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Abstract — The growth rate of the widely used laboratory strain Lactococcus lactis subsp. cremoris
LMO0230 was reduced if aspartic acid were present in the growth medium. The strain LM0230 is a
plasmid- and phage-cured derivative of L. lactis subsp. cremoris C2, the ancestor of the original
dairy isolate L. lactis subsp. cremoris NCDO712. The growth of both C2 and NCDO712 was
unaffected by exogenous aspartate. Also, the growth rate of the pyrimidine auxotrophic mutants of
L. lactis was affected by exogenous aspartate. The maximum observed reduction in the growth rate
was ~ 35% when compared with the wild-type strain, and this varied with the concentration of
aspartic acid. The observed effect of aspartate could be explained by the accumulation of the toxic
pyrimidine de novo pathway intermediate, carbamoyl aspartate. Assays of the pyrimidine
biosynthetic enzymes of L. lactis LM0230 showed that the partial pyrimidine requirement can be
explained by a low specific activity of the pyrimidine biosynthetic enzymes. In conclusion, L. lactis
LMO0230 during the process of plasmid- and prophage-curing has acquired a partial pyrimidine
requirement resulting in sensitivity toward aspartic acid.
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Résumé — Des souches de Lactococcus lactis ayant un besoin partiel en pyrimidine sont
sensibles a I’acide aspartique. Le taux de croissance de la souche Lactococcus lactis subsp.
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cremoris LMO0230, trés utilisée en laboratoire, était réduit si le milieu de croissance contenait de
I’acide aspartique. LM0230 est une souche curée de plasmide et de phage issue de L. lactis subsp.
cremoris C2, ces deux souches ayant pour origine commune 1’isolat laitier L. lactis subsp. cremoris
NCDO712. La croissance de C2 et de NCDO712 n’était pas affectée par ’aspartate exogene. Par
contre, le taux de croissance de mutants auxotrophes pour la pyrimidine était affecté par I’aspartate
exogene. Le maximum de réduction du taux de croissance observé était de 35 % comparé a la
souche sauvage et variait avec la concentration en acide aspartique. L’effet de 1’aspartate observé
peut étre expliqué par ’accumulation de 1’aspartate carbamoyl, intermédiaire toxique dans le
métabolisme de la pyrimidine. L’étude des enzymes de biosynthése de la pyrimidine de L. lactis
LMO0230 a montré que le besoin partiel en pyrimidine peut s’expliquer par une activité spécifique
faible de ces enzymes. On peut en conclure que L. lactis LM0230 a acquis, au cours du processus
de cure de plasmide et de prophage, le besoin partiel en pyrimidine résultant en une sensibilité a
I’acide aspartique.

physiologie cellulaire / Lactococcus lactis / levain / métabolisme nucléotidique / bactérie

lactique

1. INTRODUCTION

In the development of new products in
the dairy industry, specific engineering of
organisms used for starter cultures is an
important tool. If the objective were to
obtain strains with specific characteristics,
a fundamental knowledge of the central
biochemical pathways of the organism of
interest is necessary. Such knowledge may
be a way to explain the effects observed
when altering the medium used to cultivate
these strains. One of the most fundamental
metabolic pathways is that of nucleotides,
nucleosides, and nucleobases. All organ-
isms need nucleotides to synthesize DNA,
RNA, and several co-enzymes. This can
be achieved either by de novo synthesis or
by exploiting nucleotides, nucleosides,
and nucleobases salvaged from the sur-
roundings [10].

An understanding of the salvage path-
ways of pyrimidine compounds is important
when dealing with effects on growth arising
as a consequence of mutations in the genes
of the pyrimidine de novo pathway. These
pathways vary between different organisms,
but the pathways by which pyrimidine com-
pounds are metabolized in Lactococcus
lactis are quite similar to those of Bacillus

subtilis [13, 14]. In contrast to salvage, the
de novo synthesis of pyrimidines seems to
be universal. This pathway consists of six
enzymatic reactions leading to uridylate
monophosphate (UMP, Fig. 1) that subse-
quently is converted into different pyrimi-
dine triphosphates. In lactococci, the
organization of the de novo genes do how-
ever differ from most of the other gram-
positive bacteria characterized so far, as all
genes encoding pyrimidine biosynthetic
enzymes that are needed to synthesize
UMP are not contained in one operon
[2, 10, 15, 16].

