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The fermentation pattern of Lactococcus lactis with altered activities of the las enzymes was examined on
maltose. The wild type converted 65% of the maltose to mixed acids. An increase in phosphofructokinase or
lactate dehydrogenase expression shifted the fermentation towards homolactic fermentation, and with a high
level of expression of the las operon the fermentation was homolactic.

In Lactococcus lactis sugars can be metabolized either by
homolactic fermentation, producing lactate, or by mixed acid
fermentation, producing formate, acetate, and ethanol. The
former mode of fermentation is favored during growth on
readily metabolizable sugars, such as glucose and lactose,
whereas growth on slowly fermentable sugars, such as maltose
(11) and galactose (17), usually results in mixed acid fermen-
tation.

The mechanisms regulating this shift in metabolism are
still unclear. It has been observed that under sugar starva-
tion conditions the level of fructose-1,6-bisphosphate (FBP)
is lowered (16), and since FBP is an allosteric activator of
lactate dehydrogenase (LDH) (19), this could explain a shift
in fermentation pattern (4, 16) (Fig. 1). The level of the
triose phosphates dihydroxyacetone phosphate and glycer-
aldehyde-3-phosphate in L. lactis is also lowered during
growth on slowly fermentable sugars (17). Since the triose
phosphates are allosteric inhibitors of pyruvate formate
lyase (PFL) (14), this may also be part of the explanation of
the shift in fermentation mode (Fig. 1). Other investigators
have suggested that the NADH/NAD™ ratio regulates the
shift in metabolism. A correlation was found between this
ratio and the glycolytic flux; a high ratio gave a high flux and
vice versa (5). These investigators also determined that glyc-
eraldehyde-3-phosphate dehydrogenase was activated and
LDH was deactivated at low ratios, whereas the opposite
was the case at high ratios. This type of regulation could, in
combination with the above-mentioned effect of the triose
phosphates, explain the shift in pyruvate metabolism. A
more recent study indicated that both the level of FBP and
the NADH/NAD™ ratio may be important, but with large
variations between strains (18).

In recent years the glucose metabolism in L. lactis has
been studied extensively with respect to the glycolytic rate
and product formation. One study focusing on the las
operon, coding for phosphofructokinase (PFK), pyruvate
kinase (PYK), and LDH (9), revealed that LDH has a strong
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negative effect on the mixed acid flux; the flux control co-
efficient was less than —1, meaning that a 10% reduction in
LDH leads to a >10% increase in the mixed acid flux (1).
Another study revealed that PYK exhibits strong positive
control of formate and acetate production (flux control
coefficient for PYK on the formate and acetate flux were
both close to 1) (7). The positive control by PYK and the
negative control by LDH almost cancelled out, resulting in
very little effect of modulation of the entire operon on the
fermentation pattern. In this paper we describe a control
analysis of the three las enzymes in L. lactis for the glycolytic
flux and product distribution during growth on maltose.

Fermentation pattern of L. lactis MG1363 during growth on
glucose or maltose. The fermentation pattern of L. lactis
MG1363 (6) was studied in defined SALN (7) medium sup-
plemented with glucose or maltose as the main energy source.
When MG1363 was grown on glucose, 88% of the maltose
ended up in lactate and only 4% ended up in mixed acid
products. On maltose 65% of the maltose ended up in formate,
acetate, and ethanol and only 25% of the maltose was fer-
mented to lactate.

Activities of the las enzymes during growth on maltose or
glucose. The activities of PYK and LDH have previously
been shown to affect pyruvate metabolism in L. lactis (1, 7),
and differences in fermentation patterns between glucose
and maltose could thus be due to differences in the specific
activities of these enzymes on maltose. The specific activities
of the three las enzymes in wild-type strain MG1363 grown
on maltose and on glucose were therefore measured and
found to be almost identical (data not shown). Strains with
either individually or simultaneously modulated las enzymes
were then characterized. The strains were grown exponen-
tially in defined SALN (7) medium supplemented with mal-
tose (2 g/liter) as the energy source and analyzed to deter-
mine the growth rate, glycolytic flux, and fermentation
products.

