
 

 

 University of Groningen

Overview on sugar metabolism and its control in Lactococcus lactis - The input from in vivo
NMR
Neves, AR; Pool, WA; Kok, Jan; Kuipers, Oscar; Santos, H; Neves, Ana Rute; Pool, Wietske
A.
Published in:
FEMS Microbiology Reviews

DOI:
10.1016/j.femsre.2005.04.005

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Neves, A. R., Pool, W. A., Kok, J., Kuipers, O. P., Santos, H., Neves, A. R., & Pool, W. A. (2005). Overview
on sugar metabolism and its control in Lactococcus lactis - The input from in vivo NMR. FEMS Microbiology
Reviews, 29(3), 531-554. DOI: 10.1016/j.femsre.2005.04.005

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018

http://dx.doi.org/10.1016/j.femsre.2005.04.005
https://www.rug.nl/research/portal/en/publications/overview-on-sugar-metabolism-and-its-control-in-lactococcus-lactis--the-input-from-in-vivo-nmr(16b0fa40-6e98-46c0-b081-82d3f5324086).html


Overview on sugar metabolism and its control
in Lactococcus lactis – The input from in vivo NMR

Ana Rute Neves a, Wietske A. Pool b, Jan Kok b, Oscar P. Kuipers b, Helena Santos a,*

a Instituto de Tecnologia Quı́mica e Biológica, Universidade Nova de Lisboa, Rua da Quinta Grande, 6, Apt 127, 2780-156 Oeiras, Portugal
b Department of Molecular Genetics, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen,

P.O. Box 14, 9750 AA, Haren, The Netherlands

Received 15 February 2005; accepted 22 April 2005

First published online 28 August 2005

Abstract

The wide application of lactic acid bacteria in the production of fermented foods depends to a great extent on the unique features

of sugar metabolism in these organisms. The relative metabolic simplicity and the availability of genetic tools made Lactococcus

lactis the organism of choice to gain insight into metabolic and regulatory networks. In vivo nuclear magnetic resonance has proven

a very useful technique to monitor non-invasively the dynamics of intracellular metabolite and co-factor pools following a glucose

pulse. Examples of the application of this methodology to identify metabolic bottlenecks and regulatory sites are presented. The use

of this information to direct metabolic engineering strategies is illustrated.

� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Lactic acid bacteria (LAB) are industrially important

microorganisms that are used worldwide in the manu-

facture of fermented foods and beverages. These mi-

crobes produce mainly lactic acid from sugar,
providing an effective method of preserving fermented

products. The homofermentative and heterofermenta-

tive pathways utilized by LAB for the conversion of car-

bohydrates to lactate are well known and have been

described in textbooks [1] and reviews [2,3]. The fact

that LAB usually lack functional electron chains, grow

under low oxygen tension, and rely mostly on fermenta-

tive processes to provide energy, considerably limits
their metabolic versatility. Nevertheless, minor products

of sugar metabolism have been shown to be highly rele-

vant in dairy fermentations. In addition to preservation,

LAB also contribute to other product characteristics,

such as flavor, texture and, frequently, nutritional value

(for reviews see [4–8]). The well established status of

LAB as food organisms together with a relatively simple

physiology make them suitable targets for metabolic
engineering strategies aimed at the improvement of food

quality and human health [9]. Of all LAB, Lactococcus

lactis is by far the most extensively studied organism.

The relative simplicity of L. lactis metabolism that con-

verts sugars via the glycolytic (homofermentative) path-

way to pyruvate, generating energy mainly through

substrate level phosphorylation (Fig. 1), makes it an

attractive target for the development of effective cell fac-
tories. Moreover, the availability of a large number of

genetic tools [10] and the complete genome sequence

[11] consolidated its status as a model for LAB and of-

fers the opportunity of adopting global approaches that,

it is to be hoped, will provide a comprehensive picture of

how cellular components interact to produce a func-

tional organism [12].

A major breakthrough for using L. lactis as a cell fac-
tory was the development of several genetic tools that

made the genetic manipulation of this organism

straightforward. In particular, the nisin-controlled over-

expression system [13], a toolbox allowing modulation

of gene expression at a selected level [14], and the

pORI/pVE6007 two-plasmid system to obtain clean

food-grade deletions of genes of interest [15] are invalu-

able tools available for directed genetic manipulation of
this bacterium. In the last decade several reports on met-

abolic re-routing of central carbon metabolism in L. lac-

tis were presented and the engineering strategies have

been extensively reviewed [16–18]. It is interesting to

note that successful cases in metabolic engineering were

not accomplished through disruption or overexpression

of single genes. Indeed, several examples illustrate this

concept [19,20]. Instead, coordinated expression and/or
disruption of several genes was required to attain the de-

sired objective. Successful examples were the redirection

of pyruvate metabolism to products other than lactate,

such as alanine and diacetyl [21,22]. Furthermore, in-

creased production of compounds like exopolysaccha-

rides [23,24] and vitamins [25] has been described.

However, engineering such complex biosynthetic path-

ways still poses a major challenge, and predicting how
cell physiology will respond to a genetic modification

is not easy. The difficulty originates mainly from the

existence of multiple interlocked pathways connected

via common metabolites and cofactors through various

levels of genetic and metabolic regulation [26,27]. Over-

all, the consensus is that manipulation of strains leading

to the desired metabolic features cannot be achieved

without a global understanding of the metabolic net-
work as well as of the interdependent relationships

among the different steps.

Regulation of glycolysis in L. lactis has been the sub-

ject of intensive research. Key glycolytic enzymes, pyru-

vate kinase (PK) [28–31], phosphofructokinase [32],

fructose 1,6-bisphosphate aldolase [33], glyceraldehyde

3-phosphate dehydrogenase (GAPDH) [34] and lactate

dehydrogenase (LDH) [35,36] were characterized, and
concentrations of glycolytic intermediates, fructose 1,6-

bisphosphate (FBP), dihydroxyacetone phosphate

(DHAP), 3-phosphoglycerate (3-PGA), 2-phosphoglyc-

erate, phosphoenolpyruvate (PEP), in cell extracts had

been obtained already in the eighties (for a review on

early studies see [37]). Under certain conditions a meta-

bolic shift from homolactic (lactate production) to

mixed acid fermentation (ethanol, acetate and formate
production) can occur in L. lactis (reviewed in [3,38]).

The mechanisms underlying this shift have been the ob-

ject of considerable controversy and a full explanation

has yet to be put forward; this topic will be discussed

in more detail later in this paper. More recently, the con-

trol of the glycolytic flux has been addressed in a num-

ber of elegant experiments (for review see [39]), but an

answer to the question of what controls glycolysis in
L. lactis remains elusive. Despite the wealth of metabolic

information collected during years of intensive research

and numerous genetic tools available for L. lactis, we

are still far from achieving a comprehensive understand-

ing of sugar metabolism and regulatory pathways in this

model organism. This goal can only be achieved by

resorting to quantitative metabolic models, the develop-

ment of which requires reliable data on intracellular
concentrations of intermediates and metabolic fluxes

[40].

Powerful analytical methodologies can now be used

to characterize the ensemble of low-molecular mass

metabolites in the cell [41]. Nuclear magnetic resonance

spectroscopy (NMR) is a powerful technique for study-

ing metabolism, making it feasible to probe complex

reaction pathways and control points simultaneously
and non-invasively in the live cell, obtain invaluable

information on the magnitude of intracellular metabo-
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lite pools, and calculate absolute fluxes from dynamic

labeling experiments and direct analysis of time courses

[42–56]. Therefore, NMR is a technique of choice

when real time information on pools of intracellular
metabolites and metabolic fluxes is required. Strengths

and weaknesses of the NMR methodology for studying

living cells, and L. lactis in particular, will be presented

below.

This article will review the latest advances in the

knowledge of sugar metabolism and its control in L. lac-

tis, highlighting the application of in vivo NMR for

identifying metabolic bottlenecks and direct metabolic

engineering strategies.

2. Strengths and weaknesses of NMR for studying

metabolism

Nuclear magnetic resonance spectroscopy is based

on the response of nuclides that possess an intrinsic

Fig. 1. Schematic representation of the pathway for glucose metabolism and pathways downstream of pyruvate in L. lactis. Expected labeling

pattern of glycolytic intermediates and end-products derived from the metabolism of [1-13C]glucose is shown. It should be stressed that, under

anaerobic glycolysis, lactate accounts for about 95% of the label from glucose. The reactions indicated are catalyzed by the following enzymes: 1.

phosphoenolpyruvate: carbohydrate phosphotransferase system (PTS, ptnABCD) or/and non-PTS permeases (genes unknown)/glucokinase (glk)

system; 2. phosphoglucose isomerase (pgi) and 6-phosphofructo-1-kinase (pfk); 3. fructose 1,6-bisphosphate aldolase (fba); 4. triosephosphate

isomerase (tpi); 5. glyceraldehyde 3-phosphate dehydrogenase (gapB) and phosphoglycerate kinase (pgk); 6. phosphoglyceromutase (pmg) and

enolase (enoA); 7. pyruvate kinase (pyk); 8. lactate dehydrogenase (ldh); 9. pyruvate-formate lyase (pfl); 10. pyruvate dehydrogenase complex

(pdhABCD); 11. acetaldehyde dehydrogenase (adhE) and alcohol dehydrogenase (adhE); 12. phosphotransacetylase (pta) and acetate kinase (ackA);

13. a-acetolactate synthase (als); 14. a-acetolactate decarboxylase (aldB); 15. 2,3-butanediol dehydrogenase (butB).

A.R. Neves et al. / FEMS Microbiology Reviews 29 (2005) 531–554 533



magnetic moment (1H, 13C, 15N, 19F, 31P, 23Na, etc.) to

an external magnetic field. NMR is a powerful analytical

technique that allows qualitative and quantitative char-

acterization of chemical mixtures, the measurement of

reaction rates in steady state, the determination of isoto-

pic distribution within molecules and the structure of
biomolecules. The idea of using NMR to study living

systems dates back to the origins of the technique, but

the usefulness of early experiments was limited by the

poor quality of the instrumentation available at the

time. The development of high-field superconducting

magnets together with the emergence of the Fourier

transform NMR method, revolutionized the scope of

NMR and allowed researchers to benefit from the capa-
bilities of this technique for carrying out measurements

directly on live systems [57–59]. Pioneering work by

Moons and Richard [60] showed that phosphorylated

metabolites could be detected non-invasively in 31P

NMR spectra of intact red blood cells and that intracel-

lular pH could be directly determined from these spec-

tra. Glucose catabolism in living cells of the yeast

Candida albicans was investigated by 13C NMR [61].
To date, the in vivo NMR field has expanded enor-

mously, and nowadays a large number of metabolic

parameters can be determined by a variety of NMR

techniques. An introduction to NMR and its applica-

tions to the study of microbes can be found in recent re-

views [62–64].