In growth experiments with the strains of
L. lactis harboring different mutations in
pyrimidine de novo pathway genes, we
observed an unexpected effect of exogenous
aspartate on the growth rate of these
mutants. The different strains used in this
study included L. lactis subsp. cremoris
NCDO712 and its various derivatives: C2
(NCDO02031), LM0230, MG1363, MB6
(pyrDa and pyrK), MB40 (pyrB), and
MB301 (pyrF). The bacterial strains and
plasmids used in this study are listed in
Table 1. Strain LMO0230 is a plasmid-
and phage-cured derivative of L. lactis
C2 obtained by nitrosoguanidine and the
UV treatment [5]. Strain MGI1363 is a
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Figure 1. Simplified schematic representation of pyrimidine biosynthesis in L. lactis leading to the
central pyrimidine compound UMP that subsequently is converted to UTP and CTP. The genes
encoding the enzymes catalyzing the individual reactions are shown. U, uracil; UR, uridine; UMP,
uridylate (monophosphate); OMP, orotidylate (monophosphate); R-1-P, ribose-1-phosphate; PRPP,
S5-phosphoribosyl-1-a-pyrophosphate; car4AB, carbamoylphosphate synthase; pyrB, aspartate
transcarbamoylase; pyrC, dihydroorotase; pyrD, dihydroorotate dehydrogenase; pyrE, orotate
phosphoribosyltransferase; pyrF, OMP decarboxylase; upp, uracil phosphoribosyltransferase.
MB40, MB6, and MB301 are the three mutant strains lacking the enzymatic activities
corresponding to their position.

Table 1. Strains and plasmids.

Strains and plasmids Genotype description and/or construction Reference or origin

Strains of L. lactis

MG1363 Plasmid-free derivative of NCDO712 [6]

MB40 MG1363 pyrB This study
MB6 MG1363 pyrDa/pyrK This study
MB301 MG1363 pyrF This study
C2 Wild-type strain NCDO2031
LM0230 Plasmid-free derivative of C2 [5]
Plasmids

pG' Host4 ermAM; L. lactis integration vector [12]

pIP51 bla; L. lactis pyrK-pyrDb-pyrF [1]

pIP61 bla, tet L. lactis pyrDa [1]

pIP67 bla, erm L. lactis ApyrDa This study
pSH51 bla; L. lactis ApyrF This study

pSH54 bla, ermAM; L. lactis ApyrF This study
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phage- and plasmid-cured derivative of
strain NCDO712 obtained by protoplast-
induced curing [6]. Both LMO0230 and
MG1363 have, because of their genetic sim-
plicity, been used intensively as model organ-
isms of lactic acid bacteria. The ancestor of
strain C2 (NCDO2031) is NCDO712, and
accordingly, strains LM0230 and MG1363
can both be regarded as plasmid- and
phage-cured derivatives of strain NCDO712,
although obtained by different methods.
MB40, MB6, and MB301 are derivatives of
MG1363 harboring a pyrB mutation, a
pyrDa/pyrK deletion, and an internal pyrF
deletion, respectively. The pyrimidine de
novo reactions blocked in strains MB6,
MB40, and MB301 are shown in Figure 1.
The present study reports an investigation
into the observation that the growth rate of
certain lactococcal strains is reduced in the
presence of aspartate. We present evidence
that the observed inhibition of growth can
be correlated to a pyrimidine requirement
and is most likely caused by an accumulation
of a pyrimidine de novo pathway intermedi-
ate, most probably, carbamoyl aspartate.
In accordance with this, an observed effect
of aspartate on the growth of L. lactis subsp.
cremoris LM0230 can be explained with at
least one mutation in a gene affecting pyrim-
idine biosynthesis, since the growth of this
strain is stimulated by exogenous uracil.
Our studies included growth experiments
with different strains of L. lactis subsp. crem-
oris in a defined medium with varying aspar-
tate concentrations. Furthermore, the levels
of pyrimidine de novo enzymes were
determined in L. lactis subsp. cremoris
MG1363 and LM0230 in defined medium.
The results obtained in this work show that
it is relevant to analyze the general physiol-
ogy of starter cultures obtained after muta-
genesis to prevent reduced performance in
milk fermentation. Moreover, our findings
stress the importance of taking the medium
composition into account when working with
cells with alterations in their pyrimidine
metabolism.

