased retention of folate. The
HPLC data show that in L. lactis only monoglutamyl folates
can be transported over the cell membrane. In general, our
results provide the first direct evidence that polyglutamyl fo-
lates are responsible for retention of this vitamin in the bac-
terial cell.

The chromatographic separation of L. lactis cell extracts and
subsequent analysis of folate species by UV absorption or

FIG. 5. Chromatography of 5-formyl tetrahydrofolate standards
(A), folates extracted at the end of the exponential phase from fer-
mentation broth of L. lactis harboring pNZ7001 induced with nisin
(C) or not induced with nisin (B), and intracellular folates present in
cell extracts of L. lactis harboring pNZ7001 induced with nisin (D) or
not induced with nisin (E). Fluorescence detection: 	ex, 310 nm; 	em,
352 nm. The numbers correspond to the polyglutamyl tail lengths of
5-formyl tetrahydrofolate derivatives. For 5-formyl tetrahydromono-
glutamyl folate, the S and R diastereoisomeres can be distinguished.

TABLE 2. Average polyglutamyl tail length and ratio between
intracellular and extracellular folate concentrations in engineered

L. lactis strainsa

Strain Average polyglutamyl
tail lengthb

Ratio of intracelluar folate and
extracellular folatec

NZ9000/pNZ7010 3.0 0.64
NZ9000/pNZ7011 3.3 1.5
NZ9000/pNZ8048 4.1 9
NZ9000/pNZ7016 �5 ��d

NZ9000/pNZ7001 1 0.15
NZ9000/pNZ7002 1 0.15

a Determined 10 h after induction with nisin.
b Determined by calculating the area under the curve in the chromatogram

(standard deviation, between 0 and 20%; experiments performed in duplicate).
Number of glutamate residues.

c Determined by microbiological assay (standard deviation, between 0 and
15%; measurements done in duplicate).

d Depends on detection limit of microbiological assay (�1 ng/ml).
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fluorescence have enabled the detection and quantification of
several forms of folate with different polyglutamyl tail lengths.
Although the maximum polyglutamyl tail length of the
5-formyl tetrahydrofolate standards used does not exceed five
glutamyl residues, the appearance of 5-formyl monoglutamyl
folate after enzymatic deconjugation of the polyglutamyl fo-
lates justifies the conclusion that the polyglutamyl folates pro-
duced are also derivatives of 5-formyl tetrahydrofolate. A sim-
ilar conclusion can be made for the detection of 5,10-methenyl
tetrahydrofolate derivatives with their unique and characteris-
tic absorption maximum at 360 nm (25). Other folate deriva-
tives were not detected in our experiments.

In humans, most folate is consumed in the polyglutamyl
form; however, folate is absorbed by tissue cells in the mono-
glutamyl form. Polyglutamyl folates are available for absorp-
tion and metabolic utilization only after enzymatic deconjuga-
tion in the small intestine by a mammalian deconjugase
enzyme (11, 29). In animal and human trials (7; A. Melse-
Boonstra, C. E. West, M. B. Katan, F. J. Kok, and P. Verhoef,
submitted for publication), it has been reported that the bio-
availability of monoglutamyl folate is higher than that of poly-
glutamyl folate. The controlled production of monoglutamyl
folates could have an impact on the bioavailability of folate,
i.e., folate that can be directly absorbed in the gastrointestinal
tract, for two reasons. (i) The total monoglutamyl folate levels
will increase, and consequently, the need for intestinal hydro-
lase activity to deconjugate polyglutamyl folate will be relieved,
which may be advantageous under conditions where hydrolase
activity is reduced by certain food components present in the
diet (2, 28, 31, 39) or by genetic polymorphism (8). (ii) The
intracellular deconjugation of endogenously produced folate
to monoglutamyl folate will result in increased excretion of
folate into the environment, resulting in improved bioaccessi-
bility. Especially when microorganisms tend to survive the pas-
sage through the gastrointestinal tract, release of folate by
these cells increases the effective folate consumption. By con-
trast, the production of polyglutamyl folates could also have
advantages. Bacterial strains used as probiotics, which are gen-
erally consumed in large amounts in relatively small absolute
volumes, may deliver higher folate concentrations when the
produced polyglutamyl folates are accumulated intracellularly
during growth. However, a prerequisite of efficient folate de-
livery by such probiotic strains is limited survival of the cells
during intestinal passage. Human trials have indicated that the
majority of L. lactis cells actually lyse during passage through
the gastrointestinal tract (17).

Another benefit of the expression of �-glutamyl hydrolase
was shown in the in vitro experiments, which clearly indicated
that the �-glutamyl hydrolase expressed in L. lactis can also be
active on polyglutamyl folates from other sources or with dif-
ferent polyglutamyl tail lengths. Consequently, under condi-
tions where intestinal deconjugase activity is limited, conver-
sion of polyglutamyl folates to monoglutamyl folates will be
enhanced within the gastrointestinal tract by extra delivery of
active �-glutamyl hydrolase.

In an ordinary diet, the daily recommended intake for fo-
lates could be achieved via the consumption of fermented dairy
products (18). In some regions, foods fortified with synthetic
folic acid are important sources of folate. However, the avail-
ability of these sources is not widespread. Although the differ-

ence in bioavailability of natural folate versus synthetic folic
acid has been subject to debate (10), our work has provided a
basis for further development of functional foods with in-
creased levels of naturally produced, and bioavailable, folate.
The use of microorganisms expressing �-glutamyl hydrolases
for the production of natural bioavailable monoglutamyl folate
during food fermentation is expected to be applied only when
�-glutamyl hydrolases from (food grade) bacterial origin are
used. In several Bacillus spp., carboxypeptidases that may have
�-glutamyl hydrolase activity have been described (22). How-
ever, further research is needed to determine whether bacterial
carboxypeptidases that hydrolyze the �-glutamyl tail of folate
can be found.
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