For studying biological systems, 31P has been the nu-

cleus that enjoyed the greatest popularity. The 31P iso-
tope represents 100% of all phosphorus nuclei and has

a high relative sensitivity; it allows monitoring of intra-

cellular pH, pools of intracellular inorganic phosphate

(Pi) and several phosphorylated metabolites, such as

NTP, thus, providing information about the energetic

status of the cell in a non-invasive way [65]. The NMR

sensitivity of 13C is much lower than that of 31P, but
13C NMR offers some general advantages for the inves-
tigation of metabolic pathways and non-invasive mea-

surements of intracellular concentrations [66,67].

Primarily, almost all cellular intermediates contain car-

bon, allowing simultaneous monitoring of phosphory-

lated and non-phosphorylated metabolites (e.g. FBP

and glucose). Since the natural abundance of 13C is only

1.1% it is possible to use 13C-enriched molecules to trace

biosynthetic pathways and to measure carbon fluxes
(Fig. 1). Furthermore, 13C NMR has a large chemical

shift range and is, therefore, the technique of choice

whenever labeled substrates are affordable.

A major drawback of NMR is its intrinsic low sensi-

tivity, which limits in vivo observations to metabolites

present at relatively high concentrations (mM range).

Therefore, the majority of NMR experiments are con-

ducted with thick suspensions of non-growing cells, to
increase the total intracellular space available for detec-

tion and, hence, problems in gas or nutrients supply may

arise [68]. It is generally impossible to maintain a meta-

bolic steady state over periods longer than a few min-

utes, and this applies especially to microorganisms,

because of their rapid metabolism. It is difficult to ex-

tend NMR studies to growing cells under well-defined

conditions; however, Hartbrich et al. [69] developed a
hydrocyclone bioreactor, coupled directly to a wide-

bore NMR spectrometer, with such a high oxygen

transfer rate that good oxygenation of yeast cells is en-

sured even at cell densities as high as 75 g dry mass l�1

[70].

The data obtained from early studies of sugar metab-

olism in LAB using in vivo NMR were constrained by

the experimental set-up, since most studies were per-
formed with dense cell suspensions without control of

environmental parameters. Thomson and Torchia [71]

re-examined the effects of FBP and Pi [72,73] in the

modulation of the regulatory enzyme PK by using 31P

NMR. Identical methodology was used to determine

changes in the glycolytic intermediates during the switch

from homolactic to mixed acid fermentation imposed

by using suitable substrates [74]. In both cases, the
information obtained contributed to a better under-

standing of the systems, but determination of individual

sugar phosphates was precluded by extensive line

broadening and consequent overlapping of the reso-

nances in the 31P-spectra. Broad 31P NMR resonances

have also been observed with other Gram-positives

[74–77] in contrast to Gram-negatives [51,78,79]. Accu-

mulation of high intracellular concentrations of para-
magnetic ions (e.g. manganese) [80,81], or a rapid

acidification of the medium due to the high glycolytic

rate and concomitant acid production are invoked to

explain the severe line broadening of most phosphorous

resonances, which prevented the direct quantification of

metabolites.

The narrower lines and large chemical shift distribu-

tion of 13C spectra, the feasibility of 13C-labeling exper-
iments and the dissemination of two-dimensional

heteronuclear techniques made 13C over the most

popular nucleus in NMR studies of cell metabolism.

With regard to LAB, information derived from 13C

NMR experiments strengthened important findings, as

exemplified by the elucidation of the pathway leading

to diacetyl production [50,82], and the discovery of

erythritol as a major product of glucose metabolism in
Oenococcus oeni and characterization of its biosynthetic

pathway [48]. More recently, 13C NMR was also used to

determine the contribution of the heterolactic pathway

and the mannitol pathway in the metabolism of fructose

and glucose [83]. Carbon-13 was also successfully used

to characterize co-metabolism of glucose and citrate in

L. lactis and in Oenococcus oeni. A judicious choice of

specific labeling of the two substrates allowed glucose
and citrate carbons to be distinguished throughout the

metabolic pathways upstream of pyruvate [50,53]. Nota-
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bly, NMR provides a straightforward way for detecting

the unexpected. These are good examples of the use of

NMR spectroscopy to identify new pathways, unknown

branches, or clarify regulatory steps in a proposed path-

way. All these studies rely on the analysis of labeling

patterns of end-products or intermediate metabolites
present in cell supernatants or cell extracts.

To take full advantage of the unique non-invasive

and analytical features of NMR to monitor the kinetics

of the intracellular pools of metabolites directly in living

cells has been a major focus of interest in our research

team for nearly 15 years. To maintain the cells under

specific conditions during the NMR experiment we use

a circulating system for on-line NMR, based on fast cir-
culation of the cell suspension from a mini bio-reactor

(working volume 50 ml) to the NMR tube and back to

the bio-reactor [84]. The experimental set-up enabled

control of pH, temperature, and gas atmosphere. Appli-

cation of the on-line system and the use of a chemically

defined growth medium devoid of paramagnetic ions al-

lows changes in the concentrations of several intracellu-

lar metabolites to be monitored following a pulse of
substrate (Figs. 2 and 3). The technique proved to be

very useful in monitoring simultaneously substrate con-

sumption and end-products formation as well as in fol-

lowing changes in the concentration of metabolic

intermediates (glucose 6-phosphate, FBP, 3-PGA,

PEP, galactose 1-phosphate, glucose 1-phosphate,

UDP-glucose, UDP-galactose, mannitol 1-phosphate,

etc.) in a non-invasive manner [20,84,85]. Additionally,
13C-enrichment of pyridine nucleotide pools by growing

L. lactis on [5-13C]nicotinic acid enabled simultaneous

Fig. 2. Glucose metabolism in non-growing cell suspensions of L. lactis MG1363 monitored by in vivo 13C NMR. (a) Sequence of 13C-spectra

acquired during the metabolism of glucose (40 mM) by strain MG1363 under anaerobic conditions at pH 6.5. The left panel shows the evolution of

NAD+ (yellow, 129.1 ppm) and NADH (blue, 105.8 ppm) pools in MG1363 before and after addition of glucose. The right panel shows the time

course for glucose consumption (a-anomer at 92.7 ppm and b-anomer at 96.5 ppm), end-products formation and build-up of glycolytic intermediate

pools. The FBP pool is labeled both on carbon 1 (66.4 ppm) and carbon 6 (65.0 ppm) due to scrambling of the label at the trioses phosphate pool and

back flux through aldolase. Cells were grown in chemical defined medium containing 5 mg l�1 of [5-13C]nicotinic acid and suspended in 50 mM KPi,

pH 6.5, at a protein concentration of 17 mg ml�1. Glucose (40 mM) was added at time zero; each spectrum was acquired during 2.2 min, and

processed with 30 or 8 Hz line broadening for assessment of pyridine nucleotides or glucose derivative metabolites, respectively. (b) Kinetics of

[1-13C]glucose consumption/product formation and glycolytic metabolites under anaerobic conditions. (c) Evolution of NAD+ and NADH pools

during the glucose consumption. FBP is also shown for the sake of clarity. Metabolite concentrations were obtained from the in vivo 13C NMR data.

Symbols: (r) glucose; ( ) lactate; ( ) total FBP; ( ) 3-PGA; ( ) PEP; ( ) NAD+; ( ) NADH.
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measurement of NAD+ and NADH pools and 13C-gly-

colytic intermediates in living cells (Fig. 2(a) and (c))

[55]. In parallel experiments, good quality 31P NMR

spectra of L. lactis cell suspensions allowed us to evalu-

ate in vivo the energetic state of the cell and the intracel-

lular concentration of inorganic phosphate (Fig. 3(a)

and (b)) [31,55,84]. This methodology provided a global

picture of how L. lactis cells respond to changes in extra-
cellular conditions and allowed the identification of bot-

tlenecks, information used to direct metabolic

engineering strategies.

3. Overview of sugar uptake and initial metabolism in

L. lactis

The initial event in the metabolism of carbohydrates

is their transport across the cytoplasmic membrane.

There are three major uptake systems for sugars in bac-

teria: (i) the phosphoenolpyruvate: (carbohydrate) phos-

photransferase system (PTS), which is involved in both

transport and phosphorylation of a sugar at the expense

of PEP, resulting in accumulation of the corresponding

carbohydrate phosphate (group translocation) [86]; (ii)

ion-linked sugar transport: secondary transport systems

where the sugar uptake is driven by an ion gradient [87];

and (iii) carbohydrate transport ATPases, primary

transport systems that couple ATP hydrolysis with

translocation (ABC transport systems) [88]. From a bio-

energetic point of view, the PTS system is probably the

most efficient, since the sugar is translocated and phos-

phorylated in a single step at expense of one PEP mole-
cule (equivalent to one ATP molecule, since during

glycolysis one ATP molecule is derived from one PEP

at the level of PK). Instead, for carbohydrates that are

actively accumulated by non-PTS systems, more than

one ATP equivalent must be expended for both trans-

port and subsequent phosphorylation. The multicompo-

nent PTS system consists of two general proteins,

enzyme I (EI), and the HPr protein, and several sugar-
specific enzymes II (EII) that can contain up to four

domains present as individual polypeptides or linked to-

gether in a multidomain complex. Uptake of sugars via

secondary transport systems (permeases) is coupled to

ion translocation, and sugar transport is followed by a

kinase-mediated phosphorylation of the free sugar [87].

The secondary transport system for lactose was the first

ion-linked sugar transport discovered in L. lactis [89].

Fig. 3. Dynamics of phosphorylated metabolites during the metabolism of glucose in non-growing cell suspensions of L. lactis MG1363 monitored

by in vivo 31P NMR. (a) Sequence of 31P-spectra acquired during the metabolism of glucose (40 mM) by strain MG1363 under anaerobic conditions

at pH 6.5. Cells were grown in chemical defined medium and suspended in 50 mM MES, pH 6.5, at a protein concentration of 15 mg ml�1. Each

spectrum represents 2.75 min of accumulation. Glucose was added at time zero; spectra selected for this illustration were acquired during the time

intervals indicated, and processed with 20 Hz line broadening. Abbreviations: NTP, nucleoside triphosphates; PME, phosphomonoesters; TA,

teichoic acid; Pi, cytoplasmic inorganic phosphate. (b) Time course for the concentration of NTP ( ), Pi ( ) and intracellular pH (e). The shaded

area indicates glucose availability.
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Since then, several secondary transport systems have

been described, all belonging to the galactoside-pen-

tose-hexuronide group of transport systems [90].