2. MATERIALS AND METHODS
2.1. Growth conditions

Lactococcal cultures were grown on
either M17 glucose broth (GM17) [22] or
glucose synthetic amino acid (GSA) med-
ium based on MOPS, which contained
7 vitamins, 19 amino acids, and supplied
with 10 g'L™" glucose [8]. Escherichia coli
cultures were grown on Luria-Bertani broth
medium and L. lactis was cultured at 30 or
37 °C in filled culture flasks without aera-
tion. E. coli were grown at 37 °C in batch
cultures with vigorous shaking, and to each
plate 15 g'L™! of agar was added. As per
requirement, the following were added to
the different media: NaCl at 10 g-L™", uracil
at 20 pg'mL ™', erythromycin at 1 pg-mL™"
for lactococci and at 150 pgmL™' for
E. coli, and ampicillin at 100 pgmL .
All media were obtained from Oxoid
(Basinstoke, UK), whereas other chemi-
cals were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. DNA in vitro manipulation
and transformation

Chromosomal lactococcal DNA was
prepared as described by Johansen and
Kibenich [9]. The methods described by
Sambrook et al. were used for general
DNA methods in vitro [20]. L. lactis
was transformed by electroporation [7]
and E. coli cells were transformed
using CaCl, treatment as described by
Sambrook et al. [20].

2.3. Bacterial strains and plasmids

The bacterial strains and plasmids used
in this study are listed in Table I. The eryth-
romycin cassette from pIL.253 [21] was iso-
lated by digestion with Hhal. The resulting
fragment was cloned in the Hincll site of
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pUCT7 [24]. A 1.3-kb BamHI fragment from
the resulting construct, containing the eryth-
romycin cassette, was cloned in the BamHI
site of pIP61 [1]. The resulting plasmid was
linearized with Ncol and the 3'-recessed
ends were filled in and re-ligated, resulting
in pyrDa , Ap®, and Em"; the resulting
plasmid was named pIP67. In analogy with
the procedure described previously for
obtaining MB40 from MGI1363 using
pIP58 [1], MB6 was obtained from MB40
using pIP67 in a double cross-over experi-
ment. The resulting strain carries a deletion
of pyrDb and a frameshift mutation in
pyrDa. A 1.2-kb EcoRI fragment covering
the C-terminal part of pyrF, all of orfC,
and the N-terminal part of gidB of the
L. lactis MG1363 pyrKDF operon [2] was
obtained by standard PCR with KBJ27
(ATGCAAAATGACCAA) and SLLH1
(GGAATGAATTCATTAATCTGACCGC),
the latter containing an EcoRI site. This
fragment was cloned in the EcoRI site of
plasmid pIP51 [2]. The orientation of the
cloned fragment was verified by PCR using
SLLH1 and CLJ2 (GACCTGTTATTGC
CCTAG). The resulting plasmid pSH51 car-
ries a 0.7-kb internal deletion of pyrF, with
about 1.2 kb of flanking sequence on each
side. Plasmid pSH51 was digested with PstI
and ligated with Psf digested pG Host4
[12], the resulting plasmid was named
pSHS54. Competent L. lactis MG1363 cells
were transformed with plasmid pSH54,
unable to replicate in L. lactis at 37 °C con-
taining a selectable Erm® marker and a
cloned internal deletion of the lactococcal
pyrF. Transformants were selected and puri-
fied on GM17 plates containing erythromy-
cin at 28 °C. These transformants were
grown at 37 °C on GM17 plates containing
erythromycin, uracil, and 10 g-L™! NaCl to
select for the strain in which pSH54 had
recombined into the chromosome. After
the purification of erythromycin-resistant
integrants at 37 °C, the excision of plasmid
was facilitated by growing them at 28 °C on
plates containing erythromycin and uracil.

The excised plasmids were cured from the
cells by growing them at 37 °C on plates
without erythromycin. The purified mutants
were tested for growth on a defined medium
(GSA) in the absence and in the presence of
uracil. One of the strains shown to have
uracil requirement was used for further stud-
ies and was named MB301. The mutation in
strain MB301 was verified using PCR
analysis to be a pyrF deletion. Strain
MB40 is a derivative of L. lactis MG1363
carrying a single ISS1 transposon in the
middle of the pyrB gene, thus resulting in
a pyrimidine requirement. It was obtained
by plasmid curing of a strain carrying a
pG "host4::ISS1 in the pyrB gene of L. lactis
MG1363 [17].

2.4. Enzyme assays

Cells were grown exponentially in GSA
medium, harvested, washed, and resus-
pended in 50 mmol-L™" Tris/HCI pH 7.0,
1 mmol-L™' EDTA, and 1 mmol-L™" dithio-
threitol, resulting in a 100-fold concentra-
tion of the cells. The cells were lysed
using a French pressure cell press at
20-10° kg'm 2. Cell debris was removed
by centrifugation, and the supernatant was
directly used as enzyme source in the
assays. The protein concentration was deter-
mined according to Lowry et al. [11]. All
assays were performed at 30 °C using crude
extracts with a final concentration of about
200 gL' protein. Specific activities are
expressed as units per milligram protein,
and one unit is defined as 10~® mol product
formed or substrate used per minute. The
activities were determined in biological rep-
licates at least two times.