Effect of altered PFK activity on maltose fermentation
mode. Strains containing an additional copy of pfk tran-
scribed from a range of synthetic promoters have previously
been constructed (12). Increased PFK activity had little ef-
fect on the growth rate except for the strain with the highest
level of PFK, which grew slightly slower. The control of the
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FIG. 1. Simplified overview of glycolysis and its regulation by FBP
and the triose phosphates dihydroxyacetone phosphate (DHAP) and
glyceraldehyde-3-phosphate (GAP). Positive regulation by FBP of
LDH (19) is indicated by a plus sign, and negative regulation by the
triose phosphates of PFL (14) is indicated by a division sign. TPI, triose
phosphate isomerase; Acetyl-CoA, acetyl coenzyme A.

growth rate by PFK was close to zero. A small but significant
increase in the maltose flux was observed (8%), and the
Cpeliose was calculated to be ~0.17 at the wild-type level (Fig.
2A). The product fluxes were very sensitive to changes in
PFK activity; the lactate production increased almost pro-
portional to PFK activity, and the mixed acid fluxes de-
creased with increased PFK activity. Ciagd, Cirmee, and

L were calculated to be ~0.76, ~—0.23, and ~—0.23,
respectively, at the wild-type PFK level. High flux control by
PFK for lactate production is in line with the early model for
regulation of fluxes at the pyruvate node. Assuming that
increased PFK activity results in increased levels of the
downstream metabolites FBP (an allosteric activator of
LDH [19]) and triose phosphates (allosteric inhibitors of
PFL [14]), then a shift towards homolactic fermentation
with increased PFK activity is indeed what should be ex-
pected (Fig. 1).

Effect of altered PYK activity on maltose fermentation.
Strains with modulated PYK activity have also previously been
described for growth on glucose (7). When the strains were
grown on maltose, changes in PYK activity had very little effect
on the growth rate, and only small effects on the metabolic
fluxes were observed, resulting in flux control coefficients close
to zero for the maltose and lactate flux (Fig. 2B). The mixed
acid fluxes increased slightly, resulting in Ciom® and C%54 of
~0.17 and ~0.18, respectively. The positive control of the
mixed acid fluxes is in line with the previous work on glucose
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fermentation (7), even though the effect is much less pro-
nounced in maltose medium.

Effect of altered LDH activity on maltose fermentation.
Strains containing an additional copy of the gene coding for
LDH, Idh, transcribed from synthetic promoters were con-
structed. The strategy described by Solem and Jensen (12),
where an additional copy of Idh transcribed from synthetic
promoters was integrated into the TP901-1 attachment site by
a pCS574 (13) derivative, was used. The following primers
were used: LDH.fwd (5'-ACGACTAGTGGATCCATNNNN
NAGTTTATTCTTGACANNNNNNNNNNNNNNTRRTAG
AATANNGACAGGCCCTATTGTTGAA-3") and LDH.rev
(5’-CTCTACATGCATTGAAATTTTCTACTAACTC-3'). The
PCR product was digested with Spel/Nsil and ligated into
pCS574 digested with Xbal/Pstl. L. lactis LB436 (3) was trans-
formed with the ligation mixture. Transformants containing an
additional copy of Idh on the chromosome were isolated as
blue colonies on GM17 plates (15) supplemented with tetra-
cycline and 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid.
Two strains with increased LDH activity were included in these
experiments.

While LDH had essentially no effect on the maltose flux with
a flux control coefficient close to zero, LDH was found to have
strong control over the mixed acid fluxes (Fig. 2C), with a
calculated C4¢ of ~1.1. Cfmee and Ci554 were calculated to
be ~—0.21 and ~—0.23, respectively, at the wild-type LDH
level. The high level of positive control of the lactate flux is at
first surprising when the data are compared to earlier work (1),
in which LDH was found to have zero control of the lactate
branch at the wild-type enzyme level. However, the previous
study was conducted with cells grown on glucose, with which
the lactate flux is high compared to the mixed acid fluxes.
Indeed, at an LDH activity of 30% when cells are grown on
glucose, the flux control coefficient also approaches 1 in these
cells (7).