The metabolism of lactose, glucose, and galactose is

of special relevance to the dairy industry. According to

the literature, the major transport system mediating
the uptake of glucose in L. lactis is the mannose-PTS

system (PTSman) (Fig. 4) [91], which, besides glucose,

transports 2-deoxy-D-glucose, mannose, glucosamine,

and fructose. Glucose is transported and concomitantly

phosphorylated by EIIA to glucose 6-phosphate, the en-

try point into the glycolytic pathway. A second PTS sys-

tem, the glucose-PTS system that exhibits specificity to

glucose and a-methyl-glucoside has also been described
for some strains [92]. Alternatively, glucose can be trans-

ported via a permease and subsequently phosphorylated

by an ATP-dependent glucokinase [93].

Lactose can also be translocated either via a lactose-

PTS to yield lactose 6-phosphate or by a permease

(Fig. 4) [94,95]. The product of the PTSlac, lactose 6-

phosphate is then hydrolyzed by a phospho-b-galactosi-
dase, producing galactose 6-phosphate and glucose.

After phosphorylation via glucokinase, glucose can en-

ter glycolysis, while galactose 6-phosphate is further

metabolized to the glycolytic intermediates DHAP and
glyceraldehyde 3-phosphate by three enzymes of the tag-

atose 6-phosphate pathway [96,97]. The lactose specific

components of the PTS, together with the enzymes of

the tagatose 6-phosphate pathway are plasmid encoded

in most L. lactis strains, although in some cases the lac

genes were found to be chromosomally located [98,99].

Lactose uptake by a permease is followed by hydrolysis

via b-galactosidase, yielding glucose and galactose [33];
galactose is further metabolized to glucose 1-phosphate

via the three enzymes of the Leloir pathway, encoded by

the gal genes [100,101]. Glucose 1-phosphate can, after

isomerization to glucose 6-phosphate via a-phosphoglu-
comutase, enter the glycolytic pathway (Fig. 4). In

Fig. 4. Possible pathways for the transport and initial metabolism of carbohydrates (mono- and disaccharides) in L. lactis. The reactions indicated

are catalyzed by the following enzymes: 1. galactose-PTS (gene unknown); 2. galactose 6-phosphate isomerase (lacAB); 3. tagatose 6-phosphate

kinase (lacC); 4. tagatose 1,6-bisphosphate aldolase (lacD); 5. lactose-PTS (lacFE) 6. phospho-b-galactosidase (lacG); 7. glucose permease (gene

unknown); 8. glucokinase (glk); 9. mannose/glucose-PTS (ptnABCD); 10. lactose permease (lacY); 11. b-galactosidase (lacZ); 12. galactose permease

(galP); 13. galactose mutarotase (galM); 14. galactokinase (galK); 15. galactose 1-phosphate uridylyltransferase (galT); 16. UDP-galactose

4-epimerase (galE); 17. a-phosphoglucomutase (gene unknown); 18. maltose ABC-transporter permease (malGF) and maltose binding protein

(malK); 19. maltose phosphorylase (malP); 20. b-phosphoglucomutase (pgmB); 21. trehalose-PTS (gene unknown); 22. trehalose 6-phosphate

phosphorylase (trePP); 23. sucrose-PTS (sacB); 24. sucrose 6-phosphate hydrolase (sacA); 25. 6-fructokinase (sacK); 26. fructose-PTS (fruA); 27.

1-phosphofructo-6-kinase (gene unknown); 28. phosphoglucose isomerase (pgi); 29. 6-phosphofructo-1-kinase (pfk); 30. fructose 1,6-bisphosphate

aldolase (fba); 31. EMP enzymes. Circles and double rounded-rectangles represent non-PTS permeases and PTS systems, respectively.
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analogy with lactose metabolism, galactose is metabo-

lized via the tagatose 6-phosphate pathway when trans-

located by a PTSgal, and by the Leloir pathway when

transported via the highly specific galactose permease

system [100,102,103]. Insights into glucose and galactose

metabolism will be described below.
Two other important sugars in the food industry are

fructose and sucrose. Fructose uptake can be mediated

by the PTSman, yielding fructose 6-phosphate, or via a

specific fructose-PTS, and the resulting fructose 1-phos-

phate enters glycolysis as FBP after phosphorylation

[104]. The uptake of sucrose in some L. lactis strains

is mediated by a sucrose-specific PTS, and the resulting

sucrose 6-phosphate is hydrolyzed by a sucrose 6-phos-
phate hydrolase yielding glucose 6-phosphate and fruc-

tose [105]. In order to enter glycolysis, fructose has to

be phosphorylated by an ATP-dependent fructokinase

[106].

Maltose is transported by an ATP-dependent perme-

ase, and converted to glucose and b-glucose 1-phosphate
via the action of a Pi-dependent maltose phosphorylase

[107–109]. Anomerization of b-glucose 1-phosphate into
a-glucose 1-phosphate and entry into the glycolytic

pathway is catalyzed via a specific b-phosphoglucomu-

tase [110]. The latter enzyme is also involved in the

metabolism of trehalose, which enters the cell via a spe-

cific trehalose-PTS system yielding trehalose 6-phos-

phate that is further converted to glucose 6-phosphate

and b-glucose 1-phosphate via trehalose 6-phosphate

phosphorylase (Fig. 4) [111]. Genes coding for most of
these proteins have been found in the genome sequence

of L. lactis IL1403 [11], but genes coding for glucose per-

mease(s) and a galactose-specific PTS remain unknown.

Recently, a gene coding for a-PGM in L. lactis MG1363

has been identified and its gene product fully character-

ized [Neves, A.R, Pool, W., Mingote, A., Kok, J., Kui-

pers, O.P. and Santos, H., unpublished data].

4. Metabolic bottlenecks in L. lactis sugar metabolism

4.1. Pyruvate kinase, a bottleneck that determines the

accumulation of starvation metabolites

In L. lactis glucose is linearly converted to pyruvate

through the glycolytic pathway, with production of
ATP by substrate level phosphorylation and reducing

equivalents (NADH) at the level of glyceraldehyde 3-

phosphate dehydrogenase. Reduction of pyruvate to

lactate via LDH maintains the redox balance by regen-

erating NAD+. Accumulation of FBP to high levels

(around 50 mM) is a major characteristic of glucose

metabolism in L. lactis, whereas starved cells accumu-

late 3-PGA and PEP (Fig. 2(b)) [37,112]. The finding
that FBP is an allosteric regulator (activator) of PK

and LDH suggested an important role of this metabolite

in the regulation of L. lactis metabolism [37]. A simple

regulatory model based solely on the allosteric proper-

ties of enzymes was proposed: during homolactic fer-

mentation, activation of PK and LDH by the high

levels of FBP directs the flux towards the production

of lactate. Accumulation of PEP and 3-PGA in starved
cells is a consequence of PK inhibition by high Pi and

low FBP concentrations, conditions associated with

glucose depletion [37,71,73]. The shift to mixed-acid fer-

mentation (production of acetate, formate and ethanol)

has been interpreted as resulting from a reduced FBP

pool leading to LDH inactivation, and inhibition

relief of pyruvate-formate lyase by triose phosphates

[113,114]. The role of FBP on the regulation of pyruvate
distribution between LDH and PFL has been down-

played, since it was shown that its intracellular concen-

tration is always sufficiently high to ensure full

activation of the former enzyme [115]. It is possible that

the role of FBP on regulation was overestimated as a

consequence of it being the metabolite whose concentra-

tion is highest and thereby more easily measured.

More recently, FBP was shown to be a major signal-
ing molecule for carbon catabolite protein A (CcpA)-

dependent catabolite repression and activation of genes

in Gram-positive bacteria. Carbon catabolite repression,

which is the result of global transcriptional control and

inducer exclusion mechanisms, as well as its specific reg-

ulatory mechanisms have been thoroughly discussed in a

number of recent reviews [116–120]. In brief, interaction

of the catabolite co-repressor P-Ser-HPr (PTS subunit
HPr phosphorylated at Ser-46) with CcpA allows for

the binding of this complex to catabolite response ele-

ments (cre) in promoter regions, thereby activating or

repressing gene expression. Phosphorylation of HPr at

Ser-46 is mediated by the bifunctional enzyme HPr ki-

nase/phosphorylase (HPrK/P); the kinase activity of

HPr is allosterically activated by FBP and inhibited by

Pi, which serves as a substrate for the phosphatase reac-
tion [120,121]. P-Ser-HPr can also trigger inducer exclu-

sion mechanisms by inhibition of sugar permeases

[122,123]. The function of the PTS system in the mech-

anisms underlying carbohydrate utilization is evidenced

by the involvement of the HPr subunit, which is also re-

quired for the transport of PTS sugars when phosphor-

ylated at His-15. Therefore, the PTS must be regarded as

a functional system which serves both transport and sig-
nal transduction purposes [86,116]. It is interesting to

note that FBP and Pi, the classical main players of sugar

regulation in L. lactis, in part due to their dual but

antagonistic modulation of PK activity, were shown to

be crucial in a global control mechanism. Hence, FBP

may provide a link between glycolytic activity and car-

bon catabolite repression in these bacteria (Fig. 5). In

L. lactis, CcpA was found to be a transcriptional activa-
tor of the las operon, thus modulating glycolytic activity

by controlling the key enzymes, PFK, PK, and LDH;
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however, enhancement of the binding of CcpA to cre

sites in response to FBP, though suggested, has not yet

been proven [124,125].