2.4.1. Aspartate transcarbamoylase
(PyrB)

Aspartate transcarbamoylase (PyrB) activ-
ity was determined at pH 7.0 in the following
way: potassium aspartate (50 mmol-L "),
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potassium phosphate (25 mmol-L™"), and
enzyme extract were mixed and equilibrated
at 30 °C. The assay was started by the addi-
tion of carbamoyl phosphate (3 mmol-L ™).
Aliquots (150 L) were extracted between 0
and 20 min, and the formation of carbamoyl
aspartate was measured using the colorimetric
procedure as described by Prescott and Jones
[19], in which 107 mol carbamoyl aspartate
corresponded to an absorption of 18 at
560 nm.

2.4.2. Dihydroorotase (PyrC)

Dihydroorotase (PyrC) activity was
determined in the backward direction (dihy-
droorotate to carbamoyl aspartate) essen-
tially as described for the aspartate
transcarbamoylase assay with the following
alterations.  Potassium  aspartate  and
potassium phosphate were substituted by
Tris/HCI (100 mmolL™") and EDTA
(2 mmol'L "), and the assay was started
by adding dihydroorotate (2 mmol-L ")
instead of carbamoyl phosphate [19].

2.4.3. Dihydroorotate dehydrogenase A
(PyrDa)

Dihydroorotate dehydrogenase A (PyrDa)
activity was determined by monitoring oro-
tate formation using a spectrophotometer at
295 nm (¢ = 3.67 x 10° mol '). The reac-
tion mixture contained 0.1 mol-L™" sodium
phosphate (pH 7.0), 50 mmol'L™' KCN,
and 0.1 mmol-L™" fumarate. After equilibra-
tion, the assay was started by the addition of
dihydroorotate (0.1 mmol-L™").

2.4.4. Dihydroorotate dehydrogenase B
(PyrDb)

Dihydroorotate dehydrogenase B (PyrDb)
activity was assayed as dihydroorotate
dehydrogenase A, except that fumarate was
substituted by 0.1 mmol-L ™' NAD".

2.4.5. Orotate phosphoribosyltrans-
ferase (PyrE)

Orotate phosphoribosyltransferase (PyrE)
was measured in a buffer at pH 7.5 con-
taining Tris/HCl (20 mmol-L™"), EDTA
(2 mmol'L™"), and orotate (300 pmol-L ™).
The reaction was followed spectrophoto-
metrically at 295 nm after the addition of
5-phosphoribosyl-1-pyrophosphate. A de-
crease in absorbancy of 3.67 is equivalent
to an increase inorotidylate monophosphate
(OMP) of 1 mmol-L™".

2.4.6. OMP decarboxylase (PyrF)

OMP decarboxylase (PyrF) was deter-
mined in a buffer at pH 7.5 containin%
20 mmol'L™" Tris/HCl and 2 mmol-L"
EDTA. After calibration at 30 °C, the reac-
tion was initiated by the addition of
50 pmol'L™" OMP. The activity was fol-
lowed wusing a spectrophotometer at
285 nm. The reduction of the OMP concen-
tration by 1 mmol-'L™" corresponds to a
decrease in absorbancy of 1.65.

3. RESULTS AND DISCUSSION

3.1. Growth of L. lactis LM0230
in different synthetic media

In growth experiments with strain
L. lactis LM0230, we observed a growth
rate reduction of this strain when grown in
the defined medium DN (0.23 h™") formu-
lated by Dickely et al. [4] as compared to
growth in the defined GSA medium
(025h™") formulated by Jensen and
Hammer [8]. A similar effect could be
observed for strains of L. lactis harboring
mutations in pyrimidine de novo genes.
The main difference between the two media
is that the DN medium is phosphate buf-
fered and is based on casamino acids,
whereas in GSA medium these two compo-
nents are substituted with MOPS and all
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Table II. Components of the different media.