Effect of altered expression of the entire las operon. The
strong effects described above for the individual /las enzymes
prompted us to test whether these effects were additive. Strains
in which the entire /as operon has been modulated were avail-
able from a previous study (12). By increasing the expression of
the las operon, it was possible to obtain a maltose flux 23%
higher than that in the wild-type cells (Fig. 2D). C;“* was
estimated to be ~0.23, and the control values for the fermen-
tation pattern were determined to be as follows: CE<, ~2.1;
Clormate - ——().32; and C{<“*, ~—(.31. In conclusion, increasing
the expression of the las enzymes results in a more homolactic
fermentation pattern, and the strain with highest las expression
was found to be as homolactic on maltose as the wild-type
strain was on glucose. The flux control coefficients for simul-
taneous modulation of the entire las operon were found to be
close to the sum of the coefficients of individual las enzymes,
which showed that the effects of the /as enzymes on the fluxes
were additive.

The effect on the specific growth rate of altered expression
of the las operon deserves special attention. The specific
growth rate was found to be maximum at the wild-type level
(Fig. 3). At first sight, it is tempting to conclude that the cells
become energy limited with higher las expression because of a
lower ATP yield. However, the ATP flux can be calculated by
assuming that one glucose moiety is either converted to two
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FIG. 2. Metabolic fluxes for strains with modulated PFK, PYK, LDH, and /as activities. The maltose, lactate, formate, and acetate fluxes are
shown. The flux control coefficients (FCC) for the different fluxes are also shown. The standard deviations, indicated by error bars, are based on

measurements for at least two individual cultures.
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FIG. 3. Specific growth rate, calculated ATP flux, and intracellu-
lar[ATP]/[ADP] ratio as a function of relative las activity. The standard
deviations, indicated by error bars, are based on measurements for at
least two individual cultures.

lactate molecules, yielding two ATP molecules per glucose
unit, or to one formate molecule, one ethanol molecule, and
one acetate molecule, yielding three ATP molecules per glu-
cose molecule. Figure 3 shows that the wild type has the high-
est ATP production flux, but the relative decrease in the ATP
flux with increased expression of the las operon is less than the
relative decrease in the growth rate (Fig. 3), indicating that
more ATP should become available for growth. Indeed, the
intracellular [ATP]/[ADP] ratio increased slightly with in-
creased las activity (Fig. 3), which indicates that the cells were
not energy limited with high las expression. The observed
lower growth rate and increased intracellular energy level may
instead be the result of changes in other metabolite pools for
anabolism. This effect could be reminiscent of our previous
observation of glucose-grown cells with low PFK activity whose
growth rate was strongly affected (2), but the exact mechanism
involved in this phenomenon remains obscure. The high flux
control coefficient for the las enzymes (>1) shows that signif-
icant negative control of the lactate flux must occur elsewhere
in the metabolic network. A good candidate for an enzyme
with negative control of the lactate flux is PFL, and an in-
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creased level of PFL may result in increased mixed acid fer-
mentation at the expense of the lactate production, as previ-
ously described (10). It is also possible that glycolytic enzymes
downstream of FBP and the triose phosphates may exert neg-
ative control by reducing these metabolites at increased activ-
ities. Finally, negative control of the lactate flux may also be
found with anabolic reactions that consume the ATP gener-
ated from glycolysis. Indeed, a slight increase in formate pro-
duction was observed when an additional ATP-consuming pro-
cess was introduced into L. lactis grown on glucose (8).

This work was supported by the Danish Dairy Research Foundation
(Danish Dairy Board) and the Danish Research Agency.
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