Undoubtedly the level of FBP is high in energized

cells (presence of glucose) (Table 1), but what drives

the accumulation of this metabolite is still the subject

of discussion. Garrigues and co-workers [115] suggested

that inhibition or activation exerted by the ratio
NADH/NAD+ on GAPDH or LDH is the main issue

regulating glycolysis. Accumulation of FBP and the tri-

ose phosphates was a consequence of high NADH/

NAD+ (P0.05), which restrains GAPDH but not

LDH [115]. In line with this interpretation, a mechanis-

tic model for glycolysis in L. lactis rationalized the

dynamics of glucose metabolism as being driven by

ATP surplus causing NAD+ shortage and ultimately
FBP accumulation [84]. On the other hand, based on

non-invasive NMR measurements of NAD+ and

NADH, we have shown that the NAD+ concentration

was constant and maximal while glucose was available

in the medium (Fig. 2(c)) [55]. In the light of these find-

ings, accumulation of FBP immediately after addition of

glucose was attributed to a low PK activity due to high

Pi levels. As a consequence of this initial bottleneck,

FBP builds up at the expense of the Pi pool, resulting

in the relief of PK inhibition and the establishment of

a ‘‘quasi steady-state’’ characterized by a constant level

of FBP (in the 50 mM range) and maximal rate of glu-

cose consumption. This simplistic model suggests a ma-

jor bottleneck at the level of PK. This hypothesis was
investigated by overexpression of the gene encoding

PK (15-fold when compared to the wild-type level)

[31]. It was expected that the maximal level of FBP in

this strain would be lower. The small decrease (3 mM)

in FBP concentration is not a strong argument in favor

of that hypothesis (Fig. 6 and Table 1). Interestingly,

overproduction of PK caused acceleration of the rates

of FBP depletion and NAD+ recovery once glucose
was exhausted, and lack of accumulation of 3-PGA

and PEP, the two metabolites associated with cell star-

vation (Fig. 6). These data indicate the occurrence of a

metabolic bottleneck at the level of PK in wild-type

strains, at least when glucose becomes limiting. The

obstruction at the level of PK is primarily ascribed to

Fig. 5. Overview of main metabolic features during glucose metabolism highlighting major regulation sites found for L. lactis and discussed in the

manuscript. Colored metabolites are known effectors of enzyme activity; the case sizes used for the boxed metabolites are intended to reflect their

involvement in different regulatory mechanisms. NADH and ATP intend to represent NADH/NAD+ and ATP/ADP pools, respectively. Stripped

arrows indicate allosteric regulation by positive (plus sign) or negative (minus sign) effectors. Dotted lines indicate transcriptional regulation. HPr

(ptsH) and EI (ptsI) are the phosphoenolpyruvate-phosphotransferase system non-specific soluble phosphate carrier components. EII is the glucose-

specific PTS system component. CcpA, catabolite control protein. CRE, catabolite responsive element. Glucose non-PTS permeases and ATPase are

identified by (P) and (A), respectively. noxE codes for a H2O-forming NADH oxidase.
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Table 1

Maximal concentrations of intracellular intermediates (mM) in cell suspensions of several L. lactis strains after a pulse of glucose (20 mM, unless

otherwise stated) as assessed by in vivo 13C NMR

FBP 3-PGA PEP Mtl 1-P/Mtlg

Anaerobic O2 Anaerobic O2 Anaerobic O2 Anaerobic O2

MG5267a 49 49 30 33 13 11 NDh ND

NZ2500a 49 –h 29 – 13 – ND –

NZ2007a 84 – 55 – 20 – ND –

MG1363 49 45 10 33 4 13 ND ND

MG1363 (40 mM) 51 47 10 36 5 15 ND ND

FI7851b 40 35 46 36 17 16 76/88 14

FI9630c 38 – 48 – 21 – 100/120 –

FI9630c (40 mM) 37 50 57 45 23 20 170/207 6

FI10089d (40 mM) 37 – 46 – 17 – 76/288 –

NOX+e 46 29 10 36 6 15 ND ND

NOX�e 46 39 3 25 ND 4 ND ND

NZ9000PK+f (40 mM) 46 36 ND ND ND ND ND ND

The values reported are averages of two to four experiments and the accuracy varied between 5% and 10%.
a MG5267, lactose-proficient derivative of MG1363; NZ2500, derivative of MG5267 overproducing a-acetolactate synthase, NZ2007, derivative of

MG5267 with a LDH inactivation (strains described in [19]; Neves, A.R., Ph.D. Thesis, 2001).
b FI7851, derivative of MG1363 with LDH inactivation [20,139].
c FI9630, derivative of MG1363 harboring a ldh gene deletion, constructed by double crossover (food-grade strain) [55].
d FI10089, derivative of FI9630 harboring a mtlF (PTSmtl) gene deletion, constructed by double crossover [147].
e NOX+ and NOX�, MG1363 derivatives NADH oxidase overproducing or deficient strains, respectively [85].
f NZ9000PK+, NZ9000 derivative overproducing pyruvate kinase [31].
g Value reported was calculated considering mannitol as intracellular.
h ND, not detected; –, not determined.
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Fig. 6. Effect of pyruvate kinase overproduction on the metabolism of glucose in L. lactis monitored by in vivo 13C NMR. Time course for the

consumption of [1-13C] glucose (40 mM) and evolution of the intracellular metabolite pools in a strain overproducing PK, NZ9000[pNZpyk] (a, c)

and its control strain NZ9000[pNZ8020] (b,d) under anaerobic conditions (a,b) or oxygen atmosphere (c,d) in a L. lactis. In strain NZ9000[pNZpyk]

pyruvate kinase was 15-fold induced. Metabolite concentrations were obtained from in vivo 13C NMR data. Symbols: (r) glucose; (m) total FBP;

(e) 3-PGA; (h) PEP.
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accumulation of Pi, a well-known inhibitor of the en-

zyme, counteracting the activating properties of FBP

[29,126]. In fact, it is known that the concentration of

Pi rises abruptly when glucose is exhausted (Fig. 3(b))

[55]. The data suggests that Pi is an important regulator

of the flux through PK in vivo.
The lower levels of FBP accumulation in a strain

overproducing NADH oxidase (Table 1) with a PK

activity identical to the wild-type appear not to fit the

interpretation of PK inhibition as the main cause of

FBP accumulation. This suggests that the reason for

FBP accumulation is more complex [85]. In the same

line of thought, in wild-type strains under aerobic condi-

tions, the maximal FBP concentration is slightly lower,
whereas 3-PGA and PEP pools are considerably higher

when compared to anaerobic conditions (Table 1 and

Fig. 6(b) and (d)). Under an oxygen atmosphere, as

NADH oxidase provides an additional path for NADH

oxidation, the lower FBP accumulation is rationalized

as an increase of the flux through GAPDH caused

by the lower NADH concentration. Furthermore, the

higher level of FBP observed under anaerobic condi-
tions in a LDH-deficient strain (Table 1) [19], with an

impairment in the NAD+-regenerating capacity, is also

in conformity with our interpretation. At the onset of

glucose exhaustion, accumulation of 3-PGA and PEP

is driven by PK inhibition; under aerobic conditions,

NADH consumption by NADH oxidase obviates the

need to regenerate NAD+ downstream of pyruvate,

and thereby to overcome the bottleneck at the level of
PK (Fig. 5 for an overview of regulatory mechanisms).

The available data on dynamics of intracellular

metabolites in L. lactis can be rationalized as follows:

immediately after glucose addition, the build-up of the

FBP pool is explained as a consequence of imbalance

of PTS, PK and LDH activities. The constriction at

the PK level combined with an initial low activity of

LDH, due to both high NAD+ and Pi concentrations
and low FBP levels, most likely cause impairment

of GAPDH activity; FBP accumulation could be ex-

plained as a consequence of inhibition of both GAPDH

and PK. A decrease in the Pi pool in parallel with the

FBP increase stimulates maximal PK activity. During

steady state glycolysis, activation of PK and LDH, to-

gether with high PTS activity, allows for full-speed con-

version of glucose to pyruvate, and the NADH formed
by GAPDH is promptly oxidized through LDH. At the

onset of glucose depletion, the PTS becomes substrate-

limited, and therefore, all PEP converted to pyruvate

has to proceed via the PK step; the availability of pyru-

vate (for NADH regeneration at the level of LDH) is

further reduced by the inhibition of PK due to high Pi

concentration. Hence, NADH increases, causing inhibi-

tion of GAPDH and consequent reduction in the flux
through this step, as denoted by the slow rate of FBP

depletion, under anaerobic conditions (Fig. 2(c)). For

an overview of regulatory mechanisms in L. lactis see

Fig. 5.

4.2. a-Phosphoglucomutase, a major bottleneck in

galactose metabolism

In individuals with a deficiency in one of the galactose

metabolic enzymes (galactokinase, galactose 1-phos-

phate uridyl transferase or UDP-galactose 4-epimerase)

the intake of galactose results in a disease condition gen-

erally called galactosemia [127]. The accumulation of

galactose and galactose derivatives (galactitol, galactose

1-phosphate, UDP-galactose) in blood can pose serious

health problems, such as the development of cataracts
and the damage of woman�s ovaries, among others

[128,129]. Several fermented dairy foods, especially yo-

gurt and yogurt-like products, contain significant

amounts of galactose [130]. The understanding of galac-

tose metabolism in LAB is therefore of major impor-

tance and should allow the improvement of LAB

capacity to utilize galactose and to develop galactose-

free products.
In L. lactis, galactose that enters the cell via a specific

galactose-PTS is metabolized to triose phosphates

through the tagatose 1,6-phosphate pathway [102]. On

the other hand, galactose taken up by a permease is

metabolized to glucose 1-phosphate via the Leloir path-

way (Fig. 4) [100,102,103]. Glucose 1-phosphate is con-

verted through the action of a-phosphoglucomutase to

glucose 6-phosphate, which enters the glycolytic path-
way. The use of one or the other pathway seems to be

strain related [102], but in the laboratory organisms L.

lactis subs. cremoris MG1363 and L. lactis subs. lactis

IL1403 only the Leloir pathway seems to be present

[11,101,131]. Indeed, 13C NMR studies on galactose

metabolism in strain MG1363 showed the accumulation

to high levels of the Leloir pathway intermediates, galac-

tose 1-phosphate and glucose 1-phosphate (Fig. 7(a)).
Unlike glucose metabolism, the build-up of the FBP

pool results from the consumption of galactose 1-phos-

phate and glucose 1-phosphate. Together, these data

indicate a metabolic bottleneck at the level of a-phos-
phoglucomutase. This enzyme plays various roles in car-

bohydrate metabolism and other biosynthetic pathways,

by catalyzing the reversible conversion of a-glucose 1-

phosphate to glucose 6-phosphate. In L. lactis, when
glucose is the substrate, a-PGM is required for the pro-

duction of nucleotide sugars, the precursors of exopoly-

saccharides [132] and cell wall polysaccharides [133].

Furthermore, a-PGM is believed to mediate the re-entry

in the glycolytic pathway of sugars that have been stored

as energy reserves and is essential for the utilization of

galactose via the Leloir pathway [100]. A gene encoding

a-PGM had not been identified, but a-PGM activity was
readily measured in cell extracts of L. lactis [134]. To

investigate whether there is a metabolic bottleneck at
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the level of a-PGM the heterologous pgmA gene from

Streptococcus thermophilus was overexpressed under

the control of the nisin promoter in L. lactis NZ9000

([135]; Neves, A.R., Pool, W.A., Kok, J., Kuipers,
O.P. and Santos, H., unpublished results). Interestingly,

in a strain overproducing a-PGM (40-fold enhancement

as compared to control) the galactose uptake was im-

proved and the levels of galactose 1-phosphate and glu-

cose 1-phosphate were considerably reduced (Fig. 7(b)).