Constituent GSA (107 mol'L™") DN (10~ mol-L™ "¢ Modified DN (10~ mol-L™")
L-alanine 34 2.3 34
L-arginine 1.1 0.7 1.1
L-asparagine 0.8 0.8
L-aspartate 2.1 1.0
L-cysteine 0.8 0.1 0.8
L-glutamate 2.1 5.9 2.1
L-glutamine 0.7 0.7
Glycine 2.7 1.1 2.7
L-histidine 0.3 0.6 0.3
L-isoleucine 0.8 1.5 0.8
L-leucine 0.8 2.4 0.8
L-lycine-HCI 1.4 2.2 1.4
L-methionine 0.7 0.5 0.7
L-phenylalanine 1.2 0.7 1.2
L-proline 2.6 32 2.6
L-serine 2.9 1.3 2.9
L-threonine 1.7 1.2 1.7
L-tryptophan 0.5 <0.1 0.5
L-tyrosine 0.3 0.1 0.3
L-valine 0.9 2.2 0.9
NH," 9.5 15 15
K" 1.86 22 22
Na* 65 91 (106)° 91
Ca** 0.0005 0.09 0.09
Mg>* 0.52 0.2 0.2
Fe?* 0.01

S04~ 0.29 15.1 15.1
H,PO, 1.3 22 22
HPO,*~ 37 37
Cl 61.9 21 21
Acetate 15 15*

Lipoic acid 0.01* 0.01
Glucose 50 50 50
MOPS 40

Tricine 4

Vitamins + + +
Micronutrients + +° +°

2 DN is supplemented with either acetate or lipoic acid.

® The micronutrients in DN and modified DN are supplied through the water used (ion-exchanged tap-
water) and not as in SA through the MOPS solution.

° The Na* content of DN depends on whether the medium is supplemented with acetate (106) or with
lipoic acid (91), as acetate is supplied as Na acetate.

4 The values of individual amino acids of the DN medium is based on the typical composition of a casein
hydrolysate, and hence there is no detectable asparagine or glutamine.
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amino acids except aspartic acid which is
present in casamino acids (Tab. II). To clar-
ify what caused this inhibition of strain
LM0230 and the pyrimidine mutants, they
were grown in a modified DN medium, in
which the casamino acids were substituted
with defined amino acids in concentrations
similar to the ones in GSA medium. To
fully mimic the casamino acids of DN med-
ium, aspartate was also added to the modi-
fied DN medium in a concentration similar
to that of asparagine. The growth of
LMO0230 and the pyrimidine mutants in
modified DN medium was shown to be sim-
ilar to their growth in DN medium (data not
shown). This led us to investigate whether
removing aspartate from the modified DN
medium would have any effect on the
growth of LMO0230 and the pyrimidine
mutants. When grown in a modified DN
medium without aspartate, LM0230 and
the pyrimidine mutants were shown to grow
with a growth rate similar to that obtainable
in GSA (0.25 h™"). We then concluded that
the effect on growth rate observed in DN
medium was due to exogenous aspartate,
and all further experiments were done in
GSA medium.

3.2. Effect of aspartate on strain
LMO0230

L. lactis LM0230 and C2 were grown in
the synthetic GSA medium supplemented
with aspartate at concentrations ranging
from 0 to 2000 pg'mL~". The growth rates
were determined, and the values without
aspartate were set to 100% (Fig. 2). It is
evident that LM0230 is inhibited by aspar-
tate. It appears that the observed effect of
aspartate on the growth of LM0230 can be
simulated by a sigmoid curve and that the
maximum effect is ~ 20% (Fig. 2). Since
the apparent sigmoid curve is approaching
a definite positive value, it is most likely a
result of the action of one or more enzymes.
If the effect were of a purely chemical

nature, one would expect that the growth
rate would approach zero. To determine
whether strain LM0230 had acquired muta-
tions that are responsible for this phenotype
during the nitrosoguanidine- and the UV-
promoted plasmid and phage curing of the
mother strain C2, we also cultivated C2 in
medium with aspartate. As can be seen from
Figure 2, the growth of C2 is not affected by
aspartate.

3.3. Aspartate reduces growth rate
of L. lactis pyrimidine-requiring
mutants

In an experiment similar to that descri-
bed above, L. lactis MG1363, MB40
(pyrB), MB6 (pyrDa and pyrK), and
MB301 (pyrF) were tested for their sensi-
tivity toward aspartate.

The growth rates of strains MG1363,
MB6, MB40, and MB301 at different aspar-
tate concentrations are shown in Figure 2.
The growth of MB6 and MB301 is clearly
affected by aspartate, whereas MB40 and
MG1363 are either only affected slightly
or not affected at all. The effects on MB6
and MB301 are similar, and the maximum
observed reduction in the growth rate, when
compared to media without aspartate, is as
much as 35-40% at an aspartate concentra-
tion of 1000 pg'mL™'. The reduction is
30-35% at 400 pg'mL™' aspartate, and
at an aspartate concentration above
1000 pg'mL ", no further growth inhibition
is observed.

Because MB6 (pyrDa and pyrK) and
MB301 (pyrF) are pyrimidine auxotrophs,
the inhibitory effect of aspartate might be
a consequence of competition for uptake
between aspartate and uracil. However, this
cannot be the case, as the growth rate of
MB40 (pyrB), which is also a pyrimidine
auxotroph, is not affected by the addition
of aspartate. We speculate that the observed
inhibition is due to the accumulation of the
pyrimidine de novo pathway intermediate,
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Figure 2. The effect of aspartate on the growth rate of different L. lactis subsp. cremoris strains in
GSA. Growth rates are given as the percentage of the growth rate obtainable in GSA without
aspartate. The relative growth rates are the mean values of two independent experiments. The
standard deviation was 2.6% or better. ¢, MG1363; O, MB6 (pyrDa and pyrK); A, MB40 (pyrB);

x, MB301 (pyrF); +, LM0230; and o, C2.

carbamoy]l aspartate, and that this accumula-
tion is dependent on the combined action of
an aspartate transport system and aspartate
transcarbamoylase (Fig. 1). As strain
MB40 carries a mutation in pyrB encoding
aspartate transcarbamoylase, this would
explain why this strain is not affected by
aspartate. The toxicity of carbamoyl aspar-
tate was previously reported in Salmonella
typhimurium [23], although the mechanism
of this toxicity remains unclear. Based on
the experiments conducted here, it is not
possible to rule out that the accumulation
of dihydroorotate is toxic, but the addition
of orotic acid to L. lactis has no effect on
growth [3], and it would be expected that
the addition of orotic acid would increase
the dihydroorotate pool size, as orotic acid
can be converted to dihydroorotate also by
the reverse action of the dihydroorotate
dehydrogenase activity.

In E. coli and S. typhimurium, transcrip-
tion of the pyrimidine de novo genes are

subject to complex regulation by UTP and
CTP, which results in a decrease in tran-
scription, when pyrimidines are supplied
by salvage [18]. Thus, the described toxic
effect of carbamoyl aspartate in S. typhimu-
rium 1is only observed during induced
expression of the de novo genes: ie.
observed only when the pyrimidine source
is the poorly utilized de novo pathway inter-
mediate, orotate [23]. The data presented
here indicate that MB6 (pyrDa and pyrK)
and MB301 (pyrF) do accumulate pyrimi-
dine de novo intermediates during growth
at high aspartate concentrations, despite
the fact that uracil is the exogenous pyrim-
idine source. In turn, this accumulation
leads to a consecutive distortion of equilib-
rium in the reactions between carbamoyl
aspartate and dihydroorotate, in the case of
MB6, and between carbamoyl aspartate
and OMP, in the case of MB301, which
results in an intercellular accumulation of
carbamoy] aspartate.
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Figure 3. Growth of L. lactis LM0230 on GSA, containing either 0.2 mgmL™" of aspartate
(GSA + Asp) or 0.02 mg'mL ™" of uracil (GSA + U). (A) A representative example of a growth
experiment in liquid medium, supplied with [1, uracil; A, nothing; or o, aspartate. (B) Plates
containing same medium. The plates were incubated at 30 °C for 24 h.

3.4. L. lactis LM0230 has acquired a
partial pyrimidine requirement

In analogy with the observations with the
pyrimidine-requiring mutants, we specu-
lated that the observed effect of aspartate
on the growth rate of strain LM0230 is
due to one or several mutations in genes
affecting pyrimidine de novo synthesis,
most probably acquired during the process,
used to derive this strain from C2. Such
mutations could create a bottleneck in
de novo pyrimidine synthesis in this strain.
To investigate whether strain LM0230 has
acquired a partial pyrimidine requirement,
we tested the growth of this strain on plates
with and without uracil. As is evident from
Figure 3, the growth of LMO0230 is signifi-
cantly stimulated by exogenous uracil and
(as can also be seen from Fig. 2) inhibited
by aspartate. Furthermore, the growth rate
of the parental strain of LM0230, C2, is
0.81 £0.03 h™' which is equal to that of

MG1363 (0.83 + 0.04 h™'), whereas the
growth rate of strain LM0230 when grown
in minimal medium (GSA) is only
025+0.01h', about 30% of the one
observed for the parental strain C2. When
grown in media supplemented with pyrimi-
dines, the growth rate of LM0230 is signif-
icantly stimulated reaching a growth rate of
0.33+£0.01 h™'. These observations indi-
cate that LM0230 has acquired a partial
pyrimidine requirement. In addition, it is
evident that LM0230 has acquired other
partial nutritional requirements, since the
addition of uracil can only partially restore
wild-type growth.