Our data show that in the wild-type strain the carbon

flux from galactose to the glycolytic pathway is signifi-

cantly limited at the level of a-PGM. Therefore, this
metabolic constriction should be taken into account

when designing metabolic engineering strategies aimed

at improving galactose consumption.

5. Redirection of carbon flux to the production of desired

end-products

Initial metabolic engineering in L. lactis has focused

on rerouting of pyruvate metabolism to increase the

production of flavor compounds (Fig. 1). Sugar metab-

olism was diverted away from lactate production to-

wards production of a-acetolactate, the precursor of

the aroma compound diacetyl by either disruption of

LDH or overproduction of NADH oxidase (for a review

see [16]). Another example is the conversion of pyruvate
into alanine, an amino acid with a sweet flavor, through

expression of Bacillus sphaericus alanine dehydrogenase

in L. lactis [21]. Metabolic engineering has been also

used to increase the production of the yogurt flavor acet-

aldehyde and its reduced derivative ethanol. The strat-

egy exploits the use of the enzymes encoded by the pet

operon (pyruvate decarboxylase and alcohol dehydroge-

nase) in the high-alcohol producing bacterium Zymomo-

nas mobilis [136].

In the past few years, attention has been given to the

rerouting of glycolysis towards the production of com-

pounds with potential health benefits (nutraceuticals),

such as B vitamins (riboflavin, folic acid), exopolysaccha-

rides, natural sweeteners (mannitol, sorbitol, tagatose,

trehalose) and antioxidants (mannitol, glutathione)
([18,137,138], www.nutracells.com). The biosynthetic

pathways involved are rather complex and successful ap-

proaches in metabolic engineering require an under-

standing of the metabolic network as well as of the

interdependent relationships among the different steps.

An example will be presented showing that prediction

of how physiology responds to a genetic modification is

not always straightforward and how unexpected collat-
eral effects can result from the application of metabolic

engineering approaches.

5.1. Disruption of ldh discloses the unexpected capacity of

L. lactis to synthesize mannitol

Diacetyl is an important flavor compound, conferring

the buttery aroma typical of dairy products. This minor
end-product of the metabolism of L. lactis is produced

from oxidative decarboxylation of a-acetolactate. Given

its industrial relevance as an aroma compound, a num-

ber of metabolic engineering strategies have been pur-

sued to enhance the product yield of diacetyl in L.

lactis, a homofermentative organism in which about

95% of carbon in glucose is converted to lactate via

the action of lactate dehydrogenase on pyruvate. There-
fore, LDH appeared to be the most obvious target in the

first approaches to increase the flux from pyruvate to

end-products other than lactate [19,21,139]. This strat-

egy, per se, caused a notable shift from homolactic to

mixed acid fermentation, but the desired production of

diacetyl hardly improved.

Different LDH-deficient strains of L. lactis responded

differently to overcome the severe impairment in the
NAD+ regeneration capacity. L. lactis strain NZ2007

with disruption of the ldh gene primarily used the con-

version of acetate to ethanol as a rescue pathway for ful-

Fig. 7. Galactose metabolism in non-growing cell suspensions of L. lactis monitored by in vivo 13C NMR. Consumption of [1-13C] galactose

(20 mM) and kinetics of the intracellular metabolite pools in L. lactis strain NZ9000 (a) and a derivative strain overprexpressing S. thermophilus

pgmA (b) under anaerobic conditions. Metabolite concentrations were obtained from in vivo 13C NMR data. Symbols: (d) galactose; (s) Gal1P; (j)

G1P; (m) total FBP; (e) 3-PGA; (h) PEP.
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filling the redox balance [140]. Unexpectedly, the disrup-

tion of the ldh gene in other L. lactis strains did not af-

fect their homolactic fermentative behavior, suggesting

the induction of an alternative LDH, a hypothesis that

was recently confirmed ([141], Gaspar, P., Coelho, P.,

Neves, A.R., Shearman C.A., Gasson, M.J. and Santos,
H., unpublished data). Even more surprising was the re-

sponse of L. lactis FI17851, an ldh minus strain con-

structed in the lab of Mike Gasson [139] and analysed

by in vivo NMR in our lab (Fig. 8(a)) [20]. The analysis,

in real time, of the metabolite pools derived from the

metabolism of glucose by non-growing cells revealed

the transient formation of high concentrations of man-

nitol, which was subsequently metabolized via mannitol
1-phosphate once glucose was depleted. The intracellu-

lar concentration of mannitol 1-phosphate was about

20 mM when glucose was still available and reached

80 mM when glucose was exhausted and mannitol was

the sole carbon substrate (Table 1). The disruption of

the ldh gene induced a notable increase in the levels of

the two enzymes directly involved in the synthesis of

mannitol from fructose 6-phoshate: mannitol 1-phos-

phate dehydrogenase (34-fold) and mannitol 1-phos-

phate phosphatase. Therefore, in L. lactis FI17851, the

transient production of mannitol serves as an alternative
pathway for NAD+ regeneration. A similar kind of

strategy, i.e., mannitol production, had been previously

observed in a strain of Lactobacillus plantarum deficient

in both D- and L-lactate dehydrogenases [142], but Neves

et al. [20] were the first to report the production of man-

nitol by strains of the genus Lactococcus. This is an

interesting finding, since mannitol has been claimed to

possess health-promoting properties; thus the enrich-
ment of foods with mannitol by in-situ production dur-

ing fermentation could be a positive, clean strategy to

obtain healthier fermented food products. In the human

gut, mannitol can be converted to short-chain fatty acids

(such as butyrate), which have been claimed to confer

Fig. 8. Metabolism of glucose and production of mannitol in L. lactis LDH-deficient strains. (a) Sequence of in vivo 13C-spectra obtained during the

consumption of [1-13C] glucose (20 mM) by a cell suspension of L. lactis LDH-deficient strain (FI7851), under anaerobic conditions at 30 �C, as
monitored by 13C NMR. Cells were suspended in 50 mM KPi, pH 6.5, at a protein concentration of 13.1 mg ml�1. Each spectrum represents 30 s of

acquisition. Glucose was added at time zero, each spectrum was acquired during the indicated interval, and processed with 5 Hz line broadening. (b)

Consumption of [1-13C]glucose (40 mM) and kinetics of product formation and mannitol 1-phosphate pool in L. lactis FI9630 a LDH-deficient strain

and (c) a derivative disrupted in the mannitol-PTS transport system (FI10089) under anaerobic conditions and pH 6.5. Metabolite concentrations

were obtained from in vivo 13C NMR data. Symbols: (r) glucose; ( ) lactate; ( ) acetoin; ( ) 2,3-butanediol; ( ) ethanol; ( ) mannitol; ( )

mannitol 1-phosphate.
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protection against the development of colon cancer

[143]. Moreover, mannitol is a scavenger of hydroxyl

radicals and a low-calorie sweetener, partially and

slowly absorbed in the small intestine [144,145].

The report on mannitol production by LDH-deficient

strains of L. lactis fostered further metabolic engineering

strategies directed to improve the yield of mannitol. We

observed that the mannitol produced by strain FI17851
was taken up and rapidly metabolized after glucose

depletion; therefore, it was apparent that the design of

a mannitol-producing strain would have to consider

the ability of L. lactis to utilize mannitol as energy

source for growth [146]. Thus, the disruption of the

mannitol transport system in L. lactis was envisaged in

the metabolic strategy pursued in our team. A food-

grade LDH-deficient strain was used as genetic basis
for knocking out the genes mtlA (encoding EIICBMtl)

or mtlF (encoding EIIAMtl). Non-growing cells of the

double mutants (DldhDmtlA) and (DldhDmtlF) yielded

mannitol, ethanol, 2,3-butanediol, and lactate as major

end products, with approximately one-third of the car-

bon from glucose being channeled to the production

of mannitol (Fig. 8(b) and (c) and Table 2) [147]. How-

ever, only very low levels of mannitol were produced by
this strain during growth, and obviously this handicap

should be overcome. A distinct engineering strategy

was pursued by the team at WCFS with over-expression

of the genes encoding the enzymes catalyzing the two

reactions that convert fructose 6-phosphate into manni-

tol, in an attempt to force the mobilization of fructose

6-phosphate to the desired end-product. The mannitol

1-phosphate dehydrogenase gene from Lactobacillus

plantarum was overexpressed in different genetic back-

grounds, but only 1% of glucose was converted to man-

nitol during growth [148]. However, when this strategy

was combined with overexpression of the gene encoding

mannitol 1-phosphate phosphatase of Eimeria tenella,
very high yields (up to 50%) of glucose-mannitol conver-

sion were achieved [149]. The reported inability of this

strain to utilize mannitol is probably due to a fortuitous

deficiency in the mannitol transport system. Therefore,

it seems that the major bottleneck for mannitol produc-

tion resides at the level of mannitol 1-phosphate phos-

phatase, and the overexpression of the respective gene

in an LDH-deficient background was a useful metabolic
engineering approach.