3.5. Pyrimidine de novo synthesis
is affected in strain LM0230

To investigate which mutations in
pyrimidine biosynthesis give rise to the
observed pyrimidine requirement of strain
LM0230, we measured the activity of
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Figure 4. The activities of the enzymes in the pyrimidine biosynthetic pathway. PyrB, aspartate
transcarbamoylase; PyrC, dihydroorotase; PyrDa, dihydroorotate dehydrogenase A; PyrDb,
dihydroorotate dehydrogenase B complex; PyrE, orotate phosphoribosyltransferase; PyrF, OMP
decarboxylase activities were determined in LM0230 (dark gray columns) and MG1363 (light gray
columns). The activity of the individual enzymes is given in units per milligram protein in crude
extracts. One unit is defined as 10~° mol substrate converted in 1 min.

the pyrimidine de novo enzymes, aspartate
transcarbamoylase (PyrB), dihydroorotase
(PyrC), dihydroorotate  dehydrogenase
(PyrDa), dihydroorotate dehydrogenase
complex B (PyrDb/PyrK), orotate phospho-
ribosyltransferase (PyrE), and orotidylate
decarboxylase (PyrF). The activity levels
were comparable in strains NCDO712 and
MG1363 (data not shown), indicating that
MG1363 harbors wild-type levels of the
pyrimidine de novo synthetic enzymes.
The measured activity of the individual
enzymes in strains LM0230 is shown in
Figure 4. As can be seen, the activities of
all the pyrimidine de novo enzymes are sig-
nificantly lower in LM0230 compared to
MG1363. Moreover, the activities of the
enzymes of the distal part of the pathway
including dihydroorotate dehydrogenase B,
orotate phosphoribosyltransferase, and orot-
idylate decarboxylase are reduced further.
This could account for the existence of a
bottleneck in the distal part of the pathway,

and consequently, when LM0230 is grown
in media supplemented with aspartate; this
would result in an enhanced incorporation
of aspartate, not accompanied by a corre-
sponding increased total flow through the
pyrimidine de novo pathway. The observed
lowered activity of dihydroorotate dehydro-
genase, orotate phosphoribosyltransferase
and orotidylate decarboxylase in LM0230
also explains the partial pyrimidine require-
ment of this strain. However, the data do not
clearly indicate which mutations in
LM0230 could be responsible for the
observed phenotype, since an elucidation
of this would require sequencing of all
genes encoding pyrimidine de novo
enzymes in this strain. The observed partial
uracil requirement and the measured
enzyme levels can be explained either by
mutations in the involved enzymes or by a
mutation affecting the expression of all
de novo genes eventually by altering the
pyrimidine regulator, PyrR, known to be
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responsible for regulating all genes in the
biosynthetic pathway by an attenuator
mechanism [2, 10, 15, 16].

Acknowledgments: This work was supported
by grants from the Danish government program
for food science and technology (FOTEK)
through the Center for Advanced Food Studies.
The authors acknowledge the technical assistance
of J.J. Jorgensen.

REFERENCES

[1] Andersen P.S., Jansen P.J., Hammer K., Two
different dihydroorotate dehydrogenases in
Lactococcus lactis, J. Bacteriol. 176 (1994)
3975-3982.

Andersen P.S., Martinussen J., Hammer K.,
Sequence analysis and identification of the
pyrKDbF operon from Lactococcus lactis
including a novel gene, pyrK, involved in
pyrimidine biosynthesis, J. Bacteriol. 178
(1996) 5005-5012.

[3] Defoor E., Kryger M.B., Martinussen J., The
orotate transporter encoded by oroP from
Lactococcus lactis is required for orotate
utilization and has utility as a food-grade
selectable marker, Microbiology 153 (2007)
3645-3659.

Dickely F., Nilsson D., Hansen E.B.,
Johansen E., Isolation of Lactococcus lactis
nonsense suppressors and construction of a
food-grade cloning vector, Mol. Microbiol.
15 (1995) 839-847.

Efstathiou J.D., McKay L.L., Inorganic salts
resistance associated with a lactose-fer-
menting plasmid in Streptococcus lactis,
J. Bacteriol. 130 (1977) 257-265.

Gasson M.J.,, Plasmid complements of
Streptococcus lactis NCDO 712 and other
lactic streptococci after protoplast-induced
curing, J. Bacteriol. 154 (1983) 1-9.

Holo H.N.LF., High-frequency transforma-
tion by electroporation of Lactococcus lactis
subsp. cremoris grown with glycine in
osmotically stabilized media, Appl. Environ.
Microbiol. 55 (1989) 3119-3123.

Jensen P.R., Hammer K., Minimal require-
ments for exponential growth of Lactococ-
cus lactis, Appl. Environ. Microbiol. 59
(1993) 4363-4366.