6. Control and regulation of the glycolytic flux

As already mentioned, despite the relative metabolic

simplicity and the wealth of information collected dur-

ing several decades of research, we are still far from hav-
ing a comprehensive understanding of sugar metabolism

and regulatory pathways in L. lactis. Furthermore, sat-

isfactory answers to questions such as ‘‘which mecha-

nisms govern the switch to mixed acid fermentation’’

or ‘‘what controls the glycolytic flux in L. lactis’’ have

Table 2

Major end-products (mM) from the metabolism of glucose (20 mM, unless otherwise stated) in several L. lactis strains, under anaerobic or aerobic

conditions, as measured in total cell extracts by 13C and 1H NMR

Lactate Acetate Ethanol Acetoin 2,3-Butanediol Mannitolg

Anaerobic O2 Anaerobic O2 Anaerobic O2 Anaerobic O2 Anaerobic O2 Anaerobic O2

MG5267a 32.8 31.8 1.7 2.6 0.2 0.2 NDh ND 0.2 0.5 ND ND

NZ2500b 30.4 –h 1.0 – 0.2 – 0.2 – 1.0 – ND ND

NZ2007c 8.1 – 2.2 – 6.4 – 0.4 – 9.0 – ND ND

MG1363 37.0 31.4 0.5 6.5 0.1 ND ND 0.1 0.1 0.1 ND ND

MG1363 (40 mM) 73.8 64.1 0.5 10.2 0.1 ND 0.1 0.3 0.2 0.0 ND ND

FI7851d 9.9 5.5 2.6 5.9 8.4 0.5 1.6 9.5 5.8 2.5 3.3 –

FI9630e 5.9 – 1.8 – 8.9 – 1.0 – 8.0 – 4.8 –

FI9630c (40 mM) 17.7 0.7 3.2 14.1 15.9 ND 2.5 26.2 16.4 0.6 10.1 –

FI10089d 10.5 – 2.3 – 9.7 – 4.9 – 10.1 – 13.1 –

NOX+e 37.4 2.3 0.7 12.1 0.3 ND ND 10.4 ND 0.1 ND ND

NOX�e 37.2 34.1 0.1 3.7 0.1 ND ND ND 0.1 ND ND ND

NZ9000PK+f (40 mM) 73.2 43.9 0.3 14.1 0.1 ND ND 9.2 0.1 ND ND ND

The values reported are averages of two to four experiments and the accuracy ±5%.
a MG5267, lactose-proficient derivative of MG1363; NZ2500, derivative of MG5267 overproducing a-acetolactate synthase, NZ2007, derivative of

MG5267 with a LDH inactivation (strains described in [19]; Neves, A.R., Ph.D. Thesis, 2001).
b FI7851, derivative of MG1363 with LDH inactivation [20,139].
c FI9630, derivative of MG1363 harboring a ldh gene deletion, constructed by double crossover (food-grade strain) [55].
d FI10089, derivative of FI9630 harboring a mtlF (PTSmtl) gene deletion, constructed by double crossover [147].
e NOX+ and NOX�, MG1363 derivatives NADH oxidase overproducing or deficient strains, respectively [85].
f NZ9000PK+, NZ9000 derivative overproducing pyruvate kinase [31].
g Value reported was calculated considering mannitol as extracellular.
h ND, not detected; –, not determined.
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yet to be put forward. This task has mainly been ham-

pered by the complexity of metabolic networks in living

cells; metabolism is a highly branched system connected

not only via carbon metabolites but also via redox

(NADH/NAD+) and energy (ATP/ADP/Pi) cofactors,

and subjected to regulation at several levels.

6.1. Shift to mixed-acid fermentation and the impact of

oxygen

Early studies reported a metabolic shift from homo-

lactic (lactate production) to mixed acid fermentation

(ethanol, acetate and formate production) in glucose-

limited chemostat cultures [113] and during the metabo-
lism of galactose [102] or maltose [74]. A deviation from

homolactic fermentation has also been reported under

aerobic conditions [150]. The regulation of this shift from

homolactic to mixed acid fermentation was originally ex-

plained with models based on the allosteric modulation

of two enzymes competing for pyruvate: LDH and

PFL (Fig. 5) (for a review on pyruvate metabolism see

[3]). During homolactic fermentation, regulation of the
carbon flux was associated with high levels of FBP,

which activates LDH and PK, directing the flux towards

the production of lactate [113,114,151]. Conversely, the

formation of end-products other than lactate was ratio-

nalized as being due to the reduction of LDH activity

caused by lower levels of the effector, FBP, and to the re-

lief of pyruvate formate lyase (PFL) inhibition by the

concomitant decrease of DHAP and glyceraldehyde 3-
phosphate [102,114]. The oxygen-induced metabolic shift

would be explained by activation of the pyruvate dehy-

drogenase complex under aerobic conditions [150]. This

concerted control of pyruvate metabolism resulted, un-

der carbon-limited conditions, in the redirection of car-

bon to acetate/ethanol production and synthesis of

ATP under conditions in which sugar metabolism would

be insufficient to supply anabolic pathways with the en-
ergy required to fulfill cellular needs.

More recently, the observation that intracellular FBP

is, under all conditions examined, sufficiently high to en-

sure full activation of LDH has questioned its role on the

regulation of pyruvate distribution between LDH and

PFL [115]. Garrigues and co-workers [115] proposed

the role of the NADH/NAD+ ratio (redox state) in the

modulation of both GAPDH and LDH activities, and
suggested that homolactic metabolism was a conse-

quence of high NADH/NAD+ ratios (0.05 or above),

which restrain GAPDH but not LDH. This causes the

accumulation of metabolites upstream of the former en-

zyme, such as FBP and the triose phosphates known to

inhibit PFL. Mixed acid metabolism, observed for galac-

tose or lactose, sugars taken up from the medium at sig-

nificantly lower rates than glucose, was a consequence of
lowered NADH/NAD+ ratios (lower than 0.05), reliev-

ing GAPDH inhibition and limiting LDH [115]. This

metabolic model linking the glycolytic flux with pyruvate

metabolism via the redox state of the cell obtained with

strain L. lactis subs lactis NCDO 2118 (isolated from

plant material) was further tested with L. lactis subs.

cremoris strains MG1363 and MG1820 (laboratory

strains derived from dairy strains), which differ in their
ability to metabolize lactose rapidly. The conclusion

was that the model postulating modulation of GAPDH

activity by the NADH/NAD+ ratio as the main factor

regulating the metabolic shift could be extended to other

strains [152]. However, a similar study conducted with

strain L. lactis subsp lactis IL1403 showed that the type

of fermentation was homolactic, regardless of the sugar

used (glucose or galactose) and significant variations in
both growth rate and sugar consumption [131]. This

was interpreted as being due to low concentrations of

both PFL and alcohol dehydrogenase. PFL was shown

to be approximately three times higher during growth

on galactose compared to glucose [153], leading to the

suggestion that the level of PFL, rather than its allosteric

regulation, controls the shift to mixed-acid fermentation

in strain MG1363 [154,155]. Whether regulation of the
metabolic shift is a consequence of translation activation

of the pfl gene or allosteric relief of PFL activity both

lead to a redirection of the flux away from lactate pro-

duction. In a recent work it was found that cells grown

on maltose have an increased level of alcohol dehydroge-

nase (and also phosphate acetyltransferase), which ex-

plained the deviation to mixed-acid products [156]. The

finding that the pool of ATP and ADP completely inhib-
its this activity emphasized the role of alcohol dehydro-

genase in the regulation of the shift to mixed acid

fermentation, since high adenine nucleotides are associ-

ated with homofermentation [157]. Despite the wealth

of information available (allosteric modulation of en-

zymes, metabolite levels, and more recently transcript

and protein levels) the factors behind the metabolic

switch to mixed acid fermentation remain elusive. How-
ever, at least two different allosteric mechanisms, involv-

ing the phosphorylated pools (FBP/Pi/ADP/ATP) and

the redox balance (NADH/NAD+) are likely to be in-

volved. The contribution of each mechanism to the over-

all regulatory process is not fully known, but the

possibility that the two mechanisms operate simulta-

neously should not be disregarded. Very recently, it

was shown that LDHs are allosterically co-regulated by
two mechanisms, the FBP/Pi pool or NADH/NAD+;

some L. lactis strains are predominantly regulated by

one of the mechanisms, whereas the majority bears the

two types of regulation, operating to different extents

depending on the strain [158]. Therefore, care should

be taken when attempting to extrapolate regulatory

models from one strain to others.

In spite of most regulatory models proposed so far
being based on the in vitro kinetics of enzymes and

determination of intracellular metabolites in cell
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extracts, some studies have started to raise evidence

supporting transcriptional control of central catabolic

pathways [124,131,153,156]. A relevant example is the

transcriptional activation of the las operon (pfk, pk

and ldh) by CcpA [124]. The product of phosphofructo-

kinase, FBP, is a major allosteric effector of CcpA, PK,
and LDH. Hence, both the transcriptional and allosteric

activation play a part in the most pertinent feature of L.

lactis, which is the efficient production of lactate (Fig. 5).

L. lactis is a Gram-positive facultative anaerobe with

a fermentative metabolism, therefore constrained by the

requirement to balance reactions producing and con-

suming NADH. However, some L. lactis strains can

benefit from the presence of oxygen and their growth
is positively affected by low oxygen levels [159,160]. Sen-

sitivity to aeration is extremely variable and strain

dependent, and oxygen can partially or completely inhi-

bit growth of some L. lactis strains [150,159,161]. The

ability to grow and survive in the presence of oxygen

has been related to the presence of flavin-type NADH

oxidases, NADH peroxidase and superoxide dismutase

[150,159–164].
It is relevant to this discussion that oxygen has been

shown to influence the carbon metabolism of L. lactis

[85,114,159,162,165]. Under anaerobic conditions, sug-

ars may be converted to lactate or, alternatively, to

mixed acid products formate, ethanol and acetate (Table

2). Oxygenation of cultures results in an altered redox

state and greater NADH oxidase activity [85,159,165].

The catabolic carbon fluxes and the redox metabolism
become uncoupled due to operation of an extra pathway

for NAD+ regeneration involving NADH oxidases; as a

consequence, sugar catabolism is shifted towards mixed/

flavor fermentation with formation of acetate and acet-

oin in detriment of lactate production [165,166]. This

shift is not only related to the induction of the O2-con-

suming oxidizing enzymes, but also to the competition

for NADH between LDH and/or acetaldehyde and eth-
anol dehydrogenases and NADH-oxidases [85]. On the

whole, the requirement to produce reduced end-prod-

ucts is diminished, and acetate (yielding extra ATP) or

the production of redox neutral acetoin are favored (Ta-

ble 2). The flavor diacetyl, a derivative of a-acetolactate,
can also be formed in the presence of oxygen [22,85].

Although the aerobic metabolic shift was explained

on the basis of substrate level regulation, one can infer
that altered gene expression in response to aeration

can also contribute to the fate of pyruvate. Indeed,

LDH levels under aerobic conditions have been shown

to diminish to approximately half of that measured un-

der anaerobiosis [159], and the transcription of the adhE

gene, encoding alcohol dehydrogenase, is repressed un-

der vigorous aeration [167], while pyruvate dehydroge-

nase and a-acetolactate synthase activities are induced
under mild aeration [168]. Since the lactococcal PFL is

inactivated by O2 [153], acetate production, in L. lactis,

occurs mostly via the PDHc complex, though in certain

LAB, such as Lactobacillus plantarum, a pyruvate oxi-

dase has been shown to play a key role in the aerobic

metabolism [169]. In a recent study, this activity was

identified in L. lactis, but at very low levels, hence the

contribution to the conversion of pyruvate is probably
not significant [170].

The effect of oxygen on the distribution of end-

products has long been disclosed, but its impact on the

glycolytic metabolite pools only recently was investi-

gated [85]. In our group, we resorted to in vivo 13C

NMR analysis of non-growing cell suspensions to ob-

tain a reliable picture of the oxygen-induced changes

in glycolytic metabolite pools (Table 2) [85]. Both the
maximum level of FBP and the rate of its consumption,

as well as 3-PGA and PEP pools were higher in the pres-

ence of oxygen (Fig. 6(b) and (d)). Under an oxygen

atmosphere, when NADH oxidase provides an addi-

tional path for NADH oxidation, the lower FBP accu-

mulation is due to an increase of the flux through

GAPDH caused by the lower NADH concentration.

The same reasoning can be applied to explain the faster
FBP consumption: GAPDH could sustain a higher flux,

since the enzyme was less inhibited by the lower NADH

concentrations. In fact, under aerobic conditions, no

NADH accumulation was observed by in vivo NMR

at the onset of glucose exhaustion (Fig. 9(a)) [85]. At this

metabolic stage, accumulation of 3-PGA and PEP is dri-

ven by PK inhibition; under aerobic conditions, NADH

consumption by NADH oxidase obviates the need to
regenerate NAD+ downstream of pyruvate, and thereby

to overcome the PK bottleneck. Consequently, 3-PGA

and PEP, derived from the metabolism of residual

FBP, can accumulate to high levels (Fig. 10).

Surprisingly, genome analysis of L. lactis subsp lactis

IL1403 indicated the presence of nearly all functions

needed for aerobic respiration in this organism. L. lactis

has men and cytABCD operons, encoding proteins re-
quired for menaquinone synthesis and cytochrome d

biogenesis. It also has three genes involved in the late

steps of heme synthesis, but not the genes required for

the early steps [11]. Recent work with strain MG1363

has demonstrated the respiratory capacity of L. lactis

in the presence of exogenous heme and a metabolic shift

to mixed-acid/acetoin fermentation during respiration

[171]. Furthermore, it was observed that the addition
of heme during aerated growth improves both biomass

yield and long-term survival; under these conditions

growth is diauxic, fermentation occurs first and is fol-

lowed by respiration that starts at the onset of glucose

depletion. Interestingly, CcpA was found to be involved

in the regulation of the metabolic switch from fermenta-

tion to respiration, by controlling both expression of

noxE encoding NADH oxidase and heme uptake [172].
CcpA-mediated repression of noxE has additional meta-

bolic implications, since it points to the redox status
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(NADH/NAD+) as an important signal in the regulation

of carbon metabolism under aerobic conditions. The

second mechanism implicated in regulation of the meta-

bolic shift at the level of pyruvate is not ruled out by

these findings. In fact, involvement of CcpA supports

a strong role of FBP in the overall regulation process.
On the whole, the data show that the aerobic metabo-

lism of glucose is subjected both to allosteric (redox lev-

els) and transcriptional regulation and the role of

NADH oxidases should be considered in studies of met-

abolic regulation in this organism.

6.2. Control of the glycolytic flux

The information gathered from regulation studies is
an important input for the development of predictive

kinetic metabolic models that can be used as tools to di-

rect metabolic engineering strategies. However, these
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Fig. 9. Evolution of NAD+ and NADH pools before and after addition of glucose to non-growing cell suspensions of L. lactis, under aerobic

conditions, monitored by in vivo 13C NMR. Consumption of glucose (40 mM) and kinetics of FBP, NAD+ and NADH pools in L. lactis MG1363

(a) and its derivative deficient in LDH, strain FI9630 (b): (¤) glucose; (m) FBP; ( ) NAD+; ( ) NADH.

Fig. 10. Schematic representation of glucose metabolism under aerobic and anaerobic conditions in Lactococcus lactis. The different case sizes used

for intracellular pools are intended to reflect the different pool sizes (concentration between parenthesis). Boxed numbers represent values for

enzymatic activity, red numbers indicate increased activities. Dotted lines (blue) and thicker lines (black) indicate decreased and increased enzymatic

activity, respectively. Cylinders reflect the final end-product concentrations. Pathways in grey are not operative in the presence of oxygen and the

cross is used to highlight inactivation of pyruvate-formate lyase by oxygen. The bottle indicates the metabolic bottleneck at the level of pyruvate

kinase.
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models often cannot consider all possible interactions of

the system and therefore their utility is restricted to spe-

cific conditions close to those in which the parameters

have been determined. In certain cases, the rational

modification of metabolic fluxes can be achieved as long

as the flux control is known. Determination of fluxes, di-
rectly using in vivo NMR or indirectly by resorting to

the metabolic flux analysis toolbox, is nowadays

straightforward, but it does not provide any quantitative

measures of the control of flux. To quantify metabolic

control, three major frameworks have been developed:

metabolic control analysis (MCA), biochemical systems

theory (BST) and Crabtree and Newsholme�s flux ori-

ented theory (interested readers can refer to the follow-
ing books: [173–175]). Despite differences in formalism,

the three approaches converge in the same basic con-

cepts, such as the use of sensitivity analysis to identify

targets for effective genetic (expression, regulation) or

biochemical (kinetic) engineering of metabolic path-

ways. A dynamic model for central metabolism has been

developed by Hoefnagel and co-workers [176] and it use-

fulness to identify key control points in L. lactis has
been reported.

In L. lactis, the question as to which enzymes have

control on the glycolytic flux has only recently received

considerable attention [39]. In the framework of MCA,

the control coefficient of a step in a metabolic pathway

is defined as the fractional change in flux through the

pathway induced by a fractional change in the enzyme

activity concerned. Therefore, only the development of
genetic tools that allowed for modulation of gene

expression at selected levels [14] enabled the determina-

tion of control coefficients in the framework of MCA

[39]. In the past, modulation of enzyme activities was

achieved by utilization of specific irreversible enzyme

inhibitors to alter the activity, instead of varying the

concentration of the enzyme, which was restricted by

the availability of specific irreversible inhibitors. Pool-
man et al. [177] observed that the capacity of the glyco-

lytic pathway decreased rapidly in L. lactis cells starved

of lactose, and that this reduction was accompanied by a

decrease in GAPDH activity. The authors resorted to

modulation of GAPDH activity by iodoacetate in cell

suspensions of L. lactis strains ML3 and Wg2, and

found a control coefficient value of 0.9. This high value

implied that the overall glycolytic flux was largely con-
trolled by GAPDH. More recently, GAPDH from L.

lactis NCDO2118 was purified and characterized [34],

and a substantial effect of the NADH/NAD+ ratio on

the activity of the purified enzyme was observed. There-

fore, after taking into account the elasticity of the

GAPDH reaction towards the NADH/NAD+ ratio,

which was shown to vary in the presence of iodoacetate,

a flux control coefficient of 0.3 for GAPDH was deter-
mined. Though MCA gives a precise quantification of

the contribution of each enzyme to the control of the

carbon flux, the values obtained cannot be extrapolated

to conditions or organisms other than those examined.

Nevertheless, the flux control coefficient values found

in both studies for GAPDH indicate that the enzyme

had a significant influence on the control of the overall

flux in L. lactis. This earlier work, based on inhibitor
titrations, supported the more recent view that control

of glycolysis was dependent on modulation of GAPDH

activity by NADH/NAD+ in strains NCDO2118 and

MG1363 [115,152]. Conversely, we observed by in vivo
13C NMR using non-growing cell suspensions that in a

L. lactis LDH-deficient derivative of MG1363, GAPDH

was able to support a high flux even in the presence of

NADH concentrations much higher than those of the
parent strain, indicating that the glycolytic flux in wild

type L. lactis MG1363 is not primarily controlled at

the level of GAPDH by NADH (Fig. 9(b), compare with

Fig. 8(b)) [55]. It could be speculated that contradictory

results were due to the use of non-growing cells in this

study. More recently, the construction of a series of

strains with modulated GAPDH activities showed that

GAPDH has no control over the glycolytic flux at the
wild-type level in L. lactis MG1363, either in growing

or resting cells [178]. These authors speculate that the re-

sults obtained with the slow-growing L. lactis

NCDO2118 may be an underestimate of the flux control

exerted by GAPDH in fast-growing cells as predicted for

L. lactis Wg2 or that iodoacetate might inhibit other en-

zymes besides GAPDH. Additionally, Jensen and col-

laborators investigated whether phosphofructokinase,
pyruvate kinase or lactate dehydrogenase had control

over the flux through glycolysis and their conclusion

was that there is virtually no flux control by any of these

key enzymes [39,179]. Since the control of the flux

through a pathway can also reside in processes outside

the pathway itself, the demand for ATP was tested by

modulating the activity of ATPase [180]. Increasing

the expression of ATPases uncoupled biomass produc-
tion from glycolysis and resulted in lower ATP/ADP

ratios. Interestingly, it was found that the glycolytic flux

in strain MG1363 was not increased in cells steadily

growing on glucose, but it was 3-fold stimulated in

non-growing cells. This indicates that under growing

conditions, and for this strain, glycolysis is already run-

ning at maximal rate. The glycolytic flux in non-growing

cells is lower because there are fewer ATP-consuming
processes. Therefore, expression of ATPase resulted in

increased flux. At the time this manuscript is written,

it can be accepted that phosphofructokinase, PK,

GAPDH and LDH have virtually no flux control in

strain MG1363. The demand for ATP seems to exert

some control when the glycolytic flux is much lower

than the maximal capacity [39]. Assessment of flux con-

trol by other processes, including the other glycolytic en-
zymes, product efflux and sugar transport should

therefore be pursued. Most likely the flux is distributed
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over many steps, perhaps in combination with ATP con-

suming processes and sugar transport. Our results with

MG1363 derivatives carrying deletions in different glu-

cose transport systems showed that the nature of the

transporter had great impact on the glycolytic flux and

the dynamics of intracellular pools [Pool, W.A., Neves,
A.R., Kok, J., Santos, H and Kuipers, O.P., unpub-

lished results]. Hitherto, a satisfactory answer to the

question of what controls the glycolytic flux in L. lactis

is still lacking.

7. Concluding remarks

The availability of genome sequences paved the way

for the use of recently developed methodologies for glo-

bal analysis such as transcriptomics and proteomics.

DNA microarrays provide a powerful tool for analyzing

transcription profiles and are expected to give valuable

information on metabolic pathways, identification of

coordinated regulation of genes and regulatory circuits

that mediate cellular responses [181,182]. This technol-
ogy is now available for L. lactis [183]. Recently, refer-

ence maps for the alkaline and acidic proteome of L.

lactis have been developed [156,184] and an advanced

on-line database for access of proteomes and two-

dimensional gels has just been made available for L. lac-

tis [185]. These technologies provide powerful tools to

approach biological complexity. Currently, the available

data on the time dependent pool concentrations of rele-
vant intracellular metabolites obtained by NMR are

used to generate a comprehensive dynamic model for

the interplay between intervening metabolites and en-

zymes. The final ambitious goal is to integrate the huge

amount of information provided by metabolic, tran-

scriptional and proteomic analysis in the framework of

a dynamic model of L. lactis central metabolism.
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and Santos, H. (2004) The effect of overproduction of pyruvate

kinase on glucose metabolism in Lactococcus lactis. Microbiol-

ogy 150, 1103–1111.