2

—

[4

—

[5

—

[6

[

[7

—

[8

—_

(9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[19]

Johansen E., Kibenich A., Characterization
of Leuconostoc isolates from commercial
mixed strain mesophilic starter cultures,
J. Dairy Sci. 75 (1992) 1186-1191.

Kilstrup M., Hammer K., Jensen PR.,
Martinussen J., Nucleotide metabolism and
its control in lactic acid bacteria, FEMS
Microbiol. Rev. 29 (2005) 555-590.

Lowry O., Rosebrough N., Farr A., Randall
R., Protein measurement with the Folin
phenol reagent, J. Biol. Chem. 193 (1951)
265-275.

Maguin E., Prévost H., Ehrlich S.D., Gruss
A., Efficient insertional mutagenesis in lac-
tococci and other gram-positive bacteria,
J. Bacteriol. 178 (1996) 931-935.

Martinussen J., Andersen P.S., Hammer K.,
Nucleotide metabolism in Lactococcus
lactis: salvage pathways of exogenous
pyrimidines, J. Bacteriol. 176 (1994)
1514-1516.

Martinussen J., Hammer K., Powerful meth-
ods to establish chromosomal markers in
Lactococcus lactis — an analysis of pyrim-
idine salvage pathway mutants obtained by
positive selections, Microbiology-UK 141
(1995) 1883-1890.

Martinussen J., Hammer K., The carB gene
encoding the large subunit of carbamoyl-
phosphate synthetase from Lactococcus
lactis is transcribed monocistronically,
J. Bacteriol. 180 (1998) 4380-4386.

Martinussen J., Schallert J., Andersen B.,
Hammer K., The pyrimidine operon pyrRPB-
carA from Lactococcus lactis, J. Bacteriol.
183 (2001) 2785-2794.

Martinussen J., Wadskov-Hansen S.L.,
Hammer K., Two nucleoside uptake systems
in Lactococcus lactis: competition between
purine nucleosides and cytidine allows for
modulation of intracellular nucleotide pools,
J. Bacteriol. 185 (2003) 1503-1508.

Neuhard J., Kelln R., Biosynthesis and
conversions of pyrimidines, in: Neidhardt
F.C., Curtiss III R., Ingraham J.L., Linn
E.C., Low K.B., Magasanik B., Reznikoff
W.S., Riley M., Schaechter M., Umbarger
H.E. (Eds.), Escherichia coli and Salmonella:
Cellular and Molecular Biology, American
Society for Microbiology, Washington DC,
USA, 1996, pp. 580-599.

Prescott L.M., Jones M.E., Modified meth-
ods for the determination of carbamyl
aspartate, Anal. Biochem. 32 (1969) 408-
419.



[20]

(21]

[22]

Nucleotide metabolism in lactic acid bacteria

Sambrook J., Fritsch E.F., Maniatis T,
Molecular cloning: a laboratory manual,
Cold Spring Harbor Laboratory Press,
New York, USA, 1989.

Simon D., Chopin A., Construction of a
vector plasmid family and its use for
molecular cloning in Streptococcus lactis,
Biochimie 70 (1988) 559-566.

Terzaghi B.E., Sandine W.E., Improved
medium for lactic streptococci and their

(23]

[24]

137

bacteriophages, Appl. Environ. Microbiol.
29 (1975) 807-813.

Turnbough C.L.J., Bochner B.R., Toxicity of
the pyrimidine biosynthetic  pathway
intermediate  carbamyl  aspartate  in
Salmonella typhimurium, J. Bacteriol. 163
(1985) 500-505.

Vieira J., Messing J., The pUC plasmids, an
M13mp7-derived system for insertion muta-

genesis and sequencing with synthetic uni-
versal primers, Gene 19 (1982) 259-268.



	Introduction
	Materials and methods
	Growth conditions
	DNA invitro manipulation �and transformation
	Bacterial strains and plasmids
	Enzyme assays
	Aspartate transcarbamoylase (PyrB)
	Dihydroorotase (PyrC)
	Dihydroorotate dehydrogenase A (PyrDa)
	Dihydroorotate dehydrogenase B (PyrDb)
	Orotate phosphoribosyltrans- ferase (PyrE)
	OMP decarboxylase (PyrF)

	Results and discussion
	Growth of L. lactis LM0230 �in different synthetic media
	Effect of aspartate on strain LM0230
	Aspartate reduces growth rate of L. lactis pyrimidine-requiring mutants
	L. lactis LM0230 has acquired a partial pyrimidine requirement
	Pyrimidine de novo synthesis �is affected in strain LM0230

	Acknowledgements
	REFERENCES