[32] Fordyce, A.M., Moore, C.H. and Pritchard, G.G. (1982)

Phosphofructokinase from Streptococcus lactis. Methods Enzy-

mol. 90, 77–82.

[33] Crow, V.L. and Thomas, T.D. (1982) D-tagatose 1,6-diphos-

phate aldolase from lactic streptococci: purification, properties,

and use in measuring intracellular tagatose 1,6-diphosphate. J.

Bacteriol. 151, 600–608.

[34] Even, S., Garrigues, C., Loubiere, P., Lindley, N.D. and

Cocaign-Bousquet, M. (1999) Pyruvate metabolism in Lactococ-

cus lactis is dependent upon glyceraldehyde-3-phosphate dehy-

drogenase activity. Metab. Eng. 1, 198–205.

[35] Crow, V.L. and Pritchard, G.G. (1977) Fructose 1,6-diphos-

phate-activated L-lactate dehydrogenase from Streptococcus

lactis: kinetic properties and factors affecting activation. J.

Bacteriol. 131, 82–91.

[36] Jonas, H.A., Anders, R.F. and Jago, G.R. (1972) Factors

affecting the activity of the lactate dehydrognease of Streptococ-

cus cremoris. J. Bacteriol. 111, 397–403.

[37] Thompson, J. (1987) Regulation of sugar transport and metab-

olism in lactic acid bacteria. FEMSMicrobiol. Rev. 46, 221–231.

[38] Cocaign-Bousquet, M., Even, S., Lindley, N.D. and Loubiere, P.

(2002) Anaerobic sugar catabolism in Lactococcus lactis: genetic

regulation and enzyme control over pathway flux. Appl. Micro-

biol. Biotechnol. 60, 24–32.

[39] Koebmann, B.J., Andersen, H.W., Solem, C. and Jensen, P.R.

(2002) Experimental determination of control of glycolysis in

Lactococcus lactis. Antonie van Leeuwenhoek 82, 237–248.

[40] Ishii, N., Robert, M., Nakayama, Y., Kanai, A. and Tomita, M.

(2004) Toward large-scale modeling of the microbial cell for

computer simulation. J. Biotechnol. 113, 281–294.

[41] Goodacre, R., Vaidyanathan, S., Dunn, W.B., Harrigan, G.G.

and Kell, D.B. (2004) Metabolomics by numbers: acquiring and

understanding global metabolite data. Trends Biotechnol. 22,

245–252.

[42] den Hollander, J.A., Brown, T.R., Ugurbil, K. and Shulman,

R.G. (1979) 13C nuclear magnetic resonance studies of anaerobic

glycolysis in suspensions of yeast cells. Proc. Natl. Acad. Sci.

USA 76, 6096–6100.

[43] den Hollander, J.A., Ugurbil, K., Brown, T.R., Bednar, M.,

Redfield, C. and Shulman, R.G. (1986) Studies of anaerobic and

aerobic glycolysis in Saccharomyces cerevisiae. Biochemistry 25,

203–211.

[44] Gallazo, J.L., Shanks, J.V. and Bailey, J.E. (1990) Comparison

of intracellular sugar-phosphate levels from 31P NMR spectros-

copy of intact cells and cell-free extracts. Biotechnol. Bioeng. 35,

1164–1168.

[45] Loureiro Dias, M.C. and Santos, H. (1990) Effects of ethanol on

Saccharomyces cerevisiae as monitored by in vivo 31P and 13C

nuclear magnetic resonance. Arch. Microbiol. 153, 384–391.

[46] Shanks, J.V. and Bailey, J.E. (1990) Comparison of wild-type

and reg1 mutant Saccharomyces cerevisiae metabolic levels

during glucose and galactose metabolism using 31P-NMR.

Biotechnol. Bioeng. 35, 395–407.

[47] Davies, S.E. and Brindle, K.M. (1992) Effects of overexpression

of phosphofructokinase on glycolysis in the yeast Saccharomyces

cerevisiae. Biochemistry 31, 4729–4735.

[48] Veiga da Cunha, M., Firme, P., San Romão, M.V. and Santos,

S. (1992) Application of 13C nuclear magnetic resonance to

elucidate the unexpected biosynthesis of erythritol by Leuconos-

toc oenos. Appl. Environ. Microbiol. 58, 2271–2279.

[49] Taipa, M.A., Cabral, J.M.S. and Santos, H. (1993) Comparison

of glucose fermentation by suspended and gel-entrapped yeast

cells: an in vivo nuclear magnetic resonance study. Biotechnol.

Bioeng. 41, 647–653.

[50] Ramos, A., Jordan, K.N., Cogan, T.M. and Santos, H. (1994)
13C Nuclear magnetic resonance studies of citrate and glucose

cometabolism by Lactococcus lactis. Appl. Environ. Microbiol.

60, 1739–1748.

[51] Santos, H., Fareleira, P., LeGall, J. and Xavier, A.V. (1994) In

vivo nuclear magnetic resonance in study of physiology of

sulfate-reducing bacteria. Methods Enzymol. 243, 543–558.

[52] Pereira, H., Lemos, P.C., Reis, M.A.M., Crespo, J.P.S.G.,

Carrondo, M.J.T. and Santos, H. (1996) Model for carbon

metabolism in biological phosphorous removal processes based

on in vivo 13C-labelling NMR experiments. Wat. Res. 9, 2128–

2138.

[53] Ramos, A. and Santos, H. (1996) Citrate and sugar cofermen-

tation in Leuconostoc oenos, a 13C nuclear magnetic resonance

study. Appl. Environ. Microbiol. 62, 2577–2585.

[54] Bouvet, O. and Rager, M.-N. (2000) Sugar transport and

metabolism in fermentative bacteria. In: NMR in Microbiology:

Theory and Applications (Barbotin, J.-N. and Portais, J.-C.,

Eds.), pp. 349–361. Horizon Scientific Press, Wymondham.

[55] Neves, A.R., Ventura, R., Mansour, N., Shearman, C., Gasson,

M.J., Maycock, C., Ramos, A. and Santos, H. (2002) Is the

glycolytic flux in Lactococcus lactis primarily controlled by the

redox charge? Kinetics of NAD+ and NADH pools determined

in vivo by 13C-NMR. J. Biol. Chem. 277, 28088–28098.

[56] Anderson, R., Latorre-Esteves, M., Neves, A.R., Lavu, S.,

Medvedik, O., Taylor, C., Howitz, K.T., Santos, H. and Sinclair,

D.A. (2003) In vivo variations in NAD+ are insufficient to

regulate Sir2, a critical activity for lifespan extension by calorie

restriction. Science 302, 2124–2126.

[57] Fernandez, E.J. and Clark, D.S. (1987) N.m.r. spectroscopy: a

non-invasive tool for studying intracellular processes. Enzyme

Microbiol. Technol. 9, 259–271.

[58] Lundberg, P., Harmsen, E., Ho, C. and Vogel, H.J. (1990)

Nuclear magnetic resonance studies of cellular metabolism.

Anal. Biochem. 191, 193–222.

[59] Gadian, D.G. (1995) NMR and Its Applications to Living

Systems. Oxford Science Publications, Oxford.

550 A.R. Neves et al. / FEMS Microbiology Reviews 29 (2005) 531–554



[60] Moon, R.B. and Richards, J.H. (1973) Determination of

intracellular pH by 31P magnetic resonance. J. Biol. Chem. 25,

7276–7278.

[61] Eakin, R.T., Morgan, L.O., Gregg, C.T. and Matwyoff, N.A.

(1972) Carbon-13 nuclear magnetic resonance spectroscopy of

living cells and their metabolism of a specifically labeled 13C

substrate. FEBS Lett. 28, 259–264.

[62] Delepierre, M. and Lecroisey, A. (2001) The interface between

microbiology and structural biology as viewed by nuclear

magnetic resonance. Res. Microbiol. 152, 697–705.

[63] Barbotin, J.N. and Portais, J.C., Eds. (2002). NMR in Micro-

biology: Theory and Applications. Horizon Scientific Press,

Wymondham.

[64] Grivet, J.P., Delort, A.M. and Portais, J.C. (2003) NMR and

microbiology: from physiology to metabolomics. Biochimie 85,

823–840.

[65] Baxter, R.L. (1985) Microbiological applications of NMR

spectroscopy. Part 1. Microbiol. Sci. 2, 203–211.

[66] Baxter, R.L. (1985) Microbiological applications of NMR

spectroscopy. Part 2. Microbiol. Sci. 2, 340–345.

[67] London, R.E. (1988) 13C labeling in studies of metabolic

regulation. Progr. NMR Spectrosc. 20, 337–383.

[68] Weuster-Botz, D. and de Graaf, A.A. (1996) Reaction engineer-

ing methods to study intracellular metabolite concentrations.

Adv. Biochem. Eng. Biotechnol. 54, 75–108.

[69] Hartbrich, A., Schmitz, G., Weuster-Botz, D., de Graaf, A.A.

and Wandrey, C. (1996) Development and application of a

membrane cyclone reactor for in vivo NMR spectroscopy

with high microbial cell densities. Biotechnol. Bioeng. 51,

624–635.

[70] Gonzalez, B., de Graaf, A.A., Renaud, M. and Sahm, H. (2000)

Dynamic in vivo 31P nuclear magnetic resonance study of

Saccharomyces cerevisiae in glucose-limited chemostat culture

during the aerobic–anaerobic shift. Yeast 16, 483–497.

[71] Thompson, J. and Torchia, D.A. (1984) Use of 31P nuclear

magnetic resonance spectroscopy and 14C fluorography in

studies of glycolysis and regulation of pyruvate kinase in

Streptococcus lactis. J. Bacteriol. 158, 791–800.

[72] Thompson, J. and Thomas, T.D. (1977) Phosphoenolpyruvate

and 2-phosphoglycerate: endogenous energy source(s) for sugar

accumulation by starved cells of Streptococcus lactis. J. Bacte-

riol. 130, 395–583.

[73] Mason, P.W., Carbone, D.P., Cushman, R.A. and Waggoner,

A.S. (1981) The importance of inorganic phosphate in regulation

of energy metabolism of Streptococcus lactis. J. Biol. Chem. 256,

1861–1866.

[74] Lohmeier-Vogel, E.M., Hahn-Hägerdahl, B. and Vogel, H.J.